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ABSTRACT 

The main purpose of the research described in this dissertation was to evaluate 

various aspects of cocaine in pharmacoidnetics and pharmacodynamics including: 

physiologically based-pharmacokinetics modeling; the influence of ethanol on cocaine 

disposition. Further, cocaine and cocaethylene (CE) were compared using 

pharmacokinetic-pharmacodynamic (PK-PD) models. Lastly, PK-PD models after cocaine 

and a combination of cocaine and ethanol dose were developed. 

Cocaine was administered by iv with or without ethanol in rats. CE was formed 

only in the group of rats given cocaine in the presence of ethanol. The extent of 

benzoylecgonine formation from cocaine significantly suppressed in the presence of 

ethanol. There were no statistical differences in cocaine disposition kinetics following iv 

cocaine dose in the presence or absence of ethanol. 

The PB-PK model was developed to describe cocaine disposition in the rat, dog, 

monkey and ultimately for scaling to humans using information developed in animals. The 

model gave a good prediction of tissue concentration-time profiles in animals. The 

prediction of the plasma concentration-time data in humans was poor when using the same 

tissue-to-blood-partition coefficients (R) obtained in rats. However, an excellent 

prediction was obtained after R was adjusted for differences in the apparent volume of 

distribution at steady state (rat vs. humans). 

The PK-PD model for cocaine or CE was developed by analyzing literature data. 

CE appears to be less potent in producing euphorigenic effects and equipotent to cocaine 

in producing physiological effects {e.g.. cardiovascular function). 
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The sigmoid Emax model was selected to describe the relationship between the 

physiological and euphorigenic effects produced by cocaine, ethanol and CE and their 

respective concentrations in the effect compartment. This model gave a good prediction 

for those effects. It appears that increased heart rate and "cocaine high" after a 

combination dose of cocaine and ethanol compared to cocaine alone was due to both the 

increase in cocaine concentration and the CE formed following ethanol exposure. 

Similarly, increased effect of "any high" or "good effect" after a combined dose appears to 

be due to cocaine (in the presence of ethanol), ethanol and CE formed in the presence of 

cocaine and ethanol. 
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Chapter 1 

Pharmacologic and Pharmacokinetic Aspects of Cocaine 

and the Cocaine-Ethanol Interaction: Literature Review 

l .I  Cocaine 

Cocaine, a lipophilic weak base with pKa 8.6 whose structure is shown in Figure 

1.1, is the main alkaloid found in Erythroxylon coca (Fleming et al., 1990) which grows 

abundantly in the Andean Highlands and northwestern parts of the Amazon in South 

America. Human use of cocaine began as early as 500 A.D., and its use was widespread 

in the mid-19th century in Europe (Brown, 1986). By the late 1800s the enthusiasm for 

the use of cocaine diminished as harmful effects of the drug emerged. As early as 1836, 

Edward Poppig said that the cocaine user is a, "slave of his passion even more so than the 

drunk" (Brown, 1986). As a result of excessive use and negative outcomes, the United 

States federal government began to regulate cocaine use. The Pure Food and Drug Act of 

1906 attempted to limit the importation of cocaine so that it would be used only for 

medical purposes, and the Harrison Narcotic Act of 1914 forbade use of cocaine in 

proprietary medicines (Brown, 1986). 

Cocaine is currently listed as a Schedule II substance, a category of the 

Comprehensive Drug Abuse Prevention and Control Act of 1970, which designates a drug 

with an acceptable medical use, but with high abuse liability as well. Current medical use 

is now limited to topical application in the upper respiratory tract which takes advantage 

of cocaine's vasoconstriction effect. When applied topically to mucous membranes. 
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cocaine produces shrinkage of mucous membranes and concomitant decreased bleeding 

and increased visualization of the surgical field (Fleming etai, 1990). The amount 

applied needs to be appropriate for these effects so that the anesthetic effect is superficial 

and does not extend to underlying structures. Furthermore, the total dose applied needs 

to be sufficiently small so that there are no systemic effects as a consequence of absorption 

into the blood stream. The latter is an important issue in pediatrics. 

I .I .I .  Pharmacology 

Cocaine has an ability to block reuptake of the neurotransmitters, norepinephrine (NE), 

dopamine (DA), and serotonin (5-HT) at synaptic junctions. This blockade occurs mainly 

at the noradrenergic terminal of the sympathetic component of the autonomic nervous 

system in the periphery and in the brain at monoaminergic terminals (i.e., those that utilize 

NE, DA, or 5-HT). One of the effects of increased concentrations of neurotransmitters in 

the peripheral nervous system is an activation of the sympathetic nervous system resulting 

in vasoconstriction. The effects of cocaine on the nervous system are dose-dependent 

(Fleming et ai, 1990). At low doses in animals, cocaine produces an alerting response 

consisting of an increase in exploration, locomotion, grooming, and rearing. Locomotor 

activity will initially increase with dose and then decrease as the dose increases. The 

behavioral patterns become stereotyped at larger doses (i.e., a continuous repetition of one 

or of a few forms of behavior). For instance, in rats, the repetitive behaviors include head 

bobbing, gnawing, sniffing and licking (Johanson and Fischman,I989). There is a general 

consensus that the motor-activating effect is due to cocaine's ability to block dopamine 
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reuptake by binding to dopamine transporters; however, the precise mechanism(s) and site 

of action is still unknown (Johanson and Fischman, 1989). At moderate doses, cocaine 

causes an increase in heart rate, hypertension, tachycardia, mydriasis, and hyperthermia. 

At high doses, convulsions and cardiac arrest occur. 

Cocaine prevents conduction of sensory impulses by blocking sodium channels in 

neuronal cells due to its local anesthetic effects. As a result of this blockade, electrical 

signals cannot be propagated along the axon and, therefore, sensory messages are not 

received in the central nervous system (Brown, 1986). There is current debate about 

whether or not the local anesthetic action of cocaine is responsible for the drug's 

subjective psychotropic response (Brown, 1986). 

The use of cocaine, like other drugs of abuse, is associated with sensations that are 

experienced as pleasurable or euphoric (Kumor et al., 1986). These subjective feelings 

often depend on the route of administration; feelings of "high" were expressed following 

snorting, while feelings of "rush" were noted after smoking or injecting cocaine. Rush 

was described as an intensely pleasurable sensation; users say that that is the most 

desirable effect of cocaine. Apparent tolerance to rush has been noted (Kumor et al., 

1986). Two 30 mg doses of cocaine, separated by 70 min, were injected into human 

subjects. Rush was greatly diminished following the second dose, while high (as measured 

with self-reports of good and energetic feelings) and cardiovascular responses were not 

different from the first injection. However, when the interval between doses was 

increased to 3 hr, the effects following the second injection were similar to those following 



the first injection. Thus, the repeated dosing experiments demonstrated tolerance to rush, 

but not to other sensations associated with cocaine. 

Cocaine is a powerful reinforcing (or rewarding ) agent. Evidence for cocaine 

being an efficacious reinforcer has been shown in many studies (Brown, 1986): Cocaine 

responses are seen regardless of its route of administration and priming is not necessary 

to get animals to self-administer cocaine. For instance, animals won't self-administer 

morphine, but they will if first trained on cocaine and are then switched to morphine; 

cocaine was seLf-adminisiered until death occurred, unlike heroin. When animals had an 

unlimited access to cocaine, it was ingested erratically, resulting in loss of grooming 

behavior, body weight, and finally death. In contrast, heroin intake was evenly distributed 

over time, there was no loss of grooming activity nor weight loss, and mortality from 

heroin self-administration was minimal. 

1.1.2. Toxicity 

Toxicity due to cocaine use has been associated with virtually every physiological 

system. 

A. Cardiovascular: The complex cardiovascular effects of cocaine are a function 

of both local anesthetic effects and its inhibition of neuronal uptake of catecholamines. 

Direct action of cocaine produces negative ionotropic effects on the heart by the 

membrane-depressant effects as a local anesthetic agent Increased peripheral sympathetic 

tone leads to tachycardia, hypertension, and vasoconstriction. Which of these two effects 

predominate in humans after recreational cocaine use is unknown (Fraker Jr. et al, 1991). 
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Due to the complex and diverse effects of cocaine, myocardial infarction, cardiac 

arrhythmias, myocarditis, coronary vasoconstriction, myocardial depression, and 

cardiomyopathy are all associated with cocaine use (Johanson and Fischman, 1989; 

Cregler, 1991). 

B. Central nervous system (CNS): Cocaine initially stimulates the cerebral cortex 

resulting in excitement or resdessness. As doses of cocaine increase, the lower motor 

centers are stimulated, causing tremors and convulsive movements. Brain stem effects lead 

to tachypnea, tachycardia and emesis. CNS depression progresses with higher doses of 

cocaine and may lead to respiratory and cardiovascular depression (Bettinger, 1980). 

Cocaine abuse may result in numerous neuropsychiatric effects including: hyperactivity, 

irritability, sleep disorders, anxiety, cocaine psychosis characterized by paranoia, and vivid 

visual, auditory hallucinations including delusions of insects crawling under the skin 

(Johanson and Fischman, 1989). The paranoia may cause violent or dangerous behavior 

and may be a prodrome to seizures and coma. Some of the psychiatric effects may be due 

to cerebral ischemia (Miller et al., 1992). Death from convulsions can occur between 30 

min to several hr after the last dose of cocaine, oftentimes after peak plasma 

concentrations have been achieved (Kumor et al., 1986). Therefore, it has been 

speculated that these effects are due to a toxic metabolite(s) which has not been identified 

or that it is due to neurological sensitization or the accumulation of cocaine into a critical 

anatomical area during the elimination phase (Kumor et al., 1986). Cocaine-induced 

stroke has been associated with all routes of administration, whereas, cerebral ischemic 

infarction appears to occur with greater frequency following intravenous or crack cocaine 



ingestion (Levin et al., 1987 and 1990). Migraine-like headaches or vascular headaches 

have been observed as a complication of cocaine use (Satel and Gawin, 1989). 

C. Liver Hepatotoxicity has been reported in both humans and animals. The 

mechanism of hepatotoxicity is thought to involve the generation of cytotoxic cocaine 

metabolites through the N-oxidation pathway (Boelsteri and Goldlin, 1991). Both 

norcocaine and N-hydroxynorcocaine are highly hepatotoxic. The final metabolite in this 

pathway is norcocame nitrosonium, a reactive species, which then binds with hepatic 

protein or it initiates lipid peroxidation (Boelsteri and Goldlm, 1991). It has also been 

suggested that norcocaine hydroxide and N-hydroxynorcocaine undergo a redox cycle that 

produces superoxide anion radicals and hydrogen peroxide which lead to lipid 

peroxidation (Boelsteri and Goldlin, 1991). 

D. Other Svstems: Chronic use of cocaine causes significant alterations in a 

variety of other organs (Johnason and Fischman, 1989). Toxicity has been noted to occur 

in the kidney, eyes, endocrine glands, skin, and skeletal muscles (Lombard et al., 1988; 

Wang, 1991; Zamora-Quezada etal., 1988). There are medical complications to cocaine 

use related to the route of administration (Johnason and Fischman, 1989). For example, 

perforation of the nasal septum, chronic rhinitis, and the loss of smell in users who 

habitually inhale the drug. Parenteral use is associated with diseases introduced by use of 

contaminated needles, such as bacterial or viral endocarditis, hepatitis, and acquired 

immunodeficiency disease. Cocaine can cross the placenta via diffusion and rapidly 

penetrates mucous membranes due to its high lipophilicity, low molecular weight and low 

ionization at physiological pH (Johnason and Fischman, 1989). Placental 
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vasoconstriction, decreased blood flow to the fetus, and increased uterine contractility 

have been reported in pregnant women using cocaine (Johnason and Fischman, 1989). 

1.1.3. Pharmacokinetics 

A. Forms of cocaine: Cocaine can be administered via numerous routes resulting 

in absorption through mucous membranes (i.e., oral or intranasal), smoking or intravenous 

injection. The National Household Drug Survey (Warner, 1993) indicated that the most 

common route of cocaine use is by intranasal insufflation (approximately 90% of cocaine 

users have snorted cocaine) followed by smoking (one third of users have smoked 

cocaine), and fewer than 10% of users take the injection form of cocaine. Cocaine 

concentration in coca leaves decreases with storage and is negligible within 6 months 

(Warner, 1993). Thus, cocaine is processed into the powder form, cocaine hydrochloride. 

Cocaine hydrochloride is water-soluble and can be absorbed through the nasal mucosa or 

by injection. Cocaine can be smoked after it is transformed into its alkaloid form (i.e., free 

base), either "freebase" or "crack" (Warner, 1993). Freebase and crack are the same 

chemical form of cocaine but are made using different techniques. Cocaine hydrochloride 

is dissolved in water, a base such as ammonia is added and then an extracting solvent such 

as ether is added. Finally, freebase cocaine is made by evaporating the ether layer 

(Warner, 1993). Smokers of freebase cocaine are at risk for bums due to incomplete 

removal of ether which is highly volatile. Crack cocaine is made by dissolving cocaine 

hydrochloride in water, mixing with baking soda followed by heating. The cocaine base 



29 

precipitates into a soft mass that becomes hard when dry. The name "crack" is derived 

from the sound of cocaine crystals popping during preparation (Warner, 1993). 

B. Absorption: Smoking cocaine provides the fastest rate of entry into the 

cerebral circulation, beginning within approximately 6-8 seconds after inhalation (Warner, 

1993). Therefore, this route provides a euphoric state of great intensity. The peak brain 

concentrations after smoking cocaine are much higher than those achieved after snorting 

due to the vast pulmonary vascular bed, which provides a large surface area for 

absorption. Bioavailability (of intact cocaine) following smoking is about 60 - 70 % of the 

dose. This low bioavailability is primarily due to decomposition of cocaine by heat 

(Jeffcoat et al., 1988). When cocaine is injected intravenously, the drug reaches the brain 

in about twice the time it takes following smoking. This time difference reflects a longer 

transit time due to passage first through the lungs and then into the systemic circulation 

(Warner, 1993). After nasal insufflation (snorting), rate and extent of absorption are 

highly variable (Wilkinson et al., 1980). Peak plasma concentrations of cocaine following 

intranasal administration occurred in 35 to 90 min in one study (Wilkinson etai, 1980), 

while tmax was between 120 to 160 min after administration of a comparable cocaine dose 

in another study (Busto et al., 1989). Bioavailability after intranasal administration ranged 

from 28 % to 57% (Busto et al., 1989). This high variability may be due to several 

factors, including variable nasal vasoconstriction induced by cocaine, variable cocaine 

metabolism in the nasal mucosa or poor administration technique leading to partial 

swallowing of the dose (Busto et al., 1989). 
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Wilkinson et fl/.(1980) observed that, following oral administration of cocaine, 

there was a 30 min lag time before the onset of absorption. This could be due to 

ionization of cocaine (pKa 8.6) in the acidic environment of the stomach and the need to 

empty into the small intestine where it is well absorbed due to the more alkaline condition 

there and the much larger surface area (Busto et al., 1989). The drug is also expected to 

undergo extensive metabolism in gut fluids, gut wall and in the liver. Oral bioavailability is 

30 to 40 % (Jeffcoat et al., 1988). The buccal absorption of cocaine appears to be 

variable and complex due to the local vasoconstriction effect, bioavailability ranged from 

20 to 60 % (Jatiow, 1987). 

C. Distribution: Distribution of cocaine into tissues has been determined in the rat 

( Nayak etal., 1976), dog (Misra etal., 1976) and monkey (Misra et al., 1977). The 

highest concentrations of drug within 15 min, following a single radiolabeled intravenous 

dose, were found in the brain, spleen, kidney and lung while the lowest concentrations 

were present in the muscle, heart and plasma. The monkey had the highest tissue-to-blood 

partition coefficients among these 3 animal species. 

Cocaine concentrations in the plasma declined very rapidly in rats (Ti/i, 20 min) 

and were not detected 4 hr after administration of the dose. It has been suggested that 

cocaine is cleared in a non-linear fashion. The clearance of cocaine decreased by one-half 

when 200 mg of cocaine was administered compared to that of a 100 mg dose in humans 

(Bamett et al., 1981). Similarly, when the cocaine dose was over 4 mg/kg (iv), the 

clearance of cocaine decreased significantly compared to the I or 2 mg/kg dose of cocaine 

in the dog (Wilkerson et al., 1980). 



Plasma protein binding of cocaine (0.1 to 1 mg/L) in rats is low, and is similar in 

single and multiple-dose-treated groups (Nayak et al., 1976). There are many studies on 

cocaine plasma protein binding in humans. Cocaine primarily binds to albumin and to ar 

acid glycoprotein (Parker et al., 1995) with two independent binding sites (Parker et al., 

1995); one with high affinity and low capacity and one with low affinity and high 

capacity. Cocaine binding in human serum was shown to be concentration-dependent 

Jeffcoat et a/.(I988) showed that protein binding of cocaine to albumin by ultrafiltration is 

14% at 4 |ig/L and 11 % at 9.3 |lg/L. At pharmacological concentrations of cocaine 

(approximately 5 - 300 |ig/L), the percent bound to ai-acid glycoprotein also decreased 

with increasing concentrations of cocaine (from 34 - 24%). Parker etal.{\995) reported 

similar findings: at lower concentrations (3 |i/L), the unbound (free) fraction of cocaine 

was 0.16 ± 0.05 and at higher concentrations (300 M-g/L), it was 0.68 ± 0.02. 

The ratio of cocaine concentrations in blood to plasma at 37° varied from 0.89 to 

1.12 over a range of cocaine concentrations (1 ^ig/L to 75 |ig/L) (Busto, 1989). 

D. Metabolism and Excretion: The elimination pathways of cocaine are illustrated 

in Figure 1.1. The excretion and metabolism of cocaine have been studied in animals and 

humans. Unchanged cocaine recovery in urine is small, approximately I - 2% of the dose 

in humans (Ambre, 1985) and in rats (Nayak et al., 1976). The percentage of the total 

dose recovered in urine is 49 % in rats (Nayak et al., 1976). The percentage of the total 

dose recovered in urine ranges from 27 % to 93 % in human (Ambre et al., 1984; Inaba, 

1989). Metabolites of cocaine found in urine include: benzoylecgonine, ecgonine methyl 



ester, benzoylenorecgonine, and ecgonine. The pharmacologically active metabolite, 

norcocaine, is not found in urine, possibly due to further biotransformation in liver to N-

hydroxynorcocaine (it further oxidizes to other metabolites). In humans, the major 

metabolite is ecgonine methyl ester following oral ingestion of radiolabeled cocaine. 

Ecgonine methyl ester is a product of cocaine hydrolysis by plasma cholinesterases and 

liver esterases. This metabolite accounts for 32 to 49% of the urinary cocaine metabolites 

(Inaba et ai, 1978). Benzoylecgonine is another metabolite that is formed from cocaine 

by enzymatic and non-enzymatic hydrolysis of cocaine in plasma and liver (Dean et al., 

1992). Both of these metabolites account for about 90% of the cocaine dose found as 

cocaine metabolites. A small fraction (2 - 10% in human) of the cocaine dose is converted 

to norcocaine primarily by the microsomal cytochrome P-450 system (Shuster et al., 

1988). Others claim that the FAD-containing monooxygenase system is involved in this 

step (FGoss et al., 1983). Table 1.1, summarizes many of the pharmacokinetic parameters 

of cocaine in humans. 

1.2 Cocaine-Ethanol Interaction 

Cocaine abuse has increased over the last two decades. Ethanol ingestion with 

cocaine appears to be particularly prevalent (85%) among those who abuse cocaine 

(McCance-Katz et al., 1993). In general, mechanisms of drug-drug interactions can be 

based upon a pharmacodynamic or pharmacokinetic principle. 
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1.2.1. Drug-drug interactions: Pharmacokinetic perspective 

The parameters of drug disposition that may be altered by administration of 

another drug, without considering any alterations in drug receptor interaction at the site of 

action, are: clearance (CLs), apparent volume of distribution (Vj), half-life (T1/2), unbound 

fraction of drug in plasma (fu) or unbound fraction of drug in tissue (fu,t) and absorption (F, 

fraction of dose absorbed). Since drug effect is related to unbound drug plasma 

concentration, it is important to understand the relationships among these parameters in 

terms of interaction of any two drugs. The time course of concentration (C) of any drug 

depends upon CLs and Vd (assuming a one compartment model and first-order kinetics): 

c = (xvvd)e-"^'^'""' (1.1) 

where X° is dose, Vd is apparent volume of distribution and CL, is systemic (or total 

body) clearance. 

The drug may be metabolized by any organ, however, the liver is the primary site. 

Thus, total clearance of a drug in the body is a sum of clearances of all organs: 

Organ CL = Q • (Ca - Cv) / Ca = Q • ER (1.2) 

CL Total = X organ CL (1.3) 

where Q is blood flow to the organ, Ca is drug concentration in the artery, Cv is drug 

concentration in the vein and ER is extinction ratio. Hepatic clearance is very important 

quantitatively, since approximately 90% of the total cocaine dose administered is 

metabolized in the liver (Inaba et al., 1978) in humans as well as in rats and other animals. 

Drugs can be divided into two major categories in terms of their hepatic clearance: those 

with high clearance (high extraction ratio) and those with low clearance (low extraction 
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ratio). The hepatic clearance (CLH ) of a drug may be expressed by the following 

equation; 

CLH = fu • CLu, INI • QH / (QH + fu • CLu. IM) (1.4) 

where, fu is the unbound fraction of drug in the blood, CLu, im is intrinsic hepatic clearance 

of unbound drug and QH is hepatic blood flow. For high clearance drugs, CLH is affected 

by liver blood flow (i.e., CLH == QH), whereas the CLH of low extraction ratio drugs is 

independent of blood flow and dependent on unbound intrinsic hepatic clearance as well as 

the unbound fraction of drug in the blood (i.e., CLH = FU • CLu,ini )• 

Cocaine is a high hepatic clearance drug and, consequently, hepatic clearance is 

dependent on hepatic blood flow. A single dose of ethanol (1, 2, 3 and 4 g/kg) has been 

reported to increase hepatic blood flow (Regan, 1982). Therefore, ethanol may have an 

influence on cocaine disposition kinetics via hepatic blood flow. However, ethanol also 

exerts an effect on the cardiovascular system in a dose-dependent fashion; cardiac output 

is increased at lower doses of ethanol (1 g/kg), whereas it is decreased at higher doses ( 3 

g/kg) (Regan, 1982). 

The apparent volume of distribution (Vj) of a drug may be expressed as; 

Vd = VB + VT*[fu/fu.J (1.5) 

where Vj is apparent volume of drug distribution, Vb is blood volume, Vt is volume of 

tissue or the volume of distribution of a drug into the rest of the body, fu is unbound 

fraction of drug in plasma and fu,t is unbound fraction of drug in tissue or rest of body. 

The apparent volume of distribution of cocaine is about 4.5 L/kg in rats (Sprague-Dawley, 

our data) and 1.8 L/kg (1.5 - 2 L/kg) in humans. Thus, the Vj of cocaine can be altered 
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by changes in plasma protein or tissue binding ( Vj = Vt • [fu / fu.t ])- However, ethanol is 

not expected to produce a large change in Vd due to displacement of cocaine in blood 

{i.e., change in fu), since ethanol or cocaine are not highly bound to serum proteins. What 

effect ethanol has on fu.t is not known. 

The elimination half-life (T1/2) is a complex parameter, being proportional to Vj 

and GU; 

t,/2 = 0.693 • Vd / CU (1.6) 

In the case of cocaine: Vd = VT • [fu / fu,J and CL, = QH- Therefore, 

T|/2 = 0.693 VT • [fu / fu.J / QH (for cocaine) (1.7) 

Cocaine half-life can be altered by changes in Vd and QH- Clearance and Vd vary 

independendy. 

Concentrations of metabolites (Cm) depend upon the concentration (or dose) of 

parent drug, the fraction of drug converted to metabolite (fm), the metabolite's elimination 

clearance (CLme), and the metabolite's volume of distribution (Vdm); 

= (1.8) 
dm * ^ me ' 

where k and kmc are the elimination rate constants of parent drug and metabolite, 

respectively. The fraction of parent drug converted to metabolite is also influenced by 

clearance, thus, parent drug or metabolite is most affected by changes in clearance after 

the long term use of ethanol. 

Bioavailability (F) of cocaine can be altered by ethanol when cocaine is given non-

intravenously, due to the peripheral vasodilating effect of ethanol. When cocaine is 
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administered intranasally in the presence of ethanol, the vasodilating effect from ethanol 

may counteract the vasoconstrictive effect of cocaine, resulting in increased bioavailability. 

1.2.2 Drug-drug interactions: pharmacodynamic/physiologic perspective 

Ethanol, molecular weight of 46, is completely miscible with water and has a very 

low lipid-water partition coefficient Therefore, ethanol moves easily through aqueous 

channels or pores in cell membranes by simple diffusion. 

Ethanol may affect various physiological functions, such as neuronal, hormonal 

and metabolic functions. These effects vary depending on the dose, the rate and the route 

of ethanol administration. Although ethanol is classified as a central nervous system 

depressant, small and moderate doses may have physiological stimulating effects, such as 

acceleration of heart rate. In healthy human subjects, moderate doses of ethanol cause a 

transient and slight increase in heart rate, cardiac output, and diastolic and systolic blood 

pressure (Wallgren and Barry, 1970b). An in vitro study of the heart-lung preparation 

showed that average ethanol blood concentrations of 210 mg/dl increase the coronary 

blood flow and decrease the coronary resistance as well as myocardial performance with 

no change in myocardial oxygen consumption (Regan, 1982). Mendoza era/.( 1971) have 

observed that coronary blood flow was not affected until blood concentrations of 190 

mg/dl were achieved following intravenous ethanol administration. However, a coronary 

blood flow of 339 ml/min for the whole heart caused a depression of myocardial 

contractility. Piano era/.(1991) have also found no changes in cardiac output (C.O.) after 

a I g/kg dose of ethanol (blood ethanol concentration range, 65 - 96 mg/dL) and a 



decrease in C.O. after a 3 or 4 g/kg dose of ethanol. In humans, there were no significant 

changes in blood flow in normal individuals at blood ethanol concentrations up to 65 

mg/dL or 20 min after ingestion of 90 ml of whiskey (Regan, 1982). The effects of 

chronic consumption of ethanol on the coronary artery is different compared to those seen 

after an acute dose of ethanol. The results of most studies support the hypothesis that an 

inverse relationship exists between alcohol consumption and risk of coronary artery 

disease (Sheehy, 1992). Approximately 49% of the almost 300,000 sudden deaths that 

occur annually in the Unites States are related to alcoholism (Sheehy, 1992). The causes 

of sudden death in alcoholics are evidenced as coronary vasospasm, arrhythmia and 

cardiomyopathy (Sheehy, 1992). 

The changes in regional blood flow due to ethanol are quantitatively related to the 

route and rate of administration as well as to the dose and the time of physiological 

measurements. An acute small dose of ethanol causes an increase in gastric mucosal blood 

flow, whereas, high doses induce gastric irritation causing pyloric spasm. Regan (1982) 

also reported that renal arteries appear to be unresponsive up to 3 g/kg ethanol dose and 

similarly, the cerebral vasculature did not seem to be affected by ethanol except at high 

doses where blood flow was increased. Hepatic blood flow has been found to increase at 

all doses (1,3, and 4 g/kg), being most pronounced after a low dose (I g/kg ethanol) in 

wistar rats (Piano et ai, 1991). Cutaneous vasodilatation, apparent as flushing, is the 

most widely known effect of ethanol on regional blood flow (Proano and Perbeck, 1994). 

This peripheral vasodilating effect of ethanol is mediated by the vasomotor center in the 

CNS and the local nerve (sympathomimetic) supply (Wallgren and Barry, 1970a). 
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Many drugs of abuse {e.g., cocaine, amphetamine, nicotine) including ethanol are 

thought to exert their rewarding properties through stimulation of central dopamine (DA) 

and serotonin (5-HT) systems. McBride et al.( 1993) reported that an i.p. dose of ethanol 

(1-2 g/kg) significandy increased the extracellular concentration of DA and 5-HT as high 

as 175% of control within the first 30 min in the microdialysates from the nucleus 

accumbens of Wistar rats. Liljequist and Karcz-Kubicha (1993) also reported that a low 

dose of ethanol (i.p. 2.25 g/kg) produced a significant enhancement in the release of DA in 

limbic brain structures in all strains of mice. Ethanol is used to lessen anxiety during the 

cocaine high, to induce sleep during the crash, or to cope with mood disturbances that are 

caused by cocaine use. These effects would be provided by ethanol via its CNS effects, 

namely sedation and enhancement of dopamine and serotonin. 

Acute administration of ethanol to animals and humans inhibits the mixed function 

oxidase activity. Chronic administration of edianol to rats and humans causes proliferation 

of the smooth endoplasmic reticulum, increase in microsomal protein content and 

cytochrome p-450 and results in an augmentation in drug metabolizing ability of the 

microsomes in vitro. However, a small portion of cocaine (2-10%) is metabolized to 

norcocaine utilizing the cytochrome p-450 system. The change in clearance due to 

inhibition of cocaine metabolism by ethanol would be slight after an i.p. dose of cocaine in 

the presence of ethanol compared to that of cocaine alone. 

Numerous endocrine effects of ethanol are mediated via the hypothalamus; 

pituitary antidiuretic hormone secretion (ADH), oxytocin, and leutemizing hormone (LH) 



are inhibited. Increased secretion of adrenaline, noradrenaline and adrenal corticosteroids 

occurs during ethanol intoxication (Kalant, 1985). 

