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ABSTRACT

Several local mechanisms for oxygen concentration [Oz] sensing and blood flow
regulation in the microvasculature have been proposed, but existing evidence fails to
account for the sensitivity of vascular responses in specific vessels across the
physiological range of tissue [O2]. We hypothesize that oxygen-mediated blood flow
regulation is initiated at the capillary level through oxygen saturation-dependent ATP
release from erythrocytes. The purpose of this thesis was to develop and validate a thin-
film micro-outlet device that can impose spatially constrained Oz perturbations at the
capillary level to precisely target capillary level regulation. The device was fabricated
using soft lithography techniques and high-precision laser cutting. Devices were laser-
machined into polyvinylidene chloride film and spun coat with a 100-micrometer thick
layer of polydimethylsiloxane. Rats were anesthetized via intraperitoneal injection of
sodium pentobarbital; catheters were introduced into the carotid artery for systemic
cardiovascular monitoring and jugular vein for supplemental fluids. The extensor
digitorum longus (EDL) muscle was blunt dissected, isolated, and reflected over a
microfluidic gas exchange chamber (GEC) mounted in the stage of an inverted
microscope. The GEC and EDL were coupled with micro-outlet devices of various
designs (diameters: 200, 400, 600, 1000 am). [O2] in the EDL was dynamically
manipulated by imposing [Oz] oscillations while recording intravital video. Our novel
composite thin-film micro-outlet devices spatially confined oxygen perturbations to
capillaries. Our results demonstrate that our-devices can profoundly manipulate capillary

SO2 and simultaneously alter the hemodynamics in vessels directly overlying the micro-
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outlet without affecting capillary SO» at distances greater than 100 um from the edge of
the micro-outlets. All animal protocols were approved by Memorial University’s

Institutional Animal Care Committee.
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GENERAL SUMMARY

Capillary-level blood flow regulation has been studied, but always with the
interaction of higher-level vessels such as arterioles. This thesis focused on analyzing
regulatory responses to changing oxygen concentration in capillary networks. We
fabricated a gas-based micro-outlet device which allowed direct manipulation of tissue
microenvironments by altering gas conditions in confined skeletal muscle tissue regions.
Male rats were anesthetized with sodium pentobarbital and a muscle of the hind limb was
reflected over a gas exchange chamber combined with a micro-outlet device. Real-time
video recordings were taken on the microvasculature of the muscle during varying oxygen
conditions. We measured oxygen levels and blood flow through various hemodynamic and
oxygen saturation measurements. Our results showed that blood flow increased when
oxygen levels were low and decreased when high. This was a consistent finding in all
micro-outlet sizes. Interestingly, capillary blood flow responses were observed in our 200-
um micro-outlet, where only 3-6 capillaries overlay the outlet. The results from this size
micro-outlet support the concept that oxygen-mediated blood flow is regulated at the

capillary level.
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CHAPTER 1: INTRODUCTION

1.1 OBJECTIVES

The mammalian circulatory system is responsible for transporting blood along the
vascular tree to all organs and tissues. Blood is rapidly carried away from the heart through
branching arteries that supply the periphery, giving rise to microvascular networks that
perfuse organs and tissue. These microvascular networks consist of small vessels with
diameters of less than 300 micrometers, including arterioles, venules, and capillaries (Bloch
& Iberall, 1982; Segal, 2005). Microcirculation is essential in the body, delivering oxygen
and nutrients to tissues while simultaneously removing waste products to ensure normal
physiological function (Duling & Klitzman, 1980; Segal, 2005). Arterioles can respond to
various intrinsic stimuli, such as oxygen, by modulating their vessel wall diameter through
the action of vascular smooth muscle cells that are oriented circumferentially within the

vessel walls (Ellis, 2005; Davis, 1993; Tykocki et al., 2017).

The regulation of oxygen (O2) is a critical physiological function that ensures the
metabolic demands of organs and tissues in the body are met (Duling, 1970; Golub &
Pittman, 2013). The relative oxygen concentration in tissues is an essential metabolic signal
for vasomotor changes (Reglin et al., 2009). In the microcirculation, a vasoactive response
can be provoked when oxygen levels fluctuate within and outside their normal
physiological range (10 — 150 mmHg) (Jackson, 2016). Arterioles vasodilate in response
to low Oz levels, eliciting an increase in blood flow (Sullivan & Johnson, 1981; Dietrich et
al., 2000; Ellis, 2005). When O rises above basal levels, arterioles respond by

vasoconstricting, causing a decrease in the blood flow rate into capillaries (Duling, 1972,



1974; Hutchins et al., 1974; Sullivan & Johnson, 1981). The microvascular blood flow
response is observed when Oz concentrations in the tissue fluctuate, and the regulation of
this response is controlled locally. Indeed, there is evidence to support the role of multiple
mechanisms across different vessel types within the microvascular tree (Duling, 1970;
Jackson & Duling, 1983; Hester, 1993; Pries et al., 1995; Pittman, 1973; Ellsworth et al.,

1994, 2009; Sprague, 2009; Jackson, 2016).

Several local mechanisms for oxygen [O:] sensing and regulation have been
proposed, but existing evidence fails to account for the sensitivity of vascular responses
across the physiological range of tissue [O2] and at different locations within the
microcirculation (Duling, 1970; Jackson & Duling, 1983; Messina et al., 1994; Pries et al.,
1995; Ellsworth et al., 1995; Ellsworth, 2013; Jackson, 2016). It has been proposed that red
blood cells (RBCs) act as an O> sensor and that oxygen-mediated blood flow is regulated,
at least in part, at the capillary level (Bergfeld and Forrester, 1992; Ellsworth & Stein, 1993;
Ellsworth et al., 1995; McCullough et al., 1997; Stamler, 1997; Ellsworth, 2004;
Gonzaleez, 2012; Jackson, 2016). To confirm this mechanism, oxygen-mediated blood
flow responses must be quantified at the capillary level while avoiding interaction with
other relevant mechanisms in higher-order vessels. Microfluidic devices and gas exchange
chambers have been modelled, fabricated, and validated for studying O>-mediated
microvascular blood flow regulation. Still, the necessary spatial specificity of targeted O>
perturbations to micro-scale tissue regions has remained a pressing challenge (Sové et al.,

2016, 2021; Ghonaim et al., 2011, 2013, 2021).



To further extend the use of microfluidic devices in microvascular research, our
focus was to integrate properties of previously developed gas exchange chambers and
microfluidic devices to create novel devices with advanced optical and spatial properties.
Our goal was to create a device that retained desirable characteristics of previous devices
while improving spatial specificity that could be adaptable to multiple microscope setups,
research studies and muscle preparations through only minor future adjustments. This novel
device, combined with intravital video microscopy (IVVM) and capillary hemodynamic
measurements, can help to quantify microvascular blood flow responses when changes in
tissue [O2] stimulate only a few capillaries or when a single terminal arteriole is selectively

targeted.

The work in the current thesis examines oxygen-mediated blood flow regulation at the
capillary level in response to changing oxygen concentrations using a gas exchange
chamber coupled with an ultra-thin-film micro-outlet device. Our overarching hypothesis
is that oxygen-mediated blood flow regulation is initiated at the capillary level through
oxygen saturation-dependent ATP release from erythrocytes. We developed a thin-film
micro-outlet device that allows spatially constrained oxygen perturbations to be imposed

at the capillary level to precisely target associated regulatory mechanisms at this scale.

To address this overarching hypothesis, we sought to develop a novel tool based on the

following objectives:



1. Fabricate a composite micro-outlet gas exchange chamber microfluidic
device to spatially constrain direct oxygen challenges to microscale regions
of skeletal muscle in vivo.

2. Identify the minimum scale at which oxygen-mediated blood flow responses
can be provoked using highly localized microvascular scale stimulation.

3. Quantify the capillary/microvascular blood flow response to direct spatially
constrained high and low oxygen challenges, and acute oscillations in tissue

oxygen concentration.

1.2 OXYGEN TRANSPORT AS A ROLE OF THE CARDIOVASCULAR SYSTEM

Oxygen (O.) transport through the respiratory and cardiovascular system occurs by
convection, and via diffusion of oxygen along gradients between physiological
compartments (Ellsworth, 1994; Leach & Treacher, 1992; Goldman & Popel, 2000).
Convective transport is defined as the movement of a substance that is contained within a
moving fluid (Aroesty & Gross, 1970), versus passive diffusion which is governed by
Fick’s first law (Federspiel & Popel, 1986; Groebe & Thews, 1990). Fick's law of diffusion
can be defined as Flux = -DkA*AP/Ax which relates mass transport rate (Flux) of a
substance from a location of high concentration to an area of low concentration, where 4 is
the surface area of the exchange surface, D is the diffusion coefficient, k is the solubility,
and AP/Ax is the concentration gradient (Federspiel & Popel, 1986; Groebe & Thews,
1990). Convective transport functions most efficiently in large tubes and heavily supports

mass transport of blood, as the resistance to fluid flow increases rapidly with decreasing



tube diameter, further explained by Poiseuille’s Law (Poiseuille, 1846; Sutera et al., 1993).
Poiseuille’s law states that volume flow rate is directly proportional to the pressure gradient

divided by the radius raised to the fourth power (Poiseuille, 1846; Sutera et al., 1993).

Transporting oxygen into tissues also requires movement through microvascular
networks comprised of many tiny tube-like vessels distributed throughout the body. Blood
flow becomes relatively slower in microvessels, which helps maximize the time available
for oxygen diffusion from capillaries into the surrounding cells. Starting in the lungs, the
oxygen cascade involves both convective transport and diffusion that relies on O gradients
to diffuse O> from one compartment to the next until arriving in the mitochondria where it

is consumed (Pittman, 2000; Spires et al., 2013).

Each component of the cardiovascular system is essential for transporting Oz via the
blood to all tissues through branching vascular networks (Pittman, 2005; Dunn, 2016). The
cardiovascular system comprises two circuits, the pulmonary and systemic circulation,
connected in series through the heart’s four chambers. Both circuits are critical in
distributing oxygenated blood to meet the body’s ever-changing demands (Crystal & Pagel,
2020). Pulmonary circulation is responsible for carrying blood between the heart and lungs
where gas exchange and reoxygenation occurs, an early step in O; transport (Pittman,
2005). Systemic circulation is responsible for the convective transport of oxygenated blood
starting on the left side of the heart through arteries flowing into the periphery and vital

organs.



Oxygen transport to tissue cells via the blood, functions by aid from its two
components, plasma, and RBCs. Oxygen can reversibly bind to hemoglobin in RBCs and
dissolve in the blood's plasma layer (Jensen, 2004). Hemoglobin (Hb) is an allosteric
protein consisting of 4 chains, each attached to an iron-porphyrin compound (Friedman,
1985; Popel, 1989; Pittman, 2011). When O binds to hemoglobin, the globin chain changes
conformation, enhancing its affinity for oxygen which is fully saturated when four O>
molecules are bound (Marden et al., 1995). Plasma is responsible for minimal O> transport
in the blood due to its relatively low solubility, representing less than 2% of total blood O>
content (Injarabian et al., 2020). As a result, hemoglobin is the primary vehicle for

convective transportation of O,.

Cooperative binding of Oz to hemoglobin can be described by the oxygen
dissociation curve, which represents O saturation of Hb (SO») at varying partial pressures
of O2 (POy). Specifically, at 50% SO», the PO, measures O»-affinity for Hb (also expressed
as Pso), which is ~26 mmHg for normal adult human Hb (Ahmed et al., 2020). Further
explained by hemoglobin’s two forms, taut (T) and relaxed (R), which contribute to the
Bohr Effect relationship and affect the binding ability of O, (Perutz, 1972; Perutz et al.,
1998; Dunn et al., 2016). The Bohr effect describes a shift in hemoglobin’s binding affinity
for O, which facilitates unloading to meet tissues demands (Malte et al., 2021). The T form
has a low affinity for Oz and promotes its release into circulation in tissues with high levels
of CO; (Perutz, 1972; Perutz et al., 1998; Safo & Bruno, 2011; Dunn et al., 2016; Ahmed
et al., 2020). In the R form, Hb has a high affinity for O, strongly binding to oxygen in

areas with low CO» (Perutz, 1972; Safo & Bruno, 2011; Dunn et al., 2016). Such forms are



essential regulatory properties of hemoglobin that control O2 accessibility in various tissue
environments and metabolic demands, such as in hypoxia or high-intensity exercise

(Perutz, 1972; Yonetani & Laberge, 2008; Safo & Bruno, 2011; Ahmed et al., 2020).

The O cascade pathway begins when O is inspired from the air before moving into the
body and the bloodstream. The O> we breathe in is transported to the alveoli in our lungs,
where blood oxygenation occurs. There is an oxygen pressure (PO;) gradient that exists
between the alveolar membrane and the pulmonary capillaries (Whiteley et al., 2002, 2003;
Roy & Secomb, 2014; Dunn, 2016). Oxygen enters the heart and bloodstream by diffusing
across this PO gradient to bind reversibly to hemoglobin in RBCs, forming oxyhemoglobin
and oxygenating blood (Weibel, 1984; Dunn, 2016; Jacob et al., 2016). Passive diffusion
is most efficient in these instances where short distances between compartments and large

O, gradients exist.

Large stores of oxygen do not exist in the body; therefore, convection dramatically
contributes to the delivery of sufficient O, from the atmosphere to tissues where it is
consumed. The heart provides the motive force that drives oxygenated blood through the
circulatory system as it establishes a pressure gradient to move blood. To obtain this
pressure gradient for blood flow through a vessel or an organ, a pressure difference is
required between the inflow and outflow of the vessel. The relationship between volumetric
blood flow (Q) and pressure differences in a vessel (AP) is defined by Ohm’s Law (Q =
AP/R), where R is the resistance to the flow (Q) of blood (Hennig, 1992; Secomb, 2016;
Fourneir et al., 2021). Therefore, considerable pressure differences are needed to increase

blood flow or, alternatively flow can be maintained by decreasing systemic vascular



resistance. This relates to the Oz supply tissues receive, as when blood flow rate increases,

oxygen carried in the blood is moved around the body at a faster rate.

At the microvascular level, O transport is dominated by passive diffusion in peripheral
tissues. In these tissues, there is an area between the RBCs in capillaries and the
surrounding tissue (parenchymal cells) where the exchange of O, nutrients, and wastes
occurs. At this exchange surface, tissue cells are typically positioned less than 150 pms
away from the nearest capillary (Augustin et al., 2017; Pias, 2021). Additionally, O>
diffuses along concentration gradients that exist between individual capillaries and between
capillaries and their nearby arterioles and venules that flow in proximity (Duling & Berne,
1970; Swain & Pittman, 1989). These factors allow O; to be released from hemoglobin in
RBCs into nearby parenchymal cells where mitochondria can consume O; to store energy

as ATP (Weibel, 1984; Pittman, 2000, 2011).

Oxygen is a requirement of aerobic respiration (ATP production), which functions in
the mitochondria within muscle and other tissues (Weibel, 1984). This is where oxidative
phosphorylation occurs, a process of the electron transport chain (ETC) and chemiosmosis
working together to synthesize ATP. This coenzyme supplies energy to nearly all active
metabolic processes (Ellsworth, 1995; Pittman, 2013; Segal, 2005). Oxygen is consumed
at cytochrome C oxidase, the terminal electron acceptor within the mitochondrial inner
membrane at the end of the ETC (Weibel, 1984; Pittman, 2011). Electron transfers create
an electrochemical gradient later used in chemiosmosis along with a water molecule

generated by oxygen at the end of the ETC to synthesize ATP. This process is essential for



the body to maintain energy for its metabolic demands, especially in highly oxidative

tissues like skeletal muscle during exercise.

Since O is a requirement for cells to produce energy, it needs to be readily accessible
in the tissue. A critical PO> of ~ 11 mm Hg (Wilson et al., 1979, 1990; Pittman, 2013) is
required for the mitochondria to maintain sufficient O consumption and functions. Wilson
et al. describes the process that intracellular metabolic factors take to work together to
continue a relatively constant O consumption while PO is actively decreasing (Wilson,
1979, 1990). It is below this critical PO> level that these metabolic substances (i.e. ADP,
cytochrome c¢) cannot function together and maintain O, consumption. This necessary O>
concentration helps regulate the Oz supply and demand in the tissues along with ATP
generation. If O is not present, the ETC cannot run properly, chemiosmosis will not

produce ATP, and cells won’t perform their necessary functions to survive.

1.3 MICROCIRCULATION

The microcirculation consists of arterioles, capillaries, and venules, the
microvessels defined as the circulatory system’s exchange vessels. The circulatory system
comprises branching vascular networks responsible for transporting blood to all tissues and
organs throughout the mammalian body. The circulatory system conducts this transport at
the microvascular and macrovascular levels (arteries, veins), composed of large
capacitance vessels that transport blood toward or away from organs and tissues. Conduit
arteries external to tissue with diameters between 500 — 1000 pum give rise to the

microvasculature where the artery branches into first-order arterioles embedded within the



tissue (< 100 um diameter). First-order arterioles branch distally into second-order
arterioles and continue progressively until reaching the terminal arteriole. The terminal
arteriole precedes the capillary beds and is responsible for the resistance that determines
the blood flow rate into the groups of downstream capillaries it supplies (Berg & Sarelius,
1995; Pries and Secomb, 2011; Murrant, 2017; Murrant & Fletcher, 2022; Jackson, 2021).
Arterioles are major resistance vessels embedded in the parenchyma they perfuse that
control the distribution of blood by actions of their vascular smooth muscle cells and
endothelial cells lining their vascular walls (Duling, 1970; Renkin, 1985; Zweifach &
Lipowsky, 1984; Pries & Secomb, 2011; Segal, 2000; Yuan & Rigor, 2010; Jackson, 2016).
The structure of a blood vessel is made up of three layers; the tunica intima, an internal
layer consisting of the endothelium, a basement membrane, and elastic fibres; the tunica
media, a middle layer made up of smooth muscle and elastic fibres, and the tunica externa,
consisting of connective tissue and mostly collagen fibres (Pugsley & Tabrizchi, 2000;
Martinez-Lemus, 2012), although the layers and components that are present depend
somewhat on the vessel type. The arteriole structure contains all three layers, but commonly
have only one layer of smooth muscle wrapped circumferentially around the endothelial

cells that define the vessel lumen.

Endothelial cells line the heart and vessels of the cardiovascular system, acting
as a physical barrier between the blood and the vessel wall (Alberts et al., 2002; Kruger-
Genge, 2019). Endothelial cells fulfill many vital functions in microcirculation, which
include transporting substances to and from the bloodstream across the vessel wall and

releasing vasoactive mediators in response to various stimuli (Pohl & Busse, 1989; Ando
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& Yamamoto, 2013). Endothelial cells are connected to smooth muscle cells by gap and
myo-endothelial junctions (Hudlicka, 2011). The endothelium is the single layer that
composes the capillary wall, as capillaries lack other structural support, like smooth muscle

cells.

Capillary networks are interconnected arrangements with a broad surface area
and extensive branching, positioning each tissue cell near a capillary. Capillary network
architecture supports efficient oxygen transport and nutrient exchange (Hepple, 1997; Baba
et al., 1993; Hudlicka, 2011). The proximity, surface area, and single-file flow of red blood
cells minimizes the distance between blood and tissue cells, so passive diffusion can occur
efficiently as discussed previously in section 1.2. In capillaries, RBCs and plasma directly
interact with the endothelium. Lipid-soluble substances such as oxygen and carbon dioxide

can quickly diffuse across the 1-pm thick layer of endothelial cells lining capillaries.

Blood drains into venules from capillary networks, the microvessel through
which blood exits the microcirculation (Emerson & Segal, 1997). A venule’s structure
comprises endothelial cells surrounded by a basement membrane with elastin fibres and
smooth muscle (Hudlicka, 2011). Therefore, venules hold less resistance than arterioles.
The venous system is responsible for transporting blood back to the heart. Post-capillary
venules, slightly larger than capillaries, converge into larger vessels as they move away and
out of organs and into large veins (Eriksson et al., 1972; Emerson & Segal, 1997; Hudlicka,
2011; Latroche et al., 2015). Venules can modulate their vessel diameters, but less is known
about their role in blood flow regulation relative to arterioles, which is discussed in section

L.5.
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The microvascular morphology associated with each organ and tissue is unique,
including specific features related to their role in facilitating the functions of their organ or
tissue. Microvascular networks are appropriately structured to ensure sufficient delivery of
oxygen and nutrients and waste removal in various capacities. For example, the brain
microvasculature contains an extensive dense network of interconnected microvessels
organized in parallel to ensure exchange vessels are always near brain tissue cells (Hirsch
et al., 2012; Blinder et al., 2013). The brain microvasculature also offers alternate routes
for the distribution of blood in the event of a blockage, ensuring oxygen delivery is not
impacted (Cassot et al. 2006). In contrast, the kidney, which also has considerable oxygen
requirements, contains a complex vasculature composed of highly fenestrated capillaries
that facilitate molecule exchange at a higher rate than other capillaries and quickly pass
large molecules through their endothelial cells (Nourbakhsh & Singh, 2014). Oxygen is
perhaps the most critical substance to be distributed by the blood, especially in the brain

and other oxidative tissues where a continuous supply is required.

Skeletal muscle is an active metabolic organ with high oxygen consumption
during exercise and is responsible for generating the force required to perform its functions
(Emerson & Segal, 1997; Hudlicka & Brown, 2009; Hudlicka, 2011). In skeletal muscle, a
microvascular unit comprises the capillaries perfused by a discrete terminal arteriole and
collecting venule, representing the smallest functional unit of blood flow regulation (Figure
1.1) (Bloch & Iberall, 1982; Lo et al., 2003; Latroche et al., 2015; Roy et al., 2012). These
capillaries run parallel to myofibers in the muscle, and the microvascular bed’s architectural

arrangement supports these muscle fibres. The microvasculature in skeletal muscle is
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essential in metabolism and exercise as it transports oxygen to mitochondria in tissue cells
to synthesize ATP for energy. Therefore, as presented in this thesis, skeletal muscle is an
ideal model to study blood flow regulation in the microcirculation stemming from changes

in oxygen concentration.
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Figure 1.1 Basic morphological structure of the microcirculation. Image represents a
portion of a microvascular network in skeletal muscle. Image shows the branch orders of
the arteriolar (red) and venous (blue) ends of the vasculature and the location of capillary
units in relation to the rest of the microvascular network and to skeletal muscle cells. (Image

obtained from Murrant & Fletcher, 2022 with permission).
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1.4 MICROVASCULAR BLOOD FLOW REGULATION

Under normal physiological conditions, all resistance vessels exhibit some
degree of smooth muscle contraction that determines their diameter, also known as vascular
tone. Vascular tone is the partial constriction of resistance arteries and arterioles due to
myogenic tone and sympathetic nerve activity on the vascular smooth muscle of the vessel
walls, which is subject to inhibition by local metabolites and O conditions (Tateishi &
Faber, 1995b; Joyner & Casey, 2014). The vascular tone of arterioles can be controlled
directly or indirectly by smooth muscle cells through sympathetic nerve activity, physical
factors, vasoactive metabolites, and conducted responses (Pohl et al., 2000; Schubert &
Mulvany, 1999; Segal, 2005; Secomb, 2008; Roy et al., 2012). Several of these associated
mechanisms maintain resistance vessel diameters within a functional range (Pohl et al.,

2000; Schubert & Mulvany, 1999; Joyner & Casey, 2014).

Sympathetically mediated modulations of vascular tone act via adrenergic
receptors on vascular smooth muscle and endothelial cells. Specifically, sympathetic nerve
fibres release norepinephrine to constrict the vessel wall by activating a-adrenergic
receptors on smooth muscle (Faber, 1988; Joyner & Casey, 2014). Such receptors exist on
the vascular smooth muscle in two types, al-adrenergic receptors, which act on large
arteries and a2-adrenergic receptors, which are responsible for the constriction of smaller
resistance vessels such as arterioles in inactive skeletal muscle (Tateishi & Faber, 1995b).
During intense exercise and in flight or fight, the body’s hormonal response is to release
epinephrine (adrenaline) from the adrenal medulla, stimulated by adrenergic receptors on

vascular smooth muscle cells. Adrenaline then acts on B-adrenergic receptors on vascular
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smooth muscle and is ligated to mediate a vasodilatory response (Marshal, 1982).
Additionally, a2-adrenergic receptors can mediate a vasodilatory response when they exist

on endothelial cells (Vanhoutte, 2001; Sorriento et al., 2011; Mishra et al., 2018).

The contraction of vascular smooth muscle in resistance arteries and arterioles is
directly influenced by the cytoplasmic concentration of free calcium (Ca?") (Somlyo, 1994,
2004; Pfitzer, 2001; Brekke et al., 2006). Increasing cytosolic Ca*" in vascular smooth
muscle cells from extracellular compartments results in a Ca?'-calmodulin complex to
activate the enzyme myosin light chain kinase (MLCK). Activated MLCK phosphorylates
myosin light chain, allowing cycling of cross-bridges between actin and myosin, which
results in smooth muscle contraction (Somlyo, 1994; Wynne et al., 2009). An opposing
mechanism produces vessel relaxation, where the myosin light chain is dephosphorylated
by myosin light chain phosphatase (MLCP) (Lai & Frishman, 2005). These control actions
of vascular smooth muscle [Ca?*] are influenced by various membrane receptors, ion
channels, mechanical sensors and signalling molecules that induce changes in vascular tone

and blood flow.

The factors that regulate vascular tone do so by modulating cytosolic-free [Ca®']
and themselves sensitivity to the contractile proteins. These factors alter cell membrane
potential and activate signalling cascades within the vascular smooth muscle by opening
and closing potassium (K") channels. K" channels are involved in critical regulatory
mechanisms and are expressed in both endothelial cells and vascular smooth muscle cells
(Dora, 2017; Tycocki et al., 2017). When K* channels open, an outward flux of K™ produces

a more negative membrane potential, leading to hyperpolarization. Then, voltage dependent
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Ca?" channels close, Ca*" influx decreases, and vasodilation occurs. Opposingly, if K*

channels close, vasoconstriction occurs.

The endothelium plays a critical role in regulating vascular tone by releasing
vasoactive mediators in response to physical and chemical changes, which modulate the
opening of K channels (Busse et al., 1983; Pohl & Busse, 1989; Kaley et al., 1989; Messina
et al.,1992). Calcium-activatd potassium channels (Kca) channels are activated by
membrane depolarization, increased intracellular calcium, cGMP-dependent protein kinase
G (PKG) and cAMP phosphorylation (Brayden, 1996; Jackson, 2005). Voltage-dependent
potassium (Ky) channels are embedded in the plasma membrane of vascular smooth muscle
cells. They are also modulated by cAMP vasodilator agonists and open by membrane
depolarization (Aiello et al., 1998; Jackson, 2005; Li et al., 2003). ATP-sensitive K*
channels are sensitive to changes in the metabolic demand, increasing their open probability
when an increased level of ATP and ADP exists in the microenvironment (Jackson, 2005;
Quayle et al., 1997). While other vasodilators are produced during exercise, hypoxia and
acidosis activate these channels by activating their respective phosphorylation mechanisms
(Jackson, 2005; Quayle et al., 1997). Endothelium-derived vasoactive molecules exert their
actions using protein kinases (PKG, PKA), to modulate the opening of Kca channels or
protein kinase C (PKC) to slow channel opening as an inhibitory effect (Hu et al., 1991;
Ledoux et al., 2006; Minami et al., 1993). Some of these vasoactive molecules include
prostacyclin (PGl,), nitric oxide (NO), endothelium hyperpolarizing factor (EDHF), and

endothelin (ET-1).
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Several metabolites act on vascular smooth muscle cells to relax or constrict
vessel walls. NO is produced from the amino acid, L-arginine, and molecular oxygen by
the enzymatic activity of endothelial nitric oxide synthase (eNOS) (Duza et al., 2003;
Palmer et al., 1987; Sessa, 2004). The eNOS pathway is activated by acetylcholine and
bradykinin, neurotransmitters that increase intracellular [Ca?*] ions. NO acts on vascular
smooth muscle by activating soluble guanylyl cyclase to produce cGMP and PKG, resulting
in vasodilation (Denninger & Marletta, 1999; Arnold et al., 1977; Palmer, 1987). Another
endothelium-derived vasodilator that can respond to a variety of stimuli is prostacyclin
(PGL), produced from arachidonic acid (AA) through prostacyclin synthase by the
cyclooxygenase (COX-1) pathway (Albertini et al., 1996; Luscher & Vanhoutte, 1990;
Max et al., 1999; Norel, 2007). PGI; acts directly on vascular smooth muscle cells by
stimulating adenylate cyclase to increase cyclic AMP (cAMP) to elicit vasodilation
(Frisbee et al., 2001; Messina et al., 1992; Lombard et al., 1999; Ngai, 2010). Endothelium-
derived hyperpolarizing factor (EDHF) activates potassium channels to hyperpolarize
underlying vascular smooth muscle cells and block calcium entry via Ca* channels for
relaxation (Ding et al., 2000; Matthewson & Dunn, 2014). Both NO and PG can
hyperpolarize vascular smooth muscle cells but an additional mechanism exists involving
the EDHF (Busse et al., 2002; Budel et al., 2003). However, the specific identity(ies) of
EDHF themselves and their associated initiating factors are not fully understood (Chauhan
et al.,, 2003; Si et al., 2006; Feletou & Vanhoutte, 2009). Endothelin-1 (ET-1) is a
vasoconstrictor peptide and the most potent endothelin isoform (Wynn et al., 2009). ET-1
is released in the direction of smooth muscle cells to bind Gq-coupled endothelin subtype

A (ET-a) receptors to elicit skeletal muscle contraction through inhibition of Kca channel
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actions by PKC (Rubanyi & Polokoff, 1994; Schiffrin & Touyz, 1998; Webb & Haynes,
1995). ET-b receptors exist on both endothelial and vascular smooth muscle cells. In
response to changes in transmural pressure, ET-b receptors on vascular smooth muscle cells
are activated along with ET-a to elicit vasoconstriction. Although, if ET-1 binds to ET-b
on the endothelial cells instead, NO is produced and will mediate the relaxation of the
underlying smooth muscle (Kawanabe et al., 2011; Rubanyi & Polokoff, 1994; Schiffrin &
Touyz, 1998; Webb & Haynes, 1995). These metabolites may act through slightly different
mechanisms, but they can all elicit a vasoactive response in skeletal muscle tissue to

promote matching blood supply with metabolic demand.

Vascular wall cells can sense and act on intrinsic forces such as vessel wall shear
stress and circumferential wall stress by transmural pressure (Koller & Kaley, 1991;
Jimenez et al., 1996; Kotecha & Hill, 2005; Lehoux et al., 2006; Shi & Tarbell, 2011;
Jackson, 2020, 2021). Increased blood flow can cause mechanical pressure which exerts a
force on the vessel wall endothelial cells, known as shear stress (Hull et al., 1986; Koller
& Kaley, 1991). When shear stress is elevated, it initiates a vasoactive response to increase
blood flow in upstream conduit vessels, also known as flow-induced vasodilation (Hull et
al., 1986; Kuo et al., 1990; Pohl et al., 2000; Li & Xu, 2007). This dilation of resistance
arteries and arterioles increases blood flow downstream to enhance nutrient delivery and
waste removal in downstream capillaries and post-capillary venules. Increased shear stress
elevates endothelial [Ca®'], which activates the eNOS pathway; therefore, the flow-induced
vasodilation mechanism occurs partly through the actions of nitric oxide (Griffith et al.,

1989; Falcone et al., 1993; Shi & Tarbell, 2011). Arterioles also respond to local transmural
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pressure increases that stretch their vascular smooth muscle, known as the myogenic
response (Bayliss, 1902; Davis et al., 1993, 1999; Korthuis, 2011). In resting conditions,
myogenic tone refers to the steady state of vascular smooth muscle contractile activity that
occurs in a pressurized vessel, contributing to blood flow distribution to and within tissues
(Schubert & Mulvany, 1999; Jackson, 2020). However, when transmural pressure
increases, it activates mechanosensitive ion channels to increase muscle contraction
through membrane depolarization and intracellular [Ca?'] increase in smooth muscle

promoting vasoconstriction (Schubert & Mulvany, 1999; Carlson et al., 2005).

Endothelial cells contribute to the conduction and integration of local
vasodilatory signals facilitated by cell-to-cell communication along the microvascular
endothelium (Ellsworth, 2013, Segal & Duling, 1987,1989; Dietrich & Tyml, 1992). K*
channels assist in the propagation of a stimulus over a distance via electrical coupling
among vascular smooth muscle and endothelial cells, known as a conducted response
(Segal, 1989; Ngo et al., 2013; Dora, 2016, 2017). Such cells are tightly connected in small
arterioles via gap junctions expressing connexin channels. The connexin channels provide
direct communication between cells and enable the spread of endothelial hyperpolarization
to smooth muscle cells (Emerson & Segal 2000; Dora, 2010). Local vasodilation of
arterioles by metabolite actions in extracellular space (K, Adenosine) can initiate a
conducted response upstream to feed arteries to increase arteriolar and capillary perfusion
(Bagher & Segal., 2011; Beach et al., 1998; Diep et al., 2005; Hungerford et al., 2000;

Segal & Duling., 1986; Segal, 1991; Takano et al., 2005; Ngo et al., 2010). Metabolic
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demand fluctuations that elicit local vasodilation are insufficient without upstream

conducted responses that direct blood flow increases to fully support tissue needs.

