
The Rate of Intravenous Cocaine Administration Determines
Susceptibility to Sensitization
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The potential for addiction is thought to be greatest when drugs
of abuse reach the brain rapidly, because this produces intense
subjective pleasurable effects. However, the ability of drugs to
induce forms of cellular plasticity related to behavioral sensiti-
zation may also contribute to addiction. Therefore, we studied
the influence of rate of intravenous cocaine delivery on its ability
to induce psychomotor sensitization. In one experiment, rota-
tional behavior in rats with a unilateral 6-hydroxydopamine
lesion was used as an index of psychomotor activation, and in
a second experiment, locomotor activity in neurologically intact
rats was used. Rapid (5–16 sec) intravenous infusions of co-
caine induced robust psychomotor sensitization at all doses

tested (0.5–2.0 mg/kg). Treatments given over 25 sec failed to
induce sensitization at all doses tested. Treatments given over
50 or 100 sec induced sensitization only at the highest dose
tested. Thus, the rate of intravenous cocaine delivery has pro-
found effects on the ability of cocaine to induce psychomotor
sensitization. This suggests that the temporal dynamics of drug
delivery to the brain is a critical factor in the ability of cocaine to
induce forms of neuronal plasticity that may contribute to
addiction.
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The rate at which drugs of abuse exert their effects is associated
with their abuse liability; thus, drugs, formulations, and routes of
administration that yield the most rapid entry of a drug into the
brain are potentially the most addictive (Gossop et al., 1992, 1994;
Winger et al., 1992; Hatsukami and Fischman, 1996). This is one
reason, for example, that smoked cocaine (“crack”) is thought to
be more addictive than powdered cocaine taken by insufflation
(Hatsukami and Fischman, 1996). Rapid drug delivery is thought
to promote abuse liability because of its influence on the positive
subjective effects of drugs, consistent with reports that the posi-
tive effects of benzodiazepines (de Wit et al., 1993; Mumford et
al., 1995), barbiturates (de Wit et al., 1992), and methylphenidate
(Kollins et al., 1998) are greatest when these drugs are adminis-
tered rapidly. For cocaine, evidence of a relationship between
rate of drug delivery and its subjective effects is largely anec-
dotal. However, Abreu et al. (2001) recently compared the
effects of a fixed dose of intravenous cocaine delivered over 2,
15, or 60 sec and found that rapid rates of infusion produced
the greatest subjective effects (e.g., “high,” “liking,” and
“rush”; also see Fischman and Schuster, 1984).

The notion that rapidly administered cocaine not only pro-
duces greater subjective effects but also may lead to more avid
drug-taking behavior is supported by studies showing that rapid
intravenous drug delivery is most effective in supporting self-
administration behavior. With increasing rates of cocaine admin-
istration, rhesus monkeys increase their rate of operant responding
and decrease operant responding when the rate of administration

is decreased (Balster and Schuster, 1973; Panlilio et al., 1998).
Primates will also self-administer lower doses of cocaine if the
drug is delivered more rapidly (Kato et al., 1987). Thus, it appears
that the reinforcing efficacy of cocaine is greatest when it is
administered rapidly. Furthermore, intravenously administered
cocaine is more effective in establishing a conditioned place
preference than cocaine administered intraperitoneally (Nomikos
and Spyraki, 1988).

The subjective pleasurable and reinforcing effects of drugs
certainly contribute to addiction, but it is important to remember
that the transition to compulsive patterns of drug-seeking and
drug-taking behavior is not necessarily a direct function of either
their subjective pleasurable effects or their reinforcing efficacy
(Robinson and Berridge, 1993, 2000). For example, drug-induced
adaptations in the organization of brain systems that mediate the
incentive motivational effects of drugs may be critical in the
transition to addiction (Lett, 1989; Piazza et al., 1989; Horger et
al., 1990; Robinson and Berridge, 1993, 2000). One behavioral
manifestation of this class of drug-induced neuroadaptations is
the phenomenon of psychomotor sensitization (Robinson and
Berridge, 1993). We hypothesized, therefore, that susceptibility
to sensitization might be enhanced by the rapid delivery of drugs
to the brain. Interestingly, the influence of rate of drug delivery
on sensitization has never been examined before. We report
here that in rats, the rate of intravenous cocaine administration
has profound effects on its ability to induce psychomotor
sensitization.

