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Rats Markedly Escalate Their Intake and Show a Persistent
Susceptibility to Reinstatement Only When Cocaine Is
Injected Rapidly
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When drugs enter the brain rapidly, liability for addiction is increased, but why this is the case is not well understood. Here we examined
the influence of varying the speed of intravenous cocaine delivery on self-administration behavior in rats given limited or extended
opportunity to take drug. The speed of cocaine delivery had no effect on self-administration behavior when rats were given only 1 h each
day to take cocaine. When given sixfold more time to take cocaine, rats that received cocaine rapidly (5– 45 s) increased their total intake
eightfold. However, rats that received cocaine more slowly (�90 s) did not avail themselves of the opportunity to take much more drug:
they increased their intake only twofold. Furthermore, when tested 45 d after the last self-administration session, a drug-priming
injection reinstated drug-seeking behavior only in rats that in the past had cocaine injected rapidly (5 s), and this was associated with a
persistent suppression in the ability of cocaine to induce immediate early gene expression. Cocaine may be potentially more addictive
when it reaches the brain rapidly because (1) this promotes a marked escalation in intake and (2) it renders individuals more susceptible
to relapse long after the discontinuation of drug use. This is presumably because the rapid uptake of drug to the brain preferentially
promotes persistent changes in brain systems that regulate motivation for drug, and continuing exposure to large amounts of drug
produces a vicious cycle of additional maladaptive changes in brain and behavior.

Introduction
Drugs or drug formulations that reach the brain rapidly are po-
tentially more addictive than those that reach the brain relatively
slowly (Hatsukami and Fischman, 1996). For example, people
who initiate cocaine use through routes that lead to its rapid
uptake into brain are more likely to become addicted (Gorelick,
1998; O’Brien and Anthony, 2005), but why this is the case is not
well understood. One possibility is that the euphorigenic effects
of cocaine are greatest when it is delivered rapidly (Resnick et al.,
1977; Abreu et al., 2001; Nelson et al., 2006), which may enhance
its reinforcing effects, promoting continued use (Gorelick, 1998).
Alternatively, rapid drug delivery is more effective in producing
forms of neurobehavioral plasticity that may promote the transi-
tion to addiction (Samaha et al., 2002). The rapid delivery of
drugs such as cocaine and nicotine greatly enhances their neuro-
biological effects (Brown and Kiyatkin, 2005; Samaha and Rob-
inson, 2005), including their ability to induce immediate early
genes in mesocorticolimbic structures (Samaha et al., 2004,
2005), which is thought to be an initial step leading to forms of
drug-induced plasticity important for addiction (Nestler, 2001;
Zhang et al., 2005, 2006).

Despite the profound influence of rate of drug delivery on
brain and behavior, evidence for a similar effect on the willing-
ness of animals to self-administer drugs is mixed. In monkeys,
increasing the rate of cocaine delivery facilitates self-administration
behavior (Balster and Schuster, 1973; Kato et al., 1987; Panlilio et
al., 1998; Woolverton and Wang, 2004), but in some studies, such
effects were evident only when the rate of infusion (ROI) was so
slow it would result in lower levels of drug in the brain (Balster
and Schuster, 1973; Kato et al., 1987; Panlilio et al., 1998; Wool-
verton and Wang, 2004). In rats, when amphetamine or cocaine
is delivered between 5 and 100 s, a range that produces the same
peak brain levels of drug but influences susceptibility to sensiti-
zation, there is very little, if any, effect on the acquisition or
maintenance of self-administration behavior, progressive ratio
performance, or the reinstatement of drug-seeking behavior
(Pickens et al., 1969; Liu et al., 2005; Crombag et al., 2008). Dur-
ing acquisition, rats do discriminate and preferentially select
faster rates of cocaine within this range (Schindler et al., 2009),
but it not clear whether this effect is sufficient to account for the
influence of rate of drug delivery on susceptibility to addiction.

There are now a number of reports that rats develop
addiction-like symptoms only when they are given extended ac-
cess to cocaine (Ahmed and Koob, 1998; Ahmed et al., 2002;
Deroche-Gamonet et al., 2004; Vanderschuren and Everitt, 2004;
Pelloux et al., 2007; Ben-Shahar et al., 2008), but previous studies
on rate of drug delivery used limited access procedures (Pickens
et al., 1969; Crombag et al., 2008). We hypothesized, therefore,
that, if given extended access to cocaine, the degree to which rats
would increase drug intake, and their later propensity for rein-
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statement, may vary depending on how rapidly cocaine was
delivered.

Materials and Methods
Subjects and housing. A total of 61 male Wistar rats (Harlan) weighing
between 225 and 250 g on arrival were used. Rats were individually
housed in a climate-controlled animal colony maintained on a 14/10 h
light/dark cycle (lights on at 8:00 A.M.), with food and water available ad
libitum. All procedures were approved by the University of Michigan
Committee on the Use and Care of Animals.

Rats were included in the experiment only if they acquired and maintained
stable self-administrationbehavior and completed all phases of testing. A total
of 46 rats completed the self-administration portion of the study. Rats were
removed from the experiment mainly because they did not acquire
self-administration or their catheters lost patency before completing
the experiment. This did not impact one group more than the others. In the
extinction-reinstatement portion of the experiment, one rat in the 90 s group
died during the course of the 30 d withdrawal period and was removed from
this analysis.

Self-administration apparatus. Behavioral training and testing occurred in
operant chambers located in a different room than the rat’s home cage. The
chambers measured 22 � 18 � 13 cm (MED Associates) and were located
inside larger sound-attenuating cabinets, which were continuously venti-

lated by a fan that also provided background
noise. Each operant chamber was outfitted with
two illuminated infrared nose-poke ports sur-
rounding a centrally located pellet dispenser and
pellet cup, and a red house light was positioned
on the opposite wall. The floor of the chamber
consisted of a grid floor with corncob bedding
below the grids, which was replaced daily. Cham-
bers were controlled by a personal computer (In-
tel Core Duo E4500) running Med-PC version IV.

