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Abstract

In the United States, the treatment of ADHD through use of psychostimulants in adolescents is a
growing reality that many people know today and many more will know in the coming years. Although the
effectiveness of psychostimulants is a known asset, the benefits of these medications may not be a
permanent solution, suggesting not only the presence of a tolerance build up, but as many stimulants are
prescribed in a joint effort to combat ADHD, a possible cross tolerance between two prescribed
medications. There are minimal studies published that have addressed the topic of cross stimulation
tolerance buildup between prescription amphetamines.

This proposal aims to probe the potential for a cross tolerance build up between multiple commonly
prescribed stimulants to a given patient. By varying the concentration of a psychostimulant for a given
period of time prior to injection of a structurally-similar amphetamine, this experiment will attempt to
effectively determine the extent to which a cross tolerance is acquired between common ADHD combatant
drugs. It is expected that rats treated with an initial, constant dose of Amphetamine will demonstrate a
concentration-dependent decrease in stimulation within the central nervous system when given
methylphenidate when compared to a control group treated with placebo pills followed by the injection of
methylphenidate (MPD). This experiment will provide a basis for a possible future experiment using human
subjects in the place of rats to establish the presence of a cross tolerance of methylphenidate and

amphetamine within humans.



Introduction

On June 18th, 1971, President Richard Nixon famously announced the start of the “War on
Drugs”.®® This was the beginning of the world-wide effort, led by the United States, to combat the
production, distribution, and consumption of illegal drugs that had been flooding into the United States and
other countries around the globe. The War on Drugs implemented various laws and policies through the
Controlled Substances Act (CSA) that made drug trafficking increasingly difficult in an attempt to decrease
criminal behavior and potential fatalities surrounding addictive substances.*

After the passing of the CSA, dozens of substances were deemed controlled, including
Amphetamine.

There exists a subgenre of chemistry known as stereochemistry. This field is the study of molecular
and atomic arrangement relative to other molecules and atoms, centering around the study of chirality,
stereoisomers, and stereocenters.

A chiral molecule or atom is defined as being non-superimposable on its own mirror image,
regardless of rotations and translations.! Any given chiral molecule will be present in one of two forms
known as stereoisomers. If a molecule's stereoisomers are perfect, non-superimposable mirror images of
each other, they are known as enantiomers?. A common example of enantiomers is the way person's hands
are mirror images of each other, and reorientation cannot make them appear identical or superimposable.

Enantiomers are (separate) non-superimposable, chemically identical molecules that are
distinguished by their unique trait of having ALL stereocenters differ between the two mirror image
enantiomers (known as enantiomorphs)®. Figure 1 provides an example of two enantiomers of lactic acid.
Enantiomers will have neither mirroring planes nor equal/opposite halves, and they will possess
indistinguishable physical properties®. When a mixture is present that contains a 1:1 ratio between
enantiomorphs, this mixture is a racemate or a racemic mixture®. Within these mixtures, the net rotation is

zero due to an equal amount of positive and negative rotation.
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Figure 1: Enantiomers of lactic acid: (S)-(+) lactic acid (left) with (R)-(-) lactic acid (right)®

While enantiomers are defined as being non-superimposable mirror images, diastereomers are
defined as non-superimposable NON mirror image stereoisomers®. Figure 2 provides an example of two
diastereomers of But-2-ene. The presence of a diastereomer is only possible when a molecule not only has
multiple stereocenters, but more than one of them have different configurations’. Diastereomers vary from
enantiomers in that while enantiomorphs must differ in ALL stereocenters and are non-superimposable
“mirror images” of each other, diastereomers are not.® Rather, diastereomers have the same molecular
formula and same connectivity but different arrangement, meaning they are non-superimposable NON-
mirror images of each other. While two enantiomorphs will have identical physical properties,
diastereomers will not. They differ in both physical and chemical properties and reactivity.