MATERIALS AND METHODS
Subjects
Male Sprague Dawley rats weighing between 200 and 250 gm on arrival
were purchased from Harlan Sprague Dawley (Indianapolis, IN). All rats
were housed individually in a climate-controlled colony room maintained
on a 14/10 hr light /dark cycle (lights on at 8:00 A.M.).
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Experiment 1
Surg ical procedures. The purpose of experiment 1 was to investigate the
effects of rate of intravenous cocaine delivery on sensitization to the
psychomotor activating effects of cocaine, as quantified by measuring
rotational behavior in rats with a unilateral lesion of the nigrostriatal
dopamine system (Ungerstedt and Arbuthnott, 1970). This particular
index of psychomotor activation was used because it has been shown to
be an especially sensitive indicator of psychomotor sensitization (Rob-
inson, 1984; Crombag et al., 1999).

After 5–9 d of habituation to the animal colony, rats received a
unilateral 6-hydroxydopamine (6-OHDA) lesion of the nigrostriatal do-
pamine pathway using procedures described previously (Robinson,
1984). Briefly, rats were pretreated with desipramine hydrochloride (15
mg/kg, i.p.) to protect noradrenergic terminals (Breese and Traylor,
1971) and were given atropine methyl nitrate (5 mg/kg, i.p.) before being
anesthetized with sodium pentobarbital (52 mg/kg, i.p.; The Butler
Company, Columbus, OH). Methoxyflurane (Schering-Plough Animal
Health Corp., Union, NJ) was used as needed during surgery to maintain
anesthesia. Approximately 30 min after the administration of desipra-
mine, a 26 gauge stainless steel injector was lowered into the medial
forebrain bundle and 4 �g of 6-OHDA (dissolved in 8 �l of a 0.9%
NaCl/ascorbic acid solution) was infused over an 8 min period at a flow
rate of 0.5 �l /min. The injector was left in place an additional 2 min to
minimize diffusion upward in the injector tract. One-half of the animals
received a lesion in the left hemisphere and one-half received a lesion in
the right hemisphere.

After 10–14 d of recovery, the development of denervation supersen-
sitivity was assessed by administering apomorphine (0.05 mg/kg, s.c.,
into the nape of the neck) to all rats and measuring contraversive
rotational behavior. At this dose, apomorphine produces marked circling
behavior only if animals are depleted of �90% of the dopaminergic input
to the striatum (Marshall and Ungerstedt, 1977). The animals were
observed 10 min after the apomorphine injection, and rats that did not
meet a screening criterion of more than five full rotations in a 1 min
period were excluded from the experiment.

After the apomorphine screen, intravenous catheters were implanted
in all rats using procedures described previously (Weeks, 1972; Crombag
et al., 1996). The catheters were constructed from SILASTIC (Dow-
Corning, Midland, MI) tubing [0.30 mm inner diameter (ID), 0.64 mm
outer diameter (OD)], two sizes of polyethylene (PE) tubing (0.38 mm
ID, 1.09 mm OD and 0.28 mm ID, 0.61 mm OD), and a backport
consisting of a 26 gauge piece of stainless steel tubing inserted into a
blunted 16 gauge needle affixed to a circular piece of mesh wire with
dental cement (Caine et al., 1993). Briefly, rats were anesthetized with
sodium pentobarbital (52 mg/kg, i.p.), and the catheter was placed such
that the silicone end was inserted into the right external jugular vein and
the backport exited dorsally between the animal’s shoulder blades. The
catheters were then flushed with 0.1 ml of gentamicin (50 mg/kg) and 0.1
ml of heparin solution (30 U/ml, in 0.9% sterile bacteriostatic saline) to
prevent occlusions and potential microbial buildup in the catheter. All
drugs were purchased from Sigma (St. Louis, MO) unless otherwise
noted.

After catheter implantation, animals were allowed to recover for 3 d
before testing began. During this period and throughout the duration of
the experiment, catheters were manually flushed once daily with 0.1 ml of
heparin solution. The day before testing began, catheters were screened
for patency by injecting 0.1 ml (i.v.) of the short-acting barbiturate
Pentothal (thiopental sodium, 20 mg/ml in sterile water). Rats who failed
to become ataxic within 5 sec were excluded from the experiment. The
same patency test was performed the day after the drug treatment and on
the day after the challenge test day.

