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ABSTRACT

DEVELOPMENT OF A MICROFLUIDIC BASED MICROVASCULAR MODEL:
TOWARDS A COMPLETE BLOOD BRAIN BARRIER (BBB) MIMIC

By

Luiza I. Genes-Hernandez

Multiple sclerosis (MS) is an inflammatory and demyelinating disease of the
central nervous system (CNS) that is the most common neurodegenerative condition in
young adults, especially women, striking people between the ages of 20 and 40. It is
unclear which compounds are most responsible for progressive myelin destruction and
remyelination in MS.

Recently, elevated levels of nitrate and nitrite have been measured in cerebral
spinal fluid (CSF), urine, and serum of MS patients. The origin of this excess nitric oxide
(NO) and its mechanism of action are unknown. Herein, we have constructed a theory
that the overabundance of NO metabolites in the CSF is actually blood-borne; in other
words, it is possible that the NO levels are high due to overstimulation by red blood cell
(RBC)-derived adenosine triphosphate (ATP). Our hypothesis is that MS-RBCs are more
deformable, therefore releasing more ATP, which in turn will lead to higher production
of NO. One of the biological fates of NO is the ability to cross the blood brain barrier
(BBB) into the CNS, where it may result in the breakdown of the myelin sheath,
compromise the integrity of the BBB and lead to axonal degeneration. To prove or
disprove this hypothesis, the role of RBC-derived ATP and NO derived from brain
endothelium has been investigated. In an attempt to make a connection between RBC-

derived ATP and the increased levels of NO reported, we were able to demonstrate that



the ATP released from the RBCs obtained from 18 MS patients was more than twice the
amount of ATP released from the RBCs of 11 healthy, non-MS controls.

Moreover, in this work we applied the recent developments in microfabrication
technology to create a BBB mimic with blood components using lithographically-derived
microchips in order to monitor the fate of endothelium-derived NO that is stimulated by
mechanically deformed RBCs. We showed that an array of endothelial cells, addressable
by an underlying microfluidic network of channels containing RBCs, can be employed as
an in vitro model of the in vivo circulation to monitor cellular communication between
different cell types. Results obtained from this array suggest that the ability of iloprost, a
stable analogue of prostacyclin, to stimulate NO production in endothelial cells, may be
due to its ability to stimulate ATP release from the red cell. These results provide
evidence that the described device may serve as a controlled, in vitro platform for
performing in vivo-type measurements.

Moreover, this device was successfully used in a study that attempts to classify
the possible role of prolactin releasing peptide (PrRP) (a peptide that stimulate the release
of prolactin from the pituitary gland) in regulating the vascular tone by decreasing the

endothelium-derived NO production through a decrease in ATP.



~ To my beautiful angel, Sofia ~
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CHAPTER 1

1.1  INTRODUCTION

1.1.1 Red Blood Cell (RBC) Structure and Properties

Red blood cells (RBCs) or erythrocytes (from Greek erythros for “red”, kytos for
“hollow” and cyte for “cell”) are the most abundant type of cells in the blood (4 to 5
million cells per pL), making up approximately 45% of the total blood volume.
Compared to a typical mammalian cell, the RBC is considered a dead cell because it has
no means of reproducing and repairing itself due to the lack of a nucleus and
mitochondria. The juvenile RBCs start their journey as reticulocytes in bone marrow.
These cells have a lifespan of about 4 days, spending 3 days at the site of their production
(bone marrow) and 1 in the peripheral blood. Once matured, the nucleus is extruded and
their ability to divide is lost. The RBCs short lifespan of 120 days and their primary
function of reversibly transporting oxygen and carbon dioxide by circulating in the
vessels throughout the entire body define the RBC cell philosophy of “living in a rush”.

RBCs are smaller than most other human cells and under physiological conditions
they have the shape of biconcave disks of 6-8 um in diameter, 2 pum in thickness at the
periphery and 1 um at the center (Figure 1). This shape (as well as the loss of organelles
and nucleus) optimizes the cell for the important function of oxygen exchange with the

surroundings.
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Figure 1. a) Healthy RBC with its usual discocyte shape. b) Typical dimensions of a
healthy RBC.!



This function is carried out by hemoglobin (Hb), the most abundant protein (> 90%)
present in RBC.As shown in Figure 2, the RBC is composed of a lipid membrane with an
underlying two-dimensional (10 nm in thickness) elastic network of spectrin.’ The
cytoskeleton is anchored to the lipid bilayer through proteins spanning the membrane.
The triangular structure of the spectrin network is presented in Figure 2. This particular
geometry, as well as the intrinsic elastic properties of the spectrin, gives remarkable
deformability to the RBC. This deformability is key property of the RBCs in their motion
through the complex network of the microcirculation. Their deformability is mainly
determined by the membrane surface area to volume ratio, cellular morphology,
mechanical properties of the cell membrane, and the viscosity of the cellular
components.®

The RBCs, with a mean diameter of 5 um, are often subjected to a randomly
varying shear stress in the cardiac chamber and larger vessels. In addition, they must also
alter their shape to pass through the 3- to 4-um diameter capillaries of the
microcirculation as oxygen carriers. The ability of RBCs to deform and maintain the
oxygen-carrying capability under a randomly varying shear flow is of great interest from
the standpoint of rheological and functional behavior of RBCs in the cardiovascular
system.” The deformability of the RBC under shear stress has been studied extensively
during the last 30 years. The increased shear stress was suggested to be a major stimulus
for nitric oxide (NO), a small gaseous free radical that is released from the
endothelium.>® NO is an important signaling molecule and it is involved in many
physiological and pathological processes within the mammalian body, both beneficial

and detrimental.
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Figure 2. a) Composition of the membrane of a RBC. b) Image of the spectrin
cytoskeleton.



1.1.2 RBC-Derived ATP: An Important Factor in Vascular Regulation

In 1991, Ignarro’s group described an in vitro bioassay system to study
endothelium-mediated, shear stress-induced, or flow dependent generation of
endothelium-derived relaxing factor (EDRF), which had just recently been identified as
NO.? It was generally accepted that NO was produced by the endothelial cells and
relaxed vascular smooth muscles. '’

Later, in 1995, Sprague et al. reported that in order to demonstrate flow-induced
endogenous NO synthesis in the pulmonary circulation of an isolated perfussed rabbit
lung, RBCs obtained from either rabbits or healthy humans were a required component of
the perfusate.'! To strengthen their claim, they showed that in the absence of the RBCs,
flow-induced increases in shear stress did not stimulate NO synthesis. Moreover, they
concluded that an additional key factor must be existing in the rabbit pulmonary
circulation that relates RBCs to the vasorelaxation. Therefore, they proposed that the
property of these RBCs responsible for the stimulation of NO synthesis was their ability
to release adenosine triphosphate (ATP) in response to mechanical deformation.'?

This hypothesis was based on multiple findings, the first of which being that ATP
is an in vivo stimulus of endothelial NO production.'>'* Secondly, ATP is of particular
15,16

interest because it is present in millimolar concentrations in the RBCs and it is

released in response to physiological stimuli, such as hypoxia and hypercapnia.'”'®
Additionally, when RBCs are traversing the resistant vessels in vivo, they become

deformed."® Another factor they considered was that ATP reduces vascular resistance in

isolated lungs. Moreover, the latter action of ATP was prevented by the NO synthesis



inhibitor N°nitro-L-arginine methyl ester (L-NAME).”® It has been shown that as their
deformability increases, erythrocytes of rabbits and humans can release increased
amounts of ATP. This RBC-derived ATP can then act on the endothelial cells to
stimulate endogenous NO synthesis and enable RBCs to participate in local regulation of
vascular caliber.'-'2'82!124

Depending on the type of purinergic receptor to which ATP binds, it can induce
antagonistic effects on the vasculature. For example, ATP binding to the P2X receptor
found on the vascular smooth muscle cells results in contraction of the cells,® whereas
ATP binding to the P2Y receptor found primarily on the endothelium, results in NO
synthesis and/or vasodilation.'*'* Thus, ATP applied to the luminal side of a vessel, that
released from the RBCs within the circulation, would be expected to produce
endothelium-dependent relaxation through an interaction with the endothelial P2Y
purinergic receptor (Figure 3).

All these findings suggest that RBCs may be an important determinant in the
stimulation of NO production in the circulatory system. Therefore, as RBCs are
traversing the circulatory system they are increasingly deformed by increments in the
velocity of blood flow through a vessel and/or by reduction in vascular caliber.
Moreover, RBCs release ATP which stimulates endothelial synthesis of NO, resulting in
relaxation of the vascular smooth muscle and thereby, an increase in vascular caliber.?

On the other hand, failure of this mechanism for deformation-induced ATP
release has been associated with primary pulmonary hypertension (PPH), cystic fibrosis

(CF) and alveolar hypoxia. It has been shown that the RBCs of CF patients do not release

ATP in response to mechanical deformation and CF patients often develop pulmonary
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hypertension.26 As a result of these findings, it has been suggested that the cystic fibrosis
transmembrane regulator (CFTR) is a component of the pathway that links mechanical
deformation of the RBC to the release of ATP.

1.1.3 CFTR-Facilitated ATP Transport/Release out of the Cell

CFTR is cAMP-activated chloride channel expressed in epithelial cells that is
responsible for transepithelial salt and water transport.””?® Mutations in this protein are
responsible for the hallmark defective chloride secretion observed in CF. CFTR regulates
other transporters, including CI7/(HCO®) exchangers,*® epithelial sodium channel
(ENaC),>'® outwardly rectifying chloride channel (ORCC)**® aquaporin water
channels,’” and ATP release mechanisms.>***

CFTR belongs to the ABC (ATP binding cassette) transporter family and is
activated both by phosphorylation of its R-domain by PKA (protein kinase A) as well as
ATP binding at its nucleotide binding domains, namely NBD1. CFTR is capable of
hydrolyzing ATP, although this activity is not coupled with the ion transport; rather it
may serve to initiate or modulate conformational changes that underlie channel opening
or closing.

There exists a vast body of work that shows that cAMP-stimulated ATP release is
dependent on CFTR, that expression of CFTR is associated with ATP conductance, and
that there are multiple interpretations of the ATP transport phenomenon.***%4% Ip these
previous studies, the precise route of the ATP through the membrane was not defined;

however, ATP transfer across the membrane occurred only in the presence of CFTR and

mdr (multidrug resistance gene). It is clear that if CFTR can facilitate ATP release, CFTR



itself must be modulated by regulators or stimuli in a concerted manner or CFTR itself

must modulate an ATP release pathway that is expressed universally (Figure 4).

1.1.4 RBC Deformability and Disease Pathogenesis

Abnormal RBC deformability has been also associated with such diseases as
diabetes and multiple sclerosis.**** For example, it has been shown that deformability is
decreased in RBCs of patients with type I and type II diabetes. In addition, the whole
blood of patients with MS was found to be more viscoelastic when compared with the
whole blood of healthy patients.***®

Interestingly, it is known that the RBCs of MS patients have abnormally high
levels of glutathione (GSH), the most abundant non-enzymatic antioxidant present in a
cell. In 1979 Szeinberg et al showed that the activity of glutathione peroxidase (GSH-Px)
in erythrocytes of patients with MS was significantly lower than in a control group of 30
patients with various neurological disorders.*’ Therefore, they were confirming a similar
finding of a decrease in activity of GSH-Px in erythrocytes of a group of MS patients in
Denmark.>

In the next two decades, an important body of work was published in regard to the
abnormal activity of this enzyme in MS RBCs.***'">5 Glutathione peroxidase catalyses
the reaction between the reduced monomeric glutathione (GSH) and hydrogen peroxide
with the formation of the glutathione disulfide (GS-SG). Glutathione reductase then

reduces the oxidized glutathione to complete the cycle. If the activity of the GSH-Px is

reduced, an increase in the ratio of GSH/GSSG will result, thus altering the redox status
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Figure 4. Proposed mechanisms for CFTR-facilitated ATP transport/release out of cell.
For hypothesis A to occur, CFTR must be expressed in concert with
appropriate cofactors or regulators. Hypothesis B and C suggest positive
CFTR regulation of a separate and independent ATP transport mechanism and
CFTR-facilitated fussion of ATP-filled vesicles, respectively.3
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in the cell. The levels of GSH have been linked with the deformability characteristics of
the RBCs. That is, low levels of GSH are found in diabetic red cells, which are known to
be less deformable than the RBCs from healthy patients.’®>’ Moreover, recent studies
inour group involving diabetic RBCs have shown that a weakened oxidant defense
system in RBCs will lead to lower levels of ATP release.’® We demonstrated that RBCs-
derived ATP is affected by oxidant insults and that the recovery from this insult is
independent of the pentose phosphate pathway, the pathway that maintains the
concentrations of GSH. Moreover, in this study we showed that erythrocytes from
individuals with type II diabetes released 50% less ATP than the erythrocytes from
healthy, non-diabetic patients. As a consequence of decreased levels of ATP release from
RBCs, less endothelium-derived NO may be available for the regulation of the vascular
caliber. Our group also reported that there is a direct relationship between the ability of
the extracellular ATP to stimulate NO in endothelial cells and diabetic complications.*®

If, in the case of MS patients, the RBCs are more deformable and the increase
deformability results in an increase of ATP release, then an increase in the NO
production would be expected. Indeed, it is recognized that there exist higher than normal
levels of NO metabolites, nitrate and nitrite, in the cerebral spinal fluid (CSF) and serum
of patients with MS.**? Taken collectively, we have constructed a theory that perhaps
explains the overabundance of NO metabolites in the CSF is actually blood-borne; in
other words, it is possible that the NO levels are increased due to overstimulation by
RBC-derived ATP.

Our hypothesis is that MS-RBCs are more deformable, therefore releasing more

ATP, which in turn will lead to increased production of NO. However, a molecular level
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understanding of the mechanisms by which RBC deformability properties relate to the
occurrence of MS is lacking. To prove or disprove this hypothesis, the role of RBC-

derived ATP and NO derived from brain endothelium must be investigated.

1.1.5 Nitric Oxide (NO) and the Blood-Brain Barrier (BBB)

During the past decade NO has emerged as an important mediator of
physiological and pathophysiological processes. Elevated NO biosynthesis has been
associated with nonspecific immune-mediated cellular cytotoxicity and the pathogenesis
of chronic, inflammatory autoimmune diseases including rheumatoid arthritis, insulin-
dependent diabetes, inflammatory bowel disease, and MS. Recent evidence suggests,
however, that NO is also immunoregulatory and suppresses the function of activated
proinflammatory macrophages and T lymphocytes involved in this diseases.*’

NO is a small gaseous radical that is biosynthesized from the guanidino nitrogen
atom of L-arginine within the active site of NO synthases (NOS), which in mammals are
incoded by three genes corresponding to neuronal (nNOS), inducible (iNOS), and
endothelial (eNOS) isoforms.®! These isoforms have been classified on the basis of their
constitutive (eNOS and nNOS) versus inducible (iNOS) expression, and their calcium-
dependence (eNOS and nNOS) or calcium-independence (iNOS). They share an overall
amino acid sequence homology of approximately 55%, and there is strong sequence
conservation in the regions of the proteins that are important in the catalysis.*

The NOS isoforms carry out a five-electron reduction process utilizing oxygen,

and cofactors such as reduced NADPH, tetrahydrobiopterin (BH,), flavin adenine
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dinucleotide (FAD), flavin mononucleotide (FMN) and iron protoporphyrin IX (heme)
participate in the formation of NO (Figure 5). L-Arginine in the presence of NADPH and
0, is oxidized to N-hydroxyarginine, which is reoxidized to citrulline producing NO.*

Although NO has many biological fates, one possible scenario is that it crosses
the blood brain barrier (BBB) into the central nervous system (CNS), where it may result
in a breakdown of the myelin sheath, compromise the integrity of the BBB, and lead to
axonal degeneration.®* The BBB is comprised of the endothelial cells that line the
capillaries of the brain. The distinguishing features of the brain capillary endothelium
include the presence of tight intercellular junctions.** The existence of these junctions
between the endothelial cells forms a very selective filter for the blood-borne
molecules.®*®” Therefore, the passive diffusion of the compounds across the BBB is
dependent upon their physicochemical properties, such as lipid solubility, molecular
weight, electrical charge, or extent of ionization.

Bradbury er al showed that lipid soluble substances penetrated the cerebral
endothelial plasma membranes readily and also equilibrated easily between blood and
brain tissue.%® However, water soluble molecules, such as amino acids, nucleosides, and
hexoses, and macromolecules are transported in the brain by means of selective carrier
mechanisms or specific transporters.®®

The importance of the barrier arises from the fact that it restricts the movement of
specific substances, such as infectious organisms from the circulatory system, to the brain
tissue and extracellular fluid. In the CNS, the endothelial cell membrane is further

surrounded by the end feet of the astrocytes outside the capillary wall, which influences

and conserves the barrier function of the cerebral endothelial cells.
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Figure 5. Electrons (e-) are donated by NADPH to the reductase domain of the enzyme
(eNOS) and proceed via FAD and FMN redox carriers to the oxygenase
domain. There they interact with the haem iron and BH4 at the active site to
catalyze the reaction of oxygen with L-arginine, generating citrulline and NO
as products. Electron flow through the reductase domain requires the presence
of bound calcium-calmodulin (Ca*"CaM).'



It is well established that there are many pathophysiological conditions that
disrupt the integrity of the BBB and can lead to the increased permeation of substances
across the BBB.* For example bacterial meningitis and MS are two of the conditions that
can alter the BBB and allow normally excluded substances to enter into the cerebrospinal
and interstitial fluids. Moreover, when inflammation occurs (as in MS or encephalitis) a
massive leucocyte migration into the brain takes place.””’! Cytokines (signaling proteins
and glycoproteins used in cellular communication), secreted in the early steps of
inflammation, are found to increase the permeability of the barrier, therefore permitting
compounds to enter the brain by opening the BBB.”