Each operant chamber was equipped with an
infusion pump consisting of a 10 ml syringe
installed in a PHM-100 pump (MED Associ-
ates) attached via a length of Tygon microbore
tubing to an Instech-Solomon liquid swivel
mounted on a counterbalanced arm. On train-
ing and test days, rat’s catheters were attached
to the liquid swivel via another length of poly-
ethylene tubing inserted within a flexible steel
sheath. The rate of drug delivery was varied by
installing motors (model R-DE; MED Associ-
ates) capable of delivering a 50 �l infusion over
4.5 s (2 rpm, 0.661 ml/min), 45.4 s (0.2 rpm,
0.066 ml/min), or 90.8 s (0.1 rpm, 0.033 ml/min).
In referring to these groups, the rates are
“rounded,” and we will refer to groups receiving
cocaine over 5, 45, or 90 s. Before each use, the
apparatus was flushed with a 20% ethanol aque-
ous solution (v/v) to ensure adequate liquid flow
through the swivel and lines. Additionally, every
20 d, the infusion efflux delivered by the appara-
tus was volumetrically measured.

Pretraining. An illustration of the general
self-administration experimental design is
shown in Figure 1a. To facilitate the acquisi-
tion of cocaine self-administration, rats under-
went operant training using a food reward
before jugular catheterization. On the first day,
rats were habituated to the operant chamber,
and one food pellet (45 mg banana-flavored
Dustless Precision Pellets; Bio-Serv) was deliv-
ered into the pellet cup at a pseudorandom in-
terval approximately every 30 s during a 30 min
session. On the next 3 d, rats were trained to
nose poke for food reward using a continuous
schedule of reinforcement [fixed ratio 1

(FR1)]. At the start of each session, the house light was turned on and the
“active” nose-poke port was illuminated for 20 s. Responses in the active
port resulted in the delivery of one pellet. Responses in the “inactive” port did
not have any programmed consequences. Rats were then transitioned to an
FR2 schedule for a minimum of 3 d. We used food pretraining because,
during cocaine self-administration, no explicit cue was associated with drug
delivery (see below), which retards the acquisition of this behavior, and so we
used food pretraining to help ameliorate this situation.

Catheter construction and surgical procedures. Chronically indwelling jug-
ular catheters with a dead volume of 24–26 �l were placed into rats using a
procedure similar to that described previously (Weeks, 1972; Crombag et al.,
1996; Samaha et al., 2002). While not in use, catheters were capped with
obdurators. Briefly, rats were anesthetized with ketamine/xylazine (100 and
10 mg/kg, i.p.). The backport was secured between the rat’s shoulder blades,
whereas the silicon end of the catheter was inserted into the left or right
external jugular vein. Catheters were then filled with 0.1 ml solution of 10
mg/ml gentamicin sulfate (Vedco), in 0.9% sterile bacteriostatic saline to
minimize infections and catheter occlusions.

Rats were allowed to recover for a minimum of 4 d. Starting the day
after the surgery, catheters were flushed manually once per day with 0.2
ml of the gentamicin solution. Every 7 d, rats were infused intravenously
with 0.2 ml of sodium thiopental solution (20 mg/ml, dissolved in sterile
water; Hospira) to assess catheter patency. Rats that did not become

Figure 1. a, An illustration of the self-administration (SA) experimental design. b, A representation of a typical long-access
session for rats in the 5, 45, and 90 s groups. In the bottom, the length of the session is represented by a horizontal line. Vertical tick
marks represent nose pokes in which rats received an infusion of cocaine. For clearer comparison, the inset circle shows the infusion
lengths and timeout intervals of the three groups in the experiment. The duration of the infusion and following timeout interval is
indicated for each group. Note that the number of opportunities to self-administer an injection is exactly the same in all groups
because the timeout periods varied accordingly. c, An illustration of the extinction-reinstatement experimental design. Icons
depict the number of sessions for each condition.
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ataxic within 5–10 s were removed from the study. Rats did not undergo
self-administration training on their catheter patency test days.

Drugs and self-administration training. Cocaine hydrochloride (Na-
tional Institutes of Drug Abuse, Bethesda, MD) was prepared in a 0.9%
sterile saline solution. During self-administration sessions, rats received
infusions consisting of 0.4 mg/kg cocaine (weight of the salt) in a volume
of 50 �l. The unit dose was adjusted every 4 d.

After recovery from surgery, rats were reacclimatized to the operant
chamber by an additional session with an FR2 response requirement for
a food pellet. The following day, all rats began daily cocaine self-
administration training sessions. All training sessions were 1 h long, and,
in all training sessions, all rats received cocaine delivered over 5 s. Before
each session, catheters were flushed with 0.2 ml of the gentamicin solu-
tion and then attached to the infusion apparatus. After an experimenter-
initiated command, the infusion pumps were activated to fill the dead
volume of the catheters before the start of session. Once catheters were
filled, the session began with the illumination of the house light and a 20 s
illumination of the active nose-poke port. Initially, rats were trained on a
continuous reinforcement schedule (FR1) receiving cocaine, followed by
an unsignaled 20 s timeout interval, in which additional responses were
recorded but had no consequences. Note, therefore, that there was no cue
explicitly paired with drug delivery, because this would have introduced
a confound when the rate of drug delivery was subsequently varied (see
below). Once rats were responding above a minimum training criterion
(two or more injections per session, twice as many active vs inactive nose
pokes) for 2 consecutive days, the response requirement was increased to
an FR2 schedule of reinforcement. After achieving stable performance
above the minimum training criterion at this schedule for 2 consecutive
days, the timeout interval in subsequent daily sessions was lengthened
from 20 to 45 s, then 63 s, and finally 85 s. The reason for increasing the
final timeout period to 85 s was so that, in subsequent sessions using
different rates of infusion, the total number of infusions possible for all
subjects in all groups would remain the same. That is, regardless of infu-
sion rate, all rats could only take one injection every 90 s (Fig. 1b).