Apparatus. The test cages consisted of circular plastic buckets 25 cm in
diameter and 36 cm in height, the floors of which were covered with
granulated corncob bedding. Each bucket was equipped with a photocell-
based automated rotometer that recorded quarter, half, and full turns in
each direction using an XT-based personal computer (McFarlane et al.,
1992). A full turn was defined as four consecutive 90° turns in the same
direction. Each rat was tethered to a homemade liquid swivel (Brown et
al., 1976) via a stainless steel cable. The swivel was mounted on a
counterbalanced arm allowing the animals to move unhindered in the
apparatus. A length of PE20 tubing connected the swivel to a 1.0 ml
syringe mounted on a Harvard Apparatus (Holliston, MA) syringe
pump. A second length of PE20 tubing connected the swivel to each
animal’s catheter and served as the drug/vehicle infusion line. The
pumps were programmed to infuse a fixed unit dose of 1 mg/kg cocaine

over 3 (300 �l /min), 9 (100 �l /min), 16 (50 �l /min), or 34 sec (25
�l /min).

Groups and procedures
Pretreatment phase. After the unilateral 6-OHDA lesion and intravenous
catheter implantation, the animals were assigned randomly to one of six
groups. Initially all animals received intravenous infusions of either
saline or 1.0 mg/kg cocaine: four groups received cocaine infusions over
either 3, 9, 16, or 34 sec, and two control groups received saline infusions
over 3 or 34 sec, according to the following procedures. On each test day,
the experimenter entered the testing room and filled the infusion lines,
consisting of a length of PE20 tubing, with 10 �l of 0.9% NaCl solution
or 10 �l of cocaine (1.0 mg/kg dissolved in 0.9% NaCl solution). The
remainder of the infusion line was filled with saline solution, which was
separated from the drug solution by a small air bubble to prevent
diffusion. The catheters were manually flushed with 0.1 ml of heparin to
clear potential obstructions before being placed in the testing cage,
tethered to the liquid swivels via a lightweight flexible cable, and con-
nected to the drug/saline infusion lines. A 30 min habituation period
followed, during which time animals were left undisturbed and baseline
levels of rotational behavior were monitored in 3 min intervals. The
pumps in the testing room were then activated so that all animals
received their injection simultaneously, regardless of infusion rate. Each
infusion consisted of an initial 17 �l of heparin (volume of the catheter)
followed by 10 �l of cocaine or saline followed by an additional 33 �l of
heparin. Thus, the total infusion volume was held constant at 60 �l over
the four infusion rates. After the infusion, rotational behavior was
quantified for 21 min in 3 min intervals. After the test session, animals
were disconnected from their tethers and returned to their home cages.
This procedure was repeated for 7 consecutive days.

Withdrawal and cocaine challenge. After the last treatment, animals
remained drug-free for 5 d, during which time their catheters were
manually flushed once daily with a heparin solution as described above.
On day 6 after the last drug/saline treatment, all animals were tested for
the expression of sensitization using the same procedures as described
above, except that one-half of the animals in all groups (including
animals previously treated with saline) received a challenge intravenous
infusion of 1.0 mg/kg cocaine over 3 sec, and the other half received the
challenge infusion over 34 sec. One day later, animals previously chal-
lenged with a cocaine infusion over 3 sec were now infused over 34 sec,
and vice versa. Behavior was recorded for 21 min in 3 min intervals after
the infusion on each of the 2 challenge days.

Experiment 2
In experiment 1, the influence of rate of infusion on the development of
behavioral sensitization to cocaine was examined in rats with a unilateral
6-OHDA lesion of the nigrostriatal dopamine pathway, using rotational
behavior as the index of psychomotor activation. The purpose of exper-
iment 2 was to investigate this relationship in neurologically intact
animals, using locomotor activity as an index of psychomotor activation,
as well as to examine the interaction between dose of cocaine and rate of
infusion.

Behavioral measures. The locomotor-activating effects of cocaine were
measured by placing the animals in the circular testing cages described
above, and the same photocell-based automated rotometers described in
experiment 1 were used to record the total number of 90° turns to the left
and to the right. This method essentially divides the circular environ-
ment into four quadrants, and total quadrant entries (right / left com-
bined) were used as an index of locomotor activity.

Surg ical procedures. Animals were anesthetized with a mixture of
ketamine, xylazine, and acepromazine (77/1.5/1.5 mg/ml, i.p., at 0.1
ml/100 gm of body weight), and intravenous catheters were implanted as
described in experiment 1.

