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ABSTRACT

DEVELOPMENT OF IN VITRO TBI MODELS AND VALIDATION OF NANODELIVERY
FOR RESTORATION OF DISRUPTED BRAIN ENDOTHELIUM

EDIDIONG INWANG INYANG

The University of Texas at Arlington, 2019

Supervising Professor: Dr. Michael Cho

Blast-induced traumatic brain injury (bTBI) is a serious concern among military personnel and their
families. Although the mechanisms responsible for disruption to the brain are not well understood, the
development of reliable diagnosis along with effective therapeutic treatment is urgently warranted.
Recent findings suggest that shockwaves produced by a blast can generate micron-size bubbles that
subsequently collapse in the brain tissue. The collapse of microbubbles (referred to as microcavitation)
may compromise the integrity of the blood-brain barrier (BBB). Moreover, addiction to the psycho-
stimulant drugs (PSDs), e.g. cocaine and alcohol which are known to cause toxicity due to oxidative
stress, can also adversely affect the BBB. One specific mechanism that has been proposed postulates
the brain endothelium is compromised by traumatic events and therefore, the biotransport properties
across the BBB are modulated. The injured brain endothelial cells (BECs) appear to express a high
level of E-Selectins (CD62e), which typically indicates inflammation and activation of endothelial
cells. Upregulation of this protein following a traumatic injury can be exploited for diagnosis and
potential therapy through targeted drug nanodelivery. We, therefore, hypothesized that the collapsed
microbubbles in the blood vessel and psychostimulants can modulate its structure and function, alter
the glucose uptake and transport, and disrupt the energy requirement of the BBB as well as neurons.
To test and validate this hypothesis, we applied tissue engineering techniques to fabricate a custom-
designed cell culture chamber to mimic the structure and biotransport properties of the BBB and used
it as a model to determine the effect of microcavitation and PSDs on the physical, mechanical,

chemical, and biological changes in the brain endothelium and neurons. We also engineered
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nanoparticles that are (1) decorated with ligands to specifically bind the injured endothelial cells; and
(2) loaded with therapeutic reagents (e.g., poloxamers and antioxidant) to facilitate restoration of
BECs. In summary, engineering a biomimetic interface is proven to provide a systematic approach to
replicate the structure and function of BBB and determine its alteration in response to mechanical and

chemical traumas to the brain.
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Chapter 1

1.1 INTRODUCTION
1.1.1 The blood-brain barrier

The blood-brain barrier (BBB) is a selective barrier that is formed by the brain endothelial cells
that line blood vessels [1]. Because of the complex tight junctions between adjacent endothelial
cells, it plays the role of a physical barrier controlling transcellular and paracellularly transport
[2]. Gaseous molecules like O2 and CO2, small lipophilic agents, and ethanol can diffuse freely
through the lipid membranes, but transcellular transport of small hydrophilic molecules are
regulated (e.g., selectivity) [1]. Specific receptor-mediated transcytosis or less specific
adsorptive mediated transcytosis may be the mechanism through which large hydrophilic
molecules (peptides and proteins) can be transported [3]. It is worth noting that brain
endothelium has a lower degree of transcytosis and endocytosis activity than does peripheral
endothelium. Therefore, the blood-brain barrier covers a range of passive and active features of
the brain endothelium. The BBB is a dynamic system, and its permeability and transport

properties have been shown to be modulated either biochemically or mechanically.

1.1.2 Functions of the BBB

The BBB supplies the brain with essential nutrients and mediates transport of many waste
products, separate the pools of neurotransmitters and neuroactive agents that act centrally (in
the CNS) and peripherally (in the peripheral tissues and blood), controls fluid and ionic
movements between the blood and the brain, more importantly, the BBB protects the brain from
fluctuations in ionic composition that can occur after a meal or exercise [4]. The major role of
brain endothelium is to regulate the brain microenvironment. The BBB is a vascular structure
that separates the central nervous system (CNS) from the peripheral blood circulation. Influx
and efflux are actively regulated at the blood-brain interface by tightly controlling the passage
of molecules and ions, instantaneously delivering nutrients and oxygen according to current
neuronal needs and protecting the brain from toxins and pathogens. As such the BBB maintains

an environment that allows neurons to function properly.



1.1.3 The BBB phenotype

The core anatomical element of the BBB is the cerebral blood vessel formed by endothelial
cells (ECs). ECs of the BBB are unique compared to other ECs in different tissues. For example,
they have continuous intercellular tight junctions (TJs), lack fenestrations and undergo
extremely low rates of transcytosis, which greatly limits both the paracellular and transcellular
movement of molecules through the EC layer [5, 6]. Passage of molecules through the BBB is
regulated by a series of specific transporters, which allow delivery of nutrients to the brain and
extrusion of potential toxins. ECs also have low expression of leukocyte adhesion molecules,
abrogating immune cell infiltration into the healthy CNS [7]. The main features of the brain
endothelium that contribute to its barrier properties is the tight junctions. Tight junctions are
complex structures of the network in the brain endothelium, formed by intramembranous
particles and it significantly restricts the movement of ions such as Na*™ and CI-, to keep the
trans-endothelial electrical resistance (TEER) >1,000 ohms/cm? [8]. The transmembrane
proteins that make important contributions to tight junction structure include zonula occludens
protein 1 (ZO-1), Occludin, and the claudins. They all contribute to the high TEER level of the
brain endothelium [9]. Junctional adhesion molecules JAM-A, JAM-B, and JAM-C are also
involved in the formation and maintenance of the endothelium tight junctions.

There are other proteins that form complexes within the tight junctions and mediate the
cell-to-cell interactions and anchor tight junction proteins to the cytoskeleton. These include,
the adaptor proteins, such as, ZO-2 and ZO-3; the partitioning defective proteins PAR3 and
PARG; and MUPP1 (multi-PDZ-protein 1); the Ca?*-dependent serine protein kinase (CASK);
MAGI-1, MAGI-2 and MAGI-3 (membrane-associated guanylate kinase with inverted
orientation of protein-protein interaction domains); regulatory and signaling molecules
(including the small GTPases) and their regulators, such as the regulator of G-protein signaling
5 (RGS5), and the transcription regulator the ZO-1-associated nucleic acid-binding protein
(ZONAB).

Function of the tight junction is not limited to only restricting the paracellular
permeability, but also in separating the apical and basal domains of the cell membrane, which
allows the endothelium to maintain polarized (apical-basal) properties [10]. The PAR3 and

PARG6 complex are speculated to be involved in regulating the formation of tight junction in



establishing cell polarity. GLUT1 glucose carrier, including LAT1, and transporters for
nucleosides are the brain endothelial transporters that supply the brain with nutrients [1].
GLUT1 and LATL1 are bidirectional, moving substrates down the concentration gradient, and
can be present on both the luminal and abluminal membranes. The energy may come from ATP
when molecules or compounds are moved against a concentration gradient. GLUT1 is brain
endothelial and facilitates the transport of glucose from the circulation into the brain. It has the
highly glycosylated 55 kDa GLUTL1 and the less glycosylated 45 kDa GLUT1 isoforms [11] and
is localized 11% in the luminal, 45% in the intracellular pool, and 44% in the abluminal side of
the microvessel [12]. The BBB exists at all levels of the vasculature within the CNS, including
the penetrating arteries and arterioles, the dense capillary bed, the postcapillary venules, and
the draining venules and veins [13] and there are specializations within the vascular bed that
are crucial for BBB function, such as nutrient transport that is highly specialized to the
capillaries that come in close proximity of neurons and postcapillary venule regulate leukocyte

trafficking and immune modulation [14, 15].

1.2 BBB alteration by biochemical and mechanical induction

Cellular and non-cellular elements that interact with the ECs controls the development and
maintenance of the BBB. Astrocytes, pericytes and extracellular matrix (ECM) components
provide both structural and functional support to the BBB. Neurovascular unit (NVU) (neurons,
microglial cells and, optionally, peripheral immune cells) are all contributing to the BBB [5,
16] (Fig. 1.1). The abluminal surface of brain capillaries is covered by a basement membrane
that separates ECs from pericytes and astrocytes [17]. There are different ways that the function
of the BBB can be altered. Either biochemically or mechanically, it involves disturbances of
endothelial cell-cell interaction. Thus, leading to leakier endothelium than those of normal brain
tissue. The endothelium disturbance involves the up-regulation of MMPs and downregulation
of tight junction proteins (ZO-1) and GLUTL1. The release of different inflammatory agents
during inflammation, leads to an increased permeability of the brain endothelium. The
activation of brain endohelium leads to the release of interleukin-6 (IL-6), which can amplify
the effect by acting back on the endothelium [18]. Tumor necrosis factor-o (TNFa) can also

increase BBB permeability directly on the endothelium [19] or by indirectly affecting the



production of endothelial endothelin 1 and IL-1 [20]. An example of mechanical disruption of
the BBB that is the focus of this thesis is the formation of micron-size bubbles in the brain
induced by exposure to a blast. These transient and unstable microbubbles are formed as the
shock waves propagate through a liquid medium [63], and when they collapse (i.e.,
microcavitation), they produce secondary but localized shock waves (known as microjets, [60])
that are capable of causing necrotic cell death and apoptosis. Microcavitation is postulated as a
plausible biophysical mechanism by which tight junctions are modulated and its functions are
disrupted. Dysfunctional tight junctions can also result in an imbalance of ions, transmitters,
and metabolic products in the interstitial fluid, causing abnormal neuronal activity and seizures
(Fig. 1.2). Brain disorders such as epilepsy can manifest from repeated seizures over time. It is
also noted that seizures can also occur in other neurological disorders that are characterized by
a compromised BBB, including stroke, CNS infections, and neurodegenerative diseases [21].
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Figure 1. 1 - Schematics showing vascular endothelial cells sealed by tight junctions and basement
membrane separating the luminal and abluminal sections of the blood vessel. Pericytes, astrocytes
and their processes are in direct contact with endothelial cells.
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Figure 1. 2 - Schematic representation of injured blood-brain barrier (BBB). Tight junctions are
disrupted, and permeability is increased. Chodobski et al., [31].

1.3 In Vitro Models

Transwells (Corning Inc., Corning, NY) are the most commonly used in vitro models [22, 23]. It
allows the use of one or more cell types, with endothelial cells cultured in the upper (luminal)
compartment of the Transwell and either astrocytes or pericytes cultured on the lower (abluminal)
side of the membrane, providing a suitable technique to develop an in vitro model to study the
effects of microcavitation. There are different sources of endothelial cells and cell lines, and human
umbilical vascular endothelial cells are often used. However, they result in low TEER and high
permeability. Brain-derived endothelial cells, on the other hand, will retain some of their BBB
phenotypic expressions. Human brain microvascular endothelial cells (HBMECs) have been
shown to give the best barrier properties for permeability studies using Transwells [24]. There are
some advantages to using immortalized animal cell lines, which includes the ease of culture and

increased fidelity of the in vitro models [25]. The major drawback of using such cell cultures is



that they lose some of their phenotypic expressions with each passage, resulting in weakened tight
junctions.

In vitro models can be engineered to mimic the BBB and adequately represent the functional and
physiological features found in the BBB. A tissue engineered platform can be designed to study in
detail the BBB-related responses in normal and pathological states. The platform may also be
utilized to screen the potential therapeutic treatments to minimize or reverse the adverse effects
caused by microcavitation and other traumas to the brain. The model is expected to possess a
realistic tissue architecture, display the functional expression of tight junctions, and should be easy
to engineer and handle [26]. In recent years, there have been many introductions of improved cell
culture models for BBB, and some even advocating coculture [27, 28]. However, both financial
burdens and laborious procedures often impose limiting factors for easily producing these models.
An overview of the advantages and disadvantages of some of the models currently in use are

summarized in Table 1.

Table 1 - Advantages and limitations of commonly used in vitro BBB models

Models Advantages Limitations References
Trans-well 1. Cost and time 1. Suited for short term culture 183
system effective only
2. Easy to control 2. Loses BBB characteristics
quickly

3. Mechanism responsible for
traumatic brain injury
cannot be studied

Microfluidic 1. Application of shear 1. Requires technical skills 184
system stress 2. Itisexpensive
2. Mimics structural and 3. Mechanism responsible for
functional features of traumatic brain injury
BBB cannot be studied
Brain 1. Mimics structural and 1. Difficult to isolate 185
micro- functional features of 2. Poor viability

vessels BBB 3.
2. lItis well established

Mechanism responsible for
traumatic brain injury
cannot be studied

=

Spheroids No scaffold needed 1. No application of shear 185, 186

2. 3-D cell organization stress

Limited control

3. Mechanism responsible for
traumatic brain injury

cannot be studied

N




Despite the strict behavior of the BBB in restricting of particles across the BBB, it can be
compromised either biochemically, mechanically, or both. There are a couple of techniques that
have been applied to mimic mechanical TBI, including the use of ultrasound, microcavitation, and
even in the combination of both [29, 30]. Blast-induced microcavitation can mechanically depict
TBIs that are caused by explosive blasts on the battle field, for example, and blunt force. Therefore,
engineering a controllable biosystem to model such traumatic events to the brain is expected to
advance the current understanding in TBI. In this thesis, we have induced microcavitation by
creating a controlled blast. The approach has been proven to mimic the blast-induced TBI,
characterize the effects on the brain endothelium, and validate a few therapeutic treatments. Most
TBI injuries go undiagnosed, and by the time the symptoms are detected, effective treatments are
lacking. One of the main concerns is on-time diagnosis and targeted treatment. Most treatment
regimens are not targeted therefore drug targeting to the brain by circumventing the physiological
barriers is a prerequisite for drugs acting on the central nervous system (CNS) and therapeutic

potential of many drugs can be improved by effectively targeting injury sites.

1.4 Targeting compromised BBB

The brain endothelial cells (BECs) represent a therapeutic target. The type of proteins that are
activated in the brain endothelial cells during injury or inflammation needs to be considered in
developing drug delivery strategies to target sites in the brain in treating BBB disruptions. The
idea is to reduce, halt, or reverse BBB dysfunction. Polymers such as poloxamer 188 (P188)
are widely used to seal leaking cells (Fig. 1.3) and are FDA approved. Among its other uses are
as an emulsifier for artificial blood and as an anticoagulant in the microcirculation [32]. It is also
a known surfactant and wetting agent for antibiotics [33]. It is now known that P188 can improve
the barrier function not only by restoring the brain endothelial tight junctions but also by
upregulating ZO-1, GLUT 1, and downregulating MMP-2&9 (see below). This implies that
brain endothelium is a target for drug action on BBB. Another drug with excellent therapeutic
applications that would work well in combination with P188 is N-acetylcysteine (NAC), which
has been used as an antioxidant to decrease the membrane damage by superoxide-generating

systems and diminishes endotoxin [34]. It was also approved by the FDA to be used as an



antioxidant precursor to glutathione (y-glutamylcysteinylglycine; GSH) in the treatment of
paracetamol overdose [35] (Fig. 1.4).

@@W

Time
- conotoxm GVIA
Time
Poloxamer P188 can seal the membrane to rescue Functionality of astrocytes
the damaged cell, and N-channel blockers provide assessed by calcium dynamics

further neuroprotection

Figure 1. 3 - Schematics showing the integration of poloxamer 188 into the damaged astrocyte
cell membrane to restore calcium spiking. Chen et al., [118].
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Figure 1. 4 - Schematics of mechanisms of action of N-acetylcysteine (NAC). Top to bottom:
increased activity of cysteine—glutamate antiporter results in increased activation of metabotropic
glutamate receptors on inhibitory neurons and facilitates vesicular dopamine release; NAC
reduces inflammatory cytokines and acts as a substrate for glutathione synthesis. Dean et al., [34]

Differential display technologies are used to establish genes upregulated in
diseased/injured brain endothelium [36]. These upregulated genes are great targets for therapy,
but caution is needed because some of the genes are upregulated for the defensive mechanism.
Also, some agents have different roles in various phases or stages of the disease, injury, or
inflammation. They could be destructive at an earlier stage and protective at a later stage and
vice versa. For example, VEGF, which increases brain endothelial permeability when given
intravenously, is neuroprotective and reduces BBB leakage after ischemia when given
intraventricularly [37]. The cytokine erythropoietin (a major regulator of erythropoiesis) is

protective against brain injury in vivo and protects cultured neurons against toxicity [38];
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moreover, it protects the brain endothelium against VEGF-induced permeability by reducing
the level of endothelial nitric oxidase synthase (eNOS) and restoring junctional proteins [39].

There is a need to evaluate the performance of the current cell-based in vitro systems of the BBB
and standardize the method of evaluating the mechanism responsible for BECs disruption. A
thorough investigation of the mechanisms involved in the endothelial cell-cell interaction will
help in the design of therapies targeted at specific features necessary for BBB function (Fig.
1.5). We also need a better understanding of cellular proteomics and metabolism to devise
additional targeted therapies for the BBB. Improved techniques to image with high resolution
and monitor the functions of the living brain will also accelerate the development of potential

treatments.

Figure 1.5 - Schematics of nanoparticles penetrating the blood-brain barrier for targeted delivery.
Researchers at DTU Nanotech.

15 Overview of Research Project

The goal of the research project is to establish in vitro models to characterize and elucidate the
mechanisms mediating disruption of the brain endothelium in response to blast-induced
traumatic brain injury (bTBI). Using the same models, the effects of chemical traumas induced by

psychostimulants (cocaine and alcohol) are also determined. Furthermore, theragnostic approaches
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are engineered to specifically target the injured cells and to deliver therapeutic agents to treat the

disrupted endothelium or neurons that are affected by the dysfunctional endothelium.

1.5.1 Objectives:

To investigate the mechanisms responsible for the disruption of brain endothelial cells (BECs) in
response to blast-induced traumatic brain injury (bTBI) using an engineered cell culture chamber
and blast exposure chamber. Specifically, BEC tight junction protein (ZO-1) will be quantified
before and after blasts. Also, the theranostic approaches will be developed, validated, and applied
to target, diagnose, and treat the disrupted tight junctions. The anticipated findings will aid in

understanding the molecular mechanisms responsible for the compromised brain endothelium.

1.5.2 Hypotheses:

bTBIs can be caused by an explosive blast or blunt force to the head, but the mechanisms
responsible for such injury is not well elucidated. However, it is well documented that a blast can
generate microbubbles and the subsequent collapse of the bubbles (i.e., microcavitation) disrupts
the BECs. Here, the hypothesis is that the collapse of microbubbles and addiction to psycho-
stimulant drugs (PSDs), e.g., cocaine modulates the mechanical structure and physiological
functions of BEC and that surfactants such as poloxamers (P188) in combination with NAC can
attenuate the BEC disruption induced by bTBI.

1.5.3 Specific Research Aims:

1. To develop and validate a cell culture device to study the effect of microcavitation on
BECs. Using microfabricated cell culture chambers and a permeable thin biopolymeric
membrane (Polyester) that is easy to control to investigate the effect of microcavitation on
BECs, measure the permeability of the brain endothelium and elucidate the role of matrix
metalloproteinases in the tight junction degradation

2. To investigate the structural and physiological role of GLUT-1 glucose transporter
on brain endothelium barrier integrity and impact of abnormal glycemia on neurons.
Elucidating the BECs integrity and function and quantify the effects of hyperglycemic

conditions on primary neurons.
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3. To encapsulate P188 and the combination of P188 + NA in PLGA nanoparticles to
investigate the potential therapeutic treatment. Decorate the nanoparticles with
PSGL-1 to target and stimulate proliferation and repair of brain endothelial tight
junctions. This aim is designed to be accomplished by targeting proteins that are
upregulated in BECs after microcavitation and then treat the injured BECs with non-
biologics. Successful outcome from the studies in this aim is expected to establish urgently

needed alternate treatments for TBI.
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Chapter 2
Aim 1: To develop and validate a cell culture device to study the effect of microcavitation on

BECs.