Influence of rate of infusion: short-access (1 h) sessions. After acquiring
cocaine self-administration on an FR2 schedule of reinforcement during
1 h sessions in which cocaine was injected over 5 s with an 85 s timeout
interval (this is referred to as “baseline”), rats were assigned to one of three
groups that differed in rate of cocaine delivery (Fig. 1a,b). One group (5 s,
n � 14) continued to receive cocaine infusions at the training rate of infusion
and with the same timeout interval. A second group (n � 18) received their
infusions over 45 s, followed by a 45 s timeout interval. The last group (n �
14) was infused with cocaine delivered over 90 s, with no timeout interval
(Fig. 1b). Individual subjects were assigned in such a way that the mean
number of infusions achieved during the last 2 d of baseline training was
balanced between groups. Rats were tested for three daily sessions at their
respective new rates during 1 h short-access (ShA) sessions.

Influence of rate of infusion: long-access (6 h) sessions. From day 4 to day
20 of self-administration testing, the length of each session for all groups
was increased to 6 h/d, because this procedure is reported to lead to the
development of addiction-like symptoms (Ahmed and Koob, 1998,
1999; Ahmed et al., 2002). Once the sessions were extended, they all
began at 11:00 A.M. to reduce the influence of circadian rhythms on
self-administration performance. Rats were removed from the study
during long-access (LgA) sessions if they failed to maintain a median
number of infusions �2.5 and a median active/inactive nose-poke ratio
�1 throughout the experiment.

Extinction training. An illustration of the general design of the extinc-
tion and reinstatement experiment is shown in Figure 1c. After their last
LgA self-administration session, rats underwent 10 d of extinction train-
ing, using procedures similar to those described previously (De Vries et
al., 1998; Shalev et al., 2002; Crombag et al., 2008). During these sessions,
rats were taken from the animal colony, placed into test chambers, and
attached to the infusion apparatus. The session proceeded in an identical
manner to self-administration sessions, except that a nose poke into the
active port activated the infusion pump without delivery of drug. Each
extinction session was 1 h in length. After extinction sessions, rats under-
went three 1 h pre-reinstatement sessions in which the rats were not
connected to the infusion apparatus, and the operant chamber remained

unlit for the entire session. Responses to either nose-poke port were
recorded but had no other consequences. These sessions were conducted
to further reduce the contribution of possible conditioned stimuli asso-
ciated with drug delivery on responding (De Vries et al., 1998) and re-
duce possible contributions of novelty introduced by the operational
changes between extinction sessions and reinstatement sessions.

Reinstatement testing. The following day (14 d after the last self-
administration session), rats were injected with saline intraperitoneally
and immediately placed in the self-administration chamber for 2 h. Sim-
ilar to pre-reinstatement sessions, stimuli associated with drug delivery
such as the attachment to the infusion line, house light, and infusion
pump that might confound or potentiate reinstatement of drug-seeking
behavior were not present for the duration of the session. Responses to
the previously active and inactive nose pokes were recorded but had no
consequence. The next day rats were tested for the reinstatement of drug-
seeking behavior by giving them a 10 mg/kg intraperitoneal injection of
cocaine before placement into the test chamber. Thus, the first reinstate-
ment test took place 15 d after the last self-administration session. Active
and inactive nose pokes were recorded, although they had no conse-
quence. The rats were then left undisturbed for an additional 30 d, after
which time the cocaine-priming reinstatement test was repeated as de-
scribed above. Thus, the second test for reinstatement took place 45 d
after the last self-administration session.

Fos immunohistochemistry. A subset of rats with self-administration
and reinstatement experience were used for Fos immunochemistry (5 s,
n � 6; 45 s, n � 10; 90 s, n � 8), and an additional 15 drug-naive control
rats were used as controls for this portion of the study. These control rats
were moved daily from the home colony room to holding chambers
concurrently with rats undergoing self-administration training, where
they were left undisturbed for 6 h/d for an average of 10 d. Control rats
were matched with rats or groups of rats undergoing their final reinstate-
ment test. During these days, control rats spent 2 h in their transport
chambers, mirroring the length of the reinstatement session. All control
rats received saline injections on the same day as rats undergoing rein-
statement testing. The following day, some control rats received a second
saline intraperitoneal injection (n � 5), whereas others (n � 10) received
an acute 10 mg/kg intraperitoneal injection of cocaine. In this way, these
control rats experienced the general effects of handing, transport, and
time outside the animal colony in a distinctly different environment
similar to self-administration rats (Ferrario et al., 2005). The control rats
remained either drug naive or experienced a single acute exposure to
cocaine equivalent to the dose and route of administration as the
cocaine-priming injection used to reinstate cocaine-seeking behavior in
rats that had undergone extinction training.