Groups and procedures
Pretreatment phase. After intravenous catheter implantation, animals
were assigned to their respective conditions. All animals received an
intravenous infusion of either PBS or 0.5, 1.0, or 2.0 mg/kg cocaine in the
circular test cages every 3–4 d for a total of five infusions, using the same
procedures as in experiment 1. The experimental groups received co-
caine infusions over 5 (142 �l /min), 25 (27.4 �l /min), 50 (13 �l /min), or
100 sec (6.4 �l /min), and two control groups received vehicle infusions
over 5 or 100 sec.

Withdrawal and cocaine challenge. Four days after the last treatment,
all groups (including animals previously treated with vehicle) received a
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challenge intravenous infusion of 0.75 mg/kg cocaine over 10 sec to
examine the expression of sensitization.

Rationale for doses and infusion rates
The doses of cocaine used in these experiments (0.5–2.0 mg/kg) were
chosen for two reasons. First, they span the range of intravenous doses
previously found to be effective in producing both psychomotor activa-
tion and psychomotor sensitization (Browman et al., 1998). Second, these
doses are within the range often used in studies of cocaine self-
administration behavior (Sizemore et al., 1997). The range of infusion
times we used (3–100 sec) was chosen because it spans rates (1) often
used in studies of cocaine self-administration behavior and (2) shown
previously to influence self-administration behavior. For example, in
their study on the role of infusion rate on cocaine self-administration,
Balster and Schuster (1973) used infusion rates between 5 and 100 sec.
These rates also span the range shown to influence the subjective effects
of cocaine in humans (Abreu et al., 2001).

In addition, we wanted to study a range of infusion rates that produced
different rates of cocaine delivery into the brain but, importantly, did not
differ in the peak brain concentrations of cocaine achieved. Otherwise, it
would be difficult to dissociate effects attributable to the effective dose
achieved versus those attributable to the temporal dynamics of cocaine
delivery. This is the problem in comparing, for example, intravenous and
intraperitoneal administrations (Porrino, 1993). The temporal dynamics
of cocaine delivery to the brain over the range of conditions used here
were estimated using a pharmacokinetic model developed by Pan et al.
(1991). Pan et al. (1991) used microdialysis to measure both the plasma
and the brain concentrations of cocaine, given intraperitoneally or intra-
venously, to control rats or sensitized rats. They then estimated the
relevant pharmacokinetic parameters by fitting a two-compartment open
model to the data using nonlinear regression. The equations for the
model and the parameter estimates are given in the study by Pan et al.
(1991). This model (based on intravenous infusions) was used to gener-
ate the curves shown in Figure 1, using a program provided by Dr. J. B.
Justice Jr. (Emory University, Atlanta, GA), with the sampling rate set at
12 points per second (faster rates did not change the curves). Figure 1
shows the estimated brain concentrations of cocaine, based on the model,
after an injection of 1.0 mg/kg delivered over 5, 25, 50, or 100 sec (the

curves are the same for 0.5 and 2.0 mg/kg, except for peak level attained).
It is obvious from inspection of Figure 1 that varying the rate of infusion
between 5 and 100 sec should have no effect on the peak brain concen-
trations of cocaine. The inset in Figure 1 shows an expanded time scale
(3 min) to better illustrate the estimated time to achieve half-maximum
levels of cocaine in the brain. The time to half maximum was estimated
to vary by approximately twofold over the range of doses and infusion
rates used here (from 43 sec for a 5 sec infusion to 97 sec for a 100 sec
infusion). In summary, this pharmacokinetic model suggests that we
achieved our goal of spanning a range of infusion rates that produced the
same peak brain levels of cocaine, while yielding different rates of
cocaine delivery to the brain (Fig. 1).

RESULTS
Experiment 1
Figure 2 shows the time course of rotational behavior after the
first and seventh infusions of cocaine administered over 3, 9, 16,
or 34 sec. There was a significant interaction between treatment
day and rotations in all groups, indicating a significant change in
the behavioral response to cocaine from day 1 to day 7 at all
infusion rates tested (see figure legends for statistics). Although
all groups showed sensitization using this within-subjects analysis,
it is also obvious from Figure 2 that the change in drug response
in animals given cocaine over 34 sec was relatively small. Indeed,
the rotational response on day 7 was significantly smaller in
animals infused over 34 sec relative to all other groups.

