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Abstract 0 The interaction of 15 drugs with synthetic levodopa melanin 
was studied by measuring their relative tendency to compete with I4C- 
cocaine for sites on the polymer. The binding of cocaine to melanin fol- 
lowed a Type I Langmuir adsorption isotherm in the absence of added 
drugs. Cocaine in the presence of a ninefold greater concentration of 
(+)-norepinephrine, levarterenol, dextroamphetamine, levamfetamine, 
(-)-ephedrine, dopamine, cycbpentolate, tropicamide, and, perhaps, 
desipramine conformed to a Type I adsorption relationship modified to 
account for competitive binding. Reciprocal plots for the binding of co- 
caine in the presence of these drugs permit a comparison of their relative 
affinities to melanin. Chlorpromazine, promazine, fluphenazine, thio- 
ridazine, imipramine, and chloroquine in ratios of 9 1  (drugxocaine) gave 
results that  are not explainable by a model based on competitive inhi- 
bition of cocaine binding. However, studies at ratios of 1:l for promazine 
and of 0.25:l and 1:l for chloroquine showed conformity with the com- 
petitive inhibition model, so affinities could be compared. The behavior 
of cocaine in the presence of thioridazine even a t  a 1:1 ratio cannot be 
judged as competitive inhibition. The overall results showed that the 
relative binding found was: some phenothiazines iz: chloroquine > cy- 
clopentolate > tropicamide > sympathomimetic amines. 
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Many drugs are accumulated and retained by pigmented 
tissue (1-9). Since nonpigmented tissue accumulates only 
small amounts of drug, retention is assumed to be depen- 
dent on pigment cells and their constituents. The melanin 
of the pigment granules in these cells has been implicated 
as the intracellular material responsible for drug binding 
(1,4-6). 

An earlier study (10) attempted to quantify the drug 
interactions with synthetic melanin by assuming that the 
process involved was analogous to adsorption on a solid, 
permitting a calculation of affinity and capacity constants 
to characterize binding. It was observed (10) that (&)- 
cocaine hydrochloride had an affinity for melanin of a 
magnitude and reproducibility that suggested it might be 
used to study the binding of various drugs; the approach 
suggested was the measurement of the tendency of drugs 
to compete with labeled cocaine for melanin sites. 

The present study reports the relative ability of several 
drugs to bind to melanin by measuring their competitive 
displacement of labeled cocaine. Cyclopentolate and tro- 
picamide were selected because they are extensively used 
in ophthalmology (11) and, like cocaine, are less effective 
in pigmented iris (4). The phenothiazines, chlorpromazine, 
fluphenazine, promazine, and thioridazine, were studied 
to see if structural differences affected binding. Desipra- 
mine and imipramine were studied because of their 
structural similarity to phenothiazines. Chloroquine, like 
chlorpromazine, was used because it is reported to produce 
retinopathy and is known to bind to melanin (12). Dex- 
troamphetamine [(+)-amphetamine] and levamfetamine 

[(-)-amphetamine], (+)-norepinephrine and levarterenol 
[(-)-norepinephrine], and dopamine were studied to de- 
termine if there was a stereospecific component to binding. 
The remaining sympathomimetic amine used, (-)- 
ephedrine, is known to be retained by the pigmented iris 
(5,6). 

EXPERIMENTAL 

Preparat ion of Levodopa Melanin-The melanin was prepared as 
reported previously (10). The yield resulting was 4.38 g using exactly the 
same amounts and procedures. This yield is approximately three times 
more than was obtained earlier for unknown reasons. The resulting ma- 
terial, as well as that obtained earlier, showed that a free radical is present, 
as evidenced by its characteristic electron spin resonance signal' similar 
to that of melanin found in nature. 

Materials-'4C-Methoxy-labeled-( &)-cocaine hydrochloride2 (specific 
activity of 3.12 mCi/mmole) was found to be pure using TLC. The unla- 
beled drugs used without further purification were: f l~phenazine~,  
promazine hydrochloride4, chloroquine diphosphate?, imipramine hy- 
drochloride6, thioridazine hydrochloride7, desipramine hydrochlorides, 
dextroamphetamine [(+)-amphetamine] sulfates, levamfetamine [(-)- 
amphetamine] sulfateg, (+)-norepinephrine (+)-bitartrates, levartere- 
nol") [(-)-norepinephrine], dopamine hydr~chloride'~,  (-)-ephedrine 
hydrochloride12, cyclopentolate hydr~chloride'~, t r~picamide '~,  and 
(*)-cocaine hydr~chloride'~.  All other chemicals were reagent grade. 

