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Abstract:

Background: We employed a cocaine intravenous self-administration model based on positive reinforcement of animals’ instru-

mental reactions (i.e., lever pressing) rewarded by a dose of the drug. We also carried out simultaneous characterization of the phar-

macokinetics of cocaine and its metabolites in rats during withdrawal; in this part of the experiments, we investigated the cocaine

(2 mg/kg, iv)-induced changes in the distribution, rate constant, clearance and t1/2 of the parent drug and its metabolites in different

structures of the brain and in peripheral tissues.

Methods: By using liquid chromatography-tandem mass spectrometry (LC/MS/MS) we measured the levels of cocaine and its ma-

jor metabolites.

Results: Our results demonstrate differences in the levels of cocaine after cocaine self-administration in the rat, with the highest con-

centration seen in the striatum and the lowest in the cerebellum. Cocaine metabolites determined in the rat brain remained at very low

levels (benzoylecgonine), irrespectively of the brain area, whereas the norcocaine concentration varied from 1.56 µg/g (the nucleus

accumbens) to 2.73 µg/g (the striatum).

Conclusion: A tandem LC/MS/MS is a valid method for evaluation of brain and peripheral levels of cocaine and its metabolites. Our

results demonstrate brain area-dependent differences in the levels of cocaine after its self-administration in the rat. There were also

differences in pharmacokinetic parameters among the brain areas and peripheral tissues following a bolus iv injection of cocaine to

rats withdrawn from cocaine; among brain structures the slowest metabolic rate was detected for the striatum.
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Abbreviations: BE – benzoylecgonine, CER – cerebellum,

EME – ecgonine methyl ester, FC – frontal cortex, HIP – hip-

pocampus, LC/MS/MS – liquid chromatography with tandem

mass spectrometry, NAC – nucleus accumbens, NC – norco-

caine, PFC – prefrontal cortex, STR – striatum

Introduction

Cocaine is an abused psychostimulant and cocaine ad-

diction is a grave socio-medical burden affecting the
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whole human population (UNDOC, 2010). Being

a lipophilic compound, cocaine easily penetrates the

blood-brain barrier and both in the periphery and in

the brain its mechanism of action includes interaction

with aminergic (dopamine, noradrenaline and sero-

tonin) neurotransmitter systems via binding to their

transporter sites and reuptake inhibition [3, 11, 33,

38]. Apart from its direct pharmacological actions,

cocaine is degraded in the blood, peripheral tissues

and brain to many pharmacologically active metabo-

lites (Fig. 1). Studies in humans and animals have

demonstrated two major metabolic transformations of

cocaine: (i) hydrolysis by esterases in blood and tis-

sues (accounting for 80–90% of total elimination) and

(ii) oxidation by microsomal mixed-function oxidases

(i.e., cytochrome P-450 (CYP) enzymes), mainly in

the liver [26, 43]. The hydrolytic pathway of cocaine

metabolism in the body includes rapid inactivation of

the ester bonds to form benzoylecgonine (BE) and

ecgonine methyl ester (EME) (Fig. 1). BE is formed

by nonenzymatic hydrolysis, while EME formation is

catalyzed by esterases localized in the liver and serum

[42]. Both BE and EME are bioactive metabolites of

cocaine [30, 41], less toxic than the parent drug [46]

and having an approximately five times longer half-

life (t1/2) in biological matrices than cocaine [7, 29,

45, 46]. Ten percent of cocaine administered to the

body is catalyzed by the liver microsomal reactions

via CYP2B1 enzymes in rats [2], and by CYP3A en-

zymes in mice and humans [34–36] leading to the for-

mation of a pharmacologically active N-demethylated

metabolite, norcocaine (NC). NC has a greater tissue af-

finity than cocaine [1, 2, 46] but the pharmacologic or

toxic effects of cocaine and norcocaine are similar [32,

48]. Like cocaine, lipophilic NC can penetrate to the

brain and has been isolated from brain tissue minutes af-

ter systemic administration [24, 31] indicating that this

metabolite is either formed in or enters the brain.

