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According to the 2020 World Drug Report, amphetamine type stimulant (ATS) is
the third most used illicit drug with 27 million users globally. Methamphetamine (MA) is
a potent central nervous system (CNS) stimulant with a high abuse potential and addiction.
MA use has become an increasing concern worldwide especially due to the adverse effects
it possesses. MA is also known as the poor man’s cocaine since it is more easily accessible
“illegally” and inexpensive compared to cocaine. The euphoric feeling from MA also lasts
longer than cocaine due to its long half-life (10-12h) and lipophilicity that allows MA to
better penetrate the blood brain barrier (BBB) easily. The primary aim of this study was to
study the acute toxic effects of MA that may contribute to acute lethality as well as to long-
term adverse effects associated with MA use. The hypothesis of this study is that death in
5-dpf larval zebrafish is due to apoptosis in the cardiovascular system and/or in the brain

secondary to acute MA exposure.

MA works by causing an increase in the levels of dopamine (DA), norepinephrine

(NE), serotonin (5-HT) and preventing the re-uptake of these neurotransmitters (NT) by

il



blocking monoamine transporters, which then increases the levels of the NT in the synaptic
cleft. An increase in DA, NE, 5-HT causes users to experience intense euphoric feelings,
increased heart rate (tachycardia), hyperthermia, increased energy, hypertension and
decrease in appetite. Some of the chronic abuse of MA leads to neurotoxicity, agitation,
aggression, anxiety, psychosis, renal and liver failure, seizure, and cardiac arrhythmias,
heart attacks. In this study, we used 5-day old larval zebrafish and exposed them to three
different concentrations (OmM, SmM and 15mM) of MA for 5-hr to assess change in heart
rate and other lethality parameters such as lack of heartbeat, opaque appearance and
notochord bend (lordosis). Subjects were then processed for cleaved caspase-3
immunofluorescence assay and Western Blotting. Change in heart rate for subjects in SmM
group was not significant. Conversely, significant decline in heart rate was observed in the
15mM cohort as the duration of exposure increases starting at 1h time point. Cell death
which could be due to the apoptosis involving caspase-3 involving otolith, hindbrain,
notochord and caudal tail was observed via immunofluorescence staining. Apoptosis was
found to be more significant in the 15mM cohort. There seem to be an involvement of the
cardiovascular (CV) system secondary to acute MA exposure, however, the mechanisms
involved in cell death is unclear. Additional studies and different techniques could be
utilized in future studies to elucidate a mechanism that may be contributing to cell death

following acute exposure to MA.
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Chapter 1

Introduction

1.1 Zebrafish

1.1.1 Zebrafish as Model Species

Zebrafish, (Danio rerio) is a tropical freshwater vertebrate that is native to South Asia.
They are broadly distributed across parts of India, Bangladesh, Nepal, Pakistan and
Myanmar (Lawrence 2007) and are typically found in slow moving water bodies such as
lakes, rivers and ponds. They also prefer shallow, moderately clear water as well as warm
water temperatures (~28°C). Zebrafish get their names due to the appearance of the
alternating blue-black stripes on the side of the body (Reed and Jennings 2011). The onset
of pigmentation usually starts at ~48-hours post-fertilization and is more prominent in their

adult stages (2-3 months old) (Reed and Jennings 2011) as shown in Figure 1 and 2.

48h 72h

96h
Figure 1. Zebrafish (AB strain) developmental stage at 24h (A), 48h (B), 72h (C) and 96h

(D) post fertilization showing normal appearance with onset of pigmentation starting in
(B). Source of image: (Mao, Jia et al. 2020).




Danio rerio, AB (WT)

Figure 2. Adult zebrafish (AB strain) showing more prominent pigmentation. (Antinucci
and Hindges 2016)

The use of zebrafish in research began in the 1960s and has been increasing
progressively as a model organism (Reed and Jennings 2011). Zebrafish is used to
investigate developmental mechanisms in vertebrates, as well as questions in genome
evolution, molecular biology, developmental biology, genetic research, physiology and
toxicology (McCluskey and Postlethwait 2015). Recently, they have also been used in
cancer research, drug discovery and for photoaffinity labeling to investigate protein targets
of drugs. A mutant zebrafish strain, termed “Casper” zebrafish was used in in vivo
photoaffinity labeling study as this strain allows in vivo fluorescent analysis due to their
transparent appearance as adults (Tackie-Yarboi, Wisner et al. 2020).The specialized and
definitive assets of the zebrafish model make it a crucial model species (Gut, Reischauer
et al. 2017). One of the advantages of using zebrafish as an animal model instead of other
animal models such as rodents, (e.g. mice) is cost efficiency, especially when it comes to
maintaining a colony. Zebrafish are a shoaling species and highly social so they can be
housed together with other fish at a high density (Reed and Jennings 2011). Adult zebrafish
are also fairly small in size (2.4 — 4cm) which means they take up less space and are
inexpensive to sustain (Burke August 9, 2016). Their small size also allows for phenotypic
screening in multi-well plates. Furthermore, zebrafish also have a high fertilization rate as

they can breed all year. Adult female zebrafish can produce eggs every week between 70



to 300 eggs, of which at least 80% are fertilized (Reed and Jennings 2011). Zebrafish eggs
are fertilized and developed outside the mother’s body permitting the use of the organism
at early developmental stages as well as for in vitro (drug and toxicity) studies if necessary.
They also have significant potential for high-throughput screening (Kalueff, Gebhardt et
al. 2013) because of their rapidly developing vertebrate body plan where they lay clear
eggs that develop into translucent embryos within ~24 hours post-fertilization (hpf). The
transparent characteristics of larval zebrafish allow researchers to look for any kind of
normal/abnormal development, organs, biological processes, and other parameters (e.g.:
heart rate) under a microscope without using any invasive techniques. At approximately 3-
6 months old, most of them are sexually mature and can be used for breeding in a laboratory
setting. This can differ as it is reliant on the management of zebrafish husbandry (Lawrence
2011). All their major organ systems, including a beating heart, major vessels with
circulating blood, and a rudimentary gut are fully formed by 48 hpf (Gut, Reischauer et al.
2017). Moreover, as a vertebrate, they have similar major organs and tissues as humans.
Zebrafish also share approximately 70% of homology with the human genome and 82% of

orthologous human disease-related genes (Gutierrez-Lovera, Vazquez-Rios et al. 2017).



1.1.2 Zebrafish Cardiovascular System

The heart is one of the first organs to be formed during organogenesis in the early
developmental stage in zebrafish (Stainier 2001). Zebrafish heart is a single closed
circulatory system that is comprised of two chambers with four components: sinus venous,
atrium, ventricle and bulbous arteriosus as shown in Figure 3 (Gut, Reischauer et al. 2017,
Galanternik, Stratman et al. 2020). It should be noted that zebrafish embryos can use
passive diffusion to receive oxygen to survive in the event of a dysfunctional
cardiovascular system for several days due to their comparatively small size. This allows
an opportunity for studying gene function and a thorough analysis to be done in animals
with heart defects (Stainier 2001, Bakkers 2011). Although there might be some difference
between the mammalian and zebrafish heart, zebrafish do have substantial anatomic and
physiological similarities that can be of an advantage for cardiovascular related research.
One of them is that the zebrafish heart matures from a linear heart tube that develops
(~24hpf) when the mesodermal progenitors' fuse together and it begins beating via
peristaltic motion (Gut, Reischauer et al. 2017). Also, the zebrafish heart beats at 120-180
beats per minute (bpm), which is close to the heart rate of human (60-100 bpm) (Poon and
Brand 2013). The atrial and ventral chambers are separated by valves to ensure blood flow
in the right direction as shown in Figure 3. The zebrafish heart is also designed to pump
oxygenated blood throughout its body. Blood enters the heart via sinus venous and passes
through the atrium and ventricle. The atrium acts as a collecting chamber of the heart. The
ventricle then pumps the deoxygenated blood from the atrium into the bulbous arteriosus
to the ventral aorta to distribute to the gills for oxygenation of the blood (Asnani and

Peterson 2014, Galanternik, Stratman et al. 2020)
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Figure 3. Anatomy of the adult zebrafish heart. (A) Graphic representation of the heart of
an adult zebrafish. AV stands for atrioventricular valve and BV stands for bulboventricular
valve. (B) Trichrome stained histological section the ventricle and bulbous arteriosus (Poon
and Brand 2013).

1.1.3 Zebrafish Central Nervous System

Zebrafish brain development occurs within 3 days post-fertilization, together with
the central nervous system (CNS)(d’ Amora and Giordani 2018). By 24hpf, the forebrain
(most anterior), midbrain and hindbrain (most posterior) can be broadly defined and easily
distinguished (Figure 4)(Vaz, Hofmeister et al. 2019). Zebrafish possess a high degree of
genetic, morphological and physiological homology with humans (d’Amora and Giordani
2018). Zebrafish nervous system’s main architecture resembles that of the mammals,
despite differences in the development of the telencephalon and mesodiencephalon
(Panula, Chen et al. 2010). For instance, zebrafish’s medial teleost pallium has homologous
structures to mammalian amygdala (Portavella, Torres et al. 2004, Mueller, Dong et al.
2011, von Trotha, Vernier et al. 2014) which is a key structure for affective processing and
emotions in humans (Khan, Collier et al. 2017). Although the number of G protein-coupled
receptors in zebrafish is larger (due to gene duplication) than in mammals (Panula, Chen

et al. 2010), many receptors have similar expression patterns, binding and signaling



properties as in mammals. Distinct differences between mammals and zebrafish include
duplication of the tyrosine hydroxylase (TH) gene in zebrafish, and presence of one instead
of two monoamine oxidase (MOA) genes (Panula, Chen et al. 2010). Detection of 3-
methoxytyramine (3-MT) in whole fish at 5 dpf means that the enzymes responsible for
their production are active in larval zebrafish (Sallinen, Sundvik et al. 2009). Based on
expression patterns, it can be expected that TH1 may be responsible for production of L-
DOPA and dopamine in the noradrenergic pathway (Panula, Chen et al. 2010).
Neurochemistry is generally conserved across vertebrates as they share majority of the
neurotransmitters, receptors and transporters (Khan, Collier et al. 2017). Zebrafish are
found to be sensitive to major classes of drugs such as psychostimulants, opiates,
hallucinogens, ethanol, anxiolytics, antidepressants and antipsychotics (Khan, Collier et al.

2017).

Development of the blood-brain barrier (BBB) in zebrafish has recently been
characterized by (Jeong, Kwon et al. 2008), showed that it shares similar properties with
young mouse embryos when zebrafish are in their early developmental stage (3-5 dpf)
(Panula, Chen et al. 2010). Expression of tight junction molecules Claudin-5 and Zonula
Occludens-1 (ZO-1) in cerebellar endothelial cell junctions suggest that BBB of zebrafish
is functionally and molecularly similar to that of higher vertebrates (Jeong, Kwon et al.

2008).

Although all these features above make zebrafish an attractive animal model to
study neurotoxicity, some limitation may include not being able to control the chemical
dose absorbed since zebrafish embryos are not developing inside a placenta and are

exposed to chemicals in medium and absorb them directly (Rubinstein 2006). In addition,



chemicals can be metabolized differently than in mammals (d’Amora and Giordani 2018).
(Panula, Chen et al. 2010) suggest that metabolism of DA and NE can be dependent on
catechol-O-methyltransferase (COMT). COMT is not well characterized but detection of

3-methoyxtyramine (3-MT) suggests a presence of COMT (Panula, Chen et al. 2010).

A. Zebrafish larvae
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Figure 4. (A) Representative image of the embryonic brain at 30 hpf, showing the forebrain
(in yellow), midbrain (in blue), MHB (in green), and hindbrain (in orange). Coronal and
sagittal section schemes show brain structures primordia. Forebrain is subdivided in the
telencephalon (in darker gray) and the diencephalon (containing the hypothalamus, lighter
grey). (B) Simplified representation of the adult brain and main domains. Drawings not to
scale; C: cerebellum; D: diencephalon; M: midbrain; MHB: midbrain-hindbrain boundary;
H: hindbrain; Ha: habenula; Hyp: hypothalamus; OB: olfactory bulb; ON: optic nerve;
ORR: optic recess region; OV: otic vesicle; Pal: pallium; PB: pineal body; R: retina; r1—
r7: thombomeres 1 to 7; Sub: sub-pallium; T: telencephalon; and Teg: tegmentum. Image
adapted from (Rink and Wullimann 2002, Vaz, Hofmeister et al. 2019)



1.2 Methamphetamine Hydrochloride

1.2.1 History of Methamphetamine

Methamphetamine (MA; N-methyl-O-phenyliso-propylamine) is a derivative of
amphetamine and a psychostimulant that activates the CNS and the sympathetic nervous
system (Anglin, Burke et al. 2000, Kevil, Goeders et al. 2019). Due to its sympathomimetic
effect there is an increase in heart rate, blood pressure and decrease in appetite that is
experienced. Some other acute effects that MA user experience are feelings of euphoria,
increased energy and increased libido. According to the World Drug Report 2020 by the
United Nations Office on Drugs and Crime (UNODC), MA use has been on the rise in
North America since 2018. In the United States specifically, 0.7 per cent of the population
which translates to 1.9 million people aged 12 and older has reported the use of MA in the
past year (Drugs and Crime 2020). Rate of death due to drug overdose involving
psychostimulants (amphetamines, MA and methylphenidate) increased nearly five-fold
(from 0.8 to 3.9) which accounts for an increase in 30% on average per year from 2012
through 2018 (Hedegaard, Minifio et al. 2020). MA also produces serious adverse effects
on many organ systems, mainly the central nervous and the cardiovascular system (Sun,
Wang et al. 2019). MA can be smoked, ingested orally, snorted, injected or dissolved
sublingually (Courtney and Ray 2014). The effect of the intense “rush” or “high” is more
common when MA is smoked and is almost instantaneous when injected (Anglin, Burke
et al. 2000). Crystal meth (crystalline solid form of MA) is one of the more prevalent
smokable forms (Kish 2008). MA is a Schedule II drug under the Controlled Substances

Act with a very high abuse potential and is typically used as a recreational drug . Meth,



Speed, Ice, Crystal, Shards, Bikers Coffee, Crank, Shabu are some of the street names for

MA (NIDA 2019).

MA was first synthesized from ephedrine in 1893 by a Japanese pharmacologist.
MA gained popularity when it was widely used by military personnel during the World
War II to increase their performance and stamina (Anglin, Burke et al. 2000). MA’s first
medical use was to treat asthma due to its bronchial dilation properties (Anglin, Burke et
al. 2000). Today, Desoxyn® is the only drug containing methamphetamine hydrochloride
that is approved by the FDA and can be legally prescribed in the United States. Desoxyn®
is indicated for short-term treatment of obesity and attention deficit with hyperactive
disorder (ADHD) (Kish 2008). The highly addictive nature of MA could explain the
unpleasant withdrawal symptoms MA users’ experience. Some of the withdrawal
symptoms (partly due to low levels of dopamine) are extreme depression, aggression,

lethargy, cognitive impairment, anergia, irritability and intense MA craving (Anglin, Burke

et al. 2000, Courtney and Ray 2014).