1.2.3. Cocaethylene is formed in the presence of cocaine and ethanol 

A particularly interesting aspect of the cocaine-ethanol interaction is the 

identification of a new metabolite, cocaethylene (ethylcocaine). Cocaethylene is formed 

by liver esterases via transesterification (Dean et ai, 1992) in the presence of cocaine and 

ethanol. The elimination pathways of cocaine in the presence of cocaine and ethanol are 

illustrated in Figure 1.2. Cocaethylene is equipotent to cocaine in its inhibition of 

dopamine reuptake, which results in increased dopamine extracellular concentrations 

(Landry, 1992). It is reported that cocaethylene is more lethal than cocaine in mice and 

rats (Heam et al., 1991). In humans, the combination of cocaine and ethanol appears to 

result in more cocaine-related toxicity than either drug alone (Foltin and Fischman, 1989; 

Rose etal., 199; Kreek and Stimmel, 1984). Also, ethanol appears to potentiate cocaine 

hepatotoxicity (Boelsterli et al., 1991). 
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Table 1.1 
Pharmacokinetic parameters of cocaine in humans 

Reference Dose/route T\a 
(min) 

CU CU 

Bamett et al. 
(1981) 

l(X)mg IV 
200mg IV 

46.3 ±5.7 
80.6 ± 2.4 

1.7 ±0.19 
1.4 ±0.28 

26 ±6 
12±3 

Chow et al. 
(1980) 

32 mg IV 48± 13 1.96 ±0.2 31 ±5 0.46 ±0.2 

Javaid et al. 
(1983) 

32 mg IV 
64 mg IN 
96 mg IN 

42.6 ± 7.8 
43.8 ± 10 
86.6 ±3.6 

2.1 ±0.6 

Jeffcoat et al. 
(1983) 

20.5 mg IV 78.2 ± 19 2.7 ±0.77 23 ±6 0.12 + 0 07 

McCance-Katz 
etal. (1993) 

2 mg/kg IN 86± 11 

McCance 
etaUl995) 

3 fimole/kg 
IN 

111 ± 14 30± 3.2 

Farre et al. 
(1993) 

100 mg IN 58.2 ± 18 

Perez-Reyes 
et.al. (1994) 

0.25 mg/kg 
IV 

64.2 ± 5.4 2.1 ±0.45 22±4 

Wilkinson et al 
(1980) 

0.19-2 
mg/kg IN 
20% 
solution 

75±5 

57.2-93.5 

0.38 mg/kg 73 ± 10 
IN 
2-3 mg/kg 57 ± 3 
capsuIe-PO 

Abbreviations: T1/2 = half-life; CU = systemic clearance; CU= renal clearance; 
IN = Intranasal; FV = intravenous; Vj = apparent volume of distribution 
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Chapter 2 

Pharmacokinetic Evaluation of the 

Cocaine-Ethanol Interaction in Rats 

Introduction 

During the past two decades cocaine abuse has become a significant health 

problem. The cost of cocaine abuse to this nation in terms of its toll on human lives, 

productivity, criminal activity and in terms of economic costs are almost incalculable. An 

intriguing aspect of drug abuse, regardless of the substance being abused, is the all too 

common co-abuse of other licit and illicit substance. Such combinations of drugs create 

the very real potential for drug-drug interactions. Ethanol ingestion with cocaine appears 

to be particularly prevalent among those who routinely abuse cocaine (Grant and Harford, 

1990). Approximately 85% of those who use cocaine also report co-ingestion of ethanol. 

This findings is now a well established phenomenon reported by a variety of sources 

(Kreekand Stimmel,  1984; Weiss etal . ,  1988).  Numerous suggestions have been put 

forward to explain this combined use of cocaine and ethanol. The primary reason 

proposed relates to lessened physical and psychological effects of cocaine, such as 

paranoia, anxiety and dysphoria associated with cocaine binging (McCance-Katz et al., 

1993; Jatlow a/., 1991) and cocaine-induced headaches (Dean era/., 1992), It has also 

been suggested that ethanol is used to potentiate cocaine-induced psychomotor 

stimulation (Dean etal., 1992). 

An important consequence of the combined use of cocaine and ethanol appears to 

be increased pharmacological and toxic responses to cocaine. Ethanol appears to prolong 



the euphorigenic properties of cocaine. A number of research groups (Perez-Reyes and 

Jeffcoat 1992; Farre et al., 1993; McCance-Katz et al., 1993) have reported that 

subjective ratings of cocaine "high" were greater following the combined administration of 

cocaine and ethanol compared to cocaine alone. When compared to the use of cocaine 

alone, cocaine cardiotoxicity increased 3-5 fold (Foltin and Fischman, 1989), cocaine 

related sudden death increased 18-fold (Rose et al., 1990) and morbidity and mortality 

increased (Kreek and Stimmel, 1984) with co-abuse of ethanol. 

A number of mechanisms have been proposed to explain the enhanced response or 

toxic effects following co-ingestion of cocaine and ethanol. These include: reduced 

cocaine clearance; production of a new active metabolite (referred to as cocaethylene); 

increased concentration of active cocaine metabolites as affected by their production 

and/or subsequent elimination; and additive pharmacological or toxicological effects. 

The overall goal of this study was to determine if there was a pharmacokinetic 

basis for the interaction between cocaine and ethanol. The formation and elimination of 

cocaethylene (ethylcocaine; benzoylecgonine ethylester), a unique metabolite of cocaine 

formed in the presence of ethanol was determined. The formation of benzoylecgonine, a 

major metabolite of cocaine, was also examined in the presence and absence of ethanol. In 

addition, the influence of ethanol co-administration on the disposition kinetics of 

benzoylecgonine (given iv) and cocaethylene (given iv) was examined. 
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Experimental Methods 

Chemicals and Reagents. Cocaine hydrochloride, norcocaine free base, 

norcocaethylene fumarate, cocaethylene fumarate, benzoylecgonine, and 

norbenzoylecgonine were obtained from the Research Traingle Institute (Research 

Triangle Park, NC) through the National Institute on Drug Abuse (Rockville, MD.). 

Tropacocaine, theophylline and antipyrine were purchased from Sigma Chemical CO.(SL 

Louis, MO). Sodium bicarbonate, sodium carbonate (anhydrous) and monobasic 

potassium phosphate (reagent grade) were purchased from the Fisher Scientific Company 

(Fairlawn, NJ). HPLC grade acetonitrile and ethyl acetate were purchased from EM 

Sciences (Centos, CA). 

Animal Study. Male Sprague-Dawley rats (200-300 g) were used in this study. 

The animals were housed in the University Animal Care facility for one week prior to 

experimentation. Animals were placed under light ether anesthesia and a cannula was 

implanted into the right external jugular vein and exteriorized for iv. dosing two days 

before drug administration. After surgery, the rats were housed separately in metabolic 

cages (Nagle Co., Rochester, NY). The animals were fasted overnight before the 

experiment, but had free access to water throughout the study. 

On the study day, rats were randomly assigned to receive one of the following six 

treatments with four animals assigned per group: cocaine plus ethanol (group 1); cocaine 

plus water (group 2); cocaethylene plus ethanol (group 3); cocaethylene plus water 

(group 4); benzoylecgonine plus ethanol (group 5); benzoylecgonine plus water (group 6). 

Water (as a control) or ethanol was administered to the rat by oral intubation. The dose 



51 

of ethanol used was 3 g/kg body weight as a 30% ethanol solution (v/v) prepared in water. 

For controls (no ethanol), the volume of water was adjusted per body weight so that the 

volume administered was identical to ethanol (3 g/kg). Thirty minutes after ethanol or 

water administration, rats received a dose of 5 mg/kg cocaine, cocaethylene, or 

benzoylecgonine as a short term iv. infusion over I min. Immediately following the 

intravenous dose of cocaine, or its metabolites, the canula was flushed with 1 ml of saline. 

Blood samples were collected just prior to drug administration and at exact times up to 

240 min. after the end of the infusion. Approximately 0.3 ml of blood was collected at 

each sample time and an equal volume of saline was injected to replace the volume 

removed. 

Prior to the experiment, 10 |j.l of a saturated aqueous sodium fluoride solution was 

added to the centrifuge and storage vials used for blood and plasma and air dried. Plasma 

was separated and stored frozen at -20°C until it was analyzed 

Analytical Procedure. The concentrations of cocaine and its metabolites in 

plasma and urine samples were determined by HPLC, using assay procedures developed in 

this laboratory (Sukabuntherg etal., 1995). The procedures are summarized blow amd in 

Figure 2.1; 

Assay I: Samples or standards were mixed with 50 jil of 1 p,g/ml tropacocaine as 

an internal standard and alkalinized with 200 |il 0.5M carbonate buffer (pH 9.1). This 

mixture was extracted with 2 ml ethyl acetate and the aqueous layer was conserved for 

assay 2. The organic phase was then back extracted with 150 jil 0.0 IM HCL. The 



aqueous layer was removed and evaporated to dryness in a centrifugal evaporator (AS 160, 

Savant, Farmingdale, NY), and then reconstimted with a mobile phase before being 

injected into the HPLC Nova-Pak Cs reverse phase column (3.9 mm x 15 cm, 4 p.m; 

Waters Associates Millford, MA). The mobile phase consisted of acetonitrile, pentane 

sulfonic acid in a phosphate buffer(pH 6.0), in the ratio of 22:78. 

Assay 2 : Theophylline (50 |j.l of 10|ig/ml) as an internal standard and 2 ml of 

CHQj: isopropyl alcohol (2:1) were added to the aqueous layer from the initial 

extraction. The organic layer was removed, then back extracted with I ml of 0.05 M 

HCL. The aqueous layer is used for HPLC analysis, using a Cig SupelcosilLC-ABZ 

column (15 cm X 4.6 mm I.D., 5 |im Supelco, Bellefonte, PA). The mobile phase solution 

consisted of a phosphate buffer (pH6.9): acetonitrile : tetrahydrofuran (96.2:3:0.8). 

Assay 3 : The procedures in assay 1 were used to extract the relatively non ploar 

compounds. The aqueous phase was assayed for the relatively polar compounds by 

adding antipyrine (50 |al of I^g/ml) as an internal standard and further cleamed by using 

solid phase extraction. The C|g columns (Bakerbond, Phillipburg, NJ) were inserted into 

the vacuum manifold and conditioned with 3 ml of methanol followed by 3 ml of 0.5 M 

carbonate buffer (pH 9.1). Samples were then transferred onto each column and gently 

drawn through. The sample tube was rinsed with 1 ml of carbonate buffer. The columns 

were washed with 3 ml of a mixture of water-methanol (80:20%, v/v) using high vacucm. 

The analytes were gently eluted with 3 ml of methanol. The eluant was evaporated to 

dryness using a centrifugal evaporator at room temperature. The residue was dissolved in 



150 111 of mobile phase. The solution was filtered, if necessary, using a 0.45 |im Acrodisc 

(Gelman Sciences, Ann Arbor, MI) and 100 p.1 of the solution was injected onto the HPLC 

column. 

The column effluent was monitored using a UV detector (Model 486, Waters, 

Millford, MA) at 235nm and HPLC was performed using a Beckman I lOB pump (Model 

748, Waters) and automatic injector (Model 710, Waters). The peak areas were 

integrated using a Hewlett-Packard 3390A integrator (Avondale, PA). 

Data Analysis. The plasma drug concentration versus time data were analyzed by 

a compartment-independent method (LAGRAN, Rocci and Jusko) as well as by 

compartmental analysis, using the SimuSolv program (Dow Co., 1990). The non-

compartmental or area analysis involved the following. The terminal disposition rate 

constant, kn, was estimated by applying linear regression to the terminal log-linear phase of 

the data. The half-life {tm ) was calculated as 0.693/ k„. The total area under the plasma 

concentration-time curve (AUC) was determined up to the last measured concentration-

time value using the trapezoidal rule, to which was added the terminal area. The terminal 

area was calculated by dividing the concentration at the last time (on the regression line) 

by the terminal rate constant. The total area was used to determine systemic clearance 

(CL, = iv dose/AUC) and the apparent volume of distribution ( Varea = CL, / kn). The 

steady-state volume of distribution (Vss) was calculated from the ratio of the mean 

residence time (MRT) and CL,. MRT was determined by calculating the area under the 

first moment of the plasma concentration-time curve (AUMC, concentration x time vs. 
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time) and dividing by AUC. The fraction of the parent drug converted to metabolite (fm) 

was calculated by the following equation: 

where (AUCa)b refers to the total area under the plasma concentration-time curve of "a" 

after an intravenous dose of "b"; the subscripts p and m refer to the parent and metabolite, 

respectively (Gibaldi & Perrier). All concentration, dose and area units are in molar terms. 

The metabolite formation rate constant {k^) was calculated by multiplying the elimination 

rate constant of the parent compound ( kw) by fn, (Gibaldi & Perrier). The disposition 

kinetic parameters in the absence and presence of ethanol were compared using Student's 

unpaired t test. 

The differential equations describing the rate of change of concentration of cocaine 

(coc) and its metabolite, benzoylecgonine (BE), following an iv. dose of cocaine under 

control conditions {i.e., given water instead of ethanol prior to cocaine) are shown below. 

We have assumed that all processes of disposition can be described by first-order kinetics 

and that a two-compartment open model is appropriate. A further assumption is that 

benzoylecgonine disposition following its formation from cocaine may be described by a 

one-compartment model. This model is depicted as model A in Figure 2.2. 

f = (AUCn,)p ^ (Dose)ni 

(AUC^)^ (Dose)p 
(2.1) 

dCoc 
( ̂ 12 ^OT ^ f .BE ) • ( ̂ coc ! ̂ l,coc ^ ^21 * ̂  ^cfnr ^ ) (2.2) 

(2.3) 
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where ki2 and kzi are the micro rate constants describing inter-compartmental transfer of 

cocaine. Kor (OT = other) is a metabolic rate constant representing cocaine metabolism 

by routes other than benzoylecgonine. Vi, jmd V2 refer to apparent volumes of 

distribution of the central and peripheral compartments and Xi and X2 refer to amount of 

cocaine in the central and peripheral compartments, respectively. Kf.BE and k^e are 

formation and elimination rate constants of benzoylecgonine, respectively. Xbe and Vbe 

represent the amount and apparent volume of distribution of benzoylecgonine. 

The rate equation describing benzoylecgonine disposition after an iv. dose of 

benzoylecgonine under control {i.e., given water prior to cocaine) and treatment condition 

(/>., ethanol prior to cocaine) is shown below; 

dBE 
—  =  - ( / : , , +  ̂ , „ ) . ( /  V ^ , . )  +  f c , ,  •  ( X ,  , ,  /  )  ( 2 . 4 )  

where kio is the elimination rate constant for benzoylecgonine. Model A3 in Figure 2.2 

describes the benzoylecgonine model used. 

The rate equation describing cocaethylene disposition and formation of its 

metabolite, benzoylecgonine, following an iv. dose of cocaethylene under control {i.e., 

given water prior to cocaine) and in the presence of ethanol are shown below (see model 

A2, Figure 2.2).  We have assumed that  a  description of cocaethylene disposit ion requires 

a two-compartment model. 

dCE 
— (^12 "^^or (2.5) 
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dBE 
~ ~ BE (2.6) 

The rate equations describing disposition of cocaine and its metabolites, 

benzoylecgonine and cocaethylene (CE), following an iv. dose of cocaine in the treatment 

group (i.e., given ethanol prior to cocaine), are shown below. Assumptions identical to 

those noted above have been made here. As with benzoylecgonine, we have assumed that 

cocaethylene disposition following its formation from cocaine may be described by a one-

compartment model. A depiction of this model may be seen as model BI in Figure 2.2. 

d Coc 
^ ~ ~ ̂  ^OT ^ f .CE •'"^/.a£)*(-^I.cDc l.coc ^ ^Z.coc) (2.7) 

dCE 
-^ = f^f.ce*i^uco.lvuco.) - ic„,*(xceivce)- kn..ce*i^ce'vc,) (2.8) 

dBE 
~ ^f.BE*^^\.coc ^^l.coc) ^m2*i^CE ^^CE^~ ^me.BE*(^BE ^^BE) (2.9) 

where km2 is a formation rate constant for benzoylecgonine that is converted from 

cocaethylene to benzoylecgonine. 
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Results 

The animals were dosed either with cocaine, cocaethylene or benzoylecgonine. 

The animals that received cocaine were the most active, followed by those dosed with 

cocaethylene. There were no differences in activities between the control animals and 

those given benzoylecgonine. Typically, when cocaine (or cocaethylene) was dosed 

intravenously, the response (i.e., movements) was immediate and activities were 

dramatically increased (e.g., moves around the cage rapidley, head swaging, etc.). These 

increased activities usually lasted for about 30 min (over 1 hour in a few animals). These 

movements were less pronounced in the animals receiving ethanol prior to cocaine (or 

cocaethylene). 

At the dose injected and using a conservative estimate of assay sensitivity (10 

ng/mL), the disposition of intact cocaine could be followed for up to about 150 min. This 

is an adequate time to completely characterize cocaine disposition. Figures 2.3 and 2.4 

illustrate the individual animal cocaine plasma concentration-time profiles in the absence 

and presence of ethanol, respectively. The solid lines represent the non-linear regression 

analysis of the data. Figure 2.5 provides a comparison of the results of the control (no 

ethanol) and experiment (with ethanol) by illustrating the average cocaine plasma 

concentration-time data. The lines represent the non-linear regression fit to the average 

data. These profiles can be adequately described by a linear multi-exponential equation. 

When the data arc treated using classical compartment analysis and applying non-linear 

regression analysis, a bi-exponential equation provides the best description of the data 

(consistent with a linear two-compartment model). The distributive phase lasts for about 
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20 to 30 min following iv dosing and this does not appear to be influenced by ethanol co

administration. 

The plasma concentrations of cocaine varied more among animals in the presence 

of ethanol than those in the absence of ethanol as shown by the size of the standard 

deviation bars in Figure 2.5. The plasma concentration-time profiles of benzoylecgonine 

in the absence of ethanol and benzoylecgonine and cocaethylene in the presence of ethanol 

following an intravenous dose (5 mg/kg) of cocaine are shown in Figure 2.6 and 2.7, 

respectively. Cocaine plasma concentrations are also shown in these figures (the same as 

in Figures in 2.3 and 2.4). Cocaethylene could only be observed in plasma samples 

collected after concomitant administration of cocaine and ethanol. Detectable 

concentrations of cocaethylene were observed in the first plasma sample (3 min) collected 

after cocaine administration. The peak plasma concentrations of cocaethylene ranged 

from 37 to 67 ng/ml with the average maximal concentration of 51 ng/ml. 

Benzoylecgonine was formed in animals receiving cocaine in the presence or absence of 

ethanol. Benzoylecgonine appeared in the early samples and reached concentrations 

greater than cocaine. Benzoylecgonine elimination appeared to be slower than that of 

cocaine. The plasma concentrations of benzoylecgonine that were formed after 

administration of cocaine with ethanol varied more than those after administration of 

cocaine alone (Figure 2.8). Figure 2.8 illustrates the average plasma concentrations in the 

two sets of animals. The patterns of the plasma concentration-time profiles of formed 

benzoylecgonine were dissimilar In the presence and absence of ethanol. Benzoylecgonine 

plasma concentrations in the presence of ethanol were almost constant for about 150 min 
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and smaller maximum concentrations (Cmor) were achieved compared to the control (0.4 ± 

0.2 l.l ±0.3 p.g/mL, p <0.01). 

Table 2.1 summarizes the pharmacokinetic parameters determined by non-

compartmental analysis of cocaine and its metabolites after intravenous administration of 

cocaine in the presence or absence of ethanol. There were no statistically significant 

differences in the pharmacokinetic parameters of cocaine in the presence or absence of 

ethanol. The systemic clearance of cocaine was about 155 mL/min/kg with renal 

clearance accounting for around 5% of systemic clearance. A trend toward a longer 

terminal elimination half-life was observed in ethanol-treated animals (36.9 ± 16 min vs 

28.5 ± 5 min), however, this difference did not reach statistical significance. As noted 

earlier, quantifiable levels of cocaethylene could not be found in any plasma samples 

analyzed when cocaine was administered alone. In the presence of ethanol, the average 

AUC of cocaethylene was 5.1 |Xg.min/mL following a 5 mg/kg dose of cocaine. This 

AUC is less than one-fifth of the AUC for cocaine. The terminal half-life of the formed 

cocaethylene appeared to be longer than that of cocaine (62 ± 20 min vs 31 ± 16 min), 

however, this difference did not reach statistical significance (p >0.05). The terminal half-

life of the formed benzoylecgonine was prolonged in the presence of ethanol when 

compared with that in the absence of ethanol (116 ± 48 50 ±5 min; p < 0.05), 

however, as will be noted later, the elimination of iv-dosed benzoylecgonine is the same in 

the presence or absence of ethanol (T1/2 54 min vs 49 min. Table 2.8). 



Table 2.2 summarizes the phamiacokinetic parameters by compartmental analysis 

of cocaine and its metabolites after intravenous administration of cocaine in the presence 

or absence of ethanol. There were no statistically significant differences in the 

pharmacokinetic parameters of cocaine in the presence or absence of ethanol (e.g., kio 

0.0768 ± 0.026 min"' vs 0.0760 ± 0.015 min '). The elimination rate constant (kme.BE) or 

the (total) formation rate constant Gcf-cn.BE) of the formed benzoylecgonine was not 

statistically different (p >0.05) in the presence or absence of ethanol (for kn,e.BE 0.0151 ± 

0.0053 min ' vs 0.0175 ± 0.0038 min ', respectively; for kf.(D.BE 0.0339 ± 0.011 min ' vs 

0.0360 ± 0.016 min"', respectively). The apparent volume of benzoylecgonine (or 

cocaethylene) was estimated from iv-dosed benzoylecgonine (or iv-dosed cocaethylene). 

Then, these estimated values were optimized by fitting the data simultaneously with 

cocaine and benzoylecgonine (or cocaethylene). Similarly, the formation rate constant of 

benzoylecgonine from cocaethylene (i.e., km2) was obtained by using the value initially 

obtained from iv-dosed cocaethylene. The Unes which represent the non-linear regression 

fit to the data for metabolites (i.e., benzoylecgonine and cocaethylene) and cocaine 

(Figures 2.6 and 2.7) were obtained from the simultaneous analysis of the data according 

to the equations previously described and the models shown. 

The pharmacokinetic parameters of cocaethylene and its metabolite, 

benzoylecgonine, following an intravenous dose of cocaethylene are presented in Tables 

2.3 and 2.4 based upon non-compartmental and compartmental analysis, respectively. 

Plasma concentration-time profiles of cocaethylene in four individual rats, formed 
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benzoylecgonine in four individual rats, the average cocaethylene and the average formed 

benzoylecgonine concentrations after an iv dose of 5 mg cocaethyiene/kg with or without 

ethanol are shown in Figures 2.9 to 2.12. The non-linear regression lines shown in these 

figures were obtained by compartmental analysis using the model (B2) shown in Figure 

2.2. The parameter values obtained from fitting these data are summarized in Table 2.4. 

The decline in cocaethylene concentrations in plasma appeared to follow a bi-exponential 

profile. There were no statistically significant differences in the disposition parameters of 

cocaethylene when administered with or without ethanol. The disposition kinetic 

parameters of cocaine and cocaethylene were very similar except for small differences in 

systemic clearance and half-life. Clearance and half-life for cocaethylene and cocaine in 

the absence of ethanol were 125.8 ± 18 mL/min*kg, V5 153.8 ± 26 mL/min*kg and 35.8 ± 

7 28.5 ± 5 minutes, respectively. 

The fraction of a cocaine dose converted to its transesterified metabolite was 

estimated by comparing the AUG of iv administered cocaethylene and that of the formed 

cocaethylene after cocaine and ethanol administration and this fraction {/„) was found to 

be about 12 % (Table 2.5). Based upon that value the formation clearance of 

cocaethylene from cocaine in the presence of ethanol was estimated to be 19 ± 3 

mL/min*kg (Table 2.5). 

The effect of ethanol on the formation of benzoylecgonine (kf.BE 0.0385 us 0.0229 

min"'. Table 2.4) from cocaethylene was similar to benzoylecgonine formation after 

cocaine and ethanol administration. A lower maximal benzoylecgonine concentration with 
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an almost constant concentration persisting until 150 min was observed after co

administration of cocaethylene and ethanol (Table 2.3 and Figure 12). The formation rate 

of benzoylecgonine from cocaethylene in the presence of ethanol was obtained by fitting 

the data simultaneously with cocaethylene and benzoylecgonine (model A2, Figure 2.2). 

Benzoylecgonine was administered to rats intravenously to determine the fraction 

of benzoylecgonine formed (/„) from cocaine or cocaethylene, and also to determine if 

benzoylecgonine disposition parameters were affected by the presence of ethanol. The 

plasma concentration-time profiles of benzoylecgonine in four individual rats after an iv. 

dose of 5 mg benzoylecgonine/kg with or without ethanol are shown in Figures 2.13 and 

2.14, respectively. The average data for each condition are plotted in Figure 2.15. Based 

upon non-compartmental and compartmental analysis, none of the pharmacokinetic 

parameters were significandy different in the presence or absence of ethanol (Tables 2.7 

and 2.8). Benzoylecgonine had a smaller apparent volume of distribution and longer 

terminal half-life compared to those of cocaine or cocaethylene. Based on the comparison 

of AUCs of administered benzoylecgonine and benzoylecgonine formed from cocaine, 

approximately 43 % of a cocaine dose was converted to benzoylecgonine under control 

conditions. In contrast, only 25 % of a cocaine dose was metabolized to benzoylecgonine 

in the presence of ethanol (Table 2.5). Similarly, the fraction of cocaethylene metabolized 

to benzoylecgonine decreased by more than 50 % in the presence of ethanol (Table 2.6). 

A decrease in the formation of benzoylecgonine was confirmed by the urine data. The 

amount recovered in urine following a dose of cocaine averaged about 7% and 18% in the 

presence and absence of ethanol, respectively (data not shown). 
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Discussion 

Combined use of cocaine and ethanol has been shown to increase the risk of 

cocaine-related toxicity and pharmacological effects (Farre et al., 1993; Foltin and 

Fischman, 1989; Kreek and Stimmel, 1984; McCance Katz etaL, 1993; Perez-Reyes and 

Jeffcoat, 1992; Rose et al., 1990). Considerable effort has been expended in attempts to 

delineate the mechanism(s) of this cocaine and ethanol interaction. The current study was 

performed to examine the possible pharmacokinetic basis for this interaction. This was 

accomplished by examining the disposition kinetics of cocaine and its metabolites in the 

absence and presence of ethanol. The results of this study indicate that cocaethylene was 

formed only in animals given cocaine in the presence of ethanol. The disposition kinetic 

parameters of cocaine were not significandy different in the presence or absence of 

ethanol. The firaction of benzoylecgonine, one of the major metabolites of cocaine, 

formed from cocaine was 25% and 43% in the presence and absence of ethanol, 

respectively. The fraction of benzoylecgonine formed from cocaethylene (after 

cocaethylene administration) decreased from 73% to 35% in the presence of ethanol. 

These data will assist in understanding the cocaine and ethanol interaction as they point to 

a metabolic alteration in cocaine elimination. 

Several metabolites of cocaine have been identified as noted in the metabolic 

scheme shown in Chapter I, Figures l.l and 1.2. Cocaine is known to be predominantly 

metabolized to benzoylecgonine (BE) and ecgonine methyl ester (EME), with a minor 

pathway leading to norcocaine. Benzoylecgonine is formed in die plasma by plasma 

esterases and in the liver by carboxylesterases (Dean et al., 1991). EME is formed 
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primarily by cholinesterase in plasma and by esterases in the liver (Dean er a/., 1991; 

Inaba, 1989). Norcocaine has been shown to be produced by N-demethylation of cocaine, 

mainly in the liver by cytochrome P-450 and FAD-containing monooxygenase (Kloss et 

al., 1983). Cocaethylene, ecognine ethylester and norcocaethylene are the recently found 

ethanol-derived metabolites of cocaine, {i.e., metabolites formed from cocaine in the 

presence of ethanol). 

The results of this study indicate that the pattern of cocaine metabolism is affected 

by the presence of ethanol. The formation of cocaethylene was observed in all rats 

pretreated with ethanol, with about 12 % of the administered cocaine dose being 

converted to cocaethylene. The latter value is the first such estimate provided and it is die 

reason for the cocaethylene dosing experiments. The formation of cocaethylene in the 

presence of cocaine and ethanol is well documented in human studies (Farre et al., 1993; 

McCance-Katz et al., 1993; Perez-Reyes and Jeffcoat, 1992;) and in a number of 

experimental animals (Schechter, 1995; Dean et al., 1992; Roberts et al., 1992). We have 

analyzed the reported human data and estimated that about 15-20% of a cocaine dose was 

converted to cocaethylene following an oral dose of ethanol with an intranasal dose of 

cocaine (Chapter 3). 

Cocaethylene possesses some of cocaine's pharmacological and toxicological 

effects (Heam etai, I99la; Foltin and Fischman, 1989; Heam etal., 1991b). Farre etal. 

and McCance-Katz et al. reported elevated cocaine-associated pharmacological and toxic 

effects with coingestion of cocaine and ethanol compared to cocaine alone. They also 

found that concentrations of cocaine and norcocaine (i.e., AUCs) were higher following 



65 

the concurrent use of cocaine and ethanol compared to cocaine alone. It is not currently 

known how much of the formed cocaethylene is responsible for the enhanced 

pharmacological effects seen with coadministration of cocaine and ethanol. A subsequent 

section (chapter 7) will address this issue. 

The "prolonged terminal half-life" of the formed benzoylecgonine in the presence 

of ethanol produced a different shape in the plasma concentration-time profile compared 

to that in the absence of ethanol. However, this different shape could be due to the fact 

that benzoylecgonine is formed from cocaine and cocaethylene (model IB, Figure 2.2). 

Therefore, the correct interpretation of the data would be that the formation of 

benzoylecgonine and not its elimination rate has changed in the presence of ethanol as 

shown in Figure 2.8 and Table 2.2. In addition, the formation of benzoylecgonine from 

cocaine was significantly reduced in the presence of ethanol. Approximately 43% of the 

cocaine dose was converted to benzoylecgonine in the absence of ethanol, whereas a 

smaller fraction, 25%, was produced in the presence of ethanol. This in vivo observation 

is in agreement with that reported in the study of Dean et a/.(l991), who used in vitro 

hepatic cytosolic fractions. Those investigators suggested that benzoylecgonine is formed 

from cocaine by carboxylesterases in the liver and this same enzyme is responsible for the 

formation of cocaethylene by the transesterification of cocaine with ethanol. Therefore, 

the amount of benzoylecgonine formed from cocaine via this enzyme system is decreased 

in the presence of ethanol. Furthermore, formation of benzoylecgonine from iv 

cocaethylene was approximately 30% in the presence of ethanol and 70% in the absence 

of ethanol. The reason for this reduction in the formation of benzoylecgonine in the 
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presence of ethanol is not clear, however, a recent study in this laboratory has found that 

the ethyl moiety from cocaethylene exchanges with ethanol following concurrent ethanol 

and cocaethylene administration (Bourland et al.). The overall formation rate of 

benzoylecgonine in the presence of ethanol is slower and more constant than the formation 

rate in the absence of ethanol (0.0229 vs 0.0385 min"', one tail p = 0.03). This could be 

due to the fact that some of the formed benzoylecgonine is derived from transesterified 

cocaethylene (the rate of transesterification of the ethyl group is probably slower than the 

formation rate of benzoylecgonine as seen from cocaine). This results in a 

benzoylecgonine plasma concentration-time profile that would be different from that in the 

presence of ethanol (similar to cocaine). Meanwhile, the fraction of other metabolites 

(e.g., norcocaethylene or ecgonine ethyl ester, etc) could increase (Kor 0.022 versus 0.032 

min '. Table 2.4). 

The systemic clearance of cocaine was about 150 ml/min*kg, a value significantly 

greater than that of estimated hepatic blood flow (50-100 mL/min*kg)(Malik et aL, 1976). 