It is possible for a molecule that contains multiple stereocenters to contain enantiomers as well as

diastereomers depending on the spatial orientation surrounding the stereocenters.
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Figure 2: Two diastereomers of but-2-ene: cis-but-2-ene (left) with trans-but-2-ene (right)*



Molecules such as carbohydrates, DNA, and proteins are chiral compounds, and the understanding
of stereochemistry and orientation are critical in the study of organic chemistry or how organisms are able
to live. It is known that two enantiomorphs typically differ in pharmacodynamics and enzyme metabolism
activity.!* This leads to a preference in organic pathways for one enantiomer over the other.!! In
pharmaceutical drugs, an organism's preference for a single enantiomer will often lead to varying levels of
effectiveness between enantiomers of the same drug.

Amphetamine is a potent central nervous system (CNS) stimulant. The amphetamine molecule
exists as one of two non-superimposable optical isomers also known as enantiomers. The two enantiomers
are named d-amphetamine and I-amphetamine, also known as levoamphetamine and dextroamphetamine.
Both isomers are found in the racemic amphetamine prescribed today. Despite equal abundance in
prescription amphetamine, dextroamphetamine is ground to have more pronounced effects when compared
to its levoamphetamine counterpart by 3 to 5 times®3. The term amphetamine is specific to a chemical where
each pure amine enantiomer exists in equal parts, but the term has been informally broadened to include
either, both, or a combination of the enantiomers.

Amphetamine and derivatives of it are commonly used in the medical community for a variety of
purposes, prescribed in low, controlled dosages. Common medical uses of amphetamine include treatment
of attention deficit hyperactivity disorder (ADHD), narcolepsy, and obesity. Side effects include alertness,
improved reaction time, improved cognitive control, fatigue resistance.>” The CSA deemed amphetamine a
controlled substance due to its potential to cause addiction and dependence.*® Despite this, amphetamine
and its derivatives are commonly used today recreationally, in dosages much larger than medically
recommended. Physical side effects of large recreational consumption of amphetamine(s) can include rapid
muscle breakdown, hypertension, psychosis (delusion and paranoia), hypotension, erectile dysfunction (in
males), constipation, diarrhea, nausea, appetite loss, nosebleeds, profuse sweating, weight loss, and more.*

Mental side effects of large recreational consumption of amphetamines can include alertness, apprehension,



concentration, self-confidence, mood swings, insomnia, grandiosity, irritability, and an increase of

obsessive behaviors.*
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Figure 3: General structure of an Amphetamine?
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Figure 4: General structure of a substituted phenethylamine!?

Amphetamines (Figure 3) are part of the substituted phenethylamine (Figure 4) chemical class and
the parent compound of the substituted amphetamine chemical class. The substituted phenethylamine class
is a chemical class composed of molecules with the shared structural base known as a phenethylamine. The
structure of any substituted phenethylamine is made of a phenyl ring connected to an amino group through
the use of two carbon side chains.>® The substituted phenethylamine class and the substituted amphetamine
class slightly differ on their base structure, with substituted amphetamines being a more specific type of

substituted phenethylamines.®® A substituted amphetamine structure contains the base amphetamine



structure (CoH13N).%® The carbon atom adjacent to the primary amine is a stereogenic center. Any compound
synthesized through replacement or substitution of one or more of the hydrogen atoms on the amphetamine

base structure is classified as a substituted amphetamine.

Attention Deficit Hyperactivity Disorder (ADHD)

Attention Deficit Hyperactivity Disorder (ADHD) is a common neurodevelopmental disorder
affecting approximately 5% of the population, although some figures suggest a higher number closer to
18%.* ADHD is often identified during adolescence and is characterized by inattention, hyperactivity,
impulsivity, and troubles with concentration further exaggerated when in a group or academic setting®.
Studies suggest a ratio of 3:1 of boys afflicted to girls afflicted.>® While ADHD is often first observed
during adolescence, symptoms of ADHD are still common in adults previously diagnosed as children. The
existence of ADHD in adults is a topic of discussion without a definitive conclusion, with symptoms often
decreasing as a child ages into adulthood. ADHD is associated with traits often leading to substance abuse.*
Interestingly enough, patients diagnosed with ADHD and treated with psychostimulants (e.g.,
methylphenidate or amphetamine) do not demonstrate increased rates of dependance. Given this, ADHD
treatment has widely been treated with the application of psychostimulants. Three leading stimulants widely
used are methylphenidate (brand name: Ritalin), amfetamine (brand name: Adderall), and dex-
methylphenidate. Once- or twice-daily oral consumption of these medications has been shown to effectively
combat ADHD.

