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Abstract

Currently, there is no effective way to restrict administration of vasoactive drugs
to capillary networks of skeletal muscle and observe the effects on blood flow. The
purpose of this project was to develop and validate the efficacy of a novel liquid
microfluidic device (LMFD) to manipulate a microscale region of tissue while
simultaneously allowing for visualization and quantification of microvascular blood flow.
The LMFD was developed and fabricated using soft lithographic techniques. Devices
were molded in polydimethylsiloxane and bound to a glass coverslip with a 600 x 300
um laser cut micro-outlet. Sprague-Dawley rats were anaesthetized with sodium
pentobarbital and instrumented to monitor systemic parameters. The extensor digitorum
longus muscle was dissected, externalized, and reflected across the LMFD on the stage of
an inverted microscope. Doses (1078 to 10~ M) of adenosine triphosphate (ATP),
acetylcholine, and phenylephrine (PE) were sequentially administered to the muscle via
perfusion through the LMFD. Videos of microvascular blood flow at multiple focal
planes were recorded directly overlying the micro-outlet. Recordings were analyzed
offline for red blood cell (RBC) velocity, supply rate, and hematocrit. ATP significantly
increased RBC velocity and supply rate. Increasing concentrations of PE caused a
decrease in RBC velocity and supply rate. Changes in perfusion were restricted to areas
directly overlying the micro-outlet and within 500 pm. This novel LMFD allows for a
controlled delivery of dissolved substances to constrained regions of microvasculature
while simultaneously allowing for visualization and measurement of blood flow within

discrete vessels and networks.
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1. Introduction and Overview

1.1. Purpose and Objective

The circulatory system of mammals carries blood to all tissues through a series of
organized branching vascular networks. Large arteries in the vascular tree are responsible
for carrying the blood and distributing of blood flow to organs in response to downstream
stimuli. Arterioles are resistance vessels that branch from arteries and are responsible for
blood flow regulation at the tissue level as well as the regulation of flow from arteries.
Smaller vessels, known as the microcirculation, are composed of arterioles, capillaries,
and venules under 100 pm in diameter in rodents (Bosetti et al., 2016). These
microvessels provide the major site of exchange of nutrients and waste products between
the systemic circulation and the tissues of the body. Metabolic need is an important
determinant in blood flow regulation between discrete regions of tissue. As a result, the
associated regulatory mechanisms are of great interest (Segal, 2005; Bagher & Segal,
2011b).

Microcirculation and microvascular blood flow regulation mechanisms of various
tissues can be studied using intravital video microscopy (IVVM). IVVM of skeletal
muscle preparations, such as cremaster, gluteus maximus, and extensor digitorum longus
(EDL), have been used to study the microcirculation in response to various experimental
manipulations. Selection of a microvascular preparations largely depends on the proposed
research question. Each preparation is suitable for different applications depending on
characteristics such as the accessibility of vessels of interest, organization of tissue

vasculature, and function. The selection also depends on the tissue structure, as planar



shaped muscle tissues (i.e., gluteus maximus and cremaster) lend themselves to
superfusion techniques for the interrogation of arterioles, whereas fusiform muscle tissues
(i.e., EDL) are better suited to isolation techniques for measurements at the capillary level
(Duling & Berne, 1970; Sullivan & Pittman, 1982). Application of substances to [IVVM
preparations can only be achieved through intravascular injection, superfusion
application, and via a micropipette at the surface of the muscle (Kurjiaka & Segal, 1995;
Moore et al., 2010; Bagher & Segal, 2011a). Measurements following experimental
manipulation include red blood cell (RBC) velocity, and RBC supply rate in capillaries,
and vessel diameter changes at arterioles for quantifications of changes in the vasculature.

A potential avenue to administer substances to a specific region of tissue is
through a microfluidic device. Microfluidics encompasses the techniques and technology
for precise control and manipulation of fluids of small volume in a system. The use of
microfluidic devices in research has been expanding over the past several decades (Wolfe
et al., 2010). Microfluidic devices are used to manipulate small volumes of fluid and can
be fabricated in silicon elastomers using soft lithography techniques.

Fabrication of a novel microfluidic device to restrict administration to spatially
confined regions of interest provides a modality to experimentally manipulate the
microcirculation to study blood flow regulation. In this thesis, I have described a novel
microfluidic approach for the continuous delivery of substances, such as vasoactive
drugs, at known concentrations, to a well-defined microscale region of tissue.
Administration of biologically relevant molecules, vasoactive drugs, and pharmacological
targets to rat EDL skeletal muscle will serve as a test of the efficacy and validation of this

device.



Purpose: Develop a novel microfluidic device suitable for incorporating with a
well-established microvascular preparation, that is capable of the continuous
delivery of substances, such as vasoactive drugs, at known concentrations, to a
well-defined microscale region of tissue with simultaneous visualization of
capillary blood flow.

Objective: Validate the capability of a novel microfluidic platform to manipulate
microvascular blood flow by administering vasoactive drugs to a confined micro

scale region of skeletal muscle tissue.

1.2. Microvascular Preparations

The series of organized branching vascular networks of the circulatory system is
responsible for the delivery of blood to all tissues. Blood carries oxygen (O2) and
nutrients while removing waste products, including carbon dioxide (CO2), from tissues in
order to maintain the metabolic needs of cells, and communication among the organs
through hormonal and other signaling molecules. The exchange between the blood and
tissue requires a high surface area for diffusion to occur. The majority of this surface area
lies in the microcirculation, which is composed of the smallest vessels within the
circulatory system. In humans, the microcirculation is considered to be vessels which are
less than 300 um in diameter (Levy et al., 2001). However, in rodents, due to the smaller
size of their body and vasculature we define the microcirculation as vessels less than 100
pum in diameter (Bosetti et al., 2016). The microcirculation is made up of arterioles,
capillaries, and venules, with capillaries forming the major site of exchange between the

blood and the tissues.



Experimental manipulation of microvascular beds allows researchers to study the
mechanisms of blood flow regulation in the microcirculation. In an intact, integrated
vascular system, this is achieved by evaluating the effects of biochemical,
pharmacological and physical manipulations, as well as O perturbations through direct
observation of microvascular blood flow and vessel diameters using intravital
microscopy. Intravital microscopy has been used for investigations into the
microcirculation of several tissues, with different preparations being developed and
refined based on the structure of interest, imaging equipment available, the research
question being addressed, and the specific field of study.

Intravital microscopy has been applied to whole organ preparations including
brain (Kleinfeld et al., 1998), heart (Lee et al., 2012), liver (Scott & Fox-Robichaud,
2002), kidney (Hato et al., 2018), spleen (Ferrer et al., 2012), and mesentery (Dixon et
al., 2005). A brief overview of these preparations and related applications is provided in
this section. The complex vascular geometry, and unique function of each organ
influences the research questions undertaken. The liver, kidney, and heart preparations
are challenging due to the movement of the tissue imposed by the animal’s breathing and
heartbeat. For example, in the liver, where much of the microvasculature is composed of
hepatic sinusoids, intravital microscopy has been used to study inflammation and motility
of leukocytes following induction of experimental sepsis (Scott & Fox-Robichaud, 2002).
Imaging hepatic microcirculation involves isolation of the liver through an incision in the
anterior abdominal wall for the reflection of the liver onto the microscope stage. This
form of experimental preparation has led to many discoveries in leukocyte recruitment in

animal models of disease states such as in inflammatory bowel disease, inflammation,



and cancer cell metastasis (MacDonald et al., 2002; Scott & Fox-Robichaud, 2002;
Ondiveeran & Fox-Robichaud, 2004). Similar to liver preparations, isolation of the
kidney can be achieved via an incision through the overlying tissue of the abdomen.
Direct observation of renal microcirculation with the help of IVVM equipment has been
beneficial in understanding the progression of renal failure (Zhi et al., 2011; Hato et al.,
2018). Interventions including artery occlusion and release have been used as models for
human renal ischemia, and renal failure (Yamamoto et al., 2001; Zhi et al., 2011). Use of
this system to study glomerular function and microcirculation has been valuable for
evaluating the effect of renal artery blockages, reperfusion, and the resulting change in
microcirculation blood flow (Zhi et al., 2011).

Development of IVVM techniques for heart and brain tissues has allowed
research questions to be addressed in the cerebral and coronary microcirculation. Imaging
the brain and heart preparations are more complex as the skull impedes easy access to the
brain, and the heart is continuously moving. Kleinfeld et al. (1998) described the use of
intravital imaging on a laser scanning microscope in conjunction with a craniotomy, and
injections of fluorescein isothiocyanate-labeled dextran in Sprague-Dawley rats
(Kleinfeld et al., 1998). Desired areas of interest are typically below the pia therefore,
fluorescence confocal imaging is required to achieve imaging at the required depth. The
coupling of a craniotomy and injection of fluorescent dye allows for the imaging of blood
flow up to 600um below the pia. As well this technique allows the capillary RBC velocity
to be quantified both at rest and following vibrissae and cutaneous stimulation, with both
stimulations causing a transient increase in RBC velocity. This method to study the

cerebral microvasculature has been applied in several studies to examine the response to



inflammatory agents, and the redistribution of blood flow following vessel occlusion
(Schaffer et al., 2006).

In the past decade, with development of new elongated or “stick” objectives there
has been success in the use of IVVM in the heart to image individual cells within tissues
(Lee et al., 2012). This preparation involves dissection of the pericardial sac of an
anaesthetized animal for access to the visceral layer of the epicardium. To stabilize the
tissue, a ring is bound to the visceral layer of the epicardium using a bonding agent and
returned to the resting position. A further limitation of imaging the heart is the
requirement for short capturing periods coinciding with the non-dynamic periods of
ventilation and cardiac cycle that minimizes excess movement of the tissue. This
technique has been used to study leukocyte recruitment in the myocardium following
ischemic reperfusion injury and computer reconstruction of vessels of the heart (Lee et
al., 2012). Intravital imaging of these organs are challenging due to the thick nature of the
tissue, making them unsuitable for transillumination.

Studying the microcirculation in organs throughout the body provides valuable
insight into the impact that perturbations have on various tissue. The musculoskeletal
system is frequently used as a model to evaluate the responsiveness of the
microcirculation to a variety of factors including exercise and oxygen perturbations.
Individual muscle preparations have been selected based on their physical characteristics,
particularly their ability to be transilluminated and used with IVVM equipment. Viable
muscle preparations must lend themselves to surgical isolation and externalization.
Characteristics of viable muscle preparations include muscles being of adequate size, the

ability to separate the muscle from surrounding structures, preservation of nervous



innervation, and the ability to situate the muscle on imaging equipment without impairing
blood supply. These characteristics are not the same for each muscle and therefore
require consideration when developing the specific muscle preparation.

With the above considerations in mind, preparations applying [VVM have been
developed to study the microcirculation of muscles throughout the body, including cheek
pouch, cheek pouch retractor, cremaster, gluteus maximus, and the EDL muscle. The
cheek pouch is a unique anatomical structure in some rodents (hamster) that forms a sac
and was among the first tissues to be used as a method to study the microcirculation of
hamsters (Lutz et al., 1950). The cheek pouch has provided valuable insight into the role
of conducted signaling in arterioles (Duling & Berne, 1970) and blood flow regulation
(Fox & Frame, 2002). There have been two main preparations related to the hamster
cheek pouch; one for studies at low magnification to observe effects in a larger area of
tissue, and a second technique which can be used for studies at high magnification for
improved imaging of arterioles. However, due to the necessary removal of one of the two
layers of tissue, the surgical preparation of the cheek pouch for high magnification
requires more skill, is more challenging, and is time consuming (Duling & Berne, 1970).

Following the cheek pouch preparation, the hamster cheek pouch retractor muscle
preparation was developed to facilitate studying O> transport from the microcirculation
into the tissue (Sullivan & Pittman, 1982). The length of the retractor muscle is desirable
for intravital setups that are equipped for transillumination as the cross-section is thin and
oblong. Structurally, the vasculature, particularly the capillaries, are oriented parallel to
the muscle fibers running along the long axis of the muscle. This preparation was used to

develop several techniques and tools to determine the O» saturation of RBCs along the



length of capillaries (Ellsworth & Pittman, 1986). An additional advantage of this
preparation is the ability to use both superfusion and isolation techniques. However, the
retractor preparation is not ideal for microscopy setups that cannot transilluminate a
muscle with a thickness greater than 400 pm.

The use of common skeletal muscle preparations that are thin and able to be easily
transilluminated for blood flow regulation studies is highly desirable. Due to this, other
muscle preparations have been developed to satisfy the need for a thin tissue suitable for
visualizing multiple branches of the arteriolar tree. One of these easily externalized
preparations is the cremaster muscle. This muscle is responsible for the raising and
lowering of testicles in males and to provide appropriate temperature control in order to
produce viable sperm. The cremaster preparation was first outlined by Grant as a way to
study the microcirculation in living animals (Grant, 1964). The cremaster is pinned out
radially for imaging, and a superfusion fluid is used to bath the muscle with a bicarbonate
buffer (Bagher & Segal, 2011a). Tubing directs superfusion fluid to the cremaster
preparation where the solution is continuously dripped over the muscle. The cremaster
preparation has been regularly used for numerous studies investigating vascular tone and
arteriolar blood flow regulation, which include recent studies into the conducted
signalling response to CO2 and hydrogen (Charter et al., 2018) and vasoactive drugs
(Kurjiaka & Segal, 1995; Lamb et al., 2018).

Interests in the role of muscle microcirculation during locomotion and exercise,
prompted the development of skeletal muscle preparations, as they are often used for
locomotion and mobility. The gluteus maximus, for example, is responsible for

locomotion of the lower hind limb in both rodents and humans. This fan-shaped muscle



has been used for microcirculatory studies as it provides not only the ability to use the
superfusion preparation as described with the cremaster muscle but also is a striated
muscle that can be stimulated to simulate exercise. The gluteus maximus muscle is
isolated and reflected out onto the stage of an upright microscope with care to ensure the
supply of blood is not interrupted, and the muscle is pinned out in the fan shape similar to
in situ orientation (Bearden et al., 2004). Other applications of this preparation include
studying conducted signalling in response to exercise with aging. Specifically, the ability
to simulate exercise through electrical stimulation has been used to evaluate the effect of
aging on exercise-induced conducted vasodilation at the arteriolar level in mice (Jackson
et al., 2010). During exercise, the nutrient and O, demands of the tissues increase,
triggering mechanisms to increase in blood flow to support higher metabolic demand.
Some muscles, due to the orientation and shape of the tissue, are better suited to
either superfusion preparations or to preparations which involve isolation from the
atmosphere through the use of an impermeable membrane. The EDL muscle is a skeletal
muscle preparation that does not require superfusion techniques as it can be isolated from
the atmosphere once externalized. This preparation was used for the experimental study
in the current thesis and will be discussed in detail. Tyml and Budreau first described the
EDL muscle preparation (Tyml & Budreau, 1991). The rat EDL is a striated muscle of
the lower hind limb and, similar to its function in humans, is responsible for paw mobility
by raising the toes during locomotion. In rats, the EDL has two feed vessels, the proximal
and medial arteries, each with paired venous collaterals and nerves (Williams & Segal,
1992). The location of these feed vessels allows for externalization and reflection of the

muscle while keeping the neurovascular bundle intact. The capillaries and capillary beds



are typically oriented parallel to the muscle fibers with terminal arterioles and venules
being perpendicular to the muscle fibers. The EDL preparation, as described by Tyml,
involves the blunt dissection of the muscle and isolating it from the adjacent tibialis
anterior and the biceps femoris muscles (Tyml & Budreau, 1991). Imaging the EDL is
achieved by covering the exposed surface of the EDL and tibialis anterior with a glass
coverslip and covering adjacent muscles in an impermeable plastic film (e.g.
polyvinylidene chloride, Saran). The EDL preparation is advantageous for studying O>
transport in capillaries and also mechanisms of blood flow regulation at terminal
arterioles.

