
Pharmacology, Biochemistry and Behavior 90 (2008) 797–804

Contents lists available at ScienceDirect

Pharmacology, Biochemistry and Behavior

j ourna l homepage: www.e lsev ie r.com/ locate /pharmbiochembeh
The rate of intravenous cocaine or amphetamine delivery does not influence
drug-taking and drug-seeking behavior in rats

Hans S. Crombag ⁎, Carrie R. Ferrario, Terry E. Robinson
Department of Psychology and Neuroscience Program, The University of Michigan, 530 Church Street, Ann Arbor MI 48109-1109, USA
⁎ Corresponding author. Behavioural and Clinical Neu
Sciences, The University of Sussex, John Maynard Smith
Sussex, BN1 9QG, UK.

E-mail address: h.crombag@sussex.ac.uk (H.S. Cromb

0091-3057/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.pbb.2008.06.003
A B S T R A C T
A R T I C L E I N F O
Article history:
 We studied the influence o

Received 28 April 2008
Received in revised form 29 May 2008
Accepted 3 June 2008
Available online 8 June 2008

Keywords:
Reinstatement
Schedules of reinforcement
Acquisition
Progressive-ratio
f rate of intravenous infusion of cocaine or amphetamine on drug-taking and
seeking behavior. First, drug-naive rats were tested for acquisition of self-administration of increasing doses
of amphetamine or cocaine infused over 5 or 100 s. Second, self-administration of cocaine or amphetamine
infused over 5–100 s was assessed on fixed or progressive-ratio (PR) reinforcement schedules. Finally, the
ability of a single 5 or 100 s amphetamine or cocaine infusion to reinstate extinguished drug seeking was
assessed. Although slower infusion rates produced a small effect on drug taking under continuous-
reinforcement conditions, infusion rate did not alter drug taking on intermittent or PR reinforcement
schedules, or the ability of cocaine or amphetamine to reinstate drug seeking. Taken together, our results
suggest that variation in drug delivery rate over a range that we previously found alters the induction of
behavioral sensitization, gene-expression and striatal dopamine activity, does not markedly alter drug-taking
or seeking behavior.

© 2008 Elsevier Inc. All rights reserved.
Addiction is characterized by compulsive patterns of drug seeking

and taking behavior, and high rates of relapse even after prolonged
periods of abstinence. Many factors are thought to contribute to the
development and persistence of addiction, including individual,
situational and drug-related factors. One factor that is believed to
contribute to the susceptibility to addiction is the rate at which drugs
enter the brain and reach their molecular targets. Thus, drugs,
formulations and routes of administration that result in rapid delivery
of a drug into the brain increase abuse liability and addictive potential
(de Wit et al., 1992; Gorelick, 1998; Gossop et al., 1992; Mathias, 1997;
Oldendorf, 1992; Sellers et al., 1989; Volkow et al., 2000; Winger et al.,
1991). One reason for this could be that more rapid delivery increases
the hedonic (euphorigenic) effects of drugs, which in turn increases
their rewarding and reinforcing effects (de Wit et al., 1992; Fischman
and Schuster, 1984). For instance, the rapid delivery of intravenous
(i.v.) cocaine (2 versus 60 s) produces greater self-reported ratings of
euphoria (Abreu et al., 2001; Nelson et al., 2006). Alternatively, the
rapid delivery of drugs to the brain may facilitate drug-induced
neuroadaptations that promote addiction (Samaha et al., 2002, 2004;
Samaha and Robinson, 2005; Samaha et al., 2005).

Given that the rate of drug delivery is thought to play such an
important role in susceptibility to addiction it is surprising that there are
only few reports directly exploring whether the rate of drug delivery
alters drug seeking and taking behavior and that the results have been
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inconsistent. Studieswithmonkeys suggest that the self-administration
of cocaine (Balster and Schuster, 1973; Kato et al., 1987; Panlilio et al.,
1998; Woolverton and Wang, 2004), pentobarbital (Kato et al., 1987) or
nicotine (Wakasa et al., 1995) is facilitated by rapid drug administration.
On the other hand, a number of reports have found no acute effects of
varying infusion durations from 5–75 s on the efficacy of cocaine (Liu
et al., 2005; Pickens et al., 1969) or nicotine (Sorge and Clarke, 2007;
Sorge et al., 2006) to reinforce instrumental responding in rats.

The present study was conducted, therefore, to more thoroughly
explore the influence of rate of amphetamine or cocaine administra-
tion on drug taking and seeking behavior. In a series of experiments
we examined whether variation in the rate of i.v. cocaine or
amphetamine delivery between 5 and 100 s influences, 1) the
acquisition of drug self-administration in drug-naive rats, 2) the
maintenance of amphetamine or cocaine self-administration behavior
under different fixed and progressive-ratio schedules of reinforce-
ment, and 3) drug-prime induced reinstatement of extinguished drug
drug-seeking behavior.

