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Abstract

Since erythrocytes release the vasodilator adenosine triphosphate (ATP) in an oxygen (O,)
dependent manner, erythrocytes are proposed to play a central role in O, regulation. This
ATP signaling mechanism is proposed to be most efficient in the capillaries due to the short
diffusion distance to the electrically coupled endothelium which communicates directly with
arterioles. We hypothesize that capillaries are able to signal upstream arterioles for changes
in erythrocyte supply rate in response to changes in capillary erythrocyte O, saturation (SO,)
through SO,-dependent ATP signaling. To test this hypothesis, we have developed a micro-
delivery system for controlling the O, availability to highly localized regions of the micro-
vascular bed within intact tissue (rat Extensor Digitorum Longus). This approach allows for
altering the erythrocyte SO, level in selected capillaries while simultaneously recording
blood flow changes using in vivo video microscopy (IVVM). Three designs for the O,
exchange outlet were tested. Gas with varying levels of O, was directly transported to
specific locations on the surface of the muscle through a circular micro-outlet (~100 pm in
diameter), a square micro-slit (200 um x 200 um), or a rectangular micro-slit (1000 um wide
x 200 pum long) patterned in ultrathin glass/plastic sheet using state-of-the-art
microfabrication techniques. Video sequences captured during oscillating O, levels were
processed for changes in capillary hemodynamic parameters and erythrocyte SO,. Our results
indicated that a sufficient number of capillaries need to be affected by local O, perturbations
in order to elicit micro-vascular responses.. Although erythrocyte SO, can be measured in
single capillaries flowing over an O, micro-outlet down to 100 um in diameter, at least 3-4
capillaries needed to be stimulated within a branching capillary network in order to induce

conducted micro-vascular responses. Since the measured supply rate responses show strong
i



linear correlation with capillary erythrocyte SO, the responses are suggested to be linked to
an SO,-dependent signaling mechanism by the erythrocyte, which further supports our
hypothesis. Based on the results, we have successfully designed a novel micro-delivery
device for localized O, exchange at the microvasculature to understand fundamental

mechanisms of micro-vascular regulation of O, supply.

Keywords: Adenosine triphosphate (ATP), oxygen saturation (SO,), in vivo video-

microscopy (IVVM), microcirculation, microfabrication, O, micro-delivery, hemodynamics,

conducted microvascular response.
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Chapter 1

1 Understanding oxygen transport and microvascular
regulation

1.1 Introduction

The mechanisms regulating oxygen (O,) supply in microvascular networks to meet tissue
O, demand comprise one of the most critical physiological regulation systems. The
understanding of O, transport and regulation is fundamental to the understanding of the
pathophysiology underlying several microvascular diseases. The increased diffusion
distance of O, in sepsis and the compromised vascular reactivity in type Il diabetes
eventually lead to tissue hypoxia and organ failure (Ellis et al. 2002; 2010, Goldman et al.
2004, Sprague et al. 2006; 2010). In the microcirculation, O, is transported by
erythrocytes bound to hemoglobin and is unloaded near metabolically active tissue down
its partial pressure (PO,) gradient. The hemoglobin molecule has four subunits each of
which contains an O, binding site. Hemoglobin binds O, in a cooperative manner such
that binding of O, to one of the subunits facilitates binding by the others. When all four
binding sites are occupied by O, hemoglobin is in its fully saturated state. Due to the
cooperative binding, the hemoglobin O, saturation (SO) level is related to blood PO, in a

sigmoidal relationship described by the Hill Equation (Hill 1910):
S(P):Pn/(Pn+P5on)

Where, S(P) is the hemoglobin SO,, P is blood PO,, P50 is blood PO, at 50% SO, and n

is the Hill coefficient, which describes cooperativity of binding.
1



This chapter provides a summary of the literature describing the theories and mechanisms
by which O, supply and demand are matched and the possible role of the erythrocyte
through O, saturation (SO;)-dependent ATP release. Then, the chapter will present a
review of the techniques and mathematical models developed for investigating SO,-
dependent ATP signaling both in vivo and in vitro. Finally, findings from recent studies

suggesting the capillary bed as the site for SO,-dependent ATP release will be presented.

1.2 Matching oxygen supply and demand: Where is the

sensor?

In 1919, over 90 years ago, August Krogh along with his colleague, K. Erlang, developed
a mathematical model to describe regulation of O, transport to metabolic tissue.
According to Krogh’s model, O, loss only occurs in the capillary bed with each capillary
supplying O, radially to the surrounding cylindrical tissue volume “the Krogh cylinder”
(Krogh, 1919). In this model, both O, diffusivity and tissue O, consumption rate were
assumed to be constant (Krogh, 1919). The model suggested that capillary density has to

be constantly adjusted to match O, demand (Krogh, 1919).

In 1970, B.R. Duling and R.M. Berne demonstrated that longitudinal O, partial pressure
(POy) gradients exist in the arterioles and that substantial O, diffusional loss occurs
across the arteriolar wall and other locations along the microvasculature (Duling and
Berne 1970). Studies on different animal models and tissue preparations by various
groups confirmed these findings and reported the establishment of periarteriolar PO,
gradients prior to reaching the capillaries, which may be partially due to diffusional

exchange of O, between micro-vessels (Swain and Pittman 1989, Ellsworth and Pittman



1990, Stein et al. 1993, Ellsworth et al. 1994, Tsai et al. 2003). In arterioles, O,
diffusional loss across the wall causes the red blood cells (RBCs) nearest the wall to have
relatively lower SO, than those near the center line (Ellsworth and Pittman 1986,
Carvalho and Pittman 2008). Plasma skimming would result in uneven erythrocyte
distribution at bifurcations (Pries et al. 1996), which leads to the observed heterogeneity
in capillary SO, and supply rate (Tyml et al. 1981, Ellis et al. 1994). Since capillary
perfusion alone is not indicative of proper O, supply, the Krogh model cannot fully

account for the complexity of micro-vascular O, regulation.

A more sensitive and local O, regulation mechanism must exist in order to tightly control
the distribution of erythrocytes to capillaries with varying O, environments (Ellis et al.
2005; 2012, Ellsworth et al. 2009). Since the myogenic response (leading to changes in
vascular wall tension) and the flow response (leading to changes in shear stress) are
independent of changes in the local O, content, they cannot be proposed in the primary
regulation of O, supply (Ellis et al. 2012). Also, although changes in tissue metabolism
will trigger O, supply rate changes, it is unlikely that under normal physiological
conditions, the regulatory system will delay its response until the tissue becomes hypoxic
(Ellis et al. 2012). The system has to constantly adjust and maintain a homogenous O,
supply and erythrocyte distribution across the micro-vascular bed. This demands a highly
localized sensory mechanism, hence the question investigated by several research groups:

“where is the O, sensor?”

Some groups have suggested micro-vessels or the cells comprising vascular walls
(smooth muscle cells or endothelial cells) might act as vascular O, sensors (Pittman and

Duling 1973, Duling 1974, Jackson and Duling 1983, Jackson 1987, Ellsworth et al.
3



1988; 1990; 1994, Hester 1993, Messina et al 1994, Pries et al. 1995). Others have
suggested the sensor is localized in the tissue surrounding the micro-vessels
(parenchymal cells) (Haddy and Scott 1968, Harder et al. 1996). Recently, it has been
proposed that the erythrocyte itself may act as a vascular sensor and a key regulator of O,
supply. This was based on the observation by Stein et al. (1993), that O, content
(proportional to SO,) is more important than PO, in generating a micro-vascular
response. Since O, content reflects the status of hemoglobin, carried by the erythrocytes,
which traverse micro-vessels experiencing varying PO, environments, the erythrocyte
was suggested as the vascular PO, sensor and effector (Ellsworth et al. 1995, Jia et al.

1996).

There are three mechanisms suggested by which the erythrocyte may act on the micro-
vasculature. Stamler et al. (1997) proposed the S-nitroso (SNO) group in micro-vascular
signaling. The low molecular weight nitroso group is carried on the cysteine (cys93)
residue of the hemoglobin molecule. Under low PO, conditions, the conformational
change associated with the desaturation of hemoglobin decreases the binding affinity of
SNO to hemoglobin. The released SNO from saturated hemoglobin is proposed to act as a
potent vasodilator (Jia et al. 1996, Stamler et al. 1997). The measured venous
concentrations of SNOs are much less than in the arterial end which suggests these
groups are picked up in the lungs when O, levels are high. Despite the presence of some
evidence to support the above hypothesis (Liu et al. 2004, Stamler et al. 1997), the role of
SNO in vivo remains unclear and the accuracy of SNO measurements from biological
samples is questionable (Patel et al. 1999, Gladwin and Schechter 2004, Gladwin et al.
2003). Some groups also have suggested that deoxyhemoglobin may act as a nitrite

4



reductase converting nitrite to NO, which is known to play an important role in micro-
vascular signaling (Patel et al. 1999, Cosby et al. 2003, Gladwin et al. 2004). Although
this mechanism suggests the erythrocyte may act locally to vasodilate arterioles under
low SO, conditions, it would lack the temporal resolution required to rapidly and tightly
control erythrocyte distribution (Ellsworth et al. 2009). Finally, no evidence has been
provided yet to elucidate the involvement of either of the above mentioned mechanisms
in conducted micro-vascular response, which would be necessary to integrate the
response across the arteriolar tree as well as enable signaling from the capillary bed and

venular tree to regulate arteriolar blood flow distribution (Ellsworth et al. 2009).

The third mechanism involves SO,-dependent adenosine triphosphate (ATP) release from
the erythrocyte. ATP is known to be a potent vasodilator and is found in erythrocytes in
millimolar concentrations (Miseta et al. 1993). ATP was shown to be released form the
erythrocyte under different stimuli including hypoxia and hypercapnia (Bergfeld and
Forrester 1992), decrease in pH (Ellsworth et al. 1995), and due to mechanical
deformation (Sprague et al. 1996; 1998; 2006). Also, injection of ATP into the vascular
lumen was shown to trigger a vaso-dilatory response (McCullough et al. 1997, Collins et
al. 1998), which is proposed to be initiated by ATP binding to intraluminal purinergic
receptors (P,y) (Needham et al. 1987, Rubino et al. 1995, Corr and Burnstock 1996,
Malmsjo et al. 1999, Wihlborg et al. 2003). In 2001, Jagger et al. (2001) showed that
ATP efflux from the erythrocyte is linearly related to hemoglobin SO,. The optimal
response was found to be near the animal’s Pso (Sprague and Ellsworth 2012); that is PO,
at 50% SO,. The linear relationship between ATP efflux and SO, lead Jagger et al. to

suggested that ATP release is elicited by the conformational change of hemoglobin as it
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de-saturates (Jagger et al 2001; Ellsworth et al. 2009). To test this hypothesis, Jagger et al
(2001) exposed erythrocytes to zero PO, in the presence of sufficient carbon monoxide to
keep the hemoglobin molecule in its fully saturated state. With zero O, but hemoglobin
fully saturated, there was no ATP efflux confirming that the conformational change of
hemoglobin elicits the ATP release. The association of hemoglobin SO, to ATP release
was further confirmed by several human studies (Roach et al. 1999, Gonzélez-Alonso et
al. 2002; 2006). Recently, studies have demonstrated that patients with type Il diabetes, a
medical condition characterized by micro-vascular dysfunction, suffer defects in the
release of ATP (Sprague et al. 2006). Also, erythrocytes from human and animal models
of pre-diabetes have been shown to suffer attenuated release of ATP in response to
decreased O, levels (Hanson et al. 2009, Ellis et al. 2010). The release of ATP by the
erythrocyte in response to various stimuli transformed our perspective of the erythrocytes
being merely O, carriers to being vascular sensors actively involved in the regulation of

micro-vascular O, supply.

1.3 Erythrocyte  SO,-dependent conducted ATP
signaling

The mechanism that links the drop in SO, to controlled ATP release from the erythrocyte
is not yet fully elucidated (Ellsworth et al. 2009). However, it is suggested that
conformational changes in the hemoglobin molecules bound to the erythrocyte membrane
as they desaturate (Jagger et al. 2001, Wan et al. 2008; Sridharan et al. 2010b; Forsyth et
al. 2011) directly activate the heterotrimetric Gi protein or some other component in the

ATP release pathway described by Sprague’s group (Olearczyk et al. 2001; 2004,



Sprague et al. 1998; 2002; 2006) (Figure 1.1). Activation of Gi protein is known to
increase adenylyl cyclase (AC) activity (Federman et al. 1992, Bayewitch et al. 1998),
which was shown to be a component in the ATP release pathway (Sprague et al. 1998;
2001, 2008). Activation of AC increases intracellular cAMP level, which is modulated by
phosphodiesterase 3B (PDE3B) activity (Hanson et al. 2008, Adderley et al. 2010a;
2010b). cAMP activates protein kinase A (PKA) (Sprague et al. 2001), which
subsequently leads to activation of the cystic fibrosis trans-membrane conductance
regulator (CFTR) (Sprague et al. 1998). ATP is suggested to be eventually released from
the erythrocyte through the pannexin 1 channel (Sridharan et al. 2010a) (Figure 1.1). The
release of ATP from the erythrocyte through the described pathway is shown to be rapid;

in the order of 150-500 ms (Dietrich et al. 2000, Wan et al. 2008).

Hemoglobin

Desaturation

Figure 1.1 Proposed SO,-dependent ATP release signaling pathway from the
erythrocyte. Conformational changes associated with desaturation of membrane-bound

hemoglobin mechanically activate the Gi heterotrimetric G protein. Consequently, the Gi
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protein activates Adenylyl Cyclase (AC) increasing intracellular cAMP concentrations.
The level of cCAMP in the cell is modulated by phosphodiesterase function (PDE3B).
Increase in CAMP activates protein kinase A (PKA) followed by cystic fibrosis
transmembrane conductance regulator (CFTR) activation. ATP is eventually released
from the cell through the pannexin 1 channels. Figure is reproduced from Sprague and

Ellsworth 2012 with permission.

Released ATP is known to bind to P,y receptors (You et al. 1999, Horiuchi et al. 2001) on
the vascular endothelium, which then promotes the release of Ca** from the endoplasmic
reticulum (Campbell et al. 1996) (Figure 1.2). Ca”" release mediates the synthesis and
release of vasodilators such as nitric oxide (NO) as well as metabolites of arachidonic
acid (You et al. 1997; 1999). In order for the capillary erythrocyte supply rate to be
increased in response to released ATP, the signal must be conducted upstream to the
arteriolar tree. Epoxyeicosanoic acids (EETS), products of arachidonic acid, are known to
activate Ca’* activated K* channels, which results in the hyperpolarization of endothelial
and smooth muscle cells (SMCs) (Campbell et al. 1996, Dietrich et al. 1998, Fukao et al.
2001) (Figure 1.2). The hyperpolarization can be conducted to adjacent cells in the
endothelium through gap junctions and to SMCs through the myoendothelial junction
resulting in local and conducted vasodilation (Segal et al. 1989, Segal and Duling 1989).
The ATP signal is proposed to be controlled through negative feedback mechanisms by
NO or breakdown products of ATP (Olearczyk et al. 2004b, Wang et al. 2005), or
through degradation by ecto-ATPases (Knowles 2011, Melani et al. 2012). The

magnitude of the micro-vascular response to ATP signaling is suggested to be related to
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the extent of the hyperpolarization signal and to the number of endothelial cells activated
(Ellis et al. 2012). Some of the factors that would influence ATP signaling to the vascular
endothelium include: the time it takes for ATP to be released following an SO, drop, the
distance ATP has to travel from the erythrocyte membrane to the Py receptors, and the
time it takes to degrade ATP by ecto-ATPases thus eliminating the signal. In order for
SO,-dependent ATP release to be a key regulator of O, supply, the ATP signaling

mechanism must be efficient (Ellis et al. 2012).
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Figure 1.2 ATP-mediated conducted vasodilation response. ATP released from
deoxygenated erythrocytes binds and activates purinergic (Py) receptors on the vascular
endothelium. This stimulates Ca*" release from the endoplasmic reticulum which
eventually results in the activation of Ca®* activated K* channels leading to endothelial
hyperpolarization. The hyperpolarization is conducted to adjacent endothelial cell
through gap junctions and finally to arteriolar smooth muscle cells through myo-
endothelial gap junctions. Hyperpolarization of smooth muscle cells results in local and
conducted vasodilation and consequent increases in the supply rate of oxygenated

erythrocytes to meet the demand of the hypoxic region.
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1.4 The capillary bed as the site for erythrocyte SO,-

dependent ATP release

There is a lot of debate as to the site of ATP release and action (Figure 1.3). It has been
suggested that ATP is mainly released in the arterioles such that the activation of
endothelial cells would result in immediate vasodilation of adjacent SMCs (Duling and
Berne 1970, Duling 1974, Jackson 1987). However, the relatively short erythrocyte
transit times would largely compromise the temporal and spatial localization of the
signal. Also, due to the parabolic flow profile in arterioles, only those cells nearest the
arteriolar wall will experience SO, drops and hence be involved in ATP release. Cells
flowing through the centerline will experience smaller a SO, drop and will participate to
a lesser extent in ATP signaling (Ellis et al. 2012). Venules were also suggested to play a
role in O, regulation. The increase in hematocrit at the venules combined with low SO,
level would result in a large amount of ATP release and a strong conducted vasodilatory
signal as modeled in Arciero et al. (2008). However, since venules collect erythrocytes
with a wide range of SO, values from various upstream capillaries, the conducted signal
would be highly unspecific and may only contribute to controlling regional blood flow

rather than to individual capillary networks (Ellis et al. 2012)
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Figure 1.3 Schematic showing possible sites for SO,-mediated ATP release and action in

the microvasculature. Figure reproduced from Ellsworth et al. 1995.

Recently, capillaries have been hypothesized as the major site for SO,-dependent ATP
release and signaling (Ellis et al 2012). Capillaries are composed of endothelial cells
which are known to be electrically coupled and communicating (Dietrich, 1989, Dietrich
and Tyml, 1992, Song and Tyml 1993, Collins et al., 1998, Bagher and Segal, 2011).
Erythrocytes traverse capillaries at relatively longer transit times, which better localizes
the ATP signal. Also, the diffusion distance of ATP to the capillary endothelium is <1
pum. Therefore, depending on the capillary diameter as well as the thickness of the
erythrocyte and endothelial coating there might be a direct transfer of ATP from the
pannexin 1 channel on the erythrocyte to the Py, receptors on the vascular endothelium

(Ellis et al. 2012). This implies more efficient and localized SO,-dependent ATP
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signaling in the capillary bed. It should be noted that in the capillaries, the erythrocyte
supply rate (erythrocytes per second) is anticipated to have a great effect on the
magnitude of ATP signal (Ellis et al. 2012). At an erythrocyte velocity of 100 pm/sec,
each erythrocyte would stimulate the same endothelial cell (~ 104 um long) for ~1 sec
(Ellis et al. 2012). The number of erythrocytes stimulating a single endothelial cell per
second would be determined by the supply rate level. For instance, at a supply rate of 10
RBC/sec, approximately 10 erythrocytes would be stimulating the same endothelial cell
in 1 sec. At higher velocities, a larger number of endothelial cells would be activated per

unit of time, each of which will contribute to the conducted signal (Ellis et al. 2012).

1.5 Techniques developed for investigating micro-

vascular response in the capillary bed in vivo

Micro-vascular responses to tissue PO, perturbations, characterized by changes in the
erythrocyte supply rates, have commonly been investigated using in vivo video-
microscopy (IVVM) techniques (Dewhirst et al. 2000, Varghese et al. 2005, Ellis et al.
2010). IVVM allows for monitoring and recording real-time changes in micro-vascular
blood flow properties (Dewhirst et al. 2000, Varghese et al. 2005, Ellis et al. 2010).
Typically, studies involved altering PO, levels in a superfusion solution equilibrating the
surface of a tissue or a vessel (Duling 1974, Jackson and Duling 1983). However, using
superfusion solutions may result in washing away substances or signaling molecules from
tissue surface, which would affect micro-vascular responses (Ellis et al. 2012). Also, the

relatively low solubility of O, in saline solution presents another limitation of using
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superfusion solutions as a medium for O, delivery or removal since erythrocytes flowing

in capillaries have a much greater O, carrying capacity.

In order to overcome some of the drawbacks of using the superfusion technique, Dr.
Chris Ellis’ laboratory, at Western University, Canada, developed a gas exchange
chamber in which the full bottom surface of the rat extensor digitorum longus (EDL)
muscle is exposed to PO, perturbations (Jagger et al. 2005, Ellis et al. 2010; 2012,
Ghonaim et al. 2011) as shown in Figure 1.4. Using this method, O, is delivered to or
removed from the tissue surface through a 4 mm x 10 mm outlet covered with
fluorosilicone acrylate O,-permeable membrane of 50 um in thickness, while maintaining
constant CO, and temperature. The gas exchange chamber is inserted into the viewing
platform of an inverted light microscope and is connected to computer-controlled flow
meters. This allows for real-time videos of blood flow changes in the microcirculation to
be recorded while simultaneously controlling O, levels in the chamber (Figure 1.4). The
advantage of using this technique is that O, is delivered in a gas mixture bringing the
system closer to physiological conditions without washing away other signalling
molecules. Furthermore, by setting the minimum chamber O, level at 2% (15-mmHg),
there should be no or minimal effect on tissue metabolism such that the resulting micro-
vascular flow response can be attributed solely to changing O, levels. The fluorosilicone
acrylate membrane is highly permeable to O, (O, permeability coefficient = 100 Barrers,
where 1 Barrer = 10™ (cm® O, STP) cm? cm™ sec® mmHg™ (Comyn 1985)) hence, the
delivered O, would have greater effect on the tissue PO, level relative to using liquid
media. However, in this setup, the O, outlet was designed to have the EDL muscle
dimensions, hence the technique measures the collective response of stimulating the full

14



micro-vascular bed by O, delivery or removal. In order to investigate the response to
stimulating selected capillaries in the microvasculature, the area of the PO, perturbations

needs to be limited.
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Figure 1.4 In vivo video microscopy (IVVM) full gas exchange chamber experimental
setup. The chamber is connected to computer controlled flow meters and is inserted into
the viewing platform of an inverted microscope. The extensor digitorum longus (EDL)
muscle of the rat is surgically exposed and positioned surface down on the viewing
platform. Oxygen (O,) is delivered in a gas mixture to the muscle surface through an
outlet with dimensions proportional to the in situ dimensions of the EDL muscle. O,
levels in the chamber are measured and monitored using a fiber-optic oxygen sensor
probe. The tissue is trans-illuminated, and hemodynamic responses are recorded and
analyzed as O, levels are simultaneously oscillated while maintaining constant CO, and

temperature.
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Song and Tyml (1993) investigated the capillary sensory and integrative ability using a
micro-pharmacological approach in which micropipettes are filled with either
vasoconstrictors or vasodilators. Similarly, Riemann et al. (2010) have tried localizing
tissue PO, perturbations using micropipettes to deliver liquids with low O,. However, the
study was conducted without measuring the impact on tissue O, levels or erythrocyte
SO,, which is critical to establish that an SO,-dependent signal is induced (Jackson and
Duling 1983). Until now, no technique has been developed that allows for altering and
measuring erythrocyte SO, in selected capillaries and to simultaneously record

corresponding micro-vascular hemodynamic responses.

