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Abstract

Several vasoactive molecules are involved in coordinating microvascular blood flow with
metabolic demand in skeletal muscle tissue; however, the involvement of some metabolites, such
as carbon dioxide (COz), are not well-characterized. The objective of this thesis was to
characterize CO2-mediated microvascular blood flow responses in skeletal muscle tissue and
investigate potential underlying mechanisms, including ATP-sensitive potassium ion (Katp)
channels and oxygen saturation (SO2)-dependent release of ATP from red blood cells (RBC). A
microfluidic gas exchange chamber was used to impose rapid and direct changes in the tissue
COz2 concentration of the extensor digitorum longus muscle of Sprague-Dawley rats. IVVM
video sequences of capillary blood flow were recorded and analyzed offline for hemodynamic
(RBC velocity, supply rate (SR), hematocrit (Hct)) and RBC SO2 measurements using a custom
MATLAB software. Rapid and significant changes in capillary RBC velocity and SR were
observed following incremental increases and dynamic step-changes in tissue CO2. The
involvement of Katp channels was investigated following systemic administration of
glibenclamide (GLI, 5 mg / kg) (Kate channel antagonist). The magnitude of capillary RBC
velocity and SR responses to CO2 perturbations decreased following GLI administration. SO2
remained constant throughout various CO2 perturbations during baseline and after treatment with
GLI. These findings support a significant involvement of CO2 in local microvascular blood flow
regulation in skeletal muscle tissue, the presence of an SO2-independent mechanism, and a

partial dependence on Kate channel activation.

All animal protocols were approved by Memorial University’s Institutional Animal Care

Committee.
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General Summary

The cardiovascular system consists of a complex network of blood vessels responsible for
delivering blood flow to body tissues and ensuring they receive enough oxygen and nutrients to
function properly, while simultaneously removing metabolic waste products, such as carbon
dioxide (COz). There are several ways that active muscle fibers communicate their metabolic
needs to the vascular system, including the production of substances capable of interacting with
blood vessels to adjust blood flow to tissue. The identity of several substances associated with
increased tissue activity and their roles in regulating blood flow have been established; however,
the involvement of other important substances, such as COz2, have not been well defined in
skeletal muscle tissue. Using a novel experimental technique to cause rapid and direct changes in
tissue CO2 environment, we provide evidence supporting a significant role for tissue COz2 in
coordinating blood flow responses in the smallest vessels of the body, as well as a partial
dependence of this response on the activity of a specific ion channel and no dependence on

oxygen saturation (SOz)-dependent ATP release from red blood cells.
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Chapter 1 — Literature Review

1.1 Introduction and Objectives:

A positive correlation between blood supply and tissue metabolic demand has been well-
established, and it involves the integration of a variety of vasoactive mediators and signals
throughout several levels of the vascular tree to induce coordinated and spatially specific blood
flow responses. Blood is transported through an expansive and highly branched network of blood
vessels, known as the systemic circulation, and is distributed throughout the body based on broad
systemic factors as well as on the varying metabolic demands located within and among different
tissues. The microvascular system accounts for a significant proportion of the overall systemic
circulation and is composed of the smallest blood vessels in the body in closest proximity to the
tissues. Due to their proximity to the tissue environment, microvessels have an important role in
sensing and communicating the metabolic needs of tissues into larger upstream vessels capable
of initiating significant changes in both the magnitude and distribution of blood flow to
adequately match dynamic and variable metabolic demands. A variety of vasoactive molecules
associated with increased muscle metabolism have been shown to significantly contribute to
local blood flow regulation, such as oxygen (O2), adenosine, potassium (K*), and adenosine
triphosphate (ATP). However, the involvement of other physiologically relevant molecules, such
as carbon dioxide (COz2), in coordinating local blood flow responses throughout the skeletal
muscle tissue microcirculation is not well understood. Understanding the factors that influence
the delivery of blood to the microvascular system is crucial as the capillary networks are the
primary location for gas and nutrient exchange as well as the removal of metabolic waste

products, which ensures an optimal environment for proper cellular functioning. This thesis aims



to advance our current understanding of microvascular blood flow regulation in skeletal muscle
tissue, specifically of CO2-mediated blood flow responses at the microvascular and capillary
levels. A novel experimental technique was used to impose rapid and direct changes in the tissue
microenvironment and was combined with intravital video microscopy sequences of resulting

blood flow responses to achieve the objectives of this project, which are as follows:

1. Characterize both the magnitude and time course of capillary hemodynamic and oxygen
saturation responses to a physiological range of tissue CO2 conditions in skeletal muscle
tissue.

2. Evaluate the involvement of vascular ATP-sensitive potassium (Katp) channels in COz-
and Oz-mediated microvascular blood flow regulation.

3. Investigate the relationship between CO2- and Oz-mediated blood flow responses as well
as the potential presence of overlapping regulatory mechanisms, such as red blood cell

(RBC)-derived ATP release and the involvement of vascular Kate channels.

1.2 An Overview of Microvascular Blood Flow Regulation in Skeletal Muscle Tissue
The systemic circulation of the cardiovascular system is composed of an extensive and highly
branched network of blood vessels that are responsible for ensuring that adequate amounts of Oz
and essential nutrients are being delivered to the tissues while simultaneously removing
metabolic waste products. Oxygenated blood is delivered to the heart by the pulmonary veins
from the lungs and is pumped into the rest of the body through large vessels called arteries.
Avrteries exiting the heart branch into increasingly smaller vessels to form the systemic

circulation, which is responsible for supplying blood to every organ and tissue to sustain proper



cellular functioning. Once small arteries reach the organ or tissue they are supplying, they are
referred to as feed arteries which continue to branch into a vascular network composed of the
smallest vessels in the body, collectively known as the microvascular system, or simply the
microcirculation. The microvascular system also includes a network of increasingly smaller
vessels called arterioles, with the smallest terminal arterioles branching into groups of capillaries
composed of between 2 and 20 vessels per group in striated muscle tissue (Myrhage & Hudlicka,
1976; Skalak & Schmid-Schdnbein, 1986; Delashaw & Duling, 1988; Murrant et al., 2017). The
capillaries account for a significant proportion of the systemic circulation and are physiologically
important since capillary walls act as the final interface between the bloodstream and the cellular
environment and are the primary site of gas and nutrient exchange. The deoxygenated and
metabolic waste carrying blood exiting capillary networks is collected by small venules, which
are the last vessel type in the microvascular system, and transported through a venous system of
increasingly larger veins back to the heart and pulmonary circulation. The distribution of blood
flow throughout the vast network of vessels located among and within tissues is a dynamic
process that depends on broad systemic hormonal and cardiovascular factors (such as heart rate,
blood pressure, cardiac output, blood volume, and sympathetic tone) as well as the local
metabolic demand of tissues, with higher volumes of blood being directed towards highly
vascularized and metabolically active areas, such as skeletal muscle tissue (Laughlin &
Armstrong, 1982; Hargreaves et al., 1990; Berg & Sarelius, 1995; Joyner & Casey, 2015). The
close proximity of the microvascular system to metabolically active tissue allows microvessels to
rapidly sense changes in the tissue microenvironment and therefore, have an important role in

coordinating local blood supply with tissue metabolic demand, especially at the arteriolar level.



Due to their small radii, arterioles are often referred to as resistance vessels and they have a key
role in facilitating blood flow through the systemic circulation by influencing the total peripheral
resistance and contributing to the large blood pressure gradient between the arteries and
capillaries (Davis et al., 1986). In addition to their inherently smaller radii, arteriolar vessel walls
have a vascular smooth muscle cell (VSMC) layer that is highly innervated by the sympathetic
nervous system (SNS) and they experience a partial constriction under normal conditions, known
as vascular tone (Marshall, 1982; Davis, 1993; Korthuis, 2011). Vascular tone is regulated by a
combination of factors, including VSMC myogenic activity, SNS-derived norepinephrine (NE)
release, and endothelium-derived vasoactive molecules such as nitric oxide (NO) (Marshall,
1982; Davis, 1993; Sandoo et al., 2010; Korthuis, 2011). The presence of vascular tone enables
arterioles to either increase or decrease in diameter from their baseline state by altering VSMC
contractility, which causes an inversely proportional change in the magnitude of vascular
resistance present at the location of the corresponding diameter change, according to Poiseuille’s
Law (Sutera & Skalak, 1993). Coordinated changes in diameter and vascular resistance along a
vessel segment influences the ease of blood flow through the vessel, with flow increasing in
areas of low resistance and decreasing in areas of high resistance. Therefore, vascular tone is an
important feature that allows arterioles to have a significant role in regulating both the magnitude
and distribution of blood flow throughout and among tissues by creating paths of relative high
and low resistance. Arteriolar vascular tone is influenced by a variety of extrinsic factors, such as
SNS activity and circulating hormones, as well as local factors, such as changes in the
concentration of molecules associated with metabolism (O2, COz, hydrogen ion (H*), K*,
adenosine, ATP, etc.) and physical changes in the vessel’s environment (temperature, shear

stress, and stretching) (Hogan et al., 1982; Koller & Kaley, 1991; Davis, 1993; Ward, 1996;



Welsh & Segal, 1996; VanTeeffelen & Segal, 2003; Ngo et al., 2010; Korthuis, 2011; Riemann

etal., 2011; Lamb & Murrant, 2015; Dora, 2017; Charter et al., 2018).

Due to their ability to alter their diameter and their sensitivity to the metabolic state of the
surrounding tissue, it is well established that arterioles have a primary role in regulating blood
flow distribution (Segal, 2005). This role is described by the metabolic hypothesis, which aims to
explain the observed increase in muscle blood supply during conditions of increased metabolic
demand and suggests that vasoactive metabolites produced locally in the tissue have a significant
role in this coordination (Laughlin & Armstrong, 1982; Van Beekvelt et al., 2001; Murrant et al.,
2017). Several vasoactive signals are generated during conditions of increased muscle
metabolism, such as increased oxygen consumption, ATP breakdown, and K* efflux as well as
the production of adenosine, COz, and H* (Clifford & Hellsten, 2004). The metabolic hypothesis
postulates that the vasoactive signals produced in the tissue interact with the microvasculature to
induce appropriate alterations in arteriolar tone and capillary red blood cell (RBC) flow rates that
are proportional to the tissue’s metabolic rate (Murrant et al., 2017). To support this hypothesis,
it has been shown that muscle contraction elicits an increase in arteriolar diameter and that the
increase is proportional to the number of muscle fibers stimulated (Gorczynski et al., 1978; Berg
et al., 1997; Milkau et al., 2010). In addition, arteriolar vasodilation is accompanied by a
simultaneous increase in arteriolar blood flow and capillary RBC velocity (Kurjiaka & Segal,
1995; Mitchell et al., 1997). Since a wide variety of metabolites are produced during muscle
metabolism, a significant amount of research has been conducted to inform this hypothesis and
demonstrate the involvement of several metabolites in coordinating microvascular blood flow

responses (Sarelius & Pohl, 2010). It has also been demonstrated that vasoactive agents produced



during muscle contraction (such as adenosine, K*, and NO) not only influence arteriolar diameter
individually, but also interact and influence combined responses to these stimuli (Lamb &
Murrant, 2015). Therefore, during conditions of elevated muscle metabolism, there are multiple
overlapping, redundant, and competing vasoactive signals that arterioles must integrate to initiate
an appropriate vascular response (Segal et al., 1989; Cohen & Sarelius, 2002; Murrant &

Sarelius, 2002; Sarelius & Pohl, 2010; Lamb & Murrant, 2015).

To induce significant changes in the magnitude and/or distribution of microvascular blood flow,
it is necessary to initiate a coordinated change in vessel diameter and vascular resistance along
the length of vessel segments throughout several levels of the vascular tree (Kurjiaka & Segal,
1995; Segal & Jacobs, 2001; Segal, 2005). To accomplish this, local arteriolar responses to
increased muscle metabolism and physiologically relevant stimuli (such as acetylcholine (ACh),
NE, Oz, K*, adenosine, and ATP) can be communicated to larger upstream arteriolar branches
and small arteries (Duling & Berne, 1970; Segal & Duling, 1986a, 1986b; Segal et al., 1989;
Song & Tyml, 1993; Ellsworth et al., 1995; Kurjiaka & Segal, 1995; McCullough et al., 1997;
Dietrich et al., 2000; Hungerford et al., 2000; Segal & Jacobs, 2001; Looft-Wilson et al., 2004;
Figueroa & Duling, 2008; de Wit, 2010; Ngo et al., 2010; Riemann et al., 2011; Dora, 2017,
Lamb et al., 2018). The rapid transmission of vasomotor responses along vessel walls is known
as a conducted vasomotor response (Bagher & Segal, 2011b). Previous research has been done to
investigate this phenomenon and demonstrates that conducted vasomotor responses involve the
spread of electrical signals along both the endothelial and/or VSMC layers of blood vessels via
gap junctions composed of connexin proteins (primarily connexins 37 and 40) (Segal et al.,

1989; Xia & Duling, 1995; Xia et al., 1995; Welsh & Segal, 1998; de Wit et al., 2000; Segal &



Jacobs, 2001; Figueroa et al., 2003; Looft-Wilson et al., 2004; Segal, 2005; Figueroa & Duling,
2008; de Wit, 2010; Milkau et al., 2010). The type of vascular cells involved (endothelial and/or
smooth muscle cells), as well as the mechanism underlying the spread of conducted responses,
both appear to depend on the identity of the vasoactive stimuli, which further supports the
presence of multiple pathways in coordinating microvascular blood flow responses (Welsh &

Segal, 1998; Figueroa & Duling, 2008; de Wit, 2010; Milkau et al., 2010).

Coordinated vascular responses along the arteriolar network influence the amount of oxygen and
nutrients being delivered to the tissue by altering downstream capillary blood flow (Gorczynski
et al., 1978; Delashaw & Duling, 1988; Mitchell et al., 1997; Fry et al., 2013). Since capillary
vessel walls lack a VSMC layer and are unable to significantly alter their own diameters,
terminal arterioles are logically viewed as the primary mediators of capillary blood flow. At rest,
capillaries support spatially heterogenous blood flow distribution that is controlled by a
combination of active changes in arteriolar diameter, downstream pressure gradients, as well as
passive rheological factors such as uneven distribution of RBCs at vessel bifurcations
(Gorczynski et al., 1978; Honig et al., 1982; Pries et al., 1989; Hargreaves et al., 1990; Pries et
al., 1990; Fry et al., 2013). In addition, variations in both the mean oxygen and cell flows
through terminal arterioles have also been suggested to contribute to heterogenous Oz delivery
and blood flow in downstream capillary networks (Sarelius, 1993). In response to increased O2
demand, such as during striated muscle contractions, the number of both arterioles and
capillaries supporting RBC flow increase to match the novel metabolic requirements of the tissue
(Gorczynski et al., 1978; Fry et al., 2013). However, this statement has also been challenged

since previous research has shown that most capillaries support RBC flow at rest, which suggests



that alterations in Oz delivery may be accomplished by influencing RBC hemodynamic
variables, such as velocity, instead of capillary recruitment (Poole et al., 2013). In striated
muscle tissue, contraction-induced arteriolar vasodilation initiates a coordinated increase in flow
through entire capillary networks, which further supports their role in regulating downstream

capillary blood flow (Gorczynski et al., 1978; Honig et al., 1982; Delashaw & Duling, 1988).

In addition to the significant involvement of arterioles in regulating capillary perfusion and
coordinating blood flow distribution, capillaries themselves are also actively involved in local
blood flow regulation (Murrant et al., 2017). Capillaries are sensitive to variations in the
metabolic state of their surrounding tissue and direct stimulation of specific capillary beds, either
by muscle fiber stimulation or application of both physiological events and pharmacological
agents, can initiate significant increases in arteriolar diameter and capillary RBC velocity that are
similar in magnitude to responses originating at the arteriolar level (Dietrich & Tyml, 1992a,
1992b; Song & Tyml, 1993; Berg et al., 1997; Mitchell et al., 1997; Cohen & Sarelius, 2002;
Murrant & Sarelius, 2002). Capillary endothelial cells are electrically coupled to upstream
arterioles and generate electrical signals in response to changes in their tissue environment
(Beach et al., 1998; McGahren et al., 1998). These electrical signals are transmitted upstream
through several orders of the arteriolar network to initiate a coordinated change in microvascular
tone and a spatially specific increase in capillary blood flow directed toward the stimulated
muscle fibers (Dietrich & Tyml, 19923, 1992b; Song & Tyml, 1993; Berg et al., 1997; Twynstra
et al., 2012). Several physiologically relevant vasoactive molecules, including ACh, K*,
adenosine, and NE, have been shown to initiate conducted vascular responses at the capillary

level (Dietrich & Tyml, 1992a, 1992b; Song & Tyml, 1993; Mitchell et al., 1997; Lamb et al.,



2018). In addition, vasoactive agents produced during muscle contraction, such as adenosine,
NO, and K*, have also been shown to interact and influence each other’s responses initiated at
the capillaries (Lamb et al., 2018). Therefore, like arterioles, there is compelling evidence that
capillaries can also sense and integrate a variety of vasoactive signals generated during increased
muscle metabolism to direct appropriate changes in upstream arteriolar diameter and hence
downstream capillary perfusion (Song & Tyml, 1993; Lamb et al., 2018). While several
vasoactive agents related to increased muscle metabolism have been shown to be involved in
local blood flow regulation, the contribution of other molecules in regulating capillary blood
flow responses in skeletal muscle tissue have not been well defined, such as CO2. The objectives
of the current thesis, as outlined in section 1.1, aim to address this gap in the literature and
advance our current understanding of CO2-mediated blood flow regulation at the capillary level

in skeletal muscle tissue.

1.3 Carbon Dioxide Transport and Influence on the Oxygen-Dissociation Curve
Carbon dioxide is a small, neutrally charged gas molecule that is a well-known by-product of
aerobic cellular metabolism and whose production increases significantly during conditions of
elevated metabolic demand, such as during exercise (venous pCO:2 (rest) = 47 mmHg, venous
pCO:2 (exercise) = 78 mmHg (Sun et al., 2001)). The amount of CO2 present in the tissues
following energy production is tightly and rapidly regulated by two main biological systems, the
respiratory and the cardiovascular systems, as well as by biochemical reactions and the slower
contribution of other biological systems such as the renal system. Due to its small, uncharged
nature, it is generally accepted that CO2 produced within cells diffuses readily across cellular

membranes, through the interstitial environment, and toward the capillaries of the microvascular



system (Wright, 1934; Missner et al., 2008). Once COz2 reaches the capillaries, it is transported
along its concentration gradient into the bloodstream where it is moved convectively into the
pulmonary circulation in the lungs, crosses both the capillary and alveolar membranes, and is
expelled into the external environment. When COzis in the bloodstream, it is transported by
three main forms: dissolved, converted into bicarbonate (HCOs), or bound to hemoglobin (Hb).
The simplest form of CO2 transport is the dissolution of CO2 in blood plasma since it is readily
soluble (solubility coefficient (kcoz) = 0.0308 mmol/L mm Hg* for plasma at 37 °C), accounting
for between 5 and 10% of the total mass of CO: in the blood (Wieth et al., 1982; Arthurs &

Sudhakar, 2005; Levitzky, 2017).

The majority of CO: is transported as bicarbonate (HCOs), accounting for between 80 and 90%
of the total mass of COz2 in the blood (Wieth et al., 1982; Levitzky, 2017). A rapid and reversible
reaction between CO2 and water (H20) is catalyzed by the carbonic anhydrase (CA) enzyme to
produce carbonic acid (H2COs), which rapidly dissociates into equal amounts of bicarbonate
(HCO3’) and hydrogen ions (H*) , as seen in (1) (dissociation constant (pK1) = 6.10) (Hastings et
al., 1928; Enns, 1967; Tanishita et al., 1985). This is referred to as the bicarbonate buffer system.
Some COz2 hydration occurs in extracellular environments and is catalyzed by membrane-bound
CA (isozyme CA 1V) localized on endothelial cell membranes, the sarcolemma, and the
sarcoplasmic reticulum of muscle fibres (Waheed et al., 1992; Sender et al., 1994; Decker et al.,
1996; Geers & Gros, 2000). However, a large concentration of carbonic anhydrase enzymes is
present in RBCs and as such, a large amount of CO2 hydration and HCOs/H* production in the
bloodstream occurs within these cells (Ali Akbar & Brown, 1996; Geers & Gros, 2000; Moini et

al., 2002). The RBC membrane is highly permeable to CO2 (permeability coefficient: 0.35-3.2
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cm/s) and therefore it crosses into the cell with ease (Gutknecht et al., 1977; Gros et al., 1981,
Missner et al., 2008). The HCOzs™ produced in RBCs is rapidly transported across the membrane
through a HCOs3/Cl- anion exchanger (AE1) into the more alkaline plasma (plasma pH 7.4 vs.
RBC pH 7.25) (Greco & Solomon, 1997; Swietach et al., 2010). To prevent acidification within
the RBC, H* is also buffered and often serves to stabilize deoxyhemoglobin, which will be
discussed later in this section (Matthew et al., 1979a, 1979b; Chu & Ackers, 1981; Friend et al.,
1981; Jensen, 2004). The movement of HCOs" into the plasma and the buffering of H* in RBCs
facilitates further CO2 hydration within these cells by shifting the reaction forward, according to
Le Chatelier’s Principle, and increases the CO2 carrying capacity of the blood (Jensen, 2004).