2.1 INTRODUCTION

Traumatic brain injury (TBI) is one of the major causes of emergency visits and hospitalization.
In 2010, the Centers for Disease Control (CDC) reported about 2.5 million emergency department
visits, hospitalizations, and deaths here in the United States alone [40]. TBIs are also caused by
explosive blast or blunt force to the head especially among those who serve in the U.S. military
[41-43]. The trauma can lead to endothelial cell detachment, tight junction disruption, and blood-
brain barrier (BBB) permeability [44, 45]. One of the unique features of BBB is the regulation of
transport through a monolayer of brain endothelial cells (BECs). BECs are tightly regulated in
their structure and function by tight junctions that are composed of, among many molecules,
zonula occludens (Z0O-1) and the Occludins family [46, 47]. Only particles with a molecular mass
of fewer than 500 Daltons can cross the BBB efficiently [48]. However, the structural integrity of
the BBB can be mechanically and biochemically compromised [49-52]. Harmful substances can
extravasate into the brain through the compromised brain endothelium which, in turn, may lead to
secondary brain injury [53-55] (Fig. 2.1). Small lipophilic molecules such as oxygen, CO2, and
ethanol can freely diffuse across the lipid membranes of the endothelium. Small polar solutes
needed for brain function are transported by several specific carriers (e.g., GLUT-1 for glucose,
L-system carrier L1 for large neutral amino acids such as leucine) and specific carriers mediate the
efflux from the CNS of potentially toxic metabolites (e.g. glutamate) [56]. Anatomical
examination of the brain microvasculature shows that the endfeet of astrocytic glia form a network
of fine lamellae on the outer surface of the endothelium [57] (Fig. 2.2). This close anatomical
apposition led to the suggestion that astrocyte is a major source of inductive influences on the
development of specialized BBB phenotype of the brain endothelium [56]. Early evidence in
support of this hypothesis came from grafting experiments in which brain vessels growing into
grafts of peripheral tissue became less tight to intravascular tracers, while the relatively leaky

vessels of peripheral tissues became tighter on growing into grafts of brain tissue [58].
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Figure 2. 1 - Schematics of an in vitro BBB models showing key properties likes endothelial cells
with tight junction expression, co-culture with astrocytes, presence of shear stress, selective
permeability to compounds, and high electrical resistance

Several sophisticated TBI models of the explosive blast or blunt force have been studied.
However, the potential mechanisms connecting shock wave exposure to the head to TBI are still
not well understood at all [59]. As stated in chapter 1, one of the mechanical trauma that has been
investigated in our laboratory is the formation of micron-sized bubbles in response to a shock wave
and subsequent collapse of such microbubbles, referred to as microcavitation [60]. The collapse
of highly pressured microbubbles is thought to produce shear stress that can disrupt the brain
endothelium [61, 62]. Our previously published work demonstrated that microcavitation detaches
cultured cells and creates an area that is devoid of any cells. We coined the term “2D crater” to
describe this microcavitation-induced effect. While we documented the effect of micro cavitation
using astrocytes [60, 63], it is interesting to investigate whether the microcavitation mechanism is
responsible for the disruption of the brain endothelium. Since a monolayer of mouse brain
endothelial cells has been demonstrated to resemble the BBB phenotype found in vivo, express
excellent characteristics of the BBB, and form the functional barriers [64], it offers a model system
to elucidate the potential damage mechanisms that are associated with microcavitation. Three
dimensional (3D) models are expected to provide a better understanding of brain diseases and
pathologies. However, the formation of shock wave-induced microbubbles in 3D models is neither

predictable nor controllable [187]. It will be a daunting task to predict the location of
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microcavitation and then focus on determining the cellular responses. Attempt to monitor such
responses in real time would be futile if one cannot reliably predict the microcavitation event. In
contrast, the 2D culture system we developed allowed us to spatially control the microcavitation
(see Methods below). Moreover, although confocal microscope should be able to generate
reconstructed 3D images, the subcellular responses recorded by 2D images provide a glimpse of

the dynamic (e.g., calcium spiking) involved in microcavitation.

. astrocyte

Figure 2. 2 - Schematic of astrocyte feet in contact with the brain capillary surface, allowing for
two-way induction and communication between the astrocytes and endothelium, Abbott et al.,
[56].

Although there is an increasingly better understanding of brain trauma, it remains elusive to
determine whether reparative treatments are plausible. A recent study suggests that approximately
320,000 soldiers may have experienced mild TBI in the Iraq and Afghanistan wars and that such
injuries most often lead to cognitive degeneration and post-traumatic stress disorder (PTSD) [65].
There are only a limited number of treatments currently available, and in most cases, only the
symptoms are identified and treated. For example, selective serotonin reuptake inhibitors have
been approved by the FDA. Some non-pharmacological treatments, such as cognitive-behavioral
therapy may also be effective [66]. Use of a family of copolymers referred to as poloxamers offer
an intriguing potential to mitigate the blast-induced cell damage. Because many studies have

shown that the poloxamers are capable of sealing the compromised cell membrane, the FDA-
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approved poloxamers P188 was demonstrated to seal the membrane in BBB [67] and down-
regulate the secretion of matrix metalloproteinases [68]. However, the role of P188 in the cytosol
remains to be further studied. It is suspected to be involved in the TNF-a pathway [69]. In this
study, we cultured a monolayer of brain endothelial cells on a well-characterized synthetic
membrane and quantitatively determined changes in the permeability and disorganized tight
junctions. Our results show that microcavitation functionally and mechanically disrupts the BECs
and that treatment of brain endothelial cells with P188 mitigates the BECs disruption by alleviating
the loss of tight junctions and suppressing the excess production of MMPs.

2.2 MATERIALS AND METHODS

2.2.1 Design, Fabrication, and Setups of the Culture Model.

Three laser-cut pieces of PMMA were utilized (base layer: 30mm x 30mm, middle layer: 30mm x
30mm, with a rhombus shape cut-out of the length of 14mm on each side. upper layer: 30 mm Xx
30mm, with a circular shape cut out of diameter 10mm). A PDMS polymer was laser cut in the
same dimensions for both the middle and upper layers. The device was set up by sticking the base
and middle chamber together to create a chamber, and PDMS was attached to the top of the middle.
PDMS was also attached to the bottom of the upper layer to provide adhesion and allow for easy
detachment. PDMS was fabricated as described by Abhyankar et al., [70]. Briefly, PDMS
prepolymers (10:1 base to catalyst ratio,) was spin-coated to obtain a uniform thickness of 0.30mm
(Fig. 2.3A). Holes for magnetic sealing were cut with a diameter of 1.59mm. An insert with a
laser-cut PETE culture membrane (1.0 pm pore diameter, 2 X 10" pores / cm? Sterlitech) (Fig.
2.3A and C) was sandwiched and laminated between two laser cut sticky sheets containing an
open central region(10mm diameter) and then, was sandwiched in between the middle layer of the
chamber and the upper layer and sealed with magnets of different poles (kjmagnetics) to have
airtight compartments. This sandwiching of the insert gives the chamber two compartments. After
assembling, membranes and chambers were sterilized with 70% alcohol for 5 minutes and washed
with PBS (10mM sodium phosphate, 150mM sodium chloride, pH 7.4).
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2.2.2 Invitro Brain Endothelium Model

Mouse brain endothelial cells were cultured on a synthetic polyethylene terephthalate (PETE)
membrane (Sterlitech, PET1047100) that contains 1 um diameter pores at the density of 2 x 10’
pores /cm?. This well-defined membrane allowed us to establish a monolayer of endothelial cells
and determine the endothelium permeability. Balb/c mouse primary brain microvascular
endothelial cells (MPBMECs; Cell Biologics Inc., C576023) were grown in endothelial basal
medium-2 (EBM-2) with EGM-2 kit (Lonza, CC3156, CC4176 respectively) in a flask coated with
a gelatin-based coating solution. Cells were seeded at the density of 6.60 x 10* cells/ cm on the
PETE membrane coated with fibronectin (I pl/mL). To confirm the viability of MPBMECSs, an in
vitro angiogenesis was performed. Briefly, reduced growth factor Matrigel (200 ul; Corning,
356230) was pipetted onto a 22x22 mm coverslip in a petri dish and incubated at 37 °C and 5%
CO_ for 30 min to solidify Matrigel. Once Matrigel was set, approximately 5 x 10* cells
MPBMECs were seeded on the gel, and tube formation was observed after 6 hrs. To visualize
cells, green cell tracker (FITC) was added to the cells before seeding. Images were recorded using
a 20x microscope objective.

2.2.3 Microbubble Exposure Chamber

A detailed description of the microbubble chamber used in this experiment has been
provided elsewhere [60, 63]. This chamber is designed to fit the microscope stage for real-time
imaging. Briefly, two platinum electrodes were symmetrically embedded in the middle of the
chamber (~ 10 mm high; Fig. 2.3D). Shock waves were generated by applying an electrical pulse
across the electrodes that were separated by 700 um. Electrical breakdown of water creates shock
waves, followed by the generation of microbubbles. Potential artifacts such as temperature rise,
excessive-high electric field, and the impact of shock waves were all carefully addressed in the
previously published papers. For example, the temperature rise of < 0.5 °C was measured [63], and
the principle of symmetry was applied to study the effect of the shock wave by plating cells at the
bottom of the chamber (Fig. 2.3D). Should the shock waves (0.3 us travel time across the depth of
the chamber) cause any measurable impact, these effects should be observed both at the top and
bottom of the chamber. The cells plated at the bottom of the chamber were observed viable and
functional [63] and expressed the baseline fluorescent markers, for example, of apoptosis [63]. In
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contrast, the microbubbles rose only to the top of the chamber and collapsed onto the plated cells.
The density of microbubbles, their speed and size distribution following the propagation of shock
waves were recorded, analyzed, and reported in our previous study [63]. Determination of the
cellular and molecular signatures that are associated with cell damage is the aim of the current

study and described below in the Results section.

2.2.4 Immunostaining for Z0O-1, Actin, and MMP-2 & 9

Tight junctions in the brain endothelial cells were visualized using zonula occludens 1 (ZO-1)
monoclonal antibody conjugated with Alexa Fluor 488 (Thermofisher Scientific,
MA339100A488). Briefly, the BECs were fixed with 4% paraformaldehyde in PBS for 10 minutes
at room temperature and blocked with 3% of BSA for 1 hour. Cells were incubated with
fluorescently conjugated ZO-1 monoclonal antibody for 1 hour and kept in the dark. Nuclei were
stained with DAPI at a dilution of (1:1000). For MMP-2 & 9 analyses, cells were fixed with 4%
paraformaldehyde in PBS, permeabilized with 0.1% Triton X-100 for 3 minutes and blocked with
3% of BSA for 1 hour. Cells were incubated with the MMP-2 & 9 primary antibodies (1:500, 4.3
ug/ml, Santa Cruz., SC13595, and SC393859 respectively), and subsequently incubated with
Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:1000, 2 pg/ml, Santa Cruz., SC516167).

2.2.5 RNA Isolation and Gene Expression Measurements

Total RNA was isolated according to protocols supplied by the manufacturer (Quick-RNA
Microprep Kit, Zymogen Research Corp, R1050). Briefly, cells were lysed in an RNA lysis buffer
washed with 95% ethanol and RNA prep buffer, and then sequentially washed with RNA wash
buffer, and RNA was eluted with 15 ul of DNase/RNase-Free water. The sample was treated with
RQ1 RNase-Free DNase from (PROMEGA Corp, M6101) to remove any remaining DNA. RNA
yield was quantified using nanodrop by measuring the optical density of the sample at 260280
nm. RT-PCR was carried out using the manufacturer’s protocols. cDNA was synthesized using
AzuraQuant cDNA Synthesis kit (Azura Genomics, AZ1996). The mastermix was prepared using
AzuraQuant Green Fast gPCR Mix Hirox Kit (Azura Genomics, AZ2001). Two microliters of
cDNA were used in each subsequent PCR reaction. Specific primers for BBB tight junction
protein; zonula occludens 1 (ZO-1), and a housekeeping gene, GAPDH (Real TimPprimers.com),
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were designed and synthesized according to published sequences (RealTimePrimers.com). PCR
amplifications were performed in a final volume of 20 mL of the mastermix using AzuraQuant
Green Fast qPCR Mix Hirox as instructed by the manufacturer. Using applied biosystems 7300
Fast Real-Time PCR system (Thermo Fisher), amplifications were done for 45 cycles using a
denaturation step at 95°C for 5 s, an annealing step at 60 °C for 25 s, and polymerization step at
72 °C for 45 s.

2.2.6 In Vitro Diffusion Model and Permeability Experiment

A custom-designed diffusion chamber was constructed (Fig.2.3E). Adhesive glue was applied to
the entire boundary of the chamber to prevent leakage. And a PDMS with 10 mm aperture was
aligned with the insert and glued in place over the insert. After sealing the chamber properly, the
upper chamber was filled with PBS containing FITC dextran molecules. The apparatus was
discarded if leakage into the lower chamber was detected. The lower chamber of a 5 ml volume
was filled with PBS without phenol red. The experiment was conducted in the dark and at room
temperature. FITC dextran of molecular weight 3 and 10 kDa were used for the experiment. 25 pl
were collected from the lower chamber at one-hour intervals for 6 hours and stored at — 80 °C.
Fluorescence intensities were measured using a fluorescence plate reader (Synergy HT).
Fluorescent intensity calibration standard was obtained by serial dilution of fluorescent dextrans.
Concentrations in the collected samples were determined from the calibration curve. The

Permeability coefficient was then calculated by modifying the equation from Li et al., [71]; P =

[(C2a — C1a) xVa)
[ A*At* Co]

], where P is the permeability coefficient, C2a & Cia are the concentration in the

abluminal chamber at different time intervals, Va is the volume of the abluminal chamber, A is the
surface area of the membrane, At is the duration of steady-state flux, C, is the concentration in the
luminal chamber. The expression (C2a - C1a)/ At is considered as the slope of the diffusion curve

over time.

2.2.7 Conjugation of P188 with TAMRA

The procedure to fluorescently conjugate P188 was carried out as described elsewhere with slight
modification [72]. Briefly, the hydroxyl terminal groups of P188 were converted to amino groups
by activating dry P188 (5 g, 50 mM) with carbonyl diimidazole (CDI) (257 mg, 1.6 mM) in
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anhydrous dichloromethane (DCM) (50 ml) at 37 °C for 4 h. After cooling to room temperature, a
mixture of ethylenediamine (398 ul, 6 mM) and N, N-diisopropylethylamine (DIPEA) (277 ul, 1.6
mM) was added to the solution and stirred for 48 h which resulted in 1-amino-2- 10 Ethan
carbamate functionalized P188 (P188-NH2). The resulting mixture was then dialyzed using a 2
kDa-cutoff membrane against 15% ethanol for 4 days changing the buffer 8 times and freeze-dried
to yield P188-NHo.

Synthesized P188-NH2 (200 mg) was dissolved in acetonitrile (2 mL) and then 2 mL of 0.1 M
sodium tetraborate buffer (pH 8.5) was added to the solution and stirred for 1h. A solution of
TAMRA-SE (19 mg, 31.8 umol) in DMSO (1 ml) was added to the above mixture and stirred at
for 18 h at room temperature. The resulting mixture (TAMRA — P188) was diluted with 20%
ethanol and dialyzed with 2 kDa-cutoff membrane against 20% ethanol for 5 days at room
temperature, changing the buffer 15 times and then ultracentrifuged before freeze-drying.

2.2.8 Statistical analysis

All data analysis was executed using one-way and two-way ANOVA (R-Studio Software) to
analyze differences between group(s) with one or more independent variables. p < 0.05 was
considered as significant difference. Post hoc analysis was done using Tukey’s honest significant

difference (HSD). All data were reported as mean * standard deviation.

23 RESULTS

2.3.1 Cell Culture Chamber Design, and Non-transformed phenotype of mouse primary brain

microvascular endothelial cells (MPBMECS).

The culture-insert enabled direct cell seeding from the top (Fig. 2.3A). Before culture, the
membrane in the insert was properly coated with fibronectin. To establish that our model and
PETE supports cell culture, EC was preincubated with cell tracker (green) for 30 minutes before
seeding on the membrane (Fig. 2.3C). Following cell culture, culture insert (Fig. 2.3C) was
transferred to an induce blast exposure chamber (fig. 2.3D) to carry out microcavitation, followed
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by permeability experiments (Fig. 2.3E) which will be explained in detail later. The portability of

the inserts and devices allows for easy maneuvering.
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Figure 2. 3 - Schematics of the culture chamber, culture insert, proof of cell adhesion to PETE
membrane, blast exposure chamber, and diffusion chamber. (A) Culture chamber composed of
PMMA housing with magnet holes, PDMS sheets, and a removable cell culture insert. (B) picture
of the uncoupled two-chamber system. The chamber can also support two cell cultures. (C) Culture
insert showing cell culture. Green FITC cell tracker is showing that PETE membrane supports
endothelial cell culture with strong adhesion. Endothelial cells were seeded on a fibronectin-
coated membrane. (D) Diagrammatic representation of the design and structure of the blast
chamber, depicting the events that take place after transferring the cell culture insert to the blast
chamber. Bubbles are formed, and the collapse of the bubbles causes cells and BECs destruction,
and the formation of “crater”. (E) Schematic description of our diffusion model, with BECs
monolayer on the luminal side of the membrane. Permeability was measured by introducing FITC
dextran dye of different molecular weights into the luminal chamber and measuring the time-
dependent concentration in the abluminal chamber.

Endothelial cell-seeded reached confluence at day 4. The MPBMECs used in this study showed a
morphology like primary cultures of brain endothelial cells, with monolayers of tightly packed

elongated cells that exhibited cell-cell contact at the confluence (Fig. 2.4A). At confluence,

21



MPBMECs exhibited spindle-shaped morphology previously documented in brain endothelial
cells derived from human [73] (Fig. 2.4B). The MPBMEC:s cell population displays the presence
of tight junction protein ZO-1at day 4 of culture (Fig. 2.4C). The MPBMECs maintained a non-
transformed phenotype over more than 6 population passages, without any sign of senescence, as
supported by the following observations: 1) immunofluorescence images from passages 5 and 6
(Appendix 1. A and B); and 2) when MPBMECs were seeded on reconstituted extracellular matrix
(Matrigel), they rapidly formed a branched capillary-like cords network, a characteristic which is
typical of primary endothelial cells, suggesting a normal capacity for angiogenesis (Fig. 2.4D).
This was also observed at different passages (Appendix 1. C and D). Endothelial cells also
displayed well-aligned skeletal F-actin fibers at day 4 of culture (Fig. 2.4E). For all experiments,
endothelial cells cultured to day 4 were used.

ZO-1 (DAY 4)

F-Actin (DAY 4)

Figure 2. 4 - Morphological Characterization of mouse primary brain microvascular endothelial
cells (MPBMECs). (A) Phase-contrast microscopic view of the MPBMECs showing tightly packed
contact morphology (B) Human umbilical vascular endothelial cells (HUVECs) with similar
morphology. (C) Immunofluorescence staining is demonstrating the expression of the endothelial
cell tight junction-associated marker, ZO-1 (green) after 4 days of culture. (D) A branched
network of capillary-like cords formed by MPBMECs in Matrigel extracellular matrix after 6
hours in EGM-2 medium (20X). (E) Immunofluorescent staining of mouse endothelial cell skeletal
fibers, F-actin (red). Nuclei counterstained with DAPI.
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2.3.2 Microcavitation, FITC molecule permeability, and TAMRA — P188 conjugation.

The experimental model employed in understanding the effects of microbubbles and for better
interpretation of our results is shown in Figure 2.5A. It shows our area of interest; the “crater” and
the periphery (blast radius- Rg) of the crater. We measured the average area of the crater created
from the blast and estimate the area over which the bubbles act. From our model, cells within the
crater are rendered destroyed. Cells within the Rg of the bubbles are affected by bubbles (e.g.,
either permeabilized, destroyed, or their tight junctions are disrupted), and those cells that are
outside the blast radius are not affected. The level of bioeffects caused by microcavitation on

MPBMECs was observed by fluorescence images (Fig. 2.5B - E).
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Figure 2. 5 - Schematics of permeability experiment and confirmation of microcavitation(MC)
disruption of Blood-brain endothelium. (A) Summarized procedures for the evaluation of dextran
molecule permeability across our in vitro BBB model. (B & C) Immunofluorescence Staining of
EC for ZO-1 (green), Actin (red) post MC exposure to 1 blast. (D & E) exposure to 5 blasts. *There
is no obvious destruction of tight junctions nor cells after 1 blast exposure. However, there is
TJs/cell destruction and formation of the crater after 5 blasts exposure. The nuclei (blue) stained
with DAPI.
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Monolayers of MPBMECs, grown to confluence on porous membranes, were tested for their
permeability to hydrophilic molecules (control group). The experimental groups were subjected to
microcavitation. Exposure to one blast alone did not have any major impact on endothelial cell
monolayers (Fig. 2.5B and C). However, exposure to 5 repetitive blasts caused major damage. It
should be noted that the repetitive blast-induced TBI is presumed to be responsible for clinical
manifestations [63]. The damage from 5 blasts (Fig. 2.5D and E) was far greater than the damage
from 1 blast. To calculate the permeability of Rg, concerning 5 repetitive blasts exposure, the
following steps were followed (Fig. 2.5A) STEP-1; diffusion was carried out on the membrane
without cells. STEP-2; on the membrane with EC monolayer. STEP-3; on EC monolayer post-
microcavitation exposure. STEP-4; finally, to calculate the permeability of Rg the crater was
blocked before carrying out the permeability experiment.

Figure 2.6 shows the measured permeability coefficient (P) of our in vitro brain endothelial
model of two different molecular weight fluorescent solutes: 3 and 10 kDa. The values of P* and
P19K for various experimental groups are recorded in Table 1 below. P*< and P for EC monolayer
were significantly decreased by 85% and 84% respectively from that of the PETE membrane alone,
as expected. On the other hand, microcavitation by 1 blast exposure did not cause any significant
increase the permeability coefficients. However, 5 blasts exposure drastically increased the P3¢
and P'°K compared to using monolayer alone (for all experimental groups, n = 6, P < 0.05). To
validate that disruption occurred around the crater, the crater was blocked, allowing permeability
to be observed only around the crater (results presented in Table 2). Permeability coefficients were

also measured in cells treated with P188 and with the crater blocked (Table 2).
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Figure 2. 6 - Graphs showing the permeability coefficient (P). (A) The permeability coefficient of
MPBMECs monolayer to 3 kDa after exposure to blasts and after treatment with P188. (B)
Permeability coefficient to 10 kDa. * Increase in permeability is correlated to the repetition of
exposure to blasts. Also, 3 kDa molecules have a higher permeability as expected, n = 6

Table 2 - Permeability coefficient (P) post MC and after P188 treatment

P3K (cm/s) P1K (cm/s)
Membrane alone 3.33+0.02 x 102 1.33+0.02 x 10
MPBMECs monolayer 0.50 + 0.06 x 107 0.21 +0.04 x 10
MPBMECs + MC (1 Blast) 0.76 +0.09 x 10 0.32 +0.04 x 107
MPBMECs + MC (5 Blasts) | 2.55+0.09 x 102 1.08 + 0.07 x 102
CRATER BLOCKED

P3K (cmls) P10K (cm/s)

MPBMECs + MC (5 Blasts)

1.02 +0.12 x 102

0.23 +0.06 x 107

MPBMECs + MC (5 Blasts)
+ P188

0.57 +0.10 x 10?2

0.15 + 0.07 x 107
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We suspected that P188 not only sealed the compromised membrane but also entered the cytosol
to interact with the molecular mechanisms that might further exasperate the function of tight
junction. In order to investigate potential interactions, we conjugated P188 fluorescently using the
TAMRA dye (see above) and incubate with cells exposed to different experimental conditions.
Fluorescence images revealed the successful conjugation of TAMRA to P188 and the
internalization of TAMRA-P188 by both control BECs and those exposed to microcavitation (Fig.
2.7A and B). The TAMRA dye alone also demonstrated its capability of diffusing through the cell
membranes in control cells and even into the nucleus (Fig. 2.7C and D). It is not too surprising
that the dye should diffuse across the membrane into the cytosol as well as into the nucleus since
its molecular weight is only 527.53 Da. The TAMRA-P188 complex was also found to diffuse
into the cytosol. However, in control cells, the complex was excluded from entering the nucleus.
Surprising, some cells when exposed to microcavitation showed the complex penetrated into the
nucleus, suggesting the mechanical trauma from microcavitation may have reorganized and
changed the nuclear structure. This shows that TAMRA is not subjected to the problems associated
with immunoconjugates such as decreased immunoreactivity and poor solubility. The in vitro
studies of these TAMRA-P188 conjugates show that they specifically bind to organelles inside the
cytosol and the internalization is documented by the fluorescent microscopy experiments. Our
results suggest additional studies of the TAMRA-P188 complex that might play a role in the

targeted therapeutics.
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TAMRA-P188 Endocytosed-Control TAMRA-P188 Endocytosed-Post Exposure

TAMRA Alone Endocytosed-Control TAMRA Alone Endocytosed-Post Exposure

Figure 2. 7 - Validation of internalization of P188 by Primary brain endothelial cells and MMP-
2&9 Gene expression. (A) Immunofluorescence images are showing endocytosis of conjugated
TAMRA-P188 in control cells. (B) After Microcavitation. (C) Image of internalized TAMRA in
control cells exposed to microcavitation (D). Nuclei counterstained with DAPI. 60X. Notice the
colocalization in the groups treated with TAMRA alone (color change to purple in the nucleus
depicts that the dye diffused all through the cells).

2.3.3 P188 Down-Regulates the Expression of MMP-2 & 9, Alleviate ZO-1 Loss and
attenuates BBB Permeability.

In order to probe the potential interaction between P188 and MMP-2 & 9, we first pretreated the
cells with P188 before activating them with TNF-a and measured the expressions of MMP-2 & 9
(Fig. 2.8A and E). The MMP expressions were found to be suppressed by such treatment. In
contrast, in the cells activated by TNF-o without P188 treatment, we observed high expressions of
MMP-2 & 9 (Fig. 2.8 B and F) respectively. Additionally, post-treatment with P188 after
activating the cells with TNF-a also significantly suppressed the MMP-2 & 9 expressions (Fig. 2.8
C and G), respectively. The inactivated control cells (i.e., no TNF-a treatment) showed essentially
no MMP expressions (Fig. 2.8 D and H). Pretreatment of cells with P188 before microcavitation
showed a noticeable suppression of the MMP-2 & 9 (Fig. 2.9A and E), respectively. On the other
hand, microcavitation alone caused a high expression of MMP-2 & 9 (Fig. 2.9B and F),
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respectively. Post-treatment with P188 also suppressed the expression of MMP-2 & 9 (Fig. 2.9C

and G), respectively. Experimental groups were compared to the control group (Fig. 2.9D and H).
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Figure 2. 8 - Activation of MMP-2 & 9 by biochemical disruption of TJs: Immunofluorescent
staining of MMP-2 & 9 in TNF-alpha activated MPBMECSs. ECs pretreated with P188 for 3 hours
before incubating with TNF-alpha for 1 hour and then stained for MMP-2 & 9 (A & E) r
espectively. ECs incubated with TNF-alpha for 1 hour and then stained for MMP-2 & 9 (B & F)
respectively. EC incubated with TNF-alpha for 1 hour, treated with P188 for three hours, and then
stained for MMP-2 & 9 (C & G) respectively. Results from all groups were compared with control
(D & H) respectively.
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Figure 2. 9 - Activation of MMP-2 & 9 in traumatic brain injury: Immunofluorescent staining of
MMP-2 & 9 in mechanical disruption of MPBMECs TJs. ECs pretreated with P188 for 3 hours
before subjecting to induced blast and then stained for MMP-2 & 9 (A & E) respectively. ECs
exposed to last and then stained for MMP-2 & 9 (B & F) respectively. ECs exposed to the blast,
treated with P188 for three hours, and then stained for MMP-2 & 9 (C & G) respectively. Results
from all groups were compared with control (D & H), respectively.

The expression of ZO-1 network in the microcavitation-exposed group was shown disorganized
(see Fig. 2.5B and D). To correlate the protein expression with activation of genes, PCR
experiments were carried out to quantify the gene expression. About a 6-fold decrease in the ZO-
1 gene expression was measured (Fig. 2.10A) in response to exposure to microcavitation (P <
0.05). PCR measurements showed significant increases in the MMP-2 and 9 gene expressions
induced by microcavitation. Either before or after treatment of cells with P188 was effective in
restoring the MMP gene expressions to the control level (Fig. 2.10B and C). Consequently,
upregulating ZO-1 protein expression which led to tight junction restoration. Excess production of
MMP-2 and 9 is none to degrade tight junction proteins (ZO-1) and increase Brain endothelial cell
permeability [46, 76]. Table 3 shows forward and reverse primers used in this study. This finding
agrees with a recent report on primary cultures of human brain endothelial cells [75], where ZO-1

gene expression significantly decreased due to tight junction disruption.
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Table 3 - Primers used for RT - PCR

GENE FORWARD PRIMER (5'-3") REVERSE PRIMER (5'-3")
ZO0-1 CCACCTCTGTCCAGCTCTTC CACCGGAGTGATGGTTTTCT
GAPGH | CTGGAGAAACCTGCCAAGTA TGTTGCTGTAGCCGTATTCA
MMP-2 | CACCTGGTTTCACCCTTTCT GAGGAGGGGAACCATCACTA
MMP-9 | CTCACTCACTGTGGTTGCTG TGGTTATCCTTCCTGGATCA
® 20-1
2 Control Exposed
3,
c
E 2
[&]
o 3
S .
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%
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Figure 2. 10 - Fold change after exposure to microcavitation. (A) The decrease in expression levels
of ZO-1 was calculated from triplicate reactions. (B & C) Signifies the efficacy of P188 in
suppressing the expression of MMP-2 & 9 in both pre-treated and post-treated groups. Fold
change were calculated from triplicate reactions as well, n = 6.

30




To test if there is a therapeutic window that P188 should be administered in order to render
successful repair of the disrupted brain endothelium, cells were treated at different time points
after blast exposure. Treatment to cells exposed to microcavitation was delayed for about 10 to 60
minutes (Fig. 2.11A and B) before treating with P188. Interestingly, the treatment with P188
significantly alleviated ZO-1 protein loss between 1 to 3 h after treatment (Fig. 2.11C-F). We also
waited for about 3 to 6 hours before administering P188 to the exposed cells, and we observed a
higher rate of tight junction degradation (Fig. 2.12A and B). Consequently, when we treated the
cells with P188, we did not observe total tight junction restoration (Fig. 2.12C - F). What these
indicate is that there is a therapeutic window that P188 should be administered to obtain total or
complete tight junction restoration. Additionally, the longer the treatment, the higher the
expression of a well-arranged network of tight junction [68]. It is interesting to observe that,
without treatment of P188, the 2D crater that was created by microcavitation seemed to expand
(Fig, 2.12B) in comparison to when the sample was treated with P188 (0.5 mM) for 3 hrs (Fig.
2.12F). Taken collectively, the P188 treatment appears to restore the biotransport properties and

tight junction expression.
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Figure 2. 11 - Effects of P188 on TJ localization in MPBMECs post-exposure to microcavitation.
Confluent MPBMECs monolayers were exposed to microcavitation(MC) and then incubated with
normal media for 10 minand 1 h, before treating with P188 for 1h and 3 h. Distribution/expression
of TJ proteins was examined by immunofluorescence staining. Panels (A & B) represent the
control, (C & D) represent the 1 h treatment group, and (E & F) represent the 3h treatment group.
Immunofluorescent images showed reconstitution of tight junctions after treatment with P188.
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Figure 2. 12 - Based on the results for 10 min and 1h, we proceeded to examine the TJ localization
for 3 and 6 h, before subsequent treating with P188 for 1 and 3 h. Panels (A & B) represent the
control (3 and 6 h respectively), (C & D) represent the 1h treatment group, and (E & F) represent
the 3h treatment group. Longer waiting period lead to a higher rate of tight junction degradation.
Total restoration of tight junctions was not observed in groups delayed for over three hours.

24  DISCUSSION

Traumatic brain injury causes activation of inflammatory responses and release of free radicals,
which leads to necrosis and eventual apoptosis [63]. There are several models of BBB disruption,
but none focuses on the mechanism of the brain endothelium disruption and identification of
enzymes that are involved in the disorganization of tight junction. In response to microcavitation
our model allowed us to explore the mechanism responsible for blood-brain endothelium
disruption and the key enzymes involved as well as the efficacy of P188 in attenuating traumatic
brain injury. P188, which is a triblock copolymer approved by FDA to be used as a free drug for
blood thinning, has been reported seal the compromised cell membrane. In recent years, it has
been shown that P188 can be internalized by the cells and thus affect intracellular activities, such

as blocking the cascade reaction due to inflammatory factors, excess activation of cytokines, and
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as well as the release of free radicals. In this study, we found that treatment with P188 to disrupted
endothelial cells for 1 — 3 hr promoted the functional recovery of tight junction by down-regulating
MMP-2 & 9 and up-regulating ZO-1. The future experiments may be designed to investigate the
correlation between the MMP-2 & 9 and adhesion molecule, specifically CD49d post
microcavitation to determine the cell-substrate adhesion.

Maintenance of the BECs relies on the interaction of endothelial cells and basement
membrane. Together, they play an important role in the bio-transport of molecules from the blood
to the brain and vice versa. TBI is typically accompanied by an increased permeability through the
BBB that causes extravasation and intravasation of molecules larger than 500 Dalton. Studies have
shown that an increased level of MMP-2 & 9 plays a key role in BBB destruction by induction of
inflammatory cascade reaction [76]. These two are the two most studied proteolytic enzymes, and
their increased activity is associated with the BBB permeability [46] facilitating degradation of
tight junction proteins. The inhibition of MMP-2 & 9 promotes recovery of the BBB [77].
Therefore, targeting MMP-2 & 9 may be one of the strategies for the treatment of TBI. Our results
show that an excessive expression of MMP-2 & 9 induced by TNF-o (chemical) and
microcavitation (mechanical) can be reversed by P188 treatment.

The blood-brain endothelium and tight junctions are very important components of the
BBB. The permeability of the BBB, for example, is associated with the tight junction’s integrity
[78]. ZO-1 plays a fundamental role in maintaining the BBB integrity by forming a selectively
permeable barrier. The BBB can be compromised by either biochemically or mechanically, which
increases permeability. First, we tested the theory that P188 and the TAMRA-P188 complex can
be internalized. Images showed that the TAMRA-P188 complex was found in the the cytosol but
did not penetrate into the nucleus (see Fig. 2.7A). Further evidence showed that TAMRA diffused
through the entire cell cytoplasm and the nucleus. It is evidence that P188 can be internalized and
is therefore capable of interacting with cellular organelles.

Our results demonstrate that bTBI suppressed the expression of ZO-1, and that P188
treatment mitigates the loss of this tight junction protein. Assessing the permeability of BECs, we
observed a significant reduction in the permeability coefficient in the P188-treated group,
indicating a degree of restoration of the BBB characteristics and functionality. The restorative
effects of P188 is attributed to the suppression of the MMP-2 & 9. Importantly, the treatment with
P188 reduced the diffusion of molecules post-microcavitation, demonstrating the efficacy of P188

34



in attenuating bTBI. Also, the P188 treatment significantly decreased the expression of MMP-2 &
9 both in pre-and post-treatment (see Fig. 2.10B and C) and alleviates ZO-1 loss post-
microcavitation. Taken collectively, these findings provide evidence to validating that P188 can

restore the BBB integrity.
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Figure 2. 13 - Schematics showing the possible mechanisms underlying the P188’s BBB protection
against traumatic brain injury. Blunt force trauma causes the up-regulation of MMP- 2 & 9 in the
brain, which degrades the tight junction protein ZO-1, leading to an increased BBB permeability
and brain damage. The BBB protection by P188 against traumatic brain injury is possibly through
the down-regulation of MMP-2 & 9, which inhibits the degradation of tight junction protein ZO-
1, thereby enhancing tight junction and attenuating traumatic brain injury.

25 CONCLUSION

In conclusion, we established and characterized an in vitro model of MPBMEC culture on the
PETE membrane. Biotransport properties have been quantitatively determined and changes in the
permeability coefficients due to chemical (e.g., TNF-a) or mechanical (microcavitation) have been
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experimentally measured. The FDA-approved poloxamer P188 was shown to restore the
permeability, which suggests the brain endothelium had been compromised but repaired by the
P188 treatment. Such reparative effects of P188 are likely mediated by a suppression of MMP-2
& 9 and also by reestablishing the integrity of tight junction. These molecular events are postulated
to attenuate the extent of damage caused by TBI (Fig. 2.13). Finally, the model designed,
developed, and tested in this study is simple to engineer, effective, reproducible, and convenient

to be used as a platform for therapeutic studies.
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Chapter 3

AIM 2: To investigate the structural and physiological role of GLUT-1 glucose transporter on

brain endothelium barrier integrity and the impact of abnormal glycemia on neurons.

3.1 INTRODUCTION

The blood-brain barrier (BBB) is a dynamic system that regulates the central nervous system
(CNS) microenvironment [79] with a high degree of selectivity. The key players of the BBB are
the tight junction proteins such as zonula occluding (ZO-1). The primary function of the brain
endothelial cells (BECs) is to maintain the homeostasis of the brain. The colocalization of ZO-1
and glucose transporters (e.g., GLUT1), and enzymatic activities of BECs that metabolize harmful
substances at the vascular face of the BBB [81] protects the CNS from external toxins within the
circulation [80]. Nevertheless, this tight barrier can be breached either mechanically or
biochemically. Recent evidence points to microcavitation and the overuse of psychostimulant
drugs (PSDs) (e.g., cocaine and alcohol) to disrupt the function of BECs. The overall permeability
of the blood-brain barrier is regulated by endothelial cells and their junctional complexes, which
consist of adherens and tight junctions, and glucose transporters. The end-feet of astrocytes are
in contact with the capillary wall and in communication with the neurons (Fig. 3.1). [72].
Microglia are also present for sensing neuronal injury and for detecting and fighting infection.
Together, this unit regulates blood-brain barrier permeability and protects the integrity and

function of the brain and central nervous system.
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Blood vessel

Figure 3. 1 Schematics of Astrocytes close morphological and functional associations with
microvasculature and neurons. Showing location of astrocytes around blood vessels and neurons
in the central nervous system.

The model we developed in Chapter 2 has potential to be applied in different brain diseased
pathologies and from the evidence gathered from its applications, we suspected microcavitation,
and PSDs disruption might be causing glucose transporters (e.g., GLUT1) depletion leading to
unregulated flow of glucose into the brain; hence, exposing neurons to hyperglycemia.
Hyperglycemia has been reported to increase reactive oxygen species (ROS), followed by
alteration in the neuronal morphology, axonal degeneration in nerve fibers [73]. To test the theory
of GLUT1 damage by microcavitation and PSDs and eventual exposure of neurons to
hyperglycemia, we measured the permeability of BECs to Fluorescent 2-[N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG) after exposure to two extreme
concentrations of cocaine combined with 0.1% alcohol. The concentrations were chosen from our
concentration-dependent study. Microcavitation, 20 uM cocaine + 0.1% alcohol, and 1 uM cocaine
+ 0.1% alcohol-induced changes in the permeability to the glucose analog were determined. The
BECs barrier breakdown by microcavitation and the combination of cocaine and alcohol correlates
with tight junction complex distortion. We demonstrate that the combination of poloxamer 188
(P188) and N-acetylcysteine (NAC) can repair the disrupted junctional complexes, decrease the
paracellular permeability, and enhance neuron regeneration after exposure to a hyperglycemic
condition. To reiterate the potential therapeutic treatments, poloxamer 188 is a triblock copolymer
that was approved by the FDA for diverse biomedical applications [33], and N-Acetyl-L-cysteine
(NAC) was also approved by the FDA to be used for the treatment of acetaminophen (paracetamol,

N-acetyl-p-aminophenol) poisoning [107]. The mode of action of NAC in acetaminophen
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overdose relies on the protection against oxidation and incorporation into the highly abundant

intracellular antioxidant, glutathione (GSH).

Glucose is the major source of energy for most mammalian cells, particularly in the brain.
The brain depends heavily on glycolysis, but the primary source of glucose comes from the blood
and is dependent on transport through the BBB. Facilitative glucose transporter proteins mediate
the passage of glucose into the brain. There are seven known isoforms of glucose transporters
designated GLUT 1-7 [82]. GLUT1 and GLUT3 are the main isoforms found within the CNS that
bring glucose into the cell through sodium independent transport mechanisms. A summary of the
various GLUTSs and their distribution within the CNS is shown in Figure 3.2. There are two forms
of GLUT1 within the CNS, which differ only by the extent of glycosylation [83]. A glycosylated,
55 kDa GLUTL is found primarily in the endothelial cells of the BBB while the non-vascular, non-
glycosylated 45 kDa form is mainly found in neural cells as well as the basolateral plasma of
epithelial cells isolated from the choroid plexus [82]. GLUT1 has also been detected in small cells
with darkly stained nuclei characteristic of glial cells [84]. Immunohistochemistry staining and
electron microscopy have shown positive detection of GLUT1 in astrocytes that are in direct contact
with the cerebral microvessels of rat brain slices and dense distribution of GLUT1 within the
astrocyte foot processes surrounding the microvessels of the gray matter and synaptic connections

respectively [85]. GLUTL is the primary glucose transporter in the BBB.

39



BLOOD

Astrocytes

BRAIN

®om ) GLUT1 55k

@ cLuT ask

Figure 3. 2 - Schematics of Cellular localization of different isoforms of glucose transporter in the
CNS.

GLUTL is also highly expressed in the blood-retinal barrier, the placental barrier, and the
blood-CSF barrier (BCSFB) [86-88] which highlights its importance in the regulation of glucose
levels in these tissues. The rate-limiting step for glucose utilization in the brain is the transport of
glucose through GLUTL1 in the BBB and is highly responsive to metabolic changes within the brain.
For instance, depending on the ambient concentration of hexose, GLUT1 expression in the BBB at
both the mRNA and protein level can increase or decrease. A high concentration of hexose
decreases the expression of GLUT1, while low hexose concentration causes an up-regulation of
both GLUT1 mRNA and protein levels [89]. Both mRNA and protein levels of GLUT1
significantly increase following brain injury, such as a stroke and brain tumors [82, 84, 90]. Sodium-
glucose cotransporter (SGLT) is also expressed by endothelial cells forming the BBB [91].
Compared to GLUTZ, glucose transport through SGLT is sodium-dependent. A functional role for
SGLT in glucose homeostasis in the brain is not well established. However, it has been speculated
that SGLT helps maintain intracellular glucose levels in the brain under stressful conditions such

as hypoglycemia [91].
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Glucose transporters (GLUTS), specifically GLUT1, is colocalized with ZO-1 at the
blood-brain barrier [92] to maintain a continuous high glucose and energy demands of the brain
(Fig. 3.3). GLUT1 is prominent in the brain, and its expressions play a role in the distribution of
hypoglycemia and hyperglycemia associated with diabetes and oxygen/glucose deprivation
related to cerebral ischemia. A reduction in GLUTS at the blood-brain barrier occurs before the
onset of the main pathophysiological changes. Mutations or alteration in GLUT1 by some
recreational drug compounds alters the functionality of GLUT1 at the blood-brain barrier.
Furthermore, glucose transporter isoform (GLUT1), as a BBB metabolic indicator [93], is
downregulated in diseased endothelium while cerebral vascular adhesion molecules, such as

vascular cell adhesion molecule (VCAM-1), are upregulated [94-96].
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Figure 3. 3 - Schematics of GLUT 1 transporter

Cocaine-induced BECs dysfunction is characterized partially by the alterations in tight junction
protein complexes [97]. Cocaine treatment also increases gene expression of some factors,
including MMP-1, that contribute to basement membrane actin rearrangement resulting in stress
fiber formation around cerebral vessels [98]. Continuous conformational changes in tight junction
proteins and reorganization of basement membrane fibers weaken the BBB. alcohol abuse is

associated with BBB impairment. Immunostaining shows diminished ZO-1 expression [99, 100].
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Studies have shown that long-term alcohol abuse leads to functional and morphological changes
in the CNS, regardless of nutritional status [74], and therefore, can enhance the oxidative injury of
BECs. The combined frequent use of cocaine and alcohol can cause detrimental effects to the BBB
and brain cells, including hyperglycemia [79]. Hyperglycemia is a trigger of diabetic
complications [102], which eventually leads to diabetic neuropathy [101]. Exposure of neurons to
high glucose concentrations is considered a determinant of diabetic neuropathy [103]. Neuronal
cellular damage caused by hyperglycemia is known as glucose neurotoxicity [104]. Long-term
high levels of serum glucose in diabetes have been proved to promote the generation of
intracellular reactive oxygen species (ROS), neuronal injury, and even neuronal cell apoptosis
[105, 106]. However, the molecular basis of how hyperglycemia alters neuronal functions is yet to

be elucidated.

In summary, a proper understanding of the alterations of the structure and function of
neurons in hyperglycemia-treated cultures appears to be of great importance for translational
research. In this study, endothelial cell ZO-1, GLUT1, neuron microtubules expression and
arrangement, upregulations in ROS, cell viability/apoptosis were investigated.

3.2 MATERIALS AND METHOD

3.2.1 Cell Culture

MPBMECs (passages between 3 to 6) were seeded on fibronectin-coated glass slides at a cell
density of 4 x 10* cells/cm? in EBM-2 basal medium (Lonza) supplemented growth factors,
antibiotic, and maintained at 37°C with 5% CO- environment. The medium was changed every
three days until the cells reached confluence. MPBMECs monolayer integrity at confluence was

confirmed by the expression of endothelial cell tight junction markers.

3.2.2 Evaluation of Brain Endothelial Cells Integrity

Effects of alcohol and cocaine on BBB integrity were assessed by measuring paracellular
permeability (luminal to abluminal) to glucose analog. MPBMECs monolayers seeded on
customized inserts were exposed to a selected concentration of cocaine (1 uM and 20 uM) in

combination with alcohol (0.1%) for 1 hr. at 37°C in a humidified incubator before the addition of
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a mixture of glucose analog in PBS to the luminal compartment. Abluminal samples (20 uL) were
collected over 3 hr and replaced with an equal volume of fresh media. The diffusion coefficient
was determined by fluorescent measurements at 475 nm and 535 nm excitation and emission

wavelengths, respectively. Culture inserts with and without cells were used as controls.

3.2.3 Characterization of GLUT1 and ZO-1

For GLUTL1 and ZO-1 expressions, MPBMECs were cultured on glass coverslips until 80-100%
confluent and then treated with cocaine (1, 2.5, 5, 10, 20 uM), (20 uM cocaine + (0.1%) alcohol),
and (1 uM cocaine + (0.1%) alcohol) for 24 hours. Fixed in 4% paraformaldehyde, permeabilized
in (0.3% Triton X-100 for 3 minutes, blocked with 3% bovine serum albumin at room temperature
for 1 hr and incubated with Alexa Fluor 555 and 488 conjugated GLUT-1 and ZO-1 antibody
respectively. After that, cells were rinsed and counterstained with DAPI. Rinsed, mounted,
imaged, and analyzed. For neurons and astrocytes, cells were cultured until day 7 and then doubled
stained following the protocol above using anti-beta Tubulin Class 111 Alexa Fluor 488 and GFAP
Alexa Fluor 570. Nuclei were stained with DAPI.

3.2.4 In vitro Glucose uptake

This method is well described by Itoh et, al [108] by using Fluorescent 2-[N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG), a glucose analog to measure the glucose
uptake. Briefly, cells were preincubated for 15 minutes with HBSS containing 2 mM glucose in
air/5% COg, the preincubation medium was replaced by HBSS with 2 mM glucose containing 2-
NBDG (50 uM), and incubation was continued for either 0, 5, 15, 25, 35, 45, and 60 minutes. At
the end of the incubation, the reaction mixture was replaced by fresh HBSS with 2 mM glucose,
and incubation was continued for 5 minutes to allow efflux of residual nonphosphorylated 2NBDG
from the cells. The cell layers were washed three times with HBSS containing 2 mM glucose.
Fluorescence imaging was performed at excitation and emission wavelengths of 475 nm and 535
nm, respectively. Fluorescence intensity of standardized concentrations of 2NBDG, each of which
filled a culture dish without cells, was measured for calibration. Glucose uptake in cultured
endothelial cells in each dish was calculated by averaging fluorescence intensity. To test the effect

of repetitive use of cocaine and alcohol, cells were treated with (20 uM cocaine), (1 uM cocaine),

43



(20 uM cocaine + (0.1%) alcohol), (1 uM cocaine + (0.1%) alcohol) daily for three days and then

glucose uptake and fluorescent intensity was measured.

3.2.5 Measurement of Mitochondrial Reactive oxygen species (ROS) in BECs

In this study, ROS was measured using a MitoSOX™ Red mitochondrial superoxide indicator,
according to the manufacturer’s instructions. Briefly, BECs were cultured on glass cover slides.
After treatments with cocaine, alcohol, and in combination, the cells were incubated with 1 uM
MitoSOX™ reagent working solution for 30 min under room temperature in the dark. After

washing three times with PBS, the fluorescence was imaged with a fluorescent microscope.

3.2.6 Endothelial Cell Viability

Endothelial cell exposed to cocaine (20 uM) + alcohol (0.1%) and cocaine (1 uM) + alcohol (0.1%)
were analyzed for viability using LIVE/DEAD Cell Imaging Kit (Life Technologies) according to
the manufacturer’s instructions. Brief, endothelial cells were first exposed to cocaine (20 uM) +
alcohol (0.1%) and cocaine (1 uM) + alcohol (0.1%) with or without P188, NAC, and P188 +
NAC; the Live Green and Dead Red reagents were then mixed to prepare 2X stock and added to
the cells at room temperature for 15 min. The cells were subjected to fluorescence imaging. Cells
with green fluorescence signal represent live cells, while cells with red fluorescence signal

represent dead cells.

3.2.7 Cortical neuron isolation and culture

Cortical neurons were prepared from E18 embryos of a mouse. The cortex was dissected and
dissociated using trypsin and plated on glass cover slide in Petri dishes precoated with poly-L-
lysine (PLL) overnight in 4°C. Cells seeded at the cell density of 5x10° or 2.5 X 10°/glass slide in
a volume of 100 ul were maintained in Neurobasal culture media supplemented with 1X B27,
penicillin, and L-glutamine. Cells were cultured for five days before being used in experiments.
These experimental protocols of isolating mouse cortical neurons were provided by Dr. Young-
Tae Kim in the Department of Bioengineering at the University of Texas at Arlington and his

laboratory personnel.

44



3.2.8 Characterization and induction of hyperglycemia

Culture media was changed to treatment media (with higher concentrations of glucose). The purity
of neuronal cells was detected by double fluorescent labeling of beta Il Tubulin and GFAP.
Counter stained with DAPI. Neurons were cultured in culture media for an additional 1 day at
different experimental conditions before observation. Neurobasal medium has 25 mM glucose
concentration, which is optimal for DRG neurons survival and growth, so we consider this glucose
concentration as normal. Mannitol glucose at different concentrations was added to the Neurobasal
medium to create Hyperglycemic conditions. The cells exposed to either hypo or hyperglycemic
conditions were then incubated for an additional 1 day with P188, NAC, or P188 +NAC added to
the culture media. In the end, cells were double fluorescent-labeled for beta 11 Tubulin and GFAP.
Counter stained with DAPI.

3.2.9 Neurospheroid measurements after exposure to hyperglycemic conditions

The diameter of neurospheroids were manually determined from optical microscope images using
a commercial Nikon software (NIKON-ND2). The spheroid measurement was replicated three

times and then averaged.

3.2.10 Validation of apoptotic neural cell death

Nuclear morphological change of cortical neurons exposed hyperglycemia for 24 h was observed
by using DAPI staining, which is a fluorescent stain for labeling DNA. Briefly, cortical neurons
were fixed with 4% paraformaldehyde for 15 min and stained with DAPI for 10 min at room

temperature in the dark, then washed twice with PBS and assessed under a fluorescent microscope.

3.2.11 Evaluation of neuron cell viability

Neuron cells exposed to different concentrations of glucose and then treated with P188, NAC, or
both were analyzed for its cell viability using LIVE/DEAD Cell Imaging. Briefly, neuron cells
were first exposed to normal or hyperglycemic media with or without P188, NAC, and P188 +
NAC; the Live Green and Dead Red reagents were then mixed to prepare 2X stock and added to
the cells at room temperature for 15 min. The cells were fixed with paraformaldehyde and then
subjected to fluorescence imaging. Cells with green fluorescence signal represent live cells, while

cells with red fluorescence signal represent dead cells.
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3.2.12 Measurement of Mitochondrial Reactive oxygen species (ROS) in neurons

In this study, ROS was measured using a MitoSOX™ Red mitochondrial superoxide indicator,
according to the manufacturer’s instructions. Briefly, cortical neurons were cultured on glass cover
slides. After treatments with different glucose concentrations, the cells were incubated with 1 uM
MitoSOX™ reagent working solution for 30 min under room temperature in the dark. After

washing three times with PBS, the fluorescence was imaged with a fluorescent microscope.

3.2.13 Statistical analysis

All data analysis was executed using one-way and two-way ANOVA (R-Studio Software) to
analyze differences between group(s) with one or more independent variables. p < 0.05 was
considered a significant difference. Post hoc analysis was done using Tukey’s honest significant

difference (HSD). All data were reported as mean * standard deviation.

3.3 RESULTS

3.3.1 Effects of microcavitation, cocaine, and alcohol, on BBB integrity

To determine the effect of microcavitation and PSDs on GLUT1 with respect to BECs integrity,
we measure the permeability of brain endothelial cells to 2-NBDG a fluorescent glucose analog
after exposure to microcavitation and cocaine + alcohol. Permeability was measured over 120 min
time window following the addition of 2-NBDG. As shown in Figure 3.4, the permeability
coefficient following exposure significantly increased to 8.86+0.90 x 10~ cm/s, compared to the
control value, 1.27+0.85 x 10 cm/s. The exposure of cells to (20 uM cocaine + 0.1% alcohol)
and (1 uM cocaine + 0.1% alcohol) also increased the permeability significantly, 4.43 £0.77 x 10"
8 cm/s and 3.17 £ 0.82 x 102 cm/s respectively. This is about 2 to 3-fold higher than the control.
These results strongly suggest that exposure to microcavitation and cocaine + alcohol can affect
the integrity of the BBB, leading to the excess flow of glucose to the brain (hyperglycemia).
Interestingly, when cells were exposed to either repetitive 5 blasts, 20 uM cocaine + 0.1% alcohol,
or 1 uM cocaine + 0.1% alcohol and were treated with P188 + NAC, there were significant
decreases in the permeability of fluorescent glucose analog (Fig. 3.4). Permeability following a
combined treatment of P188 + NAC to cells exposed to microcavitation (5 blasts) decreased by
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about 20%. The permeability of cells treated with P188 + NAC after (20 uM cocaine + 0.1%
alcohol) and (1 uM cocaine + 0.1% alcohol) exposure both decreased by 43% and 40%,

respectively.
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Figure 3. 4 - Permeability coefficients measured using 342.3 Da Fluorescent Glucose analog after
exposure to microcavitation, cocaine + alcohol (ALC), and attempted reversal of the disrupted
BEC:s tight junctions using P188, NAC, and P188 + NAC, n = 4.

3.3.2 Effects of cocaine and alcohol on GLUT1 expression

To investigate the effect of cocaine and alcohol on GLUT1, we exposed the cells to different
concentrations of cocaine ranging from 1 to 20 uM for dose-dependent studies (Appendix 2) before
picking two different concentrations to combine with 0.1% alcohol. Immunocytochemistry shows
fluorescent expression of GLUT1 (Fig. 3.5A), ZO-1 (Fig. 3.5B), and colocalization of ZO-1 and
GLUT1 (Fig. 3.5C). For the dose-dependent studies, fluorescent images indicate a substantial

decrease in GLUT1 expression in BECs as cocaine concentration increases from 1 to 20 uM
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(Appendix 2) between 5 to 60 minutes compared to control cells (Fig. 3.5A-C). Colocalization of
GLUTL1 protein with ZO-1 indicates an intracellular localization of GLUT1 protein in BECs.
Following the cocaine treatment results (Appendix 2), we combined 20 uM cocaine with 0.1%
alcohol (cocaine, 20 uM + 0.1% alcohol) (Fig. 3.6) and 1 uM cocaine with 0.1% alcohol (cocaine,
1 uM + 0.1% alcohol) (Fig. 3.7) and fluorescent images showed significant reduction in GLUT1
expressions followed by ZO-1 compared to control cells (Fig. 3.5A-C).

Figure 3. 5 - Characterization of Brain cells: Colocalization of GLUT-1 & ZO-1. Fluorescent
staining of (A) GLUT-1, (B) ZO-1, and (C) merged image of brain endothelial cells. Counter
stained with DAPI.
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Figure 3. 6 - Combinatory effects of cocaine (20 uM) and alcohol (0.1%) on ZO-1 expression in
mouse primary brain microvascular endothelial cells (MPBMECSs): Disruption of GLUT-1 affects
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the integrity of brain endothelium (BE). Immunofluorescent expression of GLUT-1(red), ZO-1
(green) and merged image in MPBMECs. DAPI (blue-nuclei).
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Figure 3. 7 - Combinatory effects of Cocaine (1 uM) and alcohol (0.1%) on ZO-1 expression in
mouse primary brain microvascular endothelial cells (MPBMECSs): Disruption of GLUT-1 affects
the integrity of brain endothelium (BE). Immunofluorescent expression of GLUT-1(red), ZO-1
(green) and merged image in MPBMECs. DAPI (blue — nuclei).

GLUT-1

3.3.3 Effects of cocaine and alcohol glucose Uptake by Endothelial cells

To investigate the effects of cocaine and alcohol on brain endothelial cells (BECs) glucose uptake,
we first investigated a time-dependent uptake. Cells were incubated with glucose analog to study
glucose uptake, and images of phosphorylated 2-NBDG in BECs are shown in Fig.3.8. After
incubation with 50 uM 2-NBDG for either (A) 0, (B) 30, (C) 60, and (D) 90 min, the cells were
washed three times to remove non-phosphorylated 2-NBDG, and fluorescence intensity derived
from phosphorylated 2-NBDG in BECs increased with increasing incubation time (Fig. 3.8). The
experiment was replicated in triplicate, and the average fluorescence intensity for each incubation
time was measured. (graph in Fig. 3.8E.) Fluorescence intensity increased proportionately to
incubation time. BECs exposed to cocaine, alcohol, and cocaine + alcohol were subjected to the
same glucose uptake protocol described above for (A) 30, (B) 60, and (C) 90 min, and images of
phosphorylated 2-NBDG in BECs (Fig. 3.9) were recorded. Fluorescence intensity derived from
phosphorylated 2-NBDG also increased with incubation time, but average fluorescence intensity
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for each incubation time measured was significantly lower compared to when the cells were not
exposed to cocaine nor alcohol (graph in Fig. 3.9). To examine the effect of daily or repetitive use
of cocaine (1 uM), alcohol (0.1%), and in combination, we exposed the cells to 1 uM of cocaine,
0.1% of alcohol, and 1 uM of cocaine + 0.1% of alcohol for about 60 minutes daily for three days.
Finally, the glucose uptake protocol described above was followed. Fluorescence intensity derived
from phosphorylated 2-NBDG also increased with incubation time (Fig. 3.10) as expected, but
average fluorescence intensity for each incubation time measured was significantly lower

compared to control (graph in Fig. 3.10).
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Figure 3. 8 - Control study of Glucose uptake by Primary Brain Microvascular Endothelial Cells
using fluorescent glucose analog (D-Glucose, 2-deoxy-2-((7-nitro-2,1,3-benzoxadiazol-4-yl)
amino) (2-NBDG). 2-NBDG was Phosphorylated in endothelial cells (ECs). Cells were incubated
with 2-NBDG for either (A) 0, (B) 30, (C) 60, and (D) 90 minutes and then washed to remove any
unmetabolized residual dye. (E) Fluorescence intensity derived from phosphorylated 2-NBDG in
the ECs increases with the incubation time. Scale bars = 50 um, n = 6.
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Figure 3. 9 - Cells were exposed to 1 uM of cocaine (A-C), 0.1% of alcohol(ALC) (D-F), and in a
combination of both (G-I) for 1 hour and then glucose uptake was measured for 30, 60, and 90
using 2-NBDG. (J) Fluorescence intensity derived from phosphorylated 2-NBDG in the EC
increased with incubation time but lower than the control. Scale bars = 50 um, n = 3.
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Figure 3. 10 - Cells were exposed to cocaine, alcohol (ALC), and in a combination daily for three
days, and then glucose uptake was measured after 90 minutes incubation period using 2-NBDG.
20 uM of cocaine (A - B), 1 uM of cocaine (C - D), 0.1% of alcohol (E - F), 20 uM of cocaine +
0.1% of alcohol (G — H), 1 uM of 20 uM of cocaine + 0.1% of alcohol (I — J) were used for the
treatment. Fluorescence intensity derived from phosphorylated 2-NBDG in the ECs increased with
the incubation time but lower than the control (K). Scale bars =50 um, n = 10.

3.3.4 BECs Cocaine and alcohol exposure increases ROS generation

To determine the effects of cocaine and alcohol in inducing excess production of reactive oxygen
species (ROS), BECs were incubated with 20 uM of cocaine, 1 uM of cocaine, 0.1% of alcohol,
(20 uM of cocaine + 0.1% of alcohol), and (1 uM of cocaine + 0.1% of alcohol) for 6 and 24 h.
There was an increase in the expression of superoxide generation after 6 h (Fig. 3.11A - E), but
the expression was reduced after 24 h (Fig. 3.1F - J). Changes in the fluorescent intensity are
depicted in the graph (Fig. 3.11K).
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Figure 3. 11 - Injured brain endothelial cells show high levels of superoxide in response to cocaine,
alcohol (ALC), and in a combination. 20 uM of cocaine (A - B), 1 uM of cocaine (C - D), 0.1% of
alcohol (E - F), 20 uM of cocaine + 0.1% of alcohol (G - H), 1 uM of cocaine+ 0.1% of alcohol
(I=J). Nuclei were stained with DAPI (blue). (K) Fluorescence intensity of superoxide expression
was quantified, n = 6.

3.3.5 BECs Cocaine and alcohol exposure reduces cell viability over time

To determine endothelial cell viability after exposing BECs to cocaine and alcohol, cells were
incubated with 20 uM of cocaine, 1 uM of cocaine, 0.1% of alcohol, (20 uM of cocaine + 0.1% of
alcohol), and (1 uM of cocaine + 0.1% of alcohol) and the absorbance was measured using plate
reader after 6 and 24 h of incubation. Reduction in the BECs viability was observed in both time

points (Fig. 3.12) which explains why we observed ROS expressions in Figure. 3.11.
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Figure 3. 12 - Injured brain endothelial cells show reduction in viability in response to cocaine,
alcohol (ALC), and in a combination as described in figure 11, n = 6.

3.3.6 Evaluating the responses of cortical neurons to hyperglycemia

To examine some key characteristics relating to neuronal cell morphology, we cultured the cells
up to seven days and then used immunolabeling to observe the structure and morphology. Both
control (Fig. 3.13) and hyperglycemic-exposed neurons displayed the morphology of mature
neurons and were positive for labeling with beta 111 tubulin, a widely used marker for neurons.
Moreover, detailed fluorescent microscopy indicated that neurons showed similar ultrastructural
characteristics as those previously described [125]. Finally, the glial contamination was
significantly low (less than 0.5%), which agrees with the above-mentioned studies. On the other
hand, we observed that hyperglycemic exposure reduced the expression of the neural network,
size, and homogeneity of neurospheroids (Fig. 3.13B - C). Intriguingly, when the cells were treated
with either P188 or NAC for one day, we observed the restoration of neurospheroids and
realignment of the neural network (Fig. 3.13D - G). More interesting, P188, in combination with
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NAC, showed a significant recovery in the neuron morphology (Fig. 3.13H - I) compared to control
(Fig. 3.13A).

Normal media Hyperglycemic media Hyperglycemic media
(25 mM) (45 mM) (105 mM)

No Treatment

Treated with P188

Treated with NAC

Treated with P188 + NAC

Figure 3. 13 - Double fluorescents labeling of beta I1l Tubulin (Green) and GFAP (Red) for E18
rat embryonic cortical neurons and astrocyte, respectively. (A) control, (B - C) Neurons exposed
to different levels of hyperglycemic conditions. (D - E) cells treated with P188, (E - G) cells treated
with NAC, and (H - 1) cells treated with P188 + NAC after exposure to hyperglycemic conditions.
Nuerospheroids restored in groups treated with P188, NAC, or in combination. Counter stained
with DAPI. Notice the formation of homogenously sized neurospheriods in control cells. (n = 3,
Scale bar =100 um).
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3.3.7 Neurospheroid Measurement

To access changes in the neurospheroid sizes caused by hyperglycemia, we measured the diameter
of the spheroids from the neuron cells characterized above (Fig. 3.13). Nikon software (ND2) was
used to generate the diameter of the spheroids. Spheroids diameter from the control were
determined with minimal variability (157.13+19.13 um) (Fig. 3.14). Following exposure to
glycemic conditions, the heterogeneity in size of the spheroids increased and, in some cases, the
neurospheroids become distorted to irregular shape (Fig. 3.13B and C) and (Fig. 3.14). However,
treatment with P188, NAC or both restored the spheroid shape and size in cells exposed to
hyperglycemic conditions (Fig. 3.13H) and (Fig. 3.14A). In contrast, an extreme hyperglycemic
condition (105 mM) did not completely restore the shape or size (Fig. 3.13I) and (Fig. 3.14B).
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Figure 3. 14 - Quantifications of the effect of poloxamer 188 (P188), N-acetylcysteine (NAC), and
P188+NAC treatments on neurospheroids size in a 2D array culture after hyperglycemia
exposure. (A) hyperglycemia (45 mM) and (B) hyperglycemia (105 mM). All experimental groups
were compared to the no treatment group. p < 0.05, n = 3.

3.3.8 Apoptosis induced by different levels of hyperglycemia

To determine the extent of neuronal apoptosis possibly induced by hyperglycemia exposure, the
fragmentation of DNA, (a marker for apoptosis) was analyzed with DAPI staining after 24 h
exposure to different levels of hyperglycemia. After DAPI staining, the nuclei in the control group
were regular in shape while the nuclei in the different levels of hyperglycemia were highly
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condensed and fragmented, likely a morphological indication apoptosis (Fig. 3.15A - C). The cell

viability was determined and shown in Figure 3.15D.

Normal media Hyperglycemic media Hyperglycemic media
(25 mM) (45 mM) (105 mM)

100 um
I

80 -
@» %
=
S |
2 [
2 60 -
2
IS
=3
(=]
=3
s 40 4
S
=
- %
S I
& I
<
=20 -
Z

0 T T 1
(25 mM) @5mM) (105 mM)

Figure 3. 15 - DAPI staining showing the rate of apoptosis caused by hyperglycemia. (A) Normal
media (25 mM), (B) Hyperglycemic media (45 mM), and (C) Hyperglycemic media (105 mM)
respectively. (D) Quantitative analysis of the average apoptotic cells at different experimental
conditions. Arrows show the apoptotic nuclei. All groups were compared to the control p < 0.05,
n=3.
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3.3.9 Effect of hyperglycemia on cortical neuron viability

To determine the effects of hyperglycemic conditions on cortical neurons viability, neurons were
incubated in hyperglycemic media (HGM, 45 mM) for 24 h and then examined for viability using
the LIVE/DEAD assay kit. The normal culture (control) did not affect the viability (Fig. 3.16A),
but after exposure to HGM for one day, cell viability decreased (Fig. 3.16B). When P188, NAC,
and P188 + NAC treatment was applied, the neuron cell viability appeared to have been restored
(Fig. 3.16C - E).

Normal media Hyperglycemic media
(25 mM) (HGM, 45 mM) HGM + P188

()

100 um
¢ —

HGM + NAC

Figure 3. 16 - The viability of E18 rat embryonic cortical neurons at different experimental
conditions using the LIVE/DEAD Kkit. Live (Green) and dead (Red) (A) control, (B) Neurons
exposed to hyperglycemic conditions, (45 mM). (C) cells treated with P188, (D) cells treated with
NAC, and (E) cells treated with P188 + NAC after exposure to hyperglycemic conditions (n = 3,
Scale bar = 100 um).

3.3.10 Glucose alteration induced ROS expression in Cortical neurons

To determine the effects of hyperglycemic conditions on ROS activation in neurons, cortical
neurons were exposed to hyperglycemic conditions, and mitoSox was used to determine the levels

of ROS expression. After exposure of neuron cells to hyperglycemic conditions (45 mM) for 1-
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day ROS level significantly increased (Fig. 3.17B). Treatment with P188 decreased the levels of
ROS induced by hypo/hyperglycemic conditions (Fig. 3.14C). Treatment with NAC showed a
significant reduction in the level of ROS produced (Fig. 3.17D). However, treating the cortical
neurons with both P188 and NAC reduced ROS levels of expression (Fig. 3.17E) almost to the
level of the control (Fig. 3.17A). Cortical neurons exposed to Hyperglycemic conditions showed

a higher fluorescent intensity of ROS compared to the treatment groups and the control (Fig. 3.17).
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Figure 3. 17 - Intracellular superoxides in E18 rat embryonic cortical neurons one day after
exposure to hyperglycemic conditions. (A) control, (B) Neurons exposed to hyperglycemic
conditions, (45 mM). (C) cells treated with P188, (D) cells treated with NAC, and(E) cells treated

with P188 + NAC after exposure to hyperglycemic conditions, (F) Quantitative analysis of the
fluorescent intensity in neurons (n = 3, Scale bar = 100 um).
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3.4  DISCUSSION

Glucose is the primary source of energy in the brain. GLUTL is one of the main glucose
transporters in the brain and is colocalized with ZO-1 so disrupting the transporter would likely
disrupt the homeostasis of glucose metabolism. Defect in the GLUT1 function and BBB damage
leads to high flow of glucose to the brain causing neurological damage/diseases such as neuropathy
[110-112]. Hyperglycemic condition is frequently used as a standard model to study diabetic
sensory neuropathy in vitro [113]. To confirm that neuron exposure to hyperglycemia is mediated

by disrupted GLUT1 due to impairment of BBB barrier function, we measured the permeability
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of MPBMEC monolayer to fluorescent glucose analog in cells exposed to microcavitation (5
blasts), (20 uM cocaine + 0.1% alcohol), or (1 uM cocaine + 0.1% alcohol). We observed a
statistically significant increase in the permeability of the fluorescent glucose analog in cells
exposed to 5 blasts - about 6-fold higher than the permeability of unexposed intact cells. A
significant increase in the permeability was also observed in groups exposed to (20 uM cocaine +
0.1% alcohol) and (1 uM cocaine + 0.1% alcohol) (Fig. 3.4). Microcavitation is a plausible
mechanism of cell detachment and disruption [118], and cocaine and alcohol has also been shown
to have the capability of chemically altering the BBB integrity in vitro by affecting tight junction
(TJ) protein expression [119]. In addition, our findings are also supported by previous studies on
brain endothelial cells [120, 121]. Specifically, our results have shown that the relative loss of
BECs integrity as demonstrated by changes in the glucose analog permeability is caused by the
capability of cocaine and alcohol to differentially regulate the TJ protein distribution and
expression in a concentration-dependent manner. However, upon treating the cells with P188 +
NAC for 12 hrs, we observed a statistical decrease in the permeability of the fluorescent glucose
analog compared to control cells (Fig. 3.4). The use of P188 as a membrane sealant is well
documented [118], hence the potential to reduce permeability. NAC is an antioxidant which helps
to quickly eradicate ROS and enhance faster regeneration of cells [122]. The combination of these
two compounds suggests plausible potential to be used as therapeutics and is reported in this thesis

for the first time for clinical efficacy.

Based on our permeability results, we concluded that hyperglycemia is likely an adverse
effect when there is disruption of GLUT1 and leading to a higher permeability of glucose to the
brain tissue. Several lines of evidence can be provided. We first validated the colocalization of
GLUTL1 and ZO-1 at the cell-cell membrane junction (Fig. 3.5A-C). We reported decreased
GLUTL1 and impairment in the BECs barrier functions of MPBMECs exposed to microcavitation,
cocaine and alcohol. The levels of these impairments (ZO-1 degradation) correlated with
disruption of GLUT1. Second, we showed that GLUT1 plays a critical role in the formation of the
BBB tight junction and its organization (Fig. 3.5). Following exposure to different concentrations
of cocaine (1, 2.5, 5, 10, and 20 uM), our data showed a progressive down-regulation of GLUT1
and ZO-1 expression at cell-cell contacts as the concentration increases (Appendix 2). Endothelial
cells exposure to (20 uM cocaine + 0.1% alcohol) caused a rapid alteration of GLUT1 and ZO-1
and perforation (as shown by diffusion of GLUTL1 into the nucleus) of the nucleus after just 5
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minutes of incubation (Fig. 3.6). However, it took up to 25 minutes for significant reductions in
both tight components to be observed in endothelial cells exposed to (1 uM cocaine + 0.1%
alcohol) (Fig. 3.7), suggesting a concentration-dependent dysregulation of GLUT1 and ZO-1 at
the cell-cell contacts.

To support our observation from the effects of cocaine and alcohol on the glucose transporters
(GLUT1), we conducted a time-dependent study of glucose uptake and observed that the longer
the incubation time, the longer the glucose uptake by MPBMECs (Fig. 3.8). The fluorescent
intensity quantification showed a rapid uptake within 90 minutes (Fig. 3.8). On the other hand,
we found that a low concentration of cocaine (1 uM) and in combination with 0.1% alcohol
significantly decreased the glucose transporter protein-1 (GLUT1) expression and therefore
decreased the rate of glucose uptake. Consequently, since a higher concentration of cocaine (20
uM) plus alcohol significantly suppressed the GLUT1 and ZO-1 protein expressions in BECs, it
was concluded that it would likely decrease the rate of glucose uptake. Here, we have
demonstrated that chronic use of cocaine and alcohol may interfere with glucose uptake and
transport at the brain endothelium (Fig. 3.9). The fluorescent intensity quantification was much
lower compared to the control (Fig. 3.9). Daily treatment with cocaine (1 and 20 uM), 0.1%
alcohol, cocaine (20 uM) + 0.1% alcohol, and cocaine (I uM) + 0.1% alcohol in primary
MPBMECs culture for 3 days almost completely diminished the fluorescent glucose analog
expressions (Fig. 3.10A-J). The fluorescent intensity quantification showed a very low intensity
compared to the control (Fig. 3.10). The cocaine and alcohol exposure-induced overexpression of
superoxide in BECs also correlated with the diminished levels of GLUTL1 protein expression. The
ROS expression increased 6 hrs after exposure and slightly decreased 12 h later (Fig. 3.11A-J).
The fluorescent quantification showed statistical difference between 6 and 12 hrs. (Fig. 3.11K).
Consequently, the cell viability reduced statistically after exposing the cells to cocaine and alcohol
for 6 and 24 h (Fig. 3.12). This supports a postulate that excessive cocaine and alcohol exposure
leads to the BECs barrier impairment. We also showed that cocaine and alcohol disrupt the glucose
uptake by suppressing the GLUT1 expression followed by disruption of the BECs integrity,
leading to an increased permeability of fluorescent glucose analog across the BECs. It would be
of great benefit to understand the sequence or pattern of damage that can be caused by the
combination of microcavitation + cocaine + alcohol on brain endothelial cells. The effect of

mechanical plus chemical exposure will be elucidated in future studies. For now, we speculate that
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the combination of mechanical (microcavitation) and chemical (cocaine + alcohol) disruption will
cause additive or perhaps synergistically adverse damage to the tight junction complexes.
Quantitative determination of such effects remains to be carried out.

Since glucose transporters are destroyed (Fig. 3.6 and 7), and the increased permeability
across the BECs is attributed to the impairment of GLUT1 [109], we proceeded to determine the
effect of hyperglycemia on neurons by exposing cortical neurons to hyperglycemic conditions (45
and 105 mM) (Fig. 3.13). Cortical neurons cultured in different hypoglycemic conditions (Fig.
3.13B - C) for 24 hrs displayed a loss of neural networks and shrinkage of neurospheroids.
Interestingly, the administration of P188, NAC, and in combination restored, at least partially, the
neurospheroid morphology and size and the neural network (Fig. 3.13D - I). The most significant
effect was observed in the group treated with P188 + NAC (Fig. 3.13H-1). Neurospheroids are
commonly used for in vitro disease modeling and drug screening. Neurospheroids act as anchoring
points in the neural networks and enhances functionality. One notable aspect of this study is the
display of thick bundles of dendrites extending outward from one neurospheroids to another, and
our results are similar to previously reported studies [123-126]. In addition to the changes noted
via fluorescent imaging, we also analyzed the images of the diameter, shape, and homogeneity of
the neurospheroids. (Fig. 3.14). After one day of exposure to hyperglycemia, we observed a
significant decrease in the diameter of neurospheroids and reduction in the neural network. With
the P188+NAC treatment the neuronal cell morphology was restored back to normal in terms of
neurospheroid diameter and enhanced the neural network (Fig. 3.13H and I). Diameter of neurons
exposed to hyperglycemic conditions (45 mM) was restored to normal (Fig. 3.14A). However, the
spheroid diameters of neurons exposed to an extreme and near lethal hyperglycemic condition
(105 mM) were statistically smaller than the control even after the treatment with P188 + NAC for
24 hrs (Fig. 3.14B). While the combination of P188 + NAC may have limited restorative effects,
we postulate that a longer treatment may demonstrate a marked restoration. Nevertheless, our data
point to the potential use of P188 + NAC for neuron restoration and repaired functionality. In this
study, we pointed out earlier that hyperglycemia causes a rapid increase of intracellular ROS,
which reduces cell viability and leads to apoptosis. We therefore tested the hypothesis by exposing
cortical neurons to hyperglycemic conditions (45 and 105 mM) for 24 hrs. Cortical neurons
showed a condensed nuclear morphology, fragmented DNA and correlated with apoptosis (Fig.

3.15A - C). The quantification of non-viable cells shows that the higher the glucose concentration,
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the higher the number of dead cells (Fig. 3.15). While it is not surprising, it accentuates the extent
of detrimental effect that hyperglycemia has on neurons.

Furthermore, the effect of hyperglycemia on cortical neurons was further determined by
neuronal cell viability (Fig. 3.16). As suspected, the viability reduced after exposure to
hyperglycemia. The application of P188, NAC, and P188 + NAC increased the neuronal cell
viability back to normal (Fig. 3.16C - E) as compared to the control (Fig. 3.16A). Hyperglycemia
is associated with an increased ROS production and eventual apoptosis of neurons [114]. The
overexpressed ROS is harmful to neuron and can cause loss of nerve fibers, axonal atrophy, and
demyelination [115]. Excessive ROS accumulation can activate caspase-9/3 causing cell apoptosis
[116]. Hyperglycemia induces oxidative stress of neurons in central nervous tissue in the diabetic
encephalopathy [117]. In this study, we observed a high expression of ROS in groups exposed to
hyperglycemic conditions (45 mM) (Fig. 3.17). Subsequently, the administration of P188, NAC,
and P188 + NAC inhibited the generation of intracellular ROS caused by hyperglycemia (Fig.
3.17C-E). While the antioxidant NAC statistically reduced the ROS expression (Fig. 3.17D), the
combination of P188 + NAC suppressed the expression of ROS (Fig. 17E) close to that of the
control cells (Fig. 3.17A). This further provides evidence that hyperglycemia-induced oxidative
injury is ROS-dependent that activates the Caspase-3 signaling pathway, leading to neuronal
apoptosis. The combination of P188 + NAC acts as a neuroprotector by reducing cell apoptosis
induced by hyperglycemia. Taken collectively, the results from this study imply that
hyperglycemia causes neuronal damage, and a combination of P188 + NAC may be administered
to reverse such damage and facilitate the survival of the affected neurons. In this in vitro model of
brain endothelial cell barrier integrity, we did not investigate whether a pre-treatment of P188 +
NAC plays a critical role in potentially protecting the neurons. However, as shown in chapter 2,
we found that P188 induced protection against matrix metalloproteinases 2 and 9 (MMP2 and 9)
in mouse primary brain microvascular endothelial cells. Therefore, we may propose a postulate

that cortical neurons are likely protected in a pre-treatment by the P188 + NAC cocktail.
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35 CONCLUSION

In conclusion, disruption of the blood-brain barrier leads to the unrestricted flow of glucose from
the blood to the brain, causing hyperglycemia. The combination of the P188 + NAC cocktail
showed a significant therapeutic potential to rescue and restore the neurospheroids sizes. To the
best of our knowledge, the effect of P188 + NAC has not yet been reported. However, the
mechanism(s) of P188 + NAC is yet to be fully elucidated. Nonetheless, we presented a reliable
and physiologically-relevant methodology to mimic the brain tissue and engineered a platform for

rapid drug screening for potential treatment of brain traumas and neurodegenerative diseases.
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Chapter 4
AIM 3: To encapsulate P188 and the combination of P188 + NAC in PLGA nanoparticles to
investigate the potential therapeutic treatment. Decorate the nanoparticles with PSGL-1 to target
and stimulate proliferation and repair of brain endothelial tight junctions.

4.1 INTRODUCTION

The blood-brain barrier (BBB) is a unique, selective barrier formed by the brain endothelial
cells (BECs). They form complex, tight junctions by the interaction of several tight junction
proteins including zonula occludens protein 1 (ZO-1 and Z0-2). ZO-1 is carefully characterized
in our previous work. It is validated that ZO-1 protein anchors occludins and claudins to the actin
cytoskeleton in the cell [127] and allows for paracellular transport to be modulated in response
to different stimuli [128]. Another key protein is vascular endothelial cadherin (VE-cad). It is an
adheren junction protein specific to endothelial cells [129]. Claudin-5 is also a commonly used
marker of tight junction formation in monolayers of brain microvascular endothelial cells [130].
Among these tight junction proteins, we focused on ZO-1 because it has been implicated as an
important scaffold protein and contains multiple domains that bind a diverse set of junction
proteins [181].

In Chapter 2, we developed a model with the capability to study structural and
physiological alterations in the brain endothelial cells’ tight junctions by microcavitation
(mechanical trauma). In Chapter 3, we used the model to study the effects of hyperglycemia on
cortical neurons by investigating the effects of mechanical (microcavitation) and chemical
(psychostimulant drugs (PSDs), e.g., cocaine and alcohol) damage on glucose transporters
(GLUT1). But the question remains; why are some brain injuries not properly diagnosed by the
sophisticated imaging modalities and detection techniques that are currently available? To answer
this question, we formulated the following postulates; when the brain endothelial cells (BECs) are
injured or inflamed, it is possible that the brain lesions are below the resolution limit of various
imaging modalities. Furthermore, amplification of pathophysiological responses may be
accumulated over time but is initiated by specific interactions around or at the injury site. For
example, microcavitation detaches cells in a small area that we referred to as a crater (see Fig.
4.11). The size of crater is likely below the MRI resolution, for example [182], and the cells at the

periphery of the crater are activated and perhaps become apoptotic over time. This naturally leads
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to another set of questions in which whether we can develop engineering techniques to identify
and target the injured cells and then perhaps deliver reparative drugs and compounds to rescue
them. Under this postulate, we can specifically target (diagnostic) and repair (therapeutic) the
injured cells. In Chapter 4 is focused on the question of, “Can we target the injured cells for

therapeutic purposes?”

The body naturally responds to inflammation due to stimuli from foreign materials.
However, prolonged inflammation can lead to vascular rupture [131]. Vascular inflammation is
typically induced by activation of endothelial cells in response to either biochemical or mechanical
induction (Fig. 4.1). Under the inflammatory, stress or activated conditions, the endothelial cells
express a high level of the selectins including the E and P — selectins. The expression of the
selectins recruits other adhesion molecules such as P-selectin glycoprotein ligand-1 (PSGL-1) to
the vascular walls [132-134]. Therefore, upregulation of E-selectin makes the endothelium a great
target for diagnosis of injury and potential delivery for repairing [135]. The development of
specific targeting particles that can serve a dual role as a diagnosing and drug-delivering agent is
of great interest and in urgent need [136].
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Figure 4. 1 - Schematics of the effects of the immune system in TBI: BBB breakdown and edema,
upregulation of inflammatory mediators, and cell infiltration. Mckee et al. [171].

Nanoparticles (NPs) which can function as both therapeutic and diagnostic agents (i.e.,
theragnostic) [137] may be used as great tools for delivering therapeutic drugs to the target areas,
hence reducing systemic administration of drugs and toxicity. However, most NPs are considered
as foreign and are removed from circulation, thereby reducing the number of NPs that can reach
its target [138]. Also, the brain endothelium has a unique feature which acts as a significant barrier
to particles larger than 500 Dalton, unless specific conditions are present (e.g., activated
endothelium) [139-141]. Only compromised endothelium allows particles and foreign substances
to pass through. Targeted drug delivery focuses on the dosage, form, and route of administration
[168], with the aim of modifying drug release profile, absorption, distribution, and elimination,
hence improving product efficacy and safety, as well as patient convenience and compliance. The
release of drug is often from diffusion, degradation, swelling, and affinity-based mechanisms
[169]. Wide spectrum application of nanotechnology in pharmaceutical formulations is changing
the scientific landscape of prevention, diagnosis, and treatment of diseases. Various
pharmaceutical nanotechnology-based systems like liposomes, carbon nanotubes, quantum dots,

dendrimers, polymeric nanoparticles, metallic nanoparticles, etc. have brought about revolutionary
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changes in drug delivery as well as the total medical service system (Fig. 4.2). Nano-sized objects

can be transformed in numerous ways to alter their characteristics (Fig. 4.3). Drug molecules in

the nanometer range provide some unique features which can lead to prolonged circulation,

improved drug localization, enhanced drug efficacy [168].
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Figure 4. 3 - Schematics of a functionalized nanoparticle. Saad et al., [168].

Active targeting by modification of the NP surface with peptides or antibodies has
improved cell-specific targeting [135]. However, studies utilizing antibodies that are only specific
to a receptor showed only a slight increase in targeting efficiency in vivo [142]. The slight increase
in targeting efficiency could be due to low binding of receptor-ligand efficiency. Therefore, a novel
approach where a ligand can bind to receptors with high efficiency is necessary to address the issue
of targeting efficiency. In this study, we will demonstrate that protein conjugated poly (lactic-co-
glycolic acid; PLGA) NPs could be used to target the activated brain endothelium (Fig. 4.4). Once
specific target is achieved; the potent drugs in the NPs can then be introduced to injury site to
induce cellular repair and regeneration. This theragnostic approach was investigated by
encapsulating P188 in PLGA NPs via a double emulsion method. The nanoparticles were
functionalized with peptides against the activated endothelium-specific receptor, CD62e, which is
overexpressed at sites of ECs injury. PLGA is an FDA-approved biodegradable polymer that is
physically strong and highly biocompatible and has been extensively studied as delivery vehicles
for DNA, drugs, proteins, and peptides [143]. Also, the physical properties of the polymer can be
tuned by controlling some important parameters (molecular weight of the polymer, the ratio of
lactide to glycolic acid). Depending upon the drug type, its concentration can be manipulated to
achieve the desired dosage and release interval [144,145]. Poloxamer 188 (P188) + N-
acetylcysteine (NAC) were encapsulated together into PLGA nanoparticles (NPs) to form P188 +
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NAC PLGA NPs (from here on, we will refer to it as “P188 + NAC NPs”) and then conjugate
with PSGL-1 to form PSGL-1 conjugated P188 + NAC PLGA NPs (from here on, we will refer to
it as “conjugated P188 + NAC NPs”). P188 is an FDA approved biocompatible polymer with a

lot of biomedical applications [175 — 178] (see full details in chapter 1 and 2). NAC is approved
by FDA and is associated with so many health benefits [179 - 180] (details in previous chapters).
The administration of conjugated P188 + NAC NPs to injured or activated BECs diminished ROS,
increased cell viability, enhanced cell proliferation, statically increased the BECs integrity after
chemically-induced injury and restored tight junction complex (GLUT1 and ZO-1). It appears
evident that our conjugated P188 + NAC NPs can target, diagnose, deliver therapeutic drugs, and
enhance cell proliferation. From this approach, effective diagnosis and therapy can be tailored by
conjugating nanoparticles to a selectin ligand to target and deliver drugs to the injured cells. The
idea is to establish targeted therapy and image the impacted blood-brain endothelium after blunt

force trauma using the delivery of PSGL-1 conjugated nanoparticles.
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expression of E-selectin is targeted for proliferation. Fluorescent Dye is used for detection.

4.2 MATERIALS AND METHOD

4.2.1 Preparation and Characterization of P188, NAC, and P188-NAC loaded PLGA NPs

The double emulsion method was used to prepare P188, NAC, and P188 + NAC PLGA NPs.
Briefly, the drug solution (water phase-w1) was formed by adding 0.2 mg of TAMRA conjugated
P188 or 12 mg of NAC to 200 ul of DI water in a 0.5 ml centrifuge tube. Oil phase(o) was formed
by adding 2 ml chloroform to the 50 mg PLGA and 10 ml 5% PVA solution was pipetted into a
glass tube to form the second water phase(w2). P188 solution (W1) was added to the PLGA
solution (O) and vortexed on high speed for 30 seconds to make a water-oil emulsion (W1/0) and
then added to 5 % PVA solution dropwise using an aspirator pipet to get the water-oil-water
emulsion (W1/O/W2). It was then vortexed at high speed for 2 minutes for emulsification before
transferring to a 15ml beaker and stirred overnight, allowing chloroform to evaporate. The next
day the above solution was collected into a 15ml centrifuge tube and centrifuged at 15000 rpm for

30 minutes. The supernatant was collected into another 15ml tube, and the obtained pellet was
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washed, freeze-dried, and analyzed as described above. To prepared P188 + NAC PLGA NPs the
same amount of PLGA and NAC as described above, was used with 10 ul of P188 solution

following the protocol detailed above.

4.2.2 NPssize, Zeta Potential, and Morphology analysis.

One mg of each prepared NPs was suspended in DI water, mixed, and measured. The mean size,
size distribution, and zeta potential of prepared NPs were measured by dynamic light scattering.
The data were the averages of three measurements. The morphology of the NPs was examined by
Scanning electron microscope (SEM). Briefly, particles were dropped onto a carbon-coated-on

lacey support film and allowed to dry before characterization.

4.2.3 Drug Encapsulation Efficiency

The loading efficiency of all prepared NPs were determined. Briefly, 1 mg NPs were dissolved in
1 ml of dichloromethane (DCM) and sonicated. After evaporation of DCM for about 15 min, the
solution left was used for fluorescence reading via high-performance liquid chromatography
(HPLC). The results were converted into concentrations, and the loading efficiency for P188,
NAC, and P188-NAC were 84.8, 77.6, and 28.3 respectively, and calculated using the following

equation.

Original drug amount loaded—amount in nanoparticles

* 100

Loading Efficiency =

Original amount

4.2.4 Invitro drug release

For the release studies, 1 mg each from all prepared NPs were dispersed in 1 ml of release medium
(pH 7.4) each to form a suspension. Each suspension was in three replicates in 1.5 ml centrifuge
tubes and incubated at 37 °C. The release buffers were collected after centrifugation at 15,000 rpm
for 30 min. The release buffers were replaced with fresh buffer at different periods and subjected
to analysis using HPLC. The cumulative release of the model drug from each loaded NPs were

plotted against time.
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4.25 Cell Culture technigue and characterization.

BALB/c Mouse Primary Brain Microvascular Endothelial Cells (MPBMECs) P3, from cell
biologics, was grown in Endothelial Basal Medium-2(EBM-2) with EGM-2 kit (Lonza) in a flask
coated with a gelatin-Based coating solution. For the experiment, MPBMECs (6.6 x 10* cells/cm?)
was directly seeded unto the cover glass coated with fibronectin (lpl/mL) and cultured with
Endothelial Basal Medium from Lonza. Confluent cells were characterized by the tight junction

and cytoskeletal proteins.

4.2.6 Brain endothelial cell Viability

Viability of cells following a 24-hour exposure to blank PLGA NPs (blank NPs), purified P188
(p-P188), NAC and P188 + NAC NPs was assessed with the MTT assay. It measures the metabolic
conversion of the MTT salt (3-[4,5-dimethylthiazol-2- yl]-2,5-diphenyltetrazolinum bromide) by
active mitochondrial dehydrogenases. Briefly, after exposure of BECs to blank NPs, p-P188, NAC
and P188 + NAC NPs cells were treated with MTT (5 mg/ml) for 1 hour at 37°C. The formazan
product generated was solubilized by the addition of 20% sodium dodecyl sulfate and 50% N, N-
dimethylformamide, and quantified by measuring its absorbance at 490 nm. Untreated cells were
taken as control with 100% viability. Resulting sample absorbance was used to calculate cell

viability.

4.2.7 Endothelial Cells Activation

Confluent cells were exposed to TNF-a (10ng/ml) and incubated for 4 hrs. and then stained for
selectins expression. Images were acquired to investigate E & P-Selectin expression after 1, 3, 6,
and 24 h. This period was chosen based on our previous immunofluorescence observations that
the earliest expression of inflammatory proteins on activated endothelial cells occurs between 1 to

6 hr, and the sustained expression of the selectins after 24 hr was of interest to complete this study.

4.2.8 Immunostaining for E & P-Selectin, and PSGL-1

Inflammatory markers in the brain endothelial cells were visualized using E & P-Selectin
antibodies. Briefly, cells were activated by mechanical (microcavitation) and chemical (TNF-a)
induction, fixed with 4% paraformaldehyde in PBS, permeabilized with 0.1% Triton X-100 for 3

minutes and blocked with 3% of BSA for 1 hour. Cells were incubated with the E and P-selectin
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primary antibodies (1:500, 4.3 ng/ml, Santa Cruz., SC137054, and SC271267 respectively), and
subsequently incubated with Alexa Fluor 488-conjugated goat anti-mouse 1gG (1:1000, 2 pg/ml,
Santa Cruz., SC516167). Nuclei counter-stained with DAPI.

4.2.9 Measurement of Mitochondrial Reactive oxygen species (ROS)

In this study, ROS was measured using a MitoSOX™ Red mitochondrial superoxide indicator,
according to the manufacturer’s instructions. Briefly, BECs were cultured on glass cover slides
and exposed to TNF-a and Histamine for 4 h before treating with P188, NAC, and P188 + NAC.
After treatments, the cells were incubated with 1 uM MitoSOX™ reagent working solution for
30 min under room temperature in the dark. After washing three times with PBS, the fluorescence

was imaged with a fluorescent microscope.

4.2.10 Conjugation of PSGL to PLGA NPs

The functional ligand PSGL was bound to the surface of the PLGA NPs via the EDC-NHS
chemistry as described elsewhere with modification [146]. Briefly, 120 mg of EDC added to 180
mg NHS and dissolved in 5 ml of MES buffer (0.1 M, pH 4.75). 20mg PLGA NPs were
resuspended in the EDC-NHS solution and rotated for 2h at room temperature. After 2 h of
incubation at room temperature with rotation, the resulting NPs were ultracentrifuge at 15,000 rpm
for 30 min, (4°) washed three times with PBS, and then resuspended in PBS (1mg/ml). 80ul of 500
ug/ml of mouse PSGL antibody (Sino Biological, 50770-MCCH) was added to the NPs solution
and incubated for 24h at (4°). Following the incubation, the NPs were collected by
ultracentrifugation at 15,000 rpm for 30 min. The supernatant was used to determine peptide
conjugation efficiency. Pallets were resuspended in DI water, freeze-dried, and stored for use.

4.2.11 Cellular Uptake of conjugated FITC labeled PLGA NPs

MPBMECs (2 x 10* cells per well) were cultured in a 96 well plate in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 2% fetal bovine serum (FBS) and 1% of penicillin
at 37 °C for 24h. FITC-loaded NPs (1mg/ml) was used for the observation of cellular uptake at
37 °C for 4 h. Conjugated FITC NPs were added to two columns of the 96 well plate (one column
activated with TNF-a and one column inactivated ), and unconjugated FITC NPs were also added

to activated and inactivated ECs. After uptake, the wells were washed three times with PBS and
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then lysed by incubating with triton 1X for 1h. An aliquot from each well was collected and
analyzed for fluorescence intensity and protein absorption with a microplate reader with excitation

and emission wavelength at 430 nm and 485 nm, respectively.

4.2.12 Invitro injury Model and Comparative Assessment of P188, growth factors, and NAC

Primary mouse endothelial cells were seeded in 24-well plates (10 x 102 cells/well) and grown
until confluence in complete endothelial cell media. Then a straight scratch was made with a P200
pipette tip, to simulate a wound. The cell debris was removed by washing with PBS. Wound size
images were taken at time 0 h. The wounds were exposed to different single treatments; P188 (500
uM,), EPO (5 U/ml), VEGF (50 ng/ml), and NAC (0.82 mg/ml) and in combination (P188 + EPO,
P188 + VEGF, and P188 + NAC) at the recommended therapeutic concentration in DMEM with
1% serum for 12 h. The cells without drug were used as the negative control and cells treated with
10% FBS was used as a positive control. The closure of a wound scratch was observed under a
microscope (5% magnification) at 12 h after wounding. To quantify the closure of the wound
scratch, difference between the wound width at time 0 and 12 h was determined. The scratch area
was measured using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Migration rate was expressed as a percentage of the wound scratch closure normalized by the
initial wound area using the equation below. The mean values shown are from three independent

experiments.

scratch area at time(h) 0 — scratch area at time(h) 12
Scratch closure rate = : * 100
scratch area at time 0

After validating the injury model and determining the drug with high proliferation
efficiency, cells were pre-incubated with green cell tracker for 30 minutes before exposing it to
blast (microcavitation). The cells were properly washed with hanks buffer to remove debris and
returned to the incubator in different experimental media conditions for investigation of the wound

closure in response to microcavitation. Injury area closure was calculated, as mentioned above.

4.2.13 Measurement of Endothelial cell permeability

The custom-designed diffusion chamber and method used here to determine the permeability of

10 kDa tracer have been described in detail in Chapter 2.
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4.2.14 Effects of conjugated P188 + NAC NPs on BECs tight junction complex

For GLUT-1 and ZO-1 expressions, BECs were cultured on glass coverslips until 80-100%
confluent and then exposed to TNF-a (10ng/ml) for 4 hours. Fixed in 4% paraformaldehyde,
permeabilized in (0.3% Triton X-100 for 3 minutes, blocked with 3% bovine serum albumin at
room temperature for 1 hr and incubated with Alexa Fluor 555 and 488 conjugated GLUT-1 and
Z0O-1 antibody respectively. After that, cells were rinsed and counterstained with DAPI. Rinsed,

mounted, imaged, and analyzed.

4.2.15 Statistical analysis

All data analysis was executed using one-way and two-way ANOVA (R-Studio Software) to
analyze differences between group(s) with one or more independent variables. p < 0.05 was
considered a significant difference. Post hoc analysis was done using Tukey’s honest significant

difference (HSD). All data were reported as mean * standard deviation.

43 RESULTS

4.3.1 Characterization of all fabricated NPs

To prepare the NPs for this study PLGA-50-50 (24,000 — 30,000 MW) was used for fabrication.
NPs were prepared, and TEM images indicated that all NPs maintained uniform size (Fig. 4.5.)
and the zeta potential (Table 4). The NPs hydrodynamic particle sizes are, 153 +/- 12, 194 +/- 3,
141 +/- 1.4, and 212 +/- 12 nm for blank, P188, NAC, and P188 + NAC loaded NPs respectively.
The blank nanoparticles had significantly higher sizes than the NAC loaded NPs, but the P188 and
P188 + NAC NPs were significantly larger than the blanks. The loading efficiency for P188 and
NAC was determined to be 84.8% and 28.3% via a direct method (this done by dissolving the NPs
to use its contents for estimation of loading efficiency). The zeta potential for P188, NAC, and
P188 + NAC NPs was -32 +/- 1.01, -28 +/- 0.66, -29.15 +/- 0.41, and -26.59 +/- 2.51 mV. (Zeta
potential is a measure of the magnitude of the electrostatic or charge repulsion/attraction between
particles and is one of the fundamental parameters known to affect stability. The low loading

efficiency of NAC, when compared to P188, is attributed to factors such as the molecular weight
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of the compound, rapid diffusion of the drug from the nanoparticles, human error, and systemic
error. Any of these errors or in combination, can reduce the fluorescence intensity. However, the

combination of P188 and NAC can increase the loading efficiency.

Figure 4. 5 - TEM images of PLGA nanoparticles. (A) blank PLGA NPs, (B) P188 loaded PLGA
NPs, (C) NAC loaded NPs, and (D) P188 + NAC loaded PLGA NPs. Scale bar = 100.
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Table 4 - NPs characterization: physical properties of synthesized PLGA NPs

Blank PLGA NPs 153 +/- 12 0.052 +/- 0.01 -32 +/-1.01

P188 loaded PLGA

194 +/- 3 0.186 +/- 0.01 -28 +/- 0.66
NPs
NAC loaded PLGA

141 +/- 1.4 0.126 +/- 0.04 -29.15 +/- 0.41
NPs
E-selectin targeted,
P188/NAC loaded 212 +/-12 0.056 +/- 0.04 -26.59 +/- 2.51

PLGA NPs

The P188 release from the PLGA NPs was carried out throughout 4 weeks, while the NAC release
was only for a week. The fluorescence intensity measurements from the release were converted
into concentration using standard curve, and the drug released was converted to a percentage drug
release, and percentage drug release was further converted to a percentage cumulative drug release.
The percentage of cumulative drug release was plotted over time (four weeks) (Fig. 4.6). A burst
release of P188 was observed after an hour with about 12% then a steady release for 28 days while
NAC was at about 5%. Five percent release after an hour is a lot considering the fact that only
28.3% OF NAC was loaded into the NPs. The molecular weight of NAC could be a factor here.

Hundred percent of NAC loaded was completely release after 7 days.
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Figure 4. 6 - The P188 and NAC release profile of PLGA NPs

4.3.2 Characterization of Tight Junction Proteins

The MPBMECs used in this study were characterized by tight junction proteins and cytoskeletal

structure expressions. The tightly packed monolayers expressed tight junction protein; ZO-1 and

Occludin-5 at the confluence (Fig. 4.7A and B) as previously documented. Immunostaining

confirms the expression of actin filaments (Fig. 4.7C).

Occludin

Actin filament

Figure 4. 7 - Characterization of the endothelial cell’s tight junction features and cytoskeletal
fibers. Tight junction protein (A) ZO-1 (B) Occludin. (C) shows a well-organized actin filament.
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4.3.3. Cytotoxicity Testing

All fabricated NPs were tested for toxicity to the cells. Exposure of MPBMECs to blank PLGA
NPs (b-PLGA), purified P188 (p-P188), NAC, and P188 + NAC NPs resulted in a dose-dependent
inhibition of cell viability specifically for b-PLGA, p-P188 and P188 + NAC NPs as measured by
the MTT assay (Fig. 4.8A, B and D). After 24 hours, the effect was evident for 1500 - 2000 pg b-
PLGA (Fig. 4.8A), p-P188 at 750 uM dose also inhibited cell proliferation (Fig. 4.8B), and 2000
Hg P188 + NAC NPs. In contrast, even the highest dose of NAC tested (20 mM) did not inhibit

proliferation as compared to the control. These doses were used in further experiments.
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Figure 4. 8 - Effect of blank PLGA NPs (b-PLGA), purified P188 (p-P188), and NAC on
endothelial cell viability. MPBMECs were treated with increasing doses of (A) b-PLGA, (B) p-
P188, and (C) NAC for 24 h. After the exposure, cell viability was measured with the MTT test
(n=3). Data expressed as a percentage of control at the same time point. Asterisks represent a
significant difference compared to respective control. P < 0.05.
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4.3.4 TNF-a Administration, E and P-Selectin Expression

To validate that E-selectin is a suitable candidate for targeting at inflammation, we incubated BECs
with TNF-a to generate focal inflammatory lesions as a model for BBB disruption. As previously
reported, the administration of TNF-a induced the up-regulation of E- and P-selectin. At 1 hr after
administration, we observed high expression of P-selectin and few E-selectin (Fig. 4.9C and D).
After 3 hr, we observed a very high expression of both E & P-Selectin (Fig. 4.9E and F). However,
after 6 hr., the expression of P-selectin went down, but the expression of E-selectin was still
elevated (Fig. 4.9G and I). The same was observed for 24 hr (Fig. 4.9J and K). All experimental
groups were compared to the control (Fig. 4.9A and C). To confirm that the selectins upregulation
is chemically induced we incubated the cells with TNF-a and histamine and we observed similar
results compared to TNF-a alone (Fig. 4.10A and B). After performing an extensive set of control
experiments, MPBMECs monolayers were exposed to microcavitation to determine the expression
of E-selectin after blast exposure. Cells were returned into the incubator under no serum media
condition for 1 to 3 hours to validate the expression of E-selectin as observed in the chemically
(TNF-a and histamine) induced cells. As demonstrated before, the fluorescent expression of E-

selectin was significantly upregulated after 3 h in comparison to the 1 h time point (Fig. 4.11).

TNF-aIpha Control 1 Hour 3 Hours 6 Hours 24 Hours

(A
P - SELECTIN
50 um
(s}
E - SELECTIN

Figure 4. 9 - E and the P-selectin expression on whole cells with TNF-a stimulation. MPBMECs
monolayers were incubated with TNF-a (10 ng/ml). Control (A & B). After 4 h stimulation, cells
were incubated in fresh serum-free medium for 1 h (C & D), 3h (E & F), 6 h (G & H), and 24 h
(I & J) before immunofluorescence staining for the expression of E & P-selectins. Control cells
were also examined (A & B).

.
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Figure 4. 10 - E and the P-selectin expression on whole cells with TNF-o + Histamine stimulation.
MPBMECs monolayers were incubated with TNF-a (10 ng/ml). Control (A & B). After 4 h
stimulation, cells were incubated in fresh serum-free medium for 1 h (C & D), 3h (E& F), 6 H (G
& H), and 24 h (I & J) before immunofluorescence staining for expression of E & P-selectin.

Control 3 Hours

E - SELECTIN

Figure 4. 11 - E-selectin expressions on MPBMECs exposed to microcavitation (5 blasts). Control
(A), cells were incubated in fresh serum-free medium for 1 h (B) and 3 h (C) after blasts before
immunofluorescence staining for the expression of E-selectin.

4.3.5 BECs TNF-a and Histamine exposure increases ROS generation

To confirm the induction of inflammation on endothelial cells by TNF-o and histamine. BECs
were exposed to TNF-a and histamine and imaged for superoxide expression, and the fluorescent
intensity was also measured using MitoSox that binds to superoxide. After 4 h of BECs incubation
with TNF-a and histamine, there was an increase in the expression of superoxide generation (Fig.

4.12A-E). Interestingly, after treating the cells with P188, NAC, or P188 + NAC, the expression
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of ROS was suppressed. Changes in the fluorescent intensity are depicted in Figure 4.12K. The
combination of P188 and NAC significantly depleted ROS almost to the level of control.

Activated No Treatment P188 NAC NAC + P188

(O

TNF-a

50 um

TNF-a

180 1

@)

160 1 B Activated

ENo Treatment
mP188
ONAC
OP188 + NAC

Fluorescent Intensity

TNF-alpha Titnf-alpha + Histamine Control

Figure 4. 12 - Injured brain endothelial cells (A and B) shows high levels of superoxide in response
to TNF-a or combination with histamine. (C and D) If left untreated, the superoxide level persisted.
(E thru H) P188 or NAC (antioxidant) treatment noticeably diminished the superoxide expression.
(I & J) When treated simultaneously with NAC and P188, the superoxide level was essentially
reduced to the baseline. Nuclei were stained with DAPI (blue). (K) Quantification of the
fluorescent intensity of superoxide expressions, p < 0.05, n = 6.
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4.3.6 Conjugation, binding, and cellular uptake

To validate conjugation and cellular uptake of conjugated NPs, BECs were incubated with
conjugated NPs. The conjugation of PLGA NPs to PSGL protein used in this experiment resulted

in 41.86 +/- 0.13% vyield. The following formula was used [147]: Conjugation Ef ficiency =

A-P) 4 100, where A is the initial amount of antibody, and P is the protein in supernatant. The

binding and uptake of PSGL-1-PLGA NPs into TNF-a activated endothelium were determined in
the mouse primary brain microvascular endothelial cells (MPBMECSs). Following incubation,
fluorescently labeled PSGL-1-PLGA NPs were internalized by MPBMECs with high affinity,
whereas cells treated with non-targeted PLGA NPs had a minimal level of internalization (Fig.
4.13A-D) and (Fig. 4.13E). Quantification of protein concentration in those cell lysates showed
that cells treated with PSGL-1-PLGA NPs had five times higher level of protein than that of the
PLGA NPs incubated cells, indicating more efficient binding and uptake of MPBMECs targeted
NPs (Fig. 4.13E). The time-dependent study was carried out to determine the duration of time
needed for most NPs to be internalized. Fluorescent images show that the longer the wait time, the
longer the degree of internalization (Fig. 4.14A-D). This was supported by the protein
concentration analysis (Fig. 4.14E).
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Figure 4. 13 - In vitro imaging of internalization of PSGL-1 conjugated FITC-PLGA nanoparticles
(green). (A) Activated EC + Conjugated PLGA NPs, (B) Inactivated EC + Conjugated PLGA NPs,
(C) Activated EC + Unconjugated PLGA NPs, and (D) Inactivated EC + Unconjugated PLGA
NPs. (E) Histogram showing ng of NPs internalized per ug of protein, p < 0.05, n = 6.

85



3 Hours 24 Hours

50 um
R

@

Time-dependent uptake Efficiency
120.00 1

*

100.00

80.00 1 *

60.00 1

40.00 *

*
20.00 1 i
0.00
Oh 1h 3h 6h 24h

Figure 4. 14 - Time-dependent in vitro imaging of internalization of PSGL-1 conjugated FITC-
PLGA nanoparticles (green) on activated MPBMECs. (E) Histogram showing ng of NPs
internalized per ug of protein, p < 0.05, n = 6.
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4.3.7 Evaluation of P188, growth factors, and NAC for cell migration

We evaluated the effect of non-biologics [Poloxamer 188(P188) and N-acetylcysteine (NAC)] and
growth factors [erythropoietin (EPO) and vascular endothelial growth factor (VEGF)] in single
and in combination on endothelial cell proliferation via a traditional scratch injury model. Images
of cells captured at time 0 (To) (Fig. 4.15 and 4.17) for single and combination treatment. The
white lines in the images define a specific analysis region that was identically placed within each
well. Following 12 h of incubation (Fig. 4.16 and 4.18), BECs fills in and close the wound in
positive control samples with a percentage closure of 37.1 +/- 1.8%, whereas negative control
showed no significant activities with only 24.3 +/- 1.1%. The single treatment groups showed great
migration with a closure percentage of about (60.6 +/- 0.7%, 60.4 +/- 1.4%, 65.8 +/- 1.9%, and 54
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+/- 1.7%) for P188, EPO, VEGF, and NAC respectively (Fig. 4.16). As expected, the combination
groups showed quite a significant migration with a percentage of (81.2 +/- 0.8%, 92.5 +/- 0.7%,
and 90.7 +/- 1.55%) for P188 + EPO, P188 + VEGF, and P188 + NAC respectively (Fig. 4.18).
These results indicate that the combination of either EPO, VEGF, and NAC with P188 have the

potential for BECs migration and proliferation.

P188 VEGF EPO NAC
treated cells treated cells treated cells treated cells
’ “l fﬁ: | l

T12

Figure 4. 15 - Representative phase-contrast micrographs of cells treated with VEGF (50 ng),
P188 (500 uM), EPO (5 U), and NAC (5 mM) for 0 and 12 h (5% magnification).
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Figure 4. 16 - Graphs depicting the quantification of the effects of the different treatments on
scratch wound healing. Average values obtained from three independent experiments. Wound
closure rates are expressed as a percentage of scratch closure after 12 h compared to the initial
area. (A) P188, (B) VEGF, (C) EPO, (D) NAC. All treatment groups were compared to the
negative control, p < 0.05,n = 3.

88



P188 + VEGF P188 + EPO P188 + NAC
Combination Combination Combination

- B
¢ :

Figure 4. 17 - Representative phase-contrast micrographs of cells treated with P188 + VEGF,
P188 + EPO, and P188 + NAC for 0 and 12 h (5% magnification).
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Figure 4. 18 - Quantification of the effects of combination treatments on scratch wound healing.
Wound closure rates are expressed as a percentage of scratch closure after 12 h compared to the
initial area. All treatment groups were compared to the negative control, p < 0.05, n = 3.

4.3.8. Effect of conjugated P188 + NAC on endothelial cell migration & crater closure

To determine the potency of conjugated P188 + NAC NPs to enhance proliferation, NPs were
loaded with the combination of P188 and NAC and administered to the cells post- microcavitation
to stimulate proliferation/migration. From the wound injury model, P188 and NAC showed great
potential for cell migration (Fig. 4.19A and B). Therefore, we wanted to repopulate at a faster rate
by conjugating P188 + NAC PLGA NPs with PSGL-1 for injury site targeting. Damaged brain
endothelial cells were treated with PSGL-1 conjugated P188 + NAC PLGA NPs for 12 hours.
P188 + NAC free drug was used as positive control while DMEM + 1% FBS was used as a negative

control. Cells from both experimental and positive groups repopulated the crater areas within 12
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hours (Fig. 4.19). Statistically, there was no difference in the crater closure between the

experimental and positive groups (Fig. 4.19J). All results were compared to the negative control.

Conjugated P188 + NAC
P188+ NAC PLGA/NPs  Free Drug

Control

® @
@ Crater Closure by P188 + NAC
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Magnified ot l
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-~ L +NAC NPs Free Drug

Figure 4. 19 - P188-NAC PLGA loaded NPs and P188-NAC free drug induces
proliferation/migration after 12 hrs. to close injury crater. (A-C) injury site at time 0. (D-F)
migration/proliferation induced by conjugated P188 + NAC NPs and P188 + NAC free drug after
12 hrs of treatment. (D — 1) 10X magnification of “D — F” (J) Quantitative analysis of crater
closure. Experimental groups compared to control, p < 0.05, n = 3.

4.3.9 Therapeutic effect of conjugated P188 + NAC NPs on BECs permeability

The therapeutic potentials of conjugated P188 + NAC NPs was further validated by measuring the
permeability of 10 kDa dextran molecules across brain endothelial cells exposed to TNF-a and
those treated with conjugated P188 + NAC NPs after TNF-a exposure. Since 10 kDa tracer is large
in size, the permeability should be negligible in control cells as shown in Figure 4.20 below.
However, there was an increased permeability in cells exposed to TNF-o compared to the baseline
(EC monolayer). Interestingly, the treatment with conjugated P188 + NAC NPs for 12 h restored
the permeability close to normal (Fig. 4.20). This confirmed that P188 + NAC have the capability

to repair the BEC tight junction to prevent transport of large molecules.
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Figure 4. 20 - Graph showing the permeability coefficient (P) of 10 KDa. Increase in permeability
is correlated to TNF-alpha exposure. However, treatment with conjugated P188 + NAC NPs
significantly reduced the permeability. All groups compared to control (EC Monolayer) p < 0.05,
n=3.

4.3.10 Therapeutic effect of conjugated P188 + NAC NPs on GLUT1 expression

To test conjugated P188 + NAC NPs therapeutic potentials to repair disrupted tight junction
proteins, we exposed the BECs to TNF-a (10ng/ml) for 4 hrs. and evaluated GLUT1 and ZO-1
expression. Immunocytochemistry detection indicates a substantial decrease in GLUT1 and ZO-1
expression in BECs exposed to TNF-a (Fig. 4.21A, D, and G) compared to control cells (Fig. 4.21
C, F, and 1). Following treatment with conjugated P188 + NAC NPs, Immunocytochemistry
showed significant restoration of the colocalized proteins (GLUT1 and ZO-1) (Fig. 4.21B, E, and
H). These findings further provide evidence that P188 has therapeutic potential.
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Figure 4. 21 - Therapeutic effects of P188 + NAC NPs on GLUT-1 and ZO-1 expression in mouse
primary brain microvascular endothelial cells (MPBMECSs) after the disruption of Brain
Endothelium (BE) integrity by TNF-alpha. Immunofluorescent expression of GLUT-1(red), ZO-
1(green), and merged image. DAPI (blue — nuclei).

44  DISCUSSION

For the effective treatment of disrupted brain endothelial cells, a theragnostic approach offers
clinical advantages, including, delivering high drug concentrations to target the injury site, which
can mediate enhanced therapeutic responses. We successfully developed and characterized drug-
loaded PLGA NPs for various applications using transmission electron microscope (TEM) and
dynamic light scattering techniques (Fig. 4.5 and Tab. 4.1). For proof of concept, fluorescent dye-
loaded NPs were conjugated to peptides (PSGL) (conjugated FITC-PLGA NPs) following an
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existing protocol [166] with few modifications to enhance stability, binding affinity, and
specificity. The release kinetics for each drug was properly studied and calibrated for this study.
Fluorescence-based or conjugated NPs enhances the potential to monitor targeted drug delivery in
real-time. A polymer with the molecular weight that is capable of releasing drugs at the right
physiological pH is of great necessity. We observed that PLGA (50/50) of molecular weight of
24,000 to 30,000 has a better releasing kinetic within the physiological conditions compared to
other molecular weights. However, the loading efficiency by the double emulsion method was
smaller than expected, especially with NAC. Normally, it would be expected that the loading
would be high, but that is not the case here, which is in contradiction to what Andreas et al., [148]
reported; that double emulsion is an adequate emulsification procedure for the encapsulation
because of high encapsulation outcome [148]. Combining NAC with P188 will enhance the

loading efficiency of NAC, because P188 has a larger molecular weight and it is a surfactant.