Figure 3 shows the effects of treatment condition on the behav-
ioral response to a 1.0 mg/kg cocaine challenge infusion admin-
istered over 3 or 34 sec. There was no effect of rate of saline
infusion on behavior; therefore, the two saline-pretreated groups
were pooled to form a single control group. For this between-
subjects analysis, sensitization is indicated by a response that is
greater than that in saline-pretreated control animals. Regardless

Figure 1. A pharmacokinetic model developed by Pan et al. (1991) was used to estimate brain concentrations of cocaine (micromolar concentrations)
in a 300 gm rat over a 20 min period after an intravenous injection of 1 mg/kg cocaine over 5, 25, 50, or 100 sec (lines from lef t to right, respectively).
The inset shows the same curves, but with the time line expanded to show just the first 3 min. The dashed lines in the inset indicate the time for brain
concentrations to reach half maximum after different rates of infusion, based on this model. Note that according to this model, there would be no effect
of infusion rate on the maximal brain concentrations of cocaine over the range of conditions used in the experiments reported here. These curves were
generously provided by Dr. J. B. Justice Jr, based on the report by Pan et al. (1991) (see Materials and Methods).
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of the rate at which the challenge infusion was administered,
animals previously treated with cocaine infusions over 3, 9, or 16
sec showed a significantly greater locomotor response than saline-
treated controls, confirming that these groups were sensitized.
Animals treated repeatedly with cocaine infusions over 34 sec did
not differ statistically from controls.

Experiment 2
Figure 4 shows the locomotor response (quadrant entries), aver-
aged over 15 min after the first intravenous infusion of cocaine, as
a function of dose and rate of administration. As in experiment 1,
there was no effect of rate of vehicle administration on behavior;
thus, the two control groups were combined. There was a signif-
icant and comparable increase in behavior as a function of in-
creasing dose for all rates of infusion. However, the dose-effect
function in rats given cocaine over 5 sec was shifted to the left
relative to all other groups, which did not differ from one another.

Figure 5 shows the response to a challenge infusion of 0.75
mg/kg cocaine over 10 sec as a function of previous treatment
condition. Panels on the right show the time course of the
locomotor response on the day of the challenge test as a
function of treatment condition. It can be seen that sensitiza-
tion was characterized both by a larger peak response to the
drug and by a more rapid onset of the behavioral response. A
more rapid onset of drug effect is a hallmark of sensitization
(for review, see Segal and Schuckit, 1983; Carey and Gui,
1998). Figure 5, A, C, and E, summarizes these data, illustrat-
ing peak drug response (first 6 min). Animals previously
treated with 0.5 mg/kg cocaine over 5 sec were significantly
more active in response to the challenge infusion than vehicle-

treated controls ( A), confirming that this group became sensi-
tized. However, animals repeatedly treated with 0.5 mg/kg
over 25, 50, or 100 sec did not differ significantly from the
control group. Similarly, Figure 5C shows that animals previ-
ously treated with 1.0 mg/kg cocaine over 5 sec showed an
enhanced response to the challenge infusion relative to con-
trols, whereas animals previously treated with 1.0 mg/kg over
25, 50, or 100 sec did not differ significantly from the control
group. In contrast, Figure 5E shows that animals repeatedly

Figure 2. The mean (�SEM) number of rotations over time (3 min
intervals) produced by an intravenous infusion of 1 mg/kg cocaine given
over 3 (n � 9), 9 (n � 10), 16 (n � 9), or 34 (n � 9) sec on day 1 and day
7 of treatment. For all treatment conditions, there was a significant
increase in the behavioral response to cocaine between days 1 and 7
(two-way ANOVAs; A, main effect of treatment day, Ft(1,16) � 5.35, p �
0.03; treatment day � time interaction, Fi(3,48) � 17.96, p � 0.0001; B,
Ft(1,18) � 4.18, p � 0.06; Fi(3,54) � 8.46, p � 0.0001; C, Ft(1,17) � 8.88, p �
0.008; Fi(3,51) � 18.74, p � 0.0001; D, Ft(1,16) � 4.17, p � 0.06; Fi(3,48) �
13.85, p � 0.0001). However, the rotational response on day 7 was
significantly smaller in the 34 sec group relative to all other groups
(two-way ANOVAs; main effects of rate of infusion, F(1,15–17) � 7.36–
8.11, p � 0.03).

Figure 3. The mean (�SEM) number of rotations (averaged over 12
min) in response to a challenge infusion of 1 mg/kg cocaine administered
intravenously over 3 sec (A) or 34 sec ( B) in rats pretreated with saline
(Sal; n � 8) or 1 mg/kg cocaine over 3 (n � 7), 9 (n � 7), 16 (n � 9), or
34 (n � 7) sec. Animals previously treated with intravenous cocaine
infusions over 3, 9, or 16 sec differed significantly from the saline-
pretreated control group (one-way ANOVAs followed by Dunnett’s tests;
� � 0.05; A, F(4) � 8.97, p � 0.0001; B, F(4) � 9.61, p � 0.0001), but the
group given injections over 34 sec did not differ significantly from the
vehicle control group (Dunnett’s tests). *Different from the saline-
pretreated control group (Dunnett’s tests).