Methodology fo r  Binding Studies-Portions of 2,4,6,8, and 10 mg 
of synthetic melanin were placed in separate 25-ml flasks. Nonlabeled 
drug was added to 5 ml of 0.1 M phosphate buffer, pH 7.4, to give a con- 
centration normally nine times (5.24 X 10V M )  that of labeled cocaine. 
The suspension was shaken a t  37' for 1 hr in a thermostated water bath. 
Then labeled (%)-cocaine hydrochloride (0.15 ml of a stock solution) was 
added, resulting in a concentration of 5.83 X 10W M (5.8 nCi/ml), and 
shaking was continued for another hour. 

The suspension was then centrifuged's a t  19,ooO rpm for 30 min a t  -2". 
The supernate, 1 ml, was placed in a counting vial, and 1 ml of water and 
12 ml of a liquid scintillation cocktaiP were added. All samples were then 
counted17 for 10 min. The counting efficiency for the instrument was 
86-87%. In a few cases where results showed that the 9:l ratio (unla- 
beled-labeled) was too high, a 1:l  or 0.25:l study was performed. 

In another study, saturation of melanin by cocaine was carried out 
using a constant amount of melanin (2 mg). Unlabeled cocaine was added 
to the labeled compound whose concentration was fixed at 5.83 X 10-6 
M (5.8 nCi/ml). Ratios (unlabeled-labeled) of between 5 1  and.7501 were 
used, and the systems were analyzed for free and bound drug as outlined 
previously (10). 

All experiments were repeated five times. The concentration of cocaine 
bound (as free base) was calculated by taking the difference between the 
amount initially added and the amount remaining in the supernate after 

1 The spectrum was obtained through the courtesy of Dr. Louis Malspeis, College 

2 Mallinckrodt Nuclear, St. Louis, Mo. 

4 Wyeth Laboratories, Philadelphia, Pa. 
5 Sterling-Winthrop Research Institute, Rensselaer, N.Y. 
6 Ciba Pharmaceutical Co., Summit, N.J. 

Sandoz Pharmaceuticals, Hanover, N.J. 
8 USV Pharmaceuticals Corp., Tuckahoe, N.Y. 

Smith Kline & French Laboratories, Philadelphia, Pa. 

General Biochemicals, Chagrin Falls, Ohio. 

of Pharmacy, Ohio State University. 

Schering Corp., Bloomfield, N.J. 

lo Regis Chemicals, Chicago, Ill. 

l2 Maliinckrodt, St. Louis, Mo. 
l3  Alcon Laboratories, Fort Worth, Tex. 
l4 Merck Sharp & Dohme Research Laboratories, West Point, Pa. 
l5 Sorvall RC-PB centrifuge. 
lfi Aquasol, New England Nuclear, Boston, Mass. 

Packard liquid scintillation spectrometer. 
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Figure 1-(a) Free drug concentration as measured by counts per minute per milliliter for cocaine as a function of the cocaine concentrations where 
various proportions of unlabeled to labeled cocaine were used. (b) Reciprocal of the moles of cocaine bound per milligram of melanin as a function 
of the reciprocal of  the free cocaine concentration. The  affinity constant K = 1.203 X 1U5 M-l, and the capacity n = 7.69 X molelmg. 

centrifugation. The average of the five determinations (standard error 
of mean between 1 and 5%) was used for data analysis. 

Treatment  of Binding Data-Cocaine binding to melanin was as- 
sumed to follow a Type I Langmuir adsorption isotherm according to: 

(Eq. 1) nKlclr,,, r =  
1 + K [ c ] f r e e  

where r is the number of moles of cocaine bound per milligram of melanin, 
(c]free is the concentration of free cocaine, n is the maximum number of 
moles of cocaine that can be bound per milligram of melanin, and K is 
proportional to the affinity constant for cocaine binding under the ex- 
perimental conditions. Equation 1 is modified when cocaine binding is 
studied in the presence of a drug that competes for cocaine binding sites. 
In the case of reversible inhibition by the added drug, Eq. 1 becomes: 

where K' is the constant related to the affinity of the drug and [D]free is 
the free inhibitor concentration. Defining the term K,,,, as: 