Metabolic demand is an essential determinant of skeletal muscle blood flow
regulation between tissue regions. The diameter of the arteriolar walls is modulated to
adjust resistance and therefore blood flow to meet tissue needs. As mentioned above,
skeletal muscle arterioles exhibit basal tone that maintains a low blood flow rate under
resting conditions. However, this sympathetic vasoconstriction is reversed during exercise,
through actions of vasodilatory metabolites (e.g., Adenosine) to direct blood flow into
active skeletal muscle tissue, via processes collectively termed functional sympatholysis
(Anderson et al., 1991; Doyle & Duling, 1997; Furchgott, & Zawadzki, 1980; Hearon et al.,
2020). Skeletal muscle capillary perfusion can be increased up to 100-fold through
coordinated vasodilation of supplying arterioles to increase oxygen delivery into active
muscle fibres (Korthuis, 2011; Attrill, 2019). This elevated tissue activity and blood flow
during exercise generally is referred to as active, or functional hyperemia which
dynamically adjusts to match the oxygen demands of tissues (Marvar et al., 2007; Samora

et al., 2008; Sindler et al., 2009).

Oxygen is an essential component of local blood flow regulation in skeletal muscle as
oxygen supply is closely matched to the oxygen demands of tissue (Sparks, 1980; Rowell,
2004; Saltin, 2007; Laughlin et al., 2012; Golub & Pittman, 2013). For example, endothelial
cells release NO and PGI; under hypoxic conditions to regulate blood flow and oxygen
delivery through vasodilatory actions (Pohl & Busse, 1989; Hellsten et al., 2012). To what

extent oxygen is involved in regulating blood flow has yet to be fully described. Still, many
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studies have focused on determining the mechanism and location responsible for regulating

oxygen-mediated blood flow, as outlined in the following section.

1.5 MECHANISMS OF OXYGEN-MEDIATED BLOOD FLOW REGULATION AND

LOCATIONS OF THE OXYGEN SENSOR

Oxygen (0O2) regulation is a physiological function required to maintain the body’s
metabolic demands. Oxygen supply is directly proportional to the oxygen demand in
essential tissue or organs such as the skeletal muscle, kidneys, and the brain (Sparks, 1980;
Emerson & Segal, 1997; Golub & Pittman, 2013). In the microcirculation, a vasoactive
response occurs when oxygen levels change, leading to vasoconstriction in the presence of
high [O2] (Duling, 1972; Hutchins et al., 1974; Welsh & Segal, 1998; Frisbee & Lombard,
2002) and vasodilation in the presence of low [O2] (Pittman & Duling, 1973; Fredricks et
al., 1994a; Frisbee et al., 2002) The control response associated with changing [O:]
suggests an oxygen sensor exists, yet there are several potential candidates (Jackson, 2016).
Some studies indicate that an O, sensor lies within microvascular vessels (Pittman &
Duling, 1973; Duling 1974; Jackson & Duling., 1983; Jackson, 1987; Ellsworth &
Pittman,1990; Pries et al., 1995; Hester, 1993; Messina et al., 1994). In contrast, other
evidence suggests that the sensor resides in the tissue surrounding microvessels (Haddy &
Scott., 1968; Harder at al., 1996; Jackson & Duling,1983; Storch et al., 2015). Although
multiple hypothetical sensors and mechanisms are involved, there remains many
unanswered questions regarding the sensing and control of blood flow in skeletal muscle

microcirculation in response to changing [Oz].
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The microvascular control of oxygen supply to tissue cells requires a precise localized
sensor coupled with one or more mechanisms that can be activated with the speed and
sensitivity needed to titrate supply under physiological conditions. Duling & Berne
discovered a longitudinal PO, gradient that exists along the arteriolar tree, suggesting a
location for oxygen control (Duling & Berne, 1970). For oxygen to be involved directly
with regulating vascular function, local O tension of the vascular smooth muscle cells must
be altered by supply and demand changes, and the PO, must be in a range where alterations
of smooth muscle cell contractility can occur (Duling, 1972). The sensitivity of individual
arterioles to oxygen tension has been analyzed in the search for determining the location
responsible for sensing oxygen demands (Duling & Berne, 1970; Duling, 1972, 1974;

Pittman & Duling, 1973; Jackson, 1987).

The contractile state of the arterioles' vascular smooth muscle shifts based on the
tissue’s oxygen supply. Based on this understanding, it was proposed that the vascular
smooth muscle or an arteriole component could sense O» changes. Experimentally,
arterioles vasoconstrict when exposed to high PO, solutions overlying muscle tissue
preparations (Duling & Berne, 1970; Duling, 1972; Hutchins et al., 1974; Welsh & Segal,
1998; Frisbee & Lombard, 2002). This arteriolar vasoactive response to Oz supports such a
proposal, however, these studies failed to determine whether oxygen directly or indirectly
affects vascular smooth muscle in the arteriolar wall (Duling, 1972). To understand the
sensitivity of individual arterioles for sensing O», intravital studies compared the vasoactive
responses to POz changes when individual cheek pouch arterioles were stimulated versus

the entire tissue (Duling, 1974). Neither the arteriolar wall response from manipulations by
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altering the PO of fluid-filled micropipettes, nor the response from in situ perfusion of
arteriole segments showed arteriolar O; reactivity in the vessel wall (Duling; 1974; Jackson,
1987). In contrast, vasoconstriction was induced when PO, was increased within the
superfusion solution flowing over an entire cheek pouch (Duling, 1974; Jackson, 1987).
Therefore, these groups concluded that individual vessels could not directly sense and
respond to O> changes, suggesting control occurred elsewhere, potentially involving the

parenchymal cells (Duling, 1974; Jackson, 1987; Duling & Pittman, 1975).

Experimental protocols have been developed to focus on multiple areas in the
microcirculation to examine potential locations of O sensing. Jackson & Duling utilized
rodent models with and without a parenchyma to quantify the involvement of parenchymal
cells near capillaries and arterioles in oxygen-mediated regulation (Jackson & Duling,
1983). Oy reactivity responses were observed in the hamster cheek pouches with their
parenchyma removed, providing no support for the role of parenchyma in O, reactivity
(Jackson & Duling, 1983). Still, it suggests arterioles or elements of arterial vasculature
and blood may be the site of oxygen sensing within the system. Contradicting evidence
exists from intravital studies, suggesting smooth muscle is not involved in sensing O>
(Jackson, 1987; Messina et al., 1992, 1994). The current literature constitutes numerous

examples of contradicting evidence for multiple potential sensors.

The endothelium is a component in the vascular wall that has also been studied for
potential involvement in local Oz sensing. Ex vivo experiments using pressure myography
provide supporting evidence for endothelial cells as a potential O, sensor, in arteries, large

arterioles, and first-order cremaster arterioles (Busse et al., 1983, 1984; Jackson, 1987,
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Messina et al., 1992,1994; Fredricks et al., 1994a, 1994b; Ward, 1999; Frisbee et al., 2001a,
2001b, 2001c). Although, a large quantity of the data was collected in conduit arteries rather
than at the microvascular level. However, pressure myography using rat gracilis muscle
feed arteries lacking an endothelium displayed some O» reactivity in a PO, range of 10 -
150 mmHg (Frisbee et al., 2002). Although, it is important to consider that data collected
at high PO> of 150 mmHg in arterioles is above the physiological range. Experimental work
on rat cremaster arterioles with intact endothelium did not affect myogenic tone when PO»
changed (Tateishi & Faber, 1995a; Kerkhof et al., 1999). The main comparison between
studies that support endothelial cells as an O> sensor and ones that did not, were the
presence of luminal flow only in studies with evidence supporting endothelium dependent
O; reactivity (Jackson, 2016). Additionally, IVVM data described earlier did not support
endothelial cells as the sensor for mediating arteriolar O, reactivity (Duling, 1974; Jackson,
1987). A critical difference in these studies was that vessels with diameters > 50 um were
used in ex vivo work. In contrast, vessels smaller than 40 pm in diameter were observed in
intravital studies. The varying results obtained from in vivo studies lack significant support

for the arteriolar smooth muscle cells or endothelial themselves to act as an O» sensor.

Along with the location of this proposed sensor, the mechanism regulating
oxygen-mediated blood flow and smooth muscle tone remains to be determined.
Endothelium-derived vasodilators prostacyclin and nitric oxide have been studied for their
involvement in Oz regulation. PG> has been shown to mediate the dilation of arteries and
large arterioles to a reduction in PO, from 150 mmHg to 20 - 50 mmHg (Busse et al., 1983,

1984; Fredricks et al. 1994a, 1994b; Frisbee et al., 2001b, 2001c, 2002). Although, the role
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of PG> in mediating arteriolar O> reactivity remains unclear (Messina et al., 1992). O>
reactivity was analyzed in rat skeletal muscle by observing responses pre- and post-removal
of the endothelium, and while a prostaglandin inhibitor, indomethacin, was administered
(Messina et al., 1992). Arteriolar O, reactivity was present in all three experimental
protocols, suggesting prostaglandins did not directly sense O changes. Isolated rat
cremaster muscle arterioles vasoconstrict at high PO, (150-600 mmHg) by reducing PGI>
synthesis, supporting endothelial cells’ role in regulating blood flow at elevated tissue
oxygen tension (Messina et al., 1994). Although, contrasting evidence exists showing that
inhibiting cyclooxygenase in various intravital muscle preparations did not affect arteriolar
O; reactivity (Jackson, 1986; Pries et al., 1995; Ngo et al., 2013). Therefore, the mechanism

and role of endothelium as an O; sensor are still unclear.

The involvement of NO in arteriolar O; reactivity has been extensively studied.
Several ex vivo studies provided evidence to support PO,-dependent vasodilation mediated
by NO in rabbit aortas and femoral arteries when exposed to low PO- perfusing solutions
(Pohl & Busse, 1987), in hamster carotid arteries when PO> was reduced from 150 to 20-
30 mmHg (Jackson, 1987), and in rat spinotrapezius muscle and intestinal arterioles in situ
(Nase et al., 2003; Pries et al., 1995). However, intravital studies obtained contrasting
evidence that showed the inhibition of NO synthesis did not affect the ability of arterioles
to vasodilate under low O conditions in hamster cheek pouch (Jackson, 1991) or mouse
cremaster muscle (Ngo et al., 2010, 2013; Riemann, 2011). Variability remains in the O>

reactivity responses, depending on location, preparation, and target mechanism.
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More recently, researchers have found evidence supporting erythrocytes as the
vascular sensor and regulator of Oz supply. Erythrocytes contain an essential component of
the oxygen transport system, hemoglobin, which is directly influenced by [O:].
Erythrocytes’ role as an O» carrier supports their ability to respond to oxygen demands. It
is well established that when RBCs arrive at the arteriole level, they experience an O»
gradient related to the oxidative metabolic demands of nearby tissue, causing the offloading
of oxygen from hemoglobin to trigger a simultaneous increase in blood flow (Ellsworth et

al., 1995, 2004).

Three proposed mechanisms exist for how erythrocytes may act as an O sensor.
The first mechanism involves a conformational change associated with the desaturation of
hemoglobin when exposed to low PO and decreasing the binding affinity of S-nitrosothiol

(SNO) to hemoglobin (Stamler et al., 1997). Typically, oxyhemoglobin promotes the

binding of NO and cysteine to form S-nitrosohemoglobin (SNO-Hb). It is proposed that
when SNO is released in the tissue from oxyhemoglobin, it acts as a vasodilator to increase
blood flow and oxygen transport (Jia et al., 1996; Stamler et al., 1997). Although some
evidence exists, the role of SNO in vivo remains unclear (Patel, 1999; Gladwin &
Schechter, 2004; Gladwin, 2003). The second proposed mechanism involves the ability of
deoxyhemoglobin to act as a nitrite reductase, converting nitrite to NO (Patel et al., 1999;
Cosby et al., 2003; Gladwin et al., 2004). This mechanism does provide evidence for
erythrocytes inducing vasodilation on arterioles locally at low SO». Still, this mechanism
does work in the required time and space to control erythrocyte distribution rapidly

(Ellsworth et al. 2009). A conducted signalling mechanism is necessary to elicit a
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vasoactive response that can travel across the vascular tree and enable communication from
capillaries to arterioles to regulate blood flow in response to Oz (Collins et al., 1998).
Neither of the two proposed mechanisms above accounts for this, as there is no evidence

for the role of either in conducted responses (Ellsworth et al, 2009).

Lastly, the third and most thoroughly studied mechanism proposed for oxygen-
mediated regulation is the release of ATP from erythrocytes (Ellsworth et al., 1995, 2004,
2009, 2013; Stein & Ellsworth, 1993; McCullough et al. 1997; Gonzalez-Alonso, 2002;
Sprague, 2009; Hanson et al., 2009; Ellis et al., 2012; Sové et al., 2021). Along with many
animal studies, this mechanism has also been proposed in human experiments (Ellsworth,
2000; Gonzalez-Alonso, 2002, 2006 2012; Sprague et al., 2010). Initially, erythrocytes
were shown to release ATP under low O2 levels and were proposed to result in local
vasodilation (Bergfeld & Forrester, 1992). Not long after, Stein & Ellsworth confirmed that
local vasodilation occurs in the presence of ATP at the arteriole level (Stein et al., 1993).
Purinergic receptors were discovered on the endothelium, and the local vasodilation
resulted in conducted downstream responses (Stein et al., 1993). Additionally, O, content
(SO2) was shown to be more critical than PO, (partial pressure of oxygen) for
microvascular regulation, as erythrocytes released signalling molecules to modulate blood
flow in response to a drop in internal hemoglobin SO, (Stein et al. 1993; Ellsworth et al.
1995). This proposal became more robust when similar response occurred during exposure
to decreased pH (Ellsworth, 1995) and mechanical deformation (Sprague, 1998; Wan et al.,
2008, 2011), providing further evidence of the erythrocyte’s suggested role. Multiple

studies showed local vasodilation occurred in the vascular lumen, conducted upstream to
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arterioles in the presence of ATP (Kurjiaka & Segal, 1995; McCullough et al., 1997; Dora,
2017). Another study injected ATP into skeletal muscle venules to successfully elicit
conducted vasodilation from capillary networks to upstream feed arterioles, increasing

erythrocyte flux and thus increase O tension in the tissue (Collins et al., 1998).

If RBCs are responsible for O; sensing, a stimulus must initiate their associated
signalling pathway. The responsible activator has not been confirmed in the literature. The
pathway was believed to be triggered by the desaturation of hemoglobin (Jagger et al.,
2001), consistent with earlier findings by Stein & Ellsworth (1993). More recently, it was
hypothesized that membrane-bound hemoglobin desaturates, resulting in a conformational
change and a local membrane deformation. It is a direct mechanical stimulus activating the
Gi protein (Sridharan, 2010b; Wan et al., 2008, 2011). Activation of the Gi protein activates
adenyl cyclase to increase cyclic adenosine monophosphate (cAMP), protein kinase A, and
the cystic fibrosis transmembrane inductance regulator to release ATP (Sprague et al.,
1998; Sidhuran, 2010b) Therefore, in hypoxic conditions, this signal transduction pathway
modulated by RBCs would result in an increased ATP release through pannexin-1 channels
binding to purinergic receptors (P2Y?2) on the vascular endothelium (Sridharan et al., 2010a;
Needham, 1987; Rubino et al., 1995; Malmsj6 et al., 1999; Wihlborg et al., 2003).
Conducted signalling is believed to occur by the activation of P,Y> receptors along the
vascular endothelium in both arterioles and capillaries. This activates Katp channels and
hyperpolarization of endothelial and smooth muscle cells, resulting in conducted

vasodilation upstream to increase the supply of Oz-carrying RBCs (Jackson, 2005; Quayle
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et al., 1997; Campbell et al. 1996; Dietrich et al., 2000, 2009; Segal & Duling, 1989; Ellis

et al., 2012).

Conflicting evidence and opinions exist for the site of ATP release and the
associated mechanisms. It was initially thought that if ATP is released in the arterioles,
vasodilation in adjacent smooth muscle cells will occur quickly (Duling 1974; Jackson,
1987). Although, the transit time for RBCs in arterioles is relatively short, meaning
desaturation and ATP release would have to occur quickly. Interestingly, venules are
thought to be optimally positioned for monitoring the metabolic demands of the tissue and
modulating the arteriolar wall (Anciero et al., 2008; Segal, 2005). Some studies have shown
that ATP injected into venules causes a conducted vasodilation response to arterioles and
that ATP release from RBCs could be initiated at the arteriole level and in venules (Collins
et al., 1998; Hester & Hammer, 2002; Ellsworth, 2004; Arciero et al., 2008; Segal, 2005).
Mathematical model results support that conducted responses propagated to arterioles are
stimulated by ATP release in venules and can account for the blood flow changes that occur
in response to elevated [O2] (Arciero et al., 2008). Experimental evidence shows that
conducted responses travel 0.5-2 mm, and venular-arteriolar communication requires a
travel distance of up to 1 cm (McCullough et al., 1997; Collins et al., 1998). Although, it
is believed that this result is due to the limited field of view in intravital microscopy and
not completely representative of the maximum distance for conducted responses. It is
suggested that venules assist the overall O, supply to larger regions of the microvascular
bed in relation to their crosstalk with paired arterioles (Ellis et al., 2012; Hester & Hammer,

2002).
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Although the ATP mechanism is broadly described at the arteriole level, changes in
PO; have been proposed to stimulate RBCs to release ATP downstream at the capillary
level to induce a response from endothelial cells, either directly or via conversion to
adenosine (Duling & Berne, 1970; Collins et al., 1998; Duza & Sarleius, 2003). It is
hypothesized that capillaries signal upstream arterioles for changes in erythrocyte supply
rate in an oxygen saturation (SOz) dependent manner through hyper-polarization of
endothelial cells (Ghonaim et al., 2011; Ellis et al., 2012; Lamb et al., 2021). The capillary
structure and components make it an ideal location for the transduction of O: sensing.
Erythrocytes also travel through capillaries more slowly, resulting in longer transit times
when compared to arterioles. Therefore, capillaries offer a site that provides erythrocytes
sufficient time for equilibrating with the surrounding tissue, using a ubiquitous mobile O
sensor that can communicate with the surrounding vasculature via ATP release, thus
producing highly localized and rapid signalling response to regulate oxygen-mediated

blood flow (Figure 1.2).
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Figure 1.2 Proposed mechanism responsible for oxygen (O:) mediated blood flow
regulation at the capillary level. This proposal involves a mechanism that may occur
when [Oz] decreases in the tissue. It suggests that O released from erythrocytes causes a
conformational change in hemoglobin. This activates the heterotrimeric G-protein (Gi),
which stimulates adenylyl cyclase (AC) activity and results in an increase in 3’5’-adenosine
monophosphate (cAMP), activation of protein kinase A (PKA), and the cystic fibrosis
transmembrane conductance regulator (CFTR). ATP is released through pannexin 1
channels and bind to purinergic receptors (PR) on the endothelium (Endo) to stimulate the
production of vasodilators for local relaxation of vascular smooth muscle (SMC) and
dilation that is conducted upstream (Figure obtained from Ellsworth, 2016 with

permission).
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1.6 MICROVASCULAR PREPARATIONS & MEASUREMENTS

Highly specialized techniques are necessary for studying the microvasculature due to
its small scale and delicate nature. Specialized techniques are chosen for this vascular level
due to the difficulty faced with the accessibility and conditions needed to maintain the
physiological state of the preparation being observed. Oxygen-mediated blood flow
regulatory mechanisms have been studied through various experimental methods and
apparatus targeting the microvasculature (Duling, 1970, 1974; Hirai et al., 2010, 2021;
Pittman, 2011; Ellsworth, 2004). Focusing on the microvascular level allows researchers
to analyze blood flow responses directly at the primary exchange area, where precise
regulatory processes are at play. The regulatory responses at high-level feed arteries do not
entirely reflect the resulting blood flow, which could be observed in individual
microvessels or the dynamic local responses in arteriolar and capillary networks. By
combining specialized techniques with suitable analytics, the ability to quantify the overall

tissue response and the individual responses in various vessel types can be completed.

For decades, many researchers have sought to obtain novel insights regarding O:
reactivity at the microvascular level, with the tools and techniques used for measurements
evolving considerably (Krogh, 1919; Duling, 1970, 1972; Hutchins et al., 1974; Jackson &
Duling, 1983; Welsh & Segal, 1998; Frisbee & Lombard, 2002; Pittman & Duling, 1973;
Fredricks, 1994a, 1994b; Golub & Pittman, 2008). Researchers have shifted their focus
from analyzing regulatory mechanisms in large and feed arteries to targeting blood flow in
arteriole and capillary microvascular preparations (Duling et al., 1972, 1973, 1981,

Hutchins et al., 1974; Jackson & Duling, 1983; Busse et al., 1983; Jackson, 1987; Welsh &
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Segal, 1998; Schjorring et al., 2015; Jackson, 2016). Microvascular preparations allow
researchers to study local control mechanisms and observe microscale responses in
exchange vessels. With the proper measurement techniques, microvascular preparations
can be used to quantify tissue oxygen conditions in various tissues. In the scope of this
thesis, previous studies that require oxygen tension measurements in tissues typically
measure blood flow responses that co-occur, but the techniques used differ depending on

the experimental preparation at hand.

Oxygen measurement techniques are commonly chosen based on the microvascular
preparation used in the study. The ability to accurately measure [O:] is critical in
microvascular O; reactivity studies that provide novel insights into the local control of
microvascular blood flow. If Oz is mismeasured in experimental work that provides context
for regulatory mechanisms, our understanding of the responses associated with these O2
levels may be confounded. Depending on the specific study’s focus, different measurement
techniques are more or less suitable. For example, the O2 microelectrode is a standard
polarographic determination of oxygen tension and has been used to measure PO: in
individual microvessels such as cheek pouch arterioles (Whalen, 1967; Duling & Berne,
1970; Duling, 1972, 1974, 1979; Ivanov et al., 1982; Jackson & Duling, 1983; Beurk,
2009). The micro-electrode tip is <5 um and is placed on the external surface (perivascular)
of arterioles to avoid platelet aggregation that can occur from sharp object penetration
(Buerk, 2004). Micro-electrodes obtain spatially specific O, measurements, a valuable
property for studying individual microvascular responses. Their use has led to novel

insights into O2 reactivity in skeletal muscle arterioles (Duling & Berne, 1970; Hutchins et
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al.,1974; Kimura et al., 2007). Although they require precise placement, this can be a time-
consuming tool and are not an ideal option for dynamic preparations. Additionally, this tool
on its own cannot simultaneously measure flow or RBC flux with O, measurements.
Therefore, two separate measurements would be required if both measurements were vital,

as they are in this thesis.

Experiments requiring PO, measurements of entire muscle tissue or for dynamic muscle
preparations commonly use the phosphorescence quenching method (PQM) (Rumsey et
al., 1988; Behnke et al., 2001; Poole et al., 2004; Carhalho & Pittman, 2008; Golub &
Pittman, 2008; Pittman et al., 2010; Hirai et al., 2010, 2018, 2019; Colburn et al., 2020).
PQM is a non-invasive tool delivered via microinjection of an oxyphor probe to the muscle
of interest or through an intravascular catheter, based on the ability of O, to quench the
phosphorescence of excited phosphor molecule (Smith et al., 2002; Wilson et al., 1987;
Wilson et al., 2006). PQM offers a high degree of temporal resolution but limited spatial
resolution when quantifying muscle tissue SO and vascular PO, gradients in skeletal
muscle (Rumsey et al., 1988; Behnke et al., 2001; Poole et al., 2004; Hirai, 2018; Golub &
Pittman, 2008). The phosphor is introduced intravascularly, creating a mixed signal from
multiple levels of vasculature, making it impossible to only measure capillary O,.
Compared to micro-electrodes, PQM offers less spatial specificity but can obtain O>
measurements without direct tissue manipulation; except for the potential interaction of
reactive oxygen species (ROS) generated by high energy excitation wavelengths (Poole et
al., 1995; Colburn et al., 2020). This technique applies a principle referred to as collisional

quenching, stating that a singlet Oz is created due to the excitation of phosphor and decay

35



by the emission of light (phosphorescence) or the transfer of energy to O (Pittman, 2011).
Collisional quenching is a limiting factor for PQM in microvascular preparations as the
singlet O> can oxidize and cause tissue damage and be consumed in the tissue over-
approximating the Oz consumption in the vascular wall being measured (Colburn et al.,

2020).

In addition to measuring O in microvascular preparations, specialized techniques exist
for quantifying microvascular Oz reactivity in tissue microenvironments through measuring
blood flow. A significant difference between these measurement techniques is the scale at
which the measurements are taken and whether they provide a direct or indirect value for
blood flow. Variations in scale include measuring superficial skin regions, arteriole
diameter changes, individual capillary hemodynamics, and relative microvascular blood

flow.

A few non-invasive and continuous blood flow measurement tools have been used in
Os regulatory studies. One of these tools is laser doppler flowmetry (LDF), a technique that
continuously measures skin microvascular blood flow, providing researchers with an
understanding of tissue level activity more accurately than bulk flow (Bartlett, 2020; Pitett
et al.,, 1992). LDF signal is the product of mean red blood cell velocity, calculated by
moving RBCs in the superficial region of the skin to change the frequency of the
backscattered light (Pittet et al., 1982; Nilsson et al., 1980). LDF technique has been used
to determine whether the changes in DO» (oxygen delivery) and VO2 (oxygen consumption)
induced by vasodilators correlate with their effect on the microcirculation (Pittet et al.,

1992) and to quantify microvascular hemodynamics during ischemic stimulus (Bartlett,
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2020). Similarly, near-infrared spectroscopy (NIRS) is also capable of continuously and
noninvasively measuring relative changes in microvascular blood flow in human organs
and skeletal muscle (Bartlett, 2020; Jones, 2016). However, since NIRS is not an imaging
modality, it cannot visualize the microcirculation or measure hemodynamics in individual
vessels as required to study microvascular O reactivity responses. Although LDF and
NIRS can quantify microvascular flow, they cannot offer the spatial specificity to collect

individual capillary responses to confirm O; regulatory responses.

Indirect indices of blood flow rate can be obtained by analyzing vessel wall diameter
changes and correlating them to blood flow. Pressure myography is an ex vivo method used
to study Oz reactivity and vascular contractility by measuring vessel wall diameter changes
in feed arteries and larger arterioles exposed to different [O2] (Pohl & Busse, 1983, 1984;
Jackson, 1987; Kerkhof, 1999; Duling, 1981; Dora, 2017). This method is better suited for
the interest in large vessels like feed arteries, as the technique requires discrete vessel
segments for cannulation (Duling, 1981). Such cannulation requires the use of vessels with
sufficient length (>2-3 mm), the ability to survive vessel isolation, and to remain
undamaged between two cannulas placed for myography. For example, terminal arterioles
lumen diameter (~15 pm) can handle only minimal manipulation, therefore harvesting
these small vessels embedded within muscle tissue via dissection is impractical (Wenceslau

et al., 2021).

A common technique to observe and manipulate the microvasculature is by visualizing
live animal muscle preparations using intravital video microscopy (IVVM). IVVM is a

standard imaging method that can observe the microcirculation in real-time and record
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microvascular blood flow of various muscle preparations (Dietrich & Tyml, 1992;
Dewhirst, 2000; Varghese, 2005; Ellis et al., 2012; Ghonaim et al., 2011, 2021; Sové et al.,
2021; Russell McEvoy et al.,, 2021, 20211). Muscles with locomotor function are
commonly chosen for studying microcirculation using IVVM as they are salient models for
observing blood flow responses during exercise or hypoxia. When choosing a muscle
preparation, it is essential to consider the ability for surgical isolation and externalization
onto a microscope setup without damage to muscle viability. More importantly, the
muscle’s size and ability to separate from its surrounding structures, the preservation of
nervous innervation and a continuous blood supply even when placed onto the microscope
stage are factors to consider. Many muscle preparations can be used and fit the criteria to
observe the microcirculation. These include, but are not limited to, the hamster cheek
pouch, the cremaster, the spinotrapezius, and the extensor digitorus longus (EDL) muscles
(Tyml & Budreau, 1991; Gray, 1973; Duling, 1973; Charter et al., 2018). These muscle
preparations are chosen based on their physical characteristics, optical properties, and

ability to be used with the available (IVVM) equipment.

The cremaster preparation has been used extensively to study the arteriolar tree and
vasomotor responses to various stimuli (Hutchins, 1974; Tateishi & Faber, 1995a, 1995b;
Kurjiaka & Segal, 1995; Frisbee & Lombard, 2002; Riemann et al., 2010; Murrant et al.,
2014; Dora, 2017; Lamb et al., 2018; Charter et al., 2018). A considerable portion of our
understanding of vascular reactivity is through work using this unique preparation. The
cremaster is a thin muscle allowing easy transillumination to visualize the arteriolar tree.

The cremaster can be readily externalized and pinned out flat for imaging where a
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superfusion bicarbonate buffer solution continuously bathes the muscle during
experimental protocols (Grant, 1964). A superfusion solution is a physiological salt
solution equilibrated with specific gas concentrations dependent on each study, exposing
the muscle to a mixture of fixed gas concentration and the atmospheric environment around
it. Although, some common superfusion solutions contain a 95% Nz and 5% CO; gas
composition lacking oxygen entirely, which is a confounding factor in itself, with potential
impact on local tissue oxygenation. As a result, baseline blood flow may be elevated to
supply the required oxygen in these preparations. Therefore, this may affect blood flow
measurements gathered from O> reactivity studies as the chosen oxygen concentrations

exposed to the muscle tissue may impact them.

The cremaster muscle’s unique function to maintain adequate temperature and support
in the testes should be considered when discussing this preparation (Bagher & Segal, 2011).
This isolated muscle can exhibit spontaneous muscle tone during experiments due to its
inherent function, requiring a nerve-blocking agent to prevent spontaneous movement
when visualizing and imaging blood vessels. It is difficult to know whether the O> reactivity
insights gained using this muscle preparation are a good comparison for any skeletal
muscle, as the cremaster may have tissue-specific responses due its highly specialized

function.

The same can be said for the hamster cheek pouch, which expands to support ample
food storage, a unique purpose in hamsters (Duling, 1973). The hamster cheek pouch
preparation has been utilized in regulatory studies that gained novel insights into vascular

smooth muscle function and conducted signalling in arterioles (Duling & Berne, 1970;
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Duling, 1972; Jackson & Duling, 1983; Jackson, 1987; Lombard et al., 1999; Fox & Frame,
2002; Carvalho & Pittman, 2008). The cheek pouch is an anatomical structure that forms a
sac, which is transparent, very accessible, and ideally suited for studying microcirculation
(Svensjo et al., 1990). This highly vascular sac allows visualization of all microvasculature

classes within a microscope field (Duling, 1973).

Interests in studying microvascular blood flow during exercise and oxygen pressure
gradients prompted the development of skeletal muscle preparations as they are ideal to
study movement. In addition to exercise studies, the spinotrapezius muscle has been
utilized in important O reactivity studies in combination with similar superfusion solutions
as described above (Pries et al., 1995; Behnke et al., 2001; Kindig et al., 2002; Smith et al.,
2004; Golub et al., 2010; Hirai et al., 2010, 2018, 2021; Gray, 1973). This muscle is
relatively thin, originating in the spines of the thoracic vertebrae with a mixed fibre-type
composition and citrate synthase activity that resembles the human quadriceps (Delp &
Duan, 1996; Leek et al., 2001; Hirai et al., 2010). The spinotrapezius muscle is thought to
be a better model for metabolic demand studies as it is a postural muscle, capable of
contracting voluntarily, compared to the non-postural cremaster muscle (Xiang et al.,
2008). Therefore, different muscles may exhibit variable vascular responses to the same

stimuli (McAllister, 2003).

Depending on the muscle tissue’s shape, size, and orientation, the experimental
preparation can be combined with either a superfusion preparation or an isolated
preparation that covers the muscle with an impermeable membrane. In this thesis, [IVVM

is used to examine the microcirculation with a skeletal muscle that does not require a
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superfusion preparation, the extensor digitorum longus muscle. The EDL is a relatively
thick locomotor muscle of the rat's hind limb (Tyml & Budreau, 1991). The EDL can be
isolated and reflected onto an inverted microscope stage without disrupting the vasculature,
blood flow, nervous innervation, or surrounding tissues (Tyml & Budreau, 1991; Fraser et
al., 2012a). An impermeable film and coverslip cover the isolated muscle, protecting the
preparation from the surrounding environment and allowing visualization of a large field
of view (Tyml & Budreau, 1991; Ghonaim et al., 2011; Ellis et al., 2012). The isolated
muscle setup eliminates the impact [O2] deficient superfusion solutions have on tissue
blood flow. Arterioles are not easily visible in this preparation like they are in the cremaster
as they originate deep within the muscle, so primarily terminal arterioles, capillaries, and
collecting venules are visible. Therefore, this preparation is ideal for studies focused on
analyzing capillary-level responses and the spatial distribution of flow between discrete

capillary units (Tyml & Budreau, 1991).