1.6 Computational modeling of erythrocyte SO,-

dependent ATP signaling

The O, regulatory system in the microcirculation involves a number of integrated
signaling processes that harmoniously maintain homogenous O, supply in response to the
heterogeneity in O, demand. The inherent complexities of this system and the lack of
current techniques to quantify the release of signaling molecules in response to hypoxia
in vivo led to the development of theoretical and computational models to investigate

micro-vascular O, regulation.

A theoretical model presented by Arciero et al. (2008) simulated steady-state ATP release
in response to variation in O, consumption rates along seven representative micro-vessel

segments. It was concluded that high O, demand stimulates ATP release from
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erythrocytes resulting in conducted vasodilation in resistance vessels and concurrent
increase in perfusion. It also indicated that metabolic control overrides shear stress or

myogenic control mechanisms in terms of flow regulation.

In 2010, Sprague’s group, together with Ellis and Goldman (Sprague et al. 2010),
presented a computational model showing that mis-regulation of O, supply observed
clinically, such as in patients with Type-2 Diabetes, cannot be corrected by regional
vasodilation. Regional vasodilation results in uniform increase in flow across all
downstream microvascular units rather than directing the flow specifically to
undersupplied micro-vascular units. Strong vasodilators would be needed to improve
oxygenation of undersupplied capillaries. It was concluded that a local sensory and

regulatory mechanism is required to retrieve normal O, regulation.

Most recently, Goldman et al. 2012 described a novel multiscale modeling approach to
investigate O,-dependent ATP release and signaling in microcirculation. The model has
two components and is based on experimental work. The first component describes ATP
release by the erythrocyte through the signaling pathway previously elucidated (Sprague
et al. 2001; 2002; 2006, Olearczyk et al 2004a/b, Sridharan, et al. 2010a/b). The second
component describes capillary network ATP transport based on realistic in vivo
measurements of blood flow, O, transport, and 3D capillary geometry. The time scales
for ATP release calculated in this work were consistent with those calculated
experimentally (Dietrich et al. 2000, Wan et al. 2008). This approach was most
comprehensive as it allows for simulating dynamic changes in ATP release and for

predicting how defects in the signaling pathway may affect O, regulation.
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1.7 Microfluidic technology

Since microfluidic technology emerged ~40 years ago, it has been undergoing rapid
development (Gravesen et al. 1993). Microfluidics refers to the “research discipline
dealing with transport phenomena and fluid-based devices at microscopic length scales”
(Nguyen and Wereley, 2002). Structures at the micro scale, such as outlets or channels,
can be patterned in different types of materials using a variety of micro-fabrication
techniques for the purpose of transporting or manipulating fluids (Nguyen and Wereley,
2002). This interdisciplinary field has a broad range of applications in engineering,
chemistry, physics, and biotechnology. Since the length scales in microfluidic systems
approach those in molecular processes, microfluidics technology has been an especially
attractive tool with high impact in biological research (Stone and Kim 2001). Integrating
multiple microfluidic components into one device allows for preparing, mixing, as well
as screening samples in a single chip (Mark et al. 2010) (also referred to as lab-on-chip
systems). Such systems have revolutionized diagnostic methods, blood separation,
pathological testing, proteomics, and genomics (Herold and Rasooly 2009a,b, Mark et al.

2010).

Recently, Wan et al. (2008) studied shear-dependent ATP release from erythrocytes using
a microfluidic approach. Erythrocytes in a cocktail of luciferin/luciferase were pumped
through a narrowing in a micro-channel. Measurement of the light intensity signal
generated by the ATP-luciferase reaction following erythrocyte deformation downstream
of the narrowing was used to estimate the timescales involved in ATP release. Currently,

similar research is being conducted at Dr. Ellis’ laboratory to investigate the dynamics of
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SOs-induced ATP released from the erythrocyte. Hence, the use of microfluidic
technology is anticipated to provide valuable insights into the timescales and mechanisms
involved in the regulation of microvascular blood flow. Also, since microfluidic systems
are highly versatile in design and application, they can be used not only in liquid
manipulation and analysis but may also serve as an important tool in the limited transport

of gaseous substances; for instance, O,.

1.8 Summary

In summary, a number of theories and hypotheses exist regarding the mechanisms that
regulate O, transport and erythrocyte distribution in the microcirculation. It is becoming
more evident that the regulatory system must allow for local monitoring and sensing of
the micro-vascular O, environment. A messenger mechanism must also exist for linking
the sensory mechanism with the micro-vascular response. Many studies implicate the
erythrocyte as actively involved in micro-vascular O, regulation. This is mainly due to its
ability to release signaling molecules that act to modulate blood flow in response to a
drop in internal hemoglobin SO,. This indicates that the erythrocyte may act as a mobile
sensor and effector, with the ability to sense changes in O, environment through
hemoglobin saturation changes and to respond by the release of vasodilators in an SO,
dependent manner. Of interest is the potent vasodilator ATP, shown to be released from
the erythrocyte not only in response to hypoxia but also to a number of other stimuli. The
site where this release mechanism is most efficient is still under investigation. The long

erythrocyte transit times in the capillaries and the short diffusion distance of released
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ATP to the endothelium suggest the capillary may be the site for O, signaling. Due to the
inherent complexities of micro-vascular control mechanisms, computational and
theoretical models have been developed to provide quantitative estimates of changes in
the magnitude of ATP release from the erythrocyte under low SO, conditions. Also, a
number of techniques have been developed to investigate micro-vascular signaling in
vivo, however, until now no such technique exists for studying micro-vascular responses

to local changes in SO, for instance in a few selected capillaries.

1.9 Thesis rationale and objectives

1.9.1 Rationale

Various technigues for exchanging O, with tissue surface in vivo have been implemented
for studying micro-vascular responses to O, perturbations. However, none of these
reported techniques allows for simultaneously altering and measuring erythrocyte SO in
selected capillaries. Limiting the area of O, exchange is necessary to investigate the site

for major ATP release and signaling in the microvasculature.

In order to address these limitations, a novel micro-fluidic system has been developed for
controlling O, availability to specific regions on the microvascular bed of intact muscle
tissue (rat Extensor Digitorum Longus) (Ghonaim et al. 2011). This approach allows for
altering erythrocyte SO, in selected capillaries in response to imposed local tissue PO,
changes. Hemodynamic responses can be recorded simultaneously using IVVM. In this
system, an ultrathin glass/plastic sheet micro-fabricated with an O, micro-outlet replaces

the fluorosilicate acrylate membrane in the original gas exchange chamber (Figure 2).
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Three O, micro-outlet designs were tested: circular micro-outlet (~100 um in diameter), a

square micro-slit (200 pum x 200 um) or a rectangular micro-slit (1000 um wide x 200 um

long).

Due to the complexity involved in studying the microvascular O, regulatory system, a
computational model was developed based on that presented by Goldman et al. (2012) to
describe O, exchange across the three proposed outlet designs. The generated 3D tissue
PO, profiles and ATP vessels maps provided insight into the optimal design for an O,
micro-outlet. The modeling results suggested that optimal micro-outlet dimensions would
allow for activating a sufficient number of capillaries to generate large enough magnitude
of ATP signal while maintaining the localization of the signal. Also, the possible

contribution of nearby arterioles to the ATP signal was verified.

Experimentally, gas mixture with different concentrations of O, was delivered through
the micro-outlet to the surface of the muscle. O, levels were oscillated using computer
controlled flow meters and digitized video sequences were processed for changes in
capillary hemodynamic parameters and erythrocyte SO,. CO, levels and temperature
were held constant and PO, levels were kept above 15 mmHg ensuring that the primary

regulatory response are due solely to changes in regulation of the O, supply.

1.9.2 Hypothesis

It is hypothesized that capillaries are able to signal upstream arterioles for changes in
erythrocyte supply rate in response to changes in capillary erythrocyte SO, via SO,-

dependent signaling by the erythrocyte.
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1.9.3 Objectives

1. To design a novel O, micro-delivery system for altering erythrocyte SO; in
selected micro-vessels in vivo while simultaneously measuring blood flow
responses and SO; value;

2. To mathematically model spatially limited O, delivery to or removal from
the capillary bed and the consequent erythrocyte SO,-dependent ATP
release. To determine an optimal dimensions for the O, micro-outlet in our
novel system; and

3. To experimentally investigate conducted micro-vascular signaling and
response to varying capillary SO, in vivo using our optimized novel O,

micro-delivery system.
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Chapter 2

2 A micro-delivery approach for studying
microvascular responses to localized oxygen
delivery®

! Research article published in Microcirculation (2011) 18 (8), 646-654

2.1 Introduction

Several medical conditions that are characterized by microvascular dysfunction lead to
more critical problems such as tissue hypoxia and organ failure (Ellis et al. 2005). The
understanding of the pathophysiology underlying these conditions depends on the
understanding of oxygen (O,) transport and its regulation under physiological conditions.
Previous studies have demonstrated that red blood cells (RBCs) have an O,-dependent
release of adenosine triphosphate (ATP), which is directly correlated to the oxygen
saturation (SO;) level of haemoglobin (Ellsworth et al. 1995, 2009, Jagger et al. 2001).
Under hypoxic conditions, a signal transduction pathway is modulated in RBCs, which
results in increased ATP release and purinergic receptor activation on the vascular
endothelium (Ellsworth et al. 2009). In arterioles, this leads to the production of signaling
molecules, such as nitric oxide (NO) in the endothelium, that cause local vascular smooth
muscle dilation. In addition, activation of P2Y2 receptors initiates conducted signaling
along the vascular endothelium in both arterioles and capillaries resulting in upstream
vascular dilation to increase the supply of O,-carrying red blood cells (Ellsworth et al.

2009). Type-Il diabetes is a medical condition associated with peripheral vascular

37



dysfunction and impaired tissue oxygenation. Interestingly, it has recently been shown
that RBCs from type Il diabetes patients suffer defects in the release of ATP (Sprague et
al. 2006) and that RBCs from humans and animal models of prediabetes have attenuated
release of ATP in response to a decrease in O, levels (Hanson et al. 2009, Ellis et al.

2010).

In vivo video-microscopy (IVVM) techniques, which allow for monitoring and recording
real-time changes in blood flow properties within the microcirculation (Dewhirst et al.
2000, Ellis et al. 2010, Varghese et al. 2005), have been used to study the blood flow
characteristics as a function of local O, concentration in capillary microcirculatory
networks. The classical setup involves altering O, partial pressure (PO,) levels in the
superfusion solution equilibrating the surface of a tissue or a vessel (Duling 1974,
Jackson and Duling 1983). However, the use of a superfusion solution may alter the
physiological environment by continuously washing away substances from the surface of
the tissue and can potentially affect the microvascular response by depleting the tissue of
molecules involved in microvascular signalling. Another limitation of using superfusion
solution as a medium for O, delivery is the relatively low solubility of O, in saline

solution.

The IVVVM setup currently used in our lab involves varying the levels of O, transported to
the surface of the rat Extensor Digitorum Longus (EDL) muscle using a gas exchange
chamber positioned on the viewing platform of an inverted microscope (see Figure 2.1).
More specifically, O, is delivered through a 4 mm x 10 mm window covered with
fluorosilicone acrylate O, permeable membrane of 50 um thickness. The tissue is trans-

illuminated and real-time videos of blood flow changes in the microcirculation are
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recorded while simultaneously controlling local O, levels in the chamber using computer-
controlled flow meters. Direct O, delivery through a highly O, permeable membrane such
as fluorosilicone acrylate (O, permeability coefficient = 100 Barrers, where 1 Barrer =
107" (em® O, STP) cm? cm™ sec™ mmHg™ (Comyn 1985)) has a greater effect on tissue
PO, levels than when using liquid media. Also, this setup offers minimal disturbance to
the tissue’s physiological environment. However, the dimensions of the O, delivery
window are proportional to the in situ dimensions of the EDL muscle. Hence, the current
IVVM setup measures the collective response of stimulating a very large area of the
microvascular network at the muscle surface (Figure 2.1). Riemann et al. (2010) have
recently tried to limit the area affected by O, using micropipettes for infusing liquids with
low O, but without measurement of the impact on tissue O, levels or RBC saturation. The
ability to measure RBC SO; is critical to establish that an SO, dependent microvascular

signal is induced (Jackson and Duling 1983).
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Figure 2.1 Classical IVVM experimental setup. Extensor Digitorum Longus (EDL)
muscle of the rat is surgically exposed and positioned surface down on the viewing
platform of an inverted light microscope. O, is delivered to the muscle using a gas
exchange chamber connected to computer-controlled flow meters. O, levels in the
chamber are measured and monitored using a fibre optic O, sensor probe. The tissue is
trans-illuminated and blood flow responses are recorded and analyzed as O, levels are

simultaneously oscillated.

In this study, a micro-delivery approach was developed for investigating localized
microvascular signaling and response to varying tissue PO, levels. We have limited the
area of O, perturbation at the microvascular bed within live muscle tissue (rat EDL) by
40 fold relative to the original gas exchange chamber setup. Gas with varying levels of O,
was directly transported to the surface of the EDL muscle through a set of micro-outlets
(~100 pm in diameter) patterned in an ultrathin glass sheet using state-of-the-art
microfabrication techniques. RBC SO, changes due to O, level oscillations were

measured and recorded while simultaneously controlling local O, levels. This novel
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approach aims to provide greater insight into the underlying mechanisms of

microvascular control.

2.2 Materials and Methods

2.2.1 Mathematical modeling of the PO, distribution profile

The oxygen partial pressure (PO,) distribution profile through an O, delivery micro-outlet
interfaced directly with live tissue was modeled using an O, transport code written in
MATLAB (Mathworks, Natick, MA). The model simulates O, diffusing through varying
sized outlets (20 pm, 50 pum, 100 pm, and 200 um in diameter) patterned in a zero
thickness material into tissue that consumes O, and also has a continuous distribution of
capillary O, sources. We have shown previously that O, transport through tissue of this
type differs from O, transport through a purely diffusive medium (Goldman 2008). In the
present case, a finite-difference method is used to solve the axisymmetric 3-D problem of
axial and radial diffusion, for instance, from a 100 pm outlet (x=0, r<50 pum) into the
overlying tissue (0 < x <500 pm, 0 um < r < 500 um) with no-flux boundary conditions
at r=500 pum, x=500 um and x=0 for r>50 pum. The micro-outlet PO, was set to be 205
mmHg (27% O,) and the far-field tissue PO, (P.,) was set to be 42 mmHg (typical tissue
PO, under normal resting conditions). As described in Goldman (2008), the other
parameters needed for the O, transport model were the tissue O, diffusion coefficient
(D=2.41x10">cm?/s), O, solubility (0=3.89x10"> ml O,/ml/mmHg), O, consumption rate

(Mp=1.5 10"* ml O,/ml/s), and the mean capillary PO, (P"=48 mmHg), Note that P., and

41



P" represent, respectively, average tissue and capillary values far from the outlet, and

hence should not be affected by the outlet PO,.

2.2.2 Microfabrication

Oxygen delivery micro-outlets with a diameter of ~100 um and a pitch of ~277 pum
(center-to-center) were patterned in 30 pum thick D263C borosilicate glass substrate
(SCHOTT North America) by photolithography and subsequent wet etching in hydrogen
fluoride. The photolithography and wet etching steps were carried out similar to
previously described procedures (llie et al. 2003, Srivastava et al. 2005). Since the
etching is isotropic, there is a certain degree of undercutting beneath the masking layers
(llie et al. 2003). This results in the pattern to be larger on the glass relative to the
photomask. Also, due to the undercutting, the micro-outlet would be cone-shaped rather
than cylindrically shaped, which means that the diameter is larger right beneath the
masking layer. All pattern dimensions were optically measured at the top glass surface
(glass surface directly beneath the masking layers) using QCapture Pro™ 6.0 software.
The patterned ultrathin glass substrate replaced the O, permeable fluorosilicone acrylate

in the original IVVM setup (Figure 2.1).

2.2.3 In vivo video microscopy

RBC SO; levels in response to O, delivery through the micro-outlets were measured
using IVVM techniques. These measurements were used to assess the tissue response

time for O, delivery from the micro-outlets as well as to validate the model results.
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2.2.3.1 Animal preparation

All procedures described are approved from the University of Western Ontario’s Animal
Care and Use Committee. Male Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA) (150-200 g) were anesthetized with pentobarbital sodium (6.5 mg/100
g body wt IP) and were subjected to a preparatory surgery as described (Ellis et al. 2002,
2010). The animals were mechanically ventilated at 30% O, (70% Nitrogen), and the
inspired O, level (Oxychek) and blood pressure (MicroMed) were constantly monitored
and recorded (Ellis et al. 2010). The Extensor Digitorum Longus (EDL) muscle of the
hind limb was identified and prepared for in vivo video microscopy as described by Tyml
and Budreau (1991). The muscle was extended along the viewing platform of a Nikon
inverted microscope equipped with long-working distance 10X and 20X objectives and a
beam splitter for dual video cameras (DAGE-MTI CCD cameras). A suture attached to
the edge of the muscle was taped to the platform. The muscle was covered with Saran
Wrap (Dow Corning) and a cover slip to isolate it from room air and to preserve
moisture. The tissue was trans-illuminated with a 100-W xenon lamp and viewed using

the dual video camera system as previously described (Ellis et al. 2010).

2.2.3.2 Dual video camera intravital microscopy system

Real-time video recordings (640 x 480, 30 frames/second) of RBC flow through
capillaries were simultaneously obtained at two wavelengths, 431 nm, an O, sensitive
wavelength for hemoglobin, and 420 nm, an isosbestic or O, insensitive wavelength
(Ellsworth et al. 1987) using the dual video camera intravital microscopy system (Ellis et

al. 2010). Live video sequences were digitized and stored as uncompressed AVI movie
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files using custom acquisition software from Neovision (Ellis et al. 2010) for post-
processing. Geometric, spatiotemporal, and photometric off-line analyses of the AV files
(for both 420 nm and 431 nm wavelengths) were conducted as described by Ellis et al.
(Ellis et al.. 1990, 1992) and Japee et al. (Japee et al. 2004, 2005) using algorithms
written in MATLAB (Mathworks, Natick, MA) to quantify changes in capillary
hemodynamic parameters and erythrocyte SO,. Parameters measured include average
RBC velocity, supply rate, lineal density, and RBC SO,(Ellis et al.. 1990, 1992, Japee et

al. 2004, 2005).

2.3 Results

2.3.1 Mathematical modeling of the PO, distribution profile

Microvascular responses to variations of local tissue PO, levels were examined by
delivering or removing O, at specific locations on the surface of the rat EDL muscle
through a set of micro-outlets patterned in ultrathin glass. Prior to the microfabrication
step (see Materials and Methods), the desired micro-outlet diameter was estimated by
computational modeling in MATLAB (Mathworks, Natick, MA). The criteria guiding the
modeling and final selection of micro-outlet geometry were determined by the maximum
depth a capillary can be into the tissue for accurate analysis with our current microscopy
techniques (50-60 um) and the average dimensions of a microvascular unit (150 pm x
400 pum). Also, the separation between adjacent micro-outlets must be great enough for
the PO, stimuli from each to be independent. Thus, in the simulation, the micro-outlet
diameter was selected based on the depth of O, penetration into the tissue and the degree

of radial diffusion away from the center of the outlet. Optimal micro-outlet dimensions
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would allow for limiting the amount of radial diffusion of O, away from the center of an
outlet, which maximizes the amplitude of O, diffusion into the tissue. The PO,
distribution model for micro-outlets of 20 um, 50 um, 100 um, and 200 um in diameter
(see Materials and Methods) showed an increase in the depth of penetration with
increasing micro-outlet diameter; however, the degree of radial diffusion was unaffected
by the size of the micro-outlet (Figure 2.2). The simulation suggested a limited amount of
radial diffusion extending to about 25% of the micro-outlet diameter. The model
indicated that below a 100 um outlet diameter, the depth of PO, transport into the tissue
is too small to ensure that capillary oxygenation will be affected. Above 100 pum, the
depth of PO, transport increases; yet accompanied by a concurrent increase in the area of
the tissue influenced by local PO, changes. For a 100 um diameter outlet, we could affect
an area ~150 pum in diameter with a depth of penetration of ~55 pum per outlet (Figure
2.2). Thus, a 100 pm micro-outlet was chosen as the minimum desired size since it would
allow for altering the O, level of a specific region within a microvascular unit to the
depth of our ability to analyze. The original O, delivery system was modeled as 1D
diffusion resulting in the depth of penetration of ~100 um (Goldman 2008). With the
micro-outlets, the diffusion is physically 3D (mathematically 2D due to axisymmetry)

and as expected the depth of penetration is less.
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Figure 2.2 Calculated PO, distribution for O, delivery into live metabolic tissue through
micro-outlets of various sizes (10 um, 25 pm, 50 um, and 100 pwm in radius (Ry)). Using
Prorm(r;X) = (P(r,X)—P)/ (Poutiet — Pw) and a cut-off of Pno,m=0.25, the radius of lateral O,
diffusion from the center of the micro-outlet is constant at ~150% of the radius while the
depth of penetration increases with increasing outlet radius. The width of the tissue in this

model (Rt) was set to 500 um, however, the maximum value on the x-axis in the PO,
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distribution plots was set to 150 um for clarity. Computational modelling was conducted

using algorithms written in MATLAB (Mathworks, Natick, MA).

2.3.2 Microfabrication

Oxygen delivery micro-outlets were patterned in ultrathin D263T borosilicate glass
substrate (SCHOTT North America) based on the mathematical PO, distribution model
described before. To test microvascular responses at different areas on the surface of the
EDL muscle, multiple micro-outlets were patterned in ultrathin glass with a diameter of
~100 pm separated by ~277 pum center-to-center distance (Figure 2.3). The area
simultaneously examined could be within a single microvascular network unit (~150 um

x 400 um) or could be located at adjacent units.
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Figure 2.3 Oxygen delivery micro-outlets ~100 um in diameter separated by ~277 pum
distance (center-to center) patterned in D263T borosilicate ultrathin glass substrate as
they appear under an upright light microscope at 10x objective. The micro-outlets were

microfabricated using photolithography and subsequent wet etching in hydrogen fluoride.

