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Cocaethylene (CE) is an active metabolite of cocaine and ethanol and is a toxicant of
physiological relevance due to the high rate of cocaine and ethanol co-exposure (>80%)
in cocaine abusers. It has prolonged action and increased potency on known
physiological targets relative to the effect of cocaine. Since pathology in cocaine abusers
is typically chronic and systemic, and CE persists in the body three to five times longer
than cocaine, a link between CE and systemic disease in cocaine abusers was proposed.
Consequently, this dissertation contains the studies that were used to test the hypothesis
that the microvascular endothelium is a target tissue that is central in the pathogenic
mechanism of cocaine-associated systemic disease, and that endothelial injury after CE
exposure would result in dysregulation and altered barrier function due to changes in
intracellular second messengers and signaling. To test this hypothesis, an in vitro model
of CE exposure in human dermal microvascular endothelial cells (HMEC-1) was
developed. Four Aims were designed to compartmentalize various components of the
endothelial response to CE. The Aims included an array of methods to address cellular
toxicity and dysfunction, including classical cytotoxicity and viability assays (Aim One),
microscopic and electrical analyses of monolayer integrity (Aim Two), molecular
analysis of second messengers, signaling molecule phosphorylation, and transcription
factor DNA binding activity (Aims Three and Four). Aim One experiments demonstrated
a lack of overt endothelial cytotoxicity caused by CE. Aim Two morphological analysis
of endothelial intercellular borders and barrier integrity showed that CE exposure in the
endothelial monolayers resulted in increased permeability, and hence a decrease in barrier
integrity. These changes were observed temporally with alterations in cytosolic and total
cellular free calcium ion (Aim Three), inositol 1,4,5 trisphosphate, and phosphorylated
p38 mitogen-activated protein kinase concentrations, as well as changes in DNA binding
activity and dimer composition of nuclear factor-kappaB (Aim Four). The observed
changes suggest a distinct alteration of endothelial cell and monolayer function consistent
with increased vascular permeability in vivo. Potential pathological outcomes of such
effects include inflammation, vasculitis, systemic disease, and organ failure.
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C

Ca*"
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DEA
DTT
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EDTA
EGTA
ELISA
EM, TEM
EMSA

F, Fmim Fmax
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LIST OF ABBREVIATIONS

DEFINITION

Activator protein-1, a transcription factor

Percent of enzyme bound, and control zero-bound concentration
Concentration

Free ionized calcium

Centers for Disease Control, Atlanta, GA

Cocaethylene

Chloride

Cycles per minute (of radioactivity) per square millimeter of area
Diacylglycerol

Drug Abuse Warning Network

Drug Enforcement Agency

Dithiothreitol

Electronic cell-substrate impedance sensing

Ethylene diamine tetraacetic acid

Ethylene glycol-bis(beta-aminoethyl-ether)-N,N,N',N'-tetraacetate
Enzyme-linked immunosorbant assay

Electron microscopy, transmission electron microscopy
Electrophoretic mobility shift assay

Data point along a kinetic readout, minimal data point, maximal
data point

Fetal bovine serum

g/L, mg/L, ng/L, U/L Expressions of concentration in terms of mass per volume, and
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1Q
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A, A1, A2
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enzyme activity per volume

Hydroxyethylpiperazine ethanesulfonate

Human microvascular endothelial cell line 1
Inositol-1,4,5-trisphosphate

Intelligence quotient

Intravenous

Constant (in our case, dissociation constant of a specific ion and
indicator)

Lambda, lambda 1, and lambda 2, representing excitation
wavelengths of fluorescent indicators

Liters, milliliters, and microliters (units of volume)

Lactate dehydrogenase

Lipopolysaccharide

Meters, centimeters, millimeters, micrometers, nanometers (units
of measurement)
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GLOSSARY

Acute exposure — “Acute” is used in this series of studies to designate the one-hour pre-
treatment experiments of Aim Three, in which cytosolic free calcium and magnesium
were monitored.

Calcium “sink” — An organelle in which calcium is stored within a cell. In the case of
endothelium, the primary calcium sinks are the endoplasmic reticulum and the
mitochondria, and a minor calcium sink is the nucleus.

Cation flux — The movement of a cation within a compartment. In this case, the
movement of calcium and magnesium within the cytosol, or between the cytosol and
organelles, of endothelial cells.

Cytotoxicity/toxicity — A negative effect elicited by an endogenous or exogenous agent.
In this series of studies, cytotoxicity and lethality are distinctly different outcomes,
although other studies use the two terms synonymously. For example, cytotoxicity can
manifest as cell membrane leakage (release of enzymes such as LDH), decreased
metabolic capacity, or a number of other cellular disturbances that are not necessary
lethal. However, lethality may result from overt cytotoxicity, and both are monitored in
this study to determine the degree of CE effect on the microvascular endothelial cell
model.

Drug “mention” — A term used by the Drug Abuse Warning Network to designate the
number of times a particular drug is listed in admitting paperwork for patients in the
Emergency Rooms/Departments that participate in the network. The DAWN network
uses drug “mentions” to calculate annual statistics that relate to frequencies of drug abuse
and drug-related hospital admissions and deaths in the United States.

ECIS — Electronic cell-substrate impedance sensing, a method used to measure trans-
endothelial resistance. Since resistance is inversely proportional to monolayer
permeability, increases in resistance demonstrate decreases in permeability, and vice
versa.

EMSA — Electrophoretic mobility shift assay, a method used to monitor DNA binding
activities of proteins, which could include inhibitors, transcription factors, and nuclear-
bound complexes.

Endothelium — The cell layer lining the lumen of large- and medium-sized blood vessels,
and fully composing the wall of the capillary. The endothelial cell layer is one cell layer
thick in healthy blood vessels, and its tight intercellular junctions regulate the passage of
various nutrients and cells through the blood vessel wall into surrounding tissues.

XV



Gene activation — Activation of the transcription of genes as a result of cell stimulus,
injury, or regular function. For gene activation to be successful, inhibitors that block gene
promoter sites must be removed, and proper binding of activated transcription factors
must occur.

Growth kinetics — The rates of cell division observed in a culture or other cell population.
Monitoring cell numbers over time, and determining the time required for the cells in
culture to divide, allows for calculation of growth rate.

Homeostasis — The “natural” state of a tissue or system. Alterations in homeostasis can
have pathological outcomes, depending on the site and severity of the alteration.

Immediate exposure — “Immediate” is used in this series of studies to designate the 5-
minute kinetic assay of cytosolic free calcium and magnesium after injection of CE.

Infarction — The death of an area of tissue after sustained ischemia that results in failure
of that tissue to function. Depending on the site of the infarction (e.g., heart versus
integument/skin), such damage can be life threatening, or localized and pathological.

Ischemia — A lack of blood flow that results in cellular damage and death if prolonged.
Sustained ischemia is lethal to cells, and can cause infarction of the tissue.

Kinase — An enzyme that functions to phosphorylate its target(s).

LD50 — The dose of a compound or toxicant that is lethal to 50% of the population being
studied. In recent years, the LD50 has been progressively replaced by the ED50
(effective-dose-50), which is the dose of a compound or toxicant that elicits a measurable
effect in 50% of the population studied.

Macrovascular — Relating to large blood vessels, such as the aorta, vena cava, and
pulmonary arteries and veins.

Microvascular — Relating to small blood vessels, such as arterioles, capillaries, and
venules.

Mucosa/mucosae — Epithelial cell layers that produce mucus, as in the mouth,
nose/sinuses, eyes, and respiratory, gastrointestinal, and excretory tracts.

Necrosis — The death of a cell or tissue. Necrosis was originally viewed as a sudden,
disorganized death, but in recent years the process has been re-evaluated and may be
considered to have organized and disorganized components that contribute to cell death.

NF-kB family of proteins — The Nuclear Factor-kB (NF-kB) family of proteins function
as transcription factors that are centrally involved in cellular stress responses, as well as
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the promotion of inflammation in the event of cellular injury. Release of an NF-xB dimer
from its inhibitory protein, IkB, results in nuclear localization of the dimer and binding to
target gene promoter regions. Common targets of NF-kB include NF-kB family protein,

IkB, cytokine, cellular adhesion molecule, and fos/jun gene promoter regions, which
facilitate auto-regulation, inflammation, and cell stress/survival responses.

Panarteritis — Panarteritis is widespread vascular inflammation, particularly involving
small blood vessels. Panarteritis typically presents as a systemic disease, and is diagnosed
by biopsy. The cause was originally thought to be autoimmune, but panarteritis has been
presented in human cases showing no indications of autoimmunity (e.g., drug abusers
with no auto-immune antibody titers).

Permeability/barrier integrity — The ability of a monolayer to regulate the passage of
molecules and cells through its intercellular junctions. Increases in endothelial
permeability, or conversely, decreases in barrier integrity, result in tissue edema and
escape of blood-borne cells into surrounding tissues.

Persistence — The ability of a compound, in our case cocaethylene or media nutrients, to
stay in cell culture media.

Phosphatase — An enzyme that functions to de-phosphorylate its target(s).

pKa — The point at which the major acid and base ion concentrations of a buffer are
equal.

Resistance — The ability of a monolayer to resist the conductance of electricity from one
surface to the other. Thus, increased resistance denotes intact barrier integrity, and
decreased resistance denotes a loss of barrier integrity.

Rhabdomyolysis — A wasting disease of muscle tissue. Rhabdomyolysis can be caused by
ischemia, and is associated with kidney failure, since fragments of damaged/dead
myocytes become blood-borne and trapped in the glomerulus, which is the filtration unit
of the kidney.

Second messengers — Typically, molecules that elicit intracellular responses that are not
proteins are called second messengers. Examples include free ionized calcium (Ca®"),
inositol 1,4,5 trisphosphate (IP3), and diacylglycerol (DAG).

Systemic disease — Pathology manifesting in multiple organ systems, but with a common
origin, indicates systemic disease. A good example of systemic disease is the multi-organ
manifestation of lupus erythmatosis, an autoimmune disease. We propose that cocaine
abuse leads to systemic disease because of an effect on the vascular endothelium, which
exists in all human tissues.
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Thrombosis — Thrombosis is the process of platelet clotting. Normal thrombosis occurs
after dermal abrasion, or other rupture of blood vessels, and serves to prevent excessive
bleeding and facilitate healing. Abnormal thrombosis, however, can block blood vessels,
causing ischemia and necrosis in tissues surrounding the blockage. Spontaneous
intravascular thrombosis has been observed in some cocaine-related case histories with
pathological outcomes.

Trans-esterification — An enzyme-mediated reaction in which a molecule containing a
hydroxyl group (such as water or an alcohol) is attached to an available carbon.
Cocaethylene production results in the liver when ethanol is trans-esterified to the 2-
carboxy group of cocaine.

Vasculitis — The inflammation of blood vessels. Autoimmune antibodies, or chemical,
biological, or endogenous agents can cause vasculitis. In this dissertation, I propose that
the interaction of cocaethylene and vascular endothelium could result in vasculitis and
tissue ischemia.

Xenobiotic — Any chemical from outside a system or body. Xenobiotic is a blanket term

that encompasses all chemicals, independent of their exposure (intended or accidental,
occupational) or benefit/harm to the host/organism.
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INTRODUCTION: FACTS & FIGURES: WHY COCAINE &
ETHANOL CO-ABUSE IS A PROBLEM

Pharmacological use of cocaine originated in ancient South America, where the
coca plant is indigenous. The original method of self-administration was the chewing of
coca leaves, which stimulated workers and gave them greater longevity in their work
efforts [1]. During the Spanish conquest of Central and South America in the 16™
century, cocaine was introduced to Europe and was used by the Spanish government to

increase the country’s revenues through trade [1].

Shortly after the Dutch began European coca cultivation in 1817, evaluation of
the medicinal uses of cocaine was initiated. The anesthetic properties of cocaine led to
medical use of cocaine-containing eye drops and local-acting tonics that eased the pain of
surgery and infection, and Freud recommended the use of cocaine in the treatment of
morphine addiction [1]. In the 1800s, European cocaine production began at the Merck
Company in Darmstadt, Germany [1]. This production was central to the emergence of
elixirs, tonics, and medicines containing cocaine that were available to consumers.
However, in 1914, cocaine was declared an illicit drug in the United States by the
Harrison Act and removal of cocaine from these “medicines” began [1]. Despite the law-
making efforts of the United States government since that time, cocaine has been

continuously used illegally in the United States.

Beginning in the early 1900s, the “side effects” of cocaine became of particular
interest to medical professionals. Despite reports of cocaine-associated disease and the
status of cocaine as an illicit drug, cocaine abuse became part of the popular culture in the
1960s, and has reached epidemic proportions in the United States. Cocaine is a stimulant
of choice in all economic and racial strata [1], and as a result, its effects on the human
body, as well as numerous animal and cell models, have been carefully documented in
case histories and research studies. Due to its lethality, cocaine is the subject of ongoing

and extensive clinical and mechanistic research.



The 2002 National Survey on Drug Use and Health (NSDUH) reported that there
were 19.5 million illicit drug users (8.3% of the general population) in the United States
that year. Cocaine users accounted for approximately 10% (2 million users) of this
population [2]. From the years 1965 to 1967, cocaine use in youths (aged 12 to 17) was
extremely low at 0.1% of the population in that age group. In the 1970s, this figure began
to rise, and rose to 2.2% by the mid 1980s. After a decline in the early 1990s, this figure
began to increase again, peaking at 2.7% in 2002 [2].

Young adults (aged 18 to 25) have historically had the highest rates of cocaine
use. In the 1960s, the percentage of young adults that had used cocaine was 1%.
However, this figure has increased markedly over the past 30 years, resulting in a cocaine
use rate of 15.4% for the 18- to 25-year age group in 2002. This age group shows the
greatest “initiation rate” (first-time users), with 70% of new cocaine users being aged 18
or older [2].

According to NSDUH, cocaine is the second-most-abused illicit drug, with 25.2%
of cocaine users reporting dependence or abuse. This follows heroin (dependence rate
53%, 2002), and ranks above marijuana (dependence rate 16.7%, 2002) [2]. In the year
2002, nearly 200,000 (199,198) cocaine-associated hospitalizations were reported by the
21 metropolitan hospitals participating in the Drug Abuse Warning Network, DAWN [3].
This figure is up 39% from the 1994 numbers of emergency room “mentions” of cocaine
use upon admission, and comprises approximately 30% of the total number of emergency

department “mentions” of all major substances of abuse (including alcohol) [3].

When projected to account for the entire population of the United States
(currently approximately 250 million people [4]), the figures become alarming, with an
estimated 1:12 Americans abusing cocaine, and 1% or more of emergency room
admissions linked to cocaine abuse [3]. Thus, cocaine abuse is a major problem that costs
society, the medical community, and law enforcement agencies millions of dollars every
year. Seventy-five tons of cocaine were seized by the Drug Enforcement Agency in 2002

[5], of which 8.6% (over 6 tons) was seized in the State of Texas [6].
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It has been reported that prenatal cocaine exposure, occurring from maternal
cocaine use and subsequent trans-placental transfer, costs the United States at least $325
million per year in expenses related to special education required for these children, who
commonly have speech and IQ deficits [7, 8]. Though cocaine abuse itself is life
threatening and the subject of much controversy regarding strategies to regulate its use
and treat addiction, the problem is further complicated by the high frequency of co-abuse
with alcohol. Over 80% of cocaine abusers in drug rehabilitation programs admit to co-
abuse of cocaine and ethanol [9]. This co-abuse presents an interesting clinical problem
because the population of cocaine and ethanol co-abusers has been associated with an 18-
23% increased risk for sudden death when compared to emergency room admissions with
only cocaine abuse listed [10, 11]. In studies of university hospital emergency room
admissions related to cocaine, over 80% of blood samples revealed that cocaine and
ethanol had been used in combination prior to admission [9, 12, 13]. Also, DAWN has
reported that cocaine and ethanol co-abuse is the most common drug combination

resulting in emergency room admissions [3].

Ethanol is commonly abused concomitantly with cocaine because it reportedly
enhances the euphoria and other positive aspects of cocaine abuse, while decreasing
paranoia and withdrawal symptoms [9, 14]. Patients report that ethanol consumption with
cocaine abuse prolongs the time of intoxication [9, 15]. Additionally, cocaine lessens
ethanol’s effects on locomotor coordination and the feeling of drunkenness [15, 16].
These effects appear to be factors that reinforce co-abusive behavior in the majority of

patients.

Elucidation of the causes of cocaine and other drug addiction has been held to be
the key to amelioration of the problem. As a result, a significant amount of research
funding is designated for the study of cocaine abuse, focused on addressing the
determination of psychological and organic causes of addiction behavior, as well as the
mechanistic study of acute, lethal effects of drugs-of-abuse. Since ameliorating the

pathology associated with cocaine abuse would reduce resource demands in the hospital



setting, and improve the outcomes of addiction treatment programs, as well as emergency

room admissions linked to drug abuse, this area of cocaine research is ever expanding.

Research focusing on the cocaine-ethanol conjugate cocaethylene (CE), as well as
the mechanistic research of cocaine-associated systemic pathology, is lacking, and thus
demonstrates an important gap in the cocaine-associated knowledge base. Due to the
extent of cocaine and ethanol co-abuse, and the projected costs of care for systemic
disease in the cocaine abusing population, these two areas of research were combined in

the studies reported in this dissertation.



CHAPTER 1: BACKGROUND & SIGNIFICANCE

1.1 COCAETHYLENE (CE): A METABOLIC CONSEQUENCE OF COCAINE
& ETHANOL CO-EXPOSURE

Recently, researchers have speculated that the problem with cocaine and ethanol
regarding pathologic outcomes may involve more than the presence of the two drugs [14,
17-19]. When a human consumes ethanol and cocaine concomitantly, a metabolite called
cocaethylene (CE) is formed [20-24]. The reaction is one of trans-esterification, catalyzed
by human liver carboxylesterase-1 (hCE-1). The hCE-1 enzyme typically catalyzes the
breakdown of cocaine into benzoylecgonine, a pharmacologically inactive metabolite that
is quickly eliminated in the urine due to its increased hydrophilicity relative to cocaine

[25, 26]. However, when ethanol is present, hCE-1 also facilitates the trans-esterification
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[lustration 1: The formation of cocaethylene (CE)

CE is formed in the liver when cocaine and ethanol are abused concomitantly. The
reaction is a trans-esterification catalyzed by the human carboxylesterase-1 (hCE-1)
enzyme, which is also the enzyme that metabolizes cocaine to the physiologically
inactive elimination product benzoylecgonine.




of ethanol with cocaine. This occurs because ethanol is the preferred substrate in the
hydrolysis pocket of the hCE-1 enzyme, which is the location on the enzyme where
substrate localization occurs and the trans-esterification reaction is catalyzed. Thus, the
water (H,O) that is needed for cocaine de-activation to benzoylecgonine is not available,

and CE is produced instead. Illustration 1 shows the formation of CE by hCE-1.

The route of cocaine administration does not appear to affect the production of
CE in vivo, since clinical studies employing nasal insufflation and intravenous (IV)
injection of cocaine caused similar serum CE levels [15, 16, 23, 27]. However, the time
of peak cocaine and CE concentration in the serum occurs sooner (within minutes) with
IV administration of cocaine, yielding serum cocaine peaks within minutes, and CE peaks

within an hour of injection [15, 16, 23, 27].

The serum concentration of CE seen in most clinical studies is low, typically in
the low nanomolar (<100 nM) range [15, 16, 23, 27]. However, CE concentrations
observed in emergency departments are usually higher. For example, in 1991, Hearn et al
detected a serum CE range of 0.03 — 0.31 mg/dL (0.9 uM to 9.8 uM, molecular weight of
CE is 317) in one study of post-mortem blood [10]. In another study, serum CE
concentrations up to 2.3 mg/L (7.2 uM) were reported from patients presenting to the
emergency department in Dade County, Florida [10, 20]. Reports of serum CE
concentrations in the 100+ uM range exist for severe overdose cases resulting in death or
extreme toxicity [9]. In many cases, serum CE concentrations have been reported to be

greater than serum cocaine concentrations [10, 20, 21].

Pharmacologically, CE behaves much like cocaine, binding the dopamine
transporter with equal affinity, but with diminished affinity for serotonin and
norepinephrine receptors [20-22, 24, 28]. Such activity prolongs the persistence of these
neurotransmitters in the synaptic cleft and explains many of the behavioral effects of
cocaine and CE (e.g. euphoria, reinforcement, and addiction). Also, CE binds cardiac
sodium channels with greater affinity than cocaine [29], suggesting that CE may have

greater influence than cocaine on the cardiac outcomes associated with abuse. This
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reasoning is supported by animal studies focusing on the cardiac effects of CE [30-42]. In
humans, peak serum CE levels correlate better with medical emergencies and death than
peak serum cocaine levels [12, 13, 43-47]. Finally, CE has a lower half-maximal lethal
dose (LDsp) than cocaine in mice (cocaine: female, 92.4 mg/kg, male, 93.0 mg/kg; CE:
female, 60.7 mg/kg, male 63.8 mg/kg) [20, 48], thereby accounting for its greater
lethality in this and other animal models [20, 22, 23, 48-52].

However, one characteristic that distinguishes CE and cocaine and may influence
chronic disease development is serum half-life. The half-life of cocaine is about 40
minutes, whereas CE has been shown to have a half-life 3- to 5-times longer [27, 43, 53],
or approximately 2 to 4 hours. This increase in serum half-life is accompanied by a
higher bioavailability of CE (due to its increased lipophilicity relative to cocaine) and
resulting slower clearance rate of both drugs. Since both cocaine and CE are inactivated
by the same enzymes, namely hCE-1 and serum esterases, and cocaine is the preferred
substrate for the hCE-1 enzyme, CE removal is further slowed, resulting in prolonged
persistence of CE in the bloodstream and tissues [25, 26, 54, 55]. When accounting for
clearance of a drug, which is typically 4 to 5 half-lives [56], CE could persist in human
blood for as long as 8 to 24 hours, whereas cocaine would be cleared within 2 or 3 hours.
These facts suggest that CE is not only capable of exerting greater effects on tissue
targets than cocaine, but also affecting those targets for a longer period of time. Hence,
given chronic co-abuse and “bingeing” behavior common to cocaine abusers, the
potential for systemic effects of CE may be more important in extra-neuronal mechanistic

research than cocaine itself.

1.2 SYSTEMIC DISEASE IN COCAINE ABUSERS

The primary health risks commonly associated with cocaine abuse include
myocardial infarction and stroke [57-75]. Aortic dissection and rupture have also been
reported [76]. From a health perspective, these outcomes are the ones most frequently
associated with cocaine abuse because they present the most immediately occurring and
lethal outcomes. As a result, greater emphasis has been placed on mechanistic research
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surrounding cocaine abuse and cerebral and myocardial ischemia, as well as behavioral
studies that probe addiction and treatment options. However, these are not the only

clinically relevant outcomes regarding chronic cocaine abuse.

Patients who do not succumb to the acute effects of cocaine are still at risk for
chronic disease. Although less is known about chronic disease associated with cocaine
abuse than stroke and myocardial infarction, several case histories and clinical studies in
cocaine literature show an association between long-term cocaine abuse and spontaneous
intravascular thrombosis [77-83], rhabdomyolysis [84, 85], kidney failure [85-87],
thrombocytopenia [80, 88-90], non-healing skin ulcers and rashes [80, 90-97], destruction
of nasal and oral mucosae [64, 87, 91, 92, 96-105], intestinal ischemia and panarteritis
[95, 100], vasculitic lesions of the skin [85, 93, 94, 106], pathologies in peripheral
appendages resulting in gangrene and amputation [107], and increased serum
“autoimmune” antibodies [86, 88, 92, 108-111]. The items on this impressive list of

pathologies are linked by one major tissue: the vasculature.

Before discussing the microvasculature, three relevant examples of cocaine-
associated systemic disease will be used to demonstrate the systemic nature of cocaine-
and CE-associated pathology. These cases provide a “clinical picture” of the often-
prolonged care required by cocaine abusers presenting to the hospital or emergency
room. Such cases lead to clinical awareness of potential pathogenic mechanisms
associated with cocaine abuse. As such, the dissemination of this new information is
necessary to the development of new ideas regarding mechanistic research surrounding

cocaine abuse, with focus on potential tissue and molecular targets of cocaine and CE.

1.2.1 The Mockel case report

In the case report by Mockel and colleagues in 1999 [95], a 22-year-old male who
was a poly-drug user (marijuana daily, cocaine recently, ecstasy often, and LSD
sometimes) presented to the emergency room with arthralgia (joint pain), erythema
(redness) of the digits, and a purpuric (spotty, red, painful) rash on the back of the feet.

He had a persistent cough for the previous two weeks that had cleared before admission,
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and diminished sensation of touch (hypoesthesia). Upon admission, body temperature
was elevated (38.1°C, normal is 37°C), as well as white cell counts (13,700/uL, normal

range is 4,500-11,000/pL) and C-reactive protein (16 mg/L, normal range is 0.08 to 3.1
mg/L). After admission, body temperature, white blood cell counts, and C-reactive
protein became further elevated (38.4°C, 18,300/uL, and 53 mg/dL, respectively) [95].
While these results indicate general inflammation, they provide little basis for

establishing a differential diagnosis. Thus, further testing and observation were required.

The patient was admitted and various examinations performed. Chest X-ray and
cardiopulmonary examinations were normal, but white blood cell counts and C-reactive
protein further increased (21,500/uL and 248 mg/L, respectively) despite normal body
temperature. Anti-nuclear antibodies, a general index of rheumatologic disturbance,

tested positive. Drug tests were positive for marijuana and cocaine [95].

The health status of the patient began to deteriorate. He developed a progressive
paralysis of his limbs, and steroids were administered to suppress suspected vasculitis.
Biopsy from the nasal mucosa was unremarkable, but after the skin on the arms began to
bleed, biopsy revealed “non-specific vasculitis with negative immune-histopathological
study” [95]. After transfer to an intensive care unit, antibiotics were administered despite
repeated negative results from microbiological investigations. In the fourth week, gastric
perforation occurred and a gastric ulcer was excised. Peritonitis was noted. Biopsy of the

excised ulcer showed vasculitis with immune-complex deposition [95].

One week after the surgery, infection was noted around the abdominal scar. A
second surgery was required, which resulted in the re-stitching of the stomach, as well as
an intestinal re-sectioning. Biopsy of these excised tissues demonstrated panarteritis
(widespread inflammation of the arteries) and thrombosis, particularly in small vessels,

confirming the diagnosis of vasculitis [95].

In the following weeks to months, several additional surgeries were required,
including a second gastric re-sectioning in an area demonstrating the same vasculitic

changes. Various bacteria were present in biopsies, but systemic bacterial infection was



not detected. Seizures occurred in the third and fourth months of the hospital stay. In the
fourth month, tachycardia was consistently demonstrated, and several surgical
debridements were necessary to remove necrotic skin changes on the legs. After nearly
six months, the patient was transferred to a rehabilitation clinic, and follow-up one year

later showed complete recovery, as well as sustained abstinence from drugs [95].

The authors discussed several potential etiologies for the patient’s presentation
and chronic disease. They cited methamphetamine and cocaine as etiological agents in
development of vasculitis, and determined that since cocaine was the agent detected upon
admission, that it was the trigger of the disease in this particular patient. Mockel and
colleagues also noted that resolution of symptoms and disease usually occur once the

drug is discontinued [95].

The fact that this patient’s treatment was identical to that used for autoimmune
panarteritis [112] is compelling, since it suggests that vasculitis caused by autoimmunity
and CE may have similar clinical courses and treatments. Overall, this case provided an
interesting example of chronic systemic disease associated with cocaine abuse. Previous
poly-drug use could have caused damage that progressively worsened to the point where
cocaine provided the final tissue insult or damage that resulted in disease. This is
particularly true because there is no account to-date in the literature that cites marijuana

as an etiological agent in the pathogenesis of vasculitis.

1.2.2 The Enriquez case report

In a case presented by Enriquez and co-workers in 1991, a 34-year-old male
presented to the emergency room eight hours after insufflation of cocaine [85]. He denied
use of ethanol or other drugs. Examination showed muscle swelling and “herpetic
lesions” on the lip and arm. The following table (Table 1, below) shows the results of

clinical and laboratory tests conducted upon presentation:
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Table 1: Admission clinical/laboratory tests conducted in the Enriquez case report

Test SS:?an’ Patient Result Rangallimfe?rlage* T o, ord
Temperature N/A 36.5°C 37.0°C ©
Heart rate N/A 102/minute 50-90/minute 0
Blood pressure N/A 100/60 mm Hg | 120/80 mm Hg o
figljggﬂ)o"d urea | g 10.5mg/dL | 7-23 mg/dL o
Creatinine S 230 uM 62-115 uM )
Creatine kinase S 8,930 U/L 15-105 U/L T
Potassium S 4.9 mM 3.5-5.1 mM ©
Sodium S 140 mM 136-145 ©
Chloride S 101 mM 98-107 ©
pH S 6.92 7.35-7.45 2
pO, S 75 mm Hg 83-108 2
pCO, S 28 mm Hg 35-48 mm Hg d
Bicarbonate S 5.5mM 21-28 mM 2
Hematocrit S 35.2% 39%-49% O
Leukocytes S 16,000/pL 4,500-11,000/uL | T
Platelets S 75,000/uL 411(5)8:888;},& ©
Fibrinogen S 2.4 g/L 2-4 g/L ©
Prothrombin (PTT) | S 18 seconds 11-15 seconds )
Calcium S 1.27 mM 4.64-528mM |1
Phosphorus S 1.58 mM 2.7-4.5 mM 2
Uric acid S 1,410 uM 260-450 uM T
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Serum, . Clinical
Test Urine Patient Result Range/Average* T o,ord
Total bilirubin S 47.6 pM 5-21 uM T
far}me S 330 UL 10-40 U/L 0
minotransferase
isl’?‘“ate S 1,560 U/L 13-38 U/L 0
minotransferase
Alkaline 38-94 U/L @
Phosphatase S 122 UL 30°C T
Lactate S 5,630 U/L 100-190 U/L 0
dehydrogenase
Aldolase S 46 U/L -75UL @ 0
30°C
Sodium U 33 mM 40-220 mM J
Potassium U 57 mM 25-125 mM o
Blood U F++ - )
Numerous
Cellularity U granular casts, | - T
no red cells
Electrocardiogram | N/A Tachycardia N/A T
Abdominal Normal
ultrasound N/A kidneys N/A <

First column lists the test or analysis performed. The second column designates either
serum (S) or urine (U) sample (N/A if neither). The third column lists the test result for
the patient in the Enriquez case study [85]. The fourth column lists the clinical reference
ranges for similar samples and adult males [113]. The fifth column denotes changes in
the patient’s sample relative to the clinical index (increase, no change, or decrease).

Inexplicably, drug and alcohol screens were not reported for this patient upon

admission. As shown in Table 1, kidney and liver markers (enzymes, uric acid,
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creatinine) were elevated, signifying dysfunction in those organ systems. The increased

creatine kinase demonstrated general muscular wasting or damage. The decreased levels
of pH and arterial blood gases and bicarbonate demonstrated acidosis. These test results,
paired with the swollen muscles and the later anuria (lack of urination) and initial stages
of renal failure led to a differential diagnosis of “acute tubular necrosis due to

rhabdomyolysis”, which was treated with dialysis therapy [85].

On the fourth day, the patient developed a purpuric rash on his lower limbs.
Biopsy of muscle and skin confirmed the diagnosis of rhabdomyolysis, and vasculitic
changes of the skin with immune and complement deposition. Tests for autoimmune
markers such as anti-nuclear antibody were negative. Urine screens were positive only
for cocaine. After 29 days, the patient was released with “normal blood biochemistry™.

However, further comment on the patient’s status was not provided [85].

The authors discussed the role of cocaine as an etiological factor in the
development of thabdomyolysis. Though they had no previous knowledge of cocaine
causing peripheral vasculitis, they stated that the circumstances surrounding the
development of the rhabdomyolysis in this patient could have been lethal, and that
cocaine could have worsened pre-existing disease that led to the emergency room

presentation [85].

1.2.3 The Tapia & Schumacher case report & discussion

In 1993, Tapia and Schumacher presented a case report concerning a hypertensive
32-year-old male presenting with stroke after cocaine and ethanol ingestion [114]. This
patient experienced a sudden and severe headache in the right frontal area of his head,
followed by weakness on his left side. After collapsing, he was brought to the emergency
room at Massachusetts General Hospital. Upon admission, the patient’s noted blood
pressure was 235/130 mm Hg (highly elevated, normal 120/80), and his pulse was 92
(moderately elevated, normal 50-90 beats/minute). He was lucent, but had paralysis and
anesthesia of the left side of his face, as well as his left arm and leg. The patient was

otherwise healthy, with no remarkable cardiovascular disruptions or skin changes [114].
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Urinalysis was positive for opiates and cocaine. Further tests conducted the second day
revealed decreased ventricular ejection fraction and a slight protrusion of the left

ventricle (on chest X-ray) [114].

By the third day, the patient was “less alert”, with fluctuating blood pressure.
Angiography demonstrated no evidence of aneurysm or vasculitis. CT scans revealed
enlargement of the hemorrhage. Doppler imaging and radiography showed no change in
the patient’s general status. However, the patient was steadily harder to rouse and
experienced fluctuations in blood pressure. A second CT scan showed no change in the
size of the hemorrhage, but instead an increase in the cerebral edema resulting from the
stroke [114].

After progressive disintegration during his hospital stay, the patient was intubated,
oxygen was administered, and a biopsy was obtained during evacuation of the cerebral
hemorrhage. Though the diagnosis of stroke precipitated by cocaine abuse had been made
(using the images captured), vasculitis was observed in biopsy specimens obtained. No
aneurysm was observed. The authors stated that, “in all the cases with biopsy-proven
vasculitis, angiographic examination has been negative”[114], thus demonstrating a need
for further consideration of vasculitis as an underlying factor in pathological

presentations associated with cocaine abuse, especially known outcomes such as stroke.

Case reports like the three above are relatively recent, and point to gaps in the
current knowledge of the pathogenesis of cocaine-associated systemic disease. First, in
all cases, the findings led the authors to conclude that vasculitis is a possible consequence
of cocaine abuse, which could develop into systemic disease and tissue failure. This is an
area of cocaine-associated disease in which mechanistic research has been lacking. Only
cases such as the ones described can provide the research community with targets for its
research, and expansion or re-evaluation of existing mechanistic theories. Cases such as
those presented above (especially those by Enriquez and Mockel) [85, 95] demonstrate

that cocaine- (and CE-) induced vasculitis deserve further investigation, with particular
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emphasis on mechanism and development of treatments for patients presenting with such

complications.

Second, these cases emphasize the point that more must be done to understand the
full extent of cocaine’s (and CE’s) ability to affect the body. One clear conclusion that
can be made from these three cases is cocaine’s or CE’s effects on organ systems have
not been fully realized, and thus treatment options for patients presenting with cocaine-
associated systemic disease are limited. Expansion of the existing mechanism of
cocaine’s activity, or the development of mechanistic theories based on the differential

effects on various organs, is required for advances in prevention and treatment to occur.

Third, though the science of addiction is undoubtedly of interest to researchers
because prevention of addiction would prevent lethal or pathological outcome,
knowledge of the extra-neuronal targets of cocaine and CE should be regarded as equally
important until the causes of addiction can be successfully treated. Until addiction can be
stopped, patients will continue to die unless: 1) more is understood about the causes of
their pathologies; and 2) a treatment plan has been developed for those who present with
pathology. Since neither is possible without basic scientific research, clinical problems

(such as these three cases) provide a starting point for mechanistic research.

1.3 THE ROLE OF MICROVASCULAR INJURY IN SYSTEMIC DISEASE

The human vasculature is complex, present in every tissue and organ in the body,
and dominated in volume by the “microvasculature”, which includes tissue venules,
arterioles, and capillaries. These small vessels are responsible for the majority of blood-
tissue transfer of vital nutrients, gases, and waste products, as well as the regulation of
tissue inflammatory and allergic responses. The major component of the
microvasculature that functions as the modulator of gas and nutrient exchange, as well as
hemostasis and injury, is the endothelium, which lines the lumen of all blood vessels and

composes the majority of the capillary wall.
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The endothelium functions as a gateway to surrounding tissues. For example, the
endothelium regulates the passage of blood-borne nutrients and gases to the tissues, and
restricts the movement of xenobiotics and infectious agents out of the bloodstream. The
endothelium also regulates the passage of immune cells to the tissues, limiting the ability
of the immune cells to access tissue parenchyma. This function of the endothelium results
in a regulation of inflammation when tissue parenchyma is injured, thus contributing to
the maintenance of tissue homeostasis. Thus, the endothelium is responsible for the bulk

of vascular and tissue equilibrium, as well as the mediation of immune function.

The endothelium is composed of individual endothelial cells, which form tight
intercellular junctions that function to “seal off” the contents of the vascular lumen from
the tissues surrounding the vessel. These junctions are the sites of endothelial regulation
of vessel permeability, since their ability to bind to each other and the extracellular
matrix around the blood vessel determine whether an endothelial layer is restrictive or
permissive to movement between the blood and tissues. Researchers have only begun to
understand the consequences of damage to endothelial cells in the context of tissue and
organ system disease because of the complexities of endothelial cellular response to the

vascular environment.

The widely accepted view is that endothelial injury and dysfunction could have
devastating consequences on the tissues surrounding affected vessels (Illustration 2).
Thus, widespread microvascular damage can result in systemic vascular disease, which
may manifest as ischemic diseases of the heart, brain, and other vital organs, as well as
the pathologies listed in Section 1.2. Microvascular damage is usually initiated in or on
the vascular endothelium, and the results of endothelial injury typically involve the tight
intercellular junctional complexes that compose the bonds between cells, and the cellular
cytoskeleton, which maintains cell and vessel shape. While junctions are intact and the
cytoskeleton is stable, permeability through the endothelial barrier is highly selective
(IMustration 2, Event 1). However, if a biological or chemical agent, or physical force
injures the endothelium (Illustration 2, Event 2), then cellular changes can loosen these

junctions (Illustration 2, Event 3) [115]. Such disruption of endothelial cells decreases the
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barrier integrity of the monolayer, allowing for free passage of molecules and cells from
the vessel lumen to the tissues, where they can accumulate (Illustration 2, Event 4). When
protein, serum fluids, and blood-borne cells accumulate in the tissues, oxygen delivery
and exchange in the affected tissue can be impeded (Illustration 2, Event 5). Depending
on the extent of accumulation and the activity of the cells, this can result in local

inflammation, tissue ischemia, and necrosis [116].

Mechanism: How Endothelial Dysfunction
Results in Tissue Damage

Tissue
@\ Effects
. /
2 3 5 i

) L Svstemic
4 EEffects

[lustration 2: Microvascular endothelial involvement in systemic disease

The numbers in the illustration represent the events described herein. Event 1: A normal
microvascular endothelial cell composes the wall of the microvessel. Tight connections
between endothelial cells maintain barrier integrity. Event 2: An agent or physical force affects
the cell. “Agents” can be biological or chemical, and mechanical forces can be shear stress
and/or altered hemodynamics. Event 3: Cellular changes occur that affect the barrier integrity
of the cells and vascular wall. Event 4: As a result of altered barrier integrity, vascular
permeability increases. Event 5: The accumulation of serum proteins, cells, and fluid in the
tissues alters gas and nutrient exchange, and can promote inflammation. These changes can
alter the function of the tissue, and depending on the function of the tissue, affect systemic
function.

Since inflammation in a tissue can alter its functionality, tissue failure is possible
in scenarios involving vascular disruption. Also, depending on the function of the tissue
or organ involved, systemic affects may result. Thus, an otherwise small vascular change

is often the source of large-scale tissue and/or organ damage or failure in vivo. This study
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addresses the effects of CE on the microvascular endothelium, with particular emphasis

on endothelial cellular function and on the barrier function of endothelial monolayers.

1.4 SIGNALING PATHWAYS RELATED TO MICROVASCULAR
DISRUPTION

Many agents can act upon the microvascular endothelium and induce changes in
permeability. Such agents can be intrinsic molecules (e.g., prostaglandins, thrombin), or
extrinsic molecules (e.g., viral proteins, microbial glycoproteins, xenobiotics) [117-126].
A common activation pathway observed in endothelial activation involves G-protein
linked receptors (GPLRs) and proteins, and subsequent activation of phospholipases
(ITlustration 3). However, phospholipase activation can be induced by a number of

receptors or agents, and because of its versatility, the phospholipase C (PLC) signaling

Agent
GPLR
JV == F === === [lustration 3:
v @ Signaling pathways
= associated with cellular
Ch::{:s::::\:se - E‘a DAG dysfunction
& \‘ y = L ~ ¢
: "1ca *PKC Redur}dant pathyvays are
2 R used in all cells injured by
P ’ agents (e.g. microbiological
v v or chemical) or mechanical
forces. In endothelial cells,
1. Cytoskeletal rearrangement injury often results in
A 4 2. Altered intercellular junctions gltered barrier integrity and
3. Gene transcriptional changes inflammation by  the
4. Protein synthesis mechanisms listed.

A

cascade is ubiquitous and involves many PLC isoforms (which will not be detailed in this
review). Once activated, PLC cleaves the membrane phospholipid, phosphatidylinositol
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(PI), into inositol trisphosphate (IP;) and diacylglycerol (DAG), which initiate major
signaling events throughout the cell (Illustration 3) [117, 120, 127]. Both IP; and DAG
have important roles in disruption of endothelial permeability, since they cause two major

cellular events to occur (Illustration 3).

First, IP; binds its receptor on the surface of the endoplasmic reticulum, which
serves as a calcium storage organelle, or “sink”. This binding causes a conformational
change in the IP; receptor (IP3R), which allows the release of free calcium into the
cytosol. Negative feedback by calcium causes the channel to close, and is concentration-
dependent [117, 128]. This auto-regulation allows for tight cellular control of cytosolic
free calcium, which is necessary due to the power and ubiquity of calcium as a cellular
second messenger [117, 129]. Due to the local anesthetic affects of cocaine, CE, and
related drugs, determining whether CE alters cellular calcium in the microvascular
endothelium would aid in mechanistic description of the effect(s) of CE on endothelial
function and permeability in vivo. In this study, cytosolic and cellular calcium were
monitored in endothelial cells exposed to CE in an effort to address this need for

mechanistic knowledge of CE.

The second event affecting endothelial permeability after PLC activation involves
DAG, which functions to activate protein kinase C (PKC). PKC is a kinase with various
activities in the cytosol. For example, PKC is capable of activating other kinases in a
magnesium-dependent manner via phosphorylation [119, 124, 126, 130] (Illustration 3).
Such kinases include myosin light chain kinase (MLCK), mitogen-activated protein
kinases (MAPKSs), and phosphatases that counteract kinases via dephosphorylation of
kinase targets [130, 131]. These events culminate in the mobilization of the myosin light
chain (MLC), the main motor protein of the cytoskeleton (Illustration 3, Event 1).
Phosphorylation of MLC is mediated by MLCK, is calcium-dependent, and results in the
binding of MLC to the actin framework [130]. Phosphorylation and dephosphorylation of
the MLC “head” by a kinases and phosphatases (also activated by PKC) cause the myosin
molecule to “walk” along actin fibers, with ATP as the fuel for the movement. The result

is de-polymerization of the actin-myosin cytoskeleton, which changes cell shape and how
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the cell links to neighboring cells via intercellular junctional proteins such as
vascular/endothelial- (VE-) cadherin and occludins. Thus, mobilization of MLC causes
cellular contraction and interrupts the ability of cells to maintain a tight barrier between
the vascular lumen and surrounding tissue, and is a likely outcome in any endothelial
toxicity resulting in altered morphology. [Note: Though DAG, PKC, and MLC activities
are not specifically examined in this study, staining of cell-to-cell junctions and
morphological assessment of endothelial monolayers after exposure to CE were
performed. The morphological analysis was designed as a prelude to future studies
involving DAG, PKC, and MLC.]

The second component of the increase in permeability involves intercellular
junctions such as adherens junctions, which physically link endothelial cell surfaces to
each other, as well as the matrix below them (Illustration 3, Event 2). The process of
increased endothelial layer permeability is relevant to the present study because CE-
induced, calcium-related alterations in the cytoskeleton would promote increases in
monolayer permeability, which would promote tissue edema and ischemia in vivo.
Consequently, several experiments focusing on endothelial morphological change, barrier

function, and calcium balance were incorporated into this study.

Maintenance of the junctions between endothelial cells is key to selective
permeability and inflammatory cell trafficking during inflammatory responses [117, 119,
130, 132-134]. Adherens junctions in endothelial cells are composed of VE-cadherin,
which is an intrinsic protein expressed on the cell surface. VE-cadherin is associated with
proteins of the catenin family, which link cadherin to the actin framework.
Phosphorylation of the catenins (by PKC) dissociates cadherin from the actin framework,
and results in disassembly of the junctional complexes, which loosens the contact
between endothelial cells [117, 130, 132-134]. Though adherens junctions are not
addressed in this study, their role in permeability is worthy of mention, particularly with
regard to potential future studies, should CE be shown to affect endothelial layer

permeability.
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1.5 OTHER EFFECTS OF ENDOTHELIAL CELL DISRUPTION

When endothelial injury occurs, more than just permeability is affected. The
process of inflammation that results in vasculitis involves many intersecting signaling
pathways, including those of the mitogen-activated protein kinases (MAPKSs, particularly
p38 MAPK) and nuclear factor-«B (NF-kB) family proteins [130, 135-137]. These
molecules relay signals to the nucleus that promote cell survival and transcription of
mRNA (Illustration 4), which is typically translated to proteins (e.g., adhesion molecules,
cytokines, transcription factors). MAPK and NF-xB (particularly p38 MAPK, and Rel-
A(p65), p50, p52, Rel-B, and c-Rel) are especially important signaling
molecules/transcription factors regarding cell responses to stress, and the promotion of
inflammation. Thus, these targets are the focus of molecular studies in various
inflammation studies [118, 136, 137], and have been included in this study for aid in

studying the mechanism underlying CE-induced changes in microvascular endothelium.

Activation of most signaling molecules is achieved via phosphorylation of serine,
threonine, or tyrosine residues on target proteins. Phosphorylation as a process acts as a
molecular “switch”, which increases or decreases the activity, stability, and/or sub-

cellular localization of the target protein.

The p38 MAPK protein is generally placed near the end of signaling sequences
within the cell, as it is the direct modulator of nuclear transcription factors that, when
activated by kinase phosphorylation, bind DNA promoters and initiate transcription of
target genes. Activated p38 MAPK signals to nuclear transcription factors such as Fos
and Jun dimers, Statl, Myc, Elk-1, MEF2, and ATF-2 (not detailed in this review), which
function to activate transcription of cytokine, adhesion molecule, and regulatory proteins
[138]. Fos and Jun are transcription factors that form homo- and heterodimers and bind a
nuclear consensus sequence called the AP-1 binding site. When the AP-1 site is occupied
by Fos and/or Jun dimers, corresponding gene transcription activity at sites containing the

AP-1 site typically increases. The molecular products of Fos/Jun activation include the

fos and jun genes, as well as genes encoding proteins of the NF-kB and IkB families, and
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other proteins related to cell survival and inflammation [118, 139]. Thus, p38 MAPK
phosphorylation was measured in this study to predict whether Fos/Jun related signaling

may be activated in CE-exposed microvascular endothelium.

NF-kB transcription factors are protein dimers of the Rel/NF-«xB protein family
[137, 140]. Dimers of NF-xB family proteins are localized to the cytosol by inhibitory
proteins belonging to the kB protein family, or derived from the NF-kB family proteins
p100 and p105. The predominant NF-kB inhibitor protein is [kBa.. During cellular
activation signaling, IxBa is phosphorylated by several kinases, including kinases from
the MAPK family. Since phosphorylation of IxkBa targets the protein for ubiquitination
and degradation, the NF-kB dimer held in the cytosol by IkBa is released, allowing for
localization of the NF-kB dimer to the nucleus and subsequent DNA binding and
transcription of target genes. These target genes include NF-xB subunits, Fos (another
important cell-survival transcription factor), and IkBa, as well as genes encoding
cytokines, adhesion molecules, and other mediators of cellular response [137, 140]. Thus,
the proteins of the MAPK and NF-kB signaling cascades up-regulate each other,
contributing to a survival-prone and pro-inflammatory cellular state when activated. For
this reason, both p38 MAPK and NF-kB were examined as potential contributors to the
mechanism underlying CE-induced microvascular endothelial changes observed in this

study.

The MAPK and NF-«B pathways, along with other signaling pathways, interact
to create a summative “yes” or “no” signal to the nucleus to begin pro-inflammatory and
survival gene expression (Illustration 4) [118, 119, 136, 137, 140], and are responsible for
the production of cellular adhesion molecules, cytokines, and transcription factors that

function together to ensure cell survival and promote inflammation and cell/tissue repair.

Other factors that regulate MAPK and NF-«B activation are the intracellular ion
(calcium and magnesium) balances of the endothelial cell (Illustration 4, calcium shown

to indicate ion changes). Generally, when intracellular calcium and/or magnesium
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increase, kinase and phosphatase activities are increased in the cell, promoting increased
activity of signaling molecules such as MAPK and NF-«B [117, 119, 129, 137, 140].
Thus, if cocaine or CE induces changes in intracellular calcium and magnesium, as has
been shown for sodium and calcium in other cellular models [117, 119, 127, 128, 130,
132, 136, 141-147], then various intracellular signaling pathways could be up- or down
regulated. These changes, in turn, could promote inflammation, and lead to the tissue

ischemia, inflammation, and infarction observed in human cocaine abusers (Section 1.2).
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1.6 RELEVANT EXPERIMENTAL EVIDENCE: TYING IT TOGETHER
Abundant case histories showing vascular disease in cocaine addicts (Section 1.2),
mechanistic speculation on the part of the authors of such literature, and the current
knowledge of the pharmacological activity of CE (Section 1.1), have suggested a link
between CE and the vascular endothelium that has been largely under-studied. Even
cocaine-associated strokes may have a stronger association with vasculitis (inflammation

of blood vessels) than previously thought, as demonstrated in the case report by Tapia
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and Schumacher (Section 1.2.3 [114]). Since biopsies are usually not obtained in the
majority of cocaine-associated stroke cases reported in the literature [101, 148-150], the
significance of vasculitis may be an under-appreciated contributor to the mechanism of

stroke pathogenesis in cocaine abusers.

Cases such as the one described by Mockel and colleagues [95] have
demonstrated a vascular source of tissue ischemia so severe as to require intestinal
resection surgeries to prevent death in the patient. Also, kidney failure, non-healing
ulcers and bruises, and thrombocytopenia are common occurrences in cocaine abusers
that are largely based on microvascular disruption (Section 1.2). In the existing human
case studies reporting vasculitis, cocaine is usually the suggested etiological agent, and
bacterial or other potential biological agents are not suspected to have a role in disease
pathogenesis. Thus, there are two summative speculations that arise from the cocaine
case literature. The first is that cocaine (and/or in this case, CE) has a direct effect on the
vasculature that causes disruption, tissue edema, and subsequent progression to vasculitis.
The second speculation is that cocaine (and/or CE) provides an insult to already damaged
tissue that exacerbates existing vasculitis and tissue damage, and leads to tissue/organ

failure.

In animal models, a link to the microvascular endothelium has been established
for cocaine. Scott and associates [151] injected cocaine (subcutaneous) into rats and
found ulceration and tissue destruction that mimicked human cutaneous and mucosal
ulceration. The authors attributed this ulceration to the direct chemical effects of the
cocaine bolus on the surrounding tissues, but human cases of mucosal and nasolacrimal
necrosis in abusers [96, 98, 102] have been attributed to vasculitis (possibly resulting
from prolonged local effects of the drug on the tissues), thus requiring further

clarification.

In 1997, Barroso-Moguel et al presented the results of a study they conducted in
rats with chronic exposure to cocaine (30 mg/kg/day, up to 90 days). Alterations in brain

capillaries were described at 7, 15, 30, 60, and 90 days after treatment. After 7 days of
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cocaine treatment, capillaries were dilated and contained small thrombi. Edema was
detected. As the chronicity of cocaine exposure progressed, brain capillary lesions
became more complex, with increasing edema, immune cell infiltrates, decreased lumen
diameter, and increased capillary wall thickness. After 90 days of cocaine exposure,
blockage of capillaries due to fibrosis and thrombosis was common, as was extensive
edema. These results prompted the authors to comment that, “those destructive lesions
appeared to have a direct vascular basis” [152], and note that similar lesions were also

noted in studies they conducted in other tissues (testicle, kidney) in rats.

The intra-vital microscopy experiments of Chang and co-workers [153] also
demonstrated a microvascular link to cocaine toxicity. The authors observed increased
blood-borne leukocyte numbers in mesenteric blood vessels after rats were injected with
cocaine [153]. Also, using an intra-vital microscopic method to observe cellular behavior,
the authors reported increased leukocyte rolling along the endothelial surface, as well as
sedimentation, which occurs just before transmigration to the tissues from the vessel
lumen [153]. Finally, the authors noted an increase in expression of intercellular adhesion
molecule (ICAM) —1, an adhesion molecule linked with extravasation of inflammatory
cells, in the mesenteric venules viewed [153]. The authors stated that the observed
changes “may underlie the progressive vascular damage seen in chronic cocaine abusing
individuals” [153], lending credence to the proposed mechanism of pathology in this

dissertation.

In 1999, an in vitro experiment was conducted that addressed the vascular effects
of cocaine abuse. This study by Kolodgie and colleagues [17] investigated the effects of
cocaine on macrovascular (human umbilical vein, HUVEC) endothelium. CE was
included in some (resistance monitoring, silver staining for gaps) of the analyses
described. The authors reported that CE had equal effects on permeability and
cytoskeletal mobilization when compared to the effects of cocaine in the same model,
whereas neither of the other cocaine metabolites tested (benzoylecgonine and ecgonine
methyl ester) had any of those effects [17]. Cocaine decreased trans-endothelial

resistance, a measure of permeability, which recovered when the cocaine was removed
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from the bathing solution covering the endothelial monolayers. This effect was repeated
in cells treated with equimolar amounts of CE [17]. Also, silver staining of endothelial
monolayers after a one-hour exposure to cocaine showed an increase in the number of
intercellular gap formations [17]. Such gaps are sites of pro-inflammatory leakage in vivo
[154, 155]. Finally, actin mobilization was noted in similarly treated monolayers [17].
Such a combination of effects is important, because together these responses clearly
demonstrate disruption of barrier function in cocaine (and, peripherally, CE) —treated
endothelial cells. Interestingly, these effects were observed despite minimal reported

effect on cellular viability (data was not shown).

These compelling results required further study for several reasons. First, the CE
group was included in only one set of experiments, and its effects were mentioned only
briefly in the discussion, with no specific focus on CE itself. Second, the cell line used
(HUVEC) was derived from large vessel endothelium, which has different functions and
phenotype relative to microvascular endothelium in vivo [156]. Finally, only a single
time-point (1 hour) was used. As outlined below, the series of studies in this dissertation
was designed evaluate the impact of CE on microvascular endothelium, and to address
the mechanism underlying the permeability change that was observed by Kolodgie and

colleagues [17], with focus on temporal changes for better characterization of effect.

1.7 SUMMARY OF BACKGROUND & SIGNIFICANCE, & AIMS OF
PROJECT

Cocaine abuse is widespread, and co-abuse of cocaine and ethanol is common
among cocaine addicts. The pathological effects of such abuse are costly to national and
local health care organizations. Deaths resulting from acute exposure to cocaine are
mainly caused by stroke and myocardial infarction, but in patients that do not die
immediately, more chronic illnesses closely linked to vascular toxicity and inflammation
(vasculitis) emerge. Over the past decade, it has been recognized that CE, a metabolic
product of cocaine and ethanol, may contribute to or dominate cocaine-associated

pathology. There is a paucity of investigations concerning the mechanisms of CE-
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associated pathology, as well as information regarding the microvascular effects of CE.
Considering these important facts, this research study was comprised to address areas not

previously addressed in the current literature.

The postulate of this study was that the interaction of CE and the microvascular
endothelium contributes significantly to cocaine-associated diseases throughout the body.
Thus, the principal hypothesis was that CE directly interacts with the microvascular
endothelium in a manner that promotes alterations in cellular function and barrier
integrity. Specifically, the hypothesis of this study is that CE disrupts microvascular
endothelial permeability and function by affecting intracellular signaling and second
messenger balance and generation. The following aims were designed to test this

hypothesis.

1.7.1 Aim One — Develop a CE exposure model utilizing human microvascular
endothelial cells

Immortalized human dermal microvascular endothelial cells (HMEC-1) obtained
from the Centers for Disease Control provide a model of the dermal microvascular
lumen, with an added benefit of extended culture life. This cell line was used to develop a
model of CE exposure. Proliferating HMEC-1 were exposed to CE, and growth kinetics
and viability were assessed. Media levels of CE were quantitated to confirm persistence
throughout the experiment. Confluent HMEC-1 monolayers were exposed to 1mM CE,
and viability and cytotoxicity were assessed. Biochemical profiling of control and CE-
treated culture media was performed to characterize the global metabolic effects of CE

exposure, as an added measure of injury/cytotoxicity.

1.7.2 Aim Two — Assess the morphological/barrier effects of CE exposure
Ultrastructural changes of control and treated HMEC-1 monolayers were viewed
using transmission electron microscopy (TEM). Silver staining for gap formations
between HMEC-1 cells was performed after monolayers were treated with CE. Electronic
Cell-substrate Impedance Sensing (ECIS) was used to record alterations in barrier

integrity by monitoring monolayer resistance under control and CE-treatment conditions.
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1.7.3 Aim Three — Assess the effects of CE exposure on HMEC-1 intracellular cation
levels

Intracellular concentrations of free calcium and magnesium were monitored
kinetically in HMEC-1 monolayers treated with CE in an “immediate”/acute exposure
study. The fluorescent ion indicators Fura-2 AM and Mag-Fura-2 AM were used for free
ion detection and quantitation. Also, acute pre-treatment experiments were performed
using the same general approach to determine the effects of CE pre-exposure on baseline

cytosolic and total cellular calcium and magnesium levels in HMEC-1 monolayers.

1.7.4 Aim Four — Determine the effects of CE exposure on calcium-dependent
signaling events

Cellular production of IP; was determined in HMEC-1 monolayers treated with
CE. Also, phospho-p38 MAPK detection was performed using sandwich ELISA, to
determine whether this signaling pathway was involved in the effects of CE on HMEC-1.
Finally, Electrophoretic Mobility Shift Assay (EMSA) was used to analyze nuclear
extracts of CE-treated HMEC-1 for DNA binding activity of the transcription factor NF-

kB. Supershift analysis was used to determine which NF-xB-family proteins were present

in NF-xB dimers using specific antibodies against Rel-A(p65), p50, p52, and c-Rel.
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CHAPTER 2: MATERIALS & METHODS

2.1 CHEMICALS & MATERIALS

2.1.1 Cell culture & CE exposure

HMEC-1 cells were provided by the Centers for Disease Control (CDC, Atlanta,
GA). The National Institute on Drug Abuse (NIDA, Bethesda, MD) provided the CE
fumarate. Cell culture flasks, dishes, plates, scrapers, and serological pipettes were
purchased from Corning (Corning, NY) and Falcon/Becton Dickinson (Franklin Lakes,
NJ). FBS, L-glutamine, PBS, trypan blue, and trypsin-EDTA (ethylene diamine
tetraacetic acid) were purchased from Gibco BRL (Grand Island, NY)). Coated culture
dishes and plates, human recombinant epidermal growth factor, and human fibronectin
were from Becton-Dickinson (Franklin Lakes, NJ), and sodium bicarbonate solution was
from Cellgro (Herndon, VA). MCDB131 media mix and water-soluble hydrocortisone
were from Sigma-Aldrich (St. Louis, MO). Miscellaneous supplies for cell culture were

purchased from Fisher Scientific (Houston, TX).

2.1.2 Aim One (model development) studies

Deuterated CE (CE-d5) was obtained from Radian International (Austin, TX), and
Bond Elut Certify solid-phase extraction cartridges were purchased from Varian (Harbor
City, CA). Methanol, sodium phosphate (mono- and dibasic), toluene, and HCI were
purchased from Sigma in the highest quality available. MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyl tetrazolium bromide) and solubilizing solution were purchased from

Sigma-Aldrich.

2.1.3 Aim Two (morphology & barrier) studies

Formalin (10% v/v solution), silver nitrate, nuclear fast red, Permount® mounting
medium, and Lab-Tek Chamber Slides (Nalge Nunc) were purchased from Fisher
Scientific. Thermanox cover slips, Ito fixative, resin, and other reagents for Transmission

Electron Microscopy (TEM) were a donation of V. Popov (UTMB, Department of
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Pathology). Culture arrays with electrodes for Electronic Cell-substrate Impedance
Sensing (ECIS) were purchased from Applied BioPhysics (Troy, NY). J. Olano and P.
Koo (UTMB, Department of Pathology) provided the ECIS equipment (Model ECIS
1600R, Applied Biophysics).

2.1.4 Aim Three (cation) studies

Sodium chloride, potassium chloride, calcium chloride, magnesium chloride,
HEPES (hydroxyethylpiperazine ethanesulfonate), and dextrose for Tyrode buffer were
purchased from Fluka (supplied by Sigma-Aldrich). Fura-2 AM and Mag-Fura-2 AM
were purchased from Molecular Probes (Eugene, OR). Digitonin and EGTA (ethylene
glycol-bis(beta-aminoethyl-ether)-N,N,N',N'-tetraacetate) were purchased from Aldrich
and Fluka (both brands supplied by Sigma-Aldrich), respectively. Custom-cut 12 mm by
13 mm glass cover slips were purchased from Erie Scientific (Portsmouth, NH). All salts

and reagents were of molecular-grade.

2.1.5 Aim Four (signaling) studies

Diethyl ether and trichloroacetic acid (TCA) were purchased from Fisher
Scientific. Biotrak™ Assay kits for IP; analysis were purchased from Amersham
Biosciences (Piscataway, NJ). Benzamidine, sodium fluoride, sodium azide, (3-
mercaptoethanol, urea, protease and phosphatase inhibitor cocktails,
phenylmethylsulfonyl fluoride (PMSF), H,SO,4, and TMB (tetramethylbenzidine) for the
kinase assays and nuclear extractions were purchased from Sigma-Aldrich (St. Louis,
MO). The phospho-p38 MAPK assay kit was purchased from R&D Systems
(Minneapolis, MN). N. Herzog (UTMB, Department of Pathology) provided the core
buffers, dithiothreitol (DTT), labeled Igk oligonucleotide (synthesized by Bio-Synthesis,
Inc., Lewisville, TX), and materials for polyacrylamide gels and imaging used in EMSA.
The Micro BCA™ Protein Assay Reagent Kit for protein quantitation was purchased
from Pierce (Rockford, IL). Phosphatase inhibitors were purchased from Calbiochem
(San Diego, CA). PMSF and protease inhibitor cocktail for mammalian cells was

purchased from Sigma-Aldrich.
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2.2 METHODS — AIM ONE: DEVELOP A CE EXPOSURE MODEL
UTILIZING HUMAN MICROVASCULAR ENDOTHELIAL CELLS
2.2.1 Cell maintenance/culture

HMEC-1 were sub-cultured in MCDB131 media, supplemented with L-glutamine
(10 mM), sodium bicarbonate (1.18 g/L), hydrocortisone (1 mg/L), epidermal growth
factor (10 pg/L), and FBS (10% v/v) according to direction given by the CDC and Ades
and colleagues [156, 157]. Sub-culture was performed in a 1:4 split every 3 to 5 days, and

required rinsing with calcium- and magnesium-free PBS, and trypsinization.

2.2.2 CE stock preparation

CE fumarate (C1sH3NO4 1.5 CsH404, MW of CE 317.38, MW of CE fumarate
491.49) dissolves in cell culture media and buffers. Thus, CE fumarate stock of 10 mM
was prepared in MCDB 131 media in amber glass bottles to prevent photo-degradation of
the CE. The stock solution was stored for up to one week at 4°C in a tightly sealed amber

glass bottle to prevent autolysis and photo-degradation.

2.2.3 Growth curvel/viability of proliferating cells

The growth kinetics and viability of proliferating HMEC-1 were assessed for two
reasons. First, growth curves should be performed on all cell lines to determine growth
kinetics of the cells for future reference and sub-culturing. Second, since proliferating
cells are sensitive to toxic insult, this assessment is a way of determining dose-response,
and in confirming that the 1 mM concentration of CE previously used by Kolodgie and

co-workers [17] is not lethal to the HMEC-1 cells.

A 1 mM concentration of CE presents a physiologically high in vivo exposure to
the endothelium, but poses an important challenge to the HMEC-1 cells. Thus, if 1 mM
CE concentrations are not lethal to confluent HMEC-1 cells in vitro, then the 1 mM
concentration can be use in this study for characterization of endothelial effects, and
future studies utilizing lower concentrations can be employed for dose-response

evaluations. Additional, intermediate concentrations (0.1 and 0.5 mM) of CE were
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included in the growth curve in this study. Should 1 mM CE prove lethal to the HMEC-1
cells, a lower concentration could be used in the remaining experiments. Also, important
information about the heterogeneity of endothelial sensitivity to CE concentration could

be obtained.

HMEC-1 cells were seeded onto fibronectin-coated 6-well plates at a density of 1
x 10° cells per well. CE stock was added to each well to a final concentration of 0, 0.1,
0.5, or 1 mM CE (0 mM CE, media only), and the volume brought to 5 mL with complete
media. Cultures were incubated at 37°C and 5% CO,, 95% ambient air. On day “zero”, a
5 mL aliquot of cells was prepared for each treatment group for a baseline cell count.
One-milliliter aliquots from each group were kept for CE extraction and quantitation
(below). Samples (10 uL) taken from remaining suspension were diluted 1:1 with trypan
blue solution, mixed well, and counted with a hemacytometer. On days 1 through 7,
media was sampled for CE extraction and quantitation (below), and the remaining media
was aspirated. After rinsing with PBS, the HMEC-1 were trypsinized (0.5 mL) for
approximately 2-3 minutes at 37°C and suspended in a final volume of 1 mL with PBS
(0.5 mL). A 10-uL aliquot was then taken and treated as before for cell counting.
Triplicate wells were sampled at each time point, and duplicate cell counts from each
sample were performed (below), resulting in 6 data points per time point per experiment.
This experiment was performed 3 times, resulting in 18 data points per group per time

point.

Data for each cell count was taken as follows. First, the total number of cells in
each of the four corner grids of the hemacytometer were counted and noted. The average
number of cells per milliliter of suspension was then calculated by averaging the number
of cells per grid and multiplying by 10*. The number of live cells (cells that did not take
up the blue dye) were counted in the same grids and noted. Calculation of the average
number of live cells per milliliter was the same as for the total. Dividing the number of
live cells per milliliter by the total number of cells per milliliter, and multiplying by 100

determined percent viability.
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2.2.4 Determination of growth kinetics

To determine the generation time of HMEC-1 cultures under control and

treatment conditions, determination of the number of generations (n) during the trials was

required, as well as the time in exponential growth (t), and finally the generation

(doubling, g) time of HMEC-1 cells. Illustration 5 represents a typical growth curve, and

the values used to determine growth kinetics. The control group was used as a reference

for maximal cell counts per well, as well as the normal growth kinetics of HMEC-1 cells.

The time the control HMEC-1 started to double (t,) was subtracted from the time the

culture reached the confluent, or plateau phase, of growth (t¢), which was represented by

t.

[lustration 5: Ideal growth curve
& values used for determination of
growth kinetics

“Initial” represents the initial number of
cells seeded into the chambers, which
lagged for 24 to 48 hours until growth
began. The value representing this
seeding density was N,. At time t,, this
seeding density began to enter
exponential growth. When cell density
reached a plateau, the final number of
cells were recorded (Ny) at the time the
cells reach maximal density (tf). From
these values, the exponential growth
equation was calculated, and points along
the growth curve with coordinates (N, t)
were determined (equations outlined in
Section 2.2.4).

Cell Number

Initial ~ Exponential growth Plateau

Ng, t;

Y\Resulting growth
curve equation

*_Cell count,
time/day n

A

|
NOltD

Time

To determine the number of cell doublings (represented by n) during time t (t = t¢

—t,), the classic microbiology doubling equation n = 3.3(log N¢— log N,) was used. N¢

was the final number of cells (at plateau), and N, was the number of cells in culture when
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doubling began. Using t and n, doubling time (g, representing generation time) of the

control HMEC-1 was determined by using the equation g = t/n.

For treatment groups, t varied. To extrapolate the time at which HMEC-1 would
reach confluence, the growth data was plotted in terms of cell number versus time, and

regression equations for each data set were generated.

Resulting exponential equations were used to determine the time of confluence by
entering the maximum number of cells observed in the control group in the place of X.
The resulting y value was the time of plateau, and was used to calculate t. After t was

determined, g was calculated using the equation listed above.

2.2.5 CE persistence analysis using gas chromatography-mass spectrometry

Since the spontaneous hydrolysis or metabolism of CE in culture medium was a
possibility, extraction of the CE from the media of one of the growth experiments was
needed for analysis (Section 2.2.3). The method of CE detection that was used was a
modified version of the method reported by Burdick and colleagues [158] that was
designed for efficient detection of cocaine and its metabolites in small volumes of rat
blood.

During one of the growth curve trials, 1-mL samples of media (n=2 per time
point, per group) were collected for the determination of CE concentration. Each sample
was spiked with deuterated CE (CE-d5) in acetonitrile at a concentration of 10 ug/mL
and mixed. Bond Elut Certify™ solid-phase extraction columns were placed on a vacuum
chamber. Columns were conditioned by eluting 2 mL of high-grade methanol by gravity,
to activate the bonded silica solid phase. Then 2 mL of phosphate buffer (0.1 M dibasic
potassium phosphate, pH 6.0) was used to equilibrate the solid phase. Samples containing
CE and deuterated internal standard were applied to the columns, and washed with 6 mL
of reagent grade water to remove salts and impurities, followed by 3 mL of 0.1 N HCI
under vacuum. Columns were washed with 9 mL of methanol and CE and internal
standard trapped in the bonded phase of the column was eluted with 2 mL of methylene

chloride:isopropanol (4:1, v/v) containing 2% (v/v) ammonium hydroxide.
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Eluent containing CE and CE-d5 was dried under a slow stream of nitrogen at
40°C. After drying, samples were re-suspended in 50 pL of toluene, transferred to amber
glass GC vials containing glass inserts for small sample volumes. Vials were tightly
capped with Teflon-lined caps, sealed with a band of Parafilm, and frozen at —20°C until

all samples were collected, extracted, and frozen for at least 24 hours.

Along with the media samples, a standard curve of CE was prepared in fresh
MCDBI131 media and similarly extracted. The standard curve included 0, 31.7, 108.5,
and 317 pg/mL CE (equivalent to 0, 0.1, 0.5, and 1 mM), and was spiked with 10 pg/mL
of CE-d5. Controls run with the standard curve and samples included an unextracted CE-
d5 blank, and an unextracted, untreated media blank. Controls were included to confirm
that untreated media did not contain CE or ions with similar properties, and that the
extraction process did not significantly alter the concentration of CE-d5 (and hence the

concentration of CE) in the samples, although a small percentage of loss was expected.

A Hewlett-Packard 5890 Series II gas chromatograph in series with a 5971 Series
mass-selective detector was used to quantify the CE in the media samples. Vials were
thawed and the Parafilm removed, and loaded onto auto sampler trays. One (1) mL
volumes were injected using Hewlett-Packard 7673 Automatic Injection and glass

syringes.

Parameters for detection were: injector temperature 280°C; solvent delay 5
minutes; oven temperature 150°C with increase at a rate of 20° per minute until 300°C;
hold 10 minutes; total run time 17.5 minutes; detector interface 300°C [158]. Selective
ion monitoring (SIM) was used for ions m/z =196, 201, 317, and 322 was used.
Quantitative ions for CE and CE-d5 were 317 and 322, respectively, and the 196 and 201
ions were daughter ions used as qualifiers. Calibration of the standard curve with
Chemstation 2.0 software was used to determine the CE concentration present in the

media samples.
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Duplicate samples per time point per group were used, and the average CE
concentration was plotted versus time for statistical analysis. “Decay” rates were

determined by regression analysis.

2.2.6 Viability of confluent cells

Viability of confluent HMEC-1 was of particular interest because an endothelial
monolayer best represents the in vivo microvascular endothelium. Since treatment with 1
mM CE was reported to affect HUVEC cell monolayer permeability without causing
overt cytotoxicity [17], a 1 mM CE treatment was used in the HMEC-1 model.

HMEC-1 cells were seeded onto fibronectin-coated 6-well plates at a density of
1x10° cells per well. The volume was brought to 5 mL per well with complete media.
Cultures were incubated for three days at 37°C and 5% CO to allow the cells to form
stable monolayers. After two days of incubation, the media was replaced with MCDB
131, (supplemented as described in Section 2.2.1, except for a 5% (v/v) FBS
concentration to prevent excess cellular stimulation). At time “zero”, three wells from
each group were trypsinized (0.5 mL per well) for 2-3 minutes at 37°C and suspended in
a final volume of 1 mL with PBS (0.5 mL per well), after media aspiration and rinsing
with PBS. A 10-uL aliquot of the cell suspension was taken, diluted 1:1 with trypan blue
solution, and then counted with the aid of a hemacytometer. The remaining wells were
administered CE stock or MCDB131 (with 5% FBS, control) to final CE concentrations
of 0 and 1 mM. Every 24 hours for three days, three wells per group were selected, and
cell counts were performed as described in Section 2.2.3. Data for each cell count was

collected as described for the growth curves.

2.2.7 Biochemical analyses

As with human serum, alterations in culture media gas, electrolytes, and glucose
levels, and the appearance of products of altered respiration (lactate) in the media can
suggest stress and disease conditions resulting from toxic insult [113]. Gases (pO, and
pCOy) can be useful to toxicity assessment because of their role in aerobic metabolism

[113]. Along with shifts in gas pressures, pH levels can be indicative of altered cellular
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metabolism and gas consumption. Directly related to the pH of the media is the amount
of HCOs™ present in the media. HCOj' is used as a buffer in cell culture media to prevent
rapid pH changes that result from temperature or gas changes. Thus, HCOj; levels may
also be useful indicators of cytotoxicity caused by acidotic or hypermetabolic changes in
the culture [113]. A benefit of such an analysis is that more subtle changes in cellular
stasis could be detected, because biochemical monitoring allows for degrees or “shades”
of toxicity, whereas viability and cytotoxicity assays often result in absolute, “black and

white” or “yes/no” answers.

Electrolyte concentrations are monitored in humans because of their importance
in cellular function in general. The proper operation of ion channels is pivotal to cell
culture maintenance and survival. Thus, maintaining the balance of electrolytes such as
ionic calcium (Ca”"), or total (ionic + complexed) Mg, K, Na, and Cl is central to culture
health, and an observed alteration in that balance could provide evidence of altered

cellular function that results from injury [56, 113, 116, 159].

Glucose is central to cellular health because it is the main energy source to most
cells in the body [56, 113, 116, 159]. Thus, confluent cell culture can be expected to
consume glucose at a fairly constant rate. Increases or decreases in the rate of glucose
consumption, and resulting alterations in media glucose levels, can indicate an alteration
in the culture’s ability to perform aerobic respiration. This is an important indicator of
toxicity [56, 113]. In addition, when cultured cells are injured, affecting aerobic
respiration, the cells often switch to anaerobic respiration (glycolysis), which is an
inefficient pathway for glucose utilization in cells. The main product of this alternate
pathway is lactate, which promotes acidosis. Lactate is produced normally in cell cultures
in low levels, but an increase resulting from injury is usually indicative of cytotoxicity

[113, 159].

Few recent studies have utilized basic clinical measurements to evaluate the
effect(s) of potentially toxic chemicals on cells or tissues, despite their usefulness in the

clinical setting, and potentially in model development. This study was conducted to
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assess the basic biochemical effects of CE exposure on monolayers of HMEC-1. A
limited number of common analytes were chosen to maximize the assessment of HMEC-
1 function after exposure to 1 mM CE. Specifically, culture media pH/[H ], bicarbonate
(HCOy), oxygen (pO;), carbon dioxide (pCO;), sodium (Na), potassium (K), ionized
calcium (Ca”"), magnesium (Mg), and chloride (CI), glucose, and lactate levels were
monitored over a period of 72 hours, using several time points (below) after treatment
with 1 mM CE.

Three analytical instruments were utilized. The AVL OMNI blood gas analyzer
(Roche Diagnostics, Indianapolis, IN) used with a series of gas- and ion-specific
electrodes to measure levels of pH, gases, and electrolyte concentrations. Levels of
HCOj; were determined using the Henderson-Hasselbach equation (pH = pKa + log
[HCO5])/[H,COs3], the measured pH level in the sample, and the pKa (6.1) for carbonic
acid (AVL OMNI instruction manual and [113]). The HCOs' in the equation is calculated
from q(pCO,), where a (the solubility constant for CO;) is 0.0301 (AVL OMNI
instruction manual and [113]). The VITROS 250 chemistry system and the VITROS
950A chemistry system (Ortho Clinical Diagnostics, Raritan, NJ) were used for
measuring the concentrations of the other electrolytes, glucose, and lactate. The VITROS
analyzers utilize potentiometric and reflectance spectrophotometry to measure levels of

analytes in aqueous samples.

HMEC-1 cells were seeded onto T75 flasks at a density of 1x10° cells per cm®.
After allowing 20 minutes for the attachment of healthy cells, the excess was aspirated,
30 mL of MCDB131 media was added, and flasks were incubated at 37°C and 5% CO,
for 48 hours. The media was replaced with MCDB131 media containing 5% FBS (v/v).
After additional incubation for 24 hours, triplicate baseline samples of media (1 mL per
flask) were collected, and the monolayers were treated with media, CE stock, or media
pH-adjusted to that of the CE stock, but not containing CE, to a final concentration of 0
or 1 mM CE. This time point was considered “time zero”. After gently mixing in the

added components, another 1 mL sample of media was taken from each flask, and all
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flasks were returned to the incubator. All samples were transferred in glass test tubes,
capped immediately, and taken to the University of Texas Medical Branch Clinical

Chemistry Laboratory for analysis.

Media pH, bicarbonate, pO,, pCO,, and Ca®’, K, and Na were determined in each
sample using the AVL OMNI blood gas analyzer. It was important that the gases be run
first, since de-capping a tube to run other analyses would alter gas levels and pH. Next,
300 uL aliquots of media were placed on a VITROS 250 chemistry machine for glucose,
Cl, and Mg determinations, and on a VITROS 950A (Ortho Clinical Diagnostics, Raritan,

NJ) system for the determination of lactate.

All samples for each trial were taken from the same set of triplicate T75 flasks, to
ensure continuity between samples. Thus, after one hour of treatment, the flasks were
removed from the incubator, sampled as before, and returned as quickly as possible. All

determinations were repeated after 4, 12, 24, 48, and 72 hours of CE treatment.

2.2.8 LDH release assay

Lactate dehydrogenase (LDH) is a cytosolic enzyme that is retained in healthy
cells, but escapes from damaged cells [56, 113, 159]. Thus, a common test for
cytotoxicity in In vitro toxicological testing is the LDH release assay, which is typically
reported as a per-cent of cellular LDH released into the media [160]. LDH levels in
media were monitored to determine the cytotoxicity of CE in the HMEC-1 model.
However, since all samples in a trial were taken from one set of flasks, determination of
total and final cellular LDH levels was not possible. Thus, all determinations were in
terms of media LDH activity in (units of LDH activity per liter of volume, U/L), and

compared as such against controls.

HMEC-1 cells were seeded onto T75 flasks, incubated, and treated as for the
biochemical determinations (above). Before treatment, and at times zero, 1, 4, 12, 24, 48,
and 72 hours, 1 mL samples were collected in glass tubes, capped, and taken for analysis
to the UTMB Clinical Chemistry Division. LDH was determined in each sample using a

VITROS 250 chemistry analyzer (Ortho Clinical Diagnostics, Raritan, NJ). The analysis
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utilizes and measures the catalytic activity of the enzyme by measuring NAD" generated
over 5 minutes in the presence of pyruvate and NADH. The rate of catalysis is expressed
in U/L (VITROS handbook, and [113]).

2.2.9 MTT assay

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) is reduced
to a colorimetric formazan product by mitochondrial oxidases in living cells. The
measurement of MTT reduction is commonly performed for cytotoxicity in confluent
cultures exposed to a potentially toxic compound [161, 162], as in the HMEC-1 model.
Alterations in MTT reflect average cellular oxidative capacity, since the cell number is
consistent throughout the analysis [160-164]. Since MTT reduction assay enabled
evaluation of another potential cytotoxic manifestation in the HMEC-1/CE exposure
model (altered mitochondrial oxidative capacity), it was employed as a second measure

of cytotoxicity in the HMEC-1/CE exposure model.

Illustration 6:

MTT reduction
- Miochondrial 1, _<, | to formazan
“‘~?.“N>§—© > g // 5 Mitochondrial

3
\ \ﬂ/ dehydrogenases \: dehydrogenases
s catalyze the

opening of the
tetrazolium ring at
the center of the
MTT molecule,
~010 nm *570 nm resulting in MTT
formazan
production.
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HMEC-1 cells were seeded onto fibronectin-coated ELISA plates at a density of
1x10° cells. The top row, bottom three rows, and right half of each plate was left dry.
After 20 minutes, non-adherent cells were aspirated, and 200 L of MCDB 131 complete
media was added to each well. Plates were placed in an incubator at 37°C and 5% CO,
for 48 hours, at which time the media in each cell-containing well was replaced with 200

pL of MCDB 131 complete media. Plates were incubated for another 24 hours.
Plate layout for analysis was as follows:
Row 1 was left dry for control blank,
Row 2 contained cells only (no CE, no MTT),
Row 3 contained cells and CE (no MTT),
Row 4 contained cells and MTT (no CE),
Row 5 contained cells, CE, and MTT.

In each trial, three plates per time point (baseline, time zero, 1, 4, 12, 24, 48, and 72

hours) were prepared and analyzed.

For baseline and time-zero readings, 100 puL of the media was removed from each
well containing cells. Eleven (11) puL of a 5-mg/mL suspension of MTT was added to
each well of the corresponding rows, and the plates were returned to the incubator for two
hours to allow for reduction of MTT to formazan. After 2 hours, 100 uL of MTT
solubilization solution [10% (v/v) Triton X-100 and 0.1N HCl in anhydrous 2-propanol]
was added to each well. The well contents were tapped to gently mix the contents, and
the absorbance of each well was read at 570 nm using a Bio-Rad (Hercules, CA)
microplate reader. The absorbance of the six wells in the top row was averaged to
represent the background. This number was subtracted from all other readings to

normalize the signal, and then groups were compared.

For one-hour readings, 100 uL of media was removed from each well containing

cells. MTT suspension was added (11 pL, 5 mg/mL), and the plates were returned to the
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incubator for one hour, at which time the corresponding wells were treated with either
media or CE stock to a final concentration of 0 or ImM CE. Plates were returned to the
incubator for another hour, to allow for MTT reduction to formazan and CE exposure.
Two hours after addition of MTT (one hour after CE treatment), 100 uL of solubilization
solution was added to each well. Mixing, reading of absorbance, and normalization of

results proceeded as before.

For the remaining time points, no media was removed from the wells at the
beginning of the assay (since the media was needed for the long incubations).
Corresponding wells were treated with either media or CE, and incubated for the
prescribed time of treatment. For these time-points (4, 12, 24, 48, and 72-hours), 22 pL of
MTT (5 mg/mL) was added to the corresponding wells at 2, 10, 22, 46, or 70 hours post-
treatment, and the plates returned to the incubator for the remaining two hours of CE

exposure. At the end of each time point, 100 pL of media was removed from each well

and replaced with 100 pL of solubilization solution. Mixing, reading of absorbance, and

normalization of results proceeded as before.

2.2.10 Statistical analysis

Triplicate results for each group from three separate trials were used for statistical
analysis. One-way analysis of variance was used to determine point-to-point significance
within and between groups using NCSS-PASS 2000 Dawson Edition, a student’s
statistical package. [This package was used for all of the statistical analysis in this
dissertation.] The dependent factor tested within groups was time; for between-groups
testing the dependent factor was CE treatment. All one-way ANOVA was performed
versus baseline or control (0 mM) treatment. A p value of 0.05 or less was significant for

either test.
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2.3 METHODS — AIM TWO: ASSESS THE MORPHOLOGICAL/BARRIER
EFFECTS OF CE EXPOSURE

2.3.1 Cell maintenance/culture

HMEC-1 cells were maintained as outlined in Section 2.2.1.

2.3.2 CE stock preparation

CE fumarate was prepared and stored as outlined in Section 2.2.2.

2.3.3 Transmission electron microscopy (TEM)

Ultrastructural changes in cells, as evaluated relative to the biochemical or
metabolic alteration, provide compelling evidence of toxicity, as well as indicate affected
targets. To further characterize the effect of CE on the morphology of HMEC-1 cells,
TEM was used.

HMEC-1 cells were seeded onto round, 13 mm Thermanox cover slips (placed in
the wells of 24-well culture plates) at a density of 1 x 10° cells per cm”. After 20 minutes,
non-adherent cells were aspirated and MCDB131 media was added. Cultures were
incubated at 37°C and 5% CO, for 48 hours, at which time the media was replaced with
MCDBI131 media. Cultures were then returned to the incubator for an additional 24

hours.

Baseline samples served as untreated controls, which were fixed with 1 mL per
well of Ito fixative [1.25% formaldehyde (v/v), 2.5% glutaraldehyde (v/v), 0.03% CaCl,
(W/v), 0.03% trinitrophenol (v/v), and 0.05 M cacodylate buffer, pH 7.3). Freshly fixed
monolayers were chilled at 4°C in the dark for 24 hours. Remaining monolayers were
treated with 1 mM CE and incubated until the end of each time point. Each set of

monolayers was similarly fixed and chilled.

All fixed monolayers were processed for TEM in the University of Texas Medical
Branch Department of Pathology Electron Microscopy Laboratory. For this process, fixed
cover slips were washed three times in 0.1 M cacodylate buffer and post-fixed with 1%

(w/v) osmium tetroxide in 0.1 M cacodylate buffer. Samples were then washed three
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more times in cacodylate buffer, once in 0.1 M maleate buffer, and stained with 1% (w/v)
uranyl acetate in 0.1 M maleate buffer. Stained samples were washed four times in
maleate buffer, and dehydrated stepwise in 50%, 75%, 95%, and 100% (v/v) ethanol.
Dehydrated samples were then progressively infiltrated (stabilized) with stepwise ratios
of propylene oxide and Poly Bed™ 812 (Polysciences, Warrington, PA), until pure Poly
Bed™ was used. Samples were embedded in plastic and allowed to polymerize overnight
at 60°C. Polymerized sample blocks were sectioned on a Reichert-Leica Ultracut S
ultramicrotome. Ultrathin sections were examined in a Philips 201 transmission electron
microscope (Philips, Bothell, WA) at 60 cV (centi-Volts) after staining with lead citrate
(Reynold’s stain). Images were captured to Kodak film at 4,800x magnification and

photographically enlarged to 14,100x magnification.

2.3.4 Silver staining

Silver staining has been used to visualize changes in monolayer
permeability/barrier integrity [17, 155, 165]. This method was used to confirm the results
reported by Kolodgie et al [17], as well as compare the results from their HUVEC model
to those from the HMEC-1 model. Note: The water used for rinsing and mixing of
reagents in this method was Milli-Q™ 18 MQ reagent grade water. If chloride is present

in the water used, the silver will form an silver chloride precipitate.

HMEC-1 cells were seeded in 2-chamber culture-slides at a density of 1x10° cells
per cm”. Slides were assigned time points immediately before seeding (0/baseline, 15,
and 30 minutes, and 1, 4, 12, or 24 hours) to prevent later bias. After 20 minutes, non-
adherent cells were removed, and the media was replaced with fresh MCDB131 complete
media. Cultures were incubated for 48 hours, at which time the media was replaced with
MCDB131 complete media. Cultures were returned to the incubator for another 24 hours.
On each slide, the left chamber was treated with MCDB131 complete media, and the
right chamber was treated with CE stock to a final concentration of 0 and 1 mM CE,

respectively. This minimized variation in handling between treatment groups.
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At the end of each time point, media was aspirated and the monolayers were fixed
with 10% (v/v) formalin for 20 minutes. Chambers were left on the slides until fixation
was complete to prevent damage to the monolayers, and gently removed after the fixation
step. Slides were then dipped ten times each in two Coplin jars containing water, then
immersed in a 1% (w/v) solution of freshly prepared aqueous silver nitrate. The jars were
capped and placed in the dark for a 10-minute incubation. Slides were placed in open 100
mm Petri dishes, covered with water, and exposed to 100-watt incandescent light for one
hour, counterstained with Kernechtrot’s nuclear fast red for 5 minutes, rinsed with water,
tapped dry, and mounted with Permount™ and a cover slip. Mounting medium was
allowed to set overnight. Clear nail polish was used to seal the outer edges of the cover

slips.

Silver stained monolayers were viewed under a Nikon (Japan) Diaphot inverted
light microscope at 100x. Images from pre-determined areas of each monolayer were
captured with an attached Nikon digital camera. A scale marker was also imaged at 100x
and its image captured (courtesy of T. Bednarek, UTMB, Department of Pathology), so

that a scale bar could be prepared for each image.

2.3.5 Trans-endothelial resistance/electronic cell substrate impedance sensing
(ECIS)

When barrier integrity of an endothelial monolayer is compromised via the
formation of intercellular gaps and loosening of gap, adherens, and tight junctions, the
electrical resistance across that barrier is reduced (Illustration 7, below) [17, 119, 131,
153]. Thus, the trans-endothelial resistance of a monolayer is inversely proportional to
the permeability of that monolayer. Since pairing morphological results with such kinetic
data would provide compelling evidence of pro-inflammatory changes in CE-treated
HMEC-1, kinetic resistance measurements in the HMEC-1 model were performed using

Electronic Cell-Substrate Impedance Sensing (ECIS, Applied BioPhysics, Troy, NY).

ECIS can be used to monitor trans-endothelial electrical resistance of cell

monolayers, reflecting their permeability. The 10 electrodes in each chamber were
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randomly dispersed so that averages could be taken from pre-determined locations,
reducing bias and presenting a more representative resistance reading for the cell
monolayers. The media present in the chamber provided electrolyte solution needed for
resistance measurement, and resistance was fully dependent on monolayer confluence,

since no-cell control chambers showed minimal resistance (Chapter 3).

Altered Barrier Integrity Affects Electrical Resistance

Via Holes/Gaps
Versus
S Ilustration 7:
Brick wall Sponge Relationship between
electrical resistance
Example: water and permeability

Low Permeability High Permeability
High Resistance Low Resistance

HMEC-1 cells were seeded onto 6 of 8 fibronectin-coated ECIS electrode
chambers on a chamber array with 10 electrodes per chamber at a density of 1x10° cells
per cm’. Media in each chamber (including the two wells not containing HMEC-1 cells)
was brought to 0.5 mL. The chamber array was immediately attached to the ECIS, and
resistance monitoring was used to determine when confluence was reached (average was
40 hours). After at least 24 more hours of stable resistance, the monitoring was paused.
To begin the analysis, a baseline resistance reading was taken (for 2 hours), and 3 of the 8
wells were treated with 10 mM CE stock to a final concentration of I1mM. Control and
cell-free wells were given an equal volume of complete media. Since ECIS is capable of

constant monitoring of cultures, the assay was run constantly for 72 hours. Resistance
46



measurements were saved to CD-ROMs, and included data spreadsheets of the run, as

well as graphs resulting from the resistance readings.

2.3.6 Statistical analysis

Given the qualitative nature of the microscopic investigations, the general
magnitude of effect was used as the determinant for significance. Dr. V. Popov (UTMB,
Department of Pathology), who was blinded to the anticipated effects of CE on the
HMEC-1 cultures, and Dr. H. Hawkins (UTMB, Department of Pathology), who had
knowledge of the anticipated results, but was blinded to the treatment time for each

image, provided interpretations of TEM images.

Viewing of silver stains was performed with blinding to time point to minimize
bias. One viewer (D. Tacker) evaluated randomly chosen points on each slide, comparing
results from the control well to the treated well based on the presence or absence of gaps.
Gaps were also judged based on their general size, and whether they were continuously
open through the HMEC-1 cell monolayer. At least three separate slides per CE treatment
time point were viewed. Five (5) separate, random coordinates per well were chosen

before viewing to minimize sampling bias.

For resistance measurements, average resistance values were taken from specific
points (baseline, 0, 1, 2, 3,4, 5, 6, 12, 24, 36, 48, 60, and 72 hours after treatment) in
each database and compared between groups using paired, two-tailed student’s t-test
(equal variance). Point-to-point significance within groups was detected using one-way
analysis of variance (ANOVA) relative to time “0” with time as the dependent factor.
Significance was established at p<0.05. Three experiments with triplicate sampling per
treatment group (duplicate sampling for background) were performed for statistical

analysis.
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2.4 METHODS — AIM THREE: ASSESS THE EFFECTS OF CE ON HMEC-1
INTRACELLULAR CATION LEVELS
2.4.1 Rationale for intracellular cation quantitation

Alterations in intracellular levels of calcium and magnesium are known to affect a
wide range of cellular functions, and underlie an array of pathologies [113, 160, 166,
167]. Since cytosolic calcium levels are associated with mobilization of the actin
cytoskeleton and signal transducers, assessment of the effects of CE treatment on HMEC-
1 calcium flux was included in Aim Three. Also, since magnesium is known to counter-
act calcium in such situations [167], and act as a co-factor for kinase activity [113, 129,

130], it was included in these studies.

2.4.2 Cell maintenance/culture

HMEC-1 cells were maintained as outlined in Section 2.2.1.

2.4.3 CE stock preparation

CE fumarate was prepared and stored as outlined in Section 2.2.2.

2.4.4 Preparation of monolayers & loading with indicator

HMEC-1 cells were seeded onto human fibronectin-coated, custom-cut 13 mm x
12 mm glass cover slips (placed in 60 mm culture plates) at a density of 1x10° cells per
slip [166]. After 20 minutes, non-adherent cells were aspirated and 5 mL of MCDB 131
media were added to each plate. Plates were prepared on stainless steel trays to prevent
spilling and contamination, and prepared trays were incubated at 37°C and 5% CO, for
72 hours.

Two approaches were used for calcium analysis. To explain the differences
between the two approaches, Illustrations 6 and 7 (below) have been provided. Modified
protocols from Faury and co-workers [166] and Okorodudu and colleagues [167] were
used for intracellular ion determinations. For indicator loading, media was aspirated from
the monolayers, which were rinsed twice with 5 mL of Tyrode buffer (137 mM NacCl, 2
mM KCl, 1.2 mM CacCl,, 1 mM MgCl,, 10 mM HEPES, and 10 mM glucose). The
indicator loading buffer was composed of 4.8 mL of Tyrode buffer, 0.2 mL of 2% (v/v)
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pluronic F-127 in reagent-grade water, and 25 uM of Fura-2 AM or Mag-Fura-2 AM,
which were suspended in anhydrous dimethyl sulfoxide (DMSO) at a concentration of 1
pg/pL. Freshly prepared indicator loading buffer was added at 5 mL per plate. Plates
were placed in a 37°C water bath for 30 minutes to allow loading of the indicator

(literature from Molecular Probes, and [166, 167]).

After loading was complete, plates were washed four times with 5 mL of Tyrode
buffer. Another 5 mL of Tyrode buffer was added to each plate, and then plates were
placed in the dark at room temperature for 1 hour. Note: This incubation was required to
allow for ester cleavage to activate the indicator [167]. For pre-treatment experiments,

this was the point at which CE was added to the plates at a final concentration of 1 mM.

Once the one-hour incubation was complete, slips were ready for analysis. To
analyze the intracellular cation levels of each monolayer, quartz cuvettes (1 cm x 1 cm,
all sides clear) were used. Each cuvette contained 2.1 mL Tyrode buffer, a small stir bar,
and a “stir sleeve”, which was a custom-milled Plexiglas™ square with a hole in the
center to accommodate the stir bar. This sleeve allowed the stir bar to move with the

cover slip positioned above it, on top of the sleeve.

Plates were removed from the dark and the Tyrode buffer was aspirated and
replaced. A rubber spatula/scraper was used to lift a cover slip out of the plate (plates
were promptly returned to the dark). Selected cover slips were then lightly touched to a
Kimwipe (at an angle) to blot off excess Tyrode, lifted from the scraper with a pair of
forceps, and positioned diagonally in the prepared cuvette (across the top left to bottom
right corners). Orientation of the monolayer was to the rear of the cuvette. The cuvette
was cleaned to remove fingerprints and oils on the outside surfaces, then positioned in its
holder in a Hitachi (Japan) F-2000 spectrofluorimeter, which was equipped with a

circulating water bath to maintain temperature (37°C) in the cuvette during analysis.
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2.4.5 lon analysis programs & wavelengths

The Hitachi spectrofluorimeter contained the separate programs for ion analysis.
For calcium determinations, excitation wavelengths of 342 nm and 375 nm were used.
The 342 nm wavelength excited bound Fura-2, and the 375 nm wavelength excited free
Fura-2, once the indicator was separated from the AM (acetoxymethyl) ester group. The
spectra resulting from these excitations and the emission at 510 nm were used to
determine intracellular calcium levels using a ratiometric approach, described in Section
2.4.8 (below). For intracellular magnesium experiments, excitation wavelengths were 335

nm (bound) and 370 nm (free), and the emission wavelength was 510 nm.

For “immediate exposure” experiments, run times were 700 seconds to
accommodate for all treatments needed to determine concentration. Such treatments
included injection of CE, injection of digitonin to stimulate maximal intracellular ion
levels, and injection of EGTA to chelate ions to their minimal intracellular levels. The
latter two treatments are requisite for determining maximal and minimal free ion ratios,
which are essential to the final determination of intracellular ion concentration at any

point in the run. This is explained in more detail below.

For 1-hour CE pre-treatment experiments, run times were 400 seconds.
Treatments during a run included stimulation of maximal intracellular ion concentration
with digitonin, and chelation of intracellular ions to their minimal concentration with

EGTA. This is explained in more detail below.

2.4.6 “Immediate exposure” experiments

The immediate effects of CE on intracellular calcium and magnesium were
observed with the following approach (Illustration 8). Samples were given approximately
200 seconds to equilibrate in the spectrofluorimeter, and then an experiment was started.
The first 100 seconds was used to obtain baseline cytosolic ion levels. At 100 seconds, 21
pL of 0 or 100 mM CE stock (prepared in Tyrode buffer) was injected into the cuvette
through a channel in the top of the analyzer (final CE concentration, 0 or 1 mM). Samples
were given 5 minutes (300 seconds) to respond to the CE. At 400 seconds, 7.5 uL of 2%
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(w/v) digitonin suspension (in absolute ethanol, final concentration 0.007% v/v) was

added, and the sample was given 200 seconds to achieve maximal intracellular ion levels.

At 600 seconds, EGTA (0.5 M in water) was added in 1- to 3 pL increments until
chelation was complete. The goal was to add EGTA until the graphs for bound indicator
and free indicator met, but did not cross. If the graphs crossed due to excessive chelation,
the time point just before crossing was determined the endpoint of the analysis, so that
proper calculation of cation levels would be possible. Total time of analysis was 700
seconds per sample. Once the experiment was complete, tracings and ratio calculations

were utilized for calculation of ion concentration (described below).

HMEC-1 — Coverslips = Confluence —» Load w/Fura-2AM
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[llustration 8: Experimental design for the immediate
exposure studies

This approach was used to track cytosolic calcium and magnesium in
CE-treated HMEC-1 over a 5-minute exposure.
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2.4.7 One-hour CE pre-treatment experiments

In this series of experiments, samples were incubated with either Tyrode buffer,
or Tyrode buffer containing ImM CE during the one-hour incubation in the dark.
Preparation of cuvettes and slips was the same as before. The approach for the pre-

treatment experiments is shown in Illustration 9.

HMEC-1 => Coverslips => Confluence —» Pre-treatment, 1h

|

Inject Digitonin, 200s Monitor Baseline _
(Total Calcium) e Calcium, 100s € -0ad w/Fura-2AM

'l' *

Chelate w/EGTA, 100s

Intensity
&
Concentration
Ij%j )

|_

Baseline Maximal Ca

[llustration 9: Experimental design for the pre-treatment
experiment

This approach was used to determine baseline cytosolic calcium, and
then total cellular calcium, after a one-hour pre-treatment with CE in the
HMEC-1 model.

Samples were allowed to equilibrate for 200 seconds in the spectrofluorimeter
before each experiment was started. Fluorescence of free and bound indicator was
tracked for 100 seconds to establish a baseline signal using software intrinsic to the F-
2000 system. At 100 seconds, 7.5 puL of 2% (w/v) digitonin suspension [in absolute

ethanol, final concentration 0.007% (v/v)] was added, and the sample was given 200

52



seconds to achieve maximal intracellular ion levels. At 300 seconds, EGTA was added in
1- to 3 puL increments until chelation was complete. The goal was to add EGTA until the
graphs for bound indicator and free indicator met, but did not cross. If the graphs crossed
due to excessive chelation, the time point just before crossing was determined the
endpoint of the analysis, so that proper calculation of cation levels could be made. The
total run time was 400 seconds per sample. Once the run was complete, tracings of the
run, as well as ratio calculations, were printed and used for calculation of ion

concentration (described below).

2.4.8 Data collection

Each successful experiment that reached completion with timely treatments was
printed. The graphs for each excitation wavelength were traced, and the results printed
for every ~25 seconds between 0 and 400, or the end of the experiment if the graphs
crossed. Graphs of experiments followed a general trend, as shown in the Illustration

below:

Baseline i
manci |
Al minil
> 4
2
o A
=3 = mina.2
T A € maxaz
| Time |
Digitonin EGTA
permeabilization chelation

Illustration 10: Ideal cation readout on the Hitachi F2000

Intensity of excitation at each wavelength (A1, A2) was monitored against
the time of the run (in seconds). Cell membrane and organelle
permeabilization with digitonin resulted in maximal Ca®" (max A 1, 2), and
minimal Ca”>" was obtained using EGTA chelation (min A 1, 2).
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Data printed from each experiment were used to calculate intracellular cation

levels at each time point using the following calculations (F2000 Handbook and [167]):
Equationl: R =FQAl)-Z1/F(A2)-Z2
Equation2: C =K * (R~ Ruin)/(Rmax = R) * (Fnin(A2)/Finax(A2));

R represented a ratio of data results. The Z values represented auto-fluorescence
measurements for each wavelength (A), which were obtained by recording the
fluorescence of a cover slip containing cells without indicator (unloaded cells). C
represented free intracellular ion concentration at a given time, and K represented the Ky
of the indicator (224 nM for Fura-2, 1.4 mM for Mag-Fura-2, Molecular Probes literature

and [166, 167]). Rmax and Ry, were the highest and lowest resulting ratios from the run.

2.4.9 Calculation of intracellular cation concentrations

From the maximum and minimum excitation intensities for each sample,
intracellular cation levels were calculated using the approach described above and Excel
spreadsheets. Baseline and maximal values for each run and for each ion were compiled
for comparison between control and treated groups. In “acute exposure” treatment
groups, the intracellular ion concentrations during the 300-second CE treatment were also

traced.

2.4.10 Statistical analysis

Triplicate runs from three or more separate experiments were used for analysis.
Paired, two-sample Aspin-Welch t-test (unequal variance) was used to determine
significance between groups at specific time points, and one-way analysis of variance
was used for the detection of significance from baseline within groups, with digitonin or

CE treatment as the dependent factor. Significance was achieved at p<0.05.
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2.5 METHODS — AIM FOUR: DETERMINE THE EFFECTS OF CE
EXPOSURE ON CALCIUM-DEPENDENT SIGNALING EVENTS

2.5.1 Cell maintenance/culture

HMEC-1 cells were maintained as outlined in Section 2.2.1.

2.5.2 CE stock preparation
CE fumarate stock solution was prepared and stored as outlined in Section 2.2.2,
except that CE fumarate stock for EMSA analysis was prepared in calcium- and

magnesium-free PBS at a concentration of 100 mM.

2.5.3 Measurement of inositol-1,4,5-trisphosphate (I1P3)

For IP; assays, HMEC-1 cells were seeded onto 6-well culture plates coated with
fibronectin at a density of 2x10° cells. Plates were incubated for 72 hours to allow the
HMEC-1 to form confluent monolayers. To reduce serum sensitivity of the HMEC-1
cells during the experiment, existing culture media was replaced with fresh MCDB131

media 24 hours before the start of each experiment (48 hours after seeding).

For the analysis, monolayers of HMEC-1 cells were exposed to 1 mM CE for 0,
60, 150, 300, and 450 seconds (0, 1, 2.5, 5, and 7.5 minutes). Immediately after exposure,
monolayers were placed on ice, washed with calcium- and magnesium- free PBS, and
lysed with 1 mL per well of ice-cold calcium-and magnesium-free PBS containing 15%
(w/v) TCA. A rubber scraper was used to scrape each well, and suspensions were
transferred to chilled 1.5-mL microcentrifuge tubes and centrifuged at 2,000 x g for 15
minutes at 4°C. Supernatants were transferred to conical tubes and washed three times
with water-saturated diethyl ether (10 times the volume of the sample suspension). The
aqueous fractions were transferred to fresh 1.5-mL microcentrifuge tubes on ice, and the
pH of each sample adjusted to 7.5 with 10% (w/v) sodium bicarbonate (approximately 50
puL/tube). Samples were kept on ice until the IP3 assay, which was always performed on

the same day as the extraction.
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The Biotrak™ IP; assay kit from Amersham Biosciences (Buckinghamshire, UK)
was used with strict adherence to manufacturer’s directions. Briefly, samples, blanks, and
a standard curve were prepared. Samples were centrifuged for 15 minutes at 4°C and
2,000 x g, re-suspended in water and incubated for 15 minutes at room temperature. After
vortexing, samples were transferred to scintillation vials, mixed with 10 mL of scintillant,
and counted for 1 minute in a scintillation counter. Scintillation counts were reported in
triplicate, and all samples were run in duplicate, resulting in six data points per sample.

Three such experiments from separate passages of HMEC-1 cells were performed.

Since the assay is based on a competitive binding paradigm, decreases in
radioactivity of the sample indicated increases in IP; levels in the cells studied.
Radioactivity (in cpm) was converted to a “percent-bound” value for the standard curve

using the following equation:
%B/B, = (Standard/sample cpm — NSB cpm)/ (B, cpm — NSB cpm) * 100,

NSB cpm was the non-specific binding value (one of the blanks), and B, cpm was the
“zero-bound” value (another blank). These values were plotted against the standard
concentrations to obtain a regression equation for the standard curve. The regression
equation was then used to calculate the concentration of the samples obtained from the
HMEC-1 treatments.

2.5.4 p38 MAP kinase assay

The Aim Four hypothesis was that calcium-dependent second messenger systems
altered by CE exposure would cause downstream effects on other signaling components,
such as second messengers, kinase cascades, and transcription factor activation. Since
p38 MAPK is an important mediator of pro-inflammatory gene expression [130, 138,
168], phosphorylated (activated) p38 MAPK was measured in control, LPS-, and CE-
treated HMEC-1 using sandwich ELISA kits obtained from R&D Systems (Minneapolis,
MN). LPS treatment was a positive control [123, 124, 168]. Phospho-specific antibody
included in the kit was highly specific, with a detection limit between 0 and 4000 pg/mL.
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Manufacturer specifications for buffer formulations were used for all analyses, and the

provided protocol was followed strictly.

For phospho-p38 MAPK assays, HMEC-1 cells were seeded in T150 culture
plates (in triplicate) at a density of 5x10° cells. Flasks were incubated for 72 hours to
allow the HMEC-1 to form confluent monolayers of 3x107 cells. To reduce reactivity of
the HMEC-1 to the serum present in the media added during the experiment, media
change with fresh complete media was performed 24 hours before each experiment began

(48 hours after seeding).

For the analysis, HMEC-1 monolayers were exposed to 1 mM CE in complete
media for 0, 1, 2, or 4 hours. Positive controls were treated with 0.1 pg/mL of S. typhosa
endotoxin/LPS [123, 124, 168]. Negative controls were exposed to complete media
containing no CE. Immediately after exposure, monolayers were returned to the
incubator. At the end of each time point, the media was aspirated from each well.
Monolayers were rinsed twice with calcium- and magnesium- free PBS. A cell scraper
was used to remove cells from the culture plates, and one (1) mL of a lysis buffer
composed of PBS, 1 mM EDTA, 0.005% (v/v) Tween 20, 0.5% (v/v) Triton X-100, 5
mM NaF, 6 M urea, Sigma protease inhibitor cocktail I (2 uL per mL of total buffer
volume), Calbiochem phosphatase inhibitor cocktails I and II (10 puL per mL of total
buffer volume), and PMSF (5 uL per mL of total buffer volume, stock was 1M) was
added to each flask. Scraped cells in lysis buffer were transferred to 1.5 mL
microcentrifuge tubes, vortexed, and aliquotted (333 puL), then frozen at —20°C until

analysis.

Ninety-six-well ELISA plates were coated with capture antibody (3 pg/mL) in
PBS overnight, after sealing, at room temperature. After rinsing three times with wash
buffer [PBS with 0.05% (v/v) Tween 20], plates were blocked with blocking buffer [PBS
with 1% (w/v) BSA, 5% (w/v) sucrose, and 0.05% (w/v) sodium azide] at room

temperature for two (2) hours and rinsed with wash buffer.
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Samples were centrifuged (2,000 x g) for 5 minutes at room temperature,
transferred to fresh, pre-chilled microcentrifuge tubes, diluted to I mL with Diluent
buffer #8 [composed of PBS, I mM EDTA, 0.005% (v/v) Tween 20, and 0.5% (v/v)

Triton X-100], and vortexed. Prepared samples were kept on ice throughout the assays.

Eight (8) -point standard curves of phospho-p38 MAPK were prepared in
duplicate for 0 to 4000 pg/mL of phospo-p38 MAPK. Blanks used in the assay included
Diluent #3 [PBS with | mM EDTA, 0.005% (v/v) Tween 20, 0.5% (v/v) Triton X100, 5
mM sodium fluoride, and 1 M urea] and pure standard (30 ng/mL). Each blank was run in

triplicate.

Blanks, standards, and samples were added to ELISA plates at 100 pL per well in
duplicate. Plates were sealed and incubated on ice for 3 hours, well contents were
aspirated, and plates were washed three times with wash buffer. One hundred pL of
biotinylated detection antibody (250 ng/mL) was added to each well. Plates were sealed
and incubated on ice for 3 hours in the dark. Well contents were aspirated and the plates
were washed three times with wash buffer. Streptavidin/HRP conjugate was diluted 1:200
in PBS containing 1% (w/v) BSA and added to each well at 100 uL per well. Plates were
incubated on ice for 45 minutes in the dark, and rinsed three times with wash buffer.
Substrate solution, a 1:1 preparation of Sigma TMB solution and 0.03% (v/v) H,O» in
PBS, was added to the plates at 100 uL per well. After a 30-minute incubation at room

temperature in the dark, stop solution (2 N H,SO,) was added to each well at 50 pL.
Plates were gently tapped to mix the well contents, and immediately placed in a Bio-Rad
(Hercules, CA) plate reader equipped with a 450 nm filter, with 690 nm readings serving
as a background correction. Optical densities of all duplicate standards and triplicate

samples were averaged.

Standard curves were established from the average optical densities of the
standards run. Linear regression was used to determine the concentration of phospho-p38
in samples run with the assay. Phospho-p38 concentration in each sample was reported in

picograms per 10 cells (pg/107 cells).
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2.5.5 Electrophoretic Mobility Shift Assay (EMSA)

Rationale
The best way to determine whether intracellular changes are affecting gene

expression is to evaluate activity in the nucleus. Transcription factors may be activated by
cellular response mechanisms and resulting signaling, and migrate to the nucleus where
they modulate gene expression (Illustration 11). Thus, the Electrophoretic Mobility Shift
Assay (EMSA) becomes useful when trying to determine whether a particular cell
stimulus results in nuclear localization and DNA binding of a given transcription factor
[169, 170]. For example, the hypothesis was that CE elicits responses within HMEC-1

that result in pro-inflammatory gene (e.g., cytokine, adhesion molecule, and transcription

Illustration 11:
Activation and effects
of NF-xB DNA
binding

Protein

(

Lightning bolt = stimulus
(e.g. injury or cytokine
stimulation). IkB releases
the NF-xB dimer, and
nuclear localization and
DNA binding occur. This
results in transcriptional
activation of target genes
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survival and response.

Tissue —
Effects
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factor) expression, and that NF-kB activation, nuclear localization, and DNA binding
mediate this increase in expression, as shown in Illustration 10. The activation of NF-«B

has been demonstrated in neurological cocaine exposure studies and is commonplace in

pro-inflammatory responses of the endothelium [127, 137, 171-173], and given its
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ubiquity [117, 129, 132, 137, 139, 140, 171-176], it was plausible that NF-kB could also

be activated by CE exposure in the endothelium.

The principle of the EMSA is to use nuclear extracts taken from treated and
control cells to determine which proteins and/or transcription factors have migrated to the
nucleus [130, 132, 169, 170, 177]. Increases in DNA binding activity of transcription
factors indicate two things [137, 169, 173, 177]. First, increased migration of a
transcription factor to the nucleus suggests that the transcription factor has been
activated, which is important in determining extra-nuclear targets for activation analysis.
Second, migration of a transcription factor to the nucleus indicates that gene expression is
likely to be altered (Illustration 11), since the activated transcription factor is likely to
bind specific promoter regions on target genes, such as genes encoding other
transcription factors, inhibitors, or cytokines [130, 132, 137, 169, 170, 173, 177]. Thus,
EMSA was used to determine whether DNA binding activity of transcription factors

occurred after HMEC-1 cells were exposed to CE.

Cold competition EMSA was used to establish specificity of the Ig
oligonucleotide in the HMEC-1 cell extracts. Essentially, unlabeled (“cold”)
oligonucleotide is incubated in 50-fold molar excess with nuclear extract before addition
of the labeled oligonucleotide. Specific binding of the unlabeled oligonucleotide blocks
target binding sites such that the labeled oligonucleotide cannot bind, causing elimination
of those bands from the EMSA. Thus, comparison of regular EMSA with a cold
competition of the same extract enables identification of bands to be further analyzed

using supershift assay.

Supershift assays were used to characterize specific NF-kB family proteins
present in the nuclear extracts. The theory behind the supershift assay is that addition of
the antibodies will result in an increased molecular weight of the transcription
factor/DNA complexes being analyzed, which will cause the bands detected for specific
transcription factors to supershift in the gel, or the antibody will block the binding site for

the labeled oligonucleotide, thus causing the band of interest to be eliminated from of the
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gel. This analysis is especially helpful when characterizing NF-kB DNA binding activity,

due to the various sub-types and possible combinations of NF-xB family proteins that

dimerize and bind DNA.

Extraction of nuclear protein from CE-treated HMEC-1

For nuclear protein extraction, HMEC-1 cells were seeded in five, T150 cell
culture-treated flasks at a density of 5x10° cells and allowed to come to confluence over
72 hours (per group). This density yielded approximately 1.5x10° cells per group for
nuclear extraction. Media was changed 24 hours before the experiment began (48 hours
after seeding). Baseline samples were collected from untreated cells in all groups. For
time-points, control HMEC-1 cells were harvested 1 or 4 hours after control media was
added to the culture. Treated cultures were exposed to 100 mM CE stock in PBS (to a
final dilution of 1 mM) for 1 or 4 hours. Positive controls were treated with 0.1 pg/mL of
S. typhosa endotoxin for 1 or 4 hours [168]. At the end of treatment/exposure, cultures
were rinsed with 10 mL of Ca- and Mg-free PBS. Flasks were placed on ice to halt
cellular function. NOTE: After this point, all steps were performed on ice with ice-cold
(0°C) or cold (4°C) buffers. Ten (10) mL aliquots (per flask) of ice-cold PBS were used
to harvest the cells, which were scraped free from the plates with rubber scrapers. Cells
were pelleted at 200 x g (Sorvall HS-4 rotor, RC-5B model centrifuge) for 10 minutes at
4°C. Pellets were re-suspended in 1 mL of Ca- and Mg-free PBS and transferred to
microcentrifuge tubes, and pelleted again at 200 x g for 5 minutes at 4°C (1,500 rpm in a

Jouan MR 14-11 microcentrifuge).

Nuclear extraction proceeded as described by Dyer and Herzog [169] and Bassett
et al [177], with modifications. After washing, cell pellets were re-suspended in 1.0 mL
of ice-cold lysis buffer. The sucrose buffer I core buffer contained 0.32 M sucrose, 3 mM
CaCl,, 2 mM magnesium acetate, 0.1 mM EDTA, and 10 mM Tris HCI pH 8. Reagents
added just before buffer use included 1 mM DTT, 10 mM PMSF, 0.33% (v/v) Nonidet-
P40, Calbiochem phosphatase inhibitor cocktails I and II (at 10 uL per mL of buffer), 40

puL of complete protease inhibitor cocktail (per mL of buffer), and 2 puL of Sigma
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protease inhibitor cocktail I (per mL of buffer). Resulting cell lysates were
microcentrifuged at 500 x g (2,800 rpm in a Jouan MR 14-11 centrifuge) for 5 minutes at
4°C.

The pellet that resulted from cell lysis and centrifugation was re-suspended in 100
pL of ice-cold low-salt buffer. The low-salt core buffer contained 20 mM HEPES pH 7.9,
25% (v/v) glycerol, 1.5 mM MgCl,, 0.02 M KCI, and 0.2 mM EDTA. Reagents added
just before buffer use included 1% (v/v) Nonidet P-40, 0.5 mM DTT, 0.5 mM PMSF, 10
pL each of Calbiochem phosphatase inhibitor cocktails I and II (per mL of buffer), 40 uL
of complete protease inhibitor cocktail (per mL of buffer), and 1 pL of Sigma protease
inhibitor cocktail (per mL of buffer). To lyse the suspended nuclei, a total of 100 puL of
cold high-salt buffer was added incrementally to the suspension, with gentle mixing after

each addition. The high-salt core buffer contained 20 mM HEPES, 25% (v/v) glycerol,
1.5 mM MgCl,, 0.8 M KCIl, and 0.2 mM EDTA. Reagents added just before buffer use

included 1% (v/v) Nonidet P-40, 0.5 mM DTT, 0.5 mM PMSF, 10 pL each of
Calbiochem phosphatase inhibitor cocktails I and II (per mL of buffer), 40uL of complete
protease inhibitor cocktail (per mL of buffer), and 2 puL of Sigma protease inhibitor

cocktail (per mL of buffer). Increased viscosity indicated nuclear lysis.

Tubes containing lysed nuclei were placed on a rocking platform at 4°C for 15
minutes. Lysates were centrifuged at 13,690 x g (Fisher 235B microcentrifuge) for 15
minutes at 4°C. Resulting supernatants were aliquotted (25 pL) to microcentrifuge tubes

and stored at —80°C.

Nuclear extract protein quantitation

Protein concentrations of the extracts were determined using the Micro BCA™
Protein Assay Reagent Kit from Pierce (Rockford, IL). The kit used principles of the
Lowry method of protein analysis, modified by Smith and co-workers for quantification
[178, 179]. In short, protein was quantitated using an albumin standard curve (1.0 to 20

pg/mL) generated from kit components in a 96-well microplate. Duplicate 1:40 dilutions
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of nuclear and cytoplasmic extracts were prepared with water (200 pL final volume). A
series of 1:2 dilutions followed, resulting in a dilution range of 1:40 to 1:2560 for each
sample. The standard was supplied from Pierce in a 2 mg/mL suspension. Dilution of the
standard to 40 pg/mL in water was performed, and subsequent 1:2 dilutions with water
resulted in a standard curve from 0.75 to 40 pug/mL of protein. All final volumes for
dilution series were 100 pL. Working reagent was prepared [a buffer containing 4%
(w/v) cupric sulfate and 4% (v/v) bicinchoninic acid], and 100 uL of the reagent was
added to each well. After brief mixing, the plate was sealed and incubated for
approximately 2 hours at 37°C. During that time, complexation of the protein in the
sample with divalent copper ions resulted in a tetradentate-Cu’ complex, which
produced a purple color when the bicinchoninic acid complexed with the Cu”' from the
complex. After the incubation, the plate was cooled to room temperature and the optical
density (OD) was measured at 595 nm using a Bio-Rad microplate reader. OD of the
samples was adjusted using the OD of blanks. Using the regression equation obtained

from the standard curve, concentration of protein was reported in pg/mL.

Electrophoretic mobility shift assay (EMSA)
EMSA was performed as described by Dyer and Herzog and Bassett et al [170,

177]. A reaction cocktail containing 5 pg of nuclear extract, 1 uL of a 35 nM stock of
32p_labeled Igk oligonucleotide (recognizes NF-kB family proteins, sequence 5’-AGT

TGA GGC GAC TTT CCC AGG C-3’), master mix buffer (containing 5x band-shift
buffer, 20 mM DTT, poly (dI:dC), and water), and sterile deionized water (to bring final

cocktail volume to 20 pL) was prepared. [Band shift buffer (5x stock) contained 100 mM
HEPES, pH 7.5, 250 mM KCl, and 7.5 mM MgCl,. Poly (dI:dC) stock was 4 mg/mL in
reagent grade water. | After a 30-minute incubation at room temperature, 4 uLL of a 5x -
loading buffer [containing 80% deionized formamide, 45 mM Tris base, 45 mM boric
acid, I mM EDTA, 0.05% (w/v) bromphenol blue, and 0.05% (w/v) xylene cyanol] was
added to the samples. Samples were loaded onto a 6% polyacrylamide gel [6% (w/v)

acrylamide, 0.075% (w/v) bis-acrylamide, 2.55% (v/v) glycerol, 1 x TBE (90 mM Tris
63



base, 90 mM boric acid, 2 mM EDTA), 0.075% (w/v) ammonium persulfate, and 34 puL
TEMED/gel] and electrophoresis was conducted at 20 milliAmps (mA) per gel for
approximately 2-3 hours (Fisher Biotech, Houston, TX) in 0.25 x TBE solution (22.5 mM
Tris base, 22.5 M boric acid, 0.5 mM EDTA). Unused wells were loaded with 24 puL of
1x-DNA loading buffer diluted with reagent grade water. After electrophoresis, the gel
was transferred to Whatman paper and dried at 75°C for about 45 minutes under vacuum
(Jouan GF10, San Francisco, CA).

Cold competition EMSA
Cold competition was used to distinguish bands specifically bound by the Igk

oligonucleotide from bands that were bound non-specifically. The approach was the same
as for EMSA, except for addition of non-radio-labeled Igk oligonucleotide to selected
(positive controls, LPS-treated extracts) samples before addition of the **P-labeled Igi

oligonucleotide. Gel buffer addition, reactions, loading, and electrophoresis proceeded as

for EMSA (above).

Supershift analysis
The approach for supershift analysis was nearly identical to EMSA as described

above. However, for characterization of the specific transcription factors present in the
samples imaged, specific antibodies for NF-kB-family proteins were added to the
reaction cocktail for 30 minutes before the **P-labeled Igk oligonucleotide and poly
(dI:dC) were added (5x band shift buffer concentration remained the same, but DTT
concentration was reduced to 2 mM). Antibodies against p65 (H-286), p50 (NLS), c-Rel
(N466), and p52 (447) were the gracious donation of N. Herzog, and were used at a
concentration of two pg per reaction. [Note: The donated antibodies were donated by N.
Herzog (UTMB, Department of Pathology) and were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA).] A 30-minute incubation with **P-labeled Igk
oligonucleotide, poly (dI:dC), and reagent grade water (to bring the sample volume to 20
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pL) followed antibody incubation, and gel loading and processing continued as described

above.

Gel autoradiography & imaging

Cooled, dried gels were covered with plastic wrap and imaged for four or more
hours using an Instantimager autoradiographer (Packard/PerkinElmer, Boston, MA),
which uses a stream of gas mixture (argon, 96.5%, isobutane, 1%, and CO,, 2.5 %,
Aeriform, Texas City, TX) that is excited by the **P bound to the nuclear proteins in the
gel samples. Resulting images were saved in digital (TIFF) format using accompanying
software, and radiation counts were reported for bands of interest (determined using a
cold-competition reaction of unlabeled Igk oligonucleotide during preliminary studies).
Band radio-intensities were reported in units of cycles per minute per square millimeter
of area (cpm/mm?). Reports were saved in text (TXT) format and compiled on Microsoft

Excel spreadsheets.

For imaging of the gels, autoradiography using Kodak X OMAT autoradiography
film (Eastman Kodak, Rochester, NY) was performed for one to 4 days. Developed films
were scanned using a UMAX PowerLook 1000 (UMAX Technologies, Inc., Dallas TX).
The PowerLook 1000 is a high-resolution scanner that produces sharp images of
autoradiography films. Collected scans were saved in digital (TIFF) format and compiled

with numerical data using Microsoft Photodraw V2 software.

2.5.6 Statistical Analysis

Comparison of results from the IP; and phospho-p38 MAPK assays included one-
way analysis of variance between groups (treatment as dependent factor), and between
time points (time as dependent factor) within groups. Radiometric densities from EMSA
gels were compared in terms of percentage of baseline signal within groups over time, or
by comparison of radiation counts between groups at each time point. Significance was
achieved at p<0.05 or less for IP; or phospho-p38 MAPK results, or when changes in
band density exceeded three times the reported percent error observed in autoradiography

reports from the Instantimager.
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CHAPTER 3: RESULTS

3.1 AIM ONE (MODEL DEVELOPMENT) RESULTS

3.1.1 Overview

The focus of Aim One was to assess the microvascular endothelial/CE exposure
model in terms of lethality and cytotoxicity. Initially, growth curves were performed in
proliferating HMEC-1 cell cultures using various concentrations (0, 0.1, 0.5, and 1 mM)
of CE. Resulting percent viabilities and growth kinetics were used to determine the
degree of CE toxicity in the model. A final experiment in this early phase of Aim One
was a detection of CE concentration in media samples taken from the growth curve
experiments. Thus, if CE persisted in the media throughout the growth curves, which
lasted for 7 days, then CE would remain in the media for the duration of future 24- and
72-hour biochemical analyses and cytotoxicity studies planned for the second part of Aim
One (as well as the remaining Aims).

After the growth experiments in proliferating HMEC-1 were complete, viability
of confluent HMEC-1 after exposure to | mM CE was analyzed. This study was
conducted to confirm that exposure to the 1 mM CE would not be lethal to the HMEC-1
monolayers, which more accurately represented the microvascular endothelium than a
non-confluent/proliferating model.

Next, basic biochemical studies of cell culture media sampled at intervals
(baseline, 0, 1, 4, 12, 24, 48, and 72 hours) after addition of 1 mM CE to the cultures
were conducted using clinical blood gas and electrolyte/nutrient analyzers in the UTMB
Clinical Chemistry Division. The goal of this set of experiments was to determine
whether the HMEC-1 monolayers were being injured by the CE exposure, the
supposition being that injury may result in subtle cellular alterations not detectable by
LDH release or MTT reduction assays (“classical” cytotoxicity assays), which require

severe cellular injury before significant change in the assay results is detectable.

66



Finally, LDH release and MTT reduction assays were conducted on HMEC-1
exposed to CE to determine if any changes in media biochemistry reflected severe
cellular injury that could result in lethality beyond the 72-hour time point used for the
HMEC-1/CE exposure model. LDH release assay was chosen because increases in LDH
escape from the cytoplasm to the extracellular compartment indicate severe disruption of
the cell membrane. MTT reduction assays were performed because they indicate

alterations in general mitochondrial activity (below).

3.1.2 Growth & viability of proliferating HMEC-1

As stated in the Overview, this project began with a growth curve, which served
two purposes. First, the growth curve for the “zero” exposure group allowed for
confirmation of the known growth kinetics of standard HMEC-1 in culture. Second, since
proliferating cells are sensitive to toxic insult, the assessment of whether the 1 mM
concentration of CE used by Kolodgie and colleagues [17] would be lethal to the
microvascular HMEC-1 cell line could be made. This was important, since the cell model
used by Kolodgie and co-workers [17] was macrovascular and could have had a different
sensitivity to CE than the microvascular HMEC-1 cells used in the present study. Two
lower concentrations of CE (0.1 mM and 0.5 mM) were added to the growth curve in

case the 1 mM exposure proved lethal.

Figure 1 shows that all CE exposure groups resulted in decreased the growth of
HMEC-1 cells over the 7-day period. The 1 mM CE treatment decreased HMEC-1 cell

growth to the greatest degree (~40% decrease in cell numbers, control versus 1 mM CE,
p<0.001). Seeding density for all groups was 1.1 x 10° + 5.5 x 10 cells. At the end of the
7-day analysis, control cell numbers had plateaued at 2.1 x 10° + 7.5 x 10* cells/35 mm
plate, and cell numbers in the 0.1 mM (1.8 x 10° £ 8.5 x 10* cells/35 mm plate), 0.5 mM
(1.6 x 10° £ 1.1 x 10’ cells/35 mm plate), and 1.0 mM (1.2 x 10° + 7.3 x 10* cells/35 mm
plate) CE-treated groups were significantly (p = 0.02, 0.03, and <0.001, respectively)

lower.
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From the cell numbers and time periods recorded, and the exponential equations
determined from the graphs of our growth curve data, the behavior of the cultures was
further characterized by calculating the growth kinetics for each group. Classical growth

equations (Section 2.2.4) were used to determine the time required for cells to reach
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Figure 1: HMEC-1 growth curve results

HMEC-1 were exposed to 0 (blue circle), 0.1 (pink square), 0.5 (orange
upright triangle), or 1.0 (red inverted triangle) mM CE and growth assessed
over a period of seven days. Error bars represent standard error of mean.
Asterisk (*) represents p<0.05 between groups during exponential growth
phase by one-way ANOVA. Reprinted from Clinica Chimica Acta, Vol 345,
D. Tacker and A. O. Okorodudu, “Evidence for injurious effect of
cocaethylene in human microvascular endothelial cells,” pages 69-77,
Copyright 2004, with permission from Elsevier (with modifications).
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maximal density (t, based on the control group plateau value), the number of doublings
required to reach plateau (n, again using the control plateau value as the maximal culture
density), and the doubling or generation time of the cultures (g). These values were

determined for each set of data, then averaged to compose the values shown in Table 2.

Table 2: Calculated growth kinetics for HMEC-1 exposed to CE

CE Equation t,h n p-value g, h p-value
0.0 | y=67757"2" | 124.0 4.00 313+ 1.69
0.1 | y=53524e""" | 1305 | 445 0.084 29.8+0.53 0.392
0.5 | y=46600e"" | 1488 | 455¢ | 0.039 32.7 +0.44 0.403
1.0 | y=43190¢""" | 1725 | 5.05% | <0.001 34.4+1.57% 0.012

t=time HMEC-1 were in exponential growth

n = number of cell doublings during t

g = doubling/generation time HMEC-1

* = p<0.05, one-way ANOVA, CE treatment group versus control

As shown in Table 2, the | mM CE treatment group exhibited a lag in doubling
time (34.4 + 1.57 hours) that was statistically significant (p = 0.012) relative to controls
(31.3 £ 1.69 hours generation time). The apparently faster growth rate (@) in the 0.1 mM
group shown on the Table (29.8 £+ 0.53 hours) was within the standard deviation (3.38
hours) of the control group and was thus non-significant. These effects on growth were

due to a decrease in cellular viability, as shown in Figure 2.
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Figure 2: Viability of HMEC-1 during growth curves

Viability of control (blue circles), 0.1 mM CE (pink squares), 0.5 mM CE (orange
triangles), and 1 mM CE (red inverted triangles) —treated HMEC-1. Corresponding
viability averages (top to bottom: control, black dash; 0.1 mM, light gray solid; 0.5
mM, dark gray solid; 1 mM, black solid) are also shown. Asterisk (*) represents
p<0.05 by one-way ANOVA, CE treatment versus control, mean viability.

When observing the viability data, again the 1 mM treatment group showed the
most significant effect on HMEC-1 cells (Figure 2). These data demonstrated the source
of the depression in cell growth, regarding numbers as well as kinetics. The control
viability averaged 94.5 + 1.4% (Figure 2, dashed line). Though the 0.1 mM (average:
89.4 £ 2.3%, light grey line) and 0.5 mM (average: 85.87 + 2.8%, dark grey line) CE—
treated groups showed significant decreases in average viability over the course of the
experiment, those decreases were not consistent between time points. This result
contrasted with results obtained from the 1 mM CE-treated group (average: 83.1 + 2.3%,

black line), which showed significance at each time point within the trial (p values
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ranging from 0.015 to <0.001). The greatest decrease in viability (seen in the 1 mM CE-
treated group, Figure 2) was approximately 15%. Thus, because the 1 mM CE treatment
provided an acceptable viability level for proliferating cells, the 1 mM concentration was
judged not to be toxic enough to kill HMEC-1 cells. Consequently, the 1 mM CE
concentration was used in the remaining experiments in this study, which utilized
confluent cells that were more quiescent in nature. The 0.1 mM and 0.5 mM
concentrations, which showed intermediate decreases in viability, were excluded from

further analysis.

In summary, the doubling times of the HMEC-1 were approximately equal in all
treatment groups (Table One), yet a change was still observed in cell numbers (Figure
One) and viability (Figure Two). These results demonstrate an initial cell killing
potentially mediated by CE that was followed by an adaptation of the culture, after which
culture growth was sustained. It is possible that HMEC-1 cells in a particular stage of
growth are more susceptible to lethality when treated with CE. To demonstrate this,
further study incorporating cell growth synchronization and testing with CE at various
stages of the mitotic cycle would be required. Consequently, the mechanism of cell death

in growing HMEC-1 exposed to CE remains unknown.

3.1.3 Persistence of CE in cell culture media

A question arose early in the study regarding the persistence of CE in the cell
culture media. Would the cells metabolize the CE? Or would CE remain unaltered in
culture, or hydrolyze spontaneously over time? One way to answer this question was to
extract the CE from the cell culture media, quantitate the CE in the extract, and determine
the resulting media concentration of CE. The growth curve experiments provided a long
time line from which the persistence of CE in the cell culture media could be assessed,
and under standard culture conditions required for optimal maintenance of the HMEC-1
cell line (37°C, 5% CO,, humidified). If the CE were to spontaneously hydrolyze, the rate

of hydrolysis could be determined. This information would determine if further addition
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of CE would be necessary during a 72-hour experiment (such as those planned for

biochemistry and cytotoxicity).

Figure 3 shows that loss of approximately 50% of the CE in culture occurred
within the first 72 hours of the growth curve. This slow rate of degradation suggested that

the cells were not hydrolyzing the CE for two reasons. First, cell-mediated hydrolysis of
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Figure 3: CE persistence in media during HMEC-1 growth curves

Plots represent CE content of media samples taken from control (blue circles) and 1 mM
CE (red inverted triangles) -treated HMEC-1 over a 7-day period. Resulting regression
analysis is shown for control (dashed line) and 1 mM (solid line) CE treatment. Vertical
line at 72 hours denotes latest cut-off time for all future experiments. Each plot represents
duplicate samples. Reprinted from Clinica Chimica Acta, Vol 345, D. Tacker and A. O.
Okorodudu, “Evidence for injurious effect of cocaethylene in human microvascular
endothelial cells,” pages 69-77, Copyright 2004, with permission from Elsevier (with
modifications).
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CE would occur quickly due to the ability of CE to access the cellular compartment
through the cell membrane. Second, endothelial cells are not known to have hCE-1
enzyme activity, which would be required to metabolize CE to cocaine or
benzoylecgonine. Thus, the slow degradation was probably due to spontaneous
hydrolysis occurring in the culture media due to the incubator culture conditions. A
similar result has been reported by Boelsterli and colleagues [180], who did not see
appreciable CE hydrolysis in cell culture (37°C, 5% CO,) conditions for up to 24 hours.
Since this assay was run in duplicate during one of the growth curves, only averages and
linear regressions were available for analysis. CE persistence analysis was not continued
because this experiment demonstrated that the HMEC-1 cells would be exposed to CE
throughout the planned 72-hour experiments, and emphasis was placed on proceeding
with experiments conducted on confluent monolayers of HMEC-1 cells. However, if a
future study were conducted on media samples in this exposure model, ions for cocaine
(MW 300) and benzoylecgonine (MW 289) could be included in the detection

parameters, and thus analyzed as products of CE breakdown.

3.1.4 Viability of confluent HMEC-1

Since a proliferating endothelial cell model was not representative of
physiological endothelial tissue in vivo, viability testing was again conducted using the
trypan blue staining technique. However, this time the viability analysis was performed
using control (0 mM treatment) and 1 mM CE- treated HMEC-1 monolayers that had
grown to confluence on human fibronectin. The experiments extended to 72 hours, and

the data generated is shown in Figure 4.

In Figure 4, the data are presented two ways: pointwise over time to show
variations in sampling, and as average/mean viability within each group (lines). There
was no significant difference between control and treated monolayer viability when
compared pointwise within groups (p values ranged from 0.68 at time “zero” to 0.10 at

72 hours). Considering the standard error of mean of both groups, which averaged

approximately 0.9%, the difference between the control average viability (98.6 £ 0.9%)
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and that of the treated group (98.5 £ 0.9%) was not significant. This finding is illustrated
(Figure 4) by the inclusion of all data from both groups within the 99% confidence
interval for the control group (dashed lines). This result indicated that the 1 mM

treatment was not lethal to HMEC-1 cell monolayers.
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Figure 4: Viability results from confluent HMEC-1/CE exposure

Trypan blue staining was used to test the viability of HMEC-1 monolayers after
control (blue circles) or | mM CE (inverted red triangles) treatment. Linear
regressions shown: control (solid line) and 1 mM CE (dotted line). Error bars
represent standard error of mean. Concave and convex dashed lines represent 99%
confidence interval for 0 mM group. Significance of p<0.05 not achieved.
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3.1.5 Biochemical studies

When a cell responds to injury, its metabolism is altered to compensate for
nutrient and energy loss and facilitate repair of damaged cellular structures. The
experimental hypothesis was that HMEC-1 cells injured by CE would increase their
consumption of oxygen (O;) and production of carbon dioxide (CO;). Since
concentrations of CO; in culture media (and blood) affect pH and bicarbonate (HCO5")
buffering, media pH of the CE-treated HMEC-1 cells was expected to decrease at a more
rapid rate than controls (these levels steadily decline in normal culture conditions, as CO,
production rises). Accordingly, pO, was expected to be lower in the CE-treated group
relative to controls, since injury would require increased oxidative demand by the cells.
Also, since CO, production in a cell is contingent upon successful oxidative
phosphorylation and glucose metabolism, CE-treated HMEC-1 cells were expected to
consume glucose at a greater rate than controls. Finally, since injury could cause
increases in all metabolic pathways in a cell (depending on severity), and lactate is
produced from glycolytic (anaerobic) metabolism, lactate should rise to greater levels in
the media of CE-treated HMEC-1 compared to controls. Such results would demonstrate

cellular injury from CE exposure.

To test these hypotheses, pH (H"), HCO3", pCO,, pO, glucose, and lactate were
measured in control and CE-treated HMEC-1 monolayers for up to 72 hours post-
exposure. Also measured were concentrations of ionized calcium (Ca®"), and total (ionic
+ protein-bound) magnesium (Mg), potassium (K), sodium (Na), and chloride (CI), which
would reflect toxicity, as injured or impaired cells become permeable to ions, resulting in

loss from the media.

Figure 5 shows that HMEC-1 cell change results from exposure to CE. Figure SA

shows the marked change in media ionized hydrogen (H") that occurred in the CE-treated
cultures (66.0 £ 0.6 nM) versus controls (45.5 = 2.4 nM, p<0.001) at time “zero” relative
to baseline (45.5 £ 2.2 nM for controls, 45.4 = 2.0 nM for CE-treated). [Note: Time

“zero” samples were collected immediately after the addition of CE or control media.]
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The increase in H was reflective of a pH decrease, due to the inverse-log relationship
(H" in nM = 10™") of H" and pH. This increase in H' concentration persisted for 72 hours

(H" of CE-treated = 68.4 + 1.8 nM versus 61.1 + 1.0 nM for controls, p = 0.02).

The question arose as to whether the toxicity in the cells was due to the pH
change alone. Consequently, the biochemistry experiments were repeated with a pH-
adjusted, 0 mM CE-treated control group (not shown, HMEC-1 treated with sodium
fumarate, | mM). This pH control showed only an alteration of pH consistent with the
time “zero” CE treatment (Figure 5A). The immediate pH effect did not persist longer
than the first hour, and did not affect the other analytes measured. Also, none of the other
changes observed in the CE-treated group (Figures 5B-D and Figure 6) over time were
seen after alteration of media pH. Thus, the remaining changes observed were attributed

to CE treatment, rather than a pH-dependent mechanism.

In Figure 5B, alterations in bicarbonate concentration resulting from CE exposure
are shown. Since HCO5 varies with pH as part of the buffering system in the media, the
decrease in HCOj' levels over time relative to baseline (12.8 + 0.1 mM for controls, 12.8
+ 0.2 mM for treated) was expected. Beginning 1 hour post-exposure, declines in the
HCOs concentrations of the CE-treated group were observed relative to controls that
contributed to a decreasing trend for media over 72 hours of sampling. This effect
persisted, resulting in a trend for lower media HCOs™ in CE-treated HMEC-1 cells versus
controls. Together, the H™ and HCO; data indicate increased acid production in the
HMEC-1 culture model, a finding that could demonstrate altered HMEC-1 cellular

function after exposure to CE.

The spike in pCO; (Figure 5C) upon addition of the CE to the culture media was
unexpected considering the lack of overt change in HCO3 concentration at time “0”
(Figures 5B and 5C). From the baseline values of 23 £ 1.2 and 23.2 £ 1.3 mm Hg of
pCO; for control and CE-treated groups, respectively, the CE-treated group showed a

significant increase in pCO; in the “zero” time point sampling (35 + 0.6 mm Hg,
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Figure 5: Biochemistry results (I) from media sampling of treated
HMEC-1 cells

Media taken from control (blue circles) and CE-treated (red inverted triangles)
HMEC-1 was monitored for changes in H" (A), HCO;™ (B), pCO, (C), and pO, (D).
Asterisk (*) represents p<0.05 by one-way ANOVA between control and CE-treated
samples at each time point. Error bars represent standard error of mean for n =9
individual data points per time point and group.
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p<0.001), whereas the control group showed only a slight change (24.7 mm Hg, p>0.05).
As time progressed in the trials, the pCO; levels in the control group steadily increased
(to 28.4 £ 0.65 mm Hg), while pCO, for the CE-treated cultures fluctuated. At the 1-hour
sampling point, the CE-treated group (27 = 0.4 mm Hg) showed higher pCO,
concentrations than controls (23.1 £ 1.1 mm Hg, p = 0.01). However, at 48 hours post-
exposure, CE-treated pCO; (27.1 + 0.5 mm Hg) averaged lower than controls (28.4 + 0.6
mm Hg, p=0.01). Time points in between showed intermediate pCO, concentrations
without statistical significance (p>0.05) relative to controls. Thus, after the initial, abrupt
increase in pCO, (which was related to the pH change observed), there was no change in

the trend for media pCO; production in CE-treated HMEC-1 relative to controls.

Though pCO, showed no significant physiological change in the 72 hours after
CE addition to the media, the results of the pO, analyses reflected a potential alteration in
cellular function over time when HMEC-1 cells were exposed to 1 mM CE (Figure 5D).
Average baseline pO, for control and CE-treated HMEC-1 cells was 158 £ 1.0 mm Hg,
and the mean pO, for controls was 159 £ 1.0 mm Hg. A trend of decreasing pO, was
expected in the CE-treated group relative to controls. However, immediately after
addition of CE to the treated-group media, an increase in media pO, (to 160.6 = 1.1 mm
Hg) was observed relative to controls (157.8 £ 1.0 mm Hg, p = 0.03). This increase was
generally maintained during the trial, with significant differences between groups
observed from 12 hours (149.6 = 0.3 mm Hg for controls versus 153.4 + 0.8 mm Hg for
treated, p = 0.004) to 72 hours (151.5 £ 1.7 mm Hg for controls versus 154.7 + 1.7 mm
Hg for treated, p = 0.02) post-exposure. Thus, a trend for increased media pO, was
observed in CE-treated HMEC-1 cells relative to controls. Such a trend could indicate
increased cellular utilization of anaerobic metabolism, but only if concomitant decreases

in media glucose and increases in media lactate are also observed.

Remaining media analytes apparently affected by CE treatment were glucose

(Figure 6A), lactate (Figure 6B), and Ca*" (Figure 7). The results of biochemical analysis
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of glucose and lactate are shown in Figure 6. As shown in Figure 6A, changes in media

glucose concentration were observed that were statistically significant from 12 hours to

72 hours after CE treatment. A baseline average of 5.9 £ 0.0 mM was observed for both

Figure 6: Biochemistry
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groups. Final average media concentrations were 4.15 £ 0.03 mM (control) and 3.99 +
0.03 mM (CE-treated) at 72 hours, indicating a decreasing trend for glucose in the cell
culture media for both groups. This decrease in glucose over time is to be expected from
live cell cultures without media change. Statistical significance between groups was
established at 12 hours post-exposure, when the glucose concentration in treated media
declined to 5.3 £ 0.0 mM (versus 5.15 £ 0.0 mM for control, p = 0.02), and persisted at
the 24, 48, and 72-hour time points.
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The decrease in glucose co-varied with lactate (Figure 6B) production, which
started with a baseline average of 1.53 £ 0.03 mM (control, 1.50 £ 0.01 for CE-treated),
and ended with significantly higher mean values of 5.23 + 0.03 mM (control, p<0.001)
and 5.93 £ 0.09 mM (treated, p<0.001). This trend reflects increased cellular demand as

HMEC-1 attempt to utilize decreasing concentrations of media nutrients over the 72

hours observed.

The question arising from the glucose and lactate results is: Are the statistically
significant changes between the groups from 12- to 24 hours post-treatment
physiologically relevant? In this case, the answer is no. The trends observed in glucose
consumption and lactate production were not altered significantly in the CE-treated group
relative to controls (Figure 6C). Plotting of lactate concentration on the y-axis, and
glucose concentration on the x-axis resulted in slopes of —2.12 for controls and —2.39 for
CE-treated HMEC-1 cells. This signifies that approximately 2 millimoles of lactate were
formed for every 1 millimole of glucose consumed, and links the glucose consumption in
both groups over time to cellular glycolytic activity. Also, R-values for controls (0.994)
and CE-treated HMEC-1 (0.995) were derived from the linear regressions of these data.
Thus, the association between glucose and lactate was equally significant in both groups
and there is no appreciable alteration of glucose consumption or lactate production in CE-
treated HMEC-1. These results do not support the assumption that CE treatment results in
metabolic changes within the HMEC-1 cells. Thus, there is no evidence that CE alters the

metabolism of HMEC-1, despite an alteration of media acid concentration and buffering.

One final result from the biochemical analysis of media collected from control
and CE-treated HMEC-1 cells demonstrates a potential cellular change after CE

treatment. Figure 7 demonstrates a decrease in media ionized calcium over time, from a

baseline average of 6.03 + 0.01 mg/dL to averages of 5.90 = 0.05 mg/dL (p = 0.002) and

5.79 £ 0.09 mg/dL (p<0.001) for control and treated samples, respectively at 72 hours.

Additionally, there was a significant decrease in media ionized calcium in the CE-treated

samples (5.86 = 0.12 mg/dL) relative to controls (5.96 + 0.09 mg/dL, p = 0.03) beginning
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at 48 hours that continued to the 72-hour sampling. These changes increase the rate of
Ca’" loss from the media in the CE-treated HMEC-1 cells, a finding that reflects
significant physiological effect. Such a change could have been due to several factors,

none of which was clearly supported by the data.
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Figure 7: Biochemistry results (III) from media sampling of treated HMEC-
1 cells

Media taken from control (blue circlesz) and CE-treated (red inverted triangles) HMEC-1
cells was monitored for changes in Ca”". Asterisk (*) represents p<0.05 by one-way
ANOVA between groups at each time point. Error bars represent standard error of mean.

Analytes unaffected by the CE treatment (p>0.05) were total Mg, Cl, Na, and K.

3.1.6 Cytotoxicity assays

Having determined that HMEC-1 showed minimal changes in metabolism after
treatment with CE, and that the CE exposure did not kill the cells, two cytotoxicity
experiments were designed to determine the extent of any injury occurring in the

exposure model. The first assay was an LDH quantitation in media samples collected
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from control and CE-treated HMEC-1 monolayers after various times of exposure to CE.
Since LDH is released from cells injured irreversibly and in the early stages of death [56,
113, 116], LDH activity levels indicating cytotoxicity should be significantly higher in

media taken from treated cells that are compromised.

Figure 8 shows the results of these two analyses. LDH activity (Figure 8A) in
culture media was the same in both groups, suggesting a lack of cytotoxicity in the
culture system. Statistical analysis yielded p values ranging from 0.1 (at 72 hours) to 0.98

(at 4 hours). All LDH activities were contained within the 95% confidence interval for
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Figure 8: Results of cytotoxicity assays

LDH (A) and MTT reduction (B) were analyzed in HMEC-1 cell monolayers after control
(blue circles) or 1 mM CE (red inverted triangles) treatment. On both graphs, the solid line
represents the control linear regression, and the dashed lines represent the upper and lower
limits of the 95% confidence interval for controls. Error bars represent standard error of
mean.
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control HMEC-1. However, the time “zero” results show a transient increase in both
groups, which could either be due to sampling error, or a cell membrane response to the
addition of media (control or CE-containing) that took place at time “zero”. Since this
change was equal between controls and CE-treated HMEC-1, the conclusion made from
the LDH analysis was that the HMEC-1 cell membrane was not irreversibly damaged by
the CE exposure [56, 113, 116].

The second assay that was performed was an MTT reduction assay. MTT is
converted to a spectral formazan product by mitochondrial oxidases, and as a result this
assay has been used as an indicator of growth in proliferating cultures [161, 162], and as

a cytotoxicity assay in confluent culture systems [163].

Figure 8B shows the results of the MTT assays. From time-point to time-point,
there were two instances where MTT reduction activity was increased in the CE-treated
group. At 12 hours, the average control MTT reduction was 0.19 £ 0.004 OD, and treated
values averaged 0.22 + 0.006 OD (n = 3, p<0.001). However, when comparing these
values to the others in the graph, the 12-hour time point data for both treatment groups
appear to be outliers. Thus, the change shown at 12 hours is not likely to have
physiological significance. At 48 hours, a statistically significant change was observed,
with control OD averaging 0.20 £+ 0.007, and an average treated OD of 0.27 £ 0.007 (n =
3, p=0.003). However, considering that the mean for the CE-treated HMEC-1 cells is
contained within the 95% confidence interval for control HMEC-1, it can be concluded

that there was no significant change in MTT reduction over time between groups.

3.1.7 Summary of Aim One studies

To summarize the Aim One studies, exposure to CE did not injure HMEC-1 cells
for up to 72 hours of continuous exposure. Three indices of viability and cytotoxicity
(trypan blue staining, LDH release, MTT reduction) demonstrated that no cytotoxicity
occurred when HMEC-1 were exposed to a 1 mM concentration of CE for up to 72 hours.
Also, though analysis of culture media taken from CE-treated and control HMEC-1

monolayers indicated shifts in culture pH and buffering/HCOs’, no alterations in culture
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medium consistent with altered cellular metabolism were observed. This was a positive
finding, since it demonstrated that the HMEC-1 cell/CE exposure model would sustain

CE exposure long enough for morphological and mechanistic evaluation.

3.2 AIM TWO (MORPHOLOGY & BARRIER) RESULTS

3.2.1 Overview

To fully address the first aspect of the overall hypothesis, which was that CE
exposure would affect endothelial morphology and barrier integrity, Aim Two studies
were designed with focus on whether morphological change was linked to functional
changes in barrier integrity in control and CE-treated HMEC-1 cells. Morphological
analyses (transmission electron microscopy and silver staining) and kinetic analysis

(resistance monitoring) were used.

3.2.2 Transmission electron microscopy (TEM)

The high magnifications of TEM provided ultrastructural information about the
structures of organelles and their membranes and are summarized in Figure 9. Time
points up to 24 hours were chosen. [Note: Due to the changes in cellular metabolism
observed after 24 hours in the Aim One experiments, most of the remaining studies are
conducted with a 24-hour or shorter time frame. The only exception is the electrical
resistance study, which was 72 hours long.] Control HMEC-1 (Figure 9A) showed
numerous, round or bean-shaped mitochondria (7§ in all sections), large, normal nuclei
(asterisks in all sections), numerous lysosomes (V in all sections) with minimal
inclusions, abundant cell-to-cell contacts (f in A, B, and E), and visible rough

endoplasmic reticulum (§ in all sections).

As early as 1 hour after CE was added to the culture media (Figure 9B),
lysosomes became larger (scale bar provided for comparison), and contained inclusions
that appeared to contain digested cellular components. Since the digestion of lipids and
proteins is most common in lysosomes, it may be assumed that the inclusions observed in

Figure 9 contain proteins and/or lipids. Primary lysosomes (those that have not fused with
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phagosomes or late endosomes) appear as small, empty, vesicular bodies (they actually
contain enzymes and some lipids). Thus, the increasing complexity/inclusions of the
lysosomes noted in Figure 9 (B through E) suggests an increase in lysosomal activity that

occurs when endocytosis or autophagy processes have been increased.

Endocytosis is a process of cell membrane internalization normal cells use to
degrade and replace surface proteins, or to remove proteins or organisms that may be
bound to the cell membrane [159]. Autophagy is an internal process involving the
lysosome that results in the removal of damaged or non-functional cellular organelles
[159]. Both processes are important to normal cellular homeostasis. However, both
processes are commonly increased in cells that are injured or adapting to environmental
change, as cellular organelles are damaged and replaced, and cell membrane surface
expression (e.g., of adhesion molecules or receptors) changes [159, 181]. Thus, one role
of the lysosome compartment is damage control. These facts suggest that the increased
numbers and complexity/inclusions of lysosomes in CE-treated HMEC-1 are the result of

cellular injury, and attempts to control the damage for cell survival.

The endoplasmic reticulum (ER) of CE-treated cells was enlarged in some of the
images (Figure 8C, D, E). Since the ER of normal cells enlarges when protein turnover
takes place, as when the cell responds to an external stimulus or injury, this enlargement
in CE-treated HMEC-1 is probably associated with a cellular response to the exposure
that requires increased production of protein. Most notably, secretory and integral
proteins associated with endothelial communication to other cells, as well as the
maintenance of cell-to-cell contact and responsiveness to the external environment, are
produced in the ER. Thus, the change in HMEC-1 cell ER size, paired with the increased
activity of lysosomes within the cells, suggests that HMEC-1 cells are changing in

response to the CE exposure.

85



* Nucleus
I Cell-to-Cell Contacts

7 Mitochondrion
V' Lysosomes (various stages)

§ Endoplasmic Reticulum

Figure 9: Representative transmission electron microscopy (TEM) results

Representative images of HMEC-1 controls (A), and 1 mM CE-treated HMEC-1 after 1 (B), 4 (C),
12 (D), and 24 (E) hours of exposure. Scale bar equals 10 pm. Symbols: * - nucleus, | - cell-to-cell
contacts, T - mitochondrion, \ - lysosomes (various stages), § - endoplasmic reticulum.
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Mitochondria and cell-to-cell contacts appeared to be unaffected by CE treatment
at all time points (Figure 8 B-D). The lack of change in these two locations reinforces the
findings from Aim One that demonstrated a lack of cytotoxicity, since the LDH release
assay tests for severe damage to the cell membrane, and the MTT reduction assay tests
for severe damage to the mitochondrial oxidative machinery.

Two blinded observers confirmed the TEM results. The first observer was blinded
to treatment group and the other was blinded to anticipated outcome. In summary, the
crucial finding in the TEM images (Figure 9) that suggested non-lethal HMEC-1 cellular
response to CE exposure was the lack of effect on HMEC-1 nuclei and mitochondria for
up to 24 hours of constant CE exposure. Apoptotic/necrotic changes are usually first
apparent in the nuclei, with segmentation and marginal condensation in the early stages
of cell death, and mitochondria, which show widespread swelling and increased water
content (that looks like vesicles within the mitochondrion) [159]. These changes were not
observed in the majority of the fields viewed when HMEC-1 were imaged. Thus, the
TEM study provided the first visual confirmation of cellular change, and support for the
suggestion that HMEC-1 response to CE was non-lethal as presented by the biochemical
(Figures 5 through 7) and cytotoxicity (Figure 8) data from Aim One (Section 3.1).

3.2.3 Silver staining

Silver staining, the second mode of morphological analysis, was conducted for
two reasons. First, confirming the findings of Kolodgie and associates [17] using the
HMEC-1/CE exposure model would lend credence to the hypothesis that CE is capable
of direct interaction with the microvascular endothelium, and that this interaction results
in altered endothleial function. Since emphasis was placed on the temporal association of
CE treatment and pathology, the general experimental approach was expanded to include
time points up to 24 hours of treatment. Again, the Aim One biochemical analysis of
media taken from control and CE-treated HMEC-1 cells indicated an increased potential
for cellular stress after 72 hours of confluent culture. The decreased media pH and
HCOj', decreasing trend for glucose, and increasing lactate concentrations at 48 and 72
hours resulted in shortening of the morphological assays to 24 hours. This would
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minimize potential confounding of monolayer morphological effects due to poor culture
conditions over time while allowing for continuous exposure to CE in the HMEC-1 cell
model.

The second reason for using silver staining was that the method is cost-effective
and relatively simple and gives consistent, clear staining of endothelial cell-to-cell
borders. This approach has been used by many researchers in the fields of cell biology
and inflammation, in vivo and in vitro [17, 154, 155].

As shown in Figure 10, control HMEC-1 monolayers showed clear, black-staining
intercellular borders (Figure 10A, asterisks). However, after 30 minutes of CE treatment,
gap formations (Figure 10B, arrows) were visible in some of the fields randomly chosen
for viewing. This finding became consistent after 1 hour of CE treatment, when large and
numerous intercellular gap formations (Figure 10C, arrows) were seen in every pre-
chosen field. Due to the way that the staining experiments were controlled, a control
monolayer was always present on the same slide for comparison. Thus, the gaps were not
an artifact of the staining process. This result confirms those reported by Kolodgie and
co-workers [17], who observed gap formations of similar size and shape in HUVEC
monolayers treated with 1 mM cocaine or CE for 1 hour.

Fading of the black staining of the cell-to-cell junctions at all time points after CE
exposure coincided with the observance of intercellular gaps, which were consistently
viewed after one hour of CE exposure (Figure 10, C-D). Thus, the fading of the stain
after CE treatment was not an artifact of the staining process, since the control
monolayers on the same slides showed staining much like that shown in Figure 10A. The
fading of the stain was probably due to the increased intercellular permeability of the CE-
exposed HMEC-1, and the nature of the staining process. To illustrate, the silver nitrate
was able to stain intercellular borders by complexing with intercellular junctional
proteins (such as cadherins) and oxidizing. Thus, a decrease in cell-to-cell contact would
decrease the availability of sites where the silver nitrate could intercalate and oxidize.
Consequently, the increase in monolayer permeability was shown not only by a decrease

in the intensity of the silver staining, but also the gap formations observed in Figure 10
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B-D. Thus, silver staining had the benefit of two indices of increased monolayer
“permeability”. [Degree of red counterstaining, however, was dependent upon the set of

slides stained. Hence, the redness of cell contents and nuclei in Figure 10 fluctuates. |
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Figure 10: Representative results of silver staining experiments

Representative silver stained control (A) or 1 mM CE-treated (B-D) HMEC-1 monolayers
from n=10 experiments per time point. Times of exposure were baseline (A), and 30 minutes
(B), 1 hour (C), and 24 hours (D) after CE treatment. Asterisks (*) in (A) are placed near cell-
to-cell borders stained with silver nitrate. Arrows (B-D) are used to point to gap formations
and fading of the silver stain. Note scale bar at bottom right of each frame. Reprinted from
Clinica Chimica Acta, Vol 345, D. Tacker and A. O. Okorodudu, “Evidence for injurious
effect of cocaethylene in human microvascular endothelial cells,” pages 69-77, Copyright
2004, with permission from Elsevier (with modifications).
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Gap formations were also observed at 4 (not shown), 12 (not shown), and 24
(Figure 9D) hours after CE exposure. Results at 4 and 12 hours were very similar to those
shown in Figure 9, C and D. Also, staining at 48 and 72 hours suggested that gap
formations would be observed at those time points as well, but these later time points
were not repeated. Thus, the reproducibility of gap formations in HMEC-1 cells at 48 and
72 hours is unknown, due to concerns regarding potential morphological effects of the
altered media biochemistry observed at these late time points in Aim One.

The potential limitation to using a morphological analysis is that such data are
largely qualitative. Qualitative changes were viewed that seemed significant, considering
the mechanism that was proposed for pathogenesis, but the ultimate goal of Aim Two
was to demonstrate that CE exposure was actually increasing the permeability (altering
the functionality) of the HMEC-1 monolayers. This concern was addressed with a series
of trans-endothelial electrical resistance experiments (Section 3.2.4, below), and further

discussion will be saved until then.

3.2.4 Resistance measurement using ECIS

The measurement of electrical resistance is often used in studies involving
endothelial cells because barrier function of the endothelium is central to tissue
homeostasis [17, 117, 119, 120, 144, 156, 165]. Resistance of HMEC-1 monolayers was
monitored for 72 hours using electronic cell-substrate impedance sensing (ECIS). A 72-
hour exposure was chosen for ECIS monitoring to gauge normal HMEC-1 cell monolayer
stability at late (48 and 72-hour) time points. ECIS analysis would allow for evaluation of
the function of HMEC-1 at these late time points, and would address concerns that
decreasing media quality over 72 hours would compromise the study of the effects of CE
in the HMEC-1 model.

ECIS measures the electrical resistance created between the chamber electrodes
and the cell culture media. When cells are confluent, resistance is high. However, when
morphological changes occur that affect monolayer barrier integrity, resistance decreases
(Section 3.2.3). Thus, ECIS provides a functional, quantitative measurement of
monolayer integrity that is not provided by the silver stain assay.

90



Resistance, Ohms

@ Control
VvV 1mMCE
[l Baseline

1800

1600

1400

1200

1000 7

800

600

400

200

Time, h

Figure 11: Results of electronic cell substrate impedance
sensing (ECIS) experiments

HMEC-1 monolayers in special electrode containing culture wells were
controls (blue circles, black dashed line) or treated with 1 mM CE (red
inverted triangles, solid black line) for 72 hours. Blank wells (open
squares, gray dashed line) were used as background controls. Inset is an
enlargement of the boxed area in the main body of the graph. Asterisk
represents p<0.05 by paired, two-tailed student’s t-test. Error bars
represent standard error of mean.

ECIS was used for two reasons. First, the even dispersal of ten (10) electrodes in
the analysis chamber ensured more consistent results, representing an average of 10
readings taken from each monolayer in each well. The second reason was that a 72-hour
experiment using an 8-well chamber allowed for triplicate sampling, duplicate

background readings, and over 1,000 data points per well. Both of these benefits of ECIS
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vastly increased the statistical power of the results from one set of samples. Thus, the
three experiments, performed in triplicate, were more than adequate for determining
consistency in the experimental conditions.

Figure 11 shows the results of the ECIS analysis of HMEC-1 under control and
CE-treated conditions. A non-cell control (named “Baseline” in Figure 11) provided
background resistance data from media alone in duplicate fibronectin-coated wells. The
control baseline (time “0”, 1327 £ 59.7 Ohm) was not significantly different from the
CE-treated baseline (time “0”, 1216 + 190.9 Ohm, p = 0.316, Figure 11). As shown in the
inset, the CE-treated group showed a significant decrease from its “0”-hour baseline in
trans-endothelial resistance within 4 hours of CE exposure (1095 + 162.5 Ohm, p =
0.0335). This trend (Figure 11) continued until the end of the experiment (874.5 £ 116.1

Ohm at 72 hours, p<0.001). Since resistance and permeability are inversely related, this
result provided clear evidence of a significant increase in endothelial permeability after

exposure to CE, and reflects a significant alteration in the physiological barrier function
of the HMEC-1 endothelial monolayer by CE.

3.2.5 Summary of Aim Two studies

To summarize Aim Two, HMEC-1 cells exposed to CE undergo morphological
changes that result in disruption of barrier integrity. Sub-cellular morphological changes
demonstrated by transmission electron microscopy were temporally associated with the
permeability change demonstrated by the silver staining and resistance monitoring, and
further indicated that cellular injury rather than death was occurring in the exposure
model. Silver staining clearly demonstrated intercellular gap formations that indicated an
alteration of barrier stability. This finding was confirmed by the observed decrease in
monolayer resistance, and demonstrates a functional alteration in the microvascular

endothelium, which is central to the regulation of tissue homeostasis in vivo.
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3.3 AIM THREE (CATION) RESULTS

3.3.1 Overview

Aim Three was intended to address the question of whether calcium flux was
affected in CE-exposed HMEC-1. Two different conditions of ion detection were used.
The first is herein called “immediate” exposure, since CE was injected into the quartz
cuvette immediately after baseline measurement of cellular ion levels was initiated. This
exposure was allowed to run for 5 minutes (300 seconds) after injection, and was
performed using CE-naive HMEC-1. Since permeabilizing the cell with digitonin and
chelation with EGTA were required for accurate determination of intracellular ion levels,
the total time for the “immediate” analyses was 700 seconds. However, only the first 400
seconds is reported below, since this is the time period where cytosolic calcium was

monitored after CE addition.

The second study involved a pre-treatment in which HMEC-1 cells were exposed
to control or CE-containing Tyrode buffer for one hour. After the control or CE
treatment, baseline cytosolic Ca*" was monitored for 100 seconds, followed by digitonin
permeabilization and EGTA chelation. This experiment yielded only the baseline
(cytosolic) and total Ca®" content of the cells. Other exposure times (e.g., up to 24, 48, or
72 hours) could have been used for this analysis, but since Ca®" signaling is transient, and
the morphological changes in Aim Two began within the first hour of HMEC-1 cell/CE

exposure, the early (5 minutes and 1 hour) time points were chosen for this study.

3.3.2 “Immediate exposure” experiments: calcium

The “immediate” analysis of Ca*" in HMEC-1 with a | mM CE exposure was
performed because Ca®" was often monitored in the first 5 to 10 minutes of drug exposure
in the various cocaine/calcium studies reported in the literature [38, 182, 183], and
because Ca”" flux is known to compose one of the first phases of cellular response to
stimulus and/or injury. Since the existing data varied by treatment concentration, model,

and time of analysis, predictions regarding the response of HMEC-1 monolayers to CE
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by way of free calcium ion concentration (Ca*") could not be made. For permeability to

change, as observed in the Aim Two studies (Sections 3.2.2 through 3.2.4), Ca** should

increase in the cytosol, as well as in the whole cell. However, given the fact that the

morphological and permeability changes were observed at 1 and 4 hours post-exposure,

respectively, when this change would occur was unknown. Therefore, previous reports of

Ca®" changes after cocaine exposure (since no equivalent studies using CE with regard to

exposure model were identified) were implemented in the experimental design, and Ca®*

was monitored for 5 minutes (300 seconds) after CE injection in Fura-2-loaded HMEC-1.
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Figure 12: Results of
“immediate”
cytosolic Ca*"
monitoring
experiments

Cytosolic Ca*" was
monitored in control
(blue circles) and 1 mM
CE-treated (red inverted
triangles) over a 5 minute
period. Linear regression
for controls (black line)
is shown. Error bars
represent p<0.05 by
Aspin-Welch two sample
t-test for unequal
variance.

In Figure 12, the results of the “immediate” Ca®>" monitoring experiments are

shown. The baseline point at 75 seconds represented an average baseline value just before

treatment with control or CE-containing Tyrode buffer. This was included for reference,

and to demonstrate that the control and CE-treated HMEC-1 cells had similar baselines
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(63.4 £11.0 and 68.9 £ 3.6 nM, respectively) when the experiment began. Between 75
and 100 seconds, CE was injected and the sample was allowed to adjust to the control or

CE exposure for another 300 seconds (5 minutes).

Within 25 seconds of CE injection, a discernable but non-significant increase in
free cytosolic Ca*" was observed (75.0 + 5.5 nM, p>0.05). This “spike” rapidly returned

to baseline levels, and then decreased significantly. The decrease in free Ca®* (41.3 +5.8
nM) after CE injection was rapid (Figure 11), reaching statistical significance (p = 0.009)
at 50 seconds post-injection, and persisted until the end of the 300-second CE exposure
(45.5 £ 5.8 nM, p<0.001). A linear regression of the control trend was included, which
showed a steady increase in Ca”" over time. This increasing trend in the control group
was probably due to the calcium present in the buffer injected during ion monitoring, and
compromised integrity of the cell membrane over time in the Tyrode buffer in the
cuvette. As the cell membrane was compromised (a product of indicator loading and
incubations at room temperature, Fura-2 AM literature, Molecular Probes and [167]),
Ca®" was able to steadily leak into the cell, thus causing the general rise in free cytosolic
Ca®" over time. This was one reason that the study was limited to 5 minutes. The
potential mechanism(s) underlying the persistent decrease in free cytosolic Ca*" are

discussed in Chapter 4.

3.3.3 Pre-treatment experiments: calcium

Since emphasis was placed on the sequelae of events regarding toxicity and
alteration of morphology and permeability in the CE exposure model in Aims One
(Section 3.1) and Two (Section 3.2), a later time point (1 hour) for Ca’" was included to
coincide temporally with events observed in Aims One and Two. The 1-hour pre-
treatment study was designed that would address a longer-term exposure of the HMEC-1
model to CE that would still have an impact on early cellular changes (e.g., gap

formations and the decrease in monolayer resistance) in the HMEC-1 cell response to CE.

HMEC-1 cells were treated with Tyrode buffer or CE-Tyrode buffer for one hour,

and then baseline (free cytosolic) Ca®" was monitored for 100 seconds. Samples were
95



permeabilized with digitonin to determine maximal cellular free ionized calcium

concentration. After 200 seconds, EGTA was added to chelate the calcium, so that

ratiometric calculation of Ca®" would be possible. Illustration 9 in Section 2.4.8 provides

a mock-up of a typical experiment, which is detailed in Section 2.4.7.

2500 1

2000 ~

= 15004
=

+ "
(o}

5004

-Contro]
I cE

*  p<ix10™
** p<1x107

%k

&k

=

Base

T
Max

Figure 13: Results of cytosolic and total Ca** monitoring 1 hour after CE
treatment

Control (blue box) and 1 mM CE-treated (red box) HMEC-1 monolayers were loaded with
Fura-2 and the Ca®" monitored after a 1-hour CE treatment. Base — cytosolic Ca®" after
treatment; Max — total cellular Ca®" after permeabilization with digitonin. Whiskers (with
dots) represent range of results, including high and low values. Single asterisk (*) represents
p<1x10-4 between groups, double asterisk (**) represents p<Ix10™ within groups. For both,
significance was established by Aspin-Welch two-sample t-test for unequal variance.

Figure 13 shows the results of the pre-treatment experiments. Baseline free

cytosolic Ca®* concentration was unaffected by the 1-hour pre-treatment with CE (54.7 +

8.6 nM) relative to controls (50.8 £ 7.3 nM, p = 0.694). Addition of digitonin caused a
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highly significant increase in the total cellular free ionized calcium concentrations in both
groups (p = 1x10°, Figure 12). Since this was the reason digitonin was added in the

experiment, the increase was not unexpected.

The significant finding in this experiment was that the total cellular free Ca*"
concentration in the samples pre-treated with CE (“Max”, 1179 £ 179.7 nM) was nearly

three-fold higher than controls (“Max”, 486.1 £ 49.3 nM, p<0.001, Figure 12). Since the
calcium concentration of the Tyrode buffer in the cuvette was identical in both groups,
the total cellular Ca*" (cytosolic + sequestered/complexed) in the CE-treated HMEC-1
samples placed in the cuvettes had to be greater than controls before the analysis began.
With a 1-hour treatment of the cells with CE, the cellular morphological changes
observed (disruption/loosening of intercellular junctions, Aim Two, Figure 9) may have
played a role in altering the permeability of the cell membrane, thus enhancing the effect
of the digitonin in the CE-treated samples relative to controls, and producing the 1:1 ratio
of intracellular to extracellular Ca®>". More discussion of this finding will continue in the

Discussion chapter (Section 4.1.3).

3.3.4 Summary of Aim Three studies

To summarize the Aim Three studies, CE exposure was associated with
alterations in cytosolic and total cellular Ca>* content. “Immediate” exposure of naive
HMEC-1 to CE resulted in a transient but significant increase in cytosolic Ca*' (Figure
11), followed by a significant decrease for the remaining minutes of the analysis.
However, a 1-hour CE treatment of HMEC-1 monolayers before monitoring of baseline

and maximal Ca®" resulted in a marked increase in maximal cellular Ca** (Figure 12).

3.4 AIM FOUR (SIGNALING) RESULTS

3.4.1 Overview
The Aim Three studies of intracellular ions marked the beginning of attempts to
characterize mechanism(s) underlying changes observed in the Aim Two studies of

morphology and permeability in HMEC-1 cells. In Aim Four, several assays were used to
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address calcium-dependent second messenger and signaling cascades related to cellular
mobilization and monolayer permeability change, and possible later pro-inflammatory
action/protein expression. Due to the transient nature of signaling, and the instability and
tight control of signaling molecules such as kinases and transcription factors, shorter time

points (1 minute to 4 hours) were used for the Aim Four studies.

Inositol-1,4,5-trisphosphate (IP3) was the first signaling molecule studied. IP3 is a
lipid-derived second messenger that is generated by activated PLC. Its generation is
stimulated by the influence of calcium on the activity of PLC, and since IPs is the second
messenger responsible for sarcoplasmic reticular release of calcium in the initial phases
of cellular response (Section 1.5) [117, 120, 129, 132]. After monitoring IP; production
during a limited time frame (up to 450 seconds/7.5 minutes) post-CE exposure,
phosphorylation of p38 MAPK was measured, because kinase activity in general is
stimulated by Ca”", and because activation of p38 MAPK-related signal cascades results
in increased gene expression for pro-inflammatory molecules such as surface adhesion
molecules and cytokines/chemokines (Section 1.5). Finally, the DNA binding activity of

NF-kB transcription factor family proteins was evaluated using electrophoretic mobility

shift assay (EMSA), cold competition EMSA, and supershift analysis. Since NF-«xB
activation in endothelial cells is typically associated with cell survival and inflammation,
alterations in the DNA binding activity of NF-kB in HMEC-1 cells after exposure to CE
would be associated with outcomes of survival and HMEC-1 cell “activation” (e.g., the
expression of pro-inflammatory surface adhesion molecules, cytokines, and other

secreted pro-inflammatory factors such as endothelin-1).

Many other important signaling molecules, such as PKC (directly activated by
DAG) and other members of the MAPK family, could have been included in this study.
However, due to the placement of p38 MAPK and NF-kB at the end of signaling
processes, these two molecules were included in Aim Four to determine whether CE

exposure would affect nuclear/DNA-binding activity of transcription factors. Such end

points were chosen, because altered p38 MAPK and/or NF-kB would be associated with
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activation of intermediate signaling molecules that could be included in future studies.
This way, Aim Four would encompass general primary (IP3) and specific terminal (p38

MAPK and NF-«xB) pathways utilized by HMEC-1 cells during response to CE exposure.

3.4.2 Inositol 1,4,5 trisphosphate (1P3) assays

Increases in cellular IP; levels open sarcoplasmic reticular surface calcium
channels, which modulate cellular events such as actin-myosin mobilization and kinase
signaling activation [117, 120, 129, 132, 144]. Since the Ca*" concentrations monitored
in Sections 3.3.2 and 3.3.3 showed a rapid decrease after 50 seconds, which was
sustained for 5 minutes (Figure 11), concentration was placed on the effects of CE on IP;
generation within the first 7.5 minutes of exposure (to allow for a short lag time between
cytosolic Ca®" and potential IP; changes). CE-exposed HMEC-1 should show a temporal
association between IP; production and the Ca’" flux that was observed (Section 3.3).
This prediction was made based on knowledge of how IP; is generated, since an increase
in cytosolic calcium (like that observed in Figure 12) within 25 seconds of CE injection
results in the activation of PLC and the generation of IP;. The IP; generated then
amplifies the calcium signal through SR calcium release, thus perpetuating the calcium
signal [117, 120, 129, 144, 145]. This process, however, is also auto-regulatory, since
elevations in Ca*" content of the cytosol also serves to block IP; generation, and the
activity of the IP3/Ca channel on the SR surface [117, 129].

Figure 14 shows that IP; levels increased 39% =+ 2.4% from controls (p = 0.004,
n=4) in the treated group after 60 seconds/1 minute of CE exposure. IP; accumulation
was still elevated (25% + 2.1% from controls, p = 0.030) at 150 seconds/2.5 minutes, but
steadily decreased until IP; accumulation was significantly lower (-43.8% + 1.1% from
controls, p<0.001) at 450 seconds/7.5 minutes of CE exposure. These results point to an
association between [P; and the calcium flux observed in Aim Three (Section 3.3). The
massive increase in [P; accumulation within the first 60 seconds of CE exposure
correlated with the significant decrease (Figure 12) in cytosolic Ca" after 50 seconds of

CE exposure. These findings together suggest that cytosolic Ca®" concentration decreased
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enough in the initial period after CE exposure to initiate [P3 generation in an attempt to
regulate cytosolic Ca®" concentrations. However, this effect was transient, since IP; levels
decreased to levels much lower than controls at 450 seconds. This too pointed to an
attempt to regulate Ca®" in the cytosol, but it was likely to be one of negative regulation,

as discussed in Chapter 4.

Figure 14: Results of
* IP; experiments

IP; was extracted from
20 1 HMEC-1 after control or
1 mM CE treatment.
Data are expressed as
percent change from
control for the CE-
treated (red bars) group.
Solid line represents
normalized controls.
Error bars represent
40 standard error of mean.
* Asterisk (*) denotes
p<0.05 by one-way
-60 — - - - ANOVA between

0 60 150 300 450 control and CE-treated
samples at each time
Tine, s point.

Percent change from control
S
-

3.4.3 p38 MAPK phosphorylation assays

It is possible that many signaling pathways influenced by calcium would be
affected in the experimental model. Due to the involvement of the MAPK signaling
pathway in cellular cytoskeletal mobilization/altered permeability, and gene activation of
pro-inflammatory proteins such as surface adhesion molecules and cytokines/chemokines
[168], a p38 MAPK phosphorylation assay was included in the Aim Four experimental
design. The p38 isoform was chosen because of the association between p38 MAPK with
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pro-inflammatory response in endothelial cells and the influence of p38 MAPK
phosphorylation and activation on NF-kB activation and transcriptional activity [124,
138, 168].

Previously, p38 MAPK phosphorylation assays were conducted on HMEC-1 cells
to characterize their response to lipopolysaccharide (LPS) [168]. An LPS positive control
was included to determine the maximal p38 MAPK phosphorylation of the model.
Phosphorylation of p38 MAPK was measured in picograms/107 cells (pg/10’ cells) at 0,
1, 2, and 4 hours post-exposure.

Figure 15 shows a maximal response (395.1 + 63.7 pg/10” cells) from the LPS
control group at 2 hours post-exposure, which remained high (394.9 + 52.8 pg/10 cells)
at 4 hours. This was a highly significant increase (p<0.001, one-way ANOVA) from
baseline (14.7 + 8.6 pg/10” cells at 0 h), and demonstrates that HMEC-1 cells increase
phosphorylation of p38 MAPK in response to pro-inflammatory stimuli.

Control phospho-p38 levels increased over time from a baseline of 14.7 £+ 8.6
pg/107 cells to a maximum of 84.0 + 35.0 pg/10” cells at 4 hours post-CE exposure
(Figure 15, p<0.001). This increase was probably due to a background response to the
PBS, which was used as the vehicle for all groups. Comparing between groups, time
points in the LPS group were elevated versus the negative control group (Figure 15,
p<0.001), and represented a useful range with which to gauge effect for the CE group.

When CE was added to the HMEC-1 cultures, a response was observed that was
immediate (occurring within 5 minutes/0.08 hours), and intermediate when compared to
the positive LPS and negative 0 mM CE controls (Figure 15). After one hour of CE
exposure, phospho-p38 levels averaged 109.6 + 30.4 pg/10 cells (versus a baseline of
14.7 + 8.6 pg/mL, p<0.001). Phospho-p38 levels further increased over time, reaching
162.2 + 37.1 pg/10’ cells at 4 hours (p<0.001).

Though levels of phospho-p38 were lower than those observed for the LPS
positive control group, the difference between the CE-treated group and the control group
was significant (Figure 14, p<0.001 by one-way ANOVA). This result demonstrates that

CE exposure in microvascular endothelium activates p38 MAPK, which could be
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involved in alteration of endothelial permeability as well as pro-inflammatory cellular
responses such as alteration of surface adhesion molecules and cytokines [124, 138, 168].
Such responses underlie the promotion of inflammation in blood vessels and tissues, and
thus demonstrate a link between the morphological and functional responses that were
observed in the Aim Two studies (permeability and gap formations), and intracellular

mechanism-of-effect.
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Figure 15: Results of phospho-p38 MAPK assays

Phosphorylated p38 MAPK was extracted from control (blue circles), | mM
CE-treated (red inverted triangles), or LPS-treated (green squares). HMEC-
1 Error bars represent standard error of mean. Asterisk (*) denotes p<0.05
by one-way ANOVA within groups (time as factor). Significance of p<0.05
for CE (1) or LPS () result versus control by one-way ANOVA.
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3.4.4 DNA binding activity (EMSA) assays

The goal of the Aim Four experiments was to incorporate several molecular
methods that would address different levels of the HMEC-1 intracellular response to CE,
ranging from the cytosol to the nucleus. Since an effect on morphology is only one
component of pathological investigation, EMSA was performed to determine the DNA
binding activity of NF-«xB in control and CE-treated HMEC-1 to thus extend the study of
cellular responses to CE to the nucleus. Though no studies were conducted to assess
transcripts that would result from transcription factor activation (such as microarray
analysis or Northern blot), these assays were designed as a prelude to genomic or
proteomic questions that could be addressed in future experiments.

The same three groups used in the phospho-p38 determination were used for
DNA binding assays: control (0 mM CE); positive (LPS) control; and 1 mM CE-treated.
The LPS positive control was employed in this study because LPS exposure in
endothelium is known to result in activation and increased DNA binding activity of NF-
kB, as well as up-regulation of adhesion molecule targets of NF-xB [184, 185]. Time
points used were baseline (no treatment), 1, and 4 hours post-treatment, because
transcription factor activation is usually transient, and takes place within the first few
hours of cellular response to stimulus or injury. As a result of the previous findings, and
because p38 MAPK activation is linked to stress responses and NF-kB activation [186],
this seemed a good preliminary study of DNA binding activity for the HMEC-1/CE

exposure model.
Preliminary EMSA Experiments

The first step in analyzing NF-«xB activation in the HMEC-1/CE exposure model
was a preliminary EMSA of nuclear extracts with the Igk oligonucleotide. This NF-kB
site was originally identified in the mouse kappa light-chain promoter that binds all
proteins in the NF-xB family [137, 170, 177]. Optimization of EMSA analysis in HMEC-

1 cell extracts (Figure 16) demonstrated six (6) potential bands of interest, but non-
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specific oligonucleotide/protein interaction would yield bands that may contain proteins

other than the various dimers of NF-xB family proteins such as RelA(p65) and p50.

Time Base|Base|Base|1h | 1h | 1h 4h 4h 4h
Treatment| Ctl |[LPS |CE | Ctl |LPS| CE | Ctl | LPS| CE |702/3
B I S )
(
Band shifts ‘ RelA(p65)/p50
wilgk -< .
oligo . p50/p50
| - - R T

Figure 16: Early EMSA results

EMSA showing bands (shifts) that result when the Igk oligonucleotide binds protein
dimers of the NF-xB family in nuclear extracts taken from HMEC-1 cells when un-
treated (baseline, Base), or under control (Ctl), LPS (LPS), and CE (CE) treatment
conditions for 1 (1h) or 4 (4h) hours. 70Z/3 cells are pre-B cells that express NF-kB and
were used as a positive control. Negative control (not shown) was free oligonucleotide,
which produced no bands.

Cold competition assays

In order to identify which of the 6 bands in Figure 16 represented specific NF-kB
dimer/oligonucleotide complexes, cold competition assays were conducted. The cold
competition EMSAs were conducted in the same manner as the preliminary EMSAs.
However, in this assay, the LPS-treated HMEC-1 extracts were used as a presumptive

NF-kB-positive control. Thus, standard LPS-treated extract was placed next to an LPS-
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treated extract containing 50-fold molar excess of non-radioactive Igk oligonucleotide in

the loading wells of the polyacrylamide gel. The result of the cold competition was the

identification of two bands of interest for characterization in later experiments.

Time IBase Base|Base|Base| 1h | 1h 1h 1th | 4h | 4h | 4h | 4h
s |-+ +|-1-1++-[-1+1+1-
CE -l-1-1+1--1-1+[-]1-1-1|%
Competitor| - - + - - - + - - - + - loz3
Do e ewpeqgePe e
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© |-
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Figure 17: Results of the cold competition assays

LPS = LPS treatment of HMEC-1 cells. CE = CE treatment. Competitor = 50-fold molar
excess of unlabeled oligonucleotide. Base = no-treatment baselines. 1h = 1 hour of treatment
with CE or LPS. 4h = 4 hours of treatment with CE or LPS. 70Z/3 is the positive control for
NF-kB. Known dimers for 70Z/3 are identified on the right. HMEC-1 bands (1 and 2) are
labeled on the left. Asterisk (*) represents a third band with specific and non-specific
complexes.

As shown in Figure 17, two bands (Bands 1 and 2) of interest were identified
based on their elimination by excess unlabeled Igk oligonucleotide. Complexes
specifically bound to unlabeled oligonucleotide could not be bound by the **P-labeled
oligonucleotide. Thus, the specifically bound bands in the EMSA were eliminated, and
bands that resulted from non-specific binding remained visible. Since the EMSA patterns

for all samples contained similar bands, cold competition was not necessary for all of the
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samples. A third band (* in Figure 17) under Band 2 appeared to decrease in density with
competition, but given the decrease in band elimination in the competition lanes relative
to Band 1 and Band 2, this third band was not studied further because it represented a
combination of specific and non-specific binding of the Igk oligonucleotide. Using the
70Z/3 lanes as a comparison, it is likely that p50/p50 homodimers may have been
present. However, the presence of non-specific binding in Band * precluded its use in any
quantitative analysis. Thus, the two bands that showed the most elimination after
competition with unlabeled oligonucleotide were designated “Band 1” and “Band 2” until
they could be further characterized. EMSA analyses including antibodies directed against
specific NF-kB proteins to either supershift or eliminate various bands would determine
identify which NF-xB proteins were present in each band. This approach would also
characterize any changes in NF-xB dimer composition that may occur as a result of the

treatment conditions presented to the HMEC-1 cultures (LPS and CE).

Time course of NF-«B band density

Regarding NF-kB dimer DNA binding activity, Figure 18 shows a comparison of
the radio-densities of samples not treated with antibody during the supershift assays.
Controls were set to 100% at all time points, so that changes in NF-xB could be
compared between groups. Baseline LPS and CE band radiodensity (Figure 18) were not

different from controls.

When the average density of Band 1 from LPS-treated samples was compared to
controls, no significant change was observed after 1 hour of treatment. However, a
significant increase in Band 1 density was observed at the 4-hour time point (185% + 9%
of control, p = 0.013). This result contrasts sharply with the significant decrease observed
in Band 2 density (54% =+ 3% of control, p<0.001) in LPS-treated samples at the 1-hour
time point relative to controls. At 4 hours of LPS treatment, Band 2 density was greater
than 100% of controls, but failed to reach significance. Thus, LPS treatment of HMEC-1
increased NF-kB DNA binding activity of Band 1 by 4 hours, and decreased NF-xB

DNA binding activity of Band 2 by 1 hour.
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Figure 18: Alterations in NF-xB Bands 1 and 2 in HMEC-1 after treatment with
LPS or CE

LPS- (green squares) and CE- (red inverted triangles) treated HMEC-1 band densities expressed
as a percentage of control band density at each time point. A = Band 1, B = Band 2. Asterisk (*)
represents p<0.05 by paired, two-tailed student’s t-test.

CE treatment resulted in decreases in NF-kB DNA binding relative to control
(Figure 18). Bands 1 and 2 were both significantly decreased (38% = 2% of control, p =
0.03 and 39% =+ 2% of control, p = 0.005, respectively) after 1 hour of CE treatment.
However, by 4 hours of treatment, the density of Bands 1 and 2 were nearly equivalent
(92% + 5% of control, and 99% + 5% of control, respectively, Figure 17) to controls.
Thus, CE treatment of HMEC-1 results in a transient decrease in NF-kB DNA binding
activity after 1 hour, which recovers by 4 hours of CE exposure. This decrease in DNA
binding activity implies a stabilization of NF-kB dimers in the cytosol, which is contrary
to the predicted outcome of this experiment. The prediction was that since MAPK

phosphorylation increased (Figure 14), NF-kB DNA binding would also increase. Further
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discussion of the relevance of this observation can be found in the Discussion (Section
4.1.4).

Supershift assays I: RelA(p65)
Since NF-kB RelA(p65) is ubiquitous and exhibits a strong supershift in the

70Z/3 pre-B cell line, 70Z/3 extracts were used as a positive control throughout this
experimentation. Adding antibodies to EMSA reactions increases the molecular weight of
bands containing the protein of interest (in this case RelA), moving the supershift band
upwards in the gel with proper binding of radiolabeled Igk oligonucleotide, and the
density of the regular band should decrease. Alternatively, if a band contains RelA and
the antibody either competes with the Igk oligonucleotide for binding sites or alters
protein conformation, thereby altering the ability of the oligonucleotide to bind DNA.
Thus, the entire regular band could disappear rather than be visibly supershifted.

No supershifted bands were observed in any of the samples containing the anti-
RelA antibody (Figure 19) as opposed to the supershift observed using the mouse pre-B
cell line 70Z/3. This may be due to differences in the antibody binding to human RelA as
opposed to mouse RelA. For example, the human HMEC-1 samples could have presented
competing binding sites for the antibody and the oligonucleotide or otherwise altered the
ability of Igk to bind DNA, and the mouse 70Z/3 samples did not. Despite this difference,
however, both Bands 1 and 2 were decreased in intensity in the presence of antibody
against RelA, thereby indicating that RelA is one member of the NF-xB dimer in each
band. The decline in any additional bands (particularly the third band, *, at 1 hour, Figure
17) may be the result of proteolytic cleavage of RelA protein. Proteolytic cleavage
produces artifacts of nuclear extraction that are often observed in some cell lines despite
the liberal use of protease and phosphatase inhibitors during sample preparation. Such

could be the case in the later (Figures 20-22) supershift assays as well.
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Figure 19: Results of the RelA(p65) supershift assays

Supershift analysis of HMEC-1 cells for RelA(p65). LPS = LPS (0.1 pg/mL) treatment; CE =
CE (1 mM) treatment. Base = no-treatment baselines. 1h = 1 hour of treatment with CE or
LPS. 4h = 4 hours of treatment with CE or LPS. H286 = anti-RelA antibody. 70Z/3 is the
positive control for NF-kB. Known dimers and RelA(p65) supershift for 70Z/3 are identified
on the right. HMEC-1 bands (1 and 2) are labeled on the left. Note the lack of supershifting
in the HMEC-1 samples, which resulted from antibody competition with the Igk
oligonucleotide

Regarding RelA (p65, Figure 19), a 75% loss of Band 1 density in all groups at
baseline was observed. Band 1 at 1 and 4 hours was completely eliminated by anti-
RelA(p65). Thus, RelA(p65) appears to be a major component of Band 1 in all three
groups, and, assuming that none of the other antibodies affect Band 1, it is plausible that
Band 1 is composed solely of RelA(p65) homodimers in control, LPS-, and CE-treated
HMEC-1 after 1 to 4 hours of drug exposure (Figure 19).
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RelA(p65) was also a major component of Band 2 in the HMEC-1 extracts
analyzed (Figure 19). Baseline HMEC-1 extracts from all groups showed a decrease in
Band 2 density (~60%). By 1 hour of treatment in all groups of cells, the intensity of
Band 2 had declined by 75%. The difference in Band 2 density after antibody treatment
was most noticeable at the 4-hour time point, where control and CE-treated extracts
showed decreases in Band 2 intensity exceeding 75%. However, LPS-treated HMEC-1
extracts lost less Band 2 density (~50%, Figure 19). This demonstrates that a non-RelA-
containing protein complex is present in Band 2 after 4 hours of LPS treatment in
HMEC-1 cells.

Overall, RelA(p65) appears to be a component of Band 2 in HMEC-1 extracts,
and the level of RelA(p65) in dimers composing this band is not affected by CE treatment
(relative to the changes observed in the control group). LPS, however, decreases the
amount of RelA(p65) in Band 2 over time. RelA could be a component of both bands due

to different dimerization patterns of RelA (with itself, or another NF-kB protein). Since

different NF-kB proteins have different molecular weights, a RelA homodimer would
migrate differently through a polyacrylamide gel than a RelA/p50 heterodimer. Thus, it is
plausible that both bands could contain RelA. Determinations of other proteins in the

band complexes (e.g., p50, c-Rel, or p52) would confirm this reasoning.

Supershift assays I: p50
A supershift assay using an anti-p50 antibody also yielded interesting results

(Figure 20). First, two supershifted bands were observed that migrated similarly to the
70Z/3 control supershift for p50. Thus, these supershifted bands are probably specific to
p50 and are likely to indicate pSO homodimers (from Band *) and p50/RelA(p65)
heterodimers. Band 1 showed the same decrease in density over time, disappearing in all
treatment groups by 4 hours. However, the 1-hour sample for LPS-treated cell extracts

showed two strong bands that cannot be explained at this time (Figure 20).

Second, patterns of p5S0 supershifting changed depending on the time and
treatment group. All three groups showed supershifting of pS0 at baseline, with complete
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elimination of Band 1 and supershifting of approximately 25-30% for Band 2. At the 1-
hour time point, the control group showed elimination of Band 1, and a Band 2 supershift
of approximately 30%. However, supershifting in this group was significantly less at 4
hours (approximately 20% for Band 2), and Band 1 was undetectable in both regular
EMSA and supershifted samples. Thus, control HMEC-1 samples showed p50 content in
both Bands 1 and 2 at baseline and 1 hour, and in Band 2 only at 4 hours.

Time [B[B[ B[ B[B[B[1h[ 1h] 1n[ 1 1h] 1n[4h [4n[4n]4n [4n J4n
LPS |- |+|-|-|+|-|-|+]-]|-|+|-]|-]+|-|-|+]|-
ce |-[-[+l-1-T+-1-14+]-]- el - |-+ | 7023
NLS Ab +

-

p50 85
p50 S8

Band 1
Band 2

RelA(p65)/p50
p50/p50

Figure 20: Results of p50 supershift assay

Supershift analysis of HMEC-1 cells for p50. LPS = LPS (0.1 pg/mL) treatment; CE = CE

(1 mM) treatment. Base = no-treatment baselines. Base = no-treatment baselines. 1h = 1 hour
of treatment with CE or LPS. 4h = 4 hours of treatment with CE or LPS. NLS = anti-p50
antibody. 70Z/3 is the positive control for NF-kB. Known dimers and p50 supershifts for
70Z/3 are identified on the right. HMEC-1 bands (1 and 2) are labeled on the left. Note the
two supershifted bands in the HMEC-1 samples.

LPS-treated lanes showed a different pattern of p5S0 supershifting at 1 and 4 hours.
At the 1-hour time point, both Bands 1 and 2 showed a marginal change in band density,
but no supershifted bands were detectable. At 4 hours, Band 1 was undetectable in both

regular EMSA and supershifted lanes, and Band 2 showed minimal (10-20%) change in
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density. However, two faint supershifted bands are visible at 4 hours, suggesting that the
supershifted p50 observed came from Band 1, which was probably completely
supershifted by treatment with anti-p50 antibody, and not detectable in the regular EMSA
lane. Consequently, p50 content of Band 1 increased, and decreased in Band 2, after LPS

treatment in HMEC-1.

CE-treated lanes showed no detectable Band 1 at the 1- and 4- hour time points.
However, Band 2 density was strong with EMSA at both 1 and 4 hours. At 1 hour, Band
2 density decreased by 50% upon supershifting, but no supershifted band was detectable.
At 4 hours, Band 2 density was not altered by Supershift assay, but two faint supershifted
bands were observed. Since this is the same pattern that was observed for LPS-treated
HMEC-1 at 4 hours, it is probable that the source of the supershifted bands after CE
treatment at 4 hours is Band 1, even though the regular EMSA lane shows no detectable
Band 1 density. Thus, p5S0 content of Band 2 decreased, and increased in Band 1, over

time with CE treatment, a pattern that matches that of the LPS exposure.

Overall, it appeared that p50 was a component of the NF-kB complexes in Bands
1 and 2, but the amount of p50 that was present in the nucleus declined over time in Band
2, while Band 1 p50 content increased over time. Thus, at the end of p50 supershift
analysis, Band 1 appeared to be composed of a RelA/p50 heterodimer because of the
complete elimination of Band 1 at baseline and 4 hours when antibody to either protein
was added. Band 2 appeared to contain both RelA(p65) and p50, and potentially other
NF-«B family proteins, due to the lack of complete elimination of the band when

antibody to either protein was added.

Supershift assays I11: c-Rel
The third NF-kB family protein assessed using supershifts was c-Rel (Figure 21).

As with RelA, c-Rel did not supershift. Instead, bands containing c-Rel were eliminated
when anti-c-Rel antibody was added to EMSA samples. Addition of c-Rel antibody to

70Z/3 extracts also resulted in reductions in band intensities, rather than supershifting.
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In Figure 21, significant change in Band 1 density (>75%) was observed when

supershift lanes were compared to regular EMSA lanes at baseline. At baseline, a

reduction in Band 2 density (of approximately 50%) was also observed when anti-c-Rel

was added to HMEC-1 samples.
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Figure 21: Results of c-Rel supershift assay

Supershift analysis of HMEC-1 cells for c-Rel. LPS = LPS (0.1 pg/mL) treatment; CE = CE
(1 mM) treatment. Base = no-treatment baselines. Base = no-treatment baselines. 1h = 1 hour
of treatment with CE or LPS. 4h = 4 hours of treatment with CE or LPS. N466 = anti-c-Rel
antibody. 70Z/3 is the positive control for NF-kB. Known dimers for 70Z/3 are identified on
the right. HMEC-1 bands (1 and 2) are labeled on the left. Note the lack of supershifting in
both 70Z/3 positive control and HMEC-1 samples.

Control HMEC-1 showed no Band 1 or 2 density changes at 1 hour, but Band 2

density decreased again at 4 hours. LPS-treated extracts showed no change in Band 1 or 2

densities at 1 or 4 hours. This suggests that c-Rel is not a component of either band after

HMEC-1 exposure to LPS. This lack of response is not unexpected, since c-Rel
expression is low in 70Z/3 cells, as well as other kinds of cells [137]. CE-treated HMEC-
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1 nuclear extracts showed a strong decrease (>75%) in Band 2 density after 1 and 4 hours
of treatment (Band 2 was not detected in either sample). Thus, c-Rel is a potential
component of Bands 1 and 2 in HMEC-1 cells under baseline conditions. LPS treatment
appears to decrease c-Rel in Bands 1 and 2, but not CE treatment. The effects of these

treatments on Band 1 c-Rel composition at 4 hours are unknown.

Supershift assays 1V: p52
Performing EMSA on HMEC-1 extracts using anti-p52 antibody had a minimal

effect on the densities of Bands 1 and 2 (Figure 22) at baseline. Neither band showed a
significant change in density in the supershift lane relative to the regular EMSA lane,
despite the presence of a very faint p52 supershifted band near the loading well. This
faint supershift was only observed at baseline. Thus, the supershifted band could have

originated from another band on the gel, such as the third (*) band from Figurel6.

At 1 hour, however, some change in band densities were observed. Control
samples showed a slight change in Band 2 density. Band 1 density was variable, with no
Band 1 visible in the regular EMSA lane, but a visible Band 1 was present in the
supershifted lane. The conclusion was made that Band 1 density was not altered in the 1-
hour control samples. LPS treatment showed a noticeable reduction in Band 2 density.
Also, LPS-treated samples showed variability in Band 1 density. The conclusion was that
Band 1 density was not altered by LPS Treatment. No changes were observed in Band 1
or 2 densities in the 1- or 4-hour CE-treated samples. At 4 hours, no supershifting was

observed. Also, no discernable change in band density was observed at 4 hours.

Thus, it appears that p52 is not a component of Band 1, and may be a component
in Band 2 complexes. LPS treatment appeared to decrease p52 content at 1 hour,
comparable to controls. CE treatment does not appear to affect the p52 content of
HMEC-1.
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Figure 22: Results of p52 supershift assays.

Supershift analysis of HMEC-1 cells for p52. LPS = LPS (0.1 pg/mL) treatment; CE = CE
(1 mM) treatment. Base = no-treatment baselines. Base = no-treatment baselines. 1h =1
hour of treatment with CE or LPS. 4h = 4 hours of treatment with CE or LPS. 477 = anti-
p50 antibody. 70Z/3 is the positive control for NF-kB. Known dimers and p52 supershift
for 70Z/3 are identified on the right. HMEC-1 bands (1 and 2) are labeled on the left. Note
the faint supershifting in both 70Z/3 positive control and HMEC-1 samples.

Supershift assays V: Band composition

From these supershifts, the presence of the four NF-kB family proteins in the
nucleus at various times and treatments could be characterized. First, Band 1 appears to
contain RelA(p65), p50, and to a lesser degree c-Rel. Thus, Band 1 is probably composed
of RelA(p65)/p50 heterodimers (Table 3). This is reasonable considering that the upper
band seen on 70Z/3 control samples is known to be a RelA(p65)/p50 dimer, and that the
RelA/p50 heterodimer is the most common NF-kB complex detected in cells. This

complex typically acts as an activator of gene transcription in response to endothelial cell
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stimulus and/or stress. Also, in resting or untreated HMEC-1, these complexes are
present, and they diminish with CE or LPS treatment rapidly (within 1 to 4 hours). This is

consistent with the transient nature of transcription factor activation and regulation.

The composition of Band 2 was more complex than Band 1, potentially
containing all four NF-kB proteins at any given time. Based on the degree of
supershifting (or elimination) observed in the Aim Four experiments, the predominant
NF-«kB proteins in Band 2 are RelA (p65) and p50, with lesser amounts of c-Rel, and
potentially p52. Since p52 activity was low in the EMSA analysis in this study (Figure
22), and p52 activity is almost exclusively observed in lymphatic tissues [137, 187], p52
is not considered to be a component of Band 2 NF-kB complexes (observed activity
could have resulted from cross-reactivity between the p52 antibody and the p50 subunit
present in Band 2). Thus, Band 2 is composed of RelA-, p50-, and c-Rel-containing

complexes for the following reasons.

Table 3: Composition of Bands 1 and 2, EMSA analysis

RelA LPS CE
(p65) p50 | c-Rel | p52 1h 4 h 1h 4 h
Band1| V' Vx| x| | 1] || e

Band 2 v v v ‘7 l <—> l —>

Symbols: v' = present, X = not detected, ? = inconclusive, <> = no change, 1 = increase, |

= decrease

First, given that the second band observed in 70Z/3 control samples is known to
contain p50 homodimers, the major component of HMEC-1 Band 2 is probably a p50
homodimer. This is probable because the pSO homodimer is one of the three dominant

NF-«kB complexes in most cells, and since the RelA/p50 homodimer (Band 1) migrated in
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a similar pattern relative to the known banding patterns of the 70Z/3 controls, Band 2 is

the most likely location for the p5S0 homodimer.

Second, since RelA/p50 dimers containing a truncated form of RelA(p65) are
known to migrate immediately below the pS0 homodimer [188], this explains the
presence of RelA in both bands (1 and 2). The truncation of the RelA subunit occurs at
the C-terminal end of the protein, and is an artifact of the purification method. Despite
the addition of copious amounts of protease inhibitors to the lysis buffers used in this
method, it appears that some truncated RelA(p65) resulted from the nuclear extraction,

hence creating a smaller RelA/p50 dimer that migrated similar to the pSO homodimer.

Finally, c-Rel is an NF-xB protein that is constitutively localized to the nucleus,
and provides NF-kB activity in quiescent cells [137, 187]. Since the c-Rel/p50
homodimer is most common in the nucleus [187], it is reasonable to conclude that the c-

Rel activity noted in Band 2 is due to the presence of this complex.

Thus, the three most probable dimers composing Band 2 are: 1) p50 homodimers;
2) truncated RelA/p50 heterodimers; and 3) p50/c-Rel heterodimers (in order of
abundance). One final observation made about Band 2 is that its composition seems to
change with CE or LPS treatment and time (consistent with activation of RelA/p50
and/or p50 homodimers, and the potential down-regulation of c-Rel/p50), as

demonstrated in Figures 19-22.

3.4.5 Summary of Aim Four studies

To summarize the results of Aim Four, CE exposure to HMEC-1 resulted in an
initial increase, and then steady and significant decrease, in the generation of IP; (Figure
13). Also, CE-treated HMEC-1 showed increased amounts of phospho-p38 MAPK
(Figure 14) relative to controls. Nuclear localization of NF-kB fluctuated after exposure
to CE or LPS, with CE treatment tending to decrease NF-xB DNA binding activity
transiently (at 1 hour but not 4 hours, Figure 17), and LPS treatment tending to decrease

(1 hour), then increase (4 hours) NF-xB DNA binding activity. Two NFxB-containing
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bands were identified in all HMEC-1 extracts (Figures 18-21). The composition of Band
1 was predicted to be a RelA(p65)/ p50 heterodimer. Band 2 had a more complex
composition, and was probably composed of p50/p50 homodimers, truncated RelA

dimerized with p50, and c-Rel/p50 dimers.
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CHAPTER 4: SUMMARY AND DISCUSSION

4.1 SUMMARY OF MAJOR RESEARCH FINDINGS

There were four major findings in this study. First, HMEC-1 exposure to CE did
not alter cellular viability or induce cytotoxicity. Second, CE exposure in HMEC-1
cultures resulted in increased monolayer permeability, as evidenced by the formation of
intercellular gaps noted one (1) to 24 hours after CE exposure, and a decrease in trans-
endothelial resistance. Third, intracellular calcium concentration was altered in HMEC-1
exposed to CE, as shown when HMEC-1 cytosolic free Ca®* concentrations fluctuated
immediately after CE exposure, and when total cellular Ca*" increased markedly after a
1-hour CE treatment prior to monitoring. Finally, CE exposure in HMEC-1 was
associated with increased p38 MAPK phosphorylation and decreased DNA binding of
NF-kB dimers in the nucleus. Similar changes would be expected in an HMEC-1/cocaine
exposure model, since cocaine and CE have similar pharmacological profiles, and were

previously reported to affect HUVEC permeability equally [17].

4.1.1 HMEC-1 exposure to CE is not cytotoxic, but may alter cellular function
Several general indices of cellular viability were used in the Aim One
experiments to determine whether the HMEC-1/CE exposure model would be suitable for
investigation of the central hypothesis that CE induces morphological and functional
changes in microvascular endothelium. Aside from directly causing vasculitis, these
changes could promote ischemia and inflammation in surrounding tissues via alterations
in second messengers and signal transduction, which are partially mediated by cation
flux. The growth curve (Figure 1) results showed that exposure to HMEC-1 cells to 1
mM CE was sufficient to alter HMEC-1 cell function as indicated by the affects on
growth and viability of proliferating HMEC-1 (Figures 1 and 2, Table 2). CE was
demonstrated to persist in cell culture media for up to 72 hours (Figure 3). Viability
testing in confluent monolayers showed no overt lethality (Figure 4) resulting from 1 mM

CE exposure, and biochemical analysis of media samples from control and CE-treated

119



HMEC-1 (Figures 5 and 6) showed that the treated HMEC-1 had increased media acid
concentrations, and a concomitant decrease in HCOj3', but no other indication that cellular
change had occurred as a result of the CE exposure. Cytotoxicity analysis by LDH

release and MTT reduction assays (Figure 7) showed no overt cytotoxicity.

There are no reports of organized cell culture or human studies of the biochemical
effects of cocaine or CE on media (or blood) pH, gases, glucose, and lactate. Only case
reports mention acidosis or hypokalemia as incidental findings [85, 189, 190], but
conclusions regarding incidence, prevalence, or risk cannot be drawn until such studies
are performed. Thus, the results of this study cannot be compared with those of other
research groups. The *'Cr release assay used by Kolodgie and colleagues [17] also
showed a lack of cytotoxicity in HUVEC exposed to cocaine (1 mM). Thus, the lack of
cell injury observed in Aim One of this study is in agreement with that demonstrated by
Kolodgie and colleagues [17], and peripherally, that observed in case studies [85, 189,
190].

Overall, it is unclear how the CE treatment in HMEC-1 caused the disruption in
pO,/pCO; balance (Figure 5). Speculation points to a decrease in the oxidative capacity
of the cells, but the lack significant alteration of the rate of HMEC-1 cell glucose
consumption from media and lactate formation suggests that the increase in media O,
may have been associated with the decreased media pH observed in the CE-treated group.
Cocaine has been reported to affect mitochondrial integrity [164, 191] in various cell
culture systems. Consequently, an assumption of mitochondrial damage as a result of CE
exposure is plausible. However, since no alteration of general mitochondrial function was
observed (MTT reduction assay, Figure 8B), more definite experimentation focused on
the mitochondria would be required in order to determine whether impairment of
oxidative phosphorylation was the cause of the alterations in pO, observed in the CE-
treated group. Thus, the Aim One studies demonstrate that even a high/lethal exposure to

CE in vivo does not cause microvascular endothelial cell death.
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A. Welder [163] performed an in vitro experiment on a cardiomyocyte-cocaine
exposure model that used both MTT reduction and LDH release assays as measures of
cytotoxicity, and observed no significant decreases in MTT reduction over a 1 to 24-hour
time period using cocaine concentrations in a 1 nM to | mM range on spontaneously-
beating cardiomyocytes. However, morphological changes and LDH release alterations
were observed in the 10 uM and 1 mM treatment groups, which were increased at all
time points analyzed. This result is logical given the reported cardiac complications of
cocaine abuse, and the high nutritional and energy demands of cardiomyocytes, which are
compromised by exposure to cocaine [163]. Also, these results show the importance of
using more than one cytotoxicity assay in model development, since different toxicants
may affect a cell using different mechanisms (e.g., cell membrane destabilization v.

mitochondrial toxicity).

During the design of the Aim One experiments in this study, the results reported
by Welder [163] were used to predict that the HMEC-1 model would show a similar
pattern of toxicity, but to a lesser degree due to the functional “quiescence” of endothelial
cells compared to cardiomyocytes. All three cytotoxicity assays (LDH and MTT assays,
Figure 8, and media biochemical analysis, Figures 5 through 7) performed in this study
showed that no cytotoxicity resulted from CE exposure to HMEC-1 cells. The only
notable changes demonstrated were decreased pH and HCO;™ (CE-dependent), and an
increase in media pO; that is not fully explained by the other biochemical results
obtained. Since endothelial monolayers are more quiescent than myocardial cells, the
differences in the results of the Aim One experiments versus the Welder study [163] are
not unexpected. Thus, the conclusion made from the Aim One studies is that CE was not

cytotoxic to HMEC-1 cells.

The Aim Two experiments demonstrated that CE exposure may alter HMEC-1
cell function, in that transmission electron microscopy (TEM) of control and CE-treated
HMEC-1 showed that the cells were responding to the CE exposure, but that the response

was not lethal (Figure 9). This conclusion was made based on the lack of nuclear and
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mitochondrial morphological change observed in the CE-treated HMEC-1 monolayers
viewed for each time-point of analysis, paired with the increase in numbers and
inclusions in the lysosomes within CE-treated HMEC-1. Since there is no presentation or
description of TEM performed on cocaine- or CE- treated endothelial cells in the
literature, there is no published data with which to compare the results of this study.
However, there is agreement of the visual results from the TEM experiment with the
biochemical results of the Aim One, in that no mitochondrial or cell border
morphological changes were noted that would coincide with severe damage of cellular
oxidative capacity or the ability of the HMEC-1 cells to retain cytoplasmic enzymes such
as LDH. The increase in lysosomal activity may account for some increase in media
acidity if exportation of digested lysosomal contents were to occur as part of a cellular
response to CE exposure. Though these data denote cellular change or alteration after CE

exposure, they do not appear to demonstrate cellular injury.

4.1.2 CE exposure in HMEC-1 cultures results in increased monolayer permeability
The Aim Two experiments involving silver staining (Figure 10) and trans-
endothelial electrical resistance (Figure 11) provided strong support for one aspect of the
overall hypothesis, namely that CE alters HMEC-1 morphology and permeability. The
silver stains and the electrical resistance data indicate that CE exposure in humans may

be a greater problem than previously thought. These data agree with the observations
made by Kolodgie and associates [17], which included increased intercellular gaps and
decreased monolayer electrical resistance within 30 minutes of exposure to cocaine. CE
and cocaine were reported to have equivalent effects, but the actual result for CE was
only reported with regards to resistance. The prolonged morphological response
(persistence of gaps for up to 24 hours, Figure 10) suggests great potential for vascular
toxicity in those chronically exposed to CE, such as cocaine abusers that “binge”, or

chronic users that may ingest smaller doses of cocaine frequently.

One disparity in the comparison of these data with data presented by Kolodgie

and co-workers [17] is that the HMEC-1 cell model showed significant increase in
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permeability (e.g., decreased resistance) only after several hours, whereas Kolodgie and
co-workers reported an increase within 30 minutes. We have no explanation for why the
small-vessel HMEC-1 cells, which are typically more reactive to stimuli than
macrovascular cells, responded more slowly. It is conceivable that differences in the
source and type of cells used account for the difference, since the HUVEC cells were a
primary cell isolate from umbilici, whereas the HMEC-1 cell line was an immortalized
dermal cell line (both of human origin) [156]. Since a direct comparison of the two cell
lines cannot be found in the literature with regards to electrical resistance and pro-

inflammatory stimuli, the mechanism of the discrepancy remains to be described.

However, it can be concluded from these two separate studies that CE can affect
the function of the endothelial barrier in both large and small blood vessels, thereby
providing evidence that the endothelial barrier plays a role in cocaine/CE toxicity that
may be of great mechanistic importance. This is because demonstration of a direct effect
of CE on the endothelium provides evidence that cocaine/CE is capable of promoting the
development of vasculitis, which could be an additional pathogenic mechanism
underlying systemic disease in cocaine abusers. Since cocaine abusers present an array of
organ and tissue diseases to clinical practitioners that appear to have vascular origin
(edema, rashes, ulcerative lesions, and others described in Section 1.2), a direct link
between the vascular compartment and resulting tissue disease would strengthen the
relevance of such a mechanism. Thus, knowledge of the mechanism of this response is
necessary to determine the degree of endothelial involvement in CE-associated

pathology, including potential therapeutic targets for cocaine/CE-associated pathologies.

4.1.3 Cytosolic and total cellular calcium content is altered in HMEC-1 exposed to
CE

The results of the Aim Three studies indicated that calcium was involved in the
cellular response of HMEC-1 to CE. The first major finding was a slight increase, then
rapid and significant decrease in Ca®" within 60-75 seconds of CE exposure (Figure 12),
which is in accordance with cocaine/calcium studies conducted in other cell models [38,

182, 183]. However, the sustained depression of intracellular calcium concentration for 5
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minutes after CE addition to Fura-2-loaded HMEC-1 cells was a novel finding, since
previous studies showed a steady recovery of Ca®" after removal of cocaine from Fura-2-
loaded cells. Since removal of CE from the quartz cuvette was precluded by our
experimental design and equipment, determination of whether recovery would occur
when CE was removed from the cuvette was not possible. Consequently, only a
comparison of the initial “peak” response of the cytosolic calcium after exposure to CE is

possible at this point in time.

The second major observation in Aim Three was the large (nearly 3-fold) increase
in the total cellular Ca®" when HMEC-1 cells were treated with CE for 1 hour before ion
monitoring (Figure 13). This change occurred without a significant alteration of the
baseline Ca®" concentration, which was unexpected given the results of the “immediate”
exposure experiments, where the presence of CE resulted in lower cytosolic Ca*"
concentrations for 5 minutes. Thus, a significantly lower baseline (cytosolic Ca*") was
expected at the end of the 1-hour incubation, but this did not occur. Such results suggest
that the first hour of CE exposure is deserving of more detailed study with regards to
endothelial calcium content, cell membrane permeability (fluidity), and the localization

of Ca®" in endothelial cell compartments.

The rapid increase in the cytosolic Ca** concentration in CE-exposed HMEC-1
(Figure 11) is typical of a cellular response to insult or stimulus [117, 120, 128, 129, 144,
146, 166]. Since calcium signaling is involved in so many cellular functions, the use of
calcium by the cell is brief but capable of sustained effects on cellular function. However,
just as increases in cytosolic calcium are capable of altering cellular morphology and
function, so are decreases in the Ca*" concentration [117, 132]. In fact, sustained
alterations in cytosolic calcium can have cytotoxic effects, due to over- or under-
signaling to cellular targets such as the cytoskeleton, signaling molecules, and even the
nucleus [117, 120, 121, 128-130, 132, 144, 146, 166]. Sustained alterations in calcium
have several etiologies, each of which should be considered when studying mechanisms
of pathogenesis of any disease in any cell type. However, given the array of calcium-

altering mechanisms within a cell, elucidation of such mechanisms exceeds the scope of
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this study. Thus, mechanisms considered to be involved in the microvascular response to

CE will be discussed with the reservation that such a discussion is speculative.

One possible cause of the sustained decline in cytosolic Ca** (Figure 11) is the
disruption of cellular structure caused by the CE exposure. As evidenced by the results of
the silver staining (Section 3.2.3) and the resistance experiment (Section 3.2.4), HMEC-1
barrier integrity was compromised by CE exposure, and this alteration resulted in cellular
morphological changes within the first hour of exposure. Mobilization of the cytoskeleton
is often fairly rapid (minutes) [121, 124, 126], followed by reorganization in the
following minutes to hours. Since such drastic alterations in cellular morphology and
monolayer integrity involve mobilization of the actin-myosin cytoskeleton [17, 155, 165],
and cytoskeletal components (actin and associated proteins) bind calcium when un-
complexed [117, 120, 129, 144], the decline may be due to a sequestration of calcium
from the indicator, which binds only free calcium ions. Thus, though calcium may have
been present in the cytosol, it is possible that much of it was complexed to cytoskeletal
proteins or kinases being mobilized or activated as part of the cellular response to CE and
thus inaccessible to the indicator. However, to demonstrate this conclusively, actin

staining and other analyses would be required.

The first question presented by this possible mechanism, that calcium may have
been complexed in the cytosol and was thus undetectable by the Fura indicator, is: When
did calcium levels return to baseline? If one were to examine the two experiments in
series, the immediate exposure lasted 5 minutes, and the baselines for the 1-hour CE pre-
treatment experiments were obtained 55 minutes later. Results from previous (Aim Two,
Section 3.2) experiments demonstrated that the morphological alterations persisted for
much longer than 1 hour. However, after reorganization of the cytoskeleton in the first
hour, calcium may have been made available once again, demonstrating the “normal”
baseline levels that were observed after the 1-hour incubation. If this is true, and if
cytosolic calcium was only complexed in the immediate phases of exposure, then why
was such a marked increase in total cellular/sample calcium seen after a 1-hour pre-

treatment with CE?
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Two potential mechanisms might be operating to account for this effect. The first
mechanism could involve regulation of calcium signaling by sequestration. Calcium
signaling in cells typically originates from the release of calcium from intracellular stores
such as the endoplasmic reticulum (ER, or sarcoplasmic reticulum, SR, in the case of the
endothelium), due to second messenger systems that are discussed in the Aim Four
experiments (Section 3.4). After the signal has reached a threshold, which may vary from
cell-to-cell, the calcium is sequestered by re-uptake into these stores, or “sinks”. If CE
were to affect calcium channels in HMEC-1, then the ability of these cells to release and

sequester calcium would be impaired.

Increased total cellular Ca>" occurring in the model after 1 hour of CE exposure
(Figure 12) may be related to a block of one or many HMEC-1 calcium channels,
particularly on the SR [117, 120, 128, 129, 144, 146]. Qui and Morgan [183]
demonstrated that cocaine and CE caused negative inotropic effect in cardiomyocytes
using intracellular calcium monitoring and antagonists such as noradrenaline and
calcium. The concentrations of cocaine and CE used were 100 uM to 10 mM, placing the
CE exposure concentration of 1 mM used in this study within the range used by Qui and
Morgan [128, 129, 146]. The chief finding of their study was that CE had a lower EDs
than cocaine (nearly ten-fold lower) with regards to cellular contraction and action
potential peak shortening. The authors concluded that both agents had a negative
inotropic effect on spontaneously beating cardiomyocytes, but CE appeared to have
greater potency than cocaine, and that this potency was based on CE’s ability to decrease
the availability of intracellular free calcium. The authors suggested that an SR blockade
could be the cause of the alteration in free calcium levels in the cardiomyocyte model
[183].

Though my study was conducted in microvascular endothelium, many of my
observations parallel with the findings of Qui and Morgan [183]. First, Qui and Morgan
demonstrated a morphological and functional effect on their cell model as a result of CE

exposure. The Aim Two finding of altered permeability is comparable due to the
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involvement of the actin-myosin cytoskeleton in both cardiomyocyte beating and
endothelial morphological change. Second, CE exposure in both models resulted in a
decrease in available cytosolic Ca®", which is important to the continuance of cellular
stability in both cases. Thus, the evidence from my studies supports Qui and Morgan’s
hypothesis that CE may also be capable of SR calcium channel blockade [183]. Such
activity would add to CE’s repertoire of cocaine-like activity. However, this evidence
needs definition, since true confirmation can only come from inhibitor studies and

specific study of the channels themselves.

The second phase of Ca>" increase, which was observed in the 1-hour CE pre-
treatment experiments, could be a consequence of such a blockade. If the SR is unable to
release calcium, but other channels responsible for sequestration are still operable, then
permeabilization of the SR membrane (as with digitonin treatment) in such a cell would
provide greater quantities of calcium than a cell with functioning SR calcium channels

and normal calcium flux prior to analysis [128, 129, 146].

A second calcium “sink” present in cells is the mitochondrion, which can take up
excess Ca’" when SR channels are not functioning, or the cell is flooded with calcium
[128, 129, 146]. Thus, if an SR blockade occurs as a result of CE exposure in
microvascular endothelium, and mitochondria are flooded with calcium in an attempt to
regulate cytosolic Ca®" content, then release of calcium with the injection of digitonin
during calcium monitoring would yield a higher total cellular Ca*" concentration than that

observed in control cells (as well as mitochondrial dysfunction).

Another source of calcium that could cause a cellular “overload” would be the
extracellular environment [128, 129, 146]. If SR channels are not functional, then store-
operated channels on the cell surface could be recruited by an as-yet unknown signal or
chaperone to open, allowing calcium to be pumped in from the extracellular
compartment. This is could have resulted in the high Ca®" levels in the CE-pretreatment
group, since the cell would essentially be hypocalcaemic in the event of an SR channel

block and would rely on calcium from the extracellular space for its signaling needs.
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Also, since the calcium concentration in the Tyrode solution was constant during
analysis, buildup of Ca" in cellular sinks would have to take place before analysis (e.g.,

during the 1-hour pre-treatment period).

The second, and more likely mechanism that could have affected total cellular
calcium in the pre-treatment experiment involves the cell membrane itself. If CE affects
cell membrane stability, this could be one cause of the alteration in barrier function
(Section 3.2, Permeability studies), as well as provide a way for calcium to bypass
channels and gain entrance to the cells. Thus, the model presented in this dissertation may
represent a two-step method of permeabilizing HMEC-1 cells. CE could have
destabilized the HMEC-1 cell membrane, resulting in Ca*" leakage into the cell and
organelles. Then, when digitonin was added as a permeabilizing agent for obtaining total
cellular calcium, the membranes of CE-treated HMEC-1 were fluidic relative to control
cells, thus yielding additional Ca*" and the several-fold increase in cellular Ca®* versus

controls.

The proposed theory of increased membrane fluidity is supported by the findings
of Kunze et al [147]. The authors reported an increase in membrane fluidity, and an
inhibition of phospholipase A, (possibly important in the next section) by high (I mM
and greater) concentrations of cocaine. Increasing (0.5 — 1 mM) concentrations of
calcium in the reaction buffer used abrogated the inhibitory effect, but calcium
concentrations above 1 mM potentiated the anesthetic inhibition. Finally, in each case,
the ability of the anesthetic to affect PLA, activity was parallel to its lipophilicity [147].
Thus, cells exposed to high concentrations of cocaine (or CE) would display increased
membrane fluidity, opening the cytosol to ion/particle leakage. Since CE is slightly more
lipophilic than cocaine (due to the ethyl ester), the results of my study and the study
conducted by Kunze et al are in agreement. However, to demonstrate the mechanism of
increased membrane fluidity conclusively, future studies focused on cell membrane

composition should be conducted.
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From these findings, it can be concluded that calcium plays an important role in
the cellular response to CE, as evidenced by the significant alterations that were observed
in a relatively short sampling period. Several mechanisms could be operating that affect
the calcium flux, but no clear conclusions can be drawn from the data. Future studies
employing specific calcium channel blockers and calcium-free Tyrode solution (or
calcium concentration curves) would be of benefit in further characterization of calcium-

modulated signaling in our HMEC-1/CE exposure model.

4.1.4 CE exposure in HMEC-1 is associated with altered signaling

Second messengers

The Aim Four studies served to further test the proposed mechanism of cellular
response following CE exposure in the microvascular endothelial cell line, HMEC-1.
Since this project was largely exploratory due to a lack of pre-existing data regarding the
cellular effect of CE, many intracellular targets were evaluated that could potentially be
involved in the morphological and barrier function alterations that were observed in Aim
Two (Section 3.2). Thus, this Aim was composed of several preliminary molecular

analyses.

The results of the IP; accumulation assays (Figure 14) showed a drastic increase,
followed by a gradual but significant decrease, in IP; in CE-treated HMEC-1. This result
reflected an attempt to regulate cytosolic Ca®", which was decreased in the CE treatment
group within seconds of drug injection (Figure 12). This part of the IP; generation data
was clear-cut, requiring little interpretation. Cytosolic Ca>" decreased, and the cell was

making an attempt to bring it back to baseline levels.

The data that resulted in the biggest question from the IP; experiments was the
gradual and significant decrease in IP3 (Figure 14), which appeared to begin just after the
60-second time point, and continued until the 450-second time point was reached. If
cytosolic Ca** (Figure 12) had returned to control levels, this depression would not be
compelling — the fact that IP; levels were decreased in Figure 14 despite the lack of free

Ca®" concentration recovery (Figure 12) points to negative regulation of IP; generation
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mediated by Ca®*. Considering the question generated in Section 4.1.3 regarding the
status of Ca”" in the cytosol (was it sequestered in sinks, or still in the cytosol, but
complexed to various targets?), this IP; data suggests that the Ca®" was indeed present in
the cytosol, but not available to the indicator due to complexation with various targets.
Since two targets of Ca®” in the cytosolic compartment are the SR surface IP; receptor,
and PLC [117, 128, 146], it is entirely plausible that this is true.

The idea that Ca*” could have been complexed to PLC is supported by the
findings of Kunze et al, who demonstrated that high concentrations of cocaine, paired
with high concentrations of Ca®", were capable of inhibiting PLA, activity [147]. A
similar scenario may be present in the current study, in that inhibition by CE of PLC
would be potentiated by high cytosolic Ca**, which is a co-factor and regulator PLC
activity [117, 129]. Thus, not only could there be inhibition of PLC activity over time by
CE, but there is also the possibility that Ca*" is complexed and unavailable to the Fura-2
indicator. The inhibition of IP; generation indicates that this is a possible mechanism of

CE’s effect on the microvascular endothelium that should be investigated further.

Repetition of this assay could provide additional information regarding the
temporal associations between Ca’" and IP; in CE exposure scenarios, and should
include: 1) positive and negative controls; 2) calcium channel inhibitors; 3) possibly an
extended time of analysis; and 3) varying concentrations of CE. A positive control that
was previously used in an endothelial-IP; experiment [168], bacterial lipopolysaccharide
(LPS, which was used in the p38 phosphorylation and EMSA assays), should be
included to determine the potential for maximal IP; generation in the model. This will be
necessary so that determination of the degree of physiological significance of changes
due to CE exposure could be made in reference to a positive control. Negative controls
should include a no-CE media treatment like the one used, and potentially an inactive

homolog of CE and/or cocaine, if one can be identified.

There are no studies in the literature that describe the effects of CE on

phosphoinositide production or metabolism. Cocaine’s effects on IP; have been tested in
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a chronic cocaine treatment model of rat aorta [192]. The authors noted a doubling of IP;
generation in this model shortly (seconds) after 30 uM cocaine was added to
norepinephrine-stimulated aortic rings taken from rats chronically exposed to cocaine.
The results observed in Aim Four support this finding, despite the differences in model,
drug, and treatment concentration. Consequently, the Aim Four IP; results have been
corroborated by limited studies in different models, and should be further expanded and
tested for greater depth of understanding concerning the time course and influence of 1P

generation in HMEC-1 after CE exposure.

Kinase phosphorylation
A clear increase in p38 MAPK phosphorylation (Figure 15) was observed in the

HMEC-1/CE exposure model. This suggests that the calcium signals indicated by the
Aim Three results were affecting kinases as soon as 5 minutes after CE exposure, and
reaching maximal levels at 2 hours. Also, the effect was sustained for the additional 2
hours of CE treatment (the 4-hour time point). Because activated p38 MAPK affects
endothelial morphological change, this increase in phosphorylation supports the findings
of increased endothelial permeability in Aim Two [128, 130, 146]. Thus, it would appear
that even a transient changes in cytosolic calcium and IP; generation can result in kinase
activation in CE-exposed HMEC-1 cells, and that continued exposure results in the

alteration of barrier function.

Again, there are no studies in the literature describing the effects of CE exposure
in endothelial cells with regard to p38 MAPK. However, one report of the effects of
cocaine on fetal rat myocardial cells that demonstrated increased p38 MAPK activity (not
phosphorylation) after cultured cells were exposed to 0.1 mM cocaine for 15 minutes
[191]. This increase was transient, and p38 MAPK activity returned to control levels after

30 minutes of cocaine treatment.

A second cardiac study utilizing cocaine (0.01 to 1 uM) exposures in adult rat
cardiomyocytes [193] reported no change in phosphorylation of p38 MAPK when the
cardiomyocyte cultures were exposed to cocaine. Also, no change in the other two major
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forms of MAPK, ERK and SAPK/JNK, was observed. However, the low doses of
cocaine did increase PKCa activity in the model. Given the difference between the
HMEC-1 cells and cardiomyocyte models, and the levels of drug exposure in each, it is
not surprising that a change was seen in one model (HMEC-1) and not the other

(cardiomyocytes) regarding MAPK phosphorylation.

There are many differences between the HMEC-1/CE exposure model and the
myocyte models used in these two studies [191, 193] that would account for the drastic
differences between the results observed. As stated previously, cardiomyocytes have
higher energy demands than endothelial cells, thus making them more susceptible to
damage and death (which was seen in [191]) or hypertrophy (which was seen in [193]).
Second, the drug (cocaine) and drug concentrations used (ranging from 0.01 to 100 uM
cocaine) were different than the 1 mM CE concentration used in this study. Though
distinctly toxic to the cardiomyocyte cell model, the 0.1 mM exposure showed no overt
effect on HMEC-1 during early viability studies in this study, and was not further tested.
Third, the authors of [191] used a p38 MAPK activity assay, whereas the analysis used in
this study was a phosphorylation assay. Though phosphorylation indicates signaling
molecule activation, the two assay results cannot be directly compared. Thus, while the
p38 MAPK data presented in Aim Four demonstrate a direct effect of CE exposure on
HMEC-1 cell signaling, this analysis should be expanded and further tested using related

models and drug concentrations.

DNA binding activity

The Aim Four studies showed that DNA binding of RelA(p65)/p50 heterodimers
and other NF-xB complexes present in HMEC-1 decreased transiently (1 hour) after CE
treatment (Figures 17-22), and then returned to control levels. Since RelA(p65)/p50
activation is believed to be an important component of normal cellular function [137,
176], the decline in DNA binding activity of this complex after CE treatment could
indicate a rapid and transient alteration of cellular status by the NF-kB signaling
pathway. This result was not predicted for two reasons. First, NF-kB DNA binding
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activity was expected to be similar to that of the positive control LPS, which increased
DNA binding activity of NF-kB dimers over time, reaching maximal levels at 4 hours in
the HMEC-1 model. Second, a report from 2001 [194] showed that human brain
microvascular endothelial cells exposed to cocaine (up to 200 uM) for 3 hours exhibited

increased levels of DNA binding of NF-kB proteins p65 and p50 (more below).

The relevance of NF-kB DNA binding activity in HMEC-1 cells exposed to CE
relies on the gene targets of NF-xB, and their resulting protein expression [132, 137, 140,
187]. Activated NF-kB binds the promoters of genes encoding surface adhesion
molecules (such as VCAM-1 and ICAM-1), pro-inflammatory cytokines (such as IL-8),
and NF-kB and IkB family genes. Thus, NF-«B is auto-regulatory, and its activation
results in the transcription of genes that, when transcribed and expressed in protein form,
promote inflammation [140]. Regarding the pathogenesis of vasculitis in cocaine abusers,
a finding that CE is capable of altering the expression of these genes (and proteins)
through NF-xB would provide a mechanistic link to vasculitic pathogenesis. Thus, it was
assumed that the HMEC-1/CE exposure model would produce similar results. The fact

that the assumed outcomes did not occur raises two questions at this time.

First, would CE treatment ever elevate NF-kB DNA binding activity in HMEC-1,
or is CE somehow preventing NF-kB activation? Given the activation of p38 MAPK by
CE (Aim Four), it appears that intersecting signaling pathways are activated. However,
NF-kB signaling intersects with a number of signaling pathways, and only one of them
(p38 MAPK) was analyzed in this study. Thus, the question of whether CE exposure to
HMEC-1 cells would alter NF-kB activity is complex and could only be answered with
the addition of time points to the existing models, as well as analysis of the activities of
other intersecting signaling pathways that modulate NF-xB activation. Also, varying CE

concentrations should be added in case differential results are seen with regard to dose.

Second, why did CE affect RelA(p65) and p50 content in the nucleus, but not c-
Rel? The answer to this question is likely to be tied to the first question, in that the DNA
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binding activities of various dimers affected by CE treatment may be influenced by the
effects of CE on intersecting or NF-kB modulating pathways. However, since c-Rel is
constitutively expressed in the nucleus and has no nuclear export sequence [137, 187],
low levels of c-Rel should be found in the endothelium at baseline sampling. Thus, due to
c-Rel’s status as a constitutively expressed transcription factor [137, 187], and RelA’s
status as an inducible NF-kB protein (and hence differences in cellular
localization/accessibility by other signaling molecules), it is logical that HMEC-1 cell
stimulation with LPS or CE would increase DNA binding activity of RelA and not c-Rel.

Again, there is no information available in the literature regarding the effect of CE
exposure on the DNA binding activity of transcription factors in any cell line or model.
However, some data are available regarding the effects of cocaine on NF-kB activation in
human brain microvascular endothelial cells, and the mouse brain [194, 195] that may

answer the above questions.

Lee et al [194] reported induction of NF-kB in human brain endothelial cells after
treatment with 50 to 200 uM cocaine for 2 hours. This is one instance where cell model is
comparable to the HMEC-1 model, since two bands containing NF-kB were identified
using EMSA. The first band appeared to contain p50 and RelA(p65), and the second band
appeared to contain a p50 homodimer. DNA binding of NF-kB increased with increasing

cocaine concentrations, a finding that contradicts the results of the present study.

The fact that the HMEC-1/CE model did not show the same activity as the human
brain endothelial model can derive from several factors. First, the concentration of
cocaine used in the human brain endothelial model was 1/5"™ that of the HMEC-1 model.
Thus, the high concentration of CE in this study could have caused a decrease in NF-kB
binding activity as a result of toxicity. Second, it is possible that the endothelial cell
models are different enough to show different responses to cocaine/CE. Though the
endothelium in the periphery is highly dynamic, it is possible that there is a true

difference between peripheral and brain endothelial cells regarding the sensitivity of NF-
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kB activating pathways. Third, the difference in time of sampling (3 hours in the brain
endothelial cell model of Lee et al versus the 1- and 4-hour time points in the HMEC-1
model of the present study) could present a problem. Since NF-«xB signaling is transient,
1 hour can make a large difference in the DNA binding activity detected. Thus, perhaps a
peak occurred at 2 or 3 hours post-CE-treatment that was not detected because no

sampling occurred at those time points.

Consequently, the results of the study conducted by Lee et al are not supported by
this study, but they do provide useful information that should be considered in future
experimental design, in that the study by Lee [194] presents different concentration and
time ranges that could be evaluated in the HMEC-1 model. Thus, an interesting future
study could involve a concentration curve for CE that would begin near 50 uM and end at
the 1 mM concentration. Such use of varying drug concentrations may determine whether

the difference between the two models was cell origin or drug concentration.

A study performed by Ang et al [195] was conducted using a mouse model of
cocaine exposure, which included a single-dose group and what the authors referred to as
a “chronic” dose group, which was actually sub-chronic: cocaine concentration was 20
mg/kg daily for 14 days for the sub-chronic group, and 4 hours on one day for the single
dose group. Microarray analysis of the nucleus accumbens of mice exposed to cocaine for
14 days showed a 9-fold increase in the mRNA expression of NF-kB family protein p105
(the precursor to p50). Subsequent Western blots of nucleus accumbens from mice
chronically exposed to cocaine showed an increase in p105 content, as well as a 40%

increase both in RelA(p65) and IxBy [195]. Single exposure to cocaine, however, did not

affect NF-kB protein in the mouse nucleus accumbens. Thus, NF-kB was concluded to
be a target of signaling mechanisms related to addiction and reinforcement in the mouse

model after chronic cocaine abuse only.

Since protein analysis in the mouse included Western blots (thus indicating

protein content rather than activity), and this study included EMSA for DNA binding

activity of NF-kB, the results from the two studies cannot be directly compared. Because
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protein concentration does not equate to protein activity, it would be interesting to repeat
the study with the mouse model, including EMSA analysis of NF-xB DNA binding
activity. Also, analysis for more NF-«xB proteins and their targets would be warranted,
since the authors of the mouse study [195] reported 2.5- to 9- fold up-regulation of 77
different genes in their model — p105 was the only one to which further study was
dedicated. At this time, however, the main benefit that the mouse study presents is
knowledge that cocaine (and potentially CE) targets NF-xB transcriptional and
translational activation, and thus increases the likelihood that the presence and activation
of this important cell regulator will occur. Also, this report points to NF-«B as a major
effector of neuronal function in chronic drug abuse scenarios, emphasizing the need for

more study in this area.

From the findings of Ang and colleagues [195], future experiments in the HMEC-
1 model should include microarray analysis to identify families of molecules that may be
up- or down- regulated by CE exposure. Given the activation of p38 MAPK (Figure 15),
and the reduction in NF-kB DNA binding activity by CE exposure in HMEC-1 cells
(Figures 17-22), such analysis is warranted. Additionally, the EMSA analysis of HMEC-
1 nuclear extracts could be extended to determine what effects CE has on the cell model
after 6, 12, or 24 hours of treatment. It is possible that activation of NF-kB binding
activity by CE is delayed in the more quiescent HMEC-1 cell line, and thus CE’s
potential as an activator should not be ruled out. Conversely, it is possible that CE has a
stabilizing effect on NF-kB/IxB complexes, thus preventing NF-kB dimers from reaching
the nuclear compartment. An interesting way to test this concept would be to combine CE
and LPS treatments in the HMEC-1 exposure model to see if CE has an inhibitory effect
on the 4-hour activation observed in the LPS-treated group (Figure 18).

A paper presented by Gan et al [185] highlights the importance of understanding
the effects of drugs-of-abuse on cellular signaling. The authors reported that Brain
MicroVascular Endothelial Cells (BMVEC) isolated from human biopsies and exposed to

cocaine (1 nM to 10 uM range) showed increased monocyte and neutrophil adhesion and
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monocyte transmigration that resulted from upregulation of BMVEC expression of
VCAM-1, ICAM-1, and ELAM-1 (endothelial-leukocyte adhesion molecule-1).
Demonstration of increased levels of ICAM-1 mRNA in cellular extracts pointed to
transcriptional upregulation [185]. Since NF-xB is a prime activator of cellular adhesion
molecules, knowledge of NF-«kB activation and suppression patterns in this and other
models would be key to predicting inflammatory outcomes, as well as the design of
potential drugs to prevent inflammation and vasculitis resulting from cocaine/CE

exposure.

4.1.5 Closing remarks, discussion

The data presented in this dissertation reflect the complicated and dynamic
cellular response to CE, which requires further investigation. Since the study of the
effects of CE on endothelial cells is a new area of research, there is little existing data to
which the results in this dissertation can be compared. The one existing cocaine-
endothelial study that included CE supports the current findings herein, in that a
morphological and permeability change was observed that was not associated with cell
death [17]. Other studies that focused on cocaine effects on cellular ion levels [38, 182,
183, 196] also agree with the Aim Three calcium data, despite the difference in the
models used. Consequently, it is assumed that the data presented herein represent a true
and significant alteration in the function of the vascular endothelium, which could result
in systemic toxicity and disease. The microvascular/CE exposure model appears to be a
suitable one for toxicological analysis, and could prove useful in other areas of

toxicological research.

4.2 BENEFITS & LIMITATIONS OF THIS MODEL/STUDY
Several potential benefits and limitations of the HMEC-1/CE exposure model
have been identified as this project has developed. Below is a summary of those

considered to be the most important.
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4.2.1 Benefits

Containment of exposure and response
One benefit to using a cell culture model for mechanistic research is that the

model is usually composed of a single cell type, and is free from outside influences that
may alter the cellular response to the agent in question. For example, despite the ultimate
goal to fully describe the whole-body effect of CE from a mechanistic standpoint, such
description would be impossible unless the mechanism could be compartmentalized, and
then integrated back into the whole body. Such was the idea for the use of the
microvascular cell line HMEC-1 as a representative of the entire microvascular
endothelium. Thus, there were no blood-borne immune cells, tissue-derived factors, or
neurotransmitters present to complicate the response of the CE exposure. Response was
clearly a product of interaction between the endothelium and CE, which was a major
question that provided the impetus for this study. Also, the uniformity of the cultures
yielded much lower variability, thus making determination of significance easier during

data analysis, especially in this early phase of researching endothelial-CE interactions.

Resource consumption and ethics
Use of the cell culture model is more flexible and less costly than any animal or

whole-human model available. Human and animal protocols require more resources
overall, and give results with much higher variability than those yielded by cell models.
Also, the ethics of performing the studies conducted herein on a human population would
be inadmissible in an IRB protocol, especially since highly invasive or surgical
procedures (e.g., to obtain skin for tissue studies) would be required to obtain materials
suitable for such study. Designing such studies for an animal model, with no previous
data, would also not be favorable for acceptance of an animal use protocol. Thus,

gathering data for future use in such models is often left to in vitro experimentation.

Relevance to humans
The HMEC-1 cell line was derived from human dermis. Thus, the endothelial cell

model presented in this study is directly relevant to humans, as well as the effects of
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cocaine/CE on humans, since the skin is often a target of cocaine-associated pathology
(Section 1.2). Also, the dermal microvascular endothelium has been noted to be generally
applicable to endothelium in other organs [156]. As such, this model provided the most

universal results possible at this early phase of experimentation.

Approach
This study was exploratory, since there is limited information in the literature

regarding the vascular endothelial effects of cocaine and/or CE in the periphery. As such,
the approach used in this study provided a survey of different types and levels of the
effects of CE on HMEC-1 cells, using a number of different methods with varying
detection sensitivities to evaluate the scope and degree of effect that CE had on the
HMEC-1 cell model. To focus on only one type or level of response would have limited
this study, since any negative result in a more specific study may have ended the project
prematurely. Certainly, the general approach in Aim One, and increasingly specific
studies in later Aims, should stimulate interest in the model, as well as prove its worth as

an appropriate model for toxicological assessment.

4.2.2 Limitations

CE concentration used
The CE concentration (1 mM) used in this study was high. As discussed in

Section 1.1, serum CE concentrations observed in emergency room admissions often
range from low nanomolar to high micromolar concentrations [12, 13, 43, 46]. Since
cocaine and CE are both metabolized post-mortem (due to residual serum cholinesterase
activity) to benzoylecgonine, the upper limit of serum cocaine and/or CE concentrations
is currently unknown. However, it is thought that millimolar serum concentrations of CE
are possible in severe overdoses and lethal cases, but the ability to detect cocaine or CE
intact is dependent on the time elapsed from death to autopsy/blood sampling [19, 21,
22].

Though intermediate effects of 0.1 and 0.5 mM concentrations of CE were

observed in the HMEC-1 cell growth studies of Aim One (Section 3.1), it was decided
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that the higher concentration should be used for the characterization of the model, due to
its clear and consistent effects on cell growth and viability in proliferating HMEC-1
(Section 3.1.2). In the future, these and other, lower concentrations of CE should be
tested in the HMEC-1 cell model, so that a characterization of dose-response would be

possible.

Non-inclusion of cocaine and/or cocaine + ethanol groups
Since the goal of this study was to survey endothelial response to CE, and a

previous study [17] had shown some effect of cocaine equivalent to that of CE, cocaine
and cocaine + ethanol groups were not included. This decision was made to make
experiments more manageable, since testing CE alone (and later, the LPS positive control

group) resulted in the operation of the laboratory at full capacity.

Cocaine and CE have been reported to share most of cocaine’s molecular targets,
including the dopamine transporter [18, 20], serotonin and norepinephrine receptors| 19,
22, 32], sodium channels in excitable cells such as neurons and the myocardium[29, 32,
35, 36, 38, 40, 42], and potentially sarcoplasmic reticular calcium ATPases [182, 183]. In
the future, expansion of the HMEC-1 cell model to include cocaine and cocaine + ethanol
groups should be considered for direct comparison of the effects of cocaine and CE on
the HMEC-1 model.

Time limitations of the HMEC-1 model
Since the endothelial model is comprised of a confluent monolayer, and cultured

endothelial cells have a limited “window” for viability and normal operation in culture at
confluence, the upper limit of analysis in the HMEC-1 model is 72 hours. After that,
issues can develop regarding cellular changes as a result of death in an increasing
population of the culture. It was apparent during the Aim One biochemistry studies
(Section 3.1.5, Figures 5 and 6) and Aim Two electrical resistance studies (Section 3.2.4,
Figure 10) that cellular metabolism was being altered by 72 hours even in control cells.
As a result, later studies of morphology, calcium monitoring, and signaling were

restricted to the first 24 hours of CE exposure. Thus, in future studies seeking to expand
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the timeline of CE exposure and effect, or address chronic low-dose exposures of CE,
another model (e.g., animal, or bioengineered or perfused tissue) may be necessary.
However, for preliminary studies including shorter exposures (such as the ones contained

in this dissertation), the HMEC-1 model was suitable and should be further characterized.

Lack of rescue analysis and negative controls
Several in vitro studies utilizing techniques such as resistance monitoring and

calcium ion determination employ drug removal from culture or analysis buffers and
subsequent observation for potential recovery of the cell culture to control conditions [17,
29, 182, 183, 196]. During this study, this strategy was not employed in the ECIS
experiments, and was not possible in the calcium ion monitoring experiments. Future
studies would greatly benefit from inclusion of such an approach, so that reversibility of

the effects observed herein may be estimated.

Regarding the lack of negative controls, there are no known metabolites of CE
that are completely inactive. Benzoylecgonine (BZE) does not share the local anesthetic
properties of cocaine and CE, and was shown not to affect HUVEC monolayer resistance
by Kolodgie et al [17]. Thus, it would appear that BZE is a good candidate as a negative
control for endothelial permeability and ion channel evaluations. However, since BZE is
capable of inducing seizures in animal models, it is unlikely that BZE would be
considered an ideal negative control for cocaine and CE. Currently, data on the effects of
this and other cocaine and CE metabolites on peripheral targets, such as the vascular
endothelium, are lacking. As such, testing similar to that performed in this study would
need to be conducted before BZE, or any other candidate molecule, could be used as a

negative control in the HMEC-1 cell model.

4.3 IMPLICATIONS & THE FORMATION OF A MECHANISM
The data herein strongly suggest that cocaine abusers could have an increased risk
for systemic disease of vascular origin, due to the effects of CE on the microvascular

endothelium. This conclusion was made because of the frequency of cocaine and ethanol
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co-abuse, the prevalence of cocaine and ethanol double-positive results in toxicological
testing of emergency room admissions associated with traumatic and tissue failure
emergencies, the confirmed presence of CE in a majority of cocaine and ethanol double-
positive clinical toxicology samples, and the case history records of systemic disease in
cocaine abusers. These associations suggest a high risk for sudden death, and vascular

origins of life-threatening illness in this population.

The demonstration that CE is capable of interaction with human microvascular
endothelium in vitro, isolated from other factors that could exacerbate endothelial
dysfunction, suggests that CE is an effector in cocaine-associated systemic disease
pathogenesis. Though the CE concentration used is on the high end of the clinical scale,
observed in overdoses and lethal cases, it is possible that chronic exposure to low levels
of CE could elicit an effect on the endothelium. However, due to the potential for
differential effects of CE depending on dose, as seen in cocaine studies, speculation as to
what those effects would be is too far-reaching. This study highlights the necessity for
more extensive research before this suggestion can be validated, using in vitro and in vivo

studies in a variety of exposure scenarios.

The major result from this work is a mechanism that is beginning to take form
(Illustration 12), which incorporates a vascular endothelial origin into the tissue disease
pathogenesis observed in cocaine abusers. CE, through an as-yet unidentified interaction
with the endothelial cell, alters the free cytosolic calcium concentration of the endothelial

cell.

Since calcium in the cytosol has a role in the regulation of metabolism and stress
response, feedback regulation of second messenger generation, and kinase and channel
stability, as well as cytoskeletal mobilization, the decrease in free cytosolic calcium
results in multiple cellular responses that culminate in cellular dysfunction and the loss of
endothelial barrier integrity. These changes may trigger the tissue changes and
inflammation underlying vasculitis, which causes the same tissue-damaging diseases

observed in cocaine abusers (Section 1.2).
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Incorporation of this mechanism with existing cocaine/CE mechanisms of toxicity
provides a better, though incomplete, understanding of the pathogenesis of tissue
pathology in cocaine abusers. It also provides a better explanation of the chronic nature
of some of the diseases observed in the case literature (e.g., kidney failure,
gastrointestinal ischemia, panarteritis, progressive mucosal destruction, and vasculitic

lesions, as discussed in Section 1.2).

Though specific questions arise from the individual studies performed herein, a
large remaining question is: How does CE interact with the endothelium? Does it
bind/block ion channels on the surface or interior of the endothelial cell? Can CE interact
with signaling molecules directly? This is represented by the black box in Illustration 12,
and symbolizes the need for more thorough mechanistic knowledge of drug-associated
pathological outcomes in general. Discovering the route of endothelial/CE interaction
would be of great benefit to researchers who are attempting to identify effective therapies
that extend beyond cocaine addiction itself, and target physiological effects of cocaine

and CE.

4.4 FUTURE STUDIES

The studies conducted in this dissertation project were exploratory. Each Aim
asked general questions, and resulted in the generation of new questions that could easily
be expanded into stand-alone research projects. Below are examples of future studies that
could be generated from the findings of this study.

In general, incorporation of available negative and positive controls, and cocaine
and cocaine + ethanol groups, into this model would greatly contribute to the
characterization of CE as an endothelial effector in relation to its parent compounds,
cocaine and ethanol. These controls and additional experimental groups would aid in
delineation of the mechanism of CE’s (and potentially cocaine’s) effects on endothelial
cells, and identification of existing or unique molecular targets of the drug(s) in

endothelial tissue. Identification of the molecular targets of cocaine/CE would be
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valuable in the development of potential drugs that could be used to treat the systemic
effects of cocaine abuse until a cure for addiction is found.

The questions generated by the studies of Aim One regarding toxicity could be
further addressed with studies focused on the mitochondrion, placing particular emphasis
on the status of cellular oxidative phosphorylation and the potential for oxidative stress in
CE-exposed endothelium. Since oxidative stress is a source of endothelial dysfunction
that does not always lead to cell death (and is associated with signaling pathways such as
MAPK and NF-«B), this topic warrants further investigation despite the lack of
cytotoxicity observed in Aim One. Oxidative phosphorylation and mitochondrial
membrane potential should be monitored after HMEC-1 exposure to varying
concentrations of CE. Isolated mitochondria could be used for a number of specific
toxicity assays, such as cytochrome c release.

The permeability studies of Aim Two could (and should) be expanded to include
rescue analysis, whereby CE is removed from culture media or assay buffer, and serum-
free media or assay buffer replacement is incorporated into the method. Such a study
would address the potential for recovery from the exposure to CE once it is removed
from the system, and would more accurately represent an in vivo condition of CE
production and clearance. Electron microscopy analysis could be made more specific
with immuno-EM, with the purpose of targeting protein metabolism, cell membrane
turnover, and/or lysosomal changes. Also, using immuno-EM, specific cell-surface
receptors (i.e., junctional proteins) could be used to define events linked with the
observed change in permeability reported in Aim Two.

Cation studies of Aim Three could be made more specific with channel blocking
inhibitors, and calcium concentration curves. Also, since the source of the increased
calcium in the 1-hour CE exposure experiment (Section 3.3.3) is unknown, organelle
specific indicators (if available) could be used to track calcium accumulation within
cellular calcium sinks (the SR and the mitochondrion, and potentially the nuclear
compartment). Such studies would better characterize the observed cytosolic and cellular

Ca”" concentration changes, and may be useful for clinical purposes.
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Aim Four could be expanded into a full proteomic and/or genomic analysis of CE
exposure in the endothelial model, or be limited to expanded analysis of one or more
pathways represented by the Aim Four experiments. Such information would be useful in
drug discovery for the purposes of preventing pathology and/or lethality in the clinics,
and expand the known mechanism of cocaine- and CE-associated pathogenesis, with
particular focus on non-neuronal and —cardiac targets.

This project could be translated back to an animal model, so that an in vivo
response could be studied without the inclusion of human patients. However, such an
involved series of studies should only be conducted after extensive in vitro
characterization clearly points to defined cellular targets or biomarkers that could be
employed in the animal model.

In the distant future, various human studies could be designed from these data.
The possibilities for such studies range from emergency room observation for signs of
vasculitis in presenting human cases, to carefully executed human exposure and effect
studies that examine more than just blood pressure and heart rate, or psychological

measurements of “high” and mood.
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