1.2.2 Mechanism of Action of Methamphetamine

MA is an indirect agonist at dopamine (DA), norepinephrine (NE) and serotonin
(5-HT) receptors. It works by causing an increase in the levels of these neurotransmitters
in the synaptic cleft (Cruickshank and Dyer 2009, M Chiu and O Schenk 2012). MA is also
highly lipophilic due to the addition of methyl group in its structure allowing it to cross the
blood brain barrier easily and enter the brain quickly (Kevil, Goeders et al. 2019). MA
works by activating reward and reinforcement systems in the brain, including the
mesolimbic dopamine pathway in the brain (M Chiu and O Schenk 2012). The reward
pathway is responsible for controlling behavior and memory. It provides positive

9



reinforcement when activated by natural rewards like food, water and sex or via drug
rewards like cocaine, alcohol, nicotine and amphetamines (M Chiu and O Schenk 2012).
The mesolimbic pathway consists of the ventral tegmental area (VTA) which connects to
the nucleus accumbens (NAc) and the prefrontal cortex (PFC), median forebrain bundle
and the limbic system (M Chiu and O Schenk 2012, Merritt 2019). When neurons that
contain dopamine (DA) in the VTA are activated dopamine released in the NAc and the
prefrontal cortex in response to novel and highly salient stimuli (AOAAM 2019), or stimuli
that have come to be associated with those stimuli. Under normal conditions, when the
reward pathway in the brain is activated, dopamine from synaptic vesicles is discharged
into the synapse, and binds to post-synaptic receptors. Extra-synaptic dopamine is taken up
by the dopamine-transporter (DAT) and translocating back into the presynaptic element
(M Chiu and O Schenk 2012). (Yifan Xiao , M Chiu and O Schenk 2012, Ickes 2015, 2016,
NIDA 2016). NE and 5-HT have analogous release and uptake mechanisms with specific
membrane transporters, but the same vesicular transporter, VMAT2 (M Chiu and O Schenk
2012). MA works partly by preventing the re-uptake of DA, NE and 5-HT into the pre-
synaptic space by inhibiting their respective transporters; dopamine transporter (DAT),
norepinephrine transporter (NET), serotonin transporter (SERT) owing to the structural
similarity that MA share with these neurotransmitters (M Chiu and O Schenk 2012,
Courtney and Ray 2014, Kevil, Goeders et al. 2019). This leads to an increased
concentration of DA, NE and 5-HT in the synapse and overstimulation of the postsynaptic
monoamine receptors (Kevil, Goeders et al. 2019). However, unlike drugs that act solely
as reuptake inhibitors, MA is also a transporter substrate, passing into the cell where MA

also reverses the function of VMAT-2 protein causing its vesicular contents to be released

10



into the cytosol and causing reverse transport via the membrane transporters, which further
amplifies extra-synaptic levels of these neurotransmitters (Cruickshank and Dyer 2009).
Increased levels of DA in the cytosol characteristic of releasing agents such as MA
contributes to formation of reactive oxygen species (ROS) by auto-oxidation (Cruickshank
and Dyer 2009, Sofuoglu and Sewell 2009, M Chiu and O Schenk 2012). MA’s long half-
life (~12 hours in humans) contributes to excess DA lingering in the synapse for an
extended period, while the initial surge in dopamine levels contributes to euphoria and the
initial conditioned responses at early stages of the addictive process (M Chiu and O Schenk
2012, 2016, NIDA 2016, Kevil, Goeders et al. 2019). Counter adaptations associated with
chronic MA administration are associated with withdrawal symptoms and later stages of
MA addiction, dependence, and long-term adverse effects (Koob 1992, Cadet, Jayanthi et

al. 2005).

In the case of norepinephrine (NE), it is derived from DA, with NE neurons
containing an extra enzyme, dopamine-B-hydroxylase that converts DA to NE. Due to
MA'’s effect blocking NET preventing re-uptake, and producing reverse transport via NET,
there will be an increase in levels of NE in NE terminal regions including the hippocampus,
PFC, and medial basal forebrain (Cruickshank and Dyer 2009, Courtney and Ray 2014).
Increased NE levels are associated with increased arousal and wakefulness, mydriasis,
alertness, elevated heart rate, blood pressure, body temperature and various cognitive

effects

Serotonin (5-HT) is a monoamine neurotransmitter that is synthesized in the pre-
synaptic vesicle and its receptors are found all throughout the brain region regulating

functions like sex drive, higher cognitive processing, respiration, pain perception, satiety,

11



and anxiety (M Chiu and O Schenk 2012, Courtney and Ray 2014). Effects of MA on 5-
HT is similar to those on DA. MA inhibits the re-uptake of 5-HT by blocking its transporter
(SERT), causing a rise in the levels of 5-HT in the synaptic cleft similar to the action of
DA (M Chiu and O Schenk 2012). A single dose of MA (15mg/kg) causes a decrease in
tryptophan hydroxylase (rate limiting enzyme in 5-HT synthesis) in the NAc and caudate
based on a review by (Haile 2008). It is also worth noting that MA binds to SERT at a
much lower affinity compared to DAT and NET (Rothman, Baumann et al. 2001). In
particular, MA binds to NET at a much higher affinity compared to DAT releasing NE

more potently than DA and much more than 5-HT (Ferrucci, Limanagqi et al. 2019).

Last but not least, MA also impairs the metabolism of the monoamine oxidase
(MAO). MAO-A/-B iso-enzymes are responsible in deaminating DA, NE, and 5-HT.
MAO-A (placed within synaptic terminals of DA and NE neurons) is competitively
inhibited by MA at a higher affinity than MAO-B (placed within 5-HT terminals and non-
catecholamine neurons) (Ferrucci, Limanaqi et al. 2019). Decrease in the activity of MAO
causes a rise in the levels of these monoamines (Cruickshank and Dyer 2009, Courtney and
Ray 2014). This last action, in combination with the others, is critical for the neurotoxic
effects of amphetamine-like stimulant drugs such as MA. Attenuation of presynaptic
storage of monoamines as well as downregulations of receptors is evidenced at high doses
or with chronic use of MA (Courtney and Ray 2014). Additionally, it also causes formation
of reactive oxidative species (ROS) which contributes to MA-associated neurotoxicity and
cardiomyopathy (Sofuoglu and Sewell 2009, M Chiu and O Schenk 2012, Courtney and
Ray 2014, Reddy, Ng et al. 2020). Chronic MA use can also cause “meth mouth”, visual

and auditory hallucinations, paranoia, hyperthermia, formation of abscess at site of
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injection, cerebral hypoperfusion and cardiovascular effects like stroke, cardiac arrhythmia
or sudden cardiac death (Anglin, Burke et al. 2000, Cruickshank and Dyer 2009, M Chiu

and O Schenk 2012, Kevil, Goeders et al. 2019).

To translate the mechanism of action of MA in zebrafish, it is shown that zebrafish
demonstrates sensitivity to MA (Khan, Collier et al. 2017). Based on the review by (Khan,
Collier et al. 2017), it is shown that acute MA administration induces avoidant behavior,

increase in swimming speed and mirror stimulation task.

1.2.3 Effects of Methamphetamine on the Cardiovascular System

It is no surprise that MA use exerts an influence on the cardiovascular system. A
major emphasis of studies into the chronic effects of MA have focused on neurotoxic
effects. However, cardiovascular complications in MA users are thought to be the second
leading cause of death (Paratz, Cunningham et al. 2016), yet the mechanisms involved in
cardiotoxicity are much less understood. According to (Sun, Wang et al. 2019), a study of
100 human deaths by (Akhgari, Mobaraki et al. 2017), showed that at least 68% of the
cases had pathological cardiovascular abnormalities such as cardiomyocyte hypertrophy,
focal degeneration, necrosis and atherosclerosis. The high levels of catecholamine
(specifically DA and NE) released from sympathetic nerve endings due to MA’s
mechanism of action is thought to result in adverse cardiovascular effects like
vasoconstriction, vasospasm, tachycardia, hypertension and increased myocardial
contractility (Kaye, McKetin et al. 2007, Kish 2008, Kevil, Goeders et al. 2019).
Additionally, those symptoms are also commonly seen in patients that were admitted due
to MA overdose (Kaye, McKetin et al. 2007). Acute coronary syndrome, acute myocardial

infarction, aortic dissection and sudden cardiac death are some of the infrequent
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cardiovascular events seen with acute MA use (Kaye, McKetin et al. 2007). Chronic MA
users are at a higher risk for coronary artery diseases (e.g. pulmonary hypertension) due to
vasoconstriction in smooth muscle and reduced sensitivity to nitric oxide (Kevil, Goeders
et al. 2019), cardiomegaly (enlarged heart), cardiomyopathy (Kaye, McKetin et al. 2007)
and possibly modulation of reactive oxygen species (ROS) (Reddy, Ng et al. 2020). MA
associated cardiomyopathy, which is commonly seen in MA users, is thought to be caused
due to direct and indirect myocardial damage. Direct myocardial damage can occur due to
multiple pathways: augmented free radical production promoting ROS, apoptosis due to
increased p-53 activity, decreased function of mitochondria, altered gene expression and
defects in the intracellular calcium homeostasis (Reddy, Ng et al. 2020). Several studies
also show that MA use can induce apoptosis in cardiomyocytes (Leung, Qu et al. 2014,
Sun, Wang et al. 2019) although the exact mechanism is still ambiguous. (Reddy, Ng et al.
2020) suggested that apoptosis might be due to an increase in the activity of p-53 which
can cause direct myocardial damage in the event of MA associated cardiomyopathy. p-53
is a tumor suppressor protein that plays a vital role in prevention of cancer by removing
excess, injured or septic cells through apoptosis (Haupt, Berger et al. 2003). p-53 is
stimulated when there is a presence of external or internal stress which then encourages
apoptosis and inhibits cell growth for cells that are hypoxic or with damaged DNA (Haupt,