2.3.3 Micro-delivery system in vivo validation

Prior to in vivo analysis, O, delivery through the designed micro-outlets was verified in
vitro using the NeoFox® Phase Measurement System (O, sensing cover slip, FOXY
sensor formulation, Ocean Optics, Inc.). Parameters examined included the PO, level
changes associated with the micro-outlets and the response time. Following the in vitro
validation, the effects of O, delivery through the micro-outlets were tested on live tissue

(rat EDL muscle) using IVVM (see Materials and Methods).
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2.3.3.1 Sine wave oscillations

With the aid of an inverted microscope, selected capillaries, designated as Capl and
Cap2, on the surface of the EDL muscle were positioned on top of an O, delivery micro-
outlet (Figure 2.4). The edge of the micro-outlet could be clearly viewed when focussing
away from the tissue at 20X objective (Figure 2.4). The PO, level in the chamber was
oscillated in a sine wave patteren (period 120 seconds) and a six minute video sequence
was captured to examine RBC SO, changes within the selected capillaries. Analysis of
the postprocessed video sequence shows a close association between the oscillated
chamber PO, levels and the RBC SO, changes in both Capl and Cap2 with a lag time of
approximately 10 seconds (Figure 2.4). The shape of the SO, time series is flattened at
high O, saturations and steeper at low O, saturations, which is consistent with the
sigmoidal shape of the hemoglobin O, saturation curve (Hill 1910). This was further
confirmed by comparing the measured RBC SO, time series to the SO, curve calculated
using Hill’s equation and the measured chamber PO, values (Figure 2.4) (Hill 1910). As
expected, the range of SO, values are greater in the calculated SO, curve and the lag time
is absent when compared to the measured SO, data (Figure 2.4). Analysis of
hemodynamic data indicated that the mean supply rate in Capl was higher (~13.2 £ 5.2

cells/sec, N=360) than in Cap2 (~4.3 + 3.2 cells/sec, N=360).
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Figure 2.4 Muscle preparation with transparent micro-outlets positioned under the
muscle. The edge of the micro-outlet is clearly visible in the 20X Mean Image showing
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the outlet positioned under the capillary network between the arteriole and venule. In
focus capillaries for analysis are visible in the Variance Image of the same field of view.
Selected capillaries Capl and Cap2 were analyzed for RBC SO, changes as O, levels
delivered through the micro-outlet were oscillated in a sine wave (of 120 second period).
Videos of the selected region were simultaneously recorded at both 431 nm and 420 nm
wavelengths using the dual video camera intravital microscopy system. The video
sequences were digitized and postprocessed off-line using algorithms written in
MATLAB to quantify changes in the RBC SO,. The RBC SO, profiles of both capillaries
are closely associated with the local O, oscillations. The shape of the SO, profiles for the
selected capillaries also follows that of the SO, curve calculated using the Hill’s
equations and the measured chamber PO, values. The difference in the measured baseline
SO, values between Cap 1 and Cap? is likely due to the difference in their mean supply
rates with Capl having higher supply rate (~13.2 £ 5.2 cells/sec, N=360) than Cap2 (~4.3

+ 3.2 cells/sec, N=360).

2.3.3.2 Square wave oscillations

A selected capillary, designated as Cap3, on the surface of the EDL muscle was
positioned on top of a micro-outlet (Figure 2.5). The PO, level in the chamber was
decreased from 22% (~167 mmHg) to 1.4% (~10.6 mmHg) for a 120 second hypoxic
challenge and back to 22%. A video sequence was recorded over a six minute period
beginning 2 minutes before the hypoxic challenge. The video was postprocessed for
changes in capillary hemodynamic parameters and erythrocyte SO,. Similar to our

observations with induced sine oscillations of tissue PO, levels (Figure 2.4), RBC SO,
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changes were closely associated with the chamber PO, level with a lag time of
approximately 7 seconds (Figure 2.5). The mean supply rate for Cap3 was measured to be

~9.4+3.4 cells/sec, N=220.
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Figure 2.5 Selected capillary Cap3 was analyzed for RBC SO, changes as O, levels
delivered through the micro-outlet were oscillated in a square wave. The PO; level in the
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chamber was decreased from 22% (~167 mmHg) to 1.4% (~10.6 mmHg) for a 120
second hypoxic challenge and back to 22%. A six minute video sequence was captured
beginning 2 minutes before the hypoxic challenge. The RBC SO, profile is closely
associated with the chamber PO, level. The mean supply rate for Cap3 was measured to

be ~9.4+3.4 cells/sec, N=220.

2.3.4 In vivo examination of radial diffusion

Following in vivo validation of O, delivery through the micro-outlets, the extent of radial
diffusion from the center of the micro-outlet was examined in vivo. Selected capillaries,
designated as Cap4 and Cap5, were positioned adjacent to a micro-outlet with the aid of
the inverted microscope (Figure 2.6, panel A). The average distance of the selected
capillaries from the center of the micro-outlet were calculated to be 62.2 um and 73.2 um,
respectively. The PO, level in the chamber was decreased from 16.2% (~123 mmHg) to
0.2% (~1.5 mmHg) for a 120 second hypoxic challenge and back to 16.2%. A video
sequence was recorded over a six minute period beginning 2 minutes before the hypoxic
challenge. The video was postprocessed for changes in hemodynamic parameters and
capillary erythrocyte SO,. The mean SO, was calculated over a 40 second period prior to
inducing local hypoxia (t=50-90 seconds) and over a 40 second period during the
hypoxic challenge (t=160-200 seconds) for both Cap4 and Cap5. The difference in the
means was calculated to be 28.0% for Cap4 and 15.1% for Cap5. The tissue PO,
distribution profile was modelled (Figure 2.6, panel B) and the surface (depth=0 cm) PO,
contour lines were superimposed on top of the image showing the micro-outlet and the

selected capillaries (Figure 2,6, panel C). The RBC SO, at various depths into the tissue
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(z=0 pum, 10 pm, 30 pm, and 50 um) were calculated from the PO, values predicted by
the model using Hill’s equation (Hill 1910). The calculated SO, values were then plotted
against the radial distance from the center of the micro-outlet (Figure 2.6, panel D). The
SO, plots calculated based on the PO, distribution model into the tissue at baseline (SO,
decreasing with radial position) or during hypoxia (SO, increasing with radial position)
all converge to a value of 60% which corresponds to the tissue PO, level set in the model
(~42 mmHg). Experimentally measured SO, mean values for Cap4 and Cap5 at baseline
and during hypoxia were plotted and compared with the predicted SO, against the
capillaries’ measured distance from the center of the micro-outlet (Figure 2.6, panel D).
The maximum mean SO, values for both Cap 4 and Cap5 fall between the model
predicted SO, plots for 30 um and 50 pm depth into the tissue. However, the minimum
mean SO, values for both Cap 4 and Cap5 lay above the SO, values predicted for 50 pm

depth into the tissue.
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Figure 2.6 Selected capillaries Cap4 and Cap5 shown in panel A were analyzed for RBC
SO, changes as O, levels delivered through the micro-outlet were oscillated in a square
wave. The PO; level in the chamber was decreased from 16.2% (~123 mmHg) to 0.2%
(~1.5 mmHg) for a 120 second hypoxic challenge and back to 16.2%. A six minute video
sequence was captured beginning 2 minutes before the hypoxic challenge. The PO,
distribution profile into the tissue was modelled. Panel B shows a 2D contour plot for a
micro-outlet PO, value of 123 mmHg. Panel C shows the surface (depth=0 cm) PO,
contour lines superimposed on top of the image showing the micro-outlet and the selected
capillaries. The radial change in RBC SO, at various depths into the tissue (z=0 um, 10

um, 30 um, and 50 um) were calculated from the modelled PO, values using Hill’s
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equation then plotted against the radial distance from the center of the micro-outlet for a
micro-outlet PO, values of 123 mmHg (upper set of lines, panel D) and 1.5 mmHg (lower
set of lines, panel D). Experimentally calculated SO, mean values for Cap4 and Cap5
prior to and during hypoxia were plotted versus capillary location (upper and lower pair

of symbols respectively, panel D).

2.4 Discussion

The aim of this research was to develop a micro-delivery approach for investigating
localized microvascular signalling and response to varying PO, levels in live tissue. This
was accomplished by designing O, delivery micro-outlets in ultrathin glass using
microfabrication techniques. The proposed dimensions of the patterned micro-outlets
were estimated by mathematically modelling the PO, distribution profile for micro-
outlets of varying sizes in live tissue using a numerical simulation code written in
MATLAB (Figure 2.2) (Mathworks, Natick, MA). O, delivered to the microcirculation
alters the SO, levels of RBCs but is also partly consumed by the surrounding metabolic
tissue. The microcirculation system constantly fine tunes the local hemodynamic and
geometrical properties in response to changes in the RBC SO, levels (Ellis et al. 2005,
Ellsworth et al. 2009). This is the mechanism by which the microvasculature matches O,
supply into the tissue with the metabolic demand. Just like any stimulus-response
mechanism, the system is sensitive to a specific threshold of applied stimulus. Hence, an
optimal outlet diameter should deliver enough O, into the tissue to stimulate a
microvascular response. Yet, this should not compromise the accurate localization of the

stimulus. In other words, radial diffusion away from the center of the micro-outlet must
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be limited to create enough contrast between the area stimulated and nearby regions of
the microvascular bed. Also, when choosing the dimensions of the O, delivery micro-
outlet, the microvascular geometry, specifically the dimensions of a single microvascular
unit must be considered. The size of a microvascular unit within the rat skeletal muscle is
approximately 150 pm X% 400 um. To better understand the microvascular response
mechanism, the size of the micro-outlet must allow us to examine specific locations
within a single microvascular unit. For instance, it would be insightful to investigate the
effects of inducing local hypoxia at the venular end as opposed to the arteriolar end, or to
examine the effects of stimulating a single or multiple capillaries. Hence, a proposed
micro-outlet diameter of ~100 um was selected based on the computational model and
the above considerations. Note that the computational model assumes a continuous
distribution of capillaries throughout the tissue region of interest. Since this is an
approximation whose accuracy will depend on local properties (e.g., capillary spacing
and whether or not the micro-outlet directly overlays surface capillaries), the predictions

of the model need to be validated by experimental observations.

The O, permeable fluorosilicone acrylate membrane in the original IVVM setup was
replaced by the ultrathin glass substrate patterned with the O, delivery micro-outlets
(Figure 2.1). O, levels transported through the outlets could be oscillated using computer
controlled flow meters connected to the gas exchange chamber. Therefore, it was
essential to validate the relationship between the chamber PO, oscillations and those
delivered through the micro-outlets. This was done in vivo by testing the response to O,
delivery through the micro-outlets to interfaced live tissue (rat EDL muscle) using
IVVM. The RBC SO; levels altered in response to oscillating the tissue PO, levels using
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the micro-outlets for O, delivery. The RBC SO, changes were closely associated with the
oscillated chamber PO, levels during both sine wave and square wave oscillations,
however, with a certain time lag in both cases (Figure 2.4 and Figure 2.5). It is critical to
note the absence of such a response delay between sensed and chamber PO, levels when
testing for O, delivery through the micro-outlets in vitro (data not shown). Hence, the
time lag observed between the measured RBC SO,s (essentially sensed PO,) and the
chamber PO, oscillations in vivo cannot be attributed to a systematic error. Rather, the

delay in tissue response is probably due to O, diffusion through the tissue to the RBCs.

For the sine wave oscillation data, similar to the measured RBC SO, profile, the SO,
curve estimated from the measured chamber PO, data using Hill’s equation (Hill 1910)
shows a rapid change at lower PO, levels and plateaus as the PO, reaches peak levels
(Figure 2.4). This typical relationship between PO, and RBC SO; is due to the
cooperative binding of hemoglobin to O, (Hill 1910). The difference observed between
the estimated and measured SO, minima indicates that the RBCs in the selected
capillaries were experiencing a narrower range of PO, oscillations than what was
measured in the chamber. The decrease in the amplitude of PO, oscillations experienced
by the selected capillaries is proportional to the depth within the tissue (Goldman 2008).
The lower saturation values at the peak of the oscillation measured for Capl relative to
Cap2 can be attributed to the relatively higher mean supply rate for Capl. The higher the
supply rate, the less time the RBCs have to pick up O, as they flow across the micro-

outlet, which results in lower mean SO, values.

Following validation of O, delivery through the micro-outlets against controlled chamber

PO, oscillations, the degree of radial O, diffusion from the center of the micro-outlet was
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estimated in vivo. This was done by measuring the RBC SO,in selected capillaries (Cap4
and Cap5, Figure 2.6, panel A) at measured distances from the edge of the micro-outlet
and comparing the results to the model calculations. Figure 2.6 (panel D) shows the
model’s predicted steady state O, saturations for the same high and low micro-oultlet PO,
levels used during the in vivo measurements. The model shows that the magnitude of the
SO, perturbation decreases rapidly with radial distance from the edge of the outlet and
with depth into the tissue. The diminished effect of the outlet is reflected in the measured
SO, values for the two capillaries. Although the precise depth of the capillaries were not
measured in vivo, the approximate depth of 40-50 um suggested by comparing the
measured values to the simulation for 123 mmHg PO, in the outlet is close to the
expected depth. The paired measurements with 1.5 mmHg in the micro-outlet are higher
than predicted by the model for this depth into the tissue but the result is not unexpected.
With high PO; in the tissue the RBC SO, under steady state conditions should equilibrate
with the surrounding tissue, i.e. the simulation and experiment should match. With low
PO, in the tissue, the RBCs should be offloading O, to the tissue and hence the RBC SO,
should correspond to a higher PO, than the PO, in surrounding tissue. These results
highlight that the impact of changing O, levels in the micro-outlet are limited to the
immediate vicinity of the outlet thus meeting our objective of designing a device to

investigate local regulation of O, supply in vivo.

The in vivo data presented verify that the 100 pm diameter micro-outlets were indeed able
to alter SO, levels of RBCs in capillaries flowing either directly over or even in close
proximity to the outlet. Experimentally measured RBC SO, levels fit with our

computational model of the PO, distribution into the tissue from an interfaced O, delivery
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micro-outlet. These results delineate an important step towards designing a novel
microfluidic device for O, delivery to microvascular networks to further investigate
regulation of O, supply in vivo. This device would also allow us to examine the
physiological level of O, supply set by the microvasculature in the same tissue
preparation by recording images at un-stimulated regions distal from the micro-outlets; a

goal not feasible with current techniques.
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Chapter 3

3 Modeling steady state SO,-dependent changes in
capillary ATP concentration using novel O, micro-
delivery methods*

! Research article published in Frontiers in Physiology (2013) 4:260

3.1 Introduction

The microcirculation plays the important role of delivering and regulating the exchange
of oxygen (Oy) and nutrients to surrounding live metabolic tissue. The transport processes
in the microcirculation are tightly controlled and highly integrated. Since proper O,
supply to tissue is critical for cellular function and survival, the mechanisms underlying
O, transport and distribution have been wunder thorough investigation. The
microvasculature has to continuously adjust erythrocyte distribution and hence O, supply
to meet the varying demand of metabolic tissue. During exercise, erythrocyte supply rate
increases delivering more O, carrying erythrocytes to the microvasculature. The highly
regulated system implies the presence of signalling components that link tissue O,

demand with blood flow and microvascular function.

A great amount of evidence suggests the involvement of the erythrocyte as a sensor and a
key player in this regulation mechanism (Stein and Ellsworth, 1993, Ellsworth et al.,
1995, Ellsworth et al., 2008). Erythrocytes are the carriers of O,, bound to hemoglobin, in
the microcirculation. Erythrocytes also contain large amounts of adenosine triphosphate

(ATP) (Miseta et al., 1993), a potent vasodilator, and are known to release it under
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hypoxic conditions (Bergfeld and Forrester, 1992, Jagger et al., 2001, Gonzalez-Alonso
et al., 2002). Once ATP is released, it binds to purinergic receptors (P2Y) on the vascular
endothelium eliciting a vaso-dilatory signal which is conducted upstream in the arteriolar
tree (Ellsworth et al., 2008). The resulting vaso-relaxation of smooth muscle cells
(SMCs) surrounding upstream arterioles increases erythrocyte supply rate to meet the
metabolic demand of the hypoxic region downstream that initiated the release of ATP

from erythrocytes.

For a long time, arterioles have been investigated as a major site of microvascular
signalling (Dulling and Berne, 1970, Duling, 1974, Jackson, 1987). This has been
assumed, mainly, due to the large longitudinal PO, gradients that exist at the arteriolar
level. In terms of ATP-mediated signalling, the presence of SMCs implies that the
released ATP will act locally and will instantaneously elicit a signal. However, the
relatively short erythrocyte transit times in arterioles are anticipated to largely
compromise the localization of this ATP signal, while the parabolic flow profile in the
arteriole means only those cells closest to the wall experience the largest change in O,
saturation (SO,) and hence contribute to the signal. Cells flowing in the centerline will be
experiencing a lesser drop in SO, and any released ATP will be carried downstream (Ellis

etal., 2012).

Venules may also be involved in the regulation of O, supply since they act as the
collectors of large populations of deoxygenated ATP-releasing erythrocytes. However,
the diversity in the erythrocyte SO, levels as they drain from various upstream capillaries
indicates that venules may only contribute to the overall vaso-dilatory signal (Ellis et al.,

2012). Finely tuned regulation of O, distribution to specific capillaries or microvascular
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units in the microcirculation demands the signal be highly localized. This may only be
achieved at the capillary level. Erythrocytes traverse capillaries with long transit times
and are in almost direct contact with the capillary endothelium. Hence, released ATP,
mediated by erythrocyte deoxygenation, will effectively be transferred to purinergic
receptors on the endothelium. Many studies have shown that the capillary endothelium is
conductive when locally stimulated by vasodilators (Dietrich, 1989, Dietrich and Tyml,
1992a,b, Song and Tyml, 1993, Collins et al., 1998, Bagher and Segal, 2011). Therefore,
we hypothesize that capillaries are able to signal upstream arterioles for changes in
erythrocyte supply rate in response to changes in capillary SO, level via SO, dependent

ATP signaling by the erythrocyte (Ellis et al., 2012).

To test this hypothesis, we have been examining the micro-vascular response to local
perturbations in tissue O, partial pressure (PO) using a novel O, micro-delivery tool
(Ghonaim et al., 2011). We have created an O, micro-delivery (and removal) system that
allows for altering local tissue PO, and hence erythrocyte SO, in a few selected
capillaries at the surface of the Extensor Digitorum Longus (EDL) muscle of the rat
(Figure 3.1A). This system replaces the gas exchange chamber originally used in our
group to alter surface tissue PO, of the entire bottom surface of the muscle (Ellis et al.,
2012, Ghonaim et al., 2011). The chamber is positioned in the platform of an inverted
microscope and is connected to computer controlled gas flow meters, which allows for
capturing video images of the microvascular response to PO, perturbations while
simultaneously controlling chamber PO, levels. Erythrocyte SO, values are calculated

based on a dual-wavelength image capture system and video sequences are post-
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processed to extract functional images and hemodynamic information as previously

described (Ellis et al., 1990, Ellis et al., 1992, Japee et al., 2004, Japee et al., 2005a,b).

A)

coverslip pO2 sensor

plexiglass . ' stage
Glass/plastic sheet
microfabricated with O2 not to scale

micro-delivery outlet

EDL= Extensor Digitorum Longus

®)

) 1000 pm

Figure 3.1 (A) The novel O, micro-delivery approach. The Extensor Digitorum Longus
(EDL) rat muscle is surgically exposed and positioned on the viewing platform of an
inverted microscope. O, is delivered to the surface of the muscle through a micro-outlet
patterned in ultrathin glass/plastic sheet (Ghonaim et al., 2011). O, levels in the gas
exchange chamber near the muscle surface are oscillated using computer controlled flow
meters. Real-time videos of the trans-illuminated tissue are monitored and recorded using
a dual-wavelength video microscopy system (Ellis et al., 1990, 1992; Japee et al., 2004,
2005a,b) (B) Three designs of the oxygen micro-delivery outlet being tested: circular
micro-outlet (~100 um in diameter), a square micro-slit (200 pm x 200 um), and a

rectangular micro-slit (1000 um wide x 200 um long).
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In our novel O, micro-delivery setup, ultrathin plastic/glass sheet patterned with an O,
delivery micro-outlet replaces the gas permeable membrane in the original chamber (Ellis
et al., 2012, Ghonaim et al., 2011). Data presented earlier (Ghonaim et al., 2011) show
that circular micro-delivery outlets (100 pum in diameter) can alter SO, in single
capillaries flowing directly over the outlet. However, in order to elicit microvascular
responses, the optimal outlet dimensions should allow for a sufficient number of
capillaries within a network to be stimulated to produce a large enough ATP signal. This
should be accomplished while ensuring the high localization of the stimulus to affect only
the desired capillaries. This requires testing with various O, outlet sizes and dimensions.
Combining the possible technical challenges involved in creating multiple designs of the
O, micro-delivery device with the inherent complexities of the O, regulation system led

us to develop a computational model for the system under investigation.

Recently, Goldman et al (2012) presented a theoretical mathematical model based on
previous work by Goldman and Popel (1999) and Arciero et al (2008) to describe O, and
ATP transport in the rat EDL microcirculation when using the original O, exchange
chamber. In this study, we employ the same approach with the objective of calculating
SO, and ATP changes in selected capillaries flowing over an O, delivery outlet of
specific dimensions. Three designs of the O,-delivery micro-outlet were tested: circular
outlet (100 um in diameter) (Ghonaim et al. 2011), square outlet (200pum x 200um), and
rectangular slit (200um long x 1000um wide) (Figure 3.1B). Average capillary SO, and
ATP level at steady-state were calculated at various chamber PO, levels (15, 40 and 150
mmHg) relative to a zero flux boundary condition. In order to simplify the system under

investigation, an idealized three dimensional (3D) parallel array capillary geometry has
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been used. Simulations were also run on a 3D idealized array geometry in which a
terminal arteriole (9 um in diameter) replaced 4 capillaries and was positioned 30 um
from the bottom tissue surface. These simulations allowed for investigating the potential
role of the terminal arteriole in O, regulation. Confirming previous findings (Ghonaim et
al., 2011), the results indicated that the maximum amount of radial O, diffusion from an
O, delivery micro-outlet is limited to ~50 um beyond the outlet edge, while axial
diffusion affects ~100 um of tissue. The rectangular slit has the important property of
ensuring that capillaries surrounding the network of interest are all experiencing the same
PO, drop, which minimizes re-oxygenation and emphasizes the ATP signal. This design
also produces sufficient ATP release in multiple capillaries such that it should be able to
consistently elicit micro-vascular responses, although this remains to be confirmed
experimentally. The results presented here also predict minimal contribution of terminal
arterioles to the net magnitude of ATP emerging from the capillary network although
they would participate as O, sources and hence influence the O, distribution. In the
future, 3D capillary networks reconstructed from experimental data can be modeled
which will provide more realistic data and help to more closely predict changes in various

parameters.

