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Abstract of Dissertation Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 
Requirements for the Degree of Doctor of Philosophy 

CLUB DRUG USE AS SELF-INFLICTED TRAUMATIC BRAIN INJURY 

By 

Matthew Wesley Warren 

August 2006 

Chair:  Mark S. Gold 
Major Department:  Neuroscience 

Club drug abuse, such as with methamphetamine (Meth) or 3,4-

methylenedioxymethamphetamine (MDMA), is a pervasive and dangerous problem in 

the United States.  Neurological and endocrine toxicity have been reported but would be 

better understood and treated with the use of simple proteomic biomarkers of pathology.  

There has already, however, been some success in this in the field of traumatic brain 

injury (TBI) studies.  In brief, TBI has been shown to activate the pro-necrotic calpain 

and the pro-apoptotic caspase proteases which act to degrade the neural structural 

proteins αII-spectrin and tau, creating useful markers of disease. 

Here, Western blot, immunocytochemistry and immunohistochemistry tools were 

employed in animal and cell culture models treated with club drugs to search for those 

same markers in an effort to study the extent of toxicity.  Protease inhibitors were also 

used to help determine mechanism of action.  Finally, endocrine hormones were studied 

for changes in blood concentration using radioimmunoassays. 

xi 



In brief, Meth and, to a lesser extent, MDMA are found to be neurotoxic, 

comparable to TBI.  In the cortex, co localization with cell death biomarkers is 

established and is more prominent in the neurons than glia, with particular upregulation 

in axonal compartments.  Cortical cell culture studies showed that club drugs stimulate 

dual action mechanisms of both calpain and caspase in origin.  Furthermore, when either 

one is suppressed, the other appears to be upregulated.  Neuroendocrine studies showed 

that changes in leptin, ghrelin and neuropeptide-Y may be related to other toxic effects of 

the drugs. 

These studies marked the first to identify biomarkers in the brain following club 

drug use.  The tools may be used to further study club drugs or serve as a model for the 

study of other drugs of abuse.  Chronic administration paradigms should be compared to 

the acute models studied here and human studies need to be conducted to test the 

application of this work. 
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CHAPTER 1 
BACKGROUND 

Club Drugs 

Introduction 

The term “club drug” includes any of a number of recreational substances 

consumed in dance clubs or at underground rave parties which may result in brain 

pathology.  Here, we are primarily interested in the neurotoxic effects of two particular 

stimulants, methamphetamine (Meth or Speed) and the structurally related compound 

3,4-methylenedioxymethamphetamine (MDMA or Ecstasy). 

 
Figure 1-1.  Chemical structure of club drugs.  A) Methamphetamine.  B)  3,4-

Methylenedioxymethamphetamine.  Both drugs can be found as pills or in 
white powder form.  The only difference in structure is the 3,4-
methylenedioxy ligand added to the benzene ring of Meth to make MDMA. 

Meth is manufactured in clandestine labs with relatively inexpensive ingredients.  It 

is normally consumed in pill form, but may also be smoked or dissolved into a solution 

and then injected.  Acute users of Meth experience an increase of energy expenditure and 

loss of appetite and sleep (NIDA 2002).  Ecstasy is usually taken as a pill only.  Users 

experience stimulation of mental function, sensory perception, emotion and energy 

(NIDA 2005b). 

1 
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These drugs have specific effects on the serotonergic, domapinergic and, at least 

with MDMA, norepinephrine neurotransmitter systems.  Serotonin is located in virtually 

all areas of the brain except the cerebellum and is involved in regulating mood, memory, 

cognition, sleep, aggression, appetite, thirst, sexual function, body temperature and sleep.  

Dopamine, normally produced by the hypothalamus, plays a role in body movement, 

cognition, hormone regulation, motivation and pleasure.  Norepinephrine is a hormone 

released by the adrenal glands that functions in attention, impulsivity and activates the 

sympathetic nervous system. 

Epidemiology 

Meth was first developed in Japan in 1919 to treat depression and enhance weight 

loss.  It was made a Schedule II controlled substance in 1979, meaning it has a high 

potential for abuse, but is still available by prescription in low-dose form to treat some 

conditions such as Attention Deficit Disorder (ADD), narcolepsy or obesity.  Recently, 

police officers ranked Meth as the biggest drug problem they are facing today (NACO 

2005).  Additionally, what was first seen as a West Coast problem has now moved more 

towards central and Midwestern states, with dance clubs in the northeast also reporting 

increased use (NIDA 2006).  In 2003, 12.3 million Americans had reported trying Meth 

at least once, representing 5.2% of the population (SAMHSA, 2004).  However, use may 

be stabilizing among youths.  In 2004, 6.2% of high school seniors had reported ever 

trying Meth in their lifetime, a number that has not changed in a year, while middle 

school students reported a decrease in use (NIDA 2005a). 

Ecstasy was developed in 1912 by the German pharmaceutical company Merck as a 

parent chemical compound.  During the 1970s some psychotherapists began using the 

drug during sessions, despite the fact it had never been approved by the U.S. Food and 
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Drug Administration (FDA).  It was made a Schedule I controlled substance in 1985 and 

thus banned from use.  Ecstasy, once seen almost exclusively in the club scene, has 

recently been reported to have increasing use in minority population social settings 

(NIDA 2006).  In 2003, 11 million Americans had reported using MDMA in their 

lifetime, almost 5% of the population (SAMHSA 2004).  However, American youths 

have recently reported a slight decrease in use and an increase in hazard awareness 

(NIDA 2005a).  This is in contrast to escalating use in Europe (Schifano et al. 2006). 

Toxicity 

Particularly elevated levels of club drugs can enter the blood stream due to the 

“binge and crash” pattern of use by addicts trying to eschew tolerance to its effects.  The 

lipophilic nature of the compounds allows them to cross the blood brain barrier and 

manifest effects on the brain (Nordahl et al. 2003). 

Neurotoxicity 

The high associated with Meth stems from its effect of causing release of elevated 

levels of dopamine in the brain (Robbins and Everitt 1999) and its effect on neocortical 

neurons (Schroder et al. 2003).  Meth binds to dopamine transporters (DAT) and blocks 

the re-uptake of dopamine, overloading the synapse (Baucaum et al. 2004).  This activity 

desensitizes those cells, as well as others containing serotonin, potentially disrupting 

motivation, pleasure sensation and motor function (Gonzalez et al. 2004).  Meth has been 

shown to cause dopaminergic and, to a lesser extent, serotonergic neurite and nerve 

terminal degeneration of neurons in the striatum and hippocampus (Larsen et al. 2002).  

Findings in rat and non-human primates show that Meth depletes dopamine and decreases 

the activity of tyrosine hydroxylase and 5HT systems (Seiden et al. 1976; Koda and Gibb 

1973).  Meth has been suggested to reduce the levels of enzymes that synthesize 
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dopamine and 5HT, leading to toxicity (Ricaurte et al. 1980; Bakhit et al. 1981).  

Oxidative stress may also help explain the mechanism for toxicity.  For example, Meth 

enhances the creation of an endogenous dopamine toxic metabolite, 6-hydroxydopamine 

(6-OHDA) (Wagner et al. 1983).  Similar findings have been reported related to the 

generation of 5,6-dihydroxytryptamine (5,6-DHT), a neurotoxin to the serotonergic 

system (Commins et al. 1987).  It has been proposed that Meth-induced redistribution of 

dopamine from synaptic vesicles to cytoplasmic compartments, where dopamine is 

oxidized to produce quinones and additional reactive oxygen species, may account for 

this selective neurotoxicity (De Vito and Wagner 1989; Gluck et al. 2001).  Furthermore, 

it has been reported that Meth exposure, by producing reactive oxygen species, can 

activate pro-apoptotic genes such as c-Jun, c-myc and L-myc and thus induces neuronal 

apoptosis directly (Stumm et al. 1999; Deng et al. 2002a; Thiriet et al. 2001).  In support 

of these findings, Meth was found to induce apoptosis in both the CNS-derived 

catecholaminergic cell line CSM14.1 (Cadet et al. 1997; Choi et al. 2002) and the 

immortalized rat striatal cell line M213 (Deng et al. 2002b).  Studies with N-methyl-d-

aspartate (NMDA) receptor antagonists also suggest that glutamate release may be an 

important factoring mediating toxicity when triggered by Meth (Sonsalla et al. 1989). 

Over time, a down regulation of dopamine receptors develops in Meth users, 

resulting in a Parkinson-like syndrome.  Other long-term effects have been reported, such 

as paranoia, hallucinations, mood disturbances, repetitive motor activity and impotence 

(NIDA 2006).  Neurotoxicity from Meth is exacerbated by hyperthermia and damage to 

blood vessels in the brain from increased heart rate and blood pressure. 
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High concentrations of MDMA from an “overdose” scenario can also be found 

among its abusers.  It is not uncommon for MDMA users to take multiple tablets to 

combat tolerance and to compensate for perceived impurity in drug content (Baggott et 

al. 2000).  Furthermore, MDMA inhibits its own metabolism, resulting in an effective 

drug level that may become neurotoxic.  Ecstasy binds to transporters for serotonin, 

dopamine and norepinephrine, inhibiting their reuptake and increasing their concentration 

in the synapse.  This rapid release of serotonin is followed by a significant depletion and 

associated deficits (Yamamoto 2001).  Additionally, MDMA has been shown to destroy 

tryptophan hydroxylase, an important enzyme in serotonin function, in multiple areas of 

the brain including the cortex and striatum (Ricaurte et al. 1985).  Other suggestions for 

mechanisms of MDMA toxicity, without regard to hyperthermia or metabolite effect, 

include release of 5-HT and its derivatives (Schmidt and Taylor 1987), release of 

dopamine (Nash and Nichols 1991), increased intracellular glutamate concentrations 

(White et al. 1994) and possibly free radical damage via nitric oxide (Simantov and 

Tauber 1997).   

Reductions in the numbers of neurons containing serotonin have been reported after 

MDMA use in rodents and non-human primates (Schmidt and Taylor 1987; Ricaurte 

1989; Taffe et al. 2001; Hatzidimitriou et al. 1999; Larsen et al. 2003).  Autopsy reports 

have suggested that these effects also occur in humans (McCann et al. 1998; Kish et al. 

2000).  The effects on serotonergic and, to a lesser extent, dopaminergic neurons in the 

brain play a role in disturbing mood, sleep and pain (Reneman et al. 2000).  For example, 

studies have shown MDMA users perform poorly on cognitive and memory tasks 

(Verkes et al. 2001).  Also, due to the additional release of norepinephrine, neurotoxicity 
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is exacerbated by hyperthermia and cardiovascular injury from increased sympathetic 

tone (Dafters and Lynch 1998).  Interestingly, the neurotoxicity to norepinephrinergic 

systems seen with MDMA is not seen with Meth (Seiden and Ricaurte 1987).  Similar to 

Meth, however, is the involvement of oxidative stress as a possible mediator of 

neurotoxicity.  Ecstasy disturbs the function of certain antioxidant enzymes, such as 

superoxide dismutase catalase (Cadet and Thiriet 2001).  It has also been associated with 

increases in the production of hydroxyl radicals, although this effect takes much longer to 

occur than with Meth (Shankaran et al. 1999).  Furthermore, decreases in overall 

metabolic activity in the brain, particularly the striatum, have been observed in rats after 

MDMA administration via studies of cytochrome oxidase activity and glycogen 

breakdown (Yamamoto et al. 1995; Darvesh et al. 2001).   

Long term users, subjected to deficits in serotonin function, experience depression, 

insomnia, paranoia and bipolar symptoms along with a host of others (NIDA 2006).  Self-

reports indicate that MDMA users score higher than non-users in tests for social anxiety 

and phobia, although which is the cause and which is the effect has not been established 

(Parrott 2001).  In agreement with acute intoxication studies, long time MDMA users 

have shown decreased performance on memory tests (Morgan 1999).   

Neuroendocrine toxicity 

The monoamines released in the brain following club drug use are normally 

involved in temperature regulation, motor control, and appetite regulation.  Therefore, 

increased concentrations of these monoamines caused by drug use may result in the 

observed negative effects on these systems (Jaehne et al. 2005; Malpass et al. 1999).  An 

important negative consequence of drug abuse is the development of pharmacologically-

induced anorexia.  Research has shown that administration of drugs, such as 
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amphetamines, heroin or cocaine, leads to appetite suppression and development of 

anorexia (Jonas and Gold 1986; Hseigh et al. 2005).  These anorexic effects can be seen 

with both acute and chronic administration in humans and animals.  Acute and chronic 

use of psychostimulants (such as Meth or MDMA) has been shown to result in decreased 

appetite, reduced feeding behavior, and drug-induced anorexia (Cho et al. 2001; Ginawi 

et al. 2005).  It has also been shown that rats orally administered MDMA acutely 

(ranging from 20 mg/ kg to 80 mg/kg) had significantly reduced body weight and food 

intake compared to control groups (De Souza et al. 1996).  Rats that were given Meth (2 

mg/kg) by intraperitoneal injection also exhibited significant reduction in food intake 

(Ginawi et al. 2005).   

The mechanism for the drug-induced anorexia caused by these substances is 

mediated by the action of monoamines in the control of food intake.  Specific receptor 

sites in the hypothalamus that control the anorexic action of amphetamine and similar 

drugs have been discovered (Paul et al. 1982).  The biogenic amines released by drug use 

are believed to act on the paraventricular (PVN), ventromedial, and suprachiasmatic 

nuclei, which are responsible for energy balance and daily patterns of eating (Ginawi et 

al. 2005).  Excess 5-HT released by psychostimulant administration acts on these nuclei 

to produce hypophagic effects by decreasing carbohydrate intake in naturally feeding 

animals thereby disrupting satiety mechanisms (Curzon et al. 1997).  Specifically, 

amphetamine and other drugs were shown to decrease neuropeptide-Y (NPY) levels in 

the PVN, which resulted in decreased appetite stimulation with corresponding 

hypophagia (Hseigh et al. 2005; Curzon et al. 1997).  Therefore, a proposed mechanism 
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of drug-induced anorexia is that excess 5-HT released due to drug use decreases 

production of NPY, inhibiting its normal orexigenic effects.   

A significant problem associated with drug abuse is the ‘wasting effect’ that is seen 

from drug-induced anorexia in users.  About two-thirds of the drug addicts in one study, 

including heroin, cannabis and ephedrine users, had significantly lowered body mass 

index compared to the normal population (Islam et al. 2002).  Drug users in another study 

had reported weight loss and anorexia, which the researchers also associated with 

decreased serum leptin levels (Santolaria et al. 2002).  Drug administration causes 

changes in feeding behavior and body mass through physiological mechanisms, however, 

more investigation needs to be performed to learn about the relationship between drugs of 

abuse and their direct effects on metabolic hormones involved in the regulation of 

feeding behaviors and energy balance (Halford and Blundell 2000; Crowley et al. 2005). 

Treatment 

Meth users are identified by signs of agitation and increased physical activity. 

Users also may display pupil dilation, violent behavior and a tendency to clean, sort or 

disassemble objects.  Treatment of Meth is concerned with both addressing both the acute 

intoxication symptoms and the chronic addiction.  Acute overdose of Meth is treated with 

ice bath and anticonvulsants to combat hyperthermia and seizures.  A quiet atmosphere is 

recommended, with the use of benzodiazepines sometimes used to calm a psychotic 

patient.  Long term Meth addicts are treated with therapy and cognitive behavioral 

intervention which seek to give the patient skills in coping with life stressors.  There are 

no pharmacological treatments for treating dependence or reversing intoxication.  

Antidepressants, however, may be useful in combating relapse in abstinent patients. 
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Ecstasy users may be identified by high blood pressure, faintness, panic attacks or 

seizures.  Acute intoxiciation is treated with rehydration and balancing of electrolytes.  

Special care is taken to avoid water intoxication.  Similar to Meth, cognitive therapy 

remains the only treatment for MDMA addiction, since no pharmacological treatments 

exist. 

Traumatic Brain Injury 

Introduction 

Traumatic brain injury (TBI) is another type of brain pathology and is defined as 

any sudden trauma which causes damage to the brain.  This can be the result of an object 

piercing the skull to the point that it contacts brain tissue or when the head violently hits 

an object.   

Epidemiology 

Every year in the United States, approximately 1.5 million people sustain a TBI 

(CDC 2001).  Of these, 50,000 die and 90,000 can experience an associated lifetime 

disability.  Around 2% of the current US population is living with a TBI-related injury, 

caused chiefly from vehicle accidents, firearm use, falls and sports (Thurman et al. 1999).  

