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ABSTRACT

Hair has become a widely accepted alternative matrix for forensic drug testing.
This project examined the roles of drug basicity, drug-melanin binding, and cellular
transport of drugs in the phenomenon of preferential incorporation of drugs into darker
versus lighter colored hair.

Validated assays were developed then used to profile the melanin content in
human hair of various colors. Melanin content was then correlated with codeine
incorporation into the analyzed hair.

Black hair from rats dosed with the basic drug amphetamine was found to contain
three times the concentration of amphetamine than white hair from the same rats. In
contrast, no difference in N-acetylamphetamine (N-AcAp) content was found between
black hair and white hair from rats dosed with N-AcAp, a nonbasic amphetamine analog.

Cocaine and amphetamine, two drugs that show a hair color bias, bound to
eumelanins and mixed eu-/pheomelanins to varying degrees, but not to pure
pheomelanin. Benzoylecgonine (BE) and N-AcAp, drugs that do not show a hair color
bias, did not to bind to any subtype of melanin.

Pigmented melanocytes (PM) took up large amounts of the basic drugs
amphetamine and cocaine (levels of uptake dependent on melanin content), while
keratinocytes and non-pigmented melanocytes (NPM) took up only small amounts of

amphetamine. None of the studied cells took up N-AcAp above background levels.



While keratinocytes and NPM quickly effluxed most of an influxed basic drug, PM were
slow to efflux and only partially effluxed the drug, if efflux media was not refreshed. BE
was quickly effluxed from both PM and NPM.

Cultured cells influxed amphetamine and cocaine to far greater extents than N-
AcAp and BE. This is in accord with the fact that the non-plasma-protein-bound AUCS
of BE and N-AcAp are much greater than cocaine and amphetamine, yet cocaine and
amphetamine incorporate into hair to far greater extents than do N-AcAp and BE,
regardless of hair color. |

In conclusion, the data presented in this dissertation demonstrate that
amphetamine and cocaine exhibit preferential hair color incorporation (unlike their net
neutral analogs N-AcAp and BE) and do so through nondiffusion mediated cellular

uptake and subsequent retention via eumelanin binding.
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CHAPTER 1
OVERVIEW

Introduction

Hair analysis for xenobiotics began in 1858 with efforts to determine arsenic
levels in the hair of a corpse (1). Modern hair testing took another century to begin
development. The knowledge about and technology: for hair testing has expanded
dramatically since the mid 1950s. Today, however, there are still many poorly
understood aspects of hair testing, particularly in regard to the fundamental chemistry and
biology of how different drugs with their unique and distinctive chemical features
incorporate into hair. Ideally, hair testing would be a convenient, non-invasive technique
with a long window of detection for monitoring all drugs of abuse. While many drugs
are currently tested for in hair, our fundamental knowledge regarding the characteristics
and mechanisms for the incorporation of certain drugs into certain hair types is
incomplete. What roles, for example, do external exposure, hair treatments, and even
hair color play in the incorporation of each tested drug in hair? Fair and accurate hair
testing relies upon our knowledge and understanding of these factors. As such, the
research presented herein seeks to more fully investigate the roles of hair color

(pigmentation), and hair cell drug transport in drug incorporation into hair.



History of Hair TeSting

The history of hair analysis for xenobiotics began in 1858 with the publication of

[ee)

Casper’s ‘Praktisches Handbuch der Gerichtlichen Medizin’ (1) , which translated means,

‘Practical Guide to Legal Medicine’. The account dgscribes the determination of arsenic
in the hair of a body exhumed 11 years after burial. The modern saga of hair analysis
begins in 1954, with the publication of research conducted by Goldblum e al. describing
the detection of barbiturates in guinea pig hair via ultraviolet spectrophotometry (after
sample extraction) (2). Twenty years later Harrison et al. (3) described the incorporation
of '*C radiolabeled D-amphetamine into guinea pig hair. In a 1979 review of the
potential of hair as a diagnostic tool, Maugh (4) described efforts to use hair as both a
forensic tool and matrix for medical diagnoses. Original efforts to employ hair as a
forensic tool sought to use trace element profiles from hair to link suspect(s) to the scene
of a crime. Such efforts were soon shown to be futile due to the fact that trace element
profiles vary with time and location of head hair. Evidence of severe exposure to trace
elements such as lead, arsenic, cadmium, and mercury (4) was, however, obtainable.
Ideas to develop elemental analysis of hair as a diagnostic tool were fairly widespread at
the time. Efforts in this arena attempted to diagnose disorders such as cystic fibrosis,
celiac disease, phenylketonuria, protein-calorie malnutrition (Kwashiorkor), zinc
deficiency (ironically, severe zinc deficiency causes hair loss), iron deficiency, juvenile
onset diabetes, and learning deficiencies. These efforts, however, did not make a
significant contribution to modern medicine. Perhaps due to the excitement surrounding
mineral analysis in hair, laboratories began to spring up that would offer nutritional

consulting through hair analysis. Surprisingly, this practice is still under debate (5-9).
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Early hair analysis for trace elements was accomplished through the use of techniques
such as neutron activation analysis, photon activation analysis. atomic absorption
spectroscopy, and particle-induced x-ray emission. Detection of foreign nonmetallic (i.e.,
organic or drug) substances in hair was, at the ‘Eime, essentially precluded due to the lack
of techniques sensitive enough to quantitate the low levels of drugs present in hair
samples from donors who had not been given repeated, near lethal doses of the drug in
question. Research into hair analysis for drugs continued, and in 1979 a seminal paper by
Baumgartner er al. (10) demonstrated the detection of opiates in hair through the use of
radioimmunoassay (RIA). In addition to their novel techniques, Baumgartner and co-
workers succeeded in demonstrating the presence of opiates in hair three months after
drug administration as well as time dependent drug deposition along the hair shaft. Soon
the field began to grow with regular publications beginning in the early 1980s (11-15).
Initial applications of hair testing focused primarily on opiates, phencyclidine,
phenobarbital, and cocaine. This was probably due to the availability of antibodies
against these drugs. The next major advancement involved the development of electron
impact ionization mass spectrometric (EI-MS) methods for the identification of
methamphetamine in hair (16). The use of this technology was soon extended to the
analysis of tricyclic antidepressants (17), nicotine (17), chloroquine (18) and
monodesethylchloroquine (18). Interestingly, although it was not a goal of their
investigation, the study by Ishiyama et al. (17) provided the first evidence of a potential
hair color bias in drug incorporation into hair. Their results indicate an approximate four
fold greater concentration of methamphetamine in the hair of C57 black mice versus the

hair of ddY white mice. The only comment made by the authors in regard to this



occurrence stated that Harrison’s (3) data (which suggested that amphetamine might be
incorporating into or binding to melanin in hair) was not supported by their data because
they observed methamphetamine in white hair as well as black hair. Thus they suggested
that drugs probably bind to protein rather than melanin. An additional improvement to
the previous EI-MS methods was provided by Suzuki et al. (19) in applying chemical
ionization techniques for mass spectrometric analysis of amphetamines in hair. This
resulted in significantly better sensitivity and paved fche way to modern techniques for

drug detection in hair.

Anatomy and Physiology of Hair

In humans, hair formation first begins primarily on the head when an embryo is
approximately 60 days old with the formation of a rudimentary dermal papilla (20). The
dermal papilla is a group of specialized undifferentiated fibroblast cells, derived from the
mesoderm, that initially form as a clump of cells in ‘Ehe dermis just below the epidermis.
The entire hair follicle including associated modified structures such as sebaceous glands,
are ultimately derived from the dermal papilla. Aftér the initial cellular organization of
the dermal papilla, a peg of cells begins growing into the dermis, pushing the dermal
papilla deeper into the dermis and eventually forming an involution. At this stage, the
forming hair shaft begins to differentiate, initiating anagen, the first phase of the hair
growth cycle, discussed below. During this phase, undifferentiated keratogenic
epidermal matrix cells from the dermal papilla begin to move upward. Their anatomical
fate as part of the hair structure is determined by their initial position relative to the
dermal papilla, which remains at the base of the hair follicle (21-24). As cells migrate

upward, the hair shaft begins to form from the middle matrix cells. These cells produce



large amounts of keratin proteins and eventually harden in a process known as
keratinization, which, chemically, is the result of crosslinking of sulfhydryl groups of
keratin proteins to form disulfide bonds. Anatomy of the fully formed hair bulb and hair
follicle with surrounding structures can be seen in Figures 1.1 (adapted from Robbins
(25)) and 1.2, respectively. The ultimate chemical composition of hair varies with
location on the body and between individuals, howe?er, it may be of interest in
relationship to proceeding sections, that hair consists of protein (65-95%), water (15-
35%), lipids (1-9%), melanin (0.2-1.5%) (see Chapter 2), and trace amounts of minerals
(0.25-0.95%) (26).

Hair follicles do not continue to grow forever. Rather, after a certain period of
growth (anagen), hair follicles undergo a transitional phase, known as catagen, during
which cell division halts, the base of the hair shaft keratinizes, and the bulb begins to
degenerate. At this point, the hair follicle enters a resting phase, known as telogen, where
no cellular proliferation occurs and the now fully keratinized hair shaft can easily be
removed from the follicular cénal. An increase in nietabolic and proliferative activity of
the matrix cells reinitiates anagen. This increase in activity is now thought to be due to
the division and migration of stem cells from the bulge of the outer root sheath located
near the connection point of the arrector pili muscle (27). Figure 1.3 (adapted from Paus
and Cotsarelis (28)) demonstrates the relative amount of time spent in each phase of the

hair growth cycle.

Routes of Drug Incorporation into Hair

Drugs can be deposited into and onto hair via a number of routes including

through systemic circulation, perspiration, sebum, skin, and the external environment



Figure 1.1 Hair follicle anatomy. Adapted from Robbins (25) 1) Stratum corneum 2)
Epidermis 3) Arrector pili muscle 4) Bulge 5) Dermis 6) Melanocyte 7) Dermal papilla 8)
Arteriole 9) Outer root sheath 10) Inner root sheath 11) Sebaceous gland 12) Cuticle 13)
Cortex 14) Medulla



Figure 1.2 Hair bulb anatomy. 1) Hair shaft 2) Dermal papilla 3) Melanocyte 4)

Arteriole 5) Inner root sheath cuticle 6) Inner root sheath (Huxley’s layer) 7) Inner root

sheath (Henle’s layer) 8) Outer root sheath
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Figure 1.3 Stages of the hair growth cycle. Adapted from Paus and Cotsarelis (28). Hair
growth begins with anagen (far right) and ends in telogen (lower right).



(29, 30). Perspiration, sebum, and the external environment can only deposit drug on the
outside of the hair follicle. For most hair testing purposes this is an undesirable situation,
since drug on the external surface of hair is not indicative of ingestion. In an ideal
situation, hair testing would only analyze drug incorporated into hair through systemic
circulation. This would allow for the least number of interferences and inconsistencies,
e.g., drug from smoke or other residue in the environﬁent, and inconsistencies due to
inter-individual differences in perspiration and sebum secretion. This would also
eliminate the need for hair washing procedures prior to analysis. The real sifuation 1s not
ideal, however, as each of the above routes may substantially contribute to drug
incorporation into hair.

Nevertheless, hair analysis relies on the fact that drugs can be incorporated from
systemic circulation into hair follicles. This route for drug incorporation into hair is
arguably the most important because it provides the basis for consistent, reliable
measurements of drug ingestion, and, at least in rat rhodels, is the route by which the
majority of drug is incorporated into hair. (Environrﬁental exposure is easily controlled
in‘ animal studies, and, except for the soles of their feet, rats lack sweat glands.) The
simplest model for drug incorporation into hair from the bloodstream involves passive
diffusion of drug from arterial capillaries to extracellular fluid to the inside of hair
forming cells. Once inside the cells, the drug must be retained long enough for the cell to
move up and out of the zone of differentiation and biological synthesis. While in certain
drug-animal models, drugs may incorporate into hair from the bloodstream in a linear,
dose-dependent manner suggestive of passive diffusion down a concentration gradient

from blood into hair (31), accumulating evidence argues that this model is probably not



10

accurate (29). A number of drugs incorporate into hair to a greater extent than their
metabolites or related compounds despite the fact that the area under the plasma
concentration versus time curve (AUC) is much greater for the compounds that are barely
detected in hair. For example, in various animal and human models, A-
tetrahydrocannabinol (THC) (32-35), cocaine (29, 36-39), nicotine (40), amphetamine
(41, 42) and 6-acetylmorphine (43), all are found in greater concentrations in hair than
1 1-n0r-9—carboxy-Ag-tetrahydrocannabinol (THC-COOH), BE and ecgonine methyl ester,
cotinine, N-AcAp, and morphine, respectively, while the AUCs or plasma concentrations
of the metabolites (or related compounds) are much greater than the plasma
concentrations of the parent compound. These data suggest that factors other than
passive diffusion down a concentration gradient or even simple selective diffusion
through a semipermeable membrane may be important. Factors such as selective
transport of certain drug molecules into hair forming cells and binding of drugs by hair
components (i.e., protein, melanin, and possibly lipids) may play major roles 'in
determining the amount of a given drug incorporated into hair. Although little, if any,
research has been conducted to determine whether hair cells may take up drugs by
mechanisms other than passive diffusion through the cell membrane, a fair amount of
research has been done to characterize the binding of drugs to hair components (i.e.,
protein (44-49), melanin (50-62), and lipids (63)). A major controversy still exists in this
area, especially in relation to the ability of drugs to bind to melanin, and whether or not
this can produce a hair color bias (40, 63-74).

Nakahara (75) (and others) have carried out é large amount of research to

determine what physicochemical factors are most important for a drug to be incorporated
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into hair. Findings indicate that the greater the melanin affinity (40, 43, 63-71),
lipophilicity (41, 75), and basicity (41, 42, 75) of a drug, the more it incorporates into
hair.

Melanin affinity is important because it represents a mechanism whereby
significant amounts of drug can bind inside hair celis and be retained as the cells
keratinize and move up into the hair shaft. A large number of drugs have been shown to
bind to melanin, including amphetamine (55, 56, 76), chloroquine (51, 53, 57),
chlorpromazine (47, 48, 51, 54), cocaine (55, 56, 76), phencyclidine,
methylenedioxymethamphetamine (43), tricyclic antidepressants (56), 1-methyl-4-
phenylpyridinium (MPP") (77, 78), clenbuterol, nortestosterone, diethylstilbesterol (54),
paraquat (50, 51), and streptomycin (79) to name a few. Even some cationic metals such
as iron, manganese, copper, lead, nickel, magnesium, zinc, cadmium, aluminum,
scandium, lanthanum, and indium (51, 80-83) are documented to bind to melanin. The
exact chemical nature of drug-melanin binding is not well understood, but it is thought to
involve various types of binding interactions between drugs and melanin orthoquinones,
phenolic groups, carboxylic acids, indole-amines, and/or van der Waals interactions
between stacked indole units (50, 51, 53, 83). Because of their affinity for certain types
of drugs (e.g., basic drugs), melanins appear to play a major role in the incorporation of
such drugs into pigmented hair (40, 63-71). Interestingly, drugs can also bind to-
melanins in locations throughout the body other than hair. In fact, many of these cases
have implicated toxicological effects (58). For example, drug binding to the uveal tract
of the eye (84, 85), ear (cochlear) (86, 87), and neuromelanin (77, 78, 88, 89) has been

implicated in the negative toxic effects of the drugs to surrounding tissues. Lipophilicity



is important because it is thought to allow permeation through biomembranes such as in
capillary beds and hair cell membranes. Interestingly, Nakahara (43) showed that for 19
drugs, when melanin affinity (K,) is multiplied by lipophilicity (log P, see Kaliszan er al.
(90)) and correlated to the hair incorporation ratio ((ICR) = [Drug in Hair]/Plasma AUC),
an R® value of 0.979 is obtained. Basicity is probably related to melanin affinity, i.e.
positively charged, basic drugs bind best to negatively charged, acidic melanin. The
isoelectric point of hair is approximately 3.7 (91) and is probably mostly derived from the
acidity of melanin, however, acidic sites on hair keratin cannot be ruled out as drﬁg
binding sites (45). Data from Dehn et al. (92) suggest that drugs such as nicotine and
cotinine may be covalently incorporated into the melanin polymer. While this
phenomenon is of interest from a biochemical standpoint, it cannot contribute to drug
detection in hair because the drug molecules would have to be cleaved during the
extraction process at the exact carbon-carbon juncture where they were initially joined to
the melanin polymer. Covalently bound compounds would not be detectable with

currently available techniques.

Chemistry, Anatomy, and Physiologv of Melanins

The two critical ingredients for cellular biosynthesis of melanin are the amino
acid tyrosine and the rate limiting enzyme tyrosinase. In the Golgi apparatus-derived
(93) melanosome, tyrosine undergoes a series of oxidations to produce both the black
colored eumelanin and the reddish-brown colored pheomelanin polymers (Figure 1.4).
The structures of eumelanin and pheomelanin are not shown because they are varied and
not well characterized. Eumelanin is a polymeric combination of carbon-carbon linked

indolequinones and carboxylated pyrroles derived primarily from 5,6-dihydroxyindole



Figure 1.4 Biosynthetic pathways of (A) eumelanin and (B) pheomelanin.
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(DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA), while pheomelanin also
includes related benzothiazine units derived primarily from 2-cysteinyl-S-Dopa (2-
CysDOPA) and 5-cysteinyl-S-Dopa (5-CysDOPA) (94, 95).

Melanocytes derived from the neural crest associate with the matrix cells in a
relationship whereby melanin granules, known as melanosomes, are transferred to the
keratogenic matrix cells (96-98). This process, which gives hair its color, is thought to
occur through both exocytosis of melanosomes and uptake by keratinocytes and/or
keratinocyte phagocytosis of invading melanocyte dendrites (93, 98-102). As with most
other biological processes, melanin biosynthesis is under the control of hormones,
receptors, and enzymes. Pro-opiomelanocortin is produced in the pituitary gland and (as
relates to melanogenesis) is cleaved to produce adrenocorticotropin and modified to
produce ¢-melanocyte stimulating hormone (103). These peptide hormones activate G-
protein coupled melanocortin receptors (104) which activate adenylyl cyclase and lead to
an increase in intracellular cyclic adenosine monophosphate (cAMP) (103, 105). cAMP
activates protein kinase C beta which, in turn, activates tyrosinase through
phosphorylation of serine residues in the cytoplasmi;: domain of the melanosomal-
membrane bound protein (105, 106).

