Pharmacology, Biochemistry and Behavior 93 (2009) 375-381

PHARMACOLOGY
BIOCHEMISTRY

"o
BEHAVIOR

Contents lists available at ScienceDirect

Pharmacology, Biochemistry and Behavior

journal homepage: www.elsevier.com/locate/pharmbiochembeh

Effect of rate of delivery of intravenous cocaine on self-administration in rats
Charles W. Schindler *, Leigh V. Panlilio, Eric B. Thorndike

Preclinical Pharmacology Section, Behavioral Neuroscience Branch, DHHS/NIH/NIDA Intramural Research Program, 251 Bayview Boulevard, Suite 200, Baltimore, MD 21224, United States

ARTICLE INFO ABSTRACT

Article history:

Received 30 January 2009

Received in revised form 12 May 2009
Accepted 17 May 2009

Available online 21 May 2009

Many studies of drug self-administration in primates have shown that faster infusions of a drug are more
reinforcing than slower infusions. Similar effects have not been shown in rats. We assessed the influence of
delivery rate by allowing rats to choose between the same doses of intravenous cocaine delivered over two
different infusion speeds. Rats were trained in chambers containing two nose-poke response devices. In
Experiment 1, responses in one nose-poke delivered 0.3 mg/kg/injection of cocaine over 10 s, and responses
in the other delivered the same dose over 100 s. In Experiment 2, the same procedure was used, but with
1.0 mg/kg/injection dose delivered over 1.7 versus 100 s. During acquisition, most rats preferred the faster
infusion. When the delivery rates associated with the nose pokes were reversed, rats trained with 0.3 mg/kg/
Infusion duration injection failed to switch nose-poke preference, but half the rats trained with 1.0 mg/kg/injection did switch.
Choice In Experiment 3, the choice was between 1 mg/kg cocaine delivered over 1.7 s and no reinforcement. Here,
Rat rats quickly learned to respond in the nose-poke associated with cocaine and quickly switched their choice
during reversal. In Experiment 4, two groups of rats were allowed to choose between food delivered with a
delay of 1 versus 5 s or 1 versus 10 s, respectively. Rats preferred the shorter delay during initial training. In
reversal, some rats in the 1 vs 5 s group failed to reverse, while all the rats in the 1 vs 10 s group reversed.
These results show that faster infusions of cocaine are clearly more reinforcing during acquisition, but
delivery rate may not be as important to the maintenance of self-administration once it has been established.
The results with food suggest that these findings represent general principles of behavior and are not unique
to drug self-administration.
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It is widely accepted that the onset rate of a drug's effects
influences its abuse liability. Evidence for this “rate hypothesis”
(Gorelick, 1998) in humans comes from the observation that drugs

study by Panlilio et al. is illustrative of the general effect. Rhesus
monkeys were trained to respond on a key for i.v. cocaine on a fixed-
ratio (FR 30) schedule with a 5 min timeout. While the dose was held

that have a quick onset (i.e., enter the brain more rapidly) are more
likely to be abused than drugs with slower onsets (Gossop et al., 1992;
Hatsukami and Fischman, 1996). In addition, injection drug users
report that they typically inject an abused drug over a very short
period of time (3-10 s; Zernig et al., 2003). In the human laboratory,
rate of infusion has been investigated for both cocaine and opioids.
Both Abreu et al. (2001) and Nelson et al. (2006) reported stronger
subjective effects for cocaine when it was administered faster. In the
Abreu et al. (2001) study, rate of infusion was studied by adminis-
tering the same dose of cocaine over periods of 2,15 or 60 s. Subjective
report measures were then taken. In general, subjective reports of
“high” and “liking” were higher for the shorter infusion durations
(faster onset). Marsch et al. (2001) reported similar effects for
morphine administration in humans.

In non-human primates, the effect of infusion duration has been
studied on the self-administration of cocaine by a number of
investigators (Balster and Schuster, 1973; Kato et al., 1987; Kimmel
et al., 2007; Panlilio et al., 1998; Woolverton and Wang, 2004). The
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constant, the infusion duration was varied from 10 to 240 s. For all the
monkeys studied, as the duration of the infusion increased, rates of
self-administration decreased. Winger et al. (2002) studied the effect
of drug onset rate for NMDA antagonists by studying 3 drugs with
different inherent rates of onset. While both ketamine and phency-
clidne have at least some immediate behavioral effects, dizocilpine
has few immediate effects in rhesus monkeys. In self-administration
studies, both ketamine and phencyclidine were stronger reinforcers
than was dizocilpine. In addition to drug self-administration, infusion
duration also influences other behavioral effects of abused drugs. For
example, rapid delivery of cocaine is more likely to produce locomotor
sensitization (Samaha and Robinson, 2005).