Following proof of concept, P188 and NAC were both used as drugs (Fig 4.6). The amount
of drug-loaded in the delivery particle plays a great role in the rate and duration of drug release. It
is speculated that particles with a higher drug content possess a larger initial burst release than
those having lower content because of their smaller polymer to drug ratio [149]. Hydrophobic
interactions and rapid degradation of particles have also been shown to play a part in the burst
release [150]. For P188, most of the release took place after day 3 and then sustained after day 7
till day 28. This makes sense because the sustained release is very important in pharmaceutical
industries to eliminate multiple applications [151]. However, sustained-release depends upon so
many factors such as the amount of drugs loaded, the solvent used, temperature, drug
characteristics, drug-polymer interactions, and rate of degradation [152]. On the contrary, NAC
release was rapid as most of the release was after 12 h and sustained after 24 h for 7 days. Hundred
percent of NAC was release after day 7. The fast release rate of NAC is attributed to its smaller
molecular weight. In addition, NAC could have easily diffused through the NPs pores. The fast
release phenomenon fits well into the aim of this study. NAC is an antioxidant, so releasing it early
in the first few hours of the treatment process may enhance the suppression of reactive oxygen
species (ROS) and block various inflammatory cascades, allowing P188 to promote migration and

proliferation without superoxide inhibitions.
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After characterizing the key features of brain endothelial cells (BECs) such as occludin, ZO-1, and
actin filaments (Fig 4.7), we evaluated the cytotoxicity of P188, NAC, and P188 + NAC NPs on
BECs by performing MTT assay. The results were compared with the cytotoxicity of blank-
PLGA/NPs. The growth of cells was inhibited significantly by1500 — 2000 ug/ml concentrations
of blank-PLGA/NPs (Fig 4.8A). Cell viability to P188 was tested by incubation cells with different
concentrations (50 — 750 uM) of P188 solutions. We only observed a significant reduction in the
cell viability at 750 uM (Fig 4.8B). NAC (2.5 —20 mM) did not affect cell cytotoxicity at the tested
concentrations (Fig 4.18C). The viability of MPBMECs was tested by incubating cells with (50,
100, 250, 500, 1000, 1500, and 2000 ug/ml) concentrations of P188 + NAC NPs. Only the 2000
ug/ml concentration showed a significant reduction in viability (Fig 4.8D). The synthesized NPs
in our studies were deemed biocompatible and non-toxic to tissues and cells. In addition to
appropriate biocompatibility and biodegradability [188], the size and surface properties of NPs
have desirable effects on the pharmacokinetic and bio-disposition, and thus are key properties for
consideration for biomedical applications [189]. The size of NPs is an important factor for
biodistribution and blood clearance processes [190, 191]. For example, prolongation of NP
circulation half-life, which can result in an improved time window for more efficient delivery of
NPs to target organs, can be achieved by surface conjugation of nanoparticles. On the other hand,
longer prolongation can lead to an increased toxicity. We have shown that conjugated P188-NAC
NPs maintains cell viability after 24 hours incubation period. We did not test for longer exposure
of brain endothelial cells (BECs) to PLGA NPs because the half-life of PLGA NPs in different
organs is well documented. The average particle sizes ranged from 140 nm to 200 nm and were
deemed suitable to evade both filtrations in livers and kidneys. The result is also supported by the
negative surface zeta potential values of the NPs, which is in favor of a long-circulation in the
blood [192, 193]. The half-life of PLGA in the lungs, heart, kidney, liver, and serum are 7.40 +/-
0.65, 11.34 +/- 2.25, 11.59 +/- 1.00, 8.15 +/- 0.47, and 6.05 +/- 0.78 hours respectively [194]. The
PLGA nanoparticles have a unique drug delivery characteristic that can be used as intranasal
sustained-release delivery vehicles [195] for P188 + NAC for potential treatment of the traumatic
brain injuries.

To investigate the ability of conjugated NPs to target and specifically adhere to activated
or injured endothelium, we first confirmed the expressions of E-selectins on injured BECs. A

significant barrier that has impeded the systemic administration of NPs from reaching the target
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site is endocytosis, degradation, and elimination [155]. These setbacks can be addressed by using
a stable polymer and conjugated with a protein that is specific for the target site. PSGL-1 plays an
important role in mediating adhesion and targeting activated endothelium and at the same time,
help the PLGA NPs to avoid rapid recognition by the immune system. Our results indicated that
PSGL-1 exhibited excellent recognition and targeting of endothelial cells activated by tumor
necrotic factor-a (TNF-a). The MPBMECs that we used is a great model because it displays key
characteristics that are present in an inflammatory microenvironment and promotes the expression
of MMPs when activated. We were able to utilize specific receptor proteins to recognize and
adhere to activated endothelial [153]. E-selectin, which is overexpressed in activated endothelial
[87 and 88] were upregulated in brain endothelial cells exposed to TNF-a (Fig. 4.9) and TNF-a +
Histamine (Fig. 4.10). It was also overexpressed in cells exposed to microcavitation (blasts) and
returned to the incubator for one to three hours (Fig. 4.11). The fact that E-selectin is only
expressed in injured, inflamed, diseased, or disrupted endothelial cells makes it a suitable
candidate for therapeutic target, and it is also known to be involved in leukocyte recruitment

toward activated endothelium.

Oxidative stress is an important determinant of endothelial injury [156] which influences
a number of cellular responses by turning on several intracellular signaling cascades in endothelial
cells, leading to the progression of vascular diseases [157]. We showed that TNF-o and Histamine
stimulate ROS generation in endothelial cells (Fig. 4.12A-D), and then examined the effect of
poloxamer 188, NAC (antioxidants), and P188 + NAC on ROS induced by TNF-a and Histamine.
ROS expression was suppressed by these non-biological compounds (Fig. 4.12E-J). Significant
effect was observed in cells treated with NAC and P188+NAC (Fig. 4.12G-H, 1-J). Based on these
observations, P188 and NAC may be able to accelerate vascular regeneration through ROS
suppression. NAD(P)H oxidase is a major source of ROS generation in vascular endothelial cells,
and critical in the regulation of oxidative stress in the vasculature [158]. Dysregulated NAD(P)H
oxidase activity is associated with marked endothelial dysfunction in various states of vascular
diseases [159]. Fluorescent intensity quantification depicts the effects of TNF-o and Histamine,
and the therapeutic efficacy of P188 and NAC (Fig. 4.12K).

Upon confirmation of E-selectin expressions, FITC-PLGA NPs were conjugated and used.
We tested the binding of such nanoprobes to E-selectin expressing primary brain endothelial cells.
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We found that conjugated FITC-PLGA NPs selectively bound to the cell surface when incubated
at 37° C (Fig. 4.13A-D). Protein concentration quantification also confirmed the uptake of the
particles (Fig. 4.13E). Using confocal microscopy, we further observed the time-dependent uptake
of conjugated FITC-PLGA NPs into endothelial, which overexpress E-selectin (Fig. 4.14).
Quantifying the protein concentrations validated the time-dependent conjugated FITC-PLGA NPs.
The binding of conjugated nanoparticles to endothelial cells is important for adequately evaluating
target specificity and biodistribution of the E-selectin-targeted nanoparticles in brain endothelial
cells. To determine whether the resulting conjugated FITC-PLGA NPs retain the target specificity
to E-selectin-expressing cells, we incubated non-targeting FITC-PLGA-NPs with inactivated
endothelial cells, which has a no level of E-selectin expression [167] at 37°C for 4 h. We detected
a very small number of FITC-PLGA-NPs in the endothelial cells. Likewise, a few numbers of
unconjugated FITC-PLGA-NPs were detected after incubating with E-selectin expressing
endothelial cells (Fig. 4.13).

We tested the potency of poloxamer 188 (P188), vascular endothelial growth factor
(VEGF), erythropoietin (EPO), and N-acetylcysteine (NAC) to regenerate disrupted or injured
brain endothelial cells using wound injury model after 12 hrs. (Fig. 4.15). Wound healing is a
complex and dynamic process, including inflammation, proliferation, and remodeling, in which
migration of fibroblasts plays an essential role in wound repair [160]. P188 increases dermal cell
migration, growth factor expression, and vascularization in a burn wound model [161]. The role
of VEGF in wound healing is the stimulation of angiogenesis. Wound-healing angiogenesis
involves multiple steps including vasodilation, basement membrane degradation, endothelial cell
migration, and proliferation [162]. EPO can inhibit apoptosis and stimulate the proliferation and
migration of mature endothelial cells and has effects on maturation and remodeling of the wounds
[163]. NAC though not proven to be directly involved in wound closure, can attenuate ischemic
renal failure in animal [164] and prevents acute renal dysfunction in noncardiac patients with
chronic renal insufficiency exposed to small doses of contrast agents during computed tomography
[165]. We investigated different concentrations of P188 (250, 500, and 750 uM) in serum-free
media in this study and we observed 66.6% wound closure from the therapeutic dose (500 uM)
(Fig. 4.16A). Various concentrations of VEGF (25, 50, 75 ng) was also investigated, and as
expected, 65.8% wound closure was observed from the therapeutic dose (50 ng) (Fig. 4.16B). On
the contrary, only 35.3% wound closure was observed from the therapeutic dose for EPO (5 U),
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rather higher (60.4%) wound closure was observed with 25 U (Fig. 4.16C). Among the
concentrations (2.5, 5, 10, and 20 mM) of NAC investigated, 54% wound closure was observed
with the therapeutic dose (5 mM) (Fig. 4.16D). To investigate the combined efficacy of P188 +
VEGF, P188 + EPO, and P188 + NAC, we incubated brain endothelial cells with scratch injury
wound the different combination cocktails for 12 hrs. (Fig. 4.17). We observed 92.5%, 81.2%, and
90.7% wound closure with P188 + VEGF, P188 + EPO, and P188 + NAC treated cells respectively
(Fig. 4.18). P188 + VEGF demonstrated a higher wound closure than the other two combination
cocktails. However, the application of VEGF is limited by its poor stability at the room
temperature. Hence, the need for a non-biological compound that is stable at and beyond room
temperature. Therefore, we chose P188 + NAC as our best option and use for the remainder of the

study.

We postulated from the scratch wound injury model results that the application of
conjugated P188 + NAC NPs can proliferate and migrate BECs to fill damaged area induced by
microcavitation (blasts). To test this hypothesis, monolayers of MPBMECs were preincubated
with green cell tracker before blast exposure. Cells exposed to the blast were treated with
conjugated P188 + NAC NPs for 12 h. fluorescent images were taken after 12 h were compared to
those taken at the initial time point. To test the potency of the conjugated P188 + NAC NPs, the
results were compared to positive control (P188 + NAC free drug), and negative control (DMEM
with no drug) results (Fig. 4.19). We observed 98.7%, 92.9%, and 28.3% crater closure for
conjugated P188 + NAC NPs, positive control, and negative control, respectively (Fig. 4.19J). This
proves that with conjugated nanoparticles, we can target the injury area and enhance proliferation

and migration.

In line with the findings from the crater closure by conjugated P188 + NAC NPs, we
investigated the potential use of conjugated P188 + NAC NPs to restore permeability. Exposure
of BECs to TNF-a induced an increase in the paracellular flux of labeled 10 kDa dextrans (Fig.
4.20). However, decreased permeability was observed in cells treated with conjugated P188 +
NAC NPs (Fig. 4.20). Closer analysis of permeability in the treated cells indicates that the
paracellular fluxes of 10 kDa dextran molecule demonstrated a steady-state dynamic throughout
the experiment. Our results validate the potential of conjugated P188 + NAC NPs to be used for
brain endothelial cell injury site targeting to restore disrupted blood-brain barrier. The permeability
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result was supported by evaluating the effects of conjugated P188 + NAC NPs on disintegrated
colocalized tight junction complex (GLUT1 and ZO-1). Our results demonstrate that TNF-a
potentially compromised BBB integrity, as evidenced by a significantly decreased expression of
GLUTL1 and ZO-1. Interestingly, when the cells exposed to TNF-a were treated with conjugated
P188 + NAC NPs, we observed restoration of GLUT1 and ZO-1 (Fig. 4.21). P188 + NAC has the
potential to restore and regenerate. The mechanism of action regarding the combinatory therapy
of P188 + NAC is yet to be elucidated.

45 CONCLUSION

In conclusion, the development of targeted therapeutic approaches provides a means to address an
unmet clinical challenge in the treatment of traumatic brain injuries. The present study
demonstrated the use of fluorescent NPs to visualize internalization in activated endothelial cells,
and we report for the first time that a novel P188 + NAC combination has a direct effect on brain
vascular endothelial cells; promoting proliferation and migration. Our findings provide a potential
role for P188 + NAC in the regeneration of disrupted brain endothelial cells. This knowledge may

contribute to the development of new therapies for other brain pathologies.
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Chapter 5

51 SUMMARY

Development of a robust yet relatively simple in vitro cell-based method for predicting BBB
permeability is urgently needed. A cell-based model offers the potential to account for paracellular
drug/molecule diffusional processes, metabolism, and active transport processes. The cell-based
model should also account for interactions between a drug and cells of interest for the development
of an effective in vitro drug screening model. In addition, protocols need to be evaluated that may
allow brain endothelial cell cultures to be more effectively exploited as a screening tool over longer
passages without losing the key in vivo like characteristics of brain endothelial cells.

Mouse primary brain microvascular endothelial cells (MPBMECSs) used in this project
closely resemble the in vivo cell phenotype. In Chapter 2, we established and characterized an in
vitro model of MPBMEC culture on a PETE membrane. Bio-transport properties were
quantitatively determined, and changes in the permeability coefficients due to chemical (e.g., TNF-
a) or mechanical (microcavitation) traumas have been experimentally measured. The FDA-
approved amphiphilic copolymer (poloxamer P188) was shown to restore the permeability, which
suggests the brain endothelium had been compromised but repaired by the P188 treatment. Such
reparative effects of P188 are likely mediated by suppression of MMP-2 & 9 and by reestablishing
the integrity of tight junction. These molecular events are postulated to attenuate the extent of
damage caused by TBI. Finally, the model designed, developed, and tested in this study is simple
to engineer, effective, reproducible, and convenient to be used as a platform for therapeutic studies.

In Chapter 3, we concluded that the disruption of the blood-brain barrier leads to an
unregulated flow of glucose from the blood to the brain, causing hyperglycemia. The combination
of the P188 + NAC cocktail showed a significant therapeutic potential to rescue and restore the
neurospheroids sizes. Hence, the restored brain endothelium can improve the brain functionality
by protecting the neural network and enhancing connectivity. To the best of our knowledge, such
effects of P188 + NAC have not yet been reported. However, the mechanism(s) of P188 + NAC
remains to be elucidated. Nonetheless, we presented a reliable and physiologically-relevant
methodology to mimic the brain tissue and provided a therapeutic potential to mitigate

hyperglycemia that might arise from altered BBB integrity.
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In Chapter 4, we concluded that the development of targeted therapeutic approaches should
provide a means to address an unmet clinical challenge in the treatment of traumatic brain injuries.
The studies demonstrated the use of fluorescent NPs to visualize internalization in activated
endothelial cells, and we reported for the first time that a novel P188 + NAC combination has a
direct effect on brain vascular endothelial cells; promoting proliferation and migration. Our
findings provide a potential role for P188 + NAC in the regeneration of disrupted brain endothelial
cells. These findings may contribute to the development of new therapies for other brain

pathologies.

5.2 LIMITATIONS AND ALTERNATE STRATEGIES

Before the adoption of a model, fundamental limitations must be addressed. One of the limitations
of our model is the lack of flow (shear), as all experiments were done under static conditions.
There is a need for the model to be modified to incorporate the dynamic blood flow to better mimic
the physiological conditions. The blood-brain barrier model used in this study can be modified to
include shear flow by incorporating a circulating or pulsating pump. This will enhance the
investigation of the effect of blood flow on brain endothelial cells, interactions between drugs and
cells, and bio-transport. Blood flow is physiologically relevant because oxygen supply to the brain
and the removal of carbon dioxide are blood-flow dependent, meaning that the maintenance of
normal physiological blood flow plays a significant role in regulating transport across the BBB
[200].

Experimental outcomes remain to be computationally modeled. Such an effort may lead
to overcome the challenge of laborious experiments and provide a comprehensive understanding
of the BBB damage mechanism and subsequent consequences to the brain tissue [198, 199]. Also,
all experiments were done in 2D; therefore, 3D models mimicking the brain tissue, and vasculature
would be also helpful. The development of a physiologically relevant 3D brain model will extend
the findings documented in this thesis. However, suitable 3D scaffolds for the brain tissue are not
well established because of difficulties in the selection and characterization of the proper and
adequate scaffold materials. The scaffold material properties play a critical role in cellular behavior
[201, 202]. Selection of extracellular matrix material is one of the significant challenges in

developing tissue-engineered models of the BBB since about 85% of the brain volume is cells
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[203, 204]. Collagen 1 is mainly used in different labs as a viable scaffold for a wide range of
applications [205, 206]. One of the main drawbacks to using collagen hydrogels as scaffolds for
tissue engineering is that the collagen scaffolds are highly variable and dependent on many
fabrication parameters, such as collagen source and gelation pH [207]. More importantly, collagen
type | is not present in the healthy brain [204]. The extracellular space consists of a hyaluronic
acid-based extracellular matrix and brain interstitial fluid [208, 209]. One may propose to use
hyaluronic acid to engineer BBB models that will incorporate brain endothelial cells with
neurons, astrocytes, and other glial cells for providing structural support for BBB.

In additionally, the potential alteration of brain endothelial cells caused by simultaneous
exposure to both mechanical (microcavitation) and chemical (cocaine + alcohol) trauma should be
further investigated. This type of combined traumas is speculated to result in cognitive and
psychiatric problems [210], which are said to be a major contributor to long-term disability [211,
212]. Excessive use of psychostimulant drugs (PSDs) is one of the most common psychiatric
problems following TBI. Cognitive impairment is estimated to occur in about 30% of patients
suffering from mild TBI (mTBI) [213], and there is evidence showing an increased substance
abuse following mTBI [214]. However, there is no clinical or experimental evidence on the
combined effects of microcavitation and addictive use of PSDs. Understanding the mechanisms
involved in restoration of the damage tissue may help in designing effective therapies. Therefore,
the in vitro blood-brain barrier model designed in this thesis can be utilized to examine and
characterize the outcome from the combined exposure of brain endothelial cells to microcavitation
and PSDs.

Finally, the potential outcome of pre-treating cortical neurons with P188 + NAC before
exposure to hyperglycemic conditions should be explored. In Chapter 2, we validated the
protective effects of P188 against matrix metalloproteinases 2 and 9 (MMP-2 and 9), and NAC
has also been shown to suppress MMP-9 expression [215]. In another study, it was reported that a
bifunctional antioxidant acted as a neuroprotectant against hemin (oxidized form of heme)-induced
damage in primary cultures of cerebellar granule neurons (CGNs) of rats [216]. However,
strategies to protect the brain endothelium prior to a trauma are lacking. The BBB model that was
used throughout this thesis may be utilized to determine the potential of pre-treatment of P188 +

NAC to protect and maintain primary cortical neuron functionality.
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APPENDIX

Appendix 1. (A and B) Immunofluorescence staining demonstrating the expression of endothelial
cell tight junction-associated marker, ZO-1 (green) at passage 5 and 6 of culture respectively.
Nuclei counter-stained with DAPI (blue). (C and D, passages 5 and 6) Reorganization of
MPBMECs that were grown initially on top of a Matrigel for 6 hours into interconnecting cords
of cells, appearing as a network of endothelial cells.
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Appendix 2. Effects of Cocaine (A =1 uM, B=25uM, C=5uM, D =10 uM, and E = 20 uM)
on ZO-1 expression in mouse primary brain microvascular endothelial cells (MPBMECS):
Disruption of GLUT-1 affects the integrity of Brain Endothelium (BE). Immunofluorescent
expression of GLUT-1(red), ZO-1(green) and merge image in MPBMECSs. DAPI (blue - nuclei).
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