Melanogenesis is also regulated by light during the tanning process. Light
produces two tanning phases—immediate tanning and delayed tanning (107). Melanin
formed during immediate tanning appears to be structurally different from constitutive
melanin. Although exact structures are not known, it is derived from photo-oxidation
polymerization products of melanogenic precursors such as DHI and DHICA. Its

formation is oxygen dependent (107). Delayed tanning is not oxygen dependent and
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produces a longer lasting tan due to increased melanin synthesis, melanin transfer to, and
distribution in epidermal cells (107). Although the biochemical pathway for delayed
tanning is not well understood, studies by Schallreuter and co-workers (104) suggest that
UVB can release TNF-¢, which induces GTP-cyclohydrolase I, which, in turn,
synthesizes L-erythro-5,6,7,8-tetrahydrobiopterin (6BH4), a cofactor for phenylalanine
hydroxylase which converts phenylalanine to tyrosine—the amino acid required for
melanin synthesis. 6BH4 is known to inhibit tyrosinase by a noncompetitive allosteric
mechanism (108), but UVB light can photo-oxidize 6BH4 to 7,8-dihydroxanthopterin,
reactivating tyrosinase and overall enhancing pigmentation (104, 109). Evidence
presented by Palumbo et al. (110), suggests that in addition to its well known copper
cofactor, tyrosinase may also require Fe>* to act as a redox exchanger with the cupric ions
at the active site of the enzyme. The summary of scientific literature available on
tyrosinase research suggests that it is indeed a complexly regulated enzyme. Other,
perhaps independent, pathways may also be involved in delayed tanning. Additional data
suggest that DNA damage induced by UV light can induce melanin production (111).
Interestingly a primary mediator of this response appears to be the thymine dinucleotides
produced during DNA excision repair after UV irraciiation. Presented to cells alone in
the absence of UV light, such dinucleotide dimers can induce melanin production that
closely mimics that induced by UV irradiation itself. The biochemical pathways
underlying this process, as well as UV light-induced tanning in general, however, remain

to be confirmed and fully elucidated.
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Modern Hair Testing

Applications for Hair Testing

Even though all the time course, metabolic, and potential hair color bias effects
have not been completely worked out for hair testing, hair testing is now the most widely
accepted alternative to urinalysis for drug testing in the United States (112). Among hair
testing’s applications include preemployment screening, drug recidivism screening for
patients in antiabuse programs, athlete testing, school drug testing, and home hair testing
kits (for parents to screen their children). Hair testing has been applied to virtually every
drug-testing situation. An interesting proposal for the use of hair testing would be in
compliance monitoring programs (113-119). The pﬁrposes of such analyses would
include monitoring patient compliance of prescribed medications (i.e., neuroleptics,
antiepileptics, buprenorphine, and methadone) and even potentially using an “inert” drug
such as ofloxacin that moves up in the hair shaft with time to track another drug’s
ingestion during a specified monitoring period. In theory, drugs stay with the hair cells
they incorporate into and move along with the hair shaft as it grows. This phenomenon

has been documented for ofloxacin (120), rhodamine, and fluorescein (49).

Advantages of Hair Testing

There are two primary advantages that hair testing provides over traditional
urinalysis and plasma testing methods. First, hair testing is less invasive; collecting a few
hairs from the scalp takes less effort for both laboratory personnel and the patient than
does acquiring a urine or plasma specimen. Integrity of the sample can also be ensured
because laboratory personnel (or potential employeré) can collect the sample directly

from the subject without the difficulties of having to trust the subject or having to observe
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urination. Second, hair testing provides a larger window of detection than does plasma or
urinalysis. A commonly sited time frame for detection of common drugs of abuse is 90

days (112), although this has not been rigorously tested for every drug tested for in hair.

Disadvantaees of Hair Testing

There are a few difficulties specific to hair testing that are not encountered with
traditional plasma and urine testing. First, drugs from the environment (i.e., smoke) can
adhere to the outside of hair and produce a positive test result even if no drug has been
ingested systemically. This can be a problem with all drugs that are smoked (which,
unfortunately, includes all the major drugs of abuse). In theory it may be possible to
circumvent this difficulty by applying a proper wash procedure to the hair prior to
analysis. The wash procedure must be documented to wash off only external drug
contamination (without removing systemically incorporated drug, presumably inside the
hair shaft) and to remove all external contamination. Paulsen et al. (121) have
demonstrated that several currently employed labore;tory hair wash procedures (including
methanol, 0.1 M phosphate, pH 6.0 and pH 8.0, and isopropanol and phosphate buffer,
pH 5.5) can significantly alter the reported levels of cocaine in hair from systemic
incorporation. Unpublished data from the Center for Human Toxicology at the
University of Utah indicate that both rat and human hair exposed to cocaine freebase
smoke, even after washing with phosphate buffer, pH 5.5 and methanol, contains enough
cocaine to potentially be reported positive for drug abuse—if benzoylecgonine (BE) is
not taken into account. If not handled carefully and appropriately, the former
phenomenon can lead to false negative results and the latter to false positive results.

Therefore special care to properly interpret hair testing results, e.g., employing a BE to
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cocaine minimum ratio (that is, a metabolite to parent drug minimum ratio) for a positive
test and performing thorough validation studies, must be taken to produce accurate hair
testing reports.

In addition to smoke, drugs can also be deposited on the hair from perspiration
and sebum. It would not present a problem if this route of incorporation produced a
positive test, but interindividual differences in the concentration of drug in perspiration
and sebum and the amount of perspiration and seburh secreted are just starting to be
investigated (122, 123) and may play significant roles in determining hair test outcomes
if wash procedures are routinely employed.

A second major difficulty involving hair testing is the effect of hair treatments
such as bleaching and dyeing on hair test outcomes. Included in this category is head
shaving, which, if head hair is the only validated hair type for drug testing, could easily
provide a means of evading hair testing. The effects of hair treatments such as bleaching
and dyeing on hair drﬁg test outcomes are not well investigated. However, studies by
Kidwell and DeLauder (124, 125) suggest that cosmetic hair treatments may alter the
physical properties of hair, thereby altering its drug binding capacity and increasing its
accessibility to external contamination; thus potentially altering a hair test outcome.

A third problem plaguing hair testing and a major focus of this dissertation is the
potential for hair color bias; that is, the phenomenon where more drug is incorporated
into dark hair than light colored hair—all else held equal. Hair color bias arises for a
drug because of its binding affinity for the hair melanin itself. As mentioned above,
because of their affinity for certain types of drugs (e.:g., basic drugs) (50-62), melanins

appear to play a major role in the incorporation of such drugs into pigmented hair (40,



63-71). The existence of a hair color bias means that for hair testing to be fair to all
members of society, hair testing for drugs that demonstrate a hair color bias must include
normalization to the amount of melanin in hair—especially, and perhaps specifically, the
amount of eumelanin in hair. Studies at the Center for Human Toxicology at the
University of Utah (126) have shown that incorporatbion of codeine into human hair is
highly correlated with the amount of eumelanin in hair while the amount of pheomelanin
does not seem to matter much. This is in agreement with studies to be presented later in
this dissertation showing that pure eumelanins bind basic drugs but that pure
pheomelanins do not bind basic drugs.

In summary, hair testing provides advantages over traditional drug testing
techniques that make it a very attractive alternative matrix for drug detection. As hair
testing technology becomes more popular, however, we must make sure not to extend
hair testing beyond our fundamental knowledge of the chemical and biological processes
involved in drug incorporation into hair. Only in this manner can society be assured of

fair and accurate drug testing outcomes from this innovative technique.

Research Objectives

The overall objectives of this research were to assess the ability of basic and non-
basic related drugs to incorporate into black and white hair, bind to melanin, and move
into and out of hair cells. The following hypotheses and specific aims were designed to
accomplish these goals:

1. Hypothesis: The amount of melanin in hair is directly proportional to the

amount of systemically administered codeine that is incorporated into hair.
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Specific Aim 1a: Establish subtype specific melanin assays for quantitating the amounts

of DHI, DHICA, 2-CysDOPA, and 5-CysDOPA-derived melanin in biological melanin-
containing samples.

Specific Aim 1b: Correlate the amount of each melanin subtype in hair to the amount of

codeine incorporated into the hair through linear regression analysis.
2. Hypothesis: Amphetamine will show a hair color bias while its non-basic
analog N-AcAp will not.

Specific Aim 2: Determine the concentrations of amphetamine and N-AcAp in black and

white rat hair (from the same animal) after systemic administration of the drugs.

3. Hypothesis: Drugs that demonstrate a hair color bias will bind to DHICA-
melanin with the same affinity, but greater capacity than to DHi—melanin, and with lower
affinities and capacities for 2-CysDOPA-melanin and 5-CysDOPA-melanin. Analogs of
these drugs that do not demonstrate a hair color bias will not bind to any type of melanin.

Specific Aim 3: Determine the in vitro binding affinities and capacities of cocaine, BE,

amphetamine, and N-AcAp for DHICA-melanin, DHI-melanin, mixed DHI/2-CysDOPA-
melanin, mixed DHI/5-CysDOPA-melanin, and pure 5-CysDOPA-melanin.

4. Hypothesis: Drugs that incorporate into hair to greater extents than their net-
neutral congeners will be taken up faster, be effluxed slower, and have higher equilibrium
uptake concentrations than their congeners—in keratinocytes, PM, and NPM. In
addition, basic drugs will be transported at the same rate into PM and NPM, but will have
higher equilibrium concentrations in PM than their nonbasic analogs. Finally, plasma
protein binding will not completely account for the drug to metabolite or congener ratio

differences seen in plasma and hair. That is, hair cell selectivity (as opposed to free drug
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concentration in plasma) is suspected as the major factor in determining how much of a

drug gets into hair cells.

Specific Aim 4a: Profile the influx and efflux time courses of cocaine, BE, amphetamine

and N-AcAp in cultured keratinocytes, PM, and NPM, and relate this data to in vivo data
for drug incorporation into hair.

Specific Aim 4b: Determine the extent of plasma protein binding of cocaine, BE,

amphetamine, and N-AcAp to assess the relative amounts of free cocaine vs. free BE in
plasma (after cocaine administration), and free amphetamine vs. free N-AcAp (after equi-

dosing of either drug).



CHAPTER 2

RELATIONSHIP OF MELANIN DEGRADATION PRODUCTS TO ACTUAL

MELANIN CONTENT: APPLICATION TO HUMAN HAIR®

Numerous studies have confirmed that melanin pigments play an important role in
the incorporation of drugs into hair (3, 40, 63-65, 69-71, 127, 128). This may lead to a
hair color bias in the interpretation of hair testing results. The purpose of this
investigation was to determine the yield of melanin subtype-specific chemical markers
produced from chemical degradations of pure melanin subtypes, then apply this
information to profile the melanin content and character of a range of human hair types.

Melanins are highly heterogeneous pigment polymers that give hair and skin their
color. These pigments are typically divided into two categories: the black eumelanins
and the reddish-brown pheomelanins. Eumelanin is composed of the tyrosine-derived
indole units DHI and DHICA (129, 130) (Figure 2.1). Pheomelanin is composed of
tyrosine and cysteine-derived units, generally thought to be constructed into
benzothiazine monomers that make up the pheomelanin polymer (96). 5-CysDOPA and
2-CysDOPA are thought to be the major pheomelanin building blocks (132) (Figure 2.1).

It must be kept in mind, however, that in vivo, melanins are generally not homopolymers

a L
Relationship of Melanin Degradation Products to Actual Melanin Content: Application to

Human Hair” by Chad R. Borges ez al., from Analytical Biochemistry, Volume 290, 116-125, copyright ©
2001 by Academic Press, reprinted, with modification, by permission of the publisher.



Figure 2.1 Biological synthesis and chemical degradation pathways of: A) eumelanin and

B) pheomelanin. (Adapted from Ozeki et al. (131) and Kolb er al. (132))
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of a single building block or even made solely from eumelanin or pheomelanin
monomers—rather they are mostly ill-defined heterqpolymers made up of both
eumelanin and pheomelanin building blocks (96).

Melanins are biologically synthesized through what is thought to be a free radical-
mediated process (133-135) in the melanosomes of melanocytes with the aid of the
enzyme tyrosinase. In the cell, melanins are covalently linked to proteins to produc-:e
structures referred to as melanoproteins. Once melanoproteins are made they are
transferred to keratinqcytes (96, 136) where they are effectively displayed on the body’s
surface. While the biological role of melanin is not completely understood, it is known
that eumnelanin in dark skinned individuals serves in.a photo-protective manner against
damaging ultraviolet light. On the other hand, large amounts of pheomelanin in light
skinned/freckled individuals appears to make them more susceptible to skin cancer (137-
139). The natural role of melanin in hair, however, remains unknown.

It is not a “natural” role, but recent studies have shown that melanin plays a
crucial role in binding many drugs that are incorporated into hair. Interestingly, a number
of drugs with a basic nitrogen moiety such as cocaine (63), methadone, (140), codeine
(127), phencyclidine (69), haloperidol (70), ofloxacin (71), and nicotine (40) have all
been shown to incorporate in greater amounts into hair of darker vs. lighter pigmentation.
At the same time the nonbasic, but nitrogen-containing drug phenobarbital has been
shown to have no preferential incorporation into hair of darker pigmentation over hair of
lighter pigmentation (65). The theme for preferential incorporation into hair of darker
pigmentation appears to be a basic nitrogen moiety. .This is not surprising when one

considers both the relatively high content of negatively charged carboxyl groups on
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melanin (96, 129) and the fact that substances with cationic properties such as amines and
metals are bound to melanin through ionic interactions (58, 83).

If the role of melanins in drug uptake into hair is to be fully understood, the
chemical nature and quantity of the melanins in hair must be elucidated. Sensitive HPLC
methods for characterizing specific melanin subtypes, that is, DHI and DHICA in
eumelanin, and 5-CysDOPA and 2-CysDOPA in phgomelanin, have been developed
(130, 132). These methods involve chemically degrading eumelanins and pheomelanins
with hydrogen peroxide and hydriodic acid, respectively, to pr;oduce PDCA, PTCA,
AHP, and 3AT (Figure 2.1)—chemical markers for DHI, DHICA, 5-CysDOPA, and 2-
CysDOPA, respectively. |

This chapter reports the yields of PDCA, PTCA, AHP, and 3AT that are produced
upon alkaline hydrogen peroxide or hydriodic acid degradation of melanins made solely
from monomers of DHI, DHICA, 5-CysDOPA, or 2-CysDOPA, using modified versions
of the original degradation methods (130, 132, 141). The eumelanin assay was modified
to include sodium hydroxide as the alkaline agent. This permits complete degradation of
hair sarﬁples during the incubation time. Thus the yields for PDCA and PTCA that were
previously reported (130) for this assay needed to bq re-determined. The previously
reported yield for combined 3AT and AHP from 5-CysDOPA melanin was 20% (141).
Individual yields from 3AT and AHP from 2-CysDOPA melanin and 5-CysDOPA
melanin, respectively, are now reported. To ensure accuracy when analyzing biological
samples, cross-reactivity studies were conducted to account for production of chemical
degradation markers from unexpected sources. The modified methods and newly

determined yields were used to determine the melanin subtype composition of a variety
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of human hair samples. Finally, the melanin content was correlated to codeine

incorporation to assess any possible relationship between the two variables.

Materials and Methods

Materials

Tyrosinase, 3AT, hydriodic acid, and hydrogen peroxide were purchased from
Sigma Chemical Co. (St. Louis, MO). Hypophosphorous acid (H3zPO,) was purchased
from Aldrich Chemical Co. (Milwaukee, WI). DHI and DHICA were made according to
the method of Wakamatsu and Ito (142). 5-CysDOPA and 2-CysDOPA were made
according to the method of Ito et al. (143). PDCA and PTCA were made according to
the method of Ito and Wakamatsu (130). AHP was isolated from hydriodic acid
hydrolyzed 5-CysDOPA melanin by the solid phase extraction method described below
for extraction of AHP and 3AT from hydriodic acid hydrolysates, but using 2 M HCl
instead of 0.3 M KClI to elute AHP from the columns. Eumelanins were made according
to the method of Ito et al. (144) and pheomelanins were made according to the method of
Ito and Fujita (141). The structure and purity of all synthetic compounds (except
melanins) were confirmed by NMR and/or mass spectrometry (see Appendix). 'H NMR
spectra were obtained on a Bruker AF-200 MHz spéctrometer. Mass spectra for synthetic
compounds were obtained with a HP 1100 series LC/MSD mass spectrometer in FIA

mode equipped with an electrospray ion source. All other chemicals used were of the

highest purity available.



31

Melanin Analysis

Melanins were prepared for analysis by homogenization in water at a
concentration of 2 mg/ml using a glass homogenizer operated by a drill press. Hair was
cut into small (< 2 mm) pieces prior to being weighed out. Typically 0.2 mg melanin and
5 mg hair were used for analysis.

Eumelanin analysis. Samples were chemically degraded then analyzed for PDCA

and PTCA via the method of Ito and Wakamatsu (130) with modifications: To a given
sample (~5 mg) in 100 pl water in a screw-capped tqbe was added 820 ul 0.5 M NaOH,
80 ul 3% H,0,, and 40 nmol phthalic acid as an internal standard. Samples were then
heated in a boiling water bath for 20 min. After cooling, 20 pl 10% Na,SO; and 250 ul 6
M HCI were added. Samples were then extracted twice with 7 ml ethyl acetate. The
ethyl acetate was dried under a stream of air at 45 °C and the residue redissolved in 1 ml
starting HPLC mobile phase. HPLC analysis was carried out with a Waters 600E
multisolvent delivery system equipped with a Waters 600 controller and Waters 717plus
autosampler. One hundred microliter samples were injected onto a Phenomenex
(Torrance, CA) Luna 5 pum C18 250 x 4.6 mm column at a temperature of 55 °C.
Analytes were detected with a Varian 9050 variable wavelength UV detector set at 280
nm. HPLC mobile phase consisted of 0.01 M potassium phosphate buffer, pH 2.1, and
methanol at a flow rate of 0.8 ml/min under the following gradient: 98%/2%
Aqueous/organic ramped evenly from time O to 14 min to 40%/60% aqueous/organic,
held at 40%/60% aqueous/organic for 6 min followed by ramping back to 98%/2%
aqueous/organic over 5 min. Amounts of PDCA and PTCA were quantitated using

PDCA:phthalic acid and PTCA:phthalic acid peak height ratios compared to a standard
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curve made from pure PDCA and PTCA standards subjected to alkaline hydrogen

peroxide degradation.