This suggestes the presence of extrahepatic cocaine metabolism. Enzymatic and 

nonenzymatic hydrolysis of cocaine in the blood have perviously been reported (Khan et 

al., 1987) and subsequently examined in this laboratory. It has been shown that an 

insignificant amount of cocaine is metabolized in the blood (approximately 0.1% of the 

total amount) (Sukbuntherg et al., 1996). The relative contributions of hepatic clearance 

to total systemic clearance has not been defined. However, in a preliminary study using 

rat liver homogenate, it has been shown that esterases rapidly catalyze enzymatic 
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inactivation of cocaine to its metabolites (Bourland et al., unpublished). Thus, the 

systemic clearance of cocaine is likely to be blood flow-limited. 

There are conflicting reports available on almost every aspect of systemic 

hemodynamics and regional circulatory changes induced by ethanol (Piano et al., 1991; 

Proano and Perbeck, 1994; Regan, 1982; Tabrizchi and Pang, 1993). Piano et al., 1991 

reported that ethanol (3-4 g/kg i.p.) in Wistar rats caused reduced cardiac output, while 

increasing total liver blood flow as a result of vasodilation. Tabrizchi and Pang (1993) 

reported no changes in cardiac output following ethanol (4.8 mg/min/kg, 12 min iv 

infusion) administration. Regan (1982) noted that the change in blood flow is dependent 

on dose and the route of administration as well as the time of measurement. At lower 

ethanol doses, cardiac output may be maintained by an increase in heart rate, while at 

higher doses it may be reduced resulting from a decrease in contractility of heart muscles. 

Changes in the disposition kinetics of cocaine after intravenous administration of cocaine 

could represent alterations in blood flow. 

We gave ethanol (3 g/kg) by oral gavage. Based on the report of Piano et al. 

(1991), we could assume that this dose may reduce total cardiac output. However, it 

could cause an increase in liver blood flow by increasing the percentage of cardiac output 

going to the liver (effect of vasodilation). As shown in this study, ethanol affected the 

enzymatic hydrolysis of cocaine but had minimal effect on blood perfusion rate, thus, 

resulting in unchanged plasma pharmacokinetics of cocaine after intravenous cocaine 

administration. However, this picture could change when cocaine is administered 

extravascularly. In human subjects, cocaine concentrations were higher after intranasal 



68 

administration in the presence of alcohol than when cocaine was administered alone (Farre 

etal., 1993; McCance-Katz ef a/., 1993; Perez-Reyes and Jeffcoat, 1992). McCance-

Katz et al. suggested that this could be due to an increase in the bioavailability (F) of 

cocaine in the former case. This explanation seems reasonable, since ethanol, taken orally, 

causes an increase in skin blood flow (Proano and Perbeck, 1994), resulting in a higher 

efficiency of cocaine absorption. A faster rate of absorption results in higher Cmax and 

early Tmax, which in turn may increase bioavailability (F) that will result in an increase in 

AUC (about a 23% increase), as shown in the study of Farre et al and MCance-katz et al. 

Despite the alteration in the metabolism of cocaethylene, there was no statistical 

difference observed in the pharmacokinetic parameters of cocaethylene in the presence or 

absence of ethanol. This could be explained by the fact that cocaethylene like cocaine, is a 

high clearance drug {Cls = 120 mL/min*kg). Therefore, cocaethylene disposition kinetics 

measured following an intravenous dose would not be affected by an alteration in the 

enzyme system. The disposition kinetic parameters of cocaine and cocaethylene were very 

similar with a small difference in the systemic clearance and half-life; Cls and half-life for 

cocaethylene and cocaine were about 120 mL/min*kg, and 40 minutes, compared with 155 

mL/min*kg and 30 minutes, respectively. McCance-Katz et al., 1993 also reported that 

cocaethylene appeared to have a longer terminal hzdf-life than cocaine in human subjects. 

The benzoylecgonine disposition kinetics were not altered by the presence of 

ethanol followmg intravenous administration of benzoylecgonine (Tables 2.7 and 2.8). 

This result supports the hypothesis that decreased plasma concentrations of 

benzoylecgonine are due to the effect of ethanol on the formation of benzoylecgonine 
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from cocaine rather than on the disposition kinetics of this metabolite. Cocaethylene was 

not found in serum samples when benzoylecgonine was coadministered with ethanol. This 

result supports the notion that cocaethylene is formed by transesterification of cocaine and 

not by the esterification of benzoylecgonine in the presence of ethanol (Dean etal., 1991). 

An interesting observation in association with the benzoylecgonine iv data is that 

benzoylnorecgonine was not detected in any of the plasma samples. It can be deduced 

from this result that benzoylecgonine is not a substrate for cytochrome P-450 enzyme 

which produces N-demethylation. 

Norcocaine is a metabolite known to have cocaine-like pharmacological activity in 

animals (Hawks et ai, 1975). It has been suggested that norcocaine is metabolized to N-

hydroxynorcocaine and further metabolized to a nitrosonium ion (unstable radical by 

oxidation), which is responsible for cocaine-associated hepatotoxicity (Boelsterli and 

Goldin, 1991). Interestingly, higher concentrations of norcocaine were detected in plasma 

samples collected from the concurrent administration of cocaine and ethanol compared 

with cocaine alone (data not shown). It was not clear whether the greater AUC of 

norcocaine was due to an increased production of norcocaine or to a slower elimination of 

that form. Nevertheless, this finding appear to be in agreement with the results obtained in 

human subjects (Farre etal., 1993). Concentrations of norcocaine were higher in the 

samples from the treated group (i.e., coadministration of cocaine intranasally and ethanol 

orally) than the control group. The authors have suggested that the higher norcocaine 

concentrations were probably due to the increased bioavailability of cocaine. Further 

studies are necessary to define the contribution of the observed increase in norcocaine 
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concentration to the enhanced hepatotoxicity observed following coadministration of 

cocaine and ethanol. 

In conclusion, cocaethylene was formed only in the group of rats given cocaine in 

the presence of ethanol. The extent of benzoylecgonine formation from cocaine or 

cocaethylene was significantly suppressed in the presence of ethanol. There were no 

statistical differences in cocaine disposition kinetics following intravenous cocaine 

administration in the presence or absence of ethanol. The same conclusion applies to 

cocaethylene administration. These findings suggest that changes in the formation of 

active or toxic metabolites of cocaine could be responsible (among other reasons) for the 

enhanced cocaine-associated toxicity seen with the combined use of cocaine and ethanol 
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Table 2.1 

Pharmacokinetic parameters of cocaine and its metabolites following 
an iv dose of cocaine (5 mg/kg) in the absence (control) or presence 
(treatment) of ethanol (3 g/kg)' 

Parameter Control Treatment p-value 
(water) (ethanol) 

Cocaine 
AUG 
(|Xg • min/mL) 29.8 ± 6 33± 13 NS 
CLs (mL/min • kg) 153.8 ±26 156.6 ±61 NS 
Vss (L/kg) 3.7 ±0.5 5.0 ±0.8 NS 
11/2 (min) 28.5 ±5 36.9 ± 16 NS 
CLr (mlVmin • kg) 5.1 ± 1.5 6.2 ± 1.5 NS 

Benzovlecgonine 
AUG 
(|ig "min/mL) 124 + 44 95 ±52 NS 
Gmax(M-g/ni L) l.l ±0.3 0.4 ±0.2 <0.01 
11/2 (min) 50 ±5 116 ±48 <0.05 

Cocaethvlene 
AUG 
(|ig • min/mL) 5.1 ±2 
Ginax(ng/mL) 51± 13 
11/2 (min) 62 ±20 
GLr (mL/min • kg) 1.8 ±0.5 

1. Each value is the mean ± SD of four animals per group. 



Table 2.2 Pharmacokinetic parameters of cocainc and metabolites following an iv dose of 5 mg/kg cocainc in the abscncc (control) or presence of 
cthanol (3 g/kg; treatment)' 

Cocaine Benzoylecftonine Cocacthvlcne 
ki: 1^21 k(jT V, k\o VBK kinc.BH kf-T-Bli kin: Vai kine .CE kf.CB 

min' min' min' L/kg min' L/kg min"' min' min' min' L/kg min' min' 

Control group 
Rat 1 0.0180 0.0215 0,0398 2.045 0.0720 1,240 0.0221 0.0310 
Rat 2 0.0186 0.0355 0.0434 2.515 0.0607 0.874 0.0189 0.0177 
Rat 3 0.0817 0.0655 0.0424 1.975 0.0967 1.416 0.0156 0.0553 
Rat 4 0.0656 0.0973 0.0358 1.800 0,0746 1.447 0.0134 0.0400 

Mean 0.0460 0.0550 0.0404 2.084 0.0760 1.245 0.0175 0.0360 
±SD 0.0326 0.0337 0.00339 0.305 0,0151 0.263 0.0038 0.0158 

Treatment group 
Rat 5 0.0417 0.0356 0.0257 4.410 0.0526 1,779 0.0088 0.0335 0,0220 0,0115 4,410 0.0181 0.00614 
Rat 6 0.0384 0.0243 0.0261 6.193 0,0581 1.597 0.0217 0.0255 0,0113 0,0142 6,193 0.0103 0.00935 
Rat 7 0.106 0.0758 0.0591 3.406 0.0897 1.300 0.0144 0,0490 0,0245 0,0245 3,406 0.0162 0.01200 
Rat 8 0.0862 0.1350 0.0735 2.738 0.107 0 1,009 0.0153 0,0276 0,0070 0,0206 2,738 0.0179 0.00404 

Mean 0.0681 0.0677 0.0461 4.187 0.0768 1.421 0,01510 0.0339 0,01620 0,0177 4,187 0.0156 0.00788 
±SD 0.0334 0.0500 0.0241 1.504 0.0258 0.339 0.00528 0.0106 0,00839 0,00593 1,504 0.00365 0.00351 
p-value N.S. N.S. N.S. N.S. N.S, N.S. N,S, N.S. 

1. Sec models Ai and Bl, Figure 2.2. 
Vi, volume of distribution of cocaine in compartment 1 
BE. benzoylecgoninc; CE, cocaethylene; V, volume of distribution 
kf, formation rate constant; k,,,.. elimination rate constant 
k,,T, elimination rate constant of cocainc, other than benzoylccgonine or cocaethylene 
k„,2, formation rate constant of benzoylccgonine (from cocaethylene) 
k|i„ total elimination rate constant of cocaine 
kf. I total formation rate constant for bcn/oylecgonine 



Table 2.3 

Pharmacokinetic parameters of cocaethylene and its metabolite, 
benzoylecgonine, following an iv dose of 5 mgAtg cocaethylene in the 
absence (control) or presence (treatment) of ethanol (3 g/kg)' 

Parameter Control Treatment p - value 
(water) (ethanol) 

Cocaethylene 
AUG 
(p.g • min/mL) 
CLs (mL/min • kg) 
Vss (L/kg) 
11/2 (min) 

Benzo vlec gonine 
AUG 
(p,g • min/mL) 
Cinax(M-§/fnL') 
11/2 (min) 

40.3 ±5 43.1 ±10 NS 
125.8 ±18 120.8 ±29 NS 
4.1 ±0.6 4.8 ±0.8 NS 
35.8 ±7 45.6 ±12 NS 

201 ±38 104 ±85 <0.01 
1.3 ±0.2 0.7 ±0.2 <0.01 
71 ±5 108 ±35 NS 

1. Each value is the mean ± SD of four animals per group. 



Table 2.4 Pharmacokinetic parameter of cocaethylene and its metabolite, benzoylecgonine, 
following an iv dose of 5 mg/kg cocaehylene in the absence (control) and presence 
(treatment) of ethanol (3 g/kg).' 

Cocaethylene Benzoylecgonine 
kl2 k2i  k() i-  kio-T-CH Vi V(BU) kmc (BE) kf  (Bli)  

min '  min '  min" '  min '  mL/kg mL/kg min '  min" '  

Control group 
Rat 9 0.0261 0.0249 
Ratio 0.0431 0.0616 
Rat 11 0.0421 0.0446 
Rat 12 0.0192 0.0285 

Mean 0.0326 0.0399 
±SD 0.0119 0.0168 

Treatment group 
Rat 13 0.0256 0.0289 
Rat 14 0.0797 0.0423 
Rat 15 0.0169 0.0278 
Rat 16 0.0304 0.0248 

Mean 0.0382 0.0310 
±SD 0.0283 0.00776 
p-value N.S. N.S. 

0.0258 0.0564 700.2 
0.0252 0.0634 431.1 
0.0194 0.0700 696.3 
0.0179 0.0523 644.5 

0.0221 0.0605 618.0 
0.004 0.0078 127.2 

0.0263 0.0526 748.8 
0.0453 0.082 376.0 
0.0279 0.0424 880.5 
0.0265 0.0406 776.1 

0.0315 0.0544 695.4 
0.00923 0.0191 220.3 
N.S. N.S. N.S. 

305.1 0.0148 0.0306 
423.2 O.OIII 0.0382 
475.6 0.0125 0.0506 
337.2 0.0123 0.0344 

385.3 0.0127 0.0385 
78.2 0.00155 0.00867 

484.8 0.00989 0.0263 
1046.5 0.00784 0.0367 
336,8 0.0149 0.0145 
560.7 0.014 0.0141 

607.2 0.0117 0.0229 
307.3 0.00335 0.0108 
N.S. N.S. 0.066 

1. See model A2, Figure 2.2. For definition oflegends refer to Table 2.2. 



75 

Table 2.5 

Formation of cocaethylene and benzoylecgonine from cocaine 
following a 5 mg/kg iv dose of cocaine in the absence (control) or 
presence (treatment) of ethanol (3 g/kg)' 

Parameter Control Treatment p - value 
(water) (ethanol) 

Cocaethylene 
Fn, 0 0.12 ±0.06 
CLm(mL/min "kg) 0 19 ± 3 

Benzoylecgonine 
Fm 0.43 ±0.15 0.25 ±0.14 NS 
CLm(mL/min. kg) 77 ±38 40 ±19 NS 

1. Each value is the mean ± SD of four animals per group. 
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Table 2.6 

Formation of benzoylecgonine from cocaethylene following a 5 mg/kg iv 
dose of cocaethylene in the absence (control) or presence (treatment) of 
ethanol (3 g/kg)' 

Parameter Control Treatment p - value 
(water) (ethanol) 

Benzoylecgonine 

Fn, 0.73 ±0.14 0.31 ±0.07 <0.002 
CLm(mL/min • kg) 99 ±23 41 ± 10 <0.05 

I. Each value is the mean ± SD of four animals per group. 
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Table 2.7 

Pharmacokinetic parameters of benzoylecgonine following an iv dose 
of 5 mg/kg benzoylecgonine in the absence (control) or presence (treatment) 
of ethanol (3 g/kg)' 

Parameters Control Treatment p - value 
(water) (ethanol) 

AUC 
(^ig • min/mL) 303 ± 82 447 ±69 NS 
CLs (mL/min • kg) 17.4 ±4.9 13.2 ±3.6 NS 
Vss(L/kg) l.l±0.3 1.0 ±0.2 NS 
t (min.) 49 ±5 54 ±6 NS 
1/2 

I. Each value is the mean ± SD of four animals per group. 
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Table 2.8 

Pharmacokinetic parameters of benzoylecgonine following an iv dose of 5mg/kg 
benzoylecgonine in the absence (control) or presence (treatment) of ethanol (3g/kg)' 

ki2 kii kio Vi 
min '  min '  min" '  LAg 

Control group 

Rat 17 
Rat 18 
Rat 19 
Rat 20 

0.0615 
0.1820 
0.1020 
0.1160 

0.0647 
0.0961 
0.0770 
0.0907 

0.0289 
0.0532 
0.0410 
0.0430 

2.482 
0.982 
1.086 
1.642 

Mean 
±Sd 

0.1150 
0.0501 

0.0821 
0.0141 

0.0415 
0.00997 

1.548 
0.687 

Treatment group 

Rat 21 
Rat 22 
Rat 23 
Rat 24 

0.0893 
0.1010 
0.1140 
0.1100 

0.0969 
0.0525 
0.0454 
0.0486 

0.0292 
0.0421 
0.0536 
0.0426 

1.402 
0.942 
0.949 
0.945 

Mean 
±Sd 
p-value 

0.1040 
0.0109 
N.S 

0.0609 
0.0242 
N.S. 

0.0419 
0.00998 
N.S. 

1.060 
0.228 
N.S. 

I. See model A2, Figure 2.2. For definition of symbols refer to Table 2.2. 
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Plasma 

0.1 mL plasma + 50 jxL IS (TC) + 200 |iL 0.5 M carbonate buffer (pH 9.1) extracted 
with 2 mL ethyl acetate 

Organic phase 
back-extracted with 0.05 M HCI 

Organic phase 
aspirate and 

discard 

Aqueous phase 
50 pL IS (TP) extracted with 

2mLCHCL3;IPA (2;1) 

Aqueous phase 
evaporated to dryness 
and assayed for COC, 
NCOC, CE and NCE 

Organic phase 
back-extracted 
with 0.05 M HCI 

Aqueous phase 
discard 

Organic phase 
discard 

Aqueous phase 
evaporated to dryness 
and assayed for BE and 
BNE 

Figure 2.1 A. Extraction procedure for cocaine, cocaethylene, norcocaine, 
norcocaethylene, benzoylecgonine and norbenzoylecgonine in rat plasma 
(taken from Sukabuntherg et al.) 



80 

Urine 

0.5 mL urine + 50 |iL IS (TC) + 200 [iL 0.5 M carbonate buffer (pH 9.1) 
extracted with 2 mL ethyl acetate 

Organic phase 
back-extracted with 0.05 M HCl 

Organic phase 
aspirate and 

discard 

Aqueous phase 
evaporated to dryness 
and assayed for COC, 
NCOC, CE and NCE 

Aqueous phase 
50 |iL IS (AP) cleaned with 
SPE (C,8 light load) 

methanol eluate 
evaporated to dryness and 
assayed for BE, BNE 

Figure 2. IB. Extraction procedure for cocaine, cocaethylene, norcocaine, 
norcocaethylene, benzoylecgonine and norbenzoylecgonine in rat urine 
(taken from Sukabuntherg et al.) 



81 

B 

1. i. V. cocaine dose 

i.v. 

E3E 

BE BE 'm2 

CE 

Coc Coc 

2. i. V. cocaethvlene dose 

l.V. J^.2 
CE 

1 2 

21 

3. i. V. benzoylecgonine dose 

Kt2 l.V. 

k 21 

l.V. 
Kn 

^o. k 

BE 

^me^E 
T 

CE 

^me.CE 

T 

Figure 2.2. Compartmental models used to describe the disposition kinetics following iv 
bolus dosing of cocaine in the absence (Al) and presence (Bl) of ethanol; cocaethylene 
in the absence (A2) and presence (B2) of ethanol; benzoylecgonine in the absence and 
presence of ethanol (A3). Symbols are defined in the text. 
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Figure 2.3. Cocaine plasma concentration-time profiles in four individual 
rats given an iv dose of 5 mg cocaine /kg under control conditions (3 g 
water/kg orally, one-half hour prior to cocaine). The solid lines represent 
the non-linear regression fit of the data 
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Figure 2.4. Cocaine plasma concentration-time profiles in four individual rats 
given an iv dose of 5 mg cocaine /kg administered one-half hour following an 
oral dose of ethanol (3 g/kg). The solid lines represent the non-linear egression 
fit of the data. 
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Figure 2.5. Average cocaine plasma concentration-time profiles following an 
i,v, dose of 5 mg cocaine/kg. Each group of four animals received an oral 
dose of water (3 g/kg; o) or ethanol (3 g/kg; •) one-half hour prior to 
cocaine administration. The lines represent the non-linear regression fit of 
the mean data and the cross-hatched vertical bars arethe standard deviations 
of the means 
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Figure 2.6. Cocaine (o) and benzoylecgonine (Ll) plasma concentration-time 
profiles in four individual rats given an iv dose of 5 mg cocaine /kg under 
control conditions (3 g water/kg orally, one-half hour prior to cocaine). The 
cocaine profiles are the same as those illustrated in Figure 2.3. The lines 
represent the non-linear regression fit of the data. 
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Figure 2.7. Cocaine (•), benzoylecgonine (A) and cocaethylene (•) plasma 
concentration-time profiles in four individual rats given an i.v. dose of 5 mg 
cocaine /kg one-half hour following the oral administration of ethanol (3 
g/kg). The cocaine profiles are the same as those illustrated in Figure 2.4. 
The lines represent the non-linear regression fit of the data. 



87 

10000 r 

Ui 

c 
g 

S 
•*-> 

c 
Q) 
O 
C 
o 
o 
CD 
E 
(/) 
TO 

QL 

1000 

100 150 200 

Time, min 

300 

Figure 2.8. Average benzoylecgonine (A, •) and cocaethylene (•) 
plasma concentration- time profiles following an iv dose of 5 mg 
cocaine/kg. Each group of four animals received an oral dose of water 
(3 g/kg; A) or ethanol (3 g/kg; •, •) one-half hour prior to cocaine 
administration. The lines represent the non-linear regression fit of the 
mean data and the cross-hatched vertical bars are the standard 
deviations of the means. 
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Figure 2.9. Cocaethylene ( D) and formed benzoylecgonine (~)plasma 
concentration-time profiles in four individual rats given an iv dose of 5 mg 
cocaethylene/kg under control conditions (3 g water/kg orally, one-half 
hour prior to cocaethylene ) . The lines represent the non-linear regression 
fit of the data. 
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Figure 2.10. Cocaethylene (•) and formed benzoylecgonine (A) plasma 
concentration-time profiles in four individual rats given an i.v. dose of 5 mg 
cocaethylene/kg administered one-half hour following an oral dose of ethanol 
(3 g/kg). The lines represent the non-linear regression fit of the data. 
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Figure 2.11. Average cocaethylene plasma concentration-time profiles 
following an iv dose of 5 mg cocaethylene/kg. Each group of four animals 
received an oral dose of water (3 g/kg; I) or ethanol (3 g/kg; •) one-half 
hour prior to cocaethylene administration. The lines represent the non
linear regression fit of the average data and the cross-hatched vertical bars 
are the standard deviations of the means. 
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Figure 2.12. Average benzoylecgonine plasma concentration-time profiles 
following an iv dose of 5 mg cocaethylene/kg. Each group of four animals 
received an oral dose of water (3 g/kg; A) or ethanol (3 g/kg; A) one-half 
hour prior to cocaethylene administration. The lines represent the non
linear regression fit of the data and the cross-hatched vertical bars are the 
standard deviations of the means. 
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Figure 2.13 . Benzoylecgonine plasma concentration-time profiles in four 
individual rats given an iv dose of 5 mg benzoylecgonine/kg under control 
conditions (3 g water/kg orally, one-half hour prior to benzoylecgonine). 
The solid lines represent the non-linear regression fit of the data. 
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Figure 2.14. Benzoylecgonine plasma concentration-time profiles in four 
individual rats given an iv dose of 5 mg benzoylecgonine/kg administered 
one-half hour following an oral dose of ethanol (3 g/kg). The solid lines 
represent the non-linear regression fit of the data. 
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Figure 2.15. Average benzoylecgonine plasma concentration-time 
profiles following an iv dose of 5 mg benzoylecgonine/kg. Each group 
of four animals received an oral dose of water (3 g/kg;A) or ethanol (3 
g/kg;A) one-half hour prior to benzoylecgonine administration. The 
lines represent the non-linear regression fit of the data and the cross-
hatched vertical bars are the standard deviations of the means 
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Chapter 3 

Estimation of tiie Fractional Conversion of Cocaine to Cocaethylene 

(Ethylcocaine) in Humans following Intranasal Cocaine Administration 

in the Absence and Presence of Ethanol - A Pharmacokinetic 

Analysis of the Literature. 

Introduction 

Cocaine is a powerful central nervous system stimulant with a generalized 

sympathomimetic property. Therefore, cocaine produces euphoria and toxicity resulting 

from elevated sympathomimetic tone m the body. Because of its euphoria effects, cocaine 

has been widely abused for many years. Recently, it has been established that nearly 90% 

of cocaine abusers are also alcohol abusers (McCance-Katz et aL, 1993). This situation 

creates a potential for the pharmacological interaction between these two drugs. It has 

been shown that cocaine-related toxicity increases after the combined use of cocaine and 

ethanol (Foltin and Fischman, 1989; Rose et aL, 1990; Kreek and Stimmel, 1984). The 

potential mechanism(s) responsible for increased toxicity is not clear, however, it has been 

suggested that cocaethylene, a metabolic product of the interaction between cocaine and 

ethanol, is responsible for, at least in part, aspects of the toxic effects. 

In the presence of ethanol, a fraction of the systematically available dose of cocaine 

is metabolized to cocaethylene. Cocaethylene has been found to have pharmacological 

and toxicological properties similar to those of cocaine (Landry, 1992). Thus, an 

important question to answer is; how much of a dose of cocaine will be converted to 

cocaethylene in the body following combined cocaine and ethanol ingestion? Another 
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vital question to resolve is; what is the relationship between the doses of cocaine and 

ethanol and the resulting fractional conversion of cocaine to cocaethylene? The purpose 

of this study is to estimate the fractional conversion of cocaine to cocaethylene in the 

presence of ethanol in humans based upon a pharmacokinetic analysis of the data gathered 

from previously published papers. 
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Materials and Methods 

The fraction of cocaine dose converted to cocaethylene following the 

coadministradon of cocaine and ethanol was calculated by analyzing data reported in 

previously published papers (McCance-Katz et ai, 1993; Bamett et al., 1981; Jeffcoat et 

al. 1989; Javaid etai, 1983; Farre etal., 1993; Perez-Reyes, 1994; McCance etal., 

1995). The subjects in these reports were dosed according to the summary shown in 

Table 3.1. 

The cocaine and cocaethylene plasma concentration-time figures in the literature 

reports were first scanned into a file using a flatbed scanner. The resulting images were 

imported into the Sigma Scan program (Jandel Scientific, 1993) and numerical estimates 

of the digitized data were obtained. The data were then further analyzed 

pharmacokinetically by a compartmental approach as well as by a non-compartmental 

analysis using the computer programs, SimuSolv (Dow Co., 1990) and LAGRAN (Rocci 

and Jusko, 1983), respectively. 

Data analysis: Cocaine and cocaethylene plasma concentration-time data were analyzed 

by fitting the data to an appropriate compartmental model and by using area (non-

compartmental) analysis. In the former case, the differential equations were written for 

the appropriate model and solved using the SimuSolv program. An assumption of first-

order kinetics was made for all processes (i.e., absorption and eUmination), which appears 

consistent with the data. A one-compartment model was initially assumed to be adequate 

to describe the intranasal absorption of cocaine and cocaethylene. A one-compartmental 

model was also assumed to realistically describe cocaethylene formation and subsequent 
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elimination when it was formed by the interaction between cocaine and ethanol. The iv 

cocaine and cocaethylene concentration-time data were described by an open two-

compartment model (assuming central elimination). These models are illustrated in Figure 

3.1. 

The plasma concentration-time data for cocaine (C) administered intra-nasally in 

the absence and presence of ethanol were described by the following differential equations: 

—  = k ,  C  ( 3 . 1 )  
dt V 

dC • F • 
—  =  k ,  D  ( — )  ' - K C - k ^ C  ( 3 . 2 )  
dt ^ V e e 

As noted in the legend to Figure 3-1, the apparent first-order rate constants have a 

subscript which refers to a process (a, absorption; e, elimination) and the superscript refers 

to the experiment (no prime, cocaine alone; prime, cocaine with ethanol). An additional 

elimination pathway exists for cocaine elimination in the presence of ethanol (i.e., 

formation pathway for cocaethylene) whose rate constant is indicated (equation 3.2) as, 

ke". The symbols for dose, fraction of dose absorbed and apparent volume of distribution 

are signified as D, F and V, respectively. Since independent estimates of F and V cannot 

be obtained following absorption, estimates of the ratio V/F are determined. No 

assumption is made that the constants of absorption, elimination, bioavailability (i.e., F) 

and apparent volume (actually V/F) are the same in the absence or presence of ethanol 

(equation 3.1 vs. 3.2). 
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A potential complication in the cocaine plus ethanol experiment is the fact that 

cocaethylene is actually formed via a second-order kinetic process which depends upon 

the concentration of both cocaine and ethanol. The ethanol doses used in all experiments 

far exceeded those of cocaine and the plasma concentration of the former are in mM terms 

compared to the concentrations of cocaine (and cocaethylene) which arc |iM. Thus, the 

concentrations of ethanol remain far higher (and more constant) than those of cocaine 

throughout the time course when cocaine concentrations are declining rapidly. As a 

consequence of this behavior, the loss of cocaine and the formation of cocaethylene can be 

adequately described by a pseudo-first-order process. When cocaine plasma 

concentrations in the presence of ethanol were analyzed with a second-order model, 

virtually identical fitting results were obtained to those when a pseudo-first order model 

was applied. Therefore, the formation of cocaethylene is considered to occur according 

to, and has been approximated by, a pseudo-first-order kinetic process. 

Cocaethylene plasma concentrations formed as a result of cocaine and ethanol 

dosing may be described by the following rate equation, 

^ = k;(C) V -KCE (CE) (3.3) 

where V and V'CE are, respectively, the apparent volumes of distribution of cocaine and 

cocaethylene in the presence of ethanol. 

The rate equation used to describe cocaine and cocaethylene data following iv 

dosing, assuming a two-compartment model (see Figure 3.1, models 4 and 5) are. 
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dC 

dt 

dCE 

^2\(  C h  ~ ^  k 

.  -  ̂IICE (CEk-(  ̂ 12,CE +  ̂ 10,CE )(CE\ (3.5) 
at 

Estimation of absolute systemic bioavailability: The absolute systemic bioavailability 

(F) of cocaine or cocaethylene following intranasal (in) dosing can be estimated from a 

standard relationship by comparing total area under the cocaine concentration-time curve 

following intranasal dosing [(AUC)in ] with the area from a corresponding iv dose 

[(AUC)w]. 

(AUC). Dose. 
F = iS- X (3.6) 

(AUC)j^ Dose.^ 

Data sets 6 and 7 (Table 3.1) allow determination of cocaine bioavailability from two 

paired groups of subjects. Other estimates of cocaine bioavailability have to be obtained 

by comparing the data from two different studies, using different groups of subjects, as 

shown by Table 3.3. 