3.2 Materials and Methods

3.2.1 Oxygen transport model

In this work, O, transport and ATP transport were modeled in an idealized 3D capillary

network consisting of an array of parallel capillaries (oriented in the y direction). The
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computational model of O, transport was based on a finite-difference model described by
Goldman and Popel (1999, 2000, 2001). In the model, the reaction-diffusion equation

below was used to describe time-dependent tissue PO, P(x,y,z,t):

=
aa—f =[1+%%} {DVZP—iM(P)JréDMbchV-[djgb VP)} (1)
where D is the tissue O, diffusion coefficient, o is the tissue O, solubility, and M(P) is
consumption rate of O, in tissue (Table 1). O, transport in tissue was facilitated by the
presence of myoglobin where cyy, is the myoglobin concentration, Dy is the myoglobin
diffusion coefficient, and Sup(P)=P/(P+Psomp) is the myoglobin SO,. Convective
transport of O, in the micro-vessels at each axial location y was described using the

following time-dependent mass balance equation for capillary SO, S(y,t):

-1
ﬁz{C+abﬂ} —u{éﬂibdj}@—i j-do
ot ds ds 6y 7R (2)

where u is the mean blood velocity, R is the capillary radius, j is the O, flux at (y, 8) out of

the capillary, C and C are blood O,-binding capacities, respectively, directly related to

hematocrit:

where Hr is tube (volume-weighted) hematocrit, Hp is discharge (flow-averaged)
hematocrit, and Cyy, is the binding capacity of hemoglobin (Table 1) (Goldman and Popel

2001). Py is the blood PO,, and oy, and 0?,, are volume- and flow-weighted blood O,

solubilities, respectively (Goldman and Popel, 2001), where,
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op = Hrocen + (1- Hr) o
a, = Hpoicenn + (1- Hp) ayp

where ocen and oy are the O, solubilities inside the erythrocyte and in the plasma

(Goldman and Popel 2001). The O, flux at the capillary-tissue interface was given by:
j=x(P,-P,) ®)

where « is the mass transfer coefficient and P, is the tissue PO, at the capillary surface.
is a function of hematocrit as it describes the effect of RBC spacing on O, diffusion and
exchange between capillary and tissue (Eggleton et al., 2000). At the capillary surface,
the boundary condition was specified as:

op, _
on

—Da J 4

where n is the unit vector normal to the capillary surface and j is given by equation (3). In
the model presented here, zero O, flux conditions (no O, exchange across tissue
boundary) were specified at the tissue boundaries, except where PO, was fixed on part or
all of the bottom surface to represent the effect of the O, exchange chamber (see below).
As in the model described by Goldman and Popel (1999), Michaelis-Menten
consumption kinetics, M=M, P/(P+P¢,), and the Hill equation for the oxyhemoglobin
saturation curve, S(P)=P"/(P"+Ps,"), were used along with the above O, transport

equations to calculate the tissue O, transport.

Hemodynamic parameters (erythrocyte mean velocity, vy, and hematocrit, Hy) were

determined from in vivo experimental measurements in the EDL muscle of the rat. The
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capillary network consisted of 72 parallel capillaries, each of which was discretized into
50 cylindrical segments, and the tissue domain surrounding the capillaries had
dimensions of 216 x 532 x 500 wm and was discretized into 7,304,853 computational
nodes using a grid spacing of approximately 2 um (Figure 3.2A). Capillary entrance SO,
(65%) and the tissue O, consumption rate (1.5 x 10 ml O,/ml/s) were set based on

previous experimental data (Fraser et al. 2012).

For simulations that included a terminal arteriole in the 3D network geometry, the
arteriole (9 um in diameter) was positioned approximately 30 um from the bottom tissue
surface and replaced 4 capillaries in the original parallel array capillary geometry (Figure
3.2B). Simulations including the arteriole were run at both 65% and 80% arteriolar

entrance SO,.
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Figure 3.2 (A) A cross sectional view of the idealized capillary parallel-array geometry
showing the positioning and numbering of the 72 hexagonally arranged capillaries in the
modeled network (B) A cross sectional view of the idealized capillary parallel array
geometry with a terminal arteriole (vessel 69, 9 um in diameter) replacing 4 capillaries

within 30 um from bottom tissue surface.
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3.2.2 ATP transport model

ATP transport in the idealized 3D capillary network was modeled as described by
Goldman et al 2012, based on the O, transport mathematical model described earlier
(Goldman and Popel 2000). Using a capillary entrance ATP concentration [ATP] of zero,
plasma [ATP] was calculated by using a finite-difference method to solve the following

continuum partial differential equation (Goldman et al 2012):

) B
(1-H, )a[ATP] ——u(1- HD)E[ATP]

) (5)
+H:C, (1-C,8 )~ k; [ATP]

where u is the mean blood velocity at axial location y, Hp and Hr are the discharge and
tube hematocrit, respectively, and R is the capillary radius. Cy and C; (see Table 3) are
constants used to linearly approximate the ATP release rate as a function of SO, while kg
provides an approximation of ATP degradation by the endothelium as previously

described (Arciero et al., 2008).

To calculate the steady-state distributions of tissue PO, as well as capillary SO, and
[ATP], time-dependent O, transport and ATP transport simulations were run, using zero
initial conditions for all variables, until there were minimal changes in tissue O,
consumption and PO,, and capillary O, flux, SO, and [ATP] between consecutive time

steps.
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3.2.3 Tissue PO, boundary conditions used to model oxygen

exchange chamber

For the idealized capillary geometry, 3D tissue PO, distribution and capillary [ATP] at
steady state were calculated for O, delivery using a full gas exchange chamber, a circular
micro-outlet (100 pum in diameter), a square micro-outlet (200 um x 200 um), or a
rectangular micro-slit (1000 um wide x 200 upm long). For each chamber type,
simulations were run at 3 PO, boundary conditions either over full surface (with full gas
exchange chamber) or only at the micro-slit opening: 15 mmHg, 40 mmHg and 150
mmHg. For the cases in which the PO, boundary condition is altered only at the micro-
slit opening, the rest of the tissue surrounding the micro-slit is set to zero O, flux
boundary condition. The results from all simulations were compared to a fourth control

case in which full surface is set to zero O, flux boundary condition.

For the idealized capillary geometry that includes the terminal arteriole, O, diffusion was
modeled for a full gas exchange chamber or a rectangular micro-slit (1000 um wide x
200 pm long) at the four PO, boundary conditions discussed above. Each set of
simulations was run with arteriolar entrance SO, of 65% or 80%. Table 2 lists the

summary of simulations and boundary conditions used in this study.
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Parameter Description Value

o 0, solubility 3.89 x 10° ml O, mI™* mmHg™

D O, diffusion coefficient 2.41 x 10° cm? s

Per Critical PO, 0.5 mmHg

CMb myoglobin concentration 1.02 x 10%ml O, mI*

Db myoglobin diffusion coefficient 3x 107 cm?s™

Pso Blood PO, at 50% hemoglobin SO, 37 mmHg

n Hill exponent 2.7

Pso.mb PO, at 50% myoglobin SO, 5.3 mmHg

Vrbe erythrocyte mean velocity 1.45 x 10% cm s

Chs binding capacity of hemoglobin 0.52 ml O, ml*

Hr Tube hematocrit 0.19

Hp Discharge Hematocrit 0.2

Co Constant approximating linear ATP 1.4 x 10 mol s*.cm™
release rate as a function of SO,

C, Constant approximating linear ATP  0.891
release rate as a function of SO,

Kq ATP degradation rate 2.0x10%cms?

Table 3.1 Parameter values used in oxygen and ATP transport simulations.
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Network Chamber type Corresponding PO, condition at chamber
specifications tested figure in outlet

manuscript (in each chamber type tested)

Capillary array Full Chamber 3.3 e Zero O, flux (Control)
Circle 3.4 e 40 mmHg
Square 35 e 15mmHg
Rectangle 3.6 ¢ 150 mmHg
Capillary array with ~ Full Chamber 3.8 e Zero O, flux (Control)
arteriole e 40 mmHg
(entrance SO,=65%) Rectangle 3.10 e 15mmHg
e 150 mmHg
Capillary array with ~ Full Chamber 3.9 e Zero O, flux (Control)
arteriole e 40 mmHg
(entrance SO,=80%) Rectangle 3.11 e 15mmHg
e 150 mmHg

Table 3.2 List of boundary conditions used in oxygen and ATP transport simulations

(Summary of Transport Simulations, Chamber Types and Boundary Conditions)
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3.3 Results

3.3.1 Mathematical modelling of SO,-dependent ATP release in
capillary networks in response to localized tissue PO,

perturbations

In this study, the release of ATP in capillaries mediated by tissue hypoxia and the de-
saturation of hemoglobin was modeled in a 3D idealized parallel capillary network. The
dependence of the magnitude of total ATP release on the number of de-oxygenated
capillaries was also examined. Based on our previously described experimental work
(Ghonaim et al. 2011), we mathematically simulated O, delivery to and removal from
selected capillaries on the surface of skeletal muscle tissue (rat EDL) using three designs
of O, exchange micro-outlets used in our in vivo experiments (Figure 3.1B). In order to
compare local O, perturbations using the micro-outlets to global perturbations using the
full gas exchange chamber (Ellis et al., 2012, Ghonaim et al. 2011), O, delivery to and
removal from the entire bottom tissue surface was also modeled. For each set of
simulations, 3D tissue PO, distribution profiles and corresponding 3D capillary [ATP]
maps were generated. Plots of calculated SO, and [ATP] along the length of selected
capillaries (21, 18, 17, 54) at steady state were also created. All simulations were run
using software written in Fortran, and the results were analyzed and the plots were

produced using MATLAB.
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3.3.1.1 Full surface gas exchange chamber

In this set of simulations, the 3D PO, distribution in the tissue and corresponding SO, and
[ATP] distribution along capillary length were modeled for the control scenario in which
the full bottom tissue surface is exposed to PO, perturbations. This would experimentally
simulate using the full gas exchange chamber. As shown in Figure 3.3, at 40 mmHg,
steady-state tissue PO, and capillary [ATP] distributions are comparable to the no-flux
control condition. At the venular end of the capillaries, SO, values ranged from ~50% for
surface capillaries (# 21, 18, and 17) to ~40% for capillaries deeper than 100 pm into the
tissue (capillary 54), and the corresponding capillary [ATP] values were within 15% of
those at zero O, flux boundary condition. However, under imposed tissue hypoxia (15
mmHg), the surface capillaries dropped their SO, by approximately 70% which
corresponded to ~40% higher steady state capillary [ATP] relative to zero flux condition
(Figure 3.3C). This was clearly depicted in the corresponding vessel map (Figure 3.3B).
The deeper capillary (54) was less affected with ~30% lower hemoglobin SO, and ~12%
increase in ATP release relative to zero flux. Exposing the full tissue surface to relatively
high chamber PO, (150 mmHg) had the most significant impact on [ATP] in the capillary
network. At 150 mmHg, hemoglobin SO, in both surface and deep tissue capillaries
converged to ~100% with ~70% decrease in steady state [ATP] relative to no-flux
(Figure 3.3C). The depth of the PO, perturbation into the tissue when using the full gas

exchange chamber was ~ 100 pm as shown in the 3D PO, profiles (Figure 3.3A).
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Figure 3.3 Simulations of 3D PO, and capillary [ATP] distribution in a tissue with
idealized parallel capillary arrangement (72 hexagonally packed capillaries). In these
simulations, we are modeling O, delivery to the bottom tissue surface using the full gas
exchange chamber (Ellis et al., 2012; Ghonaim et al., 2011). Full bottom tissue surface is

exposed to 15 mmHg, 40 mmHg, or 150 mmHg chamber PO, level relative to a zero flux
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control boundary condition (A) Spatial 3D tissue PO, distribution (mmHg) at capillary
entrance perspective (B) a capillary exit perspective showing combined X-Z plane slice at
Y=150 um and Y-Z plane slice at X= 277 um (C) bottom perspective of a vessel map
depicting distribution of [ATP] (mol/L=M) along the capillaries. Bolded arrow marks
capillary entrance (D) Plots of SO, (%) and [ATP] changes along capillary length in
selected capillaries (# 21, 18, 17, 54) marked by arrows on the vessel map. Capillaries 21
and 17 are 16 um from the tissue surface, capillary 18 is 33 um from tissue surface, and
capillary 54 is deeper in the tissue, at 133 um, and hence it is not shown in the current
perspective of the vessel map. Note change in PO, scale from 0 to 50 mmHg in first three

cases to 0 to 150 mmHg when surface is exposed to 150 mmHg.

3.3.1.2 Circular O, delivery micro-outlet

To investigate the effect of limiting the number of capillaries stimulated by local tissue
PO, perturbations, we started by modeling capillary SO, and [ATP] changes when using
a circular O, micro-outlet (100 pm in diameter, see Figure 3.1). Similar to previously
discussed data (Ghonaim et al 2011), substantive changes in local tissue PO, due to
diffusion outwards from the circular outlet, is limited to less than ~50 pm, as shown in
the 3D tissue PO, profiles (Figure 3.4A). Also, the hypoxic and hyperoxic stimuli were
highly localized to only those capillaries directly over the micro-outlet (17, 18, 21) as

shown in the vessel maps (Figure 3.4B). At 40 mmHg chamber PO, level, calculated
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capillary SO, and [ATP] were in close agreement with the no-flux control for both
surface and deep tissue capillaries with values being within ~1% and ~3%, respectively
(Figure 3.4C). Under imposed hypoxia, the capillary SO, dropped as capillaries crossed
the micro-outlet region reaching a minimum value ~40 um downstream of the outlet after
which SO, levels increased slightly due to re-oxygenation by surrounding capillaries. At
the venular end, steady state SO, levels in surface capillaries were 15% lower relative to
zero flux while capillary 54 experienced only a 6% drop in SO,. This corresponded to
only 10% increase in [ATP] in surface capillaries while [ATP] in capillary 54 remained
unchanged relative to zero flux. At 150 mmHg, the increase in capillary SO, level is
observed directly over the micro-outlet region reaching a maximum at the outlet exit. The
capillary SO, levels dropped sharply downstream of the outlet due to O, diffusion into
adjacent capillaries and tissue. Surface capillary SO, decreased to ~63% and deep tissue
capillaries to 51% at ~200 um downstream of the outlet. This corresponded to ~40%
decrease in [ATP] in surface capillaries and ~20% decrease in [ATP] of deeper tissue

capillaries relative to zero flux condition.
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Figure 3.4 Simulations of 3D PO, and capillary [ATP] distribution in a tissue with
idealized parallel capillary arrangement (72 hexagonally packed capillaries). In these
simulations, we are modeling O, delivery through a circular oxygen micro-delivery outlet
(100 um in diameter) to bottom tissue surface using novel micro-delivery approach (see

Figure 3.1). Tissue surface directly on top of the micro-delivery outlet is exposed to 15
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mmHg, 40 mmHg, or 150 mmHg chamber PO, level relative to a zero flux control
boundary condition (A) Spatial 3D tissue PO, distribution (mmHg) at capillary entrance
perspective (B) a capillary exit perspective showing combined X-Z plane slice at Y=150
pm and Y-Z plane slice at X= 277 um (C) bottom perspective of a vessel map depicting
distribution of [ATP] (mol/L=M) along the capillaries. Bolded arrow marks capillary
entrance (D) Plots of SO, (%) and [ATP] changes along capillary length in selected
capillaries (21, 18, 17, 54) marked by arrows on the vessel map. Capillaries 21 and 17 are
16 pm from tissue surface, capillary 18 is 33 um from tissue surface, and capillary 54 is
deeper in the tissue, at 133 um, and hence it is not shown in the current perspective of the

vessel map.

3.3.1.3 Square O, delivery micro-outlet

Next, we simulated the effect of increasing the area of O, exchange, and hence perturbing
a greater number of capillaries, by simulating an O, delivery micro-outlet 200 um x 200
pm square. Similar to the circular micro-outlet design and as previously described
(Ghonaim et al 2011), the change of local tissue PO, surrounding the square outlet is
limited to less than ~50 um, as shown in the 3D tissue PO, profiles (Figure 3.5A). In the
case of the square micro-outlet, a larger number of surface capillaries experience the PO,
perturbations, 7 of which were directly over the micro-outlet (Figure 3.5B). Also,
capillaries at both sides of those directly over the outlet seemed to be slightly affected by
the PO, perturbations. At 40 mmHg, calculated SO, and capillary [ATP] distributions

were similar to the no-flux control with surface capillaries having 15% higher SO, and
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10% lower [ATP] values relative to zero flux condition (Figure 3.5C). As observed with
the circular micro-outlet, re-oxygenation of stimulated capillaries following imposed
hypoxia (15 mmHg) was at ~40 um downstream of the square micro-outlet (Figure
3.5C). At the capillary venular end, SO, level of surface capillaries dropped by ~51%
while capillary 54 experienced only a 15% drop in SO, relative to zero flux. This
corresponded to ~32% increase in [ATP] in surface capillaries while only 7% increase in
[ATP] in capillary 54 relative to zero flux. At 150 mmHg, capillary SO levels increased
across the micro-delivery outlet reaching maximum values at the venular end of the outlet
region. Similar to the results observed with the circular micro-outlet, SO, values sharply
dropped downstream of the square micro-outlet bringing surface capillary SO, to ~83%
and deeper capillaries to ~70% ~200 pm downstream of the outlet. This corresponded to
~66% decrease in [ATP] in surface capillaries and ~42% decrease in [ATP] of deeper

tissue capillaries.
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Figure 3.5 Simulations of 3D PO, and capillary [ATP] distribution in a tissue with
idealized parallel capillary arrangement (72 hexagonally packed capillaries). In these
simulations, we are modeling O, delivery through a square oxygen micro-delivery outlet

(200 um x 200 pum) to bottom tissue surface using our previously described novel micro-
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delivery approach (see Figure 3.1). Tissue surface directly on top of the micro-delivery
outlet is exposed to 15 mmHg, 40 mmHg, or 150 mmHg chamber PO, level relative to a
zero flux control boundary condition (A) Spatial 3D tissue PO, distribution (mmHg) at
capillary entrance perspective (B) a capillary exit perspective showing combined X-Z
plane slice at Y=150 pum and Y-Z plane slice at X= 277 pm (C) bottom perspective of a
vessel map depicting distribution of [ATP] (mol/L=M) along the capillaries. Bolded
arrow marks capillary entrance (D) Plots of SO, (%) and [ATP] changes along capillary
length in selected capillaries (21, 18, 17, 54) marked by arrows on the vessel map.
Capillaries 21 and 17 are 16 um from tissue surface, capillary 18 is 33 pum from tissue
surface, and capillary 54 is deeper in the tissue, at 133 um, and hence it is not shown in

the current perspective of the vessel map.

3.3.1.4 Rectangular O, delivery micro-slit

The largest dimensions for an O, delivery micro-outlet currently being tested in our in
vivo studies are for a rectangular micro-slit (1000 pm wide x 200 um long). Since the 3D
tissue dimensions in our computational model are less than the width of the experimental
micro-slit, the effect of the slit extends to both edges of the tissue allowing us to visualize
the depth of the PO, distribution into the tissue. As shown in the 3D PO, plots (Figure
3.6A), the PO, perturbations extended ~100 um into the tissue with local tissue PO,

changes similar to what was observed with other outlet designs. All surface capillaries
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shown on the vessel map are affected by the PO, perturbation as the outlet covers the
entire surface width (Figure 3.6B). At 40 mmHg, calculated SO, and capillary [ATP]
distributions were similar to the no-flux control with surface capillaries having 17%
higher SO, and 10.3% lower [ATP] values relative to zero flux O, boundary condition
(Figure 3.6C). Under imposed hypoxia (15 mmHg), re-oxygenation of de-saturated
surface capillaries was not observed within 200 pum downstream of the micro-slit.
However, capillary SO, seemed to plateau approximately 100 um downstream of the
micro-slit. At the capillary venular end, SO, level of surface capillaries dropped by ~56%
while capillary 54 experienced a ~20% drop in SO, relative to zero flux condition. This
corresponded to ~ 35% increase in [ATP] in surface capillaries and only 8% increase in
[ATP] in capillary 54 relative to zero flux. At 150 mmHg, capillary SO levels increased
across the micro-delivery outlet reaching maximum values at the venular end of the outlet
region. Similar to the results observed with the previously discussed micro-outlet designs,
SO, values instantly dropped downstream of the rectangular micro-slit bringing surface
capillary SO, to ~90% and deep capillaries to ~80% ~200 um downstream of the outlet.
This corresponded to ~69% decrease in [ATP] in surface capillaries and ~55% decrease

in [ATP] for deeper tissue capillaries.
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Figure 3.6 Simulations of 3D PO, and capillary [ATP] distribution in a tissue with
idealized parallel capillary arrangement (72 hexagonally packed capillaries). In these
simulations, we are modeling O, delivery through a rectangular oxygen micro-delivery
outlet (1000 pm wide x 200 um long) to the bottom tissue surface using our previously

described novel micro-delivery approach (see Figure 3.1). The tissue surface directly on
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top of the micro-delivery outlet is exposed to 15 mmHg, 40 mmHg, or 150 mmHg
chamber PO, level relative to a zero flux control boundary condition (A) Spatial 3D
tissue PO, distribution (mmHg) at capillary entrance perspective (B) a capillary exit
perspective showing combined X-Z plane slice at Y=150 pum and Y-Z plane slice at X=
277 um (C) bottom perspective of a vessel map depicting distribution of [ATP]
(mol/L=M) along the capillaries. Bolded arrow marks capillary entrance (D) Plots of SO,
(%) and [ATP] changes along capillary length in selected capillaries (21, 18, 17, 54)
marked by arrows on the vessel map. Capillaries 21 and 17 are 16 pum from tissue
surface, capillary 18 is 33 um from tissue surface, and capillary 54 is deeper in the tissue,

at 133 um, and hence it is not shown in the current perspective of the vessel map.

3.3.1.5 Comparing change in relative ATP magnitude in
response to varying the area of imposed tissue

hypoxia

The change in the total magnitude of ATP (ATPtot) in the modeled network when
imposing a hypoxic challenge (15 mmHg boundary condition) was calculated as percent
increase above ATPtot at zero flux (Figure 3.7). Percent increase in ATP magnitude in
the network was compared when exposing all of the bottom tissue surface to hypoxia
(full chamber) or locally using the three micro-outlet designs discussed above. As shown
in Figure 3.7, the total ATP magnitude increased with increases in micro-outlet

dimensions and essentially the number of capillaries experiencing the PO, drop. The
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arteriole at 15 mmHg chamber PO, level. Percent increase in ATP magnitude in the
network were calculated when the entire bottom tissue surface is exposed to the PO,
perturbation using a full gas exchange chamber or locally using a circular (100 pm in
diameter), square (200 um x 200 pm) or rectangular O, delivery micro-slit (1000 pm

wide x 200 um long).