K 
Kapp = 1 + K"D]f,,, 

and substituting into Eq. 2 gives the following equation upon rear- 
rangement: 

1 - 1  1 1 _ - -  +-- 
r n nKapp  [c]free 

Thus, a plot of the reciprocal of the amount of cocaine bound per milli- 
gram of melanin as a function of the reciprocal of the free cocaine con- 
centration should be linear in the presence of a constant concentration 
of inhibitor. In competitive inhibition of cocaine binding, the y-axis in- 
tercept should be the same as that found in the absence of inhibitor but 
the slope should be greater since Kapp must be less than K.  The greater 
the slope a t  a constant inhibitor concentration, the greater is the affinity, 
K', of the inhibitor for melanin. If the added drug is an irreversible in- 
hibitor of cocaine binding, both the slope and y-axis intercept should 
increase. However, the value for K ,  the x-axis intercept, remains the same 
in the presence and absence of drug inhibitor. 

(Eq. 4) 

RESULTS 

When cocaine binding to melanin was studied using a constant weight 
of melanin (2 mg) and increasing amounts of cocaine (ratios of unlabeled 
to labeled drug increased from 5:l to 7501), the relation between the 
counts per minute per milliliter and the increasing ratio reached a plateau 
above ratios of about 200:l (Fig. l a ) .  Since an increase in counts per 
minute per milliliter reflected displacement of bound labeled cocaine, 
saturation of 2 mg of melanin in 5.15 ml of buffer occurred at concen- 
trations of about 1.17 X lop3 M .  This result showed that the subsequent 
studies involving cocaine binding to melanin in the presence and absence 
of inhibitors were conducted at levels well below cocaine saturation. 

In studies using a constant concentration of labeled cocaine (5.83 X 
M) with varying amounts of melanin added (2-10 mg/5.15 ml), a plot 

of the reciprocal of the experimentally measured amount bound per 
milligram of melanin as a function of the reciprocal of the free cocaine 
concentration was linear (Fig. lb ) .  The result conforms with that pre- 
dicted by Eq. 1, where the n and K values found (7.7 X mole/mg and 
1.20 X 105M-', respectively) are of the same order of magnitude as those 
reported earlier (7) where n = 2.4 X mole/mg and K = 8.9 X lo5 M-l. 
The values are not expected to be exactly the same because of the error 
involved in getting the constants (Table I) and because different batches 
of synthetic melanin were used where the physical characteristics (ex- 
ternal surface area) affecting binding may have been quite different. 
Thus, in spite of different melanins used, the values for cocaine can be 
considered approximately equal within the limits of experimental error. 
The relationship found for cocaine alone (Fig. l b )  was used as the refer- 
ence for all subsequent drug comparison studies. 

Competition for binding sites between cocaine and drugs of several 
pharmacological classes was characterized by plotting the reciprocal of 
the amount of cocaine bound as a function of the reciprocal of the free 
cocaine concentration. Linear relationships were always obtained where 
slopes in plots for cocaine in the presence of another drug were always 
greater than the slope found for cocaine alone (Table I). The amine salts, 
(+)-norepinephrine, levarterenol, dextroamphetamine, levamfetamine, 
(-)-ephedrine, and dopamine, studied a t  a ratio of 91 (amine-cocaine) 
gave good linear double-reciprocal plots as typified by those for (+)- 
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Table I-Linear Regression Parameters for the Langmuir 
Treatment of the Binding of 14C-Cocaine to Melanin in the 
Presence of Several Drugs 

Slope, Intercept, 
Ratio, mgAiter x 10-3 mg/mole x 10-8 
Drug- (Lower/Upper (Lower/Upper 

Drue Cocaine Limitfa Limit)" 

(+)-Norepinephrine 9 1  1.9 (1.4/2.3) 4.1 (1.1/7.1) 
Levarterenol 9:l 1.7 (1.3/2.0) 2.9 (1.7/4.2) 
Dextroamphet- 9:l 2.2 (1.7/2.7) 2.0 (0.5/3.5) 

amine 
Levamfetamine 
(-)-Ephedrine 
Dopamine 
Cyclopentolate 
Tropicamide 
Chlorpromazine 
Fluphenazine 
Promazine 