The aim of the present study was to measure the lev-

els of cocaine and its major metabolites (BE and NC)

in several brain structures (dorsal striatum (STR), nu-

cleus accumbens (NAC), prefrontal cortex (PFC),

frontal cortex (FC), hippocampus (HIP) and cerebel-

lum (CER)), some peripheral tissues (heart, liver and

kidney) and in serum in rats addicted to cocaine. To

this end, we employed a cocaine intravenous self-

administration model based on positive reinforcement

of animals’ instrumental reactions (i.e., lever press-

ing) rewarded by a dose of the drug. We also carried

out simultaneous characterization of the pharmacoki-

netics of cocaine and NC in rats with stabilized co-

caine self-administration and extinction; in this part of

experiments we investigated the cocaine (2 mg/kg,

iv)-induced changes in the distribution, rate constant,

clearance and t1/2 of the parent drug and its metabo-

lites in different structures of brain and peripheral tis-

sues. The cocaine, BE and NC levels were measured

by liquid chromatography-tandem mass spectrometry

(LC/MS/MS).

Materials and Methods

Animals

Male Wistar rats (280–300 g; n = 26) delivered by a li-

censed breeder (Charles River, Germany) were housed

individually in standard plastic rodent cages in a col-

ony room maintained at 20 ± 1°C and at 40–50% hu-

midity under a 12-h light-dark cycle (lights on at 6:00).

Animals had free access to standard animal food and

water during the 7-day habituation period. All experi-

ments were conducted during the light phase of the

light-dark cycle (between 8:00–15:00) and were car-

ried out in accordance with the National Institutes of

Health Guide for the Care and Use of Laboratory Ani-

mals and with approval of the Bioethics Commission

as compliant with the Polish Law (21 August 1997).

The animals were experimentally naive.

Drugs

Cocaine hydrochloride (Sigma-Aldrich, USA), dis-

solved in sterile 0.9% NaCl, was used. Cocaine was

given iv (0.1 ml/infusion or 1 ml/kg).

Cocaine self-administration procedure

Rats (n = 10) were trained to press the lever of stan-

dard operant conditioning chambers (Med-Associates,

USA) under a fixed ratio 5 schedule of water rein-

forcement. Two days following “lever-press” training

and free access to water, the rats were chronically im-

planted with a silastic catheter in the external right

jugular vein, as described previously [17]. Catheters

were flushed every day with 0.1 ml of saline solution

containing heparin (70 U/ml) and 0.1 ml of solution

of cephazolin (10 mg/ml; Biochemie GmbH, Austria).

After a 10-day recovery period, all animals were wa-
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Fig. 1. Metabolic pathways of cocaine



ter deprived for 18 h and trained to lever press to fixed

ratio 5 schedule of water reinforcement over a 2-h ses-

sion. Subjects were then given access to cocaine during

2-h daily sessions performed 6 days/week (mainte-

nance). The house light was illuminated throughout

each session. Each completion of five presses on the

“active” lever complex (fixed ratio 5 schedule) re-

sulted in a 5-s infusion of cocaine (0.5 mg/kg per

0.1 ml) and a 5-s presentation of a stimulus complex

(activation of the white stimulus light directly above

the “active” lever and the tone generator, 2,000 Hz;

15 dB above ambient noise levels). Following each in-

jection, there was a 20-s time-out period during which

responding was recorded but had no programmed

consequences. Response on the “inactive” lever never

resulted in cocaine delivery. Acquisition of the condi-

tioned operant response lasted a minimum of 10 days

until subjects met the following criteria: minimum re-

quirement of 22 reinforcements with an average of

4 days and active lever presses with an average of

4 consecutive days and a standard deviation within

those 4 days of < 10% of the average; this criterion

was selected based on our prior experiments [14, 15].

After the last session all the animals were decapitated,

the brain structures were dissected, and peripheral organs

were removed, and frozen on dry ice. The trunk blood

was collected to EDTA-filled tubes, samples were centri-

fuged at 800 × g for 15 min and plasma was removed.

Next, the tissues were stored at –80°C until analyses.

Pharmacokinetic analyses

After 16 cocaine self-administration sessions (see

above), a separate group of animals (n = 16) under-

went a 10-day withdrawal (no access to cocaine).

Later on, the animals were randomly assigned to four

groups (n = 4/group) that were given a single dose of

COC (2 mg/kg) in a bolus iv injection. Rats were de-

capitated following either 5, 15, 30 or 60 min, their

brain structures were dissected and peripheral organs

were removed on dry ice. The tissues were stored at

–80°C until analyses.

