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Abstract

In general, faster infusions of cocaine are more likely to support behavior related to abuse than are
slower infusions. However, some studies of cocaine self-administration in rats have failed to
support this finding, possibly because the effect was masked by other factors. One such factor may
be the pairing of a stimulus with the infusion, a procedure that is known to facilitate acquisition of
drug self-administration. We compared fast and slow infusions by allowing groups of rats to
acquire cocaine self-administration at a dose of 1 mg/kg/infusion, delivered over different
durations (1.8 or 100 sec). Two groups were trained with either short or long infusions paired with
a visual stimulus change (lights off), and two other groups were trained with short or long
durations but with no stimulus change. Both groups trained with a paired stimulus acquired
cocaine self-administration. With no stimulus change, the rats trained with the 1.8-sec infusion
acquired cocaine self-administration at a rate comparable to the two groups that were trained with
a paired stimulus. However, most rats in the group trained with the 100-sec infusion that was not
accompanied by a stimulus change failed to acquire cocaine self-administration. The stimulus
itself did not support responding. These results indicate that infusing a given dose of cocaine over
a longer duration reduces its ability to support self-administration, but drug-paired stimuli can
partially mask this effect by enhancing the effectiveness of slow infusions.
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Substantial clinical and preclinical evidence supports the "rate hypothesis,” which states that
the speed of onset of a drug can have a substantial effect on behavior related to abuse
(Gorelick, 1998). For example, clinical laboratory studies have shown that rapidly delivered
drugs produce more positive subjective effects in humans. This has been shown with a
variety of drugs, including cocaine (Abreu et al., 2001; Nelson et al., 2006; Volkow et al.,
2000), diazepam (de Wit et al., 1993), pentobarbital (de Wit et al., 1992), methyphenidate
(Kollins et al., 1998; VVolkow et al., 2002), morphine (Marsch et al., 2001) and alprazolam
(Mumford et al., 1995). These reports support clinical case reports that also suggest that
drugs that have a more rapid onset are more likely to be abused or to produce more severe
symptoms of dependence (e.g., Gossop and Strang, 1992; Hatsukami and Fischman, 1996).
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Most research on this phenomenon in animals has focused on drug self-administration. In
this context, drugs that are given more rapidly or that have an inherently faster onset are
more likely to be self-administered or to maintain higher levels of self-administration. For
example, when the same dose of cocaine is administered rapidly it will support higher rates
of self-administration responding than cocaine given more slowly (Balster and Schuster,
1973; Kato et al., 1987; Panlilio et al., 1998; Schindler et al., 2009; Woolverton and Wang,
2004). Similar effects are observed with other drugs that have a mechanism of action similar
to cocaine, but that have different inherent onset times. That is, compounds that have a
slower onset than cocaine are not as likely to be self-administered, or they maintain lower
rates of responding than cocaine (Kimmel et al., 2007, 2008; Woolverton et al., 2002).
Winger et al. (2002) studied NMDA agonists with different inherent onset times and found
that compounds with the fastest onset times supported greater self-administration behavior.
Similarly, Wee et al. (2006) studied a number of cocaine analogs with different inherent
onset times and compared them to cocaine in rhesus monkeys. They found that those
compounds with slower onsets were associated with a weaker reinforcing effect as measured
by self-administration. Unlike onset of action, duration of action does not appear to affect a
drug’s ability to support self-administration (Ko et al., 2002; Panlilio and Schindler, 2000).

In addition to self-administration, speed of onset can also affect other behaviors that may be
related to abuse. Cocaine is more likely to produce increases in locomotor activity when
given rapidly (Brown and Kiyatkin, 2005; Desai et al., 2005) and locomotor sensitization to
cocaine is more likely with a rapid infusion (Samaha et al., 2002, 2004). Further, it has
recently been shown that addiction-like escalation of cocaine self-administration during
long-access conditions is more likely if cocaine is given rapidly (Wakabayashi et al.,
20010).

Despite this evidence, several research reports have failed to support the rate hypothesis. In
rats, manipulations of cocaine infusion duration did not appear to affect either the
acquisition or maintenance of cocaine self-administration (Crombag et al., 2008; Liu et al.,
2005; Wakabayashi et al., 2010), although when given a choice, rats readily choose cocaine
given more rapidly over cocaine given more slowly (Schindler et al., 2009). In primates a
number of drugs that have relatively slow onset times are self-administered (Lile et al.,
2003). These results suggest that factors other than the pharmacodynamic and
pharmacokinetic effects of the drug may also play into whether a drug is self-administered.