Other inflammatory mediators, such as eicosanoids (e.g, prostaglandins), adhesion
molecules, and free radicals can play an important role in the permeability of the BBB.”
Of the free radicals, reactive oxygen species (ROS) can cause extensive damage to the
membrane lipids in the CNS by peroxidating the fatty acids, thus destroying the myelin
and cell membranes.”*”

One of the free radicals that can damage the BBB is NO. Endothelial cells of the
BBB are known to possess the inducible form of NOS. When produced in excessive
amounts, usually as part of a biochemical cascade stimulated by injury or inflammatory
conditions, NO production may no longer be beneficial for the cells; instead, the large
quantities of NO become neurotoxic.’®

As mentioned above, elevated levels of nitrate and nitrite have been reported in
cerebral spinal fluid (CSF), urine and serum of MS patients.44 Particularly, nitrate and
nitrite levels were significantly higher in CSF compared to serum,”’ which could be the

consequence of BBB dysfunction mediated by NO.” Although nitrate and nitrite are
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elevated in CSF, there is no significant correlation between their levels and clinical
activity,”’ possibly because the origin of this excess NO and its mechanism of action are
unknown.

It is well established that endothelial cells can produce NO in small amounts and,
when released, are able to control the local blood flow through the activation of the
guanylate cyclase signaling cascade that ultimately results in vasodilation. It has also
been previously shown that the mechanism by which NO is released into the circulatory
system involves ATP, and that this ATP is released from erythrocytes that are subjected
to mechanical deformation.'>’® Moreover, it was reported that as the deformability
increases, erythrocytes of rabbits and humans can release higher amounts of ATP.!>%
Collectively, these findings involving the ability of RBCs to produce ATP and the
increased deformability of RBCs from MS patients suggest a possible mechanism for the
increased levels of NO found in the CSF of MS patients.

However, a molecular level understanding of the mechanisms by which the RBCs
deformability properties relate to the occurrence of MS is lacking. To gain insight into
these mechanisms, it would be ideal to employ an in vitro model that mimics an in vivo
system. A possible approach to developing such a system would be a microfabricated
fluidic approach.

In this work we propose to create a system that would allow mechanically
deformed RBCs to release ATP, stimulate the endothelium-derived NO and that would

allow one to monitor the fate of that NO in a dynamic fashion.
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1.2  MICROFLUIDIC TECHNOLOGY

1.2.1 Short History

The history of analytical miniaturized devices starts with the remarkable work of
Terry in 1979.8' Even though, at the time he was not acknowledged for his work, the gas
chromatograph fabricated on silicon, he was presenting, was able to separate a simple
mixture of compounds in a matter of seconds. Terry was bold enough to take the existing
microfabrication technology used in microelectronics and successfully apply it to study
basic scientific phenomena that occur at small dimensions. The device required only
small quantities of reagents, had a relatively short analysis time and showed efficiency in
separation that were better than larger counterparts. One of the other earliest examples of
reported silicon micromachined devices was a coulorimetric acid-base titration system,
which employed a solid state pH-sensitive sensor to determine the acid or base
concentration of a solution.®

In the early 1980°s, Michael Widmer proposed the concept of “miniaturized total
chemical analysis systems” or uTAS, in which silicon chip analyzers incorporated
sample pretreatment, separation, and detection.®> The complete analysis (sampling,
sample transport, any necessary chemical reactions, separations, detection) were
incorporated into a flow system. Due to inclusion of sample pretreatment, the detector no
longer needs to be as selective as a sensor, because interfering compounds are eliminated,

masked or separated from compound of interest.
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At the beginning, the analytical performance of these devices was more desirable
than their reduced size. However, miniaturization was the route to shorter analysis time
and also versatility. The central technology for a number of miniaturized systems was the
microfluidic technology, where liquids and gases were manipulated in channels with

cross sectional dimensions on the order of 10-100 um.

1.2.2 Scaling Effects when Miniaturizing the Chemistry

As the dimensions of a system change, the relative performance of a system and
the operational success of miniaturized chemical separation, reaction and detection
devices can be predicted by the scaling laws. During the last two decades, microfluidics,
micrometer-scale total analysis systems (WTAS) or so called “lab-on-a-chip” devices
have required consideration of scaling laws and dimentionless parameters for
downscaling purposes.®?

There exist two main approaches to be considered when miniaturizing a device:
the dimensionless-parameter approach and the similarity approach. In the dimensionless
approach, parameters such as volume, column length, linear flow rate, retention time and
pressure drop can be assumed to be constant over the entire system. The Reynolds
number (Re), used to characterize laminar and turbulent regimes is a particularly useful
dimensionless parameter.

Re = vpd/n (1)
where v represents the average velocity , p the fluid density, 7 is the dynamic viscosity

and d is the characteristic length, such as the diameter of the capillary. Because the
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Reynolds number (Re) is proportional with the characteristic length d, for miniaturized
systems, a small volume will be obtained, indicating laminar flow.

On the other hand, the approach that considers proportionality provides helpful
information related to the behavior of a simple flow system when miniaturized. If
miniaturization is assumed as a downscaling process in three dimensions (represented by
a typical length, d) the behavior of the physical variables of interest can be predicted.* In
a system, where the timescale is the same for the miniaturized system as for the full-scale
system, the parameters that would change are: linear flow rate that in a tube would
decrease by a factor of d, volumetric flow rate by a factor of d°, and the Reynolds number
by &.

In miniaturized systems, diffusion has a more dominant role in mass flow and
becomes more important when molecular diffusion, heat diffusion or flow characteristics
dictate the separation efficiency of the system. Additionally, in a diffusion-controlled
system, the time is regarded as a surface and is proportional with &°. This system is in
accordance with the band-broadening theory in chromatography and electrophoresis. So,
if a system is downscaled by 1/10, the time variables decrease by 1/100, pressure
increases by a factor of 100, and voltage requirements remain constant, but the essential
chemistry and separation behavior retain the same quality.

Miniaturization can exploit the particle Brownian motion to efficiently mix
solutions. In small structures, the mixing by diffusion is enhanced greatly because the
time a molecule needs to travel a distance d decreases as I/4°. Because of the low
Reynolds numbers, therefore no turbulence in the micrometer regime, much effort is

focused on improving the mixing capabilities. By using herringbone mixers, Stroock et
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al ® demonstrated that the mixing process can be enhanced by chaotic advection. Also,

Song et al showed that by using a two-phase flow, mixing in droplets was possible.?’

1.2.3 Materials for Microsystems

Microfabrication revolutionized the modern science and technology. Although

microfabrication has its basis in microelectronics applications in other areas rapidly

88-91 92,93

emerged. These include systems for microalnalysis, micro-volume reactors,

9% and optical

combinatorial synthesis,”® microelectromechanical systems (MEMS),
components.”’

One particularly exciting use for microanalytical devices is in the separation and
analysis of chemical and biological substances. In addition, microstructures used in
MEMS have evolved to integrate electronics with monitoring, actuating, and controlling
tools for use in engineering. Most of the devices categorized as MEMS are fabricated
from silicon using standard microlithographic techniques (silicon bulk micromachining
and polysilicon surface micromachining).”®

Microsystems can be built on various substrates with a range of materials, from
crystalline silicon to amorphous silicon, glass, quartz, metals, and organic polymers. Each
of these materials posses their advantages and disadvantages depending on the type of
application.

Silicon processing itself can be carried out using thin films of organic photoresists

for etch patterning and this technique is very well developed. Moreover, two and three

dimensional shapes can be reproduced with high precision.”® Because similar techniques
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used in electronic integrated circuits are applied, silicon microdevices can be batch
fabricated. Also, due to the electronics industry, silicon is a readily available material.
Chemically, one of the most attractive features of silicon and silicon dioxide is the
chemical and thermal stability.

However, there are also some disadvantages that limit the spectrum of utilization
of these materials. Crystalline silicon is relatively expensive, brittle, and opaque in the
UV/visible regions. In contrast to glass or plastic, silicon will conduct current limiting its
usefulness for electrokinetic devices. Because of these drawbacks and also complicated
surface chemistry, alternative materials to silicon have been used to fabricate
microsystems. Such materials are glass, quartz and some rigid organic polymers (e.g.,
epoxy, polyurethane, polyimide, polystyrene, and polymethylmethacrylate).*>'®

These materials have properties that make them useful for fabrication of
microsystems. More specifically, they are transparent in the visible and UV regions,
therefore they can be adapted to optical detection in microanalytical systems. Also, the
surface properties of these substrates (e.g., wetting, adhesion, adsorption, reactivity) can
be modified using a variety of surface chemistries. Microstructures of these materials can
be replicated inexpensively by molding or embossing.**'*®

Two of the most actively developed polymers for microfluidics and other
applications are poly(dimethylsiloxane) (PDMS) and poly(methylmethacrylate)
(PMMA).'%197 Elastomeric materials, such as PDMS, gained popularity mostly because

of their optical properties. However aside the fact that PDMS is optically transparent to ~

300 nm,'® it can deform reversibly and repeatedly without permanent distortion,'® it can
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be molded for feature sizes of 0.1 to 10 um,"'® it is durable and chemically inert, non-
toxic, commercially available and inexpensive.

When selecting the material for a device, one of the most important features is its
surface chemistry. PDMS, for example, is highly hydrophobic material, comprised of
repeating units of —O-Si(CH;),-. This hydrophobicity makes the channels less wettable
with aqueous solutions and is prone to adsorption of hydrophobic species. However, by
exposing the PDMS to plasma oxidation, its surface will be rendered more hydrophilic by
the formation of silanol groups (Si-OH) at the expense of methyl groups (Si-CH;).''""'"
These polar groups can then condense with appropriate polar groups on a different
surface, and by bringing the two surfaces in conformal contact will result in the formation
of covalent bonds that represent the basis of irreversible sealing. For PDMS and glass, for
example, these bonds are Si-O-Si after the loss of water.

There are also other parameters of the material that have a critical role in the
success of the application of microfluidic devices. Such parameters include
autofluorescence (for devices with optical detection), permeability (when using living
cells), chemical resistance (when using non-aqueous solutions) and analyte adsorption.''*

Heat dissipation, characterized by the thermal conductivity, in a substrate material
is especially important when considering electroosmotic pumping, which is the most
common method to propagate flow in microfluidic systems. In this case, a device or
channels made of/in fused quartz will withstand higher localized heating compared to any
plastic, and the efficiency of the separation will not be compromised. Moreover, the
electroosmotic flow (EOF) in channels made of different polymer materials is highly

variable due to the wide range of different charge and charge densities. The
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electroosmotic flow is generated by the surface charge on the microchannel walls in
combination with an electric field along the microchannel.

All of these parameters have been extensively evaluated and characterized for the
wide range of applications of the microfluidic devices such as: miniaturized analytical

systems, biomedical devices, tools for chemistry, biochemistry and medical applications.

1.2.4 Fabrication of Microfluidic Systems

One of the most commonly used techniques for the fabrication of microfluidic
systems is photolithography.''>''® Here, a substrate, most often made of silicon, is spin-
coatéd with a thin layer of photoresist (photosensitive polymer) and exposed to a UV
light source through a photomask. The photoresist, exposed to UV light through a quartz
plate covered with patterned microstructures, becomes either more (positive resist) or less
(negative resist) soluble in a developing solution. Therefore, the pattern of the photomask
is transferred on the film of photoresist. Finally, the substrate holding the desired pattern
can serve as a master to make PDMS stamps.

Spin coating involves the acceleration of the coating material, which is deposited
in the center of the substrate that is being rotated. The process of the film forming is
driven by two independent parameters, namely viscosity (77) and rotational speed (w).
Other variable process parameters involved are the solid content and the speed time.
Generally, the rotational speeds for spin coating are reported to be between 1500 and
8000 rpm, this giving a resist film uniformity + 5 nm from substrate to substrate with a

typical thickness of 0.8-3 um.""”
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The photoresist processing consists of six steps illustrated in Figure 6 A) such as
dehydration or chemical clean and priming, resist coating, soft baking, exposure,

'8 The dehydration/chemical cleaning

development, and post-development inspection.
step is performed to eliminate any moisture or any traces of contaminants (organic, ionic
or metallic) adsorbed by the substrate surface and it is followed by the deposition of a
silicon dioxide (SiO,) which serves as a barrier layer. The next step is the spin coating of
the resist onto the wafer surface. Depending on the type of application and/or the
thickness desired, the speed can be calculated according to the formula:

z=kPIw'"? )
where z is the film thickness; k is a constant; P is the percentage of solids; and w is the
rotational speed.

A soft baking step is performed usually between 90-95°C using either a
convection oven, IR source, or hot plate. This step is important for the evaporation of
solvent on the spun-on resist, to improve the adhesion of the resist to the wafer, and
anneal the shear stresses induced during the spin coating. After spin coating and baking,
the wafer must be exposed to UV light that will produce the pattern image on the resist.
Depending on the type of resist used, the irradiated regions on the resist will become
more or less soluble in the developer, therefore, giving a positive image or a negative
image of the mask on the wafer. The development process involves chemical reactions
where the unexposed parts of the resist get dissolved in the developer.''®

A widely used technique for microfabrication is soft lithography. This technique
belongs to a class of non-photolithographic techniques that are based on printing of self-

119

assembled monolayers (SAMS)' " and molding of organic polymers. Soft lithographic
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Figure 6. A) Representation of the steps in the lithographic process. B) Scheme of rapid
prototyping.

25



techniques include microcontact printing,'*® micromolding in capillaries,'?' microtransfer

104,110

molding, replica molding, embossing,'” and injection molding. Replica molding is

the easiest, more economic, and more amenable technique for analytical or biological
applications. Here, microstructures are directly formed by casting and curing a UV
curable polymer against an elastomeric mold. Feature sizes ranging from millimeters to
approximately 3 nm can be replicated with high fidelity.

Another way of creating pattern structures on the submicrometer scale is the
micro contact printing technique (pCP).l22 Using this technique, SEMS can be patterned
in a simple way, allowing the fabrication of multi-array biosensors.

There are several other methods for microfabrication that are gaining more and

102

more popularity, for example: embossing (or imprinting),'® injection molding,'”' laser

123 124

ablation,'* electrochemical micromachining (EMM),'?* and ultrasonic machining.'?

1.2.5 Tools for Microfluidic Applications

Microfluidic devices can be used for a wide range of applications, from obtaining

126,127

molecular diffusion coefficients, to measurements of the fluid viscosity,m to

129,130 131-133

chemical binding coefficients, and enzyme reaction kinetics.

Other applications of microfluidic devices include capillary electrophoresis,'*

130,135

isoelectric focusing, immunoassays,'**'* flow cytometry,'’ sample injection of

proteins for analysis via mass spectrometry,'*'"'* PCR amplification,'**'¥ DNA

148-150 153,154

analysis, cell manipulation,'®' cell separation,'* cell patterning, and chemical

gradient formation.'**>'%
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Many of these applications have utility for clinical diagnostics.'’”'*® Because of
the small size of the channels, from micro- to nanometers, the amount of reagents and
analytes is quite small, hence, microfluidic devices present a significant advantage to
conduct biomedical research and to create clinically useful technologies. One of the long
term goals in the field of microfluidics is to create integrated portable clinical diagnostic
devices for home and bedside use, thereby eliminating time consuming laboratory
analysis procedures.

In an effort to achieve this goal, recent microfluidic devices have undergone the
transition from simple to highly integrated systems. Individual microfluidic components
such as sample preparation, analysis and detection can be integrated on a single chip.
Higher level of integration has been enabled by components such as microvalves,'>
micropumps,160 flow sensors and other physical sensors, flow selectors, micromixers,”
microreactors, extractors, droplet generator, filters, traps, and sieves.

One of the most important components for the fabrication of a fully integrated

S,’”’g""““'163 were considered to be the

microfluidic system, such as lab-on-a chip or uTA
microvalves and micropumps. Valves and pumps provide direct control of the flow and
therefore are essential elements of a system that handles fluids at small scale.
Microvalves are essential components in many devices for portable chemical
analysis, drug delivery, mixing, dosing and they can be roughly classified in two groups:
passive valves (work without an actuator) and active valves (work with an actuator) that
use mechanical, non-mechanical and external moving parts as shown in Table 1.

Microvalves have a number of advantages over traditional valves. For example, because

of their small size they do not require excessive power consumption, they have no
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Categories

Active Mechanical Magnetic External magnetic fields
Integrated magnetic inductors
Electric Electrostatic
. . Electrokinetic
Piezoelectric
Thermal Bimetallic
Thermopneumatic
Shape memory alloy
Non-mechanical Bistable
Electrochemical Hvdrosel
ydroge
Phase change Sol-gel
Paraffin
Rheological Electro-rheological
External Ferrofluids
Modular Built-in
Rotary
Pneumatic Membrane
In-line
Passive
Mechanical Check valve Flap
Membrane
Ball
In-line mobile structure
R%)ffuser
) . . rupt
Non-mechanical Capillary Liquid triggered
Burst
Hydrophobic valve

Table 1. Classification of microvalves.
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leakage and result in minimal dead volume. Some of their ideal characteristics are their
infinite differential pressure capability, insensitivity to particular contamination, zero
response time, potential for linear operation and ability to operate with liquids and
gases.'®
For achieving flow rates controllable over a certain range (0.25 to 10 uL min™)
and with as little pulsation of possible, micropumps were the best choice. Current
micropumps are roughly divided into two groups namely, reciprocating micropumps and
continuous flow micropumps. Reciprocating micropumps use the oscillatory or the
rotational movement of the mechanical parts to displace the fluid, while continuous flow
micropumps rely on the direct transformation of nonmechanical or mechanical energy
into a continuous fluid movement.'®
Beside microvalves and micropumps, micromixers are another important component in
a microfluidic system. Rapid mixing is essential in many of the microfluidic systems used
in biochemical analysis, drug delivery and sequencing or synthesis of nucleic acids. Due
to low Re numbers, in microfluidic devices the mixing of different flowing streams rely
only on molecular diffusion. However, if the application requires fast mixing and
analysis, the mixing can be induced by using input of energy from the exterior, termed
active mixing. Some examples of external energy inputs are ultrasound,'®® acoustic,

166,167

bubble-induced vibrations, electrokinetic instabilities,'®® periodic variation of flow

169,170 2

rate, electrowetting-merging of dro lets,'”! piezoelectric vibratin membranes,'”
ging p p g

3

magneto-hydrodynamic action,'”> small impellers, integrated microvalves/pumps'”*

(Figure 7).
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Figure 7. Types of micromixing. A. Cyclone micromixer ; B. Hydrodynamic focusing by
compressing a central stream by two outer streams at much larger flow rate; C.
Multi-lamination flow patterns of a split-and-recombine mixer visualized by a
dilution-type experiment; D. Staggered herringbone micromixer for the
generation of chaotic flows; E. Time lapse images of three-electrode mixing at
8 Hz; F. Electrokinetic instability micromixing; G. Numerical simulation
results obtained for two inlet flows pulsed at 180° phase difference; H.
Photographs showing acoustic microstreaming in a microchamber *
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1.2.6 Detection Modes in Microfluidic Devices

In order to quantitatively and qualitatively characterize an analyte of interest, the
microsystem must be equipped with a high performance detection scheme. Reduction of
the size of the microchannels makes the diffusion a very fast process and therefore,
separation techniques on microchips, such as chromatography, electrophoresis,
electrochromatography and separations in immunochemical assays are more
advantageous than the conventional systems.'” There are three major types of detection
that should be mentioned: optical detection, electrochemical and mass spectrometry.
Optical detection tipically comprises fluorescence, absorbance, chemiluminescence, and
refractive index.