Measurement of cocaine and its metabolite levels

Chemicals and reagents

LC/MS/MS grade water, acetonitrile, chloroform, for-

mic acid, methanol and sodium carbonate (Na2CO3)
were obtained from Merck (Germany). Cocaine, BE,

NC and their deuterated derivatives used as internal

standards, were provided by Sigma-Aldrich (St.

Louis, USA). A working internal standard solution of

COC-d3 and BE-d3 was prepared at a concentration

5 µg/ml in methanol. All standards were stored at 4°C

in the dark.

Sample preparation

Frozen tissues were weighed, thawed at room tem-

perature and homogenized in mixture of chloroform

and methanol (2:1; v/v) in proportion 10 mg tissue per

150 µl of mixture. Next, 0.15 ml of homogenate were

mixed with 2 µl of internal standard in methanol and

250 µl of 0.1 M Na2CO3. Chloroform and methanol

(2:1; v/v) were added and the samples were shaken

for 10 min on an oscillating shaker. The samples were

then centrifuged for 10 min at 2,000 × g and the lower

organic layer was collected. The organic phase was

evaporated to dryness under a stream of nitrogen at

40°C. The residues were reconstituted in 40 µl of ace-

tonitrile and subjected to chromatographic analysis.

Figure 2 shows the extracted ion current (XIC) for

a sample of brain tissue as an example.

Calibration curves

Calibration curves were constructed for every batch

of samples. The homogenized tissue samples were

spiked with cocaine, BE and NC to the following con-

centration: blank, 0.10, 0.50, 1.00, 1.50, 50.00 µg/g

wet tissues. Cocaine-d3 and BE-d3 were used as the

internal standard. These samples were prepared

according to the procedure described above (sample

preparation section). The number of QC’s per batch

was six (three concentration’s level in duplicate). They

were assessed according to 4-6-20 rule [5, 9, 25].

LC/MS/MS conditions

Separation of COC and metabolites was performed on

a reversed-phase, high performance liquid chromatog-

raphy (HPLC) system Agilent 1100 series (Agilent

Technologies, USA), equipped with a binary pump,

an autosampler and degasser. Separation was per-

formed using a LiChrospher 60 RP-select B column

(125 mm × 4.6 mm ID, 5 µm particle size) in combi-

nation with an appropriate guard column (4 mm × 4 mm;

5 µm particle size) (Merck, Germany). The column

was thermostated at 30°C. The optimized mobile
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phase solvents were: 0.1% formic acid in water

(phase A) and 0.1% formic acid in acetonitrile (phase

B). Cocaine and its metabolites were separated at

a flow rate of 0.7 ml/min with a linear gradient.

Mass spectrometric detection was performed using

a tandem quadruple mass spectrometer API 2000

(Applied Biosystems) equipped with an ESI source

(electrospray). Mass spectral data were obtained in

positive electrospray mode. High purity nitrogen used as

a sheath gas, was generated with a nitrogen generator.

All experiments were carried out in the positive ion

mode. The main working parameters of the mass spec-

trometer were as follows: nitrogen (sheath gas) flow rate

20 l/min, ion spray voltage 5,000, capillary temperature

300°C. The quantization analysis was performed using

the MRM mode and tandem LC/MS/MS. The following

pairs of ions were monitored with the following values

of m/z: 304.1/182.3 for cocaine; 290.2/168.3 for BE and

NC; 307.3/185.3 for COC-d3 and 293.3/171.3 for BE-d3.
Data were analyzed by using the Analyst software 1.4

(Perlan Technologies). Levels of cocaine and its me-

tabolites were calculated using the calibration standard

curves, constructed by linear regression analysis of peak

area versus concentration curves.