The cost to the U.S. healthcare system is estimated at $56 billion each year (Thurman 

2001). 

Toxicity 

Traumatic brain injury results in overt brain tissue death and the release of a 

number of amino acids, ions, proteins and enzymes into the blood and cerebrospinal fluid 

(CSF) (Goodman and Simpson 1996; Graham 2000).   
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Neurotoxicity 

Primary injury is composed of mechanical tearing of neural tissue, either from 

contusive or counter-coupe injury (Graham et al. 2000).  Blunt injury allows for 

unregulated chemical cascades and inflammatory responses to follow (Gennarelli 1993).  

Traumatic brain injury changes calcium homeostasis (Graham et al. 1995), which acts to 

deregulate certain proteolytic enzymes, as well as increase excitotoxicity (Choi and 

Rothman 1990) and free radical production (Kontos 1989).   

Acute symptoms of a TBI include headache, confusion, dizziness with blurred 

vision, tinnitus, lethargy, changes in sleep patterns or mood and trouble with memory, 

attention or thinking.  More serious TBI can result in nausea and vomiting, seizures, and 

loss of sensation or balance.  Additionally, repeated mild TBIs occurring over time may 

result in cumulative deficits (CDC 1997).   

Neuroendocrine toxicity 

Rapid weight loss is also seen in human patients experiencing TBI, exacerbated by 

the inflammatory response and sympathetic stimulation (Mansoor et al. 1996; Herndon et 

al. 2001).  Altered glucocorticoid production and increasing levels of interleukins have 

been reported in TBI patients (Mansoor et al. 1996).  The catecholamine-mediated 

hypermetabolic response to some severe injuries causes increased expenditure and 

muscle-protein catabolism (Herndon et al. 2001). 

Treatment 

Diagnosis of a TBI includes observation of disorientation, amnesia, extended loss 

of consciousness, or neurological problems.  Because repairing injury is seldom possible, 

treatment focuses mainly on preventing further injury and learning to cope.  This includes 

radiography and attention to oxygenation and blood flow to the brain as well as sedation, 
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anti-convulsives and sometimes neuromuscular blockade (Bullock et al. 1995).  

Hyperventilation and mannitol diuretic treatments have been used to prevent increases in 

intracranial pressure (Bullock et al. 1995).  Guidelines have also been suggested for 

monitoring nutrition of trauma patients to prevent nitrogen loss and wasting (Bullock et 

al. 1995).  Once the patient is stabilized, enrollment in physical, occupational, or speech 

therapy may be necessary to treat neurological consequences of brain damage. 

Prognostic indicators, or lack thereof, are important for the consideration of clinical 

management of TBI patients.  The most widely available measure of severity of injury in 

the clinic, currently, is the Glasgow Coma Scale score (GCS) which objectively measures 

consciousness (Teasdale and Jennett 1973).  However, current guidelines in emergency 

treatments before arriving at the hospital make the GCS untestable in 44% of patients 

(Bullock et al. 1995).  Another test involves papillary light reflex which may indicate 

damage to structures in the temporal lobe essential for cognitive function (Sakas et al. 

1995).  However, direct oculomotor trauma may confound these results (Bullock et al. 

1995).  Computer tomography (CT) scanning is performed on patients with TBI for the 

purpose of intracranial pressure monitoring and prognostic significance.  Basal cistern 

injury, hemorrhage, midline shifts, and intracranial lesions can easily be identified by CT 

scan.  However, the cost, speed and availability of the scan are limiting factors in their 

prognostic value (Levi et al. 1990; Kesler et al. 2000).  In fact, despite the prediction of a 

“good recovery” that may be predicted by some of these tests, many TBI patients 

continue to display long-term impairment (Marion 1996).  As a result, there has been 

interest in developing biochemical markers for the rapid and accurate assessment or 
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injury severity, prognosis and evaluation.  This may be possible with the use of 

proteomics. 

Proteomics 

Proteomics can be defined as the study of global protein expression, structure and 

function.  It is a direct extension of genomics, which is the study of genes, and sheds light 

on the biochemical interaction of cells with their environment.  Of particular interest in 

proteomics is determining levels of protein expression, how they differ from one 

organism to the next under different conditions or within the same organism in different 

body regions or over time.  Protein separation and quantification are used to identify 

specific players during pathological processes.   

One goal of proteomics is to identify “biomarkers”, or substances in an organism 

that may be used to identify some function of health or disease much like how the 

presence of certain pancreatic islet antibodies help to diagnose the presence of type I 

diabetes.  The most preferable way to detect biomarkers would be via a rapid and simple 

blood test, although spinal taps and tissue biopsies may be needed for more accurate 

identification.  Additionally, using proteomics to understand the mechanism behind 

physiologic interactions will help scientists to develop therapies to target or mimic them, 

thereby treating the disease. 

With respect to neurotoxicity, necrosis and apoptosis have been identified to be 

important cell death process.  Using proteomics to understand their causes and 

monitoring their presence are important for identifying and treating disease of the brain. 

Necrosis versus Apoptosis 

Necrosis is a form of accidental or pathological cell death in which the cell plays a 

less central role on the continuum of cell death.  It is most likely to occur when cells 
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incur conditions such as hyperthermia, toxins, or direct trauma (Willie et al. 1980).  Cells 

are characterized by irreversible swelling of the cytoplasm, massive ion influx and 

distortion of mitochondria and other organelles.  Typically they lyse, releasing their 

cellular contents and invoking an inflammatory response (Lockshin and Zakeri, 2001).  

Apoptosis, first studied in C. Elegans, is a form of programmed cell death.  It has 

been conserved evolutionarily to dispose of excess or harmful cells, regulate 

development, initiate immune responses and maintain homeostasis (Kerr et al. 1972; 

Ameisen 2002).  An example of this is the deletion of cells in the hand stump of a 

developing fetus for the purpose of producing five distinguishable fingers instead of one 

(Jacobson et al. 1997).  The program has been remarkably conserved from nematodes to 

humans, suggesting the existence of “core death machinery” in most, if not all, cells 

(Metzstein et al. 1998).  Once apoptosis is initiated, chromosomes condense and move to 

the periphery.  Then, cells shrink in size as the plasma membrane begins to bleb.  These 

contents are then engulfed and digested by neighboring phagocytes or cells (Jacobson et 

al. 1997).  Many biological pathologies can be tied to errors in apoptosis, for instance an 

absent signal in which cells accumulate or an over expressed signal in which cells are 

eradicated or division impaired.  The calpain and caspase families of proteases act to up 

regulate necrosis and apoptosis, respectively (Wang 2000; Launay et al. 2005).   

Calpains 

Calpains are ubiquitous calcium activated cytosolic cysteine proteases with 

complicated mechanisms regulating their powerful necrotic actions (Banik et al. 1997).  

Over 14 calpains have been discovered since 1960 (Guroff 1964).  Two isoforms, the 

calpain-1 and calpain-2, are activated by micromolar and millimolar calcium 

concentrations respectively and are normally involved in membrane fusion, long term 
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potentiation, platelet activation and cell cycle progression (Carafoli and Molinari 1998; 

Azam 2001).  Activated calpains autolyse and move from the cytosol across the cell 

membrane (Suzuki et al. 2004).  Calpains then have the ability to digest many 

cytoskeletal substrates (Croall and DeMartino 1991), but are normally inhibited by 

endogenous calpastatins in the absence of calcium ion influx following injury.  A smaller 

role in apoptosis has also been implicated due to membrane rupture and cathepsin 

leakage, activating pro-apoptotic caspases (Nath et al. 1996; Yamahsima 2000; 

Nakagawa and Yuan 2000).   

In the general course of protease studies, several inhibitors have been developed to 

suppress the effects of these enzymes.  These tend to react with the cysteine in the 

catalytic triad in a nonspecific manner (Yuen and Wang 1998) or inhibit by interacting 

with the calmodulin domain (Shiraha et al. 2002).  For example, N-(4-

fluorophenylsulfonyl)-L valyl-L-leucinal (SJA6017 or SJA) has been found to act as a 

general calpain inhibitor in cell culture and in vivo by reversibly binding to the active site 

of calpain-1 (Fukiage et al. 1997; Kupina et al. 2001). 

Caspases 

Unlike calpains, the pro-apoptotic intracellular cysteine protease caspases are not 

calcium activated.  Normally, caspases reside as inactive zymogens within the cells, 

requiring pro-domain cleavage to become activated (Springer et al. 1999).  Once active, 

caspase-3, the most abundant member of the caspase family, appears to play the main 

role in apoptosis in the brain (Chan and Mattson 1999; Slee et al. 2001).  Other roles, 

among over 250 cellular substrates identified to date, include cytokine processing and 

inflammation (Fischer et al. 2003; Thornberry and Lazebnik 1998).  Targets of active 

caspase-3 enzymes include structural proteins (discussed later), mitochondria, signal 
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transduction and stress response proteins (Cohen 1997; Chan and Mattson 1999; 

Earnshaw et al. 1999).  Furthermore, digestion of DNA repair proteins prevents recovery 

and promotes further DNA condensation and fragmentation, driving apoptosis to 

completion (Woo et al. 1998). 

Three general pathways of apoptosis (Figure 1-2) are described involving caspases:  

the extrinsic, intrinsic and ER pathways (Kaufmann and Hengartner 2001).  The extrinsic 

pathway begins when a transmembrane death receptor is contacted by apoptosis-related 

ligands such as FAS-L or TNF-α.  This results in the mobilization of procaspase-8 or 10 

and the activation of the proteolytic caspase-3 or the intrinsic pathway (Hengartner 

2000).  The intrinsic pathway normally involves mitochondrial release of cytochrome c 

into the cytosol.  This results in the assembly of the apoptosome macromolecule 

(including Apaf-1, cytochrome c, procasapse-9 and ATP) and the activation of caspase-9.  

Ultimately, caspase-3 is again involved along with other executioner caspases 

(Hengartner 2000).  The ER stress pathway involves caspase-7 activating caspase-12 

independent from intrinsic or extrinsic pathways (Rao et al. 2001; Nakagawa et al. 2000). 

 
Figure 1-2.  Three caspase-associated pathways leading to apoptosis.  A) Extrinsic.  B)  

Intrinsic.  C)  ER Stress. 
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The interaction between calpains and caspases is complex.  Interestingly, active 

calpains have been shown to inactivate caspase-3 and encourage necrosis at the core of 

injured sites (Chua 2000).  However, they have also been shown to active caspase-12 

directly in the ER pathway (Nakagawa and Yuan, 2000). 

Similar to calpains, caspase inhibitors have been used to understand injury 

cascades.  For example, benzyloxycarbonyl-valinyl-alaninyl-aspartyl fluoromethylketone 

(z-VAD-FMK or ZVAD) and carbobenzoxy-Asp-CH2-OC (O)-2,6-dichlorobenzene (Z-

D-DCB or ZD) have been shown to act as general caspase inhibitors (Komoriya et al. 

2000; Mashima et al. 1995).  The pan-caspase inhibitor ZVAD has been shown to 

increase the survival of marrow cells after middle cerebral artery occlusion, decreasing 

apoptosis (Chen et al. 2002).  The caspase-3 inhibitor ZD has been shown to reduce TBI 

related DNA fragmentation (Yakovlev et al. 1997). 

Degradation of Structural Proteins 

More specifically, increases in calpains and caspases have been shown to be 

involved with the degradation of two important structural proteins, the cytoskeletal αII-

spectrin and the microtubule associate tau (Wang 2000), producing potential biomarkers 

of toxicity. 

αII-Spectrin 

Spectrin, also known as fodrin, is an essential component of the cell membrane and 

cytosolic skeleton.  It was first discovered in human erythrocytes in 1968 and was 

confirmed in nonerythroid cells a decade later (Marchesi and Steers 1968; Goodman et al. 

1981).  Spectrin is actually an antiparallel heterodimer, however it exists as a tetramer 

formed by two head-to-head interactions in vivo (Shotton et al. 1979).  Two genes have 

been discovered to encode the alpha subunits of spectrin, notably alpha-II which is 
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known as “brain spectrin” and located mainly in axonal membranes, playing a crucial 

role in synaptic transmission (Sikorski et al. 1991).    

Calpain activation and the presence of calpain-produced αII-spectrin breakdown 

products (SBDPs) at 150 kDa and 145 kDa are associated with oncotic/necrotic neuronal 

cell damage and to a lesser extent apoptosis (Siman et al. 1984; Nath et al. 1996; Wang 

1998; Wang 2000).  Specifically, spectrin is cleaved between the Tyr 1176 and Gly 1177 

peptides on the eleventh alpha spectrin repeat near the calmodulin-binding domain, 

producing two fragments nearly identical in size around 150 kDa.  This fragment is then 

cleaved again by calpain, producing a 145 kDa BDP (Harris et al. 1989).  Recently, we 

have produced antibodies specific to the 150 and 145 kDa calpain-cleaved αII-spectrin 

protein which can aid in understanding their relative contributions to proteolytic patterns 

of injury (Roberts-Lewis et al. 1994; Barh et al. 1995; Dutta et al. 2002).  Alternatively, 

caspase-3 overactivation and the presence of caspase-3 products at 149 kDa (sometimes 

called 150i) and 120 kDa are exclusively associated with apoptotic neuronal death (Nath 

et al. 1996; Wang 2000).  We have also produced antibodies specific to the 120 kDa 

caspase-cleaved αII-spectrin protein (Nath et al. 2000).   

Tau 

Tau is a major microtubule-binding protein which is highly enriched in the dendrite 

portions of neurons.  It interacts with tubulin to stabilize and promote microtubule 

assembly.  Phosphorylation of tau results in a disruption of microtubule organization 

(Taniguchi et al. 2001).  Hyperphosphorylation, however, is involved with self-assembly 

into plaques and associated with tauopathies and Alzheimer’s disease (Alonso et al. 

2001). 
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Like αII-spectrin, tau is also vulnerable to cleavage by both calpains and caspase-3  

and results in the production of breakdown products (TBDPs) (Wallace et al. 2003).  Tau 

digestion with calpain yields multiple fragments of about 30-40 kDa in an 

indistinguishable wide band and a number of more specific smaller fragments (Yang and 

Ksiezak-Reding 1995; Yen et al. 1999).  For example, breakdown products have been 

seen at 17 kDa after beta-amyloid peptide treatment (Park and Ferreira 2005).  

Alternatively, tau cleavage by caspase-3 has also been identified in neuronal cells 

undergoing apoptosis in cerebellar granule neurons (Canu et al. 1998) in culture and in 

Alzheimer’s diseased brains (Rohn et al. 2002).  These produce a fragment around 45 

kDa (Chung et al. 2001).   

By examining the presence of various αII-spectrin and tau fragments in brain 

regions, one can detect the presence of neuronal toxicity and identify the mechanisms 

leading to neuronal loss, including whether it is calpain- and caspase-mediated 

proteolysis (Figure 1-3). 

 
Figure 1-3.  Proteolytic caspase and calpain activation following insult and inhibition.1  

                                                 
1 Figure 1-3 reprinted from Life Sciences, Vol. 78, Warren MW, Kobeissy FH, Liu MC, Hayes RL, Gold 
MS, Wang KKW, Concurrent calpain and caspase-3 mediated proteolysis of αII-spectrin and tau in rat 
brain after methamphetamine exposure:  A similar profile to traumatic brain injury, Pages 301-309, 2005, 
with permission from Elsevier. 
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Use of Proteomics in Traumatic Brain Injury 

The presence of rapid, definitive biomarker tests to help identify and quantify the 

extent of neurological pathology would be of great help in the diagnosing and treating 

TBI.  These biomarkers should be readily accessible in biological tissue and CSF or 

blood, released in a time-locked sequence and have high sensitivity and specificity 

(Pineda et al. 2004).  Accurate information from the biomarkers would help health care 

professionals determine patient management decisions by assisting conventional brain 

radiography.  The same markers would also provide assistance for major research 

projects studying mechanism of action or pharmacological treatment.  Finally, they could 

be used as outcome measures in clinical trials. 