Fluorescence detection is the most common detection mode for microchip devices
because of its versatility and also sensitivity (picomolar detection limits). The most
sensitive < 10'> M) small volume detection method present to date is the laser-induced
fluorescence (LIF).'” In fact, single molecule detection has been demonstrated in a
capillary using LIF."” LIF typically requires off-chip derivatization of the sample which
increases the time of the total analysis. However, because the detection of native
fluorescence has disadvantages, such as weak signal and high background fluorescence
(poor sensitivity), LIF has been considered a more attractive choice. Fluorescence
detection is used not only for single point detection but also to image a large area, such as
monitoring of the fluid flow. For applications involving parallel analysis (monitoring

multiple channels), laser scanning techniques can be utilized.'*® Also, organic light
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emitting diodes (LEDs)'®!

and fiber optics were considered successful ways of integrated
detection methods for on-chip analysis.

For microseparations, and particularly for capillary electrophoresis, the most
common method of detection used is absorbance, and this is because most organic
compounds can be detected at 195-210 nm. However, due to the small internal diameter
of the microchannels, the path length dependency of absorbance detection makes the
detection of solutes with poor absorptivity very difficult.'®? Other optical detection modes
include chemiluminescence, where no external light source is needed and background
signal is minimal, and refractive index detection, which is useful for compounds with
poor absorbance/fluorescence (270 nM LOD for unlabelled proteins).'*

Another very sensitive and selective method of detection that has been widely
used in microdevices is electrochemical detection (EC). Electrochemical detection has
the advantage of low cost, relatively easy operation and no need for labeling, required in
LIF There are three types of electrochemical detection: potentiometry (ion selective
electrode, measures voltage), amperometry (measures current), and conductivity
(measures voltage/current). Potentiometric detectors are based on classical ion selective
microelectrodes (ISE) and have the ability to detect very small quantities of organic and
inorganic ions in small probe volumes. The first example of potentiometric detection on
chip was reported by Manz et al.'® This study described a micromachined ISE chip for
Ba' sensing.

The mechanism for amperometry relies on the electron transfer to/from

electroactive analyte at solid electrode (DC voltage applied) and the resultant current is

proportional with the analyte concentration. When amperometric detection is applied for
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conventional CE, there are some issues that have to be overcome. For example, the
electrophoretic current is usually up to 10° larger than the detector current, thus the
detector has to be decoupled from the high voltage. That was accomplished by using a
fine crack in the capillary as a decoupler. Therefore, electroosmotic flow (EOF)
generation stops at crack and the pressure form EOF pushes the analyte to the electrode.
For the on chip integration there have been different attempts to align the electrodes with

1'% reported a device where the decoupling from high

the decoupler. Mathies e a
potential was accomplished by placing the working electrode (10 pm wide) 30 um
beyond the end of the separation channel in 1 mm wide exit channel. They used the
device for the detection of neurotransmitters with very good limits of detection (LOD);
for example, dopamine (66 atomol in 18 pL), epinephrine (6.5 pM) and catechol (12
puM). However, there are major drawbacks of these amperometric techniques, one of
them being the strong absorption of the analyte reaction intermediates to the surface of
the electrodes (carbon electrodes). Some researchers got around this problem by utilizing
for example, dual-electrode detectors with two gold working electrodes configured in

8

series'*® or pulsed amperometric detection (PAD) which utilizes a continuous three-step

potential waveform.'®’

188,189 and

Mass spectrometry has also been used as a detection mode for both glass
PDMS devices.'”® Although mass spectrometry can provide more chemical information
than any other types of detectors, it is less sensitive than LIF, very expensive and cannot
yet be integrated in a portable chip. However, many groups tried and succeeded to

interface microfluidic devices with mass spectrometry, especially electrospray ionization

time-of-flight mass spectrometry (ESI-TOF MS)"”''™ for the detection of large
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biomolecules with high sensitivity. CE-MS detection on chip has been studied
extensively by many researchers.'**'%

On chip micromachined ionization sources that resemble electrospray emitter tips
have been reported by a number of groups.'®?*" Arscott et al. reported a planar on-chip
nib-like structure using the epoxy-based negative photoresist SU-8 as part of a
microfabricated ionization source that functions in nanoelectrospray conditions.?”

With the progress in microfabrication technologies and detection methods,
researchers can basically choose any detection method that is suitable for their
applications. u-TAS and lab on-a-chip systems will continue to develop and possibly

integrate multiple detection schemes for multiple analytes in same device, for different

types of applications, for example rapid, on-site diagnostic.

1.3  THESIS OBJECTIVE

In this work we propose to apply the recent developments in microfabrication
technology to create an in vitro model that will closely mimic an in vivo system. Because
a molecular level understanding of the mechanisms by which RBCs deformability
properties relate to the occurrence of MS is lacking, to gain insight into these
mechanisms would be ideal to employ such a model system.

More specifically, this work describes the development of a complete blood brain
barrier (BBB) mimic using lithographically-derived microchips in order to monitor the
fate of endothelium-derived NO that is stimulated by mechanically deformed RBCs. The

microchip-based BBB mimic was developed by addressing an array of cell reservoirs,
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which pose as the central nervous system (CNS), with a network of underlying channels
that represent the circulatory system. The cells were cultured on a polycarbonate
membrane, integrated in the device that separates the “so called” CNS from the “so
called” blood stream. The diameters of the patterned channels in the fabricated chips will
ultimately approximate those of brain capillaries in vivo.

This approach was used to monitor ATP-stimulated NO levels in the cells cultured
on the polycarbonate membrane. Importantly, using chip technology, we were able to
investigate the flux of NO across the BBB brought about by changes in ATP
concentrations, both in the form of ATP standards and RBC-derived ATP. As the
detection scheme, fluorescence microscopy was employed to enable the qualitative and
quantitative identification of endothelium derived-NO after it diffuses through the

membrane of the microchip device.
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CHAPTER 2

2.1 MULTIPLE SCLEROSIS: AN AUTOIMMUNE DISEASE?

Multiple sclerosis (MS) is thought to be an inflammatory and demyelinating
disease of the central nervous system (CNS) that is the most common neurodegenerative
condition in young adults, especially women, striking people between the ages of 20 and
40 years. Globally, 2 to 3 million individuals have this disease, 400,000 in the US alone.
It is five times more prevalent in temperate climates, especially northern Europe or
northern United States, with approximately 1 in 1,000 individuals of northern European
origin developing MS.2

MS is characterized by a chronic inflammatory process resulting in damage to
myelin (the multilayered membrane surrounding the axons) and myelin-producing cells
(oligodendrocytes) and eventual neuronal loss. It has been hypothesized that myelin is
damaged due to an immune attack of autoantibodies and autoreactive T cells activated
against myelin antigens such as myelin basic protein (MBP), proteolipid protein (PLP),
and myelin oligodendrocyte glycoprotein (MOG).} Myelin is very important for nervous
system function and when this tissue is disrupted, the nerve conduction slows and leads
to neuromotor dysfunction. Moreover, in MS plaque tissue oligodendrocytes are
hypertrophied, with swollen nuclei and disrupted plasma and mitochondrial membranes.*

Studies on experimental allergic encephalomyelitis (EAE) models, which is a
widely used animal model for MS, indicated that inflammatory molecules (cytokines,

chemokines, and adhesion molecules) induce the recruitment of leucocytes from the
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periphery to the CNS. Thus, the inflammation reaches the CNS through a disrupted blood
brain barrier (BBB). The pathological hallmark of the disease is the formation of plaques,
areas of white-matter demyelination, or eventual axonal degeneration and loss, leading to
long-term disability.’

However, there are contradictory reports in the literature about the autoimmune
hypothesis of this disease, largely because no autoantigen(s) specific to or causative for
MS has ever been identified. Some reports indicate that demyelination may precede
inflammation,® while other say that MS is not a autoimmune disease but either a
genetically determined disorder characterized by metabolically dependent
neurodegeneration’ or resulting from a chronic viral infection.®'° Moreover, there are
indications that MS is a disease triggered by an environmental factor in genetically
susceptible individuals. Dyment e al. showed that there is a 70% disconcordance of MS
among monozygotic twins, suggesting that an exogenous factor caused the disease.'"

Although there is controversy about what causes the disease, and an established
mechanism of its occurrence may not yet exist, it is unanimously accepted that axonal
degeneration is the major determinant of irreversible neurological disability in patients
with MS. Also, it was agreed that MS is somewhat heterogeneous and it has been
classified into several disease types such as relapsing, primary progressive, secondary
progressive and progressive relapsing. At onset, approximately 85% of the MS patients
show a relapsing remitting course, characterized by attacks of neurological deficits,
followed by complete or incomplete recovery. It has also been shown that 40-65% of
patients with relapsing disease will experience slow progression (secondary progressive

course). 12
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2.2  NITRIC OXIDE AS AN ACTIVITY MARKER IN MS

Although causative factors for MS have not been identified, there exists a large
body of evidence for the role of the autoimmunity in the pathogenesis of the disease.'>"*
Among other molecules produced during the inflammation cascade, nitric oxide (NO) is
one of the major molecules associated with the damage of the myelin and
oligodendroglia.'>'®

NO is involved in important physiological functions of the CNS, including
neurotransmission, learning and memory, and synaptic plasticity. It also has a role in
gastrointestinal motility and neuroendocrine regulation.'g'23 It is clear that NO can
modulate the induction of the immune response, permeability of the BBB, trafficking of
the cells to the CNS, and local response in the inflammatory milieu.* Therefore, NO can
have both beneficial and deleterious effects. Because of its short life-time in vivo, NO can
be rapidly converted to more reactive intermediates such as nitrite and nitrate.'® Recently,
elevated levels of nitrate and nitrite have been measured in cerebral spinal fluid (CSF),
blood, urine, and serum of MS patients in relapse.”* The neurotoxicity of excessive
concentrations of NO in MS has been previously reported,'®'** however the origin of
this excess and its mechanism of action is yet unknown.

NO is a simple gaseous molecule with a complex chemistry in vitro and poorly
understood biochemistry in vivo. At the site of inflammation, NO can exist not only in the
form of a free radical, but also can be converted into a variety of other related compounds

formed by the different conditions present in the tissue environment (e.g., redox

conditions, pH, oxygen tension).”® These compounds include the nitroxyl (NO™) ion,
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nitrous acid (HNO,), the nitrogen dioxide (NO,) radical, peroxynitrite (ONOO™; a
product of the combination of superoxide and NO) and peroxynitrous acid (ONOOH).
All of these compounds have their own chemistries and biochemistries in vivo and they
have also been found at the sites of inflammatory lesions in MS.

The high abundance of NO and its metabolites at sites of inflammation may be
due to the increased expression of the inducible form of nitric oxide synthase (iNOS).
This form of the enzyme produces NO continuously at high rates and does not depend on
free calcium. In normal conditions, iNOS is absent in the CNS, although iNOS mRNA
and protein become expressed at the inflammatory lesions of animals with EAE.?"?
Other findings also showed that iNOS mRNA was expressed in abundance in biopsy
samples®® or brains'® of patients with MS.

In this construct, inhibition of NO production, especially of iNOS, as a method of
effective therapy for MS has been extensively investigated for the past 15 years.’'®
However, results have turned out to be inconclusive given the complexity of NO
involvement in the immune regulation.

It has been hypothesized that NO has two major effects on cerebral vessels, both
of which may be involved in the pathogenesis of the MS lesions, namely vasodilation and
disturbance of the BBB integrity.° It is also believed that vasodilation by itself can lead
to an infiltration of inflammatory cells through the BBB into the CNS. The reasoning
behind this hypothesis is that with the increase in vasodilation, a decrease in the blood
flow will help leucocytes to bind to the vessel wall and migrate through it. In accordance

with this belief, Giovannoni et al. reported that nitrite and nitrate concentrations in the

CSF of patients with MS were correlated with the breakdown of the BBB, as measured
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by the leakage of albumin.** This NO present in MS lesions could arise from various
sources such as nerve terminals,3°‘4° induction of iNOS,“ or the release of
neurotransmitters. *>**

In this work, we hypothesize that another source of NO could contribute to the
elevated levels of this radical (and its metabolites) in CSF or other fluids of patients with
MS. Specifically, the stimulation of endothelial NOS (eNOS) by RBC-derived ATP may
be the source of NO. eNOS produces low (nanomolar) concentrations of NO in a
calcium-dependent manner and this NO is known to contribute to the regulation of blood
flow by inducing smooth muscle relaxation. However, there exists a fine balance between
the effects of the over production of NO and the underproduction of NO in vivo.
Increased concentrations of RBC-derived ATP may lead to increased levels of NO and
ultimately to relaxation of the vessels. This relaxation will slow the blood flow and will
allow the adherence of leucocytes to the vessel wall and eventual penetration of the BBB
and leakage into the CNS, as previously proposed by Smith et al.?®

All previous studies, however, hypothesized that NO sources are within the CNS.
The NO production in the brain microvascular capillaries is a subject of controversy and
no solid evidence about the constitutive production of NO was yet reported. Herein, we

show that brain microvascular endothelial cells constitutively produce NO and, moreover,

ATP represents an in vitro stimulus for eNOS in this cell line.
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2.3 RBC DEFORMABILITY IN MS

It has been previously shown that abnormal RBC deformability is associated with
diseases such as diabetes and multiple sclerosis.***> While RBC deformability is
decreased in RBCs of patients with type I and type II diabetes, the whole blood of
patients with MS was found to be more viscoelastic when compared with the whole blood
of healthy patients.**

Interestingly, it is known that the RBCs of MS patients have abnormally high
levels of glutathione (GSH), the most abundant non-enzymatic antioxidant present in a
cell. The levels of GSH have been linked with the deformability characteristics of the
RBCs. That is, low levels of GSH are found in diabetic red cells, which are known to be
less deformable than the RBCs from healthy patients.**>° Moreover, recent studies in our
group involving diabetic RBCs have shown that a weakened oxidant defense system in
RBCs will lead to lower levels of ATP release.’!

If, in the case of MS patients, the RBCs are more deformable and the increase
deformability results in an increase of ATP release, then an increase in the NO
production would be expected. Indeed, it is recognized that there exist higher than normal
levels of NO metabolites, nitrate and nitrite, in the cerebral spinal fluid (CSF) and serum
of patients with MS.>**¢

Taken collectively, we have constructed a theory that explains the overabundance
of NO metabolites in the CSF is actually blood-borne. In other words, it is possible that

the NO levels are increased due to overstimulation by RBC-derived ATP.
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Our hypothesis is that MS-RBCs are more deformable, therefore releasing more ATP,
which in turn will lead to increased production of NO. However, a molecular level
understanding of the mechanisms by which RBC deformability properties relate to the
occurrence of MS is lacking. To prove or disprove this hypothesis, the role of RBC-

derived ATP and NO derived from brain endothelium must be investigated.

24  POSSIBLE ROLES OF THE RBC/RBC-DERIVED ATP IN MS

RBCs, when traversing microvascular beds, are subjected to mechanical
deformation. Previously, it has been reported in the isolated perfused rabbit lung that in
order to demonstrate flow-induced endogenous NO synthesis in the pulmonary
circulation, RBCs obtained from either rabbits or healthy humans were a required
component of the perfusate.’” Importantly, it was reported that the property of these
RBCs responsible for the stimulation of NO synthesis was their ability to release ATP in
response to mechanical deformation.*® These reports suggest a novel mechanism for the
control of endothelium-derived NO production.

It is proposed that as the RBC is increasingly deformed by increments in the
velocity of blood flow through a vessel and/or by reductions in vascular diameter, it
releases ATP that stimulates endothelial synthesis of NO. Indeed, it has been reported
that RBC-derived ATP contributes to the control of vascular resistance in both the

52-54

pulmonary and systemic circulation.’>> The finding that ATP is released from RBCs

in response to mechanical deformation, and that the levels of ATP released from RBCs
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increase as the RBC deformability increases, suggest that the RBC may be an important
determinant of NO production as these cells traverse the intact circulation.

If RBC-derived ATP is a determinant of NO production in vivo, and NO plays a
major role in MS, it is important to investigate the relationship between MS RBCs, ATP,
NO and brain microvascular endothelial cells (BMVEC). The first step towards this goal
is to establish that RBCs of MS patients release higher levels of ATP compared to

healthy, non-MS controls and that bBBMVECs produce NO upon ATP stimulation.

