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LEPORE, M. AND K. B. J. FRANKLIN. Modelling drug kinetics with brain stimulation: Dopamine antagonists increase 
se(f-stimulation. PHARMACOL BIOCHEM BEHAV 41(3) 489-496, 1992.--The rewarding effects of brain stimulation 
and drugs are believed to depend on a common neural system. However, the pattern of responding produced by drug 
reinforcers is different from the pattern produced by conventional brain stimulation. Furthermore, pharmacological antago- 
nists of reinforcement increase the rate of drug self-administration but depress self-stimulation. To test the hypothesis that 
the differences in the characteristics of brain stimulation and drugs as reinforcers are due to differences in the kinetics of 
drugs and brain stimulation, we modelled drug kinetics with frequency-modulated trains of brain stimulation. We report that 
animals will self-administer such brain stimulation in a manner that resembles drug self-administration and that, under these 
conditions, dopamine antagonists can increase the rate of self-stimulation. 

Self-stimulation R e w a r d  Reinforcement Drug kinetics Dopamine Pimozide cis-Flupenthixol 

SINCE Olds and Milner (34) discovered animals would learn 
to perform a task to obtain trains of electrical pulses delivered 
to the brain, the study of self-stimulation has been at the 
centre of attempts to map the neural substrate of reinforce- 
ment.Myelinated fibres descending in the MFB, and the as- 
cending dopamine projections from the ventral tegmentum to 
the ventral striatum, appear to be important components of 
the putative neural substrate of brain stimulation reward 
(21,26,53). The neural substrate of drug self-administration 
includes some of the same structures that have been implicated 
in self-stimulation. It is hypothesized that drugs are self- 
administered because they pharmacologically activate the neu- 
ral systems that are activated electrically in self-stimulation 
(4,26). 

However, brain stimulation and drugs have very different 
characteristics as reinforcers that are not easily reconciled. 
Typically, a train of reinforcing brain stimulation consists of 
a series of square-wave pulses (0.1-0.5 ms pulse width) 2-20 
ms apart (50-500 Hz) or 60 Hz sine wave current. The train 
has an abrupt and immediate onset following a response, and 
lasts 1 s or less. Trains as long as 20 s have been used 
(10,24,30), but with long trains stimulation often appears to 
become aversive and animals will work to turn the stimulation 
off (2,42). 

In contrast, even the most rapidly acting drugs, such as 
heroin or cocaine, have a time course of action more than an 

order of magnitude longer than the maximally effective brain 
stimulation trains. Animals will respond reliably for drug rein- 
forcement when the time course of the effect of a single dose 
lasts for many minutes or even hours (47,48). When the dose 
of drug is above the threshold dose for reinforcement, animals 
appear to regulate the amount of drug in the blood in that the 
rate of drug self-administration is inversely related to the dose 
or duration of the drug effect (26,47-49,52,54). Under these 
circumstances, administration of a pharmacological antago- 
nist of the drug results in an increase in the rate of drug 
self-administration (15,47,51,55). In contrast, drugs that are 
believed to block the reinforcing effect of brain stimulation 
depress the rate of self-stimulation or lead to extinction of the 
response ( 13,16,18,46). 

Taken at face value, these differences between drugs and 
brain stimulation as reinforcers suggest that the neural sub- 
strate of drug self-administration has properties very different 
from those established for self-stimulation. Alternatively, 
these differences may be due to technical constraints that have 
determined how brain stimulation and drugs are delivered to 
the brain, that is, to the differing kinetics of brain stimulation 
and drugs. To explore this possibility, we have developed a 
brain stimulation model of drug self-administration using pro- 
longed brain stimulation trains that rise and fall in strength in 
a manner analogous to the absorption and elimination of a 
drug. This report describes the behavioral characteristics of 
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self-administration of brain stimulation (SABS) and the influ- 
ence on it of antagonists of brain stimulation reward. 

EXPERIMENT 1 

Conventional brain stimulation trains are constant- 
frequency trains with instantaneous onset and offset. In con- 
trast, self-administered drugs are absorbed and eliminated at 
rates that vary widely for different drugs. