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ABSTRACT 

Cocaine is a psychomotor stimulant which is widely abused. To 

understand the behavior of cocaine, the disposition kinetics of the compound 

were characterized using the rat as an animal model. 

A sensitive HPLC assay was developed to quantitate cocaine and 

metabolites (cocaethylene, norcocaine, benzoyiecgonine, and benzoyl-

norecgonine) in plasma and urine samples. Since ecgonine methyl ester has 

insufficient UV absorptivity, the quantitation of this compound in blood and urine 

was performed by a GC/NPD method. 

The effects of dose and route of administration on the disposition kinetics 

of cocaine were studied in male Sprague-Dawley rats. The total systemic 

clearance of cocaine following i.v. and s.c. administration are dose-independent. 

The clearance of cocaine {CUF) following i.p. administration is dose-dependent. 

Cocaine absorption following subcutaneous injection was slow but complete 

(F=1.0). The extraction ratio of cocaine in the lung (1-F) is about 0.18. The oral 

bioavailability of cocaine (F=0.05) was low compared to i.p. administration 

{F=0.35-0.63). 

Various properties of cocaine in the blood (blood clearance, blood to 

plasma ratio and plasma protein binding) were characterized using blood from 

the experimental animals and humans (male and female). Cocaine degradation 
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in blood was dose-independent. In rat. cocaine degradation in blood was slow 

and due to the non-enzymatic degradation. In humans, cocaine is metabolized 

by a cholinesterase enzyme and this reaction can be inhibited by NaF. Ethanol 

had no influence on cocaine degradation either in human or rat blood. Cocaine 

blood to plasma ratio was dose-independent and was not influenced by NaF and 

ethanol. Plasma protein binding of cocaine in the rat was independent of 

concentration but depended upon plasma pH. Gender and time of the menstrual 

cycle had no influence on cocaine degradation, blood to plasma ratio or plasma 

protein binding in humans. 

A simple device has been modified for serial venous blood sampling 

which permits the simultaneous measurement of locomotor activity in the freely 

moving rat. The relationship between the locomotor activity following a single 

short i.v. infusion of cocaine and cocaine plasma concentrations can be 

adequately described by the Sigmoid-Em,, model or by the same model coupled 

with an effect compartment. 
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CHAPTER I. HISTORY AND BACKGROUND 

History 

Cocaine (COC) was first extracted and purified from coca leaves, 

Erythroxylon coca, in 1859 by Albert Niemann, a German chemist. Coca leaves 

contain the active chemical COC up to almost 2%. The leaves of the coca plant 

have been chewed by South American Indians for more than 2,000 years to 

reduce fatigue and hunger (1). 

In the late 19*^ and early 20"^ centuries, COC was available in a large 

number of products such as medications and beverages (wine, Vin Mariani, 8 

mg/30 mL COC; and non-alcoholic beverages like Coca Cola, 4.5 mg/180 mL). 

The problems of widespread use of COC became more pronounced due to the 

newly invented hypodermic syringe. COC was thought to be a safe treatment for 

a diverse range of medical ailments, including headache, neuralgia, melancholy, 

nervous exhaustion, hysteria, hypochondriasis, digestive disorders, alcoholism 

and other drug addictions, syphilis, asthma, hay fever and postnasal catarrh 

(1,2). After legal restrictions were put on COC sales in the USA (Harrison 

Narcotics Act, 1914), COC became less available and more expensive. The 

distribution of COC was banned except by prescription. However, the COC 

problem did not go away as it was then sometimes used as a mixture of COC 



19 

and heroin and injected intravenously. This combination was called a 

"speedbair. 

In the 1930s when amphetamine, another less expensive CNS stimulant 

became available, the use of COC declined among both occasional recreational 

users and serious drug addicts. At the end of the 1960s when amphetamines 

became harder to obtain, COC use again began to increase. After 1970, COC 

consumption increased dramatically among American youth. COC was taken at 

that time, primarily by nasal sniffing of the hydrochloride salt. Because of 

relatively low doses and/or slow rate of absorption via the nasal route, serious 

toxicity did not occur. 

In the early 1980s it was discovered that mixing cocaine with baking soda 

and then drying it, resulted in a lump of alkaloidal cocaine in a stable, smokable 

form. This form of COC has street names such as "crack" or "rock". Alkaloidal 

COC also can be obtained by conversion and extraction of illicitly available COC 

hydrochloride; this form is called "free-base". "Crack" and "free base" COC are 

volatile at a lower temperature than is the hydrochloride salt, so those forms can 

be smoked by using a pipe. When smoked, a relatively small amount of COC 

can produce a rapid and short duration of high. COC use spread rapidly during 

1985 and 1986 and became widely used by all socioeconomic classes of the 

population. The compound is refen-ed to by a variety of street names; "coke", 
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"snow", "gold dust", "bemice", "lady", "she", "Dana Blanca", "the nch man's dnjg", 

or "the pimps drug". 

Chemistry 

(-)-COC is the natural alkaloid produced by the coca plant (structure. 

Figure 1-1). The synthesis of (±)-COC was published in 1923. The racemic 

mixture was resolved into the pure (+) and (-) isomers by crystallization with 

tartaric acid (3). The physical appearance of COC hydrochloride is 

characterized as white crystals, granules or powder with a slightly bitter taste 

which freely dissolves in water and alcohol (4). The pKa is 8.6 (5) and the 

molecular weight is 303.35. 

Pharmacology 

The pharmacology of the less active (+)-isomer is very different from the 

natural (-)-COC. The COC molecule does not resemble any of the known 

neurotransmitters. The structure of COC does not help in understanding how 

the drug works on the brain. COC has a variety of pharmacological effects on 

the central nervous system, the cardiovascular system, body temperature, the 

sympathetic nervous system and nerve conduction. 

COC is a potent stimulant drug. The compound is one of the most 

powerful reinforcers, and it's reinforcing properties relate to dopaminergic 
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mesolimbocortical neurons. The reinforcing effects of COC are thought to be 

related to its ability to block the reuptake of dopamine by dopaminergic 

presynaptic nerve terminals in the brain (6). COC blocks the dopamine earner 

or transporter on these terminals, thus, prolonging the time during which 

concentrations of dopamine remain in the synapse and leading to enhanced 

activation of postsynaptic receptors. The results of these events produce the 

potent behavioral effects of COC including euphoria and self-administration in 

both humans and animals. COC can produce hyperactive behavior in animals 

and, in high doses can produce stereotypic behaviors, characterized by 

repetitive movements, such as grooming or turning. 

Cocaine, like other local anaesthetics, disrupts neural transmission by 

interfering with the opening of the sodium channel, thereby inhibiting the transfer 

of sodium ions across the membrane. The depolarization of the axon is 

prevented and the nerve impulse is blocked. At higher concentrations, COC 

affects the cardiac action potential, slowing conduction and impairing 

contractility of the heart. These effects possibly contribute to cardiac arrhythmia 

and sudden death (7,8). 

For sympathomimetic effects, COC blocks neuronal uptake of 

catecholamines and 5-hydroxytryptamine (9). Neuronal uptake is the primary 

mechanism of clearing cathecholamines from the synaptic cleft and of limiting 
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cathecholamine action. By blocking reuptake, COC intensifies the effects of 

neuronally released cathecholamines. 

Central Nervous System: In moderate doses (8-32 mg intravenously), 

COC produces euphoria, arousal, a sense of vigor and friendliness, as well as 

anxiety and psychomotor stimulation (10, 11). Restlessness, loquaciousness 

and tremor may also be observed. 

Cardiovascular System: Due to the effect on the sympatomimetic 

system, COC increases heart rate and blood pressure and decreases skin 

temperature (reflecting cutaneous vasoconstriction) (10). The increased blood 

pressure is a result of both increased vascular resistance and increased cardiac 

output, the latter due to increased heart rate and increased myocardial 

contractility. Moderate doses of COC (2 mg/kg intranasal) constrict coronary 

arteries and this can be blocked by phenylamine, indicating that COC activates 

a-adrenoceptor-mediated systems in the heart. 

Toxicitv and Side Effects 

Adverse reactions to COC are related primarily to dosage, frequency, 

route of administration, and setting. Most direct toxic effects of COC result from 

intense stimulation of central and/or peripheral sympathetic neurons which 

include: 
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Autonomic and neuromuscular effects: tachycardia, hypertension, 

hyperthemia, mydriasis, seizures, respiratory arrest and cardiovascular collapse. 

Central effects: hyperactivity, irritability, insomnia, mood lability, agitation, 

psychosis (often paranoid), delirium, stupor and coma. 

Death caused by COC overdose is much rarer than other drugs such as 

alcohol, barbiturates, and heroin, however, at high doses COC can induce 

seizures followed by respiratory arrest. 

The chronic intoxication presents as paranoid schizophrenia. After the 

cessation of chronic use, abusers may develop fatigue, hypersomnia, 

hyperphagia and depression. 

Dependence and Tolerance 

The withdrawal symptoms associated with COC are not the same as 

those experienced by heroin or barbiturate addicts. The depression that occurs 

following COC use may be viewed as a withdrawal state. The mental 

depression and fatigue following COC administration may be associated with 

temporary depletion of catecholamines and serotonin in the central nervous 

system. 

With repeated exposure, tolerance develops to euphoria while only partial 

tolerance develops to the cardiovascular effects of COC (12). However, some 

behavioral effects of COC, at least in animals, become greater with chronic 
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dosing (13). The mechanism for acute tolerance may involve reduced release 

(perhap via inhibitory dopamine autoreceptor stimulation) and/or enhanced 

synaptic clearance of dopamine, while sensitization after chronic exposure 

seems to involve increased number and sensitivity of postsynaptic dopamine 

receptors and subsensitivity of inhibitory autoreceptors (14,15). 

Metabolism 

COC is rapidly metabolized by enzymatic and non-enzymatic hydrolysis in 

biological fluids and tissues and, as a consequence, very little unchanged COC 

is excreted in the urine. The compound is metabolized by three different 

pathways (Figure 1-1). 

Hydrolysis of the Carboxyl Ester: Hydrolysis of the carboxyl ester 

produces benzoylecgonine (BE). This reaction is mediated by a 

carboxylesterase enzyme present in human liver (16). Several in vitro studies 

have also shown enzymatic hydrolysis of COC to BE in human serum (17), 

canine plasma (18), and rat liver microsomes (19). In addition, the formation of 

BE is catalyzed by a non-enzymatic pathway, especially under alkaline 

conditions (pH > 7). BE was believed to be an inactive product since the 

compound did not produce observable pharmacological effects even after high 

doses (200 mg/kg) when administered systemically. However, BE and 

benzoylnorecgonine (BNE, N-demethylated product of BE) have been reported 
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to have epileptogenic potential following intraventricular administration to rats 

(20.21). 

When COC and ethanol are used simultaneously, cocaethylene (CE) is 

formed via transesterification of COC using the same enzyme that converts COC 

to BE. Hydrolyzed metabolites of CE are formed metabollcally, analogous to 

those observed for COC (22). CE is a pharmacologically active compound that 

has neurochemical and behavioral effects similar to those of the parent 

compound but is possibly more addictive and lethal than COC (23-29). 

Hydrolysis of the Aromatic Ester; Hydrolysis of the phenyl ester 

produces ecgonine methyl ester (EME). This reaction is mediated by 

cholinesterase enzymes present in plasma and liver (16,30-32). Further 

hydrolysis of BE and EME produces ecgonine. It has been reported that 14-17% 

of a COC dose was excreted in the urine as BE and 12-21% as EME (33). EME 

and ecgonine are pharmacologically inactive metabolites. 

N-Demethytation: COC undergoes N-demethylation to norcocaine 

(NCOC) by either the flavin adenine dinucleotide-containing monooxygenases or 

the cytochrome P-450 system (34). NCOC can then undergo a relatively rapid 

N-hydroxylation to N-hydroxynorcocaine. The hepatotoxicity of both NCOC and 

N-hydroxynorcocaine has been demonstrated and appears to require a 

functional cytochrome P-450 system. The exact metabollte(s) responsible for 

the hepatotoxicity of cocaine has not been established but has been suggested 
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to be the one-electron oxidation product of N-hydroxynorcocaine, norcocaine 

nitroxide (35-37) and norcocaine nitroso species (38). 

NCOC has been reported to be approximately 2 to 3 times more potent as 

a stimulant than COC (39) and is equipotent to COC in producing similar 

stimulus properties (40). It has been demonstrated that NCOC had similar 

anorexic and self-administration properties as COC, but it did not increase 

locomotor activity (41). However, little is known about the relative contribution of 

NCOC and its metabolites to the total COC activity. 

Alternate Pathways: When COC free base ("crack") is smoked, a 

pyrolytic product, anhydroecgonine methyl ester, is produced. Identification of 

anhydroecgonine methyl ester in urine may serve as a marker for the 

identification of "crack" users. 
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Figure 1-1. Metabolic pathway of cocaine (COC) in the absence and presence of ethanol 
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CHAPTER II. QUANTITATIVE DETERMINATION OF COCAINE, 

COCAETHYLENE (ETHYLCOCAINE) AND METABOLITES IN PLASMA AND 

URINE USING HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 

introduction 

In order to examine the disposition kinetics of cocaine as well as its 

Interaction with ethanol in the rat, it was necessary to quantitate cocaine (COC) 

and metabolites, cocaethylene (CE), norcocaine (NCOC), norcocaethylene 

(NCE), benzoylecgonine (BE), benzoylnorecgonine (BNE) and ecgonine methyl 

ester (EME) in biological fluids, blood, plasma and urine. Several methods have 

been reported for the identification and quantitation of COC, CE and some 

metabolites in biological material by thin layer chromatography (TLC) (42), 

immunoassay (43), gas chromatography (GC) (44-52) and high performance 

liquid chromatography (HPLC) (53-63). TLC and immunoassay are currently the 

most frequently employed screening methods for the identification of COC and 

metabolites, however, these methods provide only qualitative or semiquantitative 

information. 

HPLC is a particularly useful and simple technique for the determination 

of COC and metabolites and it is generally simpler than GC. However, some 

compounds that have no chromophore in the structure can not be detected by 

UV or fluorescence detection; GC techniques then have an advantage over 
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HPLC. EME, a major metabolite of COC, has low absorptivity. For HPLC assay, 

it is necessary to derivatize the compound (pre- or post-column derivatization) 

for detection. Most GC assays for EME have been performed using GC/MS 

techniques (42,43,45-47,60) which also require derivatization. 

The purpose of this study was to develop a sensitive HPLC assay for the 

quantitation of COC, CE, and metabolites, NCOC, NCE, BE and BNE, in rat 

plasma and urine. EME in blood and urine samples was assayed using GC 

technique with nitrogen/phosphorus detector (GC/NPD) without derivatization. 

Experimental 

Materials 

COC hydrochloride, [^H]-COC (3.2 Ci/mmol), CE fumarate, NCOC, NCE 

fumarate, BE, BNE hydrochloride and EME hydrochloride were generously 

supplied by the Research Triangle Institute (Research Triangle Park, NC) 

through the National Institute on Drug Abuse. Thin-layer chromatography was 

used to test for the purity of [^H]-COC, and no detectable impurities were found. 

Tropacocaine (TC) hydrochloride, theophylline (TP) (anhydrous) and meperidine 

(MP) hydrochloride were obtained from Sigma Chemical Company (St. Louis, 

MO). Antipyrine (AP) (98% purity) and sodium fluoride (NaF) (99.99% purity) 

were purchased from Aldrich Chemical Company (Milwaukee, Wl). Potassium 

phosphate (dibasic) (analytical grade) and n-propyl alcohol were obtained from 
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Mallinckrodt Chemical Inc. (Paris, KT). Potassium phosphate (monobasic), 

sodium phosphate (dibasic), sodium carbonate (anhydrous), sodium bicarbonate 

(analytical grade) and N/10 hydrochloric acid (HCI) (certified grade) were 

purchased from Fisher Scientific Company (Fairlawn, NJ). Pentane sulfonic acid 

(HPLC grade) was obtained from Eastman Kodak Company (Rochester, NY). 

Ethyl alcohol (dehydrated alcohol) was purchased from Quantum Chemical 

Corporation (Tuscola, IL). Acetonitrile, chloroform, tetrahydrofuran, isopropyl 

alcohol and methylene chloride (HPLC grade) were obtained from E.Merck 

(Gibbstown, NJ). Ethyl acetate and methanol (HPLC grade) was purchased from 

J.T. Baker (Phillipburg, NJ). Liquid scintillation cocktail (UniverSol) was 

purchased from ICN (Costa Mesa, CA). 

Standard Solutions 

Stock solutions (1 mg/mL of COC, NCOC, CE, NCE, BE, BNE and EME) 

were prepared In methanol. Working solutions for each compound were 

prepared by dilution from the standard solution with methanol before use. All 

concentrations are expressed as the free base. Solutions of internal standards 

(1 mg/mL) of TC, TP, AP and MP were prepared in water and diluted to 1 ng/mL 

or 10 ng/mL with water before use. These solutions were stable for at least one 

year and were stored at -20 °C. 
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Extraction Procedure 

Sample Preparation for HPLC Assay; The extraction procedures for 

COC and metabolites from plasma and urine are shown in Figures 2-1 and 2-2, 

respectively. 

Plasma-To a 0.1 mL plasma sample in a polypropylene plastic-stoppered 

tube was added 50 nL of the internal standard (1 jig/mL of TC) and 200 iiL of 0.5 

M carbonate buffer (pH 9.1). The mixture was extracted with 2.0 mL ethyl 

acetate by shaking for 10 min followed by centrifugation (1200xg) for 3 min at 

room temperature. The organic phase was transferred (as much as possible) to 

another polypropylene plastic-stoppered tube and assayed for the relatively 

nonpolar compounds, COC, NCOC, CE and NCE. The aqueous phase was 

assayed for the relatively polar compounds, BE and BNE. 

/Assay for the relatively nonpolar compounds: The organic phase was 

back-extracted into 150 iiL of 0.05 M HCI. The lube was shaken for 10 min and 

centrifuged (1200xg) for 3 min at room temperature. The organic phase was 

aspirated and discarded. The aqueous phase was evaporated using a 

centrifugal evaporator (Savant, Farmingdale, NY) at room temperature. The 

residue was dissolved in 150 laL of mobile phase and 100 nL solution was 

injected onto the Ca column. 

Assay for the relatively polar compounds: The aqueous phase remaining 

after the initial organic solvent extraction of plasma, had added to it 50 hL of the 
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internal standard (10 ng/mL of TP) and was extracted with 2.0 mL of a mixture of 

chloroform and isopropyl alcohol (2:1). The tube was shaken for 10 min and 

centrifuged (12G0xg) for 3 min at room temperature. The organic phase was 

transferred (as much as possible) to a new polypropylene plastic-stoppered tube 

and back-extracted with 1 mL of 0.05 M HCI by shaking for 10 min and 

centrifuging (1200xg) for 3 min at room temperature. The aqueous phase was 

separated and evaporated using a centrifugal evaporator at room temperature. 

The residue was dissolved in 150 ^L of mobile phase and 100 ^L solution was 

injected onto the Ci8 column. 

Urine-Five hundred jiL of diluted urine sample was placed into a 

polypropylene plastic-stoppered tube, 50p,L of the internal standard (1 ixg/mL of 

TC) and 200 ^iL of 0.5 M carbonate buffer (pH 9.1) were added. The mixture 

was extracted with 2.0 mL ethyl acetate by shaking for 10 min followed by 

centrifugation (1200xg) for 3 min at room temperature. The organic phase was 

transferred (as much as possible) to another polypropylene plastic-stoppered 

tube and assayed for the relatively nonpolar compounds (as in plasma). The 

aqueous phase was assayed for the relatively polar compounds by adding 50 |iL 

of internal standard (1 iig/mL of AP). The sample was cleaned using solid phase 

extraction, as described below. 

Light load octadecyl (Cis) columns (Bakerbond, Phillipburg, NJ) were 

inserted into the vacuum manifold and conditioned by washing once with 3 mL of 
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methanol and 3 mL of 0.5 M carbonate buffer (pH 9.1). The columns were 

prevented from running dry before applying the sample. Samples were 

transferred onto each column and gently drawn through. The sample tube was 

rinsed with 1 mL of carbonate buffer and this solution was passed through the 

column. The columns were washed with 3 mL of a mixture of water-methanol 

(80:20%, v/v) using high vacuum. The analytes were gently eluted with 3 mL of 

methanol. The eluate was evaporated to dryness using a centrifugal evaporator 

at room temperature. The residue was dissolved in 150 fiL of mobile phase. 

The solution was filtered, if necessary, using a 0.45 (im Acrodisc (Gelman 

Sciences, Ann Arbor, Ml) and 100 jiL of the solution was injected onto the Cis 

column. 

Sample Preparation for GC Assay: To a 0.5 mL blood sample was 

added 2 mL of 3% sodium phosphate (dibasic) and 100 ^L of the internal 

standard (MP, 1 |ig/mL). EME in urine was extracted in the same manner as in 

blood except that 50 jaL of the internal standard (TC, 10 lag/mL) was used. The 

samples were submitted to solid-phase extraction using Detectabuse™ columns 

(Biochemical Diagnostics, Inc., Edgewood, NY). Solvents and samples were 

drawn through the column by gravity. The columns were conditioned by washing 

with 2 mL methanol and 2 mL 7% of n-propyl alcohol in 3% potassium phosphate 

(dibasic) solution. After sample application, the columns were washed with 3 mL 

of a mixture of water:3% sodium phosphate (dibasic) (1:4) and then dried under 
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vacuum for 5 min. The analytes were eluted from the column with 0.5 mL 

methylene chloride:isopropyl alcohol (80:20). Two iiL of the eluate was injected 

onto the column. 

Instrumentation 

HPLC was achieved with a Beckman 11 OB pump and a Supelcosil LC-

ABZ Ci8 column, 15 cmx4.6 mm I.D., 5 ^m (Supeico, Bellefonte, PA) and a 

Nova-Pak Ca column, 15 cmx3.9 mm I.D., 4 |im (Waters, Milford, MA) for assay 

of the relatively polar and nonpolar compounds, respectively. The column eluent 

was monitored on a Waters 486 UV detector at a wavelength of 235 nm. 

Gas chromatography was achieved with a Hewlett-Packard model 5890 

series II gas chromatography equipped with a 5% phenyl methyl silicone column 

(HP-5 column, 50mx0.2mm ID; Hewlett-Packard, Wilmington, DE). 

Chromatographic Conditions 

The mobile phase for the HPLC assay of the relatively nonpolar 

compounds from plasma and urine consisted of a mixture of 100 mM pentane 

sulfonic acid and 50 mM monobasic potassium phosphate (pH 6.0) (76%, v/v) 

and acetonitrile (24%,v/v). A flow rate of 1.3 mL/min was used. The mobile 

phase for assay of the relatively polar compounds from plasma consisted of 25 

mM monobasic potassium phosphate (pH 6.9) (96.3%,v/v), acetonitrile (3%,v/v) 
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and tetrahydrofuran (0.7%,v/v). The same mobile phase with a slightly different 

composition (96.2:3:0.8, % v/v; flow rate 1.5 mL/min) was used for assay of the 

relatively polar compounds in urine. The assays were conducted at room 

temperature. 

For gas chromatography, helium was used as a carrier gas with a flow 

rate of 8 mLymin, and the temperatures were set at 280 °C for the injector and 

detector. The oven temperature was programmed to remain at 100 °C for 1 min 

then increased to 280 °C at a rate of 20 °C/min. 

Standard Calibration Curves 

HPLC Assay; Standard curves for the plasma assay were prepared with 

blank rat plasma at concentrations of 25, 50, 100, 125, 250, 500 and 1000 

ng/mL for the assay of COC, NCOC, CE and NCE and 50, 100, 125, 250, 500 

and 1000 ng/mL for the assay of BE and BNE. Standard curves for the urine 

assay were prepared in water at concentrations of 5, 12.5, 25, 50, 100 and 125 

ng/mL for the assay of COC, NCOC, CE and NCE and 12.5, 25, 50, 100, 125 

and 250 ng/mL for the assay of BE and BNE. One hundred |j.L (plasma assay) 

or 500 |iL (urine assay) of a standard solution (in methanol) were taken to 

dryness before adding 100 iiL of plasma (drug free) containing NaF (5 iiL of 

saturated NaF: 100 ^iL of plasma) and 500 |iL of water, respectively, and 

extracted as described above. 
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GC Assay: Standard curves of EME were prepared in blank blood at 

concentrations of 100, 200, 400, 600, 800, 1000 and 1200 ng/mL. For the 

standard curves of EME in urine, the following concentrations were prepared: 

300, 600, 900, 1200, 1500 and 1800 ng/mL. Five hundred jiL of a standard 

solution (in methanol) were taken to dryness before adding 500 ^iL of blood 

(drug free) or 500 of diluted urine and 500 piL of 200 mM NaF and extracted 

as described above. 

Peak area ratios between COC, NCOC, CE, NCE, BE, BNE and EME and 

internal standard were plotted against the concentrations of each compound. 

The data were analyzed by linear regression. 

Validation of the Method 

HPLC Assay: Standard solutions of 50 and 250 ng/mL of COC, NCOC, 

CE and NCE and 100 and 250 ng/mL of BE and BNE were used to determine 

the reproducibility of the plasma assay. In urine, 12.5 and 125 ng/mL of COC, 

NCOC, CE and NCE and 25 and 125 ng/mL of BE and BNE were used. 

GC Assay: Standard solutions of 200 and 1000 ng/mL EME were used to 

determine reproducibility. For the urine assay, concentrations of 600 and 1500 

ng/mL were used. 

Triplicate samples were prepared for each concentration each day. The 

solutions were assayed as described above. The concentrations of each 
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compound were deterniined each day for 3 days from the intraday calibration 

curves. Intraday variability was determined from the triplicate samples and the 

equivalent concentration from standard curves, (n=4). Each concentration of 

each compound determined during 3 days of assay were pooled and used to 

calculate the interday variation, (n=12). For HPLC assay ,the mobile phases 

were freshly prepared each day. 

Radioactivity Assay 

Radiolabeled COC and metabolites were extracted from biological 

samples and separated using the same procedures as for non-radiolabeled 

compounds. As each compound eluted from the HPLC, it was fraction collected. 

Each fraction was added to 10 mL of liquid scintillation cocktail and counted in a 

liquid scintillation counter (Packard Tricarb Scintillation Counter, Model 460C. 

Packard Instrument Co., Downers Grove, IL). 

Stability of Compounds in Buffer 

One hundred nL of 250 ng/mL of COC, NCOC, CE, NCE, BE and BNE in 

methanol were taken to dryness before adding 50 laL of the internal standard (1 

lig/mL of TC) and 100 |iL of plasma containing NaF. Two hundred nL of 

carbonate buffer (pH 9.1) was added to the solutions. The solutions were stored 

at room temperature for 0, 10, 20 and 30 min, extracted and assayed for the 
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relatively polar and nonpolar compounds in plasma as described above. 

Triplicate samples were prepared for each test condition. 

Stability of Compounds in Acid 

One hundred of 250 ng/mL of COC, NCOC, CE and NCE in methanol 

were taken to dryness before adding 50 iiL of the internal standard (1 jig/mL of 

TC) and 150 laL of 0.05 M HCI. The solutions were stored at room temperature 

for 0, 10, 20 and 30 min, evaporated and reconstituted with 150 nL of mobile 

phase. One hundred ^iL of solution was injected onto the Ca column. For the 

relatively polar compounds, 100 ^iL of 250 ng/mL of BE and BNE in methanol 

were dried, 50 laL of the internal standard (10 |ig/mL of TP) added and stability 

tested in 1 mL of 0.05 M HCI. The solutions were stored at room temperature for 

0,10, 20 and 30 min, evaporated and reconstituted with 150 jiL of mobile phase. 