Statistical analyses

Data were expressed as the mean (± SEM). For co-

caine self-administration, the number of responses on

the active and inactive lever (including time out re-

sponding) as well as cocaine infusions were analyzed

by one- or two-way analysis of variance (ANOVA)

for repeated measures, respectively; a post-hoc Dun-

nett’s or Duncan’s test was used to analyze differ-

ences between daily sessions. Tandem LC/MS/MS

data were analyzed by one-way ANOVA; a post-hoc

Dunnett’s test was used to analyze differences be-

tween group means; p < 0.05 was considered statisti-

cally significant for all tests.
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Fig. 2. An example of the extracted ion current for a sample of brain tissue; IS – internal standard



Results

Cocaine self-administration

After 16 self-administration sessions rats reached

a stable lever responding during the sessions with an

acquisition criterion requiring that the rate of active

lever presses varied by less than 10%. Following 16

sessions of cocaine self-administration, animals re-

ceived approximately 166.8 ± 5.7 mg/kg of the drug

throughout the experiment. Before decapitation (the

last experimental 2-h session), the animals self-

administered about 24–32 injections of cocaine with

the daily mean cocaine intake between 12.7–16.3 mg/kg

(Tab. 2). Rats responded significantly more frequently

on the active lever than on the inactive lever (p <

0.001), independently of self-administration day.

Validation LC/MS/MS analyses

The method was validated for the following parame-

ters: linearity, recovery, sensitivity, precision, accu-

racy, selectivity and stability, limits of quantification

and detection. It showed good linearity (r2 ³ 0.99) in

the range 0.1–50 µg/g. The lower limit of detection

was 0.05 µg/g in all tissues. The parameters of valida-

tion are presented in Table 1.

Cocaine and metabolite levels

Peripheral organs and plasma

As shown in Table 2, after the last cocaine self-

administration session the levels of cocaine reached

0.211–10.45 µg/g tissue. The maximum level of co-

caine was recorded in the heart, followed by the kid-

ney, while in the serum and liver cocaine concentra-

tions were at similar levels and were ca. 40 times

lower than in the heart.

Table 2 also shows the mean levels of cocaine me-

tabolites in serum and peripheral organs. The BE and

NC concentration levels were the highest in the kid-

ney, followed by the liver and serum, while in the

heart the formation of these metabolites was minimal.
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Tab. 2. Concentration of cocaine, benzoylecgonine and norcocaine in peripheral organs and plasma following cocaine self-administration

Tissue COC (iv)
self-administration
(mg/kg/injection)

Tissue concentration (µg/g)

BE/COC NC/COC

COC BE NC
total

(16 sessions)
last

session

Serum

166.8 ± 5.7 14.5 ± 1.8

0.2880 ± 0.03279 0.7960 ± 0.1045g,h,i 0.0890 ± 0.01456 2.76r,s 0.31y,z,aa

Liver 0.2110 ± 0.05305 1.474 ± 0.2131 0.1370 ± 0.02708j,k 6.99t,u,v 0.65ab,ac,ad

Kidney 3.586 ± 0.4677a,b,c 4.532 ± 0.5098 0.3590 ± 0.08563l,m,n 1.26w,x 0.10ae,af,ag

Heart 10.47 ± 1.875d,e,f 0.1275 ± 0.01411 0.03711 ± 0.001369o,p,q 0.01 0.003

COC – cocaine, BE – benzoylecgonine, NC – norcocaine. N = 10 rats. a p < 0.0001 vs. COC (serum); b p < 0.0001 vs. COC (liver); c p < 0.0001
vs. COC (heart); d p < 0.0001 vs. COC (serum); e p < 0.0001 vs. COC (liver); f p < 0.0001 vs. COC (kidney); g p < 0.05 vs. BE (liver); h p < 0.0001
vs. BE (kidney); i p < 0.0001 vs. BE (heart); j p < 0.05 vs. NC (kidney); k p < 0.05 vs. NC (heart); l p < 0.05 vs. NC (serum); m p < 0.05 vs. NC
(liver); n p < 0.05 vs. NC (heart); o p < 0.05 vs. NC (serum); p p < 0.05 vs. NC (liver); q p < 0.05 vs. NC (kidney); r p < 0.0001 vs. BE/COC (liver);
s p < 0.0001 vs. BE/COC (heart); t p < 0.0001 vs. BE/COC (heart); u p < 0.0001 vs. BE/COC (kidney); v p < 0.0001 vs. BE/COC (serum); w p <
0.05 vs. BE/COC (heart); x p < 0.0001 vs. BE/COC (liver); y p < 0.0001 vs. NC/COC (heart); z p < 0.0001 vs. NC/COC (liver); aa p < 0.0001 vs.