Pheomelanin analysis. Samples were analyzed for pheomelanin content

according to the method of Kolb et al. (132) with modifications. To a 100 pl suspension
of melanin (0.2 mg) or hair (5 mg) in water placed in a screw-capped tube was added 500
ul 57% HI, 20 pl 50% HzPO,, and 20 nmol L-0-methylDOPA (L-0-MD) as an internal
standard. Samples were capped tightly and hydrolyzed at 130 °C in an oil bath for 16
hrs. After cooling, samples were evaporated under reduced pressure in a Savant
(Holbrook, NY) Speed-Vac SPD121P concentrator at 55 °C. Users of this device should
note that HI can corrode the top of the lower magnet assembly and thus eventually
compromise the vacuum established in the concentrator. Dried residue was redissolved
in 1 ml 0.05 M lithium phosphate buffer, pH 4.0, but not adjusted to pH 4.0. AHP and
3AT were extracted With aromatic sulfonic acid (SCX) solid phase extraction (SPE)
columns (Internation'al Serbent Technology, Mid Glamorgan, U.K.) containing 100 mg
sorbent and a 1 ml reservoir volume. SPE columns were washed with 1 ml methanol
(2x), and then 1 ml lithium phosphate buffer (3x) prior to sample application. Columns
were washed with 1 ml water (2x) then eluted with 2 ml 0.3 M KCl, pH 8.5. Twenty
microliters of eluant were injected into the same HPLC system used for eumelanin
analysis, but equipped with a Waters 464 pulsed electrochemical detector equipped with
a glassy carbon electrode set at +400 mV relative to a Ag/AgCl reference electrode.
Mobile phase consisted of 9% 0.01 M potassium phosphate buffer, pH 5.7 containing 1
mM sodium octanesulfonate, and 0.1 mM disodium EDTA / 1% methanol at a flow rate

of 0.9 ml/min. Amounts of AHP and 3AT were quantitated using AHP:L-0-MD and
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3AT:L-0-MD peak height ratios compared to a standard curve made from pure AHP and

3AT standards subjected to hydriodic acid hydrolysis.

Statistical Analysis

Comparisons between groups were made with a two-tailed Student’s t-test

assuming homogeneity of variances. Results significant at p < 0.05 are reported.

Results

Degradation product vields

Repfesentative chromatograms from melanin samples obtained from alkaline
hydrogen peroxide degradation and hydriodic acid hydrolysis are shown in Figures 2.2A
and B. The small PDCA peak height is explained by the relatively low yield of PDCA.
Degradation product yields from their respective pure melanins as well as overall assay
precision can be seen in Table 2.1. Degradation product yields are based on a mass /
mass ratio of the amount of degradation product detected / amount melanin degraded. As
seen from these data, yields of melanin degradation products are quite consistent. To
demonstrate assay linearity with different sample sizes, varied amounts of both hair and
melanin were subjected to both eumelanin and pheomelanin analysis. As shown in
Figure 2.3 and Table 2.2, increasing amounts of melanin or hair produce linearly
increasing amounts of melanin degradation markers. Figure 2.3 demonstrates that as
increasing amounts of eumelanin are oxidized, linearly increasing amounts of PDCA and
PTCA are produced. Table 2.2 shows that in general, linear relationships are found for
plots of the amount of degradation marker produced‘ vs. the amount of pure melanin

subtype degraded, and for plots of the amount of melanin subtype found in a hair sample



Figure 2.2 Sample chromatograms from melanin chemical degradation: A) Alkaline
hydrogen peroxide degradation of 0.2 mg melanin made from 75% DHI/ 25% DHICA
(w/w). B) Hydriodic acid hydrolysis of 25 pug melanin made from 50% 5-CysDOPA /

50% 2-CysDOPA (w/w) (100 nA full scale).
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Table 2.1

Percent yield of degradation markers from pure melanins and assay precision with human hair samples.

PDCA Yield PTCA Yield __AHPYield  3ATYield
Melanins®
Intra assay" 0.37% + 0.007% 4.5% +0.21% 23% +2.0% 16% +0.52%
Inter assay’ 0.37% % 0.025% 4.8% +0.22% 23% +1.2% 16% + 0.87%
DHI Melanin DHICA Melanin 5-CysDOPA Melanin 2-CysDOPA Melanin
Hair®
Intra assay® 13000 + 420 6400 + 710 400 + 38 1200 + 37
Inter assay® ! 14000 + 1700 6200 + 90 | 680 + 58 1000+ 45

b . . .
Expressed as the amount of degradation product detected / amount melanin degraded (w/w percent yield * standard
deviation).
C
n=4
d
n=3
Expressed as ng melanin per mg hair (+ standard deviation). Black hair was used for PDCA and PTCA determination and red
hair was used for AHP and 3AT determination.
For pheomelanin data, interassay precision was assessed with hair from a different individual than that used to assess intra-
assay precision. ' : o
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Figure 2.3 Plot of the amount of eumelanin degradation marker produced vs. the amount
of eumelanin analyzed. This plot demonstrates the melanin assay linearity found when
increasing amounts of melanin or human hair are subjected to analysis. See Table 2.2 for

complete data set and statistical analysis.
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Table 2.2

Regression analysis on melanin assay linearity, shown as increasing amounts of pure melanin subtype or human hair is
subjected to analysis. For degradation markers (PDCA, PTCA, 3AT, and AHP), the data corresponds to a plot of the
amount of degradation marker produced (in ug) vs. the amount of pure melanin subtype degraded (in ug). For a
melanin subtype (the remaining entries), the data correspond to a plot of the amount of melanin subtype found in a hair
sample (in ug) vs. the amount of hair subjected to analysis (in mg). Errors are expressed in terms of standard

deviation as demonstrated by Anderson (145).

R? Slope Slope error y-intercept y-intercept error

PDCA 0.994 0.00297 6.96 x 10 0.0752 0.011

PTCA 0.999 0.0441 0.000421 0.126 - 0.0633
DHI-melanin 0.999 13.0 0.205 0.157 0.889
DHICA-melanin 0.998 6.17 0.201 1.11 0.871
3AT 0.990 0.143 0.00627 0.0690 0.0961

AHP 0.988 0.208 - 0.00804 0.212 0.123
2-CysDOPA-melanin 0.995 1.21 0.0553 0.096 0.182
5-CysDOPA-melanin 0.987 0.203 0.00965 0.00684 0.0318

oy
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vs. the amount of hair subjected to analysis. The limits of quantitation and (limits of
detection) were as follows: DHI-melanin 10 pg (10 pug); DHICA-melanin 1 pg (0.50 pg);
2-CysDOPA-melanin 240 ng (120 ng); and 5-CysDOPA-melanin 170 ng (85 ng).
{(Occasionally, larger injection volumes were used to increase signal to noise up past

limits of quantitation.)

Degradation Product Cross-reactivity

To assess melanin degradation product cross-reactivity, that is, production of
degradation markers from melanins other than the primary producer of a specific
degradation marker, eumelanins were subjected to pheomelanin analysis and vice versa.
Results (shown in Table 2.3) demonstrate that PTCA is produced from DHI melanin and
that PDCA and PTCA are produced from 5-CysDOPA and 2-CysDOPA pheomelanins.
However, based on their precisioﬁ (Table 2.3), cross—reactivity results are consistent and

thus can be accounted for when calculating melanin composition.

Analysis of Heteropolymeric Melanins

To test the reliability of the chemical degradation assays in analyzing
heteropolymeric melanins, a series of mixed composition eumelanins, mixed composition
pheomelanins, and mixed eu-/pheomelanins were made and subjected to analysis. As an
outside verification that the mixed eumelanins were of expected monomer composition,
samples of each mixed eumelanin polymer were subjected to elemental analysis by
combustion (after being dehydrated overnight at room temperature under a vacuum),
Galbraith Laboratories, Inc., Knoxville, TN. As the number of DHI monomer units in the

melanin is increased, one expects the percent carbon and percent nitrogen content of



Table 2.3

Crossreactivity table—production of melanin markers from unexpected melanin sources. Values expressed as the ratio
of nmol degradation product observed per nmol of expected degradation product +standard deviation. n=4 for each

determination.
PDCA PTCA AHP 3AT
DHI-melanin - 1.1 £0:083 Not detected Not detected
DHICA-melanin - Not detected - - Not detected Not detected
5-CysDOPA-melanin 2.6 £0.052 5.8+0.11 - Not detected
2-CysDOPA-melanin 2.2+0.11 7.6+0.17 Not detected -
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that melanin to increase. Shifts in elemental analysis results agree with the monomer
composition results (as determined by chemical degradation analysis) as eumelanin
monomer composition is shifted from DHI to DHICA: 75% DHICA / 25% DHI melanin
was 53.43% C and 7.72% N; 50% DHICA / 50% DHI melanin was 54.10% C and 7.74%
N:; 25% DHICA / 75% DHI melanin was 56.09% C and 7.83% N. Because the
pheomelanin monomers are structural isomers of each other, one cannot tell via changes
in elemental composition what the changes in pheomelanin polymer composition are.
However, because the monomers are structural isomers, their relative incorporation into
the polymer is expected to be approximately equal. Thus, due to lack of an available
second verification procedure, an outside verification of pheomelanin subtype
composition was not carried out. More eumelanin aﬁd less pheomelanin were found in
the mixed eu-/pheomelanin polymer than was expected from the starting monomer
composition. This was verified by elemental analysis results, which confirm that the
sulfur content of the mixed eu-/pheomelanin heteropolymer mixture is less than 3.9%.
The theoretical dehydrated value is 5.4%. The presence of more eumelanin and less
pheomelanin in this polymer mixture than was expected from starting monomer
composition is thought to be due to the fact that pheomelanin is slightly soluble in the
conditions under which the polymer was isolated once it had been formed. Overall, the
fact that chemical degradation results agree with the actual synthetic melanin
compositions (as verified by elemental analysis) (see Figure 2.4 for chemical degradation
assay results) indicates that the assays can reliably assess the composition of
heteropolymeric melanins. Figure 2.4A demonstrates that when eumelanins are

synthesized from different monomer compositions, the alkaline hydrogen peroxide
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Figure 2.4 Analysis of: A) Mixed eumelanin series, B) Mixed pheomelanin series, and C)
Melanin made from 25% (w/w) of all four melanin subtypes. Results agree with
elemental analyses and are expressed as calculated percent composition based on the
mass of degradation product found, divided by the mass/mass % yield of that degradation
product (expressed as a fraction) from a melanin made solely from the monomer that
produces that degradation product, divided by the total mass of melanin degraded, and
multiplying by 100 to obtain a percent value. n=4 for each mixed melanin. Error bars

indicate standard deviation.
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oxidation assay will provide accurate information régarding the composition of the
heteropolymeric eumelanins. Likewise, Figure 2.4B shows that when pheomelanins are
synthesized from different monomer compositions, the reductive HI hydrolysis assay will
provide accurate information regarding the composition of the heteropolymeric
pheomelanins. And finally, Figure 2.4C shows that even when mixed eu-/pheomelanin
copolymers are made, the eumelanin and pheomelanin assays can determine the relative

composition of each melanin subtype.

Melanin Composition of Human Hair Types

The melanin composition of different colored hair from 44 donors was assessed (3
African-Americans with black hair, ] American-Indian with black hair, 6 Asians with
black hair, 6 Anglo-Americans with black hair, 2 Hispanics with black hair, 12 Anglo-
Americans with brown hair, 8 Anglo-Americans with blond hair, and 6 Anglo-Americans
with red hair) (Figure 2.5). Hair color determinations were made by visual inspection
prior to melanin analysis. Results show that black-haired individuals (regardless of race)
have the most DHI and DHICA melanin while red-haired Anglo-Americans have the
most 5-CysDOPA and 2-CysDOPA melanin. Caucasians with black hair have less total
melanin in their hair than other races with black hair examined in the study.

To correlate hair melanin content to codeine (a basic drug, pKa 8.2, Figure 2.6)
incorporation after a single oral dose, a scatter plot of total eumelanin vs. hair codeine
content divided by plasma AUC was made (Figure 2.7). (Experimental design and
codeine content of these human hair samples was previously determined by Rollins ez al.
(126)). A linear regression analysis (Microsoft Excel 2000) on these data produces an i

coefficient of 0.73, meaning that 73% of the variation in the data can be accounted for by
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Figure 2.5 Analysis of human hair for melanin subtypes: A) Eumelanin. *Significantly
different from all black hair (p < 0.0001). tSignificantly different from African-
American black hair (p < 0.01). £Significantly different from Asian black hair (total and
DHI melanin only) (p < 0.05). #Significantly different from brown hair (p < 0.05). B)
Pheomelanin. mSignificantly different from red hair (total pheomelanin and both
subtypes) (p < 0.01). See results section for the number of samples from each group.

Error bars indicate standard deviation.
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Figure 2.6 Chemical structure of codeine



Figure 2.7 The relationship between codeine incorporation into human hair and
eumelanin content. Codeine concentration is expressed in ng codeine / mg hair. AUC
stands for the area under the plasma concentration vs. time pharmacokinetic curve.
Dividing the codeine concentration in hair data by plasma AUC normalizes the codeine
content of the hair for the amount of drug present in the blood. This procedure makes use
of the assumption of a direct linear relationship between blood levels and hair

concentrations of codeine, as demonstrated in rats by Gygi et al. (146).
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eumelanin content alone. Pheomelanin content of human hair demonstrates no

relationship with codeine content.

Discussion

Several methods have been developed for quantitating the amount of total
melanin, eumelanin, and pheomelanin in biological samples (130, 132, 141, 144). The
data presented in this study correlated amounts of melanin subtype-specific degradation
markers to actual amounts of melanin subtypes in a sample. This was done by
determining percent yield values for a given degradation marker from its parent melanin
(homopolymer) subtype and using these values on melanin from hair samples to back-
calculate how much of each melanin subtype was in the hair. Possible difficulties
concerning the validity of the assays such as assay linearity, melanin subtype cross-
reactivity, and assay reliability when assessing heteropolymeric melanins were addressed.
It must be kept in mind, however, that DHI and DHICA are the major precursors to
eumelanin, but eumelanin polymers do not necessariily consist solely of these monomers,
even when these are the only monomers used in the synthesis of the polymer. This is due
to the fact that hydrogen peroxide, produced in the vicinity of developing melanin
polymers during the monomer oxidation process, can partially alter the structure of the
forming polymer by oxidatively degrading some of the DHI and DHICA units into
carboxylic acid substituted pyrrole units (95, 96). Nevertheless, eumelanins consisting
mostly of DHICA units would be expected to have a greater carboxylic acid content than
eumelanins consisting mostly of DHI units. (This hypothesis has been confirmed by
Novellino et al. (95)). In addition, the procedure used to synthesize a melanin can affect

the carboxyl content of the resulting melanin (95) which, in turn, may affect yields of
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PDCA and PTCA from the resulting polymers. Because of this concern, the melanins
used in this study were synthesized via a method that best models the in vivo situation.
That is, tyrosinase was used as the catalytic enzyme while the reaction was carried out
under oxygen in the absence of catalase.

Using the assays and degradation product yield information as described above, it
was determined that average black human hair contains approximately 99% eumelanin
(60% DHI and 40% DHICA-derived eumelanin) and 1% pheomelanin (80% 2-CysDOPA
and 20% 5-CysDOPA-derived pheomelanin); brown and blond hair contain 95%
eumelanin and 5% pheomelanin; and red hair contains 67% eumelanin and 33%
pheomelanin (Figure 2.5). These data suggest that color determination for black, brown,
or blond hair depends more on melanin quantity than eu-/pheomelanin composition,
while red hair may arise through an alteration in the melanin synthesis pathway that leads
to a greater relative production of pheomelanin. This knowledge must be considered
when relating drug-eumelanin or drug-pheomelanin binding data to drug incorporation
into hair.

It has been found that yields of degradation markers are different for each subtype
of melanin, but that yields are highly reproducible (Table 2.1) and thus can be used to
assess the amount of melanin subtypes in a given sample. However, as shown in Table
2.3, some degradation markers are not always produced solely from their primary
melanin subtype source, e.g., PTCA is not produced solely from DHICA melanin.
Because of consistent yields, and the fact that DHICA-melanin is not cross-reactive, this
phenomenon can be accounted for in calculating amounts of melanin subtypes in a

sample. This phenomenon is disconcerting given the postulated structures (Figure 2.1)



for melanin subtype precursors, polymers of which have been shown to produce
unexpected degradation products. Studies by Napolitano er al. (147, 148) have shown
that DHI dimers linked at the 2- position can producé both PDCA and PTCA. It is quite
interesting to note the 1:1 PDCA:PTCA molar ratio produced from DHI melanin in light
of the degradation pathway proposed by Napolitano et al. (147) whereby there is a 50%
chance of producing either PDCA or PTCA from a 2-4 linked DHI dimer.

Production of PDCA and PTCA from both 5-CysDOPA and 2-CysDOPA
pheomelanins is more difficult to explain mechanistically. The production of PDCA and
PTCA from pure pheomelanins suggests the presence of indole units in the polymer.
This could mean that monomers 1 and/or 2 shown in Figure 2.8 may exist as part of the
pheomelanin polymer. Considering the nucleophilié nature of the phenylalanine side
chain amino group and the fact that monomers 1 and 2 have not been ruled out as part of
the make up of 5-CysDOPA and 2-CysDOPA pheomelanin, the presence of such
monomers may explain the production of PDCA and PTCA from pheomelanins.
According to Ito et al. (149), the existence of monomer 1 in the pheomelanin polymer
should be verified by the production of cysteine in hydriodic acid hydrolysates of 5-
CysDOPA and 2-CysDOPA pheomelanin. Using HPLC coupled to mass spectrometry
(LC/MS) it was demonstrated that no cysteine is pro.duced from 5-CysDOPA and 2-
CysDOPA pheomelanin hydriodic acid hydrolysates (data not shown) thus likely ruling
out the presence of monomer 1. Monomer 2, however, remains a possibility because it
should produce 3AT or AHP upon hydriodic acid hydrolysis and PDCA and PTCA upon
alkaline hydrogen peroxide degradation. d’ Ischia et al. (150) identified monomer 2

(saturated at the 2- position) when cysteine was added to oxidized DOPA. They reported
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that this material rapidly autooxidizes to give complex mixtures of yellowish-brown
oligomeric materials. The existence of monomer 2 in pheomelanin, however, remains to
be proven.

In conclusion, the data presented in this paper provide the means to calculate the
amount of each melanin subtype present in a hair sample. As demonstrated in Figure 2.7,
a strong relationship exists between codeine incorporation into human héi; and eumelanin
content. A similar relationship may exist for other basic drugs as well—perhaps
providing a means to normalize drug concentrations in hair to eumelanin concentrations
so as to eliminate any potential color bias. As testing for drugs in hair becomes a more
commonplace procedure, the role of specific melanin subtypes may become more

pronounced. Quantitation of melanin subtypes therefore may become critically important

in interpreting quantitative drug testing results.



CHAPTER 3

AMPHETAMINE AND N-ACETYLAMPHETAMINE INCORPORATION INTO

HAIR: AN INVESTIGATION OF THE POTENTIAL ROLE OF

DRUG BASICITY IN HAIR COLOR BIAS®

Forensic testing for drugs of abuse in hair has become a popular alternative to
traditional urinalysis. Hair color bias, however, presents a problem to fair hair testing. A
number of basic drugs including cocaine (66, 151), phencyclidine (69), codeine (65, 152),
stanozolol (68), and nicotine (40) have been found to incorporate to a greater extent into
dark hair over light colored hair. To develop nonbiased testing procedures, the roles of
drug chemistry and hair pigmentation in determining drug concentrations in hair must be
understood.