3.3.2 Mathematical modelling of arteriolar SO, and ATP
concentration in response to localized tissue PO,

perturbations

In order to investigate the role terminal arterioles play in regulating SO,-mediated ATP
signaling in capillary networks, particularly in the EDL muscle where larger arterioles are
located much deeper in the tissue, the 3D idealized capillary geometry was modified to
include a terminal arteriole, 9 um in diameter, positioned 30 um away from bottom tissue
surface. The 3D tissue PO, distribution, as well as SO, and [ATP] in the arteriole (vessel
69) and in the surrounding surface (capillaries 14 and 17) and deep tissue capillaries
(represented by capillary 50), were modeled. Simulations were run for the case in which
the full tissue surface is exposed to PO, perturbations (original gas exchange chamber)
and for the case of spatially limited O, delivery using the rectangular O, delivery micro-
slit. Also, the effect of varying arteriolar entrance SO, on the overall magnitude of ATP

in response to altered tissue PO, was examined.
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3.3.2.1 Full surface gas exchange chamber at 65% and 80%

arteriolar entrance SO,

In the 3D tissue PO, profiles and [ATP] vessel maps generated for these simulations, the
PO, perturbations were shown to affect the terminal arteriole to a much lesser extent than
the surface capillaries (Figure 3.8A,B and 3.9A,B). Also, these simulations showed the
influence of the arteriole as an O, source on the SO, levels of nearby surface capillaries.
For instance, the steady state SO, level in capillary 14, positioned right next to the
arteriole, was ~25% higher than the zero flux control condition when exposed to 40
mmHg chamber PO, and identical to the SO, level of the terminal arteriole (Figure 3.8
and 3.9). However, the SO level of the deeper tissue capillary (50), which was located at
the same depth as capillary 54, was unchanged relative to zero flux. In general, the
different arteriolar entrance SO, has no effect on the surface or deep tissue capillaries and
had minimal influence on the arteriolar SO, at steady state. At 15 mmHg, the SO level of
the terminal arteriole entering at 65% dropped by 60% relative to zero flux condition
corresponding to 44% increases in [ATP]. A smaller drop in SO, was calculated (52%
decrease) for the arteriole entering at 80% corresponding to 40% increase in [ATP]. The
SO, level in the surrounding surface capillaries, as well as deeper tissue capillaries,
dropped by ~70% and 35%, respectively, corresponding to ~45% and 16% higher steady
state capillary [ATP] relative to zero flux (Figure 3.8C and 3.9C). At 150 mmHg,
hemoglobin SO, levels in surface and deep tissue capillaries as well as in the arteriole

converged to ~100% with ~77% decrease in steady state [ATP] in the capillaries and
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75% decrease in [ATP] in the arteriole relative to zero flux control (Figure 3.8C and
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Figure 3.8 Simulations of 3D PO, and capillary [ATP] distribution in a tissue with
idealized parallel capillary arrangement (68 hexagonally packed capillaries), plus a

traversing terminal arteriole (vessel 69) at an entrance SO, of 65%. In these simulations,
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we are modeling O, delivery to the bottom tissue surface using the full gas exchange
chamber (Ellis et al., 2012; Ghonaim et al., 2011). Full bottom tissue surface is exposed
to 15 mmHg, 40 mmHg, or 150 mmHg chamber PO, level relative to a zero flux control
boundary condition (A) Spatial 3D tissue PO, distribution (mmHg) at capillary entrance
perspective (B) a capillary exit perspective showing combined X-Z plane slice at Y=150
pm and Y-Z plane slice at X= 266 pum (C) bottom perspective of a vessel map depicting
distribution of [ATP] (mol/L=M) along the arteriole and surrounding capillaries. Bolded
arrow marks arteriolar and capillary entrance (D) Plots of SO, (%) and [ATP] changes
along vessel length in selected vessels (14, 17, 69-arteriole, 50) marked by arrows on the
vessel map. Capillary 17 is 16 um from tissue surface, the arteriole and capillary 14 are
33 um from tissue surface, and capillary 50 is deeper in the tissue, at 133 pm, yet is

shown adjacent to the arteriole in the current perspective of the vessel map.
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Figure 3.9 Simulations of 3D PO, and capillary [ATP] distribution in a tissue with
idealized parallel capillary arrangement (68 hexagonally packed capillaries), which
includes a traversing terminal arteriole (vessel 69) at an entrance SO, of 80%. In these
simulations, we are modeling O, delivery to bottom tissue surface using the full gas

exchange chamber (Ellis et al., 2012; Ghonaim et al., 2011). Full bottom tissue surface is
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exposed to 15 mmHg, 40 mmHg, or 150 mmHg chamber PO, level relative to a zero flux
control boundary condition (A) Spatial 3D tissue PO, distribution (mmHg) at capillary
entrance perspective (B) a capillary exit perspective showing combined X-Z plane slice at
Y=150 um and Y-Z plane slice at X= 266 um (C) bottom perspective of a vessel map
depicting distribution of [ATP] (mol/L=M) along the arteriole and surrounding
capillaries. Bolded arrow marks arteriolar and capillary entrance (D) Plots of SO, (%)
and [ATP] changes along vessel length in selected vessels (14, 17, 69-arteriole, 50)
marked by arrows on the vessel map. Capillary 17 is 16 um from tissue surface, the
arteriole and capillary 14 are 33 um from tissue surface, and capillary 50 is deeper in the
tissue, at 133 um, yet is shown adjacent to the arteriole in the current perspective of the

vessel map.

3.3.2.2 Rectangular oxygen delivery micro-slit at 65% and 80%

arteriolar entrance SO,

In these simulations, the capillary array that includes the terminal arteriole is exposed to
local perturbations in tissue PO, through the rectangular micro-slit. At 40 mmHg
chamber PO,, the calculated steady state SO, and [ATP] levels at the venular end of
surface and deep tissue capillaries as well as in the arteriole are within 5% of those at
zero flux condition and uninfluenced by the arteriolar entrance SO, (Figure 3.10 and
3.11). Under imposed hypoxia (15 mmHg), the calculated arteriolar SO, values at steady

state were 50% higher than the case in which the full surface is exposed to the PO,
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perturbations and identical to those of deeper tissue capillaries. Hence, a minimal drop in
SO, (38% decrease) was calculated in the arteriole relative to zero flux. These arteriolar
steady state SO, values were uninfluenced by the different arteriolar entrance SO,. The
influence of the arteriole as an O, source to nearby capillaries downstream of the micro-
slit can be clearly observed in the 3D PO, profiles at 15 mmHg (Figure 3.10A and
3.11A). However, the surface capillaries (14, 17) experienced a sharper drop in SO, in
response to the imposed hypoxia with 53% drop in SO, and a corresponding 39%
increase in [ATP]. As observed when locally stimulating surface capillaries in the
absence of the arteriole, capillaries were re-oxygenated ~40 pum downstream of the
hypoxic micro-slit region. At 150 mmHg, the steady state SO, levels in surface
capillaries and in the arteriole converged to ~88% while the SO; level of capillary 50 was
slightly lower at 83% which corresponded to 65% and 57% decrease in [ATP],

respectively, relative to zero flux (Figure 3.10C and 3.11C).
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Figure 3.10 Simulations of 3D PO, and capillary [ATP] distribution in a tissue with
idealized parallel capillary arrangement (68 hexagonally packed capillaries), which
includes a traversing terminal arteriole (vessel 69) at an entrance SO, of 65%. In these
simulations, we are modeling O, delivery through a rectangular oxygen micro-delivery
outlet (1000 pm wide x 200 um long) to bottom tissue surface using our previously

described novel micro-delivery approach (see Figure 3.1). Tissue surface directly on top
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of the micro-delivery outlet is exposed to 15 mmHg, 40 mmHg, or 150 mmHg chamber
PO, level relative to a zero flux control boundary condition (A) Spatial 3D tissue PO,
distribution (mmHg) at capillary entrance perspective (B) a capillary exit perspective
showing combined X-Z plane slice at Y=150 um and Y-Z plane slice at X= 266 pm (C)
bottom perspective of a vessel map depicting distribution of [ATP] (mol/L=M) along the
arteriole and surrounding capillaries. Bolded arrow marks arteriolar and capillary
entrance (D) Plots of SO, (%) and [ATP] changes along vessel length in selected vessels
(14, 17, 69-arteriole, 50) marked by arrows on the vessel map. Capillary 17 is 16 um
from tissue surface, the arteriole and capillary 14 are 33 pum from tissue surface, and
capillary 50 is deeper in the tissue, at 133 um, yet is shown adjacent to the arteriole in the

current perspective of the vessel map.

101



A) (B) © (D)

1200am  E 100 =
g = e —17
x109 B 40
50
et 8x109 5
.Y o
T ¥ o % 100 200 300 400 500
4 8x109
3 A— x10™ ylocation gam)
-+ Ax1es 18 14
£, -7
12109 6
Eu _____ L —— @
100 200 300 400 500 % 100 200 300 400 500
Y location
wm Y dm)
£
!:' ) =14
203M s )
i 50 69
109 g — 50
T s o7 G 100 200 300 400 500
" 62109 15210 v location dim)
J 14
Ax109 $ g
8 4 s
E- /.u‘“ 9
2100 205 ” 50
e % 100 200 200 400 500
100 200 300 400 500
y ylocation )
(um)
1mioam  E 100 -,
§ — e Tl —17
™ e — )
) 8x10-9
3 o % 100 200 300 400 500
x ext0s
s 610 ylocation gm)
) Ax10-9 4 14
g, =17,
20109 '
E‘o.s _____ e
109 =
100 200 300 400 500 % 00 200 300 400 500
y ylocation fm)
(wm)
o L /_\_“
-17)
%109 50 ~ 09
%0
.8x10-3
T o % 100 200 200 ) 500
3 61103
Lex10” ylocation )
) Ax109 14
g, -7
20109 6
§us > 50
hiise e S—
100 200 300 400 00 % 100 200 200 00 500
v ol
wm) ylocation gam)

Figure 3.11 Simulations of 3D PO, and capillary [ATP] distribution in a tissue with
idealized parallel capillary arrangement (68 hexagonally packed capillaries), which
includes a traversing terminal arteriole (vessel 69) at an entrance SO, of 80%. In these
simulations, we are modeling O, delivery through a rectangular oxygen micro-delivery
outlet (1000 um wide x 200 pm long) to bottom tissue surface using our previously

described novel micro-delivery approach (see Figure 3.1). Tissue surface directly on top
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of the micro-delivery outlet is exposed to 15 mmHg, 40 mmHg, or 150 mmHg chamber
PO, level relative to a zero flux control boundary condition (A) Spatial 3D tissue PO,
distribution (mmHg) at capillary entrance perspective (B) a capillary exit perspective
showing combined X-Z plane slice at Y=150 um and Y-Z plane slice at X= 266 pm (C)
bottom perspective of a vessel map depicting distribution of [ATP] (mol/L=M) along the
arteriole and surrounding capillaries. Bolded arrow marks arteriolar and capillary
entrance (D) Plots of SO, (%) and [ATP] changes along vessel length in selected vessels
(14, 17, 69-arteriole, 50) marked by arrows on the vessel map. Capillary 17 is 16 um
from tissue surface, the arteriole and capillary 14 are 33 pum from tissue surface, and
capillary 50 is deeper in the tissue, at 133 um, yet is shown adjacent to the arteriole in the

current perspective of the vessel map.

3.3.2.3 Estimating relative arteriolar ATP magnitude in

response to tissue PO, perturbations

In order to estimate the contribution of the terminal arteriole to ATP mediated signaling
in capillary networks, the steady state magnitude of ATP in the arteriole (ATPart) at
various tissue PO, conditions was calculated and normalized against total ATP
magnitude in the network (ATPtot) under zero flux condition (Figure 3.12). The relative
arteriolar ATP magnitudes were calculated when the full tissue surface was exposed to
the PO, perturbations (full gas exchange chamber) or to local perturbations using the

rectangular O, delivery micro-slit. As shown in Figure 3.12, the arteriolar ATP
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magnitude decreased with increase in chamber PO, level. However, the model suggested
that under hypoxic conditions (15 mmHg), the terminal arteriole would contribute less
than 3% of the total ATP signal originating from a capillary network. Also, although the
percent decrease in ATP magnitude in the arteriole is similar to that calculated for the
total network when increasing chamber PO, from 15 mmHg to 150 mmHg, the absolute
change in ATP magnitude (moles) in the arteriole is ~95% less. Finally, it should be
noted that [ATP] in the arteriole is ~20% lower when limiting area of PO, perturbations

using the rectangular micro-slit.
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Figure 3.12 Total ATP magnitude (moles) at steady state calculated for entire network
(ATPtot from all 68 capillaries) or in the terminal arteriole only (ATPart) normalized
against ATPtot calculated at no-flux condition. Relative ATP magnitudes are calculated
for an idealized 3D parallel capillary array network with a terminal arteriole (9 um in
diameter) positioned 30 um from tissue surface. Simulations were run with entire bottom
tissue surface being exposed to PO, perturbations using full gas exchange chamber or
locally using a rectangular O, delivery micro-slit (1000 um wide x 200 um long). For
both conditions, relative ATP magnitudes are calculated for the case in which the

terminal arteriole has an entrance SO, of (A) 65% or (B) 80%.
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3.4 Discussion

In the microcirculation, ATP is released from the erythrocytes in an SO, dependent
manner. Released ATP would bind to purinergic receptors on the vascular endothelium
which activates a signaling pathway leading to the opening of Ca®* gated K* channels and
the hyperpolarization of the endothelial cell (Ellsworth et al., 2008, Tran et al., 2012).
The hyperpolarization signal is then conducted upstream through gap junctions. At the
arteriolar wall, the incoming hyperpolarization signal is conducted to the SMC layer
through myo-endothelial gap junctions resulting in vaso-relaxation and increase in
erythrocyte supply rate (Ellsworth et al., 2008, Tran et al., 2012). The magnitude of the
hyperpolarization signal would depend on the number of endothelial cells activated along
the capillary and on the total number of capillaries stimulated within a network under
hypoxic conditions. This understanding of how erythrocyte-released ATP controls micro-
vascular O, delivery is consistent with the modeling results presented in this paper. The
net increase in total ATP magnitude in the network with increase in the area exposed to
hypoxia is the summative contribution of additional stimulated capillaries (Figures 3.3-
3.7). Also, these results help explain our observations of no associated vascular response
to changes in capillary SO, when experimentally testing the effect of O, delivery through
a circular micro-outlet (100 um in diameter) in vivo (Ghonaim et al., 2011). Although this
design maybe optimal for locally altering SO, in single capillaries, the stimulus would

probably not be sufficient to elicit a micro-vascular response. Increasing the dimensions
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of the micro-outlet would be necessary to stimulate a large enough number of capillaries,

thus amplifying total magnitude of ATP release and signal.

Also, as our modeling data suggest, increasing the micro-outlet dimensions minimizes the
effect of stimulated capillary re-oxygenation downstream of the micro-outlet. This is
because the capillaries of interest would be surrounded by capillaries experiencing the
same drop in PO,. This is more representative of the situation in vivo as the outlet
physiologically simulates an arteriole crossing the capillary bed acting as an O, source or
a venule withdrawing O,, which would affect multiple capillaries. In terms of the
signaling response, delayed re-oxygenation following hypoxic stimulation ensures the
ATP signal persists longer distances downstream thus stimulating a larger number of
endothelial cells. Since each endothelial cell in skeletal muscle is ~100 um long, using
the rectangular slit is estimated to activate at least 3.5 endothelial cells in each stimulated
capillary. In comparison with the square micro-outlet, which has the same length (200
pm) as the rectangular micro-slit, approximately one more endothelial cell is activated
per capillary with the latter design. It should be noted that in the modeled geometry,
which lacks realistic capillary branching and has an idealized, uniform capillary density,
we are examining relative changes in the total magnitude of ATP when using various
outlet designs. During in vivo experiments, a maximum of two micro-vascular units (~10
capillaries) may be positioned along the entire width of the rectangular micro-slit, while
only one or two capillaries with a branching point could be positioned over the circular

micro-outlet (Ghonaim et al., 2011). Hence a 1000 um wide x 200 um long outlet might
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cover the threshold number of capillaries needed to elicit a micro-vascular response. This
indicates the rectangular micro-slit would be optimal for affecting a sufficient number of
capillaries by local O, perturbations to generate a sufficient ATP signal for eliciting a

conducted micro vascular response.

The limited amount of change in tissue PO, due to diffusion (~50 um), as measured from
the 3D tissue PO, profiles, beyond the edge of the micro-outlets (Figures 3.4-3.6A,B)
was consistent with our previous observations (Ghonaim et al., 2011). The simulations
indicated that the PO, perturbations are highly localized to only those capillaries directly
over the micro-outlet region. Experimentally, the results suggest that the micro-outlet
should be positioned at least 50 um downstream of the terminal feeding arteriole to
ensure that micro-vascular responses are only elicited from the capillaries positioned
directly over the outlet. The extent of axial O, diffusion in the tissue when using the
rectangular micro-slit was 50% deeper than that previously modeled for the circular
micro-outlet (Figure 6B, 10B, 11B) (Ghonaim et al., 2011) and similar to that of the full
surface model (Ellis et al., 2012, Ghonaim et al., 2011). Due to the shape of the PO,
profile, the maximal axial diffusion distance was estimated from the center of the outlet.
The increase in the axial diffusion distance might be a compromise when using larger O,
micro-outlets. With our current microscopic techniques we are unable to resolve vessels

deeper than 60 um.

Since in our experiments, we examine micro-vascular signaling from selected capillaries,

it was critical that we assess the possible contribution of arterioles beyond our ability to
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focus. Since arterioles have relatively higher erythrocyte velocities than in the capillaries,
they are anticipated to experience a much lesser change in SO, in response to PO,
perturbations. This was supported by our simulation data (Figure 3.8-3.11). The main
effect of a nearby terminal arteriole on a capillary within 50 um is that it would act as an
O, source. As shown in our modeling data (Figure 3.8-3.11D), higher measured SO, in a
capillary relative to other capillaries with comparable flow rates in the same preparation
might imply the presence of a nearby arteriole. Since arterioles in the EDL muscle
preparation are deeper in the tissue, their contribution to the total magnitude of ATP in a
locally stimulated capillary network is probably negligible. The contribution of a terminal
arteriole positioned directly over the micro-slit ~30 um from the bottom surface was
calculated to be less than 3% of the total magnitude of the ATP (Figure 3.12). Hence,
when locally stimulating capillaries, even in the presence of an underlying arteriole, the
observed micro-vascular responses mediated by intra-luminal ATP would be primarily

due to ATP released in the stimulated capillaries.

In conclusion, we have modeled SO,-dependent changes in [ATP] at steady state in 3D
idealized parallel capillary networks in response to local PO, perturbations. As the
number of affected capillaries increases, the total magnitude of ATP in the network
increases. The results indicated that O, delivery or removal to overlaying tissue through a
rectangular micro-slit (1000 um wide x 200 um long) would be optimal relative to other
micro-outlet designs of smaller dimensions or a full surface classical exchange type
chamber. Using the rectangular micro-slit it is anticipated that a sufficient number of
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capillaries will be stimulated to produce sufficient ATP to elicit micro-vascular
responses. This would be accomplished while maintaining the stimulus localized to the
selected capillaries. The results also indicated that terminal arterioles have minimal
influence on the total magnitude of ATP in the network under hypoxic condition. Hence,
when locally stimulating the capillary bed, the majority of the signal elicited by ATP
release would originate in the capillaries. The computational model presented provides
valuable insights into how to study the ATP release mechanism and signaling in capillary
networks in vivo. The modeling data help guide us in the design of an optimal tool for
studying SO,-dependent ATP release in capillaries in vivo. In the future, we aim to model
time-dependent ATP release to local PO, perturbations in a realistic capillary network
geometry reconstructed from experimental data. Combining our in vivo experimental
observations with computational modeling of the dynamics of SO,-dependent ATP
release will help provide a more comprehensive understanding of O, mediated blood flow

regulation in micro-vascular networks.
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Chapter 4

4  Conducted microvascular response to localized
oxygen exchange using a novel micro-delivery
approach’

! In preparation for submission to Circulation Research (2013).

4.1 Introduction

For a long time, micro-vascular responses to changes in the oxygen (O,) environment
have been observed as changes in vascular tone (Duling and Berne 1970, Jackson and
Duling 1983, Jackson 1987). This observation has been exploited in experiments
involving the use of suffusion solutions as a standard procedure for testing the viability of
the tissue preparation (Jackson et al. 2010). In a healthy tissue, increasing O, levels of the
suffusion solution would result in arteriolar vasoconstriction and consequent flow
reduction. Equilibrating the suffusion solution back at near zero O, levels would result in
an observed increase in flow that would recover normal perfusion. The finding that O,
content (proportional to hemoglobin O, saturation; SO,) is more important than O, partial
pressure (PO,) in generating a micro-vascular response (Stein et al. 1993) suggested the
erythrocyte maybe actively involved in mediating the observed O,-dependent flow
responses. The ability of the erythrocyte to release signaling molecules that act to
modulate blood flow in response to drop in internal hemoglobin SO, (Stein et al. 1993,
Ellsworth et al. 1995) further confirmed the erythrocyte’s proposed role as a mobile

vascular O, sensor and effector. Of special interest is the potent vasodilator adenosine
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triphosphate (ATP), which was found to be released by erythrocytes under low SO,
conditions (Ellsworth et al. 1995). Jagger et al. (2001) demonstrated that the relationship
between ATP release from the erythrocyte and hemoglobin SO, is linear. The
mechanisms that underlay SO,-dependent ATP release by the erythrocyte are not fully
elucidated, but are suggested to involve conformational changes in the hemoglobin
molecule as it desaturates (Jagger et al. 2001, Wan et al. 2008; Sridharan et al. 2010b;
Forsyth et al. 2011) which activates signalling pathways similar to those involved in
shear stress dependent ATP release (Sprague et al. 1998; 2001; 2008). Once ATP is
released, it binds to purinergic receptors (P,y) on the vascular endothelium (You et al.
1999, Horiuchi et al. 2001) leading to conducted hyperpolarization between adjacent
endothelial cells through gap junctions and to smooth muscle cells (SMCs) through
myoendotheial cell junctions (Campbell et al. 1996, Dietrich et al. 2008, Fukao et al.

2001).

Activation of SMCs leads to local and conducted vasodilation up the arteriolar tree which
translates to increase in perfusion (Segal et al. 1989, Segal and Duling 1989). It has been
suggested that other vasodilators such as SNOs and nitric oxide (NO) may be released
from the erythrocyte under low SO, (Jia et al. 1996, Stamler et al. 1997, Patel et al. 1999,
Cosbhy et al. 2003, Gladwin et al. 2004). However, the physiological role of SNOs in vivo
is still to be identified (Ellsworth et al. 2009). Also, the suggested mechanisms lack the

temporal resolution required to rapidly control O, distribution and although implicated in
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local vasodilation, these mechanism have not been shown to result in conducted micro-

vascular signaling (Ellsworth et al. 2009).

There is a lot of debate as to the site of ATP release and action in the microvasculature. It
has been suggested that ATP would primarily be released in terminal arterioles such that
it would directly activate SMCs resulting in prompt responses (Duling and Berne, 1970,
Duling, 1974, Jackson, 1987). However, the spatial resolution of the microvascular signal
in the arterioles would be highly compromised by the relatively short erythrocyte transit
times (Ellis et al. 2012). Also, the parabolic flow profile implies that only cells nearest
the wall will experience the drop in SO, and thus contribute in the release of ATP. Cells
flowing in the center line would experience the SO, drop to a much lesser extent and any
released ATP would need to diffuse a long distance prior to acting on the endothelium

(Ellis et al. 2012).