Using IVVM, microvascular blood flow and vessel diameter changes are visualized
directly during tissue manipulations with various vasoactive stimuli (Duling & Berne,
1970; Duling, 1972; Dietrich & Tyml, 1992; Dewhirst, 2000; Kindig et al., 2002; Varghese,
2005; Hirai et al., 2010; Ellis et al., 2012; Ghonaim et al., 2011, 2021; Murrant et al., 2014;
Lamb et al., 2021; Sové et al., 2021; Russell McEvoy et al., 2021, 2022). However,
measuring hemodynamic and other microvascular measurements from IVVM data can be
challenging and time-consuming. For example, a manual analysis method was used to
quantify RBC hemodynamics prior to and post muscle contractions with bright field

microscopy (Kindig & Poole, 2002) and to measure arteriole wall diameter changes after
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altered tissue [O2] or at rest (Duling, 1970, 1972; Hutchins et al., 1974; Hirai et al., 2021).
Manual analysis methods often involve comparing images taken over a period in an online
software tool such as ImageJ (National Institutes of Health: http://rsbweb.nih.gov/ij/.) to
measure the movement of cells and obtain a cell count by the distance RBCs have travelled
(Kindig et al., 1999, 2002; Poole et al., 1997; Smith et al., 2004; Hirai et al., 2021; Duling,
1972). Arteriolar diameter can be measured using ImagelJ at various time point images
captured by IVVM to compare diameters changes during various [Oz] or other vasoactive
stimuli (Duling, 1970, 1972; Hutchins et al., 1974; Kindig et al., 2002; Murrant et al, 2014;
Dora, 2017; Lamb et al., 2021; Hirai et al., 2021). Therefore, experimental data can be
analyzed using manual frame-by-frame methods for research groups that don’t have access

to software packages functioning with IVVM to assist in these measurements.

In this thesis, IVVM was used to observe and measure oxygen-mediated blood flow
changes in the EDL muscle by [O2] perturbations from a gas exchange chamber in contact
with the muscle (Ellis et al.,, 2012; Ghonaim et al., 2011). This system can measure
hemodynamics and oxygen saturation changes of red blood cells in selected vessel
segments as shown in Figure 1.3 and 1.4 (Ellis et al., 1990, 1992, 2012; Japee et al., 2004;
Fraser et al, 2012; Ghonaim et al., 2021). The intravital recordings are made using a dual-
camera video microscopy system with an isosbestic wavelength (420 nm) and an oxygen-
dependent wavelength (438nm). Real-time videos are later processed into functional
images for use in vessel selection and determining vessel centerline for OD measurements
and space-time image (STI) generation by custom MATLAB software (Ellis et al., 1990,

1992; Japee et al., 2004; Fraser et al., 2012; Ghonaim et al., 2011, 2021). Video sequences
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captured at 420 nm wavelength are used to create variance functional images with a method
thoroughly described by Japee et al. (Japee et al., 2004). Functional images accurately
represent the borders of individual capillaries, which can be used to determine the two-
dimensional coordinates of the lumen and centerline within the capillary (Japee et al., 2004;

Fraser et al., 2012).

Custom computer software is used to describe the light intensity values along the
centreline of selected vessels from each video frame in the captured 420 nm sequence to
generate a 420 nm STI as shown in Figure 1.3 (Japee et al., 2004; Ellis et al., 1992).
Functional images are used to semi-automatically determine the vessel centerline location
to generate STI for both wavelengths. Changes in light intensity along the vessel centreline
are used to measure the single-file flow of red blood cells travelling through capillaries in
a small segment from a selected capillary. Space-time images (STIs) describe the transit of
cells through the capillary and their relative positions in the capillary lumen apparent from
with dark and light bands (as shown in Figure 1.3). The dark bands represent RBCS
travelling through a capillary, and the light bands represent the interceding plasma gaps in
vessels (Figure 1.3). The band’s appearance is related to the construction of an STI image
and depends on the RBC velocity in each capillary. As described thoroughly by Ellis et al.,
RBC velocity (um/s) and lineal density (cells/mm) are calculated using the 420 nm STI
images and a spatial correlation technique on the frame-by-frame light intensity data (Ellis
et al., 1990, 1992, 2012; Japee et al., 2004; Fraser et al., 2012). Using the product of RBC
velocity and lineal density (LD), RBC supply rate (cells/s) can be calculated and by using

LD and the 2D diameter (volume of the capillary segment being analyzed) to calculate tube
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hematocrit (%) on a frame-by-frame basis (Ellis et al., 1992; Japee et al., 2004; Fraser et

al., 2012).
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moving across the area of a selected vessel. A) Represents the determination of
instantaneous velocity as the slope of the red line (um/s). B) Shows determination of lienal
density as the number of RBCs present crossing the red vertical line (RBC/um). C) Shows
the determination of supply rate as the number of RBCs crossing the red horizontal line

(RBC/sec). Adapted from Ellis et al. 1992.
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Figure 1.4 Offline analysis completed with custom MATLAB software to measure
capillary RBC oxygen saturation and hemodynamics. Parameters were analyzed from
selected capillaries during imposed oxygen oscillation and challenges in skeletal muscle
tissue. A) Image representing the microcirculation from our 3-minute video sequence
captured at 30 frames/sec, (5400 frames/video sequence). B) Perfused capillaries with
single-file RBC flow are selected from functional images using a semi-automated process.
C) Light Intensity fluctuations from plasma gaps between RBCs are used to generate space-
time images (STIs), used to calculate hemodynamic parameters. D) RBC velocity of a
selected capillary across the oxygen challenge recording. E) Capillary hematocrit of a
selected capillary across the oxygen challenge recording. F) RBC supply rate of a selected
capillary across the oxygen challenge recording. G) RBC SO of a selected capillary across
the oxygen challenge. H) Imposed oxygen challenge from the gas exchange chamber during

the 3-minute recording.
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RBC oxygen saturation is measured using a spectrophotometric approach that
quantifies the optical density of RBCs at two wavelengths selected based on the relative
absorbance of oxy- and deoxyhemoglobin. Typically, an isosbestic and an oxygen-sensitive
wavelength are established, providing a reference wavelength where both oxy- and deoxy-
hemoglobin have the same molar attenuation coefficient (isosbestic) and a wavelength
where there is a significant absorbance difference between oxy- and deoxy-hemoglobin
(oxygen-sensitive) (Ellis et al., 1990). Both wavelengths are required to measure the
oxygen saturation of RBCs in the microcirculation, calculated based on the ratio of the
optical density measured from the oxygen-dependent wavelength divided by the isosbestic

wavelength (Ellis et al., 1990; Ellsworth et al., 1987; Ellis et al., 1992).
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Figure 1.5 Molar attenuation coefficients of hemoglobin. The difference in molar
attenuation coefficient for oxy- (red line) and deoxy- (blue one) hemoglobin is displayed
across the visible spectrum as depicted by the horizontal colour bar. In this thesis, 420 nm
and 438 nm wavelengths were used to calculate RBC oxygen saturation (Adapted from

Fraser, 2012, using data from Prahl, 1999).
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1.7 MICROFLUIDIC DEVICES USED IN MICROVASCULAR STUDIES

Microfluidic devices have become popular in the biomedical field with devices finding
use in clinical, industry, and bioscience research. A microfluidic device allows for the
precise manipulation of fluids, usually via finely patterned microscale channels. Devices
developed explicitly to study microcirculation are commonly fabricated with elastomers
such as poly(dimethylsiloxane) (PDMS), an inert, inexpensive, and modular material used
to mold an entire device, or components of a final prototype (McDonald et al., 2000;

Ghonaim et al., 2011; Russell McEvoy et al, 2021, 2022; Sov¢ et al., 2021).

For research purposes, these devices can be used with an IVVM setup and a muscle
preparation for which the device is designed. As mentioned in the previous section, the two
general preparation types for directly observing the microcirculation of a muscle by IVVM;
superfusion preparations, such as the cremaster, where a solution composed of a
physiological salt solution (PSS) that continuously bathes muscle, and isolated
preparations, like the EDL muscle, that can be isolated from the surrounding environment
(Grant, 1964; Anderson et al., 1988; Tyml & Budreau, 1991). As discussed in this chapter,
a microfluidic device developed for studying O, sensing, and regulation must be custom
designed to effectively work with one of these general preparations. This task requires high
precision and accuracy for a suitable microfluidic device that will pair well with an in vivo
preparation and fulfill the study’s goals. To purposefully design a device during the
conceptualization stage, mathematical modelling plays a vital role in determining likely
boundary conditions, surface measurements, and other necessary criteria (Goldman et al.,

2008, 2012; Ghonaim et al., 2013; Wang et al., 2013). The critical advantages of
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incorporating modelling data to inform microfluidic device development will be discussed

further in this section.

Before microfluidic devices were developed, studies focused on microvascular blood
flow and the manipulation of skeletal muscle microenvironments employed several
conventional approaches. The tissue microenvironment of muscle preparations has been
manipulated by intravascular injections (Ishizaka & Kuo, 1997), micropipette delivery
(Song & Tyml, 1993; Riemann et al., 2010; Charter et al., 2018), and topical application of

drugs dissolved in PSS (Charter et al., 2018).

An intravascular injection involves the administration of a substance directly into
venous or arterial catheters to travel through, and manipulate the circulation (Hutchins,
1974, Ishizaka and Kuo, 1997). Intravascular administration of substances will affect
downstream vessels and potentially the entire systemic circulation, influencing multiple
mechanisms involved with other levels of the vasculature. Micro-pipetting involves
pipetting a minute volume of a solution directly onto, or nearby a vessel of interest,
typically an arteriole. At the same time, the muscle surface is constantly perfused with PSS
providing a means to wash away the applied agents (Duling 1974; Riemann et al., 2010;
Charter et al., 2018). Although introducing substances with a micropipette is more spatially
precise than an intravascular injection, the area stimulated is somewhat uncontrolled,
resulting in the substance diffusing outward and being carried at lower concentrations
convectively and diffusively within the solution. Researchers work to position the
micropipette downstream of other vessels of interest, with the superfusion flowing away

from interacting structures (Riemann et al., 2010; Charter et al., 2018). Dissolving drugs
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into the buffer solution continuously bathing a muscle preparation will logically affect the
entire muscle surface and the supporting vasculature. Therefore, this method is more
suitable for studies targeting multiple levels of the vasculature. While these methods have
been used to study microvascular blood flow regulation, they need to offer the spatial
specificity and highly constrained manipulations needed to address research questions
linked to specific scales of the microvasculature (Ghonaim et al., 2011; Russell McEvoy et

al., 2021).

Gas and liquid-based microfluidic devices have been developed to study microvascular
blood flow with a more spatially specific and dynamic approach (Ghonaim et al., 2011,
2013, 2021; Russell McEvoy et al., 2021, 2022; Sové¢ et al., 2021). Such microfluidic
devices can impose experimental perturbations on highly confined regions of tissue
preparations to target the microvascular level. By combining either a gas or liquid-based
microfluidic device with IVVM, researchers have simultaneously recorded changes in local
capillary blood flow in response to various manipulations such as gas perturbations or
vasoactive agonists and antagonists (Ghonaim et al., 2011; Russell McEvoy et al., 2021;

Sové et al., 2021).

Specifically, to spatially target blood flow regulation at the microvascular level in intact
tissue, a novel liquid microfluidic device (LMFD) was developed and validated for
delivering vasoactive drugs to a microscale region of skeletal muscle (Russell McEvoy et
al., 2021). The LMFD was composed of a laser-cut 600 x 300 um micro-outlet machined
into a borosilicate glass coverslip, and mated to a PDMS channel, thus allowing PSS to

flow underneath an isolated EDL preparation (Russell McEvoy et al., 2021). The LMFD
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was a significant advancement to the technology available to study microvascular
signalling mechanisms as it maintains continuous delivery to spatially specific microscale
areas of the tissue surface, establishing a fixed concentration at the surface of the muscle
and a distance from the micro-outlet (Russell McEvoy et al., 2021). Using a LMFD for
studying O reactivity is somewhat limited in that the PSS must be equilibrated at various
O concentrations, which hinders studying responses to dynamic changes in tissue POx.
Further, oxygen has relatively low solubility in such solutions which limits how forcefully

tissue gas concentrations can be altered.

Although the ability to interrogate microvascular blood flow regulatory mechanisms
has improved with liquid-based microfluidic devices, targeting specific microvascular
levels remains challenging. Russell McEvoy et al.’s device constrained vasoactive drug
doses to a radial diffusion distance of 500 um beyond the outlet’s border for an area of
effect around 1100 by 800 um, which was further supported by computational modelling,
and evidenced by imaging results (Russell McEvoy et al., 2021). Therefore, the device did
not target specific capillary networks as required for determining the location, and critical
scale of O sensing. Indeed, the larger area of effect may have stimulated arterioles deeper
in the tissue, bypassing conducted signalling that was not quantified. Limiting factors of
the LMFD, such as low solubility of oxygen in PSS, radial diffusion, the interest in
underlying mechanisms of microvascular control, and the difficulty of routinely
implementing LMFD, were driving forces behind our current efforts to further develop

spatial specificity in gas-based microfluidic devices.
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Gas-based microfluidic devices have previously been fabricated and considered in
conjunction with mathematical modelling to quantify microvascular blood flow and O>
reactivity responses (Goldman et al., 2008, 2012; Ghonaim et al., 2011, 2013, 2021; Sové
et al., 2013, 2021). As described in section 1.4, substantial evidence supports the concept
that erythrocytes play a crucial role in Oz regulation, specifically through vasodilatory ATP
release at the capillary level. However, it is difficult to quantify ATP release from RBCs at
the capillary level in vivo. Mathematical modelling of such gas-based devices that stimulate
confined tissue areas and solely target capillaries in vivo has helped conceptualise this
quantification (Goldman et al., 2008, 2012; Ghonaim et al., 2013, 2021; Sov¢ et al., 2013,
2021). Before specific mechanistic questions can be answered, the location for O2 sensing
must be confirmed, which is the primary goal of developing a gas-based device to target
the capillary level (Ghoanim et al., 2011). Modelling results have predicted the expected
tissue depth and radial diffusion distance resulting from [Oz] oscillations when imposed
onto an externalized skeletal muscle tissue (Goldman et al., 2008; Ghonaim et al., 2013;
Sové et al., 2021). Based on these simulation results Sové et al. concluded that their devices
would not stimulate higher-order vasculature deeper in the tissue or diffuse far from the
device’s intended area of effect. Additionally, modelling results support the ATP release
hypothesis described in section 1.4 by demonstrating that gas-based microfluidic devices
can produce rapid decreases in oxygen saturation of erythrocytes across various geometries
of micro-outlets and analyze the dynamics of O saturation-dependent ATP release using a
mathematical model (Ghonaim et al., 2013; Sov¢ et al., 2013). While the predicted results

were not tested in vivo, they provided important insight for the design and fabrication of
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gas-based devices that were later applied to study microvascular O, regulation (Sové et al.,

2021).

Gas-based microfluidic devices can effectively deliver fixed gas concentrations to the
surface of skeletal muscle in localized areas (Ghonaim et al., 2011, 2021; Sové et al., 2021).
This device is comprised of a gas channel to direct the gas mixture from the inlet to the
outlet, establishing a fixed gas concentration at the device’s gas-permeable membrane,
which is mated to the overlying skeletal muscle (Figure 1.6). The device is combined with
an isolated muscle preparation separated from the atmosphere by an impermeable film,
with the capacity to dynamically change tissue PO> within the muscle preparation (Figure
1.7). Varying levels of oxygen gas are perfused through thin glass micro-outlets to the EDL
muscle to induce blood flow responses while allowing for simultaneous recording of RBC
SO, resulting from changes in the tissue oxygen microenvironment (Ghoanim et al, 2011;
Sové et al., 2021). Skeletal muscle tissue can be manipulated locally within seconds by
flowing a 2% [O:] gas composition through the gas exchange chamber imposing hypoxic
conditions and vice versa with a hyperoxic, 12-20% [Oz] gas composition (Ghonaim et al.,
2011; Sové et al., 2021). Such [O2] changes at the muscle surface are imposed more rapidly
and precisely using a gas-based device equipped with precision mass flow meters,

compared to liquid-based device that use a very low flow rate siphon or infusion pump.
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Figure 1.6 Three-dimensional Computer Aided Design (CAD) model of a 3D printed
gas exchange chamber. The gas channel is sealed with a glass cover slide on the bottom
and an ultrathin film micro-outlet layer on the top. (Figure from Sové et al., 2021, used

under the Creative Commons License).
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Figure 1.7 Intravital video microscopy setup. This experimental setup was used by Sové
et al. to manipulate [O2] locally in the tissue using micro-outlets that overly the gas
exchange area. In this setup, the muscle is overlying the gas permeable layer of their micro-
outlet window and is covered with a gas-impermeable polyvinylidene film for isolation of
the muscle from its surrounding environment (Figure from Sové et al., 2021, used under

the Creative Commons License).
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Regarding the few gas-based microfluidic devices fabricated to study microvascular
O» reactivity, the most significant design advancement has been the improvements in
spatially constraining perturbations in the targeted tissue region (Jagger et al., 2004; Ellis
et al., 2006, 2012; Ghonaim et al., 2011, 2013, 2021; Sov¢ et al., 2021). Initially, a gas
exchange chamber device was created with a 4 mm by 10 mm exchange window to alter
tissue PO; in a large muscle surface area, affecting multiple microvascular networks at once
by rapidly inducing flow responses (Ellis et al., 2012). This exchange window size can
stimulate hundreds of capillary networks overlying it as a single microvascular unit is
approximately 150 um by 200 pum. These results represent regulatory responses at the
microvascular level, but they could not be used to confirm the specific location or vessel
type where O2 sensing occurs (Ellis et al., 2012). Therefore, further development was
essential to fabricate a gas exchange chamber device with a micrometer scale exchange
window that can target specific levels of the vasculature such as an individual
microvascular unit (Ghonaim et al., 2011). It is imperative to test microfluidic devices that
manipulate smaller tissue regions on the scale of single microvascular units, to determine
if changing [Oz] in individual capillary networks is capable of provoking oxygen mediated

regulatory responses.

In the pursuit of a better spatial specificity, gas-based microfluidic devices have been
modelled and fabricated with micro-outlets of various sizes and shapes (Ghonaim et al.,
2011, 2013, 2021; Sové et al., 2021). Such devices have been shown to significantly alter
the area and volume of tissue impacted by local surface changes in gas concentrations, and

the magnitude of the response to these changes in vivo (Ellis et al, 2006, 2012; Ghonaim et
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al., 2011, 2013, 2021; Sov¢ et al., 2021). Ghonaim et al. modelled the responses to [O2]
changes in different-sized glass micro-outlets over a range of [O2] with their gas chamber
setup. The three shapes and sizes of micro-outlets modelled were a square (200 X 200 pum),
a rectangular (1000 pum X 200 pm), and a circular (100 um) micro-outlet (Ghonaim et al.,
2011, 2013). Based on this computational model and further validation in vivo (Ghonaim
et al., 2011), the 100 um micro-outlet was the smallest-sized outlet found to alter the SO»
in capillaries flowing directly over the micro-outlet. Although, no corresponding flow
responses or supply rate changes were observed in conjunction with the SO> changes
(Ghonaim et al., 2011). The in vivo results of the capillaries overlying 100-um micro-
outlets suggest a potential threshold for the microvasculature to sense O> changes and
respond by altering the local blood flow, which is apparently greater than stimulating 100
um circular area of tissue. Results for 1000 by 200 pm rectangular micro-outlet induced
SO» changes to all exposed surface capillaries and vessels at depths up to 100 pms into the
tissue volume, with corresponding capillary hemodynamic responses (Ghonaim et al.,

2013, 2021).

Comparing the results of the two micro-outlets with support of a mathematical model,
it was proposed that the signal for vasodilation is additive and depends on the number of
capillaries affected (Ghonaim et al., 2013, 2021). More specifically, the model predicts that
as the outlet size increases, more capillaries will be affected by Oz perturbations and that at
least four vessels from a branching network need to be stimulated to elicit a regulatory flow
response (Ghonaim et al., 2013). Unfortunately, limitations in their model limited the

ability to verify their hypotheses for capillary level regulation (Ghonaim et al., 2011, 2013).
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Furthermore, Ghonaim et al.’s model failed to consider diffusion gradients through the
device’s highly permeable PDMS layer that is interfaced with the muscle, which likely
confounded estimates of radial oxygen distribution in the tissue surrounding the micro-

outlets.

More recently, the gas-based micro-outlet device has been refined into a modular gas
exchange platform with help from previous work (Sové et al., 2021; Ghonaim et al., 2011,
2013). Creating a modular device offers flexibility to change the shape and size of the
exchange surface and adjust the device to work for various applications. Like previous
designs, this device consists of a gas channel and gasket made from polymethyl-
methacrylate (PMMA), a gas-permeable PDMS membrane, and a 200 by 400 um glass
micro-outlet (Sové et al., 2021). This micro-outlet size was designed to target single
microvascular units by altering local tissue PO; in the constrained tissue region. Sové et
al.’s device contained multiple micro-outlets spaced 1 mm apart to separate the confined
vascular responses associated with capillaries from distinct micro-outlets. The 1 mm
micro-outlet spacing is intended to target flow responses provoked from an individual
outlet, and to prevent capillaries from experiencing changes in tissue [O2] driven from

neighbouring outlets (Sové et al., 2021).

The continuation of micro-outlet device development was crucial to further
understanding the mechanisms involved in oxygen-mediated blood flow regulation, which
is hypothesized to be sensed at the capillary level (Collins et al., 1998; Ellsworth et al.,
1995,2004, 2009; Ghonaim et al., 2011, 2013, 2021; Sové et al., 2021). The modular device

developed by Sové et al. significantly advanced the technology available for studying
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capillary-level responses. Still, there were important discrepancies between in vivo
measurements and predictions of the presented mathematical model (Sové et al., 2021).
Their model predicted [O2] changes in the tissue spread 117 um past the outlet edge, for a
total area of effect of 614 by 434 um; the in vivo results did not entirely agree. Measurable
changes in capillary SO> were recorded 200 um away from the outlet edge, approximating
the total area of effect to be closer to 800 by 600 um (Sové et al., 2021). Consequently, the
spreading effect within the PDMS layer was not previously accounted for prior to device
validation experiments (Ghonaim et al., 2011, 2013, 2021; Sov¢ et al., 2021). Oxygen has
a higher diffusivity and solubility in PDMS compared to the tissue, accounting for a critical
physical property to drive this spreading effect phenomenon. Therefore, positioning the
PDMS layer in direct contact with the muscle surface made this device less spatially
specific than previously believed (Sové et al., 2021). The results from this study emphasize

a need to develop a new device with such factors in mind.

Much work has been put into developing a microfluidic device to study O»-
mediated regulation mechanisms in microcirculation. Advancements in the design of such
devices continue to present themselves in the literature, and the ability of these devices to
manipulate tissue microenvironments has become significantly more constrained at the
micro-scale over time. Mathematical modelling has helped us understand the ability of O>
to permeate through gas-permeable layers such as PDMS and through tissues (Ghonaim et
al., 2013; Sové et al., 2021). We aim to apply the findings and insights from previous
studies to develop an improved device that will allow us greater spatial specificity to

stimulate single capillary networks. The spatial specificity of resulting devices can be
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validated by experimental studies that capture not only capillaries directly overlying a
device’s micro-outlets but also the oxygen saturation and hemodynamic responses from
capillaries at a distance from the micro-outlets, at various distances beyond the outlet

border.

1.8 SUMMARY

In summary, several locations and mechanisms have been suggested for O sensing
and regulation at the microvascular level. However, the scale at which these studies were
completed, the experimental setup chosen, and the O measurement techniques used varied
tremendously. Therefore, the interpretability of findings related to oxygen mediated
regulatory responses were potentially impacted. Still, ATP release from erythrocytes in
capillaries remains the best supported concept in the literature. The experimental
approaches have become highly advanced by combining IVVM, gas exchange chambers,
and micro-outlet devices to manipulate and quantify capillary blood flow. This combined
approach allows us to address the gap in our knowledge by directly visualizing skeletal
muscle blood flow of individual capillaries as [Oz] perturbations are imposed to microscale
regions of tissue and gain insights into the spatial dependence of regulatory responses
resulting from changes in RBC SO». In the upcoming chapter, I will describe the fabrication
and validation of a novel device that we applied to assess the minimum scale of tissue
region and accompanying vessels required to stimulate an oxygen mediated blood flow
response and improve our understanding to evaluate potential mechanisms associated with

specific levels of the vasculature.
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CHAPTER 2: DEVELOPMENT OF ULTRA-THIN FILM MICRO-OUTLETS FOR

SPATIALLY CONSTRAINING LOCAL O2 PERTURBATIONS TO CAPILLARIES

2.1 INTRODUCTION

Oxygen (O2) regulation is essential for meeting the metabolic demands associated
with body organs and tissues (Duling, 1970; Duling & Klitzman, 1980; Segal, 2005; Golub
& Pittman, 2013). Under normal physiological conditions, energy is produced by oxidative
phosphorylation in skeletal muscle to make ATP, a process that requires a constant oxygen
supply. To match ever-changing local oxygen demands in tissues, the arteriolar wall will
vasodilate in response to low tissue [O2] to increase flow into capillary beds or
vasoconstrict in response to high tissue [O2] (Duling 1972; Pittman & Duling, 1973;
Duling, 1974; Lombard & Duling, 1977; Hutchins et al., 1974; Sullivan & Johnson, 1981;

Jackson, 1986, 1987; Dietrich et al., 2000; Ellis, 2005; Ngo et al., 2010).

The regulation of oxygen-mediated blood flow is highly localized and primarily
driven by conditions within tissue microenvironments (Sparks, 1980; Renkin, 1985; Golub
& Pittman, 2013). Regulatory mechanisms responsible for sensing flow changes to wall
shear stress or vascular resistance from wall tension do not directly sense O levels or
precisely regulate O, supply (Ellis et al., 2012; Schubert & Mulvany, 1999; Pohl et al.,
2000; Carlson et al., 2005). Several local mechanisms are likely responsible for the
regulation, and several have been proposed (as reviewed in Jackson, 2016). However,
existing evidence fails to account for the sensitivity of vascular responses across the

physiological range of tissue [O2] and at different scales (Duling, 1970; Jackson & Duling,
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1983; Messina et al., 1994; Pries et al., 1995; Ellsworth et al., 1995; Ellsworth, 2013;
Jackson, 2016). Studies have been conducted over a very wide range of PO; conditions (10-
150 mmHg) where some may not have physiological relevance at the site they are observed
(e.g., 150 mmHg is not physiological in arterioles) (Coburn et al., 1979; Tateishi and Faber,

1995a, 1995b; Kerkhof et al., 1999; Jackson, 2016).

Oxygen reactivity studies have been completed on various vessels along the
vascular tree using a range of experimental techniques. These varied approaches may
impact the responses observed depending on the vessel of interest, as described below.
Evidence exists for potential O sensors, including the parenchymal tissue, components of
the vascular wall, and the red blood cells (Duling, 1970; Pittman & Duling,1973; Jackson
& Duling, 1983; Hester, 1993; Pries et al., 1995; Pittman 1973; Ellsworth et al., 1995, 2004;
Sprague, 2009; Jackson, 2016). Controversial evidence exists on their involvement in
arteriolar O, regulation, but in the absence of the parenchyma in arterioles, O2 responses
are blunted (Jackson & Duling, 1983; Hady and Scott, 1968; Harder et al., 1996). There are
ex vivo results that support vascular smooth muscle cells as the O2 sensor, but when the
endothelium is removed from arterioles and feed arteries, O reactivity becomes blunted or
diminished entirely (Frisbee et al., 2002; Messina et al., 1992; Tateishi & Faber, 1995a,
1995b; Kerkhof et al., 1999). Additionally, in vivo studies on hamster cheek pouches
provided evidence that none of the arteriolar wall components directly sense O> changes
(Jackson, 1987; Duling, 1974). However, data collected by pressure myography supports
endothelial cells’ participation in the Oz reactivity response (Busse et al., 1983, 1984; Pohl

& Busse, 1989; Jackson, 1987; Messina et al., 1992, 1994; Fredericks et al., 1994; Ward,
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1999; Frisbee et al., 2001a, 2001b, 2001c, 2002). It is important to consider the differences
in the vasculature used to obtain this experimental evidence. Such ex vivo studies focused
on first-order arterioles and arteries, whereas the intravital studies used small, third-to-fifth-
order arterioles. It is essential to develop appropriate experimental techniques to study
microvascular blood flow regulation to confirm oxygen-associated mechanisms without

interfering with higher-order vessel”' responses.

Robust evidence exists in the literature to support red blood cells (RBCs) as the O
sensor (Bergfeld & Forrester, 1992; Stein & Ellsworth, 1993; Ellsworth et al., 1995, 2004,
2009; Jia et al., 1996; Stamler et al., 1997; Patel et al., 1999; Jagger et al., 2001). RBCs
have the characteristics to detect O> changes and initiate regulatory mechanisms, as they
are mobile carriers of Oz, and they release ATP, a vasodilatory molecule capable of
increasing blood flow in response to Oz depletion (Delp, 1999; Olsson, 1981; Bergfeld &
Forrester, 1992; Rowell, 2002; Ellsworth, 1995; Jagger, 2001; Laughlin et al., 2012;
Gonzalez et al., 2012). It is proposed that RBCs regulatory actions are initiated by
hemoglobin conformational changes that occur when there is a reduction in RBC SO
(Bergfeld & Forrester, 1992; Stein, 1993; Ellsworth et al., 1995; Jagger, 2001; Buehler &
Alayash, 2004; Ellsworth, 2009). This allosteric alteration initiates a signal transduction
pathway in RBCs, increasing ATP release and transportation through pannexin-1 channels
to bind P>Y> receptors on the vascular endothelium (Sprague, 1996; McCullough et al.,
1997; Collins et al., 1998; Dietrich et al., 2000). Then, an upstream conducted vasodilatory
response occurs by triggering hyperpolarization via gap junctions between endothelial

cells, transducing an ATP signal from capillary beds across the arteriolar tree (Jackson,
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1987; Segal, 1994; Sprague et al., 1996; McCullough et al., 1997; Collins et al., 1998;

Welsh & Segal, 1998; Dietrich et al., 2000).

Therefore, it is further hypothesized that SO2-dependent ATP release from RBCs is
initiated at the capillary level (Bergfeld and Forrester, 1992; Ellsworth & Stein, 1993;
Ellsworth et al., 1995; McCullough et al., 1997; Stamler, 1997; Ellsworth, 2004; Gonzalez,
2012; Ellsworth, 2009; Ellis et al., 2012). Capillary beds are the most direct site for
communicating tissue oxygen needs as the erythrocyte (RBC) membrane is in closest
proximity to the endothelium compared to venules and arterioles (Ellis et al., 2012). This
provides capillary RBCs the shortest diffusion distance and potentially a direct transfer, for
ATP to diffuse and bind to P»Y> receptors (Ellis et al., 2012). Capillary endothelial cells
are indeed electrically coupled and can communicate electrical signals to the upstream
arterioles (Bagher & Segal, 2011). In support of this hypothesis, several studies have shown
that conducted signalling along capillaries can occur in vivo (Lamb et al., 2021; Collins et

al., 1998; Dietrich, 1989; Dietrich & Tyml, 1992; Song & Tyml, 1993).

Intravital video microscopy (IVVM), which allows for monitoring and recording of
real-time blood flow hemodynamics, has been frequently used to study blood flow in
relation to O transport and sensing in microvascular networks (Dietrich & Tyml, 1992;
Duling, 1970; Potter et al., 1993; Welsh & Segal, 1998; Frisbee & Lombard, 2002; Frisbee
et al., 2002). Using IVVM, Oz-mediated blood flow can be studied within an intact system
with multiple levels of vasoactive control during various tissue manipulations, such as
altering tissue [O2] or locally micro-pipetting vasoactive stimuli onto an individual

microvessel (Duling, 1970, 1974; Jackson and Duling 1983; Song and Tyml, 1993; Potter
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et al., 1993; Welsh & Segal, 1998; Frisbee & Lombard, 2002; Riemann et al., 2010). To
confirm whether O; sensing, and regulation occurs at the capillary level, related IVVM
approaches were developed to gain additional insights into this vascular level (Ellis et al.,
2012; Ghonaim et al., 2011, 2021; Sové et al., 2021; Russell McEvoy et al., 2022).
Specifically, a gas exchange chamber setup was used to alter the PO of an entire tissue
surface, or in a microscale region of the rat extensor digitorus longus (EDL) muscle to

stimulate microvascular networks and to observe their regulatory responses (Ellis et al.,

2012; Ghonaim et al., 2011, 2021; Sové et al., 2021; Russell McEvoy et al., 2022).

Gas-based micro-outlet devices fabricated to visualize highly localized responses at
the microvascular level have shown promising results for the proposed SO;-dependent
ATP-release mechanism of O; regulation (Ellis et al., 2012; Ghonaim et al., 2011, 2013,
2021; Sové et al., 2021). Such devices aim to have the spatial specificity required to
quantify individual capillary RBC hemodynamic responses to [O2] manipulations with
limited interactions of nearby vasculature (Ghonaim et al., 2011, 2021; Sov¢ et al., 2021).
If the proposed mechanism is correct, this direct capillary perturbation helps assess if an
ATP signal generated in individual capillary networks when O levels are depleted and can
initiate a conducted regulatory response upstream (Ghonaim et al., 2011, 2013). Micro-
outlets with 100-um diameters have been shown to effectively alter SO; in single capillaries
but not to provoke a blood flow response (Ghonaim et al., 2011). Although, larger micro-
outlets that stimulated multiple capillaries obtained flow responses simultaneously with
RBC SO; changes (Ghonaim et al., 2021; Sov¢ et al., 2021). However, the mathematical

models developed for these devices did not consider the diffusive spread of O within the
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device's exchange membrane, which became a novel insight in recent experimental work
(Ghonaim et al., 2011, 2013, 2021; Sové et al., 2021). This limitation in the model
underestimated the radial diffusion of their devices, meaning the area stimulated by [Oz]
perturbations was effectively larger than expected; resulting in poorer spatial specificity
than was intended (Ghonaim et al., 2011, 2021; Sové¢ et al., 2021). Therefore, determining
the location for O sensing using the fine spatial specificity of targeted O> perturbations to
micro-scale tissue regions remains incomplete (Ghonaim et al., 2011, 2013, 2021; Sové et

al., 2016, 2021).