One hundred piL of solution was injected onto the Cia column. Triplicate 

samples were prepared for each test condition. 

Stability of Compounds in Plasma 

Fresh plasma: One hundred of 500 ng/mL of COC, NCOC, CE, NCE, 

BE and BNE in methanol were taken to dryness before adding 100 iiL of fresh 

plasma blank containing NaF. The solutions were stored at room temperature 

for 0, 10, 20 and 30 min, extracted and assayed for the relatively polar and 
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nonpolar compounds as described above. Triplicate samples were prepared for 

each test condition. 

Frozen plasma: One hundred iiL of 500 ng/mL of COC, NCOC, CE, NCE, 

BE and BNE in methanol were taken to dryness before adding 100 nL of fresh 

blank plasma containing NaF. The solutions were stored at -20°C for 55 days, 

extracted and assayed for the relatively polar and nonpolar compounds as 

described above. Triplicate samples were prepared for each test condition. 

Compound degradation was determined from the percentage remaining 

which was based upon the percentage of the absolute peak area at different 

times compared to that at the initial time. Tests of statistical significance were 

performed using the Student's t-test, assuming unequal variances. A p-value 

less than 0.05 was considered to be significantly different. If the data suggested 

random differences at given times relative to that at the initial time, statistical 

significance of the correlation between the percentage compound remaining and 

time was assessed by testing the hypothesis that the slope of the regression line 

is equal to zero. 
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Results 

Chromatography 

Figure 2-3 illustrates representative chromatograms of COC, NCOC, CE 

and NCE from blank plasma, blank diluted urine, plasma spiked with standards 

and authentic plasma samples. Representative chromatograms of BE and BNE 

from blank plasma, plasma spiked with standards and authentic plasma samples 

cleaned by liquid-liquid extraction, blank diluted urine and water spiked with 

standards cleaned by solid phase extraction are shown in Figure 2-4. The 

retention times of TC, COC, NCOC, CE and NCE were 6.3, 8.0, 8.7, 14.3 and 

15.8 min, respectively, for the assay in plasma and urine. TP, BE and BNE 

exhibited retention times of 5.9, 11.4 and 12.7 min, respectively, for the assay In 

plasma. AP, BE and BNE exhibited retention times of 7.8, 8.9 and 10.1 min, 

respectively, for the assay in urine. The retention times of BE and BNE were 

slightly different when comparing the assays in plasma and urine, as a result of 

slightly different compositions of the mobile phases, as described under 

chromatographic conditions. The blank plasma and blank diluted urine provided 

clean chromatograms at the elution times for all compounds. Separation of 

adjacent peaks is given by resolution which is defined as the distance between 

adjacent peaks (at the maximum) divided by the average of the base-line width 

of those two peaks (64). The resolution of TC and COC, COC and NCOC and 

CE and NCE for the assays in plasma and urine were 1.4, 1.0 and 1.3, 
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respectively. The resolution of BE and BNE was 1.2 for the assay in plasma and 

those of AP and BE and BE and BNE were 1.0 and 1.4, respectively, for the 

assay in urine. 

Representative chromatograms of EME from blood, and urine cleaned by 

solid phase extraction are shown in Figures 2-5 and 2-6, respectively. The 

retention times of EME, MP, TC and COC were 4.5, 6.1, 7.1 and 8.5 min, 

respectively, for the assay in blood and urine. The blank blood and blank diluted 

urine provided clean chromatograms at the elution times of the compounds. 

Standard Calibration Curves 

The standard calibration curves for all compounds were linear over the 

range of concentrations used in the study. The values were in the range of 

0.980 to 0.999. The parameters of the linear regression equations describing 

the relationship between peak area ratio and concentration for the assays in 

plasma, blood and urine using HPLC or GO are shown in Table 2-1. 

Validation of the Method 

The intraday and interday variation of the assay in blood/plasma and 

urine are reported in Tables 2-2 and 2-3, respectively. 

The intraday coefficients of variation for COC, NCOC, CE and NCE were 

in the range of 0.4 to 11.2% and 0.5 to 12.3% for the assay in plasma 
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(concentrations of 50 and 250 ng/mL) and in urine (concentrations of 12.5 and 

125 ng/mL), respectively. The intraday coefficients of variation for BE and BNE 

were in the range of 0.5 to 7.6% and 6.1 to 11.0% for the assay in plasma at 

concentrations of 100 and 250 ng/mL and in urine at concentrations of 25 and 

125 ng/mL, respectively. The interday coefficients of variation for all compounds 

were in the range of 2.0 to 17.0% and 7.1 to 18.0% for the assay in plasma and 

urine, respectively, at the same concentrations as used to determine intraday 

reproducibility. 

The intraday and interday coefficients of variation of the assay of EME In 

blood using GC/NPD were in the range of 3.4 to 22.7% and 9.1 to 13.5%, 

respectively (concentrations of 200 and 1000 ng/mL). The assay in urine had 

the intraday and interday coefficients of variation in the range of 2.7 to 14.4% 

and 5.8 to 12.2%, respectively (concentrations of 600 and 1800 ng/mL). 

Stability of COC 

There was no degradation of any compound within 30 min nor were there 

any significant differences in absolute peak area between 0, 10, 20 and 30 min, 

in 0.5 M carbonate buffer (pH 9.1) and 0.05 M HCI (Figure 2-7). The stability of 

the compounds in fresh plasma containing NaF during 30 min and the influence 

of sample freezing on stability were also determined (Figure 2-8). There was no 

degradation of any compound within 30 min and no significant differences in 
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absolute peak area among the 0, 10, 20 and 30 min samples In fresh plasma 

containing NaF at room temperature. The compounds were stable for 55 days of 

storage in frozen plasma. The percentages remaining within 55 days were in the 

range of 92 to 111 %. The linear regression slopes of the percentage remaining 

versus time plots were approximately zero. 



44 

Discussion 

There are numerous analytical methods in the literature which can be 

used or adapted to quantitate COC, CE and metabolites. For compounds that 

could be quantitated by UV detection, HPLC was used over GC. HPLC easier 

and more reliable and, in addition, it permits fraction collection of effluent which 

can be applied in experiments employing radioactivity. For EME which has 

insufficient absorptivity, a GC/NPD technique was used to assay the compound. 

Originally the method of Dean et al. was modified for the analysis of 

plasma using HPLC (16). That method was abandoned because CE had a long 

retention time (25.8 min) and the assay lacked sufficient sensitivity. The use of 

cyanopropyl columns was examined with and without heating and with ion-

pairing. Although the chromatography was efficient, there were blank 

interferences and the column life was short. Furthermore, most all current 

techniques will not adequately separate the relatively polar metabolites (BE and 

BNE) from the relatively nonpolar compounds (COC, NCOC, CE and NCE). 

Several solid phase extraction cartridges to clean urine samples were tried 

Detectabuse™ cartridge type CV-50, containing a nonionic copolymer 

(Biochemical Diagnostics, Inc., Edgewood, NY) provided a clean background 

chromatogram for the urine assay but it could not separate the relatively polar 

and nonpolar compounds. 
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For the HPLC assay, the procedure adapted employed two succeslve 

liquid-liquid extractions and two column injections to separate and quantitate the 

relatively polar and nonpolar compounds in plasma. In urine, the procedure 

employed a liquid-liquid extraction followed by solid phase extraction and two 

column injections, as for plasma. Solid phase extraction was used to separate 

the relatively polar compounds (BE and BNE) from urine instead of using liquid-

liquid extraction, as applied to plasma, because chloroform;isopropyl alcohol 

(2:1) extraction in urine resulted in blank interferences. 

For the GC assay, blood and urine samples were cleaned by solid phase 

extraction using Detectabuse™ cartridge. This extraction procedure can 

separate EME and COC from the biological fluids. The compounds can be 

directly detected by NPD detector without derivatization. For the assay of COC, 

both HPLC and GC techniques developed provided the same accuracy and 

precision. However, for the studies discussed here, COC will be quantitated by 

HPLC. 

The analytical methods reported here allow for the quantitative and 

reproducible analysis of COC, NCOC, CE, NCE, BE and BNE from plasma and 

urine samples as well as the quantitation of EME in blood and urine. The 

quantitation limits of these methods for assay of nonpolar compounds, COC, 

NCOC, CE and NCE and polar compounds, BE and BNE in plasma were 25 

ng/mL (2.5 ng in 0.1 mL) and 50 ng/mL (5 ng in 0.1 mL), respectively. This 
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method is less sensitive than the method of Lampert (61) (1 ng/mL or 0.5 ng for 

the assay of COC, NCOC, BE and BNE using low wavelength UV detection, 228 

nm, cadmium lamp) but is more sensitive than some other HPLC methods (> 5 

ng) (54,56,59,63). For the assay in urine, the quantitation limits were 5 ng/mL 

and 12.5 ng/mL (2.5 and 6.25 ng in 0.5 mL) for assay of the relatively nonpolar 

and polar compounds, respectively, which is more sensitive than some HPLC 

methods (54,55,62). 

The detection limit of EME in blood and urine was 200 ng/mL and 300 

ng/mL, respectively (100 and 150 ng in 0.5 mL of blood and urine, respetively) 

which was more sensitive than the assay of Ortufio (51) but less sensitive than 

the assay of Lombardero (52) and Abusada (65). 

The standard calibration curves for ail compounds in blood, plasma or 

urine reproduced well from day-to-day. The standard curves for the HPLC 

assays of all compounds in urine were prepared in water which should reflect the 

behavior of the extensively diluted urine samples. 

COC undergoes rapid ester hydrolysis in biological fluids to form BE and 

EME. BE is produced spontaneously in solution, particularly at pH>7. If liquid-

liquid extraction is employed, COC exposure to pH > 8.0 must be brief due to 

rapid hydrolysis (44). The stability (over 30 min) of each compound and the 

internal standard (TC) was examined in the various fluids (0.5 M carbonate 

buffer (pH 9.1) and 0.05 M HCI) with which they will have substantial contact 
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during the extraction procedure. COC is stable during the extraction procedure 

and the compound is stable for at least 55 days by storage in the freezer. The 

results were consistent with the report by Isenschmid et al. in 1989 (66); 

specimens stored at -15°C showed no COC loss during a 110 day period. 

However, the assay should be done within a week of sample collection. 

The source of ethyl acetate also may have a dramatic effect on the 

stability of the internal standard. TC (data not shown). 

The methods outlined here have sufficient sensitivity to characterize the 

kinetics of COC and the interaction between COC and ethanol in animals. 
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Table 2-1. 
Calibration parameters of standard curves for cocaine (COC), cocaethylene 

(CE) and metabolites in plasma, water, blood and urine . 

Compound Slope 
mL/ng (±SD) 

Intercept 
ng/mL (±SD) 

COC; Plasma 0.0028 (0.0001) 0.008 (0.009) 0.999 
Water 0.0191 (0.0004) 0.083 (0.049) 0.990 

NCOC; Plasma 0.0026 (0.0001) -0.017(0.008) 0.998 
Water 0.0199 (0.0006) -0.008 (0.021) 0.996 

CE; Plasma 0.0026 (0.0001) 0.008 (0.008) 0.999 
Water 0.0221 (0.0030) - 0.042 (0.027) 0.994 

NCE; Plasma 0.0023 (0.0000) - 0.035 (0.025) 0.995 
Water 0.0203 (0.0032) -0.095 (0.051) 0.993 

BE; Plasma 0.0022 (0.0003) 0.015 (0.012) 0.998 
Water 0.0033 (0.0026) - 0.021 (0.028) 0.990 

BNE; Plasma 0.0019(0.0002) 0.018(0.010) 0.995 
Water 0.0069 (0.0025) - 0.046 (0.022) 0.995 

EME; Blood 0.0039 (0.0003) -0.115(0.081) 0.989 
Urine 0.0011 (0.0004) -0.086 (0.101) 0.983 

a Mean values are reported for 3 standard curves and each curve is based 
upon 6 concentrations. SD and are the standard deviation and coefficient 
of determination, respectively. 
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Table 2-2. 
Intraday and interday reproducibility of the analysis of cocaine (COC), 

cocaethylene (CE) and metabolites in plasma and 
ecgonine methyl ester (EME) in blood. 

Cone. Intraday Interday 
Compound Added Reproducibility Reproducibility 

ng/mL Cone. Found Cone. Found 
ng/ml(%CV)* %Bias'' ng/mL(%CV)'' "/oBias" 

COC 50 52.9 (3.0) 5.7 49.6 (8.8) -0.7 
250 254.9 (1.0) 2.0 258.2 (2.0) 3.3 

NCOC 50 46.9 (2.6) -6.2 44.9 (5.2) -10.1 
250 258.3 (0.4) 3.3 263.1 (2.4) 5.2 

CE 50 49.8 (7.9) -0.5 50.5 (7.4) 1.0 
250 260.0 (1.0) 4.0 258.9 (2.8) 3.6 

NCE 50 44.1 (11.2) -11.8 48.7(17.0) -2.7 
250 263.3 (1.9) 5.3 265.3 (4.0) 6.1 

BE 100 96.8 (7.6) -3.2 97.3 (8.0) -2.7 
250 265.5 (0.5) 6.2 274.1 (6.9) 9.7 

BNE 100 97.6 (3.4) -2.4 90.9 (9.7) -9.1 
250 257.6 (2.6) 3.1 272.4 (8.5) 9.0 

EME 200 196.8 (3.4) -1.6 193.6(13.5) -0.0 
1000 1037 (4.4) 3.7 969.9 (9.1) -0.0 

a Mean of 4 samples, %CV = %coefficient of variation 
b % Bias = (Found-Added)x100/Adcled 
c Mean of 12 samples 



Table 2-3 
Intraday and interday reproducibility of the analysis of cocaine (COC), 

cocaethylene (CE) and metabolites in water. 

Gone. 
Compound Added 

ng/mL 

Intraday 
Reproducibility 
Cone. Found 
ng/ml(%CV)* %Blas'' 

Interday 
Reproducibility 
Conc.Found 
ng/mL(%CV)'' %Bias'' 

COC 12.5 11.4 (5.2) -8.5 9.9 (13.5) -20.7 
125 122.5 (1.1) -2.0 113.2 (8.4) -9.5 

NCOC 12.5 11.9 (5.7) -4.5 11.2 (7.6) -10.1 
125 125.9 (0.5) 0.7 115.7 (8.4) -7.4 

CE 12.5 13.2 (4.9) 5.8 12.1 (7.1) 1.6 
125 128.4 (1.1) 2.7 119.0 (11.8) -4.8 

NCE 12.5 13.6 (12.3) 9.1 13.1 (7.7) 6.8 
125 128.8 (1.1) 3.1 120.4 (11.7) -3.7 

BE 25 27.8 (6.6) 11.1 26.4 (18.0) 5.4 
125 120.6 (11.0) -3.6 111.2 (10.4) -9.8 

BNE 25 25.5 (6.2) 1.9 27.6 (11.4) 10.3 
125 120.2 (6.1) -3.9 113.8 (7.3) -8.9 

EME 600 577.6 (8.9) -3.7 636.3 (12.2) 6.1 
1500 1376 (2.7) -8.3 1483 (5.8) -1.2 

a Mean of 4 samples, %CV = %coefficient of variation 
b % Bias = (Found-Added)x100/Added 
c Mean of 12 samples 
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Plasma 

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

r ^ -n Organic Phase 
back-extracted with 0.05 M HCI 

Organic Phase 
aspirate and 

discard 

Agueous Phase 
50 nL IS (TP) extracted with 

2mL CHCLailPA (2:1) 

1 
Agueous Phase Organic phase 

evaporated to dryness back-extracted 
and assayed for COC, with 0.05 M HCI 
NCOC, CE and NCE 

Agueous phase 
discard 

r 
Organic phase 

discard 

I 
Agueous phase 

evaporated to dryness 
and assayed for BE and 
BNE 

Figure 2-1. Extraction procedure for cocaine (COC), norcocaine (NCOC), 
cocaethylene (CE), norcocaethylene (NCE), benzoylecgonine (BE) and 
benzoylnorecgonine (BNE) in rat plasma. 
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Urine 

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

Organic phase Aqueous phase 
back-extracted with 0.05 M HCI 50 (iL IS (AP) cleaned with 

SPE (Ci8 light load) 

r~ 
Organic phase 
aspirate and 

discard 

1 
Aqueous phase 

evaporated to dryness 
and assayed for COC, 
NCOC, CE and NCE . 

methanol eluate 
evaporated to dryness and 
assayed for BE, BNE 

Figure 2-2. Extraction procedure for cocaine (COC), norcocaine (NCOC), 
cocaethylene (CE), norcocaethylene (NCE), benzoylecgonine (BE) and 
benzoylnorecgonine (BNE) in rat urine. 
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Figure 2-3. Representative tiigh performance liquid chromatograms illustrating the separation of cocaine (COC), norcocaine 
(NCOC), cocaethylene (CE) and norcocaethylene (NCE) after treatment of samples and under the chromatographic conditions 
outlined in the text. A) blank plasma. B) blank diluted urine. C) plasma spiked with each compound at a concentration of 250 
ng/mL (internal standard, TC, 1 ng/mL). D) authentic plasma sample collected from one rat at 120 min after i.p. dose of 10 
mg/kg COC HCI following oral administration of ethanol, 3 g/kg; Key; (a) TC; (b) COC; (c) NCOC; (d) CE and (e) NCE, 
Retention times (min) are indicated in the chromatograms. 
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Figure 2-4. Representative high performance liquid chromatograms illustrating the separation of benzoylecgonine (BE) and 
benzoylnorecgonine (BNE) after treatment of samples and under the chromatographic conditions outlined in the text. A) 
blank plasma. B) plasma spiked with each compound at a concentration of 500 ng/mL (internal standard, TP, 10 ^g/mL). C) 
authentic plasma sample collected from one rat at 300 min after I p. dose of 10 mg/kg COC HCI following oral administration 
of ethanol, 3 g/kg. D) blank diluted urine after solid phase extraction. E) blank water spiked with each compound at a 
concentration of 50 ng/mL (internal standard, AP, 1 Mg/mL); Key; (a) TP; (b) BE; (c) BNE and (d) AP. Retention times are 
indicated in the chromatograms. 
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Figure 2-5. Representative gas chromatograms illustrating the separation of 
ecgonine methyl ester (EME), meperidine (MP) and cocaine (COC) after 
treatment of samples and under the chromatographic conditions outlined in the 
text. A) blank blood. B) blood spiked with EME at a concentration of 600 ng/mL 
(internal standard, MP, 1 p.g/mL). (a) EME; (b) MP and (c) COC. Retention time 
(min) are indicated in the chromatogram. 
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Figure 2-6. Representative gas chromatograms illustrating the separation of 
ecgonine methyl ester (EME), tropacocaine (TC) and cocaine (COC) after 
treatment of samples and under the chromatographic conditions outlined in the 
text. A) blank diluted urine. B) urine spiked with EME at a concentration of 600 
ng/mL (internal standard, TC, 10 ng/mL). (a) EME; (b) TC and (c) COC. 
Retention time (min) are indicated in the chromatogram. 
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Figure 2-7 Stability of cocaine (COC), norcocaine (NCOC), cocaethylene (CE), norcocaethylene (NCE), 
benzoylecgonine (BE), and benzoylnorecgonine (BNE). (A) plasma blank containing NaF and carbonate buffer (pH 
9.1) at room temperature; (B) 0.05 M HCI. Each plot illustrates the percentage of compounds remaining as a 
function of time. Concentration of each compound was 250 ng/mL. Each value represents the mean of 3 
determinations. The cross-hatched vertical bars represent the standard deviation of the mean (when not shown, the 
bars were smaller than the symbol). 
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Figure 2-8. Stability of cocaine (COC), norcocaine (NCOC), cocaethylene (CE), norcocaethylene (NCE), 
benzoylecgonine (BE), and benzoylnorecgonine (BNE) (A) in fresh plasma blank containing NaF and (B) in plasma 
blank containing NaF stored at -20 C. Each plot illustrates the percentage of compounds remaining as a function of 
time. Note the difference in the time scales. Concentration of each compound was 500 ng/mL. Each value 
represents the mean of 3 determinations. The cross-hatched vertical bars represent the standard deviation of the 
mean (when not shown, the bars were smaller than the symbol). 
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CHAPTER III. CHARACTERIZATION OF THE PROPERTIES OF COCAINE IN 

RAT BLOOD: BLOOD CLEARANCE, BLOOD TO PLASMA RATIO AND 

PLASMA PROTEIN BINDING 

Introduction 

Cocaine (COG) is susceptible to enzymatic and nonenzymatic hydrolysis 

in biological fluids and tissues. The compound is extensively metabolized in the 

liver. The systemic (or total body) clearance (CLs) of COG determined in this 

study (in male Sprague-Dawley rats) is approximately 180 ± 27 mL/min kg 

following intravenous administration of GOG (5-10 mg/kg) (Chapter 6). The 

renal clearance of GOG was determined to be 9.6 ± 3.4 mtymin-kg, 

approximately 5% of systemic clearance. The value for CLs is considerably 

higher than estimates of hepatic blood flow in the rat, 70 mL/min-kg (67). These 

findings suggest extrahepatic and extrarenal clearing mechanisms which may 

include the blood, lung or other organs. Recently, Dean et al. have shown that 

not only the liver but lung, kidney, heart and brain have carboxylesterase activity 

which catalyzes GOG to benzoylecgonine (BE) in the rat (68). 

The hydrolysis of GOG in plasma and liver by cholinesterase enzymes 

can be blocked by NaF, eserine and diisopropylfluorophosphate (16,30). 

Similarly, the formation of BE from GOG catalyzed by carboxylesterase enzyme 

in the liver is also inhibited by NaF and eserine (16). The in vitro studies of 
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Isenschmid et at. demonstrated that COC blood samples preserved with NaF at 

physiological pH and at 25 °C are hydrolyzed to BE only (66). NaF blocked the 

degradation of COC in plasma to ecgonine methyl ester (EME) but did not block 

the formation of BE. 

As mentioned in Chapter 1, COC can also undergo transesterification to 

form CE in the presence of ethanol using the same carboxylesterase enzyme 

that catalyzes the formation of BE (16,69). This observation has been made in 

both in vivo and in vitro studies. Roberts and co-workers found that the in vitro 

metabolism of COC to BE in human and mouse liver may be competitively 

inhibited by the presence of ethanol (70). 

As part of a study to examine COC disposition, it was important to 

characterize the properties of COC in the blood of the experimental animal. The 

purpose of this study was to quantitate COC metabolism/degradation in whole 

blood as a function of COC concentration, and the influence of ethanol and 

enzyme-inhibitors on that process. The extent of COC binding and blood to 

plasma distribution were also examined. The results of this study have been 

published (71). 
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Experimental 

Animal 

Male Sprague-Oawley rats (Harlan Sprague Dawley, Inc., Indianapolis, 

IN) weighing 200 to 300 g were used for the in vitro blood or plasma experiments 

(Appendix A, Tables A-1 to A-5). Blood was collected using the "aortic stick" 

method which involves withdrawing blood through the abdominal aorta of ether-

anesthesized rats. Blood was collected in 12 mL heparinized syringes to 

prevent blood from clotting. For the plasma experiments, heparinized blood was 

centrifuged immediately at 3000 x g for 10 minutes and the plasma was 

separated. 

Blood Degradation 

Approximately 30 mL heparinized blood was collected from four rats 

immediately before the experiment. Different aliquots of standard solutions (1 

and 10 |ig/mL) of COC in methanol were taken to dryness in polypropylene 

plastic tubes using a centrifugal evaporator at room tempearature. One or 1.5 

mL heparinized blood was transferred to the tubes to produce the following final 

COC concentrations; 500, 1000, 2000 and 4000 ng/mL. All concentrations are 

expressed as COC free base. The samples were divided into three groups. 

One group of COC samples (500, 1000, 2000 and 4000 ng/mL) was tested for 

blood degradation without adding NaF. Another group of samples (1000 and 
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4000 ng/mL) was tested for COC blood degradation in the presence of NaF. 

Fifty or 75 nL was taken from an aqueous stock solution of 0.80 M NaF and 

placed into polypropylene plastic tubes and dried as noted above before adding 

1 or 1.5 mL of blood containing COC. The final NaF blood concentration was 40 

mM. The last group of samples (1000 ng/ml) was tested for COC blood 

degradation in the presence of ethanol. Twenty nine iiL of 20% ethanol in 

water was added to 1000 ng/mL COC in blood to produce the final concentration 

of 3 mg/mL ethanol. Triplicate samples were prepared for each concentration In 

each group. 

After gently mixing COC and blood, all samples were placed into a 

shaking water-bath (Precision Scientific, Chicago, IL) at 37 °C for 2 min. 

Samples were then separated into 100 |iL aliquots, placed in polypropylene 

plastic tubes and incubated in a shaking water-bath at 37 °C. Samples from 

each group were taken at 0, 6, 24 and 30 hr and assayed for COC by the 

procedure outline above. These sample times were selected on the basis of 

preliminary experiments. 

Blood to Plasma Ratio 

In vitro: Different aliquots of 100 ng/mL COC in methanol were placed 

into polypropylene tubes and taken to dryness using a centrifugal evaporator at 

room temperature. Ten mL of heparinized blood was added to the tubes and 
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vortex mixed to produce the following final COC concentrations; 100, 1000 and 

1500 ng/mL. The three tubes each containing 10 mL were divided into two 

groups of 5 mL each. Group one samples were used to determine the blood to 

plasma ratio of cocaine without adding ethanol. In group two, 19 i^L of absolute 

ethanol was added to 5 mL to produce a final ethanol concentration of 3 mg/mL. 

In addition, the blood to plasma ratio of COC at a concentration of 1000 

ng/mL was determined in the presence of NaF. A sample of 1000 ng/mL of COC 

in blood was prepared as above. Five hundred |iL of 0.80 M NaF was placed 

into polypropylene plastic tubes and dried before adding blood containing COC. 

The final concentration of NaF in the blood solution was 40 mM. Duplicate 

samples were withdrawn for each concentration in each group. 

After mixing COC and blood, all samples were placed into a shaking 

water-bath at 37 °C for 2 min. Duplicate samples of 100 and 400 |j.L were 

withdrawn and placed into polypropylene plastic tubes. One hundred nL 

samples were assayed for COC in whole blood. Another 400 jiL whole blood 

sample was centrifuged at 3000xg to separate plasma. One hundred |iL of 

plasma was taken and assayed for COC. 

In vivo : Male Sprague-Dawley rats weighing 250 to 275 g were used. 

The right external jugular vein was cannulated while the animal was under light 

ether anesthesia according to the procedures described previously (72). Two 

days later, three rats received COC intravenously at a dose of 10 mg/kg in 
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normal saline. A single blood sample (7 mL) was collected via an indwelling 

venous catheter from each rat at a different time after COC administration (15, 

30 or 90 min). Blood samples were adjusted to pH 7.4 by adding 0.2 M 

phosphoric acid. pH was determined with an Accumet* pH meter (Fisher 

Scientific Company, Fairlawn, NJ). Fifteen hundred of blood were separated 

to determine the blood to plasma ratio. The 1500 nL blood was divided into 

three parts (500 each). A one-hundred jxL sample was taken and assayed for 

COC In whole blood. Another 400 whole blood sample was centrifuged at 

3000xg to separate plasma. One hundred |iL of plasma was taken and assayed 

for COC. The remaining blood was centrifuged at SOOOxg for 10 min to separate 

plasma which was used for the binding study as described below under in vivo 

plasma protein binding. 