Hair pigment, or melanin, is a polyanionic indolequinone-based polymer that has
the potential to interact with positively charged molecules. A number of researchers have
suggested that drug-melanin binding through ionic and/or van der Waals interactions
between drug molecules and melanin polymers may be responsible for the preferential
incorporation of some drugs into pigmented vs. nonpigmented hair (30, 64, 69, 75, 153).

Basic drugs are positively charged at physiologic pH. If such drugs are incorporated into

gReproduced, with slight modification, from C.R. Borges, D.G. Wilkins, and D.E. Rollins. J.
Anal. Toxicol. 25: 221-227 (2001), (the Journal of Analytical Toxicology) by permission of Preston
Publications. A Division of Preston Industries, Inc.
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hair they may bind to melanin and show a preference for incorporation into pigmented vs.
non-pigmented hair. Neutral or acidic drugs may only be able to interact with melanin
through weak van der Waals forces, thus they are less likely to show a preference for
incorporation into pigmented vs. nonpigmented hair. In agreement with this idea,
phenobarbital, an acidic drug, does not incorporate preferentially into pigmented vs. non-
pigmented rat hair (65). In addition, other evidence indicates that carbarﬁazepine (pKa
~7) does not exhibit a hair color bias in humans (74). Although characterized as a basic
drug, a relatively low pKa leaves most of the drug uncharged as it circulates throughout
the body.

Ionic interactions with melanin do not provide the only means for a drug to get
into hair. In addition to N-AcAp (41) (data shown bélow), other nonionic compounds
such as A9—tetrahydrocannabinol (THC) (33-35, 154), and a large number of steroids such
as testosterone (155-157), dehydroepiandosterone (158, 159), 17-B-estradiol (160), and
nandrolone (161-163) have been found in hair indicating that melanin may not be the
only drug binding site in hair (46, 49, 63).

Amphetamine and N-AcAp have been shown to incorporate into hair (3, 41).

This paper describes the use of amphetamine (pKa 9.8) and its nonbasic analog N-AcAp
(Figure 3.1) to investigate the role of drug basicity in the hair color bias that is sometimes

observed in drug incorporation into hair.

Materials and Methods

Chemicals and Reagents

d-Amphetamine sulfate and d-amphetamine sulfate-d3 were obtained from Sigma

(St. Louis, MO). N-AcAp and N-AcAp-d3 were synthesized with acetic anhydride



Amphetamine N-Acetylamphetamine

Figure 3.1 Chemical structures of amphetamine and N-AcAp.



and acetic anhydride-d6 obtained from Sigma, according to the method of Halmekoski
and Saarinen (164). Identities and purity of the crysfalline products were verified by
mass spectrometry and 'H-NMR ('H-NMR for dO N-AcAp only) (see Appendix). The
melting point of d-N-acetylamphetamine and d-N-acetylamphetamine-d3 was 123-124
°C. N-butyl chloride, chloroform, and methanol (HPLC grade) were obtained from
Burdick and Jackson (Muskegon, MI). All other reagent grade chemicals were obtained

from Mallinckrodt (St. Louis, MO).

Stock Solutions and Preparation of Standard Curves

Separate stock solutions of amphetamine sulfate and N-AcAp (5 mg/mL) in
deionized water and methanol, respectively, were made. (Only the mass of amphetamine
from the amphetamine sulfate was accounted for when calculating dilutions.) From stock
solutions, working solutions of 0.1, 1, and 10 ng/pL drug in water were made. Daily
standard curves were obtained by analyzing hair samples (20 mg) fortified with
amphetamine or N-AcAp at 0, 0.1, 0.2, 0.3, 0.5, 1, 2, 3, 5, 10, 25, and 50 ng/mg hair.
Quality control (QC) samples (0.3, 3, and 25 ng/mg hair) were prepared daily from

working solutions of stock sources different from those used to prepare standard curves.

Animal Protocols

Male LE rats (~150 g) were obtained from Harlan Sprague-Dawley (Indianapolis,
IN) and maintained in an environmentally controlled room with a 12-h light-dark cycle
and free access to food and water. Animals were housed individually in hanging wire
cages to prevent contamination from urine, saliva, bedding, or other rats. Drug free rat

hair was obtained by shaving nondosed LE rats. Prior to dosing, the entire dorsal area of



64

each rat was shaved. d-Amphetamine sulfate or N-AcAp dissolved in normal saline or
corn oil, respectively, was administered by intraperitoneal injection once daily at a dose
of 10 mg/kg (n=8 for each drug) for 5 days. Regrown hair was shaved and separated into
white and black samples 14 days after dosing was stérted. Hair samples were again
collected 28 days after the initial drug administration. Hair was stored at —20 °C before
digestion and extraction. Each hair sample was carefully analyzed under a large

magnifying glass and any skin flakes present were removed.

Sample Digestion and Extraction

Hair samples were mulched with scissors and then weighed (~20 mg) into
separate 16 x 100 silanized glass test tubes. After the addition of 2 ng/mg d3 internal
standard, samples were completely solubilized in 2 mL 1 M NaOH overnight at 37 °C.
To each sample was added 200 pL concentrated ammonium hydroxide, followed by 4
mL n-butyl chloride : chloroform (4:1). Samples were then mixed for 30 min on a test
tube rocker, followed by centrifugation for 10 min at 1800 rpm in an IEC International
(Needham Heights, MA) swing bucket centrifuge. The organic layer was transferred to a
separate test tube and dried under a gentle stream of air at room temperature. Recoveries
of amphetamine and N-AcAp were approximately 80%, thus no significant loss of

analyte occurred during evaporation. The dried extracts were reconstituted in 100 uL LC

mobile phase for injection.

LC/MS/MS Analvsis

HPLC coupled to tandem mass spectrometry (LC/MS/MS) analysis was selected

as the analytical technique due to its excellent selectivity and sensitivity as well as its
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ability to analyze polar compounds without derivitization. Analysis was performed in
positive ion mode on a ThermoQuest TSQ/SSQ 7000 mass spectrometer (Finnigan, San
Jose, CA) equipped with an electrospray ionization interface coupled to a Hewlett
Packard (Palo Alto, CA) 1100 Series HPLC. Spray ‘voltage was set at 4.5 kV, heated
capillary at 250 °C, collision gas at 3.5 mTorr, and collision offset at =25 V. HPLC
separation was performed on a Phenomenex (Torrance, CA) Luna 30 x 2.00 mm, 5 pm,
C18(2) column under the following conditions: Amphetamine was eluted isocratically
with 80% 0.1% formic acid / 20% methanol and monitored at its 136 m/z to 91 m/z
transition. Amphetamine-d3 was monitored at its 139 m/z to 92 m/z transition. N-AcAp
was eluted isocratically with 40% 0.1% formic acid / 60% methanol and monitored at its
178 m/z to 91 m/z transition. N-AcAp-d3 was monitored at its 181 m/z to 91 m/z

transition.

Statistical Analysis

Comparisons between groups were made with a two-tailed Student’s t-test
assuming homogeneity of variances. Results significant at p < 0.05 are reported with

relevant approximate p values.

Results

Assay Validation

To validate the analytical method for amphetamine and N-AcAp, intra- and
interassay accuracy and intra- and interassay precision were evaluated (Table 3.1). Data
for amphetamine and N-AcAp recovery are also included in Table 3.1. Accuracy,

precision, and recovery experiments were done with stock solutions separate from those



Method validation for amphetamine and N-AcAp. Inter assay precision was determined with three runs of three

Table 3.1

to five samples each. See Results section for explanations of how percentages were calculated.

. Tar Target

Amphetamine n Concen%reetltion 7 N-AcAp : Concen%ration %

Intra Assay Accuracy % | n=5 | 0.3 ng/mg | 6.0 Intra Assay Accuracy % [ n=5| 0.3ng/mg | 3.5
n=5 3ng/mg |26 n=5 3 ng/mg 3.2

n=5| 25ng/mg | 0.9 n=5| 25ng/mg | 6.7

Inter Assay Accuracy % | n=15] 0.3 ng/mg | 6.6 Inter Assay Accuracy % |n=11| 0.3ng/mg | 7.1
n=15| 3 ng/mg 1.5 n=14| 3 ng/mg 6.9

n=15| 25ng/mg | 2.8 n=11| 25ng/mg | 8.3

Intra Assay Precision % CV| n=5 | 0.3ng/mg | 7.6 Intra Assay Precision % CV| n=5| 0.3ng/mg | 1.8
n=5 3 ng/mg 0.9 n=5 3 ng/mg 0.7
n=5| 25ng/mg | 1.5 n=5| 25ng/mg [11.8

Inter Assay Precision % CV|n=15| 0.3 ng/mg [10.0 Inter Assay Precision % CV|n=11] 0.3ng/mg | 7.0
n=15| 3 ng/mg 0.8 n=14| 3ng/mg 1.5

n=15} 25ng/mg | 5.1 n=11] 25ng/mg [ 5.2

% Recovery n=5 | 0.3ng/mg |85.6 - % Recovery n=5| 0.3ng/mg |74.0].

n=5 3ng/mg |79.7 n=5 3ng/mg |81.0
n=5 | 25ng/mg [80.7 n=5| 25ng/mg |80.0

99
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used to prepare standard curves. Accuracy was calculated by dividing the absolute value
of the difference between the target concentration aﬁd the observed concentration by the
target concentration then multiplying by 100 to obtain a percentage. Data are thus read as
being accurate to within a certain percentage of the target concentration. Precision was
assessed as the percent coefficient of variation from the mean concentration. Recovery
was determined by spiking samples with internal standafd after extraction and dividing
their mean observed concentration by the mean observed concentration of another group
of samples to which internal standard was added as described above. Amphetamine and
N-AcAp were quantitated by obtaining peak area ratios (d0/d3) and comparing these to a
standard curve created in the same manner. Accuracy remained within 8.3% and
precision remained within 11.8% at the concentratioﬁs studied here. Standard curves
were linear from O to 50 ng / mg hair and r* values were typically 0.99 or higher. The
limit of quantitation (LOQ), set at a minimum signal to noise ratio of 5 and quantitation
accuracy of éO%, was 0.1 ng drug/mg hair. Recovery of both amphetamine and N-AcAp
from the extraction procedure was approximately 80%.

Amphetamine and amphetamine-d3 were monitored with 136 m/z to 91 m/z and
139 m/z to 92 m/z transitions, respectively, and N-AcAp and N-AcAp-d3 were monitored
with 178 m/z to 91 m/z and 181 m/z to 91 m/z transitions, respectively. Representative
selected reaction-monitoring (SRM) chromatograms for amphetafnine and N-AcAp found
in rat hair are shown in Figure 3.2. Chromatographic runs were 3 min in length. Hair
collected prior to dosing (day 0) contained no detectable drugs. Day 28 hair for both
amphetamine and N-AcAp was at or below the LOQ. Analysis of hair collected 14 days

after dosing (Figure 3.3) revealed that amphetamine was incorporated into black hair at a
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Figure 3.2 Representative SRM chromatograms for A) amphetamine found in rat hair and

B) N-AcAp found in rat hair



SRM: 136 m/zto 91 m/z

SRM: 139 m/z to 92 m/z

" 10 1.5
Time {min)

69



SRM: 178 m/z to 91 m/z

SRM: 181 m/z to 91 m/z

[

0.0 0.5 1.0 15 20 25 30
Time (min})

70



Figure 3.3 Concentrations of A) amphetamine found in white and black rat hair and B)
N-AcAp found in white and black rat hair. Error bars represent standard deviation. n=8

for each drug. *Significant at p < 0.001.
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mean concentration of 6.44 + 1.31 (SD) ng amphetamine / mg hair, an amount
significantly different (p < 0.001) from that found in white hair (2.04 = 0.58 ng
amphetamine/mg hair) (n=8). In contrast, no difference in N-AcAp content was found
between black hair (0.87 = 0.08 ng N-AcAp/mg hair) and white hair (0.83 + 0.15 ng N-

AcAp/mg hair) from rats dosed with N-AcAp (n=8).

Discussion

Nakahara et al. (41, 43, 67, 75) have suggested that drug basicity, which, in
theory, leads to drug-melanin binding, is an important characteristic governing the
incorporation of a drug into hair. Additional studies have indicated that although drugs
do not have to be basic (e.g., phenobarbital) to be highly incorporated into hair (65), drug
basicity may play a strong role in the preferential incorporation of a given drug into
pigmented vs. nonpigmented hair (65, 66, 68, 69, 127, 153). To directly evaluate the role
of drug basicity in potential hair color bias, this study employed amphetamine and N-
AcAp (a basic drug and its nonbasic analog) to test fhe hypothesis that a basic drug will
show a hair color bias, but that a nonbasic drug will not show a hair color bias. LE rats
were chosen for this study because the presence of black and white hair on the same
animal helps eliminate black hair vs. white hair drug concentration differences due to
additional factors such as species differences and interanimal variability. (Also, by
simple visual inspection, no differences were noted between black hair and white hair
growth rates on the same animal.) The results of this study clearly demonstrate that drug
basicity can lead to a hair color bias, but a lack of bgsicity appears to eliminate hair color
bias. Melanin likely plays the dominant role in the demonstrated hair color bias, but we

did not attempt to normalize hair concentrations for melanin content due to the fact that



while there certainly is melanin in black LE rat hair, there are negligible amounts of
melanin in white LE rat hair (as determined by the HPLC method of Borges er al. (165),
chromatograms not shown). Mathematically, normalizing the data in this study to hair
melanin content would produce meaningless data. Interestingly, the fact that drugs were
incorporated into white LE rét hair demonstrates that melanin is not the only binding
location for drugs in hair.

The difference in basicity between amphetamine and N-AcAp represents the most
striking contrast between these two drugs, but there is also a difference in lipophilicity, a
feature that may be partly responsible for the differences in hair incorporation noted in
these studies. However, the greater lipophilicity of N-AcAp is probably not responsible
for its lack of a hair color bias or its lesser incorporation into hair regardless of hair color.
This is because lipophilicity neither increases melanin binding (see Chapter 4) or overall
incorporation into hair, as might be expected according to classical hair incorporation
theories.

Evidence for hair color bias also exists for cocaine (66), phencyclidine (69, ]—28),
nicotine (40), cotinine (40), stanozolol (68), and codeine (64, 65) but not for the acidic
drug phenobarbital, which shows no hair pigmentation bias whatsoever (65). Melanin
consists of polyanionic indolequinonone-based polymers (96) that have been partially
degraded into carboxylic acid substituted pyrrole units (95). In theory, the hair color bias
demonstrated for basic drugs may be caused by the iénic binding of positively charged,
basic drug molecules to negatively charged melanin pigment polymers. In vitro drug-

melanin binding studies with amphetamine and N-AcAp were also conducted to further

test this theory (see Chapter 4).
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Some epidemiological evidence (72, 73, 166) has suggested that there is no hair
color bias for amphetamines and cocaine. These authors suggest that differences in hair
drug concentrations between races are due to differences in drug preferences among the
various societal groups rather than due to a hair color bias (defined as the situation where
more drug is deposited into darker hair vs. lighter hair, given equal dosing). One primary
conclusion is that, “...there is no significant relationship between [hair] color category
and likelihood to test positive for c;)caine. (166)” Unfortunately, information on exactly
which individuals from different races actually ingested the drugs in question is not
available in these studies. Hair analysis simply says whether or not there is drug in hair
above a certain concentration. As such, there may not be an effective hair color bias.
Such epidemiological evidence is derived from a dichotomous hair test outcome, the
results of which depend on an established cutoff concentration above which a test result
is considered positive. It may be the case that the cutoff concentration is set |
appropriately so that all (or nearly all) of the individuals taking the drugs in question are
found positive regardless of hair color. That is, for (nearly) all users, sufficient drug is
incorporated into their hair to produce a positive test outcome regardless of hair color.
There may have been no or too few users exposed to a small enough dose for light-haired
individuals to test negative and dark-haired individuals to be shown positive for drug use.
Importantly, while there may be more drug in dark colored hair, there may still be enough
drug in light colored hair to produce a positive result. A recent study by Rollins et al.
(126) helps to elucidate this matter. Their study demonstrated clear differences between

light and dark colored hair concentrations of ofloxacin and codeine for a group of human

subjects given the same low therapeutic dose of ofloxacin or codeine. Thus, they
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demonstrated hair color biases for both ofloxacin and codeine testing in hair at
therapeutic doses. As clearly shown by their results, however, for a given dose, an unfair
testing situation only exists if the cutoff concentration is set too high. That is, if the
cutoff concentration is set above the mean drug concentration in light hair but below the
mean drug concentration in dark hair. While it is necessary to set high enough cutoff
concentrations to clearly distinguish from background noise, setting cutoff concentrations
as close to background levels as possible will help to make any possible unfair hair color
effects as minimal as possible (i.e., there will be fewer individuals in the dose range
where a negative test will be produced for light colored hair and a positive test produced
for dark colored hair). The likelihood of eliminating an unfair hair-testing situation,
however, would have to be determined for each individual drug.

In comparing the overall incorporation of amphetamine vs. N-AcAp in ﬁair,
Nakahara et al. have demonstrated using dark agouti rats that even th‘ough plasma
concentrations of N-AcAp are much higher than those of amphetamine (41) (given equal
doses), amphetamine is incorporated into hair to a far greater extent than is N-AcAp (41).
Their findings regarding amphetamine and N-AcAp in hair were substantiated by this
study in LE rats (in both black and white hair). Thus while drug-melanin binding
certainly plays a strong role in drug incorporation into hair and determining hair color
bias, additional processes such as hair cell drug transport may be important determinants
of the amount of a given drug incorporated into hair—pigmentation differences aside. As
hair testing for drugs of abuse becomes more commonplace, the relationships between
drug and hair cell biochemistry must become better understood to allow for fair and

accurate interpretation of drug testing results.



CHAPTER 4

COCAINE, BENZOYLECGONINE, AMPHETAMINE, AND
N-ACETYLAMPHETAMINE BINDING TO

MELANIN SUBTYPES

Melanin is an indolequinone based polymer that is polyanionic in nature and
thought to be capable of binding drugs through both'ionic and possibly van der Waals
interactions (51, 53). In vivo, melanin is formed linked to proteins in organelles known
as melanosomes (pigment granules), which are produced in melanocytes. Melanocytes
ultimately transfer their melanosomes to keratinocytes where the pigment can be evenly
displayed on the body surface or in hair (96, 167). The binding of a wide variety of drugs
to melanin both in vitro and in vivo is well documented (51-53, 55,79, 168). Because
melanin is found throughout the body in areas as diverse as the inner ears, eyes, skin,
hair, and brain, the pharmacological and toxicological consequences of drug-melanin
binding range from reduction in antibacterial activity (169), induction of drug toxicity
(87), and protection from drug toxicity (85, 86), to implications for the origin of
Parkinson’s disease (77, 78, 80, 88, 89, 170-172).