The EDL isolation technique is essential for not only limiting the muscle’s
exposure to the atmosphere and reducing tissue movement due to the animal’s respiratory
motion, but also to provide a suitable optical surface for epi-illumination of the muscle to
evaluate and record microvascular hemodynamic measurements. This preparation is
advantageous compared to superfused preparations due to the lack of prolonged bathing
in a bicarbonate buffered solution and the ability to isolate the muscle from the
atmosphere. However, the ability to interact with the muscle is limited by the overlying
coverslip in this non-externalized orientation.

The progression to combine externalization and transillumination of the EDL
preparation involves similar techniques to those described above (Fraser et al., 2012b).
However, to externalize the muscle, care must be taken to ensure the dissection is close to
the extensor retinaculum, under which the EDL tendons passes, to avoid damaging the
muscle belly. Once dissected, a silk ligature is tied firmly to the distal tendon of the EDL,

and the muscle tendon is cut near the retinaculum to eliminate severing or damaging
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vascular beds within the distal portion of the muscle. Once the tendon is free, caution is
taken to ensure the feed vessels, primarily the medial feed artery, vein, and associated
nerve, are not damaged or stretched. These vessels maintain the blood flow supply to the
muscle, and any damage to these can result in a decrease or lack of blood flow to the
muscle. The animal is placed on the stage of an inverted microscope with the EDL
muscle secured to the stage surface ensuring the length and orientation of the EDL is
similar to that seen in in situ condition (Fraser et al., 2012b).

To achieve isolation from the atmosphere with the externalized muscle, the
muscle is covered with an impermeable plastic film (e.g. polyvinylidene chloride, Saran),
a standard glass coverslip secured with vacuum grease, and a standard glass slide with
vacuum grease on top of the coverslip to improve optical coherence and provide slight
compression across the muscle while also eliminating the need for superfusion solution
(Fraser et al., 2012b). Transillumination of the muscle is achieved using an inverted
microscope allowing vessels within the first 100 um of the surface of the muscle to be
visualized. This externalization of the EDL provides the same benefits as previously
mentioned. However, it also allows for transillumination of the muscle for visualization
and recording of microvascular networks enabling quantification of capillary
hemodynamic and RBC oxygen saturation (sO2). The EDL can be reflected onto a variety
of surfaces for simultaneous manipulation and observation of blood flow regulation in
response to physical or chemical manipulation (Fraser et al., 2012b). Typically, a glass
coverslip is used, thus isolating the muscle from the atmosphere and limiting direct
interactions via intravascular injection. This preparation has also been adapted for the

development and use of a gas exchange chamber paired with micro-outlets of various

11



sizes capable of local gas manipulation (Ghonaim et al., 2013). The characteristics of the
EDL provides a promising platform for the development of other techniques including a
microfluidic device to manipulate a microscale region of tissue to study blood flow

regulation.

Unique preparations for IVVM of muscles have advantages and disadvantages.
Superfusion preparations provide researchers with the opportunity to administer doses of
pharmacological agents to the surface of the muscle, allowing for some spatial
localization beyond that which can be achieved through intravascular administration.
However, the superfusion preparation, results in the muscle being exposed to room air, as
well as subjects the tissue to being continuously washed in a bicarbonate buffered
solution for extended periods of time. This preparation also has limitations when
administering drugs to a spatially specific site due to the flow of the superfusion solution
across the muscle. Isolation preparations do not require the use of a bicarbonate buffered
solution to maintain the muscle, but rather protects the tissue from the atmosphere to
avoid drying out the muscle. As a result, this preparation has comparatively few methods
to interact with the underlying vasculature. These approaches include intravascular
injections of agents which limits the ability to administer to a spatially specific location,
and gas perturbations that can be imposed using custom built gas based microfluidic

devices.
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1.3. Intravital Video Microscopy

The use of IVVM is a common technique used to visualize the microcirculation
and quantify microvascular blood flow in vivo. IVVM imaging systems allow for direct
observation of microvessels in a way that other imaging technologies are unable to
provide. The optical resolution of IVVM systems is necessary for making fine
measurements on discrete vessels and complete networks in an intact tissue. Along with
the ability to directly observe the microcirculation in vivo, recording microscopic fields
for offline analysis is highly valuable. The optical resolution and high frame rates of
digital cameras in modern IVVM setups are particularly advantageous for measuring
vascular geometries, hemodynamics, and capillary RBC O saturation (Ellis et al., 1992;
Japee et al., 2004; Fraser et al., 2012a).

The following characteristics of intravital imaging systems make them well suited
for studying blood flow in capillary networks. Flowing capillaries within an intravital
field are focused upon during video capture, ensuring that in focus capillary segments are
well defined with clearly resolved red cells. Recorded sequences of capillary blood flow
can then be processed offline to generate functional images through a series of
mathematical transformations (Japee et al., 2004). Generation of functional images from
intravital sequences aids in the identification of discrete vessel segments for further
analysis. Fundamentally, a video sequence is composed of a series of individual still
images, or frames (Figure 1.1, Panel A), each of which is defined as an array of pixel
values, representing the light intensities detected spatially across the field by the camera.

Calculations performed at each pixel location over the duration of a captured video
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sequence are then used to create various functional images. For example, a mean
functional image (M) is generated by calculating the arithmetic mean of pixel intensities
(/) from the first to the Nth frame in a sequence at each individual pixel location (x,y), and

an image is constructed from the resulting values as follows (Japee et al., 2004):

1 N
M(x,y) =Nzli(x.y)

The equations used for generation of other functional images including max, min, and
variance images has been previously described (Japee et al., 2004). Generation of various
functional images that provide high contrast between vessels and surrounding tissue
allow for mathematical determination of vessel locations within an intravital field. Sum
of absolute difference (SAD) functional images were employed for this purpose in the

present thesis and are defined by:

N
1
SAD(Y) = 3 ) a6 y) = 1i(x, )|
i=2

Flowing capillaries including those with RBCs and plasma gaps visually appear brighter
in the SAD functional images compared the surrounding tissue due to the variation in
light intensity between series of frames (Figure 1.1, Panel B). These steep gradients in
pixel intensity allow for semi-automated edge detection algorithms to delineate the
geometry of individual capillary segments and describe the centerline along the vessel
(Fraser et al., 2012a). Selection of in focus vessels using this method is necessary for
quantitative hemodynamic and sO; measurements. Such functional images eliminate
uncertainty during selection, ensuring values from analysis algorithms are accurate and

consistent.
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Figure 1.1 Single vessel offline analysis for quantification of capillary
hemodynamics. A) 10 frames of a ten times magnification intravital video microscopy
recording of extensor digitorum longus muscle (every 200" frame over a one minute
capture is shown) and B) MATLAB generated sum of absolute difference image (pink
highlight) shows a single traced in focus capillary segment with single file red blood cell
flow as an example. C) Space-time image of individual pixel intensity fluctuations along
the centerline of the highlighted vessel with time, in frames, on the x-axis and distance on
the y-axis. Hemodynamic and oxygen saturation measurements of panel C space-time
image showing D) capillary hematocrit (%), E) red blood cell velocity (um/s), F) red

blood cell supply rate (cells/s), and G) red blood cell O, saturation (%).
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Hemodynamic measurements are made using the same video sequences (Figure
1.1, Panel A) used to construct functional images from intravital microscopy recordings
(Figure 1.1, Panel B). The passage of RBCs through capillaries causes fluctuating
changes in light intensity due to cells being interspersed with plasma gaps. Space-time
images (STI) (Figure 1.1, Panel C) are generated to trace these fluctuations along the
centerline of a selected vessel resulting in an image structure with time on the x-axis and
distance along the vessel centreline on the y-axis (Ellis et al., 1992). The location of the
red cell is mapped both along the position in the vessel (space) and throughout the
sequence of the recording (time) (Figure 1.1, Panel C). STIs provide the basis for the
measurement of velocity of each red cell throughout the recorded sequence (Figure 1.1,
Panel E). Lineal density is also measured from selected vessel segments to determine the
density, or number of RBCs along a capillary per millimeter of vessel. RBC supply rate is
the number of cells passing through the capillary per unit time, calculated as a product of
velocity and lineal density, and reported in cells per second (Figure 1.1, Panel F). Lastly,
tube hematocrit of the vessel segment is calculated from the measured lineal density,
vessel volume, and the average volume of RBCs (Figure 1.1, Panel D). Hemodynamic
values including velocity, supply rate, and lineal density allow for the quantification of

RBC flux, and blood flow within a given IVVM recording field.
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IVVM recording of capillaries at two wavelengths allows for the determination of
RBC sO» within capillaries due to the differential light absorption of oxy- and
deoxyhemoglobin (Figure 1.2). The selected wavelengths include one isosbestic
wavelength and one oxygen-dependent wavelength for spectrophotometric measurement
of sO2 (Ellis et al., 1990). The light absorption by red cells with the isosbestic wavelength
(e.g. 450 or 420 nm) is insensitive to a change in hemoglobin sO; as the molar extinction
coefficient for both oxy- and deoxyhemoglobin is the same (Figure 1.2). However, the
second wavelength used, the oxygen-dependent wavelength (e.g. 438 nm) is dependent
on the oxygen-saturation of hemoglobin and therefore is sensitive to the relative
concentrations of oxy- and deoxyhemoglobin within the red cell. Optical density, an
effective surrogate for light absorption, is determined by using the incident light intensity
of a plasma gap when no red cells are present and the light intensity of a red cell (Figure
1.1, Panel G). sO, measurements are based on the ratio of optical densities of the oxygen-
dependent wavelength and the isosbestic wavelength. The ratio of the optical density at
the two wavelengths and the oxygen-saturation of hemoglobin is linearly related,
allowing for the spectrophotometric analysis of hemoglobin concentration, as per the
Lambert-Beer’s law, and adjusted via an in vivo calibration (Ellsworth et al., 1987; Ellis
et al., 1990). The imaging system used to collect the experimental data set in this thesis
(outlined in chapter 2) applies these principles which also relate to the process for
hemodynamic measurements as described above. The EDL is well suited for the
application of these approaches to study capillary geometry, blood flow, regulation, and

sO; using the IVVM system described in chapter 2.
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Figure 1.2 Molar attenuation curves for oxyhemoglobin and deoxyhemoglobin.

Isosbestic (420 nm) and oxygen-dependent wavelength (438 nm) indicated with dotted
lines. Colour bar provides a visual reference for the spectral wavelengths indicated on the
x axis. Figure was generated with data from Prahl (1999) and visual representation was

based on Fraser (2012) (Prahl, 1999; Fraser, 2012).
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1.4. Microfluidic Device Uses

Microfluidic devices refer to the techniques and technology that can be used for
the precise control and manipulation of small fluid volumes in a micro-delivery system.
The ability for researchers to manipulate and simulate environments on handheld devices
has been used in many fields including engineering, microbiology, bioengineering and
developmental biology. The development of devices to manipulate small volume fluid
flow within microenvironments is beneficial in many ways including accessibility, cost-
effective tests and the ability to minimize reagents required for testing (Xia &
Whitesides, 1998). Rapid prototyping of microfluidic devices has also increased the
accessibility to use microfluidics in a variety of disciplines. Methods for development and
fabrication of microfluidic devices has expanded since the conceptualization of
microfluidic devices (Xia & Whitesides, 1998; Lathrop, 2013).

As the ubiquity of microfluidic devices increases, the methods to develop and
fabricate these devices range from simple to complex. The first methods to fabricate
device channels through photolithography and micromachining were accomplished using
oxidized silicone and glass. Fabricating devices from glass and oxidized silicone is time
consuming, difficult, and expensive to mold and form custom designed channels. The
ability to manipulate and modify microfluidic channels was a desirable feature. To
circumvent this problem, plastics and elastomers, including polydimethylsiloxane
(PDMS), were introduced for rapid prototyping. PDMS allows for the rapid prototyping

that is highly desirable when developing microfluidic devices for novel applications.
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Use of PDMS and similar elastomers has enabled the rapid development of
microfluidic devices. Microfluidic devices usually involve fluid volumes from picolitres
to microlitres. Flow conditions within microfluidics are typically highly laminar (with a
Reynolds number under 2000) i.e. particles flow past the layers surrounding them in the
absence of lateral mixing, and fluid flows orderly through the device without forming
vortices or irregular flow patterns (Kjeang et al., 2009). Velocity is consistent within
discrete layers. However, the flow near the walls moves at a lower velocity than the flow
at the center. Indeed, it is reasonable to assume a no-slip condition at the wall of a
microfluidic flow channel, which assumes that at the wall the flow velocity will be zero.
This allows the delivery of solute in a fluid within the device to be reproduced
consistently due to the properties of laminar flow.

The use of microfluidic devices has expanded across many disciplines allowing
researchers to manipulate and modify existing technologies for desired uses. Some of the
current common uses of microfluidic devices in industry, clinical practice, and research
include point of care diagnostics, drug discovery, and lab-on-a-chip devices. Specialized
features are often integrated into devices to facilitate specific ends such as
implementation of a screw valve to control the fluid flow from one channel to another
(Fang et al., 2012). Another example of implementation of specialized features occur in
drug discovery to improve the speed and associated high cost. The development of high
throughput microfluidic devices has replaced previously used methods which relied on
higher volumes of fluid, and overall longer periods of time to determine if the
pharmacological agent was targeting the appropriate receptor (Dittrich & Manz, 2006). A

key aspect in the use of microfluidics in drug discovery is the ability to simultaneously
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impose manipulation at the cellular level while also replicating physiologically relevant
conditions. Microfluidic devices have been developed to be used to study the effects a
compound of interest has on cellular signalling and chemotactic cell migration (Wu et al.,
2018).

Commercialized lab-on-a-chip technologies are used in clinical settings and
research environments for on demand blood analysis. Testing a sample of blood with an
i-STAT handheld device has become common practice, requiring only 50 - 100 pL of
blood and 2 minutes to perform multiple tests simultaneously ("Abaxis | Better at Point of
Care," 2019). These commercial devices are made of a plastic polymer that is fashioned
into a disposable cartridge to measure the blood sample’s gas partial pressures, lactate
levels, O2 saturation, and electrolytes. The commercialization of lab-on-a-chip
technology has improved the accessibility to receive on demand blood gas analysis using
handheld diagnostic tools. These devices have specialized aspects which are used in
unique ways depending on their intended application. Common techniques can be applied
to many different areas of specialization depending on the intended use of the device.