In this study, we aimed to develop and validate an ultra-thin film micro-outlet
device with improved spatial specificity to localized oxygen perturbations to the capillary
level in skeletal muscle. An improvement from previous designs, our device is designed to
offer high-quality optical resolution allowing for the visualization and analysis of
capillaries being manipulated. This allows for capillaries directly overlying the micro-
outlet, and at a distance from the outlet edge, to be recorded with video-microscopy
simultaneously (Ghonaim et al., 2011, 2013; Sové et al., 2021). We hypothesize that
oxygen-mediated blood flow regulation is initiated at the capillary level through SO»-
dependent ATP release from erythrocytes. By choosing micro-outlets of different sizes
coupled to a micro-fluidic gas exchange chamber to target live muscle tissue with varying
[O2] perturbations, we aim to determine the critical scale for O sensing and further support

SO, dependent ATP release as a major mechanism of O;-mediated regulation.

2.2 METHODS

2.2.1 COMPUTER-AIDED DESIGN
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The design of the gas exchange chamber microscope stage insert, and gasket were
made using CAD software (Sové¢ et al., 2021). Updates on the dimensions for the stage
inserts used in this study were made using Tinkercad (Tinkercad.com, Accessed January
2021-September 2021). Prototypes of the micro-outlet device were created for
conceptualization to model spatial setup on the muscle preparation and maximize imaging
area. Using the dimensions of the gas exchange chamber window and the size of the EDL
muscle, unique micro-outlet tessellations were designed specifically for each size micro-
outlet device fabricated (200 pm, 400 um, 600 um, 1000 um). Micro-outlet tessellations
were scaled to the exchange window dimensions, containing as many outlets as possible to

maximize the number of sites for observation.

2.2.2 3D PRINTING MODULAR GAS EXCHANGE CHAMBER

The gas exchange chamber (GEC) consists of a 3D printed stage insert base
designed to fit the microscope, with a micro gas channel formed between a 45 x 55 mm
glass coverslip, a thin 3D printed gas channel gasket, and an overlying 3D printed layer to
mount the thin-film micro-outlet film coupled with an exchange membrane and connections
for the gas supply. This device contains a larger 4 x 6 mm exchange window where the
composite membrane micro-outlet device was positioned. The assembled device was
sealed with adhesive vinyl sheets and connected by plastic tubing to a triple-inlet manifold
supplied by three computer-controlled mass flow meters (SmartTrak100, Sierra
Instruments, Monterey, CA, USA) for each gas channel (CO2, N2, O2), with a frequency

response of <300 ms.

2.2.3 MICRO-OUTLET DEVICE FABRICATION
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2.2.3.1 FABRICATION OF MICRO-OUTLETS

Polyvinylidene chloride film (Saran, Dow Corning, MI, USA) was used as the gas-
impermeable micro-outlet layer in a composite membrane micro-outlet device. Micro-
outlet holes were laser cut into PVDC film using high-precision laser cutting (Universal
Laser Systems—Model # ILS12-150D) at 100% speed and 0.1% power on a single laser
using high-precision cuts and smaller cut widths. Four micro-outlet tessellations explicitly
designed for each outlet diameter (section 2.2.1) were laser cut into gas impermeable PVDC
film, with 1000 ums of solid film separating each outlet cut. Based on the 3D-printed GEC
stage insert, each micro-outlet tessellation was designed to fit the 4 x 6 mm exchange
window. To facilitate handling and subsequent spin coating of the PDMS membrane layer
onto the PVDC film, each tessellation pattern was cut in the centre of a 25 x 75 mm laser-
cut piece of PVDC film. The micro-outlets cut into the PVDC film was inspected under a
stereo microscope and thoroughly cleaned using 70% isopropyl solution and distilled water.
A glass microscope slide was cleaned and the 25 x 75 mm PVDC film containing the micro-
outlet tessellation was carefully placed and smoothed onto the slide using 2-3 drops of
distilled water and then left to dry in preparation for spin coating. The water droplets help
to tightly adhere the PVDC film to the glass slide and prevent air bubbles from forming

between the two layers.

2.2.3.2 FABRICATION OF COMPOSITE GAS EXCHANGE MEMBRANES
Gas impermeable laser-cut micro-outlet PVDC membranes were bonded to gas-
permeable PDMS to create a composite device for spatially constrained gas exchange. A

10:1 (15g:1.5g) mixture of polydimethylsiloxane and curing agent (Dow Corning, Midland,
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MI) was weighed and vigorously mixed for two minutes as directed by the manufacturer’s
instructions. The PDMS mixture was degassed in a vacuum chamber three consecutive
times for 10 minutes. Once degassed, the mixture was coated on top of a glass microscope
slide with a micro-outlet film and spun coat for 30 seconds at 1000 rpm. Following spin
coating, the slide was transferred into a vacuum chamber for 10 minutes of degassing to
ensure no bubbles were present in the PDMS covering the micro-outlet holes. The
microscope slides and composite membrane were placed on a hot plate at 80 °C for 20
minutes to initiate the curing of PDMS. After heating, the slide was covered with an
inverted Petri dish to prevent dust particles from adhering to the device and left for 24 hours
to allow for complete curing of the PDMS. Once PDMS was cured on the PVDC film layer,
the composite device was slowly peeled off the slide to ensure the delicate PDMS-filled
micro-outlet holes remained intact. Once this was achieved, the composite device was
placed directly over top of the 3D printed gas exchange device window to align the
tessellation pattern with the 3D printed window. The extra material of the composite
membrane outside of the micro-outlet tessellation was trimmed, and the membrane was
secured using double-sided tape and clear adhesive vinyl to ensure the composite device

was fully sealed with the GEC.

2.2.4 ANIMAL PROTOCOL
2.2.4.1 INSTRUMENTATION AND PHYSIOLOGICAL MONITORING

27 male 6 — 8-week-old Sprague-Dawley rats (159— 194 g) were used for device
validation experiments. Rats were obtained from Charles River Laboratories and housed in

Animal Care Facilities allowing them to acclimatize over a 5—7-day period before testing.
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Rats were fed Teklad 2018 (Envigo, Indianapolis, IND, USA) standard rodent chow. All

animal protocols were approved by Memorial University Animal Care Committee.

Animals were anesthetized using sodium pentobarbital (Euthanyl, Bimeda, Cambridge,
ON, Canada) at 65 mg/kg through intraperitoneal injection. Depth of anesthesia was
assessed following induction through palpebral reflex and the absence of withdrawal or
reaction following firm toe pinch on the left foot. The animal was transferred to the surgical
field and a rectal temperature probe was inserted to monitor body temperature. The
animal’s core temperature was maintained at 37°C throughout the experiment using a

heating pad and/or a heat lamp as needed.

Once a surgical plane of anesthesia was established, several 0.01 ml subcutaneous
injections of lidocaine (20 mg/ml) were administered along the midline of the neck between
the jawline and the sternum. An incision was made between the clavicle and the jaw along
the midline to allow for instrumentation as previously described (Fraser et al., 2012).
Briefly, the left common carotid artery was blunt dissected and isolated for cannulation
with a 7.5 cm long, 0.58mm outside diameter polyethylene tubing mated with a 9.0 cm
length of 1.19 mm outside diameter silastic tubing (Intramedic, BD, Franklin Lakes, NJ,
USA). The carotid cannula was perfused with heparinized saline (1 U/ml) connected to a
pressure infusion bag (C-Fusor, Smith-Medical, Minneapolis, MN, USA) and blood
pressure transducer fitted with an integral momentary valve to maintain patency during the
experiment. The cannula was connected to a pressure transducer (TruWave 3, Edwards
Lifesciences, Irvine, CA, USA) for continuous monitoring and recording of the mean

arterial blood pressure and heart rate. Blood pressure analyzer (400a, Digi-Med, Louisville,
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KY, USA) data were recorded digitally using the manufacturer’s software and saved to a
text file. A venous catheter was fabricated using a 14 cm length of 0.119 mm internal
diameter silastic tubing (Dow Corning, Midland, MI, USA). The jugular vein was blunt
dissected, isolated, and a small cut was made in the vessel to introduce the catheter. The
venous cannula was connected to an infusion pump (PhD 2000, Harvard Apparatus,
Holliston, MA, USA) to deliver heparinized saline (1 U/ml, 0.5 ml/kg/hour) for fluid
resuscitation. Supplemental anesthetic (32.8 mg/kg) was administered periodically via a
sterile T-connector hub in line with the jugular cannula as required. The depth of anesthesia
was assessed frequently by checking the animal’s blink response and monitoring heart rate
variability and mean arterial blood pressure changes. A tracheotomy was performed for
mechanical ventilation of the animal with a FiO; of 30-35 % O balanced with No.
Ventilation rate and volume were determined based on the animal’s weight per the
manufacturer’s instructions (Harvard Apparatus, Inspira Ventilator). Following

tracheotomy, the neck incision was sutured closed using a continuous lock stitch.

2.2.4.2 SURGICAL ISOLATION OF EDL MUSCLE

Following instrumentation of the animal, a small piece of skin was cut from the right
lower hindlimb, and the overlying connective tissue was bluntly dissected to expose and
isolate the extensor digitorum longus (EDL) muscle, as previously described (Fraser et al.,
2012; Tyml & Budreau, 1991). The isolated distal tendon of the EDL was tied using silk
ligature and then cut. The EDL muscle was inspected and carefully rinsed with warm saline
before being reflected over the objective on the stage of an inverted microscope (Olympus

IX73, Tokyo, Japan). The EDL was placed over the exchange window of the 3D-printed
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stage insert. To improve optical coherence, the muscle was gently compressed using beads
of vacuum grease (Dow Corning, Midland, MI, USA), a cover slip, and a microscope slide.
Then, the EDL was covered with polyvinylidene chloride film for isolation from the outside
environment (Saran, Dow Corning, MI, USA) and bathed in warm saline. The muscle
surface overlying the microscope objective was interfaced with the GEC gas channel via

the PDMS-filled micro-outlet holes within the composite device membrane.

The animal was allowed to equilibrate on the microscope stage for 30 minutes after
EDL positioning and setup were complete. Following equilibration and when the animal’s
body temperature was between 36— 37°C and mean arterial pressure (MAP) was above 80
mmHg, an arterial blood sample was collected and loaded onto a CD4+ blood gas analyzer
cartridge (Abbott Point of Care Inc., Princeton, NJ, USA) and inserted into a VetScan
iSTAT (Abbott Point of Care Inc., Princeton, NJ, USA). The partial pressure of oxygen
(PO2) and carbon dioxide (PCO.) was maintained at physiological levels, and the
ventilation rate and volume were adjusted to maintain blood gases within the normative

range.

2.2.5 IMPOSED OXYGEN OSCILLATIONS AND CHALLENGES

Four-minute recordings were taken in three to four different fields of view across
the muscle tissue depth. Fields of view were chosen based on the placement of the micro-
outlets, maximizing the number of in-focus capillaries inside and outside the micro-outlets.
Oxygen oscillations were captured at the surface of the muscle from 7-12-2-7% for one
minute at each oxygen concentration during four-minute recordings in each field using a

gas exchange chamber (Sové et al., 2021). Similarly, oxygen challenges were imposed at
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high and low oxygen levels to the surface of the muscle from 7-12% [O2] and 7-2% [Oz].
High oxygen challenges consisted of three-minute recordings, with the first minute set at a
baseline oxygen concentration of 7% and 2 minutes at 12%. Low oxygen challenges were
three-minute recordings with the first minute at a baseline [O2] of 7% and 2 minutes at 2%.
CO; was kept at 5%, with N, balancing the gas mixture. The gases were delivered to the
surface of the EDL muscle via a 3D-printed gas exchange chamber, as described previously
(Sové et al., 2021). Custom MATLAB software was used to dynamically control changes
in gas concentrations from digital mass flow meters, providing precise timing of all changes

in [O2] within the GEC.
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Figure 2.1 Experimental setup of the animal placed on top of the micro-outlet and gas
exchange chamber inserted into the microscope stage. The chamber is fabricated to fit
in the inverted microscope stage, with the muscle aligned directly over the ultra-thin film
micro-outlet device consisting of a gas-impermeable film on top of a gas-permeable PDMS
membrane and covered with a small piece of gas-impermeable polyvinylidene film (Saran,
Dow Corning, Midland, MI, USA), ensuring the muscle is only affected by gases flowing
through the chamber (Adapted from Sové et al., 2021, used under Creative Commons

License).
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2.2.6 OFFLINE ANALYSIS USING CUSTOM MATLAB SOFTWARE

Recorded digital video sequences were processed using a graphical user interface
(GUI) driven custom program written in MATLAB (Mathworks, Natick, Mass, MA, USA).
This processing software creates functional images for vessel selection and generates MP4
videos that help select in-focus vessels for analysis in the custom MATLAB software
(Fraser et al., 2012; Ellis et al., 1990, 1992, 2012; Japee et al., 2004). The analysis GUI
measures capillary RBC hemodynamics and capillary RBC oxygen saturation (Fraser et al.,
2012; Ellis et al., 1990, 1992, 2012; Japee et al., 2004). These values are quality controlled

to exclude spurious values resulting from poor vessel delineation or out-of-focus segments.

2.2.7 HEMODYNAMIC AND OXYGEN SATURATION MEASUREMENTS

Capillary RBC hemodynamic (velocity, supply rate, and hematocrit) and oxygen
saturation (SO;) measurements were collected for paired capillaries during oxygen
oscillations and challenges. For measurements obtained during 4-minute [O2] oscillations,
the average was taken of the first minute at 7% [O2] and of the last 15 seconds for each
one-minute oscillation following 12%, 2%, and 7% [O:]. The data was sorted into two
groups, including capillaries selected overlying the micro-outlets and capillaries selected
outside the micro-outlets, to determine the efficacy of our device. Using ImageJ software
and functional images, the area of effect was quantified by measuring the distance of each
capillary outside the micro-outlet from the outlet edge (https://imagej.net/ij/index.html).
Each analyzed capillary was outlined with its centre point marked on the functional image

to facilitate measurement of these distances. The data were binned into three sub-categories
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that assigned selected capillaries into the following distance ranges from the micro-outlet:

0-100 pm, 100-200 um, and greater than 200 ums away from the micro-outlet edge.

Capillary RBC hemodynamic and SO> measurements from O: oscillation and O2
challenge experiments were sorted into groups of paired measurements. Statistical
comparisons were made for each imposed oxygen concentration ([Oz]). For O oscillations,
normally distributed capillary data were paired with O» perturbations, and repeated
measures one-way analysis of variance (ANOVA) with Holm-Sidak's multiple
comparisons test was used to identify significant differences. Non-normally distributed
data were grouped by O perturbations, and Friedman tests with Dunn’s multiple
comparison post-test were used to identify significant differences. For O challenges,
normally distributed capillary data were paired with O2 perturbations, and a paired t-test
was used to identify significant differences. Non-normally distributed data were grouped
by O: perturbations, and a Wilcoxon test was used to identify significant differences. A p
value of < 0.05 was considered significant across all comparisons. All tests were completed
using Prism 9 (GraphPad Prism Software, LLC, 9.2.0 (283)). Means and standard

deviations are reported in the results section unless otherwise noted.

2.3 RESULTS

2.3.1 SYSTEMIC PHYSIOLOGICAL MEASUREMENTS

Systemic physiological measurements were taken for each animal and separated
into groups based on various micro-outlet diameter sizes shown in table 2.1. Blood gas
samples were collected for each animal and are displayed in table 2.2 in groups based on

corresponding micro-outlet diameter sizes.
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TABLE 2.1 MEAN AND STANDARD DEVIATION OF SYSTEMIC ANIMAL DATA
FOR EACH EXPERIMENTAL GROUP BASED ON MICRO-OUTLET DIAMETER

SIZE.
200 pm 400 pm 600 pm 1000 pm
(N=6) (N=6) (N=11) N=7)
Animal Weight (g) | 179.5+10.7 | 178.5+7.7 176.7+7.3 187.1+4.3
Mean arterial 94.55+6.00 |94.21 +/- 94.54 £5.39 96.93 £5.47
pressure (mmHg) 8.79
Systolic blood 99.03 +£6.66 |99.10+9.04 | 103.04 +7.77 111.10£5.55
pressure (mmHg)
Diastolic blood 87.89+542 |87.17+8.88 |83.98+6.77 81.95+5.39
pressure (mmHg)
Heart rate 411.89 = 402.98 £ 394.63 +20.65 399.21 +
(beats/min) 21.19 24.79 16.78.
Respiratory Rate 83.50+1.38 |83.33+1.21 |83.81+0.87 82.43 +0.53
(breaths/min)
Respiratory volume | 1.18 £0.066 | 1.18 +£0.05 1.17+0.058 1.24 +0.028

(co)
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TABLE 2.2 MEAN AND STANDARD DEVIATION OF ANIMAL BLOOD GAS DATA
FOR EACH EXPERIMENTAL GROUP BASED ON MICRO-OUTLET DIAMETER

SIZE USED.
200 pm 400 pm 600 pm 1000 pm
(N = 6) (N = 6) (N =11) (N="7)
pH 740+0.030 | 7.42+0.017 |7.43+0.049 |7.42+0.041
PCO, (mmHg) |49.97+3.78 |4582+3.51 |4635+6.60 |48.28+5.80
PO; (mmHg) 113.8+1543 |1025+920 |114+17.73 | 120.14 10.25
BEecf (mmol/L) | 6.3+ 1.21 55+1.87 58+232 6.86+2.19
HCO; (mmol/L) |29.35+441 |29.82+1.81 |30.13+2.06 |31.34+235
SO: (%) 98.00+0.89 |97.83+0.75 |98.18+1.25 | 98.71 +0.49
Lac (mmol/L) 0.87 % 0.40 0.87 £0.21 1.01 £ 0.68 1.01 +0.43
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Figure 2.2 200-pm micro-outlet device in various forms to be coupled with IVVM. A)

Schematic of the 200-um laser cut micro-outlet tessellation into PVDC film overlying a 4
by 6 mm exchange window and the approximate EDL muscle position shown in pink. B)
Image of a single 200-um micro-outlet under a 10X objective. C) Image of a 200-pm micro-
outlet with capillaries overlying in vivo. D) Image of two 200-um micro-outlets under a

4X magnification.
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Figure 2.3 Comparison of the optical properties obtained in our micro-outlet device
with a previous device used in vivo. A) Image of our enhanced optical resolution of the
400-um micro-outlet in vivo. B-C) Images of a previous micro-outlet device lacking the

ability to visualize in focus vessels overlying and remote of the outlet simultaneously (Ellis

et al., 2016).
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2.3.2 RESULTS: 400 uM MICRO-OUTLET OXYGEN OSCILLATION DATA

Oxygen (0O3) oscillation data utilizing 400-um micro-outlets for oxygen saturation
(SO2) measurements comprised 213 capillaries across 6 animals. A total of 96 capillaries
were analyzed directly overlying the window, and 117 were analyzed outside the outlet
edge. Concerning capillaries measured outside the outlet edge, 10 were measured less than
100 pums away, 36 were between 100 — 200 ums away, and 71 were greater than 200 pms

away (Figure 2.5).

O2 oscillations imposed on capillaries directly overlying 400 um micro-outlets
caused significant changes in capillary SO; at 12% GEC [Oz], 86.91 +£9.79%, and 2% GEC
[02], 43.53 £ 15.18%, compared to baseline 7% GEC [Oz], 66.74 = 13.72% (p<0.0001)
(Figure 2.4). O7 oscillations imposed on capillaries directly overlying 400 pm micro-outlets
caused significant changes in capillary SO; at 12% GEC [O2], 86.91 + 9.786%, compared
to 2% GEC [O2], 43.53 + 15.18% (p<0.0001) (Figure 2.4). O; oscillations imposed caused

no significant changes in SO in capillaries outside the micro-outlet edge (Figure 2.5).
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Figure 2.4 Capillary RBC oxygen saturation in response to oxygen oscillations for
capillaries directly overlying the 400 pm micro-outlet. A) Time series plot showing the
mean capillary RBC oxygen saturation (SOy) in capillaries overlying the 400 pm micro-
outlet edge across the 4-minute O; oscillation (7-12-2-7%). B) The micro-outlet gas
exchange device imposes 4-minute oxygen oscillations for one minute at a baseline
concentration of 7%, 12%, 2%, and 7%, respectively. Mean values are taken from the first
entire minute at baseline and the last 15 seconds at 12%, 2%, and 7% (n = 96 capillaries).
p values are based on Tukey's multiple comparisons test after significant repeated measures
ANOVA and are indicated in the figure with a p < 0.05 considered to be significant. Box

and whisker plots show minimum, median, maximum, and associated quartiles.
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Figure 2.5 Capillary RBC oxygen saturation responses in capillaries at various
distances outside the 400 pm micro-outlet edge. A) Time series plot showing the mean
capillary RBC oxygen saturation (SO2) in capillaries outside the 400 um micro-outlet edge
across the 4-minute O oscillation (7-12-2-7%). B) The micro-outlet gas exchange device
imposes 4-minute oxygen oscillations across 7 animals for one minute at a baseline
concentration of 7%, one minute at 12%, one minute at 2%, and one minute at 7%. Panel
B shows capillaries within 100 um from the micro-outlet edge (n = 10 capillaries),
capillaries between 100 — 200 um from the outlet edge (n = 36 capillaries), and capillaries
greater than 200 um from the outlet edge (n = 71 capillaries) respectively. p values based
on Tukey's multiple comparisons test after significant repeated measures ANOVA are
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartiles.
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Oxygen (0O2) oscillation data for experiments using 400-um micro-outlets for
hemodynamic measurements consisted of a total of 204 capillaries across 6 animals. A total
of 88 capillaries were analyzed directly overlying the window, and 116 were analyzed
outside the outlet edge. Concerning capillaries measured outside the outlet edge, 8 were
measured less than 100 ums away, 35 were between 100 — 200 pums, and 73 were greater

than 200 ums away.

O2 oscillations imposed on capillaries directly overlying 400 um micro-outlets
caused significant changes in capillary hematocrit in capillaries overlying the outlet at 12%
GEC [02], 23.50 = 10.12% compared to 2% GEC [02], 25.39 + 9.70%, but not in
capillaries outside the outlet (p = 0.0052) (Figure 2.6-2.7). O oscillations imposed on
capillaries directly overlying 400 um micro-outlets caused significant changes in capillary
velocity at 2% GEC [O2], 211.5 + 130.2 um/s, compared to baseline 7% GEC [O:], 187.4
+ 134.2 um/s and at 12% GEC [O2], 185.1 + 122.1 um/s compared to 2% GEC [O2], 211.5
+ 130.2 pm/s (p<0.0001) (Figure 2.8). O oscillations imposed on capillaries directly
overlying 400 um micro-outlets did not cause significant changes in capillary velocity in

vessels outside the micro-outlet (Figure 2.9).

O oscillations imposed on capillaries directly overlying 400 pm micro-outlets
caused significant changes in capillary supply rate at 2% GEC [Oz], 13.82 £ 9.66 cells/s,
and 7% GEC [Oz], 12.75 £+ 9.33 cells/s compared to baseline 7% GEC [O2] 11.01 + 7.74
cells/s and at 12% GEC [Oz], 10.82 + 7.95 cells/s, compared to 2% GEC [O2], 13.82 +9.66

cells/s (p<0.0210) (Figure 2.10). Oz oscillations imposed on capillaries directly overlying
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400 pm micro-outlets did not cause significant changes in capillary supply rate in vessels

outside the micro-outlet (Figure 2.11).
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Figure 2.6 Capillary hematocrit levels in response to oxygen oscillations for capillaries
directly overlying the 400 pm micro-outlet. A) Time series plot showing the mean
capillary hematocrit in capillaries overlying the 400 pm micro-outlet across the 4-minute
O: oscillation (7-12-2-7%). B) The micro-outlet gas exchange device imposes 4-minute
oxygen oscillations for one minute at a baseline concentration of 7%, one minute at 12%,
one minute at 2%, and one minute at 7%. Mean hematocrit values are taken from the entire
first minute at baseline and the last 15 seconds at 12%, 2%, and 7% (n = 88 capillaries). p
values based on Dunn's multiple comparisons test after significant Friedman test are
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartiles.
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Figure 2.7 Capillary hematocrit values in capillaries at various distances outside the
400 pm micro-outlet edge. A) Time series plot showing the mean capillary oxygen
saturation in capillaries outside the 400 pm micro-outlet edge across the 4-minute O>
oscillation (7-12-2-7%). B) The micro-outlet gas exchange device imposes 4-minute
oxygen oscillations for one minute at a baseline concentration of 7%, one minute at 12%,
one minute at 2%, and one minute at 7%. Mean hematocrit values were calculated for the
first minute at baseline 7% and the last 15 seconds at 12%, 2%, and 7% (n = 116 capillaries).
Panel B shows capillaries within 100 um from the micro-outlet edge (n = 8 capillaries),
capillaries between 100 — 200 um from the outlet edge (n = 35 capillaries), and capillaries
greater than 200 um from the outlet edge (n = 73 capillaries) respectively. p values based
on Dunn's multiple comparisons test after significant Friedman test are indicated in the
figure with a p <0.05 considered to be significant. Box and whisker plots show minimum,

median, maximum, and associated quartiles.
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Figure 2.8 Capillary RBC velocity for capillaries overlying the 400 pm micro-outlet
following 4-minute oxygen oscillations. A) Time series plot showing the mean RBC
velocity for capillaries overlying the 400 pm micro-outlet across the 4-minute O>
oscillation (7-12-2-7%). B) Oxygen oscillations consisted of one minute at a baseline
oxygen concentration of 7% and one minute at 12%, 2%, and 7% oxygen concentration.
The mean was calculated for the first minute at a baseline 7% and the last 15 seconds of
each of the following oxygen concentrations at 12%, 2%, and 7% (n = 88 capillaries). p
values based on Dunn's multiple comparisons test after significant Friedman test are
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartiles.
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Figure 2.9 Capillary RBC velocity for capillaries outside the 400 pm micro-outlet at
varying distances from the outlet edge following 4-minute oxygen oscillations. A) Time
series plot showing the mean RBC velocity for capillaries outside the 400 um micro-outlet
at varying distances across the 4-minute O oscillation (7-12-2-7%). B) Oscillations
consisted of one minute at a baseline oxygen concentration of 7%, followed by one minute
at 12%, 2%, and 7% oxygen concentration. The average was taken from the entire first
minute at 7% and the last 15 seconds of the following oxygen concentrations of 12%, 2%,
and 7%. Panel A shows capillaries within 100 pm from the micro-outlet edge (n = 8
capillaries), panel B shows capillaries between 100 — 200 um from the outlet edge (n = 35
capillaries), and panel C shows capillaries greater than 200 pm from the outlet edge (n =
73 capillaries). p values based on Dunn's multiple comparisons test after significant
Friedman test are indicated in the figure with a p < 0.05 considered to be significant. Box

and whisker plots show minimum, median, maximum, and associated quartiles.
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Figure 2.10 Capillary RBC supply rate for capillaries overlying the 400 pm micro-
outlet following 4-minute oxygen oscillations. A) Time series plot showing mean RBC
supply rate for capillaries overlying the 400 pm micro-outlet across the 4-minute O>
oscillation (7-12-2-7%). B) Oxygen oscillations consisted of one minute at a baseline
oxygen concentration of 7% and one minute at 12%, 2%, and 7% oxygen concentration.
The mean was calculated for the first minute at a baseline 7% and the last 15 seconds of
each of the following oxygen concentrations at 12%, 2%, and 7% (n = 88 capillaries). p
values based on Dunn's multiple comparisons test after the significant Friedman test are
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartiles.
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Figure 2.11 Capillary RBC supply rate for capillaries outside the 400 pm micro-outlet
at varying distances from the outlet edge following 4-minute oxygen oscillations. A)
Time series plot showing mean capillary RBC supply rate for capillaries outside the 400
pum micro-outlet at varying distances across the 4-minute O: oscillation (7-12-2-7%). B)
Oscillations consisted of one minute at a baseline oxygen concentration of 7% followed by
one minute at 12%, 2%, and 7% oxygen concentration. The means were calculated for the
first minute at 7% and the last 15 seconds of the following oxygen concentrations of 12%,
2%, and 7%. Panel B shows capillaries within 100 pm from the micro-outlet edge (n = 8
capillaries), capillaries between 100 — 200 um from the outlet edge (n = 35 capillaries), and
capillaries greater than 200 um from the outlet edge respectively (n = 73 capillaries). p
values based on Dunn's multiple comparisons test after significant Friedman test are
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartiles.
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2.3.3 RESULTS: 400 uM MICRO-OUTLET OXYGEN CHALLENGE DATA

Oxygen (0O2) challenge data utilizing 400-um micro-outlets for oxygen saturation
(SO2) measurements consisted of a total of 98 capillaries for high (7-12%) O> challenges
and 71 capillaries for low (7-2%) O> challenges across 6 animals. A total of 47 capillaries
in 7-12% and 36 capillaries in 7-2% were analyzed directly overlying the window.
Regarding capillaries measured outside the outlet edge for high oxygen challenges, 8 were
measured less than 100 ums away, 16 were between 100 — 200 pms away, and 27 were
greater than 200 pms away (Figure 2.12). The number of capillaries measured outside the
outlet edge for low oxygen challenges, 7 were measured less than 100 ums away, 11 were

between 100 — 200 um s away, and 17 were greater than 200 ums away (Figure 2.14).

O challenges imposed on capillaries directly overlying 400 pm micro-outlets
caused significant changes in capillary SO; at 12% GEC [Oz], 87.14 + 8.96%, compared to
baseline 7% GEC [O2], 72.00 £ 9.24% (p<0.0001) (Figure 2.12). O, challenges imposed
on capillaries directly overlying 400 um micro-outlets caused significant changes in
capillary SO; at 2% GEC [O2], 43.07 £ 16.76%, compared to baseline 7% GEC [O2], 69.11
+ 12.14% (p<0.0001) (Figure 2.14). Both high and low O challenges imposed on
capillaries caused no significant change in SO on capillaries outside the micro-outlet edge

(Figure 2.13, 2.15).
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Figure 2.12 Capillary RBC oxygen saturation in response to high oxygen challenges
for capillaries directly overlying the 400 pm micro-outlet. A) Time series plot showing
mean capillary RBC oxygen saturation (SO>) for capillaries overlying the micro-outlet in
response to high (7-12%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 12%. The
average was taken from the entire first minute at 7% and the last 15 seconds at a 12%
oxygen concentration (n = 47 capillaries). p values based on paired t-tests and values
indicated in the figure with a p < 0.05 are considered to be significant. Box and whisker

plots show minimum, median, maximum, and associated quartiles.
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Figure 2.13 Capillary RBC oxygen saturation responses in capillaries at various
distances outside the 400 pm micro-outlet edge in response to high oxygen challenges.
A) Time series plot showing mean capillary RBC oxygen saturation (SO2) for capillaries
outside the micro-outlet edge at varying distances during high (7-12%) oxygen challenges.
B) Oxygen challenges consisted of one minute at a baseline oxygen concentration of 7%
followed by one minute at 12%. The mean was calculated for the first minute at 7% and
the last 15 seconds at a 12% oxygen concentration. Panel B shows capillaries within 100
pum from the micro-outlet edge (n = 8 capillaries), capillaries between 100 — 200 um from
the outlet edge (n = 16 capillaries), and capillaries greater than 200 um from the outlet edge
(n =27 capillaries) respectively. p values based on paired t tests and values indicated in the
figure with a p <0.05 considered to be significant. Box and whisker plots show minimum,

median, maximum, and associated quartiles.
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Figure 2.14 Capillary RBC oxygen saturation in response to low oxygen challenges
for capillaries directly overlying the 400 pm micro-outlet. A) Time series plot showing
mean capillary RBC oxygen saturation (SO.) for capillaries overlying the micro-outlet
during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a
baseline oxygen concentration of 7% followed by two minutes at 2%. The mean was
calculated for the first minute at 7% and the last 15 seconds at a 2% oxygen concentration
(n = 36 capillaries). p values based on paired t tests and values indicated in the figure with
a p < 0.05 considered to be significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure 2.15 Capillary RBC oxygen saturation responses in capillaries at various
distances outside the 400 pm micro-outlet edge in response to low oxygen challenges.
A) Time series plot showing mean capillary RBC oxygen saturation (SO2) for capillaries
outside the micro-outlet edge at varying distances during low (7-2%) oxygen challenges.
B) Oxygen challenges consisted of one minute at a baseline oxygen concentration of 7%
followed by two minutes at 2%. The mean was calculated for the first minute at 7% and the
last 15 seconds at a 2% oxygen concentration. Panel B shows capillaries within 100 um
from the micro-outlet edge (n = 7 capillaries), capillaries between 100 — 200 um from the
outlet edge (n = 11 capillaries), and capillaries greater than 200 um from the outlet edge (n
= 17 capillaries), respectively. p values based on paired t-tests and values indicated in the
figure with a p < 0.05 are considered to be significant. Box and whisker plots show

minimum, median, maximum, and associated quartiles.
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Oxygen (O2) challenge data utilizing 400-um micro-outlets for hemodynamic
measurements consisted of a total of 165 capillaries across 6 animals. A total of 28 for high
and 36 capillaries for low Oz challenges were analyzed directly overlying the window. With
respect to capillaries measured outside the outlet edge during high challenges, 9 were
measured less than 100 ums away, 14 were between 100 — 200 pms away, and 26 were
greater than 200 pms away. With respect to capillaries measured outside the outlet edge
during low challenges, 15 were measured less than 100 ums away, 14 were between 100 —

200 pms away, and 23 were greater than 200 ums away.