CA
CO2 + H20 & H2CO3 & H* + HCO3' (1)

The remaining CO: is bound to either plasma proteins or hemoglobin in RBCs (carbamino-
hemoglobin) and accounts for between 5 and 10% of total CO2 carried by the blood (Wieth et al.,
1982; Levitzky, 2017). Carbon dioxide reacts rapidly with terminal amine groups on proteins to
form carbamino compounds and an equal concentration of H* (Forster et al., 1968; Gros &
Rollema, 1980). The affinity of CO2 for Hb is influenced by several factors including RBC
oxygen saturation (SOz), 2,3-DPG concentration (a by-product of glycolysis), pH, and
temperature (Christiansen et al., 1914; Dash & Bassingthwaighte, 2010). The binding of H* and
CO2 to Hb proteins is significant because of the impact it has on the oxygen-dissociation curve.
The oxygen-dissociation curve describes the amount of oxygen bound to tetrameric hemoglobin
proteins (SO) at different partial pressures of Oz (PO2) and is sigmoidal in shape. The sigmoid

shape of the curve was first described by Bohr et al. (1904) and is physiologically important as it
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facilitates optimal binding and dissociation of Oz to and from Hb (Jensen, 2004; Levitzky, 2017).
The steepness of the curve demonstrates that as tissue PO2 decreases along the vascular tree,
more Oz bound to hemoglobin in RBCs dissociates and diffuses into the tissue. This is due to
interactions between the four subunits of the Hb protein which each contain a heme group and an
O2 binding site. Under high oxygen conditions, such as that found in the lungs, the binding of Oz
to one subunit induces a series of conformational changes that make successive Oz binding to
other subunits easier, which allows for the transition between deoxy- and oxyhemoglobin
conformations (Perutz, 1970, 1972; Baldwin & Chothia, 1979; Perutz et al., 1998). The reverse
occurs when O2-saturated RBCs pass through low O2 environments, such as in the capillaries,
which facilitates the dissociation of Oz from Hb to match the metabolic demand of the tissue
(Levitzky, 2017). The flatness of the curve during high PO2 conditions (above 70 mmHg), such
as in the lungs, is also important because it prevents a significant drop in RBC SOz in response to
moderate decreases in PO2 between 70 and 100 mmHg (when T = 37 °C, PCO2 = 5%, and pH =
7.4) (Figure 1.1) (Levitzky, 2017). Therefore, during conditions of decreased POz, the amount of
O2 carried in the systemic circulation as oxyhemoglobin remains constant which enables the
oxygen demands of the tissues to still be met. It is important to note that this range of PO2 values
is dependent on the Pso value of Oz binding to Hb, which will vary if the oxygen-dissociation
curve is shifted and can vary considerably between Hb proteins of different species (Cartheuser,
1993). In addition to being influenced by POz2, the oxygen-dissociation curve is sensitive to other
factors including temperature, 2,3-DPG, pH, and CO2 that cause the curves to be shifted to the
left or right in response to alterations in these parameters (Figure 1.1) (Bohr et al., 1904; Nelson

etal., 1981; Zwart et al., 1982; Dash & Bassingthwaighte, 2010).
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Figure 1. 1. Hemoglobin (Hb) oxygen-dissociation curves generated based on human Hb
Pso (36 mmHg). The sigmoid-shaped curves plot the change in Hb oxygen saturation (SO2) as a
function of the partial pressure of O2 (PO2). The oxygen-dissociation curves experience right-
and left-handed shifts in response to various stimuli, including temperature (A), the partial
pressure of CO2 (PCO2) (B), and pH (C). Generated based on the model developed by Dash and
Bassingthwaighte (2010).
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The influence of CO2 and pH on the oxygen-dissociation curve is known as the Bohr effect
(Bohr et al., 1904). During conditions of low pH and/or high CO3, the oxygen-dissociation curve
is shifted to the right (Figure 1.1). This shift decreases Hb’s affinity for Oz binding by requiring a
higher POz to reach a certain RBC SO2. The mechanism underlying the Bohr effect involves the
differing pKa values of the two hemoglobin protein conformations: oxyhemoglobin and
deoxyhemoglobin (Kilmartin et al., 1973; Jensen, 2004). The pKa value describes the strength of
acidic molecules and their ability to donate/accept protons (H*), with lower pKa values
representing stronger acids. When hemoglobin undergoes a conformational change, the amino
acids within the protein, and their associated hydrogen atoms, experience a different chemical
environment and therefore have a different pKa value associated with them (Kilmartin et al.,
1973; Jensen, 2004). Deoxyhemoglobin has a higher pKa value than oxyhemoglobin and
therefore is a weaker acid that accepts H* more readily (Kilmartin et al., 1973). Therefore, the H*
produced during both CO2 hydration and carbaminohemoglobin formation stabilizes
deoxyhemoglobin proteins, decreases Hb binding affinity for Oz, and promotes O2 release into
the surrounding tissue (Matthew et al., 1979a, 1979b; Chu & Ackers, 1981; Friend et al., 1981;

Jensen, 2004).

In addition to the impact of CO2 and pH on oxygen saturation, oxygen saturation also influences
the binding of CO2 and H* to Hb, which is known as the Haldane effect (Christiansen et al.,
1914). When O binds to Hb, it induces a conformational change that alters the CO2 binding site
and its affinity for Hb. Therefore, increased Oz binding in high POz environments, such as in the
lungs, decreases hemoglobin's affinity for CO2 which facilitates its dissociation into the blood

and removal by the lungs. The reverse occurs in low POz environments which facilitates O2
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delivery and CO2 removal from the tissues. In addition, the influence of HbO2 on H* binding can
also be explained by the differing acidities of oxy- and deoxyhemoglobin since H* binds more
readily to weaker acids (deoxyhemoglobin) than stronger acids (oxyhemoglobin) (Christiansen et
al., 1914; Kilmartin et al., 1973; Jensen, 2004). The physiological relevance of the sigmoid
oxygen-dissociation curve and its sensitivity to the tissue environment supports a crucial role for
RBC SOz in regulating proper gas transport to and from tissue environments. It has been
hypothesized that changes in saturation may have an active role in coordinating local blood

supply to match metabolic demand, which will be discussed in the next section.

1.4 The Role of Erythrocyte-derived Adenosine Triphosphate (ATP) Release in
Blood Flow Regulation

Adenosine triphosphate (ATP) is an essential energy source produced during cellular respiration
and is required for the optimal functioning of many cellular processes. To meet the energetic
demand of highly metabolically active tissues, such as skeletal muscle and brain tissue, an
adequate amount of oxygen must be delivered to ensure that sufficient ATP can be produced to
sustain proper cellular functioning. This requires blood flow distribution to be a highly regulated
process with signals being coordinated among different levels of the vascular tree as well as
having mechanisms in place to communicate metabolic demand to the vascular system, as
described in section 1.2 (Segal, 2005; Sarelius & Pohl, 2010; Bagher & Segal, 2011b; Murrant &
Sarelius, 2015). While coordination between muscle metabolism and blood supply is widely
accepted, and extensive research has been conducted to investigate the role of several vasoactive
agents in this response, including ATP, the underlying mechanisms used to sense changing
oxygen levels within the tissues and initiate appropriate vascular responses is still under

investigation. Several potential oxygen sensor locations and mechanisms of action underlying
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O2-mediated blood flow regulation have been proposed and reviewed; however, this thesis will
focus on mechanisms that may also be sensitive to variations in tissue CO2 and pH and therefore,
serve as a potential link between CO2- and Oz-mediated blood flow responses (Ellis et al., 2012;

Pittman, 2013; Jackson, 2016).

One potential location for the oxygen sensor is the red blood cell (RBC) itself. RBCs have an
important role in convective oxygen transport by carrying large amounts of oxygen bound to
hemoglobin (Hb) molecules as oxyhemoglobin (carries 20.1 mL of Oz per 100 mL of blood)
(Levitzky, 2017). In addition to oxyhemoglobin content, RBCs also contain a large amount of
intracellular ATP molecules (Miseta et al., 1993). ATP is a vasoactive molecule that can
influence the amount of blood flow, and therefore oxygen supply, being directed towards the
tissues by initiating vascular responses via purinergic receptors (P2y and P2x) located on vascular
endothelial and smooth muscle cells (Ballard, 2014). Previous research has provided evidence
supporting both a significant increase and decrease in arteriolar diameter in response to intra- and
extraluminal administration of ATP, respectively (Ellsworth et al., 1995; McCullough et al.,
1997; Dietrich et al., 2000; Nyberg et al., 2013). In addition, ATP-mediated changes in arteriolar
diameter are transmitted from the site of stimulation into upstream vessels and capillary RBC
supply rates have been shown to increase in striated muscle tissue following the application of
ATP near capillary beds (Ellsworth et al., 1995; McCullough et al., 1997; Dietrich et al., 2000;
Dora, 2017). These findings suggest that ATP-mediated vascular responses can be
communicated into larger upstream vessels to initiate significant changes in both the magnitude
and distribution of blood flow (Nyberg et al., 2013). Therefore, the ability for RBCs to act as an

oxygen sensor and efficiently release ATP molecules suggests that they would be able to both
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sense changes in tissue metabolism as well as initiate appropriate blood flow responses to match

oxygen supply with demand (Ellis et al., 2012).

Initiation of RBC-derived ATP release has been proposed to occur in response to physiological
stimuli such as simultaneous hypoxia and hypercapnia (Bergfeld & Forrester, 1992), hypoxia
independently (Ellsworth et al., 1995; Dietrich et al., 2000; Sridharan, Adderley, et al., 2010;
Sridharan, Sprague, et al., 2010; Racine & Dinenno, 2019), and independent pH changes
(Ellsworth et al., 1995) as well as in response to mechanical deformation of RBCs (Sprague et
al., 1998; Wan et al., 2008; Racine & Dinenno, 2019). The influence of hypoxia on RBC-derived
ATP release is one of the most commonly studied initiation processes and low Oz conditions
have been associated with an increase in the extracellular concentration of ATP (Ellsworth et al.,
1995; Dietrich et al., 2000; Sridharan, Adderley, et al., 2010; Sridharan, Sprague, et al., 2010;
Racine & Dinenno, 2019). In addition, hypoxia-induced increases in extracellular ATP only
occurs when RBCs are flowing through the vessels, providing strong evidence for the direct role
of RBCs in this response (Dietrich et al., 2000). The shift in RBC oxygen saturation (SO2), from
oxyhemoglobin to deoxyhemoglobin, has a significant role in linking changes in the oxygen
environment to RBC-derived ATP release (Jagger et al., 2001). The hypoxia-induced increase in
extracellular ATP has been shown to be strongly correlated to changes in RBC SOz and ATP
release is attenuated when deoxyhemoglobin concentrations remain constant under hypoxic
conditions (Jagger et al., 2001). In addition to stimulating RBC-derived ATP release, changes in
the deoxyhemoglobin concentration can influence ATP synthesis in RBCs by increasing the
number of glycolytic enzymes available for glycolysis by competitively binding to a common

membrane protein (Jagger et al., 2001). The involvement of glycolysis and increased ATP
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synthesis have been studied in relation to hypoxia-induced ATP release and it has been shown
that blocking key glycolytic enzymes attenuates the response (Jagger et al., 2001). These pieces
of evidence provide support for SO2-dependent ATP synthesis and release from RBCs under
conditions consistent with increased tissue metabolism and provide a potential link between Oz

and CO2 mediated responses (Jagger et al., 2001).

Another important mechanism involved in RBC-derived ATP release is mechanical deformation
of RBCs, which occurs when cells pass through smaller vessels and/or experience an increased
flow rate (Sprague et al., 1998; Olearczyk et al., 2004; Wan et al., 2008). Mechanical
deformation of RBCs via passage through small pores has been shown to significantly increase
extracellular ATP (Sprague et al., 1998; Olearczyk et al., 2004; Wan et al., 2008) and reduced
membrane deformability impairs hypoxia-induced release of ATP from RBCs (Sridharan,
Sprague, et al., 2010; Racine & Dinenno, 2019). These bodies of evidence supports the
importance of membrane deformation in RBC-derived ATP release and provide a link between
mechanical (deformation) and physiological (O2) stimuli in coordinating oxygen demand with
supply (Sprague et al., 1998; Olearczyk et al., 2004; Wan et al., 2008; Sridharan, Sprague, et al.,
2010; Racine & Dinenno, 2019). The presence of shear stress-dependent vasoactive mechanisms
in the blood is especially relevant in vessels that experience a high degree of shear stress due to
their small radii and relatively slower flow rates, i.e., in arterioles and capillaries (Lipowsky et

al., 1978; Lipowsky et al., 1980; Papaioannou & Stefanadis, 2005)

Due to their size and anionic charge, ATP molecules cannot cross RBC membranes by diffusion,

and it has been suggested that a signal transduction pathway is involved in releasing ATP from
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the cells (Sprague et al., 2002; Olearczyk et al., 2004; Ellsworth et al., 2016; Richardson et al.,
2020). Currently, it is thought that the activation of two subclasses of heterotrimeric G proteins
(Gi and Gs) present in RBC membranes, possibly in response to mechanical deformation, are
responsible for initiating the signal transduction pathway (Sprague et al., 2002; Olearczyk et al.,
2004; Sridharan, Sprague, et al., 2010; Racine & Dinenno, 2019). Activated G proteins stimulate
adenylyl cyclase enzymes within the RBC membrane which then increases production of cyclic
adenosine monophosphate (CAMP), a second messenger involved in a wide variety of cellular
processes (Sprague et al., 2001; Olearczyk et al., 2004; Sridharan, Sprague, et al., 2010; Racine
& Dinenno, 2019). It is thought that cAMP then activates protein kinase A (PKA), which can
phosphorylate a wide variety of targets including cystic fibrosis transmembrane conductance
regulator (CFTR) (Sprague et al., 2001; Ellsworth et al., 2016; Richardson et al., 2020). Previous
research has provided evidence supporting a crucial role of CFTR in deformation-induced RBC
ATP release, however, it is unclear if CFTRs act as an ATP channel or if they influence other
proteins (Sprague et al., 1998). Other channels have also been shown to be involved in hypoxia-
induced ATP release, including integral membrane proteins band 3 and 4.5 as well as pannexin
channels; however, controversial evidence regarding the role of pannexin channels has been
reported (Bergfeld & Forrester, 1992; Sridharan, Adderley, et al., 2010; Qiu et al., 2011; Keller
etal., 2017; Kirby et al., 2021). Finally, released ATP initiates vascular responses by stimulating
the synthesis of vasoactive stimuli, such as nitric oxide (McCullough et al., 1997; Collins et al.,
1998; Liang et al., 2005). The ATP-mediated vascular responses are thought to be controlled by
a negative feedback loop due to the action of adenosine diphosphate (ADP), a by-product of ATP

consumption, on P2Y 13 receptors located on RBC membranes (Wang et al., 2005).
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Extensive evidence has been provided to support a mechanistic and regulated release of ATP
from RBCs in response to both mechanical and physiological stimulation. However, it is also
important to acknowledge the possible contribution of RBC hemolysis in increasing extracellular
ATP concentrations. Previous evidence points to both shear stress and hypoxia-induced increases
in extracellular ATP, which strongly is correlated to an increase in free hemoglobin
concentration in the plasma, indicating that RBC hemolysis may have a significant contribution
of ATP release (Sikora et al., 2014; Luneva et al., 2016). However, most studies supporting a
mechanistic release of ATP from RBCs did control for the possible contribution of hemolysis in
increasing extracellular ATP concentrations by excluding samples containing free hemoglobin in
the supernatant following centrifugation. Therefore, it has also been suggested that RBC
hemolysis and regulated RBC-derived ATP release both contribute to increased extracellular
ATP, with the magnitude of RBC hemolysis contribution varying between normal and hypoxic

conditions (20 - 50% vs. <10% of ATP from hemolysis, respectively) (Mairbaurl et al., 2013).

While the relationship between O2-mediated blood flow regulation and RBC-derived ATP
release has been investigated, the involvement of COz2 in this release has not been an active area
of investigation. Previous research has shown that simultaneous exposure to both hypoxia and
hypercapnia, as well as independent changes in pH, were able to increase extracellular ATP
(Bergfeld & Forrester, 1992; Ellsworth et al., 1995). However, these studies have yet to be
completed in vivo and the independent role of CO2 in RBC-derived ATP release has not been
determined. Due to simultaneous changes in oxygen and carbon dioxide during conditions of
elevated metabolism, such as during exercise, it is possible that an overlapping vasoactive

pathway exists between the two molecules. However, the relationship and potential mechanistic
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interaction between the two vasoactive stimuli is yet to be defined. The ability for both Oz and
CO: to influence the oxygen-dissociation curve and the SO2-dependence of RBC-derived ATP
release presents the possibility that the mechanism outlined above could also serve as a potential
mechanism of CO2-mediated blood flow regulation and a link between CO2- and O2-induced
vascular responses. The relationship and potential mechanistic overlap between CO2- and Oz-
mediated microvascular blood flow regulation will be investigated in the current thesis through
the simultaneous recording of capillary hemodynamic and RBC SO2 measurements during both
localized CO2 and Oz perturbations in skeletal muscle tissue, which addresses objective 3

outlined in section 1.1.

1.5 CO2-mediated Microvascular Blood Flow Response and Suggested Underlying
Mechanisms

Carbon dioxide produced within cells and tissues is not passively transported by the circulatory
system but has an active involvement in its regulation by influencing vascular tone and blood
flow. The vasoactive property of CO2 has been established in a variety of vascular beds,
including the microcirculatory systems within striated muscle and cerebral tissue. Elevation and
depression of CO2 concentrations, either in the blood or in the tissue, causes arteriolar
vasodilation and vasoconstriction, respectively (Raper et al., 1971; Duling, 1973a; Kontos,
Raper, et al., 1977; Kontos, Wei, et al., 1977; Wei et al., 1980; Ward, 1996). The degree of CO2
reactivity of microvessels appears to differ between vascular beds (Kontos, Wei, et al., 1977;
Ward, 1996). For example, pial arterioles in the cerebral microcirculation display strong vascular
responses to changes in CO2 between 0 and ~60 mmHg, while the diaphragmatic
microcirculation does not experience a significant response until CO2 concentrations above 80

mmHg are achieved (Kontos, Wei, et al., 1977; Ward, 1996). In addition to variable CO2
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reactivity between vascular beds, there is variability within vascular beds as well (Raper et al.,
1971; Wei et al., 1980; Ward, 1996). The magnitude of CO2-induced vascular responses is
dependent on vessel size, with greater percent increases in arteriolar diameter being observed as
vessel size decreases (Raper et al., 1971; Wei et al., 1980; Ward, 1996). The vessel-size
dependency of CO2-mediated responses may be due to the greater ability to influence CO2 and/or
pH in smaller, thin-walled vessels that support smaller blood volumes and lower relative blood
flow rates. This hypothesis can be rationalized with Fick’s 1% law of diffusion (2), which states
that the movement of a substance across a surface or membrane is proportional to its

concentration gradient.

Flux = —DkA %L )
dx

Where D is diffusivity, k is solubility, A is area for diffusion, P is partial pressure, or
concentration in the case of a solute, and x is the distance. Therefore, it is likely easier to
influence the CO2 concentration gradient between the tissue and the bloodstream and to facilitate
diffusion of CO2 into smaller vessels that are not rapidly supplied with large volumes of blood at
arterial PCO2. Differences in the magnitude of CO2-induced responses based on location and
vessel size demonstrate that conclusions drawn from one vascular bed cannot necessarily be
translated to another and highlights the need to characterize responses in different tissues with
varying metabolic demands, and at different levels of vasculature, to gain a complete

understanding of blood flow regulation.

To date, the microvascular response to variations in CO2 concentrations has been most well

defined in cerebral microvessels. Graded increases in arteriolar diameter have been observed in
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response to a stepwise increase in tissue CO2 (Kontos, Wei, et al., 1977). The reactivity of
arterioles to variations in tissue CO2 concentrations (0 — 275 mmHg) depends on the magnitude
of the CO2 perturbation, with arterioles experiencing the greatest percent increase in diameter per
1 mmHg change in CO2 between 0 and 60 mmHg (25% decrease between 0 and 43 mmHg and
12% increase between 43 and 60 mmHg) (Kontos, Wei, et al., 1977). The CO2 reactivity of
arterioles was shown to decrease above 60 mmHg of COz, with greater increases in CO2
concentrations yielding a smaller percent change in arteriolar diameter per 1 mmHg change in
CO2 (7% increase in arteriolar diameter between 60 and 150 mmHg) (Kontos, Wei, et al., 1977).
While the magnitude of cerebral arteriolar diameter changes to variations in tissue CO2
concentrations have been described, the microvascular response in skeletal muscle tissue is yet to
be fully characterized. The current thesis aims to address this gap in our understanding of CO2-
mediated blood flow regulation by providing direct measurements of both the magnitude and
time transient of capillary hemodynamic responses to local CO:2 perturbations in skeletal muscle
tissue (objective 1). It is necessary to develop a clear understanding of CO2-mediated
microvascular responses under normal conditions before investigating other questions, such as

potential underlying mechanisms.

While the vasoactive property of CO: is well-established, the underlying mechanism responsible
for CO2-induced microvascular blood flow regulation, especially in skeletal muscle tissue, is not
well defined. It has been suggested that local changes in tissue COz: initiate strong microvascular
responses and that tissue CO2’s influence on the microvascular system is a significant contributor
to the vasoactive response observed due to variations in systemic CO2 (Kontos, Wei, et al.,

1977). The local action of CO2 on smaller microvessels (under 100 um) is further supported by
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the lack of involvement of neural activity (Wei et al., 1980; Wang et al., 1994; Pelligrino et al.,
1995). Previous research has demonstrated that blocking neural activity was able to enhance
hypercapnia-induced increases in arteriolar dilation in larger arterioles; however, they were
unable to alter the CO2-response in smaller arterioles (Wei et al., 1980; Wang et al., 1994;
Pelligrino et al., 1995). These results suggest that the involvement of neural activity in regulating
CO2-mediated blood flow responses may decrease with vessel size. In addition, investigation of
COz-induced responses in the cremaster microcirculation has indicated that while COz2 is able to
induce local arteriolar dilation, it is not able to initiate a significant conducted vascular response
(Charter et al., 2018). Therefore, it has been suggested that CO2 may exert its effects by
influencing other vasodilators and/or regulatory mechanisms (Charter et al., 2018). While little is
known regarding the mechanisms involved in CO2-mediated microvascular responses in skeletal
muscle, there have been some mechanisms investigated in the cerebral microcirculation,
including the involvement of pH-dependent responses, adenosine, and NO that may also apply in

other tissues and will be discussed in this section.