ADHD is associated with functional impairments of the neurotransmitters involved with the uptake
of dopamine and norepinephrine in the prefrontal cortex and locus coeruleus. By preventing both the
dopamine active transporter (DAT) and norepinephrine active transporter (NAT), methylphenidate acts as
a norepinephrine-dopamine reuptake inhibitor (NDRI). The disruptive action to both the dopamine and

norepinephrine transporters results in an increase in the extracellular concentrations of both dopamine and



norepinephrine, ultimately increasing the longevity and neurotransmission of both chemicals. The increased
activity within the prefrontal cortex and locus coeruleus additionally result in the symptoms commonly
associated with methylphenidate/amphetamines, such as alertness, improved attention, greater cognitive
control, and reduced fatigue. MRI studies have shown methylphenidate to produce a much higher effect
upon DAT when compared to NAT. Additionally, studies have shown continuous, long-term treatment of
ADHD with methylphenidate decreases abnormalities in the structure of the brain in individuals diagnosed
with ADHD.

Another drug, commonly branded as an alternative to d-threo-methylphenidate, is its enantiomer,
dexmethylphenidate. Having been shown to not only affect the brain in very similar ways, but also have a
very high risk of addiction, dexmethylphenidate (C14H1sNO) is another strong central nervous system
stimulant that has been shown to be an effective alternative in the treatment of ADHD. Studies have shown
that when comparing two methylphenidate (MPH) isomers, d-mph and I-mph, chirality is important, as the

two chemicals not only work differently, but may hinder the effectiveness of each other'’.
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Figure 5: Skeletal structure of Methylphenidate (MPH)*
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Figure 6: Skeletal structure of Amphetamine®®



Methylphenidate

Originally developed in 1944, MPH (Figure 5) was first used as an analeptic before being
recognized as an effective psychostimulant.** Containing two different chiral centers, MPH exists as one of
four stereo-isomers: d-threo-methylphenidate, I-threo-methylphenidate, d-erythro-methylphenidate and I-
erythro-methylphenidate. Upon investigation, it was found that neither erythro- isomer produced the
stimulating effect desired within the central nervous system.*® Once discovered, prescribed MPH was made
to only contain d- or I-threo-methylphenidate. As of today, nearly all prescribed ADHD medication is also
racemic containing a 1:1 ratio of d-threo-methylphenidate and I-threo-methylphenidate. Recently, labs have
been working with the d-threo-methylphenidate isomer in an attempt to improve upon the

“pharmacologically active” isomer, also known as dexmethylphenidate (brand name: Focalin).
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Figure 7: skeletal structure of d-threo-methylphenidate (left) and I-threo-methylphenidate® (right).

Metabolism

Typically administered through capsule form orally to a patient, Methylphenidate (C14H1sNO>) is

a psycho-stimulant drug acting upon the central nervous system.® In humans, dI-threo-methylphenidate
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absorption is near 100% despite having relatively low bioavailability*’. This is due to a phenomenon known
as the “First Pass Effect”. The First Pass effect is an event that occurs in the metabolic pathway of some
drugs. During the metabolic process, a drug gets consumed and processed at a specific location within an
organism, which results in a lowered concentration of said drug within the organism's circulation. This
phenomenon is often associated with common sites of metabolism, such as the liver.)” Following
consumption of MPH, the drug undergoes hydrolysis (catalyzed by carboxylesterase 1) to produce dl-threo-
ritalinic acid.!” The process of de-esterification is the primary pathway for the processing of MPH, which

produces Ritalinic acid (as seen in Figure 8).

Figure 8: Methylphenidate undergoing hydrolysis to form Ritalinic acid

Mechanism of Action

Orally consumed and processed by ritalic acid in the liver, methylphenidate (MPH) works through
use of non-competitive blocking to prevent the reuptake of dopamine and noradrenaline back into a
neuron’s terminal by blocking both the noradrenaline transporter (NAT) as well as the dopamine transporter

(DAT). The inhibition methylphenidate produces is largely more effective than other amphetamines. By
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inhibiting transport of norepinephrine (NE) and dopamine (DA) out of the neurons, the concentration of
NE and DA are both increased. Increased levels of NE and DA within the synaptic cleft leads to stimulation

within the central nervous system and brain.’