NC/COC (kidney); ab p < 0.0001 vs. NC/COC (serum); ac p < 0.0001 vs. NC/COC (kidney); ad p < 0.0001 vs. NC/COC (heart); ae p < 0.001 vs.

NC/COC (serum); af p < 0.001 vs. NC/COC (liver); ag p < 0.001 vs. NC/COC (heart)

Tab. 1. Parameters of validation for cocaine, benzoylecgonine and
norcocaine

Drug Equation of the calibration
curve

R2 CV (%)

COC y = 0.3939x – 0.4491 0.9909 1.92–9.77

BE y = 0.182x – 0.2558 0.9975 4.44–7.43

NC y = 0.0247x – 0.0632 0.9936 2.29–11.02

COC – cocaine, BE – benzoylecgonine, NC – norcocaine



As expected, the liver showed the highest meta-

bolic activity to form BE (6.99) and NC (0.65).

Among the investigated tissue, the heart was the one

with the lowest rate of metabolism amounting to

0.003 (NC/cocaine) and 0.01 (BE/cocaine) (Tab. 2).

Brain areas

The levels of cocaine and its metabolites in cocaine

self-administering rats differed in dependence on the

rat brain area. As shown in Table 3, cocaine levels

ranged from 0.94–1.77 µg/g; the highest concentra-

tion was seen in the STR while the lowest in the CER.

Both cocaine metabolites were detected in the rat

brain: BE concentrations were at the same (very low)

level (0.29–0.34 µg/g) irrespectively of the brain area,

whereas the NC concentration varied from 1.56 µg/g

(the NAC) to 2.73 µg/g (the STR).

Table 3 presents the mean levels of cocaine me-

tabolites in rat brain areas. Two groups of brain areas

with similar metabolic rates can been distinguished.

The first group with a faster metabolism included the

FC, HIP and CER. In this group the metabolic rates

remained similar with respect to BE/cocaine

(0.30–0.32) and NC/cocaine (1.89–2.27). The other

selected brain areas showed significantly lower meta-

bolic rate, and they included the STR, NAC and PFC.

Between these brain areas, the STR showed the slow-

est metabolic activity to form BE (0.16) while the

PFC to form NC (1.01).

Pharmacokinetic analyses

Following cocaine self-administration sessions and

10-day withdrawal, rats were given a single dose of

COC (2 mg/kg) in a bolus iv injection and were de-

capitated following either 5, 15, 30 or 60 min. The ki-

netic analyses included cocaine and NC, while BE

was not under similar analyses in the present study

because its levels due to a long t1/2 were equal during

the study period (5–60 min).

Figure 3 shows the mean brain cocaine and NC

concentration-time profiles for the iv cocaine. The

peak cocaine and NC concentration was reached at 5 min

following cocaine injection while after 60 min the

parent drug and its metabolite were not detected in the

brain areas. There were area-dependent differences in

the concentration-time profiles for cocaine and NC as

well as for their metabolic rates. The slowest metabo-

lism was observed in the PFC (5–60 min), NAC, HIP

and PFC (5–30 min) while the fastest in the CER.

The pharmacokinetic parameters (clearance, K1.0
and t1/2) calculated with WINNONLIN nonlinear esti-

mation program (version 5.3) are presented in Table 3.

Clearance in the selected brain regions ranged from

0.03 to 0.066 g/(min × µg/g)/kg for cocaine and from
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Tab. 3. Concentrations of cocaine, benzoylecgonine and norcocaine in brain areas following cocaine self-administration

Brain area

COC (iv)
self-administration
(mg/kg/injection)

Tissue concentration (µg/g)