2.5 EXPERIMENTAL

It has been well established that RBCs release ATP in response to mechanical
deformation.”*** Deformability measurements of the red cells have been previously
performed by different methods based on viscosity,® centrifugal sedimentation,®'
micropipette aspiration,®? rheoscopy,®® filtration or nucleopore filtration, or nuclear track
microfilters and laser diffraction or ektacytometer.‘s"'66 However, most of these
techniques required manual manipulation and thus, they were inaccurate and clinically
inapplicable. A more practical method to consider is the filtration-based method, where
the RBCs are passed through the pores of a filter under pressure. The pores have uniform
size and dimensions similar to those of capillaries (5 um diameter), in an effort to mimic
the in vivo conditions. The deformability of the RBCs was determined by the rate of
filtered cells.’”*°

Previously, our group developed an alternative method for studying ATP release

from RBCs as they traverse fused silica microbore tubing with internal diameters
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comparable to those of resistance vessels in the intact circulation.’”””° Here, this
technology will be used to quantitatively determine the ATP release from mechanically
deformed RBCs of patients with MS. Our hypothesis is that RBCs obtained from patients
with MS are more deformable, therefore releasing more ATP, which in turn will lead to
increased levels of NO production.

For a more realistic depiction of the mechanism of endothelium-derived NO
production in vivo, the RBCs obtained from MS patients were mechanically deformed by
hydrodynamically pumping them through microbore capillary tubing. A continuous flow
system is employed to create stress on the RBCs once they have entered the microbore

tubing.”'

2.5.1 Design and Methods

Generation of washed RBC. MS and control blood samples were kindly provided by Dr.
James Garbern, M.D., associate professor in the Department of Neurology at Wayne
State University. Blood was centrifuged at 500g at 4°C for 10 min. The plasma and buffy
coat (other elements in the blood) were discarded. RBCs were resuspended and washed

three times in a physiological salt solution [PSS; in mM, 4.7 KCl, 2.0 CaCl,, 140.5 NaCl
12 MgSO,, 21.0 tris(hydroxymethyl)aminomethane, 11.1 dextrose with 5% bovine serum

albumin (final pH 7.4)]. For all studies reported here, a hematocrit of 7% was prepared.
The value of 7% was found to be optimal for our studies, although higher values 10-20%
represent an average over the microcirculation. It is known that when moving from the

macrocirculation (arteries) to microcirculation (arteriols and capillaries), the viscosity of
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the blood decreases therefore the hematocrit changes with the vessel diameter. Cells were

prepared on the day of use.

Standard ATP assay. A mixture of luciferin/luciferase was used to measure the ATP by
chemiluminescence’' conform to the reaction shown in Figure 8. Chemiluminescence
intensity is proportional to the ATP concentration. The sensitivity of the assay is
enhanced by the addition of 2 mg of D-luciferin (Sigma, St. Louis, MO) to the crude
firefly extract (Sigma, St. Louis, MO). Intensities of ATP standards were taken on the
day of each experiment by adding authentic ATP to a luciferin/luciferase reaction
mixture. The luciferin/luciferase solutions were prepared by diluting the luciferin in 5 mL
of distilled, deionized 18 MQ water (DDW) and adding it to a vial containing 100 mg

luciferase. The luciferin/luciferase mixture was prepared on the day of use.

58



HO s N co,

/>__</ - At

N S
Mg?*
0
HO S N I 0 Adenine
V4 0——pP—0
/ | + PP
N S o
HO OH
r —
© s N 0
>—</ .
/ + CO, + AMP + H
N S
L _
0

S N
/> /< + Light
N S

Figure 8. The two-step bioluminescence reaction between luciferin/luciferase and ATP.
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Determination of ATP release from RBCs. The amount of ATP release from RBCs was
determined, near-real time, by using 50 um inside diameter fused-silica tubing that was
intended to resemble the vessels in vivo. The instrumentation employed consisted of a
syringe pump (Harvard Apparatus, Boston MA) equipped with two 500 pL syringes
(Hamilton, Fisher Scinetific), two pieces of ~40 cm long microbore tubing with an
internal diameter of 50 um and an outer diameter of 362 pm (Polymicro technologies,
Phoenix, AZ). The RBCs or ATP standards loaded in one of the syringes are pumped
through the tubing at a rate of 6.7 pL min™'. As the RBCs traverse the tubing, ATP is
released and it is combined with a luciferin/luciferase mixture that is loaded in the second
syringe, at a tee (Upchurch Scientific, Oak Harbor, WA) in the system, and the resultant
chemiluminescence is measured by a photomultiplier tube (PMT) built in house (Figure
9). The light intensity of the chemiluminescence is proportional to the amount of ATP
present.”! A working curve was constructed using five ATP standards between 0 and 1.5
pM resulting in a slope of 0.092 and a y-intercept of 0.0039 (> = 0.9789). The ATP
standards were prepared from a stock 100 pM ATP in a buffered physiological salt

solution (PSS). All solutions were prepared in the day of the experiment.
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Figure 9. Instrumental setup employed to measure the RBC derived ATP release.



2.5.2 Results and Discussion

Quantitative evaluation of the MS RBC ATP release. Deformation-induced ATP
release from RBCs obtained from control and MS patients was examined in order to
determine if the MS RBCs release more ATP than control RBCs as a result of always
being in a more “deformable” state. The data in Figure 10 provides evidence that MS-
RBCs release higher levels of ATP compared to non-MS RBCs. The results demonstrate
that the overall RBC-derived ATP from the patients with MS (375 +/- 51 nM) is 100%
greater than that of healthy controls (138 +/- 21).These findings suggest that RBCs of MS
patients may indeed be in a continuous “deformable “state that will lead to higher levels
of ATP release and ultimately, to an increase in ATP-stimulated endothelium-derived

NO.

2.6 CONSTITUTIVE PRODUCTION OF NITRIC OXIDE IN BRAIN

MICROVASCULAR ENDOTHELIAL CELLS

It is well established that vascular endothelium constitutively generates NO in
response to ATP stimulation and that endothelium-derived NO induces a relaxation of
vascular smooth muscle cells. However, little is known about the production of NO in
microvessels, where smooth muscle layers are thin or absent. Additionally, the
mechanism by which mechanical stress induces NO synthesis in the microvessel
endothelium is still controversial. There are contradicting reports in the literature

regarding the constitutive production of NO in cerebral microvascular endothelium.
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while the release from the RBCs obtained from people with MS was 375 +/-
51 nM. The error bars are reported as the SEM for 11 controls and 18 MS
samples.
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Kimura et al. reported that ATP and a calcium ionophore (A23187) induced Ca®
transients in two types of endothelium, bovine brain microvascular endothelial cells
(bBMVECs) and bovine aortic pulmonary endothelial cells (bPAEC), but they failed to
induce NO production in bBBMVEC, as measured with an NO-sensitive fluorescent dye,
DAF-2."% However, an observed increase in fluorescence was reportedly due to an
increase in NO production in bPAECs. In contrast, Janigro et al. showed that ATP
induces NO release in CNS endothelial cells due to an influx of Ca®* into the cell through
receptor-operated ion channels.” In this study, we demonstrated that NO is indeed
constitutively generated in brain microvessels, more specifically in bBBMVECs and that

RBC-derived ATP is an in vivo stimulus of NO production in bovine brain endothelium.

2.7 EXPERIMENTAL

It has been previously shown that endothelium-derived NO production can be
stimulated by ATP-binding to the P, purinergic receptors found on endothelial cells.
Recently, our group has demonstrated the ability of measuring ATP stimulated
endothelium-derived NO via dynamic fluorescence microscopy as an improvement over
previous reports using amperometry as the detection scheme.” Different methods were
reported for NO detection such as, chemiluminescence assays, bioassays, Griess reaction,
oxy-hemoglobin assays, electron spin resonance, and electrochemical assays, each with
its advantages and disadvantages.”” Here we demonstrate that ATP induced, endothelium-

derived NO production can be detected in real time using a commercially available cell-
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permeable fluorescence probe, 4-amino-5-methylamino-2,7’-difluoroflorescein diacetate

(DAF-FM DA).

2.7.1 Design and Methods

Preparation of cells. bBBMVECs primary cultures (Cambrex, East Rutherford, NJ) were
seeded on collagen-coated 25 mL tissue culture flasks at a density of 20,000 cells/cm?.
The cells were kept in humidified atmosphere, 37°C and 5% CO; and the media for
confluent growth refreshed every 2-3 days. Generally, the cells reach confluence on day 7
or 8 and form a tight monolayer on ~ day 10 or 11. When the cells from primary culture
reached confluence they were sub-cultured at a split ratio 1:2, and the harvested sub-
cultured cells (divisions 3, 5, and 8) were used for the experiments. However, low
passage is desirable for the cells to express cellular tight junctions and transport
characteristics found in BBB.”® In order to conduct the experiment, the cells were seeded
in 2 inches Petri dishes and grown to confluence. All solutions were prepared in Hank’s

balanced salt solution (HBSS) and equilibrated for 20 min at 37°C and 5% CO..

Florescence determination of NO production. For the measurement of NO with DAF-
FM, the confluent cells were incubated with 10 uM of the diacetylated form of DAF-FM
(Molecular Probes, Eugene, OR) for 20 min. Subsequently, the cells were washed twice
with equilibrated HBSS and stimulated with 10 uM or 100 uM ATP. DAF-FM fluoresces
(Aex = 494 nm; Aen = 515 nm) upon binding with NO, as measured by fluorescence

microscopy. The fluorescence intensity (pixel intensity) was reported as an average of 4
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pictures per dish taken every 5 min during a 30 min period. The images were captured by
an Olympus IX71M inverted microscope (Olympus America, Melville, NY) equipped
with an electrothermally-cooled CCD (Orca, Hamamatsu) and MicroSuite software
(Olympus America). To confirm the ATP-stimulated NO production, cells were
incubated with a competitive inhibitor of NO synthesis, L-nitro arginine methyl ester (L-
NAME 100 pM), for 15 min before loading them with the DAF-FM DA. Moreover, to
ensure that the enzyme eNOS has excess substrate for NO production, the cells were

incubated with L-arginine (100 uM).

Control experiment. Basal levels of NO in bBBMVECSs were determined using DAF-FM
DA as described above. Any increase in florescence intensity relative to the basal level
was due to the stimulation of the NO production. The DAF-FM florescence was
subtracted from the final value, thus the data represents the net gain in fluorescence due

to NO production.

2.7.2 Results and Discussion

ATP constitutes an in vivo stimulus of NO production in BBMVECs. Figure 11 depicts
the effect of ATP (100 uM) and L-NAME (100 uM) on bBBMVEC NO production,
assessed with DAF-FM DA. The results demonstrate the ability of bBBMVECs to produce
NO when ATP, a known stimulus of eNOS in vivo, is added to the cells. The bBBMVEC
were loaded with DAF-FM DA and the florescence intensity was assessed after 30 min.

The black bar represents the fluorescence intensity of the adduct DAF-FM /NO.
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Figure 11. Effects of ATP (100 pM) and L-NAME (100 uM) on NO production in
bBMVECs assessed with DAF-FM DA. L-MAME was used to demonstrate
that the increase in DAF-FM DA fluorescence upon stimulation with ATP
(100 uM) was the result of NO production (*p < 0.001 vs. control).
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The light gray bar represents the fluorescence intensity after the addition of 100 uM ATP
to the cells loaded with the probe. Darker gray bar shows that L-NAME (100 uM)

inhibited ATP-induced DAF-FM fluorescence, proving the endothelium NO production.

ATP-derived NO production with cells passage. 1t has been shown that primary or low
passage brain capillary endothelial cultures retain many morphological and biochemical
properties similar to the BBB in vivo.””® However, due to the high cost of the
commercially available bBBMVECs the use of primary cultures exclusively for our models
is not financially practical. Therefore, in our protocols the cells were passaged and the
ability of the endothelium to produce NO upon stimulation was investigated. Data in
Figure 12 shows that with increasing the passage number, the ability of the bBBMVEC to
produce NO upon stimulation is significantly reduced. Black bars (control) represent the
basal levels of NO production without stimulation. However upon stimulation with 100
uM ATP, a significant increase (> 100%) in NO production is observed for division 3

compared with no increase (equal to basal levels) in divisions 5 or 8.
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Figure 12. ATP-derived NO production is decreasing with increasing the passage of the
cells. For cell division 3 there is a significant difference between the control
(black bars) and the bBBMVECs stimulated with 100 uM ATP (grey bars)
(*p <£0.001 vs. control).
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2.8 CONCLUSIONS

In this study we hypothesized that RBCs obtained from patients with MS are
more deformable, therefore releasing more ATP, which in turn will lead to increased
levels of NO production. For a more realistic depiction of the mechanism of endothelium-
derived NO production in vivo, the RBCs obtained from MS patients were mechanically
deformed by hydrodynamically pumping them through microbore capillary tubing. A
continuous flow system is employed to create stress on the RBCs once they have entered
the microbore tubing.”' It was found that MS-RBCs release higher levels of ATP
compared to non-MS RBCs. These findings suggest that RBCs of MS patients may
indeed be in a continuous “deformable “state that will lead to higher levels of ATP
release and ultimately, to an increase in ATP-stimulated endothelium-derived NO.
Additionally, it was shown that ATP acts as an agonist for NO production in bBBMVECs
and the increase in NO production is a function of cell division.

Based on these findings, we have constructed a theory that explains the
overabundance of NO metabolites in the CSF of MS patients is actually blood-borne. In
other words, it is possible that the NO levels are increased due to overstimulation by

RBC-derived ATP.
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CHAPTER 3

3.1 THE BLOOD BRAIN BARRIER

The existence of a separation between the blood circulation and the central
nervous system (CNS) was first acknowledged by Paul Ehrlich in the 1880s in a trivial
experiment using staining with certain dyes. He made the observation that when the dyes
were injected into the circulatory system, all organs in the body were stained with the
exception of brain and spinal cord.! Later on, Edwin Goldman, a student of Ehrlich
discovered that the same dyes were able to stain the nervous system when injected into
CNS and failed to stain the rest of the body.? It was not until 1967 when Reese and
Karnovsky showed using electron-microscopic studies that the barrier is localized at the
capillary endothelial cells within the brain.?

The blood brain barrier (BBB) (Figure 13)* represents the wall of the capillaries
that feed the brain and it is comprised of microvascular endothelial cells that present tight
junctions with very high electrical resistance (~ 2000 Q x cm?).’ The barrier restricts the
passage of molecules between the systemic circulation and the central nervous system,
thus blocking the entrance of unwanted cytotoxic agents or viruses circulating in the
bloodstream. However, at the same time, the barrier prevents the entrance of a variety of
drugs designed to target the CNS. The membranes of microvascular endothelial cells

selectively express a specific transport system to mediate the direct transport of nutrients
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Figure 13. The Blood Brain Barrier. a) The BBB is formed by endothelial cells of the
level of the cerebral capillaries. These endothelial cells interact with
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end-feet p peri and pericytes to form a functional
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into the CNS and of toxic metabolites out of the CNS.° Currently, about 15 transporters
are known, however it is estimated that at least 50 more exist.’

Recently, the transporter proteins in the endothelial membranes have been exploited as a
real option of delivering drugs across the barrier.

Brain endothelial cells are very distinct from any other endothelial cell in the
body due to their morphology, biochemistry and function. Although they are the main
structural constituents of the barrier, their interaction with other specialized cells such as
pericytes, perivascular macrophages and astrocytic end-feet is a prerequisite for the
proper function of the BBB. In order to study the drug transport across the barrier, a
suitable in vitro model of the BBB has to be developed, where the quality of the barrier

and the differentiated morphology of its endothelium are highly preserved.®

3.2 BLOOD BRAIN BARRIER MODELS

In the last decade, an increasing effort to create in vitro models of the BBB was
observed for studies of drug delivery to the CNS. Many drugs that showed promise in
studies of CNS disorders are too large (tens or hundreds of kDa) for the passive diffusion
through the brain-endothelium barrier. Therefore, a cell-based model that offers the
potential of mimicking in vivo conditions, such as transcellular and paracellular drug
diffusional processes, metabolism, and active transport processes is highly needed.’

Most of the BBB models exemplified in the literature are based on stationary
cultures and co-culture of cells that take into account the complex environment of the

brain. Early in vitro BBB models were described in terms of tight junction parameters
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that have to be met, selective permeability properties for different standard sugar
solutions and polarity. The first three prototypes of in vitro models consisted of either

10-13

suspensions of isolated cerebral microvessels, isolated brain endothelial cells

14,15 16,17

cultures,  “and co-culture of astrocytes and endothelial cell monolayers on plastic™"* or

on either side of filters.'3?2
Polycarbonate membranes with varying pore sizes were also utilized as support to

1923 and to allow

grow endothelial cells,? or co-culture of astrocytes and endothelial cells
the passage of large drug molecules for transport studies. Typically, BBB models
consisted of endothelial cells cultured on top of a polymeric membrane affixed to a
cylindrical plastic insert. This culture insert was placed into a well of a standard culture
plate, dividing the well into the luminal (blood) and abluminal (brain) chambers (Figure
14).4

Recently, Ma et al. reported an in vitro BBB model that utilizes membranes
nanofabricated from low stress silicon nitride (SiN). They hypothesized that growing
endothelial cells and astrocytes on the opposite sides of the membrane, therefore
increasing the amount of direct contact between the two while still maintaining two
distinct cell layers, will create a more differentiated and appropriate BBB model.**

Some efforts have been made to develop BBB models with a three-dimensional
architecture that will account for the blood flow differentiation of the cerebral
endothelium.?® Thus, endothelial cells have been culture inside hollow fiber tubes (the
intraluminal side) and astrocytes were cultured extraluminally on the surface of the tubes.

In this way, the endothelial cells were exposed to the flow conditions and allowed the

investigation of signaling events in the BBB.
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Figure 14. Typical in vitro model of the BBB. Brain endothelial cells are grown at the
bottom of filter inserts together with glial cells grown at the bottom of 6-well
plate. Soluble factors secreted from the glial cells induce the BBB phenotype

in the brain capillary endothelium.*
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However, technical demands of this model limit its use for drug screening.Very recently,
Cucullo et al. utilized the aforementioned technique to develop a humanized dynamic in
vitro model to study the BBB in epilepsy.?® The model was based on the co-culture of
human microvascular endothelial cells (HMVEC) from normal and drug-resistant
epileptic brain tissue with human brain astocytes (HA) from epilepsy patients or controls.
Here, HMVEC and HA were co-cultured in polypropylene capillaries. However, for these
studies, the dynamic in vitro blood brain barrier (DIV-BBB) setup was purchased from
Spectrum (Spectrum Laboratories, Inc., Rancho Dominguez, CA).

These approaches of modeling the BBB for the pharmaceutical drug discovery
and development process had to compromise between capacity, cost, time and how
closely a model needs to resemble in vivo conditions. For successful use, any in vitro
BBB model has to fulfill certain criteria such as reproducible permeability of reference
compounds, good screening capacity, the display of complete tight junctions, adequate
expression of BBB phenotypic transporters, to be reasonably robust and to display a
physiologically relevant morphology.* To date, the existing in vitro BBB models are
labor intensive, expensive and have low throughput that makes them nearly impossible

for testing the plethora of drugs designed to target the CNS.
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3.3 MICROFLUIDIC TECHNOLOGY FOR THE DEVELOPMENT OF A

BLOOD BRAIN BARRIER MIMIC

The use of a microfabricated device is a possible way to develop a complete BBB
mimic. More specifically, using lithographically-derived miérochips, it would be possible
to monitor the fate of endothelium-derived NO that is stimulated by mechanically
deformed RBCs. The concept of a micro total analysis system (uTAS), also called a “lab
on a chip”, miniaturized or microfluidic analysis systems, is a rapidly developing field.
Microfluidic devices have found a broad area of applications, especially in the biological
and life sciences, from cell handling and analysis, biomimetic and biopowered systems,
clinical diagnosis, immunoassays, DNA, proteins and other bioassays to environmental
concerns and gas analysis.27

Typical dimensions of these microfluidic devices range from a few micrometers
to several millimeters in length and width and from 100 nm to 100 pm depth and height.
These systems can be made in silicon,?® glass,”® and polymers such as polymethyl
methacrylate (PMMA),? or poly(dimethylsiloxane) (PDMS).>® Flow of sample or
reagents through the chip is accomplished by either electrophoretic or hydrodynamic
pumping.®'*® Detecting the analytes directly in the micron-sized channels can be
performed by a variety of meché.nisms including optical (fluorescence, absorbance,
chemiluminescence, refractive index), electrochemical (amperometry, potentiometry,
conductivity), and mass spectrometry or NMR detection. The development of systems
that combined surface engineering with layer-by-layer microfluidic technology to create
3D tissuelike structures, e.g., blood vessels have been repox’(ed.“’35 The utilization of an

ultrathin nanofabricated silicon nitride membrane, where endothelial and astrocyte cells
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were co-cultured on opposite sides of the membrane have also been reported.24 This
approach constitutes a potential starting point for development of a BBB mimic. Even
though models of the BBB already exist, none incorporate actual blood flow. Here we
report the development of a dynamic system that integrates blood flow and a barrier

mimic.

3.4 EXPERIMENTAL

3.4.1 Design and Methods

Microchip fabrication. Microchips were fabricated using standard soft lithographic
technology. Micrometer size channels were patterned in PDMS based on previous
published methods.>® Masters were made on a silicon wafer (Silicon, Inc., Boise, ID)
using SU-8 photoresist (MicroChem Corp., Newton, MA) and photolithographic
procedures employing masks in the form of negative films (Figure 15). The photoresist
was prebaked at 95°C for 5 min prior to UV exposure with a near-UV flood source
(Autoflood 1000, Optical Associates, Milpitas, CA) through a negative film (2400 dpi,
Jostens, Topeka, KS), which contained the desired channel structures drawn in Freehand
(PC version 10.0, Macromedia, Inc., San Francisco, CA). The masters were cast against a
20:1 mixture of Sylgard 184 elastomer and curing agent (Ellsworth Adhesives,

Germantown, WI) and allowed to cure for ~ 2 hours at 75°C.
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4) UV Exposure Develop

Figure 15. Photolithographic procedure for the fabrication of silicon master. 1) Spin coat
4 mL of SU-8 50 photoresist at 1000 rpm for 20 s; 2) Pre-bake for 5 min at
95°C to evaporate solvent and densify film; 3) Post-bake for 5 min at 95°C to
cross-link the exposed portions of the photoresist film; 4) UV exposure, 350-
450 nm, 50W for 60 s to polymerize and cross-link; 5) Develop with
propylene glycol monomethyl ether acetate (PGMEA); 6) Soft-lithography to
create microfluidic chip.
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fabrication of the microfluidic device proposed to mimic the BBB. For the determination

After the incubation period, the PDMS was peeled off the master to yield a pattern of
negative relief channels. Chips containing channels of 100 pm depth x 100 pm width x
2cm length were used for the of NO and ATP flux through the polycarbonate membrane,
a spiral shaped channel with a diameter of 150 pm was initially used to deliver the 4-
amino-5-methylamino-2’7’-difluorofluorescein diacetate (DAF-FM) probe for NO

detection and luciferin/luciferase mixture for the ATP detection, respectively.

Preparation of NO standards. Nitric oxide was prepared as a 38 mM stock solution
from spermine NONOate (Cayman Chemical, Ann Arbor, MI) by dissolving 10 mg of
spermine NONOate solid in 1 mL of 0.01 M sodium hydroxide (NaOH) solution.
Working solutions were prepared by dilution of the alkaline NONOate solution in 0.1 M
phosphate buffer saline (PBS, pH 7.4). Spermine NONOate is reported to have a half-life
of 39 min at 37°C in 0.1 M phosphate buffer and follows first order kinetics for its rate of
decay.’® The working solutions were incubated in a water bath at 37°C for 15 min to
ensure NO release from the donor. The NO samples were hydrodynamically pumped into

the microfluidic channel at a flow rate of 1pL min™ for 10 min.

Detection of NO. Methods based on fluorogenic probes for the measurement of the
production of NO in cellular systems have been gaining increasing popularity due to their
simplicity and sensitivity. The most successful indicator for NO reported in the literature
has been 4,5-diaminofluorescein diacetate (DAF-2 diacetate) and 4-amino-5-

methylamino-2’7’-difluorofluorescein diacetate (DAF-FM DA). These probes are

85



membrane permeable and they are deacetylated by intracellular esterases to DAF-2 and
DAF-FM, respectively.’’ In all imaging studies DAF-FM or the diacetate form for cell
membrane permeation was used for fluorescence determination. The reason for using
DAF-FM versus DAF-2 is that DAF-FM is a more sensitive reagent for NO (NO
detection limits for DAF-FM ~ 3 nM versus ~5 nM for DAF-238) and DAF-FM is
independent of pH above pH 5.5. Moreover, the NO adduct of DAF-FM is known to be

significantly more stable than that of DAF-2, enabling more time for image capture.

Detection of ATP flux through the polycarbonate membrane. ATP was measured by
chemiluminescence using a luciferin/luciferase mixture as previously described in
chapter 2, section 2.5.1. The reagents were delivered in a continuous flow setup using
Tygon tubing (0.0200 mm ID x 0.0600 mm OD) fitted with 15 mm, 23 gauge
hypodermic steel tubing bent at 90 degrees. This steel tubing was placed in the inlet
access holes created in fabrication of the microfluidic device to deliver solutions directly
into the channels. ATP standard solutions (0.0, 0.5, 1.0 and 1.5 uM) prepared in PSS
buffer were added to aliquots of RBCs and delivered in the straight channel on the
bottom of the device shown in Figure 16. The luciferin/luciferase mixture was
hydrodynamically pumped for 10 min (or until the signal is stabilized) at a flow rate of
1.0 or 2.0 uL min™ into the spiral channel placed on the top of the membrane of the
microchip device (Figure 16). The RBC/ATP samples loaded in one of the syringes were
pumped though the tubing at a rate of 2.0 and 3.0 uL min'. Additionally, a solution of
iloprost (a prostacyclin analogue known to induce ATP release) at 1 uM in PBS was

incubated with a solution of RBC (final hematocrit 7%) for 15 min and hydrodynamically
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Figure 16. Detection of ATP flux through a polycarbonate membrane using a flow of
luciferin/luciferase mixture hydrodynamically pumped into a spiral-shaped

channel of a PDMS device. The set up is enclosed in a light excluding box
over a PMT.
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pumped through the bottom channel for 30 min. As the RBC/ATP or RBC/iloprost
solutions traverse the microfluidic channel on the bottom of the device, ATP diffuses
through the polycarbonate membrane into the spiral channel, reacts with the
luciferin/luciferase mixture and the resulting chemiluminescence is detected at the end
segment of this channel. The spiral channel intersects the linear channel underneath it in
17 locations, therefore creating a total contact surface area of 17 x 150 um (width of the
spiral channel) x 100 pm (width of the linear channel). Chemiluminescence intensity was
measured in a 1 mm long linear segment (x) situated at the end of the spiral-shaped

channel using a photomultiplier tube (PMT) housed in a light-excluding box.

Fabrication of the microchip-based BBB. Figure 17 represents a schematic of the
microfluidic device used to investigate the diffusion of NO through a polycarbonate
membrane with pore size of 0.2 um and a diameter of 13 mm. The proposed device is
constructed of two PDMS slabs, each having patterned a 2 cm long, 100 um wide channel
and a polycarbonate membrane sandwiched in between the slabs. The membrane is
tightly and reversibly sealed by the two pieces of PDMS, making the device amenable to

cleaning and reuse.
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0.2 um, 13 mm

DAF-FM

Figure 17. Proposed design for the microfluidic-based BBB mimic A. Assembly of a 3
dimensional fluidic device incorporating microck Is (100 pm di )
for reagents delivery and a polycarbonate membrane sandwiched in between
the PDMS layers. B. Micrograph of the channels junction with the
polycarbonate membrane (13 mm diameter and 0.2 pm pore size).
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3.4.2 Results and Discussion

In this work we described two approaches for the construction of a microfluidic-
based BBB. The first approach consists of immobilization of bovine brain microvascular
endothelial cells (bBMVECS) in the microfluidic channel underneath the membrane and
monitoring of the NO production by the endothelial cells in the upper channel
representing the CNS. A second approach is to culture the brain endothelial cells onto the
polycarbonate membrane that will separate the two channels that pose as the
microvascular system and CNS, respectively.

In the first approach, we are interested in optimizing the NO flux though the
porous membrane in order to obtain the appropriate conditions for the detection of the
analyte of interest. Moreover, here we show that endothelial cells can be immobilized on
both PDMS channels and a coated-polycarbonate membrane.

For the second approach,' the optimization of the ATP flux through the
polycarbonate membrane is a prerequisite for the stimulation and detection of the NO
production in bBBMVECs cultured on the membrane. Ultimately, the ATP that is
measured will be released by the RBCs obtained from patients with multiple sclerosis

(MS).
NO flux through the polycarbonate membrane. In order to develop a realistic mimic of

the BBB, the flux of NO across the polycarbonate membrane has to be determined.

Therefore, a 3D microfluidic device was designed with one channel that ultimately
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mimics the brain microvessels (cerebro-microvasculature), and is separated from a
second channel that will pose as the CNS by a polycarbonate membrane.

One important step in the development of the device is the optimization of
parameters such as flow rates, membrane pore sizes, channels lengths, and channel
design in order to achieve high sensitivity and good limits of detection. These figures of
merit are particularly important when investigating complex biological systems, such as
the BBB and its periphery.

The first step in achieving this goal is the direct detection of NO that diffuses
through the membrane with pore sizes 0.2, 0.4, and 0.6 um. The fluorescent probe DAF-
FM (10 uM) that flows through the second channel, above the membrane was used to
create a highly fluorescent adduct with NO. Figure 18A schematically shows the
diffusion of NO that is flowing in the channel S1, through the polycarbonate membrane
into the upper channel S2 that contains the probe. The highly florescent DAF-FM/NO
adduct is formed upon reaction between NO and DAF-FM and detected using a CCD
camera mounted on an inverted microscope. The micrographs in Figure 18B show the
diffusion of NO through the porous membrane and subsequent reaction with the probe at
the channels junction.

The polycarbonate membrane experiences a uniform pressure drop across the
entire length and width of the membrane at the channels junction (100 um x 100 pm). A
membrane pore size of 0.2 pm and flow rates of 1.0 pL min™ for both NO and DAF-FM
streams were found to be optimal for the efficient diffusion of NO through the

membrane. The bar graph in Figure 19 shows that with increasing NO concentration from
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Figure 18. A. Detailed representation of the microfluidic channels junction with
polycarbonate membrane in between. S1 represents the channel under the
membrane, where NO (3.8 puM stock solution in PBS) is being
hydrodynamically pumped at a flow rate of 1uL min™. S2 represents the
upper channel that poses as the CNS, where DAF-FM (10 pM) is being
introduced. B. Micrographs of the upper channel before (1), at (2), and
after (3) channels junction showing the formation of the highly fluorescent
DAF-FM/NO adduct.
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Figure 19. Detection of NO flux through the polycarbonate membrane with a pore size of

0.2 pm and at a flow rate of 1 uL min™" as assessed by DAF-FM (10 pM).
The control sample is PBS buffer. *, **, and *** represent the statistical
significant differences versus control, 100, and 200 nM NO, respectively (*p
< 0.001; ** and ***p < 0.05). The error bars represent the mean values +
standard error (n=4).
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0 (PBS only) to 500 nM, an increase in the fluorescence intensity is being detected across
the membrane in the upper channel S2.

It was found that concentrations as low as 100 nM of NO can be detected using
the proposed device. Moreover, significant statistical differences between 100 and 200
nM concentrations of NO were also reported. The data proves that the first approach for
the microfluidic device described in this work in conjunction with the fluorescence
detection could be utilized to investigate nanomolar concentrations of NO. However, the
NO production in the brain endothelial cells that is stimulated by RBC derived ATP is
one to two orders of magnitude lower. Therefore, the first approach for our device is not
sensitive enough for the low concentration of NO produced by the endothelial cells, both
in vivo and in vitro.

Based on these results, efforts have been directed to the immobilization of
endothelial cells directly on the polycarbonate membrane, therefore the detection of
intracellular NO production could be monitored in real time using fluorescence

microscopy.

Cell immobilization on polycarbonate membrane/PDMS channels. Isolated bBBMVECs
have been previously successfully cultured as primary cultures on collagen-treated solid

1415 polycarbonate membranes, or on

plastic surfaces (standard tissue culture flasks),
commercial membrane inserts.® At date, there are no reports in the literature describing
bBMVEC immobilized onto PDMS substrates or channels as a part of a microfluidic

device.
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Despite the fact that bBBMVECs are small (< 10 um in diameter), and that they
generally need ~ 10-12 days to reach a confluent layer, we show here a successful
attempt to immobilize these cells in a 100 pg mL fibronectin-coated 100 pm diameter
channel of a PDMS chip (Figure 20). However, the method of immobilizing the cells in
the PDMS channels and the preservation of cell viability and morphology for the
experimental period proved to be highly challenging. The lack of reproducibility and the
high cost of the brain microvascular cell line were taken into consideration and a second
approach was therefore envisioned.

Here, the cells were immobilized on a polycarbonate membrane in order to make
the bBBMVEC cell-coated membrane a part of a microfluidic device that will closely

mimic the in vivo BBB and its proximal environment.

Detection of ATP flux through the polycarbonate membrane. RBCs 7% and ATP
standard solutions (0, 0.5, 1.0 and 1.5 uM) were prepared as previously described in
chapter 2. RBC solutions were spiked with increasing concentrations of ATP and the flux
of ATP thought the polycarbonate membrane of the PDMS chip was detected as the
chemiluminescence signal observed at the end portion of the spiral channel (distance x in
Figure 15). The chemiluminescence signal is proportional to the amount of ATP reacted
with the luciferin/luciferase mixture. In this case, a spiral-shaped channel (150 pm
diameter) was used to increase the time for ATP molecules to diffuse through the pores
of the membrane.

The reason for using ATP-spiked RBC samples instead of ATP standard solutions

in buffer was to account for the complexity of the RBC matrix and the possible
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Figure 20. Micrograph of bBBMVEC immobilized in a 100 pm PDMS channel. The
h 1 was pi ted with fib in (100 pg mL"') and incubated for 1 h
at 37°C and 5% CO, to ensure cell adhesion.
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interferences in the ATP detection that could occur when RBCs are present. Figure 21
shows that low micromolar ATP concentrations added to a continuous flow of RBCs can
be detected on the other side of the polycarbonate membrane. These findings suggest that
ATP diffusion though the membrane does not constitute a limiting factor in stimulating
the NO production in endothelial cells cultured on the membrane. Polycarbonate
membranes with pores sizes of 0.2, 0.6 and 1.0 pm were used in these studies. The
optimum pore size diameter was found to be 1.0 pum. These data was found to be in good
agreement with the literature. Recently, it has been reported that there is approximately

four-fold smaller permeability of the 0.6 um pore membranes than the 1.0 um pore

membranes (k; ym/’ko.6um ~ 4) for a standard solution of ADP.*

The ATP flux was manipulated by varying parameters such as relative flow rate
and concentration. The flow rates for both ATP and luciferin/luciferase streams were
optimized to increase the sensitivity of the method. Therefore, we report here an optimum
flow rate of 3.00 uL min"! for ATP flow, and of 1.00 pL min! for luciferin/luciferase,
respectively. Using this device we were able to detect as low as 500 nM concentration of
ATP added to RBCs. Additionally, iloprost (a stable analogue of prostacyclin that is
known to stimulate ATP release via a G-protein coupled receptor mechanism*®) was used
to provoke ATP release. Data in Figure 20 shows that indeed, pharmacologically induced
ATP release from RBC can diffuse though the polycarbonate membrane and be
efficiently detected using chemiluminescence assay and a PMT housed in a light

excluding box.
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Figure 21. Detection of the ATP flux through a polycarbonate membrane with pore size

of 1.0 ym and 13 mm di as d by ina
spiral-shaped channel, as part of a 3D microfluidic device. ATP and
luciferin/luciferase flow rates are 3 pL min" and 1pL min™', respectively.
Control represented by RBCs 7% (0 pM ATP). Iloprost is used as an ATP
release stimulant of RBCs. * and ** represent the values statistically
different from control and 0.5 pM ATP, respectively (*p < 0.001, **p <
0.05) (n=4).
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3.5 CONCLUSIONS AND OTHER CONSIDERATIONS

In this work we hypothesized that a complete BBB mimic can be developed on a
microfluidic device that will monitor the fate of endothelium-derived NO that is
stimulated by mechanically deformed RBCs. Key to investigating the NO production
from the endothelium and its fate through the cell-coated polycarbonate membrane, that
will constitute the BBB, is the ability to actually detect the NO after it crosses the barrier.

Primarily, we have demonstrated here that the flux of NO (flow rate 1.0 uL min™)
through a bare polycarbonate membrane can be detected using a specific probe for NO,
DAF-FM (10uM). However, the device lacks the sensitivity required to detect
physiological relevant levels of NO. Secondly, the ATP flux through a polycarbonate
membrane (flow rate 3.0 pL min™) in a 3D microfluidic device has been investigated.
The molecular transfer through the membrane was maximized by increasing the area of
contact between the two channels by designing the upper channel in a spiral shape that
crosses the underneath linear channel in multiple points (17 x 150 pum x 100 pm). We
showed here that the proposed device is sensitive enough for the detection of as low as
500 nM of ATP spiked into RBC samples and most importantly, is able to detect
concentrations of ATP released by iloprost-treated RBCs.

Parameters such as membrane pore size, flow rates and probe concentrations have
been optimized to increase the efficiency of the detection in the device. Although the
results are promising, the inability to culture the cells on the membrane as part of the 3-D
microfluidic BBB and the poor sensitivity for the physiological relevant NO

concentrations constitute limiting factors.
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Attempts have been made to culture the endothelial cells on isolated collagen-
coated polycarbonate membranes and, after the cells have reached a confluent layer to
integrate the membrane in the device. However, the two pieces of PDMS that make up
the device would not seal together as a result of the membrane wetness from the cell
culture media. As an alternative method, an attempt was made to culture the cells directly
on the membrane by introducing the cell suspension in the upper channel, above the
membrane. However, the lack of reproducibility and technical difficulties with the cell
introduction made the device unsuitable for the purpose of our applications.

One way of avoiding these complications would be the integration of microvalves
and multiple channels for the introduction of cells and DAF-FM, separately. Moreover,
cell culture reactors on-chip where the viability of the cells can be sustained for days and
the cell-cell signaling can be monitored in real time could also constitute an alternative
option. In terms of using the polycarbonate membranes as support for endothelial cell
culturing and proliferation, integration of transparent membranes for ease of optical cell
imaging would be highly desirable.

The aforementioned microfluidic components, such as microvalves, microreactors
or intricate designs are time consuming and prone to problems of engineering nature even
before introducing the biological factor. A new, simpler and more amenable design has
thus been constructed. Here, the high throughput capabilities of a microtitre plate
technology was merged with the capabilities of microfluidic technology to create a device
that mimics the BBB in a more realistic way by incorporating blood flow and having the

capability of possible multi-drug screening simultaneously and in real time.
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CHAPTER 4

4.1 ADDRESSING A VASCULAR ENDOTHELIUM ARRAY WITH BLOOD

COMPONENTS USING UNDERLYING MICROFLUIDIC CHANNELS

Many technologies, such as those designed to perform adsorption, distribution,
metabolism, excretion, and toxicity (ADMET) screening, are beginning to emerge as
significant tools in drug discovery' and systems biology” and there exists a number of
motivations for continued advancements in this area. A logical way to improve the drug
discovery process at the preclinical stage is to create technologies that incorporate
controlled, in vitro environments that closely mimic in vivo conditions and enable
molecular-mediated communication between different cell types. Such technologies have
been previously reported.>* Unfortunately, most systems fail to incorporate a major
component of many in vivo processes, specifically, components of the circulation.

A quantitative understanding of molecule-mediated communication between
different cell types in the circulation is challenging due to chemical and physical
constraints. Chemically, the dynamic metabolic status of the cells dictates that
measurements involving multiple cell types are made almost simultaneously as cellular
events occur,’thus enabling the communication between the cell types.’ Physically,
communication between two different cell types are often initiated by some type of stress

10,11

placed upon one of the cell types. Hypoxia,® shear stress,”” and oxidative stress'®''are all

types of stress that affect cell signaling. Measuring such in vivo events in real-time and in
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a high throughput manner is difficult, especially if one of the cell types is in the complex
matrix of the bloodstream.

There have been many reports involving microfluidics or lab-on-a-chip
technology to create in vivo mimics using a controlled, in vitro platform with many of
these devices incorporating cellular components.'”"> Stimulation has also been carried
out on various cell types including the stimulation of a dopaminergic cell model (PC12
cells),'® endothelial cells,'’” and islets'® contained within microfluidic devices.

Although previous reports have described the successful direct immobilization of
endothelial cells in the channels of a microfluidic device, the device described here
utilized a polycarbonate membrane to separate the flow of red blood cells (RBCs) from
the endothelial cells. First, the use of the membrane in the device enables already
available technologies associated with microtitre plate technology. Furthermore, the use
of the membrane will allow other cell types to be immobilized on or near the
endothelium, thus creating a working mimic of the blood brain barrier in a three
dimensional device.

Such a device has the potential to examine communication between the
circulation (in particular, RBCs) and the nervous system. Here, we report a method that
combines microfluidic technologies in an array setup to elucidate the communication
skills between RBCs and bovine pulmonary artery endothelial cells (b)PAECs). This
array-type device represents an improvement from the previous design with two single
channels patterned onto PDMS chips (representing the circulatory system and the CNS)

and a sandwiched polycarbonate membrane in between.
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42 EXPERIMENTAL

4.2.1 Material and methods

Preparation of RBCs. RBCs were obtained from male New Zealand White rabbits as
previously described. RBC samples were prepared as a 7% hematocrit with and without 1
uM iloprost (Cayman Chemical, Ann Arbor, MI) which, when added, was incubated off-
chip for approximately 15 min. Iloprost was also added to a sample containing 7% RBCs
incubated with 250 nM glybenclamide for approximately 10 min (Sigma Chemical, St.
Louis MO) to demonstrate that the additional ATP release due to iloprost was not a result
of cell lysis. ATP standards ranging from 0 -1.5 uM were prepared in a physiological
saline solution (PSS) by diluting a 100 pM stock solution made up in distilled and

deionized water (DDW) to allow for the quantitation of ATP release.

Measurement of ATP via chemiluminescence. Each sample or standard solution was
individually mixed at the T-junction within the device with a luciferin/luciferase solution
to examine the iloprost stimulated, RBC-derived ATP. The sensitivity of the assay was
increased by adding 2 mg of luciferin (Sigma Chemical, St. Louis, MO) to a vial of
luciferase and luciferin (FLE-50, Sigma Chemical, St. Louis, MO). The
chemiluminescence for all samples as well as ATP standards were measured in real time
by a photomultiplier tube (PMT) at 10 Hz for 30 seconds as previously described. These
chemiluminescence measurements were performed by placing the downstream portion of

the chip over the PMT using software written in house.
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Measurement of bBPAEC-derived NO. NO production in bBBPAECs was determined by
fluorescence imaging using the fluorescent nitric oxide probe DAF-FM (Molecular
Probes, Eugene, OR). Cells were loaded with 10 uM of the membrane permeable
diacetate form of the probe (DAF-FM DA). After loading, the cells were incubated for 20
min at 37°C to ensure intracellular probe distribution. The DAF-FM DA and all the other
solutions were prepared in PBS 1X (Phosphate-Buffered Saline, Mediatech Inc.,

Herndon, VA) which had been previously equilibrated for 20 min at 37°C and 5% CO,.

Samples containing RBCs at 7% hematocrit, RBCs incubated with 1 uM iloprost, RBCs
incubated with 1 mM glybenclamide, RBCs incubated with 1 mM glybenclamide and 1
uM iloprost, and two controls (buffer and 1 pM iloprost) were pumped at a flow rate of
1.0 uL min” at room temperature. After 30 min, the fluorescence images corresponding
to each well were taken and the increase in intensity (corresponding to the NO
production by bPAECs) was analyzed. The probe-loaded cells were visualized using an
electrothermally-cooled CCD digital camera (Orca; Hamamatsu, Hammamatsu City,
Japan) attached to an Olympus IX71M inverted microscope (Olympus America,
Melville, NY). Time-lapse images were acquired using MicroSuite software (Olympus

America).

Preparation of glybenclamide solution. Glibenclamide (Sigma; St. Louis, MO) was
prepared as a 0.01M stock solution by adding 49 mg of glibenclamide to a solution
containing 2 mL NaOH and 7.94 mL of dextrose in distilled water (50 mg mL™") and
heating it slowly to 52°C. Washed RBCs were incubated with glibenclamide at a final

concentration of either 250 nM or 1 mM for 15 min.
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Preparation of the microfluidic devices. In all subsequent experiments, an irreversibly
sealed PDMS microfluidic device was fabricated from a master that has been previously
described in chapter 3. Briefly, 4 mL of SU-8 50 negative photoresist (MicroChem Corp.,
Newton, MA) was spin coated (Laurell Technologies Corp., North Wales, PA) onto a 4
inch silicon wafer (Silicon, Inc., Boise, ID) for 20 s. at 2000 rpm. The coated substrate
was prebaked at 95°C for 5 min. prior to UV exposure through a negative film
(Pageworks, Cambridge, MA) with a near-UV flood source (Spectra-Physics, Stratford,
CT). The negatives were patterned using Freehand software (PC Version 10.0,
Micromedia, Inc. San Francisco, CA) and taped to 2.5 by 4 inch glass slides to ensure
proper alignment and exposure. The exposed wafer was then postbaked again at 95°C for
an additional 5 min before developing with propylene glycol monomethyl ether acetate
(Sigma-Aldrich Inc). The master was then rinsed with acetone and isopropyl alcohol to
dissolve any remaining excess photoresist and dried with compressed nitrogen. The
dimensions of the T-channel, corresponding to the raised photoresist dimensions of the
master, were measured using a profilometer (Alpha Step-200, Tencor Instrucments,
Mountain View, CA) to be 150.0 pm wide by 118.6 um deep.

Studies involving the measurement of ATP release from RBCs required the
fabrication of two individual PDMS molds irreversibly sealed together, one absent of any
features and the other a mold of a T-channel master. The T-channel chip was created by
pouring a degassed 5:1 mixture of Sylgard 184 elastomer and curing agent (Ellsworth
Adhesives, Germantown, WI) onto the silicon master and curing at 75°C for ~ 20 min.
This chip was removed from the wafer and inlet holes were punctured through the chip

using a 20 gage luer stub adapter (Becton Dickinson and Co., Sparks, MD) as well as 1/8
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inch exit holes. This chip was then placed channel-side down onto a blank chip that was
created by pouring a degassed 20:1 PDMS mixture onto a blank wafer and curing at
75°C for ~ 30 min before removing it from the silicon wafer. The device was completed
by irreversibly curing both chips together at 75°C for an additional hour. A displacement
syringe pump (Harvard Apparatus Inc., Holliston, MA) was used to introduce samples
through Tygon tubing (Thermo Fisher Scientific Inc., Waltham, MA) that was fitted with
15 mm 23 gage hypodermic steel tubing bent at 90 degrees (New England Small Tube,
Linchfield, NH). This steel tubing was simply placed in the inlet access holes created in
fabrication to deliver solutions directly into the channels.

The SU-8 mold masters with the respective designs were obtained as described in
chapter 3 using soft lithography. PDMS prepolymer was mixed with curing agent with a
20:1 mass ratio, degassed in a vacuum chamber for 5 min and spread on the 6 channel
(100 pm diameter) mold master. PDMS was then partially cured by heating for 10 min at
75°C. A second layer of a 5:1 mixture was poured onto the chip and baked in the oven for
additional 20 to 30 min. A PDMS layer with a soft side (20:1) and a more rigid side (5:1)
was obtained by peeling off from the master. Subsequently, holes were punched on the
PDMS layer as the inlets and outlets using a 23 gage RW hypodermic full hard tube,
internal diameter 0.33 mm (New England Small Tube, Litchfield, NH) and a 1/8 inch
puncher respectively.

A non patterned, 20:1 ratio PDMS slab was obtained similarly, by baking for 30
min and cell reservoir holes are punched using 1/8 inch puncher. The two PDMS layers,
one with 6 straight channels and one with 6 x 3 holes are semi-irreversibly sealed

together with the polycarbonate membrane (13 mm diameter, 1.0 pm pore size) in
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between by baking at 75°C for additional 20 min. The connections between the
microdevice and the external syringe pumps (Hamilton, Fisher Scinetific) were achieved
using Tygon flexible plastic tubing (Fisher) (0.020” ID x 0.060” OD) through small hard

pins (0.025” OD x 0.013"” ID) (New England Small Tube, Litchfield, NH).

Immobilization of the bBPAECs on the membrane array. Bovine pulmonary aortic

endothelial cells (bPAECs) primary cultures were purchased (Cambrex, East Rutherford,
NJ) and they were fed with fresh medium every 2-3 days. After they reached confluence
the cells were enzymatically detached with trypsin (0.25%), pelleted (220 x g for 5 min)

and resuspended in culture medium until ready to use. Cells from divisions 3, 4 and 5
. 2 .
were used to run the experiments and seeded on collagen-coated 25 cm tissue culture

2
flasks (Corning Inc., NY) at a density of 20,000 cells / cm . The cells were kept in a

humidified atmosphere at 37°C and 5% CO,,

After the device was fully assembled, 20 puL of 100 pg mL™" fibronectin was
added to each reservoir, on the membrane side, followed by incubation at 37°C for one
hour. The concentration and incubation time for fibronectin were optimized such as to
insure the best adhesion of the endothelial cells to the polycarbonate membrane. After
fibronection addition, the device was exposed to UV light for 30 min to crosslink the
fibers and sterilize the device. bPAECs division 3 were harvested from the T-25 flasks
and pelleted by centrifugation at 220 x g for 5 min and 37°C. Then, they were

resuspended in S mM L-Arginine (Sigma) (the substrate for eNOS) at a density of 3.1 x

6
10 cells mL™. The suspension was homogenized by vortex for a couple of seconds.

Subsequently, 20 pL of the cell suspension was added to each well and incubated at 37°C
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for one hour. One hour was found to be the optimum time for the cells to adhere to the

membrane in the wells.

4.2.2 Results and Discussion

Here, we report a method that combines microfluidic technologies in an array
setup to elucidate the communication skills between RBCs and endothelial cells obtained
from bovine pulmonary artery (bPAECs). RBCs, obtained from healthy rabbits, were
pumped through the channels of a microfluidic device. These channels were fabricated
such that the internal diameter closely approximates those of resistance vessels in vivo.
Moreover, the RBCs that were hydrodynamically pushed through the channels were
incubated in the presence or absence of iloprost, a stable analogue of prostacyclin that is
known to stimulate ATP release via a G-protein coupled receptor mechanism.

Figure 22 provides information on the experimental setup (a) as well as the
obtained data (b) .The summary of results from the RBCs of n = 5 rabbits are shown in
Figure 23. Figure 22a describes the system used to obtain the data; briefly, a syringe
pump is connected to the device via hypodermic stainless steel tubing. The syringes
deliver RBCs (in the presence or absence of ATP release stimulant, such as iloprost, or
inhibitors such as glybenclamide) to the channels of the microfluidic device. The device,

made from PDMS is then placed over a photomultiplier tube (PMT) contained in a light
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Figure 22. (a) Schematic of experimental set up for chemiluminescence measurements
taken to determine the iloprost-stimulated ATP release from RBCs in real
time shown in (b)
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excluding box. The ATP released from the RBCs is then combined at an intersection of
channels on the microfluidic device with a solution of luciferase containing luciferin
(which is pushed through via the syringe pump). The chemiluminescence product that is
formed results in the emission of light that is measured by the PMT. The amount of
chemiluminescence is proportional with the ATP present.

A representation of the data is shown in Figure 22b and, as shown, the amount of
ATP released from the RBCs increases in the presence of the iloprost. To verify that the
increased chemiluminescence is not due to cellular lysis, the RBCs were also incubated
in the presence of iloprost and glybenclamide, an inhibitor of ATP release from the
RBC." As shown, incubation of the RBCs with glybenclamide present reduces the ATP
release from these cells, thus providing evidence the measured signal is due to ATP and,
importantly, that the signal is not due to cellular lysis but rather a release from intact
cells. If the signal was due to lysis, glybenclamide would have no affect on the signal.
Figure 23 summarizes the results from the RBCs obtained from n = 5 rabbits. The data in
Figure 24 verifies that iloprost is capable of inducing ATP release in the channels of the
microfluidic device and that this ATP release can be controlled using the appropriate
inhibitors.

In an attempt to classify a possible role for this ATP release in vivo, a device was
prepared that contained a polycarbonate membrane that separated the channels
containing RBCs from a layered endothelium. The schematic of such a device is shown
in Figure 23a. The top of the membrane, the side away from the RBC stream, was pre-
treated with fibronectin prior to introducing bPAECs to the membrane. After the bPAECs

were immobilized to the membrane (as verified through microscopy), the RBCs were.
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channel containing RBCs (bottom layer) from a layered endothelium (top
layer). In (b), fluorescence microscopy images are shown for pre- (images on
the top) and post-(images on the bottom) addition of iloprost.
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introduced to the microfluidic device. First, an aliquot of RBCs in the absence of iloprost
were introduced to the system and, as shown in images 1-3 in Figure 24b, the level of
fluorescence intensity is minimal. However, upon addition of an aliquot of RBCs that had
been incubated in the presence of iloprost, the fluorescence intensity of the bPAECs
increased by 67% (Figure 25). This increase in fluorescence intensity can be attributed to
an increase in NO production by the bPAECs in response to the increase in ATP derived
from those RBCs that were incubated in the iloprost. These data suggest that the efficacy
of iloprost in improving blood flow in the intact circulation may be due, in part, to its
ability to stimulate the release of a known stimulus of nitric oxide synthase, namely,
ATP. In addition to creating a controlled in vitro platform that simulates in vivo
conditions, it is also necessary to have a system that will enable high throughput
measurements that include calibration, drug-dose response data, and proper controls for
verification of measurements. In an extension of the data shown in Figures 24 and 25,
data from a device that incorporates multiple wells, all addressable by a microfluidic
channel, is shown in Figure 26. Here, 18 wells were prepared in the absence (column C)
and presence (columns A and B) of bPAECsS; all of the wells were addressable with the
RBC flow stream. The bPAECs in column A were also loaded with DAF-FM DA, an
intracellular fluorescence probe for NO.

In this system, the wells were subjected to buffer alone (row 1), iloprost (row 2),
RBCs in the absence (row 3) and presence (row 4) of iloprost, RBCs with glibenclamide
(row 5) or RBCs and iloprost combined in the presence of glibenclamide (row 6). The
data shown is summarized in Figure 25b. Note the significant increase in fluorescence

intensity due to endothelium-derived NO in the presence of the RBCs and the RBCs.
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Figure 25. The increase in fluorescence intensity due to endothelium-derived NO
production when a sample of RBCs incubated with iloprost (23.0 + 3.5) vs. a
sample of RBCs alone (16.5 + 1.0) is pumped through the channel. The
values reported are the average intensity and standard deviation (n = 3 wells
for each sample). The difference in fluorescence intensity between samples
incubated in the p and ab of iloprost are statistically different (p
<0.005).
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Figure 26. Micrographs of a vascular endothelium array with blood components are
shown in (a). The wells in columns A and B contain bPAECs cultured on a
polycarbonate membrane. Column C contains cell free wells. The rows
represent the wells of the array that are addressable by the underlying
microchannel network, each delivering a different reagent to the wells as
described in the text. The quantitative representation of the data is shown in
(b). The difference in fluorescence intensity between samples containing the
RBCs in the absence (row 3) and presence (row 4) of iloprost are statistically
different from the other rows. There is also a difference in the intensities of
rows 3 and 4 (*p < 0.005).
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43 CONCLUSIONS

In addition to interacting with an appropriate molecule, there are many
characteristics required of a drug candidate throughout the testing process. Drug
adsorption properties, its ability to be distributed in vivo, its effects on metabolism,
excretion characteristics and its toxicity are often monitored.

Here, we showed that an array of endothelial cells, addressable by an underlying
microfluidic network of channels containing RBCs, can be employed as an in vitro model
of the in vivo circulation to monitor cellular communication between different cell types.
Results obtained from this array suggest that the ability of iloprost, a stable analogue of
prostacyclin, to stimulate nitric oxide production in endothelial cells, may be due to its
ability to stimulate ATP release from the red cell. These results provide evidence that the
described device may serve as a controlled, in vitro platform for performing in vivo-type

measurements.
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CHAPTER §

51. A PROPOSED MECHANISM FOR THE INVOLVEMENT OF
PROLACTIN-RELEASING PEPTIDE (PrRP) IN THE REGULATION OF
VASCULAR TONE

In 1998 Hinuma ef al.' reported the identification of two novel peptides, PrRP-20
and PrRP-31 that stimulated the release of prolactin from the pituitary gland. The
peptides were identified in the bovine hypothalamus as the endogenous ligands of the
orphan seven-transmembrane-domain receptor (GPR10/hGPR3). Initial studies revealed
that the role of PrRP was associated with weak prolactin release in vivo' and in vitro.>>
Other roles of this peptide have been reported, for example regulation of energy balance,’
suggesting that PrRP is involved in food regulation and body weight. Lawrence et al.
have shown that intracerebralventricular (i.c.v.) administration of PrRP reduced the food
intake significantly in male rats, but did not affect the water intake.” However, PrRP not
only regulates the energy homeostasis, but also is a potent mediator of stress responses in
the brain.>>¢!3

Subsequent work by Samson ef al.'® and Jarry et al.'’questioned the capacity of
the PrRP to serve as physiological regulator of prolactin (PRL), and other functions for
this peptide have been explored. Samson et al. reported that microinjections of PrRP in
the ventrolateral medulla (VM) resulted in a specific dose dependent increase in mean

arterial pressure, heart rate, and sympathetic activity. It was shown that PrRP acts as a

modulator of blood pressure in areas with little or no receptor expression and contrary,
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has no effect in areas of high receptor expression, such as the area postrema (AP).'® It
became clear that although PrRP and its receptor may be acting to release prolactin in
some tissues, it may have some independent functions of its own.® To date, the
physiological function of PrRP is not yet completely understood.

Prolactin-releasing peptide has two molecular forms, one with a C-terminal 20-
residue peptide (PrRP20) and one with a 31-residue peptide (PrRP31), both known to be
derived from a single precursor molecule. Their amino acid sequences,
TPDINPAWYAGRGIRPVGRF-amide and SRAHQHSMEIRTPDINPAWYAGRGIRP-
VGRF-amide respectively, are highly conserved among several species, such as human,
bovine, and rat.}

Roland et al.® reported that the fragment PrRP(12-31) was the minimum agonist
fragment, with a receptor affinity of K;= 1 nM. Moreover, an alanine scan of the segment

1."° found

PrRP(25-31) showed the importance of the three arginine residues. Boyle et a
that the functionally important residues are located within the carboxyl-terminal
heptapeptide  segment  Ile®- gz"’-Pr027-Va128-G1y2“’-Arg3°-Phe3 I.NH,, He also
acknowledged that the only essential amino acid residue in PrRP is the Arg,*® which
donates both a critical basic side chain in the L-configuration and is also reported to
contribute an essential backbone NH. The five Arg and two His residues of PrRP31
impart a very basic character to the peptide at physiological pH, and therefore high
tendency to bind negatively charged molecules. Because of its basic character and
because only the carboxyl-terminal heptapeptide segment is involved in the receptor

binding with the Arg® residue being the essential amino acid, PrRP could adapt its “body

structure” to other functions of physiological importance.
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In this study we propose a mechanism for the previously reported
cardiovascular/blood pressure regulatory properties of the PrRP, that is PrRP binding to
the red blood cell (RBC)-derived adenosine triphosphate (ATP) that is released under
various stimuli. It has been previously reported that RBC—derived ATP contributes to the
control of vascular resistance in both the pulmonary*®?? and the systemic circulation.”
RBCs, when traversing microvascular beds, are subjected to mechanical deformation and
as a response they release ATP. Moreover, it is well established that vascular
endothelium constitutively generates nitric oxide (NO) in response to ATP stimulation
and that endothelium-derived NO induces a relaxation of vascular smooth muscle cells. If
PrRP binds ATP, this will lower the extracellular ATP pool available for the stimulation
of the endothelial NO synthesis and subsequently, a decrease in the vascular
relaxation/increase in the blood pressure might be possible.

This proposed mechanism seems very plausible in the construct of Samson’s
findings, that significant elevations in the mean arterial pressure were observed in
response to i.c.v. administration of low nanomolar concentrations of PrRP31. Also, he
reported that the mean blood pressures returned to pre-injection control levels in
approximately 15 to 25 min from the peptide administration. Moreover, he showed that
effective doses of PrRP failed to alter the thirst and also, affect the salt appetite in rat
models, therefore attesting the specificity of the blood pressure elevated actions of the
PrRP. All these findings led us to investigating in more depth the alternative
physiological function proposed for the PrRP as well as the mechanism by which the

peptide exerts this function.
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In this work, different techniques, such as mass spectrometry, chemiluminescence
and fluorescence microscopy were utilized to show, directly or indirectly, the PrRP
binding to ATP. Moreover, by using an in vitro microfluidic-based mimic of an in vivo
microcirculation that we previously reported,”* we constructed a system where the direct
involvement of the PrRP in the regulation of the blood pressure and/or vascular tone

could be monitored in real time.

5.2 EXPERIMENTAL

5.2.1 Materials and Methods

Collection of RBCs. All procedures involving the collection of blood samples from
animals were approved by the appropriate Animal Investigation Committee. For studies
involving rabbit RBCs, male New Zealand white rabbits (2.0-2.5 kg) were anesthetized
with ketamine (8 mL kg!, intramuscular injection) and xylazine (1 mg kg™, im.)
followed by pentobarbital sodium (15 mg kg’ intravenous injection). A cannula was
placed in the trachea and the animals were ventilated with room air at 20 breaths min™'
and a tidal volume of 20 mL kg™'. A catheter was placed into a carotid artery for
administration of heparin and for phlebotomy. After heparin (500 units, i.v.) animals
were exsanguinated. Blood was centrifuged at 500 x g at 4°C for 10 min. The plasma and
buffy coat were removed for other experiments. RBCs were then resuspended and
washed three times in a physiological salt solution (PSS). The PSS was made by

combining 25 mL of TRIS buffer [prepared by mixing 50.9 g of TRIS in 1 L of distilled
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and deionized water (DDW)] and 25 mL of Ringer’s solution (164.2 g NaCl, 7.0 g KCl,
5.9 g CaCl; -2H;0, and 2.83 g MgSO,4 in 1 L of DDW). After the addition of 0.50 g of
dextrose and 2.50 g of albumin bovine fraction V (fatty acid-free) to the TRIS-Ringer’s
mixture, the entire solution was diluted to 500 mL with DDW and the pH was adjusted to
7.35-7.45. The PSS was then filtered three times using a 0.45 um filter (Corning, Fisher

Scientific).

Measurement of the ATP release. All reagents were from Sigma Chemical (St. Louis,
MO) unless otherwise noted. A 100 uM stock solution of ATP was prepared by adding
0.0551 g of ATP to 1000 mL of DDW. ATP standards with concentrations ranging
between 0 and 1.5 pM were then prepared in PSS from the stock. To prepare the
luciferin—luciferase mixture used to measure the ATP by chemiluminescence, S mL of
DDW were added to a vial containing luciferase and luciferin (FLE-50, Sigma). In order
to enhance the sensitivity of the assay, 2 mg of luciferin were added to the vial. For ATP
measurements involving RBCs, all RBC samples were diluted to a 7% hematocrit. To
stimulate the ATP release from the RBCs, cells were treated with iloprost (Cayman
Chemicals, Ann Arbor, MI), and Zn(II) activated-C-peptide (American Peptide,
Sunnyvale, CA, USA). Detection of ATP release from the RBCs was performed using the
luciferase assay and chemiluminescence measurement by a photomultiplier tube. The
resultant current from the photomultiplier tube, which is proportional to the ATP induced
chemiluminescence, was measured as a potential by a data acquisition board controlled

by a program written with LabView (National Instruments, Austin, TX, USA).
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Mass spectrometry analysis. All experiments were performed using a Thermo model
LTQ linear ion trap mass spectrometer (Thermo, San Jose, CA, USA). Samples were
prepared by dissolving synthetic human PrRP in purified water at a concentration of 6.6
umol L. For ATP binding studies, a 20 pmol L™ solution of ATP prepared in purified
water was added to a PrRP solution then introduced to the mass spectrometer at a flow
rate of 0.5 uL min™' by nanoelectrospray ionization. The spray voltage was maintained at

2.0 kV. The heated capillary temperature was 250°C.

Fabrication of the microfluidic array. Fabrication of the poly(dimethylsiloxane)
(PDMS)-based microchips involves well established soft lithography methods.”’ The
fabrication relied on two individual PDMS molds irreversibly sealed together, one absent
of any features and the other a mold of a 6 channels master. The 6 channels chip was
created by pouring a degassed 20: 1 mixture of Sylgard 184 elastomer (Ellsworth
Adhesives, Germantown, WI, USA) and curing agent onto a 4 inch silicon master
(Silicon Inc., Boise, ID, USA) and curing at 75°C for 30 min. An additional layer of a 5:1
mixture was poured on top of the 20:1 mixture to give the chip enough surface brittleness
for ease of puncturing the inlet holes. After additional 30 min bake at 75°C, the chip was
removed from the wafer and inlet holes were punctured through the chip (using a 20
gauge luer stub adapter) as well as 1/8 inch exit holes. A non-patterned, 20:1 ratio PDMS
slab was obtained as before, by curing for 30 min followed by the creation of cell
reservoir holes using a 1/8 inch hole punch. The two PDMS layers, one with 6 straight
channels and one with 18 holes (6 rows x 3 columns) were irreversibly sealed together

with the transparent polycarbonate membrane (13 mm diameter, 0.03 pum pore size) in
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between by curing at 75°C for an additional 30 min. The connections between the
microdevice and the external syringe pumps were achieved using the Tygon plastic
tubing (0.02" ID x 0.06" OD) that were fitted with 15 mm, 23 gauge hypodermic steel
tubing bent at 90 degrees. This steel tubing was simply placed in the inlet access holes
created in fabrication to deliver solutions directly into the channels. All channels used in
the studies reported here had a width of 200 um and a depth of 100 um. After the
bPAECs were immobilized to the membrane and loaded with the NO probe, the RBCs
were introduced to the microfluidic device through the underlying channels on the bottom
layer of PDMS. These 18 wells in the presence of bPAECs were addressed with the RBC

flow stream.

Cell immobilization. The design of the microfluidic device allows the easy introduction
of the cells to the wells. The top of the membrane, the side away from the RBCs, serves
as a support for the bPAECs. The membrane was pre-treated with 100 pg mL™
fibronectin (Sigma Chemical Co., St. Louis, MO) and incubated for 1 h at 37°C. The
fibronectin treatment ensures the adhesion of the cells to the membrane. bPAECs, low
passage, were harvested by trypsinization and introduced to the 18 wells of the array and
incubated at 37°C and 5% CO, for 3 h or until the cells had attached to the fibronectin
layer. Once the endothelial cells had adhered to the membrane, fluorescence microscopy
was used to monitor the NO production brought about the RBC-derived ATP in the

underlying microfluidic channels.
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Measurement of Nitric Oxide. NO derived from bPAECS cultured on the membrane of
the microfluidic array was monitored using the fluorescence probe 4-amino-5-
methylamino-2’°,7’-difluorofluorescein diacetate (DAF-FM DA) (Molecular Probes,
Eugene, OR).%?7 Next 10 pL of a 10 uM solution of DAF-FM in Hank’s Balanced Salt
Solution (HBSS, Sigma) were added to the cells in each well of the microfluidic array
and incubated for 30 min at 37°C and 5% CO; to ensure a sufficient amount of dye had
accumulated in the endothelial cells. After probe incubation, the wells were rinsed twice
with equilibrated HBSS to eliminate any extracellular DAF-FM that might result in an
increased background florescence.

To measure the NO production in the cells, RBC samples of 7% hematocrit in
PSS were incubated in the presence or absence of iloprost (a stable analogue of
prostacyclin), or metal-activated C-peptide,”® both known to stimulate/increase the ATP
release from RBCs. Contrary, for the samples incubated with the aforementioned
solutions followed by incubation with PrRP, a decrease in ATP release, as result of PrRP
binding to ATP, would translate into a decrease in NO production. All solutions are
pumped for 30 min at a flow rate of 1 pL min™ in the microfluidic channels underlying
the array of wells. The ATP within each sample diffuses throught the polycarbonate
membrane into the wells and stimulates the NO production in bPAECs.

Fluorescence images for each well were taken using an Olympus IX71M
microscope (Olympus America, Melville, NY) with an electrothermally cooled CCD
(Orca, Hamamatsu) and MicroSuite software (Olympus America). The microscope
incorporated a FITC filter cube (Chroma Technology Corp) containing the excitation

(460-500 nm) and emission (505-560 nm) filters. The results were reported as gray value
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mean per well, where the gray-level intensity refers to the amount of light energy actually

reflected from or transmitted through the physical specimen.

5.2.2 Results and Discussion

It has been well established that RBCs participate in vascular regulation and the
property of these RBCs responsible for the stimulation of NO synthesis was their ability

to release ATP in response to mechanical deformation.?! ATP is an in vivo stimulus of

29,30 31,32

endothelial NO production,”" it is present in millimolar concentrations in the RBCs,

and it is released in response to physiological stimuli, such as hypoxia and

3334 When RBCs are traversing the resistant vessels in vivo, they are

hypercapnia.
increasingly deformed by increments in the velocity of the blood flow through a vessel
and/or by reduction in vascular caliber,® and as a result they release ATP through a
mechanism involving the cystic fibrosis transmembrane regulator (CFTR). This RBC-
derived ATP can then act on the endothelial cells to stimulate endogenous NO synthesis
and enable RBCs to participate in local regulation of vascular caliber.?' 2 33638
However, depending on the type of purinergic receptor ATP binds, it can induce
antagonistic effects on the vasculature. Thus, ATP binding to the P2x receptor, which is
primarily found on the vascular smooth muscle cells, results in contraction of the cells,”
whereas ATP binding to the P2y receptor found primarily on the endothelium, results in

NO synthesis and/or vasodilatation.”’>° Thus, ATP applied to the luminal side of a vessel,

that released from the RBCs within the circulation, would be expected to produce

130



endothelium-dependent relaxation through an interaction with the endothelial P2y

purinergic receptor (Figure 27.)