Figure 4. The mean (�SEM) number of quadrant entries (averaged over
15 min) in response to the first intravenous infusion of cocaine as a
function of dose and rate of drug administration (n � 11–13). A signifi-
cant effect of dose was found at all rates of infusion (two-way ANOVA;
main effect of dose: F(2,133) � 21.42, p � 0.001; main effect of rate of
infusion: F(3,6) � 2.93, p � 0.04; rate of infusion � dose: F(6,133) � 0.38,
p � 0.89). The dose–effect function for the 5 sec condition was shifted to
the lef t relative to all other groups (F(1,66–67) � 4.71–7.1; p � 0.01–0.04),
which did not differ from one another ( p � 0.80).
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infused with 2.0 mg/kg cocaine over either 5, 50, or 100 sec
were significantly more active than the control group, indicat-
ing that these groups were sensitized. However, animals re-
peatedly infused with this dose of cocaine over 25 sec were
indistinguishable from controls.

Figure 6 shows the same data as Figure 5, but plotted to
illustrate the effects of previous cocaine dose on the peak loco-
motor response (first 6 min) at each infusion rate tested. It is clear
from Figure 6A that when given over 5 sec, all doses tested
induced sensitization. In contrast, when administered over 25 sec,
no dose tested induced sensitization (Fig. 6B). When cocaine was
infused over 50 or 100 sec, there was an approximately linear
increase in the behavioral response to the challenge infusion (Fig.
6, C and D, respectively), although only the groups treated with
2.0 mg/kg differed statistically from the control group (i.e., sen-
sitized). Thus, the effects of past treatment dose on the locomotor
response to a subsequent cocaine challenge varied as a function
of infusion rate.

DISCUSSION
It is widely accepted that the rate at which cocaine enters the
brain is an important determinant of both its positive subjective
effects and its reinforcing effects (Gossop et al., 1992; Winger et
al., 1992; Hatsukami and Fischman, 1996), although very few
experimental studies directly address this issue. It has been sug-
gested that the positive relationship between rate of drug delivery
and subjective effects may contribute to abuse liability and addic-
tion (Gossop et al., 1992; de Wit et al., 1993; Hatsukami and
Fischman, 1996). However, another important effect of cocaine is
its ability to induce long-lasting neuroadaptations in the organi-
zation of brain systems that mediate its psychomotor activating
and incentive motivational effects (Robinson and Berridge, 1993,
2000; Nestler and Aghajanian, 1997), and some of these neuro-
adaptive processes have been related to the propensity for co-
caine self-administration behavior (Piazza et al., 1989; Horger et
al., 1990) and a cocaine-induced place preference (Lett, 1989).
We hypothesized, therefore, that the rate of cocaine delivery may
also influence its ability to induce sensitization. To address this
question, we studied one behavioral manifestation of cocaine-
induced neuroadaptations in brain reward systems that is thought
to be related to addiction: the development of psychomotor sen-
sitization (Robinson and Berridge, 1993, 2000).

In one study, rotational behavior in rats with a unilateral
6-OHDA lesion was used as an index of the psychomotor acti-
vating effects of cocaine (Ungerstedt and Arbuthnott, 1970; Rob-
inson, 1984). When cocaine was infused intravenously over 3–16
sec, it produced robust behavioral sensitization. However, when
infused over 34 sec, it produced only marginal sensitization (i.e.,

Figure 5. The locomotor response to a challenge infusion of 0.75 mg/kg
cocaine over 10 sec as a function of previous treatment condition (n �
6–13). Panels on the right depict the time course of the locomotor
response. Left, The mean (�SEM) peak number of quadrant entries
(averaged over 6 min) in response to the challenge infusion. Group
comparisons were based on the peak values (one-way ANOVAs followed
by Dunnett’s tests, � � 0.05). When previously treated with 0.5 mg/kg,
only animals infused over 5 sec differed from the vehicle-treated control
group (A, F(4) � 1.82, p � 0.14, but Dunnett’s comparison, p � 0.05).
Likewise, in rats treated with 1 mg/kg, only the group infused over 5 sec
differed from the control group (B, F(4) � 3.52, p � 0.01). All groups
previously treated with 2 mg/kg (E) differed from the vehicle-treated
control group (F(4) � 3.58; p � 0.01) except those previously infused with
this dose over 25 sec (Dunnett’s tests). *Different from the saline (Sal )-
pretreated control group (Dunnett’s tests). Sal, f; 5s, �; 25s, �; 50s, ‚;
100s, e.