This range of i.v. infusion rates was chosen for four reasons: First,
drug-user self-reports indicate that a majority of cocaine users inject
using a median rate of 5 s (25–75% quartile of 3–10 s Zernig et al.,
2003). Second, as mentioned, variation over this range of infusion
rates was found to affect the subjective effects of cocaine (Abreu et al.,
2001; Nelson et al., 2006). Third, recent findings indicate that
comparable variation affects the physiological effects (brain tempera-
ture) of cocaine in rats (Brown and Kiyatkin, 2005). Fourth, and most
important, in rats variation over this range of infusion speeds was
found to influence the ability of cocaine to, (1) produce psychomotor
sensitization, (2) alter dopamine, but not glutamate, temporal

mailto:h.crombag@sussex.ac.uk
http://dx.doi.org/10.1016/j.pbb.2008.06.003
http://www.sciencedirect.com/science/journal/00913057


798 H.S. Crombag et al. / Pharmacology, Biochemistry and Behavior 90 (2008) 797–804
dynamics in striatum, (3) evoke expression of the activity-regulated
immediate early genes c-fos and Arc/Arg3.1 in the nucleus accumbens,
caudate–putamen and prefrontal cortex (Ferrario et al., 2008; Samaha
et al., 2002, 2004, 2005).

1. Experimental procedures

1.1. Subjects

Subjects were male Long-Evans rats (Harlan, Indianapolis, IN)
weighing 275–325 g at the start of the experiments. Rats were housed
individually in a light, humidity and temperature controlled animal
colony (14:10 h light:dark cycle; lights on at 08:00) and food and
water were always freely available. All procedures followed the “Guide
for the Care and Use of Laboratory Animals” (PHS, 1996) and were
approved by the Unit for Laboratory Medicine at The University of
Michigan.

1.2. Surgery

One week after arrival in the colony, the rats were anaesthetized
with Ketamine and Xylazine (100 mg/kg Ketamine+10 mg/kg
Xylazine, given IP) and prepared with i.v. catheters, as described
previously (Crombag et al., 2005). Briefly, a silicone catheter was
inserted into the right external jugular vein and was passed
subcutaneously to exit on the back of the animal via a pedestal
constructed from a 22 gauge cannula connectedwith dental cement to
a piece of polyethylene mesh. Rats recovered from surgery for at least
5 days prior to testing. Throughout the experiments catheters were
flushed daily with 0.1 ml sterile saline containing gentamicin
(0.08 mg/ml).

1.3. Drugs and infusion procedures

Cocaine (The National Institute on Drug Abuse) and amphetamine
(Sigma-Aldrich Corporation, St. Louis, MO) were dissolved in a 0.9%
sterile saline solution. The concentration of drug in 10 cc cm3 volumes
was adjusted every 4 days according to body weight for each rat to
ensure correct dosing. Doses of amphetamine and cocaine used were
based on previous published reports and/or pilot studies conducted in
our laboratory.

All i.v. infusions were delivered in a bolus injection of 50 µl using
syringe pumps with different motor speeds (Model R-E; Razel
Scientific Instruments, St. Albans, VT). On training days, infusions
were delivered over 2.8 s (17.9 µl/s) and each infusionwas followed by
a 20 s time-out period during which additional responses were
counted but did not result in drug infusions. On test days,
amphetamine or cocaine were was delivered over 5 (10 µl/s), 25
(2 µl/s), 50 (1 µl/s) or 100 (0.5 µl/s) s in different groups. Importantly,
on these days the time-out period for all subjects was set equal to the
longest infusion duration (100 s) such that the available time to earn
drug infusions was always the same for all groups.

1.4. Apparatus

Behavioral testing was done in standard operant chambers (Med
Associates, Inc., Georgia, VT) containing an acrylic front hinged
loading door and back panel and stainless steel side panels
(22×18×13 cm). The chambers were located inside sound- and
light-attenuating cabinets equipped with fans providing constant
ventilation and low level background noise. Two nose-poke (NP)
ports, containing a recessed white cue-light, were located on one
sidewall of the chamber at approximately 3 cm above a grid floor. Drug
infusions were contingent on responses into one (the active) nose-
poke port and responses into the alternate (the inactive) nose-poke
port were recorded but had no programmed consequences.
1.5. General procedures

Each day rats were transported from their housing environment,
their catheters were flushed with 0.1 ml saline, and they were placed
into the operant chambers. Sessions commenced with the illumina-
tion of the house-light and the 20 s illumination of the active nose-
poke stimulus light. Except during the extinction training sessions
(Exp. 5), rats were able to nose-poke for injections of amphetamine or
cocaine such that, depending on the schedule of reinforcement,
responses into the active nose-poke port activated an infusion pump
delivering a single infusion of amphetamine or cocaine.

1.5.1. Experiment 1. Acquisition of cocaine or amphetamine self-
administration

Experiment 1 examined the effects of rate of infusion on the
acquisition of amphetamine or cocaine self-administration behavior.
Drug-naive rats were able to self-administer, on a continuous (fixed
fixed-ratio 1, FR1) schedule of reinforcement, amphetamine or cocaine
delivered over 5 or 100 s. Thus, there were 4 independent groups:
COC-5 s (n=10), COC-100 s (n=9), AMPH-5 s (n=10) and AMPH-100 s
(n=8). The animals were tested daily, and for the first 10 days a lower
dose of cocaine (0.5 mg/kg/inf) or amphetamine (0.2 mg/kg/inf) was
available. For the next 5 days amedium dose of cocaine (0.6mg/kg/inf)
or amphetamine (0.25 mg/kg/inf) was available and for the last 5 days
a higher dose of cocaine (0.7 mg/kg/inf) or amphetamine (0.3 mg/kg/
inf). This within-subjects (non-randomized) escalating-dose proce-
durewas used tominimize the number of groups needed to determine
a cocaine or amphetamine dose–effect function whilst reducing the
likelihood of carry-over effects across doses (e.g., due to the
development of sensitization or acquisition at higher doses). Cocaine
and amphetamine self-administration sessions were 1 and 2 h,
respectively.

1.5.2. Experiment 2. Fixed-ratio schedule responding for cocaine or
amphetamine

Experiment 2 examined the effects of rate of cocaine or
amphetamine delivery on drug taking maintained on two different
fixed-ratio (FR) schedules of reinforcement. Independent groups of
rats were trained to self-administer 0.4 mg/kg/inf cocaine (n=15) or
0.2 mg/kg/inf amphetamine (n=19) on an FR1 schedule of reinforce-
ment. Once stable response rates were established (as indicated by
less than 25% group variation across 3 consecutive sessions) each rat
was tested on consecutive test sessions (one session/day; 1 and 2 h
sessions for cocaine and amphetamine, respectively) with each of 4
infusion durations (5, 25, 50 or 100 s). Thus, the effect of infusion rate
on schedule-controlled responding was tested using a within-subject
design and test sessions were randomized using a Latin-Square
design. Next, rats were trained to re-establish stable responding on an
FR2 (cocaine group; n=13) or FR5 (amphetamine group; n=14)
schedule of reinforcement and the effects of 4 infusion rates were
again tested using the same procedures. These FR schedules were
chosen with the expectation of producing comparable high baseline
(5-s infusion) levels of amphetamine and cocaine responding in both
groups.

1.5.3. Experiment 3. Progressive-ratio (PR) schedule responding for
cocaine or amphetamine

Experiment 3 examined the effects of rate of infusion on cocaine or
amphetamine self-administration behavior on a progressive-ratio (PR)
schedule of reinforcement. Rats were initially trained to self-
administer 0.4 mg/kg/inf cocaine (n=10) or 0.2 mg/kg/inf ampheta-
mine (n=13) on an FR1, FR2 and then FR5 schedule of reinforcement.
Once reliable responding on the FR5 schedule was established, all rats
were moved to a PR schedule using a ratio series derived from the
following equation: response ratio= (5e(injections number × 0.25))−5
(Richardson and Roberts, 1996). Once stable responding was



Fig. 1. The effect of varying rate of infusion (5 or 100 s) on cocaine (n=10 and 9 for the 5
and 100 s conditions, respectively) or amphetamine (n=10 and 8 for the 5 and 100 s
conditions, respectively) intake (number of infusions) across 20 self-administration
sessions. Rats responded on an FR1 schedule or reinforcement for increasing doses of
cocaine (0.5, 0.6, and 0.7 mg/kg/inf) or amphetamine (0.2, 0.25 and 0.3 mg/kg/inf), each
infusion delivered over 5 s (open symbols) or 100 s (closed symbols). Stippled lines
separate different dose/stages of the experiment.
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established on the PR schedule each rat was tested on consecutive 3 h
sessions with each of 4 infusion rates (1 infusion rate/session/day),
again using a Latin Latin-Square design, to respond for 0.1 or 0.2 mg/
kg/inf amphetamine or 0.4 or 0.8 mg/kg/inf cocaine.

1.5.4. Experiment 4. Effect of rate of infusion on drug-prime induced
reinstatement of drug seeking

Experiment 4 examined the effects of rate of infusion on the
reinstatement of drug seeking following extinction. Rats were initially
trained to self-administer cocaine or amphetamine as described in
Experiment 1. Next, rats underwent extinction training for 10 days.
During these sessions all procedures were the same as during training
except that nose-pokes in either nose-poke port had no programmed
consequences. Following extinction training rats underwent a single
2 h test session for reinstatement of drug seeking induced by a single
i.v. priming injection of 2.0 mg/kg cocaine (n=18) or 1.0 mg/kg
amphetamine (n=16) infused over either 5, 50 or 100 s. Because of
equipment limitations half as many rats were tested with the 50 (n=5
and 4, for the cocaine and amphetamine groups, respectively) and the
100 s infusion duration (n=5 and 5, for the cocaine and amphetamine
groups, respectively). Data from these groups were pooled to yield a
single group (50–100 s; n=9/10) for statistical comparisonwith the 5-
s infusion group (n=8 and 7, for the cocaine and amphetamine groups
respectively). Importantly, these groups were matched for pre-
extinction and extinction response levels and infusion rates (5 or
100 s) during acquisition.

1.6. Data analysis

The number of infusions, responses into the active and inactive
nose-poke ports were each analyzed separately for differences as a
function of rate of drug delivery using one-way repeated measures
analysis of variance (ANOVA) followed by Bonferroni's Multiple
Comparison tests when appropriate. P-values below 0.05 were
considered statistically significant.

2. Results

2.2. Effects of infusion rate on the acquisition of self-administration in
drug-naive rats

Fig. 1 shows shows the mean (±SEM) number of infusions earned
for rats lever pressing to self-administer intravenous cocaine (panel a)
or amphetamine (panel b) infused over 5 or 100 s for each self-
administration session. Initial inspection of these data indicates that
infusion speed produced little effect on cocaine cocaine-taking (panel
a), and slower infusions produced greater amphetamine intake at
higher doses. For statistical analysis, these data were collapsed by
determining the average number of infusions earned per dose of
cocaine or amphetamine. Thus, Fig. 2 shows themean (±SEM) number
drug infusions earned (panels a and c) and the number of nose-poke
responses into the reinforced and non-reinforced ports (panels b and
d) as a function of dose of cocaine (panels a and b) or amphetamine
(panels c and d) and infusion duration (5 or 100 s). There was a
significant increase in the number of infusions earned with an
increase in unit dose, and the number of training sessions, of cocaine
or amphetamine (panels a and c; F(2,32)=6.36, Pb0.005 and F(2,32)=
10.83, Psb0.001, respectively). Although, there were no significant
main effects of infusion rate on the number of infusions earned, there
was a significant interaction effect between dose and infusion rate in
the amphetamine condition (F(2,32)=3.938, Pb0.05), but not in the
cocaine condition. As panel c shows, this interaction was due to a
greater number of infusions earned at middle and higher doses of
amphetamine when infused over 100 s, compared to 5 s (Psb0.5). The
total number of responses into the active nose-poke port (i.e., number
of drug drug-reinforced nose-pokes+time-out responses) did not
differ as a function of dose and/or infusion rate in either the cocaine or
amphetamine conditions (panels b and d). Finally, there was a
significant decrease in the number of non-reinforced port responses
with dose (F(2,32)=3.35, Pb0.05 and F(2,32)N7.9, Psb0.005, respec-
tively) but no significant main or interaction effects of infusion rate on
responding into the inactive port. In summary, contrary to expecta-
tions, infusion rate failed to significantly alter acquisition of cocaine
cocaine-taking behavior and slower rates of i.v. infusion appeared to
enhance amphetamine taking.



Fig. 2. Dose–effect curves for the effect of varying rate of infusion (5 or 100 s) on the acquisition of cocaine (n=10 and 9 for the 5 and 100 s conditions, respectively) or amphetamine
(n=10 and 8 for the 5 and 100 s conditions, respectively) self-administration across increasing doses of cocaine (0.5, 0.6, and 0.7 mg/kg/inf) or amphetamine (0.2, 0.25 and 0.3 mg/kg/
inf). Panels a and c show the number of infusions earned and panels b and d the number of responses into the drug drug-reinforced (circles) and non-reinforced (triangles) nose nose-
poke ports. Asterisks indicate significant differences between the 5 and 100 s infusion conditions (Pb0.05). Rate of infusion did not affect acquisition of cocaine taking and
amphetamine self-administration was increased for rats earning self-infusions delivered over 100 s versus 5 s.
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2.2. Effects of infusion rate on the maintenance of drug self-
administration in drug-experienced rats

Fig. 3 shows the mean (±SEM) number of infusions earned and the
number of responses into the drug-reinforced and non-reinforced
nose nose-poke ports of rats responding under 2 different FR
schedules for cocaine (top panels) or amphetamine (bottom panels)
delivered over 5, 25, 50 or 100 s. There was a small, but significant,
decrease in the number of cocaine and amphetamine infusions
received under the FR1 schedule with longer rates of infusion (for
cocaine, F(3,42)= 4.632, Pb0.01 and for amphetamine, F(3,54)=
2.958, Pb0.05). This was not the case when rats responded for
cocaine or amphetamine under the FR2 or FR5 schedules, respectively.
Post-hoc analyses revealed that these effects of infusion rate were due
to a significant decrease in the number of amphetamine or cocaine
infusions when the drugs were delivered over 100 s, relative to 5 s
(Pb0.05). Interestingly, responses into the active port (i.e., drug drug-
reinforced responses+ time-out responses) increased as rate of
infusion decreased. Specifically, rats responding for cocaine showed
a significant increase in active port responding on the FR1 schedule (F
(3,42)=4.702, Pb0.01), and a trend towards an increase on the FR2
schedule (F(3,36)=1.909, P=0.14). Rats responding for amphetamine
showed the same increase on both the FR1 (F(3,54)= 4.632, Pb0.01)
and FR5 (F(3,39)= 9.823, Pb0.001) schedules of reinforcement. Thus,
as the number of infusions earned did not markedly change or slightly
decreased with infusion rate, the increase in overall active port
responses occurred during the 100 time-out period. Inactive nose-
poke responses did not vary as a function of infusion rate.

Fig. 4 shows the mean (±SEM) number of infusions, and responses
into the active and inactive nose-poke ports of rats responding on a
progressive progressive-ratio schedule of reinforcement for cocaine
(panels a and b) or amphetamine (panels c and d) delivered over 5–
100 s. Because few rats reached breaking point within the 3 h test
sessions, statistical analyses were conducted on the number of drug
infusions earned and responses on the active and inactive nose-poke
ports. In both the cocaine and amphetamine groups, infusion rate did
not significantly affect the number of infusions earned or the number
of responses into the active or inactive ports. Thus, as with fixed fixed-
ratio schedules (Experiment 3), responding for cocaine or ampheta-
mine under PR schedule conditions failed to reveal a marked effect of
i.v. infusion duration. It should be noted, however, thatwhilst doubling
the dose of cocaine increased progressive progressive-ratio respond-
ing for cocaine, responding for amphetamine was not markedly
affected by the increase in dose. Thus, the PR schedule used may have
been relatively insensitive to changes in the reinforcing magnitude of
amphetamine.

2.3. Effects of infusion rate on drug-induced reinstatement

Fig. 5 shows the mean (±SEM) number of responses into the port
previously associated with cocaine or amphetamine infusions (active)
or the control (inactive) port following a single i.v. priming infusion of
amphetamine or cocaine delivered over 5, 50 or 100 s period. Note
that during this test, responses into neither the previously “active” nor
“inactive” port resulted in drug delivery. There were no apparent
differences between the 50 and 100 s infusion rates (not shown) and,
in order to yield a large enough group for statistical comparisons,
these data were pooled to yield a single data point. Extinction training
produced a gradual decrease in active port responding and, relative to
the first extinction session, responding was reduced by 72% by the last
session (data not shown). On the subsequent test for reinstatement,
amphetamine and cocaine cocaine-priming infusions produced a
large and significant increase (relative to the mean response rate of
the last 3 extinction sessions) in responding into the previously drug
drug-reinforced nose-poke port (AMPH-5 s, t=3.858, Pb0.01; COC-5 s,
t=2.983, Pb0.05; AMPH-50/100 s, t=4.22, Pb0.01; COC-50/100 s,
t=3.155, Pb0.05). There was no significant effect of infusion rate on
the magnitude of reinstatement. Cocaine and amphetamine amphe-
tamine-priming infusions delivered over 5 s (but not 100 s) also
produced a small, but significant, increase in responding on the non-
reinforced nose-poke port (for cocaine, t=3.155, Pb0.05; for amphe-
tamine, tsN4.22, Pb0.01).