Immediately after the end of the second drug-primed reinstatement
session or 2 h after injecting a transport control, rats were taken to a
different room and deeply anesthetized with sodium pentobarbital (390
mg/kg, i.p.; Vortech) and transcardially perfused with 500 ml of ice-cold
perfusion rinse [73 mM sucrose, 18 mM procaine hydrochloride, and 139
mM sodium chloride in 0.1 M sodium phosphate buffer (SPB), pH 7.4],
followed by 250 ml of ice-cold paraformaldehyde rinse (4% w/v parafor-
maldehyde dissolved in 0.1 M SPB buffer containing 73 mM sucrose, pH
7.4). Brains were removed and placed in 4% formaldehyde overnight at
4°C and then transferred to 30% (w/v) sucrose for 3 d at the same tem-
perature. Brains were coronally sectioned to a 40 �m thickness with a
freezing microtome. Series of sections were collected 120 or 160 �m
apart. Sections that were processed for immunohistochemistry within 2 d
were stored in 0.1 M SPB; otherwise, sections were stored at �20°C in
liquid cryoprotectant. Sections were processed for Fos and �-opioid re-
ceptor protein immunofluorescence in a similar manner to that by Reyn-
olds and Berridge (2008). �-Opioid receptor expression was used to
delineate the boundaries of the subregions of the nucleus accumbens
(NAc) (Heimer et al., 1997). Sections were washed in 0.1 M SPB contain-
ing 0.2% (v/v) Triton X-100 with gentle agitation for 30 min and then
pre-blocked for 30 min in a 5% (v/v) normal donkey serum (NDS)
solution. Sections were then incubated overnight with a primary anti-
body solution containing 1:500 goat polyclonal antibody raised against
the N terminus of human Fos (sc-52-G; Santa Cruz Biotechnology) and
1:1000 rabbit polyclonal antibody raised against the C terminus of the rat
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�-opioid receptor 1 (ab10275; Abcam). After washing in 0.1 M SPB for 30
min, sections were preblocked in a solution containing 5% NDS and 5%
(v/v) Image-iT FX signal enhancer (Invitrogen) for 30 min. Sections were
subsequently incubated for 2 h in a solution containing 1:250 donkey
anti-goat Alexa Fluor 488 antibody and 1:250 donkey anti-rabbit Alexa
Fluor 594 antibody (Invitrogen) and 5% signal enhancer. Next, sections
were washed in SPB buffer and mounted, air dried, and coverslipped with
Prolong Gold anti-fade reagent (Invitrogen). Control tissue stained with
only secondary antibodies revealed little or no unspecific binding.

Visualization. Sections were visualized at 100� total magnification
with a Leica DM6000B microscope with a Leica EL6000 external fluores-
cent light source coupled to a Q-Imaging monochrome 12-bit 1.4-
megapixel digital camera. Alexa Fluor 488 was fluoresced using a Leica L5
bandpass filter cube, and Alexa Fluor 594 was fluoresced using a TX2
bandpass filter cube. The same section and region was imaged for Fos and
�-opioid immunoreactivity. Separate Fos and �-opioid images were
captured as Lempel–Ziv–Welch lossless compression TIFF files to mini-
mize image compression artifacts in dark-field areas of the image and
were analyzed using the MCID Core 7.0/Analysis software package.

Sampling areas. The number of Fos-positive cells in the core and shell
of the nucleus accumbens from the left and right hemispheres was
summed together. The NAc shell and core were sampled at �2.0 mm
from bregma (Paxinos and Watson, 1998). An elliptical sampling area of
300 � 650 �m was used to sample the shell, and a smaller sampling area
of 300 � 450 �m was used for the core. To better follow the contours of
the shell and the core, sampling ellipses were angled.

Quantification. The number of Fos-positive cells was quantified by
using the “autoscan utility,” in which a maximum of five Fos-positive
cells were visually identified in each image by the experimenter and sam-
pled for hue and intensity values using a 4-�m-diameter sampling circle.
The average value provided the threshold for identifying and quantifying
Fos-positive nuclei in the image. In addition, a “target selection criteria”
optimized to reduce the incidence of image artifacts contributing to the
final count was used. Targets thus identified by the autoscan utility were
then overlaid on the original unaltered Fos image and visually inspected
to ensure fidelity in quantification and to minimize the contribution of
artifacts toward the final cell count. In cases in which no Fos-positive
nuclei could be identified in the section, Fos-positive nuclei from the
cortex immediately adjacent to the striatum were used to set the target
threshold. In all cases, the person quantifying the images was blind to the
experimental conditions of each image.

Statistics. Behavioral data during LgA training sessions was analyzed as
bins comprising the average of two contiguous daily sessions, because
this reduced day-to-day variation and simplified data presentation. Data
with repeated measures over sessions or time were analyzed using linear
mixed-models (LMM) analysis using the SPSS 16 statistical package. For
LMM analysis, the best-fitting model of repeated measures covariance was
determined by the lowest Akaike information criterion score (West et al.,
2007). Depending on the model selected, the degrees of freedom may have
been adjusted to a non-integer value. If the LMM resulted in significance,
mixed-model pairwise multiple comparisons of repeated measures means
(Kowalchuk and Keselman, 2001) were used to test for group differences.

Behavioral and Fos immunohistochemistry analysis involving between-
group comparisons were analyzed using one-way ANOVA or two-way
ANOVA, followed by a Fisher’s least significant difference post hoc test or
one tailed t tests, when appropriate.

Results
Training
Figure 2 shows the influence of gradually increasing the timeout
interval during training on the number of active and inactive nose
pokes (a) and cocaine infusions (b). During these training sessions,
before being assigned to groups, all rats self-administered 0.4 mg/kg
per infusion of cocaine delivered over 5 s. There was no effect of
progressively increasing the timeout interval on either active nose
pokes ( p � 0.05) or the number of infusions ( p � 0.05).

In Figure 3a, Baseline indicates the mean number of active and
inactive nose pokes (a) and cocaine infusions (b) averaged over

the last two training sessions when all rats received cocaine over
5 s and all had a 85 s timeout interval (these three groups repre-
sent rats that on the next day will receive cocaine at different
rates). There was no effect of group ( p � 0.05) or group � port
interaction ( p � 0.05) for nose pokes, although all groups made
more active than inactive responses (F(1,84) � 54.68, p � 0.0001).
There were also no significant group differences in the number of
infusions during baseline ( p � 0.05) (Fig. 3b).

Short-access sessions
Figure 3a also shows the number of nose pokes made during three
daily ShA sessions (ShA1–ShA3) after rats were assigned to
groups that received cocaine over 5, 45, or 90 s. There was no
significant effect of group, session, or a significant interaction (all
p values �0.05). Figure 3b shows that, for the number of infu-
sions, there were also no effects of group, session, or a group �
session interaction (all p values �0.05). Figure 3c shows the num-
ber of infusions achieved by three representative subjects from
each group during the last short-access session.

In summary, during ShA sessions, there was no significant effect
of varying the rate of cocaine delivery between 5 and 90 s on self-
administration behavior, as assessed by either the number of active
nose pokes or total infusions received during the session. This is
consistent with our more extensive previous studies on the effect of

Figure 2. a, The mean � SEM number of active and inactive nose pokes made by all rats during
self-administration training sessions before group assignment, in which timeout intervals were grad-
ually lengthened. b, The mean number of infusions made by all subjects during self-administration
training sessions. During these training sessions, all rats received the cocaine infusion at the same
speed (over 5 s), and the timeout intervals were increased each time a rat reached criterion perfor-
mance for self-administration. Data presented in the 85 s timeout sessions are the average of all
subjects comprising the “Baseline” data point presented in Figure 3.
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rate of cocaine or amphetamine delivery on self-administration be-
havior under limited access conditions (Crombag et al., 2008).

Long-access sessions
Figure 4 shows the mean number of active nose pokes (a) and
cocaine infusions (b) made by rats in each group when the session
length was extended from 1 h/d (ShA) to 6 h/d (LgA). LgA ses-
sions were analyzed as blocks of two daily sessions, and the aver-
age for the three ShA sessions is shown for comparison. Not
surprisingly, all groups increased both their total number of nose
pokes and infusions when the test session was extended from 1 to
6 h/d. To determine whether active nose pokes differed by group
during LgA sessions, an overall LMM analysis with session blocks
as a repeated measure was conducted on the number of active
nose pokes during LgA sessions. There was an overall effect of
group (F(2,43) � 3.562, p � 0.038) but no effect of session ( p �
0.05) and no interaction ( p � 0.05). To determine how the
groups differed from one another during LgA sessions, each group
was compared using paired repeated effects LMM analysis. The 5
and 45 s groups made significantly more nose pokes than the 90 s

group but did not differ from one another, although there was a
trend for rats in the 45 s group to make more unrewarded responses
during the timeout period than rats in the 5 s group.

For infusions (Fig. 4b), there was an overall effect of group
(F(2,45) � 13.986, p � 0.001) but no effect of session ( p � 0.05)
and no group � session interaction ( p � 0.05). The 5 and 45 s
groups took significantly more infusions than the 90 s group but
did not differ from one another ( p � 0.05).

In summary, Figure 4 shows that, when given more time to take
cocaine, rats given injections over 5 or 45 s markedly increased their
number of nose pokes and associated cocaine intake and did so to a
comparable extent. In striking contrast, rats given cocaine over 90 s
only modestly increased their drug intake relative to what they took
when drug was only available for 1 h/d. Indeed, rats in the 5 and 45 s
groups increased their cocaine intake approximately eightfold when
given a longer time to self-administer but, despite sixfold more time
available to take cocaine, rats in the 90 s group only increased their
intake approximately twofold.

Within-session pattern of self-administration
Figure 5a shows that, during the LgA sessions, all rats in all
groups discriminated between the active and inactive nose-
poke ports. Figure 5 also illustrates the temporal pattern of
self-administration behavior within LgA sessions. Figure 5b
shows that the 5 and 45 s groups maintained a stable and high rate
of self-administration throughout the duration of LgA sessions.
The cumulative infusions in the 90 s group was much lower than

Figure 3. a, The mean � SEM number of active and inactive nose pokes made during
baseline training sessions, when all rats received cocaine at the same rate (5 s), and during
short-access (ShA) sessions, when rats were assigned to groups that received cocaine over 5, 45,
or 90 s. Baseline data are averaged over two sessions. b, The mean � SEM number of infusions
received during the same baseline training and ShA sessions as in a. c, The pattern of self-
administration behavior in three representative rats during ShA session 3. The horizontal line
represents the duration of the session, and vertical marks indicate the time during the session
when a rat self-injected cocaine.

Figure 4. Shows the mean � SEM number of active nose pokes (a; note the log10 scale) and
cocaine infusions (b) made by rats receiving 0.4 mg/kg per infusion of cocaine over 5, 45, or 90 s
after self-administration sessions were lengthened from 1 to 6 h/d (LgA). LgA session data were
analyzed as blocks of two daily sessions, and the average for the ShA sessions is shown for
comparison. In a, †p � 0.011 for 5 versus 90 s; *p � 0.024 for 45 versus 90 s. In b, †p � 0.001
for 5 versus 90 s and p � 0.004 for interaction; *p � 0.001 for 45 versus 90 s.
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in the other groups but did progressively increase as the session
progressed (effect of session bin, F(11,46) � 8.822, p � 0.001),
indicating that rats in the 90 s group continued to take cocaine
throughout the session. This is also illustrated in Figure 5c, which
shows representative data from individual subjects (the same rats as
in Fig. 3c). Finally, the rate of self-administration (infusions per
minute) within sessions is shown in Figure 5d, confirming that the 5
and 45 s groups maintained a stable rate of self-administration for
the duration of the session. In the 90 s group, the rate was even
somewhat elevated in the last 3 h relative to the first 3 h of the session
(effect of session bin, F(10,13) � 4.365, p � 0.009). This is consistent
with the small upward deflection seen in cumulative infusions dur-
ing the latter half of the session. Thus, all groups continued to self-
administer cocaine throughout the duration of the 6 h sessions.

Analysis of the first hour of the LgA sessions
It has been reported that, when given extended access to cocaine,
rats increase not only their total intake but, over time, they esca-
late the amount of drug they take during the first hour of each
session (Ahmed and Koob, 1998, 1999; Ahmed et al., 2002).
When all subjects were included in an analysis, rats in neither the
5 nor 45 s groups significantly escalated their number of infusions
during the first hour of LgA sessions compared with ShA sessions
(both p values �0.05), and rats in the 90 s group actually de-
creased infusions in the first hour over days of testing (F(8,104) �
10.429, p � 0.001).