Thioridazine 
ImiDramine 

9:l 2.3 (1.8/2.8) 2.1 (0.5/3.8) 
9:l 2.1 (1.5/2.6) 3.1 (0.9/5.4) 
9:i 2.3 (i.i/xij 3.3 io.6/5.9j 
9 1  3.1 (2.6/3.6) 2.2 (-0.4/4.8) 
9 1  2.5 (2.2/2.8) 0.8 (-0.7/2.3) 
9 1  2.0 (1.2/2.8) 10.4 (5.9h4.8) 
9 1  2.2 (1.7/2.6) 9.4 (5.5h3.2) 
9:l 2.0 (1.5/2.6) 14.4 (11.7h7.1) 
1:l 2.4 (1.8/3.0) 1.7 (-2.4/5.8) 
1:l 1.6 (1.4/1,9) 8.1 (6.0h0.2) 
9:l 2.2 (1.8/2.8) 6.1 (3.4h.91 

DeGpramine 9 1  2.2 ii.9/2.sj 4.0 (2.0/6.oj 
Chloroquine 9:l 1.9 (1.4/2.4) 17.4 (13.4/21.4) 

1:l 2.0 (1.3/2.7) 7.6 (0.6h4.7) 

(f)-14C-Cocaine Control 1.1 (0.9/1.3) 1.3 (-0.2/2.8) 
0.25:l 2.1 (1.4/2.9) 5.8 (-1.8/13.4) 

a Parentheses contain 95% confidence intervals calculated a t  p = 0.05. 

norepinephrine and levarterenol (Fig. 2). The slopes for all six compounds 
were greater than the slope for cocaine alone, and their intercepts do not 
appear to be statistically different from the intercept of cocaine (Table 
I). 

Cyclopentolate and tropicamide gave slopes larger than those found 
for amine salts (Table I). In comparing the two drugs, cyclopentolate gave 
a slightly larger slope (Fig. 3). 

Studies at ratios of 9:l (drug-cocaine) using the tranquilizers proma- 
zine, chlorpromazine, fluphenazine, thioridazine, imipramine, and 
desipramine and the retinotoxic drug chloroquine gave reciprocal plots 
with slopes greater than those for cocaine alone (Table I). Except for 
desipramine, the y-axis intercepts were greater and statistically different 
from those for cocaine alone, as represented in Fig. 4a for chloroquine. 
Desipramine showed a y-axis intercept (Fig. 4c) with its lower 95% con- 
fidence limit falling within the range for cocaine (Table I). Table I shows 
that the intercept limits for fluphenazine, imipramine, chlorpromazine, 
promazine, and chloroquine were outside the error limit for cocaine. For 

- L  z 

[l / (Drug)freel  X lo-' 

Figure 2-Reciprocal of t h e  moles of cocaine bound per  milligram 
of melanin as a function of the  reciprocal of the free cocaine concen- 
tration. Key: A, cocaine alone; 0, cocaine i n  the presence of levarterenol 
(1:9); and 0,  cocaine i n  the  presence of (+)-norepinephrine (1:9). 
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Figure 3-Reciprocal of the moles of cocaine bound per milligram of  
melanin as a function of the reciprocal of the free cocaine concentration. 
Key:  0 ,  cocaine alone; A, cocaine in the  presence of tropicamide (1.'9,); 
and 0,  cocaine in t h e  presence of cyclopentolate (1:9). 

an unexplained reason, thioridazine at  a 9:l ratio gave results that were 
not analyzable. 

With the assumption that the findings obtained were a result of high 
affinities of the several drugs (except desipramine) for melanin, which 
effectively displaced cocaine from binding sites with a concomitant in- 
troduction of large errors in the calculation of bound cocaine, studies were 
made using chloroquine at  ratios of 1:l and 0.25:l (drug-cocaine) and 
promazine and thioridazine at  ratios of l:l. At  the 1:l ratio, analyzable 
results were obtained for thioridazine. The result for chloroquine at the 
1:l ratio is presented in Fig. 46. The other compounds gave similar results. 
The slopes of the reciprocal plots obtained in these studies were greater 
than those of cocaine alone and the intercepts, except for thioridazine, 
were not statistically different from those found for cocaine alone (Table 
I). 