Because TBI triggers both the necrotic and apoptotic processes (Conti et al. 1998; 

Clark et al. 2000; Yakovlev and Faden 2001), there has been increasing research into 

developing calpain and caspase related proteomic biomarkers and treatments for TBI 

(Pineda et al. 2004).  Shortly after a TBI, directly damaged cells begin showing evidence 

of necrosis including swelling, organelle breakdown and ruptured plasma membranes 

(Sutton et al. 1993; Dietrich 1994; Denecker et al. 2001).  Later, neurons surrounding the 

immediate injury site begin to also show signs of apoptosis including cell shrinkage, 

nuclear condensation and blebbing (Conti et al. 1998; Newcomb et al. 1999).  In brief, 

TBI results in the increased activation of the two protease systems:  the pro-necrotic 

calpains and the pro-apoptotic caspase (Yuen and Wang 1998; Nicholson and Thornberry 

1997; Wang 2000).  Necrosis- or oncosis-linked, calpain-generated SBDP150 and 

SBDP145 appear to be predominantly observed in brain tissues after early TBI in rats and 

in humans (Pike et al. 1998; Pike et al. 2001).  Smaller amounts of apoptosis-linked, 

caspase-generated SBDP120 have been reported in certain brain regions (e.g. thalamus) 

 



20 

after TBI (Raghupathi et al. 2000).  The same has been seen following ischemic brain 

injury (Pettigrew et al. 1996) and in PC-12 cells challenged by ceramide (Xie and 

Johnson 1997).  However, both calpain and caspase inhibitors have been shown to 

decrease neurotoxicity levels following TBI (Kupina et al. 2001; Buki et al. 2003; 

Knoblach et al. 2004). 

Thus, calpain and caspase cleaved spectrin and tau biomarkers are proving useful in 

the study and management of TBI and its patient population.  The same concepts may be 

applicable to other injuries involving the same proteolytic systems in the brain. 

Potential Use of Proteomics in Drug Abuse 

Neurotoxicity biomarkers 

Currently, no diagnostic or pharmacological therapy exists to diagnose or treat 

acute Meth or MDMA neurotoxicity (Huber et al. 1997; Martin et al. 2003).  The brain 

derived neurochemical bioamines, dopamine, serotonin and their metabolites (DOPAC 

and 5-HIAA) are used as blood biomarkers for MDMA neurotoxicity.  However, such an 

approach is nonspecific and does not correlate well with the severity of the brain 

neurotoxicity (Ali et al. 1991).  Similarly, in the case of Meth abuse, blood derived 

myoglobin is used as a biomarker, also a nonspecific indicator of toxicity, but is more 

indicative of Meth induced renal failure (Ishigami et al. 2003).  Employing traditional 

biochemical and immunological methods to identify specific biomarkers represents a 

major challenge due to cost and the need for prior knowledge of the insult mechanisms 

involved. 

Our work aims to characterize neurotoxicity of club drug use by showing that the 

same proteolytic markers in used TBI studies are present in the rat cortex and 

hippocampus following acute overdose of Meth or MDMA.  The dosages of club drugs 
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used here are known to be neurotoxic in animals and are squarely in the range of dosages 

typically used by recreational Meth users after taking into consideration interspecies 

scaling (Deng et al. 2002b).  Although research literature thus far has strongly supported 

an apoptosis-like cell injury mechanism with Meth neurotoxicity (Deng et al. 2002b), this 

is in contrast to the mode of cell death in TBI, which has a mixture of oncosis and 

apoptosis (Pike et al. 1998; Raghupathi et al. 2000), with the former being the 

predominant mode of cell death.  We hypothesize that in the case of Meth or MDMA 

exposure, brain tissue such as cortex or hippocampus will have detectable levels of 

SBDPs and TBDPs comparable to that of TBI and that the form(s) of cell death can be 

examined using the previously mentioned cell death specific biomarkers.  This will allow 

us to characterize the induced cell toxicity as calpain- or caspase-induced and make a 

direct comparison to that of brain trauma. 

Neuroendocrine biomarkers 

To study the neuroendocrine toxicity of club drugs and their wasting effect, a 

number of important hormones have been identified that may prove useful as indeces.  

For example, the physiological interactions between the metabolic hormones leptin and 

ghrelin have been shown to affect food intake and energy regulation.  Leptin is produced 

mainly by adipose tissue in quantities that are proportional to the amount of adipose 

tissue in the body.  Leptin acts to decrease appetite and increase metabolism by the 

following mechanisms:  (1) stimulating proopiomelanocortin (POMC)/cocaine and (2) 

amphetamine-regulated transcript (CART) neurons, which suppress food intake, and (3) 

inhibiting NPY/ Agouti gene-related protein (AgRP) neurons, which stimulate food 

intake (Kalra and Kalra 2004; Noguerias et al. 2004; Hosada et al. 2002).  Ghrelin, which 

is principally secreted by the stomach, increases appetite and decreases metabolism.  
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Ghrelin acts by activating NPY/AgRP neurons, stimulating the release of growth 

hormone, which stimulates feeding and weight gain (Nogueiras et al. 2004).  Research 

has shown that both leptin and ghrelin hormones interact to mediate appetite (Nogueiras 

et al. 2004; Hosada et al. 2002).  Growth hormone (GH) increases feeding behavior by 

interactions with hypothalamic pathways that are involved in appetite regulation and 

energy balance (Egecioglu et al. 2005).  Research has demonstrated that GH may mediate 

its orexigenic effects by interacting with GH receptors on NPY neurons in the arcuate 

nucleus.  This interaction results in a subsequent increase in the production of NPY, 

leading to a strong appetite-stimulating response (Chan et al. 1996).   The four molecules 

interact together to control appetite (Figure 1-4). 

 
Figure 1-4.  Interaction of satiety hormones with appetite. 

Ad libitum-fed animals administered Meth have increased serum ghrelin, 

decreased serum leptin, and increased NPY expression in the arcuate and dorsomedial 

nuclei compared to saline controls (Crowley et al. 2005).  However, with respect to NPY, 

other research has shown decreased NPY expression subsequent to drug administration 

(Hseigh et al. 2005; Curzon et al. 1997).  These studies suggest that psychostimulant 

administration may have an effect on metabolic processes involved in weight 

 



23 

maintenance by altering the concentrations of hormones involved in appetite regulation.  

Thus, our work also examines of the effects of acute MDMA and Meth administration on 

the serum concentrations of leptin, ghrelin, growth hormone and NPY to determine if 

changes in these hormones occur and correlate with weight loss.  This has the potential to 

explain, predict or monitor anorexia resulting from drug use. 

 

 

 



CHAPTER 2 
METHODS 

Animal Treatment 

All experiments were performed using male Sprague-Dawley rats (Harlan, 

Indianapolis, IN, USA) that were aged 60 days and weighed between 240 to 270 g.  

Animals were housed in groups of two per cage and maintained on a 12 h light/dark cycle 

(lights on 7 AM - 7 PM).  Food and water were available ad libitum.  Appropriate pre- 

and post-injury management guidelines were maintained and these measures complied 

with all guidelines set forth by the University of Florida (UF) Institutional Animal Care 

and Use Committee (IACUC) and the National Institutes of Health (NIH) guidelines 

detailed in the Guide for the Care and Use of Laboratory Animals. 

Administration of Traumatic Brain Injury 

A cortical impact injury device was used to produce traumatic brain injury (TBI) in 

adult rats (Dixon et al. 1991; Pike et al. 1998).  Cortical impact TBI results in cortical 

deformation within the vicinity of the impactor tip associated with contusion and 

neuronal and axonal damage largely confined to the hemisphere ipsilateral to the site of 

injury.   Rats were anesthetized with 4% isoflurane (Halocarbon Laboratories) in a carrier 

gas of 1:1 O2:N2O (4 min) followed by maintenance anesthesia of 2.5% isoflurane in the 

same carrier gas.  Animals were mounted in a stereotactic frame in a prone position and 

secured by ear and incisor bars.  A midline cranial incision was made, the soft tissues 

reflected and a unilateral (ipsilateral to the side of impact) craniotomy (7 mm diameter) 

was performed adjacent to the central suture, midway between the bregma and lambda.  

24 



25 

The dura mater was kept intact over the cortex.  Brain trauma was produced by impacting 

the right cortex (ipsilateral cortex) with a 5-mm diameter aluminum impactor tip (housed 

in a pneumatic cylinder) at a velocity of 3.5 m/s with a 1.6 mm compression and 150 ms 

dwell time pressure (compressed N2) supplied to the pneumatic cylinder, and dwell time 

were measured by a linear velocity displacement transducer (model 500 HR; Lucas 

ShaevitzTM) that produces an analog signal recorded by a storage-trace oscilloscope 

(model 2522B; BK Precision).  Sham-injured (craniotomy-injured) animals underwent 

identical surgical procedures but did not receive the impact injury.  Naïve animals 

received no surgery or injury.  

Drug Administration 

Pharmacologic agents (±)-3,4-Methylenedioxymethamphetamine hydrochloride 

(MDMA) and (+)-Methamphetamine hydrochloride (Meth) were obtained (Sigma).  The 

drugs were dissolved in 0.9% saline and injected intraperitoneally (IP) at dosage of 5, 10, 

20, or 40 mg/kg.  For the 20 and 40 mg/kg dosages, 10 mg/kg of drug was administered 

at once and repeated each hour to achieve the desired dose over time to prevent lethal 

hyperthermia.  Saline was injected at a bolus of 0.3 cc.  Animal weight was recorded at 3, 

6, 12, 24, and 48 h post final injection. 

Cortical Culture Preparations 

Primary Cerebrocortical Culture 

All cultures were prepared with four replicated wells for each condition.  

Cerebrocortical cells harvested from a homogenized pool of ten 1-day old Sprague-

Dawley rat brains were plated on poly-L-lysine coated 6-well culture plates (Erie 

Scientific) as previously described (Nath et al. 1998) at a density of 3 × 106 cells/mL.  

Cultures were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% 
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horse serum in a humidified incubator in an atmosphere of 10% CO2 at 37°C.  After 3 

days, the DMEM solution was replaced with DMEM / 10% horse serum containing 1% 

cytosine arabinoside (ARC).  Two days later, the solution was replaced with DMEM/10% 

horse serum.  The cells were cultured an additional 10 days before use.   

Neurotoxin Challenges and Pharmacologic Intervention 

In addition to untreated controls, the following conditions were used:  N-methyl-D-

aspartic acid (NMDA) as a positive control for excitotoxicity (300 µM; Sigma), MDMA 

(1 mM and 2 mM; Sigma), and Meth (1 mM and 2 mM; Sigma) for 24 or 48 h.   For 

pharmacologic intervention, additional cultures were pretreated 1 hour before MDMA or 

Meth (2 mM) challenge with 30 µM of the calpain inhibitor SJA6017 (Calbiochem) or 

caspase inhibitors z-VAD-fmk (Bachem) or Z-D-DCB (Bachem) and collected after 48 h.  

Additional cultures were prepared combining SJA with either z-VAD-fmk or Z-D-DCB. 

Quantification of Cell Injury or Death 

Lactate dehydrogenase (LDH) release was measured using the commercial kit 

CytoToxicity 96 (Promega).  The kit measures the reduction of nicotinamide adenine 

dinucleotide (NAD), indicating that primary necrosis and/or secondary necrosis following 

apoptosis has occurred (Nath et al. 1996; Posmantur et al. 1998). 

Cell Lysate Collection and Preparation  

The primary neuronal cell culture cells were collected and lysed during a 90 min 

incubation at 4oC in lysis buffer consisting of 50 mM Tris (pH 7.4), 5 mM 

ethylenediaminetetraacetic acid (EDTA), 1% (v/v) Triton X-100, 1 mM dithiothreitol 

(DTT), and 1x protease inhibitor cocktail (Roche Biochemicals).  The cell lysates were 

then centrifuged at 8000 g for 5 min at 4oC to clear and remove insoluble debris. The 

supernatant was snap-frozen and stored at -80oC until use. 
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Western Blot 

Tissue Collection 

After the appropriate time point, animals were briefly anaesthetized and 

immediately killed by decapitation.  Brains and livers were immediately removed, rinsed 

with ice cold PBS and entire brain regions (cerebral cortex and hippocampus) were 

rapidly dissected, snap-frozen in liquid nitrogen, and frozen at –80oC until used.  For 

Western blot analysis, the brain samples were pulverized with a small mortar-pastel set 

over dry ice to a fine powder.  The pulverized brain tissue powder was then lysed for 90 

min at 4oC with 50 mM Tris (pH 7.4), 5 mM EDTA, 1% (v/v) Triton X-100, 1 mM DTT, 

1x protease inhibitor cocktail.  The brain lysates were then centrifuged at 8000 g for 5 

min at 4oC to clear and remove insoluble debris, snap-frozen and stored at –80oC until 

used.  Cell culture positive controls were also used including cortical and hippocampal 

neurons treated with necrosis-inducing maitotoxin (MTX) (Wang et al. 1996) or 

apoptosis-inducing staurosporine (STS) (Nath et al. 1996). 

Gel Electrophoresis and Electrotransfer 

Protein concentrations of tissue lysates were determined by bicinchoninic acid 

microprotein assays (Pierce Inc.) with albumin standards.  Protein balanced samples were 

prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 

two-fold loading buffer containing 0.25 M Tris (pH 6.8), 0.1 mM DTT, 8% SDS, 0.02% 

bromophenol blue, and 20% glycerol in distilled H2O.  Samples were heated for 10 min 

at 100oC and centrifuged for 2 min at 8000 rpm in a microcentrifuge at ambient 

temperatures.  Twenty micrograms of protein per lane were routinely resolved by SDS-

PAGE on Tris/glycine gels (6.5% for spectrin, 10-20% for tau) for 2 h at 200 V. 

Following electrophoresis, separated proteins were laterally transferred to polyvinylidene 
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fluoride (PVDF) membranes in a transfer buffer containing 0.192 M glycine and 0.025 M 

Tris (pH 8.3) 10% methanol at a constant voltage of 100 V for 1 h at 4oC.  Blots were 

blocked for 1 h at ambient temperature in 5% non-fat milk in TBS and 0.05% Tween-20.  

Gels were stained with Ponceau Red (Sigma) to confirm successful transfer of protein 

and to insure that an equal amount of protein was loaded in each lane. 

Immunoblot Analyses of Samples 

Blotting membranes containing tissue protein were probed with a primary antibody 

(mouse monoclonal or rabbit polyclonal) as needed by incubating blots overnight at 4°C 

in tris-buffered saline with Tween (TBST) (20 mM Tris-HCl, pH 7.4, 150 mM NaCl + 

0.05 % Tween 20) with 5% non-fat milk.  Primary antibodies included monoclonal anti-

αII-spectrin (SBDPs) (Amersham), polyclonal anti-SBDP150 for calpain, polyclonal anti-

SBDP145 for calpain, polyclonal anti-SBDP120 for caspase, monoclonal anti-tau 

(TBDPs) (Cedarlane), polyclonal anti-TBDP45, or monoclonal anti-NF-200.  After 

extensive washing with TBST, the blots were probed with secondary antibody 

(horseradish peroxidase-conjugated goat anti-mouse IgG or goat anti-rabbit IgG (1:5000 

dilution)).  Following three washes with TBST and 2 h incubation at room temperature 

with a biotinylated secondary antibody (Amersham), the membrane was incubated for 1 h 

with Streptavidin-conjugated alkaline phosphatase.  Finally, colorimetric development 

was performed with the one-step BCIP-reagent (KPL).  The molecular weights of the 

intact proteins and their potential breakdown products were measured using rainbow 

colored molecular weight standards (Amersham).  Semi-quantitative evaluation of protein 

levels was performed via computer-assisted densitometric scanning (NIH ImageJ 

software).  β-actin was displayed to show loading equivalence. 