However, there was considerable individual variation in first
hour of intake. Therefore, rats within each group were divided
into “high performers” (top 50%) and “low performers” (bottom
50%), based on the total number of first-hour infusions during
the last 8 d of LgA testing. The low performers in all groups
showed a small decline in first-hour infusions across days of LgA
testing (data not shown). In contrast, high performers (Fig. 6) in
the 5 s group tended to increase their first hour of intake across
days of testing (F(8,37) � 2.122, p � 0.058), whereas rats in the 45 s
group showed no change across sessions ( p � 0.05). The differ-
ence between the 5 and 45 s groups was statistically significant. This
analysis suggests, therefore, that a subset of rats (high performers)
given a 5 s infusion of cocaine escalated their first hour of cocaine
intake to a greater extent than rats given cocaine over 45 or 90 s.

Extinction
Figure 7 shows the number of active and inactive nose pokes by
rats in each group during 10 sessions of extinction training. Ac-
tive nose pokes are illustrated by symbols, whereas inactive
nose pokes are shown as lines. There was a comparable de-
crease in active nose pokes over time in all groups (effect of
session, F(9,43) � 2.584, p � 0.019). Although it appears that rats
in the 5 s group made more responses during extinction than
those in the 90 s group, this was not statistically significant (effect
of group and interaction, p � 0.05).

First reinstatement test (15 d after the last
self-administration session)
Figure 8a shows the number of nose pokes after an intraperito-
neal priming injection of either saline or cocaine given 15 d after
the last self-administration session and extinction training. Ac-

Figure 5. a, The mean � SEM ratio of active to inactive nose pokes made by groups during
long-access sessions. All groups discriminated between the active and inactive ports. b– d show
how self-administration behavior was distributed within the last six LgA sessions. b, Mean �
SEM cumulative infusions and total dose of cocaine self-administered by rats receiving cocaine
over 5, 45, and 90 s during 6 h LgA sessions. c, Infusions during LgA session 14 in the same three
representative rats as shown in Figure 3c. d, The mean � SEM rate of self-administration
(infusions per minute) within LgA sessions (note log 2 scale).

Figure 6. The mean � SEM number of infusions during the first hour of each session in high
performers in each group, plotted over days of testing. High performers in each group were
those that took above the median number of injections (top 50%) during the first hour (aver-
aged across all LgA sessions). *p � 0.05 for 5 versus 45 s; †p � 0.001 for 5 versus 90 s and p �
0.045 for interaction.
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tive nose pokes are represented by large bars, and inactive nose
pokes are represented by inset bars. Rats in all groups reinstated
responding after a cocaine-priming injection, as indicated by a
significant increase in the number of active nose pokes, and there
were no significant group differences in the degree of reinstate-
ment [main effect of treatment, F(1,84) � 9.403, p � 0.004; effect
of rate of infusion (ROI) history and treatment � ROI history
interaction, p values �0.05]. There were no group differences in
inactive nose pokes ( p values �0.05).

Second reinstatement test (45 d after the last
self-administration session)
Figure 8b shows the number of nose pokes during the test for
reinstatement conducted 45 d after the last self-administration
session and 30 d after the first reinstatement session. For active
nose pokes, a two-way ANOVA resulted in a significant main
effect of treatment (F(1,84) � 6.081, p � 0.017) and ROI history
(F(2,84) � 3.991, p � 0.023), and the treatment � ROI history
interaction was almost significant (F(2,84) � 2.967, p � 0.057). To
determine which groups reinstated responding active nose pokes
after the cocaine prime were compared with those produced by an
injection of saline. Only rats that previously received cocaine over 5 s
showed significant reinstatement (t(13) � 2.383, p � 0.0167).

Similar to the first reinstatement test, there were no group differ-
ences in the number of inactive nose pokes. Note, however, that in all
groups the number of active nose pokes after the saline injection
were greater in this test than the first test for reinstatement (compare
a, b), suggesting modest spontaneous recovery of responding.

Fos immunoreactivity after cocaine priming
Areas sampled are indicated by the gray areas in Figure 9a. Rep-
resentative images showing Fos-positive cells and areas sampled
within the nucleus accumbens core and shell are shown in Figure
9b. Figure 9c illustrates the number of Fos-positive nuclei per
square millimeter in the core and shell of the nucleus accumbens
2 h after an intraperitoneal priming injection of cocaine on the
second reinstatement test day.

In the NAc shell, a one-way ANOVA on the number of Fos-
positive nuclei revealed a main effect of group (F(4,34) � 3.901,
p � 0.011). Relative to rats given saline, cocaine increased the
number of Fos-positive cells in all groups, except in the 5 s group.
The 45 s, 90 s, and acute cocaine control groups did not differ
from one another, and all showed significantly greater Fos ex-

pression than the 5 s group. For the NAc core, a one-way ANOVA
also indicated there were significant group differences in the
number of Fos-positive cells (F(4,34) � 8.168, p � 0.001). Com-
pared with the saline control group, a cocaine injection increased
the number of Fos-positive cells in the 45 s, 90 s, and acute co-
caine control group, and these groups did not differ from one
another. In contrast, cocaine failed to increase Fos expression in
the 5 s group, and the 5 s group had significantly fewer Fos-
positive cells than all the other groups given cocaine.

In summary, the ability of a cocaine challenge injection to
induce Fos 45 d after the last self-administration session was
markedly suppressed in rats with a history of self-administering
cocaine injected over 5 s but not in rats with a history of self-
administering cocaine injected over either 45 or 90 s. There is,
therefore, at least one long-term change in the nucleus accum-
bens produced by a previous history with self-administered co-
caine when it is administered rapidly (over 5 s) that is not evident
when it is administered more slowly (45–90 s).

