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Abstract. The 2-[**Cldeoxyglucose method was used to
compare the effects of the acute administration of cocaine
by two different routes, intravenous and intraperitoneal,
on rates of local cerebral glucose utilization in freely
moving rats. Doses were initially chosen on the basis of
their ability to elicit equivalent increases in locomotor
activity during the experimental procedure, and the time
of cocaine administration relative to 2-[**C]deoxyglucose
infusion was chosen so that the maximal behavioral effect
occurred during maximal tracer incorporation. Changes
in glucose utilization following the intraperitoneal ad-
ministration of cocaine (10 mg/kg, 10 min before 2-de-
oxyglucose infusion) were restricted to the nigrostriatal
system and related structures involved in the production
of movement. Increased activity was observed in the sub-
stantia nigra pars reticulata, globus pallidus, and sensori-
motor cortex. In contrast, intravenous cocaine adminis-
tration {1 mg/kg, 2 min before tracer infusion) produced
more widespread changes in rates of glucose utilization
including portions of both the mesocorticolimbic and ni-
grostriatal systems. Areas in which metabolic activity
was altered included the caudate-putamen, globus pal-
lidus, substantia nigra pars reticulata, sensorimotor cor-
tex, olfactory tubercle, nucleus accumbens, and medial
prefrontal cortex. Both intravenous and intraperitoneal
cocaine produced similar increases in locomotor activity.
Additional studies indicated that the absence of metabol-
ic activation in the mesocorticolimbic system following
acute intraperitoneal cocaine was not the result of the
specific dose chosen or the length of time between co-
caine administration and radiotracer infusion, as no
changes in metabolic activity in mesocorticolimbic struc-
tures were evident when these parameters were varied.
The cerebral metabolic effects of acute intravenous and
intraperitoneal cocaine administration are significantly
different. These data indicate that pharmacokinetic vari-
ables are important determinants of the functional re-
sponse to cocaine.
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Cocaine is a widely abused drug with powerful reinforc-
ing properties. Its primary mechanism of action in brain
is the blockade of the reuptake of the monoamines, do-
pamine (Moore et al. 1977; Heikkila et al. 1979), nore-
pinephrine (Hertting et al. 1961: Moore et al. 1977), and
serotonin (Ross and Renyi 1967). In addition, cocaine is
known to have potent local anesthetic properties (Ritchie
and Greene 1980). As a drug of abuse cocaine is primarily
administered intranasally as a powder or smoked in its
free base form, although a small percentage of users do
take cocaine intravenously (Johanson and Fischman
1989). These routes of administration have in common
relatively rapid onsets of action with peak plasma con-
centrations achieved within the first 30 min as well as
short elimination half-lives (Van Dyke et al. 1976, 1978;
Wilkinson et al. 1980; Chow et al. 1985; Fischman 1988).
These pharmacokinetic characteristics, particularly the
rapid onset of action, have been hypothesized to be in
part responsible for the intense subjective effects of co-
caine reported within the first few minutes of use (Fis-
chman et al. 1976; Resnick et al. 1977; Javaid et al. 1978).

Studies of the effects of cocaine in laboratory animals,
while sometimes using the intravenous route, have more
generally utilized the intraperitoneal route of administra-
tion. The intraperitoneal route, because of its conve-
nience, is the preferred route in studies of locomotor be-
havior, schedule-controlled behavior, conditioned place
preference, and the discriminative stimulus properties of
cocaine. This route is also used in many studies of the
neurobiological effects of cocaine, such as neurotransmit-
ter turnover, receptor density, etc. The intravenous route
of administration, in contrast, is the route of choice in
studies of the reinforcing properties of cocaine utilizing
the self-administration paradigm.
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The pharmacokinetics of intraperitoneal and intra-
venous routes of administration differ significantly, how-
ever, in that intraperitoneal administration involves the
absorption of cocaine from the peritoneal cavity where it
enters the portal system and is thereby subject to
metabolism in liver before entry into the general circula-
tion and then the brain (Shuster 1992). In contrast, co-
caine administered intravenously is delivered directly in-
to the general circulation, allowing it to reach the brain
without first-pass metabolism in the liver (Nayak et al.
1976; Wiggins et al. 1989; Shuster 1992). Peak plasma
and brain concentrations of cocaine, therefore, occur
more rapidly following intravenous administration. Un-
fortunately, few studies have directly addressed the neu-
robiological or behavioral consequences of these phar-
macokinetic differences.