3. Discussion

It is a common belief that more rapid delivery of drugs to the brain
increases their abuse and addictive potential (de Wit et al., 1992;
Gorelick, 1998; Mathias, 1997; Oldendorf, 1992; Sellers et al., 1989;
Volkow et al., 2000). There are only very few studies, however, to have
explored why this might be the case. One possibility is that the rate of



Fig. 3. The effects of varying rate of infusion (5, 25, 50 and 100 s infusion duration) on
responding for cocaine of amphetamine maintained on different FR schedules of
reinforcement. After acquisition of stable responding for 0.4 mg/kg/inf cocaine or
0.2 mg/kg/inf amphetamine, each rat was tested on 4 consecutive sessions with each of
4 infusion rates (in random order) for responding on, first an FR1 schedule (n=15 and 19
for the cocaine and amphetamine conditions, respectively), and subsequently on an FR2
(cocaine; n=13) or FR5 (amphetamine; n=14) schedule. Asterisks indicate significant
differences between the 5 and 100 s infusion conditions (Pb0.05). Contrary to
expectations, both cocaine and amphetamine intake decreased, by 20% and 21%,
respectively, when infused over 100 s versus 5 s and no effects were evident on
responding maintained on higher order schedules of drug reinforcement. At the same
time responding into the cocaine or amphetamine reinforced nose-poke manipulan-
dum significantly increases during the 100 s infusion/time-out period (this effect only
approached significance in rats responding for cocaine on an FR2 schedule).

Fig. 4. The effects of varying rate of infusion (5, 25, 50 and 100 s infusion duration) on
progressive progressive-ratio (PR) schedule responding for cocaine (panels a and b;
n=10) or amphetamine (panels c and d; n=13). Once stable PR responding was
established for 0.4 and then 0.8 mg/kg/inf cocaine or 0.1 and then 0.2 mg/kg/inf
amphetamine, each rat was tested on 4 consecutive sessions with each of 4 infusion
rates in random order. In both the cocaine and amphetamine groups, infusion rate did
not significantly affect the number of infusions or responses into the active or inactive
ports.
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drug delivery influences the reinforcing effects of drugs of abuse.
Whereas there are number of reports consistent with this notion,
showing that in monkeys rapid drug delivery facilitates cocaine and
nicotine self-administration behavior (Balster and Schuster, 1973;
Kato et al., 1987; Panlilio et al., 1998; Wakasa et al., 1995; Woolverton
and Wang, 2004), this effect has often not been seen in rats (Liu et al.,
2005; Pickens and Crowder, 1967; Sorge et al., 2006). The present
results are, therefore, largely consistent with these latter reports. That
is, other than a small decrease in the number of infusions earnedwhen
amphetamine or cocaine were delivered over 100 s (versus 5) on an
FR1 schedule of reinforcement (see below), faster rates of i.v.
amphetamine or cocaine delivery failed to significantly enhance the
acquisition or maintenance of drug drug-taking behavior. Further-
more, the ability of amphetamine or cocaine to reinstate extinguished
drug seeking did not depend on the rate at which the i.v. priming
infusion was delivered.

A number of factors can influence the rate at which drug-naive rats
acquire drug self-administration behavior, including individual differ-
ences (Piazza et al., 1989), environmental influences (Goeders and
Guerin, 1994; Piazza et al., 1990; Tidey and Miczek, 1997), past
experience with the drug (Lett, 1989; Piazza et al., 1989) and dose.
With respect to the latter, typically the probability to acquire
amphetamine or cocaine self-administration increases, and the
latency to acquisition decreases, as the unit injection dose of the
drug increases (Carroll and Lac, 1997; Hu et al., 2004; van Ree et al.,
1978). Consistent with this notion, in Experiment 1 increasing doses of
amphetamine (from 0.2 to 0.3 mg/kg/infusion) or cocaine (from 0.5 to



Fig. 5. The effects of varying rate of infusion (5 or 50/100 s infusion duration) on
amphetamine (n=7, 4 and 5 for the 5, 50 and 100 s conditions, respectively) or cocaine-
priming (n=8, 5 and 5 for the 5, 50 and 100 s conditions, respectively) induced
reinstatement of extinguished drug seeking. Data from the 50 and 100 s conditions
were pooled to yield a single group (50–100 s) for comparison. A single i.v. infusion or
cocaine (2.0 mg/kg) or amphetamine (1.0 mg/kg) triggered robust reinstatement
relative to post-extinction levels of responding (average response during last 3
extinction sessions). Swords indicate a significant difference in responding between
extinction and reinstatement test sessions. Rate of infusion did not affect themagnitude
of cocaine or amphetamine-priming induced reinstatement.

802 H.S. Crombag et al. / Pharmacology, Biochemistry and Behavior 90 (2008) 797–804
0.7 mg/kg/infusion) resulted in a progressively greater drug intake
over sessions. Although the influence of rate of infusion on the
acquisition of psychomotor stimulant drug self-administration had
not been studied – in previous studies infusion rate was varied after
stable schedule-controlled responding was established –we expected
that, as with dose, acquisition of drug-taking behavior would be
positively correlated with rate of drug infusion. Contrary to this
prediction we found that, over the range of doses that supported self-
administration, cocaine taking was unaffected by infusion rate and
acquisition of amphetamine self-administration was slightly
enhanced when drug was infused over 100 s.

Thus, if anything, our results suggest that slower rates of drug
infusion facilitate the acquisition of amphetamine self-administration.
It is possible that, when infused slower, higher doses of amphetamine
were less likely to have aversive effects that could interfere with drug
taking. Additionally, one could speculate that slower rates of i.v.
infusion are less likely to have resulted in locomotor hyperactivity and/
or stereotyped behaviors that could also have disrupted the rat's ability
to respond (Yokel, 1987). Although we know that, depending on dose,
infusion rate can alter the psychomotor response (locomotor hyper-
activity and/or stereotyped behaviors) to a single, non-contingent i.v.
injection of cocaine (Samaha et al., 2002)we do not knowwhether this
is also the case for self-administered amphetamine.

A primarymechanism regulating drug intake in experienced rats is
an adjustment of response rates tomaintain stable and optimum brain
levels of drug (Johanson and Fischman, 1989; Pickens and Thompson,
1968; Wise et al., 1995; Yokel, 1987). Thus, manipulations that reduce
drug concentrations and/or binding to the target receptor – for
instance, decreases in unit injection dose of the drug or co-
administration of dopamine-receptor antagonists – typically result in
increased drug taking to compensate for the reduced drug effective-
ness. In turn, decreases in drug intake typically accompany increases in
drug dose or pretreatments with agonists or could reflect (dose-
dependent) response-interfering effects of the drug (e.g., locomotor
hyperactivity or stereotyped behaviors). If slower infusion rates reduce
the reinforcing effects of cocaine or amphetamine, we predicted that
drug intakewould increasewith slower infusion rates. Contrary to this
prediction, when drug-experienced rats were able to self-administer
amphetamine or cocaine under continuous (FR1) reinforcement
(Experiment 2), the number of infusions slightly decreased when
delivered over 100 s (meanpercent decrease relative to 5 s infusionwas
21% and 20% for amphetamine and cocaine respectively).

Interestingly, in these rats (but also in rats responding under
higher FR schedules) 100 s infusions also resulted in amarked increase
in nose nose-pokes into the active port during the period of infusion
(i.e., the time-out period). It is not clear what caused this effect and/or
whether the hyper-responsiveness during the slow ramping-up of
drug levels somehow interfered with subsequent drug taking (at least
under FR1 schedule of reinforcement). It is possible that the initial low
concentrations of drug during the 100 s infusion produced a priming
effect and served as an interoceptive cue to elicit more responding (de
Wit, 1996). Alternatively, the high rates of time-out responding may
reflect what Amsel (1962) referred to as a frustration effect, which is
often seen shortly after unexpected non-reward or partial reward. If
so, this may suggest some reduction in reinforcement as a function of
the rate of drug infusion after all.

Finally, we found that the ability of amphetamine or cocaine to
elicit relapse or reinstatement if drug seeking was not influenced by
the rate at which a priming infusion of drug was delivered. That is,
although a single i.v. priming injection of amphetamine and cocaine
produced robust reinstatement of drug seeking following 10 days of
extinction experience, the magnitude of reinstatement was insensi-
tive to how rapidly the drug prime was delivered — at least over the
range of i.v. priming doses used here.

Taken together, our results suggest that under the conditions tested
here, and using infusion rates varying from 5 to 100 s, slower infusions
do not markedly alter drug taking or reinstatement of drug seeking. A
numberof recent studies in rats have found similar results (e.g., Liu et al.,
2005). Indeed, rats trained to self-administer nicotine were found to
prefer slower (30 s i) compared to faster (3 s) rates of infusion (Sorge et
al., 2006). Interestingly, these investigators also found that the effects of
dopamine D2 antagonism on nicotine self-administration varied
depending whether drug taking was maintained under slow (low
dose) or fast (high dose) infusion conditions — increasing intake under
rapid infusion conditions and reducing intake under slow conditions.
These findings suggest that different neural mechanisms may be
engaged depending on infusion speed (Sorge and Clarke, 2007).