While both human and non-human primate laboratory studies
clearly support the rate hypothesis of self-administered drugs, results
from rodents have not been as clear. In a study by Crombag et al.
(2008), the rate of drug delivery was varied during acquisition (5 vs
100 s) or during maintenance (5, 25, 50 or 100 s) for rats responding
on a small FR schedule of cocaine or amphetamine self-administra-
tion. They found that the duration of the injection had no effect on
either the acquisition or maintenance of self-administration for either
drug. Liu et al. (2005) also studied the effects of injection duration on
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cocaine self-administration. Animals were initially trained on a pro-
gressive ratio (PR) schedule and then switched to an FR 1 schedule.
Different groups of rats were trained with different infusion durations
(5, 25 or 50 s). Liu et al. found a small, but significant, effect of
injection speed on the FR schedule, with the shorter duration infu-
sions maintaining slightly fewer infusions per hour. Given that, on the
descending limb of the dose-effect function, larger doses of cocaine
typically maintain lower response rates in rats responding on a small
FR schedule with a short timeout, these results may suggest that the
shorter duration infusions were functioning similarly to larger doses
of cocaine.

The reasons for the discrepancy in the effects of infusion duration
on rat versus primate drug self-administration are not clear. It may be
that differences in the effectiveness of fast vs. slow injections would
become more apparent if rats were allowed to directly compare the
same drug reinforcer given at different speeds. Choice procedures
have been used successfully in drug self-administration studies to
evaluate behavioral and pharmacological factors involved in drug self-
administration (Hart et al., 2000; Negus, 2003). Therefore, in the
current study, rats were trained in a 2-response choice procedure,
where two responses were reinforced with the same dose of cocaine.
However, for one response cocaine was given rapidly and for the other
response cocaine was administered more slowly. After acquisition the
responses associated with the fast and slow injections were reversed.
To determine if the observed effects were unique to cocaine, rats were
also trained on a choice procedure for food using different delays of
reinforcement.

1. Method
1.1. Subjects

The subjects (n=49) were experimentally naive, male Sprague-
Dawley rats, weighing approximately 350-380 g at the beginning of
the experiment. They were housed in a room with a 12:12 h reverse
light-dark cycle (lights on at 2200 h) and at an average ambient
temperature of 23 °C for the duration of the experiment. The animals
had free access to water. All rats were housed individually and food
was restricted to maintain a weight of approximately 350 g. The
guidelines of the Institutional Animal Care and Use Commiittee at the
National Institute on Drug Abuse/Intramural Research Program and
the Guide for the Care and Use of Laboratory Animals were followed at
all times.

For intravenous (i.v.) drug administration, jugular-vein catheters
were implanted according to the procedure described in detail by
Panlilio et al. (1996). Briefly, approximately 3 cm of Silastic tubing
(Dow Corning, 0.44 mm i.d., 0.9 mm o.d.) was inserted into the right
jugular vein and connected to vinyl tubing (Dural Plastics, 0.5 mm i.d.,
1.0 mm o.d.) that exited the back at the midscapular region, and was
plugged with an obturator. Immediately following catheter implanta-
tion, a 20 mm nylon screw was cemented to the skull to serve as a
head mount. A metal spring, through which tubing connecting the
fluid swivel on the top of the cage to the catheter was fed, was
attached to this head mount. Catheters were flushed before and after
each training session with 0.1 ml of a saline solution containing
1.25 units/ml heparin and 0.08 mg/ml gentamycin.

1.2. Apparatus

Ten training chambers (ENV-008CT, Med Associates, St. Albans VT)
were enclosed individually in sound-attenuation chambers equipped
with fans for ventilation and background noise (ENV-018M, Med
Associates). Each chamber had a grid floor and two nose-poke
response holes (ENV-114BM, Med Associates), one on each side of a
food trough into which 45 mg food pellets (BioServ, Frenchtown, NJ)
could be delivered. The nose-poke holes could be illuminated from