Estimation of the fractional conversion of cocaine to cocaethylene: The fractional 

conversion of cocaine in the presence of ethanol to cocaethylene may be estimated by 

relatively simple calculations using area analysis. A basic assumption for this analysis is 

that first-order kinetics is adhered to for all doses and that cocaethylene elimination 

clearance is essentially the sjmie in the absence and presence of ethanol. The following 

relationship compares the AUCs of cocaethylene following intranasal cocaine and 
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intravenous cocaethylene dosing. The fraction of a dose of cocaine which forms 

cocaethylene (fcE) following coadministration of cocaine and ethanol is given by ; 

(AUCj ) (Dose. ) 
f _ CE 4- coc IV CE ^2 7) 
CE (AUC. ) rp. fF (Dose. ) x (F. ) IV' ^ in coc m coc 

The subscript to AUC indicates the route of administration (iv or in) and the form 

measured and its source: CE<—coc, CE is measured but it arises from cocaine; CE<—CE, 

CE is measured and CE is administered. All concentration and dose units need to be and 

are expressed in molar terms. This relationship permits comparison of the results of 

several studies reported in the literature and therefore, several estimates of fcE. are 

obtained. 
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Results and Discussion 

The concentration-time data recovered from the literature by scanning and 

digitizing the images are illustrated in Figures 3.2 and 3.3. In all cases die data appear to 

be quite uniform and, based upon how well the fitted lines describe the data, the models 

used (Figure 3.1) appear to be reasonable. 

Figure 3.2 illustrates the plasma concentration-time profiles of cocaine after 

intranasal dosing in the absence and presence of ethanol (A, 2 mg/kg; B, 100 mg) and the 

resulting cocaethylene plasma concentrations. In all instances the fitted lines appear to 

describe the data well, supporting the use of the models shown in Figure 3.1. In both 

cases (Figures 3.2A and 3.2B) cocaine plasma concentrations appear higher in the 

presence of ethanol compared to the control. There also appears to be a delay in the 

fomiation of cocaethylene but the data were fit without the incorporation of a lag time. 

The equations of the lines for the 2 mg/kg cocaine dose (Figure 3.2A) are: 

Cocaine alone, C = 1.58 (e " *^^' - e cocaine with ethanol, C = 2.0 (e'° °^' - e ' 

0.00761) equations of the lines for the I(X) mg cocaine dose (Figure 323) are: Cocaine 

alone, C = 1.27 (e ° °^' - e cocaine with ethanol, C = 1.38 (e" '^' - e •° °°^'). 

Figure 3.3A illustrates the intravenous administration of cocaine and cocaethylene; 

whereas. Figure 3.3B shows the corresponding intranasal data. Although there were 

relatively few data points (nine concentrations), the i.v. data for cocaine and cocaethylene 

could be described by a biexponential equation consistent with a two-compartment model. 

The equations of these lines are; Cocaine, C = 0.24 e ° °^' + 0.38 ; cocaethylene, C 

= 0.074 e ""^' + 0.47 e'° Even though the cocaethylene dose was smaller (on a molar 
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basis) than the cocaine dose, concentrations of the former are greater at all times (except 

for the first value). Cocaethylene has a smaller clearance (CL = 13 ml/min*kg) than 

cocaine (CL = 16 ml/min*kg), but both compounds have similar terminal half-lives (85.7 

versus 86.3 min). 

Following intranasal dosing of equimolar doses of cocaine and cocaethylene, the 

plasma concentrations and resulting AUCs are considerably greater for cocaethylene 

compared to cocaine. The equations best describing these data Gines in Figure 3.3B) and 

the resulting AUCs are: Cocaine, C = 1.8 - e AUC = 90.2 nmol*min/mI; 

Cocaethylene, C =1.1 (e °°^ - e AUC = 176.5 nmol*min/ml. 

Table 3.1 summarizes the results of human studies which have examined the 

absorption or disposition kinetics of cocaine or cocaethylene following intranasal or 

intravenous administration and cocaethylene formation following combined dosing of 

cocaine and ethanol. In two of the seven studies cited, ethanol was coingested with 

intranasal cocaine. Several studies examined iv cocaine kinetics. Cocaethylene was given 

iv in only one study and intranasally in only one additional study. The iv cocaine doses 

ranged from about 0.25 to 1.4 mg/kg (assuming as average weight of 70kg). The 

intranasal cocaine doses ranged from about 0.91 to 2 mg/kg. The cocaethylene doses 

were within this range (0.25 mg/kg, iv; 0.91 mg/kg, in). 

The bioavailability (F) of cocaine after intranasal dosing ranges between 0.48 to 1 

(Table 3.3). Since subject weight was not reported for data set 7, the value of F obtained 

by this set and other sets are not expected to be accurate. However, the estimated value 

of F of 0.57, which was obtained from data set 7 {i.e., iv versus in, within data set 7) may 
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be the most accurate, since this experiment was done in a cross-over design in the same 

subjects. The next most reliable value for F would be 0.78 which was obtained from data 

set 6. The latter data set was obtained from one study. The grand average of F is 0.73 ± 

0.16. Therefore, the fraction of cocaine converted to cocaethylene (fee), following an 

intranasal dose of cocaine (and oral ethanol), is approximated to 0.22,0.17 and 0.19 ± 

0.04 based on data sets 7, 6 and the grand average. However, these values for fen could 

be over-estimates, due to the fact that the bioavailability (F) of cocaine seems to increase 

when cocaine and ethanol are coadministered. The average estimated bioavailability of 

cocaethylene is considerably higher than cocaine (0.78 versus 0.48, based on data sets 4 

and 3), This higher bioavailability may be due to a higher lipophilicity of cocaethylene 

compared to that of cocaine. However, when the bioavailability of cocaethylene is 

compared to that of cocaine based on the grand average, there is little much difference 

{i.e., 0.78 w 0.73). 

Cocaine is predominantly metabolized to benzoylecgonine and ecgonine methyl 

ester, with a minor pathway (2-5%) leading to norcocaine (Inaba et al., 1978; Inaba, 

1989). Benzoylecognine is formed in the plasma by plasma esterases and in the liver by 

carboxylesterases (Dean et al., 1991). Ecgonine methyl ester is formed by serum 

pseudocholinesterase as well as liver esterases (Inaba, 1989). Norcocaine has been shown 

to be produced by N-demethylation of cocaine, mainly in the liver by cytochrome P-450 

and FAD-containing monooxygenase (Kloss et al., 1983). Dean and coworkers (1991) 

have shown that the esterases responsible for benzoylecgonine formation were capable of 

producing cocaethylene. It has been shown in our laboratory that the pattern of the 
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cocaine metabolic pathway appears to be affected by the presence of ethanol. The fraction 

of benzoylecgonine obtained from cocaine decreased by one-half after a combined cocaine 

and ethanol dose compared to that of a cocaine dose alone in rats (Chapter 2). These 

findings suggest that cocaethylene formation occurred at the expense of benzoylecgonine 

formation by the same enzyme. Since benzoylecgonine is not active pharmacologically, 

this finding suggests that cocaine-related toxicity would be increased when cocaine and 

ethanol are used together compared to that of cocaine alone (based on this metabolic 

pathway change alone). 

Cocaethylene is known to have pharmacologic and toxicologic effects similar to 

those of cocaine. It has been reported that physiological (i.e., heart rate, blood pressure, 

etc.) and subjective euphorigenic ("high") effects are increased when cocaine was given 

with ethanol compared to the effects of cocaine alone (McCance-Katz et al., 1993; Farre 

et al., 1993). We analyzed these data and found that enhanced effects/toxicity after 

combined use of cocaine and ethanol relative to cocaine dose alone seemed partially due 

to the cocaethylene that was formed in the presence of cocaine and ethanol (Chapter 8). 

In conclusion, the fraction of a cocaine dose converted to cocaethylene in humans 

is about 19 ± 4% following intranasal administration of cocaine and an oral ethanol dose. 

This estimate is similar to the one obtained in rats, 12 ± 6% (Chapter 2). 



Table 3 .1 

Summary of the literature data analyzed 

Compound Dose Molar dose" 
(nmole) 

Route'' N' Data 
Set 

Reference 

With Ethanol 

Cocaine HCl** 2 mg/kg 5.89/kg in 6 I McCance-Katz et al. 
Cocaine HCl" 100 mg 294.3 in 9 2 Farre et al. 

Without Ethanol 

Cocaine 0.25 mg/kg 0.824/kg iv 6 3 Perez-Reyes et al. 
Cocaine 3 |amole/kg 9.9/kg in 8 4 McCance et al. 
Cocaethylene 3 (imole/kg 6.8/kg in 8 4 McCance et al. 
Cocaine HCl lOOmg 294 3 iv 3 5 Bamett et al. 
Cocaine 20.5 mg 67.6 iv 4 6 Jeffcoat et al. 
Cocaine 94.6 mg 311.8 in 6 6 JefFcoat et al. 
Cocaine HCl 32 mg 94.2 iv 4 7 Javaid et al. 
Cocaine HCl 96 mg 282.5 in 4 7 Javaid et al. 
Cocaethylene 0.25 mg/kg 0.788/kg iv 6 3 Perez-Reyes et al. 

a. calculated as cocaine base 
b. in, intranasal; i.v., intravenous 
c. number of subjects 
d. Ethanol (1 g/kg) was dosed immediately after cocaine 
e. Ethanol (1 g/kg) was dosed every 5 min x 6, then cocaine dose was given immediately after ethanol 



Table 3 .2 Results of the area analysis of the concentration-time data sets for cocaine and cocaethylene adniinistration 

Compund | Dose 1 | AUC 1 AUC/Dose Data set 
and Route mg mg/kg [imole/kg ng»min/mL nmol*min/mL min*kg/mL 

Cocaine 

Without Ethanol 

iv 
0.25 
100 
20.5 
32 

in 

94.6 
96 

With Ethanol 
in 

100 
Formed cocaethylene 

in 
100 

Cocaethylene 

iv 
in 

0.824 

3 

2 5,89 
4.42 

2 5.89 
4.42 

0.25 0.788 
3 

51 
19891 65.6 
12137 40.0 
13645 45.0 

93 
43361 142.9 
23570 77.7 

218 
179 

61 

45.5 

60.1 
176.5 

0.062 3 
0.041 5 
0.045 6 
[0.03]" 7 

0.03 4 
0.035 6 
[0.02]" 7 

0.037 1 
0.040 2 

001036 1 
0.0103 2 

0.076 3 
0.059 4 

a. assuming subject weight of 70kg 



112 

Table 3.3 

Absolute intranasal bioavailability (F) of cocaine estimated from the literature data sets 

Data set | Data set 1 
3 5 6 7 

1 0.60 0.90 0.82 
2 0.66 I 0.91 
4 0.48 0.73 0.67 
6 0.57 0.85 0.78 
7 0.57 

Mean 0.58 0.87 0.80 0.73' 
±SD 0.075 0.011 0.099 0.16' 

1. grand mean and SD 
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Table 3.4 

Fraction of an intranasal dose of cocaine forming cocaethylene 
in the presence of ethanol 

F Based on Based on 
Data set I Data set 2 

0.60 0.226 0.225 
0.66 0.206 0.205 
0.48 0.283 0.281 
0.57 0.238 0.237 
0.90 0.151 0.150 
1.00 0.136 0.135 
0.73 0.186 0.185 
0.85 0.160 0.159 
0.82 0.166 0.165 
0.91 0.149 0.148 
0.67 0.203 0.201 
0.78 0.174 0.173 
0.57 0.238 0.237 

0.73 0.19 0.19 
0.16 0.04 0.04 
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Experiment Model 
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Figure 3 . 1 .  Models used to describe the literature reporting concentration-time data of 
cocaine or cocaethylene. The models depict the following experiments; (1) intranasal 
cocaine; (2) intranasal cocaine in the presence of ethanol; (3) intranasal cocaethylene; (4) 
intravenous cocaine; (5) intravenous cocaethylene. The subscripts of the rate constants 
describe the process (a, absorption; e, elimination; 12.21, inter-compartmental transfer; 
io,elimination) and the chemical form (ce, cocaethylene; e, ethanol). The prime 
superscript indicates the presence of ethanol 



Figure 3.2. A; Cocaine plasma concentrations as a function of time (semi-logarithmic 
axes) following an intranasal dose of 2 mgAcg in 6 subjects in the absence (•) or presence 
(o) of 1 g/kg ethanol. Cocaethylene plasma concentrations resulting from combined 
cocaine and ethanol are also shown (•). Based upon data in reference McCance-Katz et 
al. The lines represent the non-linear regression analysis of the data according to the 
models shown in Figure 3.1. The equations of the lines are: cocaine (no ethanol), C = 
1.58 (e"^ ""'^' - e cocaine (with ethanol), C = 2.0 (e"""^' - e 

B; Cocaine plasma concentrations as a function of time (semi-logarithmic axes) 
following an intranasal dose of 100 mg in 9 subjects in the absence (•) or presence (o) of 
1 g/kg ethanol. Cocaethylene plasma concentrations resulting from combined cocaine and 
ethanol are also shown (•). Based upon data in reference Farre et al. The lines represent 
the non-linear regression analysis of the data according to the models shown in Figure 3 .1. 
The equations of the lines are. cocaine (no ethanol), C = 1.27 (e"^- e cocaine 
(with ethanol), C = 1.38 (e"® ""' - e 
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Figure 3 .3. A. Plasma concentration-time profiles of cocaine (•) and cocaethyiene (•) 
(semi-logarithmic axes) following an intravenous dose of 0.25mg/kg in 6 subjects. Based 
upon data in reference Perez-Reys et al. The lines represent the non-linear regression 
analysis of the data according to the models shown in Figure 3 .1. The equations of the 
lines are: cocaine, C = 0.2.4e'^'''' + 0.38 e cocaethyiene, C = 0.074e'°''^' + 0.47 
„ -0.0081 e 

B: Plasma concentration-time profiles of cocaine (•) and cocaethyiene (•) (semi-
logarithmic axes) following an intranasal dose of 3 |amole/kg in 8 subjects. Based upon 
data in reference McCance et al. The lines represent the non-linear regression analysis of 
the data according to the models shown in Figure 3.1. The equations of the lines are: 
cocaine, C = 1.8 (e-*^ ""' - e^"""'); cocaethyiene, C = 1.1 _ g-o.oosst^ 
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Chapter 4 

AUometric Analysis of the Disposition Parameters of Cocaine 

Introduction 

Interspecies scaling has been used to provide a rational basis to achieve an optimal 

initial dosing scheme for a new drug entity in humans {i.e., "first time in man"). Its use 

also includes the potential to predict toxicity for a drug or toxicant of interest on the basis 

of data in animals. Allometric extrapolation from animals to humans is possible due to the 

similarities in the anatomy, physiology, biochemistry and cellular structure among various 

species. Organ sizes are proportionally altered by the dimensions of the species 

(Boxenbaum, 1982) and, furthermore, physiological time should be used to improve 

correlation of physiological parameters among species. Physiological time is species-

dependent and is defined as a unit of chronological time required to complete a species-

independent physiological event (Boxenbaum 1982). 

The basic equation used for interspecies scaling is, 

Y = a»W'' (4.1) 

where Y is the physiological or anatomical parameter, W is the species' body weight, a is 

the coefficient (intercept on the y axis) and b is the exponent (slope), describing the 

empirical relationship between Y and W. The coefficient, a, is considered to be a value 

which represents drug-related characteristics even though it scales for units, whereas b is 

relatively constant (Ings, 1990). In general, the value of b for clearance approximates 

0.75, for volume of distribution it approximates I.O and for half-life 0.25 (Ings, 1990). 

The closer the value of ^7 is to 1, the closer the direct proportionality between the 
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pharmacokinetic parameter and body weight For numerous drugs, successful interspecies 

scaling of pharmacokinetic data has been reported, implying the relevance of the allometric 

equation in predicting drug disposition in humans. The current study investigated the 

application of allometric scaling of the disposition parameters of cocaine following 

intravenous administration to numerous species. 
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Materials and Methods 

The pharmacokinetics of cocaine have been reported in the Wistar rat (Nayak et 

al., 1976), dog (Misra et al., 1976), monkey (Misra et al., 1977), pig (Kambam et al., 

1992 ), sheep (Khan et al., 1987) and humans (Bamett et al., 1981; Jeffcoat et al., 1989). 

In aU studies, cocaine was administered intravenously as a bolus dose. The doses in 

animals ranged from 1 to 8 mg/kg and those in humans varied from 0.276 to 1.47 mg/kg. 

The cocaine plasma concentrations in these animals were determined either by measuring 

radioactivity, or by high performance liquid chromatography. All serum concentration-

time data were directiy taken from literature reports (i.e., tabular values) or by scanning 

the graphs in the publications into a file and digitizing the image to obtain estimates of 

plasma concentrations and time. The data were then further analyzed to obtain the 

relevant pharmacokinetic parameters by using compartment-dependent and independent 

methods using the Simusolv (Dow Co., 1990) and LAGRAN (Rocci and Jusko, 1983) 

programs, respectively. 

AUometic analysis: The relationship describing body weight (W) and the 

pharmacokinetic parameters (Y) for cocaine was examined by linear least-squares 

regression analysis of the logarithmic equation, 

log Y = log a + b • log W (4.2) 

Statistical significance of the correlation was assessed by testing the hypothesis 

that the slope of the regression line is equal to zero. A p value <0.05 was considered to be 

statistically significant. 
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In order to compare the plasma concentration-time data among different species, 

several approaches developed by Boxenbaum (Boxenbaum and Ronfeld, 1983; 

Boxenbaum 1982, 1984) were applied to normalize the plasma concentration-time data. 

Simple Dedrick plot The plasma concentrations have been normalized by 

dose/kg for all species, including human data. 

Complex Dedrick plot: The allometric equations for systemetic clearance (CL,) 

and apparent volume of distribution (V<i) can be defined by, 

CLs = aWP (4.3) 

Vd = b W " (4.4) 

The cocaine plasma concentration and time data can be normalized in the following 

way: 

Cone 
D/W° 

Time 

(4.5) 

(4.6) 

where D is the administered dose and W is body weight. The normalized data were 

plotted on a semi-logarithmic scale and the data were fit using nonlinear regression 

analysis. 

Maximum lifespan potential (MLP) approach: The application of neoteny 

concepts to the kinetic profiles of cocaine was achieved by fitting the following equation 

using linear least-squares regression; 

CLs • MLP =xW^ (4.7) 
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where MLP is maximum life span potential whose values for each species was obtained 

from the literature (Boxenbaum 1982). The chronological times were transformed to 

pharmacokinetic (or physiological) time by multiplying the time by, 

W MLP ("dienetichrons") (4.8) 

All of the normalized data were plotted on a semi-logarithmic plot and the best fitting 

equation was obtained. 

MLF and brain weight approach: Sacher (1959) developed an equation for the 

relationship between MLP, body weight (VV) and brain weight (fiW); 

MLP = 10.839 (fiWO° (4.9) 

Substituting equation (3) into (2), 

CU = zBW^W^ (4.10) 

A semilogarithmic plot of normalized cocaine plasma concentration versus time 

("syndesichrons") was prepared by multiplying time by, 

BW^W^ (4.11) 

The normalized data were then fit to a biexponential equation using non-linear regression 

analysis. 

The Akaike information criterion (AIC) (Akaike, 1978) was used to compare the 

quality of curve fitting of the normalized concentrations as a function of the different 

pharmacokinetic times. 

The allometric scale-up method, developed by Mordenti (1985), was also 

attempted in order to predict the plasma concentration-time profiles for humans based 

upon animal data. Modenti's three iv bolus dosing methods require plasma concentration-
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time data described by a multicompartment model (therefore, the plasma concentration-

time data from the pig which is best fit with a one compartment model, were excluded 

fixtm this analysis). The relationships developed by Mordenti are presented below. 

Bolus method 1: 

c ^ £!!fhti!nan(Ae-«'+Be-^') (4,12) 
Dose . , ^ ' 

animal 

A, B, a and P arc respectively coefficients, distributive rate constant and terminal 

elimination rate constant of a predicted human plasma concentration-time profile which is 

described by a biexponential equation based upon animal data. 

Bolus method 2; 

c = (4.13) 

where 

f  (^10 ^21) V^io ^12 ^21) ^^10^21" 
' 2^(^,0 + ^,2 + )- -

p ^^10 ^12 ~ ^21 ) ~ Vc^io ^12 ^21 ) ~ ̂ ^10^21 f4 15") 
* 27^/:,0 + ^,2 + ^2, )• - 4^,0^21 

fl = ^ Kl + ^21 ) "*• V^^IO + ^12 + ^21 )' ~ 4^10^21 ] (4-16) 

fl = + ^12 + ^21 ) ~ V^^IO + ^12 + ^21 )• - '•^10^21 ] (4-17) 
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ki2 and kai refer to microconstants describing inter compartmental transfer. Vc and kio are 

the volume of the first (or central) compartment and elimination (total) rate constant from 

the first compartment. 

Bolus method 3: 

c = (4.18) 

where 

^ CU(Vj-VJ ^ CLs 

Vd and Vss are volume terms, and CL, is systemic clerance which are used to produce 

biexponential plasma concentration-time data for humans based upon animal data. 
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Results 

Pharmacokinetic parameters reported in the literature as well as data obtained from 

this laboratory are summarized in Table 4.1. Allometric plots of the pharmacokinetic 

parameters as a function of body weight are illustrated in Figure 4.1 and in tabular form in 

Table 4.2. The plasma concentration-time profiles for animals, including humans are 

illustrated in Figure 4.2. Figure 4.3 illustrates the cocaine plasma concentration-time data 

after normalizing by dose/kg (simple Dedrick plot) in rat, dog, monkey, pig, sheep and 

humans followuig an intravenous dose. The disposition of cocaine after an intravenous 

dose was considerably different not only between the animals and humans but also the 

animals. However, the pharmacokinetic parameters of cocaine were significandy 

correlated with body weight among animals (Table 4.2). 

The transformation of chronologic time to physiologic or pharmacokinetic time 

and the relationships to CLs, MLP or BW are shown in Figures 4.4 to 4.6. The 

concentration-time profiles, after transformation to dinetichrons (Figure 4.5) or 

syndesichrons (Figure 4.6), improved considerably. The pharmacokinetic parameters from 

the biexponential equations obtained from each pharmacokinetic time, with or without 

human data, are shown in Table 4.3. 

Mordenti has developed a technique using multiexponential pharmacokinetic 

parameters to predict human concentration-time data based upon animal data as shown by 

equations 4.12, 4.13 and 4.18. Allometric plots of the appropriate pharmacokinetic 

parameters and weight are shown in Figures 4.7 and 4.8, and in tabular form in Table 4.4. 

The correlation of the pharmacokinetic parameters of cocaine and body weight among 
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animals species was not satisfactory. The observed plasma concentration-time profiles in 

human subjects along with predicted curves that were generated based upon Mordenti's 

approach are shown in Figure 4.9 (predictions by Method 2 arc shown in inset boxes). As 

expected, the prediction of cocaine plasma concentration-time profiles for humans using 

values in Table 4.4 were poor. 
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Discussion 

The accuracy of the allometric approach depends on knowledge and understanding 

of the ways in which animal models resemble and differ from humans with regard to 

various parameters that determine or modify cocaine disposition. Generally, the power 

function for allometric scaling of clearance is 0.75 and for volume of distribution it is 

about 1.0. The power function for allometric scaling of volume of distribution (a = 0.91 

or 0.8) and clearance (P = 0.89) obtained here suggest that these two parameters are 

approximately in direct relation to body weight across species. In reality, the volume of 

distribution and the systemic clearance of cocaine in the rat are about three times larger 

than humans. The terminal elimination half-life (T\n) or MRT which are a function of Vd 

and gave a poor correlation with body weight 

The results obtained in this study suggest that the pharmacokinetic parameters of 

cocaine can be correlated to body weight using an allometric approach as summarized in 

Table 4.1. However, the prediction of cocaine plasma concentrations for humans was not 

satisfactory (except from the dienetichrons or syndesichrons transformation of time). 

Similarly, the prediction of cocaine plasma concentrations for humans was poor by 

Mordenti's approach. This suggests that the human is an "outlier" among mammalian 

species with regard to cocaine disposition. 

Cocaine is eliminated primarily by metabolism through liver esterases. It is well 

known that esterases arc located not only in the liver but in many tissues. The amount of 

this enzyme in tissues other than the liver may account for the observed the differences in 

cocaine disposition among different species. For instance, the disposition of cocaine in the 
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sheep deviated most from other animals in this study. It was suggested that elimmation of 

cocaine by pulmonary metabolism seemed to be significant in the sheep (Khan et al., 

1987)). 

In order to achieve a better fit of the cocaine disposition profile among different 

species, chronogical time was transformed to apolysichrons, dienetichrons, or 

syndesichrons and results are shown in Figures 4.4 to 4.6. By applying the AIC test, the 

dienetichron, or syndesichron methods provide the best fit for cocaine disposition. The 

"dienetichron" incorporates a longevity (known as MLP) term that is a basic biological 

property of the organism (Boxenbaum, 1982). Since humans are unique in regard to 

having a low intrinsic clearance (CLint) with longer longivity compared to those of other 

animals, the improvement seen in the plasma concentration-time profiles among species 

after transformation of chronogical time to "dienetichrons" may not be surprising. The 

syndesichron function provides further flexibility to the allometric equation {i.e., addition 

of species's brain weight). 

In conclusion, pharmacokinetic parameters of cocaine scale allometrically among 

species (excluding human data). The disposition of cocaine varies considerably among 

different species as shown in the plasma cocaine concentration-time data, although 

average curves agree reasonably well (i.e., fitted line). It appears that dienetichrons or 

syndesichrons provide the best fit for cocaine among animals, including humans, especially 

when the sheep data are ignored. 



Table 4.1 

Pharmacokinetic parameters of cocaine among different species 

Species Weight Dose CLs Vss Varca T)/2 MRT Reference 
(kg) (mg) (mL/min) (L) (L) (min) (min) 

Rat 0.14 1.12 35 0.91 1.7 28 35 Nayak et ai. 
Rat' 0.282 1.41 40 0.87 2.1 32 22 
Rat' 0.278 1.39 43 1.05 1.7 29 24 
Monkey 4.0 4.0 658 78.5 86.6 91 119 Misra et al. 
Dog 16 16 851 42.5 56.4 46 50 Misra et al. 
Pig 26 78 1961 69.2 69.2 24.5 35 Kambam et al. 
Sheep 47 47 9800 120 134.4 8.6 5 Khan et al. 
Man 76 20.5 1716 161 172 72 94 Jeffcoat et al. 
Man 95 100 2892 174 205 49 60 Barnett et al. 
Man 68 100 1564 111 118 54 73 Barnett et al 
Man 58 100 1200 106 110 50 68 Barnett et al 

1, Data obtained from this study (chapter 2) 



Table 4.2 

Allometric relationships for the pharmacokinetic parameters 

Parameters Allometric equation r^ p-Values 

CLs (ml/min) 148W"'"' 0.95 <0.001 
ClsX MLP(mL*MLP/min) 1141W"^ 0.97 <0.001 
V.(L) 4.9W"'" 0.91 <0.001 
Va,cu(L) T.SW"" 0.91 <0.001 
Half-Life (min) 32.5W""*" 0.07 N.S. 
MRT (min) 31.8W""'" 0.03 N.S. 



Table 4.3. 

Biexponential parameters obtained for each plasma concentration versus 
pharmacokinetic time curve of cocaine after an iv dose 

Time Unit A B a p AIC 

Chronologic' 1.9 0.52 0.27 0.031 810 
Chronologic" 2.8 0.51 0.41 0.02 1506 

Simple Dedrick' 5.2 0.36 1.16 0.055 -61.6 
Simple Dedrick" 0.46 0.26 0.17 0.013 51.6 

Apolysichrons' 1.3 X 10' 1.2 X lO"* 0.60 0.045 -825 
Apolysichrons" 6.5 X 10-* 2.3 X lO"* 0.33 0.018 -1368 

Dienetichrons' 1.4 X 10-' 1.9 X lO"* 2.1 0.12 -801 
Dienetichrons" 3.8 X 10"* 1.2 X lO-* 0.60 0.091 -1427 

Syndesichrons' 8.3 X 10 ' 1.7 X lO-" 0.015 0.0012 -810 
Syndesichrons" 3.9 X lO-" 1.2 X 10-* 0.0061 0.001 -1443 

1 Animal data only. Coefficients are normalized by ng/kg dose 
2 Including human data. Coefficients are normalized by ng/kg dose 



Table 4.4 

Allometric relationships for the pharmacokinetic parameters of cocaine 
in different species based upon the methods of Mordenti 

Parameters Allometric equation r^ p-Values 

A/dose (ng/ml*mg) sesw""' 0.76 <0.05 
B/dose (ng/ml*mg) 97.5W""^^ 0.76 <0.05 
Alpha (min ') o.nw"" 0.36 N.S. 
Beta (min ') 0.02W""^ 0.08 N.S. 
Ki2 (min"') 0.025W"^' 0.58 <0.1 
K21 (min') 0.06 W"'^ 0.14 N.S. 
Kio(min') O.OSW'"" 0.14 N.S. 
CLs (ml/min) 164W"-^" 0.94 <0.005 
Vc (L) 2.6W"''^ 0.80 <0.05 
v., (L) 4.8W"'''' 0.90 <0.005 
V„,cu(L) 7.8W"" 0.91 <0.005 
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Figure 4.1. Log-log plots of the pharmacokinetic parameters of cocaine as 
a function of species weight. The solid line is the linear regression Fit of the 
data. The equations of the lines are presented in Table 4.2. Parameters 
plotted are: A) systematic clearance (CL,); B) CLs times maximum 
lifetime potential(MLP); C) steady-state volume of distribution (Vss); D) 
apparent volume of distribution (Vj). 
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Figure 4.2. Cocaine plasma concentrations as a function of time in numerous 
species following an iv. bolus dose. Key: (A) rats (W, B and E), (o) monkey, 
( ) dog W, (V) pig, (') sheep, (•) man-average, (•) man 2, (A) man 3, (•) 
man 4. The solid line is the linear regression fit of all the data including humans. 
The dashed line is the linear regression fit of the data excluding humans. 
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Figure 4.3. A "simple" Dedrick plot of cocaine plasma concentration as a 
function of time in numerous species. The plasma concentrations have 
been normalized by, dose/kg. The symbols and lines are the same as 
shown in Figure 4.2 
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Figure 4.4. "Apolysichrons" plot of cocaine plasma concentration 
as a function of time in numerous species. The plasma 
concentrations have been normalized by, dose/ and time has 
been normalized by, The symbols and lines are the same as 
shown in Figure 4.2. 
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Figure 4.5. "Dienetichrons" plot of cocaine plasma concentration as 
a function of time in numerous species. The plasma concentrations 
have been normalized by, dose/W®"" and time has been normalized 
by, W^"~VMLP. The symbols and lines are the same as shown in 
Figure 4.2. 
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Figure 4.6. "Syndesichrons" plot of cocaine plasma concentration 
as a function of time in numerous species. The plasma 
Concentrations Have been normalized by, doseAV^" and time has 
been normalized by, The symbols and lines are the 
same as shown in Figure 4.2. 