Due to the close relationship between CO2 and H* concentrations through the bicarbonate buffer
system, one of the most common mechanisms associated with CO2-induced vascular responses
involves the corresponding change in pH. Decreasing and increasing pH surrounding arterioles
results in significant arteriolar dilation and constriction, respectively (Kontos, Raper, et al., 1977;
Charter et al., 2018). In addition, the magnitude of vascular responses to local changes in pH
remained constant during simultaneous changes in CO2 concentration and altering CO2
independently of pH was unable to initiate changes in arteriolar diameter (Kontos, Raper, et al.,

1977). Changes in extracellular pH have been suggested to be the primary mediator of acidosis-
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induced vascular responses through action on vascular smooth muscle cell membranes (Kontos,
Raper, et al., 1977; Toda et al., 1989; Tian et al., 1995). Vascular smooth muscle cell relaxation
in response to elevated CO2 was reversed following neutralization of pH (Toda et al., 1989; Tian
etal., 1995). It has also been shown that decreasing pH while maintaining a physiological CO2
concentration initiated a similar increase in cerebral artery relaxation as observed during
hypercapnic conditions (You et al., 1994). These results suggest that CO2-induced changes in pH
have a significant role in CO2-mediated blood flow regulation. One mechanism for pH-induced
changes in vascular tone involves H* outcompeting calcium ions (Ca?*) for shared binding sites
on the sarcolemma, the sarcoplasmic reticulum, and contractile proteins in vascular smooth
muscle cells, which results in smooth muscle relaxation (Wei et al., 1974). It has also been
recently suggested that changes in extracellular pH activate acid-sensing ion channels (ASIC)
expressed in neurons to initiate changes in CO2-induced vasodilation; however, the expression
and involvement of these channels in regulating microvascular tone in skeletal muscle tissue has
not been defined (Faraci et al., 2019). While there is strong evidence supporting pH-dependent
CO2-mediated blood flow responses, most studies have not investigated the independent effects
of CO2 and as a result, the direct involvement of COz in initiating vascular responses is not well
defined. One study conducted by Charter et al. (2018) has provided evidence in the cremaster
microcirculation that CO2 initiates local arteriolar vasodilation during constant pH conditions.
Therefore, it is possible that both pH-dependent and independent mechanisms are responsible for
CO2-mediated blood flow regulation. However, the mechanism that CO2 and/or H* uses to

influence vascular tone is still under investigation.
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One vasodilator suggested to be involved in CO2-induced blood flow responses is NO. NO has
been shown to be involved in coordinating cerebral blood flow responses with tissue metabolic
demand as well as increase in concentration during hypercapnic conditions (Goadsby et al.,
1992; Harada et al., 1997; Fathi et al., 2011). Previous research has supported the involvement of
NO in CO2-mediated blood flow responses by demonstrating that nitric oxide synthase (NOS)
inhibition significantly attenuates, but does not eliminate, hypercapnia-induced increases in
cerebral blood flow and arteriolar diameter as well as decreases vascular CO: reactivity
(ladecola, 1992; Wang et al., 1992; Pelligrino et al., 1993; Faraci et al., 1994; ladecola & Zhang,
1994; ladecola et al., 1994; Irikura et al., 1994; Wang et al., 1994; Reid et al., 1995; Ma et al.,
1996; Estevez & Phillis, 1997; Schmetterer et al., 1997; Wang et al., 1998; Phillis et al., 2004).
In addition, the degree of NO involvement appears to be dependent on the magnitude of the CO2
concentration (Wang et al., 1992; ladecola & Zhang, 1994). Previous studies have shown that
NOS inhibition depresses CO2-induced blood flow responses during moderate hypercapnia (40-
80 mmHg CO2) but does not impact responses during severe hypercapnia (100-200 mmHg CO3)
or during hypocapnia (Wang et al., 1992; ladecola & Zhang, 1994). Based on these findings, it
has been suggested that the mechanism(s) underlying CO2-mediated blood flow regulation may

differ based on the severity of hypercapnia (ladecola & Zhang, 1994).

The source of NO production during hypercapnia and the specific mechanism(s) underlying its
involvement has also been investigated. Currently, it is thought that neuronal NOS (nNOS) is the
primary source of NO during hypercapnia and that NO has a permissive role in regulating CO2-
induced cerebral blood flow responses through a cyclic guanosine monophosphate (cGMP)-

dependent pathway (ladecola et al., 1994; Irikura et al., 1994; You et al., 1994; Ma et al., 1996;
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Harada et al., 1997; Okamoto et al., 1997; Wang et al., 1998). Previous work has demonstrated
that CO2-induced increases in cerebral blood flow and arteriolar diameter are significantly
reduced in the absence of functional nNOS, either by selective pharmacological inhibition or by
using a type 11 NOS knockout animal model (Ma et al., 1996; Harada et al., 1997; Okamoto et
al., 1997; Wang et al., 1998). In addition, variations in CO2 have been shown to elicit vascular
responses in the presence of endothelial cell damage and perivascular nerve inhibition, which
suggests that these structures are not the source of NO during hypercapnia (Wang et al., 1994;
You et al., 1994). Whether NO has a direct or permissive role in CO2-mediated blood flow
regulation has also been questioned. A permissive role suggests that a basal concentration of a
substance is required for a process to occur while not being directly involved in the process
itself. Previous studies have shown that hypercapnia-induced vascular responses that were
inhibited after blocking NOS enzymes could be restored when the NO concentration was
restored, which suggests that the presence of functional NOS enzymes is not necessary to
observe a hypercapnic vascular response, that NOS activity is not directly responsible for the
response, and that NO is likely involved by regulating the concentration of cGMP (ladecola et
al., 1994; Irikura et al., 1994; You et al., 1994; Okamoto et al., 1997; Wang et al., 1998). The
involvement of cGMP is supported by a variety of findings; including, inhibition of CO2-induced
vascular relaxation following cGMP inhibition, an increase in the cGMP concentration during
hypercapnia that is inhibited following NOS inhibition, and restoration of CO2-induced
responses following NOS inhibition through the replenishment of the cGMP concentration
(ladecola et al., 1994; Irikura et al., 1994; You et al., 1994; Wang et al., 1998). Together, these
findings provide support for cGMP-dependent NO pathway underlying CO2-mediated blood

flow regulation; however, there are also studies that were unable to replicate these findings and
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have suggested that both NO and cGMP are not essential for the observed CO2-mediated
vascular response (You et al., 1994; White et al., 1998; Rosenblum et al., 2002; Nakahata et al.,

2003).

Adenosine is another endogenous vasodilator that is produced during conditions of increased
metabolism and has an important role in coordinating blood flow with metabolic demand in both
skeletal muscle and cerebral tissues (O'Regan, 2005; Ballard, 2014). Evidence supporting a role
for adenosine in CO2-mediated blood flow regulation has been provided in the cerebral
circulation (Phillis & DeLong, 1987; Ibayashi et al., 1988; Simpson & Phillis, 1991; Estevez &
Phillis, 1997; Phillis et al., 2004). An increase in adenosine concentration has been measured
during hypercapnic conditions, and it has been suggested that adenosine influences CO2-
mediated blood flow responses by stimulating Aza adenosine receptors (Phillis & DelLong, 1987;
Estevez & Phillis, 1997; Phillis & O'Regan, 2003; Phillis et al., 2004). To support this
hypothesis, previous studies have shown that inhibition of adenosine receptors and decreased
adenosine availability both depress hypercapnia-induced increases in cerebral blood flow and
arteriolar vasodilation as well as increases the magnitude of vasoconstriction observed during
hypocapnic conditions (Phillis & DelLong, 1987; Ibayashi et al., 1988; Simpson & Phillis, 1991,
Estevez & Phillis, 1997; Phillis et al., 2004). The reverse occurs when adenosine availability is
increased, which amplifies the hypercapnia-induced increase in blood flow and reduces the
magnitude of hypocapnia-induced vasoconstriction (Phillis & DelLong, 1987; Ibayashi et al.,
1988). Together, these results support the involvement of adenosine in CO2-mediated blood flow

regulation in the cerebral circulation, including at the microvascular level.
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However, some studies were unable to replicate these results and provided evidence against
adenosine involvement in CO2z-induced blood flow responses. Some previous research has shown
that hypercapnia-induced increases in cerebral blood flow and decreases in vascular resistance
were not impacted following adenosine receptor inhibition (Emerson & Raymond, 1981;
Hoffman et al., 1984; Morii et al., 1987). In the microcirculation, hypercapnia-induced arteriolar
vasodilation was also maintained following administration of adenosine receptor antagonists as
well as in Azareceptor knock-out mice (Pelligrino et al., 1995; Miekisiak et al., 2009). In
addition, unlike the size-dependency of vessel responsiveness to CO2, adenosine-induced
arteriolar vasodilation was not dependent on vessel size (Morii et al., 1986). One explanation for
these findings may be that since it is more difficult to alter partial pressure of CO2 (PCO2) in
larger, high flow vessels due to the continuous supply of COz, it may be more difficult to
stimulate hypercapnia-induced adenosine-mediated blood flow responses. Another explanation
that has been provided for these conflicting pieces of evidence is that there may be significant
redundancy among CO2-induced vasodilatory pathways (Phillis & O'Regan, 2003). To support
this hypothesis, it has been shown that hypercapnia-induced increases in blood flow were only
significantly attenuated by adenosine receptor antagonism in the presence of NOS inhibition;
however, even during this combined inhibition, a pronounced hypercapnic response remained
intact (Phillis & O'Regan, 2003). Together, these results suggest that adenosine may not be the
only vasodilatory mechanism present during CO2-mediated blood flow regulation and that both

adenosine- and NO-independent pathways are also likely involved.
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1.6 Involvement of Vascular Kate Channels in Microvascular Blood Flow
Regulation

Katp channels are one of the many types of ion channels expressed in vascular cell membranes
that have an important role in regulating vascular tone through their influence on membrane
potential (Jackson, 1993, 2000b, 2005; Tykocki et al., 2017). Katp channels open and close in
response to changes in intracellular concentrations of ATP and adenosine diphosphate (ADP).
During conditions of decreased ATP and increased ADP, Katp channels open and cause
membrane hyperpolarization through an efflux of K*. In vascular smooth muscle cells (VSMC),
membrane hyperpolarization closes voltage-gated calcium channels which decreases Ca?* influx
and the amount cytosolic Ca?* available for muscle contraction, resulting in vasodilation
(Jackson, 2005; Tykocki et al., 2017). The reverse response occurs when Kate channels close
during conditions of increased ATP and decreased ADP, which results in vasoconstriction
(Jackson, 2005; Tykocki et al., 2017). Evidence supporting the expression of Katp channel
subunits and their ability to initiate membrane hyperpolarization in endothelial cells, including
those located within the microvascular system, has also been provided (Janigro et al., 1993;
Langheinrich & Daut, 1997; Schnitzler et al., 2000; White & Hiley, 2000; Aziz et al., 2017). In
endothelial cells, changes in membrane potential are believed to influence Ca?* influx, likely
through receptor-mediated mechanisms, and stimulate the release of endothelium-derived
vasodilators such as NO (Jackson, 2005; Figueroa et al., 2007; Aziz et al., 2018). In addition, due
to the electrical coupling present both along and between the endothelial and VSMC layers, Katp
channel-mediated K* efflux and the resulting endothelial cell membrane hyperpolarization
initiated at the capillary level have been shown to be communicated into upstream arterioles to
induce VSMC relaxation and vasodilation as well as influence downstream capillary blood flow

(Beach et al., 1998; McGahren et al., 1998; Cohen & Sarelius, 2002; Murrant & Sarelius, 2002;
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Hirai et al., 2021). Therefore, due to their ability to respond to changes in cellular metabolism,
influence vascular tone along the vascular network and regulate downstream capillary blood
flow, the role of Katp channels in blood flow regulation has been an active area of investigation
and they have often been studied in relation to factors associated with COz2; including functional

hyperemia/muscle contraction, decreased pH, decreased Oz, and release of adenosine and NO.

Functional (or active) hyperemia is a term used to describe increased blood flow during
conditions of increased metabolic demand, such as during exercise. A mechanism of interaction
between the tissue environment and the vascular system must be in place to ensure adequate
amounts of oxygen and nutrients are being delivered to the tissue along with simultaneous
removal of metabolic waste products, such as CO2. Vascular Kate channels have been suggested
to be involved in the coordination of this response (Saito et al., 1996; Hammer et al., 2001,
Cohen & Sarelius, 2002; Murrant & Sarelius, 2002; Holdsworth et al., 2016a; Colburn, Weber, et

al., 2020; Hirai et al., 2021).

Previous research has demonstrated that exercise and muscle contraction-induced increases in
hindlimb muscle blood flow and vascular conductance are significantly attenuated following
administration of a selective Katp channel blocker, glibenclamide (GLI) (Holdsworth et al.,
2016b; Colburn, Weber, et al., 2020). Vascular Katp channels are also involved in regulating
hyperemic responses in the microcirculation with muscle contraction-induced arteriolar
vasodilation being significantly attenuated following Kate channel blockade (Saito et al., 1996;
Hammer et al., 2001; Cohen & Sarelius, 2002; Murrant & Sarelius, 2002). The degree of

attenuation of the vasodilatory response with GLI varied with vessel size. Vasodilation in smaller
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4™ order arterioles was nearly abolished while vasodilation in larger arterioles (1% to 3 order)
was only attenuated (Saito et al., 1996; Hammer et al., 2001). In addition, local and conducted
vasodilatory responses to muscle stimulation under capillary beds have been shown to be
inhibited following capillary Kate channel blocking (Cohen & Sarelius, 2002; Murrant &
Sarelius, 2002). The involvement of Kate channels in initiating conducted vascular responses
shows that their activation can communicate changes in tissue environment to larger upstream
vessels, which have the capacity to initiate significant changes in both the magnitude and
distribution of blood flow directed towards the tissue. These results suggest that Kate channels
are at least partially involved in mediating functional hyperemic responses and that they appear
to have a greater contribution in smaller vessels that are in closer contact with the surrounding
tissue environment (Saito et al., 1996; Hammer et al., 2001; Cohen & Sarelius, 2002; Murrant &

Sarelius, 2002).

There is also evidence against the involvement of Kate channels in regulating functional
hyperemic responses. There are a few studies that noted no attenuation of exercise-induced blood
flow responses in the human forearm following selective Katp channel inhibition (Farouque &
Meredith, 2003; Schrage et al., 2006). It has also been shown in the microcirculation that Katp
channel inhibition was not able to significantly alter arteriolar diameter on its own and only had a
significant impact when combined with NOS inhibition (Schemke & de Wit, 2021). To explain
the variability of results, it has been suggested that Karp channels may have a different degree of
involvement in different species, vascular beds, vessel sizes, and during different levels of
exercise intensity (Saito et al., 1996; Farouque & Meredith, 2003; Schrage et al., 2006;

Holdsworth et al., 2015).
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Several changes in the tissue environment occur during conditions of increased cellular
metabolism, including increased production of CO2zand the corresponding change in pH. The
activity of Katp channels expressed in cell membranes has been shown to be sensitive to
variations in pH, which further supports a possible relationship between CO2 and vascular Katp
channels (Davies, 1990; Xu et al., 2001; Horiuchi et al., 2002; Wang et al., 2003). Hypercapnia-
induced increases in whole-cell currents and membrane potential are significantly reduced
following selective Katp channel inhibition; however, this hypercapnia-induced change in
current and membrane potential is not observed when pH is maintained at a physiological level
(Xu et al., 2001; Wang et al., 2003). These results indicate that the CO2-induced change in pH is
the primary mediator of the enhanced Katp channel activity and membrane current observed
during hypercapnic conditions (Xu et al., 2001; Wang et al., 2003). Previous research has
demonstrated that intracellular acidification (pH 7.2-6.0) of isolated cells has been shown to
decrease the inhibitory action of intracellular ATP and magnesium (Mg?*) on Katp channels,
which increases the probability of them being open and able to hyperpolarize cell membranes
(Davies, 1990). In addition, acidosis-induced arteriolar vasodilation was reduced following
selective Kate channel inhibition with GLI (Horiuchi et al., 2002). These pieces of evidence
indicate that Katp channel activity is pH-sensitive and supports their potential involvement in

regulating CO2-mediated blood flow responses.

In addition to their pH-sensitivity and suggested involvement in the functional hyperemic
response, Katp channels have also been linked to other factors related to COz; including Oz,
adenosine, and NO. Hypoxia-induced increases in cerebral blood flow, vascular conductance,

and arteriolar diameter have been shown to be attenuated following selective Katp channel
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blocking (Reid et al., 1993; Taguchi et al., 1994; Bryan & Marshall, 1999; Rocha et al., 2020). In
addition, the increased venous K* concentration measured during hypoxic conditions was
significantly inhibited following administration of GLI (Marshall et al., 1993). These results
suggest that Katp channels could be partially responsible for mediating cerebral vascular
responses to hypoxia, including at the microvascular level. Adenosine-induced increases in
microvascular blood flow and arteriolar diameter are also significantly attenuated by Katp
channel blocking (Danialou et al., 1997; Bryan & Marshall, 1999; Chen et al., 2000). It has been
suggested that adenosine may be involved in the vasodilatory mechanism underlying hypoxic
vascular responses and be a link between hypoxia and Karte channel stimulation (Armstead,
1997; Bryan & Marshall, 1999). Hypoxia-induced arteriolar vasodilation, during both moderate
and severe hypoxic conditions, was significantly attenuated following inhibition of adenosine
receptors (Armstead, 1997). It has also been shown that adenosine-induced increases in blood
flow, arteriolar diameter, and venous K* concentration are all significantly decreased following
selective Katp channel blocking (Marshall et al., 1993; Danialou et al., 1997; Bryan & Marshall,
1999; Chen et al., 2000). Inhibition of NO synthesis has also been shown to significantly
attenuate both hypoxia and adenosine-induced increases in vascular conductance and arteriolar
vasodilation (Armstead, 1997; Danialou et al., 1997; Bryan & Marshall, 1999). Therefore, based
on these findings, it has been suggested that hypoxia initiates arteriolar vasodilation through
adenosine-induced stimulation of NO synthesis and activation of vascular Katp channels via a
cGMP-dependent mechanism (Armstead, 1997; Danialou et al., 1997; Bryan & Marshall, 1999;

Chen et al., 2000).
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The presence of pH sensitive Katp channels in vascular cells and their ability to sense changes in
cellular metabolism, initiate local and conducted vascular responses, and their connection to
other factors linked to CO2 (hypoxia, adenosine, and NO) all support the hypothesis that vascular
Katp channels may be involved in mediating CO2-microvascular blood flow regulation. Some
evidence supporting their involvement in CO2-mediated responses has been provided in the
cerebral microcirculation. Selective inhibition of Kate channels in cerebral arterioles reduced
hypercapnia-induced vasodilation and inhibited hypocapnic alkalosis-induced vasoconstriction
(Faraci et al., 1994; Wei & Kontos, 1999; Nakahata et al., 2003; Nnorom et al., 2014). In
addition, similar to the findings during functional hyperemia outlined above, the degree of
attenuation of CO2-induced responses following GLI administration was dependent on vessel
size (Faraci et al., 1994; Nakahata et al., 2003; Nnorom et al., 2014). The vasodilatory response
to elevated CO: in precapillary arterioles (under 10 pm in diameter) was abolished following
Katp channel blockade, while the response in larger arterioles (above 55 pum in diameter) was
only reduced (Faraci et al., 1994; Nakahata et al., 2003; Nnorom et al., 2014). These results
suggest that vascular Katp channels are partially involved in CO2-mediated cerebral
microvascular blood flow regulation and that they have a more significant involvement as vessel
size decreases. Although, as mentioned previously, the more pronounced impact on smaller
vessels may be due to a greater ability to influence pH across thin-walled microvessels
supporting slow, low volume blood flow. The incomplete inhibition of CO2-induced responses
following Katp channel blockade supports the involvement of Katp-independent pathways as
well. Previous research has also shown that attenuation of hypercapnia-induced arteriolar
responses following Katp channel blockade only occurred when nNOS was also inhibited, which

has also been suggested to support the presence of redundant pathways (Wang et al., 1998).
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While the role of vascular Katp-channels in CO2-mediated responses has been investigated in the
cerebral microcirculation, their involvement in regulating tissue COz2 in skeletal muscle has not
been defined and will be investigated in the current thesis as a potential mechanism underlying
CO2-mediated blood flow regulation at the capillary level in skeletal muscle tissue, thus

addressing objective 2.