Studies have shown that ATP injected into the vascular lumen of venules would result in
a signal conducted to the upstream arterioles (Collins et al. 1998). The high level of
hematocrit collected in the venules, combined with low SO, levels, results in large
amounts of released ATP (Ellis et al. 2012). Hence venules would be the site for strong
vasodilatory signals (Arciero et al. 2008). However, since venules collect erythrocytes
with a wide range of SO, values from upstream capillaries, signals originating from the
venules would contribute to regional blood flow regulation rather than to control the

distribution of blood supply to specific capillary beds (Ellis et al. 2012).
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In order for the O, regulatory system to maintain a homogenous O, supply across the
capillary bed, the O, regulatory signal has to originate within the capillary itself to ensure
proper distribution of O, supply to match the dynamic changes in capillary SO, (Ellis et
al 2012). The relatively longer erythrocyte transit times in the capillaries and the small
diffusion distance of ATP to the endothelium from every passing erythrocyte imply that
the capillary bed could be the site for effective SO,-dependent ATP signaling (Ellis et al
2012). Since capillaries are composed of endothelial cells which are electrically coupled
(Dietrich, 1989, Dietrich and Tyml, 1992a,b, Song and Tyml, 1993, Collins et al., 1998,
Bagher and Segal, 2011), signal can be conducted to the upstream arteriole in the same
way that it was conducted from the downstream venule (Collins et al. 1998). Signals
integrated from capillaries in nearby yet independent microvascular units would lead to

more tightly controlled responses.

One of the factors that contribute to the heterogeneity in capillary SO, is the observed
cross talk between microvessels within the complex microvascular geometry (Swain and
Pittman 1989, Ellsworth and Pittman 1990, Stein et al. 1993, Ellsworth et al. 1994, Tsai
et al. 2003). An arteriole crossing over a group of capillaries will act as a diffusion shunt
increasing O, content in the affected capillaries. On the other hand, a crossing venule
would act to remove O, from the capillaries thus decreasing their erythrocyte SO, level
(Ellis et al. 2012). This implies that under normal physiological conditions, and in the
absence of changes in metabolic demand, there is heterogeneity in capillary SO, levels

partially attributed to variations in the surrounding microvascular geometry and
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environment. The heterogeneity in capillary SO, could also be due to the uneven
erythrocyte distribution at upstream arteriolar branch points. In the arterioles, cells
nearest the wall will have lower SO, than in the centerline (Ellsworth and Pittman 1986,
Carvalho and Pittman 2008). Plasma skimming will result in downstream capillaries
receiving different populations of erythrocytes at different SO, levels (Tyml et al. 1981,

Ellis et al. 1994, Pries et al. 1996).

In order to investigate micro-vascular response to local tissue PO, perturbations, we have
developed a micro-delivery system which allows for altering the erythrocyte SO, in
selected capillaries in response to local tissue PO, changes (Ghonaim et al. 2011) (Figure
4.1). In this setup, O, from a gas mixture flowing through the micro-delivery system is
exchanged with tissue (rat Extensor Digitorum Longus) positioned directly above an O,
micro-outlet microfabricated in ultrathin glass/plastic. The micro-delivery system is used
in conjunction with in vivo video microscopy (IVVM) system which allows for recording
blood flow responses while simultaneously controlling erythrocyte SO, in selected
capillaries (Ellis et al. 2010; 2012). Theoretical modeling and in vivo testing with a
circular micro-outlet (100 um in diameter) confirmed that erythrocyte SO, can be altered
and measured in single capillaries flowing over a micro-outlet with the above dimensions
(Ghonaim et al. 2011) and that the effect is restricted to the immediate area of the micro-
outlet. Further modelling work (Ghonaim et al. 2013) indicated that the total magnitude
of ATP in the network is proportional to the number of affected capillaries. The results

suggested that with a rectangular micro-slit design (1000 um wide x 200 um long) a
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sufficient number of capillaries are stimulated to produce sufficient ATP signal while

limiting the area of perturbation to the immediate vicinity of the micro-slit.

In this study, we aimed to investigate conducted SO,-dependent microvascular responses
in the capillary bed using the O, micro-delivery system. We hypothesize that capillaries
are able to signal upstream arterioles for changes in erythrocyte supply rate in response to
changes in capillary SO, via SO,-depndent erythrocyte signaling. The rectangular micro-
slit design previously modeled for O, exchange was tested in vivo (Figure 4.2B). Our
results indicated that capillaries are able to regulate the distribution of arteriolar blood
flow in response to changes in their erythrocyte SO,. Also, in support with our modeling
data (Ghonaim et al. 2013), there appeares to be a threshold for the minimum number of
capillaries that need to be stimulated by altered SO, in order to induce a conducted
microvascular response. Although erythrocyte SO, can be measured in single capillaries
flowing over an O, micro-outlet window down to 100 um in diameter, at least 3-4
capillaries need to be stimulated within a branching capillary network in order to induce a
microvascular response. The variability in the minimum number of capillaries that need
to be stimulated is likely dependent on the number of capillaries supplied by a specific
branch of the arteriolar tree. Microvascular responses originate from a capillary network
positioned directly over the outlet with the terminal end of the feeding arteriolar end
positioned >50 pm upstream from the micro-outlet, which suggests the signal was
conducted upstream from the site of stimulation. These results support the hypothesis that

capillaries can sense and integrate biological responses.
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Figure 4.1 The O, micro-delivery system. Extensor Digitorum Longus (EDL) rat muscle
is surgically exposed and positioned on the viewing platform of an inverted microscope.
O, is delivered to the surface of the muscle through a micro-delivery outlet patterned in
ultrathin glass/plastic sheet. O, levels in the gas exchange chamber near the muscle
surface are oscillated using computer controlled flow meters. Real-time videos of the
illuminated tissue are monitored and recorded using a digital camera (Ellis et al. 2010,

Ghonaim et al. 2011).
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4.2 Materials and Methods

4.2.1 Microfabrication

Ultrathin glass/plastic sheets were patterned with the O, delivery micro-outlets using
state-of-the art microfabrication techniques. The O, delivery micro-outlet is positioned
directly beneath selected capillaries in the microvascular bed at the surface of the EDL
muscle with the aid of an inverted microscope. The micro-outlets are covered with a
Polydimethylsiloxane (PDMS) O, permeable layer to prevent fluid leakage into the
device and direct exposure of the tissue to gas in the exchange chamber. The area of the
microvascular bed, and hence the number of capillaries, that is stimulated is proportional
to the area of the O, delivery micro-outlet. O, levels in the gas exchange chamber near
the muscle surface are oscillated using computer-controlled flow meters, and O is
delivered to the tissue through the patterned outlets (Figure 4.1). Real-time videos of the

illuminated tissue are monitored and recorded using a digital camera.

4.2.1.1 Patterning ultrathin glass

The O, exchange circular micro-outlet (100 pum in diameter) was patterned in 30 pm
thick D263C borosilicate glass substrate (SCHOTT North America, Inc., EImsford, NY,
USA), respectively, by photolithography and subsequent wet etching in hydrogen
fluoride (Figure 4.2A). The photolithography and wet etching steps were carried out
similar to previously described procedures (llie et al. 2003, Srivastava et al. 2005). Since

the etching is isotropic, there is a certain degree of undercutting beneath the masking
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layers (Ilie et al. 2003). This results in the pattern to be larger on the glass relative to the
photomask. All pattern dimensions were optically measured at the top glass surface (glass
surface directly beneath the masking layers) using QCapture ProTM 6.0 software

(QImaging®, Surrey, BC, Canada).

4.2.1.2 Patterning poly-methyl methacrylate (PMMA) sheet

The O, exchange micro-slit (1000 pm wide x 200 um long) was patterned in 130 um
thick poly-methyl methacrylate (PMMA) substrate (Astra Products, Inc., Baldwin, NY,

USA) by laser micromachining (Figure 4.2B).

A (B)

1000 pm

100 pm

Figure 4.2 The O, delivery micro-outlets (A) A circular O, delivery micro-outlet 100 pm
in diameter patterned in D263Thborosilicate ultrathin glass substrate (SCHOTT North
America, Inc., EImsford, NY, USA) as it appears under an upright light microscope at
10x objective. (B) A 200 um long x 1000 pm wide rectangular O, delivery micro-slit
patterned in poly-methyl methacrylate (PMMA) substrate (Astra Products, Inc., Baldwin,
NY, USA) by laser micromachining as it appears under an inverted light microscope at

5x objective.
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4.2.2 In Vivo Video Microscopy

Erythrocyte SO, and supply rates were measured in response to O, exchange through the
micro-outlets/micro-slits using IVVM techniques. Microvascular conducted responses
result in changes in the erythrocyte supply rate due to changes in resistance in the
upstream arteriolar tree. By varying the area of O, exchange and hence the number of
capillaries stimulated on the microvascular bed, the relationship between the onset of
conducted microvascular response to low PO, and the number of capillaries stimulated
could be investigated.

Experiments using the 100 um diameter circular outlet were performed on a Nikon
inverted microscope. Experiments using the 200 um long x 1000 pm wide rectangular O,
delivery micro-slit were performed on a newer Olympus inverted microscope system

with digital video cameras.

4.2.2.1 Animal preparation

All procedures described are approved from the University of Western Ontario’s Animal
Care and Use Committee. Five male Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA, USA) (150-200 g) were anesthetized with pentobarbital sodium (6.5
mg/100 g body wt IP) and were subjected to a preparatory surgery as described (Ellis et
al. 2002; 2010). The animals were mechanically ventilated at 30% O, (70% Nitrogen),
and the inspired O, level (Oxychek) and blood pressure (MicroMed) were constantly

monitored and recorded (Ellis et al. 2010). The Extensor Digitorum Longus (EDL)
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muscle of the hind limb was identified and prepared for in vivo video microscopy as
described by Tyml and Budreau (1991). The distal end of the EDL muscle was tied with
a suture and the distal tendon cut. The muscle was extended along the viewing platform
of either a Nikon inverted microscope equipped with long-working distance 10X and 20X
objectives and a beam splitter for dual video cameras (DAGE-MTI CCD cameras,
DAGE-MTI, Michigan City, IN, USA) or an Olympus IX-81 inverted microscope with
10 X and long working distance 20X objectives and DualCam beamsplitter with dual
12bit digital video cameras (Rolera XR cooled CCD). A suture attached to the distal end
of the muscle was taped to the platform such that the muscle was stretched to its in vivo
length. The muscle was covered with Saran Wrap (Dow Corning, Midland, MI, USA)
and a cover slip to isolate it from room air and to preserve moisture. The tissue was trans-
illuminated with either a 100-W xenon lamp on the Nikon microscope or a 75-W xenon
lamp on the Olympus and viewed using the dual video camera system as described (Ellis

et al. 2010).

4.2.2.2 Dual wavelength intravital video microscopy system

DAIVVM

Real-time video recordings (Nikon system: 640 x 480, 30 frames/second, 8 bit gray scale;
Olympus: 696 x 520, 20.7 frames/second, 12 bit gray scale) of red blood cell (RBC) flow
through capillaries were simultaneously obtained at two wavelengths, 431/442 nm, an O,
sensitive wavelength for hemoglobin, and 420/454 nm, an isosbestic or O, insensitive

wavelength (Ellsworth et al. 1987) using the dual video camera IVVM system (Ellis et al.
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2010). Live video sequences from the DAGE-MTI CCD cameras on the Nikon were
digitized using a DT frame grab board and stored as uncompressed 8 bit AVI movie files
using custom acquisition software from Neovision (Ellis et al. 2010) for post-processing.
Live digital video sequences were streamed from the Rolera XR cameras on the Olympus
to the computer and stored as 16 bit uncompressed PNG files. Geometric, spatiotemporal,
and photometric off-line analyses of the video sequences were conducted as described by
Ellis et al. (Ellis et al. 1990; 1992) and Japee et al. (Japee et al. 2004; 2005) using
algorithms written in MATLAB (Mathworks, Natick, MA) to generate functional mages
of the capillary network and to quantify changes in capillary hemodynamic parameters

and erythrocyte SO..

In this study, either variance or sum of the absolute differences (SAD) functional images
were used to illustrate the capillaries selected for analysis and surrounding geometry in
an area of interest. In the variance image, areas with high temporal variation in light
intensity (e.g. due to frequent passage of RBCs and plasma) will appear brighter, making
capillaries more visible (Japee et al. 2004). In the SAD images, the sign of the variance is
ignored, making the capillaries appear even brighter. Frame-by-frame measurements of
hemodynamic parameters including RBC velocity (um/sec), supply rate (RBC/sec),
hematocrit (%), and RBC SO, (%) were conducted (30 frames/sec on the Nikon, 20.7
frames/sec on the Olympus) (Ellis et al. 1990; 1992, Japee et al. 2004; 2005) (Also see
Figure 4.3). In all subsequent figures presented in this study, the data points were plotted

as 10 sec averages for increased clarity.
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Figure 4.3 Frame-by-frame change in RBC velocity (um/sec), RBC hematocrit (% Hct),
RBC supply rate (SR), and RBC SO, (%). An eight minute (10,080 frames x 2) video
sequence was captured using a dual wavelength video microscopy system, and post-
processed for changes in various hemodynamic parameters using algorithms written in
MATLAB (Mathworks, Natick, MA) as described by Ellis et al. (Ellis et al. 1990; 1992)

and Japee et al. (Japee et al. 2004; 2005)
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4.3 Results

4.3.1 Examining the dependence of microvascular response on

the number of capillaries stimulated

The aim of this set of experiments was to investigate the relationship between the onset
of conducted microvascular response to low PO, and the number of capillaries stimulated.
0O, was exchanged through an O, micro-outlet patterned in ultrathin glass/plastic sheet to
live tissue in direct interface. Selected capillaries were positioned over the O, micro-
outlet with the aid of an inverted light microscope. O, levels were oscillated at tissue
surface and the erythrocyte SO, and supply rate changes were measured and recorded.
Unless otherwise stated, each capillary network analyzed in this manuscript has been

captured from an independent EDL muscle preparation (total of 5 animals).

4.3.1.1 O, exchange through a circular micro-outlet (100 um in

diameter)

A selected capillary, designated as Capl, on the surface of the EDL muscle was
positioned on top of a circular micro-outlet 100 pm in diameter (Figure 4.4A). The size
of the circular micro-outlet allows for 1-2 capillaries to be affected by the local PO,
perturbations (Ghonaim et al. 2011, 2012). The O, level in the chamber was decreased
from 20% (152 mmHg) to 2% (15 mmHg) for a 120-second low O, challenge and back to

20%. A video sequence was recorded over a six minute period beginning two minutes
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before the low O, challenge. The video was postprocessed for changes in capillary
hemodynamic parameters and erythrocyte SO,. Capl was divided into three sections
designated as Capla, Cap 1b and Cap 1c, according to their position relative to the micro-
outlet (Figure 4.4A). Each section was analyzed separately. The SO, profile for
erythrocytes flowing in Capla, that is prior to entering the micro-outlet, seems to be
unaffected by the low O, with an SO; level of ~ 68.6£10.1% (SD, N=287) (Figure 4.4B).
However, the SO, profile for erythrocytes flowing directly over the micro-outlet in
Caplb was strongly associated with the chamber O, level with a lag time of ~ 7 sec
(Figure 4.4B). The time delay in SO, changes relative to the chamber O, level was
similar to previously reported values (Ghonaim et al. 2011). At 20% chamber O,, the SO,
level in Caplb was ~80.4+4.7% (N=91). The SO, level then decreased to ~34.9+13.5%
(N=114) in response to lowering chamber O, (2%) followed by an increase to
~73.1£11.2% (N=59) during recovery back to 20% O,. For Caplc, the SO, profile also
resembled the chamber O, level, yet it showed the erythrocytes were sensing higher
tissue PO, relative to Cap 1b (Figure 4.4B). At 20% chamber O,, the SO, level in Caplb
was ~74.08+5.1% (N=91). The SO, level then decreased to ~46.9+11.9% (N=113) in
response to lowering chamber O, (2%) followed by an increase to ~72.63+14.3% (N=49)
during recovery back to 20% O,. Although Capl clearly experienced changes in
erythrocyte SO, in response to the local O, perturbation, no corresponding changes in

capillary erythrocyte supply rate were measured (Figure 4.4C).
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Figure 4.4 EDL muscle preparation with transparent 100 um diameter micro-outlet
positioned under the muscle. (A) A Variance image showing the microvascular network
(20X) with flowing erythrocytes (white lines) and the location of the micro-outlet

outlined by the white dashed line. A long capillary, in focus over its entire length, was
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selected and positioned directly over the micro-outlet. This capillary, designated as Capl,
was sampled in three separate segments: Capla upstream of the micro-outlet, Caplb
directly over the outlet and Caplc downstream of the outlet. O, levels in the chamber
were oscillated in a square wave: 5% O, (PO, = 38 mmHg) for 30 seconds, 20% O, (PO, -
~150 mmHg) for 120 seconds, 2% O, (PO, = ~15 mmHg) for 120 seconds and back to
20% O,. A six minute video sequence was captured beginning as chamber O, was
increased from 5% to 20%.. (B) All three segments were analysed for changes in
erythrocyte %SO, and supply rate. The erythrocyte %SO, level in Cap la experienced
minimal changes in response to the PO, perturbations while the SO, profiles of Cap 1b
and Cap 1c were more closely associated with chamber O, (C) however, the supply rate
changes measured in Caplb segment showed no correspondence with measured SO,
changes. Measured supply rate data (10 sec mean) were plotted along with a fitted
smoothing curve (blue solid line; Prism v 5.0, 2" order smoothing polynomial function,

number of neighbors to average = 6 neighbors on each size).

4.3.1.2 0O, exchange through the rectangular micro-slit (200
um long x 1000 um wide)

In order to examine the effect of influencing a larger number of capillaries, a rectangular
micro-slit (200 pum long x 1000 pum wide) was used and a small capillary branching
network near the surface of the EDL muscle was positioned directly over the micro-slit
(3-4 capillaries within the network) (Figure 4.5A,B). The tissue was equilibrated at 5%
(38 mmHg PO,) O, level for 30 seconds. The O, level in the chamber was increased to

20% (152 mmHg) then decreased to 2% (15 mmHg) for a 120-second low O, challenge
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and back to 20%. A video sequence was recorded over a six minute period beginning as
chamber O, was increased from 5% to 20%. One capillary in the network (Cap2) was
kept in sharp focus during the sample interval and the video was postprocessed for
changes in hemodynamic parameters and erythrocyte SO, in a segment of this capillary.
Similar to the previous observations, the PO, perturbations resulted in corresponding
changes in the SO, profile in Cap2 with a delay time of ~7 sec (Figure 4.5C). At baseline
chamber O, (5%), the SO, level in Cap2 was ~51.0+5.7% (N=55). Increasing chamber
0O, to 20% (at 50 sec) resulted in a corresponding increase in SO, to ~ 67.6£4.7%
(N=79). The SO, level then decreased to ~21.1+12.0% (N=110) in response to lowering
chamber O, (2%) (at 130) followed by an increase to ~61.3+9.6% (N=74) during
recovery back to 20% O, (at 250sec). Stimulating the branching capillary network by
altering capillary SO, resulted in associated changes in capillary erythrocyte supply rate
as measured in Cap2 (Figure 4.5C). Increasing the chamber O, level from baseline of 5%
up to 20% resulted in ~70% decrease in mean erythrocyte supply rate relative to baseline
(minimum at ~1.3 RBC/sec at 190 sec) (Figure 4.5C). After reaching minimum value at
~190 sec, the supply level was observed to increase reaching a maximum of ~4.5
RBC/sec at ~ 250 sec (Figure 4.5). The increase in supply is associated with the decrease
in SO, (at ~137 sec) in response to low chamber O, (at 130 sec). This indicates there is
~50 sec delay in supply rate response to low SO, measured from the time point at which
SO, level decreases in response to low chamber O, to the time point at which supply rates
increase above minimum value. Increasing chamber O, back to 20% (at 250 sec) resulted

in sharp and near instantaneous decrease in supply rate to a minimum of ~1.3 RBC/sec.
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Since the branching capillary network was positioned with the feeding arteriolar tree and
terminal arteriolar end being upstream of the O, micro-slit (Figure 4.5A,B), the measured
microvascular responses were probably conducted upstream from the capillary bed into

the supplying arteriolar network.
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Figure 4.5 (A, B) A selected capillary, Cap2, in a branching capillary network, was
positioned directly over a rectangular micro-slit (1000 um wide x 200 pum long) outlined
by white dashed line with the arteriolar tree upstream of the micro-slit. Cap2 was

analysed for changes in erythrocyte %SO, and supply rate (RBC/sec) as O, levels in the
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chamber are oscillated in a square wave. The tissue was equilibrated at 5% O, (38 mmHg
PO,) level for 30 seconds. The O, level in the chamber was increased to 20% (~152
mmHg) then decreased to 2% (~15.2 mmHg) for a 120 second low O, challenge and back
to 20%. A six minute video sequence was captured beginning 2 min prior to the low O,
challenge. (C) The erythrocyte SO, profile for Cap 2 resembles that of chamber O,
Stimulating the branching capillary network results in measured changes in erythrocyte
supply rate. Measured supply rate data (10 sec mean) were plotted along with a fitted
smoothing curve (blue solid line; Prism v 5.0, 2™ order smoothing polynomial function,

number of neighbors to average = 6 neighbors on each size).

4.3.2 Examining the reproducibility of the microvascular

response to the SO, changes in selected capillaries

4.3.2.1 Measuring reproducibility over consecutive capture
seguences

In order to test the reproducibility of the supply rate responses to capillary SO, changes,
the low O, perturbation was repeated over two video sequences, with a 20 min time gap
on a selected capillary branching network (5-6 capillaries within the network) positioned
directly over the rectangular micro-slit (Figure 4.6A,B). The tissue was equilibrated at
5% O, (38 mmHg PO, level) for 60 seconds. The O, level in the chamber was increased
to 20% (152 mmHg) then decreased to 2% (15 mmHg) for a 160-second low O,

challenge and back to 20%. A video sequence was recorded over an eight minute period
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beginning one minute before the increase in chamber O, from 5 to 20%. The tissue was
then allowed to equilibrate with chamber O, of 5% for 20 min after which the same O,
perturbation was repeated. A selected capillary in the network designated Cap3 was
analyzed for changes in erythrocyte SO, and hemodynamic parameters. In both
consecutive sequences, the erythrocyte SO, profile for Cap3 was closely associated with
the chamber O, a delay time of ~7 sec as previously measured (Figure 4.6C,D). In the
first captured sequence (Figure 4.6C), the SO level in Cap3 at baseline chamber O, (5%)
was ~67.4+2.2% (N=8). Increasing chamber O, to 20% (at 70 sec) resulted in a
corresponding increase in SO, to ~ 87.0+2.0% (N=11). The SO, level then decreased to
~61.7£4.6% (N=15) in response to lowering chamber O, (2% at 190 sec) followed by an
increase to ~85.8+£3.0% (N=15) during recovery back to 20% O, (at 340 sec). In general,
the measured SO, changes in the second captured sequence (20 min later) due to the PO,
perturbation (Figure 4.6D) were comparable to those measured in the first sequence
(Figure 4.6C). At baseline chamber O, (5%), the SO, level in Cap3 was ~70.4+3.3%
(N=12). Increasing chamber O, to 20% (at 120 sec) resulted in a corresponding increase
in SO, to ~ 87.6+6.3% (N=14). The SO, level then decreased to ~57.2+4.5% (N=13) in
response to lowering chamber O, (2% at 250 sec) followed by an increase to ~87.1+1.2%
(N=10) during recovery back to 20% O, (at 400 sec). During the first PO, perturbation
(Figure 4.6C), increasing chamber O, level from baseline to 20% resulted in 50%
decrease in supply rate relative to baseline (minimum of ~10 RBC/sec at 210 sec). After
reaching minimum value, supply levels increased in response to low SO, (at 200 sec)

reaching a maximum of ~16 RBC/sec at 340 sec, which was slightly below that at
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baseline (~18.3+1.7 RBC/sec, N=8). The delay time in supply rate response to decrease
in SO, level was ~10 sec. The increase in the supply rate was associated with a re-
oxygenation effect as observed in the SO, profile at ~250 seconds (Figure 4.6C).
Increasing chamber O, back to 20% (at 340 sec) resulted in sharp and near instantaneous
decrease in supply rate to a minimum of ~7 RBC/sec. Repeating the same PO,
perturbation on the selected field of view 20 minutes later resulted in similar supply rate
responses (Figure 4.6D). In the second sequence, the baseline supply rate level for Cap3
was slightly lower (~14.6£1.2 RBC/sec, N=13) and the overall supply rate profile was
slightly shifted to lower values. Increasing chamber O, level from baseline to 20%
resulted in 80% decrease in supply rate relative to baseline (minimum at ~2.9 RBC/sec at
270 sec). After reaching minimum value, supply levels increased in response to low SO,
(at 260 sec) bringing the supply rate level up to slightly below that at baseline with a
maximum of ~12 RBC/sec. The measured delay time in supply rate response to decrease
in SO, level was similar to that measured during the first perturbation ~10 sec.
Increasing chamber O, back to 20% (at 400 sec) resulted in sharp and instantaneous
decrease in supply rate to a minimum of ~7.3 RBC/sec. A similar flow response was
observed in the other capillaries in the field of view. Since the feeding arteriolar end was
positioned upstream of the O, micro-slit (Figure 4.6A,B), the measured microvascular
responses are anticipated to be conducted from the capillary bed to the supplying

arterioles.