O challenges imposed on capillaries directly overlying 400 pm micro-outlets
caused a significant change in capillary hematocrit at 2% GEC [O:], 25.66 + 9.35%,
compared to baseline 7% GEC [Oz], 21.75 = 9.37% (p < 0.0001) but not at 12%, 24.42 +
23.93% (p < 0.508). GEC [O2] (Figure 2.16, 2.18). High O challenges did not cause
significant changes in capillary hematocrit for vessels at various distances from the outlet
edge but there was a significant change at 2% GEC [O2], 25.35 £ 7.00%, compared to
baseline 7% GEC [Oz], 22.84 + 7.56% for vessels greater than 200 ums away during low

O; challenges (p = 0.0024) (Figure 2.19).
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Figure 2.16 Capillary hematocrit levels in response to high oxygen challenges for
capillaries directly overlying the 400 pm micro-outlet. A) Time series plot showing
mean capillary hematocrit levels for capillaries overlying the micro-outlet during high (7-
12%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline
oxygen concentration of 7% followed by two minutes at 12%. The mean was calculated for
the first minute at 7% and the last 15 seconds at a 12% oxygen concentration (n = 28
capillaries). p values based on paired Wilcoxon t-test and values indicated in the figure with
a p <0.05 are significant. Box and whisker plots show minimum, median, maximum, and

associated quartiles.
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Figure 2.17 Capillary hematocrit levels in capillaries at various distances outside the
400 pm micro-outlet edge in response to high oxygen challenges. A) Time series plot
showing mean capillary hematocrit levels for capillaries outside the micro-outlet at varying
distances during high (7-12%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 12%. The
mean was calculated for the first minute at 7% and the last 15 seconds at a 12% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =9
capillaries), capillaries between 100 — 200 um from the outlet edge (n = 14 capillaries), and
capillaries greater than 200 um from the outlet edge (n = 26 capillaries) respectively p
values based on paired Wilcoxon t-test and values indicated in the figure with a p < 0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure 2.18 Capillary hematocrit levels in response to low oxygen challenges for
capillaries directly overlying the 400 pm micro-outlet. A) Time series plot showing
mean capillary hematocrit levels for capillaries overlying the micro-outlet during low (7-
2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 2%. The mean was calculated for the first
minute at 7% and the last 15 seconds at a 2% oxygen concentration (n = 36 capillaries). p
values based on paired Wilcoxon t test and values indicated in the figure with a p < 0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure 2.19 Capillary hematocrit levels in capillaries at various distances outside the
400 pm micro-outlet edge in response to low oxygen challenges. A) Time series plot
showing mean capillary hematocrit levels for capillaries outside the micro-outlet at varying
distances during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 2%. The mean
was calculated for the first minute at 7% and the last 15 seconds at a 2% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =
15 capillaries), capillaries between 100 — 200 pm from the outlet edge (n = 14 capillaries),
and capillaries greater than 200 pm from the outlet edge (n = 23 capillaries) respectively p
values based on paired Wilcoxon t test and values indicated in the figure with a p < 0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.

111



O challenges imposed on capillaries directly overlying 400 um micro-outlets
caused significant changes in capillary velocity at 12% GEC [Oz], 157.0 £ 84.42 um/s,
compared to baseline 7% GEC [O2], 165.0 + 89.86 um/s (p < 0.0426) (Figure 2.20). O
challenges imposed on capillaries directly overlying 400 pm micro-outlets caused
significant changes in capillary velocity at 2% GEC [O2], 274.4 + 210.4 um/s, compared
to baseline 7% GEC [O2], 218.6 + 189.0 um/s (p < 0.0001) (Figure 2.22). O> challenges
imposed on capillaries directly overlying 400 um micro-outlets caused significant changes
in capillary velocity in vessels between 100 to 200 ums away from the outlet edge at 2%
GEC [0O2], 385.9 £ 237.4 um/s, compared to baseline 7% GEC [Oz], 355.6 = 244.1 um/s
(p = 0.0245). Vessels greater than 200 ums away from the outlet edge experienced
significant changes in capillary velocity at 2% GEC [O2], 282.0 £ 178.9 um/s, compared

to baseline 7% GEC [02], 253.9 + 153.0 pm/s (p = 0.0277) (Figure 2.23).

High O challenges imposed on capillaries directly overlying 400 pm micro-outlets
caused significant changes in capillary supply rate at 12% GEC [Oz], 9.49 + 5.7 cells/s,
compared to baseline 7% GEC [O:], 10.73 &+ 7.18 cells/s (p = 0.0232) (Figure 2.24). Low
O challenges imposed on capillaries directly overlying 400 um micro-outlets caused
significant changes in capillary supply rate at 2% GEC [Oz], 17.70 + 13.39 cells/s,
compared to baseline 7% GEC [O:], 10.70 + 8.13 cells/s (p < 0.0001) (Figure 2.26). O
challenges imposed on capillaries directly overlying 400 um micro-outlets caused
significant changes in capillary supply rate in vessels greater than 200 ums from the outlet

edge at 2% GEC [Oz], 18.44 + 12.23 cells/s, compared to a baseline 7% GEC [Oz], 14.70
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+ 10.52 cells/s (p = 0.0004) (Figure 2.27). No other outlet vessels had significant changes

in capillary supply rate during high and low O2 challenges.
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Figure 2.20 Capillary RBC velocity response to high oxygen challenges for capillaries
directly overlying the 400 pm micro-outlet. A) Time series plot showing mean capillary
RBC velocity for capillaries overlying the micro-outlet during high (7-12%) oxygen
challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 12%. The average was taken from the
entire first minute at 7% and the last 15 seconds at a 12% oxygen concentration (n = 28
capillaries). p values based on paired Wilcoxon t test and values indicated in the figure with
a p < 0.05 considered to be significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure 2.21 Capillary RBC velocity levels in capillaries at various distances outside
the 400 pm micro-outlet edge in response to high oxygen challenges. A) Time series
plot showing mean capillary RBC velocity for capillaries outside the micro-outlet at
varying distances during high (7-12%) oxygen challenges. B) Oxygen challenges consisted
of one minute at a baseline oxygen concentration of 7% followed by two minutes at 12%.
The mean was calculated for the first minute at 7% and the last 15 seconds at 12% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =9
capillaries), capillaries between 100 — 200 um from the outlet edge (n = 14 capillaries), and
capillaries greater than 200 um from the outlet edge (n = 26 capillaries) respectively. Box

and whisker plots show minimum, median, maximum, and associated quartiles.
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Figure 2.22 Capillary RBC velocity response to low oxygen challenges for capillaries
directly overlying the 400 pm micro-outlet. A) Time series plot showing mean capillary
RBC velocity for capillaries overlying the micro-outlet during low (7-2%) oxygen
challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 2%. The mean was calculated for the first
minute at 7% and the last 15 seconds at 2% oxygen concentration (n = 36 capillaries). p
values based on paired Wilcoxon t-test and values indicated in the figure with a p < 0.05
are significant. Box and whisker plots show minimum, median, maximum, and associated

quartiles.
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Figure 2.23 Capillary RBC velocity in capillaries at various distances outside the 400
pm micro-outlet edge in response to low oxygen challenges. A) Time series plot showing
mean capillary RBC velocity for capillaries outside the micro-outlet at varying distances
during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a
baseline oxygen concentration of 7% followed by two minutes at 2%. The mean was
calculated for the first minute at 7% and the last 15 seconds at a 2% oxygen concentration.
Panel B shows capillaries within 100 pm from the micro-outlet edge (n = 15 capillaries),
capillaries between 100 — 200 um from the outlet edge (n = 14 capillaries), and capillaries
greater than 200 um from the outlet edge (n = 23 capillaries) respectively. p values based
on paired Wilcoxon t-test and values indicated in the figure with a p < 0.05 considered to
be significant. Box and whisker plots show minimum, median, maximum, and associated

quartiles.
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Figure 2.24 Capillary RBC supply rate response to high oxygen challenges for
capillaries directly overlying the 400 pm micro-outlet. A) Time series plot showing
mean capillary RBC supply rate for capillaries overlying the micro-outlet during high (7-
12%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline
oxygen concentration of 7% followed by two minutes at 12%. The mean was calculated for
the first minute at 7% and the last 15 seconds at a 12% oxygen concentration (n = 28
capillaries). p values based on paired Wilcoxon t-test and values indicated in the figure with
a p < 0.05 considered to be significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure 2.25 Capillary RBC supply rate in capillaries at various distances outside the
400 pm micro-outlet edge in response to high oxygen challenges. A) Time series plot
showing mean capillary RBC supply rate for capillaries outside the micro-outlet at varying
distances during high (7-12%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 12%. The
mean was calculated for the first minute at 7% and the last 15 seconds at a 12% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =9
capillaries), capillaries between 100 — 200 um from the outlet edge (n = 14 capillaries), and
capillaries greater than 200 um from the outlet edge (n = 26 capillaries) respectively. p
values based on paired Wilcoxon t-test and values indicated in the figure with a p < 0.05
are significant. Box and whisker plots show minimum, median, maximum, and associated

quartiles.
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Figure 2.26 Capillary RBC supply rate in response to low oxygen challenges for
capillaries directly overlying the 400 pm micro-outlet. A) Time series plot showing
mean capillary RBC supply rate for capillaries overlying the micro-outlet during low (7-
2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 2%. The mean was calculated for the first
minute at 7% and the last 15 seconds at a 2% oxygen concentration (n = 36 capillaries). p
values based on paired Wilcoxon t-test and values indicated in the figure with a p < 0.05
are significant. Box and whisker plots show minimum, median, maximum, and associated

quartiles.
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Figure 2.27 Capillary RBC supply rate in capillaries at various distances outside the
400 pm micro-outlet edge in response to low oxygen challenges. A) Time series plot
showing mean capillary RBC supply rate for capillaries outside the micro-outlet at varying
distances during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 2%. The mean
was calculated for the first minute at 7% and the last 15 seconds at a 2% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =
15 capillaries), capillaries between 100 — 200 pm from the outlet edge (n = 14 capillaries),
and capillaries greater than 200 um from the outlet edge (n = 23 capillaries) respectively.
p values based on paired Wilcoxon t-test and values indicated in the figure with a p <0.05
are considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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2.3.4 RESULTS: 200 uM MICRO-OUTLET OXYGEN OSCILLATION DATA

Oxygen (0O3) oscillation data utilizing 200-um micro-outlets for oxygen saturation
(SO2) measurements comprised a total of 183 capillaries across 6 animals. A total of 41
capillaries were analyzed directly overlying the window, and 142 capillaries were measured
outside the outlet edge. Concerning capillaries outside the outlet edge, 33 were measured
less than 100 pms away, 54 were between 100 — 200 ums away, and 55 were greater than

200 pms away.

O2 oscillations imposed on capillaries directly overlying 200 um micro-outlets
caused significant changes in capillary SO> at 12% GEC [O2], 84.91 + 13.78%, and 2%
GEC [0Og], 43.41 + 18.47%, compared to baseline 7% GEC [O2], 66.83 + 14.75% and
between 12% GEC [Oz], 84.91 + 13.78% and 2% GEC [O2], 43.41 + 18.47% (p < 0.0001)
(Figure 2.28). O oscillations imposed on capillaries greater than 200 ums outside the
micro-outlet edge caused a significant change in SOz at 12% GEC [O2], 52.21 + 19.78%
and at 2% GEC [O2], 51.79 £ 20.03% compared to baseline 7% GEC [0z], 49.75 + 19.79%
(p < 0.0410). O oscillations imposed on capillaries caused no significant differences in

SOz in capillaries less than 200 pms from the outlet edge (Figure 2.29).

Oxygen (O2) oscillation data utilizing 200-um micro-outlets for hemodynamic
measurements comprised 215 capillaries across 6 animals. A total of 46 capillaries were
analyzed directly overlying the window, and 169 capillaries were measured outside the
outlet edge. Concerning capillaries outside the outlet edge, 35 were measured less than 100

ums away, 56 were between 100 — 200 pms away, and 78 were greater than 200 pms away.
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Figure 2.28 Capillary RBC oxygen saturation in response to oxygen oscillations for
capillaries directly overlying the 200 pm micro-outlet. A) Time series plot showing the
mean capillary RBC oxygen saturation (SO2) in capillaries overlying the 200 um micro-
outlet edge across the 4-minute O; oscillation (7-12-2-7%). B) The micro-outlet gas
exchange device imposes 4-minute oxygen oscillations for one minute at a baseline
concentration of 7%, 12%, 2%, and 7%, respectively. Mean values are taken from the first
entire minute at baseline and the last 15 seconds at 12%, 2%, and 7% (n = 41 capillaries).
p values are based on Tukey's multiple comparisons test after significant repeated measures
ANOVA and are indicated in the figure with a p < 0.05 considered to be significant. Box

and whisker plots show minimum, median, maximum, and associated quartiles.
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Figure 2.29 Capillary RBC oxygen saturation responses in capillaries at various
distances outside the 200 pm micro-outlet edge. A) Time series plot showing the mean
capillary RBC oxygen saturation (SO2) in capillaries outside the 200 um micro-outlet edge
across the 4-minute O oscillation (7-12-2-7%). B) The micro-outlet gas exchange device
imposes 4-minute oxygen oscillations across 4 animals for one minute at a baseline
concentration of 7%, one minute at 12%, one minute at 2%, and one minute at 7%. Panel
B shows capillaries within 100 um from the micro-outlet edge (n = 33 capillaries),
capillaries between 100 — 200 pm from the outlet edge (n = 54 capillaries), and capillaries
greater than 200 um from the outlet edge (n = 55 capillaries) respectively. p values based
on Tukey's multiple comparisons test after significant repeated measures ANOVA are
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartiles.

129



O2 oscillations imposed on capillaries directly overlying 200 um micro-outlets
caused significant changes in capillary hematocrit in capillaries overlying the outlets at 2%
GEC [02], 22.20 £ 8.50%, compared to baseline 7% GEC [O:], 20.77 + 7.98% and at 12%
GEC [02], 20.20 + 8.67% compared to 2% GEC [O2], 22.20 + 8.50% (p < 0.0462) (Figure
2.30). O2 oscillations imposed on capillaries directly overlying 200 pm micro-outlets
caused significant changes in capillary hematocrit in capillaries greater than 200 ums away
from the outlet at 12% GEC [Oz2], 20.52 + 8.90%, and 2% GEC [O2], 20.91 + 9.12%,

compared to baseline 7% GEC [Oz], 18.92 £ 8.61% (p < 0.0381) (Figure 2.31).

O2 oscillations imposed on capillaries directly overlying 200 um micro-outlets did
cause a significant change in capillary velocity in capillaries inside the micro-outlet at 2%
GEC [0O2], 239.0 = 161.5 um/s, compared to baseline 7% GEC [Oz], 208.6 + 144.1 um/s,
(p = 0.0129) (Figure 2.32). O oscillations imposed on capillaries directly overlying 200
um micro-outlets did not cause significant changes in capillary velocity in vessels less than
200 pms away from the outlet edge but did in capillaries greater than 200 ums. In vessels
greater than 200 ums away from the outlet edge, there were significant changes in capillary
velocity at 2% GEC [Oz], 192.5 + 108.5 um/s, and at 7% GEC [Oz], 185.4 £ 99.51 pm/s,
compared to baseline 7% GEC [O2], 177.4 £ 92.14 um/s (p = 0.0315). O oscillations
imposed on capillaries directly overlying 200 um micro-outlets caused significant changes
in capillary velocity in vessels greater than 200 ums away from the outlet edge between
12% GEC [02], 170.2 + 89.00 pm/s, and 2% GEC [02], 192.5 £+ 108.5 um/s (p < 0.0001)

(Figure 2.33).
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Figure 2.30 Capillary hematocrit levels in response to oxygen oscillations for
capillaries directly overlying the 200 pm micro-outlet. A) Time series plot showing the
mean capillary hematocrit in capillaries overlying the 200 um micro-outlet across the 4-
minute O> oscillation (7-12-2-7%). B) The micro-outlet gas exchange device imposes 4-
minute oxygen oscillations for one minute at a baseline concentration of 7%, one minute at
12%, one minute at 2%, and one minute at 7%. Mean hematocrit values are taken from the
first entire minute at baseline and the last 15 seconds at 12%, 2%, and 7% (n = 46
capillaries). p values based on Dunn's multiple comparisons test after significant Friedman

test are indicated in the figure with a p < 0.05 considered to be significant.
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Figure 2.31 Capillary hematocrit values in capillaries at various distances outside the
200 pm micro-outlet edge. A) Time series plot showing the mean capillary hematocrit
levels in capillaries outside the 200 um micro-outlet edge across the 4-minute O> oscillation
(7-12-2-7%). B) The micro-outlet gas exchange device imposes 4-minute oxygen
oscillations for one minute at a baseline concentration of 7%, one minute at 12%, one
minute at 2%, and one minute at 7%. Mean hematocrit values are taken from the first entire
minute at baseline and the last 15 seconds at 12%, 2%, and 7%. Panel B shows capillaries
within 100 um from the micro-outlet edge (n = 35 capillaries), capillaries between 100 —
200 pm from the outlet edge (n = 56 capillaries), and capillaries greater than 200 pm from
the outlet edge (n = 78 capillaries) respectively. p values based on Dunn's multiple
comparisons test after significant Friedman test are indicated in the figure with a p <0.05

considered to be significant.
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Figure 2.32 Capillary RBC velocity for capillaries overlying the 200 pm micro-outlet
following 4-minute oxygen oscillations. A) Time series plot showing the mean RBC
velocity for capillaries overlying the 200 pm micro-outlet across the 4-minute O>
oscillation (7-12-2-7%). B) Oxygen oscillations consisted of one minute at a baseline
oxygen concentration of 7% and one minute at 12%, 2%, and 7% oxygen concentration.
The average was taken from the entire first minute at a baseline 7% and the last 15 seconds
of each of the following oxygen concentrations at 12%, 2%, and 7% (n = 46 capillaries). p
values based on Dunn's multiple comparisons test after significant Friedman test are
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartiles.

134



Capillary RBC Velocity
(um/s)

<100 pm from micro-outlet
100 - 200 pm from micro-outlet
= > 200 pm from micro-outlet

== Chamber [O,]
400
=y
8 12
T 300- | b 9
> _ I H o
Qw : ' —~ 3
2 € 200 | : =g
o= O REATEAN A AT S
& | | O
— | e
3 100+ ' |
[ |
Q [ S—— — 2
0 I 1 1
0 60 120 180 240
Time (s)
[ <100 um from micro-outlet
3 100 - 200 um from micro-outlet
E3 > 200 um from micro-outlet
0.0315
I 0.0024
800 - 800 800
g g <0.0001
600 S 600 S 600
s s !
%)
400 2%400- §§4°°'
=N =9
g g
200 = 200 = 200+
e | .
3] (3]
0 T T T T 0 T T T T 0 T T T T
7 12 2 7 7 12 2 7 7 12 2 7
Chamber [O,] Chamber [O,] Chamber [O,]

(%)

(%) (%)

135



Figure 2.33 Capillary RBC velocity for capillaries outside the 200 pm micro-outlet at
varying distances from the outlet edge following 4-minute oxygen oscillations. A) Time
series plot showing the mean RBC velocity for capillaries outside the 200 um micro-outlet
at varying distances across the 4-minute O oscillation (7-12-2-7%). B) Oscillations
consisted of one minute at a baseline oxygen concentration of 7% followed by one minute
at 12%, 2%, and 7% oxygen concentration. The mean was calculated for the first minute at
7% and the last 15 seconds of the following oxygen concentrations of 12%, 2%, and 7%.
Panel A shows capillaries within 100 um from the micro-outlet edge (n = 35 capillaries),
panel B shows capillaries between 100 — 200 um from the outlet edge (n = 56 capillaries),
and panel C shows capillaries greater than 200 um from the outlet edge (n = 78 capillaries).
p values based on Dunn's multiple comparisons test after significant Friedman test are
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartiles.
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O2 oscillations imposed on capillaries directly overlying 200 um micro-outlets
caused significant changes in capillary supply rate in the capillaries overlying the micro-
outlet at 2% GEC [O2], 14.35 + 12.87 cells/s, compared to baseline 7% GEC [Oz], 12.00 £+
11.10 cells/s, and between 12% GEC [O2], 12.60 + 12.30 cells/s, and 2% GEC [O], 14.35

+ 12.87 cells/s (p = 0.0282) (Figure 2.34).

O: oscillations imposed on capillaries directly overlying 200 um micro-outlets
caused no significant changes in the capillary supply rate in the capillaries less than 100
ums away. There were significant changes in capillary supply rate in vessels between 100
to 200 ums away at 2% GEC [O2], 8.75 + 5.44 cells/s compared to baseline 7% GEC [Oz],
7.43 £ 4.56 cells/s as well as at 12% GEC [Oz], 7.78 + 4.88 cells/s, compared to 2% GEC

[O2], 8.75 = 5.44 cells/s (p < 0.0109) (Figure 2.35).

In vessels greater than 200 ums away at 2% GEC [O2], 10.23 + 8.59 cells/s, and 7%
GEC [02], 9.82 + 8.35 cells/s, compared to baseline 7% GEC [O2] 8.98 + 8.29 cells/s and
at 12% GEC [02], 9.27 £ 8.25 cells/s, compared to 2% GEC [O2], 10.23 + 8.59 cells/s (p <

0.0061) (Figure 2.35).
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Figure 2.34 Capillary RBC supply rate for capillaries overlying the 200 pm micro-
outlet following 4-minute oxygen oscillations. A) Time series plot showing mean RBC
supply rate for capillaries overlying the 200 pm micro-outlet across the 4-minute O>
oscillation (7-12-2-7%). B) Oxygen oscillations consisted of one minute at a baseline
oxygen concentration of 7% and one minute at 12%, 2%, and 7% oxygen concentration.
The mean was calculated for the first minute at a baseline 7% and the last 15 seconds of
each of the following oxygen concentrations at 12%, 2%, and 7% (n = 46 capillaries). p
values based on Dunn's multiple comparisons test after the significant Friedman test are
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartiles.
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Figure 2.35 Capillary RBC supply rate for capillaries outside the 200 pm micro-outlet
at varying distances from the outlet edge following 4-minute oxygen oscillations. A)
Time series plot showing mean RBC supply rate for capillaries outside the 200 pm micro-
outlet at varying distances across the 4-minute O oscillation (7-12-2-7%). B) Oscillations
consisted of one minute at a baseline oxygen concentration of 7% followed by one minute
at 12%, 2%, and 7% oxygen concentration. The mean was calculated for the first minute at
7% and the last 15 seconds of the following oxygen concentrations of 12%, 2%, and 7%.
Panel B shows capillaries within 100 pm from the micro-outlet edge (n = 35 capillaries),
capillaries between 100 — 200 um from the outlet edge (n = 56 capillaries), and capillaries
greater than 200 um from the outlet edge respectively (n = 78 capillaries). p values based
on Dunn's multiple comparisons test after significant Friedman test are indicated in the
figure with a p < 0.05 considered to be significant. Box and whisker plots show minimum,

median, maximum, and associated quartiles.
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2.3.5 RESULTS: 200 uM MICRO-OUTLET OXYGEN CHALLENGE DATA

Oxygen (0O2) challenge data utilizing 200-um micro-outlets for oxygen saturation
(SO2) measurements consisted of 167 capillaries for 7-12% and 175 capillaries for 7-2%
across 5 animals. A total of 44 capillaries were sampled in high Oz challenges (7-12%) and
43 in low O2 challenges (7-2%) capillaries were analyzed directly overlying the window.
Concerning capillaries measured outside the outlet edge for high oxygen challenges, 37
were measured less than 100 pms away, 38 were between 100 — 200 pms away, and 48
were greater than 200 pms away. Concerning capillaries measured outside the outlet edge
for low oxygen challenges, 41 were measured less than 100 ums away, 34 were between

100 — 200 pms away, and 57 were greater than 200 ums away.

O challenges imposed on capillaries directly overlying 200 pm micro-outlets
caused significant changes in capillary SO; at 12% GEC [O], 80.00 + 13.93%, compared
to baseline 7% GEC [0z], 60.74 £ 16.74% (p < 0.0001) (Figure 2.36). O, challenges
imposed on capillaries directly overlying 200 um micro-outlets caused significant changes
in capillary SO» at 2% GEC [0Oz], 43.73 + 18.65%, compared to baseline 7% GEC [O2],

65.26 % 13.03% (p < 0.0001) (Figure 2.38).

O challenges imposed on capillaries directly overlying 200 pm micro-outlets
caused significant changes in capillary SO; at 12% GEC [O2], 47.21 £+ 20.56%, compared
to baseline 7% GEC [02], 42.24 + 17.57% in capillaries less than 100 pms away from the
outlet edge (p = 0.0008) (Figure 2.37). There were no significant changes in capillary SO>
at 2% GEC [Oz], compared to baseline 7% GEC [O2], in capillaries outside the micro-outlet

at any distance from edge (Figure 2.39).
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Figure 2.36 Capillary RBC oxygen saturation in response to high oxygen challenges
for capillaries directly overlying the 200 pm micro-outlet. A) Time series plot showing
mean capillary RBC oxygen saturation (SO.) for capillaries overlying the micro-outlet in
response to high (7-12%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 12%. The
mean was calculated for the first minute at 7% and the last 15 seconds at a 12% oxygen
concentration (n = 44 capillaries). p values based on paired t-tests and values indicated in
the figure with a p <0.05 are considered significant. Box and whisker plots show minimum,

median, maximum, and associated quartiles.
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Figure 2.37 Capillary RBC oxygen saturation responses in capillaries at various
distances outside the 200 pm micro-outlet edge in response to high oxygen challenges.
A) Time series plot showing mean capillary RBC oxygen saturation (SO2) for capillaries
outside the micro-outlet edge at varying distances during high (7-12%) oxygen challenges.
B) Oxygen challenges consisted of one minute at a baseline oxygen concentration of 7%
followed by one minute at 12%. The mean was calculated for the first minute at 7% and
the last 15 seconds at a 12% oxygen concentration. Panel B shows capillaries within 100
um from the micro-outlet edge (n = 37 capillaries), capillaries between 100 — 200 pm from
the outlet edge (n = 38 capillaries), and capillaries greater than 200 um from the outlet edge
(n =48 capillaries) respectively. p values based on paired t-tests and values indicated in the
figure with a p < 0.05 considered significant. Box and whisker plots show minimum,

median, maximum, and associated quartiles.
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Figure 2.38 Capillary RBC oxygen saturation in response to low oxygen challenges
for capillaries directly overlying the 200 pm micro-outlet. A) Time series plot showing
mean capillary RBC oxygen saturation (SO.) for capillaries overlying the micro-outlet
during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a
baseline oxygen concentration of 7% followed by two minutes at 2%. The mean was
calculated for the first minute at 7% and the last 15 seconds at a 2% oxygen concentration
(n =43 capillaries). p values based on paired t-tests and values indicated in the figure with
a p <0.05 are significant. Box and whisker plots show minimum, median, maximum, and

associated quartiles.

145



<100 pm from micro-outlet

100 - 200 pm from micro-outlet
= > 200 pm from micro-outlet
== Chamber [O,]

100
O 80- —12
7] (@)
Q 5
% 60 - 3
32 ,\ L Y ~ A \O
o S p—— - v Y, - o
Ev4o_. ~pxq_/*,.r‘ Ji““’ | W o ST §
3 : L
S 20- I =
o -------------.—2
0 1 |
0 60 120 180
Time (s)
3 <100 uym from micro-outlet
3 100 - 200 um from micro-outlet
E3 > 200 pm from micro-outlet
100 100 100
o 80 '|' o 80 T o 80
7] 7] (7]
é AGO - é AGO - § ASO-
S S X
£ 40 £ a0 & a0
2 ¥ %
O 204 O 20- J_ J- O 204
o—T—T— 0- o—T
7 2 7 2 7 2
Chamber [O,] Chamber [O,] Chamber [O,]

(%)

(%) (%)

146



Figure 2.39 Capillary RBC oxygen saturation responses in capillaries at various
distances outside the 200 pm micro-outlet edge in response to low oxygen challenges.
A) Time series plot showing mean capillary RBC oxygen saturation (SO2) for capillaries
outside the micro-outlet edge at varying distances during low (7-2%) oxygen challenges.
B) Oxygen challenges consisted of one minute at a baseline oxygen concentration of 7%
followed by two minutes at 2%. The average was taken from the entire first minute at 7%
and the last 15 seconds at a 2% oxygen concentration. Panel B shows capillaries within 100
um from the micro-outlet edge (n =41 capillaries), capillaries between 100 — 200 pm from
the outlet edge (n = 34 capillaries), and capillaries greater than 200 pm from the outlet edge
(n = 57 capillaries), respectively. p values based on paired t-tests and values indicated in
the figure with a p <0.05 are considered significant. Box and whisker plots show minimum,

median, maximum, and associated quartiles.
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Oxygen (O2) challenge data utilizing 200-um micro-outlets for hemodynamic
measurements consisted of a total of 388 capillaries across 5 animals. A total of 42 for high
and 53 capillaries for low O; challenges were analyzed directly overlying the window.
Concerning capillaries measured outside the outlet edge during high challenges, 31 were
measured less than 100 ums away, 54 were between 100 — 200 pms away, and 68 were
greater than 200 ums away. Concerning capillaries measured outside the outlet edge during
low challenges, 30 were measured less than 100 ums away, 38 were between 100 — 200

ums away, and 72 were greater than 200 pms away.