DISCUSSION 

The linear relationship obtained in the reciprocal plots for the six 
amine salts in the presence of cocaine at ratios of 91,  for desipramine at  
the same ratio, for chloroquine at ratios of 1:l and 0.251, and for 
promazine at a ratio of 1:1, where the y-axis intercepts were not signifi- 
cantly different from the intercept for cocaine studied alone, strongly 
suggests compliance with Eq. 3. The equation assumes that a drug re- 
versibly competes with cocaine for binding sites on melanin where the 
concentration of free inhibitor is relatively constant. Compliance by the 
several drugs suggests that a comparison of the slopes obtained for cocaine 
in the presence of drugs with the slope obtained for cocaine alone can be 
used to compare the relative affinities of the several drugs for melanin. 
Thioridazine is the only drug that does not comply with Eq. 3 at a 1:l 
ratio. 

With the amine salts, an increase in the slope of the reciprocal plots 
occurred at ratios of 91; therefore, among the compounds studied, the 
amine salts showed the weakest binding to melanin. Furthermore, dex- 
troamphetamine and levamfetamine had similar slopes, as did (+)- 
norepinephrine and levarterenol. This result indicates that competitive 
binding is nonstereoselective. The observations with the stereoisomers 
of amphetamine are consistent with the previous studies where the 
binding of each labeled isomer was investigated (10). 

Cyclopentolate and tropicamide showed a greater slope and, hence, a 
greater affinity for melanin than the amine salts at similar ratios of drug 
to labeled cocaine. Cyclopentolate reflected a slightly greater inhibitory 
effect and presumably has a greater affinity for melanin than tropicamide, 
which may be a result of their differing chemical structures. 

For most phenothiazines a t  a 9:l ratio, it was not possible to charac- 
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Figure 4-Reciprocal of the moles of cocaine bound per milligram of melanin as a function of the reciprocal of the free cocaine concentration in the 
presence and absence of (upper curves) chloroquine (9:l) (a), chloroquine (1: l )  (b), and desipramine (9:l) (c). The lower curves are 14C-cocaine 
alone. 

terize the exact nature of the inhibitory effect since the isotherms ob- 
tained were not typical of the Type I adsorption. This result probably 
is a consequence of both the amount of phenothiazine present and the 
strength of the interaction. Desipramine is apparently a much weaker 
inhibitor than other phenothiazines studied since its behavior at a 9 1  
ratio was similar to that of other phenothiazines studied at  a 1:l ratio. 
Chloroquine at a 9 1  ratio behaved similarly to most of the phenothiazines 
(not desipramine) a t  the same ratio. Just as with the phenothiazines, this 
behavior is probably related to i ts  concentration and affinity for mela- 
nin. 

The phenothiazines displaced cocaine at a 1:l ratio, analogous to the 
amine salts a t  a 9 1  ratio, which indicates that phenothiazine affinity is 
greater than amine salt affinity. Chloroquine a t  ratios of 1:l and 0.251 
showed competitive effects similar to the amine salts a t  91; it probably 
has a melanin affinity greater than the amine salts. Cyclopentolate and 
tropicamide, both at  a 9 1  ratio, exhibited greater inhibitory effects than 
the amine salts a t  a similar ratio. When the anomalous behavior of phe- 
nothiazines at a 9 1  ratio is compared with the behavior of cyclopentolate 
and tropicamide at the same ratio, the phenothiazines show a greater 
affinity for melanin than these drugs. 

The significance of these studies is that there is a difference among 
drugs in their affinity for melanin: some phenothiazines = chloroquine 
> cyclopentolate > tropicamide > sympathomimetic amines. It has been 
suggested that binding occurs with melanin via interaction of unshared 
electrons on drugs with the free radical of melanin (13). Further study 
is necessary to clarify the mechanism of drug binding to melanins. 

Because of the binding, regardless of its mechanism, it is possible that 
a drug may localize in the vicinity of melanin in melanin-containing tissue. 
It is easy to visualize such a phenomenon occurring, for example, in the 
eye where a localized high total concentration could remain over a long 
period (8, 9). Such a situation might foster toxicity. Chloroquine and 
chlorpromazine are known to produce ocular toxicity (12), and indeed 
they are among the strongest binders to melanin. Thus, it is tempting to 
suggest that there is a relationship between melanin affinity and toxici- 
ty. 

The pharmacological and toxicological significance of the interaction 
of certain drugs with melanins is well recognized (1-6,8,9). Since many 
other drugs also interact and bind with melanins, the pharmacological 

and toxicological significance of these interactions is perhaps underes- 
timated. 
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