 



29 

Immunohistochemistry 

At the appropriate time point, the animals were anesthetized using 4% isoflurane in 

a carrier gas of 1:1 O2/N2O (4 min), subsequently perfused with 0.9% saline (pH 7.4) 

followed by 400 mL 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) (fix) and 

then killed by decapitation and brains were removed.  A total of 2 h in fix was followed 

by storage in cryoprotection buffer.  Vibratome-cut 40 µM sections were fluorescently 

immunolabeled with cell type-specific monoclonal antibodies, proteolytic specific 

polyclonal antibodies and a nuclear counterstain.  Briefly, tissue sections were rinsed in 

phosphate buffered saline (PBS) then incubated for 1 h at room temperature in 2% goat 

serum/2% horse serume/0.2% Triton-X 100 in Tris-buffered saline (TBS; block) to 

decrease non-specific labeling.  The sections were incubated with two primary 

antibodies:  one of the cell-type specific mouse anti-neuron specific nuclear protein 

antibody (neuronal nuclei-anti-NeuN) at a concentration of 1:100 (Chemicon), the mouse 

anti-glial acidic fibrillary protein antibody for astrocytes (anti-GFAP) at a concentration 

of 1:1000 (Sternberger Monoclonals), the mouse anti-myelin basic protein antibody for 

oligodendrocytes (anti-MBP) at a concentration of 1:1000 (Chemicon), the mouse anti-

microglia-specific antibody for resting/activated microglia (anti-OX42) at a concentration 

of 1:1000 (Serotec, Inc.) or the mouse anti-neurofilament-200-specific protein antibody 

(anti-NF200) at a concentration of 1:1000 (Chemicon) and one of either the rabbit anti-

calpain-1 at a concentration of 1:500, rabbit anti-SBDP145 at a concentration of 1:500, 

rabbit anti-caspase-3 at a concentration of 1:1000, or rabbit anti-SBDP120 at a 

concentration of 1:1000 for 4 days in block at 4oC.  After being rinsed in PBS, the tissue 

sections were incubated with species-specific Alexa Fluor (Molecular Probes, Inc.) 

secondary antibodies, either Alexa Fluor 485 or 594, at a concentration of 1:3000 in 
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block for 1 h at room termperature.  The sections were then washed in PBS, cover-

slipped in Vectashield with 4’-6-diamidino-2-phenylindole (DAPI) (Vector 

Laboratories), viewed and digitally-captured with a Zeiss Axiovert 200 microscope 

equipped with a Spot Real Time (RT) Slider high resolution color digital camera 

(Diagnostic Instruments, Inc.).  Sections without secondary antibodies were similarly 

processed to control for binding of the primary antibodies, as were sections without 

primary antibodies and also sections with neither primary nor secondary antibodies.  On 

control sections, no specific immunoreactivity was detected. 

Radioimmunoassays 

After the desired time periods, rats were sacrificed by decapitation and trunk blood 

was collected.  Serum was isolated from collected blood samples by centrifugation (4,000 

x g) and stored at -80°C until use.  Concentrations of serum leptin, total ghrelin, growth 

hormone, and neuropeptide-Y (NPY) levels were determined in duplicate with 

radioimmunoassay (RIA) kits following the manufacturer’s protocols:  Leptin (RL-83K), 

Ghrelin (total, GHRT-89HK), and Growth Hormone (RGH-45HK) from Linco and 

Neuropeptide-Y (RK-049-03) from Phoenix Pharmaceuticals. 

Statistical Tests 

Western Blot Analyses 

Quantitative evaluation of protein levels on immunoblots was performed via 

computer-assisted 1-dimensional densitometric scanning (Hewlett Packard Scan-Jet 

6300) coupled with ImageJ software (NIH).  Data were acquired in arbitrary 

densitometric units and transformed to percentages of the densitometric levels obtained 

from scans of control samples visualized on the same blots.  This procedure was 

corrected for between-gel differences in film exposure and will allow for comparison of 
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density values between gels.  Changes in any outcome parameter were compared to the 

appropriate control group.  Thus, magnitude of change from control in one model system 

could be directly compared to magnitude of change from any other model system.  Data 

was acquired as integrated densitometric values and transformed to percentages of the 

densitometric levels obtained on scans from saline administered animals visualized in the 

same blot.  All values are given as mean +/- standard error of measurement (SEM).  

Differences among means of treatment groups were compared using a one-way analysis 

of variance (ANOVA) test at an alpha level of 0.05.  Bonferroni or Dunnett post-hoc 

pairwise comparison tests were used to test for differences between specific treatment 

groups at an alpha level of 0.05.  Student’s T-tests were used to compare timepoints. 

Radioimmunoassays 

All data presented are expressed as mean ± SEM.  Experimental data were analyzed 

using one-way ANOVA followed by Bonferroni post hoc pairwise comparison tests.  

Differences were compared among treatment groups at each time point.  An alpha level 

of 0.05 was used to determine statistical significance. 

 

 

 

 



CHAPTER 3 
IN VIVO NEUROTOXICITY 

Introduction 

Club drugs have been shown to cause dopaminergic and, to a lesser extent, 

serotonergic neurite and nerve terminal degeneration of neurons in the striatum and 

hippocampus (Larsen et al. 2002).  By examining the presence of various αII-spectrin and 

tau fragments in the brain, one can associate the presence of neuronal toxicity and also 

identify the mechanisms leading to neuronal loss, that is, calpain- and caspase-mediated 

proteolysis.  Our pilot data has suggested that these same proteolytic markers are present 

in the rat cortex, hippocampus and cerebrospinal fluid following acute overdose of 

methamphetamine (Meth) or ecstasy (MDMA).  We show that, in the case of Meth 

exposure, rat cortical tissue has detectable levels of spectrin and tau breakdown products 

(SBDPs and TBDPs) comparable to that of traumatic brain injury (TBI) (Figure 3-1).   

 
Figure 3-1.  Proof of concept that spectrin and tau breakdown products are found in rat 

cortex 24 h after club drug use. 

32 
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Immunoblots probed with total αII-spectrin antibody (upper panel) or total tau 

antibody (lower panel) revealed SBPDs at 150 kDa, 145 kDa and 120 kDa or TBDPs at 

36 dKa, 32 kDa and 12 kDa respectively.  Similar results were seen after MDMA 

administration and also for rat hippocampus and cerebrospinal fluid samples (data not 

shown).  This suggests that the predominant form(s) of cell death can be examined given 

cell death specific biomarkers.  Furthermore, this will allow us to characterize the Meth 

and MDMA induced cell toxicity as calpain- or caspase-induced and make a direct 

comparison to that of blunt trauma.  

Subsequent studies using immunohistochemical (IHC) techniques further explore 

the role of calpain-1, caspase-3 and their respective αII-spectrin breakdown products 

(SBDPs) in rat cortex after club drug exposure.  Activated calpain-1 and caspase-3 were 

found to be upregulated and co-localized with neurons after drug use.  SBDPs at 145 kDa 

(from calpain) and 120 kDa (from caspase) were also shown to co-colocalize with 

neurons, particularly in the axonal regions.  Our findings support the hypothesis of 

calpain and caspase mediated proteolysis of cortical neuronal proteins following club 

drug abuse, a finding similar to TBI. 

Results 

Western Blot Proteomics 

Methamphetamine 

Analysis of the western blots for αII-spectrin and its breakdown products in the rat 

cortex and hippocampus (Figures 3-2A and 3-2B, respectively) showed a strong presence 

of αII-spectrin parent protein in both vehicle and Meth-treated animals.   
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Figure 3-2.  αII-Spectrin proteolysis in rat brain 24 h following Meth administration.1 For 

saline and Meth treatments, n=6.  For naïve and TBI (1.6mm), n=3.  Easily 
seen were the αII-spectrin parent protein as well as breakdown products at 
150 kDa, 145 kDa, and 120 kDa.  β-actin was shown as internal standard for 
loading equivalence.  A) Cortex.  B) Hippocampus. 

Additionally, in Meth-treated animals, there were notable increases in specific 

breakdown products at 150 kDa, 145 kDa, and 120 kDa in both brain regions.  A dose- 

dependent increase of BDPs seemed evident in both brain regions from the Meth 

administration and the band intensity at the highest doses appeared to be comparable to 

that of the TBI positive controls.  β-actin levels were measured as internal standard and 

indicated loading equivalence. 

The calpain specific αII-spectrin breakdown product at 150 kDa, as detected by 

fragment-length specific antibody SBDP150, was increased after Meth administration.  In 

the rat cortex (Figure 3-3A), a one-way analyses of variance (ANOVA) test revealed that 

means for accumulation of breakdown products among Meth treatment groups were 
                                                 
1 Figures 3-2 through 3-9 reprinted from Life Sciences, Vol. 78, Warren MW, Kobeissy FH, Liu MC, 
Hayes RL, Gold MS, Wang KKW, Concurrent calpain and caspase-3 mediated proteolysis of αII-spectrin 
and tau in rat brain after methamphetamine exposure:  A similar profile to traumatic brain injury, Pages 
301-309, 2005, with permission from Elsevier. 
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different (p<0.001).  A Bonferroni post-hoc pairwise comparison test revealed that the 40 

mg/kg Meth group was significantly greater than all other groups (p<0.05).   

 
Figure 3-3.  Accumulation of αII-spectrin breakdown products at 150 kDa from calpain 

activation in rat brain 24 h following Meth administration.  For saline and 
Meth treatments, n=6.  For naïve and TBI (1.6mm), n=3.  A positive control 
of cells treated with maitotoxin (MTX, a calpain activator) was used for 
comparison.  *p<0.05 One-way ANOVA with Bonferroni post-hoc pairwise 
comparison test for treatment versus negative control.  A)  Cortex. B)  
Hippocampus. 

In the hippocampus (Figure 3-3B), similar results were seen.  A one-way ANOVA 

test revealed that means for accumulation of breakdown products among Meth treatment 

groups were different (p<0.001).  A Bonferroni post-hoc pairwise comparison test 

revealed that the 40 mg/kg Meth group is significantly greater than all other groups 

(p<0.05).  For both brain regions, the levels of SBDP150 were greatest for the 40 mg/kg, 

even more so than the TBI. 

The calpain specific αII-spectrin breakdown product at 145 kDa was detected by 

total αII-spectrin antibody.  Data similar to the 150 kDa level were produced.  In the rat 

cortex (Figure 3-4A), a one-way ANOVA test revealed that means for accumulation of 

breakdown products among Meth treatment groups were different (p<0.001).  A 
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Bonferroni post-hoc pairwise comparison test revealed that the 40 mg/kg Meth group was 

significantly greater than all other groups (p<0.05).   

 
Figure 3-4.  Accumulation of αII-spectrin breakdown products at 145 kDa from calpain 

activation in rat brain 24 h following Meth administration.  For saline and 
Meth treatments, n=6.  For naïve and TBI (1.6mm), n=3. *p<0.05 One-way 
ANOVA with Bonferroni post-hoc pairwise comparison test for treatment 
versus negative control.  A)  Cortex.  B)  Hippocampus. 

In the hippocampus (Figure 3-4B), a one-way ANOVA test revealed that means for 

accumulation of breakdown products among Meth treatment groups were different 

(p<0.001).  A Bonferroni post-hoc pairwise comparison test revealed that the 40 mg/kg 

Meth group was significantly greater than all other groups (p<0.05).  In the cortex, the 

level of neurotoxicity markers after 40 mg/kg of Meth were indistinguishable from those 

of TBI while they were increased over TBI in the hippocampus. 

The caspase specific αII-spectrin breakdown product at 120 kDa, as detected by 

fragment-length specific antibody SBDP120, was increased after Meth administration.  In 

the rat cortex (Figure 3-5A), evidence was insufficient to show that levels of SBDPs 

differed, although some difference was suggested.   
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Figure 3-5.  Accumulation of αII-spectrin breakdown products at 120 kDa from caspase 

activation 24 h following Meth administration.  For saline and Meth 
treatments, n=6.  For naïve and TBI (1.6mm), n=3.  A positive control of cells 
treated with staurosporine (STS, a caspase activator) was used for comparison 
in the Caspase specific experiment. *p<0.05 One-way ANOVA with 
Bonferroni post-hoc pairwise comparison test for treatment versus negative 
control.  A)  Cortex.  B)  Hippocampus. 

For the hippocampus (Figure 3-5B), a one-way ANOVA test revealed that means 

for accumulation of breakdown products among Meth treatment groups were different 

(p<0.001).  A Bonferroni post-hoc pairwise comparison test revealed that the 40 mg/kg 

Meth group was significantly greater than all other groups (p<0.05).  In the hippocampus, 

the level of neurotoxicty markers after 40 mg/kg of Meth were indistinguishable from 

those of TBI. 

Western blots for the tau parent protein and its breakdown products in the rat cortex 

and hippocampus (Figures 3-6A and 3-6B, respectively) showed presence of TBDP at 36 

kDa, 32 kDa, 26 kDa, and 12 kDa.   

A dose-dependent increase of BDP band intensity seemed evident and the band 

intensity at the highest doses appeared to be comparable to, if not greater than, that of the 

TBI counterparts.  These TBDPs resulted from calpain-related events, as was 

demonstrated by cortical neuron culture treated with maitotoxin (MTX) (Figure 3-7).   
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Figure 3-6.  Tau proteolysis in rat brain 24 h following Meth administration.  For saline 

and Meth treatments, n=6.  For naïve and TBI (1.6mm), n=3.  Easily seen 
were the Tau parent protein as well as breakdown products at 36 kDa, 32 kDa, 
26 kDa and 12 kDa.  A) Cortex.  B) Hippocampus. 

 
Figure 3-7.  Calpain-induced tau proteolysis in rat cortical neuron cultures.  Treatment 

with MTX activated calpains and resulted in TBDPs at 36 kDa, 32 kDa, 26 
kDa, and 12 kDa. 

Total tau antibody in the rat cortex (Figure 3-8) were studied with one-way 

ANOVA tests and revealed that means for accumulation of breakdown products among 

Meth treatment groups were different for three breakdown products (p=0.057 for 36 kDa, 

p=0.010 for 26 kDa, and p=0.008 for 12 kDa).  Bonferroni post-hoc pairwise comparison 
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tests revealed that the 40 mg/kg Meth group was significantly greater than the saline 

group for the 36 kDa and 12 kDa BDP (p<0.05) and that it was significantly greater than 

all other groups for the 26 kDa BDP (p<0.05).  In the cortex, the level of neurotoxicity 

markers after 40 mg/kg of Meth for TBDPs 36 kDa and 32 kDa were indistinguishable 

from those of TBI. 

 
Figure 3-8.  Accumulation of tau breakdown products in rat cortex 24 h following Meth 

administration.  For saline and Meth treatments, n=6.  For naïve and TBI 
(1.6mm), n=3. *p<0.05 One-way ANOVA with Bonferroni post-hoc pairwise 
comparison test for treatment versus negative control.  

Total tau antibody in the hippocampus (Figure 3-9) were studied with one-way 

ANOVA tests and revealed that means for accumulation of breakdown products among 

Meth treatment groups were different for three breakdown products (p=0.003 for 36 kDa, 

p=0.001 for 32 kDa and p=0.007 for 26 kDa).  Bonferroni post-hoc pairwise comparison 

tests revealed that the 40 mg/kg Meth group was significantly greater than the saline 

group for the 36 kDa, 32 kDa and 26 kDa BDP (p<0.05) and it was also significantly 

 



40 

greater than the 10 mg/kg Meth group for the 26 kDa BDP (p<0.05).  Bonferroni post- 

hoc pairwise comparison tests revealed that the 20 mg/kg Meth group was significantly 

grater than the saline group for the 36 kDa and 32 kDa BDP (p<0.05).  In the 

hippocampus, the level of neurotoxicity markers after 40 mg/kg of Meth for TBDPs 26 

kDa and 12 kDa are indistinguishable from those of TBI. 

 
Figure 3-9.  Accumulation of tau breakdown products in rat hippocampus increased 24 h 

following Meth administration.  For saline and Meth treatments, n=6.  For 
naïve and TBI (1.6mm), n=3. *p<0.05 One-way ANOVA with Bonferroni 
post-hoc pairwise comparison test for treatment versus negative control.  

Degradation of αII-spectrin and tau proteins as a result of 40 mg/kg Meth exposure 

after 72 h is evident (Figure 3-10).  Breakdown products from αII-spectrin appeared to be 

elevated after Meth exposure whereas the tau breakdown products were not as prevalent.  

Quantitative analyses of the breakdown products were performed (Figure 3-11).  Indeed, 

for the αII-spectrin (Figure 3-10A), increases were seen for the 40 mg/kg dose of Meth 
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over saline controls for both the pro-necrotic SBDP150 (p<0.01) and also the pro-

apoptotic SBDP120 (p<0.01).  Increases were not seen for the hippocampus.  

 
Figure 3-10.  Proteolysis of αII-spectrin and tau proteins 72 h after Meth exposure.2  

Breakdown products of spectrin and tau were seen in the cortex and 
hippocampus at 150, 145 and 120 kDa for spectrin and 36, 32, and 26 kDa for 
tau.  Breakdown products from Meth were seen with spectrin, including the 
pro-apoptotic 120 kDa band which was not observed at 24 h.  β-actin was 
shown as an internal standard.  A) Cortex.  B)  Hippocampus. 