While microfluidic devices have been used in many in vitro applications, the
ability to interact with an intact organism has enormous potential to increase the impact
on several fields of study. For example, the use of microfluidics for interrogation into
active neuronal migration in Drosophila was one of the first in vivo microfluidic
techniques to be described (van Giesen et al., 2016). This PDMS microfluidic device,
molded using a master mold with a 300 pm deep channel, can expose neuronal cell
bodies to chemicals of interest while simultaneously imaging the resulting neuronal

activity (van Giesen et al., 2016). This preparation has been used to study the response of
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thermosensitive cells to a change in microfluidic fluid temperature. The technique is
advantageous as the recording of cellular activity in response to thermal and chemical
cues can now be done at the organism level in Drosophila larvae. Refinement of this
device and progression of the technique to include adult larvae for the manipulation of
sensory neurons as well as other signalling processes could be advantageous to better
understand developmental processes and neuronal signalling. Use of microfluidics in this
system enables the controlled chemical and thermal interaction in a constrained region of
an organism to study the responses to stimuli in the intact system of a living organism.
The constrained area of effect is due to the ability for microfluidic devices to manipulate
small volumes in a specific manner over and to a specific region.

As the use of microfluidic devices slowly expands into organism based in vivo
work, the interest of using devices to refine in vivo preparations has become appealing yet
remains particularly challenging to implement. As such, proposals of device development
have been limited. One such proposed idea involves the use of a skin fold chamber for
drug delivery to mice with simultaneous visualization of the surrounding area (Myneni et
al., 2014). The conceptual design of this microfluidic device includes a skin fold chamber
with a channel etched into a glass portion that isolates the desired area from the
atmosphere. Designing the microfluidic in glass would be favorable as the ability to clean
and flush the device between uses without the potential of damaging the channel is
improved. Once the device is in place, perfusion fluid would be pumped into the
microfluidic device such that administration can be targeted to the area of interest. A
major advantage to using microfluidics in conjunction with [IVVM is the ability to target

delivery to a localized area of the tissue and directly observe and record the response.
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Simultaneous manipulation of cell signalling through administration with prolonged
periods of observation are of value when considering the roles of any interrogation has on
the integrated nature of a living system. At the time of writing, this microfluidic device
concept has not been used in any scientific study. Manipulation of in vivo tissues with a
microfluidic device is challenging as the techniques of fluid manipulation cannot be
applied when interfacing with tissue (i.e. increasing the pressure exerted on the tissue to
drive fluid).

Manipulations of local tissue microenvironments in vivo have been pursued using
various techniques. Gas based microfluidic devices have been developed to dynamically
deliver specific gas concentrations to the surface of a skeletal muscle in order to
manipulate blood flow in localized areas (Ghonaim et al., 2011). This microfluidic device
is designed to accommodate a gasket between a coverslip and the upper channel
covering. The gasket provides a space for the gas to travel from inlet to the gas permeable
exchange membrane and to the outlet. Spatially confined perturbations within the tissue
can be made using the gas based device using micro-outlets of varying dimensions (1000
x 200 pm, 100 um in diameter). A proof of concept to alter spatially confined regions of
tissue allowed for the progression of the refinement of the technique to manipulate gas
conditions within the tissue. Although the gas based microfluidic elicits a strong stimulus
for blood flow control to the area, the manipulations are limited to only changes in gas

concentrations with no way to use non-gaseous stimuli.
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1.5. Fabrication Techniques

Microfluidic device fabrication techniques have been evolving since the advent of
the use of microfluidic devices in areas beyond microelectronics. The most common
methods used to fabricate microfluidic devices include soft lithography and
photolithography. Both of these general techniques have advantages and disadvantages
associated with them including the ability to generate structures at micrometer vs
nanometer scale, the cost and time associated with generation, and the accessibility of the
techniques to a wide range of practitioners.

Device fabricators prototype a variety of similar devices to test the effectiveness,
efficiency, and reliability of each device model to determine which design best suits the
application. Soft lithography is the most cost-effective method to generate microfluidic
devices as it involves the use of inexpensive elastomers to form the desired structures of
devices (Taggart & Wray, 1998). Generation of devices using soft lithography techniques
consists of using structures that form the desired channel pattern of the microfluidic
device (Xia & Whitesides, 1998; Rogers & Nuzzo, 2005). Since structures do not need to
be planar, soft lithography can accommodate a wider range of patterned structures.
Structure formation has included the use of polyvinyl adhesive tape, three-dimensional
(3D) printed structures, and wax. However, features can be generated using any substance
that is able to produce well defined shapes and structures (Rogers & Nuzzo, 2005). The
flexibility in generating a range of surface features improves the cost effectiveness of

device fabrication for soft lithography. Researchers are able to generate microfluidic
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devices quickly for prototyping at low cost by using soft lithography and because of this,
soft lithography has increased in popularity over the past several decades.

Photolithography has been a standard fabrication technique in microelectronic
circuit fabrication since the 1950’s (Lathrop, 2013). Photolithography involves generating
a master mold for device molding followed by the use of an elastomer to generate a
device (Gale et al., 2018). Briefly, to generate a master mold, a layer of photoresist resin,
such as Bisphenol A Novolac epoxy, is spun coat onto a pre-cleaned silicon-coated wafer.
A mask with corresponding device pattern cut-out is placed between the wafer and light
source inhibiting light from reaching the photoresist layer. Upon exposure to the light, a
reaction occurs solidifying the exposed photoresist, and the unexposed soluble photoresist
is removed. The underlying exposed silicon and the remaining photoresist layer is then
chemically removed. Following this removal the chip is then coated in silicon dioxide.
Additional layers with varying patterns can be layered onto this mold to generate the
desired master mold. The silicon layer beneath each layer of the cured photoresist will
form the boundaries of the resulting master mold. This technique is beneficial when
designing structures to nanometer precision. However, this process is very time
consuming and also expensive due to the clean room facilities and specialized equipment
required to generate high quality master molds using photolithography.

The development and improvement of fabrication processes to generate
microfluidic devices has increased the accessibility of microfluidic device modification
by users who are new to these techniques. Cost effective strategies have enabled users to
develop and prototype devices quickly and efficiently allowing for the expansion of

microfluidic device uses into many fields and a variety of preparations from

26



microenvironment manipulation in cell culture to manipulation of in vivo tissues, such as

determining mechanisms associated with blood flow regulation.

1.6. Blood Flow Regulation

Blood flow to organs is regulated to match the nutritive requirements of each
tissue, particularly in response to changing metabolic demand. This distribution is
constrained by the overall capacity of the cardiovascular system and the relative needs
amongst tissues. An example of this regulation is the fight or flight response, where
increased demand for blood flow to working muscle results in decreased blood supply to
the digestive system and renal systems due to increased sympathetic activity in resistance
vessels (Gordan et al., 2015). Similarly, blood flow distribution within a tissue is
heterogeneous as the demand for O; and nutrients fluctuates between capillary networks
and the tissue surrounding them. This blood flow regulation is controlled at various levels
of vasculature from high order arterioles to terminal arterioles. The regulation of blood
flow can be achieved through fine spatial regulation and regulating vascular tone of
arterioles.

Fine spatial regulation of blood flow within capillary networks had once been
thought to be due to the action of precapillary sphincters, rings of smooth muscle at the
arteriolar end of capillaries, and metarterioles, which act as a thoroughfare for shunting
blood to areas in need. Zweifach and colleagues were first to illustrate the presence of
precapillary sphincters and metarterioles based on observations made within the
mesenteric microcirculation of rats (Zweifach et al., 1953). It was proposed that the

regulation of blood flow between capillaries is regulated by the constriction and
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relaxation of precapillary sphincters located along the arterioles (Zweifach et al., 1953).
However, studies on other tissues have shown that the presence of precapillary sphincters
and metarterioles is not ubiquitous. Muscle, for example, has neither metarterioles nor
precapillary sphincters as defined by Zweifach and colleagues (Klitzman & Johnson,
1982). The occurrence of precapillary sphincters and metarterioles has remained a topic
of debate amongst microvascular researchers since Krogh’s first proposal of these
structures as flow controllers (Krogh, 1919; Poole et al., 2013). Indeed, description of
these structures is common in most physiology textbooks, which regularly suggest they
are a ubiquitous feature of all tissues (Sakai & Hosoyamada, 2013). It is now understood
that the distribution of blood flow within individual capillary networks within skeletal
muscle depends on the vascular tone of the terminal arteriole and passive rheological
factors (Pries et al., 1996) rather than precapillary sphincters. Although precapillary
sphincters do not control the supply of blood flow to individual capillaries, the capillaries
are thought to contribute to blood flow regulation through conducted signalling. The
ability to regulate blood flow from arterioles to capillary networks relies on the
communication of vasoconstriction and vasodilation stimuli to upstream vessels in
response to transient changes in local metabolic demand.

Vascular tone is the state of arteries and arterioles under basal conditions with a
partial constriction of vascular smooth muscle cells. This partial constriction maintains
the vessel in a state where vessels are neither fully contracted nor dilated. This state
allows vessels to increase or decrease in diameter based on signals from various sources.
Resting vascular tone is accomplished through the partial constriction of the vascular

smooth muscle cells that control arteriolar diameter and thereby modulate blood flow
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through vasodilation and vasoconstriction. To establish this control there are several
mechanisms that maintain vessels within a functional range. These inputs on resting tone
include extrinsic factors such as autonomic nerve activity (Buckwalter & Clifford, 2001),
and intrinsic factors including myogenic and biochemical stimuli (Sandoo et al., 2010).
Under normotensive conditions, changes in blood flow to capillary networks ostensibly
rely on the dynamic modulation of arteriolar vascular tone.

Regulation of arteriolar tone is partially achieved through the sympathetic
innervation of arterioles. Extrinsic sympathetic nerve activity in skeletal muscle can lead
to vasoconstriction through the release of norepinephrine (NE) from postganglionic
sympathetic nerve fibers that binds to a1- and az-adrenergic receptors on arterioles and
the az-adrenergic receptors on terminal arterioles (Buckwalter & Clifford, 2001). NE can
also bind to postsynaptic 2-adrenergic receptors leading to vasodilation, or to
presynaptic o2 receptors on the postganglionic sympathetic nerve to inhibit the release of
NE. Sympathetic stimulation can lead to either dilation or constriction because of these
opposing interactions on the post ganglionic nerve and arterioles.

Intrinsic mechanisms that act on vascular tone arise from several different sources
including myogenic and biochemical or metabolic mechanisms. Myogenic mechanisms
that control vascular tone regulation occur in response to a change in transmural pressure
within the vessel, causing it to stretch leading to constriction of the vessel (Davis & Hill,
1999). Biochemical mechanisms associated with blood flow regulation and vascular tone
include nitric oxide, prostacyclin (PGI), endothelium derived hyperpolarizing factor,
endothelin-1 (ET-1), and thromboxane. These mechanisms act on vascular smooth

muscle cells surrounding arterioles to regulate the dilation and constriction of vessels
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(Sandoo et al., 2010). The release of the former 3 molecules stimulate vasodilation
whereas the latter two lead to vasoconstriction.

Nitric oxide (NO), one of the most potent endothelial derived vasodilators, is
produced through the endothelial nitric oxide synthase (eNOS) pathway. An increase in
intracellular Ca?* allows Ca" to bind to calmodulin that can bind to eNOS. In the
presence of eNOS, L-arginine, NADPH, and O, are metabolized into L-citrulline, NADP,
and NO (Sandoo et al., 2010; Madigan & Zuckerbraun, 2013). NO is produced and acts
on the vascular smooth muscle cells of arterioles, activating guanylate cyclase
responsible for converting guanosine triphosphate to cyclic guanosine monophosphate
(cGMP) (Madigan & Zuckerbraun, 2013). This leads to a decrease in intracellular Ca**
and myosin light chain kinase activity within smooth muscle cells resulting in relaxation
and thus, vasodilation of the blood vessel (Sandoo et al., 2010).

Another mechanism regulating vascular tone is the production of PGI; and
thromboxane. PGL> and thromboxane are produced by the cyclooxygenase-1 (COX-1)
and cyclooxygenase-2 (COX-2) enzymes (Wong et al., 2010). COX-1 and COX-2
enzymes are expressed in all endothelial cells and damaged endothelial cells,
respectively, and are responsible for the conversion of arachidonic acid to prostaglandin
H> (PGH>). PGI: is produced in damaged endothelial cells from PGH> with prostacyclin
synthase. Additionally, PGI; binds to the prostaglandin I> G protein coupled receptor on
smooth muscle cells activating adenylate cyclase, thereby increasing the production of
cyclic adenosine monophosphate. Thromboxane is produced in all endothelial cells from
PGH: by thromboxane synthase. Thromboxane A acts on the thromboxane receptor of

smooth muscle cells and increases the intracellular calcium concentration to cause
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vasoconstriction of the arterioles. These opposing mechanisms act to ensure resting tone
of vessels is sustained and to regulate blood flow to areas downstream.

ET-1, a vasoconstrictor, is released from the endothelial cells after being produced
by endothelin converting enzyme (La & Reid, 1995). Briefly, ET-1 binds to ET-B1
receptors on endothelial cells resulting in vasodilation due to the release of NO and PGI2
as previously described. However, ET-1 further binds to the ETA and ET-B2 that are
coupled to a Gg-protein on vascular smooth muscle cells (Unic et al., 2011). This
pathway is responsible for the conversion of phosphatidylinositol-4-phosphate to inositol
trisphosphate (IP3), which leads to an increase in intracellular calcium from the
sarcoplasmic reticulum leading to vasoconstriction (Bouallegue et al., 2007). Therefore,
ET-1 can act as both vasoconstrictor and vasodilator depending on the local physiological
conditions of the vessel and tissue. These regulators of vascular tone are important as the
regulation of blood flow within a tissue relies on the ability to vasoconstrict and

vasodilate the upstream arterioles.

1.7. Conducted Signalling

In addition to local stimuli that can influence arteriolar tone, vessels are capable of
propagating a stimulus over a distance due to the electrical coupling among vascular
smooth muscle and endothelial cells lining the vascular tree. Conducted signalling along
the microvascular tree is suggested as a mechanism for regulating blood flow to vessels
downstream based on capillary signalling. Conducted signalling consists of electrical
transmission of signals from vessels at a distance for control of the vascular tone and

overall blood flow. This signal is sustained until the origin of the stimulus is remediated.
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Electrical stimuli are generated by altering the membrane potential from the resting
membrane voltage (Bagher & Segal, 2011b; Welsh et al., 2018). This alteration is
accomplished by the movement of ions through channels resulting in a change in
membrane potential. The efflux of K* in response to increased intracellular Ca* produces
hyperpolarization which is spread between endothelial cells through gap junctions. The
electrical signal is spread through alteration of the membrane potential via activation of
ion channels which are responsible for forming transmembrane gradients. Conducted
signals are thought to spread along the endothelial wall through electrical coupling via
gap junctions between endothelial cells, between smooth muscle cells, and between
endothelial cells and smooth muscle cells (Segal & Duling, 1989).

Conducted dilation in arteries was previously described in several preparations
including rodent and cat femoral artery (Lutz et al., 1950; Hilton, 1959). Duling and
Berne demonstrated the effect of conducted vasodilation up to 2 mm from the site of
administration in the microcirculation in response to acetylcholine (ACh) application on
the hamster cheek pouch (Duling & Berne, 1970). The resulting conducted vasodilation
spread farther, up to 2 mm, as higher doses of ACh were applied. Previous work has
demonstrated that the occlusion of the vessel did not impede the conduction of the signal
(Segal & Duling, 1986). However, administration of a depolarizing solution, 137 mM
KCI, resulted in conduction spreading to the point of KCl administration, but not beyond
the treated area (Segal & Duling, 1989). Conduction was also impaired in vessel
segments treated with 18a-glycyrrhetinic acid, a gap junction uncoupler (Yu et al., 2000).