Figure 6. The mean (�SEM) number of quadrant entries (averaged over
6 min) in response to a challenge infusion of 0.75 mg/kg cocaine over 10
sec as a function of previous cocaine dose and infusion rate (n � 6–13;
see Fig. 5 legend for statistical results). When administered over 5 sec (A),
all doses of cocaine tested induced a sensitized response to the challenge
infusion relative to controls. When administered over 25 sec (B), none of
the doses tested induced a sensitized response to the challenge relative to
controls. When administered over 50 (C) or 100 ( D) sec, the doses tested
produced an approximately linear increase in the locomotor response to
the challenge infusion, but only the 2.0 mg/kg dose differed significantly
from controls. *Differs from the vehicle-pretreated (dose of 0) control
group (Dunnett’s tests).
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the effect was not statistically significant), as indicated by a chal-
lenge test given after a period of drug abstinence (modest but
statistically significant sensitization was observed using a within-
subjects analysis during the drug treatment period). Similar re-
sults were obtained in a second experiment that used locomotor
activity in neurologically intact rats as an index of psychomotor
activation and in which both rate of drug delivery and dose were
varied. At all doses tested, cocaine induced persistent sensitiza-
tion (at least 4 d) when it was administered over 5 sec. In contrast,
all doses failed to induce sensitization when cocaine was admin-
istered over 25 sec. Surprisingly, when cocaine was given over
50–100 sec, its effects varied as a function of dose. At these
infusion rates, there was a linear increase in the degree of
sensitization as a function of treatment dose, although significant
sensitization was seen only at the highest dose tested (2.0 mg/kg).

It is not clear what accounts for the effect that rate of intrave-
nous cocaine delivery has on the induction of psychomotor sen-
sitization. One obvious explanation is that maximal brain con-
centrations of cocaine may vary as a function of infusion rate,
such that the fastest infusion rates result in higher peak brain
concentrations of cocaine than the slower infusion rates. Given
that the degree of sensitization is dose dependent (Kalivas et al.,
1988; Browman et al., 1998), the effect of infusion rate could be
just secondary to the achieved dose. There are, however, a num-
ber of reasons to believe that this does not explain the results
reported here. First, on the basis of pharmacokinetic modeling
(see Materials and Methods and Fig. 1), the peak brain concen-
trations of cocaine should not differ over the range of infusion
rates shown here to influence the induction of sensitization.
Second, this explanation cannot account for the fact that the
fastest infusion rate (5 sec) was very effective in inducing sensi-
tization, an intermediate infusion rate (25 sec) was ineffective,
but even slower infusion rates (50–100 sec) were again effective,
at least at the highest dose tested. Third, varying infusion rates
between 25 and 100 sec had no effect on the acute dose–locomo-
tor effect functions. This suggests that the primary neuropharma-
cological effects of cocaine (including brain concentrations of
cocaine) did not vary over this range of infusion rates, although
the ability of cocaine to induce sensitization varied greatly over
this range of infusion rates. This is reminiscent of a report by
Volkow et al. (2000) showing that in humans, smoked and intra-
nasal cocaine produced equivalent plasma concentrations of co-
caine and blockade of dopamine transporters, but smoked co-
caine produced greater self-reports of “high.” Therefore, our
results are not consistent with a hypothesis that the effect of
infusion rate is simply secondary to achieved dose.

Of course, varying the intravenous infusion rate would influ-
ence the rate of cocaine entry into the brain (Fig. 1, inset).
Presumably this would influence the temporal pattern of mono-
amine transporter occupancy, the temporal pattern of mono-
amine accumulation in the synapse, and eventually, the temporal
dynamics of monoamine receptor occupancy. The implication of
these results, therefore, is that the temporal dynamics of mono-
amine receptor occupancy may be a critical variable in initiating
whatever cascade of intracellular processes is necessary for the
persistent neurobiological adaptations underlying behavioral sen-
sitization. What is especially interesting is the notion that very
small changes in the temporal dynamics of monoamine trans-
porter occupancy (over tens of seconds) could have such pro-
found effects on this form of neurobehavioral plasticity. We
should stress, however, that contrary to our initial hypothesis,
there does not appear to be a simple linear relationship between