1.7 Intravital Video Microscopy (IVVM) and Striated Muscle Tissue Preparations
Intravital video microscopy (IVVM) is an experimental techniqgue commonly used for in vivo
investigations of both the structure and function of microvascular networks. IVVVM combines the
use of an inverted or upright microscope with a video recording system to enable simultaneous
viewing and recording of microvascular responses to various stimuli, such as increased muscle
metabolism and pharmacological interventions, as well as during pathophysiological conditions,
such as diabetes (Cohen & Sarelius, 2002; Murrant & Sarelius, 2002; Padilla et al., 2006;
Novielli & Jackson, 2014; Corliss et al., 2019). Several measurements quantifying microvascular
responses can be obtained through the offline analysis of recorded video sequences, including
microvessel diameter and hemodynamic measurements (such as red blood cell (RBC) velocity
(Vrec), supply rate (SR), lineal density, and hematocrit (Hct)). There are several advantages
associated with using IVVM rather than isolated vessel segments to study microvascular
responses; including, the ability to acquire large amounts of microvascular network and flow
data per experiment and the ability to directly visualize and quantify microvascular responses in
vivo with minimal disruption to the overall microvascular system and integrated blood flow

responses.
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Several types of tissue preparations have been developed for IVVM studies, including a variety
of striated muscle tissues such as the cremaster, gluteus maximus, cheek pouch retractor, and
extensor digitorum longus (EDL) muscles (Duling, 1973b; Tyml & Budreau, 1991; Bearden et
al., 2004; Bagher & Segal, 2011a). Striated muscles are often used to investigate the coordination
of microvascular blood flow responses to conditions of increased metabolism and oxygen
demand, as well as to identify the mechanism of interaction between active muscle tissue fibers
and the microvascular system (Cohen & Sarelius, 2002; Murrant & Sarelius, 2002; Ngo et al.,
2010; Riemann et al., 2011). The surgical procedures for each of the preparations mentioned
above are similar in that they each involve careful isolation, dissection, and externalization of the
muscle tissue of interest to enable visualization with a compound microscope (Duling, 1973b;
Tyml & Budreau, 1991; Bearden et al., 2004; Bagher & Segal, 2011a). In addition, they are all
accessible thin muscles that can be easily positioned over the microscope objective and
transilluminated to allow for optimal visualization of the microcirculation, while maintaining in
situ dimensions and the endogenous blood supply to ensure minimal disruption to normal
microvascular functioning (Duling, 1973b; Tyml & Budreau, 1991; Bearden et al., 2004; Bagher
& Segal, 2011a). While there are similarities among muscle preparations, there are also some
differences. Experiments involving the cremaster, gluteus maximus, and cheek pouch retractor
muscles differ from the muscle preparation used in the current thesis, the EDL muscle, in that
they are often continuously perfused with a buffered physiological salt solution (Duling, 1973b;
Tyml & Budreau, 1991; Bearden et al., 2004; Bagher & Segal, 2011a). The movement of a
superfusion solution over the muscle tissue alters the surface environment, and potentially
microvascular responses, by continuously removing trace physiological molecules produced in

the muscle tissue that are not included in the buffer formulation (Tyml & Budreau, 1991,
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Ghonaim et al., 2011). In addition, using a superfusion solution to alter the gas concentration of
tissues or apply pharmacological agents results in the muscle’s environment being set for long
periods, or even the entire duration of the experiment. The EDL muscle preparation used in the
current thesis is not continuously superfused and is instead covered with a stagnant layer of
saline that equilibrates with the tissue and maintains moisture, which allows the physiological
environment of the muscle surface to remain intact and certain experimental conditions to be
more dynamically controlled (Tyml & Budreau, 1991; Fraser et al., 2012). The use of different
striated muscle tissue preparations also allows for microvascular responses and their potential
underlying mechanisms to be studied in environments with varying muscle fiber compositions
and metabolic activity levels, such as skeletal muscles that experience exercise conditions (EDL
and gluteus maximus) and those that only experience muscle contraction (cremaster and cheek
pouch retractor). Finally, the level of the microvasculature being studied may also vary with
different muscle preparations. For example, the EDL is a skeletal muscle tissue preparation that
allows for better visualization and quantification of capillary blood flow responses since the
distal portion of the muscle is externalized for visualization, compared to the gluteus maximus
muscle whose proximal end is externalized and often used to study arteriolar networks (feed
artery to terminal arterioles) (Tyml & Budreau, 1991; Bearden et al., 2004; Al-Khazraji et al.,

2012).

As briefly mentioned above, several microvascular measurements can be obtained from the
offline analysis of recorded intravital video sequences of in vivo microvascular networks,
including hemodynamic variables that directly describe blood flow (RBC velocity, SR, volume

flow, flow distribution, capillary Hct, and RBC distribution) (Ellis et al., 1990; Ellis et al., 1992;
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Japee et al., 2004; Al-Khazraji et al., 2012; Ellis et al., 2012; Fraser et al., 2012; McClatchey et
al., 2018). Several methods have been developed for measuring RBC hemodynamics in both
arteriole and capillary networks, including manual and computational methods. For example, one
commonly used method involves the manual tracking of fluorescently labelled RBCs injected
into the bloodstream, where RBC velocity and supply rate are measured visually as RBCs pass
through each frame of recorded video sequences (Biswal & Hudetz, 1996; Krolo & Hudetz,
2000; Al-Khazraji et al., 2012; Novielli & Jackson, 2014). Another similar method, known as the
“Streak Length Method”, enables RBC velocity to be calculated throughout branching arteriolar
networks (21 - 115 um in diameter), where fluorescent streaks created by the movement of
labelled RBCs are visualized and measured to calculate RBC velocities (Vrsc = (RBC streak
length - RBC length) / Exposure time) (Al-Khazraji et al., 2012; Novielli & Jackson, 2014).
While these methods have provided valuable information regarding microvascular blood flow,
there are some limitations associated with manual hemodynamic measurements; including, the
time required to analyze each experiment, the small number of vessels analyzed per experiment,
the risk of human error, and variations in measurements among researchers. To address these
limitations, computer software systems have since been developed to analyze IVVM video
sequences and quantify several microvascular blood flow parameters, such as RBC velocity,
RBC SR, lineal density, flow velocity, flow distribution, plasma flow, capillary Hct and capillary
Hct heterogeneity (Ellis et al., 1990; Ellis et al., 1992; Japee et al., 2004; Al-Khazraji et al.,

2012; Ellis et al., 2012; Fraser et al., 2012; McClatchey et al., 2018; Akerstrom et al., 2020). The
use of computer software systems allows for rapid, reliable, and reproducible microvascular
blood flow measurements to be made by completing automated or semi-automated quantification

of responses in a large number of capillaries and have been shown to yield RBC velocity
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measurements similar to those obtained manually (Ellis et al., 1990; Ellis et al., 1992; Japee et

al., 2004; Al-Khazraji et al., 2012; Ellis et al., 2012; Fraser et al., 2012; McClatchey et al., 2018).

In the current thesis, a custom MATLAB software was used for semi-automated analysis of
recorded IVVM video sequences. The software processes the captured images of microvascular
blood flow, compiles them into video sequences and uses them to generate a series of functional
images that provide information on the structure of the microvascular network as well as RBC
flow (Figure 1.2) (Japee et al., 2004). Measuring light intensity from spatial locations along the
centreline of selected capillaries in every frame of the video allows RBCs, which absorb light
and appear as dark spots, to be distinguished from the surrounding tissue and plasma, which
appear lighter (Ellis et al., 1990; Ellis et al., 1992; Japee et al., 2004; Ellis et al., 2012; Fraser et
al., 2012). The fundamental quantitative tool for determining capillary hemodynamics from the
light intensity measurements is a space-time image, which are generated for each vessel segment
that are manually selected for analysis and plot the light intensity information as a function of
time (Figure 1.2) (Ellis et al., 1990; Ellis et al., 1992). Therefore, these images show the location
of RBCs flowing through the selected capillaries throughout the entire video sequence and are
used to determine hemodynamic measurements for each vessel (Figure 1.2) (RBC velocity
(um/s), RBC SR (cells/s), and Hct (%RBC)) (Ellis et al., 1990; Ellis et al., 1992; Japee et al.,
2004; Ellis et al., 2012; Fraser et al., 2012). Compared to manual measurements, this software
allows for semi-automated, reliable, and reproducible measurements of hemodynamic variables
in a large number of in focus capillaries across multiple fields of view (FOV) or focal planes
within the muscle. While this semi-automated analysis software is more time consuming and

analyzes fewer capillaries than fully automated software’s, which can analyze over 100
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capillaries per FOV and generate measurements for individual capillaries in approximately 20
seconds (McClatchey et al., 2018), it allows for greater control over selected capillaries to ensure
they are suitable for analysis. Also, further experimentation is required to determine the
effectiveness of the fully automated software developed by McClatchey et al. (2018) since it
only been used to analyze short sequences, has little associated microvascular network geometry
data, and has not been widely used experimentally. The software used for this project addresses
some of these limitations by providing information on both the microvascular network geometry
and blood flow as well as being used to effectively quantify microvascular responses in a variety
of experiments. Another advantage to the method used here is that it does not require the use of
fluorescently labelled RBCs, exogenous fluorescent probes, or a fluorescent microscope to
visualize and quantify RBC flow. In addition, IVVVM video sequences were collected
simultaneously at two different wavelengths, an oxygen-sensitive (438 nm) and -insensitive (420
nm) wavelength, which enables spectrophotometric RBC oxygen saturation (SO2) measurements
to be made based on the differing light absorptions of oxy- and deoxyhemoglobin proteins
(Figure 1.3) (Ellsworth et al., 1987; Ellis et al., 1990; Ellis et al., 1992). Therefore, in addition to
capillary hemodynamic measurements, the custom MATLAB software used in the current thesis
provides simultaneous RBC SO2 measurements which allows for convective oxygen transport
and SO2-dependent regulatory mechanisms of the microvascular system to be investigated in

vivo (Figure 1.2).
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Figure 1. 2. An overview of the analysis process for intravital video microscopy (IVVM) sequences using a
custom MATLAB software. A series of images captured during IVVVM (A) are compiled into video sequences and
used to generate a series of functional images (B). Functional images describe the network geometry, position of
individual vessels, and are also used to identify capillary segments to be used for analysis. Space-time images (C)
are generated for each capillary selected for analysis, which describe the position of red blood cells (RBC) flowing
through the capillary segment in each frame of the video. Space-time images are used to quantify several
hemodynamic measurements, such as RBC velocity (D), supply rate (E), hematocrit (F) as well as RBC oxygen
saturation (SO-) (G). The timing of the CO; step-change is represented by a dashed line (H).
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Figure 1. 3. Wavelength dependence of the deoxy- and oxyhemoglobin molar attenuation
coefficient. The blue and red lines plot the light absorption of deoxyhemoglobin and
oxyhemoglobin across various wavelengths, respectively. The two vertical dashed lines indicate
an oxygen independent wavelength (420 nm) where both oxy- and deoxyhemoglobin have the
same absorbance, and an oxygen sensitive wavelength (438 nm) where the light absorptions of
the two hemoglobin conformations differ, which was used in the present thesis to measure red
blood cell oxygen saturation (Adapted from Fraser (2012), based on data from Prahl (1999)).
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1.8 Experimental Techniques Used to Alter Arterial and Tissue Gas Concentrations
and the Use of a Microfluidic Gas Exchange Chamber

Previous investigations of both O2- and CO2-mediated microvascular responses have utilized two
main experimental techniques, (i) alterations in inspired gases and (ii) topical superfusion
solutions, to impose variations in arterial and tissue gas concentrations, respectively. Systemic
changes in blood PO2 and PCO:2 following either an increase or decrease in the respective
inspired gas concentrations have been shown to initiate reliable and significant changes in
microvascular tone (Raper et al., 1971; Wei et al., 1980; Morii et al., 1986; Morii et al., 1987;
Ibayashi et al., 1988; Simpson & Phillis, 1991; Faraci et al., 1994; Taguchi et al., 1994; Wang et
al., 1994; Armstead, 1997; Wang et al., 1998; Rosenblum et al., 2001; Phillis et al., 2004;
Miekisiak et al., 2009). However, there are some limitations associated with this method that
need to be considered. The main limitation is that systemic hypoxia and hypercapnia both have
an impact on the overall systemic circulation, including alterations in cardiac output, heart rate,
blood pressure, as well as an impact on sympathetic nerve activity and ventilatory responses
(Richardson et al., 1961; Fukuda et al., 1989; Sabino et al., 2013; Jouett et al., 2015). Therefore,
systemic changes in blood gas concentrations may have a more widespread impact on overall
blood flow, which may influence the response observed at the microvascular level and
complicate interpretations of collected data. The widespread influence of systemic changes also
makes it difficult to determine the level of the vascular system and the identity of cell types
involved in the initiation of the blood flow responses. Another limitation is the amount of time
required to initiate maximum microvascular responses (several minutes), which makes it difficult
to measure the time transient of the resulting blood flow responses to variations in arterial blood
gas concentrations. Understanding the timing and localization of O2- and CO2-mediated

responses would provide valuable insight regarding potential underlying mechanisms.
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Equilibration of superfusion solutions covering externalized muscle tissues with various gas
concentrations is another common method used to study O2- and CO2-mediated responses that
eliminates the risk of systemic changes by altering tissue rather than arterial gas concentrations
(Duling, 1973a; Morff et al., 1981; Ngo et al., 2010; Riemann et al., 2011; Charter et al., 2018).
While influencing the tissue environment via superfusion solutions resolves the issue regarding
the systemic influence of arterial blood gases, there are also limitations associated with this
method as well. In addition to the limitations discussed previously (section 1.7) regarding altered
muscle surface environments and fixed experimental conditions, since the entire muscle surface
IS exposed to the gas perturbations in the superfusion solution, it is still difficult to determine the
location or locations of CO2’s impact on the integrated microvascular system. Therefore, the
development of another technique for imposing localized changes in tissue microenvironments
was necessary to address these limitations and investigate both localized O2- and CO2-mediated

responses and their underlying mechanisms.

A microfluidic gas exchange chamber (GEC) is a device that has been designed to address these
limitations and improve the ability to investigate O2- and CO2-mediated microvascular blood
flow regulation, and potentially responses to other gaseous stimuli (NO, hydrogen sulfide (H2S),
etc.), by imposing localized and direct changes in tissue microenvironments in vivo (Ghonaim et
al., 2011; Ghonaim et al., 2013; Sove et al., 2021). The 3D-printed GEC fits into the stage of an
inverted microscope and consists of a gas channel that exposes overlying tissues to gas
perturbations through a gas permeable polydimethylsiloxane (PDMS) membrane (Figures 1.4
and 1.5) (Ghonaim et al., 2011; Ghonaim et al., 2013; Sove et al., 2021). The PDMS membrane

is located within a micro-outlet cut into the channel using microfabrication techniques (Figures
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1.4 and 1.5) (Ghonaim et al., 2011; Ghonaim et al., 2013; Sove et al., 2021). The use of a PDMS
membrane is one of several gas permeable substrates that can be used to cover the GEC micro-
outlet (including polyethylene, hard contact lens material, Tegaderm™, etc.) and was selected
due to its high gas permeability (ko2=0.18 cm?3/ (cm? x atm), Doz = 3.4 x 10° cm? / s, kcoz =
1.29 cm3/ (cm? x atm), Dcoz2 = 2.2 x 10 cm? / s) (Merkel et al., 2000) and the ease of
fabricating thin, even layers using spin coating techniques. The composition of gas (O2, N2, and
CO:2) flowing through the channel is set using computer-controlled mass flow meters, which
enables the device to impose rapid and dynamic variations in the gas concentrations experienced
by the tissue (Ghonaim et al., 2011; Ellis et al., 2012; Ghonaim et al., 2013; Sove et al., 2021).
The exteriorized skeletal muscle tissue of interest is reflected on top of the gas permeable
membrane positioned above the microscope objective, which enables simultaneous viewing and
recording of microvascular blood flow responses during direct gas perturbations using IVVM
(Figure 1.5) (Ghonaim et al., 2011; Ghonaim et al., 2013; Sove et al., 2021). Therefore, this
device allows a selected region of skeletal muscle tissue to be directly and reversibly exposed to
dynamic changes in gas concentrations with minimal disruption to its physiological environment
and without impacting the systemic circulation, or tissue and vasculature further than ~200 um
from the membrane surface. Combined with simultaneous visualization of resulting blood flow
responses using 1IVVM, this device can be a powerful tool for studying gas-mediated blood flow
responses along with their underlying regulatory mechanisms in vivo (Ghonaim et al., 2011;

Ghonaim et al., 2013; Sove et al., 2021).
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Figure 1. 4. Schematic depicting the multiple components of a three-dimensionally (3D)
printed microfluidic gas exchange chamber. The inlet/outlet piece connects to external gas
sources (Oz2, CO2, N2), which allows gas to flow through the gas channel gasket component of
the device. The outlet cut into the inlet/outlet piece is covered with a gas permeable membrane,
which exposes tissues positioned on top of the device to the composition of gases flowing
through the chamber. The stage insert is designed to fit into an inverted microscope to enable in
vivo visualization of blood flow responses to various gas perturbations. Used under Creative
Commons license permissions (Sove et al., 2021).

47



plastic

*inletand PDMS
outlet plate

glass stage

stage mnsert with gas
exchange chamber mot io scale

Figure 1. 5. Microfluidic gas exchange chamber. This schematic shows the orientation of a 3D
printed gas exchange platform with the reflected skeletal muscle that is used to impose rapid and
localized changes in the skeletal muscle tissue CO2 microenvironment. Computer-controlled
flow meters alter the gas concentrations flowing beneath the muscle surface. Adapted from Sove
et al. (2021). Used under Creative Commons license permissions.

48



In addition to imposing direct and reversible changes in the tissue microenvironment, this device
can be used to induce highly localized tissue perturbations (Ghonaim et al., 2011; Ghonaim et
al., 2013; Sove et al., 2021). Initial investigations involving GECs used full-sized gas exchange
surfaces that exposed the entire overlying muscle tissue to variations in gas compositions
flowing through the gas channel (Ellis et al., 2012). To increase the spatial specificity of imposed
tissue perturbations and improve the ability to investigate gas-mediated responses at specific
levels of the microvasculature, GECs with smaller micro-outlets cut into the channel and covered
with a gas permeable membrane were developed (Ghonaim et al., 2011; Ghonaim et al., 2013;
Sove et al., 2021). The addition of a micro-outlet results in stimulation of only small microscale
areas of the muscle being exposed to the gas perturbations within the chamber, which increases
the ability to determine the location of the response and potential underlying mechanisms
specific to a given level of the microvasculature. Computational modelling and experimentation
have been done to determine the micro-outlet size and geometry that impacts enough vessels to
generate RBC SO2 and hemodynamic responses while still maintaining a localized exposure
(Ghonaim et al., 2011; Ghonaim et al., 2013; Sove et al., 2021). In these experiments, the O2
distribution profile was modelled to determine the degree of radial diffusion (distance O2 travels
from the micro-outlet edge) as well as axial diffusion (distance Oz travels into the tissue from the
chamber) to determine spatial specificity of different micro-outlet sizes (Ghonaim et al., 2011;
Ghonaim et al., 2013; Sove et al., 2021). The size of micro-outlet used can be varied based on
the question being investigated, where small circular (100 pm in diameter) micro-outlets have
been shown to be useful for inducing RBC SO2 but not hemodynamic responses in a small
number of capillaries, while larger rectangular outlets (1000 um wide x 200 um long) are useful

for stimulating enough vessels to generate both saturation and flow responses while minimizing
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the degree of O2 diffusion from the micro-outlet (Ghonaim et al., 2011; Ghonaim et al., 2013).
The development of a modular GECs enables a variety of micro-outlet designs to be printed and
interchanged within a single device, which allows micro-outlets varying in size, geometry, and in
number to be used in investigating microvascular blood flow responses in vivo (Sove et al.,

2021).

In the current thesis, a microfluidic GEC with a single rectangular outlet was used to impose
localized perturbations in the tissue CO2 microenvironment of the EDL muscle to characterize
CO2-mediated microvascular blood flow responses as well as to investigate the potential
underlying mechanisms. Similar to the studies investigating O2-mediated blood flow responses,
altering the gas concentrations in the GEC can be used to impose rapid (initiated within 1 — 3
seconds), direct, and reversible alterations to the tissue CO2 microenvironment; however, this
method has not been previously used to investigate CO2-mediated responses. Therefore, this tool
was anticipated to provide novel information to advance our current understanding of CO2-

mediated blood flow regulation in the skeletal muscle microvasculature.
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Chapter 2 —

Characterization and Investigation of Potential Mechanisms Underlying
CO2-mediated Microvascular Blood Flow Regulation in Skeletal Muscle
Tissue

2.1 Introduction

Microvascular blood flow regulation is a dynamic and highly coordinated process that directs
blood flow based on the varying metabolic demands existing among and within tissues (Segal,
2005). The microvascular system integrates a variety of vasoactive signals, including
sympathetic nervous activity and the production of vasoactive metabolites, and communicates
them into larger upstream vessels to initiate appropriate changes in both the magnitude and
distribution of blood flow (Sarelius & Pohl, 2010). Connexin-based gap junctions present along
and between the endothelial and vascular smooth muscle cell layers of microvessel walls allow
for the rapid transmission of microvascular responses, known as conducted vasomotor responses
(Segal et al., 1989; Xia & Duling, 1995; Xia et al., 1995; Welsh & Segal, 1998; de Wit et al.,
2000; Segal & Jacobs, 2001; Figueroa et al., 2003; Looft-Wilson et al., 2004; Segal, 2005;
Figueroa & Duling, 2008; de Wit, 2010; Milkau et al., 2010). The rapid transmission of electrical
signals along the microvessel wall induces a coordinated and spatially specific change in
microvascular tone throughout the arteriolar network (Berg et al., 1997; Bagher & Segal, 2011b;
Twynstra et al., 2012). Conducted vasomotor responses have been shown to be initiated in
response to variations in the local tissue environment of distal arterioles and capillaries, such as
increased muscle metabolism and direct exposure to vasoactive metabolites including oxygen
(02), potassium (K*), adenosine, and adenosine triphosphate (ATP) (Song & Tyml, 1993;

Ellsworth et al., 1995; McCullough et al., 1997; Collins et al., 1998; Dietrich et al., 2000;
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Hungerford et al., 2000; de Wit, 2010; Ngo et al., 2010; Riemann et al., 2011; Lamb & Murrant,
2015; Dora, 2017; Lamb et al., 2018). Therefore, these responses enable vasoactive signals to be
rapidly communicated along the microvascular network to initiate effective and efficient
coupling of microvascular blood flow with metabolic demand. While several vasoactive
molecules associated with increased muscle metabolism have been shown to contribute
significantly to local blood flow regulation, the contribution of carbon dioxide (COz2) has not

been well described in the skeletal muscle tissue microcirculation.