Our laboratory is primarily interested in drug-melanin binding from the
perspective of how it affects drug incorporation into hair. A number of studies have
shown that hair pigmentation plays a major role in tﬁe concentration of drug incorporated

into hair (63, 68, 69, 127). These data suggest that a hair color bias may exist when
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testing for drugs of abuse in hair. That is, because more drug is incorporated into the hair
of a dark-haired individual, their hair is more likely to be found positive for a drug that
binds melanin than is the hair of an individual with light colored hair. While there is
some debate as to whether or not melanin can produce an effective “hair color bias” in
actual drug testing (72, 73), the fact that drugs can bind to melanin remains uncontested.

To date, the only drugs definitively shown to incorporate to a greater extent in
dark hair over light hair have been basic dﬁgs—i.e., drugs that have a positive charge at
physiological pH. Negatively charged and neutral drugs such as phenobarbital and N-
AcAp specifically investigated for a hair color bias have been shown to lack this
phenomenon (42, 65). Such findings suggest that it is the ionic binding between
positively charged drug molecules and negatively charged melanin polymers that leads to
a greater incorporation of a drug into pigmented vs. nonpigmented hair. In fact, this
suspicion is supported by mechanistic studies on the nature of drug-melanin interactions
(51, 53).

Melanin, which is ultimately derived from the amino acid tyrosine (Figures 2.1A
and 2.1B), can be divided into two types: the black eumelanins and the reddish-brown
pheomelanins. These types can be further divided iﬁto subtypes: Eumelanins are made
up of primarily DHI and DHICA monomers, (Figure 2.1A) and pheomelanins consist of
primarily 5-CysDOPA and 2-CysDOPA-derived monomer units (Figure 2.1B). DHI and
DHICA are the major precursors of eumelanin, but the polymer does not necessarily
consist solely of these monomers. This is due to the fact that hydrogen peroxide,
produced in the vicinity of developing melanin polymers, can partially alter the forming

polymer by oxidatively degrading some of the DHI and DHICA units into carboxylic
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acid substituted pyrrole units (95, 96). Nevertheless, eumelanins consisting mostly of
DHICA units would be expected to have a greater carboxylic acid content than
eumelanins consisting mostly of DHI units. (This hypothesis has been confirmed by
Novellino et al. (95)). Because of the significant chemical differences between DHI and
DHICA eumelanins and the fact that pheomelanins are substantially chemically different
from eumelanins, the binding properties of different melanin subtypés may differ for a
given drug.

The purpose of the work presented here was to assess the roles of individual
melanin subtypes in binding amphetamine, N—AcAp; cocaine, and BE (Figures 3.1 and
4.1). These drugs were chosen because cocaine (pKa 8.5) exhibits a hair color bias (63,
66) while its zwitterionic chemical congener, BE, has not been shown to exhibit this bias.
Similarly, while amphetamine exhibits a hair color bias (42), its nonbasic analog N-AcAp
has been shown not to exhibit a hair color bias (42). In addition to the drug-melanin
binding studies, attempts were made to begin to elucidate the chemical functional groups
on melanin responsibie for drug binding. Several model molecules containing one
melanin functional group each were analyzed via tandem mass spectrometry for adduct
formation with amphetamine and cocaine. The information gleaned from these studies
helps to elucidate the important chemical properties ‘of both drugs and melanins that are

important for drug-melanin binding and thus for producing a potential hair color bias.
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Figure 4.1 Chemical structures of cocaine and BE
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Materials and Methods

Materials

DHI and DHICA were synthesized as described by Wakamatsu and Ito (142).
DHI-melanin and DHICA-melanin were prepared according to the method of Ito et al.
(144). 5-CysDOPA and 2-CysDOPA were made via the method of Ito ez al. (143). 5-
CysDOPA-melanin and 2-CysDOPA-melanin were prepared as described by Ito and
Fujita (141). Mixed eu-/pheomelanin copolymers from DHI and 5-CysDOPA or 2-
CysDOPA were also made by the method of Ito and Fujita (14 1) omitting the acetone
wash step. The initial reaction mixture contained 40% DHI and 60% CysDOPA (by
mass). Melanin analysis by the method of Borges ez al. (165) revealed that the
copolymers consisted of 80% DHI-melanin and 20% 5-CysDOPA-melanin or 20% 2-
CysDOPA-melanin (by massj. 3H—l—(-)-Cocaine was obtained from NEN Life Science
Products, Inc. (Boston, MA). 3H—1—(-)-Benzoylecgonine was obtained from Moravek
Biochemicals (Brea, CA). Tyrosinase, 1-(-)-cocaine hydrochloride, benzoylecgonine
tetrahydrate, d-amphetamine sulfate, d-amphetamine-d3 sulfate, and acetic anhydride-d6
were obtained from Sigma (St. Louis, MO). N-AcAp and N-AcAp-d3 were synthesized
according to the method of Halmekoski and Saarineﬁ (164), using acetic anhydride-d6 for
N-AcAp-d3. Aminopropylsilica (APS) solid phase sorbent was purchased from
International Sorbent Technology (Mid Glamorgan, UK). Cytoscint ES liquid
scintillation fluid was obtained from ICN Biomedicals, Inc. (Costa Mesa, CA). Buffer
salts were obtained from Mallinckrodt (Paris, KY). The structure and purity of all
synthetic compounds (except melanins) were confirmed by NMR and mass spectrometry

(See Appendix). Matrix assisted laser desorption ionization mass spectrometry (MALDI-



MS) on pure pheomelanin was performed on a PerSeptive Bioscience Voyager-Elite
mass spectrometer equipped with a time-of-flight mass analyzer in positive ionization
mode using as trans-4-hydroxy-3-methoxycinnamic acid as the sample matrix, by Dr.
Vajira Nanayakkara. All other chemicals used are readily available and were of the

highest purity available.

Melanin Preparation

Five different melanins were used in these experiments. They included: DHI-
melanin, DHICA-melanin, 80% DHI/ 20% S-CysDOPA—melanin (DHI/5-CysDOPA-
melanin), 80% DHI/20% 2-CysDOPA-melanin (DHI/2-CysDOPA-melanin) and 100%
5-CysDOPA-melanin covalently linked to an aminopropylsilica (APS) solid phase
sorbent, hereafter referred to as APS-pheomelanin. 5-CysDOPA was covalently attached
to the APS sorbent using the same technique that Ibrahim and Aubry (173) used to link
tyrosine-derived melanin to APS. Melanins were prepared for binding experiments by
repeated homogenizing and washing in 0.066 M potassium phosphate buffer, pH 7.4 (for
cocaine and BE binding experiments) or 0.15 M ammonium acetate buffer, pH 7.4 (for
amphetamine and N-AcAp binding experiments) until a clear supernatant was obtained.
Buffer concentrations were chosen to match the ionic strength of a normal saline solution.
Ammonium acetate buffer was used for amphetamine and N-AcAp samples because a

volatile buffer was required for LC/MS/MS analysis.

Binding Experiments

For each drug with each melanin, a time course (5, 15, 30, 60, and 90 min) was

run to determine the amount of time required for binding equilibrium to be reached.
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Time course samples were run at a concentration of 500 pM for cocaine, 2 nM for BE,
and 30 nM for amphetamine and N-AcAp. Binding equilibrium was always established
by 45 or 60 min. To obtain the binding parameters Byax and K, for each drug-melanin
combination, a range of drug concentrations was incubated with each melanin. For
cocaine and BE this range included 12 points between 300 pM and 75 uM. For
amphetamine and N-AcAp this range included 12 points between 1 nM and 300 uM.
Binding experiments were conducted in silanized 16 x 100 mm glass test tubes by
adding the specified amount of drug (dissolved in buffer) to a buffer solution into which
had been added 100 pg melanin (from a 1 mg/ml melanin suspension in buffer). The
preparatory procedure was the same for all melanins except APS-pheomelanin for which
it was necessary to add 3 mg APS-pheomelanin to equal 0.1 mg actual pheomelanin.
Incubation was then performed at 37 °C in a vigorously shaking water bath, keeping
melanin granules in suspension (325 rpm) for the specified time. For each‘ sample, an
analogous sample was incubated in the absence of melanin to serve as a control for any
possible background binding. (F'Qr APS—pheomelanin samples, blank, or unreacted APS,
was used as the background.) Total incubation volumes were 1 mL. At the end of the
incubation time, samples were immediately transferred to 1.7 mL microcentrifuge tubes
and spun at 14,000 rpm for 90 min at 4 °C. Immediately after centrifugation, 0.6 mL of
supernatant was removed and mixed with either 14 mL scintillation fluid (cocaine and
BE) or an aliquot of internal standard (amphetamine-d3 or N-AcAp-d3) at approximately
one-third the amount of drug used in the incubation. Cocaine and BE samples were then

mixed, left to settle overnight, and counted in a Packard 1900CA Tri-carb liquid

scintillation counter. Amphetamine and N-AcAp samples were evaporated in a Savant
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(Holbrook, NY) Speed-Vac SPD121P concentrator at < 35 °C. Samples were then

reconstituted in 100 pL. LC mobile phase for analysis.

LC/MS/MS Analysis

Quantitative analysis. LC/MS/MS analysis was performed in positive ion mode

on a ThermoQuest (Finnigan, San Jose, CA) TSQ/SSQ mass spectronieter equipped with
an electrospray ionization interface coupled to a Hewlett Packard (Palo Alto, CA) 1100
Series HPLC. Spray voltage was set at 4.5 kV, heated capillary at 250 °C, argon
collision gas at 3.0 mTorr, and collision offset at —25 V. HPLC separation was
performed on a Phenomenex (Torrance, CA) Luna 30 x 2.00 mm, 5 pm, C18(2) column
under the following conditions: Amphetamine was eluted isocratically with 85% 0.1%
formic acid / 15% methanol and monitored at its 136 m/z to 91 m/z transition.
Amphetamine-d3 was monitored at its 139 m/z to 92 m/z transition. N-AcAp was eluted
isocratically with 45% 0.1% formic acid / 55% methanol and monitored at its 178 m/z to
91 m/z transition. N-AcAp-d3 was monitored at its 181 m/z to 91 m/z transition.

Qualitative analysis. Qualitative tandem mass spectrometry experiments were

performed to determine which melanin functional groups are most important in drug
binding. Amphetamine and cocaine were assessed for noncovalent adduct formation with
the functional groups on melanin as modeled by oxidized catechol, reduced catechol,
deprotonated phthalic acid, and 3-methylindole. Tandem mass spectrometry analyses
were carried out on the same instrument as above with the following alterations: Spray
voltage was set to 3.5 kV, argon collision gas at 2.0 mTorr, and collision offset varied
between —12 and —18 V. Positive ions were monitored for analysis of solutions of drug

molecules mixed with oxidized catechol, reduced catechol, and 3-methylindole.



Negative ions were monitored when looking for adducts in mixtures of drugs with
phthalic acid. Experiments were carried out by mixing the drug and model compound of
interest at 100 uM and 200 uM final concentrations in 0.1% formic acid (unless
otherwise specified), respectively, then infusing the mixture into the electrospray source
at 10 uL/min with a supplementary HPLC flow of methanol (unless otherwise specified)
at 0.05 mL/min. Oxidized catechol was made fresh daily by oxidizing a 0.02 M solution
of catechol in water with a few milligrams of Ag,O. The resulting yellow-brown mixture
was then centrifuged at 14,000 rpm in a microcentrifuge at 4 °C for 5 min. The
supernatant was then desalted by solid phase extraction as follows: A Waters Sep-Pak
C18 solid phase extraction column was conditioned with 3 mL of methanol followed by 3
mL of water. One milliliter of approximately 0.02 M oxidized catechol was applied to
the column, which was then washed with 9 mL water. Oxidized catechol was eluted with -
2 mL of methanol to obtain a solution of oxidized cétechol at approximately 0.01 M.
Phthalic acid was kept deprotonated by keeping it in aqueous solution brought to pH 9
with ammonium hydroxide. The supplement;ry HPLC flow for experiments with
phthalic acid was 50% water / 50% methanol at 0.05 mL/min. If an adduct was detected,
daughter ion mass spectra were obtained for the parent adduct ion and neutral loss spectra
scanning for any expected neutral losses were obtained to confirm the presence of both
the drug molecule and the functional group model as part of the parent ion. To confirm
adducts, experiments were run with deuterated drugs to confirm expected adduct mass

shifts.
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Data Analysis

For cocaine and BE the amount of free drug in the form of free fraction of drug
was obtained by dividing the counts per min (CPM) for a melanin-containing sample by
the CPM for its analogous nonmelanin-containing sgmple. For amphetamine and N-
AcAp this was done by dividing the d0:d3 chromatographic peak area ratio for a melanin-
containing sample by the d0:d3 chromatographic peak area ratio for a nonmelanin-
containing sample. The bound fraction of drug was then taken as the difference between
1 and the free fraction of drug. The free concentration of drug (in M) was then
determined by multiplying the free fraction by the concentration of drug in the sample.
The bound concentration of drug (in moles drug/mg melanin) was determined by
multiplying the bound fraction by the amount of drug in the sample and dividing this by
the amount of melanin in the sample (0.1 mg).

To obtain the binding parameters By« (binding capacity in moles drug / mg
melanin) and K, (binding affinity in M), data from a range of drug concentrations were
plotted as [Bound] vs. [Free] and analyzed via nonlinear least squares regression analysis
using the equation describing drug adsorption to a solid (a Type I Langmuir Isotherm)

(174). That is,
[Bal = Bmax*Ka*[D])/(1+K,*[D])
where [Bg] is the concentration of bound drug, B« is the maximum binding capacity of

the melanin (in moles drug / mg melanin), K, is the drug-melanin association constant (in

M’l), and [D] is the concentration of free drug (in M).
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To determine the number of different types of binding sites (n) Scatchard plots
were made. Scatchard plots indicated that for drugs that bound to melanin there were
generally two types of binding sites, high affinity/low capacity and low affinity/high
capacity binding sites. Nonlinear least squares regression analysis provided the low
affinity/high capacity binding parameters and the x-intercept and (negative) slope of a
Scatchard plot of the low concentration data (first four points) provided the binding
parameters for the high affinity/low capacity binding site. Two-tailed Student’s t-tests
assuming homogeneity of variances were used to compare binding parameters for a drug

between melanins.

Results

To investigate the binding of cocaine, BE, amphetamine, and N-AcAp to a variety
of different melanin subtypes, drugs were incubated with melanins first at various time
points to determine the time required to reach binding equilibrium, then at various
concentrations to determine Bnax and K (as described above). Representative selected
reaction-monitoring (SRM) chromatograms from analysis of amphetamine and N-AcAp
are shown in Figure 4.2. Table 4.1 presents a summéry of the binding parameters
determined for each drug with each melanin. Bp,x represents binding capacity in moles
of drug per mg melanin and K, represents binding affinity in M. Experiments were
repeated three times for drugs that bound to melanin and twice for drugs that did not bind

to melanin. Out of the four drugs tested for binding to DHI, DHICA, DHI/5-CysDOPA



Figure 4.2 Representative SRM chromatograms from LC/MS/MS analysis of (A)

amphetamine and (B) N-AcAp
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Table 4.1: Drug melanin-subtype binding parameters.”

Drug binding to DHI-melanin

High Affinity / Low Capacity

Low Affinity / High Capacity

N = Number of
log Ka -log Bmax log Ka -log Bmax Binding Sites
Cocaine 8.2+0.19 9.5+0.17 4.9 +0.039 7.0 £0.078 2
Amphetamine 6.6 +0.40 93+0.35 39+0.34 7.0+0.25 2
Drug binding to DHICA-melanin
High Affinity / Low Capacity Low Affinity / High Capacity
_ N = Number of
log Ka | -log Bmax log Ka -log Bmax Binding Sites
Cocaine 7.8+0.14 9.6+0.16 4.5+0.29 7.1 +0.082 2
Amphetamine 72+1.2 9912 NB® 1

a
Ka in units of M. Bmax in units of mol drug/mg melanin. n=3 for all points except n=2 for NBs and n=4 for Ap-DHI-melanin and Ap-80% DHI /
20% 2-CysDOPA-melanin binding studies.

NB indicates no binding observed.

6



Drug binding to 80% DHI / 20% 5-CysDOPA-melanin

High Affinity / Low Capacity

Low Affinity / High Capacity

N = Number of

log Ka -log Bmax log Ka -log Bmax Binding Sites
Cocaine 8.0 +0.31 9.5+0.29 43 +0.23 6.8 £0.21 2
Amphetamine comp* 4.1£0.32 7.1+0.25 2

Drug binding to 80% DHI/ 20% 2-CysDOPA-melanin

High Affinity / Low Capacity

Low Affinity / High Capacity

N = Number of

B log Ka -log Bmax log Ka -log Bmax Binding Sites
Cocaine 8.2 +£0.048 9.6 £0.061 4.4+0.17 69 +0.16 2
Amphetamine COMP* 3.7+0.32 6.9 +£0.29 2

a
Ka in units of M. Bmax in units of mol drug/mg melanin. n=3 for all points except n=2 for NBs and n=4 for Ap-DHI-melanin and Ap-80% DHI /

20% 2-CysDOPA-melanin binding studies.
NB indicates no binding observed.

c
Indicates a significant difference (p < 0.05) from DHI-melanin.

COMP inidcates competition from buffer cations.

€6
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DHI/2-CysDOPA, and 5-CysDOPA melanins, only cocaine and amphetamine were
found to bind to melanins. BE and N-AcAp did not bind to any of the melanins in this
study. In addition, cocaine and amphetamine were found not to bind to the 5-CysDOPA-
melanin (when APS was used as a measure of background binding, data not shown). As
a positive control for the APS-linked 5-CysDOPA pheomelanin binding studies, L-
DOPA-derived melanin was linked to the APS solid phase and found to bind cocaine
with similar characteristics as “free”.L-DOPA melanin.

For most of the (tested) drug-melanin binding interactions, there appeared to be
two different binding sites; a high affinity/low capacity binding site and a low
affinity/high capacity binding site. The concave nature of Scatchard plots derived from
binding data demonstrated this to be the case. A representative Scatchard plot for
cocaine binding to DHI-melanin is provided in Figure 4.3. Note that a group of data
points appears to run along the y-axis and another group appears to run more parallel
with the x-axis. The former section represents the high affinity/low capacity binding site
(Bmax and K, values were determined by the x-intercept and (negative) slope of the
section, respectively), while the latter section represénts the low affinity/high capacity
binding site. Because linearized (double reciprocal) equations and their associated plots
tend to skew the relative error of the smallest plot values by disproportionately relying
upon them as the major determinants of plot slope and intercept values, B,y and K,
values for the low affinity/high capacity binding sites (a region defined by higher
concentration data points) were determined through nonlinear least squares regression

analysis as discussed above and demonstrated in Figure 4.4.