Vasodilation signal conduction via the smooth muscle cells is spread via the K*

influx through various channels including voltage gated, adenosine triphosphate (ATP)-
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sensitive, Ca?" activated, and inward rectifying K* channels (Dora, 2017). These channels
work together to generate cell-to-cell communication amongst the vascular smooth
muscle cells to cause vasodilation both locally and along the vascular tree.
Vasoconstriction conducted signalling in response to vasoconstrictors varies with the
mechanism through which they act (Segal et al., 1999). Reports of conducted signalling
of vasoconstriction in response to phenylephrine (PE) and NE differ across several tissue
types as administration to cheek pouch results in a conducted signal. However, in hamster
and mouse cremaster preparations there is no conducted response to PE, and in hamster
retractor muscle there is no response to PE or NE (Welsh et al., 2018). This difference in
reported signal conduction is thought to be based on differences in preparations, or due to
differences in the innervation of different tissues (Segal et al., 1999; Welsh et al., 2018).
Biphasic vasoactive effects in response to KCl have been observed and are dependent on
the concentration of the dose applied as depolarization of smooth muscle cells leads to
vasoconstriction and hyperpolarization of endothelial cells resulting in vasodilation
(Dora, 2017).

In response to local administration, the conducted responses to vasoactive
substances are due to the mechanisms through which the substances act (Delashaw &
Duling, 1991). Conducted vasodilation can be triggered through the release of NO from
vessels downstream that require a higher flow rate (Sandoo et al., 2010). The vasodilator
substances discussed in Chapter 2 are ACh and ATP. When applied locally, ACh effects
are mediated by binding to muscarinic receptors and through the ability of ACh to induce
hyperpolarization through the endothelium-derived hyperpolarizing factor (EDHF).

Binding of the muscarinic receptors leads to an increase in intracellular Ca?*
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concentration that binds to calmodulin. Ca?" and calmodulin bind eNOS which activates
eNOS to then increase the production of NO (Winter & Dora, 2007). Application of ATP
also leads to a production of NO after binding to the purinergic G protein coupled
receptors P2X4, P2Y and P2Y> on endothelial cells which leads to an increase in
intracellular Ca?* (Burnstock & Verkhratsky, 2010). ACh and NO have both local and
conducted vasodilatory effects as the production of NO from endothelial cells leads to
vascular smooth muscle cell relaxation due to increased cGMP. The conduction of
vasodilation at a distance from the site of administration has been shown previously to
correspond to the production of NO along endothelial cells. However, the administration
of ACh may stimulate vasodilation through the EDHF pathway after inducing
hyperpolarization when NO production is inhibited (Budel et al., 2003). The induced
hyperpolarization originates in endothelial cells caused by an increase in intracellular
Ca?* (Clifford, 2004). The increase in intracellular Ca>* in endothelial cells results in the
hyperpolarization of vascular smooth muscle cells through gap junctions, or through an
increase in activity of the Na*-K*-ATPase, or inward-rectifier potassium channels (Busse
et al., 2002). Conducted dilation along the length of a vessel allows for signal to travel to
larger vessels upstream that can control delivery of blood to an area that is being
stimulated.

Conducted signalling for vasodilation from downstream vessels through NO
release is common in the case of ACh and ATP. However, conducted signalling in
response to vasoconstriction caused by PE application has not been well documented in
the microcirculation. When applied, PE acts on the ai-adrenergic receptor leading to

constriction of smooth muscle cells (Brozovich et al., 2016). This occurs through the
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increase in the phospholipase C pathway which increases IP3 and leads to an increase in
Ca®" in smooth muscle cells. Vasoconstriction in response to PE is thought to occur
locally, yet there is no conduction along the vascular tree (Bagher & Segal, 2011Db).
Lastly, there remains the possibility that the RBCs themselves are involved in
conducted signalling via their ability to serve as a sensor for O,. Erythrocytes release
several vasodilator molecules under low O conditions including NO, S-nitrosothiols, and
ATP (Helms et al., 2018). RBCs as a sensor would potentially play a role in vascular
control due to the oxygen-saturation dependent release of ATP from RBCs at various O2
levels. Fully saturated RBCs release ATP at a basal level, and as these cells desaturate,
there is an increase in ATP release (Jagger et al., 2001). This increasing release of ATP
acts on the endothelial cells through the P2X4, P2Y and P2Y? receptors resulting in
vasodilation (Burnstock & Verkhratsky, 2010). O2 sensing and blood flow regulation via
the RBCs themselves would be an elegant mechanism to regulate flow to capillary
networks via local and conducted signalling to upstream arterioles. There are some
reports in the literature that suggests hemolysis under hypoxic conditions may contribute
to the ATP release observed. However, ATP release has not been observed or
documented to this extent in vivo and is due to release through a combination of
mechanisms other than cell lysis (Mairbaurl et al., 2013; Sikora et al., 2014). Several
factors play key roles in the control of blood flow including fine spatial control,
regulation of vascular tone, and conducted signalling that result in a broader area of
effect. These mechanisms of regulation work in tandem to modulate the delivery of blood

to the tissues that require it.
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2. Development and validation of a novel microfluidic device
for the manipulation of skeletal muscle microvascular
blood flow in vivo

2.1. Introduction

Skeletal muscle blood flow regulation has been a topic of interest since August
Krogh’s 1919 documentation of varying capillary perfusion with red cells at rest and in
response to muscle contraction (Krogh, 1919). In rodent models, the microcirculation is
considered to be composed of vessels which are less than 100 um in diameter, including
arterioles, capillaries, and collecting venules (Bosetti et al., 2016). First order arterioles
branching off of the feed artery incrementally give rise to smaller daughter arterioles
eventually leading to terminal arterioles that supply discrete capillary networks.
Typically, terminal arterioles provide blood supply to pairs of capillary networks each of
which connect to separate collecting venules, which then anastomose with increasingly
larger venules as the vascular system leads back to the heart. Capillaries are the major site
of exchange for nutrients and O to be transported from blood into tissues while also
removing waste and CO: (Poole et al., 2013). Determining the role of the capillaries in
the regulation of blood flow is challenging as current methods used to study blood flow
regulation interact with multiple levels of the microvasculature. The level of perfusion of
capillary networks with RBCs is dynamically controlled to meet the demands of the
tissues that the vessels supply (Segal, 2005; Bagher & Segal, 2011b). This regulation of

blood flow to capillary networks is reliant on vasodilation and vasoconstriction of high
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order arterioles (Segal, 2005). Vasodilation of first and second order arterioles leads to an
increase in blood flow to a proportion of downstream vessels compared with the dilation
of terminal arterioles which only influence flow conditions in capillary networks
immediately downstream. An increase in blood flow facilitates the delivery of nutrients
and O to the tissues and simultaneous removal of CO; and waste products. Further
investigation into the role of capillaries in blood flow regulation requires a novel
approach of administration of vasoactive drugs to a microscale region of skeletal muscle
achieved through development of a microfluidic device with simultaneous visualization
of capillary blood flow.

There are two common types of preparations used to directly observe the
microcirculation of muscle. Superfusion preparations are commonly used in cremaster,
gluteus maximus, and spinotrapezius muscle (Marshall, 1982; Jackson et al., 2010;
Bagher & Segal, 2011a). The experimental setup involves a reservoir of physiological
salt solution (PSS) leading to the muscle. Another common methodology is the isolated
muscle preparation commonly used with fusiform shaped muscles such as the EDL to
isolate the tissue from the atmosphere with a polyvinylidene chloride film and a coverslip
(Tyml & Budreau, 1991; Fraser et al., 2012b). Both of these techniques are the gold
standard in the field. However, the ability to restrict experimental influence to a spatially
specific area (e.g. the capillaries) is very challenging with each of these preparations.

Manipulation of the tissue microenvironment is possible with either of these
preparation types by way of intravascular injection, abluminal delivery using a
micropipette, or topical application of drugs dissolved in superfusion solution. The

techniques for abluminal application of solutes used in superfusion preparations varies
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with target size. Micropipetting a solution onto a target area involves the injection of the
solute directly on, or near a vessel of interest allowing for a more directed administration
compared to dissolving solutes of interest into the PSS and administering to the entire
muscle preparation (Charter et al., 2018). Intravascular injection involves the cannulation
of vessels to administer a substance via the systemic circulation, or through exposure to
vascular beds of interest directly downstream of the cannulation. Drugs can be introduced
intravascularly in both the isolation and superfusion preparations and will potentially
provoke changes in all vessels downstream from the site of injection. The ability to
administer these solutes to vessels of interest while not affecting other vessels would
allow for targeting of specific signalling mechanisms as agonists and antagonists can be
introduced either through the same technique of administration or a combination of the
above techniques. However, there is currently no effective way to continuously
administer drugs to well defined microscale levels of capillary networks and observe the
resulting blood flow response while controlling for diffusional exchange to other regions
within the preparation in order to focus on the role of the capillaries in signalling.
Techniques for targeted manipulation of tissue microenvironments have
previously been developed using a gas exchange chamber (Ghonaim et al., 2011). This
approach allows for a spatially confined gas perturbation to be imposed on the skeletal
muscle tissue with simultaneous visualization. Previously, it has been demonstrated that
perturbation of Oz concentrations in tissue can modulate skeletal muscle blood flow.
Ghonaim and colleagues used various micro-outlets including 100 um diameter circular
windows and 1000 x 200 pum rectangular windows to change blood flow in response to

Os perturbations (Ghonaim et al., 2013). In the same study computer simulations were
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used to describe the partial pressure of oxygen (PO>) distribution in tissue overlying the
micro-outlets (Ghonaim et al., 2013). In silico simulation predicted that the imposed PO»
changes declined as distance from the micro-outlet increased up to 100 pm from the
outlet as the tissue returned to the mean tissue PO> due to regulation. Although there was
strong response to gas changes there are limited perturbations that can be administered to
tissues in the gaseous phase. The ability to observe the microvascular response during
alterations in gas concentrations within the channel served as a precursor to our
development of a liquid based microfluidic for the dynamic delivery of dissolved solutes
to microscale tissue environments in skeletal muscle. We set out to expand the versatility
of the gas exchange chamber using a liquid microfluidic device capable of targeted
delivery of solutes to a spatially confined region of skeletal muscle tissue in vivo.
Microfluidic devices have enormous versatility and can be custom designed to
suit the needs of researchers for precise manipulation of tissue and cell
microenvironments. Microfluidic devices have gained popularity within the past several
years in many areas of research as they allow for fine manipulation (Abgrall & Gué,
2007; Wolfe et al., 2010; Yan et al., 2017). Devices can also be rapidly developed using
inexpensive fabrication techniques through soft lithography (Wolfe et al., 2010; Yan et
al., 2017). Development of devices can be customized to suit the need of researchers for a
task of interest as the ability to modify prototypes and master molds is expeditious
(Wolfe et al., 2010). These techniques have been used in many biomedical research
environments including lab-on-a-chip (Abgrall & Gué, 2007) and organ-on-a-chip
technology (Kimura et al., 2018), electrophysiology (Park et al., 2013), and cell culture

(van Duinen et al., 2015). There are few examples in the literature where microfluidic
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devices have been applied to study physiology in vivo (Ghannad-Rezaie et al., 2012). At
the time of writing, conceptualized microfluidic devices for studying microvascular blood
flow have been proposed (Myneni et al., 2014), but to date there have been no studies that
apply this technology to deliver drugs to skeletal muscle in vivo.

Dynamic manipulation of the tissue microenvironment in a controlled fashion is
highly sought after to study blood flow regulation as the microcirculation in an integrated
system. A microfluidic device provides the ability to influence microscale regions of
skeletal muscle using solutes dissolved in a PSS with a targeted delivery to a
microvascular network of interest. This targeted delivery technique enables researchers to
administer agonists or antagonists continuously while simultaneously recording the
resulting change in blood flow. This device can then be used in many research areas for
various tissues including interrogation of O, mediated blood flow regulation, as well as
the impairment in blood flow regulation in diseased states in skeletal muscle.

In this study, we developed a novel microfluidic device, using soft lithographic
techniques, which was applied in vivo to administer three vasoactive drugs to a
microscale region of skeletal muscle tissue in order to study microvascular blood flow
responses. This device is capable of delivering vasoactive substances with simultaneous
visualization and IVVM recording of the microcirculation exposed to the fluid filled
channel. In order to validate the microfluidic device, vasoactive agonists with well
characterized actions were chosen as they are widely known and have been extensively
studied in many microvascular preparations.

Vasoactive agonists are commonly used for studying the mechanisms of

vasoconstriction and vasodilation in in vivo and ex vivo studies (Furchgott & Zawadzki,
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1980; Buus et al., 1994). For our validation we chose ACh (Winter & Dora, 2007) as a
vasodilator, and PE (Buus et al., 1994; Bridges et al., 2011) as the vasoconstrictor. Lastly,
we also used ATP due to our interest in the role of ATP in O2 mediated flow changes. For
each substance we chose a dose range from 10 to 10~ M based on literature values (Dua
et al., 2009; Moore et al., 2010; Nyberg et al., 2013). ACh is used as a control vasodilator
due to its action on muscarinic receptors of endothelial cells lining blood vessels; the
production of nitric oxide leads to relaxation of vascular smooth muscle cells and results
in vasodilation (Furchgott & Zawadzki, 1980). However, ACh also acts on vascular
smooth muscle cells and can directly cause vasoconstriction (Ludmer et al., 2009). PE,
the vasoconstrictor that we chose, binds to ai-adrenoceptors activating phospholipase C
producing inositol triphosphate which increases Ca?* leading to smooth muscle
contraction (Brozovich et al., 2016). ATP, however, has both vasoconstrictive and
vasodilatory effects that can be observed at different doses. At low doses, ATP causes
vasoconstriction through binding the P2X; receptors on vascular smooth muscle cells.
Conversely, higher doses of ATP results in vasodilation through its action on the P2X4,
P2Y1, and P2Y? receptors located on endothelial cells which produces nitric oxide
leading to vasodilation (Lohman et al., 2012). In addition, conducted vasodilatation of
arterioles (at a distance from application sites) has been documented for the two
vasodilatory agents. Specifically, ACh causes vasodilation 2 mm from the site of
application, and ATP up to 1.2 mm away (Duling & Berne, 1970; Duza & Sarelius, 2003;
Bagher & Segal, 2011b). Local application of vasodilators to terminal arterioles can lead
to vasodilation of upstream vessels that are beyond 1000 pm away which will have an

effect on the downstream vessels of interest (Duza & Sarelius, 2003).
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In summary, our objective was to develop and validate a novel microfluidic
system that is capable of delivering solutes of fixed concentration to capillary networks
and terminal arterioles of skeletal muscle while simultaneously observing blood flow
changes in response to increasing doses of well characterized vasoactive substances. The
device was designed for application to the well-established isolated EDL skeletal muscle
preparation (Tyml & Budreau, 1991; Fraser et al., 2012b). In addition to the empirical
validation of our microfluidic delivery system we also have applied a mass transport
model to predict expected drug concentrations within the overlying tissue volume. Taken
together, this represents the first comprehensive description of how a microfluidic device

can be applied in vivo to manipulate tissue microenvironment and associated vasculature.