the rate of rise of brain cocaine and susceptibility to sensitization.
For example, on the basis of the pharmacokinetic model (Fig. 1),
we estimated that the initial rate of rise in brain cocaine produced
by 2.0 mg/kg given over 25 sec would be more than twice that
produced by 0.5 mg/kg given over 5 sec, but only the latter
induced sensitization. The nature of the relationship between the
temporal dynamics of cocaine delivery and sensitization remains
to be determined. Nevertheless, our results are consistent with
reports that the temporal pattern of synaptic activation is impor-
tant in producing other forms of cellular plasticity, such as long-
term potentiation (Larson et al., 1986; Greenstein et al., 1988;
Tsukada et al., 1994).

The rise in extracellular dopamine produced by cocaine is
tightly coupled to brain concentrations of cocaine (Nicolaysen et
al., 1988). Therefore, given the pharmacokinetic model of Pan et
al. (1991), we would not expect that a variation in infusion rate
over the range used here would influence the magnitude of the
dopaminergic response to cocaine (although the temporal profile
of the response should be affected). Indeed, it has been found that
the peak dopamine response in the nucleus accumbens, assessed
with microdialysis, is the same when 1.0 mg/kg cocaine is given
intravenously over 6 or 150 sec (Zernig, 1997). We are not aware
of any other studies that directly compare the neurobiological
effects of different rates of intravenous cocaine delivery, but
Porrino (1993) compared the effect of intravenous versus intra-
peritoneal cocaine on cerebral glucose utilization. She found that
over a wide range of doses, intraperitoneal cocaine induced
glucose utilization primarily in structures related to nigrostriatal
circuitry but failed to change glucose utilization in components of
the mesocorticolimbic system. In contrast, intravenous cocaine
increased glucose utilization not only in the nigrostriatal system
but also in the medial frontal cortex, nucleus accumbens, olfac-
tory tubercle, and lateral habenula. Porrino (1993) concluded that
“cocaine activates different neuronal circuitry depending on the
route by which it is administered” and that this difference was
most likely the result of pharmacokinetic (i.e., rate of drug deliv-
ery) and not dose-related factors. It is possible, therefore, that the
ability of rapidly administered cocaine to preferentially activate
mesocorticolimbic circuitry (Porrino, 1993) may be related to the
facilitation of psychomotor sensitization reported here.

Another intriguing implication of the present findings is raised
by the fact that the intermediate infusion rates (e.g., 25 sec) failed
to induce sensitization at any dose studied and that the dose–
effect functions for the various infusion rates were so different.
These results prompt the speculation that the neurobiological
adaptations underlying a sensitized behavioral response in rats
given cocaine over 5 sec are different from those responsible for
a sensitized behavioral response in rats given cocaine over 50–
100 sec. There are many different neuroadaptive processes that
could result in an enhanced behavioral response to a drug chal-
lenge, and different neuroadaptive processes could be evoked
under different conditions. Of course, most studies of behavioral
sensitization involve the intraperitoneal administration of psy-
chostimulant drugs, which would result in relatively slow drug
absorption compared with a 5 sec intravenous infusion (Pan et al.,
1991). It is possible, therefore, that much of what is known about
the neurobiology of sensitization may not apply if sensitization is
induced by modes of drug administration that result in the very
rapid entry of drugs into the brain. This may be an important
issue in thinking about how sensitization-related neuroadapta-
tions contribute to the process of addiction, because addicts tend
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to prefer drugs, formulations, and routes of administration that
lead to the rapid uptake of drugs into the brain.

We close with two thoughts: (1) The reason why drugs that are
rapidly delivered to the brain are especially addictive may be not
because this enhances their positive subjective effects, or even
their reinforcing effects, but rather because this increases their
ability to induce sensitization-related adaptations in brain regions
that mediate their incentive motivational effects (Robinson and
Berridge, 1993, 2000). (2) Drugs of abuse may produce different
cellular adaptations depending on the temporal pattern of drug
delivery. That is, although the behavioral manifestations of drug
experience-dependent changes in brain organization (psychomo-
tor sensitization in this case) may appear similar in animals given
cocaine rapidly or more slowly, the nature of the cellular adap-
tations responsible for the enhanced behavioral response may
vary as a function of the temporal pattern of drug delivery. If this
is true, it will be critical in future studies on the neurobiology of
sensitization to use procedures that capture the rapid onset of
drug effects typical in the addict.
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