The vasoactive property of CO:2 has been established in a variety of vascular beds, including the
microvasculature of the highly metabolically active striated muscle and cerebral tissues (Raper et
al., 1971; Duling, 1973a; Kontos, Raper, et al., 1977; Kontos, Wei, et al., 1977; Wei et al., 1980;
Ward, 1996; Charter et al., 2018). These microvascular beds are sensitive to variations in both
systemic and local tissue CO2 concentrations and experience significant arteriolar vasodilation
and vasoconstriction in response to elevated and depressed COz, respectively (Raper et al., 1971,
Duling, 1973a; Kontos, Raper, et al., 1977; Kontos, Wei, et al., 1977; Wei et al., 1980; Ward,
1996; Charter et al., 2018). The magnitude of CO2’s impact on microvascular tone has been
shown to be inversely related to vessel size, with more profound vasomotor responses being
observed in smaller arterioles (Raper et al., 1971; Wei et al., 1980; Ward, 1996)). This vessel
size-dependency may be due to a greater ability to influence changes in CO2 and pH within thin-
walled microvessels supporting smaller blood volumes and relatively lower blood flow rates. In
addition, microvascular responses to CO2 also appear to vary between microvascular beds
(Kontos, Wei, et al., 1977; Ward, 1996). For example, cerebral pial arterioles experience

significant changes in vascular tone between 0 and 60 mmHg of CO2 and therefore appear to
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have a higher sensitivity than the diaphragmatic arterioles, which do not respond until they are
exposed to a CO2 concentration above 80 mmHg (Kontos, Wei, et al., 1977; Ward, 1996). The
variability of CO2-induced blood flow responses both among and within vascular beds highlights
the importance of characterizing CO2-mediated blood flow responses in a variety of tissues, as
well as in different levels of the vasculature to develop a complete understanding of blood flow
regulation. These findings also demonstrate the high COz2 sensitivity of microvessels in closest
proximity to tissue fibers that experience high and variable levels of metabolic activity, which
supports a significant contribution of these vessels in coordinating local blood supply with
metabolic demand. Therefore, these findings may also indicate that variations in local CO2 have
a significant role in influencing blood flow responses initiated at the capillary and/or terminal
arteriole levels. To date, the magnitude and time transient of capillary blood flow responses
across a physiologically relevant range of tissue CO2 concentrations have not been fully
characterized in skeletal muscle tissue. Characterization of the dynamic CO2-mediated responses
under normal conditions is necessary before other questions can be investigated, such as the

identification of potential underlying mechanisms.

The mechanism of interaction between CO2 and the microvascular system has also not been an
active area of investigation, especially in skeletal muscle tissue. Carbon dioxide’s impact on the
vascular system is often attributed to pH-mediated changes in vascular smooth muscle cell
contractility and arteriolar tone (Wei et al., 1974; Kontos, Raper, et al., 1977; Toda et al., 1989;
You et al., 1994; Tian et al., 1995; Charter et al., 2018). Recently in the striated muscle
microcirculation, it has been shown that combined exposure of arterioles to increased CO2 and

hydrogen ion (H*) concentration had a synergistic, rather than additive, impact on arteriolar tone,

53



which supported an interaction between the two vasoactive stimuli (Charter et al., 2018). It has
also been shown that while increased striated muscle tissue CO: at the arteriolar level stimulates
local vasodilation, both independently and in combination with H*, the local response was not
able to be propagated into larger upstream vessels (Charter et al., 2018). Therefore, it has been
suggested that CO2 does not have a direct role in local blood flow regulation, and it likely
influences the activity of other vasodilators and/or regulatory mechanisms (Charter et al., 2018).
A few mechanisms underlying CO2-mediated responses in the cerebral microcirculation have
been suggested that may apply to other tissues, including nitric oxide (NO) ((Faraci et al., 1994;
Wang et al., 1994; You et al., 1994; Wang et al., 1998; Nakahata et al., 2003; Rosenblum, 2003;
Phillis et al., 2004), adenosine (Morii et al., 1986; Morii et al., 1987; Ibayashi et al., 1988;
Simpson & Phillis, 1991; Pelligrino et al., 1995; Phillis et al., 2004; Miekisiak et al., 2009), and
of interest in the current study, vascular ATP-sensitive potassium (Kate) channels (Faraci et al.,

1994; Wei & Kontos, 1999; Nakahata et al., 2003; Nnorom et al., 2014).

Vascular Katp channels are one of the many types of ion channels expressed in cell membranes
that alter microvascular tone by influencing membrane potential and impacting vascular smooth
muscle cell contractility and endothelial production of vasoactive molecules (Jackson, 2000a,
2005; Tykocki et al., 2017). They are activated during conditions of increased cellular
metabolism and respond to variations in the intracellular environment, specifically the
intracellular concentration of ATP and adenosine diphosphate (ADP) (Jackson, 2000a, 2005;
Tykocki et al., 2017). Due to their sensitivity to the metabolic state of their environment and
ability to influence vascular tone, Katp channels have been suggested to have a significant role in

blood flow regulation and they have been studied in relation to a variety of factors associated
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with increased tissue metabolism; including functional hyperemia/muscle contraction (Saito et
al., 1996; Hammer et al., 2001; Cohen & Sarelius, 2002; Murrant & Sarelius, 2002; Farouque &
Meredith, 2003; Schrage et al., 2006; Holdsworth et al., 2015; Colburn, Holdsworth, et al., 2020;
Schemke & de Wit, 2021), pH changes (Davies, 1990; Xu et al., 2001; Horiuchi et al., 2002;
Wang et al., 2003), hypoxia (Marshall et al., 1993; Reid et al., 1993; Taguchi et al., 1994; Bryan
& Marshall, 1999; Rocha et al., 2020) and the release of adenosine (Armstead, 1997; Danialou et
al., 1997; Bryan & Marshall, 1999; Chen et al., 2000) and nitric oxide (NO) (Armstead, 1997,
Bryan & Marshall, 1999). The pH-sensitivity of Karte channels and their relationship with other
factors associated with changes in CO2 (muscle metabolism, hypoxia, adenosine, and NO)
suggests that these channels are a reasonable potential mechanism underlying CO2-mediated
microvascular blood flow regulation. Some evidence supporting this hypothesis has been
provided in the cerebral microcirculation, where hypercapnia-induced arteriolar vasodilation and
hypocapnic alkalosis-induced vasoconstriction were reduced and inhibited following selective
Katp channel inhibition, respectively (Faraci et al., 1994; Wei & Kontos, 1999; Nakahata et al.,
2003; Nnorom et al., 2014). In addition, similar to the vessel-size dependency of CO2-mediated
responses mentioned above, the impact of Kate channel inhibition on CO2-mediated responses
increases as vessel size decreases, with responses being nearly abolished in small 4™ order
arterioles (<10 um in diameter) (Saito et al., 1996; Hammer et al., 2001). This finding suggests
that Katp channels may have a significant role in regulating microvascular responses initiated at
the capillary level, which has been supported in the cremaster muscle microvascular response to
increased muscle metabolism (Cohen & Sarelius, 2002; Murrant & Sarelius, 2002). Selective
inhibition of these channels has also been shown to significantly reduce hypercapnia-induced

increases in whole-cell currents when accompanied by a simultaneous change in pH, which
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suggests that CO2 influences membrane potential and microvascular tone through pH-mediated
Katp channel activation (Xu et al., 2001; Wang et al., 2003). Overall, these findings support a
significant role for Katp channels in CO2-mediated cerebral microvascular responses; however,
the role of these channels in regulating capillary blood flow responses to a physiological range of

skeletal muscle tissue CO2 concentrations has not been described.

Another potential mechanism of interest in this study is the involvement of red blood cell (RBC)
derived ATP release, which is an important mechanism suggested to be involved in matching
microvascular blood flow supply with metabolic demand in skeletal muscle tissue (Ellsworth et
al., 2016; Richardson et al., 2020). This mechanism has been studied in relation to O2-mediated
regulation of microvascular tone, where it has been suggested that changes in oxygen saturation
(SO2) and mechanical deformation stimulate RBC-derived ATP release through a G-protein
mediated signal transduction pathway, which initiates vascular responses through the action of
ATP on vascular purinergic receptors (P2y and P2x) (Bergfeld & Forrester, 1992; Ellsworth et al.,
1995; Sprague et al., 1998; Dietrich et al., 2000; Jagger et al., 2001; Sprague et al., 2001;
Sprague et al., 2002; Olearczyk et al., 2004; Sridharan, Adderley, et al., 2010; Sridharan,
Sprague, et al., 2010; Ballard, 2014; Racine & Dinenno, 2019). In addition to being sensitive to
variations in RBC SOz, it has been shown that independent pH changes also influence RBC-
derived ATP release (Ellsworth et al., 1995). Therefore, due to the saturation and pH dependence
of RBC-derived ATP release and the influence of CO2 and/or pH on the oxygen-dissociation
curve (Bohr/Haldane effects), it is reasonable to consider whether variations in SO2 serve as a
potential underlying mechanism for CO2-mediated microvascular blood flow regulation as well

as a link between CO2- and O2-mediated responses.
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Therefore, the objectives of the current study are as follows: 1) characterize both the magnitude
and time transient of dynamic CO2z-mediated microvascular blood flow responses in skeletal
muscle tissue, 2) investigate the involvement of vascular Kate channels in mediating capillary
blood flow responses to a physiological range of tissue CO2 concentrations, and 3) investigate
the relationship between CO2- and O2-mediated blood flow responses and the presence of a

common regulatory mechanism, such as RBC-derived ATP release.

2.2 Methods

2.2.1 Surgical Procedure:

A total of 21 male Sprague-Dawley rats (145-201 g) were anaesthetized using sodium
pentobarbital (65 mg/kg) via intraperitoneal injection. Cannulas were introduced into the left
common carotid artery (outer cannula diameter = 0.965 mm) and right jugular vein (outer
cannula diameter = 1.19 mm) for blood pressure (maintained between 80 — 110 mmHg) and heart
rate monitoring, administration of maintenance anaesthetic, and fluid resuscitation. The
temperature of anaesthetized animals was maintained at 37 °C throughout the duration of
surgical and experimental protocols. Animals were tracheotomized and mechanically ventilated
with the initial ventilatory volume and rate determined by weight as per the ventilator
manufacturer’s instructions (Inspira, Harvard Apparatus, Holliston, MA, USA). The extensor
digitorum longus (EDL) muscle of the right hindlimb was isolated, externalized, and reflected
over a 3D printed microfluidic gas exchange chamber (Sove et al., 2021) set into the stage of an
inverted microscope (1X73, Olympus, Tokyo, Japan) for in vivo visualization of blood flow. The
muscle was bathed in warm saline and then isolated from the external environment with a small

piece of polyvinylidene film (~ 1 x 1.5 cm) (Saran, Dow Corning, Midland, MI, USA) and a
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glass coverslip secured with vacuum grease (high-vacuum silicone grease, Dow Corning,
Midland, MI, USA). The space between the muscle and the coverslip was filled with additional
warm saline as needed throughout the duration of the experiment to prevent the muscle from
drying out. The muscle was allowed to equilibrate on the gas exchange chamber (GEC) for 30
minutes prior to blood sampling for measurement of blood gases and exposure to various
experimental protocols detailed below. All protocols were approved by Memorial University of

Newfoundland’s Animal Care Committee.

2.2.2 Dual Spectrophotometric Intravital Microscopy

Intravital video microscopy (IVVM) was used for simultaneous in vivo visualization and
quantification of blood flow within the externalized EDL muscle tissue. An inverted microscope
(IX73, Olympus, Tokyo, Japan) combined with a video recording system was used to record
real-time video sequences of microvascular blood flow responses to imposed changes in the
tissue microenvironment. The video recording system consisted of a camera (Hamamatsu Orca
Flash4.0 v3 sSCMOS Camera) connected to a parfocal beam-splitter (Optosplit 11 Bypass
Beamsplitter, Cairn Research, Faversham, Kent, UK) that directed the image to two bandpass
filters at 420 nm and 438 nm wavelengths which were recorded simultaneously on the top and
bottom halves of the camera sensor and displayed in real time on a computer monitor. A Xenon
light source (Lambda LS-30 Xenon Light Source, Sutter Instrument Company, Novato, CA,
USA) was used to transilluminate the EDL muscle on the microscope stage enabling brightfield
visualization of the microvascular networks. Video sequences of blood flow responses were
recorded at a rate of 30 frames per second and were processed using a custom MATLAB

software to generate a series of images that describe both the structure of the microvascular
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network and capillary RBC perfusion, as described previously (Ellis et al., 1990; Ellis et al.,
1992; Japee et al., 2004; Ellis et al., 2012; Fraser et al., 2012; Ghonaim et al., 2021). In addition
to structural and blood flow measurements, the simultaneous viewing and recording of
microvascular responses using oxygen-sensitive (438 nm) and oxygen-insensitive (420 nm)
wavelengths allows for the simultaneous spectrophotometric measurement of RBC oxygen
saturation (SOz2) due to differences in light absorption by oxy- and deoxyhemoglobin molecules,
which enables the study of convective oxygen transport and SO2-dependent vasomotor responses

(Ellis et al., 1992).

2.2.3 Microfluidic Gas Exchange Chamber

A microfluidic gas exchange chamber (GEC) was used to impose localized and direct changes to
tissue gas microenvironments in vivo (Ghonaim et al., 2011; Ghonaim et al., 2013; Sove et al.,
2021). A 3D-printed GEC was fabricated as described by Sove et al. (2021) and fit into the stage
of an inverted microscope where the exteriorized EDL muscle was reflected over the microscope
objective for visualization using IVVM (Figures 1.4 and 1.5). While on the stage, the muscle was
covered with a small piece of polyvinyliedine film (Saran wrap, Dow Corning, MI, USA) and a
coverslip to isolate it from the external environment. The space between the coverslip and the
muscle was also filled with warm saline to maintain moisture. Running beneath the surface of
the muscle was a gas channel where the composition of the gas (Oz, N2, and CO2) flowing
through the channel was set using computer-controlled mass flow meters (SmartTrack100, Sierra
Instruments, CA, USA). The skeletal muscle was then directly interfaced with channel
environment through a gas permeable membrane fabricated with polydimethylsiloxane (PDMS)

similar to technologies described previously (Ghonaim et al., 2011; Ghonaim et al., 2013; Sove
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et al., 2021). Flow meters were computer-controlled using a custom MATLAB interface to
impose rapid, dynamic, and precisely timed gas perturbations on the EDL tissue
microenvironment and expose the muscle to various experimental protocols as described in

sections 2.2.4 and 2.2.5.

2.2.4 Experimental Protocols 1A, 1B, 1C, and 1D: Characterization of CO2-mediated
microvascular blood flow response.

Protocol 1A: Quantification of graded CO2-mediated blood flow response.

To quantify the steady state blood flow of graded CO2-induced microvascular responses, the
EDL muscles of 13 male Sprague-Dawley rats (145-197 g) were directly exposed to incremental
levels of CO2 (0, 2, 4, 5, 6, 8, 10%) at a constant Oz concentration (5%) using a microfluidic gas
exchange chamber and computer-controlled CO2, O2, and N2 mass flow meters (SmartTrak100,
Sierra Instruments, Monterey, CA, USA). One-minute IVVM sequences of the microcirculation
were recorded at each COz2 level using the dual-wavelength video microscopy system described
above. The muscle was allowed to equilibrate to each COz2 level for 1-minute before recording
video sequences to allow for a steady-state to be reached. In between each CO: level, the muscle
was equilibrated with a physiological concentration of CO2 (5%) and O2 (5%) while captured
IVVM data was saved to disk. This was done to avoid any confounding effects of prolonged
exposure to high and low tissue CO2. The COz2 staircase protocol was repeated in 2 to 4 fields of
view (FOVs) in the EDL muscle of each animal. Bright FOVs containing the largest number of
perfused, in-focus vessels with plasma gaps between red blood cells (RBCs) were selected for

data acquisition and analysis.
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Protocol 1B: Dynamics of CO2 mediated blood flow response

To provide insight into the time course of CO2-mediated blood flow responses, a microfluidic
GEC and computer-controlled mass flow meters (SmartTrak100, Sierra Instruments, Monterey,
CA, USA) were used to directly expose the EDL muscle of 7 male Sprague-Dawley rats (168-
201 g) to dynamic tissue CO2 perturbations. EDL muscles were exposed to 5% COz2 for 1-minute
followed by 2-minutes at either 10 or 0% CO2 while maintaining a constant Oz state (5%).
Three-minute IVVM sequences of the microvascular blood flow response to the high CO2
challenge followed by the low CO2 challenge were recorded using the dual-wavelength video
microscopy system described above. The muscle was equilibrated with 5% CO2 and 5% Oz for 5
minutes in between the high/low CO: challenges. Each high and low CO: challenge was repeated
in 3to 4 FOVs in the EDL muscle of each animal. Bright FOVs containing the largest number of
perfused, in-focus vessels with plasma gaps between RBCs were selected for data acquisition

and analysis.

Protocol 1C: Simultaneous determination of the magnitude and time transient of CO2-
mediated blood flow response: CO2 Oscillation

A microfluidic GEC and computer-controlled flow meters (SmartTrak100, Sierra Instruments,
Monterey, CA, USA) were used to directly expose the EDL muscle of 9 male Sprague-Dawley
rats (149-201 g) to oscillating COz2 levels (5-0-10-5%) while maintaining a constant O2
concentration (5%) to provide simultaneous measurements of both the magnitude and time
course of blood flow responses to dynamic tissue CO2 perturbations. Four-minute IVVM
sequences (1-minute at each COz2 level) of the microcirculation were recorded. The CO2

oscillation protocol was repeated in 2 or 3 FOVs in the EDL muscle of each animal. Bright
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FOVs containing the largest number of perfused, in-focus vessels with plasma gaps between

RBCs were selected for data acquisition and analysis.

Protocol 1D: Simultaneous determination of the magnitude and time transient of O-
mediated blood flow response: O2 Oscillation

A microfluidic GEC and computer-controlled flow meters (SmartTrak100, Sierra Instruments,
Monterey, CA, USA) were used to directly expose the EDL muscle of 9 male Sprague-Dawley
rats (149-201 g) to oscillating Oz levels (7-12-2-7%) while maintaining a constant CO2
concentration (5%). Four-minute IVVM sequences (1-minute at each Oz level) of the
microcirculation were recorded. The Oz oscillation protocol was repeated in 2 - 3 FOVs in the
EDL muscle of each animal. Oz oscillations were conducted to allow for comparison between
CO2- and O2-mediated microvascular blood flow responses and to provide insight into potential

overlapping mechanisms between the two vasoactive stimuli.

2.2.5 Experimental Protocol 2: Investigation of the role of ATP-sensitive K* ion (Katp)
channels in CO2-mediated blood flow regulation.

A microfluidic GEC and computer-controlled flow meters (SmartTrak100, Sierra Instruments,
Monterey, CA, USA) were used to directly expose the EDL muscles of 4 male Sprague-Dawley
rats (150-197 g) to incremental levels of CO2 (0, 2, 4, 5, 6, 8, 10%) while maintaining a constant
02 concentration (5%). One-minute IVVM video sequences of the microvasculature were
recorded during baseline conditions. Following completion of baseline captures, a glibenclamide
(GL1) stock solution was prepared daily for each experiment by dissolving 20 mg of GLI in 1
mL of dimethyl sulfoxide (DMSO). A 0.25 mL portion of the GLI stock solution was then

diluted with 0.75 mL of a sodium hydroxide (NaOH) and distilled water (dH20) mixture (990 puL
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dH20 and 10 uL. 1M NaOH) to minimize the amount of DMSO administered systemically. A 5
mg/kg dose was then drawn from the GLI/DMSO/dH20/NaOH mixture and was administered
intravenously via the jugular vein to block ATP-sensitive K* (Katp) channels. This dose is a
well-established concentration of GLI that corresponds to a systemic GLI concentration between
2-3 umol/L and has been shown to be selective for Katp channels below 5 umol/L (Beech et al.,
1993b, 1993a; Sadraei & Beech, 1995; Holdsworth et al., 2016b). The muscle was allowed to
rest for 10 minutes in between GLI administration and repetition of the CO2 staircase protocol
and IVVM recordings in the same FOV’s as during the baseline condition. A quarter dose of GLI
was administered 1 hour after the initial dose to maintain a systemic GLI concentration between
2-3 umol/L to ensure blockage of Kate channels throughout the duration of data collection (Li et
al., 2012). In addition to the CO2 Staircase, the EDL muscles were exposed to oscillating CO2 (5-
0-10-5%) and O2 (7-12-2-7%) concentrations, as described in protocols 1C and 1D, before and
after the intravenous administration of GLI. The CO: staircase, CO2 oscillation, and O2
oscillation protocols were each completed in 2 FOVs in the EDL muscle of each animal during

both baseline and GLI conditions.

2.2.6 Data Analysis and Statistical Tests:

IVVVM video sequences for each experimental protocol were analyzed offline for hemodynamic
variables (capillary RBC velocity, supply rate (SR), and hematocrit (Hct)) as well as oxygen
saturation (SOz2) using a custom MATLAB software (Ellis et al., 1990; Ellis et al., 1992; Japee et
al., 2004; Ellis et al., 2012; Fraser et al., 2012; Ghonaim et al., 2021). FOVs and/or individual
vessels within FOVs that were not in-focus, supported a hyperemic flow state without plasma

gaps, and/or exhibited vasomotion were not selected for analysis. All capillary hemodynamic and
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saturation measurements were averaged and presented as per animal means. Each CO2
concentration of the CO: staircase was calculated as 1-minute averages per animal. For the CO2
and Oz oscillation protocols, an average of the full first minute and of the last 15 seconds of each
of the remaining 3 minutes were calculated for each step-change. Repeated measures one-way
ANOVAs and Tukey’s multiple comparisons tests were used to determine statistical significance
between different gas perturbations during the CO: staircases, CO2 oscillations, and O2
oscillations (p-value < 0.05). Paired parametric t-tests were used to determine statistical
significance between the baseline response and the response to high/low gas perturbations during

the CO2 challenges by comparing an average of the first and last minutes (p-value < 0.05).

2.3 Results

Systemic circulatory and respiratory conditions were monitored and measured throughout the
duration of each experiment. Collected measurements from each animal were averaged and
presented as mean measurements (Table 2.1). Blood gas samples acquired from each animal
prior to data collection were also analyzed, averaged, and presented as mean measurements

(Table 2.1)

Table 2. 1. Mean measurements of systemic circulatory, respiratory, and blood gas
conditions (n = 21 animals).