Metabolic mapping with the 2-[**C]deoxyglucose
(2DG) method has been used for the investigation of the
neuroanatomical substrates of the effects of the acute ad-
ministration of cocaine in the central nervous system
(London et al. 1986; Porrino et al. 1988; Sharkey et al.
1991). Dose-dependent increases in rates of glucose uti-
lization restricted to components of the nigrostriatal mo-
tor system following cocaine treatment have been report-
ed by London and her colleagues (London et al. 1986). A
study in this laboratory, however, has demonstrated that
cocaine administration produces widespread changes in
functional activation, not only in the nigrostriatal motor
system, but throughout portions of the dopaminergically
innervated mesocorticolimbic system including the nu-
cleus accumbens and medial prefrontal cortex (Porrino et
al. 1988). Although there were a number of procedural
differences between these two studies, one possible expla-
nation for the discrepancies is the differing routes of ad-
ministration. The purpose of the present study was to
evaluate the potential role of the route of administration
in determining the functional consequences of cocaine in
brain. The effects of intravenous and intraperitoneal co-
caine administration on rates of local cerebral glucose
utilization (LCGU) as measured by the 2-[**C]deoxy-
glucose method were, therefore, compared directly.

Material and methods

Animals. Experiments were performed on male Sprague-Dawley
rats (Taconic Farms, Germantown, NY), weighing 300-360 g. Ani-
mals were housed in group cages and maintained under standard
conditions of temperature and lighting; food and water were avail-
able ad libitum.

On the day of the experiment, animals were lightly anesthetized
with a mixture of halothane and nitrous oxide, and polyethylene
catheters were inserted into one femoral artery and vein, then run
subcutaneously to exit at the nape of the neck. This placement of
the catheters allows animals to move freely during the experimental
procedure (Crane and Porrino 1989). At least 3 h were allowed for
recovery from the effects of anesthesia and surgery before the mea-
surement of cerebral metabolic activity was begun.

Drug administration. Cocaine hydrochloride (Sigma, St Louis, MO)
was dissolved in saline just prior to use, and injected intraperi-
toneally or intravenously before initiation of the deoxyglucose ex-
perimental procedure. Doses were calculated as the salt.

Experimental procedure. In order to compare the effects of intra-
venous cocaine to those of intraperitoneal cocaine, rats were treated
with doses of.intravenous or intraperitoneal cocaine chosen on the
basis of their ability to elicit equivalent increases in locomotor ac-
tivity during the experimental test period. Using behavioral equiva-
lence as a basis for effects permits any differences observed between
groups to be ascribed to pharmacokinetic differences rather than to
differences in behavior itself. Four groups of rats received one of the
following treatments: saline vehicle intraperitoneally or intra-
venously; cocaine, 10 mg/kg, intraperitoneally; or 1.0 mg/kg, intra-
venously. Each group consisted of five animals with the exception of
the group receiving saline intravenously in which four animals were
included. Cocaine was injected intraperitoneally 10 min before or
intravenously 2 min before initiation of the 2DG procedure. Times
were chosen so that the maximum behavioral response occurred
within the first 5~10 min following 2DG infusion which is the time
of maximal incorporation of radioactive tracer (Sokoloff et al.
1977). In this way the 2DG procedure “records” the maximal effects
of each treatment.

The effects of the acute administration of cocaine on locomotor
activity were evaluated simultaneously with the measurement of
rates of glucose utilization. All experiments were performed in an
open-field clear plastic test chamber (42 x 42 x 30 cm). Locomotor
activity was measured by electronic counters that detected interrup-
tions of eight independent photocell beams located 2 cm above the
floor (Omnitech, Columbus, OH). Each animal was habituated to
the cage for 60 min on each of the 2 days prior to the experiment
and on the day of the experiment was placed in the chamber 20 min
before treatment. Photocell counts were recorded every 10 min after
the injection of drug or vehicle and for the 45 minute experimental
period.

In order to determine the potential role of cocaine dose in deter-
mining patterns of glucose utilization changes, three groups of rats
received one of the following treatments: cocaine, 15 or 30 mg/kg,
intraperitoneally or saline vehicle 10 min prior to initiation of the
2DG procedure (N=3, 4, and 6, respectively). Experiments were
performed in an open-field Plexiglas test chamber (42 x 42 x 30 cm)
to which the animals were habituated as described above. Formal
measurements of locomotor activity, however, were not conducted
in these experiments.

In order to evaluate the contribution of temporal variables to
the observed patterns of glucose utilization alterations, four groups
of animals received one of the following treatments: cocaine (1
mg/kg; N=4) intravenously, 10 min before 2DG infusion; saline
intravenously (N =4); cocaine (10 mg/kg; N =4) intraperitoneally, 2
min before 2DG; or saline intraperitoneally (N =5). These experi-
ments serve as controls for the time points chosen on the basis of
equivalent behavioral activation described above. Experiments
were performed in an open-field plexiglass test chamber
{42 x 42 x 30 cm) to which the animals were habitnated as described
above. Formal measurements of locomotor activity were not con-
ducted in these experiments.