BE/COC NC/COC

total
(16 sessions)

last
session

Cocaine BE NC

NAC

166.8 ± 5. 7 14.5 ± 1.8

1.296 ± 0.132a,b,c 0.288 ± 0.02 1.560 ± 0.3512g 0.22j,k 1.20q,r,s,t

STR 1.775 ± 0.213 0.291 ± 0.028 2.727 ± 0.8324h 0.16l,m,n 1.54u,v,w,x

PFC 1.675 ± 0.224d,e,f 0.336 ± 0.027 1.695 ± 0.6250i 0.20o,p 1.01y,z,aa

FC 1.069 ± 0.1534 0.3440 ± 0.036615 2.332 ± 0.7368 0.32 2.18

HIP 0.9750 ± 0.2379 0.2910 ± 0.01841 2.217 ± 0.7663 0.30 2.27

CER 0.9400 ± 0.2031 0.2900 ± 0.01880 1.777 ± 0.3534 0.31 1.89

COC – cocaine, BE – benzoylecgonine, NC – norcocaine, CER – cerebellum, FC – frontal cortex, HIP – hippocampus, NAC – nucleus accum-
bens, PFC – prefrontal cortex, STR – striatum. N = 10 rats. a p < 0.05 vs. COC (NAC); b p < 0.05 vs. COC (FC); c p < 0.05 vs. COC (CER); d p <
0.05 vs. COC (FCX). e p < 0.05 vs. COC (HIP). f p < 0.05 vs. COC (CER); g p < 0.05 vs. NC (STR); h p < 0.001 vs. NC(PFC); i p < 0.05 vs. NC
(FC); j p < 0.05 vs. BE/COC (HIP); k p < 0.05 vs. BE/COC (CER); l p < 0.05 vs. BE/COC (FC); m p < 0.05 vs. BE/COC (HIP); np < 0.05 vs. BE/COC
(CER); o p < 0.05 vs. BE/COC (HIP); p p < 0.05 vs. BE/COC (CER); q p < 0.05 vs. NC/COC (PFC); r p < 0.001 vs. NC/COC (FC); s p < 0.001 vs.

NC/COC (HIP); t p < 0.001 vs. NC/COC (CER); u p < 0.05 vs. NC/COC (PFC); v p < 0.001 vs. NC/COC (FC); w p < 0.001 vs. NC/COC (HIP); x p <
0.001 vs. NC/COC (CER); y p < 0.001 vs. NC/COC (FC); z p < 0.001 vs. NC/COC (HIP); aa p < 0.001 vs. NC/COC (CER)
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Fig. 3. Cocaine (COC) (a), norcocaine (NC) (b) concentration-time profiles, and metabolic rate NC/COC (c) in rats given a bolus (iv) injection of
2 mg/kg cocaine; n = 4 rats/group for the particular time (5, 15, 30 or 60 min) analyses



0.034 to 0.058 g/(min × µg/g)/kg for NC. The fastest

cocaine clearance was observed for in the NAC and

CER while NC clearance in the PFC and CER.

The maximum K1.0 for cocaine was detected in the

FC, HIP and CER (0.11–0.15 µg/min), while the

minimum K1.0 values (0.045–0.08 µg/min) in the

NAC, STR and PFC. For NC, the highest (0.075 µg/

min) and lowest (0.025 µg/min) K1.0 levels were seen

in the STR and the PFC, respectively.

There were differences in t1/2 values of cocaine and

NC between brain structures. For cocaine the longest

t1/2 (> 12 min) was detected in the STR and NAC, the

shortest (ca. 4.5–6 min) in the FC, HIP and CER. For

NC, average values of t1/2 were estimated at from

9.18 min (STR) to 27.94 min (PFC).

In peripheral organs, the maximal cocaine and nor-

cocaine clearance was observed in the heart (0.119 g/

(min × µg/g)/kg) and the liver (0.056 g/(min × µg/

g)/kg), respectively. The lowest value of cocaine K1.0
was observed in the liver (0.007 µg/min), while the

highest in the kidney (0.145 µg/min). For the cocaine

metabolite, the K1.0 values ranged from 0.045 µg/min

(heart) to 0.05 µg/min (liver).

The longest t1/2 for cocaine was seen in the liver

(> 104 min) since the drug concentrations were simi-

lar at different time points (after 5 min – 0.1810 µg/g,

after 15 min – 0.152 µg/g; after 30 min – 0.1284 µg/g;

after 60 min – 0.1272 µg/g). In other peripheral

organs t1/2 for cocaine varied from 4.7 to 7.8 min.

For NC, the longest t1/2 (26.32 min) was found in

the kidney and the shortest (7.28 min) in the liver.

The summary of kinetic parameters for cocaine and

norcocaine are shown in Table 4.