One of these factors may be whether a stimulus change accompanies the presentation of the
self-administered drug. For the relatively weak reinforcer nicotine, a stimulus paired with
the nicotine seems to be crucial to whether it will be self-administered by rats (Caggiula et
al., 2002). With a reinforcer like cocaine, the stimulus may not be as important (Carelli and
Ijames, 2000; Derouche-Gamonet et al., 2002), although even for cocaine the stimulus can
facilitate self-administration at lower self-administration doses (Schenk and Partridge,
2001). Lower cocaine doses are also more susceptible to manipulations such as a delay
between the response and the reinforcer (Beardsley and Balster, 1993). When cocaine is
delivered more slowly, it may be functionally similar to a lower cocaine dose or delayed
reinforcement. Therefore, the presentation of a stimulus change with the cocaine injection
may facilitate the self-administration of cocaine when given over a longer duration.

In the rat study by Liu et al. (2005) where delivery rate did not greatly affect cocaine self-
administration, the cocaine injections were signaled by the retraction of the response lever.
In the Crombag et al. (2008) study it was not clear if a stimulus was associated with the drug
injection, but in the Wakabyashi et al. (2010) study there was no stimulus change associated
with the injection. Overall, these finding suggest that a stimulus associated with the cocaine
injection may facilitate the acquisition of self-administration when cocaine is given more
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slowly. To directly evaluate this possibility in the current study we investigated the
acquisition of cocaine self-administration in rats trained with either a fast infusion speed or a
slow infusion speed and with either an accompanying stimulus change (lights going off) or
no stimulus change. The difference between acquisition under fast and slow infusion speeds
was relatively small when there was a stimulus change, but robust when there was no
stimulus change, suggesting that a stimulus can mask the effects of infusion speed. Testing
of additional groups indicated that the stimulus change itself did not support responding
under the conditions used here.

1. METHOD
1.1 Subjects

The subjects were experimentally naive, male Sprague-Dawley rats (n=63), weighing
approximately 350-380 g at the beginning of the experiment. Rats were individually housed
in a room with a 12:12 h reverse light-dark cycle (lights on at 2200 h), at an average
temperature of 23° C. The animals had free access to water, but food was restricted in order
to maintain a weight of approximately 350 g. The guidelines of the Institutional Animal
Care and Use Committee 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.

Jugular-vein catheters were implanted for intravenous (i.v.) drug administration. The
catheters were made of approximately 3 cm of Silastic tubing (Dow Corning, 0.44 mm i.d.,
0.9 mm o.d.) connected to vinyl tubing (Dural Plastics, 0.5 mm i.d., 1.0 mm o.d.) and were
inserted into the right jugular vein. The tubing exited through the back in the mid-scapular
region and was plugged with an obturator. All animals were given at least 7 days to recover
before beginning training. The procedure followed for catheter implantation was described
in detail by Panlilio et al. (1996). Immediately following catheter implantation, an incision
was made posterior to the exit site of the catheter and a 20 mm nylon screw was inserted
serving as a back mount. Catheters were flushed before and after each training session with
0.2 ml of a saline solution. If catheters became difficult to flush or it there was a question as
to whether it remained operable, the catheter would then be tested using an injection 0.1 ml
of 15 mg/ml of i.v. ketamine. An immediate loss of consciousness by the rat was taken as
evidence of an operable catheter. If a catheter was discovered to be inoperable during the
course of the experiment, an attempt was made to implant a second catheter in the left
jugular vein. If this catheter also failed, the subject was dropped from the experiment. A
total of 9 rats were dropped from the study due to catheter failure.

1.2 Apparatus

Eight training chambers (ENV-008CT, Med Associates, St Albans VT) were used, each of
which had a grid floor and two nose-poke response holes, which could be illuminated from
inside the hole by a dim yellow light. (ENV-114BM, Med Associates). Each of the
chambers was individually enclosed in sound-attenuation chambers equipped with fans for
ventilation and background noise (ENV-018M, Med Associates). A houselight (ENV-215M,
Med Associates) that could illuminate the entire chamber was situated above the wall behind
nose-poke holes. The offset of the houselight and nose-poke hole lights served as the
stimulus.

A metal spring was suspended from the ceiling, from a single-channel fluid swivel (Instech,
Plymouth Meeting, PA). Cocaine was delivered through Tygon tubing inserted through this
metal spring. The metal spring was attached to the back mount on the rat to prevent the
catheter from disconnecting during training sessions. The tubing from the fluid swivel was
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connected to a syringe that was controlled by a fast or slow motor-driven pump (PHM-100,
Med Associates) located outside of the chamber. A 30 ml syringe was used for the fast
pump, configured to administer a 1.8 s infusion and a 20 ml syringe was used for the slow
pump, which was configured to administer a 100 s infusion. Both pumps delivered the same
concentration and volume (0.3 ml/injection) of cocaine solution. All experimental events
were controlled and recorded by a MED-PC computer system (Med Associates).

1.3 Procedure

1.4 Drugs

1.3.1 Experiment 1—Rats were placed in training chambers once a day every weekday.
At the beginning of each session, the houselight and the two nose-poke holes were
illuminated. A response in the correct nose-poke hole was immediately reinforced with
either a 1.8 sec fast (n = 8) or 100 sec slow (n = 9) infusion of 1.0 mg/kg of cocaine.
Responses in the other nose-poke hole had no programmed consequence, but were counted.
The nose-poke holes (left or right) that were reinforced were counterbalanced across
subjects. Each response was also followed by a 110 s time out period, during which the
houselights and nose-poke hole lights were turned off. The timeout and the injection began
simultaneously. Responses during the timeout were counted, but had no programmed
consequence. All rats completed 15 days of training. Sessions were two and a half hours in
length.

1.3.2 Experiment 2—The procedures used in this experiment were identical to
Experiment 1 with the exception of the stimulus change associated with the cocaine
injection. Following the reinforced response, the houselights and nose-poke hole light
remained illuminated for the duration of the 110 s timeout. Different groups of rats were
trained with the fast (n = 10) and slow (n = 8) infusion durations.

1.3.3 Experiment 3—To determine whether the stimulus change itself could support nose-
poking, a separate group of 11 rats were presented with only the stimulus change following
active nose-pokes (stimulus-only group). For 8 other rats, nose-poking in either hole had no
consequence (no-stimulus, no-drug group), but the holes were randomly assigned as active
and inactive prior to the beginning of training, and for the purpose of data collection
responses in the active hole produced unsignaled timeout periods to parallel the other five
groups. All other stimulus conditions were the same as for the first 2 experiments and rats
were trained for 15 sessions. These animals had surgery placing a nylon screw on the back
to allow them to be connected to the tether, but did not have jugular vein catheters. No
injections were given for active-hole responding for the rats in the stimulus-only group, but
the pump did operate. There was no consequence of nose-poking in either hole for the no-
stimulus, no-drug group.

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

1.5 Data Analysis

The primary dependent variable was the number of responses in the active and inactive
nose-poke holes. Timeout responses were counted separately. Statistical analysis was
performed on responses per session using SAS software (SAS Institute, Cary, NC) with the
Proc Mixed procedure. Responses per session were analyzed in a full factorial design, with
the factors being Hole (active vs inactive), Speed (Slow, Fast and No drug), Stimulus
(stimulus change vs no stimulus change) and Session (1 — 15). Planned comparisons were
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performed using the Holms correction procedure, maintaining a significance level of 0.05
within each set of comparisons. Timeout responses were analyzed only for the drug groups
in a manner that paralleled the analysis described above, with factors of Hole (active vs
inactive), Speed (Slow vs Fast), Stimulus (stimulus change vs no stimulus change) and
Session (1 — 15). For the trials-to-criterion analysis, groups were compared with an unequal
variance t-test.

2. RESULTS

2.1 Experiment 1: Acquisition With a Cocaine Associated Stimulus

Figure 1 shows the active and inactive responses for those rats trained with a stimulus (light
offset) paired with the infusion of cocaine. Rats trained with both the fast and slow infusion
speed acquired the response as indicated by higher rates of active than inactive responding.
However, there was some indication acquisition of cocaine self-administration occurred
more rapidly and reached a higher level with the fast infusion. In the fast group active
response rates were significantly increased relative to inactive responses beginning on day 4
and continuing to be significantly different on days 7-15. For the slow group active response
were significantly higher than inactive first on day 8 and only one day thereafter. In
addition, the overall level of active responses for the slow group was only 65% as high as in
the fast group.