Another rat was used for experiments to determine the influence of pH on 

COC blood to plasma ratio. The rat received COC intravenously at a dose of 10 

mg/kg in normal saline. A blood sample (7 mL) was collected via an indwelling 

venous catheter 30 min after COC administration. The blood sample was 

divided into 2 groups (3.5 mL each). In one group the blood was adjusted to pH 

7.2. In the other group blood was adjusted to pH 7.6. The blood to plasma 

ratios were determined as described above. 
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Plasma Protein Binding 

In vitro : Fresh blood was taken and plasma obtained immediately 

before the experiment. Different aliqouts of 1, 10 and 100 ng/mL COC in 

methanol containing ^H-COC (in methanol:toluene-1:9) were taken to dryness 

before adding plasma to produce final concentrations of 50, 500 and 2000 ng/mL 

of COC and approximately 25 ng/mL of ^H-COC. Therefore, the total COC 

concentrations were 75, 525 and 2025 ng/mL. The plasma was adjusted to pH 

7.4 before being added to the tubes containing COC. The samples were 

incubated at 37 °C for 15 min prior to the experiment. Plasma protein binding 

was detenmined using an ultrafiltration method. Aliquots (400 ^L) of plasma 

containing COC (unlabeled and labeled COC) were placed into the ultrafiltration 

device with a YMT membrane (Centrifree®, Amicon Corp., Danvers, MA) and 

immediately centrifuged at a speed of 1054 rcf for 15 min at 37 °C. ^H-COC in 

the ultrafiltrate and plasma sample were determined by adding 10 mL of liquid 

scintillation cocktail to 50 nL sample and counting in a liquid scintillation counter. 

The binding of COC in the presence of ethanol was detennined by using 

the same concentration of COC and ^H-COC as above and adding ethanol to 

those samples to produce a final ethanol concentration of 3 mg/mL. 

The effect of pH on binding was also determined as outlined above at a 

COC concentration of 500 ng/mL with 25 ng/mL of ^H-COC at pH 7.0, 7.2. 7.4, 

7.6, 7.8. 
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The nonspecific binding of COC to the ultrafiltration device was also 

detemnined using plasma-water containing 500 ng/mL of COC and 25 ng/ml of 

^H-COC at pH 7.0 to 7.8. There was no nonspecific binding to the membrane or 

the ultrafiltration device at any pH (data not shown). 

In vivo : Blood samples were taken from rats receiving the 10 mg/kg 

dose of COC intravenously as described under blood to plasma ratio 

determination. The plasma was separated, spiked with ^H-COC to produce the 

final ^H-COC concentration of 25 ng/mL. The plasma samples were adjusted to 

pH 7.4 and COC binding was determined as previously described. 

Analytical Procedures 

Blood and plasma samples were analyzed using methods described In 

Chapter 2 for concentrations of COC and [^H]-COC (73). 

Statistical Analysis 

Statistical significance among groups was determined by one way 

ANOVA. If significant differences were found, the Bonferroni t-test was used to 

compare two groups. In addition, statistical significance of the correlation 

between the determined parameters as a function of COC concentration or pH 

was assessed by testing the hypothesis that the slope of the regression line is 

equal to zero. A p value of < 0.05 was considered to be significantly different. 
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Results 

COC degradation profiles in blood at concentrations ranging from 500 to 

4000 ng/mL in the presence and absence of NaF or ethanol at 37 °C are shown 

in Figure 3-1. The experimental data associated with COC degradation 

reproduced well as indicated by the fact that the variance, expressed with 

standard deviation, is smaller than the symbols used for plotting the mean 

values. COC concentrations in blood declined in a log-linear fashion (note the 

semi-logarithmic axes in Figure 3-1) during the 30 hour incubation period. The 

latter relationship suggests that COC loss occurs by a first-order kinetic process. 

The slopes of these lines permit calculation of an apparent overall first-order 

rate constant of degradation/metabolism {i.e., K^pp). The corresponding half-life 

values are listed in Table 3-1. The rate constant can be used in conjunction with 

an estimate of total blood volume in the rat to calculate blood clearance. The 

product of the rate constant for the control experiment and estimated blood 

volume (64 mL/kg) (74) provides estimated values for blood clearance which 

range from 0.054 to 0.058 mL/min-kg (Table 3-1). A plot of in vitro blood 

clearance vs. COC concentration is illustrated in Figure 3-2. The mean values 

at each COC concentration are associated with little variance indicating good 

reproducibility (% coefficient of variation ranges from 2 to 8%). Furthermore, the 

ti/2, K»pp and blood clearance values are independent of COC concentration; 

there are no statistically significant differences among these values. 
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The addition of NaF to blood Increased the degradation rate of COC (at 

both concentrations, 1000 and 4000 ng/mL) as illustrated in Figures 3-1 (B) and 

3-2 and as listed in Table 3-1. There were no differences in COC blood 

clearance at concentrations of 1000 and 4000 ng/ml in the presence of NaF {viz., 

0.073 and 0.072 mL/min kg). Blood clearance of COC increased by about 50% 

in the presence of NaF and that increase was significantly different (P < 0.01) 

from the corresponding COC concentration in the absence of NaF. 

The addition of ethanol resulted in no significant differences in blood 

clearance (0.057 vs. 0.058 ml/min-kg) and half-life of COC in blood compared to 

the control (Figure 3-2 and Table 3-1). 

The blood to plasma ratio of COC was determined by directly measuring 

COC concentrations in blood and plasma in both spiked and authentic samples. 

The relationship between COC blood to plasma ratio and COC concentration 

and pH are illustrated in Figure 3-3. The ratios were in the range of 0.94 to 1.05 

over the concentration range of 100 to 1500 ng/mL for the spiked samples 

(Table 3-2). This ratio was not influenced by the presence of NaF or ethanol. 

The blood to plasma ratio in authentic samples was in the range of 0.99 to 1.03 

over the COC concentration of 250 to 1500 ng/mL and was pH-independent 

within the pH range of 7.2 to 7.6 (Figure 3-3). There was no relationship 

between COC blood to plasma ratio and COC concentration. 
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The results of the in vitro plasma protein binding of COC are presented in 

Table 3-3. The in vitro unbound fraction of COC was in the range of 0.62 to 0.63 

over the concentration range of 75 to 2025 ng/mL. The unbound fraction of 

COC in the presence of ethanol varied from 0.60 to 0.64 over the same range of 

concentrations. There was no significant difference in the unbound fraction of 

COC at 525 ng/mL in the presence and absence of ethanol. There were 

statistically significant differences in the unbound fraction of COC at 75 and 

2025 ng/mL when comparing the presence and absence of ethanol, p < 0.05. 

Although the differences were significant as a result of a small variation in the 

data, the values were essentially identical (see Table 3-3). This suggests that 

ethanol does not affect the in vitro binding of COC in plasma. 

A plot of the unbound fraction of COC determined from "in vivo" and "in 

vitro" samples vs. COC concentration is illustrated in Figure 3-4. There was no 

significant difference in COC unbound fraction over the COC concentration 

range of 75 to 2025 ng/mL. This finding Is consistent with the in vivo results in 

which there was no significant relationship between the in vivo unbound fraction 

of COC and COC concentration (over the concentration range of 300 to 1500 

ng/mL). 

The "in vivo" binding of COC was slightly but significantly lower than that 

determined in vitro (p<0.05) (Figure 3-4). The average in vivo unbound fraction 

of COC was 0.68 ± 0.01 over the concentration range of 300 to 1500 ng/mL 
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which was slightly greater than that found in spiked in vitro samples, 0.63 ± 0.01 

over the COC concentration range of 75 to 2025 ng/mL. However, the difference 

in binding values between in vivo and in vitro samples was very small and might 

be due to variation among the animals. These findings are consistent with those 

reported by Nayak et al. {in vitro COC binding; 0.67 ± 0.008, and in vivo COC 

binding; 0.61 ± 0.05) (75). 
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Discussion 

The average in vitro blood clearance of COC in the rat was 0.056 ± 0.003 

mL/min kg over the range of COC concentrations of 500 to 4000 ng/mL. This 

value represents approximately 0.03% of the systemic clearance of COC, 180 ± 

27 mL/min kg, which was determined in the rat. This suggests that the 

contribution of blood clearance to systemic clearance of COC is negligible. The 

high systemic clearance of COC reflects metabolism which occurs predominantly 

in the liver and perhaps the lung and other organs. 

The addition of NaF to blood increased the degradation rate of COC 

instead of inhibiting enzyme activity. This observation was of particular concern 

because NaF is routinely added to biological fluids containing COC in order to 

prevent enzymatic breakdown. As noted previously, COC stability is sensitive to 

solution pH. The pH of blood measured in these studies indicated that blood pH 

containing NaF was higher than that of blood without NaF (ca., pH 7.4). The pH 

of blood containing NaF increased to approximate 8.0 when blood was 

incubated in a shaking water-bath during 30 hr. 

To test pH change as an explanation for different rates of COC 

degradation in blood, several additional experiments were performed. Whole 

blood (2.4 mL) was mixed with 160 mM, pH 7.4, phosphate buffer (0.6 mL) with 

or without NaF (final concentration 40 mM). There were no significant 

differences in COC blood clearance and half-life in blood at the same pH (7.4) in 
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the absence or presence of NaF (data not shown). The greater degradation rate 

of COC in blood containing NaF compared to the blood control, as noted above, 

appears to be the result of chemical degradation. NaF did not inhibit COC 

hydrolysis to BE in blood since there was no significant difference in COC blood 

clearance when comparing blood buffered at pH 7.4 with and without NaF. The 

results are consistent with those of Isenschmid's studies (66). However, NaF 

might inhibit the activity of the cholinesterase enzyme that catalyzes COC to 

EME, as reported in other studies (30,66,70). This possibility can not be 

confirmed since EME was not quantitated in this study. 

The presence of ethanol does not contribute to or change in vitro blood 

clearance of COC. No cocaethylene (CE) was formed in blood samples 

containing COC in the presence of ethanol. This observation suggests that the 

formation of CE in the presence of COC and ethanol by carboxylesterase 

enzyme occurs in other organs, such as the liver. This finding is supported by 

those of Dean et al:, ethyl transferase activity was found in rat liver, lung, kidney 

and heart but not in brain, spleen and serum (68). 

Plasma COC binding in human serum has been reported to be 

concentration-dependent over the COC concentration range of 0.5 to 10 ng/mL 

(76). This finding differs from the results in this study which indicate that plasma 

COC binding in the rat is dose-independent. Generally, alpha-1-acid 

glycoprotein is the major plasma protein that binds to basic drugs. Bailey has 



73 

found that the high affinity plasma protein for COC in humans is alpha-1-acid 

glycoprotein (K,ssn. 2.56 x 10''L/mol) (77). COC also binds to human albumin but 

with lower affinity {K,san, 4.47 x 10^ L/mol). The reported plasma alpha-1-acid 

glycoprotein concentration in the rat (0.25 kg) is 1.81 g/100 mL which is ten 

times higher than the plasma concentration of this protein in humans (70 kg, 

0.18 g/100 mL) (78). The concentration of plasma albumin in rats and humans 

are about the same (3.16 and 4.18 g/100 mL, respectively). The higher 

concentration of alpha-1-acid glycoprotein in the rat might be an explanation for 

the lack of a concentration dependency in COC binding in rat plasma. In 

addition, the binding experiments were performed over a lower concentration 

range of COC (75 to 2025 ng/mL vs. 500 to 10,000 ng/mL). The lower COC 

concentration used here would reduce the probability of saturating binding sites. 

The influence of pH on the binding of COC is illustrated in Figure 3-5. 

The binding of COC to plasma protein was sensitive to plasma pH. The 

relationship between COC unbound fraction (fu) and pH is apparently linear {fu = 

3.18 - 0.34-pH, 1^ = 0.975, p < 0.001). Relative to plasma protein binding at pH 

7.4, the unbound fraction will increase or decrease by 5.3% per 0.1 pH unit 

change. The linear relationship between unbound fraction and pH is consistent 

with a report of COC binding in human serum (f„ = 2.01 - 0.24-pH, = 0.913, P < 

0.001) (76). 
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Making the assumption that only the non-ionized form of a drug binds to 

one protein and the protein concentration is very high (higher than the drug 

concentration during the experiment), and, therefore, that total binding protein 

concentration is about equal to the unbound protein concentration, the following 

relationship between the unbound fraction and the fraction non-ionized for a 

basic drug can be derived; 

r — ^ (3-1) 
<u 

1 
a  =  — — T T j —  ( 3 - 2 )  

where fu is unbound fraction, is the apparent asssociation binding constant, 

(P) is total protein concentration and a is fraction of non-ionized drug. A plot of 

the reciprocal of the unbound fraction (1/fu) of COC and fraction non-ionized (a; 

COC pKa is 8.6) (5) is illustrated in Figure 3-6. The intercept on the Y-axis is 

close to the predicted value of 1 (1.13). The slope of the plot represents the 

product of Kassn and (P). The estimate of total alpha-1-acid glycoprotein 

concentration for a 0.25 kg rat is 1.81 g/100 mL (78). Therefore, the apparent 

for alpha-1-acid glycoprotein binding (MW = 42,000) in the rat can be 

estimated to be approximately 1.50 x 10^ L/mol. This estimated value will be 
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correct if COC binds to alpha-1-acid glycoprotein only or if the binding to that 

protein is greater than to other proteins. The estimation of the apparent K^ssn 

made in this study is close to what was determined in humans (2.56 x 10"* L/mol) 

for COC binding to alpha-1-acid glycoprotein. However, to test if the apparent 

Ktssn estimated here is the correct value for alpha-1-acid glycoportein binding, 

the binding of COC to pure protein should be investigated. 

In summary, the degradation of COC in rat blood occurs slowly. The 

resulting estimate of blood clearance indicates that this mechanism contributes 

little to systemic clearance. Ethanol has no effect on COC degradation in blood 

and CE is not formed. In contrast, NaF is likely to potentiate the degradation of 

COC in blood as a result of increased blood pH. It is important, therefore, to 

either immediately freeze or assay the sample after adding NaF to blood or 

plasma. COC blood to plasma ratio is independent of concentration (100 to 

1500 ng/mL) and pH (7.2 to 7.6) and has a value of about 1. The ratio was not 

affected by ethanol or NaF. The in vitro and in vivo unbound fractions of COC 

(0.62 to 0.69) were independent of concentration (75 to 2025 ng/mL). COC 

binding was not affected by ethanol but was sensitive to changes in plasma pH; 

the unbound fraction decreases as pH rises. 
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Table 3-1 

In vitro clearance and half-life of cocaine (COC) in rat blood 

COC concentration Blood clearance * Blood half-life" 
(ng/mL) mL/min kg (SD) hr (SD) 

500 0.054 (0.004) 13.7(1.1) 

1000 0.058 (0.002) 12.7(0.5) 

2000 0.058 (0.002) 12.7(0.5) 

4000 0.055 (0.001) 13.4 (0.3) 

1000 with NaF 0.073 (0.005)' 10.1 (0.7) 

4000 with NaF 0.072 (0.003) 10.2 (0.4) 

1000 with EtOH 0.057 (0.001)' 12.9(0.2) 

a n=3: SD = standard deviation. 
b Harmonic mean and "pseudo" standard deviation (n=3) (79). 
c Significantly different from the same COC concentration without NaF {p<0.01). 
d Not significantly different from COC concentration of 1000 ng/mL with NaF. 
e Not significantly different from the same COC concentration without ethanoi. 



Table 3-2 

In vitro blood to plasma ratio of cocaine (COC) in rat blood 

Blood to Plasma Ratio 

COC concentration 

ng/mL 
COC COC with EtOH COC with NaF 

400 1.04 1.04 

1000 0.94 0.94 0.98 

2000 1.05 1.04 

a Blood to plasma ratio is the ratio of the average COC concentration in 
blood (n=2) to the average COC concentration in plasma (n=2) 



Table 3-3 

In vitro plasma protein binding of cocaine (COC) 

Fraction unbound 
COC concentration 

ng/mL COC COC with EtOH 
Mean * (SD) Mean * (SD) 

75 0.63(0.00) 0.60(0.01)" 

525 0.63 (0.00) 0.62 (0.00) 

2025 0.62(0.01) 0.64(0.00)'' 

a n=3; SD = standard deviation. 
b Significantly different from the same COC concentration without 

ethanol (p < 0.05). 
c Not significantly different from the same COC concentration without 

ethanol. 
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Figure 3-1. Cocaine concentrations in rat blood as a function of time at 37 °C 
(note the semi-logarithmic axes): (A) without ethanol or NaF; (B) in the presence 
of ethanol or NaF. All values in each graph represent the mean of three 
detemninations. Key: (O) 500 ng/mL, (A) 1000 ng/mL, (•) 2000 ng/mL, (<>) 4000 
ng/mL, (•) 1000 ng/mL with NaF. (V) 1000 ng/mL with ethanol, (•) 4000 ng/mL 
with NaF. The solid lines represent the linear regression fit of the data. The 
cross-hatched vertical bars represent the standard deviation of the mean. 
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Figure 3-2. Cocaine (COC) blood clearance as a function of COC concentration. 
All values represent the mean of three determinations. The solid line represents 
the linear regression analysis of the control data [CLbi- 0.057-3.85x1 0'® [COC], 
- 0.0003 ; p = 0.956). The cross-hatched vertical lines represent the standard 

deviation of the mean. 
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Figure 3-3. (A) plot of cocaine (COC) blood to plasma ratio as a function of COC concentration. Key: (•) authentic 
samples at pH 7.4, (•) authentic samples at pH 7.2, (•) authentic samples at pH 7.6, (O) spiked samples without 
ethanol, (V) spiked samples containing ethanol (3 mg/mL), (T) spiked samples containing NaF (40 mM). The solid 
line represents the linear regression analysis of all data (B/P = 1.02-1.1x10® [COC], = 0.007, p = 0.711). Values 
for authentic samples represent the mean of 3 determinations. (B) plot of COC blood to plasma ratio as a function 
of pH. The solid line represents the linear regression analysis of the data (B/P = 0.62 + O.OS pH, ? = 0.014, p = 
0.675). Each value represents the mean of 3 determinations except for the value at pH 7.4 (mean of 9 
determinations). The cross-hatched vertical lines represent the standard deviation of the mean. 
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Figure 3-4. The unbound fraction of cocaine (COC) in rat plasma as a function 
of COC concentration. Key; (•) in vivo COC unbound fraction, each data point 
represents the mean of 3 determinations from a single animal given a 10 mg/kg 
intravenous dose of COC. The solid line represents the linear regression 
analysis of the data {fu = 0.672 + 4.76x10'®.[COC], = 0.0475, p = 0.573).; (O) in 
vitro COC unbound fraction without ethanol. The solid line represents the linear 
regression analysis of the control data = 0.629 - 3.61x10"® [COC], = 0.340, 
p =0.10).; (•) in vitro COC unbound fraction in the presence of ethanol. All in 
vitro values represent the mean of 3 determinations. The standard deviations 
are not seen as those values were smaller than the symbols. 
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Figure 3-5. Plot of cocaine unbound fraction as a function of plasma pH. Each 
value represents the mean of 3 determinations. The solid line represents the 
linear regression analysis of the data (fu = 3.18 - 0.34-pH, - 0.975, p < 0.001). 
The standard deviations are not seen as those values were smaller than the 
symbols. 
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Figure 3-6. Plot of the reciprocal of cocaine unbound fraction as a function of 
fraction non-ionized and pH (top axis). Each value represents the mean of 3 
determinations. The solid line represents the linear regression analysis of the 
data (fo = 1.13 + 6.45-a, = 0.993, p < 0.001). The standard deviations are not 
seen as those values were smaller than the symbols. 
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CHAPTER IV. CHARACTERIZATION OF THE PROPERTIES OF COCAINE IN 

HUMAN BLOOD: THE EFFECT OF GENDER AND TIME OF 

MENSTRUAL CYCLE 

Introduction 

There are a number of factors that contribute to inter-individual variation in 

the disposition kinetics of drugs. Those factors include, among others, age, gender, 

genetics, disease states, smoking and co-administration of other drugs including 

ethanol. Gender-related differences in drug disposition in rats have been well 

recognized (80,81). Those differences have been shown to depend upon the 

characteristics of the drug, metabolizing enzyme system involved, age and animal 

species. Gender-specific differences in the enzymatic activities involved with 

cocaine (COG) metabolism have been reported in the rat. The methyl esterase and 

ethyl transesterase enzyme activities were found to be greater in male than in 

female liver and slightly greater in female than in male lung (82). Furthermore, it 

was found that sex-differences in COG' s toxicity in mice was also androgen-

dependent which can mediate the stimulation of microsomal protein and liver weight 

(83). 

Gender-related differences in drug disposition in humans have been shown 

for a limited number of substances, however, those differences appear to be small 

(84). There are many factors which might contribute to gender-related differences in 
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drug disposition. Several such differences reside in the relative proportion of muscle 

and adipose tissue and plasma and tissue protein binding factors, which could 

influence the apparent volume of distribution and elimination half-life (85). 

Gender differences in drug disposition in humans may also be related to 

differences in plasma protein binding which may affect the clearance of certain 

drugs (low clearance drugs). The level of albumin does not appear to be greatly 

influenced by gender (86), however, the plasma concentrations of ai-acid 

glycoprotein appear to be reduced by estrogen (87). Thus, females appear to have 

slightly lower plasma concentrations of this protein than do males. Numerous 

physiological changes occur during the menstrual cycle in, for example, levels of 

hormones (FSH, estrogen and progesterone) and fluctuations in water and 

electrolyte balance which might influence the disposition of several drugs (88-91). 

Gender differences have become an increasingly important consideration In 

COC abuse treatment strategies. Lukas et al. reported that COC affects males and 

females differently and that hormonal fluctuations may play an important role in a 

woman's response to the drug (92). Gender differences in COC s effect are due to 

a combination of metabolic differences and the greater physical bamer to COC 

absorption aeated by the increase in nasal mucosity, noted in females. 

In humans, COC is metabolized to ecgonine methyl ester (EME) in plasma by 

cholinesterase enzymes. Although males have higher levels of these enzymes in 

their blood plasma, women have higher levels of this type of enzyme in red blood 
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cells. The red blood cell enzyme metabolizes COC much more actively than the 

plasma enzyme does (92). The significance of these effects depends upon the 

contribution of COC degradation in blood to the total clearance of COC by the body. 

Previously, the properties of COC in the blood of rats (blood clearance, blood 

to plasma ratio and plasma protein binding) have been reported (71). COC 

degradation in rat blood was slow and due only to chemical degradation to 

benzoylecgonine (BE). The purpose of this study was to examine the metabolism of 

COC in human blood as a function of concentration. The influence of ethanol and 

enzyme-inhibitors on that process was also measured. In addition, the influence of 

gender and time during menstrual cycle were examined. These studies were 

performed using blood from healthy male and female volunteers. In females, the 

study was performed using blood taken at different times; once during the follicular 

phase and again during the luteal phase. The extent of COC plasma protein binding 

and blood to plasma distribution were also examined. 
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Experimental 

Human Studies 

Studies were performed in human blood obtained from 7 male (age; 26-52 

years; weight: 71-66 kg) and 6 female (age: 27-42 years; weight: 50-77 kg) subjects 

(corresponding to male #1-7 and female # 1 -6, Appendix A, Tables A-6 to A-13). All 

subjects were in good health and not taking any medication (including oral 

contraceptives) during the time of blood sampling. The males had blood withdrawn 

once, but blood from women was obtained at two different times during the 

menstrual cycle; once during the follicular phase (5 to 9 days after the onset of 

menstruation) and again during the luteal phase (18 to 22 days after the onset of 

menstruation). Blood was withdrawn (eariy morning after an over-night fast) through 

an arm vein and collected into 15 mL heparinized tubes (Vacutainer®, Becton 

Dickinson, Rutherford, NJ) containing 286 USP units of sodium heparin to prevent 

blood from clotting. Hematocrit was measured on all blood samples before starting 

the experiment. For the plasma experiments, heparinized blood was centrifuged 

immediately at 3000xg for 5 min and the plasma was separated. 

Detemiination of Hematocrit 

Hematocrit was measured in blood samples using capillary tubes which were 

centriftjged at SOOOxg for 2 min to separate plasma and blood cell portions. 



89 

Hematocrit was obtained from the ratio of the height of the packed blood cells to the 

total height of blood cells and plasma. 

Metabolism in Blood 

Approximately 40 mL of heparinized blood was collected from each subject 

immediately before the experiment. Different aliquots of standard solutions of 

cocaine in methanol were taken to dryness in glass tubes using a centrifugal 

evaporator (Savant, Farmingdale, NY) at room temperature. Eight hundred of 

heparinized blood was transferred to the tubes to produce the following 

concentrations: 500, 1000 and 3000 ng/mL. All concentrations were expressed as 

COC free base. Triplicate samples were prepared for each concentration. 

After COC and blood were gently mixed, samples were separated into 100 laL 

aliquots placed into polypropylene plastic tubes, and incubated in a shaking water 

bath (Precision Scientific, Chicago, IL) at 37 °C. Samples in each group were taken 

at 0, 1,3 and 6 hr, and 100 |iL 200 mM NaF was added to stop the enzymatic 

metabolism. All samples were assayed for COC as described in Chapter 2 (73). 

The sample times were selected on the basis of preliminary experiments. 

Effect of NaF and Ethanol on COC Metabolism 

The metabolism of COC in the presence of NaF and ethanol was determined 

at a COC concentration of 1000 ng/mL in blood withdrawn from one male and one 
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female volunteer. The samples were divided into three groups. Group one was 

tested for COC blood metabolism without addition of NaF or ethanol. Group two 

was tested for COC blood metabolism in the presence of ethanol. Eighteen iiL of 

absolute ethanol was added to 4.5 mL 1000 ng/mL of COC In blood to produce a 

final concentration of 3 mg/mL ethanol. Group three was tested for COC blood 

metabolism in the presence of NaF. Five mL of blood was placed Into a glass tube 

containing dried NaF (625 jiL 800 mM NaF), then 4.5 mL of blood containing NaF 

was transferred into plastic tubes containing dried COC (to produce a final COC 

concentration of 1000 ng/mL). The final NaF blood concentration was 100 mM. 

Triplicate samples were prepared for each group. 

After COC was added to blood (with or without NaF or ethanol) and gently 

mixed, samples were separated into 1 mL aliquots placed into polypropylene plastic 

tubes, and incubated in a shaking water bath at 37 °C. Samples from each group 

were taken at different times (0,1, 3, and 6 hr) except for samples containing NaF, 

the sampling times were 0, 6, 9 and 24 hr. The sampling times were selected on the 

basis of preliminary experiments. Each sample from each group was divided into 

two aliquots. One aliquot (100 l̂L) was assayed for COC, cocaethylene (CE) and 

BE by an HPLC method. Another aliquot (500 ^L) was assayed for EME by GC-

NPD. 
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Blood to Plasma Ratio 

Five hundred |iL of a spiked blood sample was centrifuged to separate 

plasma. One hundred nL of plasma was taken and assayed for COC. COC blood 

to plasma ratio was calculated from the ratio of cocaine concentration in blood to 

COC concentration in plasma at zero time. COC blood to plasma ratio was 

determined at different COC concentrations (500, 1000 and 3000 ng/mL) and in 

blood containing COC (1000 ng/mL) with NaF (100 mM) or ethanol (3 mg/mL). 

Plasma Protein Binding 

Plasma was obtained from fresh blood immediately before the experiment. 