Figure 4.7. Log-log plots of the pharmacokinetic parameters of cocaine as a function of 
species weight. The solid line is the linear regression fit of the data. The equations of the 
lines are presented in Table 4.4. Parameters plotted are; A) First coefFicent divided by 
dose: B) second coefficent; C) systematic clearance (CLJ; D) distribution rate constant; 
E) terminal disposition rate constant. 
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Figure 4.8. Log-log plots of the pharmacokinetic parameters of cocaine as a function of 
species weight. The solid line is the linear regression fit of the data. The equations of the 
lines are presented in Table 4.4. Parameters plotted are: A and B) intercompartmental 
rate constants; C) elimination rate constant from thea first compartment; D) volume of 
distribution of the first compartment; E) apparent volume of distribution (V^ or V„J; F) 
steady-state volume of distribution (V„). 
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Figure 4.9. Predicted human plasma cocaine concentration-time profiles 
based upon animal data. The solid and dashed lines are obtained by 
method 1 {i.e., equation 4.11) and method 3 {i.e., equation 4.17), 
respectively. The solid line in the inset box is obtained by method 2 (i.e., 
equation 4.12). Observed plasma cocaine concentration-time (•) data A 
and B, C and D are from Jeffcoat et al. and by Bamett et al., respectively. 
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Chapter 5 

Volume-Adjusted Tissue-to-Blood DistributionCoef&cients Useful 

in Physiologically Based-Pharmacokinetic Models as 

Exemplified with Cocaine 

Introduction 

The temporal disposition of drugs or toxicants in the whole animal may be characterized 

by a variety of approaches, each requiring a different method of data analysis. The two 

most frequently used techniques for the analysis of plasma concentration-time data involve 

either a structured compartmental model in which data are expressed in the form of an 

explicit (usually mutiexponential) equation or a non-compartmental approach which relies 

upon characterizing the properties of the data. 

In recent years there has been considerable interest in another approach which 

better attends to the biology of the system under investigation, physiological (or 

physiologically-based) pharmacokinedc modeling (PB-PK). The latter approach is 

particularly attractive and has become important in toxicology research for several 

reasons. Primary among those reasons is the realistic representation of the body, the 

potential to scale the model from small animals to humans and the ability to link the model 

to an expression of toxicologic effect or risk. In that regard, this approach holds promise 

in the development of organ-specific toxicokinetic/toxicodynamic models with the further 

promise of extrapolation to humans. 

The development of a PB-PK model in a small animal requires a substantial 

amount of information including values for physiologic and anatomic (e.g., blood flows 
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and organ volumes), biochemical (e.g., Vmax and Km values for metabolism) and 

physicochemical processes (e.g., tissue-to-blood distribution coefficients, protein binding 

and perhaps membrane flux). Typical values for physiologic and anatomic parameters are 

readily available firom the literature; whereas, biochemical and physicochemical parameters 

require experimental determination. Values for physiologic and anatomic parameters 

(e.g., organ blood flow and weight, etc.) generally bear a simple and predictable 

relationship among species. In contrast, biochemical and physicochemical parameter 

values require some assumption concerning their constancy or scaling across species in 

order to build a model in humans. Values for metabolic clearance are often estimated 

from allometric relationships while values for tissue-to blood distribution coefficients (R) 

are considered to be constant across species. The latter assumption requires comparable 

total body and tissue distribution of a substance in all species. That assumption, in turn, 

relies upon similar tissue binding of the substance. 

The purpose of this study is to examine the validity of the assumption of 

constant tissue-to blood distribution coefficients among species and to offer a simple 

approach to its adjustment, when necessary, in developing a model in larger animals, 

especially humans. 
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Materials and Methods 

Theoretical considerations. The apparent steady-state volume of distribution (Vss) of a 

substance in the body is often expressed by the following relationship (Wilkinson and 

Shand, 1975; Gibaldi and McNamara, 1978). 

fu V  = v  + v  ^SS ^ B ^ (5.1) 
_fu.T 

where VB is blood volume, VT is the tissue volume other than blood into which the 

substance distributes and fu and fu.r are the unbound fractions of substance in the blood 

and tissue, respectively. An identical expression has been derived which includes an 

additional term for interstitial fluid space and binding there (Oie and Tozer, 1979). If we 

assume, as is commonly done, that the unbound concentration of substance in blood (Cu) 

and tissue (CU.T) are in equilibrium {i.e., Cu = CU.T). then it may be shown that the ratio of 

unbound fractions in equation (1) is given by, 

(5.2, 
JU.T 

where CT.T and Cjare the total concentrations of substance in tissue and blood, 

respectively. The latter ratio is often referred to as the tissue-to-blood concentration ratio 

or the partition or distribution coefficient (R). Each tissue has its own unique distribution 

coefficient for a given substance. 

The apparent steady-state volume of distribution would appear more 

meaningful, in a physiological sense, if equation (1) was written in the form. 
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VSS=V8 + RT»VT (5.3) 

n 

V SS =  V b + X  R T j * V T . i  ( 5 . 4 )  
1=1 

Equation (5.3) is consistent with the form of equation (5.1); some average or weighted 

value for tissue-to-blood distribution coefficient (RT) is used to multiply an apparent tissue 

volume. In contrast, equation (5.4) has greater physiological meaning, in that individual 

tissue-to-blood distribution coefficients (RTJ) are associated with their corresponding real 

and measurable tissue volumes (Vrj). 

Allometric analysis of physiologic and anatomic parameters such as organ blood 

flow, organ volumes and apparent distribution volumes, suggest a simple, direct 

relationship to weight across mammalian species. The preceding parameters will scale to 

the basic allometric relationship (Y = a^W*"), often with an exponent of approximately 1.0 

(i.e., b=1.0; Y is the parameter, a is a coefficient and W is body weight). That 

relationship, in turn, suggests constancy in the ratios of blood flows or volumes with 

species body weight (i.e., Vss/kg body weight is a constant). The allometric exponent for 

apparent volume of distribution for many drugs has been shown to be about 1.0 

(Boxenbaum, 1984). If the preceding relationship applies, based upon equation (5.4), one 

could reasonably conclude that tissue-to-blood distribution coefficients are constant for all 

species. Indeed, this assumption is often made when applying a PB/PK model from one 

species to another, especially from a small laboratory mammal to humans. This 

assumption, if correct, is fortuitous, since it is almost impossible to determine these values 

in humans (with the possible exception of measurements made at autopsy). As a result, 
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there has been no validation of the assumption of constancy in values of Rxj among 

animals, especially not for humans. 

It should be noted, however, that the allometric exponent for volume differs 

from a value of 1.0 with some frequency (McNamara, 1991). When this occurs, 

regardless of the quality of the fit to the data, the values of RTJ cannot be the same among 

animal species. Since the individual tissue values for RTJ can substantially affect the 

predicted tissue concentration-time course and the resulting "success" of a PB/PK model, 

it would be useful to have a method for correcting RTJ values from one species in order to 

apply to another. One simple approach would consider any differences in Vss among 

species to arise from differences in the tissue-to-blood distribution values. According to 

equation 4, the in rat and dog can be expressed as below; 

n 

^ss,ra, = + X ^ TKra, Ti.ra, (5.5) 
/ = ! 

n 

^ssMog ~^B ^ Ti.dog Ti.dog (5.6) 
1 = 1 

The value of VB is about 6% of body weight for all mammals (i.e., 0.06 LA:g). Assuming 

that this value is smaller than most values of Vss (i e., Vss » VB), then the above 

equations, 5.5 and 5.6, may be expressed as; 

n 

^ss.ral ^ Ti.rar Ti.rat (5.7) 
1 = 1 
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n 

^ssjog ~ St ̂  Ti.dog i.dog * Ti.dog (5-8) 
1 = 1 

In the most simple case, the ratio of Vss values (per body weight) between two 

species should be directly related to the ratio of RTJ values. Thus, if we have 

experimentally determined the values of Rjt i in the rat and Vss in the rat and dog. 

Y Tijar*^ n., 

fs.dag \ P «1/ 
TiJog 

1=1 

(5.9) 

n ^ajog • ( S ̂  FiVoj Ti.rat ) 

^ ̂Tijog Tijiog — r: (5.10) 
/ = ! ^ M.ro/ 

Let us assume that each organ weight {i.e., V T,i) that is expressed as % total 

weight is approximately the same across species, and then normalize the Va {i.e., dividing 

by species's weight). Then equation 5.10 becomes. 

Ti^t 
X = TT^ (511) 
1 = 1 ^ is^rat 

If the weight-adjusted values for Vss are equal {i.e., the volume ratio on the right side of 

equation (5.11) equals 1.0), the values for Rxa are the same. If this is not the case, and we 

need estimates of individual tissue values of RTJ in the dog, from equation (5.11), 

(RT-ODOG = (RT-ORAT • (5.12) 
y^SS>RAT 
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Equation (5.12) would be applied to each tissue value of RTJ determined in the rat to 

obtain a corresponding estimate of RTJ in the dog. Equation (5.12) assumes that the 

differences in Vss between species are uniformly reflected m individual tissue distribution 

values (i.e., RTJ). The latter may not be true of all tissues but this assumption at least 

offers a starting point for estimating needed values for a PB/PK model. 

Cocaine tissue-to-blood distribution coefficients in different manunalian species. 

Misra et al. (1976, 1977) and Nayak et al. (1976) examined the tissue concentration-time 

profiles of cocaine in rats, dogs and monkeys following single and chronic dosing. For all 

species and tissues a selective assay was used for the quantitation of intact cocaine 

following administration of unlabeled and labeled cocaine (^H-cocaine). We analyzed the 

plasma and tissue concentration-time data provided in those publications following an 

acute intravenous (i.v.) dose of cocaine. The doses given (as the free base) were: rat, 8 

mg/kg (Nayak et al., 1976; their Table I, p. 559); dog, 5 mg/kg (Misra et al., 1976; their 

Table I, p. 543); monkey, 1 mg/kg (Misra era/., 1977; their Table 1, p. 265). The plasma 

concentration-time data were used to estimate Vss by determination of area under the 

concentration-time curve (AUC) and area under the first moment of the concentration-

time curve (AUMC). Areas were estimated using the LaGran program (Rocci and Jusko, 

1983) and Vss calculated from; dose*(AUMC)/(AUC)^. Values for RTJ were determined 

using the area estimation method of Gallo et al. (1987) which involves calculation of the 

ratio of the AUC for the tissue data to the plasma AUC. 
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Cocaine plasma concentration-ttme data in humans. Cocaine plasma concentration-

time data in humans following an iv bolus (or short infusion) dose of cocaine are available 

from two studies. We used the data of Bamett et al. (1981) for subjects W, X and Y 

(their Table 1, p. 357). Each subject received a 100 mg dose of cocaine but subject 

weight varied (68, 95 and 58 kg for subjects W, X, and Y, respectively). We also 

analyzed the data of Jeffcoat et al. (1989) who reported average concentrations among 4 

subjects who received a 20.5 mg (as the free base) iv dose of cocaine (their Table 3, p. 

157). Subjects in both studies were frequent cocaine users. In both studies a selective 

assay was used to quantify cocaine. A value of Vss was estimated for each data set 

according to the method outlined above. 

Prediiction of cocaine plasma concentration-time profiles in humans: 

Physiologically-based pharmacokinetic model. A preliminary physiologically-based 

pharmacokinetic model for cocaine has been developed in animals and humans using 

literature values for organ size and blood flow (see Chapter 6). The model included those 

tissues in which cocaine concentration-time data were obtained in rats, dogs and monkeys 

as noted above. Estimates of cocaine metabolic clearance were obtained from a variety of 

sources and involved scaling from one species to another. A thorough discussion of the 

development of this model is presented in Chapter 6. In order to test the approach 

proposed here, cocaine plasma concentration-time data were simulated from this model 

using two different sets of values for RT.;. One set of values included those obtained in the 

rat and the second set used the same values but adjusted according to the ratio of Vss 
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values that we estimated in humans and rats (i.e., equation 5.12). These simulated curves 

were generated with use of the SimuSolv program (Dow Chemical, 1990). 



154 

Results and Discussion 

The development of a physiologically-based pharmacokinetic model in humans 

requires estimates of several parameters which are based upon experimentally determined 

values in humans or other animals species. This is especially true of metabolic parameters 

(e.g., VMAX and ICM) and tissue-to-blood distribution coefficients; the latter values are 

virtually always determined in animals and rarely, if ever, in humans. While not true for 

biochemical or metabolic processes, it is generally assumed that tissue-to-blood 

distribution coefficients are constant across species. As a consequence, values for RTJ , 

which are conveniently determined in rodents, usually mice or rats, are direcdy applied 

without alteration to a physiological model used for humans. This would appear to be a 

reasonable approximation if weight-adjusted apparent volume of distribution is a constant 

among mammalian species or, from an allometric consideration, if a log-log plot of volume 

vs. species weight has an exponent of about 1.0. The latter is often observed but there are 

numerous exceptions where the exponent is a value smaller than 1.0. In such instances, it 

is not reasonable to assume constant values for RTJ. For examples, the allometric slopes 

relating Vss to body weight (among six species, including humans) for three macrolide 

antibiotics were considerably smaller than l.O {viz:, slopes of 0.73,0.64 and 0.75 were 

obtained for erythromycm, oleandomycin and tylosin, respectively) (Duthu, 1985). 

Sawada et al. (1984) reported Vss values for a series of six (J-lactam antibiotics among six 

species including humans. Among those six compounds the ratio of maximum to 

nunimum Vss (L/kg) across species ranged from 1.88 for cefotetan to 6.6 for cefpiramide. 

Ratios for unbound volumes (i.e., Vss divided by the unbound fraction in plasma) were 
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essentially identical to those for total volume. For each of those compounds the allometric 

slope of volume (L) vj. body weight (kg) ranged from 0.81 to 0.94 (our estimates). 

Furthermore, and particularly relevant to this communication, we have determined that the 

allometric slope of Vss for cocaine is about 0.91 with animals only; 0.72 including humans, 

a value considerably less than 1.0.. 

Nakashima et al. (1987) reported Vss values for the drug biperiden in three 

animal species and in one human subject The volumes in the rat, rabbit, dog and human 

were, respectively, 14.0, 19.3,9.5 and 6.2 L/kg. The unbound volumes encompassed a 

similar wide range of values (63.9 to 176 L/kg in human and rabbit, respectively). 

Interestingly, the ratio of volumes for any one species compared to the rat is the same 

whether comparing total or unbound Vss- The latter ratios, relative to those in the rat, for 

total (and unbound) volumes are: rabbit, 1.38 (1.39); dog, 0.68 (0.78); human, 0.44 

(0.50). Clearly, however, Vss is not constant among those species. Furthermore, while 

the investigators state that the unbound values for Rxa (i.e., RrVfu) are similar for the 

rabbit and rat among nine tissues, a plot of those values gives an excellent correlation but 

a regression slope (forced through 0) of about 0.6. There would appear to be numerous 

studies whose results suggest or which could be mterpreted to suggest different tissue-to-

blood partition coefficients among mammalian species. 

Our analysis of cocaine tissue concentration-time data has allowed us to 

estimate values for RTJ for numerous tissues in three animal species. Figures 5.1A and 

5. IC illustrate the relationship of those values between species; dog vs. rat and monkey vs. 

rat, respectively. The solid line is the line of identity (slope=1.0). Among the eight tissues 
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for which values of RTJ could be determined, at least 4 tissues deviate substantially from 

the line in each correlation (liver, spleen, lung and intestine in Figure 5.1 A; liver, lung, 

kidney and intestine in Figure 5.1C). The regression slopes are considerably different from 

1.0; much smaller in one instance (0.52) and larger in the other (1,26). The values that we 

calculated for Vss for the rat, dog and monkey were, respectively, 6.5,5 and 10.7 LAg. 

The human data provided an average value of about 2.0 L/kg. 

The observed values of Rra obtained from the rat were adjusted for differences 

in Vss for the dog and monkey using equation (5.12). That procedure is used in order to 

approximate values of RTJ in the dog and monkey. Figures 5.1B and 5. ID illustrate the 

volume-adjusted values for RTJ as a function of the corresponding estimated experimental 

values in the dog and monkey. With the exception of the liver and fat in the case of the 

dog and liver and lung in the case of the monkey, all other tissues are grouped around the 

line of identity. Linear regression analysis of those data resulted in slope values close to 

1.0 (0.88 and 0.92) and improved r^ values over those seen in Figure 5.1A and 5. IC. 

similar comparisons can be performed basing the values of RTJ on the data from a species 

other than the rat. Thus, assuming that RTJ values are only available in the dog, applying 

equation (5.12) to those data for the rat and monkey and then constructing graphs 

identical to those in Figure 5.1, the relationships illustrated in Figure 5.2 are obtained. 

Graphs 5.2A and 5.2B are based upon values in the dog and graphs 5.2C and 5.2D are 

based upon values in the monkey. In all instances the values for RTJ calculated on the 

basis of one species and adjusted for differences in Vss, result in reasonable RTJ values for 
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the other species. This is clearly indicated by the good agreement between the volume-

adjusted and corresponding observed values of RTJ . 

An additional test for the approach developed here, is with regard to model-

predicted cocaine plasma concentration-time data in humans. We have developed a 

preliminary physiologically-based pharmacokinetic model for cocaine which is being 

applied to animals and humans (see Chapter 6). Figures 5.3A and B illustrates the cocaine 

concentration-time data for the dog in various organs. Dashed and solid lines are 

predicted concentration-time profiles using partition coefficients identical to those in the 

rat and volume-adjusted partition coefficients, respectively. In general, volume adjusted 

partition coefficients (equation 5.12) gave a better predictions for concentration-times 

profiles compared to those predictions using the same partition coefficients as in rat. 

Figure 5.4 illustrates the observed concentrations in three human subjects (A-C) and the 

average data from a group of four human subjects (D). The dashed line is the model 

prediction based upon the RTJ values calculated from the rat (similar lines were obtained 

using RTJ values from the dog and monkey). There is poor agreement between the 

observed points and the predicted line. In marked contrast, the solid line represents the 

prediction when adjusting the Rtj values in the rat for differences in Vss between rat and 

human {i.e., equation 5.12). In each set of human data, volume-adjusted values for Rtj 

provides a predicted line in good agreement with the observed data. The volume-adjusted 

RTJ from the dog and monkey produced predicted lines which were comparable to those 

produced by the volume-adjustment of the rat values. It is important to note that the only 

cause for differences between the two predicted lines are the values of Rj.i used. 



In summary, we have observed differences in blood-to-tissue distribution 

coefficients of cocaine among animal species. An indication that such differences exist is 

given by different values of Vss (L/kg) among species or by an allometric slope less than 

l.O. When this occurs, the most likely explanation will be differences in drug distribution 

to certain (but probably not all) tissues. We have proposed a simple technique for 

correcting these values of Ry.!, which is necessary when developing a physiologically-

based model in humans, in that such values are rarely if ever measured. The correction 

involves multiplying the experimentally measured values of RT,; in any animal species by 

the corresponding ratio of Vss (human/animal), as given in equation (5.12). This 

correction results in "better" values of RTJ (i.e., closer to observed values) for cocaine and 

permits a far better prediction of cocaine plasma concentration-time data in a 

physiologically-based pharmacokinetic model developed in rats and scaled to humans. 

The general applicability of this approximation method for estimating values of RT.; in one 

species on the basis of its measurement in another species, will require further 

experimental vaUdation. 
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Figure 5.1. Correlation of the estimated experimental tissue-to-blood distribution 
coefficients (RTJ ) in the dog compared to the rat (A: slope=0.52; r^=0.83) and in the 
monkey compared to the rat (C: slope=l.26; r^=0.78). Correlation of the volume-
adjusted RTJ values in the dog (based upon values in the rat) compared to the estimated 
experimental values obtained in the dog (B: slope=0.88; r"=0.83). Correlation of the 
volume-adjusted RT.; values in the monkey (based on values in the rat) compared to the 
estimated experimental values obtained in the monkey (D: slope=0.92; r"=0.88). Values 
for RTJ have been calculated as described in the text and from the literature cited. 
Equation (5.12) has been used to calculate the volume-adjusted Rj.i values in the dog and 
monkey. 
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Figure 5.2. Correlation of the volume-adjusted tissue-to-blood distribution coefficients 
(RTJ ) in the rat (A) and monkey (B) based upon values determined in the dog as a 
function of the corresponding experimentally estimated values in the rat and monkey, 
respectively. (A; slope=0.94; r^=0.83; B; slope=0.83; r"=0.74). Correlation of the 
volume-adjusted RTJ values in the rat (C) and dog (D) based upon values determined in 
the monkey as a function of the corresponding experimentally estimated values in the rat 
and dog, respectively (C: slope=0.94; r^=0.78; B: slope=0.88; r"=0.79). Values for the 
liver have not been used in the regression analysis. The slopes reported were obtained 
from forcing the line through the origin. The solid lines are the lines of identity 
(slope=1.0). Values for RTJ have been calculated as described in the text from the 
literature cited. Equation (5.12) has been used to calculate the volume-adjusted RTJ 

values. 
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Figure 5.3A. Cocaine concentration-time profiles in various organs in the 
dog following a 5 mg/kg cocaine i.v. bolus dose. The lines are based upon 
predictions from a preliminary physiologically-based pharmacokinetic model. 
The dashed line (—) is based on the values of RTJ taken from those 
determined in the rat and the solid line (-) is based upon the same values of 
RT.! but adjusted for differences in Vss between the dog and the rat (based 
upon equation 5.12). 
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Figure 5.3B. Cocaine concentration-time profiles in various organs of 
in the dog following a of 5 mg/kg cocaine i.v. bolus dose. The lines are 
based upon predictions from a preliminary physiologically-based 
pharmacokinetic model. The dashed line (—) is based on the values of 
Rr.i taken from those determined in the rat and the solid line (-) is based 
upon the same values of RTJ but adjusted for differences in Vss between 
the dog and the rat (based upon equation 5.12). 
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Figure 5.4. Cocaine plasma concentration-time data (•) in three individual 
human subjects (subjects W, X and Y in Bamett et al.) who received a 100 
mg (as the free base) intravenous dose of cocaine (graphs B-D) and the 
average plasma concentrations in 4 additional subjects (JefFcoat et al.) given 
a 20.5 mg (as the free base) intravenous dose of cocaine (graph A). The 
lines are based upon predictions from a preliminary physiologically-based 
pharmacokinetic model. The dashed line (—) is based on the values of RTJ 

taken directly from those determined in the rat and the solid line (-) is based 
upon the same values of RT.! but adjusted for differences in Vss between 
humans and rats (based upon equation 5.12). 
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Chapter 6 

Development of a Physiologically Based-Pharmacokinetic Model 

for Cocaine in Animals and Humans 

Introduction 

During the last decade, cocaine abuse and resulting toxicity have caused numerous 

deaths and contributed to the escalating health costs in the U.S. The apparent abuse of 

cocaine is due to its pharmacological effects on the central nerve system; it produces a 

euphorigenic effect by blocking the reuptake of neurotransmitters, such as norepinephrine 

(NE), dopamine (DA), and serotonin (5-HT) at synaptic junctions. On the other hand, 

increased concentrations of neurotransmitters in the peripheral nervous system causes an 

activation of the sympathetic nervous system resulting in the dose-dependent toxicity 

ranging from increased motor activity to death. (It is implicitly assumed that the response 

of some target tissue is related to the concentration profile of the compound in that 

tissue.) 

Concentration-time profiles of the compound in blood and other tissues can be 

described by compartmental or physiologically-based pharmacokinetic (PB-PK) models. 

PB-PK models differ from the conventional compartmental models in that they are based 

to a large extent on the actual physiology of the organism. Therefore, PB-PK models can 

be used in interspecies extrapolation. The objective of this study is to develop a PB-PK 

model to describe cocaine disposition in the rat, dog and monkey. The model, ultimately, 

will be scaled-up to humans. 
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Methods and Materials 

Study protocol: Cocaine concentrations in various tissues have been reported in Wistar 

rats weighing 110 to 160 g (Nayak et al., 1976), dogs weighing 6 to 9 kg( Misra et ai, 

1976) and the monkey weighing 3.5 to 4.5 kg (Misra et ai, 1977). Radiolabeled cocaine 

was administered intravenously as a bolus dose of 8, 5, and Img/kg to the rat, dog and 

monkey, respectively. The blood and various tissue samples were then collected at 

designated times and submitted to thin-layer chromatography (TLC). Radioactivity 

associated with intact cocaine was determined. The cocaine doses given to humans 

ranged from 0.276 mg to 1.47 mg/kg (Bamett et ai, 1981; Jeffcoat et ai, 1989). Blood 

samples were collected at various times and the cocaine plasma concentrations were 

measured by high performance liquid chromatography (HPLC). The data were then 

analyzed by compartment-dependent and independent methods using SimuSolv (Dow co., 

1990) and LAGRAN (Rocci and Jusko, 1983) programs, respectively. 

Model development: A physiologically based model for cocaine was initially developed 

using the reported literature data in the rat (Nayak et ai, 1976). The model was 

composed of two blood compartments (arterial and venous), ten tissue compartments 

(since cocaine concentration-time data were reported for these tissues, all were included 

in the model) and a carcass compartment was added for mass balance. The assumptions 

made in developing the model are: drug distribution is blood-flow limited (i.e., each tissue 

acts as a well-stirred compartment) and drug clearance is independent of drug 

concentration. The structure of the model is presented in Figure 6.1. 
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A mass balance differential equation for non-elimination organs is of the form, 

dC,, C,, 
= (6.1) 

where Vt,i, Ct.., Qui are tissue volume, cocaine concentration and blood flow to tissue 

i, respectively. Ca is the arterial blood concentration, and Rj is the tissue-to-blood 

partition coefficient 

Mass balance equations for arterial blood and venous blood arc shown below: 

K ^ = X a. C, (6.3) 

the subscripts a, v and lu denote the arterial blood, venous blood and lung, respectively. 

The mass balance differential equation for the liver is 

dC, C C C, 
yL-^ = CAQL-Q^-Q,) + an-^ + QsY- ^ ^ (6.4) 

where L, in and s refer to liver, intestine and spleen. CLintj is the intrinsic clearance of the 

liver. Intrinsic clearance of a non-restrictively cleared drug (e.g. cocaine) can be obtained 

from; 

where E.R.j is an extraction ratio of the eliminating organ. 

A mass balance differential equation for other eliminating organs is 
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(6.6) 

Parameter Estimation: 

(1) Organ and tissue volumes as well as blood flows for animals and humans are obtained 

from the literature, and they are listed in Tables 6.1 and 6.2 (2). The tissue-to-blood 

partition coefficients (R) were calculated by the method of Gallo et a/.(l987): 

The partition coefficient for each eliminating organ was also corrected by the 

method of Gallo et a/.( 1987). 

where REJ  is a partition coefficient for the eliminating organ. 

Laboratory estimation of parameter values: In order to determine the hepatic intrinsic 

clearance of cocaine in the rat, an in vitro study was conducted in our laboratory using an 

isolated perfused whole rat liver. The extraction ratio was estimated to be about 0.90 

from this study (Sinha et al., unpublished). CLim of cocaine in the liver was estimated to 

be 180 ml/min for a 0.14 kg rat assuming a hepatic blood flow of 70 ml/minikg. 

R (6.7) 

where Cp is the venous concentration. 

(6.8) 
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Pulmonary clearance was determined by the difference in systemic clearance after an intra-

aterial dose and an intravenous dose in rats. This value was estimated to be 34 ml/minikg 

(Sukbunthemg et al., unpublished). The systemic clearance (CL,) of cocaine can be 

calculated ft-om 

Dose 
CL,=-p (6.9) 

\ C  , d t  
Jo P 

The E. R. can be obtained from estimation of bioavailability as, E.R. = 1 - F. 

Bioavailability (F) can be estimated from, 

(6.10) 
] f p . i a d t / D o s e ^  

Cocaine clearance in rat blood as well as in human blood was determined in our 

laboratory. Blood clearance was estimated to be 0.056 ml/min.» kg in the rat 

(Sukbunthemg et al., unpublished). For a rat weighing 140 g, blood clearance would be 

0.0078 ml/min (0.03% of CL,), an extremely small value, and, therefore, it was not added 

into the model. Similarly, blood clearance of cocaine in humans averaged 0.4 ml/min*kg 

(Sukbunthemg etal., unpublished), which contributed about 0.5% to total clearance and 

this value was added into the model. 

Other organ metabolism: It has been shown recently that a number of animal organs and 

tissues contain carboxylesterase enzymes (Dean et al., 1995; Morgan et al, 1994). This 

metabolic tissue potential was incorporated into the preliminary model. It is assumed that 

there is a relationship between intrinsic cocaine clearance, CLint.j. to benzoyleconine and 
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tissue enzyme activity. Since CLint has been determined for the rat liver and lung, simple 

proportionality was used to estimate CLim for other tissues. From that calculation, 

estimates of tissue clearance and E.R. were determined. Morgan et al. (1994) reported 

esterase enzyme activity in liver microsomes in different species. Based on this study, the 

extraction ratio of the eliminating organ (i.e.. for brain, kidney, heart, lung, and intestine) 

was calculated for the dog and the monkey by taking the ratio of enzyme activity between 

the rat and dog or the rat and monkey. Similarly, the extraction ratios of the eliminating 

organs in humans was calculated by taking the ratio between the liver and tissue based on 

methyl butyrate hydrolyzing enzyme activity from the report of Junge (1977). These 

results are summarized in Tables 6.7 and 6.8. 

Partition coefficient (R) estimation in humans; The apparent volume of distribution 

(Vss) per unit body weight, estimated from the total plasma concentration-time data of the 

rat was approximately three times as large as that of humans. The can be expressed as 

where Vb is the blood volume. This difference most likely arises from differences in the 

tissue-to-blood partition coefficients (R). Thus, R, for humans was adjusted by the 

differences between the rat and human, as shown below: 

(6.11) 

(6.12) 

55,man tj,man (6.13) 
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We may ignore Vb, since blood volume (Vb) is much smaller than total tissue volume. By 

rearranging equation 6.12 and 6.13, we get, 

V n n  s s , / f u m  
>< y (6.14) 

jj.rar 

This volume-adjustment of tissue-to-blood partition coefficients has been discussed 

in Chapter 5. 
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Results 

Tables 6.1 to 6.8 contain all of the parameter values and constants used in 

developing the PB-PK model for cocaine in three animal species and humans. The results 

of simulations and comparison with observed data for the rat are illustrated in Figures 

6.2A and 6.2B. The simulations appear to provide a remarkably good description of the 

observed data, even though there are only four observations with time for each tissue. 

Thus, a good agreement is seen for: plasma, lung, kidney, heart, brain, spleen, and fat In 

contrast, the simulations are not as predictive for the liver, intestine, muscle, and testes. 

Under-predictions are made in the case of the two former tissues and over-predictions are 

seen for the two latter tissues. 

Figures 6.3A and 6.3B illustrate the model-generated simulations and observed 

values for the dog. More observed data are available for the dog compared to the rat As 

for the rat, the model-generated simulations provide an excellent description of the 

observed data. An excellent agreement is seen for. plasma, lung, heart, liver, intestine, 

and spleen. However, an agreement is not as good for fat and muscle tissues. In both of 

the latter cases the model over-predicts the concentrations. 

Figures 6.4A and 6.4B illustrate the results of the modeling process for the 

monkey. In general, as for other animal species, a good agreement is seen between the 

generated curves and the observed data. As there are only five observed values per tissue, 

however, the available data limit assessment of the model, as in the case of the rat. With 

the exception of earlier times when there was an over-prediction, there is a good 

agreement between the simulation and observed data for the plasma, lungs, kidney, hezut. 
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liver, intestine and spleen. In contrast, the model over-predicts the concentrations in fat 

and muscle tissues. 

Figure 6.5 illustrates the model predicted and observed plasma concentration-time 

profiles in three human subjects and average data from four human subjects. The solid 

lines are obtained using tissue to blood partition coefficients which are adjusted for species 

differences in apparent volumes of distribution. In contrast, the dashed lines are model 

predictions using tissue-to-blood ratios taken directly from the rat without correction for 

volume differences between species. Clearly, the use of those values provide poor 

predictions of the real observed data. 
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Discussion 

The purpose of PB-PK models is to permit scaling-up from animals to humans in 

order to describe drug and metabolite disposition and to predict toxicity or clinical 

response to compounds in humans, assuming that toxicity or responses occur in the same 

target tissue and is drug or metabolite driven. 

Compared to humans, the uptake of cocaine from blood into tissues (R) was 

especially high in the animals. This is probably due to the high lipophilicity of cocaine and 

extensive tissue protein binding. The reason (s) for higher R values in the monkey 

compared to those in the rat or in the dog is unknown. The consequence of a higher R 

value is a larger V^, as shown in the monkey (Table 6.5). 

The steady-state volume of distribution (Vss) calculated according to Eq. 6.12 in 

the rat was 6.5 L/kg, using the model parameters (Tables 6.1 and 6.2). That value is in 

agreement with the value of Vss (6.3 LAg) calculated from the plasma data alone. This 

consistency supports the assumptions used in the model. The systemic clearance 

estimated by the model was lower than that obtained from the plasma data. One reason 

for the difference could be based upon the method of obtaining organ clearance {i.e., 

organ clearance = E.R. X Q tj). It is extremely difficult to find accurate estimates of 

"in vivo" blood flow; thus, one can only rely on an assumed blood flow (values from the 

literature). An other reason could be due to the inaccuracy {i.e., lower) extraction ratio 

(s) determination. Extraction ratios used in the model (except for the lung, blood and 

liver) are approximations relying on the literature. However, the systemic clearance 
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estimated by the model was in the nomial range for the rat. Lastly, the difference could be 

due to the fact that elimination may occur in other tissues (i.e., other than the organs 

which were used in the model). For instance, if we assume elimination occurs in the 

muscle and/or the fat compartment in the rat and monkey, clearance would have increased, 

giving a better prediction of the observed data (i.e., the prediction curve will be closer to 

the observed points). However, since that information was not available, it was not added 

into the model. 

The PB-PK model developed for cocaine demonstrates the species differences in 

biochemical and thermodynamic properties {i.e., protein binding, metabolism or tissue-to-

blood partition coefficient) of cocaine. The VsjCan be defined as; = Vb + L Vtj • 

fu/fut.i. Thus, R depends upon fu (unbound fraction of cocaine in the blood) as well as fii t.i 

(unbound fraction in the tissue). The unbound fraction (f „) of cocaine in the rat blood was 

about three times higher than that in humans {i.e., f ujm = 0.6; f ujiuman = 0.2). Similarly, the 

Vss in rats was about three times higher than that of humans. Therefore, the difference in 

Vss between rats and humans appears to be due to the difference in the unbound fraction of 

cocaine in the blood. Thus, when f „ or unbound tissue fraction (f u.t) is not available, R 

values can be corrected by adjusting for values between species. The need for a 

volume-adjusted R is seen by an excellent prediction of the observed plasma data in 

humans (Figure 6.5). 

Cocaine is predominandy metabolized to benzoylecgonine and ecgonine methyl 

ester which account for nearly 90% of the administered dose with a minor pathway (2-

5%) leading to norcocaine (Inaba et al., 1978; Inaba, 1989). Ecgonine methyl ester and 
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benzoylecognine are metabolized by esterases; ecgonine methyl ester is mediated by serum 

pseudocholinesterase and/or liver esterases, and benzoylecognine is formed by 

nonenzymatic hydrolysis and/or enzymatic hydrolysis by carboxylesterases (Dean et al., 

1991). Esterases, including carboxylesterases are a group of enzymes widely distributed 

in the body. In mammals, the highest carboxylesterase activity is present in the liver, with 

less but significant activity present in virtually all tissues (Morgan et al., 1994). It appears 

that this enzyme activity is species dependent (Morgan et al., 1994). An elimination of 

organ was decided based on the information of carboxylesterase enzyme activities in 

different animals (Morgan etai, 1994). However, the extraction ratios used for the 

eliminating organ in the PB-PK model for the monkey, dog and human are not conclusive. 

The blood clearance of cocaine was approximately 0.03% and 0.5% of systemic 

clearance in the rat and human, respectively. This indicates that the contribution of blood 

clearance to total clearance of cocaine is negligible. Therefore, there is a gross error in the 

estimation of cocaine clearance for the PB/PK model used in the rat as well as in humans 

as developed by Bonate etal.{\995) (i.e., the blood clearance of cocaine accounted for 

79% of total clearance in both animals and humans). 

In conclusion, cocaine distributed fairly extensively to tissues, especially in animals. 

The values of partition coefficients (R) of cocaine varied among animals (human have the 

lowest R values). The model gave a good prediction of tissue concentration-time profile 

in the animals. The prediction of the plasma cocaine concentration-time data in humans 

was excellent after adjusting the R values by the difference in between species. The 

present model, however, is considered to be preliminary and it requires further data (e.g.. 



tissue clearances) and validation. With regard to the latter point, the correctness of the 

model in humans requires an examination as a function of dose, route of administration 

and comparison with observed tissue values other than plasma. 



Table 6.1 

Blood flows used in simulations in different species 

Parameter Rat Monkey Dog 

Body weight, g 140 4000 7500 

Cardiac Output 40 720 900 
(mL/min) 

Blood flows. mLVmin 

Heart 3.0 50 45 
Kidney 8.5 115 165 
Brain 0.8 60 35 
Liver 11.0 185 230 
Intestine 6.5 100 162 
Muscle 6.0 150 190 
Fat 2.2 45 50 
Spleen 0.4 17 20 
Testes 0.4 - -

Lung 42.0 720 900 
Arterial 42.0 720 900 
Venous 42.0 720 900 
Carcass 10.1 125 185 



Table 6.2 

Organ volumes used in simulations in different species 

Parameter Rat Monkey Dog 

Body weight, e 140 4000 7500 

Organ volumes, g 

Heart 0.52 25 90 
Kidney 1.12 30 45 
Brain 1.4 12 50 
Liver 5.6 185 360 
Intestine 6.3 185 360 
Muscle 70.0 2000 4150 
Fat 9.8 500 1000 
Spleen 0.34 10 27 
Testes 1.4 - -

Lung 0.84 23 90 
Arterial 3.2 65 225 
Venous 5.5 115 450 
Carcass 34.04 850 653 



Table 6.3 

Blood flows used in simulations for humans 

Parameter Mean Man 2 Man 3 Man 4 
(N=4) 

Bodv weight, ks 75.6 95 68 58 

Cardiac Output 6000 7500 5370 4800 
(mL/min) 

Blood flows, mL/min 

Heart 250 315 225 205 
Kidney L200 1500 1075 960 
Brain 720 900 645 600 
Liver 1500 1875 1345 1200 
Intestine 1140 1425 1020 940 
Muscle 840 1050 752 670 
Fat 280 350 250 225 
Spleen 84 105 75 67 
Lung 6000 7500 5370 4800 
Arterial 6000 7500 5370 4800 
Venous 6000 7500 5370 4800 
Carcass 1210 1510 1190 1040 
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Table 6.4 

Organ volumes used in simulations for humans 

Parameter Mean Man 2 Man 3 Man 4 
(N=4) 

Bodv weieht. ka 75.6 95 68 58 

Orpan volumes, s 

Heart 330 410 295 250 
Kidney 305 380 272 235 
Brain 1570 I960 1405 1200 
Liver 1830 2280 1637 1400 
Intestine 1800 2280 1610 1380 
Muscle 38000 47500 34000 29000 
Fat 10870 14400 9724 8295 
Spleen 205 260 184 160 
Lung 1270 1590 1136 970 
Arterial 2000 2330 1790 1527 
Venous 3600 4200 3220 2746 
Carcass 14020 16690 12727 10837 



Table 6.5 

Partition coefficients used in simulations in different species 

Parameter Rat Monkey Dog 

Bodv weight, e 140 4000 750C 

Ya(L/kg) 6.5 10.7 5.0 

CLs flVh/ks) 9.9 5.2 3.1 

Partition coefficients 

Heart 4.3 6.9 4.0 
Lung 14 27 8.1 
Kidney 13.8 18 9.9 
Brain 7.4 12.6 6.0 
Liver 7.0 19 11 
Intestine 6.4 14 5.2 
Spleen 15 26 11.9 
Muscle 4.0 7.0 2.9 
Fat 7.0 5.6 5.8 
Testes 6.0 - -

Carcass 3.0 3.0 3.0 
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Table 6.6 

Partitions coefficients (volume-adjusted) used in simulations 
for humans based on rats 

Parameter Mean 
(N=4) 

Man 2 Man 3 Ma 

Body weight, s 75.6 95 68 58 

V3 (L/k2) 2.5 1.9 1.7 1.5 

CLs (ITh/kg) 1.75 1.95 1.38 1.3; 

Partition coefficients 

Heart 1.8 1.4 1.2 1.1 
Lung 5.4 4.1 3.7 3.2 
Kidney 5.3 4.0 3.7 3.2 
Brain 2.8 2.2 2.0 1.7 
Liver 2.3 1.8 1.6 1.4 
Intestine 2.5 1.9 1.7 1.5 
Muscle 1.5 1.2 1.0 0.9 
Fat 2.6 2.0 1.8 1.6 
Spleen 5.7 4.3 3.9 3.5 
Carcass I.l 0.9 0.8 0.7 
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Table 6.7 

Cocaine clearances in various organs 

Organ Clearance (mL/min) 

Organ Rat Monkey Dog Human 

Liver 9.9 165 207 1080-1688 
Lung 7.6 130 162 270-500 
Kidney 2.9 37 17 2.4-4 
Brain 0.4 5 1 3.6-6 
Heart 1.0 2 0.7 2-3.3 
Intestine 1.3 10 11 7-11.5 
Blood 30-40 



Table 6.8 

Cocaine extraction ratios in various organs 

Organ Rat 

Extraction Ratios 

Monkey Dog Human 

Liver 0.9 0.9 0.9 0.9 
Lung 0.18 0.15 0.06 0.04 
Kidney 0.32 0.25 0.1 0.01 
Brain 0.1 0.08 0.03 0.003 
Heart 0.05 0.04 0.016 0.008 
Intestine 0.2 0.1 0.065 0.005 
Blood - - - 30-40* 

* Organ clearance (ml/min) 
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Figure 6.1. Physiological flow model for cocaine in animals 
and humans; testes is included in the model only for the rat. 
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Figure 6.2A. Observed (•) and predicted (—) cocaine concentrations in the 
plasma, lung, kidney, heart and brain tissues after an i.v. injection 8 mg 
cocaine/kg in the rat (reference Nayak et al., 1976). 
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Figure 6.2B .Observed (•) and predicted (—) cocaine concentrations in the fat, 
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cocaine/kg in the rat (reference Nayak etal, 1976). 
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plasma, lung, kidney, heart and brain tissues after an i.v. injection 5 mg 
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Figure 6.4A. Observed (•) and predicted (—) cocaine concentrations in the 
plasma, lung, kidney, heart and brain tissues after an i.v. injection 1 mg 
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Chapter 7 

Evaluation of the Pharmacokinetic and Pharmacodynamic 

Relationships of Cocaine and Cocaethylene in 

Human subjects - Analysis of the Literature 

Introduction 

Cocaine is one of the most frequently abused drugs in the United States. Recently, 

it has been established that nearly 90% of cocaine abusers are also concurrent ethanoi 

abusers (McCance-Katz et ai, 1993). The combined use of cocaine and ethanoi 

produces prolongation of euphorigenic effects (McCance-Katz et ai, 1993; Farre et ai, 

1993). Furthermore, co-ingestion of cocaine and ethanoi also results in substantially 

greater cocaine-associated toxicities than either drug alone: Cocaine cardiotoxicity (Foltin 

and Fischman, 1989), cocaine-related sudden cardiac death (Rose et aL, 1990), and 

mortality (Kreek and Stimmel, 1984) were magnified with combined abuse of ethanoi and 

cocaine when compared to the use of cocaine alone. The mechanism(s) responsible for 

these events is not clearly known. An active and toxic metabolite of cocaine is formed in 

the presence of ethanoi, cocaethylene. This compound may be responsible for one or 

more of these phenomena. 

Cocaethylene, the ethyl ester of benzoylecgonine, is a metabolic product of the 

interaction between cocaine and ethanoi. There have been many reports indicating that 

cocaethylene produces pharmacological effects similar to cocaine in respect to toxicity and 

lethality (Landry, 1992; Heam et al., 1991; Wilkerson etai, 1991). 
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To date, the pharaiacokinetic-pharmacodynamic (PK/PD) effects of cocaine or 

cocaethylene have not been described. Therefore, the purpose of this study was to analyze 

literature data in order to develop a PK/PD model for cocaine and cocaethylene. A basic 

question that will be addressed is, to what extent does cocaethylene formation contribute 

to physiological and psychopharmacological effects? A re-analysis was performed of the 

human data reported by Perez-Reyes et a/.(1994) and McCance et aL{ 1995). Based upon 

the results of the proposed analysis, we will be able to more clearly examine the 

pharmacokinetic-pharmacodynamic relationships when cocaine is ingested in the presence 

of ethanol (Chapter 8). 
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Materials and Methods 

The effects of cocaine or cocaethylene on heart rate, cardiac output, systemic 

vascular resistance and subjective ratings of "high" (euphorigenic effect) following an 

intravenous dose were evaluated using the information obtained from the study of Perez-

Reyes et a/.(1994). The subjects were dosed intravenously over 1 minute with either 

cocaine or cocaethylene (as the free base), 0.25 mg /kg.. In another study by McCance et 

al. (1995), the investigators report the effects of cocaine or cocaethylene on heart rate and 

systolic blood pressure as well as subjective euphorigenic effects ("cocaine high", "any 

high", and "rush" ) after an intranasal dose of 3 (imoles/kg (cocaine 0.92 mg/kg; 

cocaethylene 0.95 mg/kg). The drug concentration-time and effect-time graphs for 

cocaine and cocaethylene from these publications were scanned into a file using a flat bed 

scaiuier. The resulting images were imported into the Sigma Scan program (Jandel 

Scientific, 1993) and numerical estimates of the digitized data were obtained. The data 

were then further analyzed by computer programs, SimuSolv (Dow chemical Co.), in 

order to develop pharmacokinetic-pharmacodynamic models to describe the behavior of 

these compounds and LAGRAN (Rocci and Jusko, 1983) which allows a non-

compartmental analysis. 

Data analysis 

Pharmacokinetic Analysis. Models to describe the plasma concentration-time profiles of 

cocaine or cocaethylene following intravenous or intranasal administration were examined. 
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Both one-and two-compartment models were initially evaluated. These models are 

described by the following equations: 

Intravenous short infusion (I min): The plasma concentration-time data following 

a short iv infusion of cocaine or cocaethylene were best described by a biexponential 

equation, characteristic of a two-compartment open model. 

C=C, ^ + (7.1) 

AUG = l/A., + 1/^2 (7.2) 

AUMC = y(Kif+ IKXjf (7.3) 

MRT = (AUMaAUC) - (7.4) 

= Ko X tif X AUMa (AUG)- - Ko x (tif)Vtif x 2 x (AUG) (7.5) 

Intranasal: 

G = A(e""-e"^') (7.6) 

AUG = F*Dose/ (GL,) (7.7) 

MRT = (AUMG/AUG) - MAT (7.8) 

MAT=1/Ka (7.9) 

Vss = GL X MRT, where GL = D/AUG (7.10) 

AUMG = MRT x AUG (7.11) 

where G| and C2 are cocaine or cocaethylene concentrations in the central (compartment 

I) and peripheral (compartment 2) compartments, respectively, after a single iv. dose. G 

denotes cocaine or cocaethylene concentration in the plasma following an intranasal dose 

and D refers to the dose administered. Ka and Kc are apparent first-order absorption and 



202 

elimination rate constants, respectively. AUC is the total area under the plasma 

concentration-time curve. AUMC and MRT are the area under the first moment curve 

and mean residence time, respectively. Vss and CL are the volume of distribution at 

steady-state and systemic clearance, respectively. These parameters were obtained by a 

compartmental analysis using SimuSolv as well as by a compartment-independent method 

using the LAGRAN program. 

Pharmacodynainic Analysis. The physiological effects (heart rate and cardiac output) 

and the subjective ratings of "high" produced by cocaine or cocaethylene were linked 

with the effect compartment concentration using the following concentration-effect 

equation (Hill equation) adapted to the data following an intravenous dose of drug in 

order to describe effect (E) over time; 

_ Emax X( C c f  
E  =  ^ (7.12) 

where Emax is the maximum possible response and CE is the cocaine or cocaethylene 

concentration in the hypothetical effect compartment. EC50 is the cocaine or cocaethylene 

concentration producing 50% of the maximum effect, and n is the sigmoidicity factor (or 

Hill coefficient) describing the shape of the curve. 

A Sigmoidal inhibitory Emax model was chosen to describe the relationship 

between the effect of mean systemic vascular resistance (MSVR) and blood concentration 

following an iv dose of cocaine or cocaethylene as shown below; 
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(7.13) 

where Eq and /C50 are the baseline value of the MSVR and 50% of the maximum 

inhibitory effect, respectively. Other notations are the same as above. 

Following an intranasal dose of cocaine or cocaethylene, the plasma cocaine or 

cocaethylene concentration relationship with physiological or euphorigenic effects 

produced by these drugs showed a clockwise hysteresis loop; a reduced drug effect at the 

same concentration that earlier produced a greater effect. This may suggest that either 

there is a very rapid development of tolerance or that cocaine in the effect site (brain) 

equilibrates with arterial blood faster than with the venous sampling site. The latter 

concept has been examined by Verotta et al. (1989). Since hysteresis occurs soon after a 

single dose, it was thought that this behavior was due to disequilibration. The diagram for 

a PK-PD model chosen to examine physiological or euphorigenic effects produced by 

cocaine or cocaethylene after an intranasal dose is shown below; 

I n p u t  

C V 

k VO 

k e o  

Scheme 7.1 
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where CR, CV and CE denote cocaine concentration in the reservoir {i.e., nosal area), 

venous blood and the effect compartment (brain), respectively. The ATeo and ATvo arc the 

first-order exit rate constants from the effect compartment and venous sites, respectively. 

The rate of equilibration with arterial blood (reservoir) and the other sites is determined by 

these first-order exit rate constants. 

The model assumes that the disposition of the arterial blood concentration time-

profile is monotonic-nonincreasing and nonnegative (Verotta et ai, 1989). Therefore, the 

cocaine or cocaethylene concentrations in arterial blood would always be decreasing, 

which resembles the curve after an intravenous bolus dose: The concentration of cocaine 

or cocaethylene in the arterial blood was computed by a deconvolution method known as 

the point-area method (Vaughan and Dennis, 1978), from a known concentration of 

cocaine or cocaethylene in the venous blood, Cv. Then, the values for keo and kvo were 

estimated using a trial-and error search by a computer program, SimuSolv (Dow Chemical 

Co., 1990). 

The PK-PD models describing the physiological or euphorigenic effects over time 

were evaluated by fitting the observed data to the equation (i.e., 7.12 or 7.13), using 

SimuSolv. Assessment of the "goodness of fit" (on the basis of the values) to the 

observed data (i.e., concentration or response versus time) was determined for the 

pharmacodynamic parameters. 
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Results 

The plasma concentration-time data for cocaine and cocaethylene after an iv and 

an intranasal dose are shown in Figures 7.1A-B. The decline in cocaine concentrations 

with time after an iv. dose could be described by a biexponential equation. Cocaethylene 

data could also be described by a biexponential equation with a very short distribution 

phase. Table 1 summarizes the pharmacokinetic parameters of cocaine and cocaethylene 

following a short (1 min) intravenous infusion. Following an intranasal dose of cocaine or 

cocaethylene, the data could be described by a one compartment model with first-order 

absorption and elimination. 

The cocaine or cocaethylene plasma concentration versus reponse {e.g., "cocaine 

high", "any high", heart rate, blood pressure, etc.) profiles after intranasal dosing showed 

clockwise hysteresis. An example is shown in Figure 7.2A for "cocaine high". The 

hysteresis is removed after applying model 1 and an example of this is shown in Figure 

7.2B for the same "cocaine high" data described in 7.2A. 

Figures 7.3 and 7.4 illustrate response versus effect compartment cocaine or 

cocaethylene concentration following an iv and intranasal dose, respectively. 

Figure 7.5A demonstrates the effect on heart rate produced by cocaine or 

cocaethylene after an iv dose. These data are well described with time using the 

pharmacokinetic-pharmacodynamic model chosen above (eq. 7.12). £max appeared to be 

higher for cocaine (~ 70% change from the base line) than cocaethylene (-50%) with 

similar EC50 values and a smaller "n" value for cocaine than that of CE (n = 5.8 or 16.5, 

respectively), which corresponds to Figure 7.3C. A summary of the pharmacodynamic 
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parameters is shown in Table 7.2 for cocaine and cocaethylene. Figure 7.5B demonstrates 

the effect of cocaine or cocaethylene on heart rate following an intranasal dose. There 

seems seem to be no significant differences between cocaine and cocaethylene for 

pharmacodynamic parameters of heart rate after an intranasal dose (also shown by Figure 

7.4D). A summary of the pharmacodynamic parameters is shown in Table 7.3 for cocaine 

and cocaethylene following intranasal dosing. 

Figure 7.6A describes the percentage change in cardiac output with time after an iv 

dose of cocaine or cocaethylene. The equilibration of response after a cocaethylene dose 

occurs almost immediately (keo half-life = 0.4 min) compared to that from cocaine (keo 

half-life = 1.5 min). However, the cardiac output effect produced by cocaine continued 

for a longer time (n = 6.7) compared with cocaethylene (n = 25). Figure 7.4B describes 

the effect of cocaine and cocaethylene on mean systemic vascular resistance (MSVR) after 

an iv dose. The magnitude of the MSVR effect produced by cocaine or CE appears to be 

the mirror image of the cardiac output profile. Figure 7.4C illustrates the effect of cocaine 

and cocaethylene on systolic blood pressure (SBP) following an intranasal dose. There 

seems to be no real differences in the effect-time profiles of cocaine and cocaethylene in 

terms of changes in blood pressure, considering the baseline (Eo) blood pressure. The 

pharmacodynamic parameters are summarized in Tables 7.2 (corresponding to Figure 7.3) 

and 7.3 (corresponding to Figure 7.4) for cocaine and cocaethylene following an 

intravenous and intranasal dose, respectively. 

The subjective-euphorigenic effects "cocaine high" and "rush" (sudden onset of 

intense euphoria) from cocaine or cocaethylene following an intranasal dose are 
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demonstrated in Figures 7.7A and 7.7B, respectively. There do not appear to be any 

substantial differences in pharmacodynamic parameters for "cocaine high" between 

cocaine and cocaethylene (also shown in Figure 7.4A). The pharmacodynamic parameters 

are summarized in Table 7.3. The "rush" effect from cocaine is higher (£max = 77.4) with 

a smaller EC50 (= 0.49 nmole/mL) than the corresponding values obtained for 

cocaethylene (fmax = 47, EC50 =0.76 nmole/mL). This suggests that cocaine is more 

potent than cocaethylene for the "rush" effect (see also Figure 7.4B). However, the effect 

from cocaine seemed to diminish slightly faster and equilibrate faster than that from 

cocaethylene (n, 15.4 vs 14.8 and Keo 0.21 min"' vs 0.16 min"' for cocaine and 

cocaethylene, respectively). 

Figure 7.8A illustrates the self-rated, subjective effect of "high" following an iv 

dose and Figure 7.8B illustrates the effect, "any high" (= any feeling of high), following 

intranasal dosing. The maximum effect, "any high", produced by cocaethylene seems 

lower than that from cocaine and it is associated with a higher EC50 (0.72 w 0.50 

nmole/mL) (Table 7.3). Similarly, the £max of cocaethylene for the effect, "high", after 

an intravenous dose seemed considerably lower than that from cocaine and the response 

returned to normal more rapidly compared to cocaine (n = 10.3 vs 6.3, Keo = 1.63 vs 

1.75 min ') (Table 7.2). These finding suggest that cocaethylene is less potent than 

cocaine with regard to "high" or "any high". These values can not be statistically 

analyzed, since there are no individual data available. 
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Discussion 

Evaluation of pharmacological effects with non-steady-state drug concentrations is 

difficult as seen with the data following intranasal administration of cocaine or 

cocaethylene (i.e., the existence of hysteresis loop). If we make an assumption that 

tolerance does not occur about 15 min. after a single dose (where half-life of absorption 

rate is about 20 min.) and the drug's effect depends solely on dmg concentrations, then a 

possible explanation for the hysteresis would be the disequilibration of concentrations 

between the sampling site (i.e., plasma) and the effect site. For several drugs it has been 

reported that the concentrations in blood in humans and animals after dosing exhibits a 

marked sampling site dependence, including an arteriovenous concentration difference 

(Chiou, 1981). It was reported that plasma cocaine concentrations would not adequately 

reflect brain levels of the drug following intranasal administration, due to rapid brain 

uptake, for reasons not completely understood (Jones, 1984). Therefore, the 

semiparametric method by Verotta and Sheiner was employed to remove the hysteresis 

seen with the data following an intranasal dose of cocaine and cocaethylene. 

Generally speaking, the relative pharmacological profile of a drug can be evaluated 

by comparing the pharmacodynamic (PD) parameters such as £max, ECso, n and ^eo 

between two drugs. It appears that cocaethylene is less potent than cocaine on subjective 

euphorigenic effects and approximately equipotent for physiological effects following an 

intravenous and an intranasal dose. That conclusion may be reached by examining effect-

time plots or concentration versus response plots. 
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Euphorigenic effects produced by cocaine or cocaethylene following an intranasal 

dose appeared to last longer than after an intravenous dose. This could be due to an 

intranasal dose that was about twice the intravenous dose. On the other hand, in spite of 

the higher intranasal dose compared to the intravenous dose, the euphorigenic effects 

produced by cocaine or cocaethylene were not as large as they should be. The reason for 

this could be that the intensity of these effects are dependent upon, not only the dose 

given, but also upon the rate of drug uptake into the effect site. 

Cocaethylene produced a lower "high" and "any high", less "rush" than those 

produced by cocaine (lower Emax with higher EC50). It seems that cocaethylene 

equilibrates slower (A!eo) and responses disappear faster (n) than those of cocaine (Table 

7.2 and 7.3). This suggests that cocaethylene is less potent than cocaine with regard to 

these subjective effects. It has been recently reported that extracellular serotonin 

increased twice as much following a dose of cocaine than a dose of cocaethylene 

(Bradberry, 1993). Thus, it may be speculated that the reason for cocaethylene being less 

potent with regard to these subjective effects may be due to this smaller serotonin 

inhibition compared to that of cocaine. 

The subjective effect "cocaine high" increased substantially following cocaine or 

cocaethylene dosing. The extent of change by these two drugs was approximately the 

same, with an fmax of -65 %, and an EC50 of ~0.5 nmole/mL. These results indicate that 

these two drugs are approximately equally potent (or slightly less for cocaethylene, since 

EC50 is higher than that of cocaine) with regard to producing "cocaine high" following 

intranasal dosing. It has been determined that the brain dopamine level increased 400% 
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from base level following an intravenous cocaine or cocaethylene dose (Bradly). 

Therefore, the increased effect of "cocaine high" could be the result of this increase in 

dopamine level following either a cocaine or cocaethylene dose. It has been suggested 

that the euphorigenic and reinforcing characteristics of cocaine are associated with the 

inhibition of dopamine reuptake in dopaminergic presynaptic neurons (Landry, 1992). On 

that basis, cocaethylene would be considered as potent as cocaine as a "euphorigenic" and 

"reinforcing " agent In addition, CE can be used to study the fiinctional effects of 

neurotransmitters, since CE seems to have a different potency for different euphorigenic 

effects as compared to those of cocaine. 

Cardiac output and mean systemic vascular resistance (MSVR) changed 

significantly from baseline after a cocaine or cocaethylene dose. The maximum change in 

these effects are approximately the same for cocaethylene and cocaine (i.e., Emax and 

ECso values are approximately equivalent) but the effects produced by cocaethylene return 

to baseline faster after an i.v. dose than those from cocaine (see "n" and Keo values. Table 

1 and Figure 7-4). On the other hand, cocaethylene can be more hazardous than cocaine 

since cocaethylene holds very high "n" values for cardiac function. The increase in heart 

rate following an i.v. dose of cocaine seemed substantially higher than that from 

cocaethylene. On the other hand, the change in heart rate and systemic blood pressure 

were about the same following an intranasal dose of cocaine or cocaethylene. These 

findings suggest that, overall, cocaethylene and cocaine produce comparable changes in 

cardiac function. 
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The intriguing difference in producing physiological and euphorigenic effects by 

cocaethylene is that physiological effects are produced faster than euphorigenic effects 

{i.e., larger Kco for physiological effects than euphorigenic effects). 

In summary, cocaethylene appears to be less potent in producing "high" or "any 

high" and "rush", whereas it is equipotent for "cocaine high" in subjective experimental 

measurements. Cocaethylene can produce as much toxicity in the cardiovascular system 

as cocaine as shown by having approximately equivalent £max and EC50 values as 

cocaine. This study confirms that cocaethylene is pharmacologically active, similar in 

activity to cocaine and, therefore, it may add to toxicity as well as to euphorigenic effects 

when cocaine ingestion is coupled with ethanol consumption. 
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Table 7.1 

Cocaine and cocaethylene pharmacokinetic parameters 
after an iv dose (0.25 mg/kg)^ 

Parameters Cocaine Cocaethylene 

AUG (nmole min/mL) 51.2 60.0 
CL (mL/min/kg) 16.11 13.13 
K (min"') 

21 
0.0338 0.099 

K (min"') 
12 

0.012 0.0159 

(min') 0.0119 0.00918 

Vc (L/kg) 1.36 1.43 
Vss (L/kg) 1.83 1.66 

A,i (min ) t 0.05 0.12 
-1 

Xz (min ) 0.00808 0.00803 
ti/2 (min.) 85.7 86.3 
MRT (min.) 114.3 123.5 

a. Based on data in Perez-Reyes et al. 