To further evaluate the speed of acquisition, we calculated the number of sessions to
criterion based on when the subjects made at least 10 active hole responses with at least 80%
of all responses in the active hole on two consecutive sessions. Seven of the 8 rats trained
with the fast infusion met this criterion and 5 of the 9 rats trained with the slow infusion met
this criterion. When a value of 16 sessions was given for any rat not meeting criterion, the
fast infusion (6.8 = 1.7) rats met the criterion in an average of nearly 3.5 days faster than the
rats trained with the slow infusion (10.2 + 2.0), however, this effect was not significant.

2.2 Experiment 2: Acquisition Without a Cocaine Associated Stimulus

Figure 2 shows the active and inactive responses for rats trained without the infusion-paired
stimulus. Rats trained with the fast infusion again acquired the response, as indicated by the
differences between active and inactive responses (see asterisks in Fig. 2). In contrast, rats
trained with the slow infusion failed to show a difference between active and inactive
responses, and average active responses remained below 10 throughout training. In general,
inactive responses were initially higher in training for the no-stimulus groups when
compared with the stimulus groups (compare Figures 1 and 2), while the final level of
inactive responding was similar for both the stimulus and no-stimulus fast infusion groups.

Using the same trials-to-criterion measure described above, 8 of the 10 rats trained with the
fast infusion met criterion by the end of training. Only 2 of the 8 slow infusion rats met
criterion. Using a value of 16 sessions for any rat that failed to meet criterion, rats in the fast
infusion group met criterion in an average of nearly 6 days sooner than the slow infusion
rats (i.e., in 8.3 + 1.6 days versus 14.3 + 1.2 days, respectively), an effect that was
significant (t14.5 = 2.25, p < 0.05).

2.3 Timeout Responding for Drug Groups

Rates of timeout responding were not significantly affected by Hole, Session, Speed, or any
of their interactions in either of the two experiments. Since there was no signal for the
beginning of the timeout in the no-stimulus groups, it may be expected that more timeout
responses would have been observed with these groups. While a large amount of responding
was observed on individual days for a few rats (as indicated by the larger variance), in
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general rates of timeout responding were not greatly affected by the absence of an infusion-
paired stimulus for either the fast or slow infusion groups (data not shown).

2.4 Experiment 3: Responding for the Stimulus Alone

Over the course of training (data not shown), the responding of rats that received no cocaine
but only a stimulus change (stimulus only group) or that received no stimulus change or
cocaine (no-stimulus, no-drug group) was comparable to that rats that received slow cocaine
infusions with no-stimulus change (Figure 2, lower panel). Using the same trials-to-criterion
measure described above, only 2 of the 11 rats in the stimulus only group met criterion.
Using a value of 16 sessions for any rat that failed to meet criterion, rats in the stimulus only
group meet criterion in about the same number of days as the rats in the slow infusion, no-
stimulus groups (i.e. 14.0 + 1.4 days). Responding for the no-stimulus, no drug group was
similarly low throughout training. One of these rats met criterion (group mean 14.5 + 1.5).

2.5 Comparison of the Groups

The first 4 pairs of bars in Figure 3 show the average responses per session for the 4 cocaine
self-administration groups. The final 2 sets of bars in Figure 3 show the responses per
session for those rats that received only the stimulus change for responding in the active hole
or received neither drug nor the stimulus for responding. A factorial analysis revealed
significant main effects of Speed (F; 43 = 4.17, p < 0.05), Hole (F1 43 = 64.2, p, 0.001) and
Session (F14 602 = 2.49, p < 0.01). Significant interactions were also seen with Speed x Hole
(F2,43 =19.9, p <0.001), Speed x Session (Fag 602 = 1.72, p < 0.05) Stimulus x Session
(F14,70 = 2.2, p < 0.05), Hole x Session (F14,600 = 1.73, p < 0.05) and a Speed x Stimulus x
Session (Fpg 70 = 1.66, p < 0.05). When collapsed across sessions, follow-up comparisons
revealed that active lever responding was higher than inactive lever responding for both fast
infusion groups, with the effect for the slow infusion stimulus group approaching
significance (p = 0.06). However, active and inactive responding was not different for the
slow infusion no-stimulus group or for either of the no-drug groups. Comparing active lever
responding, responding for both fast infusion groups was higher than for the no injection,
no-stimulus group, but none of the other groups differed from the no drug, no-stimulus

group.