O challenges imposed on capillaries directly overlying 200 pm micro-outlets
caused significant changes in capillary hematocrit in vessels greater than 200 ums away at
12% GEC [O2], 20.13 + 9.55%, compared to baseline 7% GEC [O2], 19.13 + 9.49% (p =
0.0172) (Figure 2.41). Oz challenges imposed on capillaries directly overlying 200 pm
micro-outlets caused significant changes in capillary hematocrit at 2% GEC [O2], 22.88 +
10.18%, compared to baseline 7% GEC [Oz], 20.69 + 8.53% (p = 0.0022) (Figure 2.42).
O challenges imposed on capillaries directly overlying 200 um micro-outlets caused
significant changes in capillary hematocrit in vessels less than 100 ums away from the
outlet at 2% GEC [O2], 18.93 £ 10.68%, compared to baseline 7% GEC [0:],17.77 £

10.37% (p = 0.0348) (Figure 2.43).
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Figure 2.40 Capillary hematocrit levels in response to high oxygen challenges for
capillaries directly overlying the 200 pm micro-outlet. A) Time series plot showing
mean capillary hematocrit levels for capillaries overlying the micro-outlet during high (7-
12%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline
oxygen concentration of 7% followed by two minutes at 12%. The mean was calculated for
the first minute at 7% and the last 15 seconds at a 12% oxygen concentration (n = 42
capillaries). Box and whisker plots show minimum, median, maximum, and associated

quartiles.
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Figure 2.41 Capillary hematocrit levels in capillaries at various distances outside the
200 pm micro-outlet edge in response to high oxygen challenges. A) Time series plot
showing mean capillary hematocrit levels for capillaries outside the micro-outlet at varying
distances during high (7-12%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 12%. The
mean was calculated for the first minute at 7% and the last 15 seconds at a 12% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =
31 capillaries), capillaries between 100 — 200 um from the outlet edge (n = 54 capillaries),
and capillaries greater than 200 um from the outlet edge (n = 68 capillaries) respectively.
p values based on paired Wilcoxon t-test and values indicated in the figure with a p <0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure 2.42 Capillary hematocrit levels in response to low oxygen challenges for
capillaries directly overlying the 200 pm micro-outlet. A) Time series plot showing
mean capillary hematocrit levels for capillaries overlying the micro-outlet during low (7-
2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 2%. The mean was calculated for the first
minute at 7% and the last 15 seconds at a 2% oxygen concentration (n = 53 capillaries). p
values based on paired Wilcoxon t-test and values indicated in the figure with a p < 0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure 2.43 Capillary hematocrit levels in capillaries at various distances outside the
200 pm micro-outlet edge in response to low oxygen challenges. A) Time series plot
showing mean capillary hematocrit levels for capillaries outside the micro-outlet at varying
distances during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 2%. The mean
was calculated for the first minute at 7% and the last 15 seconds at a 2% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =
30 capillaries), capillaries between 100 — 200 um from the outlet edge (n = 38 capillaries),
and capillaries greater than 200 um from the outlet edge (n = 72 capillaries) respectively.
p values based on paired Wilcoxon t-test and values indicated in the figure with a p <0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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O challenges imposed on capillaries directly overlying 200 um micro-outlets
caused significant changes in capillary velocity at 12% GEC [O2], 192.7 £ 107.5 pm/s,
compared to baseline 7% GEC [O2], 207.5 + 123.7 um/s (p = 0.0370) (Figure 2.44). O
challenges imposed on capillaries directly overlying 200 um micro-outlets caused
significant changes in capillary velocity at 2% GEC [O2], 293.1 £ 175.6 um/s, compared

to baseline 7% GEC [O2], 230.2 + 141.0 um/s (p < 0.0001) (Figure 2.46)

O challenges imposed on 200 pm micro-outlets caused significant changes in
capillary velocity in vessels greater than 200 pms away from the outlet at 12% GEC [O2],
197.2 £ 117.8 pm/s compared to baseline 7% GEC [O2], 183.5 £ 116.5 um/s (p = 0.0211)
(Figure 2.45). O3 challenges imposed on 200 um micro-outlets caused significant changes
in capillary velocity in vessels less than 100 ums away from the outlet at 2% GEC [O2],
207.8 £ 123.6 um/s compared to baseline 7% GEC [O2], 182.0 + 118.9 um/s, in vessels
between 100 — 200 ums away at 2% GEC [Oz], 223.8 + 122.3 um/s, compared to baseline
7% GEC [O2], 189.1 £ 95.1 um/s, and in vessels greater than 200 pms away from the outlet
at 2% GEC [0z], 225.9 £+ 143.8 um/s compared to baseline 7% GEC [Oz], 210.1 £ 119.8

um/s (p <0.0161) (Figure 2.47).
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Figure 2.44 Capillary RBC velocity response to high oxygen challenges for capillaries
directly overlying the 200 pm micro-outlet. A) Time series plot showing mean capillary
RBC velocity for capillaries overlying the micro-outlet during high (7-12%) oxygen
challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 12%. The mean was calculated for the first
minute at 7% and the last 15 seconds at a 12% oxygen concentration (n = 42 capillaries). p
values based on paired Wilcoxon t test and values indicated in the figure with a p < 0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure 2.45: Capillary RBC velocity levels in capillaries at various distances outside
the 200 pm micro-outlet edge in response to high oxygen challenges. A) Time series
plot showing mean capillary RBC velocity for capillaries outside the micro-outlet at
varying distances during high (7-12%) oxygen challenges. B) Oxygen challenges consisted
of one minute at a baseline oxygen concentration of 7% followed by two minutes at 12%.
The mean was calculated for the first minute at 7% and the last 15 seconds at 12% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =
31 capillaries), capillaries between 100 — 200 um from the outlet edge (n = 54 capillaries),
and capillaries greater than 200 um from the outlet edge (n = 68 capillaries) respectively.
p values based on paired Wilcoxon t test and values indicated in the figure with a p <0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure 2.46 Capillary RBC velocity response to low oxygen challenges for capillaries
directly overlying the 200 pm micro-outlet. A) Time series plot showing mean capillary
RBC velocity for capillaries overlying the micro-outlet during low (7-2%) oxygen
challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 2%. The average was calculated for the
first minute at 7% and the last 15 seconds at 2% oxygen concentration (n = 53 capillaries).
p values based on paired Wilcoxon t-test and values indicated in the figure with a p <0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure 2.47 Capillary RBC velocity in capillaries at various distances outside the 200
pm micro-outlet edge in response to low oxygen challenges. A) Time series plot showing
mean capillary RBC velocity for capillaries outside the micro-outlet at varying distances
during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a
baseline oxygen concentration of 7% followed by two minutes at 2%. The mean was
calculated for the first minute at 7% and the last 15 seconds at a 2% oxygen concentration.
Panel B shows capillaries within 100 pm from the micro-outlet edge (n = 30 capillaries),
capillaries between 100 — 200 um from the outlet edge (n = 38 capillaries), and capillaries
greater than 200 um from the outlet edge (n = 72 capillaries) respectively. p values based
on paired Wilcoxon t-test and values indicated in the figure with a p < 0.05 considered to
be significant. Box and whisker plots show minimum, median, maximum, and associated

quartiles.
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O challenges imposed on capillaries directly overlying 200 um micro-outlets
caused significant changes in capillary supply rate at 2% GEC [O2], 17.28 + 12.29 cells/s,
compared to baseline 7% GEC [O2], 12.57 + 10.21 cells/s (p <0.0001) but not at 12% GEC
[O2] (Figure 2.48, 2.50). O challenges imposed on 200 pm micro-outlets caused significant
changes in capillary supply rate for vessels 200 ums away from the outlet edge at 12% GEC
[02], 9.62 + 7.81 cells/s, compared to baseline 7% GEC [O2], 8.51 £ 6.93 cells/s (p =
0.0007) (Figure 2.49). O challenges imposed on capillaries directly overlying 200 pm
micro-outlets caused significant changes in capillary supply rate for outside vessels less
than 100 pms away at 2% GEC [O2], 11.02 £ 9.26 cells/s, compared to baseline 7% GEC
[02],9.03 + 8.72 cells/s, in vessels in the 100 to 200 pms range from the outlet edge at 2%
GEC [02], 12.19 + 8.66 cells/s, compared to baseline 7% GEC [Oz], 9.07 £+ 6.84 cells/s,
and in vessels greater than 200 ums away at 2% GEC [O2], 11.20 + 11.28 cells/s compared

to baseline 7% GEC [O2], 9.49 £ 8.68 cells/s (p < 0.0248) (Figure 2.51).
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Figure 2.48 Capillary RBC supply rate response to high oxygen challenges for
capillaries directly overlying the 200 pm micro-outlet. A) Time series plot showing
mean capillary RBC supply rate for capillaries overlying the micro-outlet during high (7-
12%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline
oxygen concentration of 7% followed by two minutes at 12%. The mean was calculated for
the first minute at 7% and the last 15 seconds at a 12% oxygen concentration (n = 42
capillaries). Box and whisker plots show minimum, median, maximum, and associated

quartiles.

163



< 100 pm from micro-outlet
100 - 200 pm from micro-outlet
= > 200 pm from micro-outlet

(%)

== Chamber [O,]
2 20
&
> .|/  e————eeecececee= ™12
5 154 I Q
o | o
2w I A 3
w —
) e T
8 E 10_ S W AD‘ 4 ' 'nk‘ ] “’ll',s '. r',\f_7\°-\f 2
D8 [WATY Vi S
.
§ 57
3 2
8 0 T T
0 60 120 180
Time (s)
[ < 100 pm from micro-outlet
3 100 - 200 pm from micro-outlet
E= > 200 pm from micro-outlet
o 60 % 60 o 60
4 e S 0.0007
> > > I 1
g 40- - & 40 &  40-
>0 >0 >0
02 o2 02
28 28 28
- = :
o 0 = 1 o 0- o 0 T 1
7 12 7 12 7 12
Chamber [O,] Chamber [O,] Chamber [O,]

(%) (%)

164



Figure 2.49 Capillary RBC supply rate in capillaries at various distances outside the
200 pm micro-outlet edge in response to high oxygen challenges. A) Time series plot
showing mean capillary RBC supply rate for capillaries outside the micro-outlet at varying
distances during high (7-12%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 12%. The
mean was calculated for the first minute at 7% and the last 15 seconds at a 12% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =
31 capillaries), capillaries between 100 — 200 um from the outlet edge (n = 54 capillaries),
and capillaries greater than 200 um from the outlet edge (n = 68 capillaries) respectively.
p values based on paired Wilcoxon t test and values indicated in the figure with a p <0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure 2.50 Capillary RBC supply rate in response to low oxygen challenges for
capillaries directly overlying the 200 pm micro-outlet. A) Time series plot showing
mean capillary RBC supply rate for capillaries overlying the micro-outlet during low (7-
2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 2%. The mean was calculated for the first
minute at 7% and the last 15 seconds at a 2% oxygen concentration (n = 53 capillaries). p
values based on paired Wilcoxon t test and values indicated in the figure with a p < 0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure 2.51 Capillary RBC supply rate in capillaries at various distances outside the
200 pm micro-outlet edge in response to low oxygen challenges. A) Time series plot
showing mean capillary RBC supply rate for capillaries outside the micro-outlet at varying
distances during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 2%. The mean
was calculated from the entire first minute at 7% and the last 15 seconds at a 2% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =
30 capillaries), capillaries between 100 — 200 um from the outlet edge (n = 38 capillaries),
and capillaries greater than 200 um from the outlet edge (n = 72 capillaries) respectively.
p values based on paired Wilcoxon t test and values indicated in the figure with a p <0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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2.3.6 RESULTS:1000 AND 600 uM MICRO-OUTLET OSCILLATION AND CHALLENGE DATA
The results obtained using our 600 and 1000 um micro-outlet devices are displayed
in the appendix as there is limited space to discuss these results. However, they support the

overall findings presented from the 200 and 400 um outlets as detailed below.

2.4 DISCUSSION

In this study, we developed and validated a novel ultra-thin film micro-outlet device
to deliver highly localized oxygen perturbations to regions of skeletal muscle tissue with
simultaneous quantification of blood flow responses using intravital video microscopy. The
knowledge obtained from previous designs, in vivo experiments, and the size of a single
microvascular unit in rodents (~150 x 200 pum), aided our device development process
(Ghonaim et al., 2011, 2013, 2021; Sové¢ et al., 2021; Ellis et al., 2012). Polyvinylidene
chloride (PVDC) gas-impermeable film was used to pattern thin-film micro-outlets onto
our device to deliver oxygen perturbations into tissue regions. The device was coupled with
computer-controlled mass flow meters connected to a gas exchange chamber for
transporting oxygen perturbations to the surface of the extensor digitorum longus (EDL)
muscle overlying an inverted microscope setup. To validate the ability of our device to
deliver various oxygen concentrations from the gas exchange chamber to the muscle, RBC
SO, was analyzed in capillaries overlying the outlet and at various distances away from the
outlet edge using IVVM and offline MATLAB software (Ellis et al., 1990, 1992, 2012;

Japee, 2004, 2005; Fraser et al., 2012; Ghonaim et al., 2021).

Other groups have obtained the sensitivity level required to alter blood flow through

induced microvascular RBC SO> changes in vivo (Frisbee & Lombard, 2002; Frisbee et al.,
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2002; Ghonaim et al., 2011, 2021; Sové¢ et al., 2021). Superfusion solutions of varying O>
levels have stimulated arterioles to either vasoconstrict or vasodilate, depending on the [O2]
bathing the tissue surface (Duling,1970; Frisbee & Lombard, 2002; Frisbee et al., 2002;
Riemann et al., 2010; Charter et al., 2018). Compared to a micro-outlet device coupled to
a gas exchange chamber that directly stimulates individual microvascular networks of an
isolated muscle, this stimulated area in a bathed muscle preparation is much larger,
affecting approximately 40-fold the microvascular surface area (Ghonaim et al., 2011;
Frisbee & Lombard, 2002; Duling, 1970). When the whole muscle is targeted in this type
of preparation, multiple levels of the vasculature and their regulatory mechanisms may be
affected (Duling, 1970; Frisbee & Lombard, 2002; Charter, 2018; Russel McEvoy et al.,
2022). Additionally, superfusion solution preparations are unsuitable for constraining a
stimulus to a specific vessel unless administered through micropipettes (Riemann et al.,
2010; Frisbee & Lombard, 2002; Duling, 1970). Therefore, micro-outlet devices offer more
spatially constrained tissue manipulations at precise concentrations that can be manipulated

transiently or maintained for extended durations.

Unlike isolated muscle preparations, superfusion setups do not isolate the muscle
from the environment (Tyml & Budreau, 1991; Riemann et al., 2010). Instead, a fixed gas
concentration is maintained within the solution that bathes it (Riemann et al., 2010; Charter
et al.,, 2018). This solution typically has a 0% [O:] which may interfere with the
interpretation of muscle blood flow, as regardless of other stimuli, the regulatory system
will adjust to facilitate matching O supply and demand (Kindig et al., 2002). Due to the

superfusate being continuously washed away and replenished, other regulatory molecules,
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such as nitric oxide, may also be continuously washed away, affecting physiological
pathways and basal tone (Jackson, 2016). This may lead to confounding results in O
reactivity studies (Jackson, 2016). In general, oxygen has a low solubility in water, thus,
superfusion solutions have a limited carrying capacity. Using gas exchange chambers to
stimulate the overlying muscle mitigates the consideration of oxygens solubility properties
as Oz flows readily through the chamber (Ellis et al., 2012; Ghonaim et al., 2011, 2021;
Sové et al., 2021; Russell McEvoy et al., 2022). These limitations support the use of gas-

based micro-fluidic approaches for studying microvascular oxygen regulation.

Through studies focused on O reactivity at the microvascular level, it has been
shown that when enough tissue surface is stimulated, an appropriate blood flow response
will occur; a further insight on the location for O; sensing (Ellis et al., 2012; Ghonaim et
al., 2011, 2013, 2021; Sové¢ et al., 2021; Russell McEvoy et al., 2022). In this study, we
aimed to quantify blood flow responses in individual capillary networks to gain novel
insights into Oz sensing at the capillary level. Previously, a 100 um diameter circular outlet
was shown to change RBC SO in the 1- 2 capillaries overlying it but could not stimulate
a blood flow response (Ghonaim et al., 2011). RBC SO manipulations in capillary
networks overlying 1000 by 200 um micro-outlet elicited a blood flow response, suggesting
O: sensing, and control is localized in capillaries (Ghonaim et al., 2021). Subsequently a
similar microvascular preparation with a 400 by 200 pm micro-outlet was shown to elicit
a substantial RBC SO; change in capillaries overlying their micro-outlets to elicit a blood
flow response by activating O, mediated response (Sové et al., 2021). An important finding,

as previous studies used a smaller micro-outlet that stimulated about half the area of
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capillary networks compared to previous designs, providing us further insights into the
scale for O sensing (Ghonaim et al., 2011, 2021; Sové et al, 2021). A better
characterization of the minimum scale for sensing will improve our understanding of
potential regulatory mechanisms, and the relative contribution from different vessel types.
By quantifying the minimum-sized micro-outlet that can initiate an Oz sensing and control
mechanism to changing tissue O2 levels, it will help specify the exact spatial location that
regulatory mechanisms are activated (Sové et al., 2021). In addition to the previous studies,
we tested multiple micro-outlet diameter sizes and compared the hemodynamic responses

measured to determine the critical area of O sensing, as discussed in detail below.

Radial diffusion is an important characteristic of gas-based micro-outlet devices as
it relates to their achievable spatial specificity. Importantly, the distance a stimulus
propagates in the tissue will affect how well constrained imposed oxygen perturbations are.
Mathematical modelling and empirical studies have been used to describe the distribution
of PO> in tissue overlying the micro-outlets (Ghonaim et al., 2013). The results from
Ghonaim et al. suggested that imposed PO: changes from the gas exchange chamber
diffused to capillaries overlying the outlet and to capillaries up to 100 ums away. Still,
logically this change in PO> declined over distance as the tissue returned to the mean
background tissue PO, (Ghonaim et al., 2013). Unfortunately, this mathematical model did
not consider the gas permeable PDMS layer directly interfaced with the muscle of interest
(Ghonaim et al., 2013; Sové et al., 2021). Therefore, O> perturbations were propagated
more readily through the PDMS layer (due to the higher diffusivity and solubility of oxygen

in PDMS), and into the muscle tissue, but the perturbation spread further to capillaries at

172



significant distances away from the outlet (Markov et al., 2014). Therefore, this led to an
underestimated radial diffusion, PO; distribution, and spatial specificity of the micro-
outlets in the tissue (Ghonaim et al., 2011, 2013). Further in vivo studies were performed,
and a new model that incorporated the PDMS layer was created to interpret the results from
Sové et al.’s 400 by 200 pum rectangular micro-outlet device (Sové et al., 2021). This new
model and its associated in vivo RBC SO> data from capillaries at various distances away
from the micro-outlets provided novel insights on the extent of Oz spread within the PDMS
layer in their device (Sové et al., 2021). The spreading effect increased this previous outlets’
area of effect to greater than 614 by 434 ums, meaning tissue and capillaries greater than
200 ums from the outlet were experiencing significant O, changes (Sové et al., 2021).
Therefore, the O perturbations coming through this device were stimulating a larger area
of tissue and vasculature than originally proposed. This observation suggests more than a
400 by 200 um of tissue was stimulated and additional, non-capillary-based mechanisms

may have been activated, leading to a flow response.

To determine if similar control responses would occur in a device that more
precisely stimulated regions of muscle tissue, device modifications and further experiments
were deemed necessary (Sové et al., 2021). With these insights in mind, our design for
circular micro-outlets with diameters of 200 and 400 um were fabricated to further our
knowledge on the minimum scale of O sensing and control. One of the critical device
modifications that was made in the present study was changing the position of the gas
permeable layer to be in contact with the gas exchange chamber, and only interfaced with

the muscle at the surface of the patterned micro-outlets (Ghonaim et al., 2011, 2013, 2021;
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Sové et al., 2021). The purpose of this design modification was to eliminate or mitigate the
effects Oz spreading within the PDMS that exacerbates remote changes to tissue [O:] that

confounded previous studies (Sové et al., 2021).

In addition to providing greater spatial specificity, our thin film micro-outlet
devices provide superior optical properties compared to previous devices, which allowed
us to observe and analyze capillary responses inside and outside the outlets simultaneously
(Figure 2.2) (Sové et al.,, 2021). Our micro-outlet device was designed with a thin
polyvinylidene chloride film for the gas impermeable layer, whereas previous groups used
thin glass substrates of different thicknesses ranging from 80 — 180 um (Ghonaim et al.,
2011, 2013, 2021; Sové et al., 2021). When using glass substrates with air filled micro-
outlets, the disparity in refractive index causes capillaries overlying the outlets to resolve
at a different focal plane than those outside, even though they are at the same tissue depth
(Sovéetal., 2021). This is also a disadvantage for quantifying capillary responses overlying
and outside the outlets, as the recordings must be captured separately and results in
temporally unpaired measurements. The PVDC film employed in our device produces a
much thinner exchange membrane, provides excellent optical clarity, and as a result the
ability to analyze responses of capillaries overlying and outside the outlets simultaneously

during oxygen oscillations and challenges.

2.4.1 OXYGEN OSCILLATIONS
In our study, we altered muscle oxygen concentrations using a gas based micro-

outlet device and gas exchange chamber that was directly interfaced with the EDL muscle.

As expected, the four-minute oxygen oscillations in the GEC were able to induce rapid and
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profound alterations in capillary RBC SO; in capillaries overlying the 400-pm micro-
outlets without affecting the SO in capillaries outside the outlets. The SO2 measurements
validated our device’s ability to impose rapid localized gas-based perturbations without
altering the tissue microenvironment in neighbouring vessels outside the micro-outlet.
Capillary RBC SO; changes in the tissue occurred rapidly reaching their mean peak
responses within 12 seconds at 12% O: (86.91%) and 11 seconds at 2% O> (43.53%)

(Figure 2.4).

Significant flow responses in capillaries directly overlying the 400-pm micro-
outlets occurred without affecting neighbouring vessels adjacent to the micro-outlet during
O: oscillations (Figure 2.6 - 2.11). Specifically, significant differences were observed for
RBC supply rate, velocity, and hematocrit levels between 12% and 2% [O2] oscillations
(Figure 2.6, 2.8, 2.10). Interestingly, there was a significant difference in mean RBC supply
rate between the first, baseline 7% [O:] and the last 7%, where we expected to see similar
flow states as both time periods were collected at the same baseline [Oz]. This data suggests
that one minute at baseline 7% may not be enough time for the flow to normalize after it

undergoes high and low one-minute O oscillations; this is interpreted further below.

During O2 oscillations, hematocrit levels were only significantly different between
12% and 2% GEC [O2] (Figure 2.6), suggesting hematocrit levels do not modulate readily
to Oy perturbations slightly above or below baseline conditions. It was presented in the
literature by Kindig et al. and supported by Russell McEvoy et al. that transient changes in
hematocrit are a result of diameter changes in higher order arterioles altering hematocrit

levels of downstream vessels based on the Féhraeus-Lindqvist effect (Fahraeus and
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Lindqvist, 1931; Barbee and Cokelet, 1971; Pries et al., 1986; Kindig et al., 2002; Russell
McEvoy et al., 2022). Since the microvascular region affected is highly confined in our
200- and 400-pm micro-outlets, it is unlikely that higher order arterioles are stimulated;
thus, they do not readily change hematocrit levels during O> oscillations. Therefore, the
number of capillaries stimulated by O2 perturbations was enough to elicit a flow increase

in response to low Oz conditions but not a consistent decrease at high O> conditions.

Os perturbations stimulating capillaries overlying 200 pum micro-outlets induced
rapid and profound alterations in capillary RBC SO; (as shown in Figure 2.28). Capillary
RBC SO: changes in the tissue occurred rapidly reaching their mean peak responses in 12
seconds at 12% O (84.91%) and 9 seconds at 2% O (43.41%) (Figure 2.28). Our 200 pm
outlet devices were able to elicit profound flow responses in capillaries overlying the outlet
with some minor responses in capillaries outside the outlets at various distances. For all
three hemodynamic channels measured, there is a significant difference at baseline 7%
compared to 2% O (Figure 2.30, 2.32, 2.34). Significant differences exist between 12%
and 2% Oz in hematocrit and supply rate, but not velocity. Depending on the magnitude of
the flow response, it may be more difficult to obtain a significant change when imposing
high oxygen challenges (Ghonaim et al., 2011). Supply rate is the product of velocity and
lineal density; thus, supply rate provides a more sensitive measure when velocity and

hematocrit both changes, but not significantly in and of themselves.

For capillaries 100 to 200 pm away from the outlet, there were significant
differences in supply rate between 7-2% and 12-2% [O:] during the oscillations (see Figure

2.35). Although they were significant changes, they are comparatively small gradual
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increases in supply rate over time during the 4-minute oscillation. As detailed below, these
results support a role for conducted signalling at the capillary level to O changes (Collins

et al., 1998; Ghonaim et al., 2011, 2021; Sové et al., 2021).

For capillaries greater than 200 pms away from the outlet, significant hematocrit
differences were observed at 12% and 2% compared to baseline 7% (Figure 2.30). The
significant change at 12% was a slight increase in hematocrit, an unexpected local response
to high [O2] (Ghonaim et al., 2011, 2021; Sov¢ et al., 2021; Russell McEvoy et al., 2022).
Based on the mean RBC hematocrit levels, we interpret that hematocrit levels increased
from baseline to 12% and remained at the same level for the remainder of the oscillation
(Figure 2.35). Considering there were no significant differences between 7 and 12% in
capillaries overlying the outlet during oscillations in either size outlet, we suspect this result
is due to the natural periodic variability of blood flow and vasomotion (Goldman & Popel,
2001). There is spatial heterogeneity in the microcirculation's geometry, blood flow, and

oxygen delivery, which may influence observations of this type (Goldman & Popel, 2001).

There were significant differences in velocity and supply rate between the first 7%
and the last one minute 7% baseline oscillation, which suggests flow did not return to
baseline after increasing during the 2% [Oz]. A study published by our group using full
tissue surface perturbations described time transients during 2-7% O: challenges with their
associated mean peak responses in capillary RBC velocity (t = 77 s), hematocrit, (t = 105
s), and supply rate (t = 76 s) (Russell McEvoy et al., 2022). Such results suggest that after
a one-minute oscillation at 2%, the hemodynamic responses at 7% did not have enough

time to reach their mean peak response in the one-minute oscillation; affecting the system’s
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ability to return blood flow back to baseline. Therefore, this may explain why we found
significant differences between our first and last baseline 7% minute. The longer oscillation
time may have influenced the hemodynamic results obtained from this study and allowed
capillaries to reach their peak response and regulate back to normal conditions at baseline

[O2].

Although some flow responses did occur in vessels outside the 200-um outlets,
there were no corresponding RBC SO, changes in these vessels. The changes in flow
outside the 200 um diameter micro-outlets may be a result of conducted signalling from
vasculature overlying the micro-outlets, directly connected with vessels at a distance
(Collins, 1998; McCullough et al., 1997; Bagher & Segal, 2011). If stimulating a capillary
network overlying the micro-outlet affected capillary networks connected to the same feed
arteriole situated outside the outlet, it would support the role of conducted signalling in the
response (Collins, 1998; Ellsworth, 2004, 2009; Ellis et al., 2012; Ghonaim et al., 2011).
In comparison, Sov¢é et al., did not obtain robust hemodynamic changes in capillaries
outside their outlets, though details regarding this data were not reported. Still, they provide
data showing profound changes in RBC SO in capillaries measured at three distances
reaching farther than 200 ums from the outlet edge. Based on the significant SO changes
found, it is surprising that they did not observe corresponding flow changes in these
capillaries as they did in capillaries overlying outlets. However, this might result from

relatively few remote capillaries sampled (Sové et al., 2021).

Neither capillaries analyzed in our 400 nor our 200 pm diameter micro-outlets

experienced significant differences in hemodynamic values between baseline 7% and 12%
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[O2] during oscillations. There are a few potential reasons for this result. Compared to
previous studies, our results suggest the chosen outlet sizes could not perturb the
vasculature sufficiently to initiate O sensing mechanisms to react when [O2] was increased
to 12% (Ghonaim et al., 2011, 2013; Sové et al., 2021; Russel McEvoy et al., 2022). Russel
McEvoy et al., provided evidence to show that 7-12% and 7-2% [O2] changes obtain
regulatory responses that are asymmetric and that when O is increased from baseline, the
hemodynamic regulatory response is not as profound as it is when O is decreased to 2%.
This is due to a more considerable change in SO, between 7-2% GEC [O:] in RBCs
compared to between 7-12% (Russell McEvoy et al., 2022). Thus, the more profound the
RBC SO> change, the greater the flow response will be elicited. Our oscillation data
provides supports for this conclusion as we obtained significant hemodynamic changes
consistently during low 2% [Oz] oscillations compared to baseline 7%. Furthermore, in
some previous micro-outlet studies, the baseline GEC [O2] used was 5% (Ghonaim et al.,
2011, 2021; Sové et al., 2021). The high [O2] used was 12% and 20%, creating a
considerably more forceful step change in [O2] compared to the present study, which may
also influence the magnitude and robustness of their resulting decrease in flow (Ghonaim
et al., 2011, 2021; Sové et al., 2021). Furthermore, this creates a more symmetrical SO
change when comparing high and low step changes from a baseline of 5% and 7% Ox.
Depending on the peak response time of specific hemodynamics during high O> conditions,
it may require more than 1-minute to obtain a robust significant response (Russell McEvoy
et al., 2022). Significant hemodynamic differences were found during similar high O>
conditions in previous studies, but their oscillations were longer than in our current work,

with high and low step changes occurring for two minutes each (Sové et al., 2021; Ghonaim
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et al., 2021). Therefore, inducing serial Oz perturbations sequentially may interfere with
the ability of the control system to reach a peak hemodynamic response over the
observation period. Lastly, the location of terminal arterioles supplying the network of
interest and their distance from an outlet may influence the ability to modulate blood flow.
Studies that stimulated larger areas of muscle tissue are more likely to interact with terminal
arterioles, or higher vasculature (Ghonaim et al., 2021; Sov¢ et al., 2021; Russell McEvoy
et al., 2022). Modulating tissue [O2] both at a terminal arteriole and its downstream

capillary network may result in a more robust or rapid regulatory response.

2.4.2 OXYGEN CHALLENGES
As expected, high (7-12%) and low (7-2%) oxygen challenges from the gas

exchange chamber caused rapid and profound alterations in capillary RBC SO» in
capillaries overlying the 400 pm micro-outlets without causing significant changes in
capillary RBC SO outside the outlets (Figure 2.12-215). The RBC SO, changes objectively
demonstrate the ability of our micro-outlets to impose changes to the tissue
microenvironment at this scale and validate the intended approach. Similarly, capillaries
overlying 200 pm micro-outlets experienced profound and rapid changes in RBC SO»
during both oxygen challenges (Figure 2.36, 2.38). Additionally, capillaries less than 100
um away from the 200 pm outlets experienced significant but comparatively small RBC
SO, changes during high O; challenges (Figure 2.37). Compared to the RBC SO> change
experienced by capillaries directly overlying the micro-outlet, capillaries less than 100 pm
away from the outlet edge changed from 42.24% to 47.21%, whereas the capillaries inside

experienced an increase from 60.74% to 80.00% RBC SO; (Figure 2.36-2.37). Our data
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shows that the area of effect for our 200 um diameter micro-outlets is within 100 pm of the

micro-outlet edge when imposing 2-minute O2 challenges.

Our 7-2 % [O:] challenges induced significant flow responses in capillaries directly
overlying 400 pm micro-outlets, as determined by increased mean RBC supply rate and
velocity (Figure 2.22, 2.26). Profound flow decreases were observed during high oxygen
challenges in capillaries overlying the 400 um diameter outlets. This is an exciting finding
as we did not observe significant responses between 7% and 12% during our 4-minute
oscillations. This finding supports our interpretation of a time-dependent effect related to
stimulating O> regulatory mechanisms in high [O:] areas in small muscle tissue regions.
Significant hematocrit changes occurred during low O; challenges but not during high O>

challenges.

Hemodynamic responses were observed in capillaries outside the 400 pm diameter
outlets at distances farther than 100 pm away but not in vessels less than 100 um away
during low O challenges. This observation showed a 25% SR increase in capillaries 200
um away from the outlet compared to a 65% mean SR increase in vessels directly crossing
the outlets (Figure 2.26-2.27). These hemodynamic changes remote to the micro-outlets
may be due to conducted signalling, as mentioned above. In our devices and in previous
devices, multiple micro-outlets are in contact with the muscle within a relatively small
region of the tissue surface (Sové et al., 2021). In our devices, adjacent micro-outlets are
separated by 1000 pum. Since the microcirculation is highly interconnected, vessels
overlying the micro-outlets that experience a SR change may also induce a SR change in

vessels at a distance from the outlet; one that may be unrelated to the local tissue micro-
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environment in these remote vessels. Multiple micro-outlets may stimulate responses
remote to the confined stimulated region, which is more likely to cause significant SR

changes in outside vessels.

Our novel 200 um diameter micro-outlet device similarly provoked profound flow
responses during high and low oxygen challenges. RBC velocity significantly decreased
during high O> challenges but the change in supply rate and hematocrit were not significant
(Figure 2.40, 2.44, 2.48). Profound flow responses occurred during 7-2% O challenges in
capillaries outside the 200-pum outlets, but capillary blood flow responses experienced by
capillaries overlying the outlets were larger. Specifically, mean RBC SR increased by
37.5% in capillaries overlying the outlets, while the capillaries outside the outlet edge

experienced an 18% mean RBC SR increase (Figure 2.50 - 2.51).

It has been hypothesized that the magnitude of the flow responses observed in
relation to oxygen perturbations is proportional to the number of capillaries and endothelial
cells stimulated within a network (Ellis et al., 2012; Ghonaim et al., 2013, 2021; Sové et
al., 2021). Our results support this hypothesis in low Oz challenges for different outlet sizes,
as we observed a 38% increase in SR in the 200 um diameter outlets and a 65% increase in
SR in the 400 um outlets resulting from a 7-2% GEC [O:] challenge in overlying capillaries.
During high Os challenges, our 200 pm diameter micro-outlets did not provoke a significant
change in RBC SR, but in 400-pm micro-outlets SR responses were significant with a 12%
decrease in mean RBC SR. During oscillations, capillaries experienced a more moderate
mean SR increase in the transition from 12% to 2% O; with the 200 pm micro-outlets

(13.9%) compared to 400 um outlets where the increase was 27.7% (Figure 2.10, 2.34).
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Endothelial cells in skeletal muscle are approximately 104 um long, and microvascular
units are typically 150 x 200 um in rodents (Adamson, 1993; Yuan et al., 2011), so larger
outlet would be expected to stimulate more endothelial cells to hyperpolarize and contribute
to a conducted response from [O:] changes. Therefore, the larger the micro-outlet device
and muscle tissue size stimulated by O, perturbations, the greater the flow response should
be. This may be due to the integration of conducted signals reaching arterioles reflecting
hyperpolarization of the capillary endothelium from multiple vessels that the arteriole
supplies (McCullough et al., 1997; Collins et al., 1998; Lidington et al., 2002; Dietrich et
al., 2009; Ellis et al., 2012; Dora, 2016). Therefore, the magnitude of the flow response
should be at least in part reflected by the number of endothelial cells and individual
capillaries influenced by the micro-outlet perturbation (Ghonaim et al., 2011, 2013).
Furthermore, a 100 um outlet affecting 1-2 capillaries overlying it through oxygen
perturbations did not elicit a flow response, but our 200-um micro-outlet affecting
approximately double the capillaries and endothelial cells did yield a hemodynamic
response. Therefore, our results support the concept of spatially summative responses and

provide evidence for capillary level Oz sensing.

It has been proposed many times in the literature that capillaries are involved in
oxygen-mediated blood flow regulation (Ellsworth, 1995, 2009, 2013; Ellis et al., 2012;
Dietrich et al., 1992; Song & Tyml, 1993; Ghoniam et al., 2011, 2013, 2021; Sov¢ et al.,
2021; Lamb et al., 2021). Capillaries are suggested to play a role in mediating conducted
signalling to arterioles through SO.-dependent ATP release from erythrocytes (Collins,

1998; Dietrich et al., 2009; Arciero et al.., 2008; Ellsworth, 2009; Dora, 2017). Our
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significant capillary hemodynamic responses from 200 um diameter micro-outlets
represent a promising means to manipulate blood flow via [Oz] at the capillary level without
directly stimulating higher levels of the vasculature. The profound flow responses we
observed in our small, circular 200 pm diameter micro-outlets suggest individual capillary
networks can sense O2 and modulate blood flow in response. In previous studies, micro-
outlet devices could not achieve a blood flow response to a stimulus of this small size,

therefore, our findings provide novel insights into the scale of Oz sensing.

In conclusion, we have developed and validated an ultra-thin film micro-outlet
device that can elicit Oz perturbations onto highly confined regions of skeletal muscle
tissue, effectively modulating local RBC SO, with corresponding flow changes. Compared
to previous devices, design modifications have assisted in improving the spatial specificity
and constraining the radial diffusion properties of our device (Ghonaim et al., 2011, 2013;
Sové et al., 2021). RBC SO» changes elicited in 200-pm diameter micro-outlets induced
corresponding RBC hemodynamic changes, by stimulating a confined region of capillaries.
Therefore, we collected novel insights on the minimum scale for inducing significant
capillary RBC hemodynamic changes to tissue O2 modulations. Our micro-outlet device
has high-quality optical properties with the most precise spatial specificity yet in which
direct, temporally matched comparisons were made between capillaries directly

experiencing imposed [Oz] stimulated and vessels at a distance from the stimulus.