Table 7.2. 

The pharmacodynamic parameters of cocaine (COC) and cocaethylene (CE) 
after an i.v. cocaine or cocaethylene dose (0.25 mg/kg) 

COC CE COC CE COC CE COC CE 
"High" "Heart Rate" "Cardiac Output" "M.S.V.R'" 

Emax 66.3 40 72.4 53.3 30 32.7 20.5 25.4 
(% Change) 
ECso 0.49 0.46 0.54 0.51 0.38 0.45 0.37 0.46 
(nmole/ml) 
n 6.3 10.3 5.8 16.5 6.7 25.0 5.7 20.6 
K.0 (min') 1.63 1.7 2.4 2.6 0.45 1.77 0.7 1.57 

1. Mean systemic vascular resistance 



Table 7.3. 

The pharmacodynamic parameters of cocaine (COC) and cocaethylene (CE) 
after an intranasal dose of cocaine or cocaethylene (3 |j,mole/kg)' 

COC CE COC CE COC CE ccx: CE COC CE 
"Cocaine high"^ "Any-high*^ "Rush"^ "Heart rate"^ "S.B.F*" 

Ema* 63.6 67.2 77.6 54.6 77.4 47 25.0 28.0 53.0 44.0 
ECsu 0.42 0.55 0.50 0.72 0.49 0.76 0.50 0.70 0.71 0.73 

(nmole/ml) 
n 10.1 10.9 10.6 12.0 15.4 14.8 9.6 4.1 2.3 3.6 
Ke„(min') 0.21 0.16 0.20 0.18 0.21 0.16 0.21 0.24 0.31 0.1 

1. 3|imole/kg = 0.92 mg/kg cocaine; 0.95 mg/kg cocaethylene 
2. E,„uj, unit = % Change in response 
3. E,„ux unit = beats/min 
4. Systolic blood pressure; unit = mmHg 
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Figure 7.1. A) cocaine (•) or cocaethylene (o) concentrations in the plasma as 
a function of time following an intravenous dose (0.2 5mg/kg) of cocaine or 
cocaethylene. B) plasma cocaine (•) or cocaethylene (o) concentrations as a 
function of time following an intranasal dose of cocaine (3 jimole/kg or 0.92 
mg/kg) and cocaethylene (3 pimole/kg or 0.95 mg/kg). Fitted curves are shown 
by (—) for cocaine and (--) for cocaethylene. Note the different time scales. 
Based upon the data in Perez-Reys and McCance-Katz et al. 
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Figure 7.2. Plots of "cocaine high" as a function of plasma cocaine 
concentrations (A) or effect site concentrations (B) following a 3 |imole/kg or 
0.92 mg/kg intranasal dose of cocaine. The arrows indicate the direction of 
time. Based upon the data in McCance et al. 
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Figure 73. Ccx:aine (•) or cocaethylene (o) concentrations in the effect site 
versus responses for "high" (A), cardiac output (B), heart rate (C) and mean 
systemic vascular resistance (MSVR) (D) following an intravenous dose (0.25 
mg/kg) of cocaine or cocaethylene. Simulated curves based upon equation 
7-12 or 7.13 for cocaine (—) and cocaethylene (—). Based upon the data in 
Perez-Reyes et al. 



Figure 7.4. Cocaine (•) or cocaethylene (o) concentrations in the effect site versus 
responses, such as, "cocaine high" (A), "rush" (B), "any high" (C), systemic blood 
pressure (SBP) (D) and heart rate (E) following an intranasal dose (3 |imoIe/kg or 0.92 
mg/kg for eocaine; 0.95 mg/kg for cocaethylene) of cocaine or cocaethylene. Simulated 
curves based upon equation 7-12 for cocaine (-) and cocaethylene (—). Based upon the 
data in McCance et al. 
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Figure 7^. A) Percentage change in heart rate as a function of time following 
an intravenous dose (0.25mg/kg) of cocaine (•) and cocaethylene (o). B) heart 
rate as a function of time following an intranasal dose of cocaine (3 |imole/kg 
or 0.92 mg/kg) (•) and cocaethylene (0.95 mg/kg) (o). Simulated curves based 
upon equation 7-12 for cocaine (—) and cocaethylene Based upon the data 
in Perez-Reyes et al. and McCance et al. Note the different time scales. 



Figure 7.6. A) Percentage change in cardiac output as a flmction of time following an 
intravenous dose (0.25mg/kg) of cocaine (•) and cocaethylene (o). Simulated curves 
based upon equation 7-12. B) Percentage change in mean systemic vascular resistance 
(MSVR) as a function of time following an intravenous dose (0.25mg/kg) of cocaine (•) 
and cocaethylene (o). Simulated curves based upon equation 7-13 for cocaine (—) and 
cocaethylene (—). C) Systolic blood pressure as a function of time following an 
intranasal dose (3 |imole/kg or 0.92 mg/kg for cocaine; 0.95 mg/kg for cocaethylene) of 
cocaine (•) and cocaethylene (o). Simulated curves based upon equation 1 for cocaine 
(—) and cocaethylene (—). Based upon the data in Perez-Reyes and McCance et al. 
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Figure 7.7. A) Percentage change in "cocaine high" as a function of time 
following an intranasal dose of cocaine (3 |j.mole/kg or 0.92 mg/kg) (•) and 
cocaethylene (0.95 mg/kg) (o). B) Percentage change in' rush' with time 
following an intranasal dose of cocaine (3 |imole/kg or 0.92 mg/kg) (•) or 
cocaethylene (0.95 mg/kg) (o). Simulated curves based upon equation 7-12 
for cocaine (—) and cocaethylene (—). Based upon the data in McCance et al. 
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Figure 7.8. A) Percentage change in "high" with time following an 
intravenous dose (0.25mg/kg) of cocaine (•) and cocaethylene (o). 
B) Percentage change in "any high" with time following an intranasal 
dose of cocaine (3 |imole/kg or 0.92 mg/kg) (•) and cocaethylene (0.95 
mg/kg) (o). Simulated curves based upon equation 7-12 for cocaine (—) 
and cocaethylene (—). Based upon the data in Perez-Reyes et al. and 
McCance et al. 
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Chapter 8 

A Pharmacokinetic-Pharmacodynamic Model 

Describing the Cocaine-Ethanol Interaction in Humans -

Analysis of the Literature 

Introduction 

Cocaine abuse in the United States has caused significant social, psychological and 

medical problems. Recently it has been stated that nearly 90% of cocaine abusers are also 

concurrent alcohol abusers (McCance-Katz et al., 1993). The proposed reason for this 

pattem of abuse, is that ethanol prolongs the euphorigenic properties of cocaine and may 

diminish the unpleasant symptoms of cocaine withdrawal, such as paranoia, agitation 

(McCance-Katz et al., 1993) and anxiety associated with cocaine high. In addition, the 

combined use of cocaine and ethanol has resulted in substantially higher cocaine -

associated toxicities. Compared to the use of cocaine alone, cocaine cardiotoxicity (Foltin 

and Fischman, 1989), cocaine related sudden cardiac death (Rose et ai, 1990), and 

mortality (Kreek and Stimmel, 1984) were magnified by the combined abuse of ethanol 

and cocaine. 

While the mechanism(s) responsible for the enhanced response or toxic effects 

following coingestion of cocaine and ethanol is not clear, it is known that the formation of 

cocaethylene occurs in the presence of cocaine and ethanol. Cocaethylene, the ethyl ester 

of benzoylecognine, has a pharmacological profile similar to cocaine in terms of its effects 

on central and peripheral neurotransmitters and as a psychomotor stimulant (Landry, 

1992). 
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Concurrent administration of cocaine and ethanol resulted in a greater euphoria 

("any high", "cocaine high" or "good effect') and increased heart rate, when compared to 

cocaine or ethanol administered alone (McCance-Katz et al.-, Farre et ai). To date, the 

pharmacokinetic-pharmacodynamic effects of cocaine in the presence of ethanol have not 

been described. Therefore, we investigated these effects using the information reported by 

McCance-Katz et a/.(l993) and Farre et al. (1993). The purpose of this study is to 

develop a pharmacodynamic-pharmacokinetic model to describe the cocaine-ethanol 

interaction and to evaluate the relative contribution of cocaethylene to the responses 

measured. The pharmacokinetic-pharmacodynamic relationships for the individual 

compouns, cocaine and cocaethylene, were developed in the reveious chapter. 
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Materials and Methods 

The information obtained from the reports of McCance-Katz et al. and Farre et al. 

for the effects on heart rate and subjective feelings (euphorigenic effect) following cocaine 

alone, ethanol alone or a combination of cocaine and ethanol were analyzed. The study 

design of the experiments is summarized as follows. Subjects were administered a drug in 

a randomized, double-blind fashion with the following assignments: cocaine with ethanol; 

cocaine with ethanol placebo; cocaine placebo with ethanol; or cocaine placebo with 

ethanol placebo. In the study of McCance-Katz et al., cocaine was administered (2 

mg/kg) intranasally followed immediately by ethanol (1 g/kg) orally; whereas, in the Farre 

et al. study, subjects were first given ethanol (I g/kg) followed by an intra nasal cocaine 

dose (100 mg). In addition to this information, an analysis was perfomred of the data in 

the publications of McCance et al. (1995) and Perez-Reyes (1994). In those studies, 

subjects were given a dose of 3 p.moI/kg cocaine (0.92 mg/kg) or cocaethylene (0.95 

mg/kg) intranasally (McCance et al. 1995) or 0.25 mg/kg intravenously (Perez-Reyes 

1994). The drug concentration-time data and effect-time data for cocaine, cocaethylene 

and ethanol were digitized after scanning the originally published figures using either a 

Sigma Scan image or a computer-based digitizer. The data were then further analyzed by 

a computer program, SimuSolv, in order to develop a pharmacokinetic-pharmacodynamic 

model for those compounds. 
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Data analysis 

Pharmacokinetics. Plasma concentration-time data were analyzed for all three 

compounds (cocaine, cocaethylene formed, and ethanoi) to obtain pharmacokinetic 

parameters. The rate equations describing cocaine, ethanoi and cocaethylene in the 

plasma can be expressed using the following equations and Scheme 8.1.: 

dC k*D*F 
— = -^-— •e-'--k*C (8.1) 
dt V 

dC k  ' •D»F'  
— = -^— -k'»C'-k, •€'•£' (8.2) 
dt V 

dE V mE 

rn 

dE' k/»D»F/ V'*E' 
V (8.4) 

dt 
— =k,» £'•€'-kc^*CE (8.5) 

where C, C, E, E', and CE are concentrations of cocaine in the absence of ethanoi, 

cocaine in the presence of ethanoi, ethanoi alone, ethanoi with cocaine, and cocaethylene 

formed following cocaine/ethanol dosing, respectively. Kg, ka', ka^, and ka^' are first 

absorption rate constants of cocaine in the absence or presence of cocaine (ka, ka') and 

ethanoi in the absence or presence of cocaine (ka,e, ka',e), respectively. The elimination 

rate constants are cocaine in the absence and presence of ethanoi (k, k'); the second-order 

rate constant for cocaethylene (k2); the Michaelis-Mentin parameters for ethanoi 

metabolism in the absence or presence of cocaine (Vmax/km; V'n,ax/km'); and the loss of 
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cocaethylene (ICCE)- D denotes dose administered. F and V refer to bioavailability and 

volume of distribution, respectively. Since the value of F is not known, FA^ was 

computed as a composite parameter. Notice that ka is a second-order elimination rate 

constant 

Pharmacodynamics. 

The relationship of cocaine concentrations to the effects produced by cocaine or ethanol 

indicated a (clockwise) hysteresis; a reduced effect at the same concentration that at 

earlier times produced a greater effect This profile suggests that either there was a very 

rapid development of tolerance to cocaine effects or the site of action (brain) equilibrates 

faster with arterial blood than with venous blood (the sampling site). The latter has been 

examined by Verotta et al. (1989). The effects produced by cocaine or ethanol peaked 

significantly earlier than the peak plasma cocaine or ethanol concentrations. The peak 

euphorigenic effect occured 15 min after the dose, while the cocaine plasma concentration 

peaked at 45 min (Figure 4, p 43, McCance-katz et al.). Therefore, while acute tolerance 

cannot be completely ruled-out it is reasonable to assume that this hysteresis could be 

ascribed to a disequilibrium. Thus, the diagram shown below (scheme 8.2) was chosen to 

describe the relationship between effect and concentration over time when the drug was 

given alone {i.e., cocaine or ethanol dosed alone). 
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CE 

Scheme 8.2 

where CR, CV and CE denote cocaine or ethanol concentrations in the reservoir (nose area), 

venous blood and the effect compartment (the brain), respectively. The k^o and kvo are 

the cocaine first-order exit rate constants from the effect compartment and venous site, 

respectively. The rate of equilibration between arterial blood (reservoir) and the 

respective sites is determined by these first-order exit rate constants. The concentration of 

cocaine (or ethanol) in arterial blood was computed by the deconvolution method (point-

area method) from a known concentration of cocaine (or ethanol) in the venous blood, C„. 

The one modification imposed on the disposition function describing the arterial blood was 

that arterial concentrations (CR) were monotonic-nonincrcasing and nonnegative (Verotta 

et al., 1989). Therefore, arterial cocaine blood concentrations would decrease with time, 

which resembles the curve after an intravenous bolus dose. 
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Heart rate and euphorigenic effects following a single dose of cocaine or ethanoi. 

The sigmoidal Ema* model was initially selected to describe the relationship between the 

hypothetical effect compartment concentration and the effect produced by cocaine or 

ethanoi as a function of time after a cocaine or ethanoi dose; 

EnxK X Cr" 

^ ~ EC " + C " 

where Ema* is the maximum possible response, EC50 is the cocaine concentration 

producing 50% of the maximum effect, and n is the sigmoidicity factor describing the 

shape of the curve. CE is the cocaine or ethanoi concentration in the hypothetical effect 

compartment. 

Heart rate and euphorigenic effects following combined cocaine and ethanoi. Heart 

rates and euphorigenic effects produced after coingestion of cocaine and ethanoi were 

enhanced and prolonged. Since cocaethylene has a pharmacological profile similar to 

cocaine, the effect produced by cocaethylene (if any) was added to the model. The 

following diagram illustrates the PK-PD model employed. 
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M denotes cocaethylene that was formed as a metabolite in the presence of cocaine and 

ethanol. Kem and K„, are the cocaethylene first-order exit rate constants from the effect 

compartment and the metabolic formation rate constant, respectively. The rate of 

equilibration between arterial blood with their respective sites is determined by these first-

order exit rate constants. Other symbols are the same as noted previously. 

Heart rate. Assuming that the heart rate response to cocaine and cocaethylene were 

independent of each other and additive, 

CE ) •COC" (Errrv)rr*C£ 
R=:E + ^ ^ fO-r^ 

"  (EC, . iJ+Coc"  (EC, , ) , ,  +CE 

where Eo is the baseline heart rate value, (En,ax)coc and (Emax)cE are the maximum possible 

responses obtained from cocaine (in the presence of ethanol) and cocaethylene. 



234 

respectively. Ethanol had no effect on heart rate {i.e., not different from baseline), thus, 

no term for ethanol was included in the pharmacokinetic-pharmacodynamic model. 

Euphorigenic effects. Ethanol produced a significant effect on "any high* and 'good 

effect" ratings. Thus, the pharmacodynamic model assumed a simple additivity in 

responses to cocaine , cocaethylene and ethanol. On the other hand, ethanol produced no 

effect on 'cocaine high". Therefore, a simple two-term additive model was used to 

describe that effect. 

E = )cac * ^ (^mcx)cg * 

(EC3O)C^ +C£ 

where the first term describes the effect due to cocaine (in the presence of ethanol) and the 

second term is due to the cocaethylene formed following a combined dose of cocaine and 

ethanol. 

A three-term additivity model was used to describe effects of "any high" and "good 

effect". 

r_ (E,^U«Coc' (E^)ci'CE (E^)n.«£r-

(EC„)„'+Coc" <EC„)„ +C£ (EC„)^" + ST"- ''' 

where the first term describes die effect due to cocaine (in the presence of ethanol), the 

second term is due to cocaethylene formed in the presence of ethanol and the third term is 

due to ethanol. 
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Statistics: The equations were fitted to the data using the computer program, SimuSovl 

(Dow Chemical Co., 1990). Pharmacokinetic-pharmacodynamic parameters were chosen 

based on assessment of the "goodness of the fit" to the observed data {i.e., having highest 

r^ values) generated by SimuSolv. 
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Results 

The concentration-time data for cocaine (in the presence or absence of ethanol) 

and formed cocaethylene that were reconstructed from the publications by McCance-Katz 

et ai and by Farre et al. are shown in Figures 8.1A and B. The cocaine concentrations in 

plasma were significantly higher in both data sets following combined cocaine and ethanol 

administration compared to cocaine administration alone. The reason for this is not clear, 

but the authors suggested that it could be due to an increased absorption rate and higher 

bioavailability of cocaine in the presence of ethanol. This conclusion may be reasonable, 

since ethanol causes vasodilation which counters the vasoconstriction effect of cocaine, so 

that blood vessels are less constricted which, in turn, may increase the absorption rate. 

Figures 8.1C and D demonstrate the ethanol plasma concentration-time data in the 

presence or absence of cocaine (McCance-katz et al.-, Farre et al.). The ethanol 

concentrations in plasma were different in the absence or presence of cocaine. The reason 

for this is not known. However, the magnitude of the differences in ethanol 

concentrations in plasma were different in these two studies. The sequence of cocaine and 

ethanol administration was different between these two studies; ethanol was administered 

prior to cocaine in the Farre et al. study versus cocaine administration followed by ethanol 

in the McCance-Katz et al. study. Absorption of ethanol may be affected by cocaine by 

virtue of a vasoconstrictive effect 

The cocaine plasma concentration versus response profiles, such as "good effect", 

"any high" and "cocaine high" or "high", show clockwise hysteresis after a cocaine or an 

ethanol. An example is shown in Figure 8.2A for "any high". The hysteresis is removed 
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after applying Scheme 8.1 and an example of this is shown in Figure 8.2B for "any high" 

data described in Figure 8.2A. The resulting parameter values are listed in Table 8.1. 

The heart rate response with time after a cocaine dose is shown in Figures 8.3A 

and B for the data of McCance-Katz et al. and Farre et al. respectively. The 

pharmacodynamic parameter for these experiments are summarized in Tables 8.1 and 8.2. 

Equation 8.6 gave a good fit to the observed data over time for the effects "high", 

"cocaine high", "any high" and "good effect" (Figures 8.4 and 8.5) following a cocaine 

dose. Similarly, the effects of "any high" and "good effect" following an ethanol dose are 

described well over time using equation 8.6 (Figure 8.6). The pharmacodynamic 

parameters for effects of "high", "cocaine high", "any high" and " "good effect" are 

summarized in Tables 8.1 and 8.2 following a dose of cocaine or ethanol. 

Heart rates as a function of time following a combination of cocaine and ethanol 

are shown in Figure 8.7 (solid circles; the open circles represent response to cocaine alone 

no ethanol; dashed line). The dotted line represents the change in heart rate due to 

cocaine concentrations alone but in the presence of ethanol. The solid line (and the model 

used) accounts for response due to cocaine and cocaethylene. Heart rate following a 

combination dose is obtained by fitting the observed data using equation 8.7. This model 

gave a good fit to the observed data. The computer-generated pharmacodynamic 

parameters of cocaethylene are similar to those of cocaine; 27 beat/min, 0.66 nmoles/mL 

for Emax and EC50, respectively based on the data of McCance-Katz et al. (Table 8.1). The 

pharmacodynamic parameters of cocaethylene from the data of Farre et al. are; 27 

beat/min, 0.89 nmoles/mL for Emax and EC50, respectively (Table 8.2). 
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A combination of cocaine and ethanol administration produced greater 

euphorigenic effects than those of cocaine alone as shown in Figure 8.8 and 8.9 (solid 

line). The PK-PD model using equations 8.8 and 8.9 gave a good fit to the data over time 

for euphorigenic effects. Cocaethylene that was formed as a metabolite in the presence of 

cocaine and ethanol appears to be responsible for enhanced and prolonged euphorigenic 

effects. However, ethanol appears not to alter the effect "cocaine high" or "high". 
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Discussion 

It has been shown that cocaine causes an increase in both physiological (e.g., heart 

rate, blood pressure) and euphorigenic effects in humans and animals (McCance-Katz et 

al.-, Farre et al.; Foltin et ai). The combination of cocaine and ethanol ingestion results in 

a greater effect on these responses (Perez-Reyes; McCance-Katz et al.; Farre et al.). 

However, quantitative models characterizing these interactions are lacking. In the present 

study, a quantitative model was derived to characterize the pharmacokinetic-

pharmacodynamic interaction of cocaine and ethanol in humans, utilizing the published 

literature (McCance-Katz era/., 1993; Farre era/., 1993). 

Plots of cocaine or ethanol plasma concentrations versus effect showed clockwise 

hysteresis following an intranasal dose of cocaine and oral dose of ethanol. This implies 

that either tolerance is developing very rapidly or there is disequibration between the effect 

site {i.e., brain) and the plasma sampling site from the arterial blood (or "reservoir" site 

(Scheme 8.2). The model with a tolerance compartment, which was linked to a venous 

blood site, was attempted in order to fit the effect versus time data and a good fit was 

obtained. However, it was felt that there was not enough information to add a tolerance 

compartment since the data were obtained after a single dose. Furthermore, an incident 

has been reported where toxic symptoms were seen within 2 minutes after an intranasal 

dose of cocaine and that the peak plasma concentration was seen at 75 min after the dose 

(Jones, 1984). Jones (1984) reported that cocaine brain levels during the earliest phase of 

drug absorption may considerably exceed systemic venous plasma levels due to the 

vasculature of the nasal pharynx. It has been reported for several drugs that the 
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concentration of drug in the arterial blood was significantly different than that in the 

venous blood after dosing in humans and animals (Chiou, 1981). Likewise, it has been 

suggested that pharmacological activities of ethanol are better correlated with ethanol in 

the arterial blood than ethanol in the venous blood after an oral dose (Chiou, 1981). 

Therefore, the "hysteresis" was considered to arise from a non-steady-state condition. As 

a result. Schemes 8.2 and 8.3 were used to describe the relationship between effect and 

respective concentration over time. 

Cocaine produces euphoria, mental stimulation, and generalized sympathetic 

nervous system stimulation through actions on neurochemical systems. The major 

neurochemical actions of cocaine include central nervous system stimulation resulting in 

an increase in dopamine, release or blockade of serotonin reuptake, and inhibition of 

neural catecholamine uptake resulting in generalized sympathetic nervous system 

stimulation (Mueller, 1990). 

Cocaethylene is a metabolite of cocaine that has been found exclusively in subjects 

who have concurrently ingested cocaine and ethanol. Several studies have indicated that 

the pharmacology of cocaethylene is similar to that of cocaine. For instance, it was found 

that brain dopamine levels increased from base level 400% following an intravenous 

cocaine or cocaethylene dose (Bradberry, 1993). It has been suggested that the 

euphorigenic and reinforcing characteristics of cocaine are associated with the inhibition of 

dopamine reuptake in dopaminergic presynaptic neurons (Landry, 1992). Therefore, 

enhanced effects of physiologic and euphorigenic responses following a combination dose 

of cocaine and ethanol are compared to cocaine or ethanol alone. In this study a model in 
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the form of equation 8.7 (or 8.8) has been proposed: two agonists (i.e., cocaine and 

cocaethylene) that have the same receptor system which results in increased effects. This 

model assumes that there are enough receptors to accommodate the drugs in the system. 

This assumption may be supported by the study of Weiss et al. who have shown that 

dopamine levels in brain extracellular nucleus accumbens remained high compared to 

those at baseline during three hours of cocaine self-administration in rats (0.75 

mg/kg/injection). Similarly, ethanol can be an agonist having the same or different 

receptor system as cocaine or cocaethylene and, thus, the effects of ethanol can be added 

for euphorigenic effects (i.e., "good effect" or "any high") for the model as shown in 

equation 8.9. 

There is a systematic difference in the "n" and "ATeo" values for the responses 

produced after a combined dose of cocaine and ethanol compared to those of cocaine 

alone between the studies of McCance-Katz et al. and Farre et al.. "n" and "ATeo" values 

appeare to be affected after a combined dose of cocaine and ethanol compared to those of 

cocaine alone for the data of McCance-Katz et al., but these values did not appear to be 

affected based on the data of Farre et al.. The reason for this is not clear, it may be due to 

variance in the subject's response or due to the difference in the sequence of ethanol and 

cocaine administration. 

Cocaine produced a significant increase in heart rate in comparison with a placebo 

(McCance-Katz et al.; Farre et al.). A sigmoidal Emax model was chosen to describe the 

heart rate in relation to the effect compartment cocaine concentration. The cocaine effect 

on heart rate was described well over time using equation 8.6 for both data sets. There 
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are no significant differences in the PD parameter values between these two data sets 

(Tables 8.1 and 8.2). Following a combination of drugs, the increase in heart rate was 

greater than that of cocaine alone (Figures 8.7, solid line). Since ethanol had no effect on 

heart rate (i.e., not significantly different than placebo effect; MaCance-Katz et al.; Farre 

et ai), it was speculated that the greater increase in heart rate following the combination 

of cocaine and ethanol could be due to cocaethylene, which was formed in the presence of 

cocaine and ethanol. The sigmoidicity of the curve, denoted by "n" for cocaethylene, was 

set to one so that the effect is directly proportional to concentration, since cocaethylene 

concentration in the plasma is significantly smaller than ECso (i.e., < EC20). Thus, the 

effect on heart rate following combined administration of cocaine and ethanol was 

computed as the sum of the two effects in the form of equation 8.7 (i.e., due to cocaine in 

the presence of ethanol and cocaethylene). This approach permitted an excellent 

description of the kinetics of the effect of combined ingestion of cocaine and ethanol on 

heart rate. The pharmacodynamic parameters (PD) for cocaethylene arc obtained by 

setting those for cocaine constant, then determining the "goodness of fit". This computer-

generated pharmacodynamic parameters for cocaethylene suggested that cocaethylene is 

"equipotent" to cocaine for heart rate effect This finding is in agreement with those of 

McCance et al.(l995) and Perez-Reyes (1994), who compared the effects of cocaine and 

cocaethylene on heart rate (and euphorigenic effects) by dosing these two compounds 

separately in human subjects. Another important factor for the greater increase in heart 

rate is that the cocaine concentrations in the plasma are higher (- 23% increase) following 

a combination dose in comparison to a cocaine dose alone. 
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The effects of cardiovascular toxicity, such as myocardial infarction, 

cerebrovascular accidents and arrhythmias are the most common causes of morbidity and 

mortality associated with cocaine abuse (Fraker et al., 1991; Foltin et al., 1987). The 

present finding suggests that the elevated cardiotoxicity seen following a combination dose 

could be due to the cocaethylene formed, even though quantitatively a small amount of the 

cocaine dose is converted to cocaethylene (calculated to be 12-22%), and to the increase 

In cocaine concentrations during cocaine/ethanol administration. In addition, cocaethylene 

appears to be eUminated more slowly than cocaine. The cardiotoxicity would be expected 

to be greater with the high prevalence of cocaine and ethanol coingestion and the pattern 

of multiple use, in a real setting. 

Administration of cocaine produced elevated euphorigenic effects, measured by the 

subjective intensity of "any feeling of high", "good effect" or "cocaine high" or "high" 

compared to those of a placebo. The differences in subjective response of feeling "cocaine 

high (or high)" from "any high" is that "cocaine high" is referring to cocaine specifically, 

whereas "any high" is a good feeling that is non-cocaine specific (McCance-Katz et 

al. 1993). 

The effect of "any high", "good effect", "cocaine high" or "high" are well 

described over time by applying equation 8.6 (Figures 8.5, 8.6 and 8.7). The equilibration 

half-lives (^Teo) between effect site from arterial site for these effects are 2-5 min (Tables 

8.1 and 8.2). Following intravenous cocaine administration, the estimated equilibration 

half-lives were less than I min from the blood to the effect compartment (brain) on the 

basis of the data of Perez-Reyes (1994). It has been reported that intensity of peak 
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euphorigenic effects depends not only on the dose but also upon the rapidity of drug 

uptake (Jones, 1984). This may be the reason cocaine users prefer the intravenous (or 

smoking) routes of administration over the intranasal route. 

The subjective effect "high" or "cocaine high" was enhanced and prolonged 

following a combination of cocaine and ethanol compared to that of a cocaine dose alone 

(Figures 8.8). On the other hand, ethanol had no ability to produce such an effect These 

effects produced after a drug combination were fitted with equation 8.8. The model gave 

an excellent description of the observed data. This finding suggests that the greater "high" 

or "cocaine high" feeling after a combination drug is due to the elevated cocaine 

concentration in the blood (subsequently, higher levels of cocaine in the brain also) and the 

cocaethylene that was formed in the presence of cocaine and ethanol. Since cocaethylene 

poses similar pharmacological profiles as cocaine, this conclusion may not be surprising. 

Likewise, the subjective "any high" and "good effect" following a cocaine and ethanol 

combination dose was greater and prolonged relative to those observed following a 

cocaine or ethanol dose alone (Fgures 8.9). These effects were well described over time 

using equation 8.9 following a combined dose, suggesting the overall effects are due to 

cocaine (in the presence of ethanol), ethanol (in the presence of cocaine) and cocaethylene 

formed as a metabolite in the presence of ethanol and cocaine. 

In summary, the combination of cocaine and ethanol resulted in a greater and 

prolonged heart rate relative to cocaine alone. This appears to be due to the increased 

cocaine concentration (in the presence of ethanol) in the blood and the cocaethylene, the 

metabolite formed in the presence of cocaine and ethanol. The subjective feelings 



245 

measured as "cocaine high", "any high" or "good effect" were greater and prolonged after 

a combined use of cocaine and ethanol. The effect "high" or "cocaine high" seems to be 

due to the elevated cocaine plasma concentration (in the presence of ethanol) and 

cocaethylene; whereas "any high" and "good effect" appear to be due to ethanol 

concentration (in the presence of cocaine) in addition to those two effects, following the 

combined use of an intranasal route of cocaine and an oral ethanol dose. 