Pharmacology of MPH

The primary mechanisms involved in the movement of MPH through the CNS are monoamine
release and monoamine reuptake inhibition.!” The two differ from one another in that monoamine release
acts within the terminal while monoamine reuptake inhibition acts outside of the terminal. The transport of
the monoamines is prevented by the reuptake inhibitors binding due to the binding that occurs on the outside
of the nerve’s terminal. This produces an extended effect from the monoamine. Furthermore, it should be
noted that releasing agents are not enzymes, but rather substrates utilized for reuptake carrying. The
releasing agents play a key role in the uptake process, as they remove unwanted monoamine

neurotransmitters and disrupt them from their storage sites.

Acquired tolerance to MPH

As previously mentioned, a key factor in the treatment of ADHD involves continuous prescription
of stimulant medication. Studies suggest that up to 25% of patients develop tolerance to psychostimulant
medication as treatment continues. Unfortunately, due to lack of clinical research, there is a lack of data to
highlight what could be a growing problem.’

Tachyphylaxis is a medical term to describe rapidly diminishing response to successive usage of a
drug, rendering a decrease in desired effect. Tachyphylaxis is often related to a depletion of
neurotransmitters. Studies have shown an onset of acute tachyphylaxis with MPH using PET scans where
MPH was administered intravenously.>” A review of retrospective data suggested that among patients with

ADHD being treated with MPH, patients prescribed more than 60 mg of MPH per day developed a
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tolerance, suggesting that an MPH tolerance can be developed in a timeframe ranging from days up to a

year.®’

Proposal

Cross tolerance is an observable phenomenon of tolerance acquisition that can occur between two
similar pharmaceutical compounds. After review of recent literature, it has been observed that there is
documentation on the development of a tolerance to stimulant medication for ADHD.*® The next question
to ask is given the possibility for tolerance acquisition, is there also a possibility for the development of
cross tolerance between multiple commonly prescribed psychostimulants? This study aims to propose a
method to answer this question. Laboratory rats will be separated into four groups: one control group and
three experimental groups. The three experimental groups will be exposed to varying levels of amphetamine
before extended exposure to methylphenidate, while the control group will not be exposed to amphetamine
prior to its methylphenidate treatment. This experiment plans to determine if there is a decrease in physical
stimulation after extended exposure to different amounts of stimulating drugs in hopes of addressing the

existence and degree of an acquired cross tolerance.

Materials and Methods

General method

Four-month-old, adult, male Sprague Dawley Rats (n=400) weighing an average of 500 grams that
have not been exposed to either methylphenidate or any other type of amphetamine will be obtained from
a breeder. Only male rats will be used in this study given the possibility of variance between male and

female rats due to hormonal differences or other unknown confounding factors. All rats will be housed in
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a controlled environment consisting of a 12 hour “day” (light) cycle followed by a 12 hour “night” (dark)
cycle that will simulate standard days. Water and standard food consisting of fruits, vegetables, and seeds
will be provided and readily available for consumption.

Rats will be split into four groups (n = 100 per group) and housed in identical environments (i.e.,
identical light cycles and food). The experimental group will be denoted by the names “Group A”, “Group
B” and “Group C”, with the control group being denoted by the name “Group D”.

For 100 days (light cycles), Groups A, B, and C will be administered amphetamine delivered via
injection. This period will be referred to as the treatment period. It is known that the rats will develop a
resistance to the daily administered amphetamine®’. In order to create a range, administration rates will be
dosed at 1 mg/kg for Group A, 2.5 mg/kg for Group B, and 5 mg/kg for Group C. Given the 0.5 kg weight
of the test subjects, administered amounts will be 0.5 mg, 1.25 mg and 2.5 mg for groups A, B and C
respectively. Administration will continue for the duration of the treatment period. Following the 100 days,
the amphetamine injections will be replaced with methylphenidate injections at a constant dosage of 0.125
mg per rat/per day. At this point, vital signs of all rats will be monitored before administration of MPH and
30 minutes after administration. Vitals to be monitored will include blood pressure (via tail-cuff method),*
heart rate bpm (via cardiometer), and dopamine levels within the brain (via microdialysis).*® This data will
be recorded via computer collection.