Measurement of local cerebral glucose utilization. Local cerebral glu-
cose utilization was measured according to the procedures de-
scribed by Sokoloff et al. (1977) as adapted for freely-moving ani-
mals (Crane and Porrino 1989). At times as described above follow-
ing administration of cocaine or saline intravenously after the injec-
tion of cocaine or saline intraperitoneally, a pulse of 2-
[**Cldeoxyglucose at the dose of 125 uCi/kg (specific activity 50-55
mCi/mmol, New England Nuclear, Boston, MA) was injected
through the femoral venous catheter. Timed arterial blood samples
were drawn during the next 45 min. Blood samples were centrifuged
immediately, and plasma concentrations of 2-[**C]deoxyglucose
were determined by liquid scintillation counting (Beckman Instru-
ments, Fullerton, CA). Plasma glucose concentrations were assayed
by means of a Beckman Glucose Analyzer II (Beckman Instru-
ments, Fullerton, CA).

Approximately 45 min after 2DG infusion animals were killed
by the intravenous administration of sodium pentobarbital. Brains
were rapidly removed and frozen in isopentane at —45°C, coated



with embedding matrix, and stored at —70°C until sectioning.
Coronal sections of brain (20 pm) were cut in a cryostat maintained
at —22°C. Sections were picked up on glass coverslips and dried on
a hot plate (60°C). Sections were autoradiographed on Kodak OM1
x-ray film along with a set of calibrated [**C]methylmethacrylate
standards (Amersham, Arlington Heights, IL) previously calibrated
for their equivalent wet weight *C concentration in brain sections
cut similarly. Films were exposed for 10-12 days and developed by
hand in GBX developer (Kodak, Rochester, NY).

Autoradiograms were analyzed by quantitative densitometry
with a computerized-image processing system (MCID, Imaging Re-
search, St Catharines, Ontario). Optical density measurements for
each structure, identified according to the rat brain atlas of Paxinos
and Watson (1982), were made in a minimum of five brain sections.
Tissue C concentrations were determined from the optical densi-
ties and a calibration curve obtained by densitometric analysis of
the autoradiograms of the calibrated standards. Glucose utilization
was then calculated from the local *C tissue concentrations, the
time-courses of the plasma glucose and '“C concentrations, and the
appropriate constants according to the operational equation of the
method (Sokoloff et al. 1977).

Statistical analysis. Rates of local cerebral glucose utilization were
determined in 38 discrete brain regions. Statistical analysis was
carried out on each structure individually by means of Dunnett’s
t-test for multiple comparisons or Student’s ¢-test for independent
samples as appropriate. Total locomotor activity was similarly ana-
lyzed by Dunnett’s ¢-test for multiple comparisons.

Results

Comparison of the effects of intravenous and
intraperitoneal cocaine administration

In the first experiment, the effects of cocaine administered
intraperitoneally or intravenously were compared using
doses chosen for their ability to elicit similar increases in
locomotor activity which was measured simultaneously.
No significant differences in locomotor activity were ob-
served between groups administered saline intravenously
and intraperitoneally. Data from the saline-treated
groups were therefore combined for comparison with co-
caine-treated groups. Both intravenous (1 mg/kg) and in-
traperitoneal (10 mg/kg) cocaine treatment resulted in
significant (P < 0.05, Dunnett’s t-test) increases in loco-
motor activity during the first 5-10 min of the 2DG pro-
cedure. Intravenous cocaine produced maximal levels of
activity immediately after infusion (Fig. 1A). Although
increased significantly, peak levels of activity after in-
traperitoneal cocaine were not as great as after intra-
venous cocaine, but remained elevated longer (Fig. 1A).
Overall changes in locomotor activity, however, were
equivalent in that the mean total number of photocell
interruptions recorded during the 45 min experimental
period for both cocaine-treated groups were almost iden-
tical (see Fig. 1B).