 
Figure 3-11.  Accumulation of αII-spectrin and tau breakdown products in rat brain 72 h 

following Meth administration.  For all treatments, n=6. *p<0.05 One-way 
ANOVA with Bonferroni post-hoc pairwise comparison test for treatment 
versus negative control.  A) αII-Spectrin. B) Tau. 

                                                 
2 Figures 3-10 through 3-15 reprinted from Journal of Addictive Diseases, In press, Warren MW, Kobeissy 
FH, Liu MC, Hayes RL, Gold MS, Wang KKW, Ecstasy toxicity:  A comparison to methamphetamine and 
traumatic brain injury, 2006, with permission from The Haworth Press, Binghamton NY.  Article copies 
available from The Haworth Document Delivery Service:  1-800-HAWORTH.  E-mail address:  
docdelivery@haworthpress.com ; http://www.HaworthPress.com . 
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Ecstasy 

Degradation of αII-spectrin and tau proteins as a result of MDMA exposure after 24 

h is evident (Figure 3-12).  Breakdown products following MDMA exposure seemed 

very weak when compared to Meth or TBI controls.   

 
Figure 3-12.  Proteolysis of αII-spectrin and tau proteins 24 h after MDMA exposure.  

Breakdown products of spectrin and tau were seen in the cortex and 
hippocampus at 150, 145 and 120 kDa for spectrin and 36, 32, 26, and 12 kDa 
for tau.  Total concentration of breakdown products seemed very weak 
compared to Meth or TBI controls.  β-actin was shown as an internal standard.  
A)  Cortex.  B)  Hippocampus. 

Quantitative analyses of the breakdown products were performed (Figure 3-13).  

In the cortex (Figure 3-12A), only the pro-necrotic SBDP150 for the 10 mg/kg MDMA 

dose was significantly increased over saline controls (p=0.05).  In the hippocampus 

(Figure 3-12B), the 20 mg/kg MDMA dose showed increases over saline controls for 

both pre-necrotic bands SBDP150 (p=0.05) and TBDP32 (p=0.03). 
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Figure 3-13.  Accumulation of αII-spectrin and tau breakdown products in rat brain 24 h 

following MDMA administration.  For saline and MDMA treatments, n=6.  
For naïve and TBI (1.6mm), n=3.  *p<0.05 One-way ANOVA with Bonferroni 
post-hoc pairwise comparison test for treatment versus negative control.  A)  
Cortex.  B)  Hippocampus. 

Degradation of αII-spectrin and tau proteins as a result of 40 mg/kg MDMA 

exposure after 72 h is evident (Figure 3-14).  Breakdown products from tau breakdown 

products were more prevalent after MDMA exposure than compared to Meth.  

Quantitative analyses of the breakdown products were performed (Figure 3-15).  For the 

tau (Figure 3-14B), increases were seen after the 40 mg/kg dose of MDMA over saline 

controls for the pro-necrotic TBDP32 in both the cortex (p=0.03) and also the 

hippocampus (p<0.01). 
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Figure 3-14.  Proteolysis of αII-spectrin and tau breakdown products in rat brain 72 h 

following MDMA administration.  For all treatments, n=6.  A) Cortex.  B) 
Hippocampus. 

 
Figure 3-15.  Accumulation of αII-spectrin and tau breakdown products in rat brain 72 h 

following MDMA administration.  For all treatments, n=6. *p<0.05 One-way 
ANOVA with Bonferroni post-hoc pairwise comparison test for treatment 
versus negative control.  A) αII-Spectrin.  B) Tau. 
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Immunohistochemistry Proteomics 

In general, proteolytic enzymes and their respective breakdown products were seen 

to co-localize only with neurons (NeuN).  They were not seen to co-localize with 

astrocytes (GFAP), oligodendrocytes (MBP), or microglial (OX42) (data not shown). 

Methamphetamine 

The cortices of drug exposed rats revealed increases in calpain-1 expression with 

Meth treatment (Figure 3-16).  The morphology of the brains of drug treated rats with the 

highest levels of calpain-1 induction had a decidedly disorganized, almost chaotic 

appearance when compared to saline controls.  Calpain-1 immunopositive neurons, when 

co-localized with NeuN, included cells with apoptotic bodies and evidence of 

granulation. 

 
Figure 3-16.  Activation of calpain-1 in neurons in the cortex 48 h after 40 mg/kg Meth 

exposure.  Brain tissue from rats treated with saline showed no calpain-1 
immunoreactivity (A). In contrast, brain tissue from rats treated with Meth 
revealed stronger immunopositive calpain-1 expression (B).  NeuN stained 
neuronal cells (C) showed evidence of morphopathology.  Chromatin was 
indicated by DAPI staining (D).  Calpain-1 co-localized in neurons with NeuN 
with some granulation (E, arrows, inset). Photomicrographs were at 640x; 
scale bar 100 µm, calpain-1 panels A, B, E; NeuN panels C, E; DAPI panels 
D, E; co-localized images panel E. 
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Similarly, the cortices of drug exposed rats revealed marked increases in the 

calpain specific cleavage product SBDP145 expression (Figure 3-17).  The morphology 

of the brains of drug treated rats with the highest levels of SBDP145 also had a decidedly 

disorganized appearance when compared to saline controls.  Spectrin BDP145 

immunopositive neurons included cells with apoptotic bodies.  The network of axons 

could be visualized using only SBDP145 in some areas, with a “beads on a string” effect 

seen. 

 
Figure 3-17.  Activation of SBDP145 in neurons in the cortex 48 h after 40 mg/kg Meth 

exposure.  Brain tissue from rats treated with saline showed no SBDP145 
immunoreactivity (A).  Brain tissue from rats treated with Meth revealed 
immunopositive SBDP145 expression (B).  NeuN stained neuronal cells (C) 
showed evidence of morphopathology.  Chromatin was illustrated by DAPI 
staining (D).  SBDP145 co-localized in neurons with NeuN (E, arrows, inset).  
SBDP145 was further revealed in axons and displays a “beads on a string” 
quality (F, 200x, inset).  Photomicrographs were at 640x unless otherwise 
specified; scale bar 100 µm, SBDP145 panels A, B, E, F; NeuN panels C, E; 
DAPI panels D, E; co-localized images panel E. 

The cortices of drug exposed rats revealed marked increases in caspase-3 

expression (Figure 3-18).  The morphology of the brains of drug treated rats with the 

highest levels of caspase-3 induction had a decidedly disorganized, almost chaotic 

appearance when compared to saline controls.  Caspase-3 immunopositive neurons 
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included cells with apoptotic bodies.  Visualization of some axons with caspase-3 

antibodies was possible after Meth treatment. 

 
Figure 3-18.  Activation of caspase-3 in neurons in the cortex 48 h after 40 mg/kg Meth 

exposure.  Brain tissue of rats treated with saline showed no caspase-3 
immunoreactivity (A).  Brain tissue from rats treated with Meth revealed 
immunopositive calpain-1 expression (B).  NeuN stained neuronal cells (C) 
showed evidence of morphopathology.  Chromatin was illustrated by DAPI 
staining (D).  Calpain-1 co-localized in neurons with NeuN (E, arrows, inset).  
Photomicrographs were at 640x; scale bar 100 µm, calpain-1 panels A, B, E; 
NeuN panels C, E; DAPI panels D, E; co-localized images panel E. 

Similarly, the cortices of drug exposed rats revealed marked increases in the 

caspase specific cleavage product SBDP120 expression (Figure 3-19).  The morphology 

of the brains from drug treated rats with the highest levels of SBDP120 also had a 

decidedly disorganized appearance when compared to saline controls.  Spectrin BDP120 

immunopositive neurons, when co-localized with NeuN, included cells with apoptotic 

bodies and evidence of granulation.  The network of axons could be visualized using only 

SBDP120 in some areas, with a “beads on a string” effect seen. 
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Figure 3-19.  Activation of SBDP120 in neurons in the cortex 48 h after 40 mg/kg Meth 

exposure.  Brain tissue of rats treated with saline showed no SBDP120 
immunoreactivity (A).  Brain tissue of rats treated with Meth revealed 
immunopositive SBDP120 expression (B).  NeuN stained neuronal cells (C) 
showed evidence of morphopathology.  Chromatin was illustrated by DAPI 
staining (D).  SBDP120 co-localized in neurons with NeuN with some 
granulation (E, arrows, inset).  SBDP120 was further revealed in axons and 
displays a “beads on a string” quality (F, 200x, inset). Photomicrographs were 
at 200x unless otherwise specified; scale bar 300 µm, SBDP145 panels A, B, 
E, F; NeuN panels C, E; DAPI panels D, E; co-localized images panel E. 

Ecstasy 

In general evidence of proteolytic enzyme activation and associated breakdown 

product upregulation were more sparsely populated and difficult to locate with MDMA 

than with Meth.  Background illumination had to be set to higher contrast to discern 

activation when present.  For example, the cortices of MDMA exposed rats revealed 

increases in calpain-1 expression, though much less evident with Meth (Figure 3-20).  

The morphology of the brains of drug treated rats with the highest levels of calpain-1 

induction were difficult to differentiate from saline controls.   
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Figure 3-20.  Activation of calpain-1 in neurons in the cortex 24 h after 40 mg/kg 

MDMA exposure.  Brain tissue of rats treated with saline showed no calpain-1 
immunoreactivity (A).  Cortex of rats treated with MDMA showed some weak 
immunopositive calpain-11 expression (B).  NeuN stained neuronal cells (C) 
show evidence of morphopathology.  Apoptotic bodies were clearly present as 
illustrated by DAPI staining (D).  Calpain-1 co-localized in neurons with 
NeuN (E, arrow).  Photomicrographs were at 640x; scale bar 100 µm, calpain-
1 panels A, B, E; NeuN panels C, E; DAPI panels D, E; co-localized images 
panel E. 

In contrast, the cortices of drug exposed rats revealed marked increases in the 

calpain specific cleavage product SBDP145 expression (Figure 3-21).  The morphology 

of the brains from drug treated rats with the highest levels of SBDP145 had a decidedly 

disorganized, almost chaotic appearance when compared to saline controls.  Spectrin 

BDP145 immunopositive neurons included cells with apoptotic bodies.  The network of 

axons could be visualized using only SBDP145 in some areas, with a “beads on a string” 

effect seen. 
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Figure 3-21.  Activation of SBDP145 in neurons in the cortex 24 h after 40 mg/kg 

MDMA exposure.  Brain tissue of saline treated rats showed no SBDP145 
immunoreactivity (A).  In contrast, brain tissue of MDMA treated rats 
revealed immunopositive SBDP145 expression (B).  NeuN stained neuronal 
cells (C) showed evidence of morphopathology.  Apoptotic bodies were 
clearly present as illustrated by DAPI staining (D).  SBDP145 co-localized in 
neurons with NeuN (E, arrows).  SBDP145 was further revealed in axons (F, 
200x).  Photomicrographs were at 640x unless otherwise specified; scale bar 
100 µm, SBDP145 panels A, B, E, F; NeuN panels C, E; DAPI panels D, E; 
co-localized images panel E. 

The cortices of drug exposed rats revealed marked increases in caspase-3 

expression (Figure 3-22).  The morphology of the brains of drug treated rats with the 

highest levels of caspase-3 induction had a decidedly disorganized, almost chaotic 

appearance when compared to saline controls.  Caspase-3 immunopositive neurons 

included cells with apoptotic bodies. 
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Figure 3-22.  Activation of caspase-3 in neurons in the cortex 24 h after 40 mg/kg 

MDMA exposure.  Brain tissue from saline treated rats showed no caspase-3 
immunoreactivity (A).  In contrast, brain tissue from rats treated with MDMA 
showed immunopositive caspase-3 expression (B).  NeuN stained neuronal 
cells (C) showed evidence of morphopathology.  Apoptotic bodies were 
clearly present as illustrated by DAPI staining (D).  Caspase-3 co-localized in 
neurons with NeuN (E, arrows). Photomicrographs were at 640x; scale bar 
100 µm, calpain-1 panels A, B, E; NeuN panels C, E; DAPI panels D, E; co-
localized images panel E. 

The cortices of drug exposed rats revealed marked increases in the caspase 

specific cleavage product SBDP120 expression (Figure 3-23).  The morphology of the 

brains of drug treated rats with the highest levels of SBDP120 had a decidedly 

disorganized, almost chaotic appearance when compared to saline controls.  Spectrin 

BDP145 immunopositive neurons, when co-localized with NeuN, included cells with 

apoptotic bodies and evidence of granulation.  The network of axons could be visualized 

using only SBDP120 in some areas, with a “beads on a string” effect seen. 

 

 



52 

 
Figure 3-23.  Activation of SBDP120 in neurons in the cortex 24 h after 40 mg/kg 

MDMA exposure.  Brain tissue of saline treated rats showed no SBDP120 
immunoreactivity (A).  In contrast, brain tissue of MDMA treated rats 
revealed immunopositive SBDP120 expression (B).  NeuN stained neuronal 
cells (C) showed evidence of morphopathology.  Apoptotic bodies were 
clearly present as illustrated by DAPI staining (D).  SBDP120 co-localized in 
neurons with NeuN (E, arrows).  SBDP120 was further revealed in axons (F, 
200x).  Photomicrographs were at 640x unless otherwise specified; scale bar 
100 µm, SBDP145 panels A, B, E, F; NeuN panels C, E; DAPI panels D, E; 
co-localized images panel E. 

Neurofilament-200 

Since the SBDPs seemed to outline the network of axons, we wished to determine if the 

SBDPs would co-localize with heavy chain neurofilaments (NF-200) normally present in 

high concentrations in vertebrate neuronal axons.  The cortices of drug exposed rats 

indeed revealed co-localization of SBDP145 with NF-200 (Figure 3-24).  Western blot 

analysis showed significant decreases in NF-200 protein after Meth exposure.  This co-

localization effect was also detectable with SBDP120 (not shown). 
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Figure 3-24.  Club drug induced colocalization of SBDP145 with NF-200 in the cortex.  

A)  Cortex treated with 40 mg/kg MDMA after 48 h.  Brain tissue of saline 
treated rats showed no SBDP145 immunoreactivity (i).  In contrast, cortex 
from MDMA treated rats showed immunopositive SBDP145 expression (ii).  
NF-200 stained neuronal axons (iii) were evident.  Chromatin was illustrated 
by DAPI staining (iv).  SBDP145 co-localized in axons with NF-200 (v).  B)  
Cortex treated with 40 mg/kg Meth after 48 h.  Control with SBDP145 
primary antibody but no secondary antibody showed only minor background 
fluorescence (vi).  Brain tissue from rats treated with Meth revealed 
immunopositive SBDP145 expression (vii).  NF-200 stained neuronal axons 
(viii) were evident.  Apoptotic bodies were clearly present as illustrated by 
DAPI staining (arrow, ix).  SBDP145 was seen to co-localize in axons with 
NF-200 (x).  Photomicrographs were at 640x; scale bar 100 µm, SBDP145 
panels i, ii, vi, vii; NF-200 panels iii, viii; DAPI panels iv, ix; co-localized 
images panels v, x.  (C)  NF-200 protein in saline (n=5) versus Meth 40 mg/kg 
treated rats (n=3).  Similar results were seen with SBDP120 (not shown). 

Discussion 

In the analysis of Meth exposure, the level of neurotoxicity in the cortex and 

hippocampus, as suggested by proteolytic markers, was at least equivalent to our 

traumatic brain injury model.  In both the cortex and the hippocampus, with both αII-

spectrin and tau proteolyic markers, the levels of quantified neurotoxicity from Meth 
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exposure either equaled or exceed that of TBI.  Calpain-associated proteolysis was 

increased in both the rat cortex and hippocampus as indicated by the increased levels of 

SBDP150 and SBDP145 (Figures 3-3 and 3-4).  At 10 mg/kg and 20 mg/kg of Meth, the 

levels of breakdown products mimicked that of TBI, while levels for 40 mg/kg of Meth 

exceeded them.  Caspase-associated αII-spectrin proteolysis was clearly established in the 

hippocampus (Figure 3-5).  In the studies of tau, the total tau antibody used did not 

differentiate the fragments generated by caspase versus calpain.  However, caspase-3 

tends to produce high molecular weight fragments about 45 kDa whereas calpain 

produces tau fragments of lower molecular weight (Figure 3-7).  Indeed, several of these 

lower molecular weight tau fragments were observed in rat brain after both Meth 

administration or TBI suggesting calpain is actively cleaving tau proteins (Figures 3-8 

and 3-9).  Again, the increase of TBDP after 40 mg/kg of Meth approached or exeeded 

that of TBI.  Given the impurities and unknown concentration of amphetamines in club 

drugs bought on the streets, some users tend to consume more than one pill in attempts to 

reach a satisfactory response (Makino et al. 2003).   