Of course, it is possible that infusion durations beyond 100 s would
have producedmore pronounced and predictable effects on drug taking
and seeking. For instance, others have reported significant effects of
infusion rate in monkeys, but only when infusion times exceeded 100 s
(Panlilio et al., 1998;Woolverton andWang, 2004). Althoughwe cannot
rule out this possibility,wenote that in cocaineusersvariation in the rate
of i.v. cocaine (but not hydromorphone) infusion between 2 and 60 s is
reported to significantly alter the subjective responses to the drug
(Abreu et al., 2001; Nelson et al., 2006). More critically, our group has
shown that variations in infusion rate over 5–100 s alter cocaine- and
nicotine-induced, 1) psychomotor sensitization (see also, Liu et al.,
2005), 2) c-fos and arc mRNA expression in the nucleus accumbens,
caudate nucleus and prefrontal cortex, and, 3) dopamine dynamics in
striatum (Samaha et al., 2005). Additionally, similar variations in
cocaine's delivery rate affect its basic physiological actions on brain
temperature (Brown and Kiyatkin, 2005).

Because dopamine-dependent neural activity in these regions is
critical for the primary response reinforcing and reinstating effects of
psychostimulant drugs, the question remains why variation in the rate
of i.v. drug infusion over this same range did not markedly affect drug
taking and seeking behavior. Although purely speculative, it is possible
that both response contingent and non-contingent exposure to these
drugs can produce response patterns that are relatively insensitive to
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changes in outcome (Dickinson et al., 1983; Tiffany, 1990). For
instance, oral alcohol or cocaine seeking are relatively insensitive to
changes in reward value induced by lithium chloride pairings
(Dickinson et al., 2002; Miles et al., 2003). In addition, Vanderschuren
and Everitt (2004) recently reported that rats with an extended
cocaine-taking history (but not rats with limited access) were almost
completely insensitive to the normal response-suppressing effects of a
conditioned aversive stimulus. Finally, the propensity of drugs to
promote habitual, reward-insensitive response patterns may, under
some circumstances, generalize to responding maintained by natural
rewards. That is, repeated non-contingent cocaine or amphetamine
treatments, which produce robust behavioral sensitization, also make
rats unable to use changes in outcome value to direct their behavior
(Nelson et al., 2006; Schoenbaum et al., 2004; Schoenbaum and
Setlow, 2005). Thus, if exposure to drugs makes response patterns
more habitual and less sensitive to changes in outcome, and as a
consequence increasingly dependent on antecedent stimuli, it may
not be entirely surprising that outcome changes due to changing the
rate of infusion had such little effect in the present study.

Finally, it is worth mentioning that species differences in
pharmacokinetic and pharmacodynamic actions of psychomotor
stimulant drugs, as well as in the neurobiological targets of these
drugs, could have contributed to the apparent differences in results
yielded by rodent versus non-human and human primate studies.
With respect to the latter, for instance, there are substantial
differences between rodents and primates in the anatomical distribu-
tion of dopamine inputs to prefrontal cortical areas as well as in the
expression of different DA receptor subtypes (e.g., Berger et al., 1991).
On the other hand, a number of reports indicate that, within regions of
the basal ganglia, dopamine dopamine-receptor distribution is
remarkably preserved and shows similar patterns across different
mammalian species, including rats and monkeys (e.g., Camps et al.,
1990). Nonetheless, given the apparent variations seenwithin rodents
in the pharmacokinetic, neurobiological and behavioral (including
reinforcing) effects as a function of dispositional factors such as
gender, strain, and age, one could easily expect species variations to
have contributed to the differences seen between rats andmonkeys in
the influence of rate of drug infusion on the reinforcing effects of
psychomotor stimulant.

Whatever the case, the present results suggest that, in rats, the rate
of drug infusion has minimal effect on drug taking and seeking
behavior directly, but it is possible that rate of infusion indirectly
influences drug taking and seeking behavior. Samaha and colleagues
(2002, 2004, 2005) reported in a series of studies that the rapid
delivery of cocaine or nicotine promotes the development of drug-
induced neuroplastic changes that underlie psychomotor sensitiza-
tion, and alters patterns of drug-induced gene expression. That these
findings are relevant for understanding drug taking and seeking was
recently confirmed by a study showing that, although not affecting
progressive progressive-ratio responding for cocaine directly (con-
sistent with what we report here), the rate of cocaine infusion did
influence sensitization to the reinforcing effects of cocaine on this
same schedule (Liu et al., 2005). Thus, the reason drugs, formulations
and routes of administration that result in the rapid delivery of drugs
into the brain may preferentially promote the transition to addiction
may not be because this makes the drugs more reinforcing per se, but
because the rapid delivery of drugs to the brain facilitates their ability
to induce forms of neurobehavioral plasticity that contribute to
compulsive and excessive drug use.
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