Berger et al. 2003).
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1.3 Role of Caspase in Apoptosis

Apoptosis is a highly regulated programmed cell death and a vital component of
health and disease. Dysfunctions of apoptosis or excess apoptosis can contribute to many
disease states. Apoptosis helps eradicate cells during development and pre-cancerous cells
or cells with damaged DNA, as well as playing a key role in maintaining a healthy immune
system. Apoptosis can occur via two signaling pathways, extrinsic and intrinsic. The
extrinsic pathway involves binding of ligands to cell surfaces on death receptors whereas
the intrinsic pathway involves the mitochondria and is activated when there is DNA
damage due to oxidative stress or as a result of other intracellular signals (Hooper and
Killick , Elmore 2007). Both the extrinsic and intrinsic pathways induce cell death via
caspase-mediated apoptosis (Moorjani, Ahmad et al. 2006). Caspases are aspartate-specific
cysteine proteases that break down proteins into smaller fragments. Once a caspase cascade
is initiated, it is thought to cause an irreversible cell death. There are 10 major caspases
that have been identified and are broadly categorized into three different categories:
initiator caspases, effector caspases, inflammatory caspases and others. Initiator caspases
include caspase-2, caspase-8, caspase-9, and caspase-10; effector caspase include caspase-
3, caspase-6, and caspase-7; inflammatory caspase include caspase-1, caspase-4, and
caspase-5; while other caspases include caspase-11, caspase-12 and caspase-14 (highly
expressed in embryonic tissue but not in adults) (Hooper and Killick , Elmore 2007).
Caspases -3, -8 and -9 are also thought to be crucial in apoptosis involving cardiomyocytes
(Moorjani, Ahmad et al. 2006). Activation of caspases -8, -9, and -10 can initiate the
activation of the execution pathway via activity of caspase-3 which eventually leads to

formation of apoptotic bodies (Moorjani, Ahmad et al. 2006). The diagram used by Elmore
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(2007) as shown in Figure 5 outlines a brief summary of the pathways involved in caspase

activation for apoptosis to occur.

Extrinsic Pathway Intrinsic Pathway Perforin/Granzyme

radiation, toxins, hypoxia, etc. Pathway

' Cytotoxic T cells

i
l perforin
adaptors mitochondrial changes (MPT) / \
granzyme B granzyme A
disc formation apoptosome forms l

caspase 10  SET complex

caspase 8 activation caspase 9 activation
\ f / activation

caspase 3 activation
(Execution Pathway) DNA cleavage
‘

endonuclease activation — degradation of chromosomal DNA
protease activation —- degradation of nuclear and cytoskeletal proteins - cytoskeletal reorganization

‘
cytomorphological changes:
chr tin and cytopl ic condensation, nuclear fragmentation, etc.

formation of apoptotic bodies

Figure 5. Illustrative diagram of pathways involved in apoptosis. Each pathway requires
their own signal which triggers the activation of initiator caspase for their respective
pathway which then leads to activation of the execution cascade by caspase-3 activation
(Elmore 2007).

1.4 Objective and Hypothesis

The objective of this study was to assess the acute toxic effects of MA that may
contribute to acute lethality as well as to long-term adverse effects associated with MA use.
The hypothesis for this study is that death in 5-dpf larval zebrafish is due to apoptosis in

the cardiovascular system and/or in the brain secondary to acute MA exposure.
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Chapter 2

Materials and Methods

2.1 Zebrafish Husbandry

AB strain (wild type) adult zebrafish were obtained from an in-stock population in the
Zebrafish CD3 Lab (HEB 013 G/H) at the University of Toledo (Toledo, OH, USA) for
breeding. The original source of zebrafish used to maintain in-stock colony is from
Zebrafish International Resource Center (ZIRC). The adult zebrafish were raised at ~27-
29 °C on a 14:10 h light-dark cycle. There are approximately 8-10 adult zebrafish in each
full-sized tank filled with system water and are separated by sex. They are fed once daily
with live brine shrimp (Artemia salina) on Monday, Wednesday and Friday and flake food
the rest of the days. Male and female adult zebrafish were placed together in a breeding
tank (1:2 ratio) and left overnight in the Zebrafish CD3 Lab. Embryos were collected and
cleaned (removing any unfertilized embryos or fecal material) the next morning. Once they
are cleaned, embryos are stored in a petri dish with egg water in the incubator at ~28°C.
Eggs are then cleaned, and any unfertilized embryos or chorions were removed at least
once a day up until 5 days post fertilization (dpf). Any excess larval zebrafish that were not
used in the experiments were euthanized in an ice bath following standard procedures. All
procedures were carried out in compliance with the Institutional Animal Care and Use

Committee at the University of Toledo (IACUC) (Protocol number: 105414).
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2.2 Materials

2.2.1 Drug Treatment and Immunofluorescence Staining

MA was obtained from Sigma-Aldrich (St. Louis, Mo.) under the supervision of
Dr. F. Scott Hall, Associate Professor in the Department of Pharmacology and
Experimental Therapeutics, University of Toledo, Toledo, OH, USA (Lot no: SLBV9808,
Sigma Aldrich). 112 mg of MA was dissolved in 6 ml of egg water (DI water with pH of
7.6 and adjusted salinity, autoclaved at 121 °C) to make a stock solution of 100 mM which
was then aliquoted into five-100 mM stock solution, stored in -80 °C. Egg water was used
as a vehicle for control. All guidelines applying to handling Schedule II drugs/substances
were followed. Antibodies were purchased from Abcam Inc. Primary Antibody used was
Anti-Caspase-3 Antibody (Lot no: ab13847). Secondary Antibody used was Donkey Anti-
Rabbit IgG H&L (Alexa Fluor®488) (Lot no: ab150073). Cell culture reagents were
obtained from the following sources: 1X PBS, 1x PBST, Acetone (Lotno: 116111, Fischer
Scientific), 10% Formalin, DMSO (Lot no: 20684, Pierce™, IL, USA), Methyl-cellulose
(Lot no: 795356, Fischer Scientific Company), Fetal Bovine Serum, Albumin, Bovine BSA
Heat Shock (Lot no: 30227-40149, Research Product International, IL, USA), Triton-X
100 (Lot no: 036262, Fischer Biotech), Tween-20 (Cat no: 1706531, Bio-Rad). Eppendorf

tubes were used to collect larval zebrafish after fixation.
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2.2.2 Homogenization of Larvae and Protein Quantification

Materials used to homogenize subjects were radioimmunoprecipitation assay
(RIPA) buffer [sodium fluoride, sodium orthovanadate, sodium pyrophosphate], Protease
inhibitor cocktail (Sigma Aldrich, USA), 1.5ml Eppendorf tube, Centrifuge tubes, Protein
Assay Dye Reagent Concentrate (Lot no: 5000006, Bio-Rad), Standard Antibodies (5%
BSA plus DI water), Microtiter Plate, Microplate spectrophotometer (Biotek, USA), Pellet
Pestle Motor (Kimble, USA), Centrifuge tubes (Cat no: 05-539-8, Fischer Scientific). All
material used for Western Blot assay was courtesy of Dr. Zahoor Shah’s Laboratory,

University of Toledo Health Science Campus (Toledo, OH, USA).
2.2.3 Gel Electrophoresis and Transfer of Proteins

Materials used to make SDS-PAGE and protein transfer was obtained from the
following source: 30% Acrylamide/bis-acrylamide (Cat no: 1610156, Bio-Rad), Glass
plates (Cat no: 1653311, Bio-Rad), 5-well comb (Bio-Rad), Tetramethyl ethylenediamine
(TEMED) (Lot no: 51013659, GF Healthcare), Ammonium Persulfate (APS) (Lot no:
094228, Fischer Bio-Reagent), Tris-HCL pH 8.6 (resolving gel), Tris-HCL pH 6.8
(stacking gel), Ethanol 200 proof (Lot no: 2701, Decon Labs, Inc), Polyvinylidene
difluoride (PVDF) transfer membrane (Cat no: IPFL00010, Immobilon-FL), Precision Plus
Protein Dual Color Standards (Cat no: 1610374, Bio-Rad), 20% SDS, Tris-base (Lot no:
75825, Affymetrix Inc, OH, USA), Glycine (Lot no: 166207, Fischer BioReagents),
Methanol (Lot no: 181996 , Fischer Chemical), running buffer (Tris-base, glycine,
20%SDS), transfer buffer (Tris-base, glycine, methanol), buffer tank and lid (Bio-Rad), gel

electrophoresis unit, tank transfer unit, blue cooling unit, casting stand (Bio-Rad), gel
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holder cassette (Bio-Rad), 3mm thick foam sponge, filter paper, IncuBlock dry block heat

incubator (Denville Scientific), BioTek microplate spectrophotometer, and a vortex mixer.

2.2.4 Western Blot Antibody Staining

Materials used for antibody staining was 5% non-fat milk [Non-fat dry milk (Lot
no: 1219-2, Lab Scientific) plus 1x TBST], Tween-20 (Lot no: 110915, Fischer Scientific),
Caspase-3 Rabbit monoclonal antibody (Cat no: 9665-S, Cell Signaling Technology),
Cleaved Caspase-3 Rabbit monoclonal antibody (Cat no: 9664-S, Cell Signaling
Technology), Beta-actin antibody (Cat no: 4967, Cell Signaling Technology), Anti Rabbit
IgG, HRP-linked Antibody (Cat no: 7074-S, Cell Signaling Technology), 1x TBST (Tris-
base, NaCl and 0.1% Tween), Tris-base (Lot no: 75825, Affymetrix Inc, OH, USA) and

pipettes that accurately deliver 4 uL, 10 uL, 20 nL, 1000 pL.
2.2.5 Immunodetection and Imaging

Super Signal West Pico PLUS Luminol/Enhancer Solution (Lot no: UK293299,
Thermo Scientific), Super Signal West Pico PLUS Stable Peroxide solution (Lot no:
UK293300, Thermo Scientific), Tweezers, Filter sponges, Small Tupperware rectangular

with lid, Syngene™ GBOX-CHEMI-XX6 imager.
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2.3 Whole-mount Immunofluorescence Staining Protocol

At 5-dpf, larval zebrafish were exposed to MA at three different concentrations: 0
mM (control), 5 mM, and 15 mM via immersion for five hours using a 6 well-plate as
shown in Figure 6. The concentration above was used because in preliminary studies that
was conducted by exposing 5-dpf larval zebrafish in 5 mM, 15 mM, 25 mM and 50 mM of
MA, subjects in 25 mM and 50 mM were dead and showed signs of tissue disintegration
almost an hour after exposure and within minutes in the 50 mM concentration (Wisner,
Chen, unpublished results). Desired concentrations were obtained from diluting stock
solution of 100 mM MA with egg water. Each concentration had two wells with five larval
zebrafish (N= 5 per well) initially exhibiting normal healthy behavior (e.g. actively
swimming, inflated swim bladder). 500 uL of MA was added to each well to bring the
concentration to 5 mM and 15 mM respectively and 500 uL of egg water was used for the
control group. Heart rate was calculated manually and using a stopwatch at every hour for

20 seconds except for the control group.

At the end of the 5-hour exposure, larval zebrafish were transferred into a glass vial
to be fixed in 10% formalin. Vials are stored upright to ensure the larval zebrafish are not
stuck to the walls of the vial at 4 °C overnight or up to two weeks. Subjects exposed to
15mM MA were removed from MA solution at 4h in two of the independent exposures as
subjects were showing signs of tissue disintegration. Subjects were then permeabilized in
ice cold acetone for 10 minutes at 4 °C. Then, subjects were transferred to Eppendorf tubes
labelled with appropriate concentrations. There were 4-5 larval zebrafish in each
Eppendorf tube for each concentration. Acetone was removed. Iml of DI water was used

to wash the subjects for five minutes. Then, 1ml of 1x PBS that was autoclaved at 121 °C
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for 20 minutes was used to wash the specimens twice for five minutes each. Subjects were
blocked with 500 pL of 5% BSA for 1h at RT on a gentle shaker. Following blocking,
subjects were incubated in rabbit anti-activated Caspase 3 antibody (primary antibody)
(1:500) at 4°C overnight on a gentle shaker. Washing and blocking was repeated similar to
as discussed previously to incubate subjects in donkey secondary antibody to the rabbit
IgG (secondary antibody) (1:500). Tubes were wrapped in aluminum foil to protect the
contents from light. Protocol used in this analysis was optimized according to a published

protocol by (Sorrells, Toruno et al. 2013).
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onto 6-well plate working solutions eutlhallnze “5;1 by Western Blot
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from each wells as for control group. -80°C

much as possible.

Figure 6. Schematic overview of acute MA exposure workflow in a 5-dpf larval zebrafish.

Subjects were washed with 1x PBST for five minutes. Larvae from the control
group was added to a small petri dish. The petri dish was placed under a fluorescence
microscope with the appropriate light filter to analyze the results. A Nikon SMZ18 stereo
microscope with a blue light filter was used to analyze the fluorescent images. A snapshot
of images that showed cell death for each concentration was taken for analysis. These steps
were repeated for subjects exposed to 5 mM and 15 mM of MA. Larvae from each

concentration were returned to their respective Eppendorf tubes and were stored at 4 °C.
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2.4 Western Blotting Protocol

2.4.1 Drug Treatment

Five-day old larval zebrafish were exposed to MA at three different concentrations:
OmM (control), 5SmM, and 15mM via immersion for five hours using a 6 well-plate as
described in Figure 6. At the end of the 5-hour exposure, larval zebrafish were transferred
into an Eppendorf tube labelled with their appropriate concentrations. The subjects were
divided into two Eppendorf tubes per concentration to hold five subjects per tube. Excess
MA solution or egg water was removed using a micropipette from the vials. Eppendorf
tubes were placed in a beaker filled with dry ice to snap freeze the subjects to preserve the

protein levels. Tubes were stored in a -80°C freezer until later use.
2.4.2 Tissue Homogenization and Protein Quantification

RIPA Buffer was used to perform whole cell lysis of larval zebrafish that had been
exposed to MA for 5 hours. There were six Eppendorf tubes with five subjects in each tube
for the following concentrations: 0OmM, SmM, and 15mM that was stored at -80°C freezer.
200uL of cell lysis buffer was used to homogenize the subjects in each Eppendorf tube.
Tissue of the subjects were homogenized using a pellet pestle motor until tissue suspension
was homogenous. Samples were centrifuged for about two minutes to eliminate air bubbles
that formed during homogenization. The samples were then incubated on ice for 30 minutes
and mixed using a vortex mixer every 10 minutes. Samples were then centrifuged at 14000
rpm for 10 minutes at 4°C. The supernatant was then assayed for protein quantification
using Bradford Assay (Bradford 1976). Excess tissue extracts (lysate) from each sample
was stored at -80°C freezer until required for use for Sodium Dodecyl Sulfate