The results from the αII-spectrin were consistent with a number of studies 

concerning TBI and other injuries when it was used as the biomarker of choice.  

Traumatic brain injury in rats resulted in increased SBDPs 150 and 145 in the cortex 

(Pineda et al. 2004).  More specifically, it has been shown that in TBI after 24 h the 

calpain system was active in the cortex, but not necessarily the pro-apoptotic caspase 

system (Pike et al. 1998).  It is worth noting that calpain is activated in both necrotic and 

apoptotic cell injury or death (Wang 2000).  While our data was insufficient to show 

unequivocal evidence of caspase activation in rat cortex after just 24 hours, other studies 
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have suggested evidence of apoptosis in cortex and neocortical neurons following Meth 

exposure (Deng et al. 2002b; Stumm et al. 1999).  There has been, however, evidence of 

pro-apototic caspase activity in the rat hippocampus, thalamus, and striatum following 

TBI (Pike et al. 2001).  Studies on age related cell death in rats also suggests calpain 

activity in the cortex without concurrent caspase activity (Bernath et al. 2004).  

Following middle cerebral artery occlusion (MCAO) in rats, both calpain and caspase 

were evident after 24 h (Pike et al. 2003).  Similar club drug use studies have been 

conducted using methamphetamines and the tau biomarker in which TBDPs were 

observed after three days in the cortex, hippocampus, and striatum (Wallace et al. 2003).  

The implication of this is to suggest that a single use of methamphetamine can be as 

neurotoxic in the cortex and hippocampus as traumatic brain injury.  Given the effects of 

the drug on the cortex and hippocampus, cortical- and memory-related clinical outcomes 

should be considered when treating a patient with methamphetamine toxicity.  

Evidence for neurotoxicity 24 h after MDMA use was much more difficult to 

elucidate than with our previous work with Meth.  Some evidence of necrosis, however, 

was seen in both the cortex and was slightly more robust in the hippocampus.  This is in 

agreement with previous work (Wallace et al. 2003).  The evidence of neurotoxicity 

being greater for Meth than for MDMA is not surprising, as it correlates with clinical 

data.  Two interesting effects are seen when the club drug treated animals are examined 

72 h after exposure.  For the Meth, while TBDPs are no longer as robust as they were 

after 24 h, SBDP levels continue to be strong.  Additionally, the pro-apoptotic SBDP120 

ceased to be visible after 24 h.  Taken with our previous results, this suggests that Meth 

increases apoptosis within 24 h in the hippocampus while taking as long as 72 h in the 
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cortex.  This is in agreement with current literature which notes that Meth can upregulate 

pro-apoptotic genes such as c-Jun, c-myc, and L-myc due to its production of reactive 

oxygen species (Deng et al. 2002a; Stumm et al. 1999; Thiriet et al. 2001).  Second, 

MDMA effects also showed time dependence.  Spectrin BPDs seen after 24 h were no 

longer evident whereas significant tau breakdown products continue to be evident after 

72 h. 

The results of the IHC studies demonstrate co-localization of both the upregulated 

calpain-1 and caspase-3 in rat cortical neurons after drug use.  Specific spectrin 

breakdown products at 145 kDa and 120 kDa, respectively, are also found to be increased 

and this was particularly noticeable in the axons.  To our knowledge, this is the first study 

to show the co-localization of these proteolytic markers and their specific breakdown 

products in specific neurons of the rat cortex following drug use.  However, similar co-

localization results were not seen in glial cells such as astrocytes, oligodendrocytes or 

microglia which support neurons and outnumber them 10 to 1.   This is similar to the 

results found in the upregulation of the lysosomal protease cathepsin-B following spinal 

cord injury in which it was found to co-localize only with neurons and not glial cells 

(Ellis et al. 2005).  These findings could suggest that the club drugs target only the 

neurons and not the supportive cells, in agreement with current findings of club drug 

induced serotonergic and dopaminergic nerve terminal degeneration (Larsen et al. 2002). 

Additionally, the time point at which the upregulated proteases and the increase in 

their cleavage product was most clearly evident was after 24 h of treatment for MDMA 

and 48 h for Meth.  Necrosis is suggested when αII-spectrin is cleaved by calpains to 

produce a breakdown product at 145 kDa (Harris et al. 1989).  Here, calpain-1 was seen 
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to co-localize with neurons.  Also, SBDP145 was evident and most prominent in axonal 

compartments allowing them to be visualized as a network when illuminated by the 

immunofluorescent tag.  When the axons were more closely inspected swelling could be 

seen within the axons, displaying a “beads on a string” effect which is morphological 

earmark of cells undergoing cell death.  This supports our hypothesis that neurons are 

undergoing cell death, specifically, a necrotic form of cell death similar to cells exposed 

to hyperthermia, toxins or direct trauma. 

Moreover, apoptosis is suggested when αII-spectrin is cleaved by caspases to 

produce a breakdown product at 120 kDa (Nath et al. 1996).  Here, caspase-3 was seen to 

co-localize with neurons.  Also, co-localization as seen with SBDP120 was prominent in 

axonal compartments.  This suggests that cells are also undergoing an apoptotic cell death 

event.  Similar findings were reported when mice, treated with 30 mg/kg Meth, had 25% 

of their neurons found to be apoptotic after just 24 h (Zhu et al. 2005).  Taken together, 

these indicate a dual-attack on neurons after club drug use with both a necrotic and 

apoptotic component. 

To more closely examine the presence of SBDPs in axons, SBDP145 and 

SBDP120 were counterstained with anti-neurofilament (NF-200), a more specific marker 

of vertebrate neuronal axons.  Upon Western blot examination, NF-200 appeared to be 

extensively degraded after exposure to Meth when compared to saline controls.  

However, some filaments that were still intact could be found to co-localize with 

SBDP145 or SBDP120 in axonal regions of neurons after either Meth or MDMA.  Since 

αII-spectrin is located mainly in the axonal membrane and plays a crucial role in synaptic 
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transmission, this localization of compartmental damage may help to explain the nerve 

terminal damage seen with club drug use (Sikorski et al. 1991).  

In summary, pro-necrotic calpain-1 and pro-apoptotic caspase-3 were found to be 

activated and upregulated in rat cortical neurons upon exposure to Meth and MDMA but 

not astrocytes, oligodendrocytes or microglia.  Furthermore, SBDPs at 145 kDa and 120 

kDa were found in neurons, particularly in the axonal segment and were further identified 

via co-localization with neurofilament.   These results suggest that the drugs may be 

selectively targeting neurons and invoking a dual-proteolytic attack via necrosis and 

apoptosis, particularly in the axonal regions. 

 

 



CHAPTER 4 
IN VITRO NEUROTOXICITY 

Introduction 

We hypothesize that a dual proteolytic, activity upregulation exists in 

methamphetamine (Meth) or ecstasy (MDMA) treated cultured neurons suggesting that 

the cell culture system would provide an excellent model for pharmacological 

intervention to understand the relative contribution of calpain versus caspase in club drug 

neurotoxicity.  In this study, cultured rat cerebrocortical neurons were challenged with 

two doses of MDMA or Meth, with and without the presence of protease inhibitors.  The 

results showed increases in the αII-spectrin and tau breakdown products confirming the 

neurotoxicity of the drugs.  Their breakdown profile helps explain the proteolytic activity 

mechanisms that contribute to the neurotoxicity.  We were able to characterize 

Meth/MDMA induced spectrin breakdown products (SBDPs) and, to the best of our 

knowledge, are the first to demonstrate the drug induced fragmentation pattern of tau 

protein (TBDPs) upon treatment by both MDMA and Meth.  Furthermore, our work 

utilizing calpain and caspase inhibitors to attenuate the fragmentation profile observed 

highlights the major role the cysteine proteases play in the course of Meth and MDMA 

neurotoxicity and represents a possible therapeutic venue in measuring drug 

neurotoxicity. 
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Results 

Cell Toxicity 

Phase contrast microscopy 

Primary cerebrocortical neurons were cultured from rat brain and challenged for 48 

h with MDMA and Meth (Figure 4-1).   

 

 
Figure 4-1.  Cerebrocortical neurons after 48 h of drug incubation or saline treated 

control.  Over 80% of cells in the cultures were neurons.  Control neurons (A) 
had healthy cell bodies and a well-defined neurite network (arrow).  In 
contrast, after MDMA (2mM) (C) or Meth (2mM) (D) drug treatment, 
significant axonal degeneration was observed (arrows).  Positive control, 
NMDA 300 µM showed similar axonal degeneration (arrow) as the drug 
treated cultures (B).  Similar results were seen after 24 h and also for the 1 
mM concentrations of MDMA and Meth (data not shown).  Scale bar 200 µm. 
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The phase contrast observations after 48 h of the control cultures showed healthy cell 

bodies and well-defined neurite networks including axons and dendrites (Figure 4-1A).  

Challenge with glutamate analogue N-methyl-D-aspartic acid (NMDA) (300 µM), used 

as a positive control, resulted in excitotoxicity and significant degeneration in the cell 

body and neurites, including abnormal nodes along the neurite coupled with blebbing 

(Figure 4-1B).  Challenge with MDMA (2 mM) induced apparent cell injury shown as 

deformed neuronal dendrites and the presence of shrunken cells and blebbing with 

undefined neuronal cell bodies (Figure 4-1C).  A similar profile of degenerating neuronal 

neuritis was observed with the 2 mM Meth challenge (Figure 4-1D). 

LDH release 

Lactate dehydrogenase (LDH), normally a cytosolic enzyme has been shown to be 

released into cell culture medium when cell plasma membrane integrity is compromised 

due to injury (Koh and Choi 1987).  We previously reported that LDH release occurs 

both in primary necrosis (oncosis) as well as secondary necrosis as a result of apoptosis 

(Nath et al. 1996; Posmantur et al. 1998).  The magnitude of LDH release after drug 

challenges, presented as the mean absorbance ± standard error of measurement (SEM), 

for the NMDA, MDMA and Meth treatment groups were increased over saline controls 

and were significantly higher after 48 h versus 24 h and each treatment group (Figure 4-

2).  The NMDA and all drug treatment groups were significantly increased over saline 

treated controls for both time points and both levels of drug treatment (#p<0.001 

Student’s T-test for NMDA versus saline control, *p<0.001 One-way analysis of variance 

(ANOVA) with Dunnett post-hoc pairwise comparison test for drug treatment versus 

saline control).  Also, LDH release was significantly increased for the 48 h groups versus 

the 24 h groups for all treatments (**p<0.01 Student’s T-test). 
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Figure 4-2.  Lactate dehydrogenase (LDH) released into cell-conditioned media 

following insult.  Each column represents the mean ± SEM value (n = 4 
cultures).  #p<0.001 Student’s T-test for NMDA versus saline control, 
*p<0.001 One-way ANOVA with Dunnett post-hoc pairwise comparison test 
for drug treatment versus saline control, **p<0.01 Student’s T-test.  

Cortical Cultures with Club Drugs 

Analyses of western blots for axonally enriched cytoskeletal proteins αII-spectrin 

and tau and their breakdown products in the rat cerebrocortical neuron cultures 24 h and 

48 h after challenge showed robust increase in breakdown products after treatment 

(Figure 4-3).  

The total αII-spectrin antibody readily identified the parent protein at 280 kDa and 

the modest increases in its breakdown products (SBDPs) at 150, 145 and 120 kDa after 

24 hours of MDMA and Meth (1 and 2 mM) treatments (Figure 4-3A).  This contrasts 

with 24 h of NMDA exposure, used as a positive control, which resulted in substantial 

increases of each SBDP.  For tau, after 24 h of MDMA and Meth exposure, the parent  
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Figure 4-3.  Proteolysis of αII-spectrin and tau in rat cortical neuron cell cultures 

following club drug treatment.  A) 24 h.  B) 48 h.  The αII-spectrin and tau 
parent proteins as well as breakdown products at 150 kDa, 145 kDa, and 120 
kDa for αII-spectrin and 32 kDa, 26 kDa, and 12 kDa for tau showed 
increases following drug treatment.  In general, breakdown products increased 
globally after 48 h of drug exposure compared to 24 h.  Additionally, the use 
of the fragment specific antibody to the TBDP45 allowed for the visualization 
of the 45 kDa tau breakdown product, normally not distinguishable from the 
parent band, and to show that activated caspases cleave tau. 

protein isoforms in the range of 52 to 68 kDa were detected using the total tau antibody 

as were the calpain specific breakdown products (TBDPs) at 32, 26, and 14 kDa (Figure 

4-3A).  After 48 h for both MDMA and Meth, the resulting SBDP bands appear more 

robust, results that are comparable to NMDA (Figure 4-3B).  Similar to spectrin, for tau 

breakdown products a more robust signal was observed after 48 h of treatment and with 

the higher drug concentrations.  Also, interestingly, the antibody specific for caspase 

cleaved 45 kDa tau fragment detected TBDP45 after 48 h of treatment with the higher 

drug dosages.   

Quantification of the breakdown products was performed (Figure 4-4).   
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Figure 4-4.  Accumulation of αII-spectrin and tau breakdown products in rat cortical 

neuron cell cultures following club drug treatment.  150 kDa (A), 145 kDa (B) 
and 32 kDa (D) were due to calpain activation and 120 kDa (C) was due to 
caspase activation in cortical neuron cultures 24 h and 48 h following drug 
administration.  Each column represents the mean ± SEM value (n = 4 
cultures).  #p<0.05 Student’s T-test, *p<0.05 Dunnett post-hoc pairwise 
comparison test, **p<0.05 Student’s T-test. 

One-way ANOVA tests revealed differences among accumulation of breakdown 

products for drug treatment groups compared to saline controls for each band and time 

point except SBDP150 after 24 h.  Accumulation of breakdown products for specific drug 

treatment groups were significantly increased over saline controls for all conditions after 

48 h (*p<0.05 Dunnett post-hoc pairwise comparison test).  After just 24 h, significant 

increases were seen only for the SBDP145 band (all conditions), the 1 mM MDMA and 2 

mM Meth conditions for SBDP120 and the 2 mM drug doses for TBDP32.  For drug 

treatment groups, significant increases in accumulation of breakdown products were 
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detected after 48 h compared to 24 h for all conditions other than SBDP145 (**p<0.05 

Student’s T-test).  Similar results were seen for TBDP26 and TBDP14 (data not shown). 

Calpain specific breakdown products showed significant increases over saline 

controls following drug challenges by both MDMA and Meth and for both dosage levels.  

The only statistically significant differences were seen after 48 h (Figure 4-4A) as 

determined by the breakdown product antibody specific for calpain SBDP150.  In 

contrast, specific antibodies for the calpain SBDP145 (Wang, 2000) showed an increase 

in SBDP145 over saline controls for both drugs at both time points (Figure 4-4B).  The 

antibody for the caspase SBDP120 (Wang, 2000) was only able to discern a statistically 

significant increase in SBDP120 after 24 h for the 1 mM MDMA and 2 mM Meth doses, 

but was able to discern a significant increases for both drugs after 48 h, with the more 

robust signal seen for Meth (Figure 4-4C).  Furthermore, these data suggest that MDMA 

and Meth challenges after 48 h induced more caspase-mediated apoptosis than the 

positive control excitotoxic NMDA challenge.   

Tau proteolysis can be quantified by measuring the calpain mediated TBDP32 

(Figure 4-4D).  Breakdown products of TBD32 appeared to increase over saline controls 

following MDMA and Meth challenges (1-2 mM) after both 24 and 48 h although they 

were not statistically significant for the 1 mM drug doses after 24 h.  Similar results were 

seen for TBDP26 and TBDP14, both the result of calpain mediated proteolysis (data not 

shown).   

Cortical Cultures with Club Drugs and Protease Inhibitors 

Western blots analyses for αII-spectrin and tau and their breakdown products were 

also performed on cell lysate from rat cerebrocortical neuron cultures 48 h after a 1 h 
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protease inhibitor incubation with z-VAD-fmk (ZVAD), Z-D-DCB (ZD) or SJA6017 

(SJA) and subsequent drug challenge by MDMA and Meth (Figure 4-5).   