This experiment will contain one control group (n = 100), called Group D. This group will receive
placebo pills in place of amphetamine for the first 100-day period of the experiment. Following these 100
days, Group D will be administered 0.125 mg of methylphenidate per rat/ per day. Again, vitals to be
monitored will include blood pressure (via tail-cuff method), heart rate bpm (via cardiometer), and lastly
dopamine levels within the brain (via microdialysis).*®“® This data will be recorded via computer collection.

Upon completion of the treatment period, all rats will be administered a non-amphetamine
stimulant drug called Modafinil via tablet that will mitigate amphetamine withdrawal symptoms across all

groups and help wean test subjects off amphetamines.>°
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Discussion

This experiment is intended to understand the relationship between two chemically similar
pharmaceutical drugs, amphetamine and methylphenidate, in hopes of being able to more accurately
prescribe medication to humans as well as gain insight into the development of cross tolerances between
pharmaceuticals. The varying concentrations of amphetamine are intended to provide starting points for the
rats’ bodies to be accustomed to constant stimulation.

The 100-day treatment phase of the experiment will provide rats with varying, constant doses of
amphetamine. It is expected that increased amounts of amphetamine will lead to increased tolerance within
experimental groups. It is expected given varying levels of treatment (0.5 mg, 1.25 mg and 2.5 mg) to
observe different levels of tolerance to the drug. It would then be reasonable to assume that the rats
administered 0.5 mg amphetamine per day will record a larger change in blood pressure, heart rate increase,
and dopamine levels (within the brain) than rats in a group with 1.25 mg of amphetamine administered per
day, and even less than the rats in the group with 2.5 mg of amphetamine administered per day once full
tolerance is established. The expectation is that a larger change in physiological vital signs, including blood
pressure, heart rate and dopamine levels, will reflect a smaller tolerance to the newly administered drug in
the second half of the test. Test subjects demonstrating little response to new stimuli indicate(?) acquired
tolerance to past stimuli.

It is expected that Groups A, B, and C will all experience varying levels of blood pressure increase,
heart rate increase, and dopamine increase after the administration of methylphenidate, but much less than
the changes observed in Group D, which was not administered amphetamine for 100 days prior to the
administration of methylphenidate. Most rats should develop some amount of tolerance to amphetamine,
as demonstrated in previous studies.

This data will show that prior exposure to a chemically similar compound (amphetamine) will yield
a weaker response to methylphenidate after continuous exposure. There are multiple ways in which future

studies can build upon the findings in this experiment. First, the experiment needs to be repeated with

15



human subjects in the place of rats. This would provide insight into the prescription of ADHD medication
to numerous patients globally. Additionally, this experiment would provide insight into the possible
differences of metabolism and amphetamine response when comparing rats to humans.

A second possible study could be varying the treatment period’s length to see if tolerance plateaus
at a certain point. What would happen if the treatment period was 10 days? 300 days? Do the findings vary
as time is changed? What is the minimal time of prior exposure to demonstrate an observable cross
tolerance?

A third possible study that may be worth conducting would be to repeat the study entirely but
substitute the four-month-old, adult, male Sprague Dawley Rats with Four-month-old, adult, female
Sprague Dawley Rats and compare results to gather insight if varying the sex of the rat varies the result.

A final possible study that could be conducted would be a comparison of other chemically similar
drugs. For example, methylphenidate and methamphetamine. Since both of these drugs are actively used in
the medical world,*** insight into their relationship with each other could give medical providers a more

accurate method of assistance

Conclusion

This experiment will provide insight into the existence of an observable cross tolerance between
amphetamine and methylphenidate, and if it exists, if varying amounts of prior exposure to amphetamines
varies the strength of the observed cross tolerance. Control group D is expected to lack all tolerance to MPH
after an initial treatment period due to lack of administered Amphetamine. Groups A, B, and C are expected
to develop a mild tolerance following the initial treatment period, with Group A having the smallest built
up tolerance, Group B having a mild amount, and Group C having the largest tolerance to the new drug.

This experiment could provide an effective base for future research that could determine the

interaction between various types of psychostimulant drug and the potential for an acquired cross tolerance.
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