Figure 4.3 Scatchard plot for cocaine binding to DHI-melanin. Two linear sections are
present, indicating two different types of binding sites. Error bars indicate standard

deviation. N = 3.
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Figure 4.4 Hyperbolic binding data plot for cocaine binding to DHI-melanin. Such plots

were used to perform nonlinear least squares regression analysis and determine B, and

K, values for the low affinity/high capacity binding sites. Due to the wide range of drug

concentrations used, data are plotted on a semilog scale so that most of the data points do

not appear to be clustered at the origin. Error bars indicate standard deviation. n = 3.
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As shown in Table 4.1, there were relatively few significant differences in the
binding parameters for a given drug to the different melanin subtypes. The major
difference was that none of the drugs that bound to eumelanins and mixed eu-
/pheomelanins bound to pure (APS linked) pheomelanin. A direct comparison of K,
values between drugs is not legitimate due to the fact that different buffer systems were
used. K, data are not directly comparable because different buffer cations may compete
differently for melanin binding sites and thus alter the K, values that may have been
observed if the binding studies had been conducted in identical buffer systems.
Comparison of binding parameters between cocaine and amphetamine analogs, however,
was not a goal of this study—as this was done previously for cocaine and amphetamine
(55). Except in cases where binding data could not be assessed for amphetamine, Bmax
values for cocaine and amphetamine were similar (Table 4.1). This is in agreement with
Shimada and co-worker’s data (55).

Competition for melanin binding from buf%cr cations, as indicated by a convex
Scatchard plot (51) (Figure 4.5), was found to occur for amphetamine binding to mixed
eu-/pheomelanins, but not to pure eumelanins. When binding experiments were
conducted in the absence of buffer, the apparent competition from buffer cations was
eliminated and a concave Scatchard plot was demonstrated. The only other significant
difference between melanins was the lower binding affinity of cocaine to the low
affinity/high capacity binding site of the mixed eu-/f)heomelanins compared to the
analogous site on pure eumelanins (Student’s t-test, p < 0.05).

Noncovalent amphetamine and cocaine adducts with oxidized catechol, reduced

catechol, deprotonated phthalic acid, and 3-methylindole were searched for by tandem
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Figure 4.5 Scatchard plot for amphetamine binding io a mixed eu-/pheomelanin (80%
DHI /20% 5-CysDOPA-melanin). Due to the wide range of drug concentrations used,
data are plotted on a semilog scale so that lower x-axis values can be distinguished from
each other. The convex shape indicates competition for binding from buffer cations.

Error bars indicate standard deviation. n = 3
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mass spectrometry as a means of assessing which chemical functional groups on melanin
are most important for drug binding. Mass spectra shown in Figure 4.6 show the peaks
corresponding to the only drug-functional group adduct observed; that of amphetamine
with a covalent dimer of oxidized catechol (350 m/z) (Figure 4.7). (Other peaks in the
single stage spectra below 130 m/z and at 332 m/z and 360 m/z are artifacts from the
solvents employed.) The proposed structure shows a 3-3’ linkage between the monomers
as this seems the most likely candidate given that monomers of oxidized catechol do not
form adducts with amphetamine; i.e., the oxygen atoms of the two monomers need to be
in close proximity to each other to effect adduct formation. Other linkages such as 3-4°
and 4-4’, as well as neutral semiquinone radicals may be involved in adduct formation,
but it is impossible to determine from the data obtaiﬁed. Mass spectra shown in Figure
4.6 (D)-(F) demonstrate the mass shift of the adduct observed when amphetamine-d3 was
employed in the study instead of amphetamine. MS/MS daughter ion and neutral loss
spectra in Figure 4.6 (B)-(C) and (E)-(F) also show that amphetamine is part of the parent
ion and that the covalent dimer of oxidized catechol (neutral 214 amu) is lost whether the
experiment was performed with amphetamine or amphetamine-d3. Amphetamine in
solution with reduced catechol produced no peaks that would correspond to amphetamine

adduct formation with reduced catechol or a reduced catechol dimer.

Discussion
Binding of cocaine and amphetamine to synthetic L-DOPA derived melanin has
been demonstrated previously (55, 56). Data from Shimada ez al. (55) obtained from
drug binding studies to L-DOPA melanin in 0.1 M potassium phosphate buffer, pH 7.4,

indicate log K, and —log By values for (+)-cocaine of 5.9 and 8.6, respectively, and for



Figure 4.6 Mass spectra providing evidence for the amphetamine—oxidized catechol
dimer adduct. (A) through (C) represent spectra obtained from a 0.1% formic acid
solution containing 100 uM amphetamine and ~200.pM oxidized catechol. (D) through
(F) represent spectra obtained from a 0.1% formic acid solution containing 100 pM
amphetamine-d3 and ~200 uM oxidized catechol. Single stage mass spectrum (A),
MS/MS of 350 m/z (B), neutral loss scan for 214 amu (C), single stage mass spectrum

(D), MS/MS of 353 m/z (E), and neutral loss scan for 214 amu (F).
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Figure 4.7 Proposed amphetamine—oxidized catechol dimer adduct as detected by
tandem mass spectrometry. Energy minimized spacefill diagram showing the interaction

of positively charged amphetamine with the oxidized catechol dimer.
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(+)-amphetamine of 5.4 and 8.7, respectively. The data of Shimada ez al. were obtained
through the use of double reciprocal plots, which only reveal binding data for the high
affinity/low capacity binding site. A direct comparison between their K, data and ours is
not legitimate due to the fact that different buffer systems were used, but it can be seen
from Table 4.1 that their B, values are reasonably close to the values obtained in this
study. The greater ionic strenth of their buffer system relative to ours, however,
suggests that they should observe lower apparent K, values—which they did.

Because cocaine and amphetamine have previously been found to bind to
melanin, it was not surprising to find that these drugs bind to most of the melanin
subtypes in this study. The chemical congeners of cocaine and amphetamine, BE and N-
AcAp, respectively, however, were found not to bind to any type of melanin at all. This
information provides clues as to what chemical features are important for drug-melanin
binding. The structural difference between cocaine énd BE is a methyl ester vs. a
carboxylic acid. Based on suspected mechanisms of drug-melanin binding (51, 53), the
* electronic properties of a methyl ester are unlikely to be important for drug-melanin
binding. Rather, the positive charge on the nitrogen of cocaine (pKa 8.5) is most likely to
be responsible for the drug’s binding to melanin. For BE, the introduction of a negative
charge in the same molecule could render the positively charged nitrogen much less
available for ionic binding with the negatively charged melanin polymer. In a similar
scenario, the acetyl group of N-AcAp makes the amphetamine molecule nonbasic and
thus not charged at physiologic pH. Again, it can be seen that the effective removal of a

positive charge renders the drug molecule unable to bind to melanin.
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Assuming the importance of a positively charged drug molecule for binding to
melanin it is expected that the greater number of negatively charged atoms in the melanin
polymer, the more positively charged drug molecules would bind to it (i.e., Byax should
increase). As stated in the introduction, a comparison of DHI and DHICA monomers
suggests that DHICA melanin should have a greater carboxylic acid content (and thus
stronger anionic nature) than DHI melanin. This idea was confirmed by Novellino ef al.
(95) when it was demonstrated that DHICA melanin produces twice as much CO, as DHI
melanin upon acid catalyzed thermal decarboxylation of the melanin pigments. Thus it
was expected that DHICA melanin would have a larger capacity (Bmax) for binding a
given positively charged drug than DHI melanin. This was found not to be the case.
Reasons for this are not certain, but there are a several possibilities. First, it may be
possible that the carboxylic acid group is not responsible for cocaine or amphetamine
binding, which seems unlikely given the mechanistic evidence for ionic binding
interactions (51, 53). Second, a simple visual inspection (as well as visible wavelength
optical absorbance—data not shown) of the homogenized DHI and DHICA melanin
suspensions revealed that for a given mass/volume concentration of melanin in aqueous
suspension, DHI melanin has more surface area (is finer and less grainy) than DHICA
melanin. This may render a relatively significant portion of the carboxylic acid groups in
DHICA melanin unable to interact with solvent molecules and thus unable to bind to drug
present in solution.

Drug molecules seem to bind best if they are positively charged, regardless of
whether or not they have a hydrophobic region such as a phenyl group (compare

amphetamine and N-AcAp binding). In addition, a simple nickel (II) cation can display
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the same complex (multi-site) binding characteristics as a structurally more complex drug
molecule (51). This study and those of others (51, 5'3) suggest that there must be two
separate sites on melanin that are capable of binding a positively charged ion or
molecule. It has been previously suggested that the ortho-semiquinone free radical
centers in melanin can bind doubly and triply charged cations forming chelate complexes
(83). This could account for one of the binding sites for Ni**, but due to the fact that
nitrogen atoms within organic molecules cannot act as the guest of a chelation complex,
it cannot account for the binding of drug molecules.

Tandem mass spectral analysis of a solution of amphetamine mixed with oxidized
catechol (Figure 4.6) strongly suggests that amphetaﬁine can interact with the
orthoquinone groups on oxidized indolequinone units of melanin. Interestingly,
amphetamine was not found to complex with oxidized catechol monomers. This suggests
that melanin secondary structure may play an important role in drug-melanin binding.
This hypothesis is supported by the fact that cocaine did not form any adducts with
oxidized catechol as amphetamine did, even though cocaine also demonstrates biphasic
(two-site) binding to melanin. Molecular dynamics energy minimization experiments
using the ChemSite ChemDemo program with a bath temperature of 300 K, an
integration time step of 1 fs, total time of 10 ps, 100 equilibration steps, and non-bonded
interaction cutoff distance of 10 A show that the hydrogens attached to the primary amine
of amphetamine intercalate between the oxygens of the dimerized oxidized catechol
molecule and likely form three separate hydrogen bonds as depicted in Figure 4.7. The
fact that cocaine did not form adducts with oxidized catechol is consistent with this

model, because the positively charged tertiary amine of cocaine could not intimately
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interact with the oxidized catechol dimer in the same manner as amphetamine due to
steric hindrance. Based on the data obtained in these studies in conjunction with the
investigations of others, it seems that the high affinity/low capacity binding site for basic
drugs with melanin arises from an interaction of the positively charged drug molecule
with appropriately shaped, electron dense, secondary structures of the melanin polymer.
Evidence that this may be the high affinity/low capacity binding site also comes from
Stepien and Wilczok (53) who demonstrated that adding a substantial amount of ethanol
(20-50%) to a binding experiment selectively eliminates the high affinity/low capacity
binding site. The presence of an organic solvent capable of forming hydrogen bonds
could disrupt melanin secondary structure and compete with drug molecules for hydrogen
bonding interactions with melanin. Evidence that a positive ionic charge on the drug
molecule is an important facet of the high affinity/low capacity binding site was
presented by Stepien and Wilczok (53) when it was shown that the binding affinity of this
site decreases in the presence of high concentrations of sodium cations. In addition,
Larsson et al. (50) demonstrated the complete elimination of paraquat binding under very
acidic conditions. Extreme acidity could alter both the chemical nature and secondary
structure of melanin in addition to providing binding competition, completely obliterating
any significant drug-melanin interactions. In agreement with their observations, we were
able to completely eliminate amphetamine binding to DHI melanin in 1 M HCI (data not
shown). Thus, appropriately shaped, electron dense, melanin secondary structures within
the melanin polymer could account for the high affinity/low capacity drug-melanin

binding site.
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Other evidence (51, 53) suggests that the other binding site can be accounted for
by an ionic interaction—an interaction between the numerous carboxylic acid groups on
melanin and positively charged drug molecules. Agéin, buffer cation competition for
binding (51, 53) shows that both binding sites are sensitive to the ionic charge state of the
drug molecule. Furthermore, using theoretical linear solvation energy relationships,
Lowrey et al. (61) derived an equation for drug-melanin interactions that supports a
charge transfer model. The fact that we were unable to observe drug-phthalic acid non-
covalent adducts via mass spectrometry does not refute the carboxylic acid functional
groups of melanin as participants in drug binding. Such interactions may be too weak to
observe using this technique.

Finally, the participation of van der Waals inferaction in some drug-melanin
binding, however, cannot be discounted. Larsson and Tjalve (51) showed that the
binding of chlorpromazine and chloroquine could not be completely depressed even in 2
M HCI. Under these acidic conditions, all negative charges on melanin would be
eliminated. Interestingly, Larsson and Tjalve demonstrated two binding sites for nickel
(I) and paraquat, and their evidence suggested the presence of three binding sites for
chlorpromazine and chloroquine. Thus, for certain (possibly more planar and
hydrophobic) compounds, van der Waals binding interactions with melanin may occur.

Based on structural studies, there are far more carboxylic acid groups present on
melanin than there are orthoquinone or special secondary structure sites available for
interacting with drug molecules (95, 96). This fact supports our assertion that the high
affinity/low capacity binding site is probably derived from appropriately shaped, electron

dense, melanin secondary structures within the melanin polymer, and the low
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affinity/high capacity binding site consists of an ionic interaction between negatively
charged carboxylic acid groups on melanin and positively charged drug molecules. In
theory, it is possible for multiple hydrogen bonds to be stronger than single ionic bonds,
given that hydrogen bonds range in energy from 10-40 kJ/mol and ionic bonds range in
energy from 100-1000 kJ/mol (175). It must be kept in mind, however, that the sites
discussed above for the binding of basic drugs to melanin have not been absolutely
proven. They still remain speculative based on the binding observations of these and
other studies.

The complete lack of cocaine and .amphetamine binding to pure (APS linked)
pheomelanin was an unexpected result, especially given the findings of Mars and Larsson
(57) showing that synthetic pheomelanin is capable of binding a number of drugs. The
apparent contradiction between their study and ours may be mostly resolved by two
pieces of information. First, their pheomelanin may have contained a significant number
of eumelaniq monomer units due to the fact that L-DOPA in the presence of cysteine was
used as the starting material for pheomelanin synthésis, and they did not obtain
pheomelanin with a 38% w/w concentration of cysteine (the theoretical maximum for a
1:1 molar cysteine to L-DOPA incorporation ratio). The 1:1 cysteine to L-DOPA molar
ratio was built-in to our pheomelanin due to the fact that the polymerization reaction was
started with 5-CysDOPA. The former pheomelanin is probably a more biologically
relevant pheomelanin, but we were interested in defining the drug binding properties of a
theoretically “pure” pheomelanin, for which we believe our melanin is a more accurate
model. Second, at least one carboxylic acid group from each purely pheomelanin

polymer was converted to an amide for the sake of linking the pheomelanin polymer to
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the APS solid phase. The elimination of carboxylic acid group(s) from the pheomelanin
polymer is expected to decrease the ability of the polymer to bind basic drugs. If the
pheomelanin polymer was excessively large and was known to be linked to the APS solid
phase by only one amide bond, then the binding of drugs to pheomelanin may not have
been inhibited by the attachment of pheomelanin to APS solid phase. The pheomelanin
polymers synthesized for this study, hc;wever, are suspected to be no bigger than trimers
of benzothiazine units. This suspicion comes from the fact that the pure pheomelanin is
soluble in slightly basic aqueous medium and matrix assisted laser desorption ionization
mass spectrometry (MALDI-MS) analysis of the pheomelanin indicates molecular
weights no bigger than would be formed by trimers (data not shown).

With respect to drug incorporation into hair, it is intriguing to note that cocaine
and amphetamine bind to melanins, but BE and N-AcAp do not. Cocaine and
amphetamine have both been shown to have a hair color bias (42, 66), that is, in a black
and white animal model more of both of these drugs were found in black hair than in
white hair on the same animal. BE and N-AcAp both minimally incorporate into hair,
regardless of their high plasma area under the concentration vs. time curves (AUCs) (41,
66) and N-AcAp has been shown not to exhibit a hair color bias (42). If drug-melanin
binding is responsible for observed hair color biases, which appears to be the case since
the only difference between black and white hair on the same animal is the presence of
pigment in some hairs and the lack of it in others, then it may be possible to correct for
this bias by normalizing drug concentrations found in hair by the eumelanin content of

that hair. Evidence that this may be an appropriate correction comes from a study by
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Rollins et al. (126) where interindividual differences in codeine concentrations in hair

could be mostly accounted for by the eumelanin content of the hair.



CHAPTER 5

INFLUX AND EFFLUX OF AMPHETAMINE, N-ACETYLAMPHETAMINE,
COCAINE, AND BENZOYLECGONINE IN KERATINOCYTES,
PIGMENTED MELANOCYTES, AND NONPIGMENTED

MELANOCYTES

Testing for drugs of abuse in hair has become a widely accepted alternative to
traditional urinalysis (112, 176). Unfortunately, there are still a few potentially
confounding variables involved in hair testing. Such variables include the role of
environmental contamination in hair testing and adequacy of laboratory wash procedures
designed to remove externally deposited drug, the role(s) of bleaching and/or other
chemical treatments on the outcome of a hair test, and the role of hair pigment in drug
incorporation into hair. The studies described here focus on two major aspects of the
latter variable; the role of hair pigmentation in producing a hair color bias in drug
incorporation into hair (which has been observed fof many basic drugs including cocaine
(66, 151), codeine (65, 152), amphetamine (42), phencyclidine (69), stanozolol (68), and
nicotine (40)) and the fundamental physiological issﬁe of cellular selectivity in hair cell
drug uptake.

Despite the widespread utilization of hair as a matrix for drug detection, hair color
bias (defined as the greater incorporation of a drug into darker hair over lighter hair,

given equal blood plasma pharmacokinetics) still presents a major obstacle to fair hair
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testing. In theory, given the same dose and route of administration, a dark haired
individual may produce a positive drug test and a light haired individual may produce a
negative drug test, if the cutoff concentration used to define a positive test happens to be
established between the concentrations observed in the two specimens. Black hair
pigment, or eumelanin, is a polyanionic indolequinone based polymer that has the
capacity to bind positively charged (usually basic) drug molecules through what are
thought to be both ionic and non-ionic interactions (30, 51-53, 55, 64-66, 69, 75, 76, 79,
153). This binding, and thus accumulation of the drug on melanin, is thought to produce
the hair color bias. According to this theory, neutrai or acidic drugs that do not bind
melanin should not exhibit a hair color bias. This has been documented in vivo for the
neutral drug N-AcAp (42, 76). Additional support for thié theory is provided by
phenobarbital, an acidic drug that does not show a hair color bias (65). Further evidence
from carbamazepine, a basic drug with a low pKa (7.0; predominately uncharged at
physiologic pH), also helps bolster this theory (74). ‘The studies presented below
employed the basic drug amphetamine and its nonbasic analog N-AcAp to examine the
phenomenon of hair color bias at the cellular level by studying uptake and efflux into and
out of pigmented melanocytes (PM) and nonpi gmen;[ed melanocytes (NPM).
Amphetamine and cocaine are more highly incorporated into rat hair than BE and
N-AcAp, respectively (41, 42, 66) regardless of whether hair is pigmented or non-
pigmented. From the traditional pharmacologic point of view, based on the idea that
passive diffusion plays a large role in the cellular uptake of small molecule xenobiotics
and that nonpolar, uncharged molecules can diffuse into cells much more readily than

their polar, charged counterparts, these data are counterintuitive and unexpected.
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Bewilderment increases when drug plasma concentrations are taken into account: Given
equal dosing in dark agouti rats, the plasma area under the concentration vs. time curve
(AUC) is about four times greater for N-AcAp than it is for amphetamine (41) and that of
BE is about twice as large as cocaine (66). There are at least two possible explanations
for this seemingly conflicting data. First, N-AcAp and BE are highly protein bound and
essentially unable to be taken into hair cells, or second, the hair cells have a transport
system in place that permits the selective uptake of amphetamine and cocaine, but the
relative exclusion of N-AcAp and BE. The former possibility was investigated and
excluded in these studies—see Discussion for further details on this matter.