An aliquot of a standard solution of COC in methanol was taken to dryness before 

addition of plasma to produce a final concentration of 1000 ng/mL. The sample was 

adjusted to pH 7.4 and equilibrated for 15 min prior to the experiment. Plasma 

protein binding was determined using an ultrafiltration method. One mL of plasma 

COC sample was placed into the ultrafiltration device with a YMT membrane 

(Centrifiree, Amicon Corp., Danvers, MA) and immediately centrifuged at a speed of 

1054 rcf (relative centrifugal force) for 15 min at 37 °C. One hundred nL of plasma 

(before centrifugation) and filtrate were taken and assayed for COC. Triplicate 

samples were prepared. COC plasma protein binding was also determined in 

plasma containing COC with NaF (100 mM) or ethanol (3 mg/mL). 
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Analytical Procedures 

Blood and plasma samples were analyzed using methods descnbed in 

Chapter 2 for concentrations of COC, CE, BE and EME (73). 

Statistical Analysis 

Statistical significance as a function of COC concentration was determined 

by one-way ANOVA. If significant differences were found, the Bonferroni f-test 

was used to compare two groups. Statistically significant increases in the 

parameters as a function of concentration were assessed by testing the 

hypothesis that the slope of the regression line was equal to zero. The statistical 

comparison between two groups (as a function of time during the menstrual cycle) at 

the same COC concentration was determined by the Student's paired t-test. The 

statistical comparison between males and females was achieved with Student's t-

test, assuming unequal variances. A p value of < 0.05 was considered to represent 

a statistically significant difference. 
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Results 

Before starting the experiment, hematocrit was measured on all blood 

samples. The values were 0.55 ± 0.06, 0.51 ± 0.03 and 0.48 ± 0.03 for males 

and females using blood collected during the follicular and luteal phases, 

respectively. There were no significant differences among those values. 

COC concentration-time profiles in human blood from males and females 

at COC concentrations ranging from 500 to 3000 ng/mL at 37 °C are shown in 

Figure 4-1. The standard deviations of the experimental data were small, 

indicating the excellent reproducibility of the experiment. The temporal pattern 

of COC concentrations in human blood is similar to that noted in rat blood (71) 

and which is described by a first-order kinetic process. The slopes of these lines 

permit calculation of an apparent overall first-order rate constant of 

degradation/metabolism {i.e., Kapp). The corresponding half-life values are in the 

range of 1.4 to 3.0 hr and 1.4 to 3.3 hr in male and female subjects, respectively. 

The first-order degradation rate constant of COC was summarized in 

Table 4-1. The degradation rate constant of COC increased statistically in most 

subjects as COC concentration increased. Only 3 of 13 (2 females, 1 male) 

subjects show no statistically significant difference as a function of COC 

concentration. The ranges of percentage changes in the degradation rate 

constant for different COC concentrations, measured in female blood during the 

follicular phase of the menstrual cycle were; -12 to 22% (1000 vs 500 ng/mL); 
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0 to 48% (3000 vs 500 ng/mL; only one subject shows a 103% increase); and 2 

to 22% (3000 vs 1000 ng/mL; only one subject shows a 125% increase). The 

comparable comparisons for the luteal phase blood were; 4 to 25% (1000 vs 500 

ng/mL); 4 to 65% (3000 vs 500 ng/mL); and 0 to 33% (3000 vs 1000 ng/mL). For 

male blood the changes were: -3 to 16% (1000 vs 500 ng/mL); 3 to 54% (3000 

vs 500 ng/mL); and 6 to 15% (3000 vs 1000 ng/mL). 

At any given COC concentration, there were no statistically significant 

differences in COC degradation rate constant when comparing time of menstrual 

cycle or males vs females. 

The rate constant can be used in conjunction with an estimate of total 

blood volume in males (66 mL/kg) and females (60.5 mL/kg) (93) to calculate 

blood clearance. The product of the rate constant and estimated blood volume 

provides an estimated value for blood clearance which ranges from 0.25 to 0.55 

mUmin-kg and 0.21 to 0.48 mL/min kg in males and females, respectively. Plots 

of in vitro blood clearance vs. COC concentration in males and females are 

illustrated in Figure 4-2. Plots of in vitro blood clearance as a function of time 

during the menstrual cycle for different COC concentrations are demonstrated in 

Figure 4-3. 

The effect of COC concentration, gender and time of menstrual cycle on 

blood to plasma ratio is summarized in Table 4-2. The relationship of COC 

blood to plasma ratio and COC concentration in males and females is illustrated 
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in Figure 4-4. COC blood to plasma ratio increased statistically in most female 

subjects as COC concentration increased. However, most male subjects show 

no statistically significant difference as a function of COC concentration. There 

was no difference in COC blood to plasma ratio at concentrations of 500 ng/mL 

and 1000 ng/mL in males and females, regardless of time of the menstrual cycle. 

The range of percentage changes in blood to plasma ratio measured in female 

blood taken during the follicular phase were; -4 to 17% (3000 vs 500 ng/mL) and 

2 to 12% (3000 vs 1000 ng/mL). During the luteal phase the ranges were: 9 to 

52% (3000 vs 500 ng/mL) and 5 to 20% (3000 vs 1000 ng/mL). For male blood 

the changes were; 2 to 42% (3000 vs 500 ng/mL) and 6 to 40% (3000 vs 1000 

ng/mL). 

Plots of blood to plasma ratio as a function of time of the menstrual cycle 

for different COC concentrations are shown in Figure 4-5. There were no 

statistically significant differences in blood to plasma ratio either as a function of 

time of menstrual cycle or between males and females at any given COC 

concentration. 

The influence of gender and time of menstrual cycle on plasma protein 

binding is summarized in Table 4-3. The relationship among COC plasma 

protein binding, gender and time of menstrual cycle at a COC concentration of 

1000 ng/mL are demonstrated in Figure 4-6. There were no statistically 
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significant differences In COC binding either as a function of time of menstrual 

cycle or between males and females. 

The influence of NaF and ethanol on the metabolism of COC in human 

blood Is illustrated In Figure 4-7. The addition of NaF to blood reduced the rate 

of COC loss. Blood clearance of COC in the presence of NaF decreased by 

about 95% and 89% In males and females, respectively (Table 4-4). The values 

were significantly different (P<0.01) from the corresponding COC samples In the 

absence of NaF. The corresponding COC half-life in male and female blood 

increased by about 9- and 21-fold in the presence of NaF (Table 4-4). The 

addition of ethanol resulted in no significant differences in either COC blood 

clearance (female, 0.367 vs. 0.376 mL/mln-kg; male, 0.768 vs. 0.675 mL/mln kg) 

or half-life compared to the control (COC alone). There were no significant 

differences In either blood to plasma ratio or plasma protein binding in the 

presence of NaF or ethanol compared to the control (Table 4-4). 

A major metabolite of COC degradation In blood Is EME (Figure 4-8). In 

the presence of ethanol, EME was present at concentrations comparable to 

those seen in the control samples. BE concentrations were not quantifiable in 

control samples or In the presence of ethanol (during a 6 hr Incubation). In the 

presence of NaF, concentrations of EME were lower than those in the control 

and BE was able to be detected. No CE was detected In the presence of 

ethanol. These results were consistent in both male and female blood. 
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Discussion 

The hydrolysis of COC in blood has previously been examined to 

determine which metabolic pathway was involved in the metabolism of the 

compound (30,66). However, neither of those studies addressed the issue of 

the rate of COC degradation in blood. The first-order degradation rate constant 

of COC in blood increased significantly in most subjects as COC concentration 

increased. Although the increases were significant, as there was small variation 

in the data, those increases were numerically small. The average percentage 

increase in the rate constant in each group (males and females at two different 

times of the menstrual cycle) was less than 30%, except for one female subject 

whose blood clearance increased over 100%. From a practical perspective the 

degradation rate constant of COC in blood is judged to be essentially 

independent of COC concentration. Since there were no gender-differences in 

the COC degradation rate constant, this suggests that males and females have 

equivalent blood enzyme activity associated with COC metabolism. 

There are numerous physiological changes that occur during the 

menstrual cycle including changes in hormone levels, especially in the levels of 

FSH, estrogen and progesterone. It has been reported that those changes can 

influence the disposition of some drugs. In order to test those effects on COC 

degradation in blood, blood to plasma ratio and plasma protein binding, the 

experiments used female blood taken on two different occasions, during the 
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follicular and the luteal phases of the menstrual cycle. Those phases 

correspond to the peak times for estrogen (follicular phase; days 5 to 9 of the 

menstrual cycle) and progesterone concentrations (luteal phase; days 18 to 22 

of the menstrual cycle). The present results suggest that blood enzyme activity 

associated with COC metabolism is independent of the time of the menstrual 

cycle, since there was no change in rate of COC blood degradation. 

The average in vitro blood clearance of COC in humans determined in the 

present study was in the range of 0.25 to 0.55 mL/min kg and 0.21 to 0.48 

mUmin kg in males and females, respectively. Total systemic clearance of COC 

in male subjects was reported to be about 23 mL/min-kg (94). The finding in this 

study suggests that the contribution of COC degradation in blood to overall 

clearance was small (1 to 3%). Since there is no information about systemic 

clearance of COC in females, the contribution of COC blood clearance for 

females was compared to the reported value in males. 

In vitro blood to plasma ratios were in the range of 0.70 to 1.12 (male) and 

0.65 to 1.16 (female). Most ratios were less than 1 (Table 4-2). This suggests 

that COC preferentially partitioned into plasma rather than into blood cells. Most 

female subjects exhibited significant increases in the ratio as COC concentration 

increased (due to the small variation in the data), however, most male subjects 

show no significant differences in these values as a function of concentration. 

The average percentage increase in COC blood to plasma ratio in males and 
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females at two different times of the menstrual cycle were small, less than 24%. 

Thus, for practical purpose, we judge that COC blood to plasma ratio is 

essentially concentration-independent. Within the female group, no significant 

change in COC blood to plasma ratio was found during the menstrual cycle and 

there was no difference between blood from male and female subjects. This 

finding is consistent with previously reported results (94). 

Plasma protein binding of COC, expressed as the unbound fraction {Q, 

was in the range of 0.12 to 0.26 (male) and 0.11 to 0.24 (female) at a COC 

concentration of 1000 ng/mL. This value is consistent with previous reports 

(0.19 at COC concentration of 1000 ng/mL; digitized from a graph in that study 

(76); 0.083 ± 0.018 over the COC concentration range of 0.1 to 500 ng/mL (95)). 

Plasma protein binding of COC in human serum has been thoroughly examined. 

It has been reported that serum protein binding of COC was saturable and pH-

dependent (76). In this study only the binding of COC as a function of gender 

and time differences during the menstrual cycle were examined. COC plasma 

protein binding in females during the menstrual cycle (follicular phase, 0.18 ± 

0.04 vs the luteal phase, 0.18 ± 0.02) and in males (0.19 ± 0.05) were identical. 

Multiple linear regression of the degradation rate constant, blood to 

plasma ratio and binding indicates that COC blood to plasma ratio and binding 

had no influence on COC degradation in blood. 
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It has been suggested that gender differences in COC s effect might be 

due to metabolic differences between males and females since males have 

higher levels of plasma cholinesterase. The results from this study suggest that 

the distribution of COC favored plasma over the blood cells (blood to plasma 

ratio less than 1). With that information, one might expect that the degradation 

of COC in blood would be greater in males than in females. However, in this 

study there was no significant difference in rate of COC degradation in blood 

between males and females due to the large variation of the data within groups. 

The contribution of blood clearance to total systemic clearance was small 

and there are no differences in plasma protein binding between males and 

females. Therefore, the contribution of COC blood metabolism as well as 

plasma protein binding to potential gender differences in response to COC 

would be expected to negligible. Other factors, therefore, need to be considered 

in explaining gender-related differences in response to COC. 

A study in rats suggested that males and females have different COC 

methyl esterase and ethyl trasesterase activities in the liver and lung. These 

differences could contribute to gender-based differences in response. In 

humans, during the luteal phase of the menstrual cycle, more mucus is secreted 

due to the increase in certain hormone levels in females (92). In addition, it has 

been reported that 80 ± 13% of the COC dose escapes pulmonary metabolism 

after snorting (94). Those findings suggest that a study of gender differences in 
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COC kinetics or metabolism in other organs (such as in the liver, the lung, etc.) 

should be initiated. 

In human blood, COC was predominantly metabolized to EME and this 

pathway can be inhibited by the addition of NaF. This result is consistent with 

other reports (30,66). In blood, the inhibition of EME formation increased the 

formation of BE. The formation of BE in blood containing COC or COC with 

ethanol was not seen due to the rapid hydrolysis of the compound to EME by 

cholinesterase enzymes. No CE was detectable in the presence of ethanol. 

This suggests that cholinesterase enzymes are not involved in the 

transesterification of COC to CE in the presence of ethanol. The patterns of 

COC degradation as well as the formation of COC metabolites were similar in 

males and females. 

In summary, COC clearance in human blood was small. There were no 

differences in rates of COC metabolism in blood, blood to plasma ratio and 

plasma protein binding either within female subjects (compared at two different 

times of the menstrual cycle) or between males and females. COC distribution 

was greater in the plasma than in blood cells. About 74-89% of COC is bound to 

plasma protein. In human blood, COC was predominantly metabolized to EME. 

This reaction was inhibited by the addition of NaF. The addition of ethanol had 

no influence on COC metabolism in blood and no transesterification to CE 
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occured. NaF and ethanol had no influence on COC blood to plasma ratio and 

plasma protein binding. 
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Table 4-1. 
In vitro first-order rate constant of cocaine degradation (mUmin kg) in human 

blood as a function of concentration, gender and time of menstrual cycle *. 

Subject Cocaine concentration (ng/mL) 

500 1000 3000 

Females 1 lA" 
B" 

0.270 (0.158) 
0.252 (0.005) ® 

0.239 (0.001) 
0.276 (0.016)' 

0.292 (0.005) 
0.313 (0.008) 

2: A 
B 

0.256 (0.006) 
0.420 (0.008) ® 

0.312 (0.002)' 
0.438 (0.005) 

0.378 (0.007) 
0.440 (0.008) 

3 : A 
B 

0.302 (0.010) 
0.324 (0.009) 

0.363 (0.003)' 
0.394 (0.008) 

0.408 (0.009) 
0.423 (0.023) 

4; A 
B 

0.374 (0.031) 
0.231 (0.012) 

0.363 (0.018) 
0.287 (0.002)' 

0.373 (0.011) 
0.380(0.011) 

tn
 

CD
 >

 

0.235 (0.005) ® 
0.320 (0.009) 

0.212 (0.016)' 
0.370 (0.003)' 

0.477 (0.025) 
0.431 (0.008) 

O
) 

CD
 >

 

0.263 (0.005) 
0.319(0.011)"® 

0.297 (0.003)' 
0.354(0.011)' 

0.352 (0.001) 
0.386 (0.004) 

mean(±SD) A 
B 

0.283 (0.072) ® 
0.311 (0.063)® 

0.298 (0.059)' 
0.353 (0.059) 

0.380 (0.059) 
0.395 (0.045) 

Males 1 0.342 (0.008) 0.333 (0.005) 0.354(0.017) 

2 0.231 (0.007) ® 0.237 (0.008)' 0.272 (0.002) 

3 0.363 (0.004) ® 0.404 (0.013) 0.442 (0.026) 

4 0.383 (0.007) 0.455 (0.042) 0.498 (0.009) 

5 0.407 (0.022) 0.452 (0.003) 0.489 (0.009) 

6 0.291 (0.015)"® 0.335 (0.017) 0.366 (0.016) 

7 0.240 (0.008) ® J 0.370 (0.010) 

mean (± SD) 0.322 (0.067) ® 0.369 (0.081) 0.399 (0.078) 
a n=3: SD = standard deviation. 
b Blood withdrawn during the day of the menstrual cycle. 
c Blood withdrawn during the 18'"-22"''day of the menstrual cycle. 
d Statistically significant comparing cocaine concentrations of 500 and 1000 ng/mL. 
e Statistically significant comparing cocaine concentrations of 500 and 3000 ng/mL. 
f Statistically significant comparing cocaine concentrations of 1000 and 3000 ng/mL. 

g Not determined. 
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Table 4-2. 

In vitro blood to plasma ratio of cocaine in human blood as a function of concentration, 
gender and time of menstrual cycle 

Subject Cocaine concentration (ng/mL) 

500 1000 3000 

Females 1 rA" 
B*" 

0.91 (0.07) 
0.67 (0.01) ® 

0.84 (0.01) 
0.69 (0.02) 

0.88 (0.03) 
0.73 (0.00) 

<
 m

 
C
M
 

0.73 (0.08) 
0.79 (0.03) ® 

0.74 (0.03) 
0.89 (0.05)' 

0.81 (0.01) 
1.01 (0.01) 

<
 m

 
n
 0.65 (0.00) ® 

0.76 (0.08) ® 
0.68 (0.03)' 
0.97 (0.04) 

0.75 (0.01) 
1.16 (0.16) 

4 : A 
B 

0.85 (0.07) ® 
0.75 (0.09) 

0.90 (0.01) 
0.79 (0.02) 

1.00 (0.04) 
0.92 (0.06) 

5 : A 
B 

0.71 (0.02) 
0.71 (0.00) ® 

0.75 (0.09) 
0.75 (0.01) 

0.77(0.18) 
0.81 (0.04) 

6: A 
B 

0.73 (0.03) ® 
0.79 (0.01) ® 

0.75 (0.03) 
0.81 (0.02)' 

0.83 (0.04) 
0.93 (0.01) 

mean(± SD) A 
B 

0.76(0.10)® 
0.74 (0.06) ® 

0.78 (0.08) 
0.82 (0.09)' 

0.84 (0.11) 
0.92 (0.16) 

Males" 2 0.83 (0.06) 0.85 (0.09) 0.91 (0.02) 

4 0.79 (0.02) ® 0.80 (0.02)' 1.12(0.02) 

5 0.73 (0.07) 0.70 (0.09) 0.75 (0.02) 

6 0.77 (0.05) 0.84 (0.09) 0.92 (0.07) 

7 0.74 (0.04) _ g 0.78 (0.07) 

mean (± SD) 0.77 (0.06)' 0.80 (0.09) 0.90 (0.14) 

a n=3; SD = standard deviation. 
b Blood withdrawn during the day of the menstrual cycle. 
c Blood withdrawn during the day of the menstrual cycle. 
d Not detemiined in subjects 1 and 3. 
e Statistically significant comparing cocaine concentrations of 500 and 3000 ng/mL 
f Statistically significant comparing cocaine concentrations of 1000 and 3000 ng/mL. 
g Not detenmined. 
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Table 4-3 

In vitro plasma protein binding of cocaine in human blood as a function of gender and 
time of menstrual cycle *. 

Subjects ^ 

Females 1 : A = 0.199 (0.003) 
B" 0.161 (0.013) 

2 :A 0.112(0.009) 
B 0.154 (0.003) 

3 : A 0.164(0.010) 
B 0.172 (0.008) 

4: : A 0.142 (0.012) 
B 0.175 (0.010) 

5: : A 0.180 (0.004) 
B 0.205 (0.008) 

6: A 0.240 (0.008) 
B 0.194(0.015) 

mean(± SD) A 0.178 (0.044) 
B 0.177(0.019) 

Males 1 0.151 (0.004) 

2 0.125 (0.006) 

3 0.216 (0.004) 

4 0.262 (0.009) 

5 0.116(0.003) 

6 0.211 (0.008) 

7 0.248 (0.011) 

mean (± SD) 0.187(0.051) 

a n=3; SD = standard deviation. Cocaine concentration 1000 ng/mL at pH 7.4. 
b fu= unbound fraction. 
c Blood withdrawn during days 5-9 of the menstrual cycle. 
d Blood withdrawn during days 18-22 of the menstrual cycle. 
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Table A-A 

In vitro properties of cocaine in human female and male blood 

Parameter Subject cocaine alone with ethanol with NaF 

Degradation 
rate constant 
(hr^) 

Female 

Male 

0.297 (0.008) 

0.573 (0.025) 

0.304 (0.006) 

0.499 (0.033)" 

0.034 (0.003)" 

0.030 (0.005)" 

Half-life (hr) Female 2.34 (0.06) 2.28 (0.04) 20.67 (1.63)" 

Male 1.12 (0.06) 1.27(0.06)" 23.88(4.13)" 

Blood/Plasma 
Ratio 

Female 

Male 

0.78 (0.05) 

0.79 (0.07) 

0.81 (0.01) 

1.04(0.12) 

0.86 (0.03) 

0.94 (0.05)" 

Unbound 
fraction 

Female 

Male 

0.19 (0.01) 

0.34 (0.02) 

0.21 (0.00) 

0.35 (0.01) 

0.18 (0.00) 

0.34 (0.01) 

a n=3; SD = standard deviation. 
6 Significantly different from control {P<0.05). 
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Figure 4-1. Semi-logarithmic plot of cocaine concentrations in human blood as a 
function of time at 37 °C. All values in each graph represent the mean of 6-7 
subjects. (A) female blood at different times of the menstrual cycle. Key: (•) 500 
ng/mL, (•) 1000 ng/mL, (A) 3000 ng/mL, blood taken during days 5-9 of the 
menstrual cycle; (O) 500 ng/mL, (•) 1000 ng/mL, (A) 3000 ng/mL, blood taken 
during days 18-22 of the menstrual cycle. (B) male blood. Key; (•) 500 ng/mL, (•) 
1000 ng/mL, (A) 3000 ng/mL. The solid lines represent the linear regression fit of 
the data. The cross-hatched vertical bars represent the standard deviation of the 
mean. 
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Figure 4-2. Plots of cocaine (COC) blood clearance as a function of COC 
concentration. For female subjects, data were obtained during days 5-9 (upper) and 
days 18-22 (lower) of the menstrual cycle. Each value in each graph represents the 
mean of 3 determinations fî om each subject. The solid lines represent the 
connection of the data. Key: (•) males (n=:7), (O) females (n=6). 
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Figure 4-3. Plots of cocaine (COC) blood clearance in females (n=6) as a function 
of time of menstrual cycle at different COC concentrations. Each value in each 
graph represents the mean of 3 determinations from each subject. The solid lines 
represent the connection of the data. 
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Figure 4-4. Plots of cocaine (COC) blood to plasma ratio as a function of COC 
concentration. For female subjects, data were obtained during days 5-9 (upper) and 
days 18-22 (lower) of the menstrual cycle. Each value in each graph represents the 
mean of 3 determinations from each subject. The solid lines represent the 
connection of the data. Key; (•) males (n=5), (O) females (n=6). 
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Figure 4-5. Plots of cocaine (COC) blood to plasma ratio in females (n=6) as a 
function of time of menstrual cycle at different COC concentrations. Each value in 
each graph represents the mean of 3 determinations firom each subject. The solid 
lines represent the connection of the data. 
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Figure 4-6. Plot of unbound fraction of cocaine (COC) in plasma as a function of 
time of menstrual cycle at a COC concentration of 1000 ng/mL. Values for males 
were obtained once. Each value in each graph represents the mean of 3 
determinations from each subject. The solid lines represent the connection of the 
data. The boxes represent the 25*^ and 75*" percentiles of the data. Capped bars 
indicate the 10"* and 90"' percentiles and the horizontal line is the median value. 
Key: (•) males (n=7), (O) females (n=6). 
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Figure 4-7. Cocaine degradation in human blood at a concentration of 1000 
ng/mL as a function of time at 37 °C (note the semi-logarithmic axes): All values 
in each graph represent the mean of three determinations. Key: (O) female 
blood in the absence of NaF or ethanol, (•) female blood in the presence of 
ethanol, (A) female blood in the presence of NaF, (•) male blood in the absence 
of NaF or ethanol, (•) male blood in the presence of ethanol, (A) male blood in 
the presence of NaF. The solid lines represent the linear regression fit of the 
data. The cross-hatched vertical bars represent the standard deviation of the 
mean. 
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Figure 4-8. Cocaine metabolite profile under different conditions. All values in 
each graph represent the mean of three determinations. Key; (O) EME in 
female blood in the absence of NaF or ethanol, (•) EME in female blood in the 
presence of ethanol, (A) EME in female blood in the presence of NaF, (V) BE in 
female blood in the presence of NaF, (•) EME in male blood in the absence of 
NaF or ethanol, (•) EME in male blood in the presence of ethanol, (A) EME in 
male blood in the presence of NaF, (•) BE in male blood in the presence of 
NaF. The solid lines represent the connection of the data. The cross-hatched 
vertical bars represent the standard deviation of the mean. 
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CHAPTER V. PULMONARY CLEARANCE OF COCAINE IN THE RAT 

DETERMINED FOLLOWING INTRAVENOUS AND INTRAARTERIAL DOSING 

Introduction 

Cocaine (COG) appears to undergo rapid systemic clearance in all 

mammalian species. This rapid, primarily metabolic, clearance suggests that the 

compound may be classified into a non-restrictive clearance category. Data 

obtained in rats suggest that clearance following intravenous dosing (5 mg/kg) 

exceeds estimates of hepatic blood flow (ca., 191 vs. 70 mUmin kg) (Chapter 6). 

Measurement of COG hepatic extraction ratio (ca., 0.9; Sinha et a/.; 

unpublished) and apparent oral clearance (4270 mL/min kg; Chapter 6) support 

these estimates of high hepatic clearance. 

A recent in vitro tissue metabolism study of GOG indicated the presence 

of cocaine methyl esterase enzyme in several tissues in the rat including the 

lung (68). Pulmonary metabolism is known to play an important role in the 

disposition of both exogenous and endogenous compounds as a result of 

numerous metabolic reactions (96). Furthermore, pulmonary metabolism might 

explain the observation that i.v. clearance exceeds hepatic blood flow and it may 

play a role in modulating response following GOG inhalation. The present study 

was conducted to evaluate the involvement of the lung in the disposition of GOG 

in the rat. 
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Experimental 

Animal Sudies 

Male Sprague-Dawley rats (280-330 g) (Harlan Sprague Dawley, Inc., 

Indianapolis, IN) (corresponding to rat # 28, 29, 43, 50-53 in Appendix A, Tables 

A-15, A-18, A-28 and A-31) were fed with standard lab chow and were allowed 

to acclimate to their environment for a week before starting the study. The rats 

were separated into two groups. Two days before the study, one group had the 

right external jugular vein cannulated and the other group had both the right 

external jugular vein and the right carotid artery cannulated. All catheters were 

exteriorized to permit drug dosing and/or blood sampling. The animals were 

placed into individual metabolism cages and fasted overnight but allowed 

unlimited access to water. Rats in the former group were administered COC via 

the jugular vein cannula (i.v.) while the latter group was dosed via the carotid 

artery cannula (i.a.). COC (4 to 5 mg base/kg, 3.33 mg base/mL of saline) was 

administered as a short-term infusion (2 min; as the hydrochloride salt) followed 

by 0.5 mL saline. Blood samples were obtained via the jugular vein cannula 

before and at selected times following dosing in both groups. Approximately 0.3 

mL blood was obtained at each time, after 0.1 mL fluid had been withdrawn 

(which was subsequently reinjected and followed by 0.3 mL saline) to avoid an 

artifact caused by sample contaminated by saline or blood trapped in the 

cannula. Blood samples were transferred into 0.85 mL microcentrifuge plastic 
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tubes (Phenix Research Products, Hayward, CA) containing dried NaF (20 iiL of 

saturated NaF). Plasma was separated and stored in another 0.65 mL 

microcentrifuge tube containing dried NaF (10 |iL of saturated NaF). Urine 

samples were collected at known intervals up to 96 hr. Plasma and urine were 

stored at -20°C before being assayed. 