3.0 DISCUSSION

The primary finding of the current study is that rats acquire cocaine self-administration
faster when the cocaine is given more rapidly. This effect was most evident for the no-
stimulus training conditions. Only 2 rats trained with the slow infusion, no-stimulus
condition even met the criterion for acquisition, and neither of those rats met the criterion in
less than 8 days. In contrast 6 of the 8 rats that met criterion for the fast infusion, no-
stimulus group met criterion in less than 8 days. Even for the stimulus groups, there was
some evidence that rats trained with the faster infusion acquired cocaine self-administration
sooner, showing significant differences between active and inactive responses earlier than
the slow stimulus group. However, the effect of infusion duration was clearly less evident
for the stimulus groups than for the no-stimulus groups. The finding that faster infusions of
cocaine are more likely to be self-administered agrees with a number of research reports in
animals, particularly non-human primates (Balster and Schuster, 1973; Kato et al., 1987;
Kimmel et al., 2008; Panlilio et al., 1998; Woolverton and Wang, 2004). Although rats
prefer cocaine delivered faster (Schindler et al., 2009), some recent studies of both
acquisition and maintenance of cocaine self-administration in rats have failed to show a
clear effect of infusion duration in rats (Crombag et al., 2008; Liu et al., 2005; Wakabayashi
et al., 2010). The current results suggest that the effects of infusion speed may have been
masked by other factors.
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In the present study, the infusion-paired stimulus appeared to facilitate the reinforcing
effects of a slow cocaine infusion. Rats trained with the fast infusion in the no-stimulus
group acquired self-administration similarly to those rats trained with the fast infusion in the
stimulus group. However, rats trained with the slow infusion with the stimulus clearly were
more likely to acquire cocaine self-administration than those rats trained with the slow
infusion without the stimulus. Research with nicotine has shown the importance of the
external stimulus in facilitating acquisition of nicotine self-administration (Caggiula et al.,
2002), although similar effects have not been observed with cocaine self-administration at
higher cocaine doses (Carelli and Ijames, 2000). This suggests that infusing the same dose
of cocaine over a longer period of time may be functionally equivalent to lowering the
cocaine dose.

While the results discussed above suggest that the stimulus change paired with the slow
infusion of cocaine facilitated the acquisition of self-administration, an alternative
explanation could be that cocaine given as a slow infusion is not reinforcing even under the
stimulus conditions, but that the stimulus change alone was itself reinforcing. In fact,
previous studies in rats housed on a reverse light-dark cycle like that used here, do show
acquisition of responding reinforced with only a stimulus where a component of that
stimulus was turning off a houselight (Chaudhri et al., 2006; Palmatier et al., 2007).
However, when that possibility was tested for the current stimulus conditions, the stimulus
change only was not able to support the acquisition of nose-poking. The determination of the
exact nature of the interaction between the stimulus change and the slow cocaine infusion
that allows for the acquisition of self-administration is outside the scope of the current study.
For example, it could be that the slow infusion of cocaine serves to enhance the reinforcing
properties of the stimulus that may still be acting as a weak reinforcer, similarly to the
effects of nicotine on a weak stimulus (Palmatier et al., 2007). Nevertheless, the results do
show that the slow infusion clearly differed from the fast infusion in that is was not able to
support self-administration under the current acquisition parameters in the absence of the
stimulus.

While we observed a clear effect of the stimulus, Wakabayashi et al. (2010) also trained rats
on cocaine self-administration without a paired stimulus change and failed to observe any
effect of infusion duration on cocaine self-administration in rats. The dose of cocaine
administered in the Wakabayashi et al. (2010) study was actually lower than that used here
(0.4 mg/kg/injection). One difference between the studies that may have accounted for this
difference is that Wakabayashi et al., (2010) pretrained rats on a food reinforcement task
using the same response. Clemens et al. (2010) showed that pretraining with sucrose
reinforcement could facilitate nicotine self-administration with both a nose-poke and lever
response.

In addition to reaching the peak drug level faster, a higher drug level can be reached with a
faster administration of the drug (see Panlilio et al., 1998). However, this would not appear
to be a factor with the parameters used in this study. Using the parameters of the current
study, Schindler et al. (2009) modeled peak whole-body cocaine levels produced by an acute
injection at the slowest and fastest pump speeds and found that these peak levels would
differ by only about 3 percent. In addition, changing the speed of infusion would not greatly
affect the duration of the drug's actions 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. How this rate of
rise might produce the differences in drug self-administration observed here is not clear.
Porrino (1993) showed that giving cocaine i.v. to rats was more likely to produce cerebral
metabolic effects in areas of the brain associated with cocaine self-administration than was
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an i.p. injection. Samaha et al. (2004) also showed that faster infusions of cocaine were more
likely to induce c-fos and arc mMRNA expression in the mesocorticolimbic regions of the
brain. These results suggest that the faster infusions of cocaine are more likely to activate
those areas of the brain that would lead to drug self-administration.

Given that the paired stimulus change interacts with cocaine dose to alter the acquisition of
cocaine self-administration, then manipulations that alter that interaction might also change
self-administration independent of cocaine or the stimulus themselves. For example, to the
degree that a paired stimulus can mask the effect of infusion duration in rats, then paired
stimuli may also mask the effect of a pretreatment that functionally antagonizes the direct
effects of cocaine. That is, a pretreatment that effectively lowers the dose of cocaine through
a direct effect on cocaine may not alter cocaine self-administration because of the masking
effect of a paired stimulus. Alternatively, drugs that effectively antagonize the effects of the
stimulus may appear more effective against cocaine than they actually are. Schenk et al.
(2001) reported on the effect of a kappa agonist on cocaine self-administration and found
antagonism of self-administration when the cocaine reinforcement was paired with a
stimulus, but did not see antagonism when cocaine was not paired with a stimulus. This
result would raise the question of whether the effect of the kappa agonist was specific to
cocaine or would affect any other reinforcer paired with a stimulus. In the human drug abuse
situation, a number of investigators have shown the importance of paired stimuli so a
pretreatment drug that antagonizes self-administration only when the reinforcer is paired
with a stimulus would not necessarily detract from its clinical utility. However, it would be
useful to determine the specificity of that effect to the abused drug as opposed to a general
effect of paired stimuli.

While the effect of delivery rate on acquisition and choice in cocaine self-administration
seems clear, the effects of infusion duration on the maintenance of cocaine self-
administration in rats have not been firmly established. Nevertheless, the results of this study
clearly show that speed of infusion of cocaine can affect its ability to support self-
administration, a finding in agreement with a number of both human and primate studies.
These results also show that environmental factors can mask this effect of delivery rate on
cocaine self-administration. While we showed here that a stimulus paired with cocaine
partially masked the effect of changing the infusion duration, it is likely that other
environmental factors may have similar effects.
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Fig. 1.

Active and inactive responses for those rats trained with a stimulus change following the
reinforced response. Results shown in the top panel are for rats (n = 8) that received cocaine
given over 1.8 sec (Fast). Results shown in the bottom panel are for rats (n = 9) that received
cocaine given over 100 sec (Slow). Each point is the mean + s.e.m. *p < 0.05 from inactive
responses on that training day.
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Fig. 2.

Active and inactive responses for those rats trained without a stimulus change following the
reinforced response. Results shown in the top panel are for rats (n = 10) that received
cocaine given over 1.8 sec (Fast). Results shown in the bottom panel are for rats (n = 8) that
received cocaine given over 100 sec (Slow). Each point is the mean £ s.e.m. *p < 0.05 from
inactive responses on that training day.
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Fig. 3.

Responses per session collapsed across sessions for the 4 drug self-administration groups
and for the two no-drug groups. Statistical analysis was performed for the 6 groups as a
factorial design. For that analysis, *p < 0.05 for active vs inactive within the same group, #p
< 0.05 for active response in a group vs the no drug, no-stimulus group. The difference
between active and inactive responses for the slow stimulus group approached significance
(p = 0.06). Stim = Stimulus change associated with response, NoStim = No stimulus change
associated with response, Fast = Fast infusion, Slow = Slow infusion, NoDrug = no infusion.
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