49



2.2. Methods
2.2.1. Computer Aided Design

Tinkercad (Tinkercad.com, Accessed October 2017 - September 2019) and
AutoCAD for Mac software (Version Q.46.M.184) was used for the conceptualization of
microfluidic devices and consideration of animal positioning on the device (Figure 2.1).
Designs were developed taking multiple factors into consideration. These factors include
development of a channel of sufficient width, minimum 3 mm, and height, between 0.3
and 0.7 mm, to ensure adequate channel fluid flow rate capable of rapid delivery and
switching of perfusion solutions at the outlet and the adjacent tissue (Figures 2.1, 2.2).
The positioning and total length of the channel was selected to maximize the available
surface area of 25 x 75 mm standard glass slide and considering the arrangement of the
animal’s muscle and limb. Placement of the coverslip, with a centered laser-cut micro-
outlet, and the device inlet and outlet were positioned to suit the limited range of
movement of the limb and the angle to which the muscle can be reflected across the
objective. Computer aided design (CAD) conceptualized devices were used to ensure the
spacing of micro-outlet and the inlet/outlet tubing supports would not interfere with one
another. During prototyping, careful consideration was given to developing a device that
was within a functional working distance of the microscope objective that was to be used

during the in vivo data collection portion of the validation.
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Figure 2.1 Cross sectional schematic of liquid microfluidic intravital video
microscopy experimental setup. The rat extensor digitorum longus muscle was placed
on a novel liquid microfluidic device apparatus for simultaneous intravital video
microscopy and vasoactive drug administration. The liquid microfluidic device was
positioned in a three dimensional printed stage insert of an inverted Olympus [X73
microscope. Schematic adapted with permission from Ghonaim et al. (Ghonaim et al.,

2011).
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Figure 2.2 Computer aided design schematic of the orientation of the extensor
digitorum longus muscle on the liquid microfluidic device. The schematic illustrates
the microfluidic apparatus and includes the image of 600 x 300 um micro-outlet
positioning relative to the muscle. In use, perfusate travels from the inlet of the
microfluidic device to the micro-outlet (where the muscle is exposed to the perfusate and
any added vasoactive drugs), and then from the micro-outlet to the microfluidic device’s

outlet.
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2.2.2. 3D Printing

To facilitate device fabrication, device mould barriers which have a slide insert
and elevated walls were designed using free online Tinkercad software. Barriers were
developed and printed to set a maximum thickness of devices and improve time of
preparation. Barriers were also developed to reduce the amount of PDMS, a silicone
elastomer, that was used. Barriers of sufficient size were designed to surround a standard
25 x 75 mm glass slide while also limiting the amount of mold flashing present along the
surface of the device. The 3D print was done in acrylonitrile butadiene styrene material to
withstand the repeated heating and cooling required for microfluidic device fabrication.

A previously designed microscope stage insert was modified to house the
microfluidic device (Figure 2.3). The placement and design of the microfluidic device
insert was to allow for precise fitting of microfluidic devices within the stage insert. The
last consideration was the maximum thickness of the stage insert within the functional
range of the microscope objectives. This was due to the necessity to be able to change the
microscope objectives during an experiment without obstruction of the objectives and

turret.
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Figure 2.3 Computer aided design image of three dimensional printed microfluidic
stage insert. The three dimensional printed insert was designed to fit the stage of an

inverted Olympus IX73 microscope.
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A custom designed stage platform was developed to provide additional surface
area required for the microfluidic device apparatus (Figure 2.4) along with the limited
space available on the Olympus IX73 standard microscope stage. The stage print was
designed to include supports for the placement of the ventilator tubing, arterial and
venous lines, and the area specified for the microfluidic reservoir. The animal positioning
was largely fixed to ensure the optimal efficiency of the animal monitoring equipment.

The reservoir access determined the location of the barriers for the reservoir container.
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Figure 2.4 Custom computer aided design image of the three dimensional printed

stage for an Olympus IX73 inverted microscope.
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2.2.3. Device Fabrication

Channel structures were patterned using layers of polyvinyl adhesive tape.
Channels were trimmed to 3 mm x 65 mm dimensions with rounded edges using scalpel
and razor blades. Channels were then adhered to standard glass slides which were
thoroughly cleaned with 99 % alcohol to minimize residue prior to device fabrication.
Channel moulds were then left upside down overnight (12-16 hours) with a 5 kg weight
to ensure that the polyvinyl tape had sufficient time to adhere to the glass. On the day of
fabrication, the channel moulds were wiped with 70 % alcohol to remove any debris that
may have been present. The moulds were then transferred to the 3D printed device
barriers described above. The assembled moulds were then placed into large glass,
levelled petri dishes lined with aluminum foil to reduce leakage from the moulds during
curing.

PDMS was mixed from Sylgard 184 Silicone Elastomer Kit (Dow Corning,
Midland, MI) at a 10:1 base: curing agent ratio in accordance with manufacturer
specifications. 20 ml of base and 0.2 ml of curing agent was sufficient for the fabrication
of 2 devices. Mixed PDMS was degassed in a vacuum chamber in 10-minute intervals to
remove bubbles introduced during mixing, once the PDMS was sufficiently degassed
extreme care was taken when pouring PDMS into the completed moulds held in glass
dishes to ensure minimal bubble formation. Uncured devices were then degassed in the
same vacuum chamber in 10-minute cycles to remove the bubbles that were present.
Tubing supports were made prior to assembling the microfluidic devices by pouring
PDMS mixtures in small plastic petri dishes until an approximate height of 8 mm. PDMS

was then cured at 90 °C for 120 minutes, demoulded, and cut into 10 x 10 mm sections.
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Sections were then punched with a 3 mm round punch. Tubing supports were placed in
the liquified PDMS at both end of the channel, small pieces of polyethylene tubing were
placed into each of the supports to ensure access to the channel and remaining support
was filled with PDMS. The glass dishes holding completed devices were then placed into
a preheated 90 °C bench oven and allowed to cure for 120 minutes.

The dishes containing devices were removed and allowed to cool for 5-10 minutes
at room temperature to allow for safe handling. Cured devices were then carefully
demoulded and trimmed with a razor blade to remove flashing and excess PDMS. Tubing
pieces were carefully removed from supports. Access to the center of the channel was
achieved by cutting a 4 x 15 mm rectangular opening into the centre of the channel using
scalpel and razor blades. Devices were then cleaned to remove stray pieces of PDMS and
mounted onto a standard 25 x 75 mm glass slide. Polyethylene 60 tubing was inserted
into the inlet and outlet support as an interface between the reservoir and the device. The
top surface of device was covered with clear tape and whole devices were placed into
petri dishes to reduce dust accumulation prior to use. When preparing device for use, a
coverslip with a 300 x 600 um laser cut micro-outlet (Figure 2.5) (Potomac Photonics,

Maryland) was centered over the channel opening.
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500 pm

Figure 2.5 Laser cut 300 x 600 pm micro-outlet in 25 x 25 mm glass coverslip. A)
Computer aided design model of 300 x 600 um micro-outlet in 25 x 25 mm glass
coverslip, B) ten times magnification view of in 25 x 25 mm glass coverslip that
interfaces the muscle and liquid channel and C) brightfield ten times magnification view

of the extensor digitorum longus microcirculation with a 300 x 600 pm micro-outlet.
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2.2.4. Animal Protocol

Male Sprague-Dawley rats (n=18, 149-208 g) were received from Charles River
laboratory 5 days prior to the experiment to ensure animals were acclimatized to animal
care facilities. Animals were allowed to eat a standard Teklad 18 % Protein chow diet
(Envigo, Madison, Wisconsin, USA) and drink ad /ib. All animal protocols were
approved by the Memorial University Animal Care and Use Committee. On the day of
experiments animals were anaesthetized with an intraperitoneal injection of sodium
pentobarbital (65 mg/kg) (Euthanyl, Bimeda-MTC, Cambridge, Ontario, Canada). Once
the animals were sufficiently anaesthetized to a surgical plane, several sub cutaneous
injections of lidocaine (20 mg/ml) were administered along the midline of the neck
between the jawline and sternum. A rectal temperature probe was inserted to monitor the
animal’s core body temperature throughout the experiment. A heating pad (Harvard
Apparatus) and heat lamp were used to maintain the animal’s temperature between 36
and 37 °C.

A neck incision was made to along the midline of the neck to dissect the left
common carotid artery. Once the carotid was isolated, portions of the vagus nerve plexus
surrounding the artery were carefully separated from the vessel and kept intact. The
carotid was then cannulated towards the heart with polyethylene 50 tubing (Intramedic,
inner diameter 0.58 mm, outer diameter 0.965 mm). The arterial cannula was constantly
perfused with 1 international unit (U)/ml heparinized saline connected to a Digi-Med
blood pressure analyzer to monitor and record animal status. Using the manufacturer’s

software, the animal’s systolic, diastolic, mean arterial pressure (MAP), and heart rate
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were recorded and stored. Following the arterial cannulation, the right external jugular
vein was isolated and cannulated in the direction of the heart with 0.635 mm outer
diameter Silastic tubing (Dow Corning, Midland, Michigan, United States) used for fluid
resuscitation of heparinized saline (1 U/ml) (0.5 ml/hour) and maintenance anaesthetic
administration as required. The animal’s heart rate and blood pressure were evaluated
every 30 minutes for variability as well as testing the palpebral reflexes and toe pinch to
ensure acceptable depth of anaesthesia. Maintenance doses of sodium pentobarbital
anaesthetic (22 mg/kg) were administered when the animal’s MAP exceeded 110 mmHg
or if the animal responded to adverse stimuli. A tracheotomy was performed, and the
animals were mechanically ventilated with a gas mixture of ~30 % O and 70 %
Nitrogen. Respiratory rates and volumes were calculated based on the animal’s weight.
Respiratory rate, per minute, was automatically calculated by the Harvard Apparatus
Inspira ventilator using the equation 53.5 x M, 2%, where M}, is the animal’s weight in
kilograms. Respiratory volume, in litres, was determined automatically by using the
equation 0.0062 x M,'-%!. Following completion of the tracheotomy the neck incision was
sutured closed with a continuous lock stich.

The right EDL, a muscle of the lower hind limb, was blunt dissected and isolated
as previously described (Tyml & Budreau, 1991; Fraser et al., 2012b). The skin over the
lateral portion of the leg was wiped with 70 % alcohol and 0.9 % sterile saline before
being removed. The muscle was isolated using blunt dissection techniques. The distal
tendon was located, and a 4-0 silk suture was tied to the tendon close to the retinaculum
using a reef knot. The distal tendon was then cut, the muscle was lifted and cleared from

the remaining tissue without damaging the feed artery and vein.
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The animal was then transferred onto the 3D printed custom stage of an Olympus
IX73 inverted microscope. The microfluidic device was filled with buffered Krebs
solution (37 °C, pH 7.4) with the following composition (in mM): sodium chloride
(NaCl) 114, potassium chloride (KCl) 4.7, potassium dihydrogen phosphate (KH>PO4)
0.8, magnesium chloride (MgCl,) 1.2, calcium chloride (CaCl) 2.5, D-Glucose 11,
sodium bicarbonate (NaHCO3) 25, HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) 10. Care was taken to avoid introducing bubbles into the
tubing or flow channels. The device was inserted into the custom stage insert and
shimmed such that it was level with the stage surface. The EDL was reflected over the
microfluidic device micro-outlet at an in situ length and position. The muscle was then
covered with polyvinylidene chloride film (Saran, Dow Chemical Canada inc., Toronto),
and bathed in sterile saline warmed to 37 °C. The muscle was gently sealed using a
standard coverslip and standard glass slide with vacuum grease applied to the edges (Dow
Corning, Midland, Michigan, United States). In a subset of experiments, a thermocouple
was placed beside the muscle to measure the temperature at the muscle. The temperature
probe, muscle suture and cannulas were secured to the stage with adhesive tape. Once
transferred, the animals were acclimated on the stage for 30 minutes or until animal’s
core temperature reached 36.0 °C and the animal’s MAP was above 80 mmHg.

After the acclimation period was complete, the arterial cannula was briefly
disconnected, and a 0.5 ml arterial blood sample was taken. The blood sample was loaded
into a CD4+ blood gas analyzer cartridge and inserted into a handheld VetScan iSTAT
(Abbott Point of Care Inc., Princeton, New Jersey). The blood gas analyzer provided

values for pH, partial pressure of carbon dioxide (PCO>), PO», base excess in the
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extracellular fluid compartment concentration, bicarbonate (HCO3) concentration, total
carbon dioxide, oxygen saturation (sO), and lactate concentration. Ventilation rates and

volumes were adjusted to maintain PCO; and PO, within physiological range as required.
2.2.5. Capture Protocol

The IVVM apparatus was composed of a 300 W Xenon arc light source (Sutter
Lambda LS, San Francisco, USA) connected to an inverted microscope (Olympus 1X73,
Tokyo, Japan). The muscle was trans-illuminated and transmitted through a beam splitter
(Optosplit 11, Cairn, Kent, UK) that allowed for simultaneous parfocal capture of an
isosbestic wavelength (both 450 and 420 nm filters were used) and an oxygen-sensitive
wavelength (438 nm). Recordings were taken using an OrcaFlash4.0 v3 digital camera
(Hamamatsu, Japan), being viewed and controlled using HCImage Live software
(Hamamatsu, Japan) on a desktop computer. Each capture consisted of a 60-second
recording, at a 30 frames/second. Exposure rates were adjusted prior to each recording to
maximize light intensity of the field and ranged between 5 — 30 ms.

IVVM recordings of in focus capillaries directly overlying the micro-outlet were
taken at ten times (10X) magnification for multiple focal planes to maximize the number
of in focus vessels. Recordings were made while MAP were between 90 — 100 mmHg,
rectal temperatures between 36.0 - 37.0 °C, and while the microfluidic device was
perfused with various solutions. Baseline focal plane recordings were made following the
equilibration period and once the arterial blood samples were within the physiological
range. For each focal plane, focus was carefully maintained on selected vessels

throughout the capture sequence. Following the focal plane recordings extended depth of
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field (EDF) recordings were completed. EDFs were recorded by beginning at the surface
of the muscle and progressively focusing into the first 100 um of the muscle and

returning back to the surface during a 60 second capture. These recordings were made at
the window and the areas surrounding the micro-outlet to show all vessels perfused with

red cells in the first 100 pm of the muscle.
2.2.6. Vasoactive Drug Administration

Doses of vasoactive substances were prepared on the day of the experiment in
sequential doses of 107 to 10> M for ACh and PE, and 10 to 10> M for ATP. The
microfluidic device was perfused with each dose allowing the dissolved drugs access to
tissue directly overlying the micro-outlet. Doses were determined based on literature
values which resulted in a significant change in arteriolar diameter for both suffusion and
intravascular injections of the vasoactive drugs (Dua et al., 2009; Moore et al., 2010;
Nyberg et al., 2013). Sequential doses were loaded into the stage reservoir and conducted
to the microfluidic device inlet. Flow through the device was controlled by a downstream
siphon connected to a 4 way stopcock. Due to the siphon, there was a slight negative
pressure exerted on the muscle from within the micro-outlet, this pressure provided a seal
around the outlet and eliminated the possibility of leaks.