138



(A)

(B)

20 min later

(C) T Chambor %o, (D) —— Chamber %o,
— pply rate —_— %S0
. %S0, . S0,
-25
=20
=15 ﬁ
Q
-10 §
5
c L) L) L) L) 9
0 100 200 300 400 500
Time (sec) Time (sec)

139



Figure 4.6 (A, B) A selected capillary, Cap3, in a branching capillary network, is
positioned directly over a rectangular micro-slit (1000 um wide x 200 um long) outlined
by white dashed line with the arteriolar tree upstream of the micro-slit. Cap3 was
analysed for changes in erythrocyte %SO, and supply rate as O, levels in the chamber are
oscillated in a square wave. The tissue is equilibrated at 5% O, (38 mmHg PO,) level for
60 seconds. The O, level in the chamber is increased to 20% (~152 mmHg) then
decreased to 2% (~15.2 mmHg) for a 160 second low O, challenge and back to 20%. An
eight minute video sequence is captured beginning 3 min prior to the low O, challenge.
(C) The SO, profile for Cap3 is closely associated with chamber O, and SO, changes
result in corresponding changes in supply rate. (D) Similar SO, and supply rate responses
are measured after repeating the PO, oscillation approximately 20 min following the
perturbation shown in (C). Measured supply rate data were plotted along with a
smoothing curve (blue solid line; Prism v 5.0, 2" order smoothing polynomial function,

number of neighbors to average = 6 neighbors on each size).

4.3.2.2 Measuring reproducibility over consecutive PO,
perturbations in a single sequence

The reproducibility of the supply rate responses to capillary SO, changes were also tested
by repeating the PO, perturbation in the same sequence. Erythrocyte SO, and supply rate
changes were measured in a selected capillary (Cap4) positioned upstream of the micro-
slit with capillary venular end positioned over the micro-slit (Figure 4.7A,B). Cap4 is one

of ~6-8 capillaries draining directly over the micro-slit originating from same upstream
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arteriole. The tissue was initially equilibrated at 5% (38 mmHg PO,) O, level for 30
seconds. O; levels in the chamber were the oscillated in two consecutive square waves
(period ~ 400 seconds). The O, level in the chamber was increased to 20% (152 mmHg)
then decreased to 2% (15 mmHg) for a 190 second low O, challenge and back to 20%.
The chamber O, levels were then decreased back to baseline level (5%). A video
sequence was recorded over a thirteen minute period (16,146 frames x 2) beginning as
the chamber O, was increased from 5 to 20%. The measured erythrocyte SO, profile for
Cap4 was closely associated with the chamber O, a delay time of ~ 20-30 sec, which is 2-
3 times higher than previously measured (Figure 4.7C). The measured baseline SO, level
was ~46.4+2.1% (N=6). In the first increase in chamber O, to 20% (at 50 sec), the SO,
level in Cap4 increased to ~ 67.1+6.1% (N=19). The SO, level then decreased to
~41.1+6.0% (N=17) in response to lowering chamber O, (2% at 220 sec). The following
increase in chamber O, back to 20% (at 410 sec) resulted in a corresponding increase in
SO, to ~75.7+£14.1% (N=18) followed by a decrease to ~48.8+6.5 (N=19) at baseline O,
(5% at 570 sec). The results showed strong and reproducible supply rate response to
altered erythrocyte SO,. For both perturbation cycles, the supply rate was shut down
completely in response to 20% chamber O, (Figure 4.7C). On the other hand, decreasing
chamber O, resulted in supply rate increase from zero flow to ~30% above baseline
(9.0£2.0 RBC/sec, N=6) in both cycles (Figure 4.7C). Zero time delay in supply rate
response to low SO, was measured at both perturbation cycles. Also, although the
selected section in Cap4 was within 50 um upstream of the micro-slit, the feeding

arteriolar end was more than 200 um upstream. This suggested the responses observed in
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Cap4 are probably conducted several hundred pum upstream into the arteriolar tree to alter

supply rate.

(A) (B)

Chamber %0,
Supply rate
%S0,

Figure 4.7 (A, B) A selected capillary, Cap4, in a branching capillary network, is
positioned upstream of a rectangular micro-slit (1000 um wide x 200 um long) outlined

by white dashed with the venular end of the capillary positioned directly over the micro-
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slit. The feeding arteriolar end upstream of the selected capillary and flow direction are
indicated (A). Cap4 was analysed for changes in erythrocyte %SO, and supply rate as O,
levels in the chamber are oscillated in two consecutive square waves (period ~ 400
seconds). The tissue is equilibrated at 5% (38 mmHg PO,) O, level for 30 seconds. The
O, level in the chamber is increased to 20% (~152 mmHg) then decreased to 2% (~15.2
mmHg) for a 190 second low O, challenge and back to 20%. The chamber O, levels were
then decreased back to baseline level (5%). A thirteen minute video sequence is captured
beginning 2 min prior to decreasing chamber O,. (C) The SO, profile for Cap4 is closely
associated with chamber O, profile. Altering erythrocyte SO, in the selected capillary
result in strong reproducible supply rate responses. Measured supply rate data were
plotted along with a smoothing curve (blue solid line; Prism v 5.0, 2" order smoothing

polynomial function, number of neighbors to average = 6 neighbors on each size).

4.3.3 Examining the influence of the PO, perturbations on

capillaries positioned near the micro-slit

In order to examine the effect of the O, exchange micro-slit on surrounding capillaries in
vivo, erythrocyte SO, and supply rate changes were measured in a selected capillary (Cap
5) positioned within 50 um from the side edge of micro-slit (Figure 4.8A,B). The
arteriole feeding Cap5 branches off the same arterial tree feeding Cap3 network (see
above). The tissue was initially equilibrated at 5% (38 mmHg PO,) level for 60 seconds.
The O, level in the chamber was increased to 20% (152 mmHg) then decreased to 2% (15

mmHg) for a 130 second low O, challenge and back to 20%. A video sequence was
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recorded over an eight minute period beginning 3 minutes prior to the low O, challenge.
Cap5 was divided into three sections Cap5a, Cap5b, and Cap5c (Figure 4.8B) and each
section was individually analyzed. The results indicated that Cap5a, which is located
furthest upstream from the micro-slit and directly downstream from the feeding arteriole,
experienced least changes in erythrocyte SO, relative to Cap5b and Cap 5c¢ (Figure 4.9B).
At baseline chamber O, (5%), the mean SO, level in Cap5a was ~63.4+2.6% (N=6).
Increasing chamber O, to 20% (at 70 sec) resulted in a corresponding increase in mean
SO, to ~83.2£5.6% (N=11). The mean SO, level then decreased to ~74.8+3.8% (N=12)
in response to lowering chamber O, (2% at 170 sec) followed by an increase to
~84.8+£4.7% (N=8) during recovery back to 20% O, at 300 sec. Downstream from Cap5a,
the sensed SO, changes were larger and the measured three dimensional SO, profiles
along the capillary length were more closely associated with chamber O, (Figure 4.9A).
In Cap5b, baseline mean SO, level was ~47.6+2.7% (N=6). Increasing chamber O, to
20% resulted in a corresponding increase in mean SO, to ~73.6+5.6% (N=11). The mean
SO, level then decreased to ~49.2+3.7% (N=12) in response to lowering chamber O,
(2%) followed by an increase to ~75.4+4.3% (N=8) during recovery back to 20% O,. The
greatest SO2 changes in measured in Cap5c. At baseline, the mean SO, level in Cap5c
was ~36.8+1.3% (N=6). The increase in chamber O; resulted in a corresponding increase
in mean SO, to ~68.4+7.4% (N=11). Decreasing chamber O, (2%) resulted in decreasing
mean SO, level to ~38.5+5.1% (N=12) followed by an increase to ~70.5+4.3% (N=8)
during recovery back to 20% O,. Despite the relatively smaller changes in SO, in Cap5a,

supply rate responses were measured in with ~40 sec delay time in response to low SO, at
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180 sec (Figure 4.9B). The measured supply rate profile was almost identical in all three
sections of Cap5. However, the association between supply rate responses and SO,
changes was stronger in Cap5b and Cap5c relative to Cap5a (Figure 4.9B). The baseline
supply rates in Cap5a, 5b, and 5¢ were ~6.1+1.0 RBC/sec N=6, ~5.9+1.0 RBC/sec N=6,
and ~5.5+1.0 RBC/sec N=6, respectively. Increasing chamber O, to 20% resulted in
~60% decrease in supply rate relative to baseline (minimum of ~3 RBC/sec at 220 sec).
The supply rate increased ~40 sec following decrease in SO, (at ~180 seconds) to a
maximum of ~5.5 RBC/sec at 280 sec to match baseline level (Figure 4.9B). Increasing
chamber O, back to 20% resulted in sharp and instantaneous decrease in supply rate to a
minimum of ~1.5 RBC/sec. The increase in supply rate in reponse to low SO, resulted in
slight re-oxygenation observed at ~230 seconds which seemed to compensate for the
decrease in erythrocyte SO,. This effect was most pronounced in Cap5a and decreased
downstream. The results indicated that the effect of the micro-slit might be extending
slightly beyond 50 pm, which was the radial diffusion distance proposed in our

previously described theoretical model (Ghonaim et al. 2013)
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(A)

Figure 4.8 (A, B) A selected capillary, Cap5, is positioned outside adjacent to the edge of
the rectangular micro-slit (1000 um wide x 200 um long) outlined by white dashed line.
(A) The feeding arteriolar end upstream of the selected capillary and flow direction are
indicated. (B) Cap5 was divided into three sections, Cap 5a, Cap 5b, and Cap 5c and each

section was analysed individually for changes in erythrocyte SO, and supply rate.
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Figure 4.9 Cap5 (see Figure 4.8) was analysed for changes in erythrocyte %SO, and

supply rate as O, levels in the chamber are oscillated in a square wave. The tissue is

equilibrated at 5% (38 mmHg PO,) O level for 60 seconds. The O, level in the chamber

is increased to 20% (~152 mmHg) then decreased to 2% (~15.2 mmHg) for a 130 second

low O, challenge and back to 20%. An eight minute video sequence was captured
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beginning 3 min prior to the low O, challenge. (A) The three dimensional (3D) SO, plots
displaying SO, values across capillary section length with time (B) The SO, profiles for
Cap5 sections further downstream (closer to micro-slit) are more closely associated with
chamber O, The SO, changes in Cap5 result in corresponding changes in supply rate.
Measured supply rate data were plotted along with a smoothing curve (blue solid line;
Prism v 5.0, 2™ order smoothing polynomial function, number of neighbors to average =

6 neighbors on each size).

4.3.4 Measuring relative changes in supply rate in response to

local PO, perturbations

In this experiment, relative changes in supply rate in response to altering SO, level in
selected capillaries in vivo were estimated. Supply rate changes were measured and
normalized against baseline mean supply rate in three selected capillaries. The capillaries
originate from two branching capillary network fed by the same upstream arterial tree in
the same field of view (total of 8-9 capillaries). The three capillaries designated Cap6,
Cap7, and Cap8 (Figure 4.10A,B) were positioned directly over the rectangular micro-slit
(Figure 4.10A,B). The tissue was initially equilibrated at 5% (38 mmHg PO;) O level for
30 seconds. The O, level in the chamber was increased to 20% (at 50 sec) (152 mmHg)
then decreased to 2% (at 130 sec) (15 mmHg) for low O, challenge and back to 20% (at
250 sec). A video sequence was recorded over an eight minute period beginning 2
minutes prior to the low O, challenge. The measured SO, profiles for all three capillaries

were closely associated with the chamber O, level (Figure 4.10C). In Cap6, baseline
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mean SO, level was ~72.7+0.2% (N=4). Increasing chamber O, to 20% resulted in a
corresponding increase in mean SO, to ~85.0£2.0% (N=7). The mean SO level then
decreased to ~65.3£2.6% (N=11) in response to lowering chamber O, (2%) followed by
an increase to ~84.0+4.4% (N=9) during recovery back to 20% O,. In Cap7, baseline
mean SO, level was ~64.7+0.6% (N=4). Increasing chamber O, to 20% resulted in a
corresponding increase in mean SO, to ~74.9+8.7% (N=10). The mean SO, level then
decreased to ~39.1+£5.7% (N=10) in response to lowering chamber O, (2%) followed by
an increase to ~73.5+9.8% (N=13) during recovery back to 20%. In Cap8, baseline mean
SO, level was ~72.3+0.6% (N=4). Increasing chamber O, to 20% resulted in a
corresponding increase in mean SO, to ~80.7£9.4% (N=6). The mean SO, level then
decreased to ~48.7£3.2% (N=10) in response to lowering chamber O, (2%) followed by
an increase to ~86.1+6.4% (N==8) during recovery back to 20%. Despite the variability in
the mean SO, levels at baseline and during the perturbations in the three selected
capillaries, the relative changes in supply rate in response to the SO, changes were
consistent (Figure 4.10D). Supply rate increased by ~50% above baseline in response to
low O, and was almost shut down in response to the 20% chamber O, level (Figure
4.10D). Zero delay time was measured between the time point at which SO, level
decreases in response to low chamber O, and the time point at which supply rate

increases (Figure 4.10D).
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Figure 4.10 (A, B) Selected capillary, Cap6, Cap7, and Cap8, are positioned directly
over the rectangular micro-slit (1000 pm wide x 200 um long) outlined by white dashed
line. (A) The feeding arteriolar end upstream of the selected capillary and flow direction
are indicated. Cap6 is supplied by one terminal branch of the arteriolar tree; Cap7 &
Cap8 are supplied by another branch. Both terminal arterioles branch from the same
parent arteriole. (B) Cap6, 7, 8 as visualised at 20X were analysed for changes in
erythrocyte SO, and supply rate. Capillaries were analysed for changes in erythrocyte
%S0, and supply rate as O, levels in the chamber are oscillated in a square wave. The
tissue is equilibrated at 5% (38 mmHg PO,) O, level for 30 seconds. The O, level in the
chamber is increased to 20% (~152 mmHg) then decreased to 2% (~15.2 mmHg) for a
120 second low O, challenge and back to 20%. An eight minute video sequence is
captured beginning 2 min prior to the low O, challenge. (C) The erythrocyte SO, profiles
in Cap 6, 7, and 8 are closely associated with chamber O, (D) Supply rates in the three
selected capillaries were normalized against mean baseline supply rate to display relative
changes. Change in capillary SO, result in very similar normalized supply rate responses

in all three capillary segments.

4.3.5 Measuring changes in erythrocyte velocity and capillary
hematocrit in response to local PO, perturbations and their

contribution to observed supply rate changes

Next, we tested whether observed supply rate responses to altered erythrocyte SO, are

due to changes in erythrocyte velocity or changes in capillary hematocrit. Changes in
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erythrocyte SO,, supply rate, erythrocyte velocity (um/sec), and capillary hematocrit (%)
in response to the local PO, perturbation were measured in three selected capillaries in a
branching network (total of ~5 capillaries in a network). The three capillaries designated
Cap9, Capl0, and Capll (Figure 4.11A, B) were positioned with their venular ends
directly over the rectangular micro-slit and the feeding arteriole positioned upstream of
the micro-slit (Figure 4.11B). The chamber O, levels were oscillated in two consecutive
square waves (period ~400 seconds). The tissue was initially equilibrated at 5% (38
mmHg PO;) O, level for 30 seconds. For each PO, oscillation, The O, level in the
chamber was increased to 20% (at 50 sec) (152 mmHg) then decreased to 2% (15 mmHg)
for a 100 second low O, challenge and back to 20%. A video sequence was recorded over
an eight minute period beginning 2 minutes prior to the low O, challenge. The measured
SO, profiles for all three capillaries were almost identical and were closely associated
with the chamber O, level (Figure 4.11C). In Cap9, baseline mean SO, level was
~43.5+3.7% (N=4). The first increase in chamber O, to 20% resulted in a corresponding
increase in mean SO, to ~81.8+10.5% (N=20). The mean SO, level then decreased to
~67.6£5.6% (N=20) in response to lowering chamber O, (2%) followed by an increase to
~93.7£8.6% (N=17) during recovery back to 20% O, The chamber O, levels were then
decreased back to baseline (5%) bringing mean SO, level to ~63.0+8.1% (N=19). In
Cap10, baseline mean SO, level was ~62.7£1.9% (N=4). The first increase in chamber
O, to 20% resulted in a corresponding increase in mean SO, to ~81.6+6.7% (N=20). The
mean SO, level then decreased to ~54.5+4.3% (N=20) in response to lowering chamber

0, (2%) followed by an increase to ~87.9+4.0% (N=17) during recovery back to 20% O,
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The chamber O, levels were then decreased back to baseline (5%) bringing mean SO,
level to ~69.4+2.3% (N=19). In Capl1, baseline mean SO, level was ~58.7£3.5% (N=4).
The first increase in chamber O, to 20% resulted in a corresponding increase in mean
SO, to ~84.846.0% (N=20). The mean SO, level then decreased to ~47.7+9.5% (N=20)
in response to lowering chamber O, (2%) followed by an increase to ~89.6+7.7% (N=17)
during recovery back to 20% O, The chamber O, levels were then decreased back to
baseline (5%) bringing mean SO, level to ~60.8£3.7% (N=19). Supply rate changes in
response to altered SO, levels were observed in all three capillaries (Figure 4.11D) and
were closely associated with changes in capillary hematocrit (Figure 4.11F) rather than
erythrocyte velocity (Figure 4.11E). In Cap9, the baseline supply rate, velocity, and
hematocrit were measured at ~7.0+0.2 RBC/sec, N=4, ~261.1+18.6 pum/sec, N=4, and
~9.5+£1.2 %, N=4, respectively. Increasing chamber O, to 20% resulted in ~50% decrease
in supply rate and a 17% decrease in hematocrit relative to baseline. A delay time of ~50
sec was measured for supply rate increase in response to decrease in SO, (at ~220
seconds). The supply rate level increased to slightly above baseline with a maximum of
~9.8 RBC/sec (at 420 sec) which was also associated with increase in hematocrit to a
maximum of ~ 14.5% (Figure 4.11D,F). Increasing chamber O, back to 20% resulted in
sharp and instantaneous decrease in supply rate to a minimum of ~1.5 RBC/sec (at 650
sec) and in hematocrit to a minimum of ~4%. Decreasing chamber O, level back to
baseline resulted in supply rate increase to a maximum of ~11 RBC/sec and in hematocrit
to ~10.3%. No changes in erythrocyte velocity were observed throughout the perturbation

(Figure 4.11E). In Capl0, the baseline supply rate, velocity, and hematocrit were
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measured at ~4.3£0.9 RBC/sec, N=4, ~158.4+2.0 um/sec, N=4, and ~15.3+£0.3 %, N=4,
respectively. Increasing chamber O, to 20% resulted in ~25% decrease in supply rate and
11% decrease in hematocrit relative to baseline. The supply rate increased ~50 following
decrease in SO, (at ~220 sec) to slightly above baseline with a maximum of ~8.3
RBC/sec which was also associated with increase in hematocrit to a maximum of ~18%
(Figure 4.11D,F). Increasing chamber O, back to 20% resulted in sharp and instantaneous
decrease in supply rate to a minimum of ~0.8 RBC/sec and in hematocrit to a minimum
of ~10%. Decreasing chamber O, level back to baseline resulted in supply rate increase to
a maximum of ~3.5 RBC/sec and in hematocrit to ~18%. The erythrocyte velocity
increased by 25% in response to low O, in Cap10 but did not seem to change in response
to high O, (Figure 4.11E). In Capll, the baseline supply rate, velocity, and hematocrit
were measured at ~6.2+0.6 RBC/sec, N=4, ~166.3+10.3 pum/sec, N=4, and ~12.8+0.6 %,
N=4, respectively. Increasing chamber O, to 20% resulted in ~40% decrease in supply
rate and 32% decrease in hematocrit relative to baseline. The supply rate increased ~50
sec following decrease in SO, (at ~220 seconds) to a maximum of ~6.8 RBC/sec which
was also associated with increase in hematocrit to a maximum of ~16.2% (Figure
4.11D,F). Increasing chamber O, back to 20% resulted in sharp and instantaneous
decrease in supply rate to a minimum of ~3.5 RBC/sec and in hematocrit to a minimum
of ~10%. Decreasing chamber O, level back to baseline resulted in supply rate increase to
a maximum of ~6.2 RBC/sec, matching that at first baseline, and increase in hematocrit

to ~17.4%. No changes in erythrocyte velocity measured in Capll (Figure 4.11E).
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Figure 4.11 Selected capillaries (Cap 9, 10, and 11) are positioned directly over the
rectangular micro-slit (1000 um wide x 200 um long) outlined by white dashed line. (A)
The feeding arteriolar end upstream of the selected capillary and flow direction are
indicated. The three selected capillaries all drain into a venule positioned deeper in the
tissue (B) Cap9, 10, 11 as visualised at 20X were analysed for changes in erythrocyte
SO, and supply rate. Capillaries were analysed for changes in erythrocyte SO, (%),
supply rate (RBC/sec), mean erythrocyte velocity (um/sec), and mean hematocrit (%) as
O, levels in the chamber are oscillated in two consecutive square waves (period ~ 400
seconds). The tissue is equilibrated at 5% (38 mmHg PO,) O, level for 30 seconds. The
O, level in the chamber is increased to 20% (~152 mmHg) then decreased to 2% (~15.2
mmHg) for a 200 second then increased back to 20%. The chamber O, level is then
lowered back to baseline level (5%). An eight minute video sequence is captured
beginning 2 min prior to the low O, challenge. (C) The erythrocyte SO, profiles in Cap 1,
2, and 3 are closely associated with chamber O, (D) Change in capillary SO, result in
supply rate responses. Supply rate changes seem to be more related to changes in (E)

hematocrit rather than in (F) RBC velocity.
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In order to determine if changes in capillary SO, and supply rate in response to the PO,
perturbations are significant, the mean SO, and supply rate (x standard error of the mean
SEM) in all capillaries analyzed in this study were calculated and plotted against
condition in chamber. The mean SO, or supply rate levels at the various chamber O,
conditions were compared using a 2way analysis of variance test (ANOVA) with P<0.05
(Figure 4.12). The results indicated the mean capillary erythrocyte SO, level during the
low O, challenge is not significantly different relative to baseline (P=0.1062) yet
significantly different relative to the high O, condition (P<0.0001). The corresponding
mean supply rate level at low O; is significantly different relative to both baseline and
high O, (P<0.0001). At high chamber O, condition, both the mean capillary erythrocyte
SO, and supply rate levels are significantly different relative to baseline (P<0.0001)

(Figure 4.12).