Verification of the Experimental Technique 

One rat had both the right external jugular vein and the right carotid artery 

cannulated two days before the experiment. The animal received ^'*C-phenol 

(8.7 mCi/mmol, Sigma Chemical Company, St. Louis, MO) in normal saline via 

the carotid artery cannula as a bolus dose (17.9 ia.Ci/kg; 500 [j.L). After a 3 days 

wash-out period, the same animal was administered the same dose of ^"C-

phenol in normal saline via the jugular vein cannula. Blood samples were 

obtained via the jugular vein cannula before and at selected times following 

dosing in both occasions. The samples were stored at -20°C before being 

assayed. This experiment was performed in order to validate that arterial dosing 

was achieved, since these results could be compared to literature findings. 

Analytical Procedures 

All plasma and urine samples were analyzed for concentrations of COC 

and metabolites using the HPLC or GC methods described in Chapter 2 (73). 
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^^C-phenol was assayed by the method described earlier (97). To a 0.1 mL 

blood sample was added 0.3 mL heparinized saline, 5 mL toluene (Fisher 

Scientific Company, Fairlawn, NJ) and vortexed for 1 min. Four mL of toluene 

layer was transferred to a scintillation vial, 10 mL of liquid scintillation cocktail 

added and counted in a liquid scintillation counter. 

Standard curves of ^^C-phenol were prepared In blank blood at 

concentrations of 0.45, 2.25, 13.5, 22.5, and 45 nCi/mL. To 0.1 mL of a 

standard solution (in normal saline) was added 0.1 mL blank blood, 0.3 mL 

heparinized saline and 5 mL toluene and assayed as described above. 

Data Analysis 

Pharmacokinetic parameters of COC and ^^C-phenol were determined by 

model-independent area analysis using the Pharm-NCA program (Simed S.A., 

Creteil, France). The data in the terminal, log-linear phase were analyzed by 

linear regression to estimate the terminal rate constant {kn) and half-life (f^ = 

0.693//c„). The total area under the concentration-time curve (AUG) was 

determined up to the last measured concentration-time value using the 

trapezoidal rule to which was added the tenninal area. The terminal area was 

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

by k„. The area was used to calculate systemic clearance {CLs = dose/AUC). 

The steady-state volume of distribution (Vss) was determined from the product of 
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the mean residence time {MRT) and CLs- MRT was determined from the ratio of 

the area under the first moment curve, AUMC (area under the concentration x 

time vs time curve) and AUC. Renal clearance {CLR) was determined from the 

ratio of the total amount of unchanged COC recovered in the urine up to 96 hr to 

the total AUC. The fraction {F) of the i.v. dose which avoids pulmonary 

clearance was estimated from the ratio of the AUC following i.v. dosing to the 

AUC following i.a. dosing. The pulmonary extraction ratio (ER) was calculated 

from, 1 - F. 

Fractional urinary recoveries of COC and metabolites were calculated 

from the ratio of amounts excreted into the urine to the dose administered. The 

disposition parameters obtained from the two groups of animals were compared 

using the Student's unpaired t test. 
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Results 

The experimental technique was verified by dosing ^''C-phenol via i.a. and 

i.v. administration in the same animal on different occasions. The systemic 

clearance of ^^C-phenol following i.a. administration was smaller (187.4 

mUmin kg) than that following i.v. dosing (227.6 mL/min kg). The disposition 

half-life was short, about 1.2 and 0.90 min after i.a. and i.v. administration, 

respectively. 

In a preliminary study, animals received the same COC dose (5.0 mg/kg) 

following both routes of administration (i.a. and i.v.) in order to compare the 

pharmacokinetics of COC. However, the animal that received the i.a. infusion of 

5 mg/kg COC convulsed within 4 min of dosing and died about 2 min later. 

Therefore, the I.a. dose used in this study was decreased to 4 mg/kg. Neither 

convulsions nor death was seen in the animals that received 5 mg/kg COC 

intravenously. 

The average COC plasma concentration-time data following both I.a. and 

i.v. administration are illustrated in Figure 5-1. Since each animal was given a 

short infusion of COC in the dose range of 4.0 to 5.0 mg/kg, all concentrations 

obtained were normalized to a dose of 5 mg/kg. Plasma COC concentrations 

following i.a. dosing were higher at all times than those following i.v. dosing. 

However, plasma concentrations of BE in both animal groups were similar (data 

not shown). The dose-normalized AUC (± SD) of COC following i.a. 
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administration (32.1 ± 3.4 lag min/mL) was greater than that following i.v. 

administration (26.2 ± 0.9 ng min/mL ; p < 0.05). 

The disposition kinetics of COC following both routes of administration 

are summarized In Table 5-1. The CLs of COC following i.v. administration 

(191.1 ± 6.79 mL/min kg) was significantly higher than that following i.a. 

administration (157.3 ± 17.3 mUmin kg; p < 0.05). There were no statistically 

significant differences in renal clearance {CLR) between the two routes of 

administration (9.5 ± 5.3 mL/min kg and 5.5 ± 1.9 mLymln kg for the i.v. and i.a. 

routes, respectively). However, nonrenal clearance {CLNR), calculated from the 

difference between CLs and CLR , was greater following i.v. administration 

(181.7 ± 9.29 mL/min kg) compared to I.a. administration (151.8 ± 17.0 

mL/min kg). There were no differences In steady-state volume of distribution 

(Vss), half-life (fjj ) or mean residence time (MRJ) between the two routes of 

administration. 

The total percentages of the COC dose recovered in urine as the 

unchanged form following i.v. and i.a. administration were 5.0 ± 2.8 % and 3.5 ± 

1.2 %, respectively. There was no difference In renal clearance of COC 

between the two routes of administration. The percentage of the COC dose 

recovered in urine as EME following i.v. dosing was the same as that following 

I.a. dosing (7.9 ± 0.4 % vs 12 ± 2.4 %). However, less BE was recovered 
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following i.v. administration (8.0 ± 0.7 %) compared to that following i.a. 

administration (11.6 ± 1.6 %; p < 0.05). 



123 

Discussion 

The purpose of this investigation was to evaluate the potential pulmonary 

clearance of COC by comparing the areas under the plasma concentration-time 

profiles of the drug following i.v. and i.a. administration. This experimental 

design has been used previously to study, for example, the pulmonary clearance 

of phenol (97). The experimental technique was verified using phenol as a 

positive control. The estimated fraction of the i.v. phenol dose which escapes 

pulmonary clearance was 0.56 which is similar to the value previously reported 

{i.e., 0.38) (97). 

The total body (or systemic) clearance of COC was high (ca., 191 

mL/min kg) and the half-life was short, about 20 min. Total body clearance of 

COC consists of both renal and nonrenal clearing mechanisms. Renal 

clearance contributed approximately 5% to total body clearance. Since COC is 

nonrestrictively cleared by the liver, the hepatic clearance can be approximated 

by hepatic blood flow (70 mUmin kg) (67). This suggests that hepatic clearance 

of COC contributed about 37% to total body clearance. The finding that the 

value of nonrenal clearance of COC (181 mL/min kg) was greater than that of 

hepatic blood flow suggests the involvement of other organs in the disposition of 

COC. 

COC pulmonary clearance (CLPUL) can be estimated using two different 

approaches. The value may be estimated from the difference in systemic 
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clearances following i.v. and i.a. administration {i.e., CLPUL = {CLs)i.v. - {CLs )i.a.). 

The corresponding pulmonary extraction ratio can be estimated from the ratio of 

pulmonary clearance to pulmonary blood flow or cardiac output. Alternatively, 

pulmonary clearance can be approximated from the product of pulmonary 

extraction ratio and pulmonary blood flow. Using this approach, the pulmonary 

extraction ratio (ERPUL) is estimated from the fraction (F) of the i.v. COC dose 

which escapes pulmonary clearance (ERPUL = 1-F) and F is estimated from the 

ratio of the AUC following i.v. dosing to the AUC following i.a. dosing, 

AUCtv/AUCi... 

Using the first approach, CLPUL is estimated to be about 34 mL/min kg 

which represents about 18% of total body clearance. The corresponding 

pulmonary extraction ratio is approximated to be about 0.11, assuming a cardiac 

output of 296 miymin kg (78). In the second approach, the fraction (F) of the i.v. 

COC dose which escapes pulmonary clearance can be calculated to be 0.82, 

from which one can obtain an estimate of pulmonary extraction ratio (ca., 0.18). 

The corresponding pulmonary clearance is estimated to be 54 mUmin kg 

(assuming a cardiac output of 296 mL/min kg). The latter value accounts for 

about 28% of total body COC clearance. 

The differences in the estimated values of COC pulmonary clearance and 

pulmonary extraction ratio between those approaches are due to an assumed 

value for cardiac output which was obtained from the literature. However, the 
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results suggest that there are other organs of elimination which account for 

about 30% to 40% of COC total body clearance. These results are consistent 

with the existence of the methyl esterase enzyme recently noted to exist in 

several rat tissues (96). Previously, the clearance of COC in rat blood was 

determined. The value appears to be small, less than 1% of total body 

clearance (71). 

The intrinsic clearance of a compound may be estimated from the 

following equation (98); 

CLi 
ER = -̂ ^— (5-1) 

Q + CU ' 

where ER is extraction ratio, CLi is intrinsic clearance and Q is organ blood flow. 

Assuming that the extraction ratio of COC in the liver is about 0.90 (obtained 

from an isolated whole liver perfusion study; Sinha et at., unpublished) and that 

hepatic blood flow is approximately 70 mL/min kg (67), COC intrinsic clearance 

in the liver can be estimated to be about 630 mL/min kg. The intrinsic clearance 

of a compound in any organ depends upon the enzyme activity in that organ. 

For the purpose of estimating CLi of COC in the lung, it is assumed that COC is 

metabolized by the same enzyme system in the liver and in the lung. As a 

result, the intrinsic clearance of COC in the lung can be approximated from the 

ratio of the enzyme activity in the lung to that in the liver multiplied by the 

estimated intrinsic clearance of COC in the liver. Based upon the values for 
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cocaine methyl esterase enzyme activity reported in an in vitro study (96) in the 

liver (217 nmol/whole organ min) and lung (7.6 nmol/whole organ min) and an 

estimate of cardiac output (296 mL/min kg), the extraction ratio of the lung can 

be estimated to be about 0.07. This approximate in vitro pulmonary extraction 

ratio (0.07) is similar to, but smaller than, the values determined experimentally 

in this study {i.e., 0.11 or 0.18). 

The steady-state volume of distribution of COC is relatively large which 

suggests the presence of the drug in several tissues. It has been shown that 

following i.v. administration of COC (8 mg/kg) to male Wistar rats, the drug can 

be detected in brain, spleen, kidney, lung, testes, intestine, liver, fat muscle, 

heart and plasma for as long as 6 hr (75). 

Although the assay methods in this study can quantify COC and 

metabolites {i.e., norcocaine (NCOC), benzoylecgonine (BE), benzoyl-

norecgoninr (BNE)), only COC and BE in blood and COC, BE and ecgonine 

methyl ester (EME) in urine samples were detected. The urinary recovery of 

these compounds accounted for 25% of the total dose administered; 10% as BE, 

10% as EME and 5% as unchanged COC. Since the assays can not detect 

other metabolites, especially ecgonine, about 75% of the dose could not be 

accounted for. Ecgonine is the hydrolysis product from benzoylecgonine and 

ecgonine methyl ester. The compound was found as a major metabolite in the 

rat after administration of BE (21). 
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In humans, the formation of ecgonine and EME requires cholinesterase 

enzymes which are present in both serum and liver. However, this enzyme was 

not present in rat blood (96) suggesting that the formation of EME in the rat is 

mediated by esterase enzymes in the liver as well as in other tissues but not in 

blood. A similar finding has also been made in sheep (99). 

In summary, there are several organs involved in the elimination of COC 

in the rat including the kidney, liver and lung. One would expect similar behavior 

in humans. Based upon the results of the present study, the pulmonary 

clearance was estimated to be approximately 18% to 28% of total body 

clearance. Other tissues and organs are likely to represent sites of COC 

metabolism on the basis of the presence of a major metabolizing enzyme in 

numerous tissues. It would seem reasonable that inhaled COC, primarily in the 

fomri of smoked "crack" COC, would be prone to pulmonary metabolism. The 

latter site of metabolism may modulate the effective dose reaching the systemic 

circulation (and the brain) and thereby affect the magnitude of response. The 

latter hypothesis requires experimental testing. 
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Table 5-1 

Comparison between the disposition parameters of cocaine following a 
short intravenous (5 mg/kg; n = 3) and intraarterial infusion 

(n = 4) [Mean (SO)] 

Parameter 
Route of Administration 

Statistical 
Intravenous Intraarterial Comparison 

CLs (mL/min kg) 191.1 (6.79) 157.3(17.3) p < 0.05 

CLR (mL/min kg) 9.48 (5.3) 5.50(1.9) NS^ 

CLNR (mL/min kg) 181.7 (9.29) 151.8(17.0) p < 0.05 

CLPUL (mL/min kg) 33.8^ 
54.3^" 

ERpuL O.ll'^ 
0.18® 

VssiUkg) 4.75 (0.5) 4.64 (0.89) NS 

TII (min)'' 19.5(4.2) 25.4 (5.9) NS 

MRT (min) ^ 24.6 (3.2) 28.8 (5.7) NS 

0.82 (0.09) 

a NS, not significantly different 
b (CLskv. -(CLsU 
c ERPUL CO (where ERPUL = 1-F and CO is cardiac output) 
d {CLs )i.v. /CO 
e 1-[AUC,v./AUCi.,.] 
f Harmonic mean and "pseudo" standard deviation (79) 
g Standard deviation was calculated from a formula for "approximate" standard 

deviation (100) 
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Figure 5-1. Semilogarithmic plot of cocaine (COC) plasma concentrations in rats 
as a function of time following the i.v. (•, n = 3) and i.a. (O, n = 4) administration 
of COC (5 mg/kg). Each point represents the mean and the cross-hatched 
vertical bars represent the standard deviation of the mean. The lines are the 
connection of points. 
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CHAPTER VI. COCAINE DISPOSITION KINETICS AND ABSORPTION IN THE 

RAT: INFLUENCE OF DOSE AND ROUTE OF ADMINISTRATION 

Introduction 

Cocaine (COG) is extensively metabolized in the liver and only small 

amounts of unchanged drug are excreted in urine. There have been numerous 

studies in humans and animals which have examined the metabolic, 

pharmacokinetic and pharmacodynamic behavior of COG. Surprisingly, 

however, there does not appear to be a comprehensive understanding of the 

absorption and disposition kinetics of the compound. It has been suggested 

that the kinetics of GOG may be described by a nonlinear process in humans 

(101), sheep (102) and dogs (103) following intravenous (i.v.) administration in 

the dose range of 1 -4 mg/kg. One study in albino rats involved intraperitoneal 

(i.p.) GOG administration over the dose range of 7.5 to 30 mg/kg (expressed as 

the free base) (104). Although the three doses of GOG administered were 

insufficient to assess the non-linearity of the resulting area under the 

concentration-time curve (AUC) values, the data suggested that AUC increased 

in a nonlinear fashion with dose. One can calculate GOG intrinsic clearance 

(i.e., apparent i.p. clearance; CUp.) from the data in that report {AUdlp. dose. 

Table 6-2). The resulting values indicated that GOG clearance appears to 

increase with dose compared to the lowest dose. This finding contradicts the 
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results from studies in other species (humans, sheep and dogs) where the 

intrinsic clearance (CL/p. or CU /F; CLs = systemic clearance; F = fraction 

absorbed) decreased as administered dose increased. 

Comparisons of pharmacological response to COC as a function of route 

of administration in rodents have been made in several studies. COC appears 

to be more effective in increasing activity by the i.p. than by the oral route of 

administration (104). Place preference conditioning effects in rats following i.v. 

0.5 mg/kg COC were reported to be produced with the same magnitude in 

response as i.p. 10 mg/kg (105). Oral and subcutaneous (s.c.) routes of 

administration of COC were investigated in rats for producing locomotor activity 

(106). At the same COC dose, the s.c. group demonstrated greater activity than 

the oral group. A drug administered by different routes may enter the systemic 

circulation at different rates and in different amounts. The latter may explain the 

behavioral differences produced by COC when administered by different routes. 

The objectives of this study were to examine the effects of dose and route 

of administration on the disposition kinetics of COC following i.v., i.p. and s.c. 

administration. A single COC dose following oral administration was also 

studied in order to quantitate pre-systemic (first-pass) metabolism. 
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Experimental 

Animal Studies 

Male Sprague-Dawley rats (250-340 g) (Harlan Sprague Dawley, Inc., 

Indianapolis, IN) (corresponding to rat# 9-16, 18-22, 24-31, 33-36, 38-45, 61-63 

in Appendix A, Tables A-14 to A-17, A-19 to A-30 and A-32 to A-39) were fed 

standard lab chow and were allowed to acclimate to their environment for a week 

before starting the study. Two days before the study, animals had the right 

external jugular vein cannulated as peviously described (72). All catheters were 

exteriorized to permit drug dosing and/or blood sampling. The animals were 

placed into individual metabolism cages and fasted overnight but allowed 

unlimited access to water. 

COC in different doses (0.1, 5, 10, 7.5, and 10 mg/kg) was administered 

intravenously via the jugular vein catheter. The following i.p. doses were 

administered; 0.1, 7.5, 17.9 and 25 mg/kg. The lowest dose (0.1 mg/kg) was in 

the form of ^H-cocaine. The following s.c. doses were injected under the 

abdominal skin area; 7.5, 17.9, and 25 mg/kg. A 25 mg/kg oral COC dose was 

administered by an oral dosing tube. COC was administered i.v. as a short-term 

infusion (2 min) followed by 0.5 mL saline. For all other routes of administration 

(i.p., s.c., and oral), COC was administered as a bolus dose. All doses are 

expressed as the free base but dosed as the hydrochloride salt. COC dosing 
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solutions were prepared in warm (37 °C) normal saline before administration. 

Two to four animals were used per dose and per route of administration. 

Blood samples were obtained via the jugular vein catheter before and at 

selected times after dosing. Approximately 0.3 mL blood was obtained at each 

time, after 0.1 mL fluid had been withdrawn (which was subsequently reinjected 

and followed by 0.3 mL saline) to avoid an artifact caused by sample 

contaminated by saline or blood trapped in the cannula. Blood samples were 

transferred into 0.65 mL microcentrifuge plastic tubes (Phenix Research 

Products, Hayward, CA) containing NaF (20 |iL saturated NaF, dried prior to 

use). Plasma was separated and stored in another 0.65 mL microcentrifuge 

tube containing NaF (10 |iL saturated NaF, dried prior to use). Urine samples 

were collected at known intervals for up to 96 hr in urine containers placed in an 

ice bath. Plasma and urine were stored at -20 °C before being assayed. 

Analytical Procedures 

All plasma and urine samples were analyzed for COC and metabolites 

using the HPLC or GC methods described in Chapter 2 (73). All radiolabeled 

COC (for the 0.1 mg/kg i.v. dose) and metabolites (norcocaine (NCOC), 

benzoylecgonine (BE) and benzoylnorecgonine (BNE)) were extracted from 

biological samples and separated as described in Chapter 2. 
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Data Analysis 

Pharmacokinetic parameters of COC were determined by compartment-

independent area analysis using the Pharm-NCA program (Simed S.A., Creteil, 

France). The data in the terminal, log-linear phase were analyzed by linear 

regression to estimate the terminal rate constant {k„) and half-life {ti/2 = 

0.693//f„). The total area under the 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 kn.. The total area {AUC) was used to calculate systemic clearance (CLs = 

dose/AUC). The steady-state volume of distribution {Vss) was determined from 

the product of the mean residence time {MRT) and CLs. MRT was determined 

from the ratio of the area under the first moment curve, AUMC (area under the 

concentrationxtime vs time curve) and AUC. Renal clearance (CLR) was 

determined from the ratio of the total amount of COC recovered in the urine up 

to 96 hr to the total AUC. The fraction (F) of the i.p., s.c. and oral COC dose 

which entered the systemic circulation was estimated from the ratio of the AUC 

following i.p., s.c. or oral dosing to the AUC following i.v. dosing, normalized by 

the administered doses. Fractional urinary recoveries of COC and metabolites 

were calculated from the ratio of amounts excreted into the urine to the dose 

administered. The fraction absorbed and input rate following oral, s.c., and i.p. 
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administration were determined using the PCDCON program (version 1.0, 

Gillespie, W.R.). Mean residence time of BE following i.v. COC was calculated 

from the difference of the ratio of AUMC and AUC calculated from the BE 

concentration-time curve and that calculated from the COC concentration-time 

cun/e {AUMCB^AUCBE - AUMCcodAUCcoc). 

Statistical Analysis 

Statistically significant differences among groups were determined by 

one-way ANOVA. If significant differences were found, the Bonferroni f-test was 

used to compare two groups. In addition, statistical significance of the 

correlation between the determined parameters as a function of cocaine dose 

was assessed by testing the hypothesis that the slope of the regression line was 

equal to zero. A p value of < 0.05 was considered to represent a statistically 

significant difference. 
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Results 

Plasma COC concentrations and dose-normalized concentrations as a 

function of time following several doses (0.1 to 25 mg/kg) and routes of 

administration (i.v., i.p. and s.c.) are demonstrated in Figures 6-1 and 6-2, 

respectively. There are no obvious differences in the normalized plasma COC 

concentrations as a function of dose following i.v. and s.c. administration but 

there is a trend for dose-dependence following i.p. administration. Dose-

normalized plasma COC concentration-time profiles are compared among routes 

of administration in Figure 6-3. By adjusting concentration for COC dose, the 

resulting plasma COC concentrations can be ranked in descending order by 

route of administration: i.a.>i.v.>i.p.>s.c.>oral administration. Plasma COC 

concentrations following s.c. administration were prolonged and declined only 

after 4 hr. Following oral administration, COC was rapidly absorbed; the 

maximum concentration occurred at 10 min. 

Normalized plasma concentrations of COC and metabolites as a function 

of time following several routes of administration are illustrated in Figure 6-4. 

The major metabolite that could be detected in rat plasma was BE (for all routes 

of administration). BNE was found in plasma at lower concentrations than BE 

following oral and i.p. administration. NCOC was detected in rat plasma only 

following i.p. administration and at lower concentrations than BE or BNE. 
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The dose-normalized AUCs of COC as a function of dose following i.v., 

i.p. and s.c. administration are demonstrated in Figure 6-5. There was no 

relationship between the dose-normalized AUC and dose following i.v. and s.c. 

administration. However, dose-normalized AUCs following i.p. administration 

was significantly correlated to dose {AUCIdose = 1660 + (73.2 x dose), = 

0.713, p< 0.001). 

The percentages of the COC doses recovered In urine as unchanged 

COC and metabolites following i.v., i.p., and s.c. administration and as a function 

of dose are illustrated in Figure 6-6. There were no statistical differences in the 

percentage of the dose recovered as unchanged COC, BE and ecgonine methyl 

ester (EME) as a function of dose and route of administration (i.v., i.p., and s.c.). 

The percentages of the dose recovered in urine were: unchanged COC (5%), 

NCOC (1%), BE (12%), BNE (2%) and EME (13%). These values are shown in 

Figure 6-7. 

The disposition kinetics of COC as a function of dose and route of 

administration are summarized in Tables 6-1 and 6-2. The systemic clearance 

(CLs) of COC following i.v. administration was dose-independent (180 ± 27 

ml/min kg) over the dose range of 0.1-10 mg/kg. The systemic clearance value 

of COC following i.a. administration (157 ± 17 ml/min kg; 4 mg/kg dose. Chapter 

5) was lower than i.v. clearance, however, there was no statistically significantly 

difference. Comparing i.v. and i.a. systemic clearances at similar doses rather 
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than comparing average values for all i.v. doses results in a significant 

difference (191 ±7 ml/min kg; 5 mg/kg i.v. dose vs 157 ± 17 ml/min kg; 4 mg/kg 

i.a. dose, p < 0.05). The corresponding fraction (FPUL) of the i.v. cocaine dose 

which escapes pulmonary clearance can be calculated to be 0.82 (Chapter 5). 

The apparent COC clearance (CLs/F) following i.p. administration was 

dose-dependent, the values decreased as dose increased. There are 

statistically significant differences in clearance between the 7.5 mg/kg and 17.9 

mg/kg doses and between the 7.5 mg/kg and 25 mg/kg doses. However, there 

was no statistically significant difference in clearance comparing the 0.1 mg/kg 

dose and other doses (7.5, 17.9 and 25 mg/kg) nor between the 17.9 and 25 

mg/kg doses. The fraction of the i.p. COC dose which is absorbed and escapes 

hepatic clearance was in the range of 0.35-0.63. The absorbed fraction 

increased as COC dose increased. 

The apparent clearance of COC following s.c. administration (178 ± 30 

ml/min kg) was dose-independent over the dose range of 7.5-25 mg/kg. The 

value was about the same as that following i.v. dosing (180 ± 27 ml/min kg). The 

corresponding fraction of the s.c. COC dose which is absorbed and enters the 

systemic circulation was calculated to be 1.02 ± 0.22. 

COC intrinsic clearance (or apparent oral clearance, CLo) following oral 

dosing was very high (4270 ± 1849 ml/min kg) and higher than that following i.p. 
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administration. The corresponding fraction of the oral COC dose which is 

absorbed and escapes first-pass metabolism was very low (0.05 ± 0.02). 

COC renal clearance was in the range of 5.5 to 10.3 ml/min kg for all 

routes of administration except following oral dosing; renal clearance was 

estimated to be about 2.1 ml/min kg. COC elimination half-life was in the range 

of 20 to 36 min for all routes of administration except that for s.c. administration 

whose value was very long and variable (51 ±17 min). COC steady-state 

volume of distribution (Vss) following i.v. and i.a. administration were essentially 

identical (4.7 ± 0.5 vs 4.6 ± 0.9 I/kg). 

The elimination half-life of BE following i.v. administration of COC 

estimated from the elimination phase of the plasma BE concentration-time profile 

was in the range of 58 to 87 min. The mean residence time of BE following i.v. 

administration of COC was in the range of 69 to 99 min. There were no 

statistically significant differences in the mean residence times or elimination 

half-lives of BE as a function of the i.v. COC dose. 
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Discussion 

The purpose of this study was to examine the absorption and disposition 

kinetics of COC in the rat as a function of route of administration and dose. This 

investigation was conducted for primarily two reasons. First, current knowledge 

of COC absorption and disposition kinetics is incomplete. The latter has been 

the result of either questionable experimental design and/or use of inadequately 

sensitive analytical methods. The second rationale for conducting this study, 

especially in the rat, is the extensive use of that species for pharmacodynamic 

studies. Absorption and disposition processes may be influenced by route of 

administration and dose and, therefore, have an impact on the results of studies 

designed to quantitate response. 

In the present study, following i.v. administration, plasma AUC of COC 

increased linearly with dose. The corresponding COC systemic clearance was 

also dose-independent. The systemic clearance of COC following i.v. 

administration is very high (180 ± 27 ml/min kg) and higher than estimates of 

hepatic blood flow (70 ml/min kg) (67). This result suggests the involvement of 

other organs in the elimination of COC. 

Following i.v. administration, the bioavailability of a compound is almost 

always assumed to be complete. This assumption will be correct if the 

compound does not undergo pulmonary metabolism. The involvement of 

pulmonary metabolism was determined by comparing the AUCs of COC 
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following i.v. and i.a. administration (Chapter 5). The results of those 

experiments suggest that approximately 18% of the i.v. COC dose undergoes 

pulmonary metabolism {Fpuu = 0.82) before entering the systemic circulation. 

intraperitoneal injection is an extensively used route of drug 

administration in rodents. The disappearance of a drug from the peritoneal 

cavity is due to diffusion into the surrounding tissues. In principle, drug 

translocation following i.p. administration may occur by the portal vein, 

extraportal pathways and via the lymph. However, drug absorption from the 

peritoneal cavity via the latter two pathways is generally considered to contribute 

only to a small extent to the overall absorption process. It is generally thought 

that absorption occurs primarily via the mesenteric vasculature which empties 

into the portal circulation where drug may undergo pre-systemic elimination by 

the liver (107). 

The results of this study suggest that the disposition kinetics of COC is 

dose-dependent following i.p. administration. COC clearance following i.p. 

administration is significantly related to dose administered {CUp. - 557-11 xdose, 

= 0.67, p < 0.01). This observation is consistent with in vitro findings of COC 

extraction by the isolated perfused rat liver (Sinha et a!., submitted for 

publication). COC hepatic availability significantly correlated to input cocaine 

concentration; availability increased as input COC concentration increased. 

This result suggests that the metabolic kinetics of COC in the liver are dose-
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dependent. These findings might be explained by saturation of enzymes in the 

liver at higher COC concentration. Bioavailability of COC following i.p. 

administration was in the range of 0.35 to 0.63, depending on the administered 

dose. 

Subcutaneous administration is another frequently used route of 

administration in rodent studies. The absorption process at this site of 

administration is determined by diffusion of the compound into the extravascular 

tissue, by passage through the vessel wall and by capillary blood perfusion. 

COC plasma concentration-time profiles were prolonged following s.c. 

administration. The compound can be detected in plasma for up to 6 hr which 

reflects slow absorption into the systemic circulation. The prolonged time course 

of absorption following s.c. injection may be explained by the vasoconstrictor 

properties of cocaine. The disposition kinetics of COC following this route of 

administration were dose-independent. The apparent clearance of COC 

following s.c. administration was about the same as that following i.v. 

administration (178 ± 30 vs 180 ± 27 ml/min kg). Therefore, COC was 

completely absorbed following s.c. dosing (Fs.c.=1) and there is no evidence of 

metabolism at the site of administration. 

Oral dosing is another route used for drug administration in 

pharmacodynamic studies of COC in animals (104,106,108). Generally, when a 

liquid volume is administered by gavage or gastric tube, a substantial amount of 
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the dose will pass rapidly down the stomach into the small intestine, the major 

site of absorption (109). Since the pH in the small intestine is close to neutral or 

slightly alkaline, COC may undergo substantial degradation to BE which is 

mediated by a nonenzymatic reaction (66,110). Only about 5% of an oral COC 

dose enters the systemic circulation; a value lower than that following i.p. 

administration. This low bioavailability might be explained by incomplete 

absorption from the gastrointestinal tract and/or by pre-systemic elimination via 

gut wall and hepatic metabolism. The absorption of COC from the 

gastrointestinal tract into the systemic circulation was rapid; the first-order 

absorption rate constant (k,) was estimated to be 0.15 ± 0.07 min'\ 

Fraction absorbed and input rate of COC following extravascular dosing 

(oral, i.p., s.c.) estimated by a deconvolution method are illustrated in Figure 6-8. 

The fraction absorbed was approximately 0.05, 0.3-0.6 and 0.9 following oral, 

i.p. and s.c. dosing, respectively, which was consistent with the estimation of 

bioavailability (Table 6-1). COC rate of absorption following i.p. dosing was 

rapid and more rapid than that following oral and s.c. administration. Following 

s.c. dosing, absorption continued for a long time (4 hr). 

The renal clearance of COC was in the range of 5 to 10 ml/min kg for all 

routes of administration except for oral dosing. The bioavailability of COC 

following oral dosing was very small so that plasma and urine concentrations of 

COC were low. In one animal, COC plasma concentrations could be detected in 
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only 3 samples. Therefore, COC renal clearance following oral dosing cannot 

be accurately determined as a result of inaccurate estimations of AUCcoc and 

the amount of COC excreted in urine (X/). 

COC elimination half-life in rats was short (20-30 min) for all routes of 

administration except that for s.c. dosing. Since COC is slowly absorbed into the 

systemic circulation following s.c. administration, the apparent half-life estimated 

from the terminal slope following this route of administration reflects the 

absorption phase {i.e. "flip-flop" absorption kinetics). 

A comparison of pharmacokinetic parameters of COC from the present 

study with those from other studies is summarized in Table 6-2. The reported 

pharmacokinetic parameters of COC in the literature vary considerably from 

study to study. This might be explained, at least in part, by strain differences in 

the rats used in those studies. However, even within the same strain (Sprague-

Dawley rat) the parameter values remain different (Table 6-2). This might be 

explained by differences in the animals' condition {i.e., anesthesized vs non-

anesthetized animals) as well as incompleteness in determining the COC 

concentration-time profiles due to limitations in the analytical method or 

prematurely truncated sampling. The latter affects the estimation of the slope of 

the elimination phase as well as the calculation of AUC and derived parameters 

{e.g., clearance and volume). 
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Literature reports containing graphs of COC plasma concentrations vs 

time following i.v. and i.p. dosing (111-113) were scanned and digitized (Sigma 

Scan program, Jandel Scientific, San Rafael, CA). The dose-normalized 

concentrations that were estimated from those studies (Figure 6-9) agree well 

with the data from this study (solid line) during the first 30 min following dosing. 

The truncated blood sampling in those i.v. studies leads to an an 

underestimation of half-life (Table 6-2) whose extrapolation (dashed lines) 

results in an underestimation of AUC. COC bioavailability following i.p. 

administration was reported to be about 0.88 (111); a value greater than that 

reported here (0.35-0.63). This is explained by a higher value for AUCip. and a 

lower value for AUCtv. from that study (Figure 6-9). There is no obvious 

experimental explanation for the disparity in these two estimates of i.p. COC 

bioavailability. 

A major metabolite found in plasma was BE. The elimination of the 

compound was slow (f,/2; 73 ± 8 min) indicating elimination rate-limited 

elimination. An estimate of the fraction of the COC dose forming BE [fee) was 

obtained from the ratio of AUCbe following each route of COC administration 

(this study) to the corresponding AUCAE following i.v. administration (Kim et a!., 

submitted for publication). These results are summarized in Table 6-1. That 

calculation indicated that about 20-37% of the i.v. dose of COC is converted to 

BE. That value is consistent with the findings from a previous study (43 ± 15%; 
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Kim et a!., submitted for publication). There were no statistically significant 

differences in the fraction of BE formed as a function of the i.v. COC doses. 

About the same percentage of the COC dose (34%) formed BE following i.a. 

administration as formed following i.v. dosing (20-37%). The percentages of the 

COC dose that formed BE following i.p. dosing were in the range of 20-45% and 

were dose-dependent. The values increased significantly as the dose increased 

(fflE = 0.15 + 0.01 X Dosecocaino; = 0.720, p<0.001). This apparent dose-

dependence in fsE and the nonlinear kinetics of COC following I.p. 

administration, suggest possible enzyme-saturation in the formation of other 

metabolites of COC. The primary alternative metabolic pathway in which 

saturation might occur is the formation of EME. Unfortunately, this hypothesis 

can not be tested in this study due to limited analytical sensitivity for quantitating 

EME in plasma. 

Following s.c. dosing, 44-60% of the COC dose was converted to BE and 

there were no statistically significant differences as a function of COC dose. 

The latter value was greater than that for i.v. administration. Due to the slow 

absorption of COC in the systemic circulation, plasma BE concentration-time 

profiles were prolonged. Unfortunately, blood samples were only collected for 

up to 6 hr. The latter incomplete sampling time influences estimation of the 

tenninal slope and in obtaining an accurate estimate of the total AUCbe- This 

error might lead to overestimation of the AUCbe and the con-esponding estimate 
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of the fraction of BE formed following s.c. administration. Following oral dosing, 

21 % of the COC dose was converted to BE. That value was small due to the low 

oral bioavailability of COC entering the systemic circulation. 

COC is a psychomotor stimulant. Following COC administration, the 

animals became hyperactive, moving around the cage, and displaying 

stereotypic behavior, grooming, climbing the cage and sniffing. The magnitude 

of these behavioral effects was dependent upon dose and route of 

administration. Following i.a. and i.v. administration, the behaviors were obvious 

and lasted about 30 min after dosing. The behaviors following s.c. and i.p. 

administration were not as pronounced as those following i.v. or I.a. 

administration. At high i.v. COC doses (10 mg/kg), there was a greater 

incidence of convulsions and death than at lower doses. In contrast, at high 

COC doses (17.9 or 25 mg/kg) following s.c., i.p., and oral administration, there 

were no incidents of convulsions and death. 

NCOC, BE, and BNE were reported to have potent stimulant activity after 

intracistemal injection in the rat (21). However, BE and BNE did not produce 

observable pharmacological effects even after high doses (200 mg/kg) when 

administered systemically. This is due to the highly polar character of the 

compounds preventing penetration into the brain. In addition, as mentioned 

earlier, the formation of NCOC was very low (it was detected at low 

concentrations and only following i.p. administration). Therefore, the 



148 

contribution of NCOC, BE as well as BNE to behavioral effects after COC 

administration was minor. 

A pharmacokinetic/pharmacodynamic model for COC has been 

developed in the rat (Chapter 7, (114)). The relationship between plasma COC 

concentration and response following an i.v. bolus dose could be described by a 

Sigmoid-Ema* model. The pharmacodynamic parameters associated with 

locomotor (horizontal) activity from that study were maximum response (Em„; 

383 counts/min), COC concentration producing 50% of (ECso; 525 ng/ml), 

and the sigmoidicity parameter (n; 1.3). With those parameters and COC 

plasma concentration-time data obtained in the present study, COC response 

(horizontal activity) as a function of time could be simulated following the 

different doses and routes of administration examined here. Simulations of 

horizontal activity as a function of time using dose-normalized plasma COC 

concentrations following i.v., i.p., s.c. and oral dosing are illustrated in Figure 6-

10. At equivalent COC doses the magnitude of activity follows, in descending 

order; i.a.>i.v.>i.p.>s.c.>oral. Those results are consistent with those studies 

which reported that locomotor activity measurement in rats following i.p. 

administration was greater than that following oral dosing (104). Subcutaneous 

dosing produced greater activity than oral dosing (106). 

The horizontal activity as a function of time was simulated using plasma 

COC concentrations following different doses and routes of administration in 
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order to determine maximum horizontal activity at each dose and route. Dose-

response (maximum activity) relationships following different routes of 

administration are demonstrated in Figure 6-11. Following i.v. and i.p. 

administration dose-response data were fitted to a Sigmoid-Em,* model, from 

which the following pharmacodynamic parameters were obtained (i.v.: Em,x = 412 

counts/min, EDso (dose producing 50% Emax) - 2.3 mg/kg, n = 1.1; i.p.; Emax - 421 

counts/min, EDso = 9.2 mg/kg, n = 1.3). Due to the incompleteness of the s.c. 

and oral dosing data, the data were fit to a Sigmoid-Em«* model to estimate EDso 

but fixing values for Emax and n. For s.c. administration, an Emax of 416 

counts/min (average value from fitting i.v. and i.p. data) and an n of 1.3 

(obtained from fitting i.p. data) were used. The same Emax (416 counts/min) but 

different /7 (1.5) values were used in order to obtain a better approximation of the 

oral data. Estimations of EDso can be ranked in descending order: oral (96 

mg/kg), s.c. (18 mg/kg), i.p. (9 mg/kg), i.v. (2 mg/kg). Differences in response-

time curve (magnitude and duration of the behavioral effects) and dose-

response curves for each route of administration can be explained by 

differences in rate and completeness of COC absorption into the systemic 

circulation. 

In summary, the disposition kinetics of COC following i.v. and s.c. 

administration are dose-independent. When COC is given intraperitoneally, its 

kinetics exhibit dose-dependent behavior. The systemic bioavailability of COC 



150 

varies from route to route. This will likely explain behavioral differences 

produced by COC when administered by different routes. The influence of route 

of administration on the disposition kinetics of COC needs to be considered in 

pharmacodynamic studies of the COC and other drugs of abuse. 



Table 6-1 
Pharmacokinetic parameters of cocaine as a function of dose and route of administration in rats 

(n = 2-4 animals/route/dose)*. 

Route Dose 

mg/kg 

CLs or CLs/F 

mUminkg 

F ^ss or ^ss IF 

Ukg 

CLr 

mL/minkg 

Tr/ 

min 

fee 

l.a. 4 157117 - 4.6 ±0.9 5.5 ±1.9 25 ±6 0.34 ±0.02 

i.v. 0.1 163.± 19 4.5 ±0.6 7.1 ±2.6 25±3 0.20 ±0.06 
5 191 ±7 0.82 ±0.09 4.8 ±0.6 9.2 ±5.3 20 ±4 0.39 ±0.11 

7.5 157 ±13 4.9 ±0.3 11.1 ±2.8 25±6 0.38 ±0.06 
10 210 ±25 5.0 ±0.7 10.8 ±2.5 18±3 0.37 ±0.09 

i.p. 0.1 515 ±71 0.35 ±0.07 19.9 ±0.5 9.7 ±1.4 34±2 0.19 ±0.02 
7.5 512 ±101 0.35 ±0.08 15.2 ±4.8 10.3 ±4.9 21 ±2 0.21 ±0.09 

17.9 341 ±31 0.5210.09 10.5 ±0.6 7.0 ±1.7 20 ±0.5 0.32 ±0.07 
25 286 ±58 0.63 ±0.16 11.812.3 9.511.8 28 ±2 0.45 ±0.01 

s.c. 7.5 191 ±33 0.94 ±0.16 
C 

6.510.8 (60 ±1)" 0.44 ±0.06 
17.9 173 ±36 1.06 ±0.22 8.915.0 (49 ±8)" 0.60 ±0.16 

25 169 ±21 1.06±0.13 8.013.2 (42 ±18)" 0.59 ±0.06 

oral 17.9 4270 ±1849 0.05 ±0.02 260 ±101 (2.1 ±1.0)® 36 ±7 0.21 ±0.03 

a Mean ± standard deviation 
b Harmonic mean ± "pseudo" standard deviation (79) 
c Cannot be accurately determined 
d Apparent half-life reflects slow absorption. 
e This value is inaccurate because of the small values for cocaine AUC and Xu 
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Table 6-2 

Comparisons of pharmacokinetic parameters of cocaine in the rat. 

Route Dose ® CLs or CLs/f T ^ h/2 F 

(mg/kg) (mUminkg) (i-^g) (L/kg) (min) 

This study 
l.V. 0.1-10 180 ± 27 5.5 ±1.2 4.7± 0.5 22 ± 5 
i.p. 0.1 515 ± 71 34 ± 2 0.35 

7.5 512 ± 101 21 ± 2 0.35 
17.9 341 ± 31 20 ± 0.5 0.52 

25 286 ± 58 28 ± 2 0.63 
s.c. 7.5-25 178+ 30 51 ± 17 1.01 
oral 17.9 4270 ± 184 36 ± 7 0.05 

(104)": i.p. 7.5 278® 108 
15 455" 72 
30 352" 54 

oral 7.5 291 " 90 
15 610" 54 
30 781 " 96 

s.c. 15 278" 120 

(112)i .v. 0.89 196" 8.4 ± 0.4" 13± 2 
i.p. 13.4 187" 31 ± 3 0.88 

(I l l )®: i.v. 1 142 ± 6 3.6 ± 0.5 18± 3 

(115)':  i .p. 30 485" 44± 5 

(113)' ' :  i .v 2 123' 2.7 ± 0.3 19± 3 

a Expressed as free base 
b Harmonic mean ± "pseudo" standard deviation (79) 
cMale Sprague-Oawley rat 
d Male Albino rat 
e Anesthetized male Sprague-Dawley rats 
f Male Wistar rats 
g Calculated from reported values {dose!AUCo.<^) 
/7 Calculated from reported mean value and mean animal weight 
/ Calculated from the estimation of rat weight in tiiat study 
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Figure 6-1. Semi-logarithmic plots of plasma cocaine (COC) concentrations as a 
function of time following i.v., i.p. and s.c. administration of COC in rats. Each 
point and cross-hatched vertical bars represent the mean and standard deviation 
of 2-4 rats. The solid lines represent the connection of points. Notice the longer 
time axis for s.c. administration. Key; (O) 0.1 mg/kg; (•) 5 mg/kg; (•) 7.5 mg/kg; 
(A)10 mg/kg; (T) 17.9 mg/kg; (•) 25 mg/kg. 



154 

0) 
.E o) 
(Q ^ 

o E 
S E-i 

185 
a g >  

N O 

2 fo 
c ^ 

oS 

0) g C/) o 
o o 
o 

100 -

I I 

50 100 150 200 

1000 -1 

100 

10 

1 -

0.1 -

0.01 

T 1 

50 100 150 200 

S.C. 

—I 1 1 1 

100 200 300 400 

Time (min) 

Figure 6-2. Semi-logarithmic plots of dose-normalized plasma cocaine (COC) 
concentrations as a function of time following i.v., i.p. and s.c. administration of 
COC in rats. Each point and cross-hatched vertical bars represent the mean 
and standard deviation of 2-4 rats. The solid lines represent the connection of 
points. Notice the longer time axis for s.c. administration. Key; (O) 0.1 mg/kg; 
(•) 5 mg/kg; (•) 7.5 mg/kg; (A)1G mg/kg; (•) 17.9 mg/kg; (•) 25 mg/kg. 
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Figure 6-3. Semi-iogarithmic plot of dose-normalized plasma cocaine (COC) 
concentration as a function of time in rats following different routes of 
administration. Each point and cross-hatched vertical bars represent the mean 
and standard deviation of 2-4 rats. The solid lines represent the connection of 
points. Key; (•) 10 mg/kg of COC following a short i.v. infusion (over 2 min) 
(n=3); (O) 4 mg/kg of COC following a short i.a. infusion (over 2 min) (n=:3): (•) 
17.9 mg/kg of COC following an i.p. injection (n=3); (A) 17.9 mg/kg of COC 
following a s.c. injection (n=4); (T) 17.9 mg/kg of COC following oral 
administration (n=4). 
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Figure 6-4. Semi-logarithmic plots of dose-nomialized plasma concentrations of 
cocaine (COC) and metabolites as a function of time following: short i.v. infusion (over 
2 min) of 10 mg/kg COC (n=3); short i.a. infusion (over 2 min) of 4 mg/kg COC (n=3): 
i.p. administration of 17.9 mg/kg COC (n=3); s.c. administration of 17.9 mg/kg COC 
(n=4): oral administration of 17.9 mg/kg COC (n=4). Note that concentration and dose 
units are in molar term. Each point and cross-hatched vertical bars represent the mean 
and standard deviation of 2-4 rats. The solid lines represent the connection of points. 
Key: (O) COC; (•) NCOC; (•) BE; (A) BNE. 
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Figure 6-5. Plots of area under the cocaine (COC) plasma concentration-time 
curves normalized for dose as a function of dose following i.v., i.p. and s.c. 
administration of COC. Each point represents the data from one animal. The 
solid line following i.p. administration represents the linear regression analysis of 
the data {AUC/dose = 1656 + (73xdose), = 0.713, p < 0.001). The dashed 
lines represent the average of the data. 
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Figure 6-7. Plot of the percentage cocaine (COC) dose recovered in urine as 
COC and metabolites as a function of route of administration. Each bar 
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Figure 6-8. Plots of cumulative fraction of the cocaine dose absorbed (top) and input rate (bottom) (determined by 
deconvolution) as a function of time following oral, i.p. and s.c. administration. Each point and cross-hatched 
vertical bar represents the mean and standard deviation of 2-4 rats. The solid lines represent the connection of 
points. Key; (O) 0.1 mg/kg; (A) 7.5 mg/kg; (V) 17.9 mg/kg; (•) 25 mg/kg. 
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Figure 6-9. Semi-logarithmic plots of dose-normalized plasma cocaine (COC) 
concentrations as a function of time following i.v., and i.p. administration of COC 
in rats. Key: (O) data obtained from Nobiietti et ai, 1994; (•) data obtained 
from Barbieri et al., 1992; (A) data obtained from Levine et a!., 1994. The solid 
lines represent the mean of data from all doses (i.v.) or from 17.9 mg/kg dose 
(i.p.) obtained in this study. The dashed lines represent the extrapolation of the 
data using the reported elimination rate constant from each study. 
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Figure 6-10. Plot of the simulated horizontal activity as a function of time (as 
described in the text) following several routes of administration. The solid lines 
represent the connection of points. Key: (O) using concentration-time data 
normalized by dose following a short i.v. infusion of 5 mg/kg dose; (•) using 
concentration-time data normalized by dose following i.p. administration of 7.5 
mg/kg dose; (A) using concentration-time data normalized by dose following s.c. 
administration of 7.5 mg/kg dose; (<>) using concentration-time data normalized 
by dose following oral administration of 17.9 mg/kg dose. Inset graph shows the 
data following i.p., s.c. and oral administration (note the longer time axis) 
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Figure 6-11. Plot of semi-logarithmic dose-response (as maximum horizontal 
activity) curve following different routes of administration. Each point and cross-
hatched vertical bar represents the mean and standard deviation of 2-4 rats. 
The solid lines represent the fitted lines as described In the text. Key: (O) i.v.; 
(•) i.p.; (A) S.C.; (V) oral. 
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CHAPTER VII. SIMPLE APPARATUS FOR SERIAL BLOOD SAMPLING IN 

RODENTS PERMITTING SIMULTANEOUS MEASUREMENT OF 

LOCOMOTOR ACTIVITY AS ILLUSTRATED WITH COCAINE 

Introduction 

The development of a combined pharmacokinetic/pharmacodynamic 

(PK/PD) model for a drug requires complete information about response and 

plasma drug concentrations as a function of time. Ideally, a complete set of 

response and drug concentration-time data would be obtained in the same 

animal during the course of a single experiment. The limitations in obtaining 

such information are related to several factors including the animal model and 

the type of response to be measured. Ebling et al., for example, have developed 

a chronically instrumented rat model that permits simultaneous collection of both 

anesthetic effect {i.e., changes in EEG) and blood concentrations (116). The rat 

was placed in a rodent sling suit which prevents free movement. This approach 

is expected to result in rich data sets which minimize intra-subject and inter-

occasion variations. 

There are numerous catagories of dnjgs and corresponding 

pharmacological end points which, unlike the anesthetic state, require the animal 

to be conscious and, depending upon effect, freely moving. The conscious but 

restrained {i.e., not freely moving) animal readily permits the simultaneous 
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measurement of response and blood concentrations. There are frequent 

situations, however, where a useful endpoint, especially for centrally active 

drugs, involves measurement of locomotor activity in the unrestrained, freely 

moving animal. In the absence of being able to simultaneously measure 

response and blood concentration, the development of a PK/PD model requires 

either a cross-over treatment or a parallel group paradigm. In the former case, 

the same animal is dosed on two occasions; one occasion involving response 

measurement and the other involving blood sampling. The latter situation would 

employ two different groups of animals; one group in which response is 

measured and the other group in which blood is obtained to determine the 

pharmacokinetic profile. Neither of these approaches is ideal. 

The determination of motor activity is usually performed by placing the 

animal in a cage equipped with photobeams (Figure 7-1) and activity count is 

registered each time a photobeam is interrupted by movement of the animal. A 

range of movements may be assessed (e.g., horizontal, vertical, stereotypy, 

etc.). The simultaneous measurement of locomotor response and blood 

sampling must be conducted without interfering with animal movement or 

interrupting the photobeams. This chapter describes a simple device which can 

be attached to an indwelling jugular vein catheter for intravenous drug dosing as 

well as blood sampling and which does not interfere with animal movement or 

activity measurement. 
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Experimental 

Animal Studies 

Male Sprague-Dawley rats (260-280 g) (Harlan Sprague-Dawley. Inc., 

Indianapolis, IN) (corresponding to rat # A-E in Appendix A, Tables A-40 to A-

43) were used in the study. All rats were fed with standard lab chow and were 

allowed to acclimate to their environment for a week before starting the study. A 

12 hour day-night cycle was maintained. Two days before the study the right 

external jugular vein was cannulated and exteriorized for i.v. dosing and blood 

sampling as previously reported (72). The exteriorized part of the catheter was 

sutured to the skin and glued at two previously shaven locations, the dorsal neck 

and dorsal back areas (Figure 7-1). 

Fabrication of the Chronic Blood Sampling Device 

Figure 7-2 illustrates the components of the device which consists of a 1.5 

cm metal tube (1) cut and filed smooth from a 20G114 needle (PrecisionGlide 

Needles, Becton Dickinson Co., Franklin Lakes, NJ). This metal tubing serves 

as a connector between the device and the jugular vein catheter. One end of 

the tubing is connected to a 33 cm PESO tubing (ID 0.58 mm, OD 0.965 mm; 

Intramedic polyethylene tubing, Clay Adams, Parsippany, NJ) (2). This 

connection is held with glue (epoxy resin) by applying the glue around the metal 

tubing before inserting it into the PESO tubing. The other end of the PE50 tubing 
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is connected (using glue) to a 2.5 cm metal tube (3) cut and filed smooth from a 

2OGV/2 needle. Glue is applied around the metal tube (1 cm above the PESO 

connection) which is inserted through a hole in a 5 mm bead (Western Trimming 

Corp., Chatsworth, CA; available at most arts and crafts supply stores) (4). This 

free-rotating round bead serves as a swivel which permits the free movement of 

the tubing. The end of the metal tube is inserted into a piece of 6 cm PESO 

tubing (5). The other end of this tubing is plugged by a solid pin (6) (in place 

while not collecting a blood sample) or connected to a syringe and needle for 

blood sampling. The round bottom portion of a 12 x 7S mm polypropylene test 

tube is cut to a height of 3 cm (Laboratory Product Sales, Rochester, NY) and a 

hole (ca., 0.3 cm in diameter) is made in the bottom of this tube (7). The tubing 

is inserted into this plastic holder which houses the bead. In order to keep the 

bead in place so that the catheter does not move up and down, the upper 

cylindrical part (2 cm) of a pipet tip (8) (VWR Universal Pipet Fit Tips, Cat. no. 

53S08-989; VWR Scientific, West Chester, PA) is cut and placed into the plastic 

holder on top of the bead. An elastic band, approximately 22 cm in length and 

0.5 mm diameter (9), is attached to each end of the tubing. The elastic band 

was taken from that attached to a disposable face mask, (Cat. no 9913, 3M, St. 

Paul, MN). One end of the elastic band is attached to the PE50 tubing 

(approximately 1 cm above the metal tube (1)) and the other end Is attached to 



168 

the metal tube (3) about 0.5 cm below the plastic container. The device is 

connected to a ring stand (Figure 7-1). 

Experimental Design 

The activity measurements were obtained using the Digiscan Animal 

Activity System (Model CCDIGI with DIGIPRO software, Omnitech Electronics, 

Inc., Columbus, OH). The dimensions of the cage are (I x w x h) 42 cm x 42 cm 

X 30 cm. Two sets of 16 horizontal infrared beams located at right angles to 

each other were used to detect horizontal activity. Another set of 16 horizontal 

beams located 4 cm above the cage floor was used to detect vertical activity. 

The response measured was horizontal activity which is based on the number of 

times the beams of the horizontal sensors are interrupted during one minute 

periods. The top and sides of the activity cages were covered whenever an 

animal was placed into the cage in order that any external laboratory movements 

would not startle the animal. No attempt was made to keep the cage dark, 

however, and normal laboratory overhead fluorescent lighting was maintained. 