ATP binding to PrRP. In this work we show the possible role that PrRP could play in
the regulation of the mean arterial pressure through a mechanism involving intraluminal
ATP depletion. Mass spectrometry data, obtained in collaboration with Dr. Gavin Reid at
Michigan State University, showed the ability of the peptide to bind ATP. Based on these
findings, additional experiments involving the luciferin/luciferase assay and
chemiluminescence detection were performed. Standard ATP samples were prepared as
described in the methods section. Data in Figure 28 provides further evidence that PrRP
binds to ATP. Here, upon the addition of 10 nM PrRP, the chemiluminescence signal
from the samples containing ATP standard solutions decreased in a time dependent
fashion. After the immediate introduction of the peptide, a decrease of approximately
30% of the chemiluminescence signal was observed for the ATP concentrations of 0.75,
1, and 1.5 uM. Moreover, about 50% of the initial ATP signal was inhibited by the 60
min incubation with PrRP. This signifies that free ATP in solution decreases either by
binding to another species present and/or by degradation. However, in this case, based on

the mass spectral data and the structural information, PrRP is found to bind ATP.
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Figure 27. Rep ion of the hanism of RBC-mediated regulation of the vascular
tone and the possible involvement of prolactin-releasing peptide (PrRP) in
scavenging the RBC-derived ATP. ATP binds to the P2y purinergic receptors
found on the endothelial cells that line up the luminal side of the blood vessel
and through a Ca’*-dependent mechanism triggers the activation of the eNOS,
and therefore production of NO. NO activates the guanylate cyclase signaling
cascade that ultimately results in vasodilation.
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Figure 28. PrRP binding to ATP. Filled circles (o) represent the ATP standards (0-1.5

puM) without the peptide. Open triangles (V), squares (0) and rhomboids (¢)
show the decrease in ATP signal after the incubation with PrRP (10 nM) for
0, 30, and 60 min, respectively (n=3). The decrease in chemiluninescence
signal suggests that PrRP binds to ATP (p < 0.005).
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Antagonistic effect of PrRP on the ATP release from C-peptide/iloprost treated RBCs.
We hypothesized that PrRP binds to physiological ATP and reduces the pool of ATP
needed for stimulation of the endothelium-derived NO. In order to prove this hypothesis,
RBCs were treated with different agents known to have the ability to increase the ATP
release, specifically C-peptide and iloprost. We have previously demonstrated that the
ability of the C-peptide to increase the RBC-derived ATP depends on the activation with
metal ions, such as Fe?* and Cr**.2® Moreover, the ATP release was dependent upon the
ability of the C-peptide to increase glycolysis within the RBCs via increased cellular
glucose transport through GLUT1. However, in this work we used Zn?* to stimulate the
activity of C-peptide before incubation with RBCs. Figure 29 shows a significant ATP
release from the RBCs treated with the Zn®>" activated C-peptide compared to control
(RBC 7%), which is in very good agreement with our previously published data.”®
Moreover, the data in Figure 28 demonstrates that PrRP (10 nM) induces a
significant decrease in the RBC-derived ATP release and the decrease is higher after 90
min (n=5) incubation compared to 6 h (n=8). This is because the PrRP is being consumed
and ATP release is being partially restored after the 6 h incubation period. We have to

note here that all reagents have been added at the same time and have been incubated for
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Figure 29. Effect of PrRP (10 nM) on the ATP release from RBCs treated with Zn**-

activated C-peptide The decrease in chemiluminescence intensity
corresponds to a decrease in the measured ATP released from the RBCs
when PrRP was added to the metal activated C-peptide. Filled bars
correspond to the 90 min incubation with PrRP (n=5) and the open bars
correspond to 6 hrs incubation (n=8). The results are reported as the average
+ standard error of the mean. The differences in chemiluminescnence
intensity between the samples incubated in the presence and absence of PrRP

are statistically significant (*p < 0.005).
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90 min or 6 h. However, for the C-peptide samples, pre-activation of the peptide with the
metal in water followed by the addition of this cocktail in PSS to the RBCs was required.
In order to prove whether the PrRP is actively binding to the ATP released from the
RBCs or it is involved in some mechanism of C-peptide-dependent membrane
deformability, we incubated the RBCs with iloprost. Iloprost is a stable analogue of
prostacyclin that is known to stimulate ATP release via a G-protein coupled receptor
mechanism. Data in Figure 30 provides further evidence that PrRP decreases the pool of
that ATP released from RBCs rather than having a direct effect on the RBCs membrane.

In an attempt to classify the possible role of PrRP in regulating the vascular tone
by decreasing the endothelium-derived NO production through a decrease in ATP, a
device was constructed that closely mimics in vivo microcirculation by using a
transparent polycarbonate membrane to separate a flow of RBCs from a layered
endothelium. This device was previously described and successfully used as a controlled,
in vitro platform for performing in vivo-type measurements.”* This device has the
potential of performing high throughput measurements that include calibration, drug-dose
response data and proper controls.

In this study, all 18 wells contained a layer of confluent bPAECs and were
addressable by a flowing stream of RBCs. The bPAECS were loaded with DAF-FM DA
and the NO production was monitored as ATP diffused from different samples containing
RBC, (row a), Zn(II)-activated C-peptide-treated RBCs incubated with and without PrRP
(rows d and ¢, respectively), and iloprost treated RBCs incubated with and without PrRP
(rows f and e, respectively). The data shown is summarized in Figure 31I. The

quantitative representation of the normalized data from 4 different experiments is shown
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Figure 30. The effect of the PrRP (10 nM) on the measured ATP release from the RBCs
treated with iloprost (10 uM) (n=3). All samples contain RBC (final
hematocrit 7%). Control sample is represented by RBC 7%. The iloprost-
treated RBCs samples incubated with or without PrRP are significantly
different (*p < 0.005; **p < 0.05).
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Figure 31. Antagonistic effect of PrRP on the endothelium-derived NO production in the
bovine pulmonary artery endothelial cells (bPAECs) Picture I shows
micrographs of vascular endothelium array with blood components. The rows
a-f represent the wells of the array that are addressable by the underlying
microchannel network each delivering a different reagent to the wells as
described in the text. The quantitative representation of the normalized data
from 4 different experiments is shown in II. The difference in fluorescence
intensity between samples containing RBC + C-pep + Zn(II) incubated in the
absence (bar C) and presence (bar D) of the PrRP is statistically significant
(*p < 0.05) There is also significant difference in the intensities of rows (bars
E and F), where the RBCs + Iloprost samples were incubated in the absence
and the presence of PrRP (**p < 0.001), respectively. Errors bars are the mean
+ standard error A: RBC7%; B: RBC + PrRP; C: RBC + C-pep + Zn; D: RBC
+ C-pep + Zn + PrRP; E: RBC + Ilop; F: RBC + Ilop + PrRP.
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in Figure 31II. A significant decrease in fluorescence intensity between samples
containing activated C-peptide-treated RBCs or iloprost-treated RBCs and the same
samples incubated with PrRP was observed. This decrease in fluorescence translates to a
decrease in NO production as result of depletion of ATP pools available for endothelium
stimulation. Herein we showed that PrRP has the ability to decrease the NO production
and therefore, constitute a possible alternative mechanism for regulation of the blood

flow by exerting vascular smooth muscle constriction.
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CHAPTER 6

6.1 OVERALL CONCLUSIONS

At the dawn of the 21* century, with the accelerated pace of the pharmaceutical
and chemical industries, microfluidic technologies are emerging as powerful tools in
many stages of the drug discovery process. Microfluidic technologies have the potential
to radically transform the medicinal chemistry and biology interface.

In this work, we applied the recent developments in microfabrication technology
to create an in vitro model that will closely mimic an in vivo system. More specifically,
this work describes the development of a blood brain barrier (BBB) mimic with blood
components using lithographically-derived microchips in order to monitor the fate of
endothelium-derived nitric oxide (NO) that is stimulated by mechanically deformed red
blood cells (RBCs). The microchip-based BBB mimic was developed by addressing an
array of cell reservoirs, which pose as the central nervous system (CNS), with a network
of underlying channels that represent the circulatory system. The cells were cultured on a
polycarbonate membrane, integrated in the device that separates the “so called” CNS
from the “so called” blood stream. The diameters of the patterned channels in the
fabricated chips will ultimately approximate those of brain capillaries in vivo.

Because a molecular level understanding of the mechanisms by which RBCs
deformability properties relate to the occurrence of multiple sclerosis (MS) is lacking, to

gain insight into these mechanisms would be ideal to employ such a model system. In this
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study we hypothesized that RBCs obtained from patients with MS are more deformable,
therefore releasing more ATP, which in turn will lead to increased levels of NO
production. For a more realistic depiction of the mechanism of endothelium-derived NO
production in vivo, the RBCs obtained from MS patients were mechanically deformed by
hydrodynamically pumping them through microbore capillary tubing. A continuous flow
system is employed to create stress on the RBCs once they have entered the microbore
tubing. It was found that MS-RBCs release higher levels of ATP compared to non-MS
RBCs. These findings suggest that RBCs of MS patients may indeed be in a continuous
“deformable “state that will lead to higher levels of ATP release and ultimately, to an
increase in ATP-stimulated endothelium-derived NO. Additionally, it was shown that
ATP acts as an agonist for NO production in bovine brain microvascular endothelial cells
(bBMVECs) and the increase in NO production is a function of cell division.

Based on these findings, we have constructed a theory that the overabundance of
NO metabolites in the CSF of MS patients is actually blood-borne. In other words, it is
possible that the NO levels are increased due to overstimulation by RBC-derived ATP.
Using chip technology, we were able to investigate the flux of NO across the BBB
brought about by changes in ATP concentrations, both in the form of ATP standards and
RBC-derived ATP. As the detection scheme, fluorescence microscopy was employed to
enable the qualitative and quantitative identification of endothelium derived-NO after it
diffuses through the membrane of the microchip device.

Key to investigating the NO production from the endothelium and its fate through
the cell-coated polycarbonate membrane, that will constitute the BBB, is the ability to

actually detect the NO after it crosses the barrier. Primarily, we have demonstrated here
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that the flux of NO through a bare polycarbonate membrane can be detected using a
specific probe for NO, DAF-FM. However, the device lacks the sensitivity required to
detect physiological relevant levels of NO. Secondly, the ATP flux through a
polycarbonate membrane in a 3D microfluidic device has been investigated. The
molecular transfer through the membrane was maximized by increasing the area of
contact between the two channels by designing the upper channel in a spiral shape that
crosses the underneath linear channel in multiple points. We showed here that the
proposed device is sensitive enough for the detection of as low as 500 nM of ATP spiked
into RBC samples and most importantly, is able to detect concentrations of ATP released
by iloprost-treated RBCs.

Parameters such as membrane pore size, flow rates and probe concentrations have
been optimized to increase the efficiency of the detection in the device. Although the
results are promising, the inability to culture the cells on the membrane as part of the 3-D
microfluidic BBB and the poor sensitivity for the physiological relevant NO
concentrations constitute limiting factors.

Attempts have been made to culture the endothelial cells on isolated collagen-
coated polycarbonate membranes and, after the cells have reached a confluent layer, to
integrate the membrane in the device. However, the two pieces of PDMS that make up
the device would not seal together as a result of the membrane wetness from the cell
culture media. As an alternative method, an attempt was made to culture the cells directly
on the membrane by introducing the cell suspension in the upper channel, above the
membrane. However, the lack of reproducibility and technical difficulties with the cell

introduction made the device unsuitable for the purpose of our applications.
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One way of avoiding these complications would be the integration of microvalves
and multiple channels for the introduction of cells and DAF-FM, separately. Moreover,
cell culture reactors on-chip, where the viability of the cells can be sustained for days and
the cell-cell signaling can be monitored in real time, could also constitute an alternative
option. In terms of using the polycarbonate membranes as support for endothelial cell
culturing and proliferation, integration of transparent membranes for ease of optical cell
imaging would be highly desirable.

The aforementioned microfluidic components, such as microvalves, microreactors
or intricate designs are time consuming and prone to problems of engineering nature even
before introducing the biological factor. A new, simpler and more amenable design has
thus been constructed. Here, the high throughput capabilities. of a microtitre plate
technology was merged with the capabilities of microfluidic technology to create a device
that mimics the BBB in a more realistic way by incorporating blood flow and having the
capability of possible multi-drug screening simultaneously and in real time.

In addition to interacting with an appropriate molecule, there are many
characteristics required of a drug candidate throughout the testing process. Drug
adsorption properties, its ability to be distributed in vivo, its effects on metabolism,
excretion characteristics and its toxicity are often monitored. Here, we showed that an
array of endothelial cells, addressable by an underlying microfluidic network of channels
containing RBCs, can be employed as an in vitro model of the in vivo circulation to
monitor cellular communication between different cell types. Results obtained from this
array suggest that the ability of iloprost, a stable analogue of prostacyclin, to stimulate

NO production in endothelial cells, may be due to its ability to stimulate ATP release
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from the red cell. These results provide evidence that the described device may serve as a
controlled, in vitro platform for performing in vivo-type measurements.

Moreover, this device was successfully used in a study that attempts to classify
the possible role of prolactin releasing peptide (PrRP) (a peptide that stimulate the release
of prolactin from the pituitary gland) in regulating the vascular tone by decreasing the
endothelium-derived NO production through a decrease in ATP.

In this study we propose a mechanism for the previously reported
cardiovascular/blood pressure regulatory properties of the PrRP, that is PrRP binding to
RBC-derived ATP that is released under various stimuli. If PrRP binds ATP, this will
lower the extracellular ATP pool available for the stimulation of the endothelial NO
synthesis and subsequently, a decrease in the vascular relaxation/increase in the blood
pressure might be possible. Herein, different techniques, such as mass spectrometry,
chemiluminescence and fluorescence microscopy were utilized to show, directly or
indirectly, the PrRP binding to ATP. Moreover, by using an in vitro microfluidic-based
mimic of an in vivo microcirculation we constructed a system where the direct
involvement of the PrRP in the regulation of the blood pressure and/or vascular tone

could be monitored in real time.
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6.2 FUTURE DIRECTIONS

The ultimate goal of the present work is to determine endothelium-derived NO,
using the microfluidic array device and high throughput fluorescence detection, where the
NO is stimulated by ATP from deformed RBCs obtained from people with MS. In this
sense, the microfluidic device presented here will enable a comparison to be made
between the ability of RBCs from different patient groups to stimulate endothelium-
derived NO. This endothelium-derived NO and its fate through the BBB is important in
establishing the source of the elevated levels of nitrites and nitrates in the CSF of patients
with MS.

Based on our previous results involving the determination of RBC-derived ATP
from people with MS (Figure 10, chapter 2), it is anticipated that a higher level of ATP
release from those RBCs obtained from the MS patients will be measured in comparison
to the RBCs obtained from healthy controls. In our previous studies, the MS patient pool
was not subdivided into stage of disease; therefore, it will interesting to determine if there
is a further correlation of ATP release with stage of disease.

Another important direction of the project would be to investigate more closely
the relationship between the RBC-derived ATP release from MS patients and factors,
such as cholesterol and zinc, that have been reported to affect the erythrocytes membrane
fluidity. One such report of lower cholesterol levels in the membranes of erythrocytes
obtained from people with MS suggests that the RBCs of patients with MS may be more
“deformable” because, typically, a decrease in cholesterol leads to an increase in

deformability.
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In a series of papers nearly two decades ago, an analysis of erythrocyte membranes
obtained from controls and people with MS was performed. The data in these
manuscripts provided evidence that the levels of zinc in the membranes from the RBCs of
people with MS were significantly higher than the RBCs obtained from controls." ?
Moreover, in the work by Dore-Duffy, the zinc levels found to be significantly different
were compartmentalized to the red cell membrane. No significant differences between
MS patients and controls were found when examining the cell as a whole, serum, or
plasma.’

It is known that zinc exerts physiological and biochemical roles as a component
of the known zinc metalloenzymes and also, plays an important role in the maintenance
of membrane structure and function.’ Therefore, it would be very interesting to try to
correlate the ATP release from RBCs of patients with different stages of MS and the
RBC membrane zinc content. This information would be critical in establishing the
relationship between RBC deformability, ATP release, endothelium-derived NO
production and elevated levels of NO metabolites found in CSF and other fluids of MS
patients.

Another approach in trying to correlate ATP and MS has the basis in recent
reports in the literature, that inhibition of the P2X7 receptors, which are receptors for
ATP, found on oligodendrocytes prevented ATP triggering of these cells excitotoxicity.*
Moreover, a recent report by Feinstein® has shown that P2X7 deficient mice showed a
reduction in onset of experimental autoimmune encephalomyelitis (EAE), an
autoimmune mouse model of MS. Similar to the work by Feinstein, Voskuhl work

showed a reduction in EAE onset when the mice were administered estrogen analogues.®
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Voskuhl’s results are key to the work that will be proposed here because preliminary
studies (not shown here) have found that estradiol has the ability to significantly reduce
ATP release from RBCs. Thus, one future aim would be to determine the ability of
estradiol to attenuate shear-induced release of ATP from the erythrocytes of people with
MS.

Collectively, the preliminary data involving ATP release from the RBCs of MS
patients and reports in the literature indicating novel roles for ATP in a mouse model of
MS (EAE), suggest that events in the bloodstream may play a role in MS. As shown in
Figure 10 chapter 2, we propose that abnormally high levels of ATP release from the
RBC may be a determinant in the high levels of NO metabolites that have been
reportedly found in people with MS. High concentrations of NO production have been
reported to inhibit collagen production, the substrate for the endothelium, in vivo. Upon
inhibition of collagen production, the BBB is compromised and constituents in the
bloodstream (leukocytes, erythrocytes, bacteria, etc.) are able to penetrate through to the
CNS resulting in the hallmark features of MS (demyelination, oligodendrocyte toxicity,
iron deposits, bacterial infections, etc.). Unfortunately, investigating such a complex
event would be difficult with current technology. Therefore, herein, we propose to
expand our current microchip based blood/endothelium model to include a collagen-
coated membrane and to determine the extent of NO mediated damage of the collagen
base and breakdown of the endothelium barrier. Subsequently, it would be worth
examining the integrity of the collagen-supported microchip-based BBB through a
separation and detection of cells and molecules breaking through the BBB when using

whole blood obtained from people with MS in the presence and absence of estradiol.
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