Heartrate | 407+ | MeanBP | 96+ pH 7.403 HCOs 29.7
(bpm) 17 (mmHg) 7 + (mmol/L) | £2.0
0.04
Ventilatory 84 | Systolic BP | 100 PCO:2 47.9 TCO:2 31
rate +138 (mmHg) +7 | (mmHg) | £6.0 | (mmol/L) | £2.2
(cycles/min)
Stroke 1.16 Diastolic | 88 PO2 115 | SO2(%) |98+1
volume (cc) | £0.09 BP 7 (mmHg) | £17
(mmHQg)
FiO2 (%) 31.2 BEecf 5 Lac 0.83
+6.0 (mmol/L) | £1.8 | (mmol/L) | £0.33
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Note. The systemic circulatory, respiratory, and blood gas conditions presented in this table were
quantified using the following measurements and units. The animals heart rate was measured in
beats per minute (bpm). The ventilatory rate was measured in cycles per minute (cycles/min) and
the stroke volume was measured in cubic centimeters (cc). The partial pressure of carbon dioxide
(PCOy), partial pressure of oxygen (POz), mean blood pressure (BP), systolic BP, and diastolic
BP were all measured in millimetres of mercury (mmHg). The base excess in the extracellular
fluid compartment (BEecf), bicarbonate (HCOs3"), total CO2 (TCO3), and lactate (Lac) were

measured in millimoles per liter (mmol/L).

2.3.1 Experimental Protocols 1A, 1B, 1C, and 1D: Characterization of CO2-mediated
microvascular blood flow response.

Protocol 1A: Quantification of graded CO2 mediated blood flow response

The imposed CO: perturbations in the skeletal muscle tissue microenvironment yielded a graded
increase in both RBC velocity and SR, as shown in Figure 2.1. Significant differences in RBC
velocity were observed between several CO2 concentrations, most notably between 0 and 5%
CO2 (145 + 81 um/s and 340 £ 117 pm/s, p < 0.0001), 0 and 10% CO2 (145 = 81 um/s and 488 +
133 pum/s, p < 0.0001) and 5 and 10% CO2 (340 £ 117 pum/s and 488 + 133 um/s, p < 0.0001).
Similarly changes in RBC supply rate was also observed and significant differences between 0
and 5% CO2 (5 £ 3 cells/s and 22 £ 10 cells/s, p < 0.0001), 0 and 10% CO2 (5 £ 3 cells/s and 36
+ 11 cells/s, p <0.0001) and 5 and 10% CO2 (22 £ 10 cells/s and 36 + 11 cells/s, p = 0.0016)
were measured (Figure 2.1). An incremental increase in CO2 yielded a similar graded increase in
Hct which was more responsive to low (0%) COz2 rather than high CO2 concentrations (Figure
2.1). Finally, there was no significant change in RBC SO: across the various CO2 concentrations

(Figure 2.1).
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Figure 2. 1. Capillary hemodynamics in rat skeletal muscle at a range of tissue CO>
concentrations. The muscle was exposed to each concentration (0, 2, 4, 5, 6, 8, 10% CO3) for
one-minute while maintaining a constant Oz level (5%). Capillary red blood cell (RBC) velocity
(A), RBC supply rate (B), hematocrit (C), and RBC oxygen saturation (D) were measured after
allowing the muscle to equilibrate with each concentration. The average value of each parameter
at each concentration was calculated per animal. The bars represent the average of all included
animals. Error bars show SEM. A repeated measures one-way ANOVA and a Tukey’s multiple

comparisons test were used to determine statistical significance. Note. % = p-value < 0.05 (N =
13, 673 capillaries (A-C) and 586 capillaries (D)).
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Protocol 1B: Dynamics of CO2 mediated blood flow response

Direct EDL muscle exposure to a step-change from 5% CO:2 to 0% CO: using a microfluidic gas
exchange chamber induced hemodynamic responses that were consistent with the dynamic
changes present in the CO: staircase data previously described. The mean values of each variable
(RBC velocity, SR, Hct, and SO2) during the 60 s baseline period were compared against the last
60 s of each step-change. The mean RBC velocity during baseline was found to be significantly
different during the low COz2 perturbation with mean values of 415 + 100 pm/s and 199 + 75
pm/s, respectively (p < 0.0001) (Figure 2.2). The mean RBC SR during baseline was found to be
significantly different during the low COz2 perturbation with mean values of 26 + 6 cells/sand 9 £
4 cells/s, respectively (p = 0.0003) (Figure 2.3). The mean Hct during baseline was also found to
be significantly different during the low COz2 perturbation with mean values of 23 + 2% and 14 +
3%, respectively (p = 0.0008) (Figure 2.4). The apparent time to a steady state of the blood flow
response to tissue CO2 perturbations is approximately 70, 65, and 60 seconds for RBC velocity,
SR, and Hct, respectively. In addition, a significant decrease in RBC SOz was observed in
response to the low step-change from 5 to 0% CO2 (61 + 3% versus 54 + 6%, p = 0.0355) and a
new steady state was achieved approximately 75 second after the imposed step-change (Figure

2.5).
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Figure 2. 2. Mean time series plots demonstrating the change in RBC velocity in response
to low (A) and high (B) tissue CO:2 perturbations over a 2-minute period. The muscle was
equilibrated with 5% CO2 and 5% Oz for 5 minutes in between the low and high CO2
perturbations. Step-changes in the chamber CO2 concentrations are represented by blue dashed
lines. The apparent time to a steady state of the blood flow response to tissue CO2 perturbations
is indicated by a red dashed line. Error bars show SEM. A paired parametric t-test was used to
determine statistical significance. Note. % = p-value < 0.05 (N = 7, 230 capillaries (A) and 224
capillaries (B)).

68



A)

F 3
o
-
(3]

w
o
]
|
—
o
weyo

N
[3,]
]

- -
[3,]
1

Mean Capillary RBC
Supply Rate (cells/s)
N
(=] o
1 1

(%) [f00] 129

3.}
1

o

1
o
weyn

- -
(3]
1

1
.
|
.
|
.
|
.
|
.
|
.
|

Mean Capillary RBC
Supply Rate (cells/s)
T

(%) [c00] 429

(3]
1

o

r rrr 117 rrrrn1r 101 17 1 1 1T 11 0
DN IFQOEP AP IO IR NN I AN I N I N I S I I S I I
NN S SN N R S RE R ORI OROR

Time (sec) *
C) * D  —
40 — ) 40 .,
O % 357 o o % 35 o
0 @ . D 6 i
Z = 304 ¥ = 30 o
ta) 8 bl 8 . °
83 27 Bg 2
=€ 204 T ® 204
gc 2 L .
O > 15+ . O > 159
§ & 10- — g § 10
= U:; 5 L =0 54
[ ]
0 T 0 I
5% 0% 5%  10%
Chamber [CO,] (%) Chamber [CO,] (%)

Figure 2. 3. Time series plots demonstrating the change in RBC supply rate in response to
low (A) and high (B) tissue COz perturbations over a 2-minute period. The muscle was
equilibrated with 5% CO2 and 5% Oz for 5 minutes in between the low (0%) and high (10%)
CO2 perturbations. Step-changes in the chamber CO2 concentrations are represented by blue
dashed lines. The apparent time to a steady state of the blood flow response to tissue CO2
perturbations is indicated by a red dashed line. Error bars show SEM. A paired parametric t-test
was used to determine statistical significance. Note. % = p-value < 0.05 ((N = 7, 230 capillaries
(A) and 224 capillaries (B)).
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Figure 2. 4. Time series plots demonstrating the change in capillary hematocrit in response
to low (A) and high (B) tissue CO:2 perturbations over a 2-minute period. The muscle was
equilibrated with 5% CO2 and 5% O for approximately 5 minutes in between the low (0%) and
high (10%) CO: perturbations. Step-changes in the chamber CO2 concentrations are represented
by blue dashed lines. The apparent time to a steady state of the blood flow response to tissue CO2
perturbations is indicated by a red dashed line. Error bars show SEM. A paired parametric t-test
was used to determine statistical significance. Note. % = p-value < 0.05 (N =7, 230 capillaries
(A) and 224 capillaries (B)).
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Figure 2. 5. Time series plots demonstrating the change in RBC oxygen saturation in
response to low (A) and high (B) tissue CO2 perturbations over a 2-minute period. The
muscle was equilibrated with 5% CO2 and 5% Oz for approximately 5 minutes in between the
low (0%) and high (10%) CO2 perturbations. Step-changes in the chamber CO2 concentrations
are represented by blue dashed lines. The apparent time to a steady state of the blood flow
response to tissue CO2 perturbations is indicated by a red dashed line. Error bars show SEM. A
paired parametric t-test was used to determine statistical significance. Note. * = p-value < 0.05
(N =7, 125 capillaries (A) and 128 capillaries (B)).
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Direct EDL muscle exposure to a step-change from 5% CO2 to 10% CO2 using a microfluidic
gas exchange chamber induced hemodynamic responses that were consistent with the steady
state changes present in the CO2 staircase data previously described. The mean values of each
variable (RBC velocity, SR, Hct, and SO2) during the 60 s baseline period were compared
against the last 60 s of each step-change. The mean RBC velocity during baseline was found to
be significantly different during the high CO2 perturbation with mean values of 313 £+ 85 um/s
and 433 + 127 um/s, respectively (p = 0.002) (Figure 2.2). The mean RBC SR during baseline
was found to be significantly different during the high CO2 perturbation with mean values of 21
+ 5 cells/s and 31 £ 7 cells/s, respectively (p = 0.001) (Figure 2.3). The mean Hct during baseline
was also found to be significantly different during the high CO2 perturbation with mean values of
24 + 3% and 27 + 3%, respectively (p = 0.0006) (Figure 2.4). The apparent time to a steady state
of the blood flow response to tissue CO2 perturbations is approximately 80 and 65 seconds for
RBC velocity and SR, respectively. In addition, no significant changes in RBC SO2 were

observed in response to the high CO2 step-change (Figure 2.5).

Protocol 1C: Simultaneous determination of the magnitude and dynamics of CO2-mediated
blood flow response

Direct EDL muscle exposure to oscillating COz2 levels using a microfluidic gas exchange
chamber resulted in changes in RBC velocity, SR, and Hct that were consistent with the CO2-
induced blood flow responses previously described with the CO2 staircase data. A significant
decrease in RBC velocity was observed as CO2 decreased from 5 to 0% (281 £ 97 um/s to 125 +
66 um/s, p = 0.0002) followed by a significant increase above the baseline level as CO2 was
increased from 0 to 10% (125 £ 66 um/s to 359 + 123 um/s, p = 0.0002) (Figure 2.6). A

significant decrease in RBC SR was also observed as CO2 decreased from 5 to 0% (13 £ 3 cells/s
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to 3 + 2 cells/s, p < 0.0001) followed by a significant increase above the baseline level as CO2
was increased from 0 to 10% (3 £ 2 cells/s to 18 + 5 cells/s, p < 0.0001) (Figure 2.6). However,
significant changes in both RBC velocity and SR were not observed when CO2 was returned to
5% from 10% CO:z and both variables remained elevated (352 £ 129 um/s and 17 + 6 cells/s,
respectively) (Figure 2.6). A significant decrease in Hct was also observed as CO2 decreased
from 5 to 0% (18 £ 3% to 8 + 3%, p = 0.0005) followed by a significant increase as CO2
increased from 0 to 10% CO2 (8 £ 3% to 20 + 4%, p < 0.0001) (Figure 2.6). However, there was
no significant difference in Hct between either of the 5% CO2 conditions (18 + 3% and 19 + 4%)
and the 10% CO: condition (20 + 4%) (Figure 2.6). This result is consistent with the CO2
staircase response. In addition, RBC SO2 remained unchanged across the various CO2

concentrations.
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Figure 2. 6. Capillary hemodynamics and RBC oxygen saturation in rat skeletal muscle in
response to oscillating tissue CO2 concentrations using a gas exchange chamber. The muscle
was exposed to each CO2 concentration (5, 0, 10, 5%) for one-minute while maintaining a
constant oxygen level (5%). Capillary red blood cell (RBC) velocity (A), RBC supply rate (B),
hematocrit (C), and RBC oxygen saturation (D) were measured from recorded intravital video
microscopy sequences. The average value of each variable was calculated per animal. The bars
represent the average of all included animals. Error bars indicate SEM. A repeated measures one-
way ANOVA and a Tukey’s multiple comparisons test were used to determine statistical
significance. Note. % = p-value < 0.05 (N= 8 animals, 242 capillaries (A-C) and 121 capillaries

(D).
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In addition to measuring the change in magnitude, the dynamic microvascular blood flow
response to oscillating CO2 was observed and measured. The decreases in RBC velocity, SR, and
Hct were initiated quickly (< 10 seconds) in response to decreasing CO2; however, the maximum
response and new apparent steady state were not reached for each hemodynamic variable until at
least 60 seconds after the imposed step-change (Figure 2.7). A similar dynamic response was
observed for RBC velocity and SR as CO2was increased from 0 to 10% (Figure 2.7). The change
in Hct in response to increasing CO2 from 0 to 10% appears quicker, with the maximum
response and new steady state being reached approximately 30 seconds after the imposed step-
change (Figure 2.7). In addition, there was no significant change in RBC SOz as CO2 decreased
from 5 to 0% (Figure 2.7). A slight decrease in RBC SO2 was observed as CO2 was increased
from 0 to 10%; however, this decrease was very brief and oxygen saturation values quickly

returned to baseline levels for the remainder of the oscillation (Figure 2.7).
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Figure 2. 7. Time series plots demonstrating the change in mean RBC velocity (A), RBC supply rate

(B), hematocrit (C), and RBC oxygen saturation (D) in response oscillating tissue CO;

perturbations over a 4-minute period. Step-changes in the chamber CO- concentrations are represented

by red dashed lines. (N= 8 animals, 242 capillaries (A-C) and 121 capillaries (D)).
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Protocol 1D: Simultaneous determination of the magnitude and dynamics of O2-mediated
blood flow response

Direct EDL muscle exposure to oscillating Oz levels using a microfluidic gas exchange chamber
resulted in dynamic changes in RBC velocity, SR, Hct, and SO2. A significant decrease in RBC
velocity was observed as Oz increased from 7 to 12% (317 £ 70 um/s to 275 £ 77 um/s, p =
0.0270) followed by a significant increase above the baseline level as O2 decreased from 12 to
2% (275 £ 77 um/s to 355 + 82 um/s, p = 0.0031) (Figure 2.8). There were no significant
differences in RBC velocity observed between either of the 7% O2 conditions (317 £ 70 um/s
and 327 + 91 pum/s) and the 2% O condition (355 £ 82 um/s) (Figure 2.8). Significant changes
in RBC SR were observed between several Oz concentrations, including 7% and 12% Oz (20 £ 5
cells/s and 13 £ 4 cells/s, p = 0.0045), 12% and 2% O2 (13 £ 4 cells/s and 24 £ 5 cells/s, p =
0.0008), and 7% and 2% O2 (20 £ 5 cells/s and 24 £ 5 cells/s, p = 0.0042) (Figure 2.8). A
significant increase in Hct was also observed as Oz decreased from 12 to 2% (17 £+ 6% to 23 +
4%, p = 0.0040) followed by a significant decrease as Oz increased from 2 to 7% O2 (23 + 4% to
20 £ 3%, p = 0.0033) (Figure 2.8). However, there was no significant difference in Hct between
either of the 7% Oz conditions (22 + 4% and 20 * 3%) and the 12% O condition (17 + 6%)
(Figure 2.8). Finally, significant changes in RBC SO2 were observed between each 7% O2
condition (64 £ 5 and 62 £ 6) and 12% O2 (77 £ 4, p < 0.003), 12% and 2% O2 (77 £ 4t0 43 £ 8,
p < 0.0001), and each 7% O condition (64 £ 5 and 62 £ 6) and 2% Oz (43 £ 8), p < 0.0001)

(Figure 2.8).
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Figure 2. 8. Capillary hemodynamics in rat skeletal muscle in response to oscillating tissue
Oz concentrations using a gas exchange chamber. The muscle was exposed to each O2
concentration (7, 12, 2, 7%) for one-minute while maintaining a constant COz level (5%).
Capillary red blood cell (RBC) velocity (A), RBC supply rate (B), hematocrit (C), and RBC
oxygen saturation (D) were measured from recorded intravital video microscopy sequences. The
average value of each variable was calculated per animal. The bars represent the average of all
included animals. Error bars show SEM. A repeated measures one-way ANOVA and a Tukey’s
multiple comparisons test were used to determine statistical significance. (N= 8, 242 capillaries
(A-C) and 113 capillaries (D)).
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In addition to measuring the change in magnitude, the dynamic microvascular blood flow
response to oscillating Oz was observed and measured. The decrease in RBC velocity, SR, and
Hct was initiated quickly in response to increasing O2 and occurred within approximately 10
seconds (Figure 2.9). However, the maximum response and new apparent steady state were not
reached for each hemodynamic variable until at least 30 seconds after the imposed step-change
(Figure 2.9). A more rapid dynamic response was observed for RBC velocity, SR, and Hct as O2
decreased from 12 to 2% and a new apparent steady state was achieved approximately 10
seconds after the imposed change (Figure 2.9). Each hemodynamic variable quickly returned to
baseline levels as Oz increased from 2 to 7%, again with this change occurring within
approximately 10 seconds after the imposed change in the tissue microenvironment (Figure 2.9).
Finally, near instantaneous changes in RBC SO2 were observed as Oz concentrations oscillated

across 7, 12, 2, and 7% Oz (Figure 2.9).
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Figure 2. 9. Time series plots demonstrating the change in mean RBC velocity (A), RBC supply rate
(B), hematocrit (C), and RBC oxygen saturation (D) in response oscillating tissue Oz perturbations

over a 4-minute period. Step-changes in the chamber O concentrations are represented by red dashed
lines. (N = 8, 242 capillaries (A-C) and 113 capillaries (D)).
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2.3.2 Experimental Protocol 2: Investigation of the role of ATP-sensitive K* ion (Katp)
channels in CO2-mediated blood flow regulation.

Direct, incremental changes in CO2 within the EDL muscle tissue microenvironment following
the administration of GLI yielded a graded increase in both RBC velocity and SR. However, the
response did not appear to be as pronounced as during the baseline condition. It is important to
note that the overall flow state of the tissue was elevated during GLI data collection compared to
baseline conditions, due to either the gradual increase in flow observed over time or due to the
systemic administration of GLI. Significant differences in RBC velocity were observed between
0 and 6% CO2 (415 + 151 pm/s and 555 £ 170 um/s, p = 0.037) as well as between 5 and 10%
CO2 (530 = 193 um/s and 587 = 195 um/s, p = 0.0465) (Figure 2.10). Significant differences in
RBC SR were observed between several CO2 concentrations, including between 2 and 6% CO:2
(28 £ 10 cells/s and 45 + 11 cells/s, p = 0.0295), 2 and 10% CO2 (28 £ 10 cells/s and 53+ 12
cells/s, p = 0.0059), 4 and 10% CO2 (34 £ 17 cells/s and 53 + 12 cells/s, p = 0.0272), and 5 and
10% COz2 (43 + 14 cells/s and 53 + 12 cells/s, p = 0.0419) (Figure 2.10). An incremental increase
in CO2 also yielded a similar graded increase in Hct; however, the response was more subtle and
significant differences were only found between 4 and 6% CO2 (22 £ 7% and 26 + 8%, p =
0.0062), as shown in Figure 2.10. In addition, there was no significant change in RBC SO:2

across the various COz2 concentrations (Figure 2.10).
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Figure 2. 10. Capillary hemodynamics in rat skeletal muscle at a range of tissue CO2
concentrations following intravenous administration of glibenclamide (GLI, 5 mg/kg). The
muscle was exposed to each concentration (0, 2, 4, 5, 6, 8, 10% CO2) for one-minute while
maintaining a constant Oz level (5%). Capillary red blood cell (RBC) velocity (A), RBC supply
rate (B), hematocrit (C), and capillary RBC oxygen saturation (D) were measured after allowing
the muscle to equilibrate with each concentration. The average value of each variable at each
concentration was calculated per animal. The bars represent the average of all included animals.
Error bars show SEM. A repeated measures one-way ANOVA and a Tukey’s multiple
comparisons test were used to determine statistical significance. (N =4 animals, 130 capillaries
(A-C) and 92 capillaries (D)).
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Direct muscle exposure to oscillating COz2 levels following the administration of GLI also
resulted in changes in both RBC velocity and SR that were similar to the baseline responses,
although less pronounced. A significant decrease in RBC velocity was observed as CO2
decreased from 5 to 0% (372 = 67 pum/s to 281 = 85 um/s, p = 0.0423) followed by a significant
increase above the baseline level as CO2 was increased from 0 to 10% (281 + 85 um/s to 461 +
102 pm/s, p = 0.0338 (Figure 2.11). A significant decrease in RBC SR was also observed as CO2
decreased from 5 to 0% (22 + 1 cells/s to 12 * 1 cells/s, p = 0.0320) followed by a significant
increase above the baseline level as CO2 was increased from 0 to 10% (12 + 1 cells/s to 28 + 3
cells/s, p = 0.0299) (Figure 2.11). However, significant changes in both RBC velocity and SR
were not observed when CO2 was returned to 5% from 10% COzand both variables remained
elevated (477 + 82 um/s and 28 + 3 cells/s, respectively) (Figure 2.11). A small decrease in Hct
was also observed as CO2 decreased from 5 to 0% followed by a small increase above the
baseline levels as CO2 increased from 0 to 10%; however, these responses were not significant
(Figure 2.11). The time transient associated with changes in each of these variables (RBC
velocity, SR, and Hct) were similar (Figure 2.12). The decrease in each hemodynamic variable
was initiated quickly as CO2 decreased from 5 to 0%; however, the maximum responses did not
appear to be reached for each variable until at least 60 seconds after the imposed step-change
(Figure 2.12). Similar dynamic responses for each variable were also observed as CO2 increased
from 0 to 10%; however, the response appeared to be quicker, and a new steady-state was
achieved approximately 30 seconds after the imposed step-change (Figure 2.12). Finally, RBC

SOz remained unchanged across the various CO2 concentrations (Figure 2.11).
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Figure 2. 11. Capillary hemodynamics in rat skeletal muscle in response to oscillating tissue
COz2 concentrations following intravenous administration of glibenclamide (5 mg/kg). The
muscle was exposed to each CO2 concentration (5, 0, 10, 5%) for one-minute while maintaining
a constant Oz level (5%). Capillary red blood cell (RBC) velocity (A), RBC supply rate (B),
hematocrit (C), and RBC oxygen saturation (D) were measured from recorded intravital video
microscopy sequences. The average value of each variable was calculated per animal. The bars
represent the average of all included animals. Error bars show SEM. A repeated measures one-
way ANOVA and a Tukey’s multiple comparisons test were used to determine statistical
significance. (N = 3 animals, 57 capillaries (A-C) and 28 capillaries (D)).
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Figure 2. 12. Time series plots demonstrating the change in mean RBC velocity (A), RBC supply
rate (B), hematocrit (C), and RBC oxygen saturation (D) in response oscillating tissue CO;
perturbations following intravenous administration of glibenclamide (5 mg/kg). Step-changes in the
chamber CO; concentrations are represented by red dashed lines. (N = 3 animals, 57 capillaries (A-C) and
28 capillaries (D)).