All paired experiments were conducted during the same time of day and 

under identical conditions. The first set of experiments was designed to 

compare responses when the sampling device was attached or unattached to 

the animal. The experiment used a cross-over design. The animals were placed 

into the activity cage and acclimated for 30 min before the experiment. The first 
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rat (A) had activity measured without the device connected. The activity was 

measured for 60 min after acclimation and the rat was then returned to the home 

cage. After a one day rest period, the same rat but with the device attached 

underwent the same protocol. The device was attached by placing glue around 

the metal tube (1) and inserting it into the exteriorized portion of the indwelling 

jugular vein catheter. The rat was placed into the activity cage and the device 

was held in the top center of the cage by clamping the polypropylene tube (5) 

into place (Figure 7-1). The activity was measured for 60 min after acclimation. 

An additional animal (B) was taken through an identical protocol except that 

activity was first measured with the device attached. After a one day rest period, 

activity was assessed without the device attached. The baseline horizontal 

activity was compared within the same animal between conditions (i.e., with and 

without the device attached). 

A second set of experiments was conducted in order to compare the 

effect of blood sampling on activity measurement. Rat C (with the device 

connected) had activity determined for a 60 min baseline period. After a one 

day rest period, the same animal but with the device connected was placed into 

the activity cage. After the animal was acclimated for 30 min, a short i. v. infusion 

(over 2 min) of saline (0.3 mL) was administered through the device, followed by 

an additional 0.4 mL saline given as a bolus. Blood samples were collected at 

selected times up to 2 hr. Approximately 0.3 mL of blood was obtained at each 
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time. Activity measurements continued during this time. The baseline horizontal 

activity was compared within the same animal between conditions {i.e., with and 

without blood sampling). 

The third set of experiments was performed to compare responses in 

COC-treated and saline-treated rats. Rat D (device connected) was placed into 

the activity cage. After the animal was acclimated for 30 min, a short i.v. infusion 

(over 2 min) of COC HCI (5 mg base/kg prepared as 5 mg base/ml of saline) was 

administered through the device followed by 0.4 mL saline. Blood samples were 

collected at selected times up to 2 hr. Approximately 0.3 mL blood was obtained 

at each time, after 0.15 mL of fluid had been withdrawn (which was subsequently 

reinjected and followed by 0.3 mL saline) to avoid an artifact caused by sample 

contaminated by saline or blood trapped in the catheter. Plasma was separated 

and stored at -20° before being assayed. Activity measurements continued 

during this time. The horizontal activity-time profile from the COC-treated rat (D) 

was compared to that from the saline-treated rat (C). 

The last experiment was conducted in another rat (E) to compare 

responses after the rat was dosed with COC (5 mg/kg) intravenously (over 2 

min) with or without the device attached. These experiments were performed on 

separate days with a 2 day washout period. 
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Detennination of Plasma COC Concentrations 

All blood samples were analyzed for COC concentrations using the HPLC 

methods described in Chapter 2 (73). 

Analysis of Data 

Pharmacokinetic parameters were analyzed by compartment-independent 

area methods or by compartmental analysis, assuming that all processes of 

disposition followed first-order kinetics. The compartment-independent analysis 

used the Pharm-NCA program (SIMED S.A., Creteil, France). The PCNONLIN 

program (version 4.0, SCI Software, Lexington, KY) was used for compartmental 

analysis. The most appropriate model was chosen on the basis of the F-test, 

with comparison being made at the 5% level of confidence (117). 

The COC plasma concentration-time data were plotted against horizontal 

activity at the corresponding time. The concentration (C) and effect (£) were fit 

to the Sigmoid-Em«x model (Equation 6-1) with or without baseline effect using 

the SimuSolv program (Dow Chemical Co., Midland, Ml). The values for 

maximum effect (Em«), the concentration at 50% of maximum effect (ECso), the 

baseline effect (Eo) and the sigmoidicity factor {n) were estimated from that 

analysis. The most appropriate model was chosen on the basis of the F-test, 

with comparison being made at the 5% level of confidence (117). 
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max 

EC5o" + C "  
(6-1) 

The horizontal activity as a function of time was also fit to the Sigmoid-

Emtx model with or without baseline response and coupled with an effect 

compartment model (118) (Figure 6-3) using the SimuSolv program. The 

relationship of effect and COC concentration in the effect compartment (Ce) can 

be described by Equation 6-2. COC concentration in the effect compartment can 

be described by Equation 6-3. The pharmacokinetic parameters obtained from 

the fit of the concentration-time profile were used as constants for the model. 

Further, the estimated parameters obtained from the above pharmacodynamic 

model were used as the initial estimates for this model. The values for Em,*, 

ECso, Eo, n and the elimination rate constant from the effect compartment (Keo) 

were determined from this analysis. The most appropriate model was chosen on 

the basis of the F-test, with comparison being made at the 5% level of 

confidence (117). 

^ inaX g 

" ECso" +Ce" 
(6-2) 

(6-3) 
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Results 

The first experiment was designed to examine baseline activity {i.e., no 

drug), the time needed for the activity to become relatively constant and any 

interference that the physical attachment of the device had on activity. During 

the first 30 min after being placed into the activity cage, the rat moves around 

the cage and occasionally stretches along the side wall. This activity gradually 

declines and the rat will generally lie down in a comer of the cage. 

Occasionally, the rat rises and relocates to another area of the cage. Hence, the 

horizontal activity at early times is high. Activity then approaches zero within 

about 30 min (data not shown). Therefore, the animals need to acclimate for 

about 30 min before activity is measured. The activity profiles comparing with 

and without the device attached in two animals (rats A and B) were identical 

(Figure 7-4). The total activity counts over 60 min for rat A with and without the 

device attached were 1008 and 817, respectively. For rat B, the total activity 

counts over 60 min with and without the device attached were 408 and 584, 

respectively. These results suggest that the device per se did not interfere with 

normal baseline activity. 

The control animal (C) received normal saline and underwent the same 

blood sampling as the animal dosed with COC. The activity profile did not differ 

from the baseline profile (Figure 7-5). When COC was administered 

intravenously, horizontal activity increased dramatically and gradually declined 
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with time (Figure 7-6A, rat D). Further, there were no differences in activity 

profiles following the administration of COC when the device was attached or not 

attached (Figure 7-6B, rat E). These findings suggest that the device does not 

interfere with motor activity nor with its measurement. Furthermore, sampling of 

blood through the device does not interfere with activity. 

The fact that the physical presence of the device did not interfere with the 

measurement per se was also examined by swinging the device {i.e., the PESO 

tubing that connects to the venous catheter filled with saline or blood and the 

elastic band) around the cage. This movement did not register any signal. 

The plasma COC concentration-time profile obtained from rat D following 

a short i.v. infusion of COC (5 mg/kg) is illustrated in Figure 7-7. The profile is 

best described by a biexponential equation. Total body clearance and steady-

state volume of distribution of COC are estimated to be 190 mtymin kg and 4.55 

Ukg, respectively. The elimination half-life is approximately 20 min. 

The relationship between horizontal motor activity and plasma 

concentrations of COC can be described by a Sigmoid-Em« model without a 

baseline value (Figure 7-8). The estimated values for Emax, EC so and n are 383 

counts/min, 525 ng/ml and 1.3, respectively. The experimental data and 

predicted relationship are shown in Figure 7-8. When the pharmacokinetic 

model was incorporated into the pharmacodynamic model, assuming an effect 

compartment, the estimated values for Ema*. ECso, n and Keo were 399 
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counts/min, 567 ng/ml, 1.7 and 0.289 min'\ respectively. These experimental 

data and model predicted behavior are shown in Figure 7-9. 
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Discussion 

The purpose of this study was to develop and provide a preliminary 

validation of a simple device that would attach to a surgically placed exteriorized 

venous catheter in a rat. The device was designed to permit i.v. dosing, allow 

for serial blood sampling and it should not interfere with the free movements of 

the animal when placed into an activity cage. Furthermore, the device must not 

interrupt the photobeams used to record activity. A device was fabricated from 

simple, routine laboratory supplies. The study and experiments described here 

are preliminary, in the sense that exhaustive animal testing has not been 

performed. This report does serve, however, to indicate the feasibility of this 

approach. 

This study illustrates a simple technique which permits an experimenter to 

simultaneously obtain responses and drug plasma concentrations in a freely 

moving rat following a single dose of drug. The method utilizes a simple device 

which can be constructed from commonly used laboratory supplies such as a 

pipette tip, polypropylene test tube, needle, PESO tubing and elastic band. A 

solid bead with a hole to accomodate tubing needs to be purchased. It is 

noteworthy that when preparing the device, the length of the PESO tubing should 

be long enough for the rat to travel to any comer of the cage. The exteriorized 

part of the indwelling jugular vein catheter should be attached firmly to the dorsal 

rat skin to prevent dislocation of the indwelling catheter. The bead should be 
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light weight and free to rotate so that when the rat moves around the cage the 

tubing can rotate unimpeded to avoid twisting and consequent blockage of fluid 

in the tubing. 

The volume of blood that completely fills the tubing of the device 

described here is approximately 80 to 100 |i.L Therefore, when a blood sample 

is taken, approximately 150 nL of fluid should be removed prior to blood 

sampling to avoid any artifact from saline trapped in the tubing. 

This sampling technique has been employed to model the PK/PD 

relationship of COC, a CNS-stimulant drug. Horizontal movement was used to 

represent locomotor activity. The parameters that best described the Sigmoid-

Emtx model when fitting horizontal activity and COC plasma concentrations are 

similar to those obtained from fitting horizontal activity vs. time data, assuming 

an effect compartment. 

In summary, the fabrication of a simple device in this study can be 

employed to collect blood samples during the measurement of locomotor activity 

in the freely moving rat. The results demonstrate the applicability of this 

experimental technique for PK/PD modeling. 
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Figure 7-1 Diagrammatic sketch of the experimental set-up used for simultaneously measuring motor activity and 
for blood sampling in the freely moving rat (not to scale). The inset illustrates the components of the device as 
described in the text. 
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Figure 7-2. Diagrammatic sketch of the components of the device. Key; 1, metal tubing; 2, PESO tubing; 3, metal 
tubing; 4, bead; 5, PESO tubing; 6, solid pin; 7, polypropylene tube; 8, upper cylindrical part of a pipet tip; 9, elastic 
band. 
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Figure 7-3. Pharmacokinetic/pharmacodynamic model of cocaine with the effect 

compartment. 
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Figure 7-4. Plots of horizontal activity determined over 4 min intervals and expressed as counts/min as a function of 
time for rat A and rat B. Key: (•) with device attached; (O) without device attached after acclimation in the cage. 
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Figure 7-5. Plots of horizontal activity determined over 4 min intervals and 
expressed as counts/min as a function of time in rat C with device attached. Key: 
(•) rat C with blood sampling; (O) rat C without blood sampling. 
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Figure 7-6. Plots of horizontal activity determined over 4 min intervals and expressed as counts/min as a function of 
time. (A) rat D (•) received a short i.v. infusion of COC (5 mg/kg) and rat C (O) received a short i.v. infusion of 
normal saline 30 min after acclimation in the cage. (B) rat E received a short i.v. infusion of COC (5 mg/kg) after 
acclimation in the cage; (•) with device attached. (O) without device attached. 
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Figure 7-7. Semi-logarithmic plot of cocaine (COC) plasma concentrations as a 
function of time following a short i.v. infusion of COC (5 mg/kg) in one rat. The 
solid line represents the nonlinear regression fit to the data. 
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Figure 7-8. Plot of horizontal locomotor activity as a function of cocaine (COC) 
plasma concentrations in one rat following a short infusion of COC (5 mg/kg). 
The points are experimental and the solid line represents the fitted line to the 
data. 
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Figure 7-9. Plot of horizontal locomotor activity as a function of time (midpoint of 
measurement interval) following a short i.v. infusion of cocaine (5 mg/kg). The 
points are experimental and the solid line represents the best fit to the data. 
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Appendix A, Table A-1 

In vitro first-order degradation rate constant of cocaine (COC) 
in rat blood 

First-order degradation 
COC concentration rate constant (hr 

(ng/mL) ABC 

500 0.048 0.055 0.049 
1000 0.052 0.056 0.055 
2000 0.057 0.055 0.052 
4000 0.053 0.052 0.051 

1000 with NaF 0.074 0.066 0.066 
4000 with NaF 0.069 0.069 0.065 
1000 with EtOH 0.054 0.054 0.053 
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Appendix A, Table A-2 

Blood to plasma ratio of cocaine (COC) as a function of pH and 
concentration determined in blood obtained from rats given a 

short i.v. infusion of 10 mg/kg COC 

Blood to plasma ratio 

pH 7.2 pH 7.4 pH 7.6 
COC concentration 

(ng/mL) 900 250 725 1400 920 

A 
B 
C 

0.96 1.02 0.93 1.00 0.93 
1.00 1.05 1.12 0.97 0.96 
1.00 1.03 1.05 1.10 1.12 
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Appendix A, Table A-3 

In vitro unbound fraction of cocaine (COC) in rat plasma 

Fraction unbound 
COC 

concentration COC COC with EtOH 
(ng/mL) 

A B C  A B C  

75 0.63 0.63 0.63 0.61 0.60 0.61 
525 0.63 0.62 0.63 0.62 0.62 0.63 
2025 0.62 0.62 0.63 0.64 0.64 0.65 



Appendix A, Table A-4 

In vitro unbound fraction of cocaine (COC) as a function 
of pH in rat plasma 

Unbound fraction 
pH 

A B C 

7.0 0.77 0.76 0.76 
7.2 0.74 0.72 0.72 
7.4 0.66 0.65 0.66 
7.6 0.59 0.59 0.59 
7.8 0.48 0.49 0.49 
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Appendix A, Table A-5 

In vivo unbound fraction of cocaine (COC) at pH 7.4 determined in 
plasma obtained from rats given a short i.v. infusion of 10 mg/kg COC 

COC Unbound fraction 
concentration 

(ng/mL) ABC 

300 0.67 0.67 0.66 
780 0.69 0.69 0.68 

1475 0.69 0.67 0.66 



Appendix A, Table A-6 

In vitro first-order rate constant (hr of cocaine degradation in female blood withdrawn during 
the 5*^-9*^ day of the menstrual cycle 

Cocaine concentration (ng/mL) 
Subject 

500 1000 3000 

1 0.169 0.452 0.188 0.239 0.241 0.238 0.287 0.292 0.297 
2 0.260 0.249 0.259 0.311 0.315 0.312 0.382 0.383 0.370 
3 0.310 0.291 0.304 0.362 0.366 0.361 0.414 0.411 0.398 
4 0.374 0.405 0.342 0.355 0.351 0.384 0.384 0.361 0.374 
5 0.230 0.235 0.240 0.209 0.229 0.199 0.448 0.488 0.496 
6 0.264 0.258 0.268 0.299 0.298 0.294 0.352 0.353 0.352 



Appendix A, Table A-7 

In vitro first-order rate constant (hr'^) of cocaine degradation in female blood withdrawn during 
the day of the menstrual cycle 

Cocaine concentration (ng/mL) 
Subject 

1 0.255 0.254 0.246 0.264 0.271 0.294 0.307 0.310 0.322 
2 0.410 0.421 0.427 0.444 0.437 0.433 0.444 0.431 0.444 
3 0.318 0.335 0.320 0.386 0.395 0.402 0.445 0.400 0.425 
4 0.240 0.236 0.217 0.286 0.289 0.287 0.384 0.388 0.368 
5 0.310 0.326 0.324 0.374 0.368 0.368 0.422 0.433 0.437 
6 0.331 0.311 0.315 0.367 0.345 0.349 0.382 0.389 0.387 



Appendix A, Table A-8 

In vitro first-order rate constant <hr'^) of cocaine degradation in male blood 

Cocaine concentration (ng/mL) 
Subject 

500 1000 3000 

1 0.344 0.333 0.348 0.333 0.339 0.328 0.373 0.339 0.350 
2 0.232 0.237 0.224 0.234 0.230 0.247 0.274 0.269 0.272 
3 0.366 0.259 0.365 0.395 0.419 0.398 0.446 0.467 0.415 
4 0.391 0.377 0.380 0.467 0.489 0.408 0.506 0.488 0.499 
5 0.430 0.385 0.405 0.448 0.454 0.453 0.479 0.495 0.492 
6 0.296 0.303 0.275 0.353 0.333 0.320 0.349 0.380 0.369 
7 0.242 0.232 0.247 0.381 0.368 0.361 
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in vitro blood to plasma ratio of cocaine in female blood withdrawn during 
the 5*^-9'^ day of the menstrual cycle 

Cocaine concentration (ng/mL) 
Subject 

1 0.863 0.962 0.850 0.824 0.835 0.879 0.908 0.842 
2 0.734 0.658 0.809 0.717 0.768 0.748 0.814 0.823 0.804 
3 0.655 0.646 0.651 0.653 0.678 0.712 0.752 0.746 0.739 
4 0.915 0.777 0.868 0.886 0.895 0.909 0.970 0.985 1.038 
5 0.707 0.727 0.696 0.716 0.851 0.691 0.566 0.861 0.894 
6 0.695 0.739 0.760 0.779 0.759 0.724 0.789 0.833 0.859 



Appendix A, Table A-10 

In vitro blood to plasma ratio of cocaine in female blood withdrawn during 
the 18*^-22""' day of the menstrual cycle 

Cocaine concentration (ng/mL) 
Subject 

500 1000 3000 

1 0.649 0.675 0.674 0.694 0.671 0.720 0.730 0.732 0.732 
2 0.819 0.766 0.776 0.891 0.836 0.931 1.021 1.002 
3 0.769 0.843 0.677 0.933 1.007 0.962 1.103 1.036 1.343 
4 0.813 0.681 0.798 0.773 0.806 0.895 0.993 0.872 
5 0.704 0.706 0.705 0.753 0.737 0.764 0.766 0.850 0.804 
6 0.809 0.782 0.786 0.814 0.783 0.824 0.938 0.821 0.831 



Appendix A, Table A-11 

In vitro blood to plasma ratio of cocaine in male blood 

Cocaine concentration (ng/mL) 
Subject 

500 1000 3000 

2 0.812 0.893 0.786 0.957 0.800 0.806 0.902 0.926 0.895 
4 0.809 0.771 0.782 0.823 0.790 0.794 1.127 1.134 1.097 
5 0.784 0.760 0.655 0.782 0.710 0.599 0.744 0.773 0.730 
6 0.721 0.815 0.783 0.948 0.778 0.800 0.849 0.983 0.917 
7 0.716 0.706 0.784 0.855 0.767 0.728 
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Appendix A, Table A-12 

In vitro unbound fraction of cocaine in human blood at a cocaine 
concentration of 1000 ng/mL 

Subject 
Unbound fraction 

A B C 

Females 1: A* 0.201 0.201 0.196 
B" 0.170 0.168 0.145 

2: A 0.105 0.109 0.123 
B 0.151 0.155 0.157 

3: A 0.173 0.153 0.165 
B 0.171 0.175 0.169 

4; A 0.151 0.129 0.145 
B 0.167 0.171 0.189 

5; A 0.183 0.177 0.182 
B 0.212 0.206 0.196 

6: A 0.244 0.244 0.231 
B 0.181 0.190 0.211 

Males 1 0.147 0.152 0.154 
2 0.121 0.130 
3 0.218 0.218 0.212 
4 0.258 0.255 0.272 
5 0.118 0.117 0.112 
6 0.206 0.206 0.217 
7 0.258 0.249 0.235 

a Blood withdrawn during the 5"'-9"' day of the menstrual cycle 
b Blood withdrawn during the 18'̂ -22"'' day of the menstrual cycle 
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Appendix A, TableA-13 

In vitro properties of cocaine (COC) in human blood 

Parameter Subject COC COC + EtOH COC + NaF 

Rate constant Female; A 0.306 0.299 0.035 
(hr') B 0.292 0.302 0.035 

C 0.292 0.310 0.031 

Male ; A 0.556 0.525 0.035 
B 0.562 0.462 0.029 
C 0.602 0.511 0.025 

Blood to Female: A 0.725 0.799 0.872 
Plasma Ratio B 0.792 0.811 0.889 

C 0.811 0.822 

Male ;A 0.713 1.178 0.885 
B 0.851 0.996 0.974 
C 0.816 0.957 0.968 

Unbound Female: A 0.181 0.218 0.181 
fraction B 0.181 0.213 0.180 

C 0.200 0.212 0.183 

Male : A 0.360 0.344 0.328 
B 0.331 0.350 0.347 
C 0.331 0.367 0.348 
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Appendix A, Table A-14 

Plasma concentration-time data of [^H]cocaine ([^H]COC) and 
[^Hlbenzoylecgonine ([^H]BE) after i.v. administration of 

[^HJcocaine (0.1 mg/kg) 

Concentration (ng/mL) 
Time 
(min) 

Rat 9 Rat io Rat 44 Time 
(min) ['HJCOC ['H]BE ['HJCOC ['H]BE [^H]COC ['H]BE 

5 27.15 4.65 47.03 5.44 42.43 7.60 
10 23.26 7.30 20.89 8.75 18.83 9.18 
20 10.99 9.41 12.71 14.21 11.85 10.07 
30 7.24 11.01 9.33 15.48 6.87 9.81 
45 6.45 9.97 5.69 16.55 4.41 9.26 
60 3.47 10.26 3.35 15.46 3.02 8.16 
90 1.00 6.58 1.45 11.26 1.40 5.71 

120 0.42 4.79 0.74 7.98 0.68 4.20 
150 0.22 3.88 0.36 5.79 0.33 2.67 
180 0.14 2.77 0.17 4.02 0.17 2.04 
240 1.68 2.26 1.06 
300 0.99 1.15 0.51 
360 0.52 0.62 0.30 
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Appendix A, Table A-15 

Plasma concentration-time data of cocaine (COC) and benzoyiecgonine 
(BE) after i.v. administration of cocaine (5 mg/kg) 

Concentration (ng/mL) 
Time 
(min) 

Rat 28 Rat 29 Rat 43 Time 
(min) COC BE COC BE COC BE 

5 1451.42 267.46 1090.05 415.09 1111.26 377.98 
10 700.57 424.04 977.60 615.14 751.18 624.12 
20 454.73 548.94 495.33 735.30 480.78 872.26 
30 230.33 619.45 308.94 909.97 274.06 950.19 
45 178.18 627.58 126.43 905.81 165.14 1014.36 
60 102.67 493.84 72.31 732.36 99.15 865.49 
90 44.69 343.72 23.16 443.79 23.95 743.53 

120 22.79 296.09 12.55 292.80 532.40 
150 371.38 
180 165.45 150.13 293.19 
240 81.25 81.49 157.47 
300 56.65 48.62 87.50 
360 35.72 41.40 44.99 
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Appendix A, Table A-16 

Plasma concentration-time data of cocaine (COC) and benzoylecgonine 
(BE) after i.v. administration of cocaine (7.5 mg/kg) 

Concentration (ng/mL) 
Time 
(min) 

Rat 27 Rat 30 Rat 31 Time 
(min) COC BE COC BE COC BE 

5 1754.79 460.12 2572.69 402.49 2045.49 498.40 
10 1204.07 800.24 1064.98 568.16 1221.44 882.07 
20 1012.84 1399.96 788.40 796.77 687.58 1156.72 
30 552.11 1323.30 494.17 873.47 557.84 1181.34 
45 278.44 1618.59 275.98 961.45 351.72 1179.09 
60 145.50 1231.04 156.59 761.79 233.57 933.65 
90 60.20 892.82 79.54 633.50 125.44 758.73 

120 27.79 542.42 36.00 453.87 55.00 576.92 
150 404.68 
180 270.39 245.46 398.50 
240 131.88 162.32 220.59 
300 71.09 88.77 133.80 
360 32.95 56.08 92.03 
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Appendix A, Table A-17 

Plasma concentration-time data of cocaine (COC) and benzoylecgonine 
(BE) after i.v. administration of cocaine (10 mg/kg) 

Concentration (ng/mL) 
Time 
(min) 

Rat 33 Rat 34 Rat 41 Time 
(min) COC BE COC BE COC BE 

5 2205.28 557.21 2471.01 537.17 3016.89 854.78 
10 1071.26 788.26 1308.46 766.03 1311.71 944.69 
20 803.36 1078.35 810.63 1088.56 922.64 1502.49 
30 515.99 1269.50 628.08 1158.48 614.99 2008.17 
45 222.72 1281.47 368.56 1344.99 317.37 2137.27 
60 116.56 1095.57 196.11 1129.05 153.20 1624.09 
90 49.85 892.63 52.29 926.76 51.40 1241.84 

120 19.19 603.31 609.12 20.25 947.60 
150 508.57 507.58 740.00 
180 360.29 358.50 497.96 
240 206.44 214.27 320.41 
300 116.29 123.25 194.51 
360 74.35 81.21 102.80 
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Appendix A, Table A-18 

Plasma concentration-time data of cocaine (COC) and benzoylecgonine 
(BE) after i.a. administration of cocaine (4 mg/kg) 

Concentration (ng/tnL) 
Time Rat 50 Rat 51 Rat 52 Rat 53 
(min) COC BE COC BE COC BE COC BE 

5 1488.08 338.90 742.83 284.19 811.01 370.61 1007.00 265.73 
10 840.21 520.28 821.51 436.41 612.97 538.25 721.14 395.09 
20 478.74 671.54 509.70 615.52 437.83 714.71 481.29 500.57 
30 264.42 765.54 443.02 250.83 705.30 219.82 532.98 
45 140.85 766.96 179.11 596.60 157.15 595.97 135.48 501.10 
60 81.11 590.66 93.89 547.65 70.36 495.48 90.90 453.16 
90 29.42 394.48 50.70 371.30 31.43 318.15 45.14 271.97 

120 10.68 294.70 29.86 288.63 20.09 229.18 29.68 230.99 
150 184.24 198.89 165.06 177.24 
180 118.24 134.56 107.62 104.88 
240 55.67 76.33 63.18 71.07 
300 31.88 43.10 42.64 46.53 
360 31.89 29.98 37.95 
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Plasma concentration-time data of f H]cocaine ([^H]COC) and 
[^H]benzoylecgonine ([^H]BE) after i.p. administration of 

[^Hlcocaine (0.1 mg/kg) 

Concentration (ng/mL) 
Time 
(min) 

Rat 11 Rat 45 Time 
(min) ['H]COC [^H]BE [^H]COC ['H]BE 

5 6.50 7.45 4.87 
10 5.84 10.99 5.15 9.14 
20 3.74 9.78 3.34 8.19 
30 2.11 9.05 2.28 7.83 
45 1.58 8.62 0.98 7.14 
60 0.99 7.14 
90 0.55 5.24 

120 0.27 3.66 0.17 3.03 
150 0.17 2.69 0.10 2.09 
180 0.11 2.01 0.06 1.57 
240 1.11 0.69 
300 0.44 0.47 
360 0.30 
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Appendix A, Table A-20 

Plasma concentration-time data of cocaine (COC), norcocaine (NCOC), 
benzoylecgonine (BE), and benzoylnorecgonine (BNE) after i.p. 

administration of cocaine (7.5 mg/kg) 

Time Rat 13, Concentration (ng/mL) 
(min) COC NCOC BE BNE 

5 512.82 55.85 601.23 
10 649.12 982.66 
20 333.13 1035.52 27.70 
30 156.18 1007.28 30.56 
45 59.47 741.24 21.87 
60 38.64 660.15 20.63 
90 22.59 460.75 16.81 

120 313.36 
150 203.75 
180 146.20 
240 76.36 
300 35.19 
360 18.50 

Time Concentration (ng/mL) 
(min) Rat 16 Rat 20 

COC BE COC BE 
5 245.36 274.43 401.94 352.35 

10 261.80 609.06 456.60 673.79 
20 237.09 722.13 428.60 979.95 
30 169.21 819.34 213.37 975.32 
45 99.81 709.63 150.71 1079.53 
60 62.53 657.56 26.01 813.52 
90 19.43 472.83 27.84 571.17 