Ka K 
Cocaine 

Ka' 
Cocaine 

EtOH 

Ka,e 

Ka',e 

EtOH 

EtOH 

V m 

K m  

V ' * m 

Cocaine 

Scheme 8.1 



Table 8.1. 

The pharmacodynamic parameters of cocaine (COC), cocaethylene (CE) or ethanol (EtOH) 
after COC (2 mg/kg), COC (2 mg/kg) + EtOH (1 g/kg) or EtOH (1 g/kg)) dosing 

COC +EtOH COC +EtOH COC +EtOH EtOH 
"Heart rate"' "Cocaine-high"' "any-high"2 

Cocaine 

Ema* 27 27 78.8 78.8 67.0 67.0 

ECso (nmoles/ml) 0.66 0.66 0.56 0.56 0.67 0.67 
n 3.6 2.1 8.1 6.6 7.7 6.0 
Kc„ (min ') 0.07 0.05 0.24 0.15 0.25 0.22 

Cocaethylene 

Ema* 
ECso (nmoles/ml) 
Keo(min') 

28 
0.7 
0.2 

62 
0.70 
0.14 

51 
0.77 
0.14 

Ethanol 

Emax 
ECsu (nmoles/ml) 
n 
K e „(min') 

71.5 
25.5 
10.3 
0.1 

71.5 
25.5 
10.2 
0.11 

1. E„mx unit = beats/min 
2. E,„ax unit = % Change in respon.se 



Table 8.2. 

The pharmacodynamic parameters of cocaine (COC), cocaethylene (CE) or ethanoi (EtOH) 
after COC (100 mg) or COC (1(X) mg) + EtOH (1 g/kg) or EtOH (1 g/kg) dosing 

COC +EtOH COC +EtOH COC +EtOH EtOH 
"1 Heart rate" "High" "Good effect" 

Cocaine 

Ema* 27 27 49 49 41.6 41.6 

ECso(nmole.s/ml) 0.89 0.89 0.86 0.86 0.88 0.88 
n 5.4 5.4 3.2 3.2 3.6 3.6 
Keo (min') 0.11 0.11 0.14 0.15 0.15 0.15 

Cocaethylene 

Emax 29.6 45 45 

ECso (nmole.s/ml) 0.9 0.85 0.84 
Kco(min') 0.2 0.2 0.2 

Ethanoi 

48.3 48.3 
ECso (nmoles/ml) 35.1 35.1 
n 4.4 4.4 
K,„(min') 0.08 0.08 

Unit E,„u, i.s the .same a.s Table 8.1 



Figure 8.1. Plasma concentrations of cocaine in the absence (o) or presence (•) of ethanol 
(1 g/kg) following an intranasal dose of cocaine of 100 mg (A) or 2 mg/kg (B) in 9 and 6 
subjects, respectively. Cocaethylene plasma concentrations are also shown (•). Ethanol 
plasma concentrations in the absence (o) or presence (•) of cocaine are shown in (C) and 
(D). The lines represent the non-linear regression analysis of the data. The data were 
obtained from the studies of Farre et al. (1993) and McCance-Katz et a/.(1993). 
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Figure 8.2. Plots of "any high" as a function of plasma cocaine concentrations 
(A) or effect site concentrations (B) following a 2 mg/kg intranasal dose of 
cocaine. The arrows indicate the direction of time. Based upon the data in 
McCance-Katzera/.(I993) and using Scheme 8.1 (equation 8.6). 
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Figure 8.3. Heart rate as a function of time following an intranasal dose of 
2 mg/kg (A) or 100 mg (B) in subjects. The solid lines have been generated 
from the pharmacokinetic-pharmacodynamic model. Based upon the data in 
McCance-Katz et al.{ 1993) and Farre et al. (1993) 
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Figure 8.4. Percentage change in "cocaine high" as a function of time 
following an intranasal dose of 2 mg/kg (A) or 100 mg (B) in subjects. 
The solid lines have been generated from the pharmacokinetic-
pharmacodynamic model. Based upon the data in McCance-Katz et 
a/.(1993) and Farre et al. (1993). 
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Figure 8.5. Percentage change in "any high" (A) and "good effect" (B) 
as a function of time following an intranasal dose of 100 mg or 2 mg/kg, 
respectively in subjects. The solid lines have been generated from the 
pharmacokinetic-pharmacodynamic model. Based upon the data in 
McCance-Katz et al.i 1993) and Farre et al. (1993) 
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Figure 8.6. Percentage change in and "any high" (A) and "good effect" (B) 
as a function of time following an oral dose of I g/kg ethanol. The solid 
lines have been generated from the pharmacokinetic-pharmacodynamic 
model for ethanol. Based upon the data in (1993) McCance-Katz et al. 
(1993) and Farre ^r a/. (1993). 
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Figure 8.7. Heart rate as a function of time following an intranasal dose 
of or 2 mg/kg (A) or 100 mg (B) in the absence (o) or presence of ethanol 
(•; ethanol 1 g/kg). The solid and dashed lines have been generated from 
the pharmacokinetic-pharmacodynamic models. The dotted line represents 
the expected response to cocaine alone in the presence of ethanol. Based 
on the data in McCance-Katz et a/.(1993) and Farre et al. (1993). 
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Figure 8.8. Percentage change in "cocaine high" (A) and "high" (B) as a 
function of time following an intranasal dose of 2 mg/kg, or 100 mg, 
respectively. Symbols and lines have the same meaning as in Figure 8.7. 
The dash-dotted line has been generated from pharmacokinetic-
pharmacodynamic model for cocaethylene. Based upon the data in 
McCance-Katz era/.(1993) and Farre et al. (1993). 
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Figure 8.9. Percentage change in and "any high" (A) and "good effect" (B) 
as a function of time following an intranasal dose of 100 mg or 2 mg/kg , 
respectively. Symbols and lines have the same meaning as in Figure 8.7 and 
8.8. The dash-dot-dot-dashed line has been generated from a 
pharmacokinetic-pharmacodynamic model forethanol. Based upon the data 
in McCance-Katz et al.(1993) and Farre et al. (1993). 
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Appendix A Table 1-1 

Serum concentration as a function of time for cocaine (COC) and its metabolite, 
benzoylecgonine (BE), after an iv dose of 5 mg cocaine/kg under conu-ol conditions 
(3 g water/kg orally, one-half hour prior to cocaine) 

Concentration Concentration Concentration Concentration 
(ng/mL) Time (ng/mL) Time (ng/mL) Time (ng/mL) 

COC BE (min) COC BE (min) COC BE (min) COC BE 

Rat 2 Rat 3 Rat 4 

2221.8 571.3 3 1555.7 264.1 3 1933.2 308.0 3 1518.1 175.0 
771.1 802.5 5 1368.4 435.7 5 1391.0 333.3 10 628.5 672.5 
421.6 737.2 10 926.1 728.4 10 965.1 658.3 13 661.7 912.1 
240.9 901.1 18 529.1 842.1 15 693.3 909.9 15 280.7 1179.5 
128.9 662.4 30 288.4 780.6 30 324.5 1363.4 45 157.3 1519.0 
66.1 608.4 45 152.3 702.1 45 205.1 1501.3 60 69.1 1191.0 
35.6 375.4 60 81.7 614.4 69 91.8 1204.3 90 35.3 750.1 
29.4 108.4 90 38.4 453.4 90 34.2 736.1 120 580.1 
14.1 186.3 120 18.5 287.1 123 617.3 150 303.9 

155.7 150 15.1 170.8 154 18.4 253.5 240 85.6 
96.6 180 102.1 182 262.8 270 42.3 

210 62.2 240 89.6 
240 41.6 267 60.6 
272 29.1 350 32.0 

to o\ 
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Appendix A Table 1-2 

Serum concentration as a function of time for cocaine (CCXZ) and its metabolites, 
cocaethylene (CE), benzoylecgonine (BE), after an iv dose of 5 mg cocaine/kg 
following an oral administration of ethanol (3 g/kg). 

Time Concentration (ng/mL) 

(min) COC CE BE 

Rat 5 

3 1964.4 22.7 290.7 
5 1066.6 31.9 567.2 
10 700.9 36.6 565.3 
20 438.2 46.7 563.7 
30 314.6 41.3 465.4 
45 187.5 39.4 544.7 
61 117.1 26.0 480.8 
91 86.2 25.5 556.2 
120 51.8 15.5 550.2 
150 27.6 11.4 468.8 
180 19.4 415.7 
210 235.3 
241 273.4 
270 237.4 

Rat 6 

3 2603.4 43.9 255.8 
5 1662.3 45.2 328.0 
10 1007.8 46.1 301.7 
21 698.9 54.3 296.3 
30 423.6 43.4 231.1 
45 248.7 39.9 240.7 
60 202.6 40.3 293.1 
90 138.8 29.0 255.1 
120 127.4 26.0 236.6 
150 63.5 21.1 199.8 
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Appendix A Table 1-2 (continued) 

Serum concentration as a function of time for cocaine (COC) and its metabolites, 
cocaethylene (CE), benzoylecgonine (BE), after an iv dose of 5 mg cocaine/kg 
following an oral administration of ethanol (3 g/kg). 

Time Concentration (ng/mL) 

(min) COC CE BE 

Rat 7 

3 1687.1 39.2 297.8 
5 1329.1 55.8 441.6 
10 639.0 66.4 473.3 
20 373.8 58.7 722.2 
30 312.0 61.3 469.4 
45 150.5 41.2 479.6 
61 121.1 39.4 434.5 
91 40.3 15.6 439.9 
120 17.5 11.4 349.8 
150 12.3 8.9 248.9 
180 177.2 
210 136.3 
241 
270 

Rat 8 

3 1186.3 20.6 73.6 
5 816.1 22.6 159.2 
10 580.7 35.8 189.2 
21 348.8 28.9 240.6 
30 205.5 34.4 270.9 
45 105.1 25.1 317.6 
60 48.5 16.2 227.7 
90 19.0 8.5 185.6 
120 12.1 144.8 
151 12.2 81.2 
180 58.8 
210 30.1 
270 21.2 
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Appendix A Table 2-1 

Serum concentration as a function of time for cocaethylene (CE) and its metabolite, 
benzoylecgonine (BE), after an iv dose of 5 mg cocaethylene/kg under control conditions 
(3 g water/kg orally, one-half hour prior to cocaethylene) 

Concentration Concentration Concentration Concentration 
(ng/mL) Time (ng/mL) Time (ng/mL) Time (ng/mL) 

CE BE (min) CE BE (min) CE BE (min) CE BE 

Rat 10 Rat 11 Rat 12 

1859.1 268.2 3 3057.9 195.2 3 1973.5 368.4 3 2139.1 328.8 
1242.1 614.3 5 1517.1 369.7 5 1230.6 530.4 5 1592.9 593.8 
705.6 1059.6 10 1055.3 674.3 10 870.9 1106.8 10 1088.2 1103.1 
477.5 1524.9 20 707.5 976.1 20 439.2 1705.6 20 645.2 1535.5 
277.5 1270.6 31 400.3 1078.3 31 231.3 1578.6 30 389.5 1675.7 
181.2 1352.7 48 243.8 1054.8 47 163.2 1495.5 47 236.9 1501.2 
99.3 1070.9 60 164.5 1104.6 61 156.1 1192.4 60 142.6 1419.6 
67.1 882.6 91 85.3 801.0 90 43.4 1038.9 90 63.6 1238.9 
38.2 521.8 120 40.0 664.6 120 26.2 777.6 122 44.2 972.4 
17.1 351.7 151 11.5 460.0 150 15.7 517.6 150 25.0 707.5 
20.0 365.7 180 343.3 180 376.0 180 498.6 

235.6 210 266.7 210 291.0 210 354.2 
186.9 240 188.9 240 224.8 240 254.0 
106.1 270 129.5 

N> o\ 45^ 
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Appendix A Table 2-2 

Serum concentration as a function of time for cocaethylene (CE) and its metabolite, benzoylecgonine (BE), 
after an iv dose of 5 mg cocaethylene/kg following an oral dose of ethanol (3 g /kg) 

Concentration Concentration Concentration Concentration 
(ng/mL) Time (ng/mL) Time (ng/mL) Time (ng/mL) 

CE BE (min) CE BE (min) CE BE (min) CE BE 

Rat 14 Rat 15 Rat 16 

1595.5 177 3 2736.6 123.6 3 1571.8 210.9 3 1828.1 150.2 
1068.3 287.1 5 1545.1 190.8 5 1343,8 361.8 5 1594.9 238.7 
713.8 539.4 10 966.6 249.8 10 915.8 500.6 10 1068.4 331.8 
427.5 715.0 18 513.9 344.3 20 612.5 666.6 20 648.4 423.0 
270.5 683.9 30 387.6 447.4 30 413.0 682.8 30 433.3 431.8 
164.7 769.0 46 218.4 312.9 48 223.1 650.3 45 299.9 304.6 
117.8 715.4 62 211.9 358.0 60 144.4 624.2 60 185.5 325.0 
65.2 706.6 90 74.0 244.2 90 85.7 496.2 90 135.0 345.8 
33.7 442.7 120 46.5 272.2 120 49.4 397.9 120 85.1 314,1 
20.9 375.1 150 30.7 220.5 150 32.0 324.2 150 57.9 173.4 
15.4 303.0 180 22.8 176.5 180 15.6 223.2 180 53.9 177,8 

237.9 210 12.3 150.6 210 11.9 163.7 210 33.6 154.6 
204.7 240 132.5 243 101.2 270 123.4 
183.6 270 172.4 270 68.7 

to 
ON Ui 
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Appendix A Table 3-1 

Serum concentration as a function of time for benzoylecgonine (BE) after an iv dose of 
5 mg BE/kg under control conditions (3 g water/kg orally, one-half hour prior to BE) 

Time BE Time BE 
(min) (ng/mL) (min) (ng/mL) 

Rat 17 Rat 18 

5 5349.5 5 7967.2 
10 3900.6 10 4760.6 
15 3063.7 15 3878.2 
27 2530.5 20 3683.4 
31 2338.2 30 3600.6 
45 1912.3 45 2656.0 
64 1201.2 90 1113.6 
90 1023.7 120 497.8 
120 713.0 240 124.8 
180 239.8 300 54.4 
240 128.3 360 40.7 
300 65.4 
420 16.9 

Rat 19 Rat 20 

5 9752.7 5 5655.8 
15 5235.9 10 3893.7 
20 4665.7 15 2632.7 
30 3864.8 20 2679.9 
45 2756.5 30 2322.0 
60 2305.1 45 1770.4 
60 1565.1 60 1278.1 
120 838.6 90 721.2 
180 337.7 120 510.6 
240 144.1 180 156.6 
300 55.1 240 69.0 

300 23.7 
422 8.3 
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Appendix A Table 3-2 

Serum concentration as a function of time for benzoylecgonine (BE) after an 
iv dose of 5 mg BE/kg following an oral administration of ethanol (3 g /kg) 

Time BE Time BE 
(min) (ng/mL) (min) (ng/mL 

Rat 21 Rat 22 

5 8628.0 5 7634.2 
10 6175.4 10 4999.5 
15 5348.9 15 5174.2 
20 4369.1 20 3930.8 
31 3855.4 30 3229.2 
46 4029.4 45 2610.5 
60 2333.2 60 2221.5 
90 1681.2 90 1607.9 
120 1210.3 120 1344.5 
180 524.8 180 638.2 
240 223.6 240 312.9 
313 69.5 300 60.8 

360 58.9 
420 20.2 

Rat 23 Rat 24 

5 7587.2 5 10388.8 
10 4276.1 10 5062.6 
15 3347.0 15 3731.6 
20 2806.8 20 2992.7 
30 2211.3 30 2706.2 
45 1767.1 45 2549.9 
60 1669.4 60 1916.7 
90 1056.3 90 1701.2 
120 635.2 120 1036.5 
180 367.5 180 713.5 
240 171.8 240 270.8 
300 85.6 300 122.9 
422 11.5 420 39.6 



Appendix B Table I-1 

Plasma cocaine or cocaethylene concentrations following an iv dose 
of 0.25 mg/kg cocaine or cocaethylene' 

Time Cocaine Time CE^ 
(min) (nmoie/mL) (min) (nmole/mL) 

3.4 0.587 4.1 0.515 
8.6 0.500 8.3 0.463 
18.0 0.404 18.4 0.419 
39.1 0.309 38.4 0.365 
58.2 0.263 58.4 0.297 

120.9 0.137 120.0 0.179 
179.16 0.085 179.0 0.109 
236.0 0.061 236.8 0.073 
359.1 0.020 360.0 0.029 

1. Perez-Reyes a/. 1994 
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Appendix B Table 1-2 

Plasma cocaine concentralions in the presence and absence 
of ethanol and formed cocaethylene following an intranasal 
dose of 2 mg/kg' 

Time Cocaine Cocaine^ CE^ 
(min) (nmole/mL) (nmole/mL) (nmole/mL) 

30 0.753 0.994 0.0329 
45 0.951 1.129 0.0951 
60 0.941 1.206 0.1544_ 
90 0.823 0.937 0.1843 
120 0.625 0.753 0.1890 
150 0.479 0.645 0.1838 
180 0.388 0.483 0.1653 
240 0.254 0.316 0.1340 
300 0.157 0.204 0.0982 
360 0.109 0.154 0.0803 

1. McCance-Katz ef a/., 1993 
2. Ethanol was dosed 30 mm prior to cocaine 
3. Cocaethylene formed in the presence of cocaine and ethanol. 



270 

Appendix B Table 1-3 

Plasma cocaine concentrations in the presence and absence 
of ethanol and formed cocaethylenefollowing an intranasal 
dose of 100 mg' 

Time Cocaine Cocaine^ CE^ 
(min) (nmoie/mL) (nmoie/mL) (nmole/mL) 

7 0.196 0.542 
12.5 0.427 0.760 , 

22 0.504 0.828 0.01 
29 0.567 0.917 0.0262 
42 0.603 1.078 0.0744 
57 0.627 0.956 0.105 
75 0.620 0.855 0.128 
90 0.626 0.763 0.146 
119 0.531 0.664 0.163 
148 0.450 0.529 0.155 
208 0.216 0.318 0.131 
268 0.137 0.190 0.092 
330 0.085495 0.117 0.067 
482 0.038192 0.034 0.022 

1. Farre et ai, 1993 
2. Ethanol was dosed 30 min prior to cocaine 
3. Cocaethylene formed in the presence of cocaine and ethanol. 
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Appendix B Table 1-4 

Plasma cocaine or cocaethylene concentrations following an 
intranasal dose of 3 ^ig/kg cocaine or cocaethylene' 

Time Cocaine Cocaethylene 
(min) (nmole/mL) (nmole/mL) 

15 0.304 0.518 
30 0.389 0.716 
45 0.422 0.731 
60 0.383 0.723 
75 0.379 0.629 
90 0.387 0.600 
120 0.327 0.531 
150 0.271 0.446 
180 0.195 0.356 
210 0.160 0.315 
240 0.126 0.254 
300 0.0872 0.201 
360 0.0613 0.152 
420 0.043839 0.123 
480 0.034873 0.090 
540 0.025908 0.069 
600 0.021179 0.065 

1. McCance er a/., 1995 



Appendix C Table 1-1 

Plasma cocaine concentrations as a function of time in the rat and the monkey following an iv bolus dose 

Time Rat' Time Rat® Time Rat^ Time Monkey^ 
Plasma Plasma Plasma Plasma 

(min) concentration (min) concentration (min) concentration (min) concentration 
(ng/mL) (ng/mL) (ng/mL) (ng/mL) 

15 610 3 1555.7 3 2221.8 15 50 
30 300 5 1368.4 10 771.1 30 40 
60 110 10 926.1 22 421.6 60 20 
120 30 18 529 30 240.9 120 20 

30 288.45 45 128.9 240 6 
45 152.3 61 66 
60 81.73 91 35.6 
90 38.4 120 29.4 
120 18.5 150 14.1 
150 15.1 

1. Nayakera/. 1976 
2. Data obtained from this laboratory 
3. Misra efal. 1977 



Appendix C Table 1-2 

Plasma cocaine concentrations as a function of time in the dog, pig and the 
sheep following an iv bolus dose 

Time 

(min) 

Dog 
Plasma 

concentration 
(ng/mL) 

Time 

(min) 

Pig"^ 
Plasma 

concentration 
(ng/mL) 

Time 

(min) 

Sheep^ 
Plasma 

concentration 
(ng/mL) 

2.5 700 5 1000 5.23 204.2 
5.3 472 10 850 9.8 60.3 
10 362 15 750 15.2 33.9 

14.4 268 30 450 20.6 19.1 
20 245 45 320 25.3 13.8 
30 168 60 210 30 8.7 
45 111 45.5 2 
60 96 60.4 1.05 
90 50 
120 27 
180 16 

1. Misra et at., 1976 
2. Kambam cj/., 1992 
3. Khan et al., 1987 



Appendix C Table 1-3 

Plasma cocaine concentrations as a function of time in human subjects following an iv bolus dose 

Time Mean (4)' Time subject 1^ Time subject 2^ Time subject 3^ 
Plasma Plasma Plasma Plasma 

(min) concentration (min) concentration (min) concentration (min) concentration 
(ng/mL) (ng/mL) (ng/mL) (ng/mL) 

5 180 5 682 5 1005 5 921 
10 125 15 569 15 810 15 815 
15 118 30 254 30 736 30 667 
20 110 45 290 45 663 45 352 
25 94 60 170 60 477 60 430 
30 87 120 82 128 199 120 190 
45 71 160 25 180 105 180 75 
60 59 240 37 240 28 
75 49 300 12 300 16 
90 41 360 8 
120 32 
150 21 
180 19 
240 10 
360 4 
480 2 
660 0.5 

1. Jeffcoat et al. 1989 
2. Barnett fi/. 1981 

K» -J 
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Appendix D Table 1-1 

Experimental pharmacodynamic measures following an 
intravenous dose of 0.25mg cocaine/kg' 

Time "High" Heart rate Cardiac output "M.S.V.R." 
(min) (% change) (% change) (% change) (% change) 

2 42.3 44.0 18.6 -10.6 
4 44.2 49.5 22.3 -15.6 
6 42.1 36.5 27.7 -19.5 
8 42.5 34.5 25.4 -15.3 
10 36.9 28.0 28.9 -18.7 
12 30.5 24.1 25.7 -15.2 
14 25.9 17.6 24.1 -17.9 
16 20.0 16.1 22.6 -18.7 
18 16.6 17.1 20.1 -13.9 
20 13.8 17.9 19.3 -12.3 
22 12.2 17.0 18.1 -13.6 
24 12.0 6.3 16.5 -14.4 
26 11.3 8.7 13.8 -8.6 
28 9.4 5.3 12.7 -10.1 
30 8.1 6.6 11.5 -8.4 
32 5.7 

1. Perez-Reyes ef a/., 1993 
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Appendix D Table 1-2 

Experimental pharmacodynamic measures following an 
intravenous dose of 0.25mg cocaethylene/kg' 

Time "High" Heart rate Cardiac output "M.S.V.R." 
(min) (% change) (% change) (% change) (% change) 

2 27.9 33.5 30.7 -19.1 
4 29.4 29.7 29.9 -22.8 
6 27.6 26.1 31.2 -23.3 
8 27.3 10.9 27.0 -17.7 
10 22.5 11.0 24.6 -15.8 
12 20.3 7.3 17.8 -13.4 
14 17.4 6.3 12.3 -7.0 
16 15.4 3.2 10.0 -8.2 
18 12.8 1.7 5.7 -3.4 
20 10.5 2.7 4.2 -3.2 
22 9.4 2.6 1.9 -3.3 
24 8.4 2.4 -1.0 
26 7.2 1.6 -0.3 
28 6.0 2.3 -1.1 
30 5.6 2.2 -2.5 

I. Perez-Reyes era/., 1993 



Appendix D Table 2-1 

Experimental pharmacodynamic measures following an intranasal dose of 3 )ig cocaine/kg^ 

Time 
(min) 

"Cocaine high" 
(% change) 

"Any high" 
(% change) 

"Rush" 
(% change) 

Heart rate 
(beats/min) 

"S.B.P" 
(mmHg) 

15 51.46 55.76 37.07 74.93 133.65 
30 44.96 49.41 23.45 77.13 131.27 
45 31.69 28.6 6.34 69.46 127.94 
60 17.6 15.92 3.17 68.0 125.4 
75 7.04 4.84 67.1 125.87 
90 4.33 3.5 67.2 124.92 
120 64.4 123.33 

2. McCance er a/., 1995 



Appendix D Table 2-2 

2 Experimental pharmacodynamic measures following an intranasal dose of 3 |ig cocaethyiene/kg 

Time "Cocaine high" "Any high" "Rush" Heart rale "S.B.P" 
(min) (% change) (% change) (% change) (beals/min) (mmHg) 

15 48.75 42.34 24.27 76.76 132.54 
30 51.73 46.25 24.94 73.75 140.32 
45 44.96 38.59 15.17 74.54 133.65 
60 28.71 20.92 3.2 73.5 134.44 
75 11.37 11.68 70.48 130,48 
90 8.946 5.07 68.03 132.22 
120 67.5 126.19 

2. McCance er fl/., 1995 



Appendix E Table 1-1 

Plasma cocaine concenlrations in the absence or presence of ethanol (1 g/kg) and formed 
cocaethylene following an intranasal dose of 2 mg/kg' and plasma ethanol concentrations 
following an oral dose of ethanol (1 g/kg) in the absence or presence of cocaine (2 mg/kg) 

Time Cocaine^ Cocaine^ ce" Ethanol Ethanol® 
(min) (nmole/mL) (nmole/mL) (nmole/mL) (lamole/mL) (nmole/mL) 

30 0.753 0.994 0.032861 26.4741 17.1791 
45 0.951 1.129 0.095104 27.0602 20.572 
60 0.941 1.206 0.154398_ 24.5635 22.2776 
90 0.823 0.937 0.184297 24.7259 24.1604 
120 0.625 0.753 0.189042 21.9046 20.7817 
150 0.479 0.645 0.183825 20.0746 19.4172 
180 0.388 0.483 0.165299 19.2559 18.7713 
240 0.254 0.316 0.134033 15.7317 14.988 
300 0.157 0.204 0.098226 12.837 10.2044 
360 0.109 0.154 0.080252 10.3835 9.6976 

1. McCance-Katz a/., 1993 
2. Control condition {i.e., 3 g water/kg) 
3. Ethanol was dosed 30 min prior to cocaine 
4. Cocaethylene formed in the presence of cocaine and ethanol. 
5. Cocaine was dosed immediately after ethanol. 

N) 
vO 



Appendix E Table 1-2 

Pharmacodynamic responses to cocaine (COC), cocaethylene (CE) or ethanol (EtOH) 
after COC (2 mg/kg), COC (2 mg/kg) + EtOH (I g/kg) or EtOH (1 g/kg) dosing' 

COC +EtOH COC +EtOH COC +EtOH EtOH 

Time Heart rate "Cocaine high" "Any high" 
(min) (beats/min) (% change) (% change) 

15 95.57 89.64 55.75 51.81 45.53 57.56 15.19 
30 91.82 96.17 37.55 58.16 35.09 69.08 40.58 
45 88.26 102.10 24.81 48.15 20.46 61.78 36.15 
60 91.23 99.72 12.68 29.95 10.03 49.25 32.78 
90 84.11 94.58 4.47 24.77 3.01 29.42 12.68 
120 81.34 99.53 3.54 15.96 11.16 10.37 
150 77.39 89.05 3.51 8.97 7.54 5.97 
180 70.00 90.24 7.73 2.88 6.28 
240 74.23 83.91 8.28 2.44 
300 75.02 79.17 8.23 2.53 
360 72.65 80.16 8.79 3.00 

I. McCance-Katz cj/., 1993 



Appendix E Table 2-1 

Plasma cocaine concentrations in the presence and absence of ethanol and cocacthylene following an 
intranasal dose uf 100 mg and plasma ethanol concentration following an oral dose of eihanol in the 
absence or presence of cocaine (100 mg)' 

Time Cocaine^ Cocaine^ ce" Time Ethanol Ethanol^ 
(min) (nmole/mL) (nmole/mL) (nmole/mL) (miri) (nmole/mL) (|imole/mL) 

7 0.196 0.542 14 8 8.3 
12.5 0.427 0.760 , 28 15.05 15.4 
22 0.504 0.828 0.01 42 23.27 19.23 
29 0.567 0.917 0.026 59 25.81 21,51 
42 0.603 1.078 0.074 72 25.94 21,9 
57 0.627 0.956 0.105 87 23.93 23.3 
75 0.620 0.855 0.128 120 21.18 21,18 
90 0.626 0.763 0.146 180 18.06 18,06 
119 0.531 0.664 0.163 240 14.83 14,2 
148 0.450 0.529 0.155 300 10.84 9.57 
208 0.216 0.318 0.131 360 6.59 6.08 
268 0,137 0.190 0.092 
330 0.085 0.117 0.070 
482 0.038 0.034 0.022 

1. Farre et al., 1993 
2. Control condition (i.e., 3 g water/kg) 
3. Hihanol was dosed 30min prior to cocaine 
4. Cocaethylene formed in the presence of cocaine and ethanol. 
5. Cocaine was dosed immediately after ethanol. 



Appendix E Table 2-2 

Pharmacodynamic responses lo cocaine (COC), cocaclhylene (CE) or elhanol (ElOH) 
after C(X^ (iOO mg), COC (100 mg) + ElOH (1 g/kg) or ElOH (1 g/kg) dosing' 

COC +EtOH COC +EiOH COC +EiOH EtOH 

Time Heart rate Time |i 'High" Time "Good effect" 
(min) (beats/min) (min) (% change) (min) (% change) 

5 73.53 77.39 5 9.52 13.67 14 7.12 3.08 
12 80.08 94.83 8 20.34 25.25 28 16.49 9.23 
18 82.44 103.39 12 21.77 31.05 30 23.88 15.96 
23 85.80 105.07 18 24.52 32.82 35 5.15 27.7 15.96 
29 89.67 100.06 21 27.70 37.09 38 12.01 26.91 16.75 
37 82.64 99.74 29 26.21 33.19 42 15.7 35.36 21.37 
42 83.49 99.58 37 25.03 36.50 48 20.05 34.43 19.79 
52 81.50 99.43 45 21.57 33.25 51 19.13 37.73 15.57 
60 77.49 98.94 52 19.52 34.58 59 19.66 34.17 19.92 
90 72.85 82.41 60 13.33 29.59 67 16.49 32.19 16.49 
150 66.76 83.36 75 11.09 26.26 75 12.93 31.0 15.96 

90 8.19 18.24 82 14.64 30.21 13.06 
150 4.59 11.69 90 10.55 25.2 7.65 
210 0.77 6.66 105 6.86 18.47 12.53 

120 5.41 17.81 7.92 
180 0.92 10.82 2.51 
240 0.53 6.6 1.98 

I. Farrc et a/., 1993 