The device was perfused for 3 minutes with each drug concentration to ensure
adequate time for washout and for the muscle to be exposed to each dose as the flow rate
through the device was ~4 ml per minute. For all drug concentrations, the same focal
planes were recorded within the window to maximize the number of analyzable

capillaries at each dose. At the highest dose of all drugs, following focal plane recordings,
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EDF recordings were made at, and around the window, as described above. To change
the perfusion fluid, the stopcock was closed to the device to stop the flow and the
reservoir was changed to the next dose, once the change was made the stopcock was
returned to the flowing position. The first vasodilator, either ATP or ACh, was put
through the device following baseline recordings starting at the lowest dose. The device
was then immediately perfused with second vasodilator in the same fashion as the first
vasodilator. Later experiments limited the dose response protocol to one vasodilator and
extended Krebs solution washout to quantify the washout period. Pre-PE baseline
recordings were completed following vasodilators using the previously mentioned
buffered Krebs Solution. Increasing doses of PE, a vasoconstrictor, were administered to
the muscle through the device following the Krebs solution.

In a subset of experiments, upon completion of the dose response protocol, the
apparatus was perfused with Evan’s blue dye (0.5 %) to verify the seal integrity between
the muscle and the micro-outlet surface. Evan’s blue is a biological dye that has a high
affinity for albumin causing tissue coming in contact with the dye to be brightly stained,
thus demarking the area of exposure to the fluid flowing through the channel. Further,
any loss of integrity between the muscle and the device resulted in air being drawn into
the device. While perfusing with the dye the interface between the tubing and supports at
the inlet and outlet of the device was observed to ensure there were no leaks. Evan’s blue
was used to assess the contact interface between the exposed muscle surface and the fluid
in the channel while also ensuring that there was adequate exchange throughout the entire

length of the micro-outlet.
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2.2.7. Offline Analysis

Analysis of individual capillaries was carried out using custom software written in
MATLAB (Mathworks, Natick, Mass., USA). The captured TIFF images recorded during
experiments were split into their respective wavelengths. The processing software also
generated AVI videos and functional images including pseudo optical density, variance,
and SAD images. A naming convention was used to ensure vessels were analyzed in all
doses of the experiment. From these processed files, each experiment was loaded into a
program used to generate STIs similar to that described previously (Ellis et al., 1992). In-
focus capillaries with single file flow RBCs of focal plane recordings were selected,
named and the walls of the capillaries were traced using a semi-automated algorithm
(Fraser et al., 2012b). A third program was used for the final analysis of the generated
STI to measure velocity and lineal density, and to calculate RBC supply rate in cells per
second (Ellis et al., 1992).

Composite EDF maps were generated using a custom MATLAB program that has
been described previously (Fraser et al., 2012b). In this program, individual functional
images were loaded and registered to one another with common discernible features in
overlapping images used as seed points for a two-dimensional fast Fourier transform
based registration algorithm. This program was used to create a spatial map of all
perfused vessels within the first 100 pm of the surface and their orientation with respect

to the micro-outlet window for the highest dose of each of the drug interventions.
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2.2.8. Hemodynamic Data

The resulting 60 second average of the hemodynamic data from the custom
MATLAB program were organized by vasoactive drug, dose, and vessel identification
number into Excel spreadsheets and copied into Prism (Graphpad, California, USA) for
statistical analysis. Standard error of the mean was calculated in Prism based on the
means of individual capillary data at each dose.

Analysis of Variance (ANOVA) and Kruskal-Wallis multiple comparisons tests
were used on individual vessel hemodynamic data. There was a large variability in each
animal at each dose because of this data from individual capillaries from various animals
can be compared. Due to the heterogeneity in microvascular blood flow throughout each
dose the data does not fit a normal distribution and was therefore considered non-
parametric. ANOVA was used to analyze the mean values for each of the hemodynamic
parameters. Following the significant result of one-way ANOVA tests, the Kruskal-
Wallis multiple comparison test was used to compare each dose to the corresponding

baseline and other respective doses. A p value of < 0.05 was considered significant.
2.2.9. Tissue Mass Transport Model

To aid with the interpretation of experimental results we applied a mathematical
model that describes the expected tissue concentrations of each drug across the range of
experimental conditions described above. Concentrations of vasoactive drugs were
simulated in 3D over time. Concentration, C, was determined by numerically solving the

following partial differential equation, for each drug:
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where D is the diffusivity of the drug in tissue, V2 is the Laplacian operator for the drug
concentration, ¢q is the rate of transport into/out of the blood, Cj is the concentration of
the drug in the blood, V. is the maximum rate of degradation of the drug in the tissue
and K, is the Michaelis constant representing the concentration at which the degradation

rate is half of V. The parameters used in our model are summarized in Table 2.1.
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Table 2.1 Parameters used in mathematical model.

Parameter Value Source
Acetylcholine

D 4.00 x 107 cm? s°! (Land et al., 1984)

q 1.037 x 107! ¢! calculated®

Cp 0

Voax 483 x 102 uM s! (Miledi et al., 1984)

K, 6.2 mM (Miledi et al., 1984)
ATP

5.035x10%cm? 7! (de Graaf et al., 2000)

q 1.306 x 107! ¢! calculated®

Cp 1.06 uM (Wood et al., 2009)

Viax 1.00 x 1072 uM 57! (Yegutkin, 1997) *

K, 143 uM (Yegutkin, 1997)
Phenylephrine

D 9.00 x 107® cm? s°! (Bevan & Torok, 1970)

q 2.334x 107! g! calculated®

Cp 0

Vmax 0

g, = DD—;qOZ with Dy, = 2.41 x 107° cm?s~! (Bentley etal, 1993) and

do, = 0.625s~! (Goldman, 2008)

¥ calculated assuming a sarcoendoplasmic reticulum Ca%+-ATPase density of

11.25 mg/mL.

An implicit-explicit temporal discretization scheme was implemented as described

previously (Ascher et al., 1995) where the linear source terms were evaluated at the

current time step, and the other terms were evaluated at the previous time step. The

spatial derivatives were discretized using a second order central difference scheme. The

PDE was solved in parallel on a graphical processing unit (GPU) implemented in CUDA

(J. Nickolls, 2008). The numerical grid was spatially decomposed onto a 1024-core GPU.
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2.3. Results

2.3.1. Systemic Measurements

Animal weight, and systemic physiological animal monitoring data are shown in
Table 2.2. Animal weights were measured immediately prior to experiment. Mean
arterial, systolic, and diastolic blood pressures are the mean values recorded from the start
of the capturing protocol and therefore include times immediately following
administration of anaesthetic. Mechanical ventilation respiratory rate and fraction of
inspired oxygen (FiOz) are shown.

Arterial blood gas sample results are listed in Table 2.3. The temperature at the
surface of the muscle, measured with a thermocouple positioned adjacent to the muscle
belly ,was found to be 29 °C throughout the capture period. A minor variation in
temperature was seen during the heat lamp cycling. Efforts were made to block the
muscle from being directly exposed to the heat lamp by shielding the device and muscle

as much as possible.
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Table 2.2 Systemic physiological animal monitoring data of anaesthetized male Sprague-

Dawley rats that completed the experimental protocol.

Mean Standard Deviation

Animal Weight (g) 174.1 14.2

Mean arterial pressure (mmHg) 88.6 6.4
Systolic blood pressure (mmHg) 94.0 7.0
Diastolic blood pressure (mmHg) 81.0 6.2

Heart rate (beats per minute) 412 254

Fluid infusion rate (ml/hour) 0.5 0

Fi0O2 (%02) 34.9 1.5
Respiratory rate (breaths/minute) 72 1.8

Note: FiO, fraction of inspired oxygen. N = 18 animals
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Table 2.3 Arterial blood gas analyzer measurements of anaesthetized male Sprague-

Dawley rats.

Mean Standard Deviation
pH 7.408 0.04
PCO; (mmHg) 46.9 5.00
PO; (mmHg) 136.0 20.84
BEecf (mmol/L) 4.83 2.87
HCO3 (mmol/L) 29.5 2.45
TCO; (mmol/L) 30.8 2.66
sO2 (%) 98.8 0.73
Lac (mmol/L) 1.28 0.51

Note: PCOa», partial pressure of carbon dioxide; PO., partial pressure of oxygen; BEecf,
base excess in the extracellular fluid compartment concentration; HCOs3, bicarbonate
concentration; TCOa, total carbon dioxide; sO2, oxygen saturation; Lac, lactate

concentration. N=18 animals
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2.3.2. Hemodynamics Measurements

Hemodynamic measurements of analyzed capillaries in response to increasing
doses of ATP are shown in Figure 2.6, Figure 2.7, and Figure 2.8. Individual analyzed
capillaries from 9 anaesthetized Sprague-Dawley rats are shown in Table 2.4 for each
sequential dose. The numbers of analyzed capillaries varied at each dose due to shifts in
focal plane and ability to select vessel segments due to limitation of the analysis software
relying on capillary hemodynamics (e.g. high hematocrit, high velocity). Capillaries from
each animal were analyzed for each dose. Symbols correspond to the one minute mean of
individual capillary measurements collected over 1800 frames (30 frames / s). The
symbols represent individual capillary data from the 9 animals.

There was a significant increase in RBC velocity in capillaries between baseline
and ATP 10 M (p = 0.0064). There was a significant increase in RBC supply rate from
baseline to ATP 10 (p = 0.0472), and 10> M (p = 0.0254). There were no significant

differences in capillary hematocrit values across all doses.
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Table 2.4 Hemodynamic measurements in response to increasing doses of adenosine

triphosphate.
ATP ATP ATP ATP ATP ATP
Baseline
1M | 107"M | 10°M [10°M |[10*M |10 M
n
53 48 49 47 47 41 41
(Capillaries)
18.9 12.8 154 14.5 19.4 224 22.3
Hematocrit
+2.3 +2.0 +2.1 +1.8 +2.1 +2.1 +2.2
(%)
Velocity 213.7 210.0 | 202.1 183.9 | 2874 |393.2 |425.0*%
(nm/s) +23.5 +32.1 |£26.0 |+£23.6 |+£339 |£52.8 |£49.1
Supply Rate | 15.5 10.6 11.4 11.0 24.3 34.4% | 33.9%
(cells/s) +3.2 +2.2 +2.3 +2.3 +4.4 +5.5 +6.4

Note: ATP, adenosine triphosphate. + standard deviation; * p < 0.0472 compared to

baseline; data from 9 animals.
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Figure 2.6 Capillary hematocrit in response to increasing doses of adenosine
triphosphate. Doses of adenosine triphosphate (ATP) from 10 M to 10> M were
delivered via the microfluidic device. The mean capillary hematocrit at each dose is
indicated and error bars represent the standard error of the mean. ¥ p < 0.0094 compared

to 10 M. n=41-53 capillaries (in 9 animals)
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Figure 2.7 Capillary red blood cell velocity in response to increasing doses of
adenosine triphosphate. Doses of adenosine triphosphate (ATP) from 10*M to 10° M
were delivered via the microfluidic device. The mean red blood cell velocity at each dose
is indicated and error bars represent the standard error of the mean. * p = 0.0064
compared to baseline, ¥ p = 0.0009 compared to 10 M, # p = 0.0017 compared to 10~

M, T p <0.0269 compared to 10 M. n=41-53 capillaries (in 9 animals)
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Figure 2.8 Capillary red blood cell supply rate in response to increasing doses of
adenosine triphosphate. Doses of adenosine triphosphate (ATP) from 10®¥ M to 10° M
were delivered via the microfluidic device. The mean red blood cell supply rate at each
dose is indicated and error bars represent the standard error of the mean. * p < 0.0472
compared to baseline, ¥ p < 0.0012 compared to 10* M, # p = 0.0063 compared to 10~

M, T p <0.0071 compared to 10 M . n=41-53 capillaries (in 9 animals)
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Hemodynamic measurements of analyzed capillaries in response to increasing
doses of PE are shown in Figure 2.9, Figure 2.10, and Figure 2.11. Individual analyzed
capillaries of 11 anaesthetized Sprague-Dawley rats are shown in Table 2.5 for each
sequential dose. The numbers of analyzed capillaries varied at each dose due to shifts in
focal plane and ability to select vessel segments due to limitation of the analysis software
relying on capillary hemodynamics (e.g. high hematocrit, high velocity). Capillaries from
each animal were analyzed for each dose. Symbols correspond to the one minute mean of
individual capillary measurements collected over 1800 frames. The symbols represent
individual capillary data from the 11 animals.

There was a significant decrease in RBC velocity, supply rate, and hematocrit

between the pre-PE baseline and PE 10 (»p < 0.0001) and PE 10 M (p < 0.0001) doses.

78



Table 2.5 Hemodynamic measurements in response to increasing doses of phenylephrine.

Pre-PE PE PE PE PE PE

Baseline | 107M 10M 10°M 104M 10°M
n

55 66 67 65 67 64

(Capillaries)
Hematocrit 15.2 15.5 12.3 8.6 4.0% 4.2%
(%) +23 +2.7 +1.6 +1.2 +0.9 +1.4
Velocity 280.9 266.3 272.3 178.0 82.0%* 42.3%
(nm/s) +39.7 +34.6 +36.6 +27.3 +21.8 +12.5
Supply Rate 18.8 15.13 13.4 7.8 2.9% 2.4%
(cells/s) +3.8 +29 +2.7 +14 +1.1 +0.9

Note: PE, phenylephrine. + standard deviation; * p <0.0001 compared to pre-PE

baseline; data from 11 animal.

79



100-
a “#11
*#11
80~
=
-
(&)
(o]
el
m A
qE, 604 s
I
>3 ¢t
R e
m A
S 404 | . a
[
3 2 S
E “a o0 A 2
bﬁ A& § a a a
a a A R
24 & 3 % s s .
a a ﬁ 8 A
% <+ £ o
& g == 3 2
AA i
Li 2 3 i == =
8"00 A

N
FE & & & &
Figure 2.9 Capillary hematocrit in response to increasing doses of phenylephrine.
Doses of phenylephrine (PE) from 10”7 M to 10~ M were delivered via the microfluidic
device. The mean capillary hematocrit at each dose is indicated and error bars represent
the standard error of the mean. * p <0.0001 compared to pre-PE baseline, # p < 0.0001

compared to 107 M, T p <0.0001 compared to 10 M, £ p < 0.0429 compared to 10> M.

n=55 to 70 capillaries (in 11 animals)
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Figure 2.10 Capillary red blood cell velocity in response to increasing doses of
phenylephrine. Doses of phenylephrine (PE) from 107 M to 10~ M were delivered via
the microfluidic device. The mean red blood cell (RBC) velocity at each dose is indicated
and error bars represent the standard error of the mean. * p <0.0001 compared to pre-PE
baseline, # p < 0.0001 compared to 107 M, T p < 0.0001 compared to 10°M, 1 p <

0.0268 compared to 10 M. n= 55 to 70 capillaries (in 11 animals)

81



200
“Ht1
#1111
150+
a
93
©
(14
>A
53 R .
= 1004 =2
=T a
N
: s
= N a
a
a
a a a a a
50- a A a a
& - a
a
8 * s 4 N
A
a 2 é A N
0 Lkeokintdr
RIS

S S S S8
FE & & &

Figure 2.11 Capillary red blood cell supply rate in response to increasing doses of
phenylephrine. Doses of phenylephrine (PE) from 107 M to 10~ M were delivered via
the microfluidic device. The mean red blood cell supply rate at each dose is indicated and
error bars represent the standard error of the mean. * p <0.0001 compared to pre-PE

baseline, # p < 0.0001 compared to 107 M, T p <0.0001 compared to 10°M, 1 p <

0.0068 compared to 10 M. n= 55 to 70 capillaries (in 11 animals)
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Hemodynamic measurements of analyzed capillaries in response to increasing
doses of ACh are shown in Figure 2.12, Figure 2.13, and Figure 2.14. Individual analyzed
capillaries from 5 anaesthetized Sprague-Dawley rats are shown in Table 2.6 for each
sequential dose. The numbers of analyzed capillaries varied at each dose due to shifts in
focal plane and ability to select vessel segments due to limitation of the analysis software
relying on capillary hemodynamics (e.g. high hematocrit, high velocity). Capillaries from
each animal were analyzed for each dose. Symbols correspond to the one minute mean of
individual capillary measurements collected over 1800 frames. The symbols represent
individual capillary data from the 5 animals.