inside the hole by a dim yellow light. A houselight (ENV-215M, Med
Associates) was situated above and on the wall behind the nose-poke
holes. Cocaine was delivered through Tygon tubing inside a metal
spring, suspended through the ceiling from a single-channel fluid
swivel (Instech, Plymouth Meeting, PA). For Experiment 1, this tubing
was attached via a Y-connector to two 10 ml syringes controlled
by two motor-driven syringe pumps outside the sound attenuation
chamber. The pumps (PHM-100, Med Associates) ran at different
speeds, but delivered that same concentration and volume (0.2 ml/
injection) of cocaine solution. For Experiment 2, the volume was
increased to 0.3 ml/inj to reduce the potential for variability in injec-
tion amounts. The slow pump was replaced by a variable speed pump
(PHM-107, Med Associates) for Experiment 2. A 20 ml syringe was
used for the slow pump and a 30 ml syringe was used for the fast
pump. For Experiment 3 only the fast pump configuration of
Experiment 2 was used. Experimental events were controlled by a
MED-PC computer system (Med Associates).

1.3. Procedure

1.3.1. Experiment 1

Following surgery and at least 7 days of recovery, the catheters
were connected, and the rats (n=14) were placed in the training
chambers every weekday. Sessions began with the illumination of the
houselight and the two nose-poke holes. A nose-poke response in
either hole was immediately reinforced with an injection of 0.3 mg/kg
cocaine. Cocaine was delivered via the fast pump (10 s infusion) for
responses in one hole and via the slow pump (100 s infusion) for
responses in the other hole. Which hole (right or left) was associated
with which pump was counterbalanced across rats. There was a 110 s
timeout (including infusion time), during which the houselight and
hole lights were turned off, following each response. Sessions con-
tinued for 2 h or until 25 injections had been received for responding
in one hole. Animals were trained until responding stabilized (less
than + 20% variation in rate with no consistent upward or downward
trend) for 3 consecutive days. Once stable acquisition was evident,
the holes that were associated with the fast and slow pumps were
reversed. All other details of the procedure remained the same.

1.3.2. Experiment 2

Experiment 2 was identical to Experiment 1 with the following
exceptions. The fast pump was operated for 1.7 s instead of 10 s. There
was no maximum on the numbers of injections per session. Session
terminated only after 2 h had elapsed. The dose of cocaine was 1.0 mg/
kg/inj for all rats (n=17).

1.3.3. Experiment 3

Experiment 3 was identical to Experiment 2 except that respond-
ing was reinforced by 1.0 mg/kg cocaine given over 1.7 s for one nose-
poke, while responding for the other nose-poke was not reinforced
(no injection was given). The response for the non-reinforced choice
started the timeout identically to the reinforced choice. All other
details of the experiment remained the same. Rats (n=8) were
trained for at least 10 days or until stability prior to reversal.

1.3.4. Experiment 4

In Experiment 4, nose-poke responses were reinforced by a single
45 mg food pellet rather than cocaine. To facilitate training, food was
restricted to maintain the rats at 85% of their initial free-feeding
weight. There was a delay between the nose-poke and the delivery of
food. There was no change in stimuli with the response, but the
houselight and nose-poke light were turned off following the delivery
of the food pellet. The response started a 110 s timeout that termi-
nated with the houselight and nose-poke lights being turned back on.
Responses made during the timeout were recorded, but had no
programmed consequence. Five rats were initially trained for 4 days
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with delays of 1 s or 5 s associated with the different holes
(counterbalanced across rats). A second group of 5 rats was trained
for 4 days with delays of 1 s or 10 s. Following the initial 4 days of
training, the nose-pokes associated with each delay were reversed
and rats continued training for an additional 10 days.

1.4. Drugs

Cocaine hydrochloride (NIDA, Baltimore, MD) was dissolved in
sterile saline. The concentration of the infusion was adjusted according
to the weight of the rat to give either 0.3 or 1.0 mg/kg/injection (as the
salt) during self-administration sessions.

1.5. Data analysis

The primary dependent variable was the number of non-timeout
responses for each nose-poke hole. Statistical analysis was performed
on responses per session using SAS software (SAS Institute, Cary NC)
with proc mixed. The factors were reinforcement (fast vs. slow pump
speed in Experiments 1 and 2, cocaine vs. no cocaine in Experiment 3,
and long vs short delay in Experiment 4) and day of training (up to
15 days for analysis of acquisition, and the last 3 days pre-reversal and
the last 3 days post-reversal to assess the effects of reversal). For
significant main effects or interactions, paired comparisons were
performed using the Tukey-Kramer procedure, maintaining a sig-
nificance level of 0.05 within each set of comparisons.

2. Results
2.1. Experiment 1

Of the 14 rats trained in Experiment 1, 3 were lost due to catheter
failure prior to 10 days of training. Of the remaining 11 rats, 6 showed
evidence of acquisition of nose-poke responding within 15 days of the
beginning of the experiment. One other rat showed evidence of
acquisition after 15 days. Of these 7 rats, 6 acquired responding to the
fast nose-poke hole. The eighth rat acquired initially to the slow nose-
poke hole, but eventually switched responding to the fast nose-poke
hole. The other 4 rats showed minimal or no sign of acquisition. The
results of these 4 rats were not included in the following analysis.

The top panel of Fig. 1 shows the average responding in each nose-
poke hole for the first 15 days of training for those rats that showed at
least minimal evidence of acquisition (n=7). By day 6 there was
already some separation between the nose-poke responses associated
with the fast and slow pump and by the end of the 15 days there was
a clear separation between the responses, with a clear preference
for the faster injection. Analysis-of-variance revealed a significant Day
(F1484=2.28, p<0.05) and Pump Speed (F;6=7.97, p<0.01) effect,
but no Day x Pump Speed interaction.

Once acquisition occurred, training continued for at least 3 days.
The nose-poke holes associated with the fast and slow pumps were
then reversed. The bottom panel of Fig. 1 shows the average results for
the 5 rats that maintained patent catheters for at least 5 days
following the reversal. Note that data for days 11-15 in the upper
panel of Fig. 1 are not identical to the data for the last 5 days of the
acquisition phase in the lower panel because some animals were
trained for more than 15 days to reach 3 days of stable behavior and
because data for animals that did not complete reversal training are
not included in the lower panel. During reversal (5-12 days total), all 5
rats that completed the phase continued to respond almost exclu-
sively in the hole where self-administration was originally acquired.
Analysis of the last 3 days of acquisition (pre) and the last 3 days of
reversal (post) revealed a significant Day x Pump Speed interaction
(Fs20=45.14, p<0.0001). Paired comparisons revealed that respond-
ing in the hole associated with the fast pump and the slow pump
differed on each day, with more responding to the fast pump nose-
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Fig. 1. Reinforced responses for rats trained to self-administer 0.3 mg/kg/injection
cocaine (Experiment 1). One response was associated with a 10 s infusion (Fast) and the
other with a 100 s (Slow) infusion. The top panel shows the first 15 days of acquisition
for 8 rats. The difference between the two responses (Fast vs Slow) was significant
(p<0.01). The bottom panel shows the reinforced responses for 5 rats during the final
5 days of acquisition and the first 5 days following the reversal of the reinforcers
associated with each response. Circles represent acquisition while triangles represent
reversal. Closed symbols are the fast pump responses while open symbols are the slow
pump responses. While the differences between the Fast and Slow responses were
significantly different for each phase (p's<0.01), there was no evidence of reversal.
*Difference in main effect of infusion duration, p<0.05.

poke in the pre-phase and more responding to the slow pump nose-
poke after reversal.

2.2. Experiment 2

Of the 17 rats trained for Experiment 2, 2 were lost due to catheter
failure before 10 days of training. Of the remaining 15 rats, all showed
evidence of acquisition, with 14 of the rats acquiring to the nose-poke
associated with the faster injection. The top panel of Fig. 2 shows the
average results for the 15 rats that acquired cocaine self-administra-
tion. On the first training day, rats responded approximately equally in
the nose-poke holes associated with the fast and slow pump.
However, clear separation between the fast and slow pump was
evident early in training. By the end of 10 days of training, rats were
taking an average of 20 cocaine injections via the fast pump. Any
responding for the slow pump was due almost exclusively to a single
rat that acquired to the slow pump and continued to respond in that
nose-poke throughout training. Analysis of the acquisition phase
revealed a significant effect of Days (Fg126=2.79, p<0.01), Pump
Speed (F114=136.5, p<0.001) and DaysxPump interaction
(Fo.126 = 2.44, p<0.05). Paired comparisons showed that responding
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Fig. 2. Reinforced responses for rats trained to self-administer 1.0 mg/kg/injection
cocaine (Experiment 2). One response was associated with a 1.7 s infusion (Fast) and
the other with a 100 s (Slow) infusion. The top panel shows the first 10 days of
acquisition for 14 rats. The difference between the two responses (Fast vs Slow) was
significant for every day beyond day 3 (p's<0.05). The bottom panel shows the
reinforced responses for 10 rats during the final 5 days of acquisition and the first
10 days following the reversal of the reinforcers associated with each response. Circles
represent acquisition while triangles represent reversal. Closed symbols are the fast
pump responses while open symbols are the slow pump responses. While the
differences between the Fast and Slow responses were significantly different for the
acquisition phase (p's<0.01), they were not significantly different in the reversal phase.
*Differences between durations for a given day, p<.05.

for the nose-poke associated with the fast pump was different from
that associated with the slow pump for every day beyond day 3.

The bottom panel of Fig. 2 shows the results for the nose-poke hole
reversal phase of Experiment 2. Average results are shown for the 12
animals that continued training for at least 8 days following reversal.
The average responding during the 5 days prior to reversal and the
10 days following reversal are shown. Note that data for days 6-10 in
the upper panel of Fig. 2 are not identical to the data for the last 5 days
of the acquisition phase in the lower panel because some animals
were trained for more than 10 days to reach 3 days of stable behavior
and because data for animals that did not complete reversal training
are not included in the lower panel. On the first day of reversal
there was a small increase in responding in the nose-poke associated
with the slow pump (i.e. previously associated with the fast pump).
Responding for the slow pump then dropped over the next 3 days.
Unlike Experiment 1, responding in the hole associated with the fast
pump (previously the slow pump) increased on the first day of
reversal and then increased to around 20/day by day 2 of reversal.
Over the course of reversal training 6 of the 12 rats showed some
evidence of reversal. For all of these rats, evidence of reversal was seen
before reversal day 5, with one rat showing evidence of reversal on
day 1, 3 on day 2 and one on day 4 of the reversal phase. For the 5 rats

that did not reverse, one rat acquired to the slow infusion nose-poke
and therefore in reversal was already responding to the fast infusion
nose-poke. Analysis of the last 3 acquisition days and the last 3 reversal
days (including days beyond day 5) showed a significant effect of
Pump Speed (F;1; =31.29, p<0.01), but no main or interaction effect
for Days. Planned comparisons (Tukey) of nose-poke responding over
days show only a significant effect on the last 2 days of acquisition,
where responding for the nose-poke associated with the fast pump
was higher. The responses did not differ in reversal.

2.3. Experiment 3

To define a boundary condition and confirm that most rats are indeed
capable of switching preference with drug self-administration, in
Experiment 3 rats were allowed to choose between a nose-poke that
delivered cocaine and a one that did not. Of the 8 rats that began
training, on rat died and one rat lost its catheter prior to completing
training. All the remaining 6 rats met the acquisition criterion by 10 days
of training. For these sessions, there was a significant interaction of
Pump (i.e., cocaine vs no injection) and Day (Fg4s=2.28, p<0.05).
Paired comparisons indicated that responding in the cocaine hole was
significantly higher than in the no-injection hole on days 7-10. All 6
rats completed 5 days of reversal training. Following reversal there was
an increase in responding for the non-reinforced choice (the previously
reinforced choice), but responding for the non-reinforced choice quickly
decreased over days (Fig. 3). Responding for the reinforced choice (the
previously non-reinforced choice) was evident on day 1 of reversal, and
by day 2 of reversal, 3 of the 5 rats were responding more for the
reinforced choice. By day 3 of reversal 5 rats were responding more for
the reinforced choice. Statistical analysis of the last 3 days of acquisition
(day A8-A10 in Fig. 3) and the last 3 days of reversal (days R3-R5
in Fig. 3) showed a significant interaction of Pump (i.e., cocaine vs no
injection) and Day (Fs 25 = 3.54, p<0.05). Paired comparisons indicated
that responding in the cocaine hole was significantly higher (p's<0.05)
than in the no-injection hole on each of the last 3 days of acquisition, and
on the last 2 days of reversal (R4 and R5).

2.4. Experiment 4

The top panel of Fig. 4 shows the results of the 1 vs 5 s delay food-
reinforcement group in Experiment 4. The rats (n =5) rapidly learned
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Fig. 3. Reinforced responses for rats trained to respond for 1 mg/kg cocaine
(Experiment 3). Results are shown for the acquisition (A1-A10) phase and reversal
phase (R1-R5) for 6 rats trained with one response associated with 1 mg/kg cocaine
given over 1.7 s and the other associated with no reinforcement. Circles represent
acquisition while triangles represent reversal. Closed symbols are the responses
reinforced with 1 mg/kg cocaine, while open symbols are non-reinforced responses.
*Differences between responses for a given day, p<.05.
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Fig. 4. Reinforced responses for rats trained to respond for food pellets (Experiment 4).
The top panel shows the acquisition (A1-A4) phase and reversal phase (R1-R10) for 5
rats trained with one response associated with a 1 s delay and the other associated with
a 5 s delay. The bottom panel shows the acquisition (A1-A4) phase and reversal phase
(R1-R10) for 5 rats trained with one response associated with a 1 s delay and the other
associated with a 10 s delay. Circles represent acquisition while triangles represent
reversal. Closed symbols are the short delay responses while open symbols are the long
delay responses. *Differences between delays for a given day, p<.05.