In future studies, our device can be used to obtain the high level of spatial specificity
necessary to interrogate capillary level regulation mechanisms using multi-modal

approaches, such as intravascular pharmacological studies. Our modular device can easily

184



be modified to address a wide range of research questions and is suitable for future studies
to target various levels of microcirculation and specific mechanisms responsible for

oxygen-mediated blood flow regulation.
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CHAPTER 3: SUMMARY

3.1 SUMMARY AND DISCUSSION OF RESULTS

In this thesis, we describe the development and fabrication of an ultra-thin film
micro-outlet device of various diameter sizes (200, 400, 600, and 1000 um) capable of
imposing local oxygen perturbations to skeletal muscle tissue. To stimulate capillaries via
modulation of RBC SO», our device was interfaced with a modular gas exchange chamber
to deliver [O2] oscillations and challenges to muscle tissue. The validation of our device is
described in chapter 2, which was completed using IVVM to assess our device’s ability to
deliver [O2] to capillaries overlying the outlet. Offline MATLAB software was used to
analyze the spatial region for the diffusion of [O:] perturbations into capillaries overlying
and at various distances remote to our outlets. Our novel devices provide superior optical
properties compared to other recent micro-fluidic platforms designed for similar purposes.
The improved optical properties allowed us to observe and capture capillary RBC SO; and
hemodynamic measurements in vessels directly overlying the stimulated area, and in
regions remote to the stimulus, simultaneously, which was not possible with previously

published approaches.

Our micro-outlets successfully manipulated capillary RBC SO in vessels overlying
and, in some capillaries, less than 200 pms away from our 200- and 400-um micro-outlets.
As described in Chapter 2, our results demonstrated that capillaries overlying our 200 um
diameter micro-outlets experienced profound changes in RBC SO; via manipulations to the

gas exchange chamber O, concentration and were able to elicit significant capillary blood
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flow changes in response. This is the first study to demonstrate that oxygen mediated
stimulation of muscle regions as small as ~200 pm in diameter can provoke significant
localized changes in blood flow, providing novel insights on regulation at the capillary level
(Ghonaim et al., 2011, 2013, 2021; Sové et al., 2021) and lending further support for the

role of Oz sensing in capillaries.

3.2 LIMITATIONS

Although our device was highly effective at manipulating [O2] in spatially constrained
areas of skeletal muscle tissue, new technologies can be fraught with some limitations. Our
device was explicitly designed to align with the following: the thesis objectives stated in
Chapter 1, the dimensions of a rat EDL muscle, and the working distance of our
microscope’s objectives. If a different muscle preparation or microscope were chosen for a
future study, our device would require minor modifications to align with the specific tissue

and the optical limitations of the optics chosen.

All measurements and assessments were carried out in the muscle at rest. We
acknowledge that though O» levels were increased and decreased in our experimental
protocol, the energy expenditure of the muscle likely did not change. Although a decrease
in [O2] would typically occur during exercise and not in resting state, this was an advantage
for our study’s focus as it limited the additional interacting mechanisms at play during

exercise.

Positioning the muscle on top of the micro-outlets was a challenge during experimental

work. Concerning the sensitivity of the muscle preparation, our data was captured from the
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initial position chosen. This task was difficult and required precise placement. The main
goal in selecting the muscle position was to collect a representative sample of capillary data
with vessels visible both overlying and remote to the micro-outlets while maintaining the
muscle at in sifu length and position. In an attempt to mitigate the difficulty with
positioning, we chose a close tessellation pattern for device fabrication. This device design
included many outlets where data could be collected during a single experiment. Compared
to past devices, each device had 1-5 micro-outlets for analysis whereas ours had 12-24
micro-outlets, depending on the outlet size (Ghonaim et al., 2011, 2013, 2021; Sové et al.,
2021). This tessellation design helped us obtain sufficient data. However, due to the
variable topology of microvascular networks, some sites provided more capillaries suitable
for sampling within the microvascular field than others. Therefore, the spatial location of
the outlet concerning local and adjacent vasculature could have impacted the responses

observed.

Heterogeneity in blood flow states was encountered throughout our data collection, a
characteristic of our results that made obtaining statistical significance more difficult.
Intravital muscle preparations are subject to heterogeneity in blood flow states across the
muscle tissue. This can impact results as the responses observed during [O2] challenges and
oscillations may vary respectively. Our [O2] challenges and oscillations may act as an
additional stimulus to variable blood flow. In addition, our experimental data was captured

in a timed fashion. The combination of these factors may act as a confounder to our results.

3.3 FUTURE DIRECTIONS
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Our study has provided us with essential findings from various aspects of the
research questions at hand. However, a logical next step for our study is to develop a
mathematical model specific to our device’s geometry, design, and materials used, to
determine traits such as PO distribution, depth of tissue penetration, and radial diffusion.
As mentioned in chapter 2, previous studies using micro-outlet devices developed their own
model and gained new insights, providing them with a greater understanding of
microvascular Oz regulation, as well as micro-outlet device abilities (Ghonaim et al., 2011,
2013, 2021; Sové et al., 2021). Importantly, our device is a direct result of utilizing
modelling to interpret experimental data (Sové et al., 2021). Hence, implementing existing
models to address the current design of our device is a critical future direction in our

research.

In the future, our outlets can function as a tool to address mechanistic questions
related to Oz-mediated blood flow regulation. More specifically, to address the regulatory
hypothesis, the site where sensing takes place must be confirmed. As previously mentioned,
multiple locations have been proposed as regulators for O sensing, including the
extravascular space, arterioles, and RBCs at the capillary level. Our current study focused
on the capillary level, where we observed flow responses at various O> conditions in
confined tissue regions using our micro-outlet device. In the future, this device could be
used on a different location, such as the extravascular space, to focus on avascular tissue.
A study like this provides us with an opportunity to obtain evidence to either support or

eliminate the idea of O; sensing in extravascular spaces such as in parenchymal cells. By

189



manipulating the tissue microenvironment in avascular areas with [O2], it can be

determined if such alterations can regulate blood flow from afar.

Since our modular micro-outlet devices can be fabricated with different
tessellations and outlet geometries, future devices could be developed to target spatial
specificity at one end of the microvascular unit. This would allow us to determine if a flow
response is initiated at a specific vascular level under observation or if it is part of a
conducted response travelling from a different area of vasculature. We could evaluate this
by analyzing flow responses from a stimulus at either the venular end or directly at a
terminal arteriole. Additionally, an outlet could be placed overlying multiple capillaries
feeding from the same arteriole to determine if their flow rates are constant and similar in
response to [O2] changes. This would provide evidence on if stimulating one arteriole-
venular unit of capillaries will affect all units connected to the same feed arteriole.
Additionally, this type of device could help to provide further evidence for oxygen
mediated conducted signalling at the capillary level, if combined with appropriate

pharmacological interventions.

3.4 FINAL SUMMARY

In summary, this thesis provides novel insights into the sensitivity and scale of O
sensing in microvascular networks and proves our ability to spatially constrain [O2]
perturbations to specified microscale areas using novel micro-outlet devices. We improved
upon previous device designs to enhance the optical properties of a micro-outlet device to
simultaneously measure RBC saturation and hemodynamics in capillaries directly

overlying the stimulated area and in vessels at a distance from the micro-outlet device. We

190



successfully manipulated the [O2] conditions of capillaries directly overlying all our micro-
outlets as evidenced by capillary RBC SO, changes that occurred simultaneously with
capillary RBC hemodynamic responses. Most importantly, we obtained this result in our
200-pum micro-outlet device, the smallest micro-outlet device to both successfully impose
changes in capillary RBC SO; and provoke an accompanying blood flow response, firmly
establishing the scale of oxygen sensing in the microvasculature to regions 200 pm in

diameter or smaller.
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APPENDIX 1

1000 um Micro-Outlet Oxygen Oscillation Data

Oxygen (O2) oscillation data utilizing 1000 pum micro-outlets for oxygen saturation
(SO2) measurements consisted of a total of 266 capillaries across 7 animals (Figures Al.1-
Al4). A total of 150 capillaries were analyzed directly overlying the window and 116
capillaries were measured outside the outlet edge. With respect to capillaries measured
outside the outlet edge, 26 were measured less than 100 pums away, 33 were between 100 —

200 pms away, and 57 were greater than 200 ums away.

O2 oscillations imposed on capillaries directly overlying 1000 um diameter micro-
outlets caused significant changes in capillary SO; at 12% GEC [Oz], 87.38 + 9.04%, and
2% GEC [02], 35.36 + 15.47 %, compared to baseline 7% GEC [O2], 64.55 + 12.72% and
at 12% GEC [02], 87.38 £+ 9.04%, compared to 2% GEC [Oz], 35.36 + 15.47 % (Figure
AL1l) (p < 0.0001). O oscillations imposed on capillaries less than 100 ums outside the
micro-outlet edge caused a significant change in SOz at 12% GEC [Oz2], 63.54 + 15.59%
compared to baseline 7% GEC [O2], 56.74 = 16.96% (p = 0.0093) (Figure AL2). O
oscillations imposed on capillaries between 100 — 200 ums away from the micro-outlet
edge caused a significant change in SO at 12% GEC [0O], 57.86 = 18.40% compared to

baseline 7% GEC [0], 52.14 + 17.79% (p = 0.0019) (Figure AL2).

Oxygen (0O2) oscillation data utilizing 1000 pm micro-outlets for hemodynamic
measurements consisted of a total of 316 capillaries across 7 animals. A total of 183

capillaries were analyzed directly overlying the window and 133 capillaries were measured
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outside the outlet edge. With respect to capillaries measured outside the outlet edge, 26
were measured less than 100 ums away, 35 were between 100 — 200 pms away, and 72

greater than 200 pms away.

O2 oscillations imposed on capillaries directly overlying 1000 um diameter micro-
outlets caused significant changes in capillary hematocrit at 12% GEC [Oz], 17.45 +
10.74%, and 2% GEC [0Oz], 23.46 + 8.59%, compared to baseline 7% GEC [O2] 19.37 +
8.91% (p <0.0144) (Figure AL.3). O; oscillations caused no significant changes to capillary

hematocrit in vessels at various distances from the outlet edge.

O2 oscillations imposed on capillaries directly overlying 1000 um diameter micro-
outlets caused significant changes in capillary velocity at 12% GEC [O2], 137.90 + 82.8
um/s, and 2% GEC [02],207.80 £ 131.10 pm/s, compared to baseline 7% GEC [Oz], 155.0
+ 97.71 um/s and 12% GEC [O2] compared to 2% GEC [O:] (p < 0.0022) (Figure ALS5).
O» oscillations imposed on capillaries between 100 — 200 ums away from the micro-outlet
edge caused a significant change at 2% GEC [O:], 189.0 = 97.70 pum/s, compared to
baseline 7% GEC [Oz], 165.9 = 78.51 (p = 0.0099). O oscillations imposed on capillaries
greater than 200 um away from the micro-outlet edge caused a significant change at 2%
GEC[0O2], 184.0+109.8 um/s, and 7% GEC [O2], 187.8 £ 119.6 um/s compared to baseline

7% GEC [0a], 172.8 + 112.3 pum/s (p < 0.0179) (Figure AL6).

O: oscillations imposed on capillaries directly overlying 1000 pm micro-outlets
caused significant changes in capillary supply rate at 12% GEC [O2], 5.98 + 5.87 cells/s,

2% GEC [O2], 13.45 + 11.18 cells/s, and 7% GEC [Oz], 9.98 + 8.57 cells/s compared to
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baseline 7% GEC [O2] 8.011 + 6.854 cells/s and at 12% compared to 2% (p < 0.0001)
(Figure AL7). O oscillations imposed on capillaries between 100 — 200 ums away the
micro-outlet edge caused a significant change in supply rate at 2% GEC [O2], 11.58 + 6.38
cells/s, compared to baseline 7% GEC [O2], 9.91 + 5.74 cells/s. O; oscillations imposed on
capillaries greater than 200 ums away from the micro-outlet edge caused a significant
change in supply rate at 2% GEC [O2], 10.55 + 7.52 cells/s, and 7% GEC [O2], 10.45 +
7.47 cells/s compared to baseline 7% GEC [Oz], 9.43 + 7.24 cells/s (p < 0.006) (Figure

ALS).

1000 um Micro-Outlet Oxygen Challenge Data

Oxygen (0O2) challenge data utilizing 1000 um diameter micro-outlets for oxygen
saturation (SO2) measurements consisted of a total of 116 capillaries for 7-12% and 98
capillaries for 7-2% across 7 animals. A total of 71 in high O; challenges (7-12%) and 61
in low O challenges (7-2%) capillaries were analyzed directly overlying the window. With
respect to capillaries measured outside the outlet edge for high oxygen challenges, 9 were
measured less than 100 ums away, 15 were between 100 — 200 pms away, and 21 were
greater than 200 ums away. With respect to capillaries measured outside the outlet edge for
low oxygen challenges, 10 were measured less than 100 ums away, 16 were between 100

— 200 ums away, and 11 were greater than 200 pms away.

O challenges imposed on capillaries directly overlying 1000 pm micro-outlets
caused significant changes in capillary SO; at 12% GEC [Oz], 88.03 + 9.16%, compared to

baseline 7% GEC [O2], 65.40 = 13.18% (p < 0.0001) (Figure AL9). O; challenges imposed
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on capillaries directly overlying 1000 pum micro-outlets caused significant changes in
capillary SO; at 2% GEC [O2], 45.73 £ 19.75%, compared to baseline 7% GEC [Oz], 71.15
+ 15.28% (p < 0.0001) (Figure AIL.11). Both high and low O: challenges imposed on
capillaries caused no significant change in SO on capillaries outside the micro-outlet edge

(Figure AL 10, AL.12).

Oxygen (0O2) challenge data utilizing 1000 pum micro-outlets for paired
hemodynamic measurements consisted of a total of 200 capillaries across 6 animals. A total
of 72 for high and 73 capillaries for low O2 challenges were analyzed directly overlying the
window. With respect to capillaries measured outside the outlet edge during high
challenges, 5 were measured less than 100 pms away, 12 were between 100 — 200 pms
away, and 25 were greater than 200 ums away. With respect to capillaries measured outside
the outlet edge during low challenges, 7 were measured less than 100 pms away, 13 were

between 100 — 200 ums away, and 16 were greater than 200 pms away.

O challenges imposed on capillaries directly overlying 1000 pm micro-outlets
caused significant changes in capillary hematocrit at 12% GEC [O:], 20.40 + 12.29%,
compared to baseline 7% GEC [O2], 22.55 + 12.12% (p < 0.0001) (Figure AL.13). O
challenges imposed on capillaries directly overlying 1000 pm micro-outlets caused
significant changes in capillary hematocrit at 2% GEC [Oz], 25.81 £+ 9.12%, compared to
baseline 7% GEC [O:2], 19.34 = 10.04% (p < 0.0001) (Figure AI.15). Neither high nor low
O2 challenges caused significant changes in capillary hematocrit for vessels outside the

outlet edge (Figure Al.14, AL.16).
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O challenges imposed on capillaries directly overlying 1000 pm micro-outlets
caused significant changes in capillary velocity at 12% GEC [O2], 121.9 £ 107.0 pm/s,
compared to baseline 7% GEC [O2], 153.0 = 115.8 um/s (p < 0.0001) (Figure AL.17). O
challenges imposed on capillaries directly overlying 1000 pm micro-outlets caused
significant changes in capillary velocity at 2% GEC [O2], 261.2 £ 177.0 um/s, compared
to baseline 7% GEC [Oz], 166.6 = 123.7 um/s (p < 0.0001) (Figure AI.19). O challenges
caused significant changes in capillary velocity in vessels less than 100 pms away from the
outlet edge at 2% GEC [O2], 136.2 + 89.07 um/s, compared to baseline 7% GEC [O2],
114.4 + 88.25 um/s (p = 0.0469). Vessels between 100 — 200 pms away from the outlet
edge experienced significant changes in capillary velocity as well at 2% GEC [O2], 196.1
+100.7 um/s, compared to baseline 7% GEC [Oz], 161.2 £92.51 pm/s (p = 0.0005) (Figure

AL20).

O challenges imposed on capillaries directly overlying 1000 pm micro-outlets
caused significant changes in capillary supply rate at 12% GEC [Oz2], 6.80 + 7.56 cells/s,
compared to baseline 7% GEC [O2], 8.99 + 8.67 cells/s (p < 0.0001) (Figure AL.21). O
challenges imposed on capillaries directly overlying 1000 pm micro-outlets caused
significant changes in capillary supply rate at 2% GEC [Oz], 16.80 + 12.70 cells/s,
compared to baseline 7% GEC [O2], 8.23 + 7.40 cells/s (p < 0.0001) (Figure AlL.23). O
challenges imposed on capillaries directly overlying 1000 pm micro-outlets caused no
significant changes in capillary supply rate in vessels outside the outlet edge at 12% GEC
[O2]. Oz challenges imposed on capillaries directly overlying 1000 um micro-outlets caused

significant changes in capillary supply rate in vessels less than 100 pms away from the
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outlet edge at 2% GEC [O2], 9.24 + 6.31 cells/s, compared to baseline 7% GEC [O:], 7.04
+ 5.77 cells/s (p = 0.031) (Figure AL.24). Vessels between 100 — 200 pms away from the
outlet edge experienced significant changes in capillary supply rate at 2% GEC [O2], 13.90
+ 13.99 cells/s, compared to baseline 7% GEC [02], 10.69 £ 9.77 cells/s (p = 0.0034).
Capillaries greater than 200 ums away showed significant changes in supply rate at 2%

GEC [O2], 13.52 + 12.36 cells/s, compared to baseline 7% GEC [02], 10.85 + 9.07 cells/s

(p = 0.0443) (Figure AL.24).

600 um Micro-Outlet Oxygen Oscillation Data

Oxygen (O2) oscillation data utilizing 600 um diameter micro-outlets for oxygen
saturation (SO) measurements consisted of a total of 273 capillaries across 11 animals.
148 capillaries were analyzed directly overlying the window, and 125 were analyzed
outside the outlet edge. Concerning capillaries measured outside the outlet edge, 37 were
measured less than 100 ums away, 50 were between 100 — 200 pms away, and 38 were

greater than 200 pms away.

O2 oscillations imposed on capillaries directly overlying 600 um micro-outlets
caused significant changes in mean capillary RBC SO; at 12% GEC [Oz], 84.12 = 11.24%
and 2% GEC [O2], 42.83 £ 15.75%, compared to baseline 7% GEC [O2], 66.90 £ 13.04%
(p < 0.0001). Oz oscillations imposed on capillaries directly overlying 600 pm micro-
outlets caused significant changes in mean capillary SO> at 12% GEC [Oz], 84.12 +
11.24%, compared to 2% GEC [Oz], 42.83 + 15.75% (p < 0.0001) (Figure AL.25). Oz
oscillations caused no significant changes in SO: in capillaries outside the micro-outlet

edge (Figure AL.26).
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Oxygen (O3) oscillation data utilizing 600 um micro-outlets for hemodynamic
measurements comprised a total of 270 capillaries across 11 animals. A total of 110
capillaries were analyzed directly overlying the window, and 160 were analyzed outside
the outlet edge. Concerning capillaries measured outside the outlet edge, 40 were measured
less than 100 pms away, 56 were between 100 — 200 ums away, and 64 were greater than

200 pms away.

O2 oscillations imposed on capillaries directly overlying 600 um micro-outlets
caused significant changes in mean capillary hematocrit at 2% GEC [Oz], 23.58 + 8.75%,
and 7% GEC [02], 22.92 + 8.32%, compared to baseline 7% GEC [Oz], 21.17 £ 9.73% (p
< 0.0013). Significant changes in mean capillary hematocrit were also found at 12% GEC
[02], 19.54 + 9.57%, compared to 2% GEC [O2], 23.58 + 8.75% (p < 0.0001) (Figure

AL27).

O> oscillations caused significant changes in mean capillary hematocrit in
capillaries less than 100 ums away from the outlet edge at 2% GEC [O2], 26.06 + 12.11%,
compared to baseline 7% GEC [O2], 23.43 = 11.96% and between 12% GEC [Oz], 23.74 £+
11.37% and 2% GEC [02], 26.06 = 12.11% (p = 0.0256). O oscillations caused significant
changes in mean capillary hematocrit in capillaries 100 to 200 ums away from the outlet
edge at 2% GEC [Oz], 18.74 £+ 8.62%, compared to baseline 7% GEC [02] 16.93 = 8.37%
and between 12% GEC [0O:], 17.15 + 8.83% and 2% GEC [O], 18.74 + 8.62% (p =
0.0406).0: oscillations did not cause significant changes in mean capillary hematocrit in

capillaries greater than 200 ums away from the outlet edge (Figure AI.28).
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O2 oscillations imposed on capillaries directly overlying 600 um micro-outlets
caused significant changes in capillary velocity at 12% GEC [O2], 196.9 = 111.5 um/s, and
2% GEC [02], 277.3 = 143.8 um/s, and 7% GEC [O2], 252.1 + 133.5 um/s, compared to
baseline 7% GEC [O2], 214.7 £ 122.5 um/s and at 12% GEC [Oz], 196.9 £ 111.5 pm/s,

compared to 2% GEC [Oz], 277.3 £ 143.8 um/s (p < 0.0464) (Figure AL.29).

O2 oscillations imposed on capillaries directly overlying 600 um micro-outlets
caused significant changes in capillary velocity in vessels less than 100 pms away from the
outlet edge at 12% GEC [O2], 233.0 + 123.3 um/s, compared to 2% GEC [Oz], 264.7 £+
140.1 pm/s, (p = 0.0032). Capillaries 100 to 200 ums away from the outlet edge also
experienced significant changes in velocity at 2% GEC [Oz], 238.9 & 145.5 um/s, compared
to baseline 7% GEC [O2], 217.4 £ 142.3 um/s, and at 12% GEC [Oz2], 220.3 + 136.4 pm/s,
compared to 2% GEC [0z], 238.9 £ 145.5 pm/s, (p < 0.0035) (Figure AlL.30). Capillaries
200 pms away from the outlet edge also experienced significant changes in velocity at 2%
GEC [0O2], 260.7 £+ 149.9 um/s, and at 7% GEC [Oz], 269.2 £ 153.2 pm/s, compared to

baseline 7% GEC [0O2], 238.2 + 133.8 um/s (p < 0.0017) (Figure AL.30).

O2 oscillations imposed on capillaries directly overlying 600 um micro-outlets
caused significant changes in capillary supply rate at 12% GEC [O2], 9.58 + 8.15 cells/s,
2% GEC [O2], 16.69 £ 12.29 cells/s, and 7% GEC [O2], 14.63 £ 10.73 um/s, compared to
baseline 7% GEC [Oz], 11.45 + 9.14 cells/s and at 12% GEC [O2], 9.58 + 8.15 cells/s,

compared to 2% GEC [Oz], 16.69 £ 12.29 cells/s (p < 0.0175) (Figure AL31).
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O oscillations imposed on capillaries directly overlying 600 pm micro-outlets
caused significant changes in capillary supply rate in vessels less than 100 ums away from
the outlet edge at 2% GEC [O2], 17.73 £ 12.35 cells/s, compared to baseline 7% GEC [Oz],
14.41 £9.71 cells/s, and 12% GEC [O:], 13.84 £ 9.40 cells/s, compared to 2% GEC [O2],
17.73 £ 12.35 cells/s, (p<0.0146). Capillaries 100 to 200 um away from the outlet edge
experienced significant changes in supply rate at 2% GEC [O:], 10.53 + 6.90 cells/s,
compared to baseline 7% GEC [O2], 8.76 + 6.25 cells/s, and at 12% GEC [Oz], 8.97 £6.72
cells/s, compared to 2% GEC [Oz], 10.53 + 6.90 um/s, (p < 0.0001). Capillaries greater
than 200 pms away from the outlet edge showed significant changes in supply rate at 2%
GEC [02], 12.60 = 8.09 cells/s, and 7% GEC [O2], 11.96 + 7.54 cells/s, compared to

baseline 7% GEC [O2], 10.44 + 6.87 cells/s (p < 0.0098) (Figure AlL.32).

600 um Micro-Outlet Oxygen Challenge Data

Oxygen (O2) challenge data utilizing 600 um diameter micro-outlets for oxygen
saturation measurements consisted of a total of 145 capillaries for 7-12 and 132 capillaries
for 7-2 across 8 animals. A total of 83 in high O challenges (7-12%) and 79 in low O>
challenges (7-2%) capillaries were analyzed directly overlying the window. With respect
to capillaries measured outside the outlet edge for high oxygen challenges, 21 were
measured less than 100 ums away, 22 were between 100 — 200 ums away, and 19 were
greater than 200 pms away. Concerning capillaries measured outside the outlet edge for
low oxygen challenges, 15 were measured less than 100 ums away, 21 were between 100

— 200 ums away, and 17 were greater than 200 ums away.
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O challenges imposed on capillaries directly overlying 600 um micro-outlets
caused significant changes in capillary RBC SO; at 12% GEC [Oz], 86.61 £ 10.57%,
compared to baseline 7% GEC [O2], 67.98 + 13.32% (p < 0.0001) (Figure AL.33). O2
challenges imposed on capillaries directly overlying 600 pm micro-outlets caused
significant changes in capillary RBC SO» at 2% GEC [0Oz], 50.22 + 18.33%, compared to
baseline 7% GEC [O2], 72.36 + 11.26% (p < 0.0001) (Figure AL.35). Both high and low O2
challenges imposed on capillaries caused no significant change in SOz on capillaries

outside the micro-outlet edge (Figure Al.34, AL.36).

Oxygen (0O2) challenge data utilizing 600 pum diameter micro-outlets for
hemodynamic measurements consisted of a total of 280 capillaries across 8 animals. A total
of 49 for high and 93 capillaries for low O2 challenges were analyzed directly overlying the
window. With respect to capillaries measured outside the outlet edge during high
challenges, 28 were measured less than 100 pms away, 22 were between 100 — 200 pms
away, and 33 were greater than 200 ums away. With respect to capillaries measured outside
the outlet edge during low challenges, 18 were measured less than 100 pms away, 25 were

between 100 — 200 ums away, and 30 were greater than 200 pms away.

O challenges imposed on capillaries directly overlying 600 um micro-outlets
caused significant changes in capillary hematocrit at 2% GEC [O2], 25.54 + 10.82%,
compared to baseline 7% GEC [02],21.36 = 10.93% (p <0.0001) but not at 12% GEC [O2]
compared to baseline 7% GEC [O2] (Figure AL.37, AL.39). O, challenges imposed on
capillaries directly overlying 600 um micro-outlets did not cause significant changes in

capillary hematocrit in vessels outside at various distances from the outlet edge.
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O challenges imposed on capillaries directly overlying 600 pm micro-outlets
caused significant changes in capillary velocity at 12% GEC [Oz], 205.8 £ 147.7 um/s,
compared to baseline 7% GEC [O2], 239.3 + 145.0 um/s (p = 0.0018) (Figure AL.41). O
challenges imposed on capillaries less than 100 ums away from the 600 pm micro-outlets
caused significant changes in capillary velocity at 12% GEC [Oz], 224.9 + 142.7 um/s,
compared to baseline 7% GEC [0O2], 273.4 + 156.4 pm/s and greater than 200 pms away at
12% GEC [0O2], 270.7 £ 153.1 pm/s, compared to baseline 7% GEC [O2], 252.9 + 127.9

um/s (p =0.0230) (Figure AL.42).

O challenges imposed on capillaries directly overlying 600 um micro-outlets
caused significant changes in capillary velocity at 2% GEC [O2], 291.1 £ 182.7 um/s,
compared to baseline 7% GEC [O2], 218.1 + 149.4 um/s (p < 0.0001) (Figure AL.43). O
challenges imposed on capillaries directly overlying 600 pm micro-outlets did not cause
significant changes in capillary velocity in vessels less than 200 ums away from the outlet
edge but did in vessels 200 pms away at 2% GEC [O:], 280.3 = 161.2 um/s, compared to

baseline 7% GEC [0O2], 264.0 + 151.3 pm/s (p = 0.0405) (Figure AL.44).

O challenges imposed on capillaries directly overlying 600 um micro-outlets
caused significant changes in capillary supply rate at 12% GEC [O2], 12.04 + 9.81 cells/s,
compared to baseline 7% GEC [O2], 14.19 + 9.72 cells/s (p = 0.0091) (Figure AL.45). O
challenges imposed on capillaries directly overlying 600 pm micro-outlets caused
significant changes in capillary supply rate in vessels less than 100 pms away from the
outlet edge at 12% GEC [O2] 15.80 = 7.73 cells/s compared to baseline 7% GEC [O2] 12.52

+ 7.39 cells/s (p < 0.0012) and in vessels 200 ums away at 12% GEC [Oz], 15.80 + 12.85
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cells/s, compared to baseline 7% GEC [O2], 13.68 + 10.72 cells/s (p = 0.0098) (Figure

AL46).

O challenges imposed on capillaries directly overlying 600 um micro-outlets
caused significant changes in capillary supply rate at 2% GEC [Oz], 18.41 + 14.79 cells/s,
compared to baseline 7% GEC [O], 12.26 £ 11.91 cells/s (p < 0.0001) (Figure AL.47). O
challenges imposed on capillaries directly overlying 600 pm micro-outlets caused
significant changes in capillary supply rate in vessels less than 100 pms away from the
outlet edge at 2% GEC [02] 19.93 + 17.06 cells/s compared to baseline 7% [O2] 16.38 £

14.38 cells/s (p < 0.0237) (Figure AL.48).

236



== Chamber [O,]

A — Inside micro-outlet B 0.0202
<0.0001
<0.0001
<0.0001
100
o~ 100
@ 80
Q N
(8] =3 8 80
2 60 g 2
3 o @ 60
E e ® (33
= 40 —_ 2=
B s} s 40
© . 3
O 204 S 20
0 T T T 0
0 60 120 180 240 7 12 2 7
Time (s) Chamber [O,]

(%)

Figure AlL.1 Capillary RBC oxygen saturation in response to oxygen oscillations for
capillaries directly overlying the 1000 pm micro-outlet. A) Time series plot showing the
mean capillary RBC oxygen saturation (SO>) in capillaries overlying the 1000 pm micro-
outlet edge across the 4-minute O2 oscillation (7-12-2-7%). B) The micro-outlet gas
exchange device perturbs oxygen concentrations within the gas exchange chamber from
7%, 12%, 2%, and 7% for one minute each over a 4-minute period. Mean values are taken
from the first entire minute at baseline and the last 15 seconds at 12%, 2%, and 7% (n =150
capillaries). p values are based on Tukey's multiple comparisons test after significant
repeated measures ANOVA and are indicated in the figure with a p <0.05 considered to be
significant. Box and whisker plots show minimum, median, maximum, and associated

quartiles.
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Figure AlL2 Capillary RBC oxygen saturation responses in capillaries at various
distances outside the 1000 pm micro-outlet edge. A) Time series plot showing the mean
capillary RBC oxygen saturation (SO) in capillaries at various distance ranges outside the
1000 um micro-outlet edge across the 4-minute O> oscillation (7-12-2-7%). B) The micro-
outlet gas exchange device imposes 4-minute oxygen oscillations for one minute at a
baseline concentration of 7%, one minute at 12%, one minute at 2%, and one minute at 7%.
Panel B shows capillary SO, within 100 pm of the micro-outlet edge (n = 26 capillaries),
capillary SO; in vessels between 100 — 200 pm from the outlet edge (n = 33 capillaries),
and capillary SO» in vessels greater than 200 pm from the outlet edge (n = 57 capillaries)
respectively. p values based on Tukey's multiple comparisons test after significant repeated
measures ANOVA are indicated in the figure with a p < 0.05 considered to be significant.