85



In contrast to the CO: oscillations, the administration of GLI appeared to alter microvascular
blood flow responses to direct EDL muscle exposure to oscillating Oz levels. There was no
significant difference in RBC velocity as Oz was increased from 7 to 12% or as it was decreased
from 12 to 2% (Figure 2.13 and 2.14). However, a gradual increase in capillary RBC velocity
was observed over the course of the 4-minute period and there was a significant difference
between 12% O2 and the second 7% Oz conditions (391 + 163 um/s and 470 + 160 um/s, p =
0.0088). A similar response occurred with capillary RBC SR as no significant differences were
observed as Oz increased from 7 to 12% or decreased from 12 to 2% (Figure 2.13 and 2.14). A
slight gradual increase in RBC SR was also observed throughout the 4-minute period; however,
unlike RBC velocity, this was not significant (Figure 2.13 and 2.14). A small decrease in Hct
was also observed as Oz increased from 7 to 12% followed by a small increase as Oz decreased
from 12 to 2% O2; however, these responses were also not significant (Figure 2.13 and 2.14). Hct
also returned to baseline levels as Oz increased from 2 to 7%, although the response was not
significant (Figure 2.13 and 2.14). In addition, changes in capillary RBC SO2 were observed in
response to oscillating Oz levels. However, the responses were not as pronounced as during
baseline conditions and significant differences were only observed as Oz decreased from 12 to
2% (80 £ 9 to 47 £ 15, p =0.0324) and as it increased from 2t0 7% (47 £ 15t0 69 + 14, p =
0.0194) (Figure 2.13 and 2.14). Similar to baseline responses, the capillary RBC SOz response to
02 step-changes following GLI administration occurred immediately following the imposed

change in chamber [O2] (Figure 2.14).
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Figure 2. 13. Capillary hemodynamics in rat skeletal muscle in response to oscillating tissue
Oz concentrations following intravenous administration of glibenclamide (5 mg/kg). The
muscle was exposed to each Oz concentration (7, 12, 2, 7%) for one-minute while maintaining a
constant COz level (5%). Capillary red blood cell (RBC) velocity (A), RBC supply rate (B),
hematocrit (C), and RBC oxygen saturation (D) were measured from recorded intravital video
microscopy sequences. The average value of each variable was calculated per animal. The bars
represent the average of all included animals. Error bars show SEM. A repeated measures one-
way ANOVA and a Tukey’s multiple comparisons test were used to determine statistical
significance. (N = 3 animals, 35 capillaries (A-C) and 16 capillaries (D)).
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Figure 2. 14. Time series plots demonstrating the change in mean RBC velocity (A), RBC supply
rate (B), hematocrit (C), and RBC oxygen saturation (D) in response oscillating tissue O»
perturbations following intravenous administration of glibenclamide (5 mg/kg). Step-changes in the
chamber O concentrations are represented by red dashed lines. (N = 3, 35 capillaries (A-C) and 16
capillaries (D)).
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2.4 Discussion

The objectives of the current study were to advance our understanding of CO2-mediated
microvascular blood flow regulation in skeletal muscle tissue through the characterization of the
dynamic response under physiological conditions as well as the investigation of potential
underlying mechanisms. Our findings demonstrate that localized changes in skeletal muscle
tissue CO2 concentrations initiate rapid (order of seconds) and significant microvascular blood
flow responses at the capillary level. We have also provided evidence supporting a partial
involvement of vascular Kare channels in CO2-mediated microvascular blood flow regulation.
Finally, we have provided evidence against a role for CO2-induced changes in oxygen saturation
in regulating CO2-mediated blood flow responses, which supports the presence of independent
vasoactive pathways underlying CO2-mediated and O2-mediated microvascular blood flow

regulation.

Although evidence supporting CO2-mediated microvascular blood flow regulation has been
provided in several vascular beds, the blood flow response across a physiological range of CO2
concentrations has not been well described. There are some studies that have measured
microvascular responses to a wide range of tissue CO2 concentrations in both the cerebral and
striated muscle tissue microcirculations (Kontos, Wei, et al., 1977; Ward, 1996). In the cerebral
microcirculation, changes in arteriolar diameter have been observed in response to a wide range
of tissue COz2 perturbations (0 to 275 mmHg), with the most pronounced changes occurring
within a physiological range of tissue CO2 concentrations (0 and ~60 mmHg) that is similar to
the range used in the current study (Kontos, Wei, et al., 1977). However, CO2-induced responses

also appear to differ between microvascular beds (Ward, 1996; Charter et al., 2018). In contrast
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to the cerebral microcirculation, diaphragmatic microvessels have been shown to be less
sensitive to tissue CO2 perturbations and do not experience significant microvascular responses
until a CO2 concentration above 80 mmHg is reached (Ward, 1996). In the cremaster muscle
microcirculation, significant arteriolar vasodilation has been observed in response to moderate
increases in tissue CO2 (from 43 to 62 mmHg CO3), which is similar to responses observed in the
cerebral microcirculation as well as those presented in the current study. However, increasing the
cremaster muscle tissue CO2 to 74 mmHg shifted the microvascular response from vasodilation
to vasoconstriction, which differs from our results and the results presented in cerebral tissue
(Kontos, Wei, et al., 1977; Charter et al., 2018). In addition, the microvascular response to a
stepwise decrease in striated muscle tissue CO2 has not been measured (Ward, 1996; Charter et
al., 2018). The variation of CO2-induced microvascular responses across different vascular beds
demonstrates that conclusions drawn from one region of study cannot always be translated into
another and highlights the need to characterize responses in different vascular beds to gain a
complete understanding of blood flow regulation across tissues. While information regarding the
magnitude of CO2-induced arteriolar diameter responses has been provided in several vascular
beds, direct measurements of the microvascular blood flow responses were not made in these
studies. In addition, previous research has primarily investigated the influence of CO2 on
arteriolar tone and the contribution of CO: in local blood flow regulation at the capillary level,

especially in skeletal muscle tissue, is not well-defined.

In the present study, we measured a graded increase in several capillary hemodynamic variables

(RBC velocity, RBC supply rate, and hematocrit) in response to rapid, incremental, and localized

changes in the tissue CO2 concentration (0 to 76 mmHg) of the EDL muscle in vivo. Significant
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changes in both capillary RBC velocity and supply rate were observed between several CO2
concentrations, most notably between 0 and 5% CO:2 (0 and 38 mmHg), 0 and 10% CO2 (0 and
~76 mmHg) and 5 and 10% CO2 (Figure 2.1 and 2.6). A graded increase in capillary hematocrit
was also observed as tissue CO2was increased; however, the response was more subtle and
appeared to be more responsive to low (0%) rather than high CO2 concentrations (Figure 2.1 and
2.6). The lack of significant change in hematocrit during various CO2 perturbations suggests that
the influence of elevated CO2on capillary RBC SR is more so driven by changes in RBC
velocity rather than Hct. Overall, the significant capillary hemodynamic responses to tissue CO2
perturbations support a significant role for CO2 in coordinating local microvascular blood flow
with metabolic demand in skeletal muscle tissue. These findings are consistent with previous
studies that investigated CO2-induced responses in the cerebral microcirculation, where evidence
supporting a significant role for tissue CO2 in local blood flow regulation was provided and
significant changes in arteriolar diameter were observed when exposed to a similar range of CO2
concentrations (0-60 mmHg) (Kontos, Wel, et al., 1977; Wei et al., 1980; Pelligrino et al., 1995).
In addition, by demonstrating significant changes in capillary hemodynamics in response to
small, incremental CO2 perturbations within a physiological range, our findings support a high
sensitivity of the smallest microvessels to variations in local CO: in skeletal muscle tissue. In
addition, the ability for local CO2 to induce strong microvascular blood flow responses initiated
at the capillaries and/or terminal arterioles suggests that the resulting blood flow response has
potential high spatial specificity and only increases blood flow towards metabolically active
regions of muscle fibers, which enables local CO: to ensure tight coupling between blood supply
with metabolic demand (Berg et al., 1997; Twynstra et al., 2012). The pronounced capillary

responses described here are also consistent with previous research conducted in both the
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cerebral and diaphragmatic microcirculations, where the magnitude of CO2-induced
microvascular responses depended on vessel size and more profound arteriolar responses to CO2
were measured in smaller vessels (Raper et al., 1971; Wei et al., 1980; Ward, 1996)). The strong
microvascular responses in smaller vessels, especially in capillaries, may be due to a higher CO2
permeability across thinner vessel walls or due to the presence of smaller volumes of blood
flowing through the vessels causing capillaries to experience more dramatic changes in PCOo.
The impact of vessel diameter and/or flow on the ability to alter blood gas conditions following
tissue perturbations is supported by modelling data presented by Ghonaim et al. (2013), where
arterioles displayed some resistance to changes in RBC SOz following surface O perturbations
compared to capillaries. While the presented findings are consistent with studies conducted in the
cerebral microcirculation, they also contrast with previous work presented by Charter et al.
(2018), where direct application of CO2 on cremaster muscle capillaries causes modest increases
in diameter of upstream arterioles and it was suggested that CO2 was not significantly involved
in local blood flow regulation (Charter et al., 2018). However, blood flow measurements in the
downstream capillary networks were not made in this study (Charter et al., 2018). While
arteriolar diameter measurements provide valuable information regarding microvascular
responses to vasoactive stimuli, changes in arteriolar diameter, and therefore vascular resistance,
can only be determined in individual vessel segments and not throughout the contiguous vascular
networks. Therefore, arteriolar diameter measurements do not necessarily correspond to the
expected change in vascular resistance and blood flow, which necessitates the direct
measurement of variations in microvascular blood flow to fully understand the impact of CO2 on
local blood flow regulation. The data presented in the current study demonstrates significant

capillary hemodynamic responses to variations in local tissue CO2 concentrations, which
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suggests that the upstream arteriolar networks experience a large enough change in diameter to
influence significant blood flow responses and supports the significant contribution of CO2 in

local blood flow regulation.

In addition to the novelty associated with characterizing the magnitude of capillary
hemodynamic responses to a physiological range of tissue CO2 concentrations in the EDL
muscle, the method employed in the current study is a unique way to alter tissue
microenvironments in vivo and it addresses some of the limitations associated with other
experimental techniques. The most common methods for investigating CO2-induced responses in
the microcirculation involve either inhalation-induced systemic changes in arterial CO:2 or topical
exposure of tissues to superfusion solutions equilibrated with various CO2 gas concentrations.
While these methods reliably induce significant microvascular responses to both variations in
tissue and arterial COz, there are several limitations to be considered. The first limitation
associated with both methods involves the localization of CO2-induced blood flow responses.
Altering arterial COg, either by increasing the concentration of inhaled CO2 or by decreasing the
ventilatory rate, results in systemic changes (such variations in heart rate, blood pressure, cardiac
output, cardiac contractility, etc) that can potentially lead to a more widespread impact on overall
blood flow and influence the response observed at the microvascular level (Rothe et al., 1990). It
is also difficult to determine the level of the vascular tree, as well as the identity of the specific
cell types involved in the initiation of CO2-mediated blood flow responses when multiple levels
of the vasculature are being exposed to the change in CO2. The same issue arises when using a
superfusion technique to influence changes in the tissue CO2 concentration as it is difficult to

identify the location of COz’s interaction with the vascular system when the entire tissue surface,
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and hence vascular networks, are being exposed to the experimental perturbation. The
microfluidic GEC employed in this study allows for localized changes in the tissue
microenvironment surrounding only the microcirculation under direct observation without
impacting the systemic circulation and with minimal disruption to other areas within the muscle.
Another limitation associated with inhalation-induced CO: alterations is the amount of time
required to significantly change the CO2 concentration and initiate blood flow responses, which
can take several minutes to occur (Kontos et al., 1968; Raper et al., 1971). Therefore, it is
difficult to accurately measure the timing of CO2-mediated blood flow responses using this
method. The microfluidic GEC alleviates this issue by imposing rapid changes in the gas
composition flowing through the device using computer-controlled mass flow meters, which
creates rapid changes in the tissue microenvironment and allows us to measure the time transient
of the resulting blood flow responses. Developing a clear understanding of both the location and
timing of CO2’s action on the vascular system is important because it provides valuable insight

regarding potential underlying mechanisms.

Due to a combination of method related limitations and an overall lack of measurements, the
timing of CO2’s impact on the microvascular system has not been well defined. In several studies
conducted in the cerebral microcirculation, data was not collected immediately following the
imposed CO: perturbations and the arteriolar responses were not measured until after a new
steady state was achieved (Kontos, Raper, et al., 1977; Kontos, Wei, et al., 1977; ladecola, 1992;
Wang et al., 1992; Faraci et al., 1994; Wang et al., 1994; Ma et al., 1996; Okamoto et al., 1997).
In the few studies that did measure the timing of CO2-induced microvascular responses, it took

several minutes for a significant response to occur (Raper et al., 1971; Minamiyama &
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Yamamoto, 2010; Charter et al., 2018). In the cerebral microcirculation, arteriolar responses to
elevated inspired CO2 (7 and 10%) have been shown to require between 1.5 - 2.5 minutes to be
initiated and between 5 — 8 minutes for maximum responses to be observed, depending on the
magnitude of the imposed CO: perturbation (Raper et al., 1971). Fabricius et al. (1996) reported
a much quicker response to inhalation-induced hypercapnia in the cerebral microcirculation
where they observed a maximum increase in arteriolar diameter between 1 and 1.5 minutes after
the imposed CO2 change; however, the data supporting this claim was not published. A similar
response was recorded in the cremaster muscle microcirculation, where a significant increase in
arteriolar diameter (~1-2 um above baseline) began to occur 1 minute following an increase in
tissue COz, with the maximal response (7 um above baseline) being observed within 2 minutes
of the imposed CO2 change (0 to 43 mmHg) (Charter et al., 2018). In the subcutaneous
microcirculation, a longer response time following topical CO2 exposure was observed, with
initial increases in arteriolar diameter and venular blood flow occurring within 5 minutes of
exposure and maximum responses requiring 15 minutes to be observed (Minamiyama &
Yamamoto, 2010). The variability in the findings of previous studies and the amount of time
required to observe maximal microvascular responses to CO2 may be due to differences between
the vascular beds being studied, the animal models used, the anaesthetics used, and/or the
methods used to alter CO2 concentrations. Also, while some information has been provided
regarding the time transient of the microvascular blood flow responses to both elevated tissue

and arterial CO2 concentrations, the timing of the response to lowered CO: is yet to be described.

As briefly discussed previously, we were able to study dynamic microvascular blood flow

responses by imposing rapid variations in the tissue CO2 concentration using a microfluidic gas
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exchange chamber. The increase in both capillary RBC velocity and supply rate were initiated
quickly following an increase in tissue CO2 from 5 to 10%, occurring within 10-15 seconds of
the imposed CO2 step-change (Figures 2.2 and 2.3). The maximum blood flow response to
elevated tissue CO2 and apparent new steady state was achieved in approximately 80 and 65
seconds for RBC velocity and SR, respectively (Figures 2.2 and 2.3). The faster time transient
for RBC SR compared to velocity indicates that CO2-induced changes in RBC SR also involve
changes in capillary Hct. These findings demonstrate that high CO2 conditions in skeletal muscle
tissue have a much quicker impact on microvascular blood flow responses than previously
described in a variety of vascular beds, where responses were observed at least several minutes
after CO2 concentrations were increased (Kontos et al., 1968; Raper et al., 1971; Minamiyama &
Yamamoto, 2010; Charter et al., 2018). The time transient of the capillary hemodynamic
response during high CO2 conditions described in the current study was most similar to the
response presented by Fabricius et al. (1996), where the maximal hypercapnia-induced cerebral
arteriolar vasodilation was observed within 60 to 90 seconds. In addition to measuring capillary
hemodynamic responses during high CO2 conditions, we described the time transient of these
responses during low COz2 conditions as well. Capillary RBC velocity, supply rate, and
hematocrit each experienced a steep decline following a decrease in tissue CO2 from 5 to 0%,
occurring within 5-10 seconds of the imposed CO2 step-change (Figures 2.2, 2.3, 2.4 and 2.7).
There are a few studies that have provided quantitative evidence supporting a significant
decrease in the magnitude of cerebral blood flow as well as arteriolar vasoconstriction in
response to lowered tissue and arterial CO2 concentrations (Kontos, Wei, et al., 1977; Ibayashi et
al., 1988; Wang et al., 1992). However, the time transient of the microvascular responses was not

measured in these studies (Kontos, Wei, et al., 1977; Ibayashi et al., 1988; Wang et al., 1992).
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Therefore, the rapid hemodynamic responses to low tissue CO2 measured in the current study
provide novel information regarding the dynamic response to local variations in CO2 and further
support a high local sensitivity to a physiological range of tissue CO2 concentrations in skeletal

muscle.

Investigating the time transient of dynamic microvascular blood flow responses provides
valuable information regarding potential underlying mechanisms, such as the likelihood of a
conducted or pH-mediated response. The conduction of vasomotor responses along microvessel
walls is a very rapid process (average propagation velocity = 0.02 cm s1) that enables vasoactive
signals generated near distal arteriole and capillary networks to rapidly communicate and
coordinate downstream capillary blood flow responses to ensure tight coupling with tissue
metabolic demand (Berg et al., 1997; Cohen & Sarelius, 2002; Murrant & Sarelius, 2002;
Twynstra et al., 2012). While both the initial and maximum changes in capillary hemodynamic
variables were observed quickly after the imposed tissue CO2 perturbations (within 15 and 90
seconds of the imposed change, respectively), the time frame of the observed responses was
much slower than expected if a conducted vasomotor response was involved. This finding agrees
with work completed by Charter et al. (2018), where direct application of CO2 on striated muscle
capillaries was unable to elicit an upstream increase in arteriolar diameter. Therefore, the
findings presented in the current study as well as those presented by Charter et al. (2018) provide
evidence against the involvement of a purely conducted vasomotor response underlying CO2-
mediated microvascular blood flow regulation in striated muscle tissue. The slower time
transient of the CO2-mediated response presented here may be indicative of a pH-mediated

response, which is consistent with previous work conducted in the cerebral circulation where it
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has been suggested that impact of CO2 on vascular tone is primarily mediated by the impact of
pH on vascular smooth muscle contractility (Kontos, Raper, et al., 1977; Toda et al., 1989; You
etal., 1994; Tian et al., 1995; Xu et al., 2001; Wang et al., 2003). However, the role of pH in
mediating COz-induced responses in the skeletal muscle microcirculation is yet to be fully
described. Work completed by Charter et al. (2018) has provided some evidence supporting a
synergistic interaction between CO2 and pH while influencing arteriolar diameter in striated
muscle tissue. In addition, they demonstrated that independent changes in pH were able to
initiate significant changes in arteriolar diameter in under 2 minutes (Charter et al., 2018).
Although simultaneous pH measurements were not made in the current study, the similar time
scale of the pH-induced arteriolar responses presented by Charter et al. (2018) and the time
transient of the CO2-mediated capillary hemodynamic responses presented here provides some
indirect evidence suggesting the presence of pH-dependent mechanism. However, it is also
important to note the absence of RBC SO2 changes that would be expected due to pH’s influence
on the oxygen-dissociation curve. Therefore, future experiments recording simultaneous pH
measurements during CO2-induced microvascular blood flow responses are required to directly

determine if pH has a role in this response.

To further investigate the mechanism underlying CO2-mediated microvascular blood flow
regulation, we studied the potential involvement of vascular ATP-sensitive potassium ion (Katp)
channels in this response. Due to their ability to influence microvascular tone and respond to
changes in cellular metabolism, the involvement of Kate channels in coordinating blood flow
responses has been an active area of research and they have been studied in relation to several

factors associated with increased muscle metabolism, including functional (or active) hyperemia
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and muscle contraction (Saito et al., 1996; Hammer et al., 2001; Cohen & Sarelius, 2002;
Murrant & Sarelius, 2002). Selective inhibition of Katp channels has been shown to significantly
attenuate muscle contraction-induced increases in arteriolar diameter and capillary blood flow
(Saito et al., 1996; Hammer et al., 2001; Cohen & Sarelius, 2002; Murrant & Sarelius, 2002).
Similar to the vessel-size dependency of CO2-induced responses discussed above, the impact of
Katp channel inhibition on muscle-contraction induced arteriolar responses increases with
decreasing vessel size, with arteriolar vasodilation being nearly abolished following Katp
channel inhibition in 4" order arterioles (Saito et al., 1996; Hammer et al., 2001). In addition,
increases in arteriolar diameter and capillary blood flow in response to muscle fiber stimulation
under selected capillary beds were inhibited following the direct application of GLI onto
capillaries (Cohen & Sarelius, 2002; Murrant & Sarelius, 2002). These findings support a
significant role for Katp channels in communicating vasoactive signals produced near the
smallest microvessels into larger upstream vessels that have the capacity to significantly alter the
magnitude and distribution of blood flow directed towards active muscle fibers. While Katp
channels have been shown to be involved in coordinating arteriolar responses and increased
capillary blood flow with increased muscle metabolism, their role in coordinating microvascular
blood flow responses to specific vasoactive metabolites, such as CO, is yet to be fully described

in the skeletal muscle microcirculation.