Amphetamine and N-AcAp, and cocaine and BE (Figures 3.1 and 4.1) were

employed as model basic (and extensively incorporating) and nonbasich (and low-level
incorporating) pairs of drugs, respectively, to further document the roles of drug basicity
in hair color bias and cellular selectivity in hair cell drug transport. Influx aﬁd efflux of
amphetamine and N-AcAp were examined in keratinocytes, pigmented melanocytes
(PM), and nonpigmented melanocytes (NPM) and influx and efflux of cocaine and BE
were examined in PM and NPM. By sheer number, keratinocytes are the major cell type
that makes up hair. In fact, under normal circumstances melanocytes merely transfer
their melanin granules to keratinocytes prior to the movement of keratinocytes up into the
growing hair shaft (93, 98-102). Thus, because of their major role in hair construction,

keratinocytes were initially included in these studies along with the PM and NPM.

BE is, technically, a basic drug. However, it also contains an acidic functional group and thus is a
zwitterion and neutral at physiologic pH. With regard to hair incorporation and melanin binding, BE
behaves relative to cocaine much as N-AcAp does to amphetamine. This may be due to formation of an
intramolecular five-membered-ring ionic bond which could decrease BE’s capacity to behave as a typical

basic drug.



Materials and Methods

Chemicals and Reagents

N-AcAp and N-AcAp-d3 were synthesized from d-amphetamine sulfate
according to the method of Halmekoski and Saarinen (164) using acetic anhydride and
deuterated acetic anhydride, respectively. Purity was verified by mass spectrometry
and/or NMR. d-Amphetamine sulfate, d-amphetamine-d3,
1-(-)-cocaine hydrochloride, benzoylecgonine tetrahydrate sulfate, phorbol 12-myristate
13-acetate (TPA), glutamine, phenol red, phenylthio-carbamide were purchased from
Sigma (St. Louis, MO). Cocaine-d8 (100 pg/mL) was obtained from High Standard
Products (Inglewood, CA), and BE-d3 (100 pg/mL) was obtained from Cerriliant
(Austin, TX). Keratinocyte Growth Media (KGM) was purchased from Clonetics, a
division of Cambrex (East Rutherford, NJ). RPMI 1640 cell culture media,
penicillin/streptomycin, and fetal calf serum were purchased from Life
Technologies/Invitrogen (New York, NY). A bicinchoninic acid protein assay kit was
purchased from Pierce (Rockford, IL). Centrifree ul_irafiltration devices with Ultracel
YMT membranes for performing plasma protein binding studies were purchased from
Millipore (Bedford, MA). Bond Elute Certify solid phase ex;£1'action cartridges were
obtained from Varian (Harbor City, CA). All other reagents were purchased in the

highest purity form available.

Cell Lines and Culture

Cynthia Jorgensen and Dr. Gerald Krueger from the Department of Dermatology
at the University of Utah kindly provided keratinocytes. The keratinocytes had been

isolated from neonatal foreskins and immortalized as described previously (177).



Keratinocytes were routinely cultured in KGM. Melan-a melanocytes, isolated from
C57BL/6 melanoblasts as described elsewhere (178), were generously donated by Simon
Hill and Dr. Dorothy Bennett of the Department of Anatomy, St. George’s Hospital
Medical School, London. Melan-a melanocytes were cultured in supplemented RPMI
1640 media containing penicillin (100,000 U/L), streptomycin (100 mg/L), glutamine (2
mM), TPA (200 nM), extra phenol red (5 pug/mL), 10 mM HCI, and 10% fetal bovine
serum in a humidified 5% CO, atmosphere at 37°C." Melan-a cells were made nearly
amelanotic by culturing the cells in 200 uM phenylthiocarbamide, a tyrosinase inhibitor,
for two to three passages before experimentation. Melanocytes were tested for
mycoplasma contamination through submission to Bionique Testing Laboratories, Inc.

(Saranac Lake, NY) and found to be negative for mycoplasma.

Influx Experiments

Drug influx experiments were carried out in standard 25 cm?® “T25” cell culture
flasks. Drugs were diluted into prewarmed cell culture media lacking serum. Culture
media was removed from the cells and 5 mL drug containing media was introduced and
kept on the cells for the desired time period at the desired temperature (usually in the
incubator at 37 °C). After the desired time had elapsed the media was quickly removed
by aspiration, and the cells were washed very rapidly three consecutive times with 5 mL
(per rinse) of ice-cold phosphate buffered saline (PBS). Cells were then dissolved in 2.5
mL of 0.1 M NaOH (for amphetamine and N-AcAp) or in 0.1 M potassium phosphate
buffer, pH 5.0 containing 1% Triton X-100 (for cocaine and BE). Thirty microliters of
10 uM deuterated drug was then added to the solution to serve as an internal standard for

quantitation. To ensure complete dissolution of the cells, flasks were scraped with a cell
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scraper prior to transfer of the cell lysate to a silanized glass test tube for protein assay
and extraction (see Sample Preparation below). Cell viability was assessed for each drug
treatment via the trypan blue dye exclusion and cell counting assay. Viability was greater

than 90% for all treatments.

Efflux Experiments

The time required to establish equilibrium uptake was first determined with influx
experiments. For amphetamine and cocaine, equilibrium uptake was determined to be
well established by 30 min. Thus, to begin an efflux experiment, cells were pre-loaded
with drug for 30 min in the same manner as an influx experiment. At 30 min elapsed
influx time, drug-containing media was removed and the cells were rinsed three times
with 5 mL of ice-cold PBS. Five milliliters of prewarmed serum free and drug free
media was then added to the cells and the cells were incubated at 37°C for a set efflux
time. When the set efflux time had elapsed, the media was collected and temporarily
placed in a plastic beaker. Cells were then rinsed thfee times with 5 mL ice-cold PBS
and set aside to be analyzed for the amount of drug remaining in the cells in the same
manner as the influx experiments as described above. At a convenient time within 2 hrs,
4.25 mL of media collected from the efflux experiment was quantitatively transferred to a
silanized glass test tube to which was added 30 pL of 10 uM deuterated analog to serve

as an internal standard for quantitation.

Sample Preparation

Influx experiments. To normalize the amount of drug taken up by the cells in a

given flask for the number of cells in the flask, a bicinchoninic acid protein assay was
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performed on 25 pPL of cell lysate to determine the amount of protein contained in the
flask. Protein assays were performed in duplicate. For keratinocytes, the protein assay
was performed directly on the cell lysates. For melanocytes, melanin was first
precipitated by bringing 60 pL of cell lysate to pH ~5 (if necessary) with 10 pL of 0.5 M
HCI, then spinning samples in a microcentrifuge at 4 °C for 15 min. Supernatant was
then directly analyzed for protein content.

For amphetamine and N-AcAp samples, 300 puL of 2 M HCI was added to each
lysate to bring the pH to between 1 and 2 to completely denature any intact proteins.
Then 200 pL of 3.1 M NaOH was added to bring the pH to 12-13. This was followed by
the addition of 200 ML concentrated NH,OH. Samples were then extracted by addition
of 5 mL of n-butyl chloride:chloroform (4:1) to the lysate, mixing for 30 min,
centrifuging at 2000 rpm for 10 min, then removing the organic layer to a separate test
tube. Organic extracts were then dried under a gentle stream of air at < 30°C and
reconstituted in 100 pL. of 0.1 % formic acid for injection onto the LC/MS/MS
instrument.

Cocaine and BE samples were extracted with Bond Elute Certify solid phase
extraction cartridges as follows: Columns were preconditioned with 2 mL methanol
followed by 2 mL 0.1 M potassium phosphate buffer, pH 6.0. Following sample
application, columns were rinsed with 6 mL water, 3 mL 0.1 M HC], and 9 mL methanol
after which columns were dried for 5 min. Cocaine and BE were eluted from the
columns with 2 mL of fresh methylene chloride : isopropanol (80:20) containing 2%
concentrated ammonium hydroxide. Samples were evaporated under a gentle stream of

air at less than 40 °C then reconstituted in 100 pL 0.1% formic acid for LC/MS/MS
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analysis. Daily standard curve and quality control samples for all drugs were extracted in
the appropriate analogous manner.

Efflux experiments. Serum free cell culture media samples from efflux

experiments were extracted in the same manner as influx cell lysate samples, but 300 pL
of 3.1 M NaOH was required to raise the pH to 12-13 prior to liquid-liquid extraction.
The pH of cocaine and BE containing cell culture media efflux samples was adjusted to
~5 with HCI prior to solid phase extraction.

Plasma protein binding experiments. Fresh human serum (BE) or plasma (N-

AcAp) was obtained from healthy, drug-free volunteers after an overnight fast. To 485
uL serum or blasma was added 15 pL drug solution containing *H-BE (36 nCi) or N-
AcAp to make final serum concentrations of 6 nM to 600 uM. Samples were incubated
at room temperature for 30 min. One hundred microliters of the sample were then set
aside for analysis to obtain a quantitative value for total drug in solution. (In the case of
N-AcAp, 200 pL N-AcAp-d3, concentrated to give 1/3 the total amount of N-AcAp used
in the original sample, was then added to the 100 pL. whole plasma sample as an internal
standard.) With the other half of the sample, free drﬁg was then separated from protein
bound drug through the use of Centrifree ultrafiltration devices with Ultracel YMT
membranes (30,000 Da cut-off) spun at an average g-force of 1447 x g for 15 min to
separate serum from ultrafiltrate. (The molecular weight cutoff of these devices 1s low
enough to exclude albumin and alpha-1-acid glycoprotein, the two most significant drug
binding plasma proteins.) One hundred microliters éf ultrafiltrate were then collected
(and in the case of N-AcAp internal standard added, as above, for quantitation) for

analysis. BE samples were then analyzed as described below. N-AcAp samples were
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extracted with Bond Elute Certify solid phase extraction cartridges as follows: To a 300
uL sample (including internal standard) was added 700 uL 0.1 M potassium phosphate
buffer, pH 6.0. A column was preconditioned with 2 mL methanol, followed by 3 mL of
the potassium phosphate buffer. Samples were then applied and columns were rinsed
with 1 mL water, 1 mL of 0.1 M acetic acid, and again with 1 mL water then dried for 5
min. Samples were then eluted with 3 mL of methanol : 5 M HCI (20:1), dried in a
Savant Speed-Vac sample concentrator, and reconstituted in LC mobile phase for
analysis. As positive binding controls, cocaine and amphetamine were analyzed in
analogous manners as BE and N-AcAp, respectively‘. Positive control data were

comparable to literature values (179, 180).

Sample Analysis

Quantitative drug analysis was carried out oﬁ influx and efflux samples using a
ThermoQuest TSQ/SSQ triple stage quadrupole tandem mass spectrometer in selected
reaction monitoring (SRM) mode coupled to a Hewlett Packard (Palo Alto, CA) 1100
series HPLC. LC/MS/MS was selected as the analytical technique because of its
excellent selectivity, sensitivity, and quantitative ability as well as its ability to analyze
polar compounds without derivitization. (In addition, analysis by this technique as
compared to the use of radiolabeled drugs allows determination and quantitation of the
drug itself within cells, not accumulation of data thgt is ambiguous with respect to the
actual identity of the influxed (or effluxed) molecule.) Samples were injected onto a
Metachem Metasil Basic 3 um particle size 30 x 2.0 mm HPLC column. For optimal
chromatography, the following gradient was run for amphetamine samples: From 0-2.2

min. composition was held at 98% 0.1% formic acid / 2% methanol at a flow rate of 0.2
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mL/min. Composition was then ramped to 40% aqueous / 60% organic over 0.1 min and
held until 6.4 total min when composition was ramped back to 98% aqueous / 2% organic
and flow rate to 0.4 mL/min over 0.1 min and held until 12.5 min at which time the flow
rate was ramped to 0.2 mL/min over 0.1 min and held until 14.5 min at which time the
next sample was injected. Using the same mobile phases, N-AcAp was analyzed with the
following gradient: From 0.1 to 5.0 min composition was ramped from 98% aqueous /
2% organic to 10% aqueous / 90% organic and held until 8.9 min at which time the
composition and flow rate were changed to 98% aqueous / 2% organic and 0.4 mL/min,
respectively, over 0.1 min. These conditions were héld until 14.0 min when initial
condition were re-established over 0.1 min and held until 15.5 min when the next sample
was injected. Cocaine and BE were eluted from the same column under the following
conditions: From O to 1.0 min composition was held at 98% 0.1% formic acid / 2%
acetonitrile (at a 0.2 mL/min flow rate) at which time it was quickly ramped to 90%
organic over 0.1 min and held until 6.9 min. Over 0.1 min composition was shifted back
to original conditions and flow rate to 0.4 mL/min. At 11.4 min flow rate was changed
back to 0.2 mL/min over a 0.1 min time range. These conditions were held for another
min until the next sample was injected. Ionization Was effected with an electrospray
ionization source in positive ion mode with the spray voltage set at 4.5 kV. The heated
capillary was set at 250 °C, collision gas at 3.0 mToﬁ, and collision offset at —20 V (for
amphetamine and N-AcAp) and —24 V for cocaine and BE. SRM m/z transitions
monitored were as follows: Amphetamine (136 m/z to 91 m/z), amphetamine-d3 (139

m/z to 92 m/z), N-AcAp (178 m/z to 91 m/z), N-AcAp-d3 (181 m/z to 91 m/z), cocaine
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(304 m/z to 182 m/z), cocaine-d8 (312 m/z to 185 m/z), BE (290 m/z to 168 m/z), and
BE-d3 (293 m/z to 171 m/z).

Prepared serum or plasma and ultrafiltrate samples were either analyzed via
scintillation counting (BE, with correction for protein quenching of signal) or LC/MS/MS
as described above.

Eumelanin assays were performed as previously described in Chapter 2 on one
sample from each cell category (i.e., pigmented or nonpigmented) from each experiment
and normalized for protein content so that approximate melanin quantities in the rest of
the flasks containing that cell category in that experiment could be calculated. The use of
phenylthiocarbamide as a tyrosinase inhibitor produéed NPM that contained as little as

160 g eumelanin/mg protein compared to cells cultured in the absence of

phenylthiocarbamide which contained as much as 6400 LLg eumelanin/mg protein.

Data Analysis

Quantitative analysis was performed by calculating drug to internal standard SRM
chromatogram peak area ratios and comparing them to a standard curve generated in the
same way using known amounts of drug. For each influx time point, an analogous
negative control sample was run in which no cells had been cultured in the flask. This
was done to determine the background level of drug adhered to the flask alone and
removed by the collection procedure. The amount of drug adhered to the flask was
subtracted out of the value determined for the cellular uptake sample. Generally this had
very little to no effect on the data produced as the amount of drug taken up by cells
greatly exceeded (>>10 fold) the amount of drug adhered to the flask alone. For influx

experiments the amount of drug taken up by a flask of cells was divided by the amount of
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protein in that flask of cells and plotted against time. For efflux experiments, the amount
of drug effluxed out of the cells and the amount of dfug remaining in the cells were added
together to obtain the total amount of drug originally taken up (after 30 min of influx) by
the cells. This sum was then divided by the amount of drug remaining in the cells to

obtain the fraction of influxed drug remaining in the cells and plotted against time.

Results

Time courses of influx and efflux were carried out so that both initial rates and
uptake amounts at equilibrium could be approximated. Initial influx or efflux was always
established very quickly, i.e., in a matter of a few min or less. Typical SRM
chromatograms obtained from cell uptake/efflux experiments for the purpose of drug
quantitation are shown in Figure 5.1A-D. No smoothing algorithms or special
chromatographic processing was performed. Drug to internal standard peak area ratios
were used for quantitation. In the figures that follow, each data point is determined from
a separate flask of cells. No two data points were obtained from one flask of cells.
Figures 5.2A-B depict time courses for influx of 1 pM amphetamine or cocaine into
keratinocytes, PM, and NPM. Each time course waé repeated twice. Initial influx was
completed in nonpigmented cells by 60 s, but in pigfnented cells it was completed and
influx equilibrium was established by 15 min. Eumelanin content had a dramatic effect
on the equilibrium influx amount of amphetamine and cocaine taken up into pigmented
vs. NPM. Keratinocytes take up the least amount of amphetamine on a per mg of protein
basis. However, it is important to realize that per flask, keratinocytes produce about five
times as much protein as melanocytes, thus decreasing their apparent relative uptake

amounts by a factor of 5. An expanded plot of the keratinocyte influx data is seen in
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Figure 5.1 SRM chromatograms of (A) amphetamine, (B) N-AcAp, (C) cocaine, and (D)

BE from cell lysates.
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Figure 5.2 Influx of (A) 1 UM amphetamine and (B) 1 M cocaine into keratinocytes,
pigmented melanocytes (PM) and nonpigmented melanocytes (NPM) over time. #1 and
#2 designate the first and second repetitions of an experiment. For ease of reference,
eumelanin content in g eumelanin / mg protein is expressed in the legend. Initial data
points were at 15, 30, 45, and 60 seconds. Keratinocyte data points represent the average
of two determinations while the error bars represent the actual data points. Each

experiment with melanocytes is displayed as an individual series.
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Figure 5.3. The initial influx phase for amphetamine uptake into keratinocytes (and non-
pigmented melanocytes) is very difficult to assess visually from a graphical
representation when experiments are run at 37 °C. To determine if initial uptake of
amphetamine into keratinocytes is linear, the experiment was performed with media at 4
°C. At this temperature, uptake is linear for at least 5 min (Figure 5.4).

To evaluate the effect of melanin content on amphetamine and cocaine uptake, the
data for influx of amphetamine into PM and NPM were normalized for melanin content
(Figures 5.5A-B). This procedure shifts the amphetamine influx data such that most of
the data from the least pigmented cells (NPM #2, 160 pg eumelanin/mg protein) is
greater than that of most of the data from the deepest pigmented cells (PM#1, 2700 ug
eumelanin/mg protein). This demonstrates the strong effect that eumelanin has on
cellular amphetamine uptake. Similarly, once normalized for cellular eumelanin content,
cocaine influx data for PM and NPM move closer together.