 
Figure 4-5.  Proteolysis of αII-Spectrin and tau in rat cortical neuron cell cultures 

following preincubation with inhibitors prior to drug treatment (2 mM, 48 h).  
A) MDMA.  B) Meth. αII-Spectrin and tau parent proteins as well as their 
breakdown products at the 150 kDa, 145 kDa, and 120 kDa for αII-spectrin 
and 32 kDa, 26 kDa, and 12 kDa for tau showed effects of the protease 
inhibitors.  The calpain (SJA) and caspase (ZVAD, ZD) inhibitors appeared to 
decrease accumulation of calpain and caspase mediated accumulation of 
breakdown products, respectively.  The use of fragment specific antibody 
allowed for the visualization of the 45 kDa tau breakdown product that is 
normally obscured by the parent protein.  

With the total αII-spectrin antibody, the parent protein at 280 kDa and the 

breakdown products (SBDPs) at 150, 145 and 120 kDa were observed for MDMA and 

Meth.  With the total tau antibody, for both MDMA and Meth challenges, beside the 

parent protein bands in the range of 52 to 68 kDa, a number of putative calpain specific 

tau breakdown products of 32, 26, and 14 kDa were observed.  The signals appeared to 

be more robust for the Meth treatments than MDMA.  The calpain and caspase inhibitors 
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appeared to decrease accumulation of calpain and caspase mediated breakdown products, 

respectively.  Quantification was performed (Figure 4-6). 

 
Figure 4-6.  Accumulation of αII-Spectrin and tau breakdown products in rat cortical 

neuron cell cultures following preincubation with inhibitors prior to drug 
treatment.  150 kDa (A), 145 kDa(B) and 14 kDa (D) were due to calpain 
activation and 120 kDa (C) was due to caspase activation in cortical neuron 
cultures 48 h following treatment with various inhibitors (SJA for calpains; 
ZVAD or ZD for caspases) and drug administration (2 mM).  Each column 
represents the mean ± SEM value (n = 4 cultures).  One-way ANOVA, 
p<0.001 for all, *p<0.05 Dunnett post-hoc pairwise comparison test, #p<0.05 
Dunnett post-hoc pairwise comparison test.  

For MDMA and Meth, a significant difference in accumulation of breakdown 

products among treatment groups was detected for each band (One-way ANOVA, 

p<0.001 for all).  For the SBDP150, accumulation of breakdown products was increased 

over saline controls for all groups except Meth alone (*p<0.05 Dunnett post-hoc pairwise 

comparison test).  Breakdown products were enhanced over the levels of drug alone for 

the ZD treatment for both drugs and the SJA+ZVAD treatment for Meth (#p<0.05 
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Dunnett post-hoc pairwise comparison test).  For the SBDP145, SJA had the effect of 

significantly decreasing accumulation of breakdown products to the level of saline 

controls.  The same was true for the mixtures of SJA with either ZVAD or ZD for the 

MDMA treatment group.  Breakdown products were enhanced over the levels of drug 

alone for Meth cultures treated with either ZVAD or ZD.  For the SBDP120, any drug 

group treated with ZVAD or ZD alone or in mixture with SJA had its accumulation of 

breakdown products reduced to that of saline controls.  Breakdown products were 

enhanced over the levels of drug alone for the SJA treatments in either drug.  For 

TBDP14, each drug group treated with SJA alone or in combination with ZVAD or ZD 

had the breakdown product accumulation reduced to that of saline controls.  Breakdown 

products were enhanced over the levels of drug alone for the Meth cultures treated with 

ZD.  Similar results were seen for TBDP32 and TBDP26 (data not shown). 

For both drug treatments, prior to pretreatment with the protease inhibitors, the 

SBDP150/SBDP145 doublet was visible, although the calpain specific SBDP150 was not 

detectable (Figures 4-5A, 4-5B). Our results demonstrated that the calpain specific 

antibody to SBDP150 was enhanced in the presence of the caspase inhibitors (ZVAD or 

ZD).  Quantification of data based on the SBDP150, including both calpain-mediated 

SBDP150 and caspase-mediated SBDP150i (Wang 2000), from the non-specific total αII-

spectrin antibody did not show an overall decrease in breakdown products after inhibitor 

treatment suggesting a mixture of caspase and calpain activity (Figure 4-6A).  In fact, 

breakdown products appeared to have increased after treatment with the caspase 

inhibitors.  Although some calpain-specific SBDP145 background signal was detected in 

control cells, there were significant increases in the SBDP145 signals for MDMA and 
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Meth treatments.  Meth showed a small but statistically significant increase of SBDP145 

after preincubation with the caspase inhibitors ZVAD and ZD.  In contrast, calpain 

inhibitor SJA suppressed both the Meth and MDMA-induced SBDP145 signals (Figure 

4-5).  Quantification data of SBDP145 confirmed that SBDP145 was suppressed by 

calpain inhibition (Figure 4-6B).  Caspase specific SBDP120 was significantly elevated 

for both Meth and MDMA, and was suppressed to control levels by the presence of the 

caspase inhibitors ZVAD or ZD.  Interestingly, the presence of calpain inhibitor SJA 

enhanced the level of SBDP120 dramatically (Figure 4-6C).  Taken together, these data 

suggest αII-spectrin, in Meth and MDMA treated cortical cells, is a target of both calpain 

and caspase proteases.  By suppressing one protease, proteolysis of spectrin by the other 

protease becomes more dominant. 

Quantification data of the 14 kDa tau breakdown product indicated calpain 

degradation is occurring (Figure 4-6D) (Park and Ferreira, 2005).  TBDP14 increased 

following drug challenge by MDMA and Meth but when treated with the calpain 

inhibitor SJA, the breakdown products decreased to near control levels.  To ascertain 

whether caspases also contribute to tau breakdown, we employed the caspase-3 specific 

TBDP45 antibody (Chung et al., 2001), but observed no signal with MDMA or Meth 

treatment alone (Figure 4-5D).  However, as with the case of SBDP120, the presence of 

calpain inhibitor SJA has allowed the TBDP45 signal to be visualized (Figure 4-5).  This 

is believed to have occurred because SJA strongly suppresses the calpain-mediated 

TBDP14 preventing further cleavage of the higher molecular weight TBDP45 by caspase.  

Since the caspase-3 tau breakdown fragments are of higher molecular weight, they were 

likely subjected to further proteolysis by calpain into BDPs of 36, 32 and 14 kDa.  
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Conversely, ZD and ZVAD enhanced the calpain-mediated TBDP14 (Figure 4-6) while 

suppressing the SJA-enhanced TBDP45 (Figure 4-5).  Applying both calpain and caspase 

inhibitors also resulted in complete reduction of TBDP14 levels and a partial reduction of 

TBDP45 levels (Figure 4-5B).  Taken together, these tau data suggest there is a dual 

proteolysis of tau by calpains and caspases.  Thus, pharmacological suppression of only 

calpains would still allow for caspase activity as observed by the increase in TBDP45.  

The caspase inhibitors had no significant inhibition effect on the TBDP14 and, actually, 

the breakdown products appeared enhanced for the Meth group following treatment with 

ZD. Similar results were seen for TBDP32 and TBDP26 which are also the result of 

calpain cleavage activity (not shown). 

Discussion 

The results of the LDH assays, immunoblot quantification and visual observation 

demonstrate that when primary cerebrocortical cell cultures are challenged by MDMA 

and Meth they appear to show all the signs of having undergone a neurotoxic challenge.  

While the 1 mM and 2 mM concentrations of Meth and MDMA used in this treatment 

paradigm are higher than what is considered to be physiologically relevant and may not 

reflect the toxic doses utilized in in vivo rat and mouse models, these concentrations were 

selected since they would achieve a minimal neurotoxic effect on primary cortical cells 

both for cell survival and protein proteolysis.  It is worth noting that in most in vivo drug 

abuse studies drug concentrations needed to be from 3 and 5 mM to achieve similar 

neurotoxicity (Cadet et al. 1997; Stumm et al. 1999; Deng et al. 2002b; Genc et al. 2003; 

Jiminez et al. 2004).  Generally, in vitro drug abuse studies require higher concentrations 

of these drugs when compared to in vivo studies reflecting the complexity of the CNS 

where neurotoxic effects can be exacerbated by the synergistic effects of other factors 
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that may lead to neuronal cell death.  These factors include excitotoxic amino acids, 

hyperthermia, monoamine oxidation, cytokine production and hyperthermia.  These have 

been shown to be major contributors in mediating cell death (Deng et al. 2002b; Cadet et 

al. 2003). 

Neurotoxicity, as measured by the concentration of BDPs was more apparent after 

48 h than 24 h and the results show they were dose dependent.  The increase in both 

calpain-mediated SBDPs at 150 and 145 kDa and TBDPs at 14 kDa are evident after 48 

h, as is the increase in caspase-mediated SBDP of 120 kDa.  Protease inhibitors do not 

appear to be effective at least when examining the total SBDP at 150 kDa, but this may 

be due to combination of the calpain-induced and caspase-induced cleavage products, or 

it may be due the activity of other proteases such as interleukin 1 beta-converting-enzyme 

(ICE)-like (Nath et al. 1996).  The fragment specific spectrin 150 kDa antibody revealed 

that there was a downregulation of the breakdown product when the cells were pretreated 

with the calpain inhibitor SJA.  In addition, SJA reduced the levels of the calpain-induced 

145 kDa band to that of controls.  The mixture of SJA with calpain inhibitors appeared to 

lessen the effect of caspase inhibition after 48 h.  A similar profile is seen with the 

calpain-induced 14 kDa band from total tau.  The caspase-induced 120 kDa spectrin 

fragment, when examined with the total spectrin antibody, was reduced to control level 

with the addition of either caspase inhibitor ZVAD or ZD, but there was no change when 

the cells were pretreated with SJA.  Similar results were noted with the fragment specific 

antibody for SBDP120.  The fragment specific antibody to the 45 kDa tau breakdown 

product, a caspase-induced fragment, was suppressed by the caspase inhibitors ZVAD 

and ZD.  This was partially offset by the addition of the calpain inhibitor SJA, for reasons 
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determined in future studies.  These results essentially agree with those found using rat 

cerebellar granule cell cultures in which MDMA and Meth toxicity were seen to increase 

from 24 h to 48 h and in which caspase inhibition by ZVAD was also displayed (Jimenez 

et al. 2004).  Also, ZVAD was found to suppress apoptosis in neuron-like PC12 cells 

treated with Meth (Uemura et al. 2003).  In general when one pathway of proteolysis is 

inhibited, it seems that an alternative pathway appears to be enhanced as reflected by the 

spectrin and tau breakdown products (see Figure 1-3). 

The results of these studies imply that MDMA and Meth serve to activate both the 

pro-apoptotic caspase system as well as the pro-necrotic calpain system (Wang 2000) in 

rat cerebrocortical neuron cultures.  The degradation of spectrin and tau breakdown 

products appears to be dose and time dependent.  The protease inhibitors were effective 

in attenuating the neurotoxicity brought on by the drugs as measured by decreases in 

protein breakdown products.  Future studies need to be conducted to see if a combination 

of these inhibitors would be effective in preventing αII-spectrin and tau degeneration 

observed in MDMA and Meth exposure in vivo (Warren et al. 2005a).  Such experiments 

could point to clinical tools useful in treating acute drug overdose or in preventing 

chronic structural brain damage of addicted patients. 

 
 

 



CHAPTER 5 
NEURONDOCRINE TOXICITY 

Introduction 

The hazardous effects of ecstasy (MDMA) and methamphetamine (Meth) occur 

partly from the release of large amounts of serotonin and 5-HT nerve terminal 

degeneration, which hinders normal cellular function and repair (Battaglia et al. 1987; 

Gianwi et al. 2005).  The monoamines released following drug use are normally involved 

in appetite regulation, therefore, increased concentrations caused by drug use may also 

result in the observed negative effects on these systems (Jaehne et al. 2005; Malpass et al. 

1999), including pharmacologically-induced anorexia.  Thus, this study focuses on 

examining of the effects of acute MDMA and Meth administration on the serum 

concentrations of leptin, ghrelin, growth hormone and neuropeptide-Y (NPY) (Chapter 1) 

to determine if changes in these hormones occur.  This has the potential to explain 

anorexia resulting from drug use. 

Results 

Methamphetamine 

Weight 

Changes in weight from baseline occurred after Meth administration (Figure 5-1).  

For all drug treatment groups, rat weight decreased immediately in a dose-dependent 

manner.  Maximum weight loss was achieved after 6 hours, beyond which weight gain 

was experienced for all groups except the 40 mg/kg Meth group which experienced 
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further weight loss between 24 and 48 h.  A one-way analysis of variance (ANOVA) test 

revealed that treatment groups were different for each time point (p<0.001 for each). 

 
Figure 5-1.  Changes in rat weight after Meth administration.  For saline treatments, n=6, 

for Meth treatments, n=5.  Rat weight decreased immediately following Meth 
administration and began to recover after 6 h, except with the highest does of 
Meth.  A dose response was indicated. 

Leptin 

Analysis of the serum leptin levels of rats administered Meth was performed 

(Figure 5-2).  A trend, similar to what is seen with MDMA, was suggested via a transient 

decrease in leptin followed by recovery, but did not reach statistical significance except 

for the 6 h 20 mg/kg sample.  A one-way ANOVA test revealed no significant difference.  
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The closest to significance was that of the 6 h group (p=0.11) and is most noticeable with 

the 20 mg/kg group. 

 
Figure 5-2.  Changes in serum leptin following Meth administration.  For saline 

treatments n=6, and for Meth treatments n=5. *p<0.05 Dunnett post-hoc 
pairwise comparison test.  

Ghrelin 

Analysis of the serum ghrelin in rats administered Meth was performed (Figure 5-

3).  A trend, again similar to MDMA, was suggested via a transient increase in ghrelin 

followed by normalization, but does not reach statistical significance except with the 20 

mg/kg dose at 6 h.  A one-way ANOVA test revealed no significant difference.  The 

closest to significance was that of the 6 h group (p=0.10). 
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Figure 5-3.  Changes in serum ghrelin following Meth administration.  For saline 

treatments n=6, and for Meth treatments n=5. *p<0.05 Dunnett post-hoc 
pairwise comparison test.  

Growth hormone 

Analysis of the serum growth hormone levels of rats administered Meth was 

performed (Figure 5-4).   

 
Figure 5-4.  Changes in serum growth hormone following Meth administration.  For 

saline treatments n=6, and for Meth treatments n=5. *p<0.05 Dunnett post-
hoc pairwise comparison test.  
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A trend, also similar to MDMA, was suggested at 6 h via a transient decrease in growth 

hormone followed by recovery, but only reached statistical significance for the 40 mg/kg 

dose.  A one-way ANOVA test revealed no significant difference.  The closest to 

significance was that of the 6 h group (p=0.12). 

Neuropeptide-Y 

Analysis of the serum NPY levels of rats administered Meth was performed (Figure 

5-5).   

 
Figure 5-5.  Changes in serum neuropeptide-Y following Meth administration.  For saline 

treatments n=6, and for Meth treatments n=5.  *p<0.05 Dunnett post-hoc 
pairwise comparison test. 

NPY levels appeared to decrease over time in a dose-dependent manner while no 

recovery was seen within the first 48 h.  A one-way ANOVA test revealed serum 

neuropeptide-Y levels were different among treatment groups at all time points (p<0.001 
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for all).  Dunnett’s post hoc pairwise comparison tests revealed statistically significant 

decreases virtually across the board. 

Ecstasy 

Weight 

Changes in weight from baseline after MDMA administration was performed 

(Figure 5-6). 

 
Figure 5-6.  Changes in rat weight after MDMA administration.  For saline treatments, 

n=6, for MDMA treatments, n=5.  Rat weight decreased immediately 
following MDMA administration and began to recover after 6 h.  A dose 
response was indicated.  

For all drug treatment groups, rat weight decreased immediately in a dose-dependent 

manner.  Maximum weight loss was achieved after 6 hours, beyond which weight gain 

was experienced.  A one-way ANOVA test revealed that treatment groups are different 

for each time point (p<0.001 for each).  
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Leptin 

Analysis of the serum leptin levels of rats administered MDMA was performed 

(Figure 5-7). 

 
Figure 5-7.  Changes in serum leptin following MDMA administration.  For saline 

treatments n=6, and for MDMA treatments n=5. *p<0.05 Dunnett post-hoc 
pairwise comparison test.  

At the highest dose, a transient decrease in leptin was observed which recovers after 24 h.  

A one-way ANOVA test revealed serum leptin levels were different among treatment 

groups at 6 and 12 h (p=0.02, 0.04).  A Dunnett’s post hoc pairwise comparison test 

revealed that the 40 mg/kg MDMA group had significantly decreased serum leptin values 

as compared to control values at 6 and 12 h. 

Ghrelin 

Analysis of the serum ghrelin levels of rats administered MDMA was performed 

(Figure 5-8).  Similar but opposite to the leptin, a transient increase in serum ghrelin is 
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observed which normalizes after 24 h.  A one-way ANOVA test revealed serum ghrelin 

levels were different among treatment groups at 6 and 12 h (p<0.01 for both).  A 

Dunnett’s post hoc pairwise comparison test revealed that the 40 mg/kg MDMA group 

 
Figure 5-8.  Changes in serum ghrelin following MDMA administration.  For saline 

treatments n=6, and for MDMA treatments n=5. *p<0.05 Dunnett post-hoc 
pairwise comparison test. 

had significantly increased serum ghrelin values as compared to control values at 6 and 

12 h while the 20 mg/kg MDMA group also had increased ghrelin at 6 h. 

Growth hormone 

Analysis of the serum growth hormone levels of rats administered MDMA was 

performed (Figure 5-9).  Though no direct statistical significance was achieved, trends 

suggested a transient decrease in growth hormone, recovering after 24 h.  A one-way 

ANOVA test revealed serum growth hormone levels were different among treatment 

groups at 12 h (p=0.02) and were trending towards significance at 6 h (p=0.06).  
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Dunnett’s post hoc pairwise comparison tests were insignificant but revealed trends for 

decreases in growth hormone for the 20 mg/kg MDMA group at 6 h and 12 h and also the 

40 mg/kg group at 12 h. 

 
Figure 5-9.  Changes in serum growth hormone following MDMA administration.  For 

saline treatments n=6, and for MDMA treatments n=5. *p<0.05 Dunnett post-
hoc pairwise comparison test.  

Neuropeptide-Y 

Analysis of the serum NPY levels of rats administered MDMA was performed 

(Figure 5-10).  NPY levels appeared to decrease over time in a dose-dependent manner 

with no recovery seen within the first 48 h.  A one-way ANOVA test revealed serum 

neuropeptide-Y levels were different among treatment groups at all time points (p<0.01 

for all).  Dunnett’s post hoc pairwise comparison tests revealed a significant decrease 

when compared to saline controls for the 20 and 40 mg/kg doses of MDMA. 

Comparison to Traumatic Brain Injury 

Analyses of the serum hormone levels of rats administered traumatic brain injury 

(TBI) versus naïve controls were performed (Figure 5-11).  Although a slight decrease in 
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serum leptin and ghrelin was detect in the TBI animals versus the naïve controls, they did 

not achieve statistical significance.  There was virtually no difference in measured growth 

hormone, however, a significant increase in NPY was detected in the TBI group. 

 
Figure 5-10.  Changes in serum neuropeptide-Y following MDMA administration.  For 

saline treatments n=6, and for MDMA treatments n=5. *p<0.05 Dunnett post-
hoc pairwise comparison test.  

 
Figure 5-11.  Changes in serum hormones after TBI versus naive.  For all treatments n=5. 

*p<0.05 Student’s T-test.  
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Discussion 

In this study, acute administration of MDMA and, to a lesser extent, Meth had 

significant effects on serum hormone levels compared in rats to controls.  A dose 

response was indicated, in that a single 5 mg/kg MDMA dose did not have an observable 

effect on the serum leptin or ghrelin levels over the different time intervals, but the higher 

dosages (20 mg/kg and 40 mg/kg) demonstrated an initial leptin decrease and ghrelin 

increase when compared to controls.  For the higher dosage, 40 mg/kg MDMA, both a 

significant reduction in serum leptin and a significant increase in serum ghrelin were 

observed.  At the 24 and 48 h time points, the leptin and ghrelin levels of the 20 mg/kg 

and 40 mg/kg groups began to normalize to the control values, suggesting a transient 

effect.   

Rats lost weight in the first 24 h after MDMA administration in previous studies 

(De Souza et al. 1996).  All rats administered MDMA at all dose levels had shown 

significant weight loss, with the greatest weight loss at the highest MDMA doses.  This 

may indicate that rats were initially in a state of negative energy balance following drug 

exposure, possibly due to hyperactivity and water loss but not chronic effects on satiety 

hormones.  The fasting state would result in a rise in ghrelin levels, and because their 

intake is significantly reduced (De Souza et al. 1996), normal leptin secretion that is 

stimulated by feeding will not occur (Sanchez et al. 2004).  Because the observed 

changes in leptin and ghrelin would be expected to increase appetite, if the animals are 

prevented from eating by central effects of the MDMA, then the observed changes would 

be expected as they respond to an empty stomach (Nogueiras et al., 2004).  Thus, it may 

not be accurate to say that the drugs have an effect, per se, on the leptin and ghrelin 

hormones, but rather another effect on food intake which in turn affects these hormones.   
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A transient decrease in growth hormone was suggested by the data, but did not 

reach statistical significance.  NPY was significantly decreased, with the 20 mg/kg and 

40 mg/kg groups having the most significant reductions, but did not recover within the 48 

h window of the study.  These results are similar to the results found in experiments 

where animals given Meth and fed ad libitum had reduced serum leptin and increased 

serum ghrelin concentrations (Crowley et al. 2005).  However, in that study, it was 

observed that the NPY expression was increased in ad libitum-fed animals, but inhibited 

in schedule-fed animals.  In another study, NPY expression has been shown to be 

significantly decreased 24 h following amphetamine administration (Hseigh et al. 2005).  

NPY is a strong appetite stimulator (Kalra and Kalra 2004), and a decrease in its 

expression has been suggested as an underlying mechanism for psychostimulant-induced 

anorexia (Crowley et al. 2005).  In this study, it was observed that leptin and NPY serum 

levels were both decreased.  Leptin inhibits NPY and ghrelin stimulates NPY production; 

therefore, it would seem that NPY levels should be increased due to ghrelin stimulation.  

However, it could be possible that the increase of 5-HT released due to drug 

administration (Battaglia et al. 1987) may have a stronger effect on inhibiting NPY 

expression than ghrelin has on stimulating NPY production.  Ecstasy could also be 

affecting the hormones individually and disrupting the feedback mechanisms that they 

have on one another, so that NPY and growth hormone could not be responding to 

ghrelin or leptin influence. 

The serum hormone levels for the experimental groups administered Meth followed 

the same trend as the values for the groups administered MDMA, however, all the 

experimental values were not yet considered significant except the values for serum NPY 

 



85 

concentrations.  A sample size larger than n=5 may prove to be more significant.  Similar 

to what was observed following MDMA administration, most of the serum NPY levels 

for all the Meth dosage groups at all time intervals were seen to be significantly less than 

the control serum NPY levels.   

With regards to the TBI model, differences were more difficult to detect.  The 

increase in serum NPY should serve to stimulate appetite, but animals tend to have 

decreased appetite and lose weight following trauma.  This could be evidence of a 

protective reaction not having sufficient countering effects. 

The doses of Meth and MDMA administered to the rats were chosen to simulate 

acute usage that would be considered ‘normal’ or ‘binge’ for humans.  The normal 

estimated dose that human MDMA users administer is between 1-4 mg/kg.  Because of 

the interspecies scaling and administration route, the dosages given to the rats in this 

study would be representative of about a normal human dose (5 mg/kg) up to human 

“binge” doses (20 mg/kg to 40 mg/kg) (Morley et al. 2001).  The duration of Meth 

exposure in rats and human is very different, with the half-life of Meth in rats lasting 70 

min vs. 12 h in humans.  Therefore, an acute Meth “binge” may be simulated in rats by 

administering multiple injections separated by intervals of time less than the half-life of 

the drug (20 mg/kg and 40 mg/kg groups) (Davidson et al. 2005; Cho et al. 2001).    

These experiments observed the changes in serum hormones that occurred with an 

acute dose of MDMA and Meth.  It was shown that leptin, and growth hormone levels 

initially decreased while ghrelin increased and then all three normalized towards control 

values after 24 h.  NPY proved to be the exception; it decreased and did not normalize 

within the 48 h window of the study.  This study indicates that drug use affects serum 
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appetite regulating hormones.  However, since it is only an acute dose study, it cannot 

explain long term anorexia induced by chronic drug use.  The acute Meth or MDMA 

dosing schedule used would be similar to an overdose in a naïve user.   

Therefore, a model where chronic administration of a daily low dose of MDMA or 

Meth is needed for a more accurate determination of long term changes in serum 

hormones levels resulting from drug use.  Future studies need to be performed to see how 

chronic administration will affect these hormones and solve questions concerning the 

physiological mechanisms involved in causing hypophagia that results from drug use.  A 

chronic drug administration model, using experiments involving administration of a low 

dose of MDMA or Meth (2 mg/kg) to rats daily for a month, and measurements of daily 

food and water intake and weight change could yield more accurate and informative 

results.  An alternative explanation for the observed chronic effects of weight loss in drug 

abusers may reside in the competition between food and drug for reward in the brain.  

Studies have shown that, at high body mass index, human patients have a tendency for 

lower drug use (Kleiner et al. 2004; Warren et al. 2005b).  This may be due to the 

“hijacking” of the reward center nucleus accumbens (Hernandez and Hoebel 1988) or 

alteration of dopamine receptors (Wang et al. 2001). 

This study indicates that acute administration of MDMA and Meth affects the 

serum levels of leptin, ghrelin, growth hormone and NPY in rats.  MDMA administration 

(40 mg/kg) caused transiently reduced leptin levels and increased ghrelin levels 

compared to control groups.  A transient decrease in growth hormone is also suggested.  

Both MDMA and Meth administration resulted in significantly reduced NPY levels.  The 

impact of Meth and MDMA on serum appetite hormone levels has important societal 
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implications for studying the mechanisms of drug-induced anorexia.  Further studies need 

to be performed to examine the effects of chronic drug administration on appetite 

regulation to potentially understand why hypophagia results from drug use.

 



CHAPTER 6 
CONCLUSIONS 

Summary and Application of Findings 

The findings incorporated in this dissertation represent the first attempt to study 

drug abuse from the proteomic approach currently employed in traumatic brain injury.  

This approach has the potential to present to clinicians and scientists powerful tools for 

understanding the mechanism of pathology and the diagnosis and treatment of drug-

related diseases.  The development of simple, rapid and accurate blood or tissue tests 

based on proteomic markers, similar to those being developed for traumatic brain injury 

(TBI), will assist in the establishment of clinical endpoints for determining the existence 

and extent of injury as well as the progress of treatment.  Proteomic tools elucidating the 

cascade of steps involved in toxicity at a molecular level will further our understanding of 

biological changes and will help to develop and target new pharmacologic agents for the 

treatment of related diseases.  Spectrin and tau breakdown products were identified in 

brain tissue following drug exposure, allowing for mechanistic study.  Results from these 

studies imply that a single dose of methamphetamine may be as neurotoxic as a TBI.  

Neuroendocrine hormones were also found to respond to drug use. 

The in vivo rat models showed that the level of neurotoxicity in the cortex and 

hippocampus was at least equivalent to the model of TBI.  The impact of drug abuse on 

cell degeneration has important prevention and clinical implications.  Given the effects of 

the drug on the cortex and hippocampus, cortical- and memory-related clinical outcomes 

should be considered when treating a patient with methamphetamine toxicity.  Calpain-

88 



89 

associated necrosis was evident in both brain regions.  Caspase-associated apoptosis was 

clear in the hippocampus after 24 h and appeared later in the cortex.  The evidence of 

damage was more striking for methamphetamine (Meth) than ecstasy (MDMA), which 

does not come as a surprise as it correlates with clinical data.  On the other hand, MDMA 

was shown to induce apoptosis in the liver.  Immunohistochemistry revealed the co-

localization of either upregulated calpain-1 or caspase-3 in cortical neurons, but not glial 

cells, after drug use.  Specific breakdown products for spectrin were also co-localized 

with neuronal marker NeuN and were particularly noticeable in the axons. 

The in vitro studies showed a dose and time-dependent vulnerability of cultured 

neurons to club drug insult.  It is worth noting that our drug abuse studies were able to 

elucidate toxicity at concentrations lower than that of other experiments (1 to 2 mM 

compared to 3 and 5 mM).  The use of protease inhibitors was successful in reducing 

specific pathways of neurotoxicity.  Furthermore, it was apparent that when one pathway 

of proteolysis is inhibited, an alternative pathway is enhanced.  The results imply that 

MDMA and Meth serve to activate both the pro-apoptotic caspase system and the pro-

necrotic calpain system concurrently. 

Neuroendocrine studies showed that changes in serum hormones occurred with use 

of MDMA and Meth in a dose dependent manner.  Leptin and growth hormone levels 

initially decreased while ghrelin increased with all hormones normalizing towards control 

values after 24 h.  Neuropeptide-Y decreased for both drugs and did not normalize within 

the 48 h window of the study.  This experiment indicates that drug use affects serum 

appetite regulation hormones, however, since it is only an acute dose study, it cannot 

explain the long term anorexia induced by chronic drug use.  
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Future Directions 

This work serves a dual function.  First, it lays the foundation a method of drug 

toxicity investigation from the perspective of traumatic brain injury, a technique never 

before used.  Second, it calls for further studies which need to be conducted to complete 

our understanding of the effects that club drugs have physiologically.   For example, 

other brain regions such as the cerebellum, striatum and thalamus need to be examined.  

A low-dose, multiple administration chronic model examination to discover if similar 

neurotoxicity is seen when compared to this acute, single-use model needs to be 

performed.  The combination of club drug usage with TBI, as opposed to in comparison, 

would provide a model for the clinical scenario of a motor vehicle accident while under 

the influence of drugs.  In addition to rat studies, post-mortem studies could be performed 

in human brain tissues following deaths involving club drugs after they have been 

identified in the blood.  Of particular interest would be to study the use of the calpain and 

caspase inhibitors in clinical trials to treat drug induced proteolysis.  Similar work has 

already begun with some success in TBI models (Buki et al. 2003; Knoblach et al. 2004).  

Finally, the basic principles applied here could be used to study other drugs of abuse such 

as stimulants or hallucinogens. 

 



APPENDIX 
HEPATOTOXICITY 

Ecstasy (MDMA) has been shown to be hepatotoxic in humans, with some 

evidence of apoptosis in cultured hepatocytes.  Illustrating the toxicity and understanding 

its mechanism is important to developing preventions and treatments for MDMA abuse 

patients.  Here, we analyzed the liver from club drug exposed rats using Western blot 

analysis to evaluate hepatotoxicity as evidenced by αII-spectrin breakdown products 

(SBDPs).  Degradation of αII-spectrin proteins as a result of MDMA or 

methamphetamine (Meth) exposure after 72 h is evident (Figure A-1).   

 
Figure A-1.  αII-Spectrin proteolysis and accumulation in rat liver 72 h after MDMA or 

Meth exposure.4  A)  Breakdown products of spectrin was seen in the liver 
tissue lysates after drug exposure at 150, 145 and 120 kDa.  β-actin was 
shown as an internal standard.  B) Accumulation of αII-spectrin breakdown 
products. *p<0.05 One-way ANOVA with Bonferroni post-hoc pairwise 
comparison test for treatment versus negative control.  

                                                 
4 Figure A-1 reprinted from Journal of Addictive Diseases, In press, Warren MW, Kobeissy FH, Liu MC, 
Hayes RL, Gold MS, Wang KKW, Ecstasy toxicity:  A comparison to methamphetamine and traumatic 
brain injury, 2006, with permission from The Haworth Press, Binghamton NY.  Article copies available 
from The Haworth Document Delivery Service:  1-800-HAWORTH.  E-mail address:  
docdelivery@haworthpress.com ; http://www.HaworthPress.com . 
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Breakdown product signal is weaker for the liver than for previous cortex studies, 

but appear to be increased over saline treated liver controls (Fig. A-1A).  Quantitative 

analysis of the pro-apoptotic SBPD120 (Fig. A-1B) suggests that the 40 mg/kg dose of 

MDMA produces a significant increase over saline controls after 72 h (p=0.05).  The 

evidence of liver apoptosis after MDMA exposure, which was not seen with Meth 

exposure, is concerning.  Post-mortem studies should be performed in human liver tissues 

following deaths involving MDMA presence to see if the same biomarkers are found. 
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