Findings presented here demonstrate a less profound graded increase in the capillary
hemodynamic responses (RBC velocity and supply rate) to incremental and dynamic tissue CO2
perturbations following the systemic administration of GLI (Figures 2.10, 2.11, and 2.12).

Significant changes in capillary RBC velocity were observed in response to larger differences in
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tissue CO2 concentrations, such as between 0 and 6% CO: and 5 and 10% CO2 (Figure 2.10). A
similar change in capillary RBC supply rate was also observed, with significant differences
occurring between several tissue CO2 concentrations including 2 and 6% COz2, 2 and 10% COx,
and 5 and 10% CO:2 (Figure 2.10). While significant CO2-induced changes in capillary RBC
velocity and supply rate were still measured following the systemic administration of GLI, the
magnitude of the responses were smaller than those observed during baseline conditions. For
example, under GLI conditions RBC velocity decreased by 24% and RBC SR decreased by 45%
when tissue CO2 decreased from 5 to 0% (Figure 2.11). The percent decrease in both variables
was smaller than those observed under baseline conditions, where RBC velocity decreased by
56% and RBC SR decreased by 77% in response to the same tissue CO:2 perturbation (Figure
2.6). The change in RBC velocity and SR in response to an increase in tissue CO2 was also
blunted following the systemic administration of GLI. Under GLI conditions, RBC velocity
increased by 11% and RBC SR increased by 23% as tissue CO2 increased from 5 to 10% (Figure
2.10). The response was more profound under baseline conditions, where RBC velocity
increased by 44% and RBC SR increased by 64% in response to the same tissue CO2
perturbation (Figure 2.1). Therefore, these findings may support at least a partial involvement of
vascular Kate channels in coordinating microvascular blood flow responses to local variations in
tissue CO2. This finding would be consistent with previous evidence presented in the cerebral
microcirculation, where changes in arteriolar diameter in response to a similar range of CO2
concentrations (16-75 mmHg) were significantly attenuated, but not abolished, following
selective Kate channel inhibition via topical application of GLI (Faraci et al., 1994; Wei &
Kontos, 1999; Nakahata et al., 2003; Nnorom et al., 2014). One mechanism CO2 may utilize to

influence Katp channel activation involves CO2-induced changes in pH. Previous research has
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indicated that Katp channel activation is sensitive to intracellular acidification and that Katp
channels are involved in acidosis-induced arteriolar vasodilation (Davies, 1990; Horiuchi et al.,
2002). In addition, hypercapnia-induced increases in whole-cell currents were only significantly
reduced following Katp channel inhibition when hypercapnia was accompanied by a change in
pH (Xu et al., 2001; Wang et al., 2003). These findings indicate that CO2-mediated changes in
pH are responsible for enhanced Katp channel activation and membrane current during
hypercapnic conditions (Xu et al., 2001; Wang et al., 2003). Therefore, the blunted capillary
hemodynamic responses following Katp channel inhibition, along with the slow time transient
discussed previously, indicate that CO2 may influence skeletal muscle tissue microvascular blood
flow through pH-mediated changes in Kate channel activity. However, further experimentation
measuring simultaneous changes in both pH and membrane potential, verification and
quantification of Katp channel expression in the skeletal muscle tissue microcirculation, and
completion of a GLI dose-response curve to confirm accurate dosage would be required to
further investigate this hypothesis. Alternatively, the blunted CO2-induced capillary
hemodynamic response following systemic administration of GLI may be a powering issue due
to the small sample size (N < 4 animals). Therefore, interpretations and conclusions drawn from
these results should be done with caution and additional animals should be tested to ensure
adequate power and to clarify the role of these channels in CO2-mediated blood flow regulation.
In addition, a gradual increase in flow state was observed throughout the duration of all
experiments due to prolonged tissue CO2 exposure, which also decreased the number of vessels
available for analysis during GLI conditions. Therefore, additional investigation is also required

where baseline and GLI data are collected further apart in time, or collected in separate animals,
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to minimize the risk of having an elevated flow state during GLI conditions and to further clarify

the role of Katp channels in this response.

In addition to characterizing the dynamic microvascular blood flow response to variations in
skeletal muscle tissue COz, the present study also began to investigate the relationship between
CO2- and O2-mediated blood flow regulation. It is well known that a simultaneous and opposite
change in Oz consumption and CO2 production occurs in response to variations in cellular
metabolism, such as during exercise. However, the potential interaction between the two
vasoactive stimuli, including the presence of overlapping vasoactive mechanisms, is not well
understood in the skeletal muscle microcirculation. There are a couple of studies that have
investigated the potential interaction between CO2 and O2 in the cremaster and diaphragmatic
microcirculations (Morff et al., 1981; Ward, 1996). Morff et al. (1981) demonstrated that
alterations in tissue CO2 were unable to overcome systemic hypoxia-induced arteriolar
vasoconstriction, which suggests that CO2 has no influence or involvement in the mechanism
controlling this response. The lack of interaction between CO2 and Oz in initiating microvascular
responses was also supported by work completed by Ward (1996), which showed that the
combined impact of hypoxia and hypercapnia on arteriolar diameter was additive rather than
synergistic. These findings indicate that variations in local CO2 and Oz concentrations likely
utilize independent mechanisms to initiate appropriate microvascular blood flow responses. The
present study provides some evidence which further supports this conclusion in the skeletal

muscle tissue microcirculation.
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First, we demonstrated that CO2’s influence on capillary hemodynamics does not appear to
depend on changes in RBC oxygen saturation (SO2) (Figures 2.1 and 2.7). Carbon dioxide’s
impact on the oxygen dissociation curve, known as the Bohr effect, is of relevance since it not
only demonstrates the direct impact of CO2 on tissue Oz concentrations, but also highlights a
potential shared vasoactive mechanism between the two molecules, such as oxygen saturation-
dependent (SO2) RBC-derived ATP release. Altering microvascular blood flow by increasing
extracellular ATP and initiating vasodilatory responses via purinergic receptor activation has
been studied as a potential underlying mechanism for O2-mediated blood flow regulation
(Ellsworth et al., 2016; Richardson et al., 2020). However, COz2’s ability to influence RBC-
derived ATP release through an SO2-dependent mechanism has not been an active area of
investigation. Previous research has shown that simultaneous exposure to both hypoxia and
hypercapnia, as well as independent changes in pH, were able to increase extracellular RBC-
derived ATP (Bergfeld & Forrester, 1992; Ellsworth et al., 1995). However, these studies have
yet to be completed in vivo and the independent role of CO2 in RBC-derived ATP release has not

been determined.

In the present study, no significant changes in capillary RBC SO2 were observed in response to
incremental increases in tissue CO2 concentrations (0 to 10%) or during dynamic CO2
oscillations (5-0-10-5%) (Figures 2.1, 2.6 and 2.7). A small decline in RBC SO2 was observed as
COz2 increased from 0 to 10% during the CO2 oscillations; however, the decline was very brief
and SOz values quickly returned to baseline levels (Figure 2.7). This brief decline may be
explained by CO2’s impact on the tissues flow state. Capillary RBC velocity and supply rate, and

therefore the amount of blood directed towards the tissue, are either significantly decreased or
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stopped in response to low CO2 conditions. However, the metabolic rate and oxygen demand of
the surrounding tissue remains constant. Therefore, during conditions of slow or stopped
microvascular blood flow, the tissue may increase O2 extraction from RBCs present in the
capillaries and/or upstream arterioles to ensure adequate O2 delivery to the tissue. When COz is
increased from 0 to 10%, capillary RBC supply rate and velocity rapidly increase in response to
the perturbation and therefore, directs the potentially deoxygenated blood through the capillaries
which results in a brief decrease in the RBC SOz values. This possible explanation suggests that
the transient decline in RBC SO2 occurred because of CO2’s influence on local microvascular
blood flow and does not initiate the response. This could also explain the decrease in RBC SO2
observed during the low COz2 challenge as well (Figure 2.5). Overall, these findings suggest that
unlike O2-mediated responses, CO2-induced microvascular blood flow responses do not appear
to be initiated by an SO2-dependent mechanism, such as RBC-derived ATP release, which

supports the presence of an independent CO2-mediated blood flow regulation mechanism.

Second, the data presented here indicates a different degree of Katp channel involvement
between CO2- and O2-mediated microvascular blood flow regulation. As discussed previously,
we provided evidence suggesting a partial dependence of CO2-mediated responses on Katp
channel activation by demonstrating a blunted increase in capillary RBC velocity and supply rate
in response to incremental increases in tissue CO2 as well as dynamic CO2 oscillations following
the systemic administration of GLI (Figures 2.10-2.12). In contrast to the CO2-mediated
response, selective Kartp channel inhibition had a more profound impact on the microvascular
response to oscillating tissue O2 concentrations (Figures 2.13 and 2.14). During baseline

conditions, we observed a significant change in both the capillary hemodynamic (RBC velocity,
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RBC supply rate, hematocrit) and RBC SO:2 responses to oscillating tissue O2 concentrations (7-
12-2-7% O2) (Figures 2.8 and 2.9). These capillary hemodynamic responses were profoundly
blunted following systemic administration of GLI and no significant changes in either capillary
RBC supply rate or hematocrit were observed in response to O2 oscillations (Figures 2.13 and
2.14). A gradual increase in capillary RBC velocity was observed throughout the duration of the
4-minute oscillation (Figure 2.14). This increase may represent a delayed blood flow response or
may be due to the systemic administration of GLI. Future experiments designed to collect
baseline and GLI data in separate animals may help clarify this finding. Overall, these findings
suggest that vascular Kate channels have a significant role in regulating O2-mediated capillary

hemodynamic responses in skeletal muscle tissue.

These findings are consistent with previous studies that investigated the role of Karp channels in
hypoxia-induced blood flow responses in cerebral tissue (Reid et al., 1993; Taguchi et al., 1994;
Bryan & Marshall, 1999; Rocha et al., 2020). In these studies, hypoxia-induced increases in
cerebral blood flow, vascular conductance, and arteriolar diameter were all significantly
attenuated following selective Katp channel inhibition and therefore, also supported a significant
role for these channels in the hypoxic response (Reid et al., 1993; Taguchi et al., 1994; Bryan &
Marshall, 1999; Rocha et al., 2020). However, there is also evidence against the presence of a
Katp channel-dependent pathway underlying O2-mediated blood flow regulation. Jackson
(2000a) also provided evidence supporting impaired oxygen sensitivity of isolated cremaster
arteriolar muscle cells to low O2 bath solutions (15 mmHg) following GLI application; however,
they did not measure a change in membrane potential during hypoxic conditions. Therefore, they

suggested that hypoxia-induced arteriolar responses were not due to the activation of Katp
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channels and the impact of GLI on the response was likely due to nonspecific effects of the
pharmacological agent (Jackson, 2000a). There are some alternative explanations for the lack of
significant capillary hemodynamic responses to oscillating tissue O2 concentrations following
Katp channel inhibition observed in the current study. First, the tissue experienced a gradual
increase in the overall flow state throughout the duration of the experiments. Since the
microvascular blood flow responses to oscillating CO2 and Oz concentrations were recorded
following baseline measurements, a higher flow state was present during these measurements. A
higher flow state would indicate a higher Oz supply to the tissue, which could decrease the Oz
concentration gradient present between the blood and the surrounding tissue. Therefore, the
imposed tissue Oz perturbations might not have been profound enough to elicit a blood flow
response. However, since oscillating tissue CO2 concentrations were still able to influence a
blood flow response during the same high flow conditions and significant variations in RBC SO2
were observed during the Oz oscillations (Figures 2.11-2.14), the lack of flow response to Oz is
not likely due to the high flow conditions or the inability to induce a profound change in the O2
concentration. Second, the lack of significant capillary hemodynamic responses could be simply
attributed to the small sample size included. Therefore, additional experiments would be required
to further elucidate the role of Kate channels in O2-mediated blood flow regulation, especially in

striated muscle tissue.

In summary, significant capillary blood flow responses were observed in response to a
physiological range of tissue CO2 concentrations, which supports a high CO: sensitivity and
significant contribution of the smallest microvessels in local blood flow regulation in skeletal

muscle tissue. We presented novel information regarding the timing of CO2-induced
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microvascular blood flow responses, which provided indirect evidence against the initiation of a
conducted vasomotor response and indicated that COz2 likely utilizes a pH-dependent mechanism.
In addition, the preliminary findings presented here suggest a partial dependence of COo-
mediated microvascular blood flow responses on vascular Karp channel activation in skeletal
muscle tissue, potentially through a pH-dependent mechanism. However, further
experimentation is required to clarify the role of Katp channels in this response. Finally, we
provided evidence against the involvement of a SO2-dependent vasodilatory mechanism, such as
RBC-derived ATP release, in mediating CO2-induced blood flow responses, which supports the
presence of independent mechanisms underlying CO2-mediated and O2-mediated blood flow

regulation.

107



Chapter 3 — Summary

Conclusion:

The distribution of blood flow throughout and among tissues is a dynamic and highly regulated
process that ensures effective and efficient coupling of Oz and nutrient supply with metabolic
demand, while simultaneously removing of metabolic waste products, such as CO2. The
microvascular system is composed of an extensive and densely branched network of the smallest
vessels in the body. The close proximity of microvessels to active muscle tissue fibers as well as
their ability to sense and communicate changes in their environment enables the microvascular
system to have a significant role in coordinating both the magnitude and distribution of local
blood flow. Blood flow regulation is a complex process that requires distal microvessels to
integrate a wide variety of vasoactive stimuli, including local metabolic factors and extrinsic
neural activity, to induce appropriate changes in microvascular tone and blood flow. Several
vasoactive molecules associated with increased muscle metabolism have been shown to interact
with distal microvessels to initiate rapid and spatially specific changes in microvascular tone,
including Oz, adenosine, K*, and ATP. However, the involvement of other vasoactive
metabolites, such as COz, in local blood flow regulation as well as the mechanism of interaction
between CO2 and the microvascular system, have not been well described. Therefore, the
objectives of this thesis were to characterize both the magnitude and time transient of CO2-
mediated microvascular blood flow regulation in skeletal muscle tissue, as well as to investigate
potential underlying mechanisms such as the involvement of vascular Katp channels and SO2-

dependent RBC ATP release.
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Using a novel experimental technique to impose rapid, direct, and localized changes in the
skeletal muscle tissue microenvironment, we provided evidence supporting a high CO2
sensitivity of the smallest vessels in the microvascular system as well as a significant role for
tissue COz2 in local microvascular blood flow regulation. We achieved our first objective by
characterizing the magnitude and time transient of the expected graded increases of several
capillary hemodynamic variables (RBC velocity, supply rate, and hematocrit) in response to
incremental increases in tissue CO2 concentrations within a physiologically relevant range. We
also directly quantified capillary blood flow responses as opposed to measuring changes in
microvascular tone, which directly supports tissue the ability of CO2 to coordinate the local
blood supply with metabolic demand. The use of a microfluidic gas exchange chamber (GEC)
allowed for direct and dynamic changes in tissue CO2 concentrations without impacting the
systemic circulation or the deeper muscle tissue microenvironment. Therefore, this method
addressed some limitations associated with other methods that are commonly used to influence
arterial and tissue COz2, such as variations in inspired gases and equilibration of superfusion
solutions, respectively. The use of a GEC to impose rapid and dynamic variations in the tissue
microenvironment also enabled us to provide novel information regarding the time transient of
CO2-mediated blood flow responses as well as valuable insight into potential underlying
mechanisms. Capillary hemodynamic responses to tissue CO2 perturbations occurred rapidly
with maximum responses being observed within 90 seconds; however, they were too slow to
support the presence of an underlying conducted vasomotor response and indirectly supported
the possible dependence on a pH-mediated mechanism. One possible mechanism involves the
activation of pH sensitive vascular Katp channels expressed in endothelial cell membranes and

our second objective was to investigate the involvement of these channels in CO2-mediated
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blood flow regulation in the skeletal muscle microcirculation. This objective was achieved by
providing preliminary evidence supporting at least a partial dependence of CO2-mediated blood
flow responses on Katp channel activity and demonstrated blunted capillary hemodynamic
responses to tissue CO2 perturbations following selective Katp channel inhibition with
glibenclamide (GLI). Finally, our last objective was to investigate the relationship between CO2-
and Oz2-mediated blood flow regulation and the presence of overlapping regulatory mechanisms,
such as oxygen saturation (SO2) dependent ATP release from RBCs and vascular Kate channel
activity. Red blood cell SO2 measurements remained constant across various tissue CO2
concentrations during both baseline and GLI conditions, which supported the presence of an
SO2-independent pathway underlying CO2-mediated responses as well as the presence of
separate mechanisms for CO2- and O2-mediated blood flow regulation. This was further
supported by the varying degrees of Katp channel involvement in regulating variations in both
tissue CO2 and Oz concentrations, where capillary hemodynamic responses to CO2 were blunted

and the responses to O2 were abolished.

Limitations:

While the data presented in this thesis has provided valuable information to improve our
understanding of CO2-mediated microvascular blood flow regulation, some limitations must be
considered and addressed with future experimentation. Over the duration of the experimental
protocol, repeated exposure to high tissue CO:2 perturbations seemed to provoke an elevated flow
state over time. The gradual increase in blood flow is somewhat confounding as the shifting flow
state makes comparisons with baseline data difficult. The elevated flow state also decreased the
number of capillaries that could be selected for analysis due to the limitations of the analysis

software, which requires the presence of plasma gaps between RBCs flowing through selected,
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in-focus capillaries. The hyperemic flow state and the smaller number of capillaries suitable for
analysis had a greater impact on experiments investigating the involvement of Karp channels.
Since tissues were exposed to baseline CO2 perturbations prior to administration of GL1I, a higher
flow state was present during the recording and measurement of capillary hemodynamic
responses following selective Katp channel inhibition. Therefore, future experiments designed to
collect capillary blood flow responses during baseline and GLI conditions in separate animals are
required to clarify the role of Katp channels in CO2-mediated blood flow responses and
determine whether the observed responses were impacted by a higher flow state. Alternatively,
to reduce the risk of introducing significant variation by completing baseline and GLI
experiments in separate animals, the protocol could be modified to include longer wait times
between baseline and GLI conditions. However, it is important to consider when increasing the
duration of experiments that the muscle condition, and therefore the quality of the data collected,

could begin to deteriorate over time.

There are also other limitations associated with our investigation of Katp channels as a potential
site of action for CO2-mediated blood flow regulation. While the preliminary findings suggested
a partial dependence of CO2-induced blood flow responses on Kate channel activation,
potentially through changes in pH, some pieces of information were not addressed in the current
thesis in order to have a complete understanding of their role in CO2-mediated responses. First,
direct evidence supporting the presence of Karte channels in skeletal muscle capillaries needs to
be provided. The molecular expression of Kate channels has been described in different capillary
beds, such as in the heart and brain, and their presence has been indirectly shown in striated

muscle capillaries through pharmacological interventions. However, the expression and
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quantification of Katp channels in skeletal muscle capillaries have not been described and are
therefore required to confirm their presence and potential involvement in microvascular blood
flow regulation. In addition, while previous research has also shown that the GLI dosage used
here is selective for Katp channels and has been widely used in investigations involving Katp
channel, a dose-response curve for systemic GLI is also required to ensure accurate dosage for
our experiments as well. And finally, simultaneous changes in pH and membrane potential were
not measured during capillary blood flow responses to variations in tissue CO2 concentrations.
While both the time-transient of CO2-induced responses and the blunted changes in capillary
hemodynamic variables following administration of GLI may indicate the involvement of pH-
mediated Katp channel activity in CO2-mediated blood flow regulation, direct pH and membrane
potential measurements are needed to confirm the pH-dependence and the involvement of

electrical signals.

Perspectives:

In addition to addressing the limitations discussed above, there are several directions for future
experiments to further advance our understanding of the impact of tissue CO:2 on the skeletal
muscle microvascular system. The development and use of a gas exchange chamber (GEC) with
an array of smaller micro-outlets would allow the level of vasculature involved in CO2-mediated
responses to be more clearly defined. The GEC used for this thesis induced localized changes in
only the tissue microenvironments under direct observation; however, the field of observation
was large enough to expose both capillaries and terminal arterioles to variations in tissue CO2
concentrations. Therefore, a GEC with small micro-outlets overlying a limited number of vessels

could be used to control the level of vasculature being exposed to tissue perturbations and to
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determine the location of COz2’s interaction with the microvascular system. The relationship
between CO2- and O2-mediated blood flow responses and the potential interaction between the
two vasoactive stimuli can also be investigated further. Experiments designed to investigate
capillary blood flow responses during both independent and simultaneous variations in tissue
CO2 and Oz concentrations can be conducted to determine the presence of either a synergistic or
additive impact on microvascular blood flow responses. This would provide valuable
information regarding the blood flow response observed during simultaneous changes in CO2
and Oz that occur during conditions of increased metabolism, such as exercise. The molecular
mechanism underlying CO2-mediated blood flow regulation can also be investigated further. In
addition to the potential involvement of vascular Kate channels, several possible targets may be
directly or indirectly impacted by variations in tissue CO2 and/or pH, such as other ion and/or
voltage-gated channels expressed in vascular cell membranes, gap junctions, and enzymatic
activity. Investigation of several, potentially redundant mechanisms responsible for regulating
tissue CO2 concentrations is necessary to gain a complete understanding of CO2-mediated
microvascular blood flow regulation. Finally, characterization of capillary blood flow responses
to a physiologically relevant range of tissue CO2 concentrations under normal conditions can
serve as a control for investigating CO2-mediated blood flow regulation in disease or exercise
models and for determining if the regulatory mechanisms are altered. Investigations of CO2-
mediated blood flow responses in diseases associated with microvascular dysfunction, such as
diabetes, this could also provide valuable information regarding the identity of mechanisms

underlying the response and how those mechanisms could be impaired in relevant pathologies.
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