Polyacrylamide Gel Electrophoresis (SDS-PAGE).
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2.4.3 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

(SDS-PAGE)

Equal amount of proteins was diluted with Laemmli SDS-PAGE sample buffer and
DI water while having samples incubated in ice to prevent protein denaturation. Then, the
samples were heated at 95°C for five minutes using an IncuBlock dry block heat incubator.
Samples were then centrifuged at 13000 rpm for three minutes prior to loading the wells.
100 pg of total protein was electrophoresed on a 12% resolving SDS-gel and a 5% stacking
gel was made for this assay since caspase has a relatively low molecular weight. A 5-well
comb was inserted immediately making sure there was no air bubble after the stacking gel
solution was added. The comb was removed gently once the gel had completely
polymerized. SDS-PAGE was then assembled using the gel apparatus and the wells were
rinsed with running buffer. Then, the buffer tank of the gel electrophoresis unit was filled
with running buffer. The first well on each gel was loaded with SuL of the SDS-PAGE
protein standard ladder. Then, 78uL of lysate for each concentration was added to each
well in the following order: 0OmM, 5SmM, and 15mM. The SDS-PAGE was running at 60V

for 30 minutes for Phase 1 and 120V for 1h 40 minutes for Phase 2 at room temperature.
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2.4.4 Transfer of Proteins
After the SDS-PAGE, the gels were gently separated from the gel plates. This

step was done in a tray filled with enough ice-cold transfer buffer to have the gel plates
fully immersed. Gels were transferred onto a PVDF transfer membrane that has been
activated in ethanol. A gel holder cassette was placed in the tray where the

cathode (black) half immersed in the transfer buffer in the tray. The

transfer “sandwich” was then assembled in the following sequence: 3mm thick foam
sponge, filter paper, gel, transfer membrane, filter paper, and 3mm thick foam sponge.
The cassette was placed in the transfer tank that is filled with ice cold transfer buffer

along with a blue cooling unit inserted in the tank, ran at 110V for 1h 10 minutes.

2.4.5 Antibody Staining and Imaging

The blots were removed from the transfer tank and washed with 1x TBST for 10
minutes thrice on a gentle rocker at room temperature. Then, the blots were blocked for 1h
at RT on a gentle rocker with 5% non-fat milk. Following the blocking, blots were
incubated in primary antibodies (Table 1) for 48 hours at 4 °C on a gentle rocker.

The following steps were done on a gentle rocker at RT. The blots were washed
with 1x TBST thrice for 10 minutes each time and blocked for 1h using 5% non-fat milk.
Following blocking, each blot was incubated with 2 pL of the anti-rabbit IgG, HRP linked
secondary antibody for two hours. Then, antigens were detected by the chemiluminescence
method. The Luminol/Enhancer solution was mixed with the stable peroxidase solution in
a 1:1 ratio (Iml of each). The membrane was placed in between a clear plastic sheet and
placed in the transilluminator of the GBOX-Chemi-XX6 imager. Images were captured

using Gene Tools Software imaging system (10-30 minutes of exposure time).
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Antibody Source
B-Actin Rabbit
Caspase-3 mAb Rabbit
Cleaved Caspase-3 mAb  Rabbit
Anti-Rabbit IgG HRP Rabbit

Dilution
1:1000
1:1000

1:200
1:2000

Manufacturer

Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling

Catalog Number

4967
9665-S
9664-S
7074-S

Table 1: Antibodies used in Western Blot Assay.

2.5 Statistical Analysis

Statistical analyses were carried out using GraphPad Prism version 9 statistical

software. The results were expressed as the mean + standard error mean (SEM) and

analyzed using a two-way analysis of variance (ANOVA) with repeated measures,

followed by Bonferroni Test for post-hoc analysis to analyze the heart rate data following

acute MA exposure. One-way ANOVA followed by Tukey post hoc analysis was

employed to analyze results from Western Blotting. ImageJ was used to conduct

densitometry and quantification analysis for Western Blotting. P values of 0.05 or less were

considered significant with a 95% confidence interval (CI).
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Chapter 3

Results
3.1 Changes to Heart Rate and Physical Development

Heart rate of the subjects were recorded at every hour for 20 seconds up to the 5h
time point in the SmM and 15mM. Figure 7 shows the average of heart rate (bpm) obtained
from all four experiments for SmM and 15mM treatment group. This study was repeated
four times independent of each other with 10 subjects for each concentration in each
experiment (n = 40). The results were qualitatively similar for each replicate. Although,
heart rate was recorded at 5h, only data points until 4h was included. This is because in
two of the independent exposures that was carried out, subjects were removed at 4h time
point as they were showing signs of tissue disintegration and opaque appearance. Based on
the graph shown in Figure 7, data shows that there was a slight decrease in heart rate for
the 5 mM group which was not statistically significant. However, there was a significant
decline starting at 1-hr in the 15 mM group.

Although heart rate was not recorded in the 0 mM (control) group, subjects were
actively swimming, did not show any morphological changes (Figure 8A) and had a
beating heart throughout the 5h exposure (data not shown). Additionally, it is important to
note that subjects in the 5 mM and 15 mM cohort exhibited thigmotaxis immediately after

exposure to MA (Basnet, Zizioli et al. 2019). Thigmotaxis is the avoidance of open water
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(in fish) or spaces in terrestrial species, with the maintenance of body position near the
edge of the container or area, and is characteristic of increased anxiety-like behavior in
zebrafish.

Subjects in the 5 mM cohort showed random movement involving their pectoral fin
(data not shown) and relatively stagnant change in heart rate throughout the Sh exposure.
There were no recognizable morphological changes that were observed under the
microscope in these subjects, as shown in Figure 8B. Also, subjects did not show any signs
of death (eg: opaque appearance, lack of heartbeat) at the end of Sh exposure.

Subjects in the 15 mM cohort showed a substantial decline in heart rate starting at
the 1h time point and had an irregular heartbeat. The decline in heart rate for 15 mM MA
was time dependent throughout the duration of exposure. Nearly all the subjects displayed
morphological changes by the end of S5h time point such as deflection in the caudal fin (tail
fin) (Figure 8C), notochord bend (Figure 8E) which could indicate progression of muscle
spasm from the caudal fin to the spinal cord. This has been taken as a sign of tonic seizure-
like activity (Wisner, Chen, Williams and Hall, unpublished results). One of the subjects
also showed blood accumulation in the sinuous venous component of the heart as shown
by the red arrow at the end of the Sh exposure in Figure 8F. In two of the replicates of the
drug exposure that was performed, subjects were removed from the exposure at 4h as a
result of subjects exhibiting signs of tissue disintegration, opaque appearance (Figure 8D)
and lack of or a weak heartbeat. Subjects were then fixed in 10% formalin or frozen using

dry ice.
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Figure 7. Outcome of acute methamphetamine exposure (SmM and 15mM) on heart rate
(bpm) in 5-dpf larval zebrafish. Results shown are represented as mean + SEM. Statistical
significance determined by Bonferroni test is represented as an asterisk (*): *P < 0.05, **P
<0.01, ***P <0.001, ****P<(0.0001, ns = not significant. Some error bars are not shown
because it is shorter than the size of the symbol. Four independent exposures were
conducted with n =40 for 1h to 4h for all subjects except in 15mM at 5-h, (n= 20).

Figure 8. (A). 5-dpf larval zebrafish in the control group exposed to egg water showing no
morphological changes. (B). 5-dpflarval zebrafish exposed to SmM of MA for 5h showing
minimal to no morphological changes. (C). 5-dpf larval zebrafish exposed to 15mM of MA
for 5h showing morphological changes such as bent tail fin, opaque appearance (D),
distinct curvature of the spine (E) and blood accumulation in the sinuous venous
component of the heart sac (F)
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3.2 Wholemount Immunofluorescence of Caspase-3

At the end of the 5h drug exposure, the treated larvae were processed for activated
(cleaved) caspase-3 immunohistochemistry. Figure 9 shows the images resulting from the
Caspase-3 Immunofluorescence assay indicating presence of cleaved caspase-3.

Larvae in the control group that were exposed to egg water did show some presence
of cleaved caspase-3 induced apoptosis as seen in Figure 9, however it was not as
prominent as the presence of the cleaved caspase-3 in the SmM and 15mM cohort. This
may be due to normal levels of basal apoptosis associated with the subjects actively
developing. Slight apoptosis can be seen around the vasculature along the notochord,
closer to the caudal fin (tail fin) region as seen in the 3™ and 4" row of the 0OmM column
(Figure 9).

It also appears that there was elevated neuronal cell death in hindbrain and along
the notochord and spinal cord in the SmM cohort (Figure 9). A slight deflection of the
caudal fin (tail fin) is seen in the SmM column, 4™ row (Figure 9). Deflection of the caudal
fin was an uncommon morphological change in the SmM cohort as compared to the
subjects in the 15mM cohort.

Subjects in the 15 mM group showed a significant elevation of apoptosis compared
to the 5 mM as evidenced by a more robust cluster of apoptotic cells in the hindbrain and
otolith as shown in images in the 2" row of 15mM column (Figure 9). There does not
appear to be an elevation of cell death involving the heart, kidney, liver and other organs.
There was also a much more notable apoptosis as bigger clusters of apoptotic cells was
seen along the notochord of the larvae compared to the subjects in 5 mM. Deflection of

the caudal fin (tail fin) is much more evident in the subjects exposed to 15mM of MA
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which could suggest muscle contraction. Furthermore, a distinct curvature of the spinal
cord was seen in images in the 2™ row of the 15mM column (Figure 9), which could be an

indication of progression of muscle contraction along the entire notochord.
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Figure 9. Represented images captured using a fluorescence mlcroscope (Nikon SMZ18
with blue light filter) from immunostaining of caspase-3 5-dpf larval zebrafish exposed to
in 0OmM (control), 5SmM and 15mM of MA for 5Sh. N=4 to 5 per concentration.
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3.3 Waestern Blot of Caspase-3 and Cleaved Caspase-3

Western blot analysis was used to confirm that cell death occurring in subjects
exposed to MA was due to apoptosis via activation of caspase-3 to cleaved caspase-3.
Western blotting was done on tissue taken from the whole larval zebrafish. As shown in
Figure 10B, there was an increase in the expression of caspase-3 in the SmM and 15mM
cohort compared to the control treatment group. The difference observed was not
significant [F (2, 3) = 0.6, NS]. Since sample size was too small, this analysis did not have
enough power. The expression of cleaved caspase-3 was only visible in the 15mM cohort
(Figure 10A). As for the control and 5SmM treatment group, there were no visible band on
the blot. Furthermore, statistical significance could not be determined for the expression of
cleaved caspase-3 since there was only one blot that could be analyzed. Thus, the
occurrence of apoptosis due to caspase-3 activation in the subjects acutely exposed to MA
could not be confirmed, although there was a suggestion that this was occurring. However,
these results can serve as preliminary data. It may be that apoptosis is not a significant part
of cell death, or it could be that this data can be used to further optimize the protocol in

future studies proving the presence of significant apoptosis.
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Figure 10. Two independent experiment was conducted with 10 subjects per concentration,
each blot was pooled from 5 subjects. (A) Western blot analysis of caspase-3 and cleaved
caspase-3 using tissue from whole larval zebrafish following acute MA exposure. (B) The
protein bands were analyzed through densitometry analysis using ImageJ. The relative
levels of caspase-3 expression were normalized to B-actin. Statistical significance could
not be determined for the expression of cleaved caspase-3 since there was only one blot
that could be analyzed. The bar graphs are presented as means + SEM. A one-way
ANOVA statistical test was employed to assess significance between 0 mM, 5SmM, 15 mM
of acute MA exposure followed by Tukey test to determine significance at P < 0.05.
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Chapter 4

Conclusion

4.1 Acute Methamphetamine Exposure

The primary findings of this study show that there is evidence of slightly reduced
heart rate (bradycardia) at the lower concentration of 5 mM MA compared to 15 mM MA
group. There was a substantial decrease in heart rate in the 15mM cohort which showed a
notable decline in heart rate at around 3h after MA exposure. Subjects in the 15 mM cohort
also showed prolonged periods of time between systole and diastole around the 3h time
point and at the 5h time point in the SmM cohort. It was evident that there was a poor
recovery from the subjects in the 15mM cohort. Increased in myocardial contractility was
also observed to be more prominent in the SmM cohort when observed under a microscope
(data not shown). However, subjects in the 15mM cohort seem to have a reduced afterload
(increased resistance) in pumping blood especially after the 3h time point (data not shown).
This parameter can be measured using automated video tracking tools to be able to analyze
the contraction of the heart muscles in future studies. These results seem to be fairly
consistent with other studies reported in humans and mice. Acute intoxication of MA
typically produces initial effects such as elevated heart rate (tachycardia), hypertension,
hyperthermia, increased myocardial contractility, but these effects are then followed by

bradycardia, hypotension, and reduced contractility (Hassan, Wearne et al. 2016).
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Although it is beyond the scope of the study to assess these parameters, hypertension and
tachycardia can lead to other serious cardiovascular complications including myocardial
ischemia and infarction, aortic dissection, malignant arrhythmias, stress induced

cardiomyopathy and cardiac arrest (Gold and Blumenthal 2018).
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4.2 Wholemount of Immunofluorescence of Caspase-3

The key goal of this assay was to determine if apoptosis is involved in neuronal or
cardiomyocyte cell death. Caspase-3 is an executor caspase that can be activated via the
intrinsic pathway (mitochondrial pathway) or extrinsic pathway (death-receptor pathway)
as shown in Figure 5. It appears that one of mechanism that might contribute cell death in
the subjects exposed to MA is apoptosis. There was some apoptosis observed in the control
group where the subjects were exposed to egg water. However, that was to be expected and
is most likely due to apoptosis characteristic of actively developing organisms.

Subjects exposed to SmM MA showed some cell death due to apoptosis starting closer
to the anterior head region, muscle and a very subtle manifestation of the fluorescence
along the notochord and caudal fin (tail fin). Figure 11 shows a more magnified image
depicting the fluorescence indicating apoptosis observed in the SmM cohort.

Subjects exposed to 15mM of MA showed an increased level of fluorescence indicative
of cell death due to apoptosis around the eye and hindbrain along with an involvement of
the otolith and hindbrain as shown in the first picture in the 15mM column in Figure 11.
The otolith cells project to the hindbrain and are responsible for vestibular stimuli. The
nervous system in the zebrafish depends primarily on a short reflex arc to produce rapid
sensory motor transformation for gaze and posture stabilization (Bagnall and Schoppik
2018). The hindbrain contains a diverse set of sensory-motor networks that control
movements required for vision, respiration, mastication, and locomotion in all
vertebrates (Kinkhabwala, Riley et al. 2011). Perhaps, apoptosis in the otolith and

hindbrain could explain the loss of righting in these subjects following exposure to MA.
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There was also a lot more notable cell death along the notochord, spinal cord of the
subjects as well as the caudal fin as seen in the 2" and 3™ image in the 15mM column
(Figure 11). The bend in spinal cord (lordosis) is related to seizure like behavior in this
animal model. This is one reason that can serve as evidence that neuronal cell death is
involved in the overall death of subjects exposed to MA. MA is known to cause neuronal
apoptosis in several brain regions, including the striatum, cortex, hippocampus and
olfactory bulb (Krasnova and Cadet 2009). Neuronal cell death is believed to be due to
various apoptotic pathways (Cadet, Jayanthi et al. 2005). One of the pathways involving
caspase-3 discussed by Cadet, Jayanthi et al. (2005), is via activation of JNK/SAPK c-Jun
pathway in rodents involving MAP kinases. MAP kinases are responsible for mediating
signals from the cell membrane to the nucleus (Cadet, Jayanthi et al. 2005). Another
pathway involved is via regulation of Bcl-2 family proteins (mitochondria dependent death
pathway). C-jun is an activator-protein 1 (AP-1) transcription factor that contributes to MA
toxicity. These are associated with an increase in caspase-3 activity as well as
psychostimulant-induced poly (ADP-ribose) polymerase (PARP) cleavage in the brain due
to substances (e.g. cytochrome c, apoptosis inducing factor (AIF)) released from
mitochondria into the cytosol, which activates caspase-dependent executioners and
promote apoptosis resulting in neurodegeneration (Cadet, Jayanthi et al. 2005, Krasnova
and Cadet 2009). Moreover, MA induced cell death is found to be caused by an
involvement of the Fas/FasL death pathway (extrinsic pathway) (Cadet, Jayanthi et al.
2005). FasL is a part of the tumor necrosis factor (TNF) superfamily of cytokines which is
involved in multiple models of brain injury (Krasnova and Cadet 2009). Toxic doses of

MA was shown to induce FasL expression in the striatum of rat. (Krasnova and Cadet
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2009) also found that MA injections caused activation in pro-caspases 8 and 3, mediators
of the extrinsic pathway as well as was signifying the possibility of DA playing a role in
the activation of this pathway.

To our surprise, it appears that there was no pronounced apoptosis involving the heart
or cardiac muscles. It is beyond the scope of this study to explain the mechanism of
cardiotoxic effects, but these do not seem to involve apoptosis. Other techniques like
Hematoxylin and Eosin (H&E) staining, terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay, can be used in future studies that could further analyze and
possibly elucidate the mechanism involved in cardiotoxic effects induced by MA exposure.
It might also involve a non-apoptotic form of cell death that does not involve caspase-3.
Although, there are limited studies in zebrafish that have studied the cardiotoxic effects
induced by acute MA exposure, a study in rats was shown to cause cardiac lesions in
animals that were kept in warm and humid conditions (Kaiho and Ishiyama 1989). The
cardiac lesions observed was characterized by necrotic myocardial lesions with myoglobin
loss, widely dispersed ventricular wall and ultrastructural alteration due to prominent
mitochondrial swelling, packing of cellular constituents and membrane disruption (Kaiho

and Ishiyama 1989) .
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Figure 11. Enlarged images captured sing a fluorescence microscope (Nikon SMZ18 with
blue light filter) from immunofluorescence staining of Caspase-3 in larval zebrafish
exposed to SmM and 15mM MA, n = 4-5 per group.
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4.3 Expression of Caspase-3 and Cleaved Caspase-3

Western blot was conducted to determine the presence and level of protein
expression of cleaved caspase-3 to confirm that apoptosis caused cell death in the subjects
that were exposed to SmM and 15mM of MA for 5h. The protein of interest in this study
is capsase-3 (35 kDa) and cleaved caspase-3 (15-17 kDa) which is the activated form of
caspase-3. As shown in Figure 10, all the samples from OmM, 15mM and 15mM showed
presence of beta-actin and caspase-3. However, only samples from subjects in the 15mM
cohort showed presence of the cleaved caspase-3 protein. This could perhaps be due to
requiring a higher amount of total protein to be used; (100 pg was used in this study),
adding the cleaved caspase-3 antibody to membranes that were stripped twice. Stripping
the membrane could cause loss of antigen and protein degradation. Few other potential
causes are signal from chemiluminescent substrate is too weak or antigen is masked by
blocking buffer. Nevertheless, data obtain above can serve as reference to conduct

additional studies hereafter utilizing a more optimized protocol.
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4.4 Limitation of the Study

The zebrafish model has developed into a powerful model organism in research in
translational neuroscience, behavioral studies and cardiovascular research. Nevertheless,
as a novel model organism, the zebrafish has its own challenges and limitations. Due to its
very small size especially in larval stage (~4mm) (Ingebretson and Masino 2013),
microscope use was one of the limitations. Light microscope used in our laboratory can
only magnify up to 5x. Hence, it was challenging to capture images focusing the heart of
the subjects during and after the 5-hr MA exposure. In addition, their small size also made
it challenging to obtain sufficient quantities of tissue samples required for protein
quantification for western blotting. Secondly, the number of experiments repeated for
western blot analysis was too small. An N of 4 should be done at the least in future studies.
Thirdly, heart rate of the subjects in the control treatment group should be recorded to
strengthen the significance of data. Lastly, since zebrafish is still a fairly new animal model,
they have a limited number of zebrafish specific antibodies that can be utilized for
immunohistochemistry compared to other animal models (Gut, Reischauer et al. 2017).
With that said, it is important to note that every non-primate model organism has some
drawbacks. The various strengths of zebrafish model as discussed above is capable of
laying a promising groundwork for design of disease, drug discovery and neurobehavioral

research.
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4.5 Future Aspects

It is important to validate that apoptosis is involved in causing cell death secondary
to acute MA exposure. Although most studies that were used to compare the results from
this specific study involved other animal models, it is important to note that there is
evidence of acute MA exposure causing neuronal cell death, possibly involving multiple
apoptotic pathways (Hooper and Killick , Cadet, Jayanthi et al. 2005, Krasnova and Cadet
2009, M Chiu and O Schenk 2012) . Although most studies (He, Matoba et al. 1996, Craig,
Gilday et al. 2006, Kaye, McKetin et al. 2007, Tomita, Okuyama et al. 2013, Courtney and
Ray 2014, Hassan, Wearne et al. 2016, Darke, Duflou et al. 2017, Gold and Blumenthal
2018, Kevil, Goeders et al. 2019), that have looked into cardiovascular complications in
MA-users or other animal studies involve chronic MA use, MA is believed to promote
cardiovascular complications via its direct effects or catecholamine toxicity on cardiac and
vascular tissue (Kevil, Goeders et al. 2019), even under conditions of acute overdose
(Kaiho and Ishiyama 1989, Fang, Zhu et al. 2016). Based on the observations from our
study, it is crucial to note that there was cardiovascular involvement due to MA exposure.
As an evidence, MA exposure in these 5-dpf subjects caused bradycardia that became more
severe over the Sh exposure to eventually very slow heartbeat or an absence of heartbeat.
Cardiovascular complications are evident in MA users as seen in many other studies. To
validate this finding in zebrafish, future studies can utilize techniques like TUNEL assay
to detect DNA fragmentation which occurs in the last phase of apoptosis. Histochemistry
using H&E staining can be done to focus primarily on the heart of the subjects exposed to
different concentrations of MA to investigate if there is any damage involving the

vasculature, myocardium, or heart valves and possibly elucidate a mechanism involved in
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leading to cell death in the heart muscles or other cardiac impairments. Quantification of
apoptotic cells observed in the immunofluorescence assay should also be carried out to
provide a quantitative data. Furthermore, high speed video imaging can be employed to
determine heart rate, change in the size of heart as well as observe the variance in cardiac
contractility. Cardiac output can also be measured by multiplying bpm with ventricular
stroke volume. To calculate stroke volume, a published protocol by (Hou and Burggren
1995) was used as reference (Chen, unpublished results). On the other hand, PARP
antibody can be used in future studies as an additional apoptosis marker in Western
Blotting as it is associated with activating caspase-dependent executioners and promote
apoptosis resulting in neurodegeneration (Krasnova and Cadet 2009). A few techniques
like lactate dehydrogenase (LDH) assay and flow cytometry or fluorescence microscopy
using propidium iodide (PI) and nucleic acid stain 4', 6’-diamidino-2-phenylindole (DAPI)
to assess cell death due to necrosis (Cummings and Schnellmann 2004). Cell death due to
necrosis is characterized by swelling of cell and organelle, pyknosis, increased
permeability, chromatin condensation and nuclear fragmentation. LDH and PI is a
conventional marker for loss of membrane integrity and presence of necrosis (Cummings
and Schnellmann 2004, Chan, Moriwaki et al. 2013). Lastly, thermal regulation could be
considered to see if hyperthermia is observed in the subjects exposed to MA since thermal
dysregulation seem to be an important factor contributing to MA induced neurotoxicity

(Krasnova and Cadet 2009).
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