Box and whisker plots show minimum, median, maximum, and associated quartiles.
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Figure AL3 Capillary hematocrit levels in response to oxygen oscillations for
capillaries directly overlying the 1000 pm micro-outlet. A) Time series plot showing the
mean capillary hematocrit in capillaries overlying the 1000 pm micro-outlet across the 4-
minute O> oscillation (7-12-2-7%). B) The micro-outlet gas exchange device imposes 4-
minute oxygen oscillations for one minute at a baseline concentration of 7%, one minute at
12%, one minute at 2%, and one minute at 7%. Mean hematocrit values are taken from the
first entire minute at baseline and the last 15 seconds at 12%, 2%, and 7% (n = 183
capillaries). p values based on Dunn's multiple comparisons test after significant Friedman

test are indicated in the figure with a p < 0.05 considered to be significant.
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Figure Al.4 Capillary hematocrit values in capillaries at various distances outside the
1000 pm micro-outlet edge. A) Time series plot showing the mean capillary hematocrit in
capillaries outside the 1000 pm micro-outlet edge across the 4-minute O> oscillation (7-12-
2-7%). B) The micro-outlet gas exchange device imposes 4-minute oxygen oscillations for
one minute at a baseline concentration of 7%, one minute at 12%, one minute at 2%, and
one minute at 7%. Mean hematocrit values are taken from the first entire minute at baseline
and the last 15 seconds at 12%, 2%, and 7%. Panel B shows capillaries within 100 pum
from the micro-outlet edge (n = 26 capillaries), capillaries between 100 — 200 um from the
outlet edge (n = 35 capillaries), and capillaries greater than 200 um from the outlet edge (n
= 72 capillaries) respectively. p values based on Dunn's multiple comparisons test after
significant Friedman test are indicated in the figure and no significant differences were

found.
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Figure ALS Capillary RBC velocity for capillaries overlying the 1000 pm micro-outlet
following 4-minute oxygen oscillations. A) Time series plot showing the mean RBC
velocity for capillaries overlying the 1000 um micro-outlet across the 4-minute O>
oscillation (7-12-2-7%). B) Oxygen oscillations consisted of one minute at a baseline
oxygen concentration of 7% and one minute at 12%, 2%, and 7% oxygen concentration.
The mean was calculated for the entire first minute at a baseline 7% and the last 15 seconds
of each of the following oxygen concentrations at 12%, 2%, and 7% (n = 183 capillaries).
p values based on Dunn's multiple comparisons test after the significant Friedman test are
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartiles.
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Figure AL 6 Capillary RBC velocity for capillaries outside the 1000 pm micro-outlet
at varying distances from the outlet edge following 4-minute oxygen oscillations. A)
Time series plot showing the mean RBC velocity for capillaries outside the 1000 pm micro-
outlet at varying distances across the 4-minute O; oscillation (7-12-2-7%). B) Oscillations
consisted of one minute at a baseline oxygen concentration of 7% followed by one minute
at 12%, 2%, and 7% oxygen concentration. The mean was calculated for the entire first
minute at 7% and the last 15 seconds of the following oxygen concentrations of 12%, 2%,
and 7%. Panel A shows capillaries within 100 um from the micro-outlet edge (n = 26
capillaries), panel B shows capillaries between 100 — 200 um from the outlet edge (n = 35
capillaries), and panel C shows capillaries greater than 200 pm from the outlet edge (n =
72 capillaries). p values based on Dunn's multiple comparisons test after the significant
Friedman test are indicated in the figure with a p < 0.05 considered to be significant. Box

and whisker plots show minimum, median, maximum, and associated quartiles.
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Figure AL7 Capillary RBC supply rate for capillaries overlying the 1000 pm micro-
outlet following 4-minute oxygen oscillations. A) Time series plot showing mean RBC
supply rate for capillaries overlying the 1000 pm micro-outlet across the 4-minute O>
oscillation (7-12-2-7%). B) Oxygen oscillations consisted of one minute at a baseline
oxygen concentration of 7% and one minute at 12%, 2%, and 7% oxygen concentration.
The mean was calculated for the entire first minute at a baseline 7% and the last 15 seconds
of each of the following oxygen concentrations at 12%, 2%, and 7% (n = 183 capillaries).
p values based on Dunn's multiple comparisons test after the significant Friedman test are
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartiles.
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Figure AL8 Capillary RBC supply rate for capillaries outside the 1000 pm micro-
outlet at varying distances from the outlet edge following 4-minute oxygen oscillations.
A) Time series plot showing mean RBC supply rate for capillaries outside the 1000 um
micro-outlet at varying distances across the 4-minute O oscillation (7-12-2-7%). B)
Oscillations consisted of one minute at a baseline oxygen concentration of 7% followed by
one minute at 12%, 2%, and 7% oxygen concentration. The mean was calculated for the
entire first minute at 7% and the last 15 seconds of the following oxygen concentrations of
12%, 2%, and 7%. Panel B shows capillaries within 100 pm from the micro-outlet edge (n
= 26 capillaries), capillaries between 100 — 200 um from the outlet edge (n = 35 capillaries),
and capillaries greater than 200 um from the outlet edge respectively (n = 72 capillaries).
p values based on Dunn's multiple comparisons test after significant Friedman test are
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartiles.
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Figure AL9 Capillary RBC oxygen saturation in response to high oxygen challenges
for capillaries directly overlying the 1000 pm micro-outlet. A) Time series plot showing
mean capillary RBC oxygen saturation (SO.) for capillaries overlying the micro-outlet in
response to high (7-12%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 12%. The
mean was calculated for the entire first minute at 7% and the last 15 seconds at 12% oxygen
concentration (n = 71 capillaries). p values based on paired t tests and values indicated in
the figure with a p < 0.05 considered to be significant. Box and whisker plots show

minimum, median, maximum, and associated quartiles.
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Figure AL.10 Capillary RBC oxygen saturation responses in capillaries at various
distances outside the 1000 pm micro-outlet edge in response to high oxygen challenges.
A) Time series plot showing mean capillary RBC oxygen saturation (SO2) for capillaries
outside the micro-outlet edge at varying distances during high (7-12%) oxygen challenges.
B) Oxygen challenges consisted of one minute at a baseline oxygen concentration of 7%
followed by one minute at 12%. The mean was calculated for the entire first minute at 7%
and the last 15 seconds at a 12% oxygen concentration. Panel B shows capillaries within
100 pm from the micro-outlet edge (n = 9 capillaries), capillaries between 100 — 200 pm
from the outlet edge (n = 15 capillaries), and capillaries greater than 200 um from the outlet
edge (n =21 capillaries) respectively. p values based on paired t-tests and values indicated
in the figure with a p <0.05 are significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure Al.11 Capillary RBC oxygen saturation in response to low oxygen challenges
for capillaries directly overlying the 1000 pm micro-outlet. A) Time series plot showing
mean capillary RBC oxygen saturation (SO.) for capillaries overlying the micro-outlet
during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a
baseline oxygen concentration of 7% followed by two minutes at 2%. The mean was
calculated for the entire first minute at 7% and the last 15 seconds at a 2% oxygen
concentration (n = 61 capillaries). p values based on paired t-tests and values indicated in
the figure with a p < 0.05 are significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure Al.12 Capillary RBC oxygen saturation responses in capillaries at various
distances outside the 1000 pm micro-outlet edge in response to low oxygen challenges.
A) Time series plot showing mean capillary RBC oxygen saturation (SO2) for capillaries
outside the micro-outlet edge at varying distances during low (7-2%) oxygen challenges.
B) Oxygen challenges consisted of one minute at a baseline oxygen concentration of 7%
followed by two minutes at 2%. The mean was calculated for the entire first minute at 7%
and the last 15 seconds at a 2% oxygen concentration. Panel B shows capillaries within 100
um from the micro-outlet edge (n = 10 capillaries), capillaries between 100 — 200 pm from
the outlet edge (n = 16 capillaries), and capillaries greater than 200 pm from the outlet edge
(n = 11 capillaries), respectively. p values based on paired t-tests and values indicated in
the figure with a p < 0.05 are significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure AI.13 Capillary hematocrit levels in response to high oxygen challenges for
capillaries directly overlying the 1000 pm micro-outlet. A) Time series plot showing
mean capillary hematocrit levels for capillaries overlying the micro-outlet during high (7-
12%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline
oxygen concentration of 7% followed by two minutes at 12%. The mean was calculated for
the entire first minute at 7% and the last 15 seconds at a 12% oxygen concentration (n = 72
capillaries). p values based on paired Wilcoxon t test and values indicated in the figure with
a p < 0.05 considered to be significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure Al.14 Capillary hematocrit levels in capillaries at various distances outside the
1000 pm micro-outlet edge in response to high oxygen challenges. A) Time series plot
showing mean capillary hematocrit levels for capillaries outside the micro-outlet at varying
distances during high (7-12%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 12%. The
mean was calculated for the entire first minute at 7% and the last 15 seconds at a 12%
oxygen concentration. Panel B shows capillaries within 100 pm from the micro-outlet edge
(n = 5 capillaries), capillaries between 100 — 200 um from the outlet edge (n = 12
capillaries), and capillaries greater than 200 pm from the outlet edge (n = 25 capillaries)
respectively p values based on paired Wilcoxon t test and values indicated in the figure
with a p <0.05 considered to be significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure AL 15 Capillary hematocrit levels in response to low oxygen challenges for
capillaries directly overlying the 1000 pm micro-outlet. A) Time series plot showing
mean capillary hematocrit levels for capillaries overlying the micro-outlet during low (7-
2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 2%. The mean was calculated for the entire
first minute at 7% and the last 15 seconds at a 2% oxygen concentration (n = 73 capillaries).
p values based on paired Wilcoxon t test and values indicated in the figure with a p <0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure Al.16 Capillary hematocrit levels in capillaries at various distances outside the
1000 pm micro-outlet edge in response to low oxygen challenges. A) Time series plot
showing mean capillary hematocrit levels for capillaries outside the micro-outlet at varying
distances during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 2%. The mean
was calculated for the entire first minute at 7% and the last 15 seconds at a 2% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =7
capillaries), capillaries between 100 — 200 um from the outlet edge (n = 13 capillaries), and
capillaries greater than 200 um from the outlet edge (n = 16 capillaries) respectively. p
values based on paired Wilcoxon t test and values with a p < 0.05 considered to be
significant. Box and whisker plots show minimum, median, maximum, and associated

quartiles.
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Figure AlL.17 Capillary RBC velocity response to high oxygen challenges for
capillaries directly overlying the 1000 pm micro-outlet. A) Time series plot showing
mean capillary RBC velocity for capillaries overlying the micro-outlet during high (7-12%)
oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 12%. The mean was calculated for the
entire first minute at 7% and the last 15 seconds at a 12% oxygen concentration (n = 72
capillaries). Box and whisker plots show minimum, median, maximum, and associated

quartiles.
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Figure AI.18 Capillary RBC velocity levels in capillaries at various distances outside
the 1000 pm micro-outlet edge in response to high oxygen challenges. A) Time series
plot showing mean capillary RBC velocity for capillaries outside the micro-outlet at
varying distances during high (7-12%) oxygen challenges. B) Oxygen challenges consisted
of one minute at a baseline oxygen concentration of 7% followed by two minutes at 12%.
The mean was calculated for the entire first minute at 7% and the last 15 seconds at 12%
oxygen concentration. Panel B shows capillaries within 100 pm from the micro-outlet edge
(n = 5 capillaries), capillaries between 100 — 200 pm from the outlet edge (n = 12
capillaries), and capillaries greater than 200 pm from the outlet edge (n = 26 capillaries)
respectively. p values based on paired Wilcoxon t test and values indicated in the figure
with a p <0.05 considered to be significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.

263



== Chamber [O,]

A — Inside micro-outlet B

300
<0.0001

1000
800

600

250

200 -

400 -

[Fo] 1equieys

150

Capillary RBC Velocity
(nm/s)
Capillary RBC Velocity
(umis)

200

100 .

7 2
Time (s) Chamber [0,]
(%)

Figure AL.19 Capillary RBC velocity response to low oxygen challenges for capillaries
directly overlying the 1000 pm micro-outlet. A) Time series plot showing mean capillary
RBC velocity for capillaries overlying the micro-outlet during low (7-2%) oxygen
challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 2%. The mean was calculated for the entire
first minute at 7% and the last 15 seconds at 2% oxygen concentration (n = 73 capillaries).
p values based on paired Wilcoxon t-test and values indicated in the figure with a p <0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure AL.20 Capillary RBC velocity in capillaries at various distances outside the
1000 pm micro-outlet edge in response to low oxygen challenges. A) Time series plot
showing mean capillary RBC velocity for capillaries outside the micro-outlet at varying
distances during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 2%. The mean
was calculated for the entire first minute at 7% and the last 15 seconds at 2% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =7
capillaries), capillaries between 100 — 200 um from the outlet edge (n = 13 capillaries), and
capillaries greater than 200 um from the outlet edge (n = 16 capillaries) respectively. p
values based on paired Wilcoxon t-test and values indicated in the figure with a p < 0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure AlL21 Capillary RBC supply rate response to high oxygen challenges for
capillaries directly overlying the 1000 pm micro-outlet. A) Time series plot showing
mean capillary RBC supply rate for capillaries overlying the micro-outlet during high (7-
12%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline
oxygen concentration of 7% followed by two minutes at 12%. The mean was calculated for
the entire first minute at 7% and the last 15 seconds at a 12% oxygen concentration (n = 72
capillaries). p values based on paired Wilcoxon t test and values indicated in the figure with

a p < 0.05 considered to be significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure Al.22 Capillary RBC supply rate in capillaries at various distances outside the
1000 pm micro-outlet edge in response to high oxygen challenges. A) Time series plot
showing mean capillary RBC supply rate for capillaries outside the micro-outlet at varying
distances during high (7-12%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 12%. The
mean was calculated for the entire first minute at 7% and the last 15 seconds at a 12%
oxygen concentration. Panel B shows capillaries within 100 pm from the micro-outlet edge
(n = 5 capillaries), capillaries between 100 — 200 um from the outlet edge (n = 12
capillaries), and capillaries greater than 200 pm from the outlet edge (n = 25 capillaries)
respectively. p values based on paired Wilcoxon t test and values indicated in the figure
with a p <0.05 considered to be significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure AlL.23 Capillary RBC supply rate in response to low oxygen challenges for
capillaries directly overlying the 1000 pm micro-outlet. A) Time series plot showing
mean capillary RBC supply rate for capillaries overlying the micro-outlet during low (7-
2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 2%. The mean was calculated for the entire
first minute at 7% and the last 15 seconds at a 2% oxygen concentration (n = 73 capillaries).
p values based on paired Wilcoxon t test and values indicated in the figure with a p <0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure Al.24 Capillary RBC supply rate in capillaries at various distances outside the
1000 pm micro-outlet edge in response to low oxygen challenges. A) Time series plot
showing mean capillary RBC supply rate for capillaries outside the micro-outlet at varying
distances during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 2%. The mean
was calculated for the entire first minute at 7% and the last 15 seconds at a 2% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =7
capillaries), capillaries between 100 — 200 um from the outlet edge (n = 13 capillaries), and
capillaries greater than 200 um from the outlet edge (n = 16 capillaries) respectively. p
values based on paired Wilcoxon t test and values indicated in the figure with a p < 0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure AI.25 Capillary RBC oxygen saturation in response to oxygen oscillations for
capillaries directly overlying the 600 pm micro-outlet. A) Time series plot showing the
mean capillary RBC oxygen saturation (SO2) in capillaries overlying the 600 um micro-
outlet edge across the 4-minute O; oscillation (7-12-2-7%). B) The micro-outlet gas
exchange device imposes 4-minute oxygen oscillations for one minute at a baseline
concentration of 7%, 12%, 2%, and 7% respectively. Mean values are taken from the first
minute at baseline and the last 15 seconds at 12%, 2%, and 7% (n =148 capillaries). p values
are based on the post-hoc Tukey's multiple comparisons test after significant repeated
measures ANOVA and are indicated in the figure with a p < 0.05 considered to be
significant. Box and whisker plots show minimum, median, maximum, and associated

quartiles.
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Figure AL.26 Capillary RBC oxygen saturation responses in capillaries at various
distances outside the 600 pm micro-outlet edge. A) Time series plot showing the mean
capillary RBC oxygen saturation (SO2) in capillaries outside the 600 um micro-outlet edge
across the 4-minute O oscillation (7-12-2-7%). B) The micro-outlet gas exchange device
imposes 4-minute oxygen oscillations across 7 animals for one minute at a baseline
concentration of 7%, one minute at 12%, one minute at 2%, and one minute at 7%. Panel
B shows capillaries within 100 um from the micro-outlet edge (n = 37 capillaries),
capillaries between 100 — 200 um from the outlet edge (n = 50 capillaries), and capillaries
greater than 200 um from the outlet edge (n = 38 capillaries) respectively. p values based
on Tukey's multiple comparisons test after significant repeated measures ANOVA are
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartile.
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Figure AlL.27 Capillary hematocrit levels in response to oxygen oscillations for
capillaries directly overlying the 600 pm micro-outlet. A) Time series plot showing the
mean capillary hematocrit in capillaries overlying the 600 um micro-outlet across the 4-
minute O> oscillation (7-12-2-7%). B) The micro-outlet gas exchange device imposes 4-
minute oxygen oscillations for one minute at a baseline concentration of 7%, one minute at
12%, one minute at 2%, and one minute at 7%. Mean hematocrit values are taken from the
first entire minute at baseline and the last 15 seconds at 12%, 2%, and 7% (n = 110
capillaries). p values based on Dunn's multiple comparisons test after significant Friedman

test are indicated in the figure with a p < 0.05 considered to be significant.
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Figure AI.28 Capillary hematocrit values in capillaries at various distances outside
the 600 pm micro-outlet edge. A) Time series plot showing the mean capillary hematocrit
in capillaries outside the 600 pm micro-outlet edge across the 4-minute O oscillation (7-
12-2-7%). B) The micro-outlet gas exchange device imposes 4-minute oxygen oscillations
for one minute at a baseline concentration of 7%, one minute at 12%, one minute at 2%,
and one minute at 7%. Mean hematocrit values are taken from the first entire minute at
baseline and the last 15 seconds at 12%, 2%, and 7% (n = 160 capillaries). Panel B shows
capillaries within 100 um from the micro-outlet edge (n = 40 capillaries), capillaries
between 100 — 200 pm from the outlet edge (n = 56 capillaries), and capillaries greater than
200 pm from the outlet edge (n = 64 capillaries) respectively. p values based on Dunn's
multiple comparisons test after significant Friedman test are indicated in the figure with a

p < 0.05 considered to be significant.
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Figure AL.29 Capillary RBC velocity for capillaries overlying the 600 pm micro-outlet
following 4-minute oxygen oscillations. A) Time series plot showing the mean RBC
velocity for capillaries overlying the 600 pm micro-outlet across the 4-minute O>
oscillation (7-12-2-7%). B) Oxygen oscillations consisted of one minute at a baseline
oxygen concentration of 7% and one minute at 12%, 2%, and 7% oxygen concentration.
The mean was calculated for the entire first minute at a baseline 7% and the last 15 seconds
of each of the following oxygen concentrations at 12%, 2%, and 7% (n = 110 capillaries).
p values based on Dunn's multiple comparisons test after the significant Friedman test are
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartiles.
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Figure AL.30 Capillary RBC velocity for capillaries outside the 600 pm micro-outlet
at varying distances from the outlet edge following 4-minute oxygen oscillations. A)
Time series plot showing the mean RBC velocity for capillaries outside the 600 um micro-
outlet at varying distances across the 4-minute O; oscillation (7-12-2-7%). B) Oscillations
consisted of one minute at a baseline oxygen concentration of 7% followed by one minute
at 12%, 2%, and 7% oxygen concentration. The mean was calculated for the entire first
minute at 7% and the last 15 seconds of the following oxygen concentrations of 12%, 2%,
and 7%. Panel A shows capillaries within 100 um from the micro-outlet edge (n = 40
capillaries), panel B shows capillaries between 100 — 200 um from the outlet edge (n = 56
capillaries), and panel C shows capillaries greater than 200 pm from the outlet edge (n =
64 capillaries). p values based on Dunn's multiple comparisons test after significant
Friedman test are indicated in the figure with a p < 0.05 considered to be significant. Box

and whisker plots show minimum, median, maximum, and associated quartiles.
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Figure AL.31 Capillary RBC supply rate for capillaries inside the 600 pm micro-outlet
following 4-minute oxygen oscillations. A) Time series plot showing mean RBC supply
rate for capillaries inside the 600 pm micro-outlet across the 4-minute O> oscillation (7-12-
2-7%). B) Oxygen oscillations consisted of one minute at a baseline oxygen concentration
of 7% and one minute at 12%, 2%, and 7% oxygen concentration. The mean was calculated
for the entire first minute at a baseline 7% and the last 15 seconds of each of the following
oxygen concentrations at 12%, 2%, and 7% (n = 110 capillaries). p values based on Dunn's
multiple comparisons test after the significant Friedman test are indicated in the figure with
a p < 0.05 considered to be significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure AlL.32 Capillary RBC supply rate for capillaries outside the 600 pm micro-
outlet at varying distances from the outlet edge following 4-minute oxygen oscillations.
A) Time series plot showing mean RBC supply rate for capillaries outside the 600 um
micro-outlet at varying distances across the 4-minute O oscillation (7-12-2-7%). B)
Oscillations consisted of one minute at a baseline oxygen concentration of 7% followed by
one minute at 12%, 2%, and 7% oxygen concentration. Means were calculated for
comparison from the first minute at 7% and the last 15 seconds of the following oxygen
concentrations of 12%, 2%, and 7%. Panel B shows capillaries within 100 pm from the
micro-outlet edge (n = 40 capillaries), capillaries between 100 — 200 pum from the outlet
edge (n = 56 capillaries), and capillaries greater than 200 um from the outlet edge
respectively (n = 64 capillaries). p values based on Dunn's multiple comparisons test after
significant Friedman test are indicated in the figure with a p < 0.05 considered to be
significant. Box and whisker plots show minimum, median, maximum, and associated

quartiles.
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Figure AIL.33 Capillary RBC oxygen saturation (SO:) in response to high oxygen
challenges for capillaries directly overlying the 600 pm micro-outlet. A) Time series
plot showing mean capillary RBC oxygen saturation for capillaries overlying the micro-
outlet in response to high (7-12%) oxygen challenges. B) Oxygen challenges consisted of
one minute at a baseline oxygen concentration of 7% followed by two minutes at 12%. The
mean was calculated for the entire first minute at 7% and the last 15 seconds at a 12%
oxygen concentration (n = 83 capillaries. p values based on paired t tests and values
indicated in the figure with a p < 0.05 considered to be significant. Box and whisker plots

show minimum, median, maximum, and associated quartiles.
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Figure Al.34 Capillary RBC oxygen saturation responses in capillaries at various
distances outside the 600 pm micro-outlet edge in response to high oxygen challenges.
A) Time series plot showing mean capillary RBC oxygen saturation (SO2) for capillaries
outside the micro-outlet edge at varying distances during high (7-12%) oxygen challenges.
B) Oxygen challenges consisted of one minute at a baseline oxygen concentration of 7%
followed by one minute at 12%. The mean was calculated for the entire first minute at 7%
and the last 15 seconds at a 12% oxygen concentration. Panel B shows capillaries within
100 um from the micro-outlet edge (n = 21 capillaries), capillaries between 100 — 200 pm
from the outlet edge (n = 22 capillaries), and capillaries greater than 200 um from the outlet
edge (n = 19 capillaries) respectively. p values based on paired t tests and values indicated
in the figure with a p < 0.05 considered to be significant. Box and whisker plots show

minimum, median, maximum, and associated quartiles.
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Figure AIL.35 Capillary RBC oxygen saturation in response to low oxygen challenges
for capillaries directly overlying the 600 pm micro-outlet. A) Time series plot showing
mean capillary RBC oxygen saturation (SO.) for capillaries overlying the micro-outlet
during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a
baseline oxygen concentration of 7% followed by two minutes at 2%. The mean was
calculated for the first minute at 7% and the last 15 seconds at a 2% oxygen concentration
(n =179 capillaries). p values based on paired t-tests and values indicated in the figure with
a p <0.05 are significant. Box and whisker plots show minimum, median, maximum, and

associated quartiles.
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Figure AL.36 Capillary RBC oxygen saturation responses in capillaries at various
distances outside the 600 pm micro-outlet edge in response to low oxygen challenges.
A) Time series plot showing mean capillary RBC oxygen saturation (SO2) for capillaries
outside the micro-outlet edge at varying distances during low (7-2%) oxygen challenges.
B) Oxygen challenges consisted of one minute at a baseline oxygen concentration of 7%
followed by two minutes at 2%. The mean was calculated for the first minute at 7% and the
last 15 seconds at a 2% oxygen concentration. Panel B shows capillaries within 100 um
from the micro-outlet edge (n = 15 capillaries), capillaries between 100 — 200 pm from the
outlet edge (n =21 capillaries), and capillaries greater than 200 um from the outlet edge (n
= 17 capillaries), respectively. p values based on paired t-tests and values indicated in the
figure with a p < 0.05 are significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure AIL.37 Capillary hematocrit levels in response to high oxygen challenges for
capillaries directly overlying the 600 pm micro-outlet. A) Time series plot showing
mean capillary hematocrit levels for capillaries overlying the micro-outlet during high (7-
12%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline
oxygen concentration of 7% followed by two minutes at 12%. The mean was calculated for
the entire first minute at 7% and the last 15 seconds at a 12% oxygen concentration (n = 49
capillaries). p values based on paired Wilcoxon t test and values with a p <0.05 considered
to be significant. Box and whisker plots show minimum, median, maximum, and associated

quartiles.

291



Capilary RBC Hematocrit
%)

60~

40+

204

Capillary RBC Hematocrit

w
o
1

—
o

(%)
S
l 1
3
- il
&5

< 100 pm from micro-outiet
~== 100 - 200 pm from micro-outlet
w== > 200 pm from micro-outiet
== Chamber [O,]

7
Chamber [O,]
(%)

Time (s)

s s

Capilary RBC Hematocrit
%)

3 < 100 pm from micro-cutlet
100 - 200 ym from micro-outlet
Bl > 200 pm from micro-outlet

£ 97 om0
2 o
-
g 3
§F "
L 1 3 o L 1
7 12 7 12
Chamber [0,) Chamber [0,]
(%) (%)

292



Figure AL.38 Capillary hematocrit levels in capillaries at various distances outside the
600 pm micro-outlet edge in response to high oxygen challenges. A) Time series plot
showing mean capillary hematocrit levels for capillaries outside the micro-outlet at varying
distances during high (7-12%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 12%. The
mean was calculated for the entire first minute at 7% and the last 15 seconds at a 12%
oxygen concentration. Panel B shows capillaries within 100 pm from the micro-outlet edge
(n = 27 capillaries), capillaries between 100 — 200 pm from the outlet edge (n = 22
capillaries), and capillaries greater than 200 pm from the outlet edge (n = 33 capillaries)
respectively p values based on paired Wilcoxon t test and values indicated in the figure
with a p <0.05 considered to be significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure AL.39 Capillary hematocrit levels in response to low oxygen challenges for
capillaries directly overlying the 600 pm micro-outlet. A) Time series plot showing
mean capillary hematocrit levels for capillaries overlying the micro-outlet during low (7-
2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 2%. The mean was calculated for the first
minute at 7% and the last 15 seconds at a 2% oxygen concentration (n = 93 capillaries). p
values based on paired Wilcoxon t test and values indicated in the figure with a p < 0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Figure AL.40 Capillary hematocrit levels in capillaries at various distances outside the
600 pm micro-outlet edge in response to low oxygen challenges. A) Time series plot
showing mean capillary hematocrit levels for capillaries outside the micro-outlet at varying
distances during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 2%. The mean
was calculated for the first minute at 7% and the last 15 seconds at a 2% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =
18 capillaries), capillaries between 100 — 200 pm from the outlet edge (n = 25 capillaries),
and capillaries greater than 200 um from the outlet edge (n = 30 capillaries) respectively.
p values based on paired Wilcoxon t-test and values indicated in the figure with a p <0.05
are significant. Box and whisker plots show minimum, median, maximum, and associated

quartiles.
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Figure Al.41 Capillary RBC velocity response to high oxygen challenges for
capillaries directly overlying the 600 pm micro-outlet. A) Time series plot showing
mean capillary RBC velocity for capillaries overlying the micro-outlet during high (7-12%)
oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 12%. The mean was calculated for the first
minute at 7% and the last 15 seconds at a 12% oxygen concentration (n = 49 capillaries).

Box and whisker plots show minimum, median, maximum, and associated quartiles.
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Figure Al.42 Capillary RBC velocity levels in capillaries at various distances outside
the 600 pm micro-outlet edge in response to high oxygen challenges. A) Time series
plot showing mean capillary RBC velocity for capillaries outside the micro-outlet at
varying distances during high (7-12%) oxygen challenges. B) Oxygen challenges consisted
of one minute at a baseline oxygen concentration of 7% followed by two minutes at 12%.
The mean was calculated for the first minute at 7% and the last 15 seconds at 12% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =
27 capillaries), capillaries between 100 — 200 um from the outlet edge (n = 22 capillaries),
and capillaries greater than 200 um from the outlet edge (n = 33 capillaries) respectively.
p values based on paired Wilcoxon t-test and values indicated in the figure with a p <0.05
are significant. Box and whisker plots show minimum, median, maximum, and associated

quartiles.
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Figure AL.43 Capillary RBC velocity response to low oxygen challenges for capillaries
directly overlying the 600 pm micro-outlet. A) Time series plot showing mean capillary
RBC velocity for capillaries overlying the micro-outlet during low (7-2%) oxygen
challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 2%. The mean was calculated from the
entire first minute at 7% and the last 15 seconds at 2% oxygen concentration (n = 93
capillaries). p values based on paired Wilcoxon t-test and values indicated in the figure with
a p <0.05 are significant. Box and whisker plots show minimum, median, maximum, and

associated quartiles.
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Figure Al.44 Capillary RBC velocity in capillaries at various distances outside the 600
pm micro-outlet edge in response to low oxygen challenges. A) Time series plot showing
mean capillary RBC velocity for capillaries outside the micro-outlet at varying distances
during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a
baseline oxygen concentration of 7% followed by two minutes at 2%. The mean as
calculated from the entire first minute at 7% and the last 15 seconds at a 2% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =
18 capillaries), capillaries between 100 — 200 pm from the outlet edge (n = 25 capillaries),
and capillaries greater than 200 um from the outlet edge (n = 30 capillaries) respectively.
p values based on paired Wilcoxon t-test and values indicated in the figure with a p <0.05
are significant. Box and whisker plots show minimum, median, maximum, and associated

quartiles.
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Figure AL.45 Capillary RBC supply rate response to high oxygen challenges for
capillaries directly overlying the 600 pm micro-outlet. A) Time series plot showing
mean capillary RBC supply rate for capillaries overlying the micro-outlet during high (7-
12%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline
oxygen concentration of 7% followed by two minutes at 12%. The mean was calculated
from the entire first minute at 7% and the last 15 seconds at a 12% oxygen concentration
(n = 49 capillaries). p values based on paired Wilcoxon t-test and values indicated in the
figure with a p < 0.05 are significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure Al.46 Capillary RBC supply rate in capillaries at various distances outside the
600 pm micro-outlet edge in response to high oxygen challenges. A) Time series plot
showing mean capillary RBC supply rate for capillaries outside the micro-outlet at varying
distances during high (7-12%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 12%. The
mean was calculated from the entire first minute at 7% and the last 15 seconds at a 12%
oxygen concentration. Panel B shows capillaries within 100 pm from the micro-outlet edge
(n = 27 capillaries), capillaries between 100 — 200 pm from the outlet edge (n = 22
capillaries), and capillaries greater than 200 pm from the outlet edge (n = 33 capillaries)
respectively. p values based on paired Wilcoxon t-test and values indicated in the figure
with a p < 0.05 are considered significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure Al.47 Capillary RBC supply rate in response to low oxygen challenges for
capillaries directly overlying the 600 pm micro-outlet. A) Time series plot showing
mean capillary RBC supply rate for capillaries overlying the micro-outlet during low (7-
2%) oxygen challenges. B) Oxygen challenges consisted of one minute at a baseline oxygen
concentration of 7% followed by two minutes at 2%. The mean was calculated from the
entire first minute at 7% and the last 15 seconds at a 2% oxygen concentration (n = 93
capillaries). p values based on paired Wilcoxon t-test and values indicated in the figure with
a p <0.05 are considered to be significant. Box and whisker plots show minimum, median,

maximum, and associated quartiles.
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Figure Al.48 Capillary RBC supply rate in capillaries at various distances outside the
600 pm micro-outlet edge in response to low oxygen challenges. A) Time series plot
showing mean capillary RBC supply rate for capillaries outside the micro-outlet at varying
distances during low (7-2%) oxygen challenges. B) Oxygen challenges consisted of one
minute at a baseline oxygen concentration of 7% followed by two minutes at 2%. The mean
was calculated from the entire first minute at 7% and the last 15 seconds at a 2% oxygen
concentration. Panel B shows capillaries within 100 um from the micro-outlet edge (n =
18 capillaries), capillaries between 100 — 200 pm from the outlet edge (n = 25 capillaries),
and capillaries greater than 200 um from the outlet edge (n = 30 capillaries) respectively.
p values based on paired Wilcoxon t-test and values indicated in the figure with a p <0.05
considered to be significant. Box and whisker plots show minimum, median, maximum,

and associated quartiles.
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Appendix 2

Vi A
UNIVERSITY
Animal Care Committee (ACC)
St. John's, NL, Canada A1C 557
Tel: 709 777-6620 acs@mun.ca

https://www.mun.ca/research/about/acs/acc/

November 13, 2019

Dear: Dr. Graham Fraser, Faculty of Medicine\Division of BioMedical Sciences

Researcher Portal File No.: 20200860

Animal Care File: 19-01-GF

Entitled: (19-01-GF) Microvascular Blood Flow, Regulation, and Insulin Sensitivity in Type 2 Diabetes
Status: Active

Approval Date: November 13, 2019
Annual Report Due: November 13, 2020
Ethics Clearance Expires: November 13, 2022

Your Animal Use Protocol (AUP) renewal application to engage in procedures involving animals has been
approved for a three-year term. This AUP replaces the previous protocol [[16-01-GF]] as the active ethics
clearance associated with this project. Please note the new AUP number when referring to this protocol.
This ethics clearance includes the following Team Members: Dr. Graham Fraser (Principal Investigator)

An Event [Annual Report] will be required following each year of protocol activity.

Should you encounter an unexpected incident that negatively affects animal welfare or the research
project relating to animal use, please submit an Event [Incident Report].

Any alterations to the protocol requires prior submission and approval of an Event [Amendment].

Sincerely,

Aot Wirdonn

ANULIKA MBAKWE | ACC COORDINATOR
Department of Animal Care Services
Memorial University of Newfoundland
Health Sciences Centre | Room H1848

P: 709-777-6621

E-Mail: ambakwe@mun.ca
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