Discussion
Few people who try drugs become addicted (Wagner and An-
thony, 2002), and many factors influence addiction liability. Here
we focused on one: how fast drug reaches the brain. The faster
drugs reach the brain the greater the liability to addiction (Jones,
1990; Gorelick, 1992; Hatsukami and Fischman, 1996; Karch,
1999), although why this is so is not known. To determine
whether variation in the rate of cocaine delivery influences self-
administration behavior, we varied the rate it was injected between
5 and 90 s. This range captures rates that addicts report when inject-
ing drugs (Zernig et al., 2003), approximates the difference in phar-

Figure 8. a shows the mean � SEM number of nose pokes during the first reinstatement
test, conducted 14 –15 d after the last self-administration (SA) session, and 3 d after extinction
training was completed. On day 14, all rats received an intraperitoneal injection of saline (Sal)
and the next day (day 15) an intraperitoneal injection of cocaine (Coc). *p � 0.004, a main
effect of cocaine treatment. b shows data from the second reinstatement test, which was
conducted 45 d after the last self-administration session and 30 d after the first reinstatement
test. The number of active nose pokes are represented by thick bars and inactive nose pokes by
thin inset bars. *p � 0.0167 for saline versus cocaine in the 5 s group, t(13) � 2.383.

Figure 7. The mean � SEM number of nose pokes made by rats in each group during 10 d of
extinction training when cocaine reward was not available. Active nose pokes are shown using
symbols, and inactive nose pokes are depicted as lines.
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macokinetics between snorting and smoking (Jones, 1990), and
influences the subjective effects of cocaine (Abreu et al., 2001), while
not influencing peak brain levels of cocaine (Samaha et al., 2002;
Shou et al., 2006). We assessed self-administration first under lim-
ited access conditions (1 h/d) and then when rats were given sixfold
more time to take cocaine (6 h/d). We then tested the ability of an
intraperitoneal priming injection of cocaine to reinstate drug-
seeking behavior relatively soon after extended access self-
administration and again after a long period of abstinence.

Rapid cocaine delivery promotes a large increase in drug
intake only when rats are given extended access
Varying the rate in cocaine delivery could influence self-
administration behavior because this introduces a delay between
an action and the receipt of cocaine, which could theoretically
impact its reinforcing effects. However, this does not seem to be
the case under the conditions in this study, because there was only
a modest and statistically insignificant effect of varying the rate of
intravenous cocaine delivery between 5 and 90 s on drug intake
under limited-access conditions (1 h/d). This is consistent with
previous studies in rats; variation in the rate of cocaine delivery
over this range has no effects on the acquisition or maintenance
of cocaine self-administration behavior, on progressive ratio per-
formance, or on reinstatement (Pickens et al., 1969; Liu et al.,
2005; Crombag et al., 2008). Furthermore, it is consistent with
studies in rhesus monkeys in which varying the rate of cocaine
delivery between 10 and 600 s had no effect on the ED50 for
maintaining cocaine self-administration on a progressive ratio
schedule (Woolverton and Wang, 2004). Similarly, rats self-
administer nicotine delivered over a wide range of speeds and, in
fact, prefer slower speeds (Sorge and Clarke, 2009). Thus, as con-
cluded by Liu et al. (2005, p 195), “injection duration did not
have profound effects on the acute reinforcing effects of cocaine”
(see also Pickens et al., 1969; Crombag et al., 2008).

However, when given more opportunity to take cocaine, there
was a striking effect on the amount of drug consumed. When given
sixfold more time to take drug, rats receiving cocaine rapidly (5–45
s) increased their intake eightfold. In contrast, when cocaine was
delivered over 90 s, rats increased their intake only twofold. This
suggests that the rate that drug reaches the brain is a major factor
influencing escalation of use, an important symptom of addiction.
Given that this escalation in intake is not because rapid injections are
simply more reinforcing, there must be another mechanism.

Rats that in the past experienced rapidly delivered cocaine
show greater reinstatement after a long period of abstinence
In addition to escalation of intake, another symptom of addiction is
a high propensity to relapse. We found that, after a short period of
abstinence (15 d), an intraperitoneal drug “prime” reinstated re-
sponding in all groups, but, after a longer period of abstinence (45 d),

Figure 9. a, Areas of the core and shell divisions of the nucleus accumbens �2.0 mm from
bregma marked in gray that were sampled at the end of the reinstatement session 2 h after an
intraperitoneal injection of 10 mg/kg cocaine. b, Examples of Fos-positive nuclei in the shell of
the nucleus accumbens �2.0 from bregma (Fos-positive nuclei are labeled green). At the start
of the second reinstatement session, rats were given an intraperitoneal injection of saline or 10
mg/kg cocaine, and brains were obtained 2 h later. The panels are from rats that had a history of
cocaine self-administration, with cocaine delivered over 5 or 90 s, and controls that received an
intraperitoneal injection of saline (Sal) or an acute (first time) injection of cocaine (Acute Coc).
The shell division sampled within the nucleus accumbens is indicated by the white ellipse. Scale
bars, 100 �m. c, The mean � SEM number of Fos-positive nuclei in the nucleus accumbens
(�2.0 mm from bregma) core and shell subdivisions 2 h after an intraperitoneal injection of
cocaine (10 mg/kg) in rats with a history of cocaine self-administration, when cocaine was
delivered intravenously over 5, 45, or 90 s. Control rats with no history of cocaine self-
administration were given an intraperitoneal injection of either saline (S) or cocaine for the first

4

time (C). This test was conducted 45 d after the last self-administration session. In the NAc shell,
a cocaine-priming injection produced greater Fos expression compared with the saline control
group in all groups except the 5 s group (45 s, p � 0.004; 90 s, p � 0.007; acute cocaine control
group, p � 0.008). The 45 s, 90 s, and acute cocaine groups did not differ from each other, and
these groups all showed significantly greater Fos expression than the 5 s group (5 vs 45 s, p �
0.028; 5 vs 90 s, p�0.047; 5 s vs acute cocaine control, p�0.059). In the NAc core, only the 45 s
( p �0.001), 90 s ( p �0.02), and acute cocaine ( p �0.02) groups had greater Fos expression
compared with the saline control group. The 5 s group did not have greater Fos expression than
saline control ( p � 0.05) and had significantly fewer Fos-positive cells than all other groups
given cocaine-priming injections ( p values �0.02).
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only rats that previously had cocaine injected over 5 s reinstated
responding.

It is not clear why after prolonged abstinence only rats that
previously experienced cocaine delivered over 5 s reinstated
drug-seeking, but it is possible that rapid drug delivery pro-
duces more persistent changes in brain systems that mediate
the incentive motivational effects of drugs. Consistent with
this hypothesis, we found group differences in the ability of
the intraperitoneal cocaine prime to induce the expression of the
immediate early gene c-fos in the nucleus accumbens. Repeated
exposure to cocaine produces a marked desensitization in its abil-
ity to induce Fos protein (Daunais and McGinty, 1994; Daunais
et al., 1995; Moratalla et al., 1996; Ben-Shahar et al., 2004; Zahm
et al., 2010), and here this effect persisted only in rats with a
history of 5 s infusions. In rats that previously received cocaine
over 45 or 90 s, the cocaine prime induced similar Fos expression
in the nucleus accumbens as in drug-naive controls. We have seen
a similar effect of rate of infusion after the repeated administra-
tion of nicotine (Samaha et al., 2005). This result suggests that
rapidly administered cocaine has more persistent effects on both
brain and on behavior than when cocaine reaches the brain even
a little slower. Furthermore, the persistent effect of rapidly ad-
ministered cocaine is not just a consequence of the amount of
drug previously taken, because rats in the 5 and 45 s groups did
not differ in total drug intake.

How persistent desensitization of cocaine-induced Fos ex-
pression might contribute to an increased propensity to reinstate-
ment is unknown, and there may be no causal relationship. Chronic
cocaine does result in an accumulation of the transcription factor
�FosB (Hope et al. 1994; Kelz et al., 1999; Colby et al., 2003; Mc-
Clung et al., 2004), and �FosB can suppress the transcription of c-fos
mRNA through chromatin remodeling (Renthal et al., 2008). Per-
haps the persistent desensitization of c-fos after 5 s injections reflects
a continued elevation in �FosB, which is thought to be important
in addiction (Nestler, 2001). However, this is highly speculative and
the mechanism responsible for the influence of speed of cocaine
delivery on the escalation in intake and persistent susceptibility to
reinstatement described here remains to be determined.

Although these experiments do not establish why the rate of
cocaine delivery had such a profound effect on the amount of
drug intake and susceptibility to reinstatement, we can exclude
some obvious potential causes. First, the long “timeout” interval
did not constrain self-administration behavior (Fig. 2), and all
rats had exactly the same opportunity to take drug. It is not sur-
prising that the 90 s interval required between injections had no
effect on self-administration behavior because this is far shorter
than the “self-imposed” inter-infusion interval seen under these
conditions, which is 	4 min (Mantsch et al., 2001; Ferrario et al.,
2005; Crombag et al., 2008; Belin et al., 2009). Another possibility
is that the amount of drug to reach the brain varies across these
infusion rates, but this is not the case. Varying the rate of intra-
venous cocaine delivery between 5 and 100 s has no effect on peak
brain levels of cocaine (Samaha et al., 2002, their Fig. 1; Shou et
al., 2006; Schindler et al., 2009); all that differs is the time to reach
peak. This is consistent with the observation that the peak
amount of dopamine overflow in the striatum measured with
rapid microdialysis sampling is the same in rats administered
intravenous cocaine over 5 or 100 s (Ferrario et al., 2008).

Implications for addiction
Whatever the underlying mechanism, our results establish that,
when provided with the opportunity to take large amounts of
drug, the rapid delivery of cocaine preferentially produces a

marked escalation in intake. This could obviously account for
why cocaine is more addictive when it reaches the brain rapidly,
for example, when it is smoked rather than snorted (Jones, 1990;
Hatsukami and Fischman, 1996). An escalation of intake would
result in the brain being exposed to much larger amounts of drug,
which presumably would further facilitate many different changes
in the body and brain that could contribute to addiction. There
are many classes of adaptations that could be involved, from homeo-
static adaptations related to tolerance to those related to incentive
sensitization. Consistent with the latter, the rapid administration of
cocaine and nicotine facilitates the development of psychomotor
sensitization and therefore the associated changes in brain responsi-
ble for this form of experience-dependent plasticity (Samaha et al.,
2002, 2005). Furthermore, when administered acutely, the rapid ad-
ministration of cocaine (Samaha et al., 2004) and nicotine (Samaha
et al., 2005) is more effective in inducing c-fos and arc mRNA in
mesocorticolimbic structures and even engages different cells
and circuits than when administered even a little slower (Kiyatkin
and Brown, 2005). Therefore, it is possible that rapid injections
promote adaptations in brain regions that mediate incentive mo-
tivation for drug, increasing the degree to which the drug is
“wanted,” further increasing intake.

In conclusion, we suggest that cocaine is potentially more
addictive when taken in forms or routes that result in its rapid
entry into the brain because (1) this promotes a marked escala-
tion in drug intake and (2) it renders individuals more susceptible
to relapse, even long after the discontinuation of drug use. These
effects are presumably because the rapid delivery of cocaine pro-
motes persistent changes in brain systems that regulate motiva-
tion for drug, and the continuing exposure to high levels of drug
may result in a vicious cycle that further promotes maladaptive
changes in brain and behavior.
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