Discussion

This study documents the levels of cocaine and its

metabolites in several brain areas, peripheral organs

and plasma of animals undergoing cocaine self-

administration. Additionally, it was also of interest to

characterize some kinetic parameters and distribution

of cocaine and NC in the rat brain following with-

drawal from cocaine self-administration and exposure

to a bolus injection of cocaine.

To the best of our knowledge, this is the first at-

tempt to simultaneously characterize the tissue levels

of cocaine and its metabolites during voluntary iv co-

caine intake in rats using tandem LC/MS/MS. Numer-

ous brain regions have been examined, with particular

attention to the structures engaged in the rewarding

and/or motivational effects of cocaine (e.g., NAC,

STR, PFC, HIP [10, 18, 23, 40]. Our results demon-

strated that cocaine self-administration over 16 days
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Tab. 4. Summary of kinetic parameters for cocaine and norcocaine

Tissue

CL
g/(min ´ µg/g)/kg

K 1.0

(1 µg/min)
t1/2

(min)

Cocaine Norcocaine Cocaine Norcocaine Cocaine Norcocaine

NAC 0.061 n.c. 0.056 n.c. 12.376 n.c.

STR 0.030 0.034 0.045 0.075 15.549 9.184

PFC 0.052 0.058 0.080 0.025 8.661 27.948

FC 0.049 0.044 0.116 0.053 5.980 13.045

HIP 0.034 0.045 0.151 0.041 4.583 16.885

CER 0.066 0.053 0.120 0.044 5.756 15.834

Liver 0.076 0.056 0.007 0.095 104.709 7.283

Kidney 0.027 0.031 0.145 0.068 4.794 26.324

Heart 0.119 0.042 0.090 0.045 7.736 15.247

CER – cerebellum, FC – frontal cortex, HIP – hippocampus, NAC – nucleus accumbens, PFC – prefrontal cortex, STR – striatum; CL – clear-
ance, K 1.0 – the elimination rate constant from the central compartment, t1/2 – elimination half-life; n.c. – not calculated



resulted in rat brain area-dependent differences in the

levels of the drug with the highest cocaine concentra-

tions in the STR and PFC (1.68–1.78 µg/g tissue) and

the lowest in the HIP and CER (0.94–0.98 µg/g tis-

sue). It should be added that the concentrations of co-

caine and its metabolites in brain tissues of rats re-

ceiving the drug passively (so-called yoked cocaine

animals) reached the same levels as in rats self-

administered cocaine; in other words the active vs.

passive cocaine groups were not statistically different

(data not shown). In other words, the maximal con-

centration of cocaine appeared in the rat brain struc-

tures importantly implicated in the addiction pro-

cesses and contributed to these processes. Till now

only two reports described brain cocaine levels in rats

trained to self-administer this drug [11, 37] but those

authors did not separate particular brain areas. The

differences reported in the present study are in line

with previous observations on the cocaine brain distri-

bution after the drug oral, ip or sc administration. For

instance, in male Sprague-Dawley rats found that af-

ter acute cocaine (10–20 mg/kg, ip) treatment, the me-

dial PFC drug concentration was nearly 1.3- and 2-

fold higher than in the STR or limbic areas (the NAC,

olfactory tubercle and pyriform cortex), respectively

[6]. Comparison between brain samples indicated the

statistically significant differences (8–12%) between

STR vs. NAC after 10 mg/kg ip [19], however, such

regional concentration difference was not always ob-

served after ip administration of cocaine by other

authors [8, 21, 39].

The other important observation is a marked differ-

ence between brain, peripheral organs and serum co-

caine concentration. In fact, cocaine levels in the

plasma were ca. 3.3–6.2-fold lower as compared to

brain areas. Similar higher brain-lower plasma co-

caine distribution was also observed after acute drug

injection [6, 12, 27] while the plasma concentration

following 10–20 mg/kg cocaine, ip, paralleled the

range detected in the present study (0.17–0.31 µg/g).

Furthermore, we found the same range of cocaine lev-

els in plasma and liver (< 0.3 µg/g tissue) whereas the

heart was the organ in which measured cocaine levels

were the highest among studied tissues.