120 332.90 405.13 
150 228.76 290.11 
180 161.07 212.64 
240 73.29 124.21 
300 27.16 66.17 
360 49.06 
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Appendix A, Table A-20 (continued) 

Plasma concentration-time data of cocaine (COC), norcocaine (NCOC), 
benzoylecgonine (BE), and benzoylnorecgonine (BNE) after i.p. 

administration of cocaine (7.5 mg/kg) 

Time 
(min) 

Rat 35, Concentration (ng/mL) Time 
(min) COC NCOC BE BNE 

5 692.00 44.27 723.84 
10 517.00 25.02 1188.42 73.02 
20 291.74 17.44 1263.01 84.74 
30 159.25 1364.79 95.95 
45 99.03 1219.24 103.19 
60 50.01 1192.18 102.56 
90 19.73 875.08 68.05 

120 623.62 64.85 
150 349.22 57.80 
180 185.64 50.35 
240 118.33 
300 67.00 
360 40.50 
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Appendix A, Table A-21 

Plasma concentration-time data of cocaine (COC), norcocaine (NCOC), 
benzoylecgonine (BE), and benzoylnorecgonine (BNE) after i.p. 

administration of cocaine (17.9 mg/kg) 

Time 
(min) 

Rat 14, Concentration (ng/mL) Time 
(min) COC NCOC BE BNE 

5 1538.80 88.02 638.17 
10 1311.87 88.51 1667.35 
20 905.04 41.75 2044.64 52.07 
30 623.69 26.19 2327.77 67.89 
45 347.02 16.74 2160.03 60.19 
60 196.40 2003.48 51.68 
90 68.75 1531.88 44.46 

120 28.67 1089.98 39.61 
150 11.94 804.30 38.50 
180 585.02 35.34 
240 321.29 27.09 
300 158.12 23.98 
360 82.64 17.18 

Time 
(min) 

Rat 15, Concentration (ng/mL) Time 
(min) COC NCOC BE BNE 

5 1509.85 101.28 500.10 
10 1515.40 148.98 1572.78 
20 1006.06 63.17 1881.06 57.73 
30 765.26 45.29 1967.31 41.00 
45 419.81 24.32 2010.73 46.71 
60 206.98 14.98 1932.94 46.18 
90 69.72 1336.83 32.10 

120 25.93 880.56 20.97 
150 13.25 697.55 21.15 
180 505.58 17.64 
240 252.98 
300 140.58 
360 72.22 
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Appendix A, Table A- 21 (continued) 

Plasma concentration-time data of cocaine (COC), norcocaine (NCOC), 
benzoylecgonine (BE), and benzoylnorecgonine (BNE) after i.p. 

administration of cocaine (17.9 mg/kg) 

Time 
(min) 

Rat 42, Concentration (ng/mL) Time 
(min) COC NCOC BE BNE 

5 1434.55 88.57 998.78 
10 1394.14 49.72 1945.45 129.76 
20 1163.11 22.71 2722.21 204.55 
30 731.00 17.32 3046.59 179.60 
45 486.22 3119.30 185.00 
60 287.17 2698.83 137.22 
90 107.59 1946.09 110.87 

120 41.38 1422.25 90.68 
150 14.45 1104.88 79.01 
180 694.60 66.01 
240 368.34 52.88 
300 212.88 43.95 
360 118.40 46.43 
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Appendix A, Table A-22 

Plasma concentration-time data of cocaine (COC), norcocaine (NCOC), 
benzoylecgonine (BE), and benzoyinorecgonine (BNE) after i.p. 

administration of cocaine (25 mg/kg) 

Time Rat 18, Concentration (ng/mL) 
(min) COC NCOC BE BNE 

5 1977.56 105.12 899.05 
10 2401.78 227.72 2687.84 
20 1902.37 148.20 3624.05 84.30 
30 1564.07 110.71 4262.67 116.48 
45 937.67 58.37 4514.72 167.35 
60 575.82 37.62 4133.42 158.33 
90 244.65 20.78 3361.14 97.53 

120 124.97 11.73 2308.35 71.76 
150 65.85 1582.85 52.31 
180 28.28 1130.97 43.66 
240 695.73 36.34 
300 374.59 20.71 
360 224.54 

Time Rat 21, Concentration (ng/mL) 
(min) COC NCOC BE BNE 

5 1869.80 130.47 952.09 
10 1572.57 143.63 2764.39 
20 1230.20 79.69 4600.56 
30 881.04 58.28 5051.67 
45 674.81 4976.25 
60 394.72 4628.49 
90 169.11 3284.97 

120 86.71 2047.08 61.68 
150 34.48 1390.33 63.73 
180 20.59 946.54 63.70 
240 564.31 72.39 
300 368.05 79.22 
360 229.87 72.13 
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Appendix A, Table A-22 (continued) 

Plasma concentration-time data of cocaine (COC), norcocaine (NCOC), 
benzoylecgonine (BE), and benzoylnorecgonine (BNE) after i.p. 

administration of cocaine (25 mg/kg) 

Time 
(min) 

Rat 26, Concentration (ng/mL) Time 
(min) COC NCOC BE 

5 1887.96 110.10 912.27 
10 1650.41 142.65 2221.92 
20 1385.98 112.27 3611.09 
30 1113.48 78.90 3997.07 
45 835.00 57.00 4309.96 
60 506.06 38.62 3986.43 
90 224.06 24.85 3411.95 

120 112.22 2393.38 
150 63.13 1814.93 
180 45.03 1446.06 
240 696.93 
300 381.39 
360 248.19 
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Appendix A, Table A-23 

Plasma concentration-time data of cocaine (COC) and benzoylecgonine 
(BE) after s.c. administration of cocaine (7.5 mg/kg) 

Concentration (ng/mL) 
Time 
(min) 

Rat 12 Rat 22 Rat 40 Time 
(min) COC BE COC BE COC BE 

5 135.25 13.19 32.32 39.71 
10 146.46 42.47 77.033 30.18 59.16 
20 232.38 140.33 136.55 61.15 97.22 76.24 
30 188.18 237.22 89.56 104.30 130.60 79.22 
45 210.18 327.81 119.36 197.54 110.99 157.49 
60 179.79 489.70 166.50 241.95 147.34 183.91 
90 192.43 584.15 209.47 454.92 174.89 258.59 

120 160.08 622.35 219.87 632.57 278.41 380.87 
150 114.50 623.67 219.38 721.08 
180 81.32 599.99 284.85 757.72 206.85 601.71 
240 451.00 128.43 752.35 81.14 635.84 
300 303.90 27.40 520.26 14.76 406.29 
360 211.16 279.19 226.75 
420 127.76 
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Appendix A, Table A-24 

Plasma concentration-time data of cocaine (COC) and benzoylecgonine 
(BE) after s.c. administration of cocaine (17.9 mg/kg) 

Concentration (ng/mL) 
Tfme Rat 9 Rat 10 Rat 24 Rat 36 
(min) COC BE COC BE COC BE COC BE 

5 73.18 414.87 65.37 152.48 192.13 42.61 
10 71.15 29.56 822.34 244.32 108.86 40.90 225.15 81.68 
20 98.98 84.64 731.25 739.89 177.65 100.65 295.11 223.33 
30 98.03 135.58 882.46 1152.93 196.71 208.83 209.38 332.86 
45 335.23 197.07 911.82 2354.73 169.86 382.98 169.97 509.35 
60 259.20 302.75 685.93 2173.20 255.59 549.22 242.34 616.40 
90 254.78 514.24 474.46 1594.19 324.04 870.11 231.95 804.44 

120 271.08 674.69 341.84 1961.55 446.49 1130.54 278.93 1139.91 
150 360.49 905.91 265.64 1787.50 559.15 1410.26 
180 575.55 1163.81 159.65 1383.52 625.48 1807.28 339.77 1987.04 
240 406.48 1697.75 87.56 925.78 524.05 2998.76 213.72 1834.74 
300 150.26 1350.38 58.19 610.41 184.66 2707.34 128.37 1807.05 
360 62.34 849.97 363.55 99.45 1737.37 47.08 1231.15 
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Appendix A, Table A-25 

Plasma concentration-time data of cocaine (COC) and benzoylecgonine 
(BE) after s.c. administration of cocaine (25 mg/kg) 

Concentration (ng/mL) 
Time Rat 19 Rat 25 Rat 38 Rat 39 
(min) COC BE COC BE COC BE COC BE 

5 582.64 216.39 306.43 60.45 108.45 25.18 828.72 641.08 
10 863.89 708.19 454.40 201.37 139.82 39.96 713.01 1019.85 
20 885.24 1403.67 340.99 491.30 147.05 91.01 696.51 1457.58 
30 1121.40 2120.82 376.46 695.82 194.87 184.41 546.01 1971.40 
45 885.44 2795.20 306.62 947.79 263.86 316.43 413.53 1819.90 
60 796.19 3984.96 479.95 1268.06 313.48 480.50 353.88 2169.19 
90 580.90 2849.80 466.48 1765.13 338.64 768.23 353.34 2067.23 

120 410.19 2760.72 633.54 2271.60 301.93 394.23 2030.43 
150 331.97 3712.43 656.10 2630.47 960.40 
180 185.84 3352.21 568.85 2727.45 689.37 1730.31 327.07 1909.70 
240 87.33 2046.08 395.27 2140.96 530.08 2489.98 189.51 1615.70 
300 41.73 1300.33 224.66 1869.97 266.58 2272.60 94.16 1300.96 
360 22.77 732.54 96.56 1338.31 134.65 1817.34 50.86 973.82 
420 90.35 1188.12 19.17 565.98 
480 842.48 
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Appendix A, Table A-26 

Plasma concentration-time data of cocaine (COC), norcocaine (NCOC), and 
benzoylecgonine (BE) after oral administration of cocaine (17.9 mg/kg) 

Time Rat 61, Concentration (ng/mL) 
(min) COC BE BNE 

10 46.08 298.85 
20 87.52 1446.76 88.02 
30 70.66 1707.03 116.04 
45 50.13 1650.36 133.25 
60 38.92 1762.02 127.10 
90 32.10 1542.20 121.73 

120 984.97 93.91 
150 622.95 69.59 
180 432.08 65.13 
240 243.43 54.34 
300 137.74 47.02 
360 78.62 

Time Rat 62, Concentration (ng/mL) 
(min) COC BE BNE 

5 33.62 
10 48.19 
20 50.30 696.64 
30 37.22 1454.64 97.84 
45 29.31 1769.58 130.15 
60 1640.57 142.79 
90 1374.47 132.31 

120 825.97 96.56 
150 526.71 75.63 
180 405.40 68.49 
240 208.45 58.05 
300 114.62 45.42 
360 57.05 
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Appendix A, Table A-26 (continued) 

Plasma concentration-time data of cocaine (COC), norcocaine (NCOC), and 
benzoylecgonine (BE) after oral administration of cocaine (17.9 mg/kg) 

Time 
(min) 

Rat 63, Concentration (ng/mL) Time 
(min) COC BE BNE 

5 57.06 60.73 
10 101.18 664.41 
20 79.17 1914.81 95.25 
30 59.25 1976.28 169.60 
45 41.30 1657.64 163.90 
60 35.86 1496.34 161.47 
90 895.32 140.69 

120 583.36 106.39 
150 348.41 79.52 
180 254.07 69.80 
240 135.32 52.89 
300 69.74 
360 34.96 
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Appendix A, Table A-27 

Amount excreted of [^H]cocaine (f H]COC) and [^H]benzoylecgonine 
(['H]BE) after i.v. administration of f H]cocaine (0.1 mg/kg) 

Time Rat 9. Amount excreted (ug) 
(hr) ['H]COC [^H]BE 

0-3 1.362 2.688 
3-10 0.067 1.233 

10-24 0.042 0.536 
24-36 0.002 0.022 
36-48 0.014 
48-72 0.009 
72-96 0.005 

Time 
(hr) 

Amount excreted (iig) 
Time 
(hr) 

Rat 10 Rat 44 Time 
(hr) [^H]COC [^H]BE ['H]COC ['H]BE 

0-6 1.415 3.963 2.384 2.256 
6-12 0.014 0.586 0.039 0.460 

12-24 0.024 0.425 0.015 0.136 
24-36 0.025 0.005 0.031 
36-48 0.016 0.005 0.045 
48-72 0.010 0.009 0.022 
72-96 0.006 0.003 0.008 



Appendix A, Table A-28 

Amount excreted of cocaine (COC), benzoylecgonine (BE) and 
benzoylnorecgonine (BNE) after i.v. administration of 

cocaine (5 mg/kg) 

Amount excreted (ug) 
Time Rat 28 Rat 29 
(hr) COC BE COC BE 

0-6 90.508 81.978 23.668 116.315 
6-12 0.857 10.825 1.082 6.598 

12-24 1.537 8.906 0.751 1.880 
24-36 0.892 0.859 

Time Rat 43, Amount excreted (ug) 
(hr) COC BE BNE 

0-6 86.868 92.252 3.287 
6-12 1.906 21.054 0.794 

12-24 1.371 2.469 
24-36 0.321 
36-48 0.628 
48-72 0.890 
72-96 0.855 
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Appendix A, Table A-29 

Amount excreted of cocaine (COC), benzoylecgonine (BE) and 
benzoylnorecgonine (BNE) after i.v. administration of cocaine (7.5 mg/kg) 

Amount excreted (ug) 
Time 
(hr) 

Rat 27 Rat 30 Time 
(hr) COC BE BNE COC BE BNE 

0-6 93.845 163.676 193.268 99.238 
6-12 1.048 14.411 3.204 4.385 52.632 3.222 

12-24 0.555 4.172 0.852 1.638 12.345 
24-36 0.166 0.913 0.654 
36-48 0.855 0.465 
48-72 0.714 

Time Rat 31. Amount excreted (ug) 
(hr) COC BE 

0-6 180.158 198.965 
6-12 2.239 24.119 

12-24 0.518 3.252 
24-36 0.823 
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Appendix A, Table A-30 

Amount excreted of cocaine (COC), norcocaine (NCOC), benzoylecgonine 
(BE) and benzoylnorecgonine (BNE) after i.v. administration of 

cocaine (10 mg/kg) 

Time 
(hr) 

Rat 33, Amount excreted (ug) Time 
(hr) COC NCOC BE BNE 
0-6 123.857 164.900 10.152 

6-12 10.427 0.715 57.404 5.481 
12-24 1.351 3.764 1.725 
24-36 0.366 0.542 
36-48 0.493 
48-72 0.766 
72-96 0.822 

Time Rat 34, Amount excreted (m-Q) 
(hr) COC NCOC BE BNE 
0-6 90.111 7.739 126.394 6.994 

6-12 2.984 0.504 14.350 2.915 
12-24 1.012 2.221 1.662 
24-36 0.722 
36-48 4.019 
48-72 0.809 
72-96 0.616 

Time Rat 41, Amount excreted (ug) 
(hr) COC NCOC BE BNE 
0-6 132.914 4.105 73.943 3.162 

6-12 23.703 0.654 91.818 4.710 
12-24 2.125 4.681 1.276 
24-36 0.303 
36-48 1.396 
48-72 1.156 
72-96 1.004 
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Appendix A, Table A-31 

Amount excreted of cocaine (COC) and benzoylecgonine (BE) after i.a. 
administration of cocaine (4 mg/kg) 

Time Rat 50, Amount excreted (ug) 
(hr) COC BE 

0-6 36.795 123.284 
6-24 1.891 27.934 

24-48 1.301 8.416 
48-72 0.287 1.780 
72-96 0.239 1.154 

Amount excreted (ug) 
Time 
(hr) 

Rat 51 Rat 52 Rat53 Time 
(hr) COC BE COC BE COC BE 

0-6 35.267 69.688 21.672 75.207 
6-12 40.859 102.431 0.206 4.796 0.442 7.631 

12-24 0.398 2.811 0.448 2.545 0.651 3.566 
24-36 0.722 0.165 1.018 0.236 1.875 
36-48 0.628 1.023 0.231 6.157 
48-72 0.141 1.647 0.233 8.598 
72-96 3.032 8.339 
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Appendix A, Table A-33 

Amount excreted of cocaine (COC), norcocaine (NCOC), benzoylecgonine 
(BE), and benzoylnorecgonine (BNE) after ip administration of 

cocaine (7.5 mg/kg) 

Amount excreted (ug) 
Time Rat 13 Rat 16 
(hr) COC BE BNE COC BE 

0-6 20.872 107.025 9.241 30.018 92.690 
6-12 0.629 22.387 4.194 0.416 7.587 

12-24 0.376 0.763 0.811 0.609 3.933 
24-36 0.248 0.627 
36-48 0.257 
48-72 0.531 

Amount excreted (ug) 
Time 
(hr) 

Rat 20 Rat 35 Time 
(hr) COC BE BNE COC NCOC BE BNE 

0-6 43.185 217.175 21.583 60.691 5.316 80.847 9.761 
6-12 0.756 26.159 6.540 8.096 1.079 78.305 16.476 

12-24 0.575 8.110 0.998 0.449 4.048 2.497 
24-36 1.500 0.598 1.762 0.798 
36-48 0.574 
48-72 0.692 
72-96 0.636 
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Appendix A, Table A-34 

Amount excreted of cocaine (COC), norcocaine (NCOC), benzoylecgonine 
(BE), and benzoylnorecgonine (BNE) after ip administration of 

cocaine (17.9 mg/kg) 

Amount excreted (ug) 
Time 
(hr) 

Rat 14 Rat 15 Time 
(hr) COC BE COC BE 

0-6 79.831 439.556 75.498 337.230 
6-12 0.829 19.508 1.175 39.347 

12-24 0.438 4.857 3.914 
24-36 0.163 1.107 1.001 

Time Ra» 42, Amount excreted (ug) 
(hr) COC NCOC BE BNE 

0-6 135.055 5.655 423.811 35.245 
6-12 5.166 59.385 11.479 

12-24 2.747 13.760 3.106 
24-36 2.157 1.437 2.196 
36-48 0.431 
48-72 1.208 
72-96 0.776 
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Appendix A, Table A-35 

Amount excreted of cocaine (COC), benzoytecgonine (BE), and 
benzoyinorecgonine (BNE) after i.p. administration of 

cocaine (25 mg/kg) 

Amount excreted (ug) 
Time Rat 18 Rat 26 
(hr) COC BE BNE COC BE BNE 

0-6 318.755 509.691 69.096 276.148 898.640 82.120 
6-12 4.597 81.022 18.779 4.177 314.220 65.964 

12-24 1.237 12.834 6.692 1.152 22.113 4.531 
24-36 0.507 3.686 0.317 3.076 
36-48 1.317 8.818 0.205 3.126 
48-72 1.892 10.500 0.576 8.935 
72-96 0.702 0.639 

Time Rat 21, Amount excreted (ng) 
(hr) COC BE BNE 

0-6 170.708 705.573 86.428 
6-12 5.550 116.120 34.572 

12-24 2.211 42.762 11.238 
24-48 0.506 4.108 2.709 
48-72 0.545 5.807 
72-96 3.880 
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Appendix A, Table A-36 

Amount excreted of cocaine (COC), norcocaine (NCOC) and 
benzoylecgonine (BE) after s.c. administration of cocaine (7.5 mg/kg) 

Time 
(hr) 

Amount excreted (ug) 
Time 
(hr) 

Rat 12 Rat 22 Time 
(hr) COC BE COC BE 

0-6 15.341 18.400 45.191 85.811 
6-12 48.594 110.346 34.231 179.964 

12-24 0.255 5.089 0.910 4.983 
24-36 1.406 3.250 0.246 2.557 
36-48 0.867 2.294 

Time Rat 40, Amount excreted (ng) 
(hr) COC NCOC BE 

0-6 82.302 1.759 44.724 
6-12 53.416 0.690 109.992 

12-24 4.003 11.078 
24-36 0.558 0.690 
36-48 1.467 2.118 
48-72 1.669 1.346 
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Appendix A, Table A-37 

Amount excreted of cocaine (COC), norcocaine (NCOC), benzoylecgonine 
(BE) and benzoylnorecgonine (BNE) after s.c. administration of 

cocaine (17.9 mg/kg) 

Time 
(hr) 

Rat 9, Amount excreted (iig) Time 
(hr) COC BE 

0-3 71.125 167.955 
3-10 141.931 86.974 

10-24 17.012 154.927 

Amount excreted (^.g) 
Time Ratio Rat 24 
(hr) COC BE COC BE BNE 

0-6 204.374 556.624 97.396 318.318 
6-12 7.247 135.442 73.169 330.253 10.890 

12-24 6.629 87.656 4.129 95.780 2.640 
24-36 2.773 0.411 5.288 
36-48 2.163 0.521 1.908 
48-72 2.633 0.518 
72-96 2.231 

Time 
(hr) 

Rat 36, Amount excreted (ng) Time 
(hr) COC NCOC BE BNE 

0-6 188.373 210.132 
6-12 140.965 1.773 490.004 8.600 

12-24 5.671 23.653 0.881 
24-36 0.826 2.184 
36-48 2.203 1.431 
48-72 1.021 
72-96 2.026 
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Appendix A,Table A-38 

Amount excreted of cocaine (COC), norcocaine (NCOC), benzoylecgonine 
(BE) and benzoylnorecgonine (BNE) after s.c. administration of 

cocaine (25 mg/kg) 

Amount excreted (ng) 
Time 
(hr) 

Rat 19 Rat 25 Time 
(hr) COC BE COC NCOC BE BNE 

0-6 152.524 101.429 105.913 447.040 
6-12 43.014 282.878 213.765 1.373 629.078 4.862 

12-24 1.720 11.647 11.648 157.627 6.607 
24-36 0.745 2.316 1.590 0.310 27.588 1.719 
36-48 1.429 7.259 0.422 0.228 5.678 
48-72 0.680 1.162 14.565 
72-96 0.282 1.981 

Amount excreted (ug) 
Time 
(hr) 

Rat 38 Rat 39 Time 
(hr) COC NCOC BE BNE COC BE BNE 

0-6 148.693 1.929 300.088 151.848 243.466 18.268 
6-12 101.923 664.517 11.570 28.469 119.343 15.760 

12-24 5.670 81.745 2.439 2.997 10.643 2.549 
24-36 1.939 9.850 0.570 0.611 2.096 1.106 
36-48 0.553 0.747 0.890 1.370 0.538 
48-72 0.884 1.329 3.449 1.161 
72-96 0.694 0.960 2.301 1.313 
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Appendix A, Table A-39 

Amount excreted of cocaine (COC), norcocaine (NCOC), benzoylecgonine 
(BE) and benzoyinorecgonine (BNE) after oral administration of 

cocaine (17.9 mg/kg) 

Time Rat 61, Amount excreted (ug) 
(hr) COC NCOC BE BNE 
0-6 1.369 0.308 260.510 10.596 

6-12 0.159 0.154 70.163 13.016 
12-24 0.201 0.179 21.060 7.350 
24-36 1.491 0.928 
36-48 1.394 
48-72 1.740 
72-96 2.046 

Time Rat 62, Amount excreted (ug) 
(hr) COC NCOC BE BNE 
0-6 1.492 0.720 248.796 19.265 

6-12 0.167 0.151 24.732 5.933 
12-24 0.110 0.089 6.112 2.320 
24-36 0.703 0.374 
36-48 0.198 1.249 0.154 
48-72 1.845 0.031 
72-96 1.687 

Time Rat 63, Amount excreted (ng) 
(hr) COC NCOC BE BNE 
0-6 4.065 1.175 151.010 20.177 

6-12 0.337 0.188 20.627 9.000 
12-24 3.759 2.876 
24-36 0.520 0.322 
36-48 0.414 0.090 
48-72 0.502 
72-96 0.480 
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Appendix A, Table A-40 

Average horizontal activity baseline in rats with device attached 
and unattached 

Horizontal activity (counts/min) 

Time (min) Rat A Rat B 

Device No device Device No device 

2 67.5 8.25 6.75 12.75 
6 1.75 0.00 23.25 0.25 

10 2.25 0.25 18.00 0.00 
14 0.00 0.25 1.75 1.25 
18 0.00 13.0 1.25 22.25 
22 21.25 40.5 25.00 11.50 
26 1.75 4.75 1.00 0.00 
30 2.25 14.5 7.50 0.50 
34 3.25 0.00 0.00 0.50 
38 12.00 2.50 2.25 4.25 
42 3.25 27.25 8.25 2.25 
46 11.50 6.00 0.00 2.00 
50 12.00 19.5 0.00 8.00 
54 39.25 67.5 5.75 0.50 
58 74.00 0.00 1.25 80.00 
62 29.00 15.25 1.75 52.00 
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Appendix A, Table A-41 

Average horizontal activity baseline in rats with device attached with and 
without blood sampling 

Rat C, horizontal activity (counts/min) 
Time (min) 

(tmid) 
Time (min) 

(tmid) Sampling No sampling 

2 5.00 44.50 
6 10.25 76.50 

10 11.75 15.00 
14 3.50 0.25 
18 5.00 3.25 
22 10.75 0.00 
26 38.00 0.00 
30 64.75 0.00 
34 26.00 0.00 
38 0.50 0.00 
42 46.75 0.00 
46 10.75 0.00 
50 4.50 0.00 
54 1.25 0.00 
58 2.75 0.00 
62 5.50 0.00 
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Appendix A, Table A-42 

Average horizontal activity in rats given a short i.v. infusion of 
cocaine (COC) (5 mg/kg) or normal saline 

Horizontal activity (counts/min) 
Time (min) 

(tmid) Rat D, COC Rat C, no COC Rat E, COC 
with device with device with device no device 

2 291.50 5.00 302.00 119.50 
6 225.25 10.25 403.75 351.25 

10 302.00 11.75 679.75 624.00 
14 359.50 3.5 623.50 600.50 
18 183.50 5.00 650.50 482.50 
22 184.25 10.75 561.75 428.00 
26 74.25 38 557.25 364.50 
30 53.25 64.75 296.25 298.00 
34 95.25 26.00 334.00 230.00 
38 50.25 0.50 304.75 287.00 
42 72.25 46.75 102.25 111.50 
48 18.75 10.75 221.25 257.75 
50 68.75 4.50 95.00 196.00 
54 123.75 1.25 283.50 132.25 
58 47.50 2.75 264.50 221.25 
62 6.75 5.50 82.75 236.25 
66 24.25 18.00 39.00 87.50 
70 179.50 113.5 200.75 93.25 
74 188.00 33.00 88.50 75.25 
78 111.50 21.50 95.25 16.50 
82 65.75 0.00 86.00 108.00 
86 47.50 0.00 286.00 222.75 
90 10.00 20.25 54.50 78.00 
94 1.00 62.00 147.75 99.75 
98 0.00 0.25 133.50 139.00 

102 0.00 0.75 82.50 314.75 
106 11.00 1.00 91.50 250.50 
110 0.25 0.25 204.50 60.25 
114 1.25 0.50 298.75 93.00 
118 287.50 46.25 
122 146.25 11.25 
126 178.75 1.25 
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Appendix A, Table A-43 

Plasma cocaine concentration and horizontal activity in a rat given a short 
i.v. infusion of cocaine (COC) (5 mg/kg) 

Time (min) COC concentration tmid (min) Horizontal activity 
(ng/mL) (counts/min) 

5 1285.15 2 291.50 
10 780.59 6 225.25 
20 474.74 10 302.00 
30 280.45 14 359.50 
45 151.59 18 183.50 
60 75.78 22 184.25 
90 29.41 26 74.25 

120 11.72 30 53.25 
34 95.25 
38 50.25 
42 72.25 
46 18.75 
50 68.75 
54 123.75 
58 47.50 
62 6.75 
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