Finally, the correlation between mean capillary supply rate and erythrocyte SO, in
capillaries affected by the PO, perturbations using the rectangular micro-slit design was
tested. The mean supply rate levels calculated from all capillaries presented in this paper
were plotted against corresponding mean SO, levels. The mean data points (+ SEM) were
fitted using a linear regression function in Prism v 5.0 and the goodness of fit was
assessed using the R? value (Figure 4.13A). Also, the mean supply rate from individual
representative capillaries analyzed in this study was plotted against corresponding SO,
and correlation was assessed (Figure 4.13B-F). In general, there seems to be a linear

relationship between mean supply rate and erythrocyte SO, level. Also, the slope of the
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line of best fit seems to be related to the baseline supply rate level in the individual
capillaries (Figure 4.13). There is a greater change in supply rate with change in SO; in
capillaries with higher baseline supply rate level. This suggests the strength of the

conducted signal is related to the erythrocyte supply rate.
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Figure 4.12 (A) mean capillary SO, + SEM and (B) mean supply rate £ SEM at different
O, conditions in chamber in a single PO, perturbation: baseline O, level (5%, 38 mmHg),
first increase in O, level (20%, 152 mmHg), low O, level (2%, 15.2), second increase in
O, level (20%) (Recovery). At each O, condition, the mean erythrocyte SO, or supply
rate values at the last 10 second time point in all capillaries presented in this study were
used to calculate the overall SO, or supply rate means. The means were compared using a

2way analysis of variance (ANOVA) (P<0.05) in Prism v 5.0. The symbol (*) represents
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means significantly different relative to baseline mean. The symbol (#) represents the
case in which the mean at low O, condition is significantly different from the means at
the high O, conditions. Mean capillary SO, £ SEM is significantly altered relative to
baseline in response to high O, yet not to low O,. Corresponding mean capillary supply
rates + SEM levels at high and low O, are significantly different relative to baseline. The

mean supply rate level at low O is significantly different that at high O,.
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Figure 4.13 The correlation between mean capillary supply rate + SEM and mean SO,
measured from (A) all capillaries affected by the rectangular micro-slit in this study

(Cap2-11) or (B-F) individual representative capillaries from each animal used in this
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study (Cap2, 3, 4, 7, 10). The mean supply rate data points were fitted using a linear
regression function in Prism v 5.0 and goodness of fit was assessed using an R? value.
There seems to be a linear relationship between measured mean supply rate and

erythrocyte SOs.

4.4 Discussion

The finding that erythrocytes have the ability to release signaling molecules in response
to alterations in the micro-vascular O, environment has transformed our perspective of
the physiological role erythrocytes play (Ellsworth et al. 1995, Jia et al. 1996). Of special
interest is the potent vasodilator, ATP, shown to be released from the erythrocyte in an
SO, dependent manner (Jagger et al. 2001) as well as in response to other stimuli
(Bergfeld and Forrester 1992, Sprague et al 2006). ATP release from the erythrocyte
under low SO, conditions is proposed to trigger a conducted vasodilation (Ellsworth et al.
2009, Sprague and Ellsworth 2012). The micro-vascular response would be initiated by
binding of ATP to P, receptors on the vascular endothelium resulting in conducted
hyperpolarization in the endothelium and eventually in smooth muscle cells (You et al.
1999, Horiuchi et al. 2001, Sprague 2008, Ellsworth et al. 2009, Sprague and Ellsworth

2012, Ellis et al. 2012).

Multiple studies have examined the onset of conducted micro-vascular responses in the
arterioles as well in the venules (Collins et al. 1998, Dulling and Berne, 1970, Duling,

1974, Jackson, 1987). Results have shown the capillary bed acts as a communication
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medium through which the hyperpolarization signal would be conducted from the
venules to upstream arterioles (Dietrich, 1989, Dietrich and Tyml, 1992a,b, Song and
Tyml, 1993, Collins et al., 1998, Bagher and Segal, 2011). Since the largest SO, drop
takes place in the capillary bed, it has been suggested as a major site for SO,-dependent
ATP release by the erythrocytes (Ellis et al 2012). The relatively long erythrocyte transit
time in the capillary and the short ATP diffusion distance from every erythrocyte passing
through the capillary bed to the endothelium would ensure temporal and spatial

localization of the signal (Ellis et al 2012).

In order to examine SO,-dependent signaling in the capillary bed, we have developed a
novel technique, an O, micro-delivery system that allows for altering erythrocyte SO in
a limited number of selected capillaries in vivo (Figure 4.1) (Ghonaim et al. 2011).
Combining this technique with existing DAIVVM technology allows for visualizing and
measuring changes in blood flow parameters while simultaneously altering erythrocyte
S0,. Also, the extent of the PO, perturbation in the tissue and its effect on total
magnitude of ATP in a capillary network have been modeled using O, exchange micro-
outlets of various dimensions (Ghonaim et al. 2013). Our modelling data suggested there
is a direct relationship between the number of capillaries affected by the PO, perturbation
and the total magnitude of capillary ATP (Ghonaim et al. 2013). This is probably related
to the number of activated endothelial cells in the affected capillaries within a network
(Ellis et al. 2012). The model shows that the circular micro-outlet (100 um in diameter)

only affects one or two capillaries positioned directly above the micro-outlet and that the
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change in capillary SO, is quickly dissipated downstream from the micro-outlet. Since
the length of the endothelial cell in skeletal muscle is ~104 pm, a small number of
endothelial cells would be affected by changes in erythrocyte SO, when using the circular
micro-outlet. However, in the rectangular micro-slit (200 um long x1000 pum wide), a
larger number of capillaries are positioned above the micro-slit. Also, the PO,
perturbation is carried much further downstream and the re-oxygenation effect is less
rapid since the impact of the outlet affects a broader area. Therefore, based on the
modeling results, a rectangular micro-slit was proposed to allow for stimulating a larger
number of endothelial cells which would result in a larger hyperpolarization signal that
can be conducted upstream. This micro-slit design was also proposed to ensure capillaries
surrounding the network of interest will experience the same PO, drop when decreasing

chamber O,, which would minimize re-oxygenation and emphasize the response.

The PO, perturbation regime used in this study to alter capillary erythrocyte SO,
involved a step change in chamber O, from 5% baseline condition (38 mmHg PO,) to
20% (152 mmHg). The chamber O, level is then decreased for a low O, challenge from
20% to 2% (15 mmHg) followed by recovery back to 20%. Physiologically, at higher
chamber O, level, the micro-slit would simulate a crossing arteriole acting as an O,
source to underlying capillaries, while at lower chamber O, level, it would simulate a
crossing venule acting to withdraw O,. At the low O; level, the PO, (15 mmHg) is higher
than the Pso (k) values reported by Golub and Pittman (2012) (10.5+0.8 mmHg) and

Wilson et al. (2012) (~12 mmHg), hence, it is unlikely the tissue metabolism is altered
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with the tested range of chamber O, values. Also, during the low O, challenge (15
mmHg), the narrow depth of the perturbation (Ghonaim et al. 2011, 2013) implies only
the surface of muscle fibers at the tissue surface would be affected. This is supported by
our statistical data, which indicate that erythrocytes do not sense significant changes in
tissue PO, at low O; relative to baseline since measured SO, levels at the two respective
conditions were not significantly different (P<0.05) (Figure 4.12). This allows us to
examine the micro-vascular regulation mechanisms to altered PO, environments
surrounding the capillaries without lowering PO, enough to disturb metabolic function.
Finally, although alterations in tissue metabolism may result in the release of signaling
molecules, no mechanism is yet elucidated that explains communication between muscle

fibers and arterioles feeding a specific network of interest.

In this study, micro-vascular responses to altering SO, in multiple capillaries were
examined in vivo using the rectangular O, micro-slit. The results were compared to the
case in which a single capillary is positioned over a circular micro-outlet 100 pm in
diameter (Figure 4.4). Although erythrocyte SO, could be altered in single capillaries
crossing the circular micro-outlet, no corresponding supply rate responses were measured
(Figure 4.4). This has been consistently observed when testing with the circular micro-
outlet in vivo (data not shown). The observed time delay between chamber O,
perturbations and capillary SO, changes would involve O, delivery time from the
chamber O inlet to tissue surface followed by the diffusion time into the capillary lumen

and finally into the erythrocyte to bind hemoglobin. In capillaries upstream of slit, such
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as the case with Cap4, the constant influx of erythrocytes with SO, unaffected by the
micro-slit would require a larger change in the surrounding tissue PO, to show a marked
effect on SO,. This might explain the longer time delay measured for altering Cap4 SO,
levels from the slit (Figure 4.7). The results indicate that in order to trigger supply rate
changes in response to altered capillary SO,, at least 3-4 capillaries in a branching
network had to be affected by the PO, perturbation using our larger micro-slit design
(200 pm long x 1000 pm wide rectangular slit) (Figure 4.5-4.11). The results confirmed
our modeling data (Ghonaim et al. 2013), indicating there is a threshold for the minimum
number of capillaries that need to be stimulated by low O, to elicit a micro-vascular

response.

The results indicated there is a variable time delay from 10 to ~50-60 seconds in the
supply rate response to low PO,, while much shorter time delays were observed in the
response to increased SO, (Figure 4.5, 4.6, 4.9 and 4.11). In vitro measurements of ATP
release rates provide estimates in the order of 150-500 msec (Dietrich et al. 2000, Wan et
al. 2008), hence the dynamics of ATP release alone would not account for the long time
delay observed. The response time to low O, in the capillary would be dependent on
other factors such as the time it takes to activate sufficient number of endothelial cells as
well as on the geometry of the upstream arteriolar tree. At relatively higher supply rates,
a single ATP releasing erythrocyte would activate a larger number of endothelial cells
within a relatively shorter time (Ellis et al. 2012). On the other hand, slow moving

erythrocytes will take longer to reach downstream endothelial cells (Ellis et al. 2012).
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Our results show a dependence of the magnitude of the supply rate response on baseline
supply rate in the capillary (prior to perturbation) (Figure 4.13). The calculated slope for
the linear relationship between supply rate and SO, was smaller in capillaries with lower
baseline supply rate (Cap2,10) (Figure 4.13). Also, the signal for increased supply rate is
not solely originating within the single capillary being analyzed; rather the entire network
affected by the micro-outlet is contributing to the strength of the signal. Depending on the
geometry of the arteriolar tree upstream of the capillary of interest as well as the distance
to the feeding arteriole, a minimum threshold number of capillary endothelial cells may
need to be activated to elicit effective vasodilation. Finally, depending on the branching
of the upstream arteriolar tree, there would be some time delay in adjusting the
erythrocyte distribution at bifurcations during vasodilation and for this altered hematocrit
travel downstream to ensure capillary units with various O, environments are receiving

appropriate O, supply.

All capillaries selected for analysis in this study were positioned such that the feeding
arteriole is further than 50 um upstream of the micro-slit, which was modeled as the
extent of radial O, diffusion from the micro-slit (Ghonaim et al. 2011, 2013). Therefore,
since in our experiments only capillaries are affected by the PO, perturbations, the
observed supply rate responses must be conducted to the upstream arterioles. This
supports the hypothesis that micro-vascular signals are initiated and conducted from the
capillary bed (Ellis et al. 2012). This is further strengthened by the observed

reproducibility of the supply rate responses to altered capillary SO, (Figure 4.6 and 4.7).
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Also, there seems to be variation in the magnitude of the supply rate response between
different affected capillary networks. This might be related to the number of affected
capillaries draining from the same upstream arteriole. An arteriole with a larger number
of downstream branching capillary networks positioned over the micro-slit is anticipated
to experience a larger hyperpolarization signal (Figure 4.7 and 4.10). Two factors that
contribute to supply rate responses would include increase in erythrocyte velocity due to
vasodilation of upstream arterioles and the increase in hematocrit due to preferential
erythrocyte distribution at upstream bifurcations. Our results indicate that the observed
supply rate responses in the capillaries are more related to changes in hematocrit rather
than velocity (Figure 4.11). This supports the preferential erythrocyte distribution as an

important mechanism of O, regulation in the microvasculature.

The results clearly demonstrate that at low PO,, the O, regulation system is able to
locally sense the decrease in erythrocyte SO, and to compensate for this altered O,
environment by increasing the supply rate. According to our observations, the increase in
supply rate results in a re-oxygenation effect by bringing larger number of O, carrying
erythrocytes. Since the measured supply rate profiles are strongly associated with
capillary erythrocyte SO, changes, we anticipate the response pathway involves the
release of erythrocyte derived signaling molecules, most likely ATP. However, not only
erythrocytes but also other cell types could be affected by the PO, perturbations in the
selected capillary networks. It is unlikely that observed responses involve nerve

stimulation since pentobarbital, which was used as the anesthetic throughout our
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experiments, is known to severely suppress sympathetic nerve activity (Best et al. 1984).
Further studies must be conducted to measure SO,-dependent ATP release and more

accurately assess its role in mediating observed micro-vascular responses.

One of the limitations in this study is the inability to resolve deeper tissue capillaries and
hence measure their SO, and supply rate changes to assess their possible contribution to
the overall signal in vivo. Another limitation is that in our computational model of radial
O, diffusion from the micro-slit we do not take into account diffusion through the PDMS
layer, which may increase the extent of radial diffusion. This might explain observing
SO, changes in Cap5 (Figure 4.9) situated outside of the micro-slit. The complexities of
the SO, mediated micro-vascular response demand analysis of SO, and hemodynamics
locally in a capillary of interest as well as globally in the surrounding micro-vascular

geometry.

In conclusion, SO,-dependent signalling in selected capillaries has been tested in vivo
using the O, micro-delivery system. The results indicated that capillaries are able to
signal upstream arterioles for changes in supply rate in response to low SO,. Also, there
seems to be a threshold for the minimum number of capillaries that need to be stimulated
by altered SO, in order to elicit the conducted supply rate responses. The dependency of
supply rate responses on changes in hematocrit supports preferential erythrocyte
distribution at upstream bifurcations in O regulations. These findings provide valuable
insight into O, transport and its regulation both in health and disease. The increased

diffusion distance of O, in sepsis and the compromised vascular reactivity in Type-I1I
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diabetes eventually lead to tissue hypoxia and organ failure (Goldman et al. 2004,
Sprague et al. 2006; 2010). Understanding the fundamental mechanisms that govern O,
regulation leads to the understanding of the pathophysiology underlying microvascular
diseases. Further in vitro and in vivo work is needed to look at the dynamics of ATP

release and its role in SO,-dependent signalling and regulation.
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Chapter 5

5 General Discussion

5.1 Summary of results and conclusions

5.1.1 Developing a technology for investigating SO, — dependent
micro-vascular responses

In Chapter 2, we described an O, micro-delivery device developed for localized O,
exchange to the micro-vascular bed (Ghonaim et al. 2011). This novel technology, which
is based on the full gas exchange chamber setup (Jagger et al. 2005, Ellis et al. 2010;
2012, Ghonaim et al. 2011), allows for altering erythrocyte SO in selected capillaries in
vivo. Unlike the use of superfusion solutions for O, exchange from tissue (Duling 1974,
Jackson and Duling 1983), our device delivers O, in a gas mixture. This ensures more
effective diffusion of O, to the tissue and resolves the limitation of poor O, solubility in
saline superfusion solutions. The use of micro-fabrication techniques to pattern O,
exchange micro-outlets of desired dimensions is unique and versatile. Delivering O, form
the micro-outlet to tissue surface in direct interface is more effective than traditional
micro-pipetting technique employed for local delivery of substances. Both in vitro and in
vivo testing as well as our modeling data indicate the radial diffusion away from the
outlet is limited which better localizes and emphasizes of the signal (Ghonaim et al.

2011). In contrast, the use of micro-pipetting technique, also referred to as Pico-spritzing
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(Riemann et al. 2010), results in tissue concentration of substances to be less than that in
the pipette. Also, the delivery of substances in liquid form may result in washing away
important signaling molecules from tissue surface. The results presented in Chapter 2
describe an effective and novel methodology that allowed for first time examination of
micro-vascular responses emerging from the capillary bed due to highly localized

stimulus.

5.1.2 Computational modeling of localized PO, perturbations on
total ATP magnitude in a 3D capillary network

Prior to examining micro-vascular response to altering erythrocyte SO, in selected
capillaries using the O, exchange system, it was critical that we have initial predictions
on the relationship between the number of affected capillaries and the magnitude of the
SO,-dependent signal. Chapter 3 describes the development of a computational model to
investigate the effect of limited O, exchange at the surface of a tissue with an idealized
parallel capillary array on total ATP concentration (Ghonaim et al. 2013). Modeling local
0O, exchange through various sized micro-outlets indicated that a rectangular micro-slit
(200 pum long x 1000 um wide) has the optimal dimensions for altering hemoglobin SO,
in sufficient number capillaries to generate effective changes in total [ATP]. These results
suggested there is a threshold for the minimum number of capillaries that need to be
stimulated in vivo by low tissue PO, to induce a conducted micro-vascular response.

Modeling SO, changing in arterioles and their possible contribution to the net change in
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[ATP] indicated the effect of the arteriole is minimal. However, the data also indicated
the arterioles would act as O, sources thus influencing the O, distribution. The modeling
data presented in Chapter 3 provide important insights into the use of our novel O, micro-
delivery device in studying micro-vascular O regulation in the capillaries in vivo

(Ghonaim et al. 2013).

5.1.3 Examining SO,-dependent micro-vascular response using
our developed technology in vivo

Chapter 4 investigated conducted micro-vascular signalling and response to varying SO,
in selected capillaries on the micro-vascular bed in vivo. O, availability to specific
capillary networks at the surface of muscle tissue (rat Extensor Digitorum Longus) was
controlled using our novel O, micro-delivery approach. Based on our modelling data
presented in Chapter 3 (Ghonaim et al. 2013), a rectangular micro-slit (1000 pm wide x
200 pum long) patterned in ultrathin glass/plastic sheet using state-of-the-art
microfabrication techniques was used as the micro-outlet of optimal dimension for O,
exchange. Combining our novel technology with existing dual wavelength in vivo video
microscope (DAIVVM) techniques allowed for oscillating O, levels at tissue surface
while simultaneously measuring and recording blood flow responses. Digitized video
sequences were then processed for changes in capillary hemodynamic parameters and
erythrocyte SO,. Our in vivo results confirmed our modelling data presented in chapter 3

and indicated there is a threshold for the minimum number of capillaries that need to be
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stimulated by local PO, perturbations in order to induce a conducted micro-vascular
response. Although erythrocyte SO, level can be measured in single capillaries flowing
over an O, micro-outlet down to 100 um in diameter, at least 3-4 capillaries need to be
stimulated within a branching capillary network in order to induce a micro-vascular
response. Micro-vascular responses originate from a capillary network positioned directly
over the outlet with the feeding arteriolar end positioned upstream of the O, micro-outlet,
which suggests the responses are conducted. The results presented in chapter 4 indicate
we have successfully designed an effective and novel tool for limiting O, exchange to
specific capillaries on the micro-vascular bed to understand fundamental mechanisms of

micro-vascular O, regulation.

By careful selection of the minimum PO, in the chamber and using fixed levels of CO,
and temperature, the observed flow responses are due solely to the microvascular
response to varying O, levels and not to changes in tissue metabolism. Although the
maximum PO, in the chamber is higher than most tissues would experience, the resulting
changes in erythrocyte SO, in these capillaries are within the normal physiological range.
Hence, the rectangular micro-outlet used in these studies does mimic a crossing arteriole
or venule and does demonstrate that the capillary bed is capable of signaling its local O,
environment to the upstream arterioles to appropriately regulate O, supply (Ellis et al.

2012).
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5.2 Future Directions

The micro-delivery approach for localized O, exchange presented and verified in my
thesis serves as promising tool for investigating the fundamental mechanisms for
regulating micro-vascular O, supply. Our results support the hypothesis that capillaries
are able to signal upstream arterioles for changes in erythrocyte supply rate in response to
changes in capillary erythrocyte SO,. The strong relationship between erythrocyte SO,
changes and supply rate supports the role of the erythrocyte in SO,-depndent release of
signaling molecules. The next step would be to unravel the details of the signaling
mechanisms mediating the observed vasomotor responses. The involvement of SO,-
dependent ATP release and endothelium hyperpolarization could be indirectly examined
using transgenic mice expressing Ca’" reporter genes in the capillary endothelium
(Bagher et al. 2011). However, the possible role of other erythrocyte derived vasodilators
as well as signalling from other cell types surrounding the capillaries of interest must also
be examined. Currently, computational modelling and in vitro testing is conducted at Dr.
Ellis’ laboratory to investigate the dynamics of ATP release from erythrocyte due to low
O, (Sove et al. 2013). The findings would elucidate the possible contribution of time
scales involved in ATP release to the observed response delay to low O,. The use of
transgenic mice would also help examine the association between the number of activated
endothelial cells and the onset of supply rate responses by visualizing the Ca* release in

Vivo.
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The effectiveness of our novel micro-delivery system can be extended to allow for
precise and accurate delivery of substances in liquid form (e.g. drugs) in addition to
gaseous substances (e.g. O,, CO). In an in vivo experimental setup, in which
substances are delivered to interfaced live tissue or cell culture, localized responses can
be stimulated. The novel use of our micro-delivery system in conjunction with existing
DAIVVM and analysis techniques would provide greater insight into the underlying
physiological mechanisms in normal and disease models. The micro-delivery system is
a versatile tool with wide range of applications. The system can be used to provide
localized stimulus to tissue or cell culture in vivo. Also, the developed micro-delivery
system could be modified to be used as a diagnostic tool. By placing sensor films over
the micro-slit, biological fluids (e.g. plasma, blood, urine...etc) flowing through

chamber could be assayed for the presence or release of certain substances.
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