The major cocaine metabolites NC and BE were

detected by the tandem LC/MS/MS in both brain and

peripheral organs. We observed a tissue-dependent

metabolite concentration with NC preferentially pres-

ent in the brain and BE dominating in peripheral or-

gans and plasma. In the brain, the NC levels ranged

from 1.56 µg/g (the NAC) to 2.73 µg/g (the STR) and

were 4.6–9.6 times higher than BE levels. In contrast,

BE concentrations were the highest in the kidney, fol-

lowed by the liver and serum while in the brain small

(ca. 0.30 µg/g tissue) and almost the same concentra-

tions were measured in its several areas. Interestingly,

in the heart the formation of either BE or NC was

small or minimal, respectively, as evidenced also by

the low metabolic ratio levels (0.003–0.01). The liver

was the peripheral organ with the fastest metabolic

transformation of cocaine (6.99), followed by plasma

(2.76) and the kidney (1.26) while in the brain two

groups of areas with different metabolic rate were dis-

tinguished. One group included the “faster” me-

tabolizer areas (i.e., FC, HIP and CER) while the

STR, NAC and PFC showed “slower” metabolism.

This finding means that in the latter brain areas,

known as neuroanatomical targets for addictive be-

haviors [10, 18, 23, 40], the pharmacological action of

the parent drug was longer lasting around the mem-

brane targets and cocaine pharmacokinetics might be

a contributor to such effects.

It should be added that the tandem LC/MS/MS

method permits to quantitatively measure NC plasma

levels following iv cocaine as HPLC analyses in simi-

lar injection condition do not allow for detection of

this metabolite [20, 22, 28, 44, 45].

The second part of the study was focused on the

distribution and simultaneous characterization of the

pharmacokinetic parameters (clearance, rate constant

and t1/2) after a bolus injection of cocaine (2 mg/kg,

iv) in rats with stabilized cocaine self-administration

and extinction. A simplified kinetic studies showed

that cocaine was rapidly distributed in the body; in the

brain the peak levels of this drug were achieved

within 5 min. The distribution pattern of cocaine in

rats after iv treatment was similar to that observed in

cocaine human addicts [16, 47] with the preferential

cocaine accumulation in the STR. Moreover, in hu-

mans a temporal correspondence between the fast up-

take of the drug in the brain and the subjective experi-

ence of the ‘high’ was reported [47].

Limbic brain areas, including the PFC, FC and HIP

as well as the CER showed a relatively uniform co-

caine rate constant, clearance and a terminal elimina-

tion t1/2 of 5.6–8.7 min, while for the NAC and STR t1/2
were 1.5 or 2 times longer, respectively. On the other

hand, the latter brain areas showed a slower kinetics,

evidenced also by the shorter t1/2 value for NC; such

metabolic ratios prolonged the duration of cocaine ac-
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tion. In peripheral organs, cocaine had the longest t1/2
in the liver while those in the heart and kidney paral-

leled pharmacokinetic parameters in the brain areas.

Our study is the first to report plasma levels of NC

following a bolus 2 mg/kg injection of cocaine to rats

withdrawn from cocaine self-administration. We re-

port that the NC peak levels occurred at 5 min, i.e., at

the same time as the peak of cocaine. Moreover, t1/2
value for NC was shorter in the STR and liver or

longer in the rest of brain areas and plasma peripheral

organs than the t1/2 value for cocaine. It should be

stressed that NC is a lipophilic drug thus it is able to

penetrate to the brain and is isolated from brain tissue

minutes after their systemic administration [24, 31].

The concentration of NC in the brain comes from its

in situ formation or from the periphery through cross-

ing the blood-brain barrier. Apart from the STR, the

short time for NC elimination was detected in the

liver where a close correlation between NC levels,

N-demethylase activity and liver toxicity have been

reported in rodents [2, 4].

The BE levels were not a subject of the pharma-

cokinetic studies since the experiment stopped at

60 min following cocaine injection while the peak

plasma BE levels usually occur at 1–3 h after the psy-

chostimulant [13, 49].

To summarize, a tandem LC/MS/MS is a valid

method for evaluation of brain and peripheral levels

of cocaine and its metabolites. Our results demon-

strate brain area-dependent differences in the levels of

cocaine after its self-administration in the rat. There

were also differences in pharmacokinetic parameters

among the brain areas and peripheral tissues follow-

ing a bolus iv injection of cocaine to rats withdrawn

from cocaine.
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