Based on the influx data, it was determined that influx equilibrium of
amphetamine and cocaine was well established for all cell lines by 30 min. Thus, efflux
experiments were run by first preloading cells for 36 min with drug. Efflux of
amphetamine and cocaine from keratinocytes, PM, and NPM over time is shown in
Figure 5.6A-B. Keratinocytes and NPM quickly efflux the amphetamine, but PM are
slow to efflux and retain about 40% of influxed amphetamine, if efflux media is not
refreshed. If efflux media is refreshed with drug freé media periodically, PM will
eventually redistribute essentially all amphetamine back into the media (Figure 5.7).
There is a difference in the efflux pattern for cocaine between PM and NPM, and in the

experiments conducted here NPM still retained about 40% of the influxed cocaine. This
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Figure 5.3 Expanded view of amphetamine influx into keratinocytes. Data points
represent the average of two determinations while the error bars represent the actual data

points.
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Figure 5.4 Initial influx of amphetamine into keratinocytes at 4 C
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Figure 5.5 Influx of (A) amphetamine and (B) cocaine into pigmented melanocytes (PM)
and nonpigmented melanocytes (NPM) normalized for eumelanin content. (Eumelanin

content is also expressed in the legend in units of jLg eumelanin / mg protein.)
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Figure 5.6 Efflux of (A) amphetamine and (B) cocaine from keratinocytes, pigmented
melanocytes (PM), and nonpigmented melanocytes (NPM) over time. #1 and #2
designate the first and second repetitions of an experiment. For ease of reference,
eumelanin content in [Lg eumelanin / mg protein is expressed in the legend. Initial data
points were at 15, 30, 45, and 60 seconds. Keratinocyte data points represent the average
of two determinations while the error bars represent the actual data points. Each

experiment with melanocytes is displayed as an individual series.
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Figure 5.7 Efflux of amphetamine from pigmented melanocytes when efflux media is

refreshed every 30 min. Data are shown fit to a natural logarithmic decay curve.
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may be due to the fact that the “nonpigmented” cells used in this particular experiment
displayed some pigmentation (4600 ug eumelanin/mg protein), even though they were
less pigmented than their “pigmented” counterparts (6200 ug eumelanin/mg protein)
from the same experiment.

In contrast to amphetamine, N-AcAp is not readily incorporated into
keratinocytes, PM, or NPM—even at 10 times the concentration. Figure 5.8 A-B shows
the total (nonbackground subtracted) uptake of 10 uM N-AcAp and net (background
subtracted) 10 pM BE uptake into the cells. None of the N-AcAp data points are greater
than five times the background uptake of an empty flask and thus cannot be attributed
unequivocally to actual cellular uptake. Melanocyte uptake of N-AcAp appears greater
than that of keratinocytes due to normalization of the data for protein content. (As stated
above, a flask of keratinocytes contains about five times as much protein as a flask of
melanocytes.)

BE influx data is inconsistent relative to the patterns of other influx data, but it
does suggest that there is no effect of cellular pigmentation on the amount of BE taken up
into melanocytes. To confirm this finding, experiments were conducted to assess the
efflux of BE from PM and NPM. Results (Figure 5.9) indicate that BE is effluxed from
NPM a little faster than from PM, and BE is totally removed from both PM and NPM by
60 min. Thus no pigmentation bias was observed for BE.

Serum or plasma protein binding of BE and N-AcAp was found to be relatively
minor (Figures 5.10A and B). BE did not bind to serum proteins at all, and N-AcAp was
at most only 40% bound to plasma proteins. The peéuliar concave nature of the N-AcAp

plasma protein binding curve produces a convex Scatchard plot—a feature suggestive of



Figure 5.8 Influx of (A) 10 uM N-AcAp and (B) 10 uM BE into keratinocytes, pigmented
melanocytes (PM), and nonpigmented melanocytes (NPM). For (A) N-AcAp, none of the
data points are greater than five times the background uptake of an empty flask and thus
cannot be officially counted as actual cellular uptake. Keratinocyte data appear lower
due to the greater protein content of keratinocytes. For (B) BE, all data points are greater

than 10 times background uptake levels.
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Figure 5.9 Efflux of BE from pigmented melanocytes (PM) and nonpigmented
melanocytes (NPM) over time. For ease of reference, eumelanin content in g eumelanin

/ mg protein is expressed in the legend.
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Figure 5.10 Serum and plasma protein binding of (A) BE and (B) N-AcAp, respectively.
Data points represent the average of two determinations while the error bars represent the

actual data points.
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cooperative binding.

Discussion

Various models have been used that assess the potential hair color bias of specific
drugs. These include drug-melanin binding studies (50-53, 55, 76, 78, 79, 168), animal
in vivo incorporation studies (specifically with black and white Long-Evans rats) (40, 42,
65, 66, 69, 181), and human iz vivo incorporation studies (126, 152, 182). Taken
together, these data suggest that basic drugs with pKa values greater than physiologic pH
will exhibit a hair color bias, while net neutral or acidic drugs will not. The studies
presented here were designed to further test this hypothesis with yet another model of
drug incorporation into hair—specifically, hair cell drug transport.

The initial influx and efflux of amphetamine and cocaine into or out of the
keratinocytes, PM, and NPM is very rapid, ending within a matter of a min or two for
nonpigmented cells, and within a matter of about 15 min for PM. However, the data
acquired in these studies do not make an absolute distinction as to whether drug is
transported into cells or simply adheres to the outside of cells in the flask. (Keratinocyte
data, e.g., are ambiguous in this matter.) Differences between PM and NPM, however,
suggest that amphetamine and cocaine are actually entering melanocytes since melanin is
contained on the inside of cells and appears to have a strong effect on the uptake and
efflux of amphetamine and cocaine from melanocytes. These data suggest a model of
quick initial transport into or out of cells with an extended time period required for
accumulation of drug onto or removal of drug from melanin. Equilibrium rate constants

for cellular transport and drug-melanin binding thus determine the time frame for the

whole process.
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Perhaps the most striking aspect of these studies is the influence of melanin on
amphetamine and cocaine influx and efflux. As evidenced in Figure 5.2, PM accumulate
much greater amounts of amphetamine or cocaine at equilibrium than do NPM. In
addition to the fact that the only difference between these two cell lines is inhibition of
tyrosinase and thus a dramatic reduction of eumelanin content in one line; normalization
of these data for cellular eumelanin content—i.e., dividing drug uptake (pmol/mg protein)
by the eumelanin content of the cells (lLg eumelanin) (Figure 5.5) also strongly supports
the notion that drug-melanin binding and accumulation of drug on rr;elanin is the reason
for greater uptake of the basic drugs by PM than NPM. There may still appear to be
some difference between PM and NPM influx of amphetamine and cocaine after the data
is normalized for eumelanin content, but these differénces can be attributed to
experimental variability, as the differences between PM and NPM are much less on both
an absolute and relative scale once uptake data are normalized for eumelanin content. In
addition, once data are normalized for eumelanin content, NPM data points are not
distinguishable from PM data points. Likewise, these same reasons explain the rapid and
complete efflux of amphetamine and cocaine from nonpigmented cells, and the slow and
incomplete efflux of the drugs from pigmented cells. The fact that efflux of amphetamine
from PM is a slow, but equilibrium-mediated proceé; is demonstrated by the evidence in
Figure 5.7, which shows that if cells are continuously exposed to an amphetamine free
extracellular environment, amphetamine will eventually be exported into the extracellular
fluid.

Interestingly, with respect to the cellular melanin content and melanin binding

constants of eumelanin for amphetamine, the average amount of amphetamine taken up
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into PM is approximately 2.0x10” mol / mg eumelanin. This value falls between the low
capacity (1 :3x107'% mol / mg eumelanin) and high capacity (1x107 mol / mg eumelanin)
maximal binding parameters for amphetamine to eumelanin (see Chapter 4). Likewise,
the average amount of cocaine taken up by PM at equilibrium is 7.3x10" mol / mg
eumelanin, which also fits between the low and high capacity maximal binding
parameters for cocaine to eumelanin (see Chapter 4). These observations reinforce the
idea that the level of influx of amphetamine into pigfnented cells is directly related to
cellular eumelanin content due to amphetamine bi.ndling to the eumelanin polymers.

In addition to the capability to address issues of hair color bias, these cellular
models also allow an investigation into hair cell selectiveness in drug transport. A
previous study by Nakahara and Kikura (41) showed that when Dark Agouti rats are
given amphetamine or N-AcAp at the same dose, the plasma area under the concentration
vs. time curve (AUC) for N —AcA,p is about four times greater than that of amphetamine.
Analogously, Hubbard et al. (66) found that the AUC for BE is about twice that of
cocaine after systemic administration of cocaine. A1unique finding of these two studies
was that the amount of amphetamine or cocaine found in hair is much greater than the
amount of N-AcAp or BE found in hair; both in the above studies and in one of our
previous studies (42). This is inconsistent with predictions based on a classical diffusion
model of cellular uptake. At least two possibilities can account for this apparent
discrepancy: Either N-AcAp and BE are highly protein bound and essentially unable to
be taken into hair cells, or the hair cells have a transport system in place that permits the
selective uptake of amphetamine and cocaine, but the relative exclusion of N-AcAp and

BE. To test the former possibility, drug-plasma protein binding studies were conducted
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with N-AcAp and BE prior to conducting the cell transport studies. The binding studies
conducted across the complete range of physiologically relevant BE and N-AcAp plasma
concentrations excluded the former possibility by demonstrating that BE is not bound to
serum proteins (compared to 80-55% binding for cocaine across physiologically relevant
serum concentrations(179)) and N-AcAp is at maximum only 40% bound to plasma
protein (compared to amphetamine’s binding of about 20% across physiologically
relevant plasma concentrations (180)). Thus the free-drug-in-plasma AUC (free AUC)
ratios between cocaine and BE and amphetamine and N-AcAp remain substantially less
than one. Specifically, based on a assimilation of the plasma AUC data of Hubbard et al.
(66) and the cocaine serum protein binding data of Parker et al. (179) with the data
presented here, the cocaine : BE free AUC ratio was approximately 0.06-0.21. Also,
based on a comparison Nakahara and Kikura’s data (41) and the data presented here, the
amphetamine : N-AcAp free AUC ratio reached a maximum of only 0.33.

These studies examining the influx of amphetamine, cocaine, N-AcAp, and BE
into hair-related cells firmly support the hypothesis that hair cells do not simply take up
drugs available in the plasma following a simple diffusion model. Even at a 10-fold
greater concentration than amphetamine, N-AcAp still is not transported into
keratinocytes or melanocytes. Likewise, also at a 10-fold greater concentration, BE is
still influxed to a much lesser extent than cocaine. Inconsistencies in BE influx data may
indicate that BE is simply adhering to the outside of the cells. As mentioned previously,
unless a pigment bias is observed, these experiments cannot distinguish between uptake
and simple adherence to the outside of cells. If BE is simply associating with the outside

of the cells, quantitative levels of BE may be quite sensitive to minor inconsistencies
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during the PBS wash phase of the experiment. If simple diffusion were responsible for
uptake of these drugs into hair cells, then even given the same AUC (or cellular
exposure) one would still expect greater amounts of N-AcAp to be incorporated into the
hair cells because it is the more nonpolar, uncharged compound. However, although N-
AcAp was found in the hair of systemically dosed rats (42), our current study did not
demonstrate cellular transport of N-AcAp into keratinocytes or melanocytes. As stated
above, while absolute signals from N-AcAp in our influx samples were far above
quantitation limits, they were low relative to backgréund noise from drug adherence to
the flask. Background signal of N-AcAp from drug adhered to the flasks was not high; at
10 uM, the background was just slightly lower than that of amphetamine at 1 uM. Thus
the nuances of the experimental conditions themselves may preclude an assessment of the
precise extent of cellular uptake of N-AcAp. One could make the argument that because
the N-AcAp influx data for melanocytes fit hyperbolic regression curves, modeling
simple facilitated transport (KaleidaGraph, Synergy Software) with R? values between
0.80 and 0.85, that there may be some actual cellular transport. However, again, because
of the low signal to background ratio of the data, we prefer not to draw such conclusions
with certainty.

Specific cellular transport processes appear to be operational for amphetamine
and cocaine. However, no mechanistic studies were conducted here to determine the
exact mode of transport. Linear initial transport regions are vital to such studies, thus in
an effort to observe them, an amphetamine influx experiment into keratinocytes was run
at 4 °C (Figure 5.4). This technique slowed the initial transport process sufficiently for

linear rates to be observed for a significant time period. Thus, such a cooling technique



165

may be of value in future mechanistic studies on the mode of amphetamine (and possibly
cocaine) transport into hair forming cells.

Cellular transport models, such as those employed in this study, may be valuable
tools to help predict hair incorporation properties and potential color biases, but they are
not without their limitations. For example, the model is not a whole animal system and
does not contain the complex variety of cellular intefactions between different cell types,
as would be the case in a living animal. Thus data obtained may not reflect in vivo reality
in all cases. In addition, the cells used in these studies were not hair follicle-derived due
to viability and pigmentation limitations involved with such specialized cells. As such,
data obtained from such cells cannot reliably be used as an absolute predictor of the hair
incorporation properties of any given drug, but must be used in conjunction with
supporting data from other models of drug incorporation into hair.

In conclusion, the data presented in this chapter demonstrate the dramatic effects
of cellular pigmentation and transport selectivity on the uptake and retention of basic and
highly (hair) incorporating drugs in comparison to their nonbasic and low-level

incorporating congeners.



CHAPTER 6

SUMMARY AND SIGNIFICANCE

Summary

The results presented in this dissertation are summarized with the following

statements:

1.

PDCA and PTCA, markers for DHI and DHICA eumelanin units, respectively,
are produced in 0.37% and 4.8% yields, respectively, when melanins are
subjected to alkaline hydrogen peroxide degfadation.

3AT and AHP, markers for 2-CysDOPA and 5-CysDOPA, respectively, are
produced in 16% and 23% yield, respectively, when subjected to hydriodic acid
hydrolysis.

Indole based monomer units are present in pheomelanin, not just eumelanin.
On a mass basis, black human hair contains approximately 99% eumelanin and
1% pheomelanin, brown and blond hair contain 95% eumelanin and 5%
pheomelanin; and red hair contains 67% eumelanin and 33% pheomelanin.
Codeine incorporation into human hair after oral administration is directly
proportional to the amount of eumelanin, buf not pheomelanin, in the hair.
Amphetamine (a basic, positively charged drug at physiologic pH) shows a hair
color bias and is more highly incorporated into hair than is N-AcAp

(amphetamine’s nonbasic, neutral analog) which lacks a hair color bias. This
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11.
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occurs despite the fact that the free plasma AUC for N-AcAp is about 3-fold that
of amphetamine.

Amphetamine and cocaine, two basic, positis)ely charged drugs that show a hair
color bias, bind to eumelanins and mixed eu-/pheomelanins to varying degrees,
but not to pure pheomelanin. BE and N-AcAp, net neutral drugs that do not show
a hair color bias, do not to bind to any type of melanin.

Melanin subtypes (beyond the eu-/pheomelanin distinction) do not appear to be
important predictors of drug-melanin binding.

Multiple hydrogen bonding interactions between basic drug molecules and
melanin, made possible by eumelanin secondary structure, likely comprise the
high affinity/low capacity melanin binding site, while ionic interactions between
positively charged, basic drug molecules and negatively charged melanin likely
comprise the low affinity/high capacity melanin binding site.

Cultured melanocytes, when pigmented, show an influx bias for amphetamine and
cocaine, but this was shown not to be the case for N-AcAp and BE.

PM are much slower to efflux amphetamine and cocaine, and do so less
completely than NPM.

Based on amphetamine and cocaine data, cultured melanocytes appear to be an
appropriate model for predicting hair color biases and relative hair incorporation
between drugs.

Classic passive diffusion models are not predictive of the relative levels of

incorporation of amphetamine, N-AcAp, cocaine, or BE into hair.
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Significance

Determination of percent yields of melanin subtype degradation markers permit
the direct assessment of the mass amount of each melanin subtype in a hair sample. Such
information allows data (i.e., on drug incorporation into hair) to be normalized for actual
melanin content—normalization for marker content or a nonspecific melanin content
based on one type of natural melanin (e.g., sepia melanin) is no longer necessary.
Unexpected findings in the course of these investigations provided evidence of indole
units from pure pheomelanin polymers. These data call for a revision of the classic
structure of pure pheomelanin as a solely benzothiazine-based polymer. Application of
the data derived from the study of synthetic model melanins suggests that the total
amount of melanin in hair is a more important predictor of hair color than is the mass
ratio between eumelanin and pheomelanin in hair. In addition, the data show that hair
eumelanin content is more important than pheomelanin content in regulating the
incorporation of codeine into hair. The drug-melanin binding data with amphetamine and
cocaine presented in Chapter 4 demonstrate that this is true for other basic drugs as well.
In addition, mass spectral studies presented in Chapter 4 shed new light on the
confounding nature of the chemical binding interaction between drugs and melanin.

Hair incorporation data (presented in Chaptér 3) for amphetamine and N-AcAp
emphasize the importance of basicity in hair color bias and, coupled with the plasma
pharmacokinetic data of Nakahara and Kikura (41), suggest that passive diffusion is not
an appropriate mechanism for incorporation of these' drugs into hair. These conclusions
are strongly bolstered by the cellular transport data in Chapter 5 that demonstrates

plentiful uptake (and a hair color bias) for amphetamine, but negligible uptake for N-
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AcAp, even at 10 times the concentration of amphetamine. Efflux data, if an appropriate
model for part of the drug-incorporation-into-hair process, illustrate how drugs that show
a hair color bias by binding to melanin are retained in hair forming cells to a much
greater extent and for a much longer time than their chemical congeners that lack a hair
color bias. The implications gleaned from cellular transport data on amphetamine and N-
AcAp are further supported by cocaine and BE, two additional drugs that have analogous
hair incorporation characteristics to amphetamine and N-AcAp.

Drug pairs with chemical properties similar to the ones used in these studies
would be expected to incorporate into hair, bind to melanin, and undergo cellular
transport in analogous manners. Further studies on basic, but uncharged molecules such
as diazepam, pKa 3.3, would further elucidate the role of charge state in hair color bias.

In conclusion, the data presented in this dissertation demonstrate that
amphetamine and cocaine exhibit hair color biases, énd do so through non-diffusion-
mediated cellular uptake and subsequent retention via a mechanism of eumelanin

binding.



APPENDIX

The data presented in this appendix are nuclear magnetic resonance (NMR), mass
spectral (MS), and ultraviolet (UV) spectral data that support the identities of chemicals

synthesized as they were needed for the work presented in this dissertation.
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