to respond for food (days A1-A4), with responding occurring almost
exclusively in the hole associated with the 1 s delay by day 4 of
acquisition. When the holes associated with the 1 and 5 s delay were
reversed (days R1-R10), rats initially continued to respond almost
exclusively in the hole previously associated with the 1 s delay (now
associated with the 5 s delay). One rat switched to the hole associated
with the 1's delay on day 4 of reversal, a second rat on day 9 and a third
on day 10. Two rats continued to respond almost exclusively in the
hole now associated with the 5 s delay throughout the 10 days of the
reversal phase. Analysis revealed a significant Day x Delay interaction
(F13,52=37.77, p<0.001). Paired comparisons showed that rates of
responding in the hole associated with the 1 s and 5 s delays differed
on acquisition days A3 and A4 and on reversal days R1-R3. No other
days were significantly different.

The bottom panel of Fig. 4 shows the results of the 1 vs 10 s delay
group (n=1>5). Acquisition to the 1 s delay response appeared to occur
even more rapidly than for the 1 vs 5 s delay group, with the difference
in the responses reaching significance on day 2 of acquisition as
opposed to day 3 for the 1 vs 5 s delay group. Again, by day 4 all the
rats responded almost exclusively in the hole associated with the 1 s
delay. On the first day of reversal, the rats responded almost exclu-
sively in the hole that had been previously associated with the 1 s
delay, but by day 2, two rats had begun responding in the hole now
associated with the shorter delay. By reversal day 6, all 5 rats had

begun responding in the hole associated with the shorter delay, and by
day 10 all 5 rats were responding almost exclusively in the hole
associated with the shorter delay. Analysis revealed a significant
Day x Delay interaction (F;352=39.57, p<0.001). Paired comparisons
showed that rats responding in the hole associated with the 1 s and
10 s delays differed on acquisition days A2-A4 and on reversal days R1,
R2 and R6-R10.

3. Discussion

These results clearly show that for rats faster infusions of cocaine
are more reinforcing than slower infusions during acquisition of drug
self-administration. These findings are consistent with the majority of
studies previously performed comparing fast vs. slow infusions in
humans (Abreu et al., 2001; Nelson et al., 2006) and non-human
primates (Balster and Schuster, 1973; Kato et al., 1987; Kimmel et al.,
2007; Panlilio et al., 1998; Woolverton and Wang, 2004). Since the
only difference between the infusions delivered for the two nose-
pokes was the speed of the infusion (i.e., dose, volume, and concen-
tration were held constant within Experiment 1 and within Experi-
ment 2), there is no question that the choice of nose pokes was
determined by infusion speed alone.

In Experiment 1, acquisition was relatively slow with a self-
administration dose of 0.3 mg/kg/injection and a 110 s timeout.
However, by the end of 15 days of training there was a clear separation
between the fast and slow infusions, with the rats making a clear
majority of their responses in the nose-poke hole associated with the
fast cocaine infusion. In Experiment 2, acquisition was faster, but
again, by the end of 10 days of training rats responded almost exclu-
sively in the nose-poke associated with the faster infusion. It seems
most likely that the higher cocaine dose led to faster acquisition in
Experiment 2, but we cannot rule out the possibility that the increased
speed of the faster injection in Experiment 2 vs. Experiment 1 also
enhanced the rate of acquisition. Despite these differences in rate of
acquisition between Experiments 1 and 2, the faster infusion was a
more effective reinforcer in both experiments.

The most likely reason that infusion speed had such a clear effect in
the current study in rats, while previous studies have shown only
small effects of infusion duration on cocaine self-administration
(Crombag et al., 2008; Liu et al., 2005), is the use of a choice procedure
during acquisition. The choice procedure allows rats to sample the two
different infusion durations within a short period of time, potentially
enhancing discriminability. In addition, having to make these com-
parisons during acquisition mitigates against the possibility that habit
formation, in which behavior becomes less sensitive to its immediate
consequences with extended training (Dickinson, 1985; Dickinson
et al.,, 1995), would overshadow the effect of infusion duration. In the
Crombag et al. (2008) study, while infusion duration was studied in
acquisition, a moderate dose was used for initial acquisition (0.5 mg/
kg/injection) with the dose increasing to 0.7 mg/kg/injection by
the end of the acquisition phase. In the present study, differential
responding to the various infusion durations developed faster with a
higher dose of cocaine, suggesting that the basic procedure used by
Crombag et al. might also reveal effects of infusion duration if a higher
dose were used.

Crombag et al. (2008) also studied the effects of infusion duration
during maintenance of cocaine self-administration, but again found
no difference in responding across infusion durations. This finding
contrasts with the Liu et al. (2005) study that also investigated
the effects of infusion duration on FR responding for cocaine self-
administration during maintenance. In the Liu et al. (2005) study,
infusion duration did have a small, but significant effect on cocaine
self-administration. Rats responding for a 1.5 mg/kg/injection dose of
cocaine given over 5 s took about 8 injections/h. At a 50 s infusion
duration, the rats took around 10 injections/h. As lower doses of
cocaine typically support more FR responding when investigating the
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descending limb of the dose-effect function, these results suggest that
the slower infusion was functionally equivalent to a lower cocaine
dose. One possible reason for this difference between the two studies
is that Liu et al. (2005) trained animals to stability, while Crombag et al.
(2008) used single day substitutions for each infusion duration. In
the present study, differential responding for fast and slow infusions
developed over a number of days, and even preference for a fast
infusion over no infusion took a few days to develop (Experiment 3).

The results of the present study indicate that infusion duration
may have a stronger influence during acquisition than maintenance of
drug self-administration. In Experiment 1, when the nose-poke holes
associated with the fast and slow infusions were reversed, none of the
rats switched responding to the other hole during the first 5 days of
reversal training. Even rats whose catheter patency was maintained
for a longer period following reversal failed to switch their responses
to the other hole. This was despite the fact that a clear preference
was observed for the faster infusion during the acquisition phase. In
Experiment 2, using the larger dose of cocaine and a shorter short-
duration infusion, more evidence of reversal was seen. Some rats
eventually switched to the nose-poke associated with the faster
infusion. But, even in Experiment 2, some rats continued to respond
in the hole associated with the slow infusion for periods as long as
those rats in Experiment 1. These results suggest that once a response
is learned, changing the duration of the infusion within the
parameters used here does not greatly affect its ability to support
self-administration behavior in rats. A likely explanation for the lack of
reversal is the development of habit formation (Dickinson, 1985;
Dickinson et al., 1995), where responding becomes insensitive to
changes in reinforcement.

The failure of behavior to reverse when the outcome is switched is
not a general effect of drug self-administration as shown by the results
of Experiment 3. When the choice is between a reinforced nose-poke
and a non-reinforced nose-poke, rats quickly change their preference
to the reinforced nose-poke. In fact, the change in preference was
quicker than that seen with food reinforcement when the choices
were between responses reinforced with the 1- versus 10 s delay.
Clearly, rats are capable of switching preference when responses are
reinforced by drug self-administration.

The pattern of effects observed with cocaine self-administration
for infusion duration does not appear to be unique to drug self-
administration. In studies performed with a food reinforcer using
delay of reinforcement, which is somewhat analogous to infusion
duration, parallel effects were observed. All the rats preferred the
shorter delay during acquisition, a finding that agrees with a number
of previous studies (e.g., Chung and Herrnstein, 1967; Gentry and
Marr, 1980). When the differences between the delays were larger,
potentially making those differences more discriminable, a quicker
separation between the two responses was observed. The higher dose
and shorter infusion duration for the fast reinforcer used in
Experiment 2 may also have allowed the differences in infusion
duration to be more discriminable, speeding the response separation.
When the nose-pokes associated with the two delays were reversed,
some rats continued to respond in the nose-poke associated with the
longer delay, an effect that was clearer when the delays were closer
(1 vs 5) and thus maybe less discriminable to the rat. Similarly, for the
cocaine self-administration experiments, less evidence of reversal was
seen in Experiment 1 where the differences in infusion duration may
have been less discriminable. It is likely that two different delays could
have been chosen for the food study where preference would have
been seen in acquisition for the short delay, but a reversal would not
have been observed in the majority of rats. While changing the delay
of reinforcement for food does not directly mimic the change in
infusion duration, the results of the food study clearly show that the
probability of reversal can be influenced by changes that would affect
the discriminability of the choices. These changes in discriminabilty
did not influence the initial choice in acquisition for either drug or

food, but did influence the probability of reversal for both drug
and food. Thus, the findings with cocaine self-administration do not
appear to be a unique property of drug self-administration.

A number of factors, both pharmacokinetic and pharmacodynamic,
could contribute to faster drug administration being more reinforcing
to animals and humans. In addition to reaching the peak drug level
faster, a higher level can be reached with a faster administration of the
drug (see Panlilio et al., 1998). These two factors together or alone may
increase the reinforcing effectiveness of a drug. To assess the potential
differences between fast and slow infusions, we modeled whole-body
cocaine levels under the parameters of the present study assuming an
18.1 min half-life for cocaine (Barbieri et al., 1992; for details of the
whole-body drug level modeling procedure, see Panlilio et al., 2003).
We found that differences in peak concentration would be minimal as
long as the duration of the longest drug infusion is substantially
shorter than the half-life of the drug. Under the parameters used in the
Experiments 1 and 2, peak whole-body cocaine levels produced by an
acute injection at the slowest and fastest pump speeds would differ by
only about 3%. In addition, changing the speed of infusion does not
greatly affect the duration of the drug's actions in the body when
infusion durations are substantially less than the half-life of the drug
(Panlilio et al., 1998). Therefore, it seems most likely that the rate of
rise in whole-body drug levels, rather than the peak level or duration
of effect, would be the primary factor responsible for the differences in
behavior observed here.

Differences in brain levels of cocaine for the two different infusion
durations are potentially even more relevant than whole-body levels.
When we modeled brain levels of acute cocaine infusions (see Nicola
and Deadwyler, 2000; Pan et al.,, 1991), we again found very little
difference in the peak brain level of cocaine between the two infusion
durations. Like with whole-body drug levels, the rate of increase in the
brain is much more striking than the difference in the peak level,
further supporting the conclusion that the difference in onset rate is
the most likely factor in the behavioral differences observed.

The rate of delivery can also affect a number of indices of brain
function. For example, Samaha et al. (2004) reported that a faster
infusion of cocaine induces greater increases in the immediate early
genes c-fos and arc in rat brain than do slower infusions. Faster
infusions also led to increased inhibition of the re-uptake of dopamine
in the nucleus accumbens core (Samaha et al., 2004). Woolverton and
Wang (2004) reported a decrease in the rate of dopamine transporter
binding with slower cocaine infusions. However, the maximum occu-
pancy at the end of the infusion was no different across infusion
durations from 10 to 600 s. This result suggests that drug self-
administration may be sensitive to the different levels of occupancy
that would occur immediately after infusion. Porrino (1993) reported
that doses of cocaine given i.p. and i.v. that led to similar increases in
locomotor activity had different effects on brain glucose metabolism
in rats. Following i.p. infusions only those areas of the brain directly
related to locomotor activity showed increases in glucose metabo-
lisms. Following i.v. administration, the increase in glucose metabo-
lism included more brain regions and included areas thought to be
important to drug self-administration. Brown and Kiyatkin (2005)
studied the effects of different infusion durations on rat brain
temperature in the nucleus accumbens and ventral tegmental area.
Changes in temperature in these areas may reflect changes in brain
metabolism (Kiyatkin, 2004) and therefore may be a marker for the
ongoing activity state of these brain regions. They found that shorter
infusion durations led to greater increases in brain temperature in the
nucleus accumbens and ventral tegmental area. Given all these
findings it is probably not surprising that rats prefer to self-administer
cocaine at faster infusion rates.

In conclusion, faster infusions of cocaine are clearly more effective
reinforcers during acquisition of cocaine self-administration in rats.
These results support evidence that human drug abusers are more
likely to abuse drugs that have more rapid onsets (Gossop et al., 1992;
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Hatsukami and Fischman, 1996) and that abusers typically self-
administer i.v. drugs with a short injection duration (Zernig et al.,
2003). Once drug self-administration is acquired, however, delivery
rate may not play as important a role in the maintenance of drug self-
administration. The weaker effect of delivery rate during maintenance
might be due to habit formation (Dickinson, 1985; Dickinson et al.,
1995), in which the response comes under the control of external
stimuli rather than the immediate reinforcing effects of the drug. It
seems unlikely, however, that delivery rate plays no role in the
maintenance of drug self-administration, as some rats in the current
experiment did switch their responding to the response associated
with the faster infusion duration during reversal. There are probably
infusion duration parameters and cocaine doses where infusion
duration would have an even stronger effect during maintenance.
Finally, these findings regarding the effects of infusion duration on
choice behavior do not appear to be unique to drug self-administra-
tion. Parallel behavioral effects can be observed with food as the
reinforcer by manipulating the delay of reinforcement.
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