Because no significant differences in rates of glucose
utilization were found in the intravenously- and in-
traperitoneally-treated saline groups, data from the two
groups were combined for further analysis as above. The
effects of acute intravenous (1 mg/kg; 2 min before 2DG
infusion) and intraperitoneal (10 mg/kg; 10 min before
2DG infusion) administration of cocaine on rates of local
cerebral glucose utilization in the 38 anatomically dis-
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Fig. 1A,B. Effects of acute cocaine administered intravenously
(1 mg/kg, 2 min before 2DG) and intraperitoneally (10 mg/kg,
10 min before 2DG) on locomotor activity. A Time course of the
effects of cocaine on locomotor activity. The 0 time point coincides
with the time of 2DG infusion. Values represent means and stand-
ard errors of photocell beam interruptions for each 10-minute seg-
ment of the experimental period in groups of rats treated with saline
(N=9), cocaine IP (N =5) and cocaine IV (N =5). B Total locomo-
tor activity during the experimental period of the above groups.
*P < 0.05, significantly different from saline controls, Dunnett’s
t-test

crete brain regions examined are summarized in Table 1.
The administration of 10 mg/kg cocaine intraperitoneal-
ly significantly increased metabolic activity in the sub-
stantia nigra pars reticulata (+17%; Fig. 2), globus pal-
lidus (4 16%), and somatomotor cortex (+20%). In con-
trast, the administration of 1 mg/kg cocaine intravenous-
ly produced more widespread changes in rates of glucose
utilization, including portions of the dopaminergically-
innervated nigrostriatal and mesocorticolimbic systems
(Fig. 3). Metabolic activity was significantly altered in the
dorsomedial (+ 12%), dorsolateral (+14%) and ventral
(+12%) portions of the caudate, the globus pallidus
{4+ 16%), substantia nigra reticulata (+21%; Fig. 2), so-
matomotor cortex (4 17%), and the lateral portion of the
lateral habenula (—14%). Glucose utilization was also sig-
nificantly increased in the olfactory tubercle (+13%),
medial prefrontal cortex (+14%), and the nucleus ac-
cumbens (+ 16%) of these rats (Figs 3 and 4).

Dose-dependent effects of cocaine on LCGU

In order to determine whether the failure to detect
changes in the dopaminergic mesocorticolimbic system
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Table 1. Effects of the acute administration of cocaine on local cerebral glucose utilization (umol/100 g per min) in rats®

Structure Cocaine

Vehicle Intraperitoneal ® Intravenous®

control 10 mg/kg 1 mg/kg

N=9 N=35 N=35
Mesocorticolimbic system
Medial prefrontal cortex 67.6+3 68.9+2 77.2+2%
Olfactory tubercle 86.1+5 84.6+3 97.0+4%*
Nucleus accumbens 87.843 923+2 102.2+9*
Anterior cingulate cortex 106.0+3 118.6+4 113243
Basolateral amygdala 82.1+2 76.0+3 79.8+2
Central amygdala 419+1 39.2+2 40.2+1
Hippocampus (CA3) 73242 73.34%£2 74342
Ventral tegmental area 70.6+3 70943 71.1+1
Nigrostriatal system und related areas
Dorsomedial caudate 106.5+3 1148+2 118.0+4*
Dorsolateral caudate 1069+4 113942 120.54+3*
Ventral caudate 90942 96.3+3 101.84 1%
Globus pallidus 53.8+2 62.7+4% 62.2+4%*
Entopeduncular nucleus 529+2 553+2 57.5+4
Subthalamic nucleus 101.1+3 100.3+4 10395
Substantia nigra pars compacta 754+2 742+2 77.7+1
Substantia nigra pars reticulata 57141 66.8+3* 69.1+4*
Cerebellum 58.5+0 55.143 557+3
Neocortical areas
Somatomotor cortex 87445 1048+3% 102.4£3*
Auditory cortex 160.1+4 147.8+5 147.6+4
Visual cortex 92342 95.2+8 97.642
Thalamus and hypothalamus
Ventral thalamus 96.5+3 92745 98.8+1
Lateral thalamus 109.2+3 1104+3 111.5+3
Mediodorsal thalamus 107.64+2 113.34+4 113.84+4
Medial habenula 73.1+3 783+3 73.6+1
Lateral habenula (medial) 100.7 +4 949+7 91.942%
Lateral habenula (lateral) 113343 103.5+7 97614
Medial geniculate 121.8+4 125945 120245
Lateral geniculate 96.1+4 99.3+4 942+2
Lateral hypothalamus 59.1+2 582+2 578+3
Mammiliary bodies 119942 120.1+4 122443
Myelinated fiber tracts
Corpus callosum 274+1 294+1 28.1+1
Internal capsule 33.7+1 321+1 348+1
Cerebellar white matter 33.5+1 337+1 36312

2 Results are expressed as the means+ SEM

® Cocaine administered 10 min before 2DG infusion

¢ Cocaine administered 2 min before 2DG infusion

* = P <(.05 different from control (Dunnett’s statistic)

following intraperitoneal cocaine administration was due
to the choice of cocaine dose, rates of cerebral
metabolism were measured in the mesocorticolimbic and
nigrostriatal systems of rats following the administration
of higher doses of cocaine, 15 and 30 mg/kg administered
intraperitoneally (Table 2). Dose-dependent alterations
in LCGU were present throughout the nigrostriatal sys-
tem, including the globus pallidus, substantia nigra retic-
ulata (Fig. 2), entopeduncular nucleus, subthalamic nu-
cleus, and the lateral habenula. In contrast, LCGU was
not significantly changed in any portion of the mesocorti-

colimbic system including the nucleus accumbens (Fig. 3),
olfactory tubercle, and medial prefrontal cortex.

Time-dependent effects of cocaine on LCGU

In order to determine the role of the length of time be-
tween cocaine administration and 2DG infusion in pro-
ducing the patterns of LCGU changes in rats treated
with cocaine intraperitoneally and intravenously, rates of
cerebral metabolism were measured in the mesocorticol-
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Fig. 2. Effects of acute cocaine treatment on metabolic activity in
the substantia nigra reticulata. Values represent means and stan-
dard errors of rates of local cerebral glucose utilization in rats
treated with cocaine intravenously (left; vehicle, N =4; cocaine, 1
mg/kg, 2 min, N=35 or 10 min, N =4 prior to 2-deoxyglucose infu-
sion) or intraperitoneally (right; vehicle, N =5; cocaine, 10, 15, or 30
mg/kg, 10 min before 2-deoxyglucose infusion, N =35, 3, 4, respec-
tively; or 10 mg/kg, 2 min before infusion, N=4), *P < 0.05, signif-
icantly different from appropriate saline controls
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Fig. 3. Effects of acute cocaine treatment on metabolic activity in
the nucleus accumbens. Values represent means and standard errors
of rates of local cerebral glucose utilization in rats treated with
cocaine intravenously (left; vehicle, N =4; cocaine, 1 mg/kg, 2 min,
N=5 or 10 min, N=4 prior to 2-deoxyglucose infusion) or in-
traperitoneally (right; vehicle, N =35; cocaine, 10, 15, or 30 mg/kg,
10 min before 2-deoxyglucose infusion, N =35, 3, 4, respectively; or
10 mg/kg, 2 min before infusion, N=4), *P < 0.05, significantly
different from appropriate saline controls

Table 2. Dose-dependent effects of cocaine
administered intraperitoneally on rates of
local cerebral glucose utilization

Structure Cocaine (mg/kg, intraperitoneal)

0.0 150 30.0

N=6 N=3 N=4
Mesocorticolimbic system
Medial prefrontal cortex 76.6+5 729+7 66.2+2
Olfactory tubercle 86.9+5 87.5+7 82.843
Nucleus accumbens 87.8+4 88.2+6 83.8+3
Basolateral amygdala 80.4+4 78242 77.8%5
Central amygdala 47343 41543 43643
Hippocampus (CA3) 655+2 64.3+3 60.8+3
Ventral tegmental area 71.5+4 72.8+4 67.0+4
Nigrostriatal system and related areas
Dorsomedial caudate 100.8+5 116.6+4 113.8+6
Dorsolateral caudate 112.6 +7 108.2+7 118.3+10
Ventral caudate 101.8+2 98444 114.5+6%
Globus pallidus 53.1+3 61.3+6* 69.5+2*
Entopeduncular nucleus 56143 69.246* 69.84+3%
Subthalamic nucleus 92.8+5 102.0+4 1150+8*
Medial habenula 749+3 64.7+5 67.2+4
Lateral habenula (medial) 99.7+2 67.1+£5** T4.6+6%*
Lateral habenula (lateral) 116345 824+ 7** 84.2 + §**
Substantia nigra compacta 82745 79.8+4 82243
Substantia nigra reticulata 58.5+3 71.9+7* 79.8 £ 3%*

* =P <0.05 Dunnett’s f-test
** = P<0.01 Dunnett’s t-test

imbic and nigrostriatal systems of rats following in-
traperitoneal administration of cocaine 2 min before
2DG (Table 3) or intravenous administration of cocaine
10 min before 2DG (Table 4). These experiments served
as controls for the time points chosen on the basis of
equivalent behavioral activation as described above. In-
traperitoneal administration of cocaine 2 min prior to the

initiation of the 2DG procedure did not alter cerebral
metabolic rates in any portion of the mesocorticolimbic
system (Fig. 3), nor were portions of the nigrostriatal sys-
tem affected with the exception of the substantia nigra
reticulata (Fig. 2) in which LCGU was increased
(+11%). Measurement of rates of glucose utilization 10
min following intravenous administration of cocaine re-
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EFFECTS OF ACUTE COCAINE ON
CEREBRAL METABOL ISM

Fig. 4. Effects of acute administration of intra-
venous (I mg/kg) and intraperitoneal (10 mg/
kg) cocaine on local cerebral glucose utiliza-
tion in rats. Shown are color-coded transfor-
mations of autoradiograms of coronal sections
of rat brain at the level of the nucleus accum-
bens in which each color represents a range of
rates of local cerebral glucose utilization in
umol/100 g per min according to the calibra-
tion scale to the right of the autoradiograms.
Note that rates of glucose utilization are ele-
vated in the nucleus accumbens, olfactory tu-
bercle, and prefrontal cortex of the rat receiv-
ing intravenous cocaine as compared to the
rat receiving intraperitoneal cocaine

Intraperitoncal

Table 3. Cerebral metabolic effects of cocaine (10 mg/kg) as mea- Table 4. Cerebral metabolic effects of cocaine (1 mg/kg) as measured
sured 2 min after intraperitoneal administration 10 min after intravenous administration
Structure Cocaine (10 mg/kg, IP) Structure Cocaine (1 mg/kg, IV)

Control Control

N=5 N=4 N=4 N=4
Mesocorticolimbic system Mesocorticolimbic system
Medial prefrontal cortex 69.1+5 65.5+3 Medial prefrontal cortex 66.2+3 709+1
Olfactory tubercle 87.7+9 80.5+2 Olfactory tubercle 84.5+5 92442
Nucleus accumbens 88.3+7 80.6+6 Nucleus accumbens 87.2+2 86.2+1
Basolateral amygdala 84.7+3 82343 Basolateral amygdala 794+2 84.1+1
Central amygdala 43641 37.6+4 Central amygdala 40.2+2 46.8+4
Hippocampus (CA3) 75442 71.243 Hippocampus (CA3) 71.0+3 66.2+4
Ventral tegmental area 64.4+1 64.6+3 Ventral tegmental area 66.7+3 64.4+4
Nigrostriatal system and related areas Nigrostriatal system and related areas
Dorsomedial caudate 106.0+6 110.5+4 Dorsomedial caudate 107.1+2 113.7+7
Dorsolateral caudate 110.8+8 1146+5 Dorsolateral caudate 103.0+1 114.1+7
Ventral caudate 91.0+3 920+4 Ventral caudate 90.8+1 108.0 1+ 6**
Globus pallidus 52.5+3 60.54+6 Globus pallidus 551+1 496+ 3*
Entopeduncular nucleus 53.7+2 554+4 Entopeduncular nucleus 52143 53.7+1
Subthalamic nucleus 102.2+5 102.34+7 Subthalamic nucleus 100.0+4 103.1+2
Medial habenula 71.2+4 755+7 Medial habenula 75.0+4 79948
Lateral habenula (medial) 102.2+8 95245 Lateral habenula (medial) 99.2+3 98.8+9
Lateral habenula (lateral) 111.7+5 110.0+7 Lateral habenula (lateral) 114942 1175412
Substantia nigra compacta 78.6+2 76545 Substantia nigra compacta 72.3+2 69.7+4
Substantia nigra reticulata 594+2 65.7+2% Substantia nigra reticulata 548+1 61.4+3%*
* P<0.05 Student’s t-test * =P<0.05 Student’s t-test

** = P<(.01 Student’s t-test

vealed significant changes in metabolism in the ventral Discussion

caudate (+19%), substantia nigra reticulata (+12%;

Fig. 2) and the globus pallidus (-10%). Once again, The present study clearly demonstrates that the route of
LCGU was unchanged in the mesocorticolimbic system administration of cocaine is an important determinant of
(Fig. 3). its neurobiological consequences. Despite the similarities



in the locomotor activating effects of intravenous and
intraperitoneal cocaine, the cerebral metabolic effects of
the acute intravenous administration of cocaine were sig-
nificantly different from the effects of intraperitoneal co-
caine administration. The similarity in the degree of be-
havioral activation is important, because differences in
the amount of cocaine-induced locomotor activity alone
would be reflected in differing rates of metabolism, par-
ticularly in motor structures as seen here when higher
doses of cocaine were administered. The choice of a com-
mon or equivalent behavioral endpoint as the basis for
comparison in this study, therefore, allows the differences
in the patterns of functional activation to be attributed to
pharmacokinetic variables rather than the behavior itself.
Intraperitoneal cocaine treatment resulted in changes in
neuronal activity, as reflected in changes in rates of cere-
bral glucose utilization, mainly within the nigrostriatal
system, including the substantia nigra reticulata and
globus pallidus, known to be involved in the production
of motor behavior. Intravenous administration, on the
other hand, resulted in altered functional activity not on-
ly in these brain regions, but in all portions of the caudate
nucleus, the nucleus accumbens, olfactory tubercle, and
the medial prefrontal cortex. The patterns of glucose uti-
lization changes clicited by each route of administration
are consistent with those reported in previous studies of
the effects of cocaine administered either intravenously
(Porrino et al. 1988) or intraperitoneally (London et al.
1986). These data therefore confirm the findings of these
studies and provide an explanation for the discrepancies
between them. The present data support the conclusion
that cocaine activates different neuronal circuits depend-
ing on the route by which it is administered. As a result,
pharmacokinetic variables must be considered important
determinants of neurochemical, behavioral, and physio-
logical responses to cocaine.

One possible reason for the rather circumscribed ef-
fects of intraperitoneal cocaine as compared to those of
intravenous cocaine was the relatively low dose chosen
for study. Higher cocaine doses, however, did not alter
rates of glucose utilization in any portion of the mesolim-
bic system (Table 2, Fig. 2) includirig the nucleus accum-
bens, olfactory tubercle or medial prefrontal cortex,
structures in which glucose utilization was increased
when cocaine was administered intravenously (Porrino et
al. 1988; present study). The present findings are similar
to those reported by London and colleagues (1986). Dose
therefore does not appear to be a sufficient explanation
for the differential distribution of changes in functional
activity. These higher doses did, however, elevate energy
metabolism in portions of the caudate nucleus and other
components of the nigrostriatal motor system in a dose-
dependent manner. These changes probably reflect the
greater levels of behavioral activation that are elicited by
higher doses of cocaine. Conversely, lower doses of intra-
venous cocaine have been shown to selectively increase
metabolism in the nucleus accumbens without signifi-
cantly affecting most structures within the nigrostriatal
system (Porrino et al. 1988). The effects in the mesocorti-
colimbic system, then, appear to be route-dependent
rather than dose-dependent. These data suggest that the
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measurable metabolic effects of intraperitoneal cocaine
administration are limited to brain regions more likely to
be associated with the control of motor behavior and do
not involve structures within the dopaminergically inner-
vated mesocorticolimbic system that are generally associ-
ated with the reinforcing effects of psychostimulants (cf
Koob and Goeders 1989).

When compared to the intraperitoneal route, cocaine
administered intravenously rapidly reaches peak concen-
trations in both plasma and brain. Estimates vary, but
peak plasma concentrations are achieved within the first
5-10 min following intravenous administration, but do
not occur until 1040 min after intraperitoneal adminis-
tration (Nayak et al. 1976; Lau et al. 1991; Shuster 1992).
Peak behavioral activating effects tend to coincide with
peak plasma cocaine concentrations regardless of the
route of administration. In the present study, therefore,
when locomotor activity was used as the index of com-
parison, maximal 2DG incorporation occurred during
the time of peak plasma cocaine levels. When, however,
maximal incorporation occurred at times other than
peak plasma concentrations, e.g., 10 min after intra-
venous administration (when concentrations of cocaine
are declining) or 2 min after intraperitoneal administra-
tion (well before peak cocaine concentrations), signifi-
cantly different patterns of changes in LCGU were ob-
tained. When cocaine was administered intravenously
ten min before 2DG infusion, rates of cerebral
metabolism were altered only in the ventral caudate,
globus pallidus, and substantia nigra reticulata, whereas
when cocaine was administered intraperitoneally 2 min
before 2DG infusion, glucose utilization was increased
only in the substantia nigra reticulata. The only instance
in which cerebral metabolic activity was altered in por-
tions of the mesocorticolimbic system was when cocaine
was administered intravenously and peak plasma co-
caine concentrations occurred during maximal tracer in-
corporation, e.g., cocaine administration 2 min before
2DG infusion. A unique and rather limited set of circum-
stances appears necessary for metabolic activation of the
nucleus accumbens and other mesocorticolimbic struc-
tures.

The rate of delivery of cocaine to its binding sites in
brain is often considered to be an important determinant
of the powerful reinforcing effects of cocaine and the rea-
son that routes of administration that result in the fastest
onsets of action produce the most intense euphoria and
other subjective effects as reported by human users (Fis-
chman et al. 1976; Resnick et al. 1977; Javaid et al. 1978).
Certain brain sites such as the nucleus accumbens may be
more sensitive to rapidly rising cocaine concentrations
than other brain areas such as the caudate nucleus that
also bind significant concentrations of cocaine. Such dif-
ferential sensitivity may be the reason that alterations in
functional activity are seen in the nucleus accumbens on-
ly when there is an extremely rapid rate of change of
cocaine concentrations on the ascending limb of the
curve. The importance of rates of change is supported by
the results of a study of monkeys trained to self-adminis-
ter cocaine intravenously, in which the duration of infu-
sions of a constant drug dose was varied systematically
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(Balster and Schuster 1973). Response rates declined pre-
cipitously as the infusion duration increased regardless of
the dose, supporting the view that the rate of change of
cocaine concentrations in brain is critical in determining
its functional consequences.

The levels of cocaine delivered to the nucleus accum-
bens, as measured by in vivo microdialysis, may also vary
depending on the route of administration (Pettit et al.
1990; Pan et al. 1991). Peak cocaine concentrations in
brain were more than twice as high following the intra-
venous administration of 7.5 mg/kg cocaine than follow-
ing the intraperitoneal administration of 30 mg/kg. The
slower absorption after intraperitoneal administration
also resulted in significantly lower peak plasma cocaine
levels (Pan et al. 1991). These differences may also con-
tribute to the functional differences between intravenous
and intraperitoneal cocaine observed in the present
study.

Both intravenous and intraperitoneal cocaine admin-
istration, however, increase the concentration of extracel-
lular dopamine in the nucleus accumbens (Bradberry and
Roth 1989; Pettit and Justice 1989; Kuczenski et al. 1991;
Pan et al. 1991). The present data suggest that increases
in dopamine concentrations alone are not sufficient to
produce measurable metabolic changes in this structure
in all cases. Dopamine increases, however, do appear to
be sufficient to produce transynaptic increases in func-
tional activity in brain regions which receive efferent pro-
jections from the accumbens, e.g. pallidum and substan-
tia nigra reticulata. The increased metabolic rates seen
following intravenous cocaine are thus likely to be the
result of changes in inputs to the nucleus accumbens oth-
er than the dopaminergic inputs from the ventral tegmen-
tal area or from changes in intrinsic activity within the
accumbens itself.

Pharmacokinetics also play an important role in de-
termining the behavioral effects of cocaine. Differences in
the effectiveness of the administration by various routes
have been documented in a number of studies which in
general have shown that higher doses of cocaine adminis-
tered by routes such as oral or intragastric, that lead to
slow absorption, have been required to produce equiva-
lent effects on behavior as compared to routes associated
with more rapid absorption. Intraperitoneal cocaine, for
example, was approximately two to three times more po-
tent than intragastric cocaine in suppressing food intake
in rats (Bedford et al. 1980; Downs et al. 1980; Foltin et
al. 1983; Vee et al. 1983; ). Similarly, cocaine adminis-
tered by the intraperitoneal route was more effective than
intragastric cocaine in stimulating locomotor activity
(Lau et al. 1991), and the intragastric route more effective
than subcutaneous administration (Dow-Edwards et al.
1989).

Few studies, however, have directly compared the in-
travenous route to other routes. In one such study,
Nomikos and Spyraki (1988) examined the influence of
route of administration on the development of cocaine-
induced conditioned place preferences in rats. They
found that preference developed rapidly for an environ-
ment paired with cocaine administered intravenously,
but that higher doses and twice the number of training

trials were needed before preference for an environment
paired with intraperitoneal cocaine was induced. Fur-
thermore, the preference that developed for the environ-
ment paired with intraperitoneal cocaine appeared to be
far less robust than for intravenous cocaine. Thus, the
development of preference with intraperitoneal cocaine
was highly dependent not only on the drug, but also on
other procedural variables such as the rats’ environmen-
tal preference prior to training and the number of pair-
ings. The characteristic patterns of glucose utilization
changes associated with the two routes seen in the
present study, particularly within the nucleus accumbens,
provide a neurochemical basis for these behavioral differ-
ences. Nomikos and Spyraki (1988) further concluded
that conditioned place preference with intraperitoneal
cocaine, in contrast to preference with intravenous co-
caine, may not reflect the rewarding properties of the
drug, but may result from the pairing of the environment
with other effects of cocaine. Again, this is consistent with
the lack of activation with intraperitoneal administration
of the nucleus accumbens an area implicated in the medi-
ation of the rewarding properties of cocaine (Roberts et
al. 1977, 1980).

In summary, given the range of doses and post-treat-
ment time points tested, the cerebral metabolic conse-
quences of cocaine administration have been shown to be
dependent on the route of administration. Structures
within the mesocorticolimbic system, in particular the
nucleus accumbens and olfactory tubercle, were activated
only when cocaine was administered intravenously. Acti-
vation following acute intraperitoneal cocaine was re-
stricted to structures involved in the production of move-
ment. These data therefore demonstrate the importance
of pharmacokinetics as a determinant of the functional
effects of cocaine. Effects observed with one route of ad-
ministration do not necessarily apply to other routes or
paradigms and broad generalizations cannot be made on
the basis of data obtained with a single route of adminis-
tration, particularly with respect to the rewarding effects
of cocaine. Although these data relate only to cocaine,
similar findings may obtain with other drugs as well.
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