There was a significant increase in RBC velocity between baseline and ACh 107
M (p = 0.0014). There was no significant difference in capillary hematocrit amongst all

doses.
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Table 2.6 Hemodynamic measurements in response to increasing doses of acetylcholine.

ACh ACh ACh ACh ACh
Baseline
10’M 10°M 10°M 104M 10°M
n
57 56 57 64 66 67
(Capillaries)
18.1 15.9 15.0 16.0 18.8 24.1
Hematocrit
+2.4 +2.2 +1.7 +19 +2.1 +23
(%)
Velocity 165.2 155.4 205.6 209.3 196.9 270.3*
(nm/s) +20.4 +16.9 +40.4 +34.4 +20.6 +28.3
Supply Rate 9.9 8.6 11.4 11.9 13.0 19.6
(cells/s) +2.0 +1.8 +3.2 +2.7 +2.5 +2.6

Note: ACh, acetylcholine. * standard deviation; * p = 0.0014 compared to baseline; data

from 5 animals.
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Figure 2.12 Capillary hematocrit in response to increasing doses of acetylcholine.

Doses of acetylcholine (ACh) from 1077 to 10 M were delivered via the microfluidic

device. The mean capillary hematocrit at each dose is indicated and error bars represent

the standard error of the mean. # p = 0.0445 compared to 10”7 M. n= 56 to 67 capillaries

(in 5 animals)
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Figure 2.13 Capillary red blood cell velocity in response to increasing doses of
acetylcholine. Doses of acetylcholine (ACh) from 107 to 10~ M were delivered via the
microfluidic device. The mean red blood cell (RBC) velocity at each dose is indicated
and error bars represent the standard error of the mean. * p = 0.0014 compared to

baseline. n= 56 to 67 capillaries (in 5 animals)
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Figure 2.14 Capillary red blood cell supply rate in response to increasing doses of
acetylcholine. Doses of acetylcholine (ACh) from 107 to 10~ M were delivered via the
microfluidic device. The mean red blood cell supply rate at each dose is indicated and
error bars represent the standard error of the mean. # p = 0.0013 compared to 107 M, t p
= 0.0024 compared to 10 M, ¥ p = 0.0104 compared to 10 M. n= 56 to 67 capillaries

(in 5 animals)
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2.3.3. Functional Perfusion Maps

Extended depth of field captures are used to record all RBC perfused vessels
within the first 100 pm of the EDL muscle surface. These captures record vessels
overlying and surrounding the micro-outlet while qualitatively showing the effect of the
highest does of ATP, ACh, and PE. Figure 2.15 shows the highest dose of ATP (10 M)
results in the area overlying the micro-outlet and the immediate surrounding areas have
higher number of vessels perfused compared to the number of perfused vessels at
baseline. The vasodilatory effect of 10 M ATP was limited to vessels within ~300 pm of
the window and those which were connect to vessel segments passing directly over the
micro-outlet. The vessels beyond this area, seen to the left and right sides of the micro-
outlet, appear similar under baseline and ATP 10~} M perfusion conditions. The extended
depth of field map in Figure 2.16 shows the flowing vessels overlying the micro-outlet
while PE 10 M was delivered to the muscle via the microfluidic device. The decrease in
RBC supply, and visible vessels, overlying the window due to local vasoconstriction was
limited to within 500 pum of the window compared to the vessels shown at baseline. The
number of vessels beyond 500 um from the micro-outlet in all directions appear similar

in response to PE 10 M and baseline.
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Figure 2.15 Sum of absolute difference functional image of microvascular flow at

the highest dose of adenosine triphosphate. Images show perfused vessels within the
first 100 pm of the surface of the extensor digitorum longus muscle of an anesthetized
Sprague-Dawley rat positioned over a 300 x 600 pm micro-outlet indicated by the dotted
rectangle and a liquid microfluidic device perfused with A) Krebs solution (baseline) and

B) adenosine triphosphate 10> M concentration.
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Figure 2.16 Sum of absolute difference functional image of microvascular flow at
the highest dose of phenylephrine. Images show perfused vessels within the first 100
um of the surface of the extensor digitorum longus muscle of an anesthetized Sprague-
Dawley rat positioned over a 300 x 600 um micro-outlet indicated by the dotted rectangle
and a liquid microfluidic device perfused with A) Krebs solution (baseline) and B)
phenylephrine 10-* M concentration. Vessels receiving zero RBCs do not appear in the

functional images.
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2.3.4. Tissue Mass Transport Model Results

Simulations were completed to predict tissue concentrations for each dose of
ACh, ATP, and PE. Drug levels in the modelled volume of tissue were largely dependent
on the boundary condition set at the exchange window and rate of removal within the
volume itself. Representative colour maps of the modelling results are shown for 104 M
ATP in Figure 2.17. As expected, the highest concentration of ATP is found at the
surface of the tissue in contact with the exchange window, with isolines illustrating the
location of 10 and 10 M ATP. This result illustrates a steep decrease in concentration
with increasing distance from the exchange window, falling by two orders of magnitude
within 240 um of the edge of the window in both the x and y directions, and by 300 pm
in the z direction. The increase in the concentration of ATP within the simulated
microfluidic channel raise the concentrations proportionally within the tissue. The tissue
ATP concentration throughout the tissue volume was generally greater than 3.47 x 107 M
primarily due to our initial assumption of ATP levels in the blood (Cy) (Wood et al.,
2009). As such, concentrations below 10”7 M (data not shown) had little effect on

increasing tissue ATP in our simulations.
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Figure 2.17 Mass transport model results for adenosine triphosphate 10 M. The log
scale colour map shows the predicted tissue concentrations with 10 M adenosine
triphosphate at the micro-outlet. Panel A shows the gradients at the surface of the tissue
closest to the microfluidic device, in the same perspective as the micrographs shown in
Figure 2.15. Panel B illustrates the tissue adenosine triphosphate concentrations
perpendicular to the x-y plane centred at the middle of the micro-outlet. Contour lines
indicate the position of 10 and 10> M adenosine triphosphate within the tissue volume
in each panel. Concentrations throughout the volume were above 3.47 x 10”7 M due to the

initial assumption of blood adenosine triphosphate as detailed in Table 2.1.
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The modelling results for ACh and PE differ somewhat from ATP due to the
assumed blood concentrations of zero for both drugs. In the model, gradients for both
ACh and PE were extremely similar at equivalent concentrations due to low rates of
degradation within the tissue volume (data not shown). Similarly, the simulation results
largely scale with concentration at the micro-outlet. Predicted concentrations for PE at 10-
*M are shown in Figure 2.18 and provide a clear representation of the gradients within
the tissue for both drugs. As with the simulations for ATP, there is a steep decrease in PE
concentration with increasing distance as shown by the contour lines that indicate the
spatial position of PE concentrations from 107 to 10 M at the tissue surface and in the
tissue cross section. PE concentrations decrease by five orders of magnitude within 475
um of the edge of the window in both the x and y directions, and by 550 pm in the z
direction. PE concentrations decrease to below 2 x 10713 M in the corners of the 2000 x
2000 pum tissue volume. The predicted time-dependent change in tissue concentration for
the 10* M PE simulation in are shown in Figure 2.19. The curves illustrated are for
points centred in the x-y plane of the micro-outlet at increasing distances from the
window. These transients show a rapid time course to pseudo-steady state in regions that
are within 200 um of the micro-outlet. Time to pseudo-steady state for the entire volume

was <6 minutes for each drug concentration simulated.
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Figure 2.18 Mass transport model results for 10-* M phenylephrine. The log scale
colour map shows the predicted tissue concentrations of phenylephrine with 10* M at the
micro-outlet. Panel A shows the gradients at the surface of the tissue closest to the
microfluidic device, in the same perspective as the micrographs shown in Figure 2.16.
Panel B illustrates the tissue phenylephrine concentrations perpendicular to the x-y plane
centred at the middle of the micro-outlet. Contour lines indicate the distribution PE
concentrations ranging from 10 to 10 M phenylephrine within the tissue volume in

each panel.
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Figure 2.19 Time-dependant changes in tissue phenylephrine as predicted by the
mass transport model for 10 M phenylephrine. The curves illustrate the
concentration at different depths in the tissue centred at the middle of the micro-outlet
when the device is perfused with 10* M phenylephrine. As expected, time to pseudo-
steady state increases with distance from the micro-outlet surface. The time transients are
consistent with experimentally observed changes in blood flow following introduction of

high doses of phenylephrine.
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2.4. Discussion

The goal of the current study was to develop a microfluidic apparatus capable of
delivering vasoactive drugs to a microscale region of skeletal muscle while
simultaneously visualizing and recording the capillary blood flow directly overlying the
device and in surrounding areas for offline analysis. This was achieved by using soft
lithographic techniques to mould a fluid channel into PDMS and bonding it to a glass
slide. Precision laser cut micro-outlets were designed and manufactured using
borosilicate glass coverslips. When mated to channel openings these 600 x 300 pm
micro-outlets became the interface between the fluid in the channel and the EDL muscle
itself. The apparatus was also composed of tubing inlet and outlet supports to allow fluid
flow from a reservoir through the device and to the waste fluid collection point. The
microfluidic apparatus was designed to establish a slight negative pressure at the window
to both ensure a seal between the fluid channel and the muscle as well as facilitate flow of
fluid through the device.

Administration of increasing doses of vasoactive drugs were used to validate that
the device could deliver agents diffusively to the vasculature of skeletal muscle tissue. As
expected, capillary RBC velocity and supply rate increased at the high doses of
vasodilators, ATP and ACh. In contrast, the highest doses of PE resulted in a decrease in
capillary velocity and supply rate. The capability to administer drugs to a microscale
region of tissue continuously, while simultaneously visualizing microvascular blood flow
in a specific region of tissue, is highly desirable when determining the interaction of

multiple blood flow regulation mechanisms. The ability to position the micro-outlet to
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interact with specific vascular structures also allows for targeted delivery to desired
elements of the microcirculatory system including examining the effects caused by
administering various substances to capillary networks, venules or arterioles. Thus, we
have demonstrated that this novel technique allows for specific interactions with the
microcirculation in a spatially confined micro scale region.

For the present study, we applied a range of ATP doses selected based on
previous work in gluteus maximus superfusion preparations (Nyberg et al., 2013).
Previous investigators showed significant vasodilation and increase in blood flow in
second order arteriole (2A) and third order arteriole (3A) order arterioles in response to 5
x 10 M ATP administered via superfusion solution. Abluminal application of ATP has
been documented to have a biphasic vasodilatory response in the cremaster muscle
preparation (Dora, 2017). An increase in upstream vessel diameter leading to an increase
in capillary RBC supply rate and velocity is expected from increasing doses of ATP. This
is what was observed in the gluteus maximus muscle preparation as application of ATP
causes vasodilation at 5 x 10® M (Lohman et al., 2012; Nyberg et al., 2013). In our
preparation, the mean capillary supply rate and velocity response to ATP is similar to
what was seen in other preparations, with the highest doses 10 and 10> M causing a
significant increase in overall capillary supply rate, and a dose of 10-* M resulting in a
significant increase in velocity to the capillaries within the window. This increase may be
partly due to ATP acting on P2X4, P2Y, and P2Y? receptors of endothelial cells which
leads to arteriolar vasodilation (Burnstock, 2006; Lohman et al., 2012). ATP is
metabolised into adenosine diphosphate, adenosine monophosphate and adenosine, all of

which have respective vasodilatory signalling mechanisms. Modelling results for ATP
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indicate that vessels deeper than 100 pm in the tissue are expected to be exposed to
concentrations an order of magnitude lower than the dose flowing through the
microfluidic channel. Further, predicted concentrations of ATP within the majority of the
tissue volume were ~3.47 x 10”7 M, which are comparable to reported interstitial
concentrations of 1.6 x 10”7 M obtained via microdialysis (Li et al., 2005). If tissue ATP
concentrations are indeed within this range, doses within two orders of magnitude of the
mean tissue concentration will only affect microvessels close to the surface of the
window, making targeting individual capillary beds and terminal arterioles near the
surface highly viable.

The range of PE doses were also based on concentrations that cause significant
vasoconstriction in superfusion preparations (Moore et al., 2010). Previous work has
shown that a 10”7 M PE dose lead to a significant vasoconstriction at first order arterioles,
as well as 2A, and 3A arterioles. We administered doses between 10”7 and 10 M through
the microfluidic device which lead to the significant decrease in the red cell velocity, and
supply rate from the 10 dose to 10~ M. This suggests that these doses of PE lead to the
constriction of arterioles leading to the capillary networks that we measured within the
window, effectively shutting down RBC supply to this localized area. Predicted tissue
gradients of PE based on the mass transport model (Figure 2.18) indicate a steep drop in
tissue concentration with distance. The concentrations at a distance from the surface
would be substantially lower than what would be expected if similar doses were applied
in a superfusion solution. Indeed, PE concentration decreased to 10 M by 550 pm, and

as the relative concentration scales with the delivered dose there is a strong potential to
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target a given concentration to specific microvasculature based on distance from the
window.

As detailed above, the vasodilator ACh was also applied with our device as it is a
common positive control used in many preparations in vivo and ex vivo to test the
vascular reactivity of the tissue (Furchgott & Zawadzki, 1980; Emerson & Segal, 2000;
Welsh et al., 2018). The concentrations that were selected were based on those reported
using superfusion solution using abluminal application of doses ranging from 10~ to 10
M that resulted in vasodilation (Dua et al., 2009). We expected a strong vasodilatory
response from ACh via action on endothelial muscarinic receptors, which stimulate the
release of nitric oxide, and causes subsequent relaxation of smooth muscle cells.
Surprisingly, the responses to the lower 4 doses of ACh were not significantly different
from the baseline measurements. This is not what is seen in other preparations where the
arteriolar diameter diameter response to ACh has an effect at doses as low as 10 M
(Dua et al., 2009). The absence of a significant increase in RBC velocity and supply rate
at lower doses is potentially due to the breakdown of ACh by acetylcholinesterase.
However, at 10 M there was a significant increase in RBC velocity and supply rate.
Although ACh effect the M3 receptors of endothelial cells results in vasodilation, a
potential avenue for constriction may be the effect of ACh on the M3 and M2 receptors
on the vascular smooth muscle cells at high doses, while nitric oxide release is impaired
(Toda & Okamura, 2003; Amiya et al., 2014). This effect is unlikely in the current
approach due to the limited area exposed to the high doses of ACh. A limitation of this
approach is that prolonged exposure to high doses of ACh may cause confounding

response to ACh over time. Similar gradients and scalability as described for PE was
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observed in the simulations for ACh. We would expect lower tissue concentrations of
ACh compared to PE due to the activity of acetylcholinesterase in skeletal muscle (Kiss
et al., 2001). However, the modelling result derived from ACh degradation rates reported
in the literature did not predict a notable impact in tissue ACh concentrations from
enzymatic breakdown. Erythrocytes contain acetylcholinesterases and can contribute to
the enzymatic breakdown of ACh at high and low flow states (Herz & Kaplan, 1973). It
is possible that there is some heterogeneity of ACh breakdown across the tissue due to the
variation in hematocrit between individual capillaries.

Extended depth of field maps provide qualitative information relating to the
number of vessels flowing within the first 100 pm of the muscle. These maps include
vessels close to the muscle surface both at and around the micro-outlet. Each EDF map
taken at the highest doses of each vasoactive drug shows a spatially constrained region of
effect of the vasoactive drugs. The vasoactive drugs are delivered through diffusive
exchange from the channel and micro-outlets into the surface of the muscle. The relative
tissue concentration of the drug from the micro-outlet decreases as it diffuses outwards
from the window. This is similar to the previously described relative tissue O»
concentrations using micro-outlets on a gas based microfluidic device (Ghonaim et al.,
2011). The more distant from the micro-outlet, both into the tissue and surrounding area,
the lower the drug concentration will be, therefore having less effect on the vasculature.
Some convective exchange may be expected due to the drugs diffusing into the
vasculature and being carried downstream to the venules which may have an effect on
blood flow. However, the region of effect of the highest dose of vasoactive drugs, as

shown by the EDF maps, is constrained to within 500 um of the micro-outlet.
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The protocol for changing between doses was to change the fluid and wait a
minimum of 3 minutes to ensure equilibration within the tissue to the new dose flowing
through the channel. Blood flow responses were observed in 30 to 45 seconds in pilot
experiments and it was determined that a 3 minute wait time was sufficient to reach
pseudo-steady state within the micro-outlet. Following sequential doses and
administration of vasoactive drugs for extended periods of time surpassing one hour, the
time to return to baseline was observed to extend to beyond one hour (data not shown).
However, in a subset of experiments when vasoactive drugs were administered at highest
doses for a shorter period of time, 10> M PE for 10 minutes, a 15 minute washout with
Krebs solution led to a qualitative return to baseline flow (data not shown). The
modelling results predict a much shorter time-dependant change in tissue concentration
(Figure 2.19), which increases with distance from the micro-outlet. Indeed, based on the
mathematical model we would expect the time to steady state of the capillaries observed
in vivo to be well within the equilibration time at each experimental dose.

The positioning of the muscle over the micro-outlet is challenging. There is
limited ability to reposition the muscle once the device and muscle are set up. Once
assembled, the response to the doses administered by the device depends on the location
of the micro-outlet and the vasculature around it. As each muscle has a different structure
and orientation of the capillary networks it can be challenging to place the muscle in a
location that allows for consistency in spatial orientation from the window to the terminal
arterioles or collecting venules. Other preparations, such as superfusion with application
via micropipette, allow for consistent selection of arterioles of the same level, 2A or 3A,

amongst animals even in which there is individual variation in orientation and number of
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vessels (Charter et al., 2018). However, applications via this method do not allow for
continuous administration of substances to a spatially specific region of tissue. The
underlying vasculature deeper in the muscle can also be affected by the drug
concentrations as they diffuse into the muscle as previously described leading to a more
widespread area of affect.

Due to the time to return to baseline, limiting drug administrations to one or two
vasoactive substances in a single experiment would be beneficial for ensuring the muscle
quickly returns to baseline function following high doses without extending the period of
time during observation. Decreases in the time exposure of the drug would be another
potential method to oppose this extended washout. However, due to the small number of
capillaries overlying the micro-outlet, it is necessary to record multiple focal planes to
maximize the data collected at each dose. Collection of additional focal plane recordings
necessarily extends the duration of acquisition and hence exposure of the tissue to each
drug dose. Future experiments could focus on administration of one vasoactive drug per
experiment. Recording additional focal planes overlying the micro-outlet per dose, and
recording microvascular blood flow at a distance adjacent to the window, would increase
the number of capillaries sampled with the caveat of a longer overall recording time.
Given technical limitations, the addition of recordings to each drug in one experiment is
impractical as the additional time required causes concern of device failure, and data
storage limits. Randomization and blinding during the experiment and analysis could also
be incorporated in future experiments to avoid observer bias.

Additional experiments considering the area of effect using fluorescent dye would

serve to quantify both the spatial gradients and total tissue volume affected with greater
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accuracy. Direct empirical quantification of tissue concentrations using this approach
could be used to further tune the predictions from the mass transport model. The use of
substances that will act specifically on receptors of interest rather than molecules that
have multiple conflicting responses would aid in determining the area of effect that we
observed especially with ACh. The use of our microfluidic device and intravascular
injection of various agents could be easily combined to investigate blood flow regulatory
mechanisms at specific scales of vasculature. The microfluidic device could also be
adapted for use in tissues other than skeletal muscle such as in the mesentery, other
striated muscle, and the liver to deliver drugs of interest to microscale regions in a
spatially confined area. Combining additional micro-outlets and channels to the devices
would allow for simultaneous administration of various drug combinations to several
networks for further studies into the area of effect. Further refinements of the current
microfluidic device design could reduce the perfused fluid volumes facilitating studies
utilizing reagents that are costly or otherwise difficult to procure.

This novel microfluidic device may allow researchers to study the signalling
mechanisms of the microcirculation in animals in healthy and diseased states by
manipulating the local microvasculature. This device is capable of maintaining
continuous delivery of substance at known concentrations to a confined microscale region
of tissue which cannot be accomplished with previous methods. Furthermore, blood flow
regulatory mechanisms can be identified and interrogated, leading to development of
potential pharmacological targets. This device can also be modified to target specific
vasculature structures through the modification of the window size and orientation, along

with selection of an appropriate dose of vasoactive drugs to limit the area of effect both
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around the micro-outlet and into the tissue. Modifications to orientation of the channel
within the device is possible to improve usage in other tissue and organ preparations for

interrogation of local tissue environments.
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3. Summary

Manipulation of the microcirculation of tissues has been an area of interest for
over 100 years. The delivery of Oz and nutrients to tissues while removing waste products
is accomplished through exchange across the microcirculation. The ability to observe and
manipulate blood flow regulatory mechanisms has provided a great deal of insight into
the dynamic processes that occur at steady state in tissues. Experimental manipulations of
microvascular blood flow have included agent administration through superfusion
solution, micropipetting, or through intravascular injection into upstream feed arteries of
the area of interest. Currently, there is no effective way to restrict agonist or antagonist
administration to a well-defined microscale region of tissue while simultaneously
visualizing the change in blood flow in the microcirculation within the volume effected.
The purposes of this thesis were to develop a novel microfluidic device combined with a
perfusion system for in vivo use. Secondly, we aimed to validate that this novel approach
was capable of continuous delivery of substances at fixed concentration to a targeted
confined microscale region of skeletal muscle, in vivo, coupled with simultaneous

visualization of intact capillaries and terminal arterioles.

3.1. Results Summary

We fabricated a novel microfluidic device capable of delivering a known
concentration of vasoactive drugs to a microscale region of skeletal muscle. We
demonstrated that our microfluidic device is capable of constant perfusion of a PSS to

skeletal muscle in a controlled manner. Upon device completion, and once setup to the
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remainder of the perfusion apparatus, continuous perfusion of the device from the
reservoir fluid was successfully and reproducibly achieved. Administration of doses of
well characterized vasoactive drugs were used to validate the novel perfusion device and
system for in vivo use capable of maintaining continuous delivery of a solute at fixed
concentration to a microscale region of skeletal muscle during intravital video imaging.
Administration of the vasodilator ATP, from 10 to 10~ M, through the microfluidic
device resulted in an increase in RBC velocity (um/s) in capillaries directly overlying the
micro-outlet at ATP 103 M, and mean capillary RBC supply rate (cells/s) in the same
vessels increased at 104, 103 M doses. The effect of ATP on capillary blood flow is
likely due to the effects of ATP on nearby terminal arterioles and higher order arterioles
via conducted vasodilation through the binding of the P2X4, P2Y, and P2Y? receptors
previously discussed in Chapter 1 and Chapter 2.

Along with the dose response to ATP, the dose response to the vasoconstrictor PE
was also successful. Increasing doses of PE showed a significant decrease in capillary
hematocrit (%), RBC velocity (um/s), and supply rate (cells/s) at 10* and 103 M doses.
The response to PE administration to the skeletal muscle volume directly over the micro-
outlet strongly indicates localized area of effect of PE at the level of terminal arterioles
near the window. PE causes vasoconstriction due to the rise in intracellular Ca?* through
ar-adrenergic receptors present along the vascular smooth muscle cells and activation of
phospholipase C. Our response to PE indicates that the delivery of PE is effective for
dynamic manipulations with both vasodilators and vasoconstrictors using our novel

methodology.
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Lastly, administration of ACh, a vasodilator, showed no significant increase in the
mean capillary RBC supply rate (cells/s), velocity (um/s), or hematocrit (%) throughout
the 4 increasing doses from 107 to 10 M, and a significant increase in supply rate and
velocity at 10 M. Although not expected this result is not inexplicable. The effect of
ACh on muscarinic receptors, as previously described, leads to an increase in eNOS
activity and NO production resulting in vasodilation. ACh can also lead to the
hyperpolarization of endothelial cells resulting in the release of EDHFs that conducts
upstream to stimulate vasodilation. The decrease in ACh concentration by cholinesterase
found in the tissue is a potential cause for the lack of strong initial response to the
increasing doses between 10”7 and 10 M. The observed result was in response to
extended continuous exposure to high doses of ACh doses for over one hour upon
completion of the entire ACh dose protocols. This prolonged exposure time potentially
leads to counteracting stimuli responsible for maintaining vascular tone.

The effect of the highest dose of each drug demonstrated the area of effect was
limited to areas directly adjacent to the micro-outlet. The extended depth of field
recordings of all perfused vessels within the first 100 pm of the surface of the muscle
show when exposed to the highest dose of vasoactive drugs. The area of effect is limited
to within ~500 um of the micro-outlet and is seen in vessels that traverse the area above
the micro-outlet. Beyond this area of effect, capillary blood flow appears to be consistent
across all three drugs compared to baseline as previously shown and described. This
restriction to this area provides evidence that the designed device is capable of
continuously delivering vasoactive drugs at fixed concentrations to a specific microscale

region of tissue while allowing for simultaneous visualization of capillary blood flow.
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3.2. Limitations

This method for investigation of microvascular blood flow using a novel
microfluidic device has several limitations involving fabrication and technical limitations
associated with the application of the device. The design of the device is specific to the
tissue and vasculature of interest, requiring additional modification and testing to apply
this approach to other tissues. In this project, channel and micro-outlet orientation were
determined and fabricated to accommodate the optical limitations of the microscope, as
well as to facilitate positioning the animal’s hind limb. Due to this, the device design
outlined in this thesis will require modifications based on the tissue preparation of choice
and the working distance of the microscope objective. Another limitation is the ability to
target a specific vascular structure, in this study a large area was exposed to the
vasoactive drugs rather than confined to a single capillary network. This larger area of
effect may have led to increased conducted signalling from arterioles which were much
deeper in the tissue that we could not quantify. There is also limited ability to position the
micro-outlet relative to a specific target vasculature as the desired structures must be at a
distance from the edge of the muscle to maintain a seal with the micro-outlet, and they
must be close enough to the surface to allow for diffusive exchange with the outlet. This
inability to target certain areas of the tissue may result in the need for additional tissue
preparations to administer solutes to a specific vascular structure.

In addition to these limitations, there are several technical challenges associated
with the delivery of drugs using the perfusion system. Doses of potent vasoactive drugs

were administered for extended periods to maximize the number of field recordings. As a
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result, a prolonged period of perfusion with the Krebs buffered solution may be required
to regain baseline blood flow. The prolonged delivery of fluid through the microfluidic
device increases the risk of accumulating bubbles within the channel causing a reduced
overall fluid flow rate that can impair flow to the micro-outlet. Accommodations are
required to balance maximizing the number of field recordings and the prolonged period
of exposure and washout time to limit the risk of bubble accumulation within the device.
This method of investigation is challenging and has several limitations associated that

should be considered when adapting this approach for use in other tissue preparations.

3.3. Future Directions

Future implications of this novel method for microvascular blood flow
manipulation includes the use of microfluidics to deliver soluble agonists and antagonists
to capillary networks in skeletal muscle. This technique will be used to determine
potential mechanisms responsible for O> and CO2 mediated blood flow regulation both in
healthy and diseased states. The orientation of the device use can be modified to
accommodate various other muscle preparations such as the cremaster, gluteus maximus,
and spinotrapezius preparations that were previously described in Chapter 1. In
superfusion preparations, manipulations can be achieved in several ways; when coupled
with the microfluidic device, the continuous application of superfusion fluid can be
maintained at physiological levels while the microfluidic device can simultaneously
deliver substances of interest during visualization. This device could be the bridge
between the superfusion preparation and isolation preparations due to the potential to

modify existing methods to accommodate the microfluidic device and micro-outlet.
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Potential uses beyond studying blood flow regulation in muscle include delivery
of direct stimuli to cause immune cell influx into area of interest in a controlled manner.
Use of the microfluidic device within other organ preparations could be beneficial to the
study of cell migration as well as blood flow regulation in inflammatory conditions. This
could be used to study cell signalling and migration across the vascular wall in response
to a treatment at the window. The use of the microfluidics with the liver preparation in
particular could be beneficial in understanding both blood flow and white cell migration
within the tissue. The use of microfluidics in other organ preparations can provide
valuable insight into the events that occur locally during various physiological events.

Future implementation of such a device with IVVM could provide insight in the
study of blood flow regulation in healthy and diseased states including hypertension, and
under other metabolic states of the tissue. The application of this and similar devices
could be suited for examining how the local effects of substances that might cause
adverse systemic reactions when administered via intravascular injection or through
abluminal application. Microfluidic use in vivo could be manipulated to deliver
substances of research interest for mechanistic studies but also in developing or

identifying pharmacological targets.

3.4. Final Summary

In summary, this project provided a basis of future use of microfluidic devices for
in vivo use with simultaneous IVVM imaging modalities. This device provides a novel
method to interact with the microcirculation of skeletal muscle to study blood flow

regulation in vivo. The successful delivery and dose response of vasoactive agents
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provides promising results that local dynamic tissue manipulation of capillary networks
can lead to a blood flow response to a spatially confined region. This can have future
implications in the study of mechanisms related to O, and ATP mediated blood flow

within tissues and subsequent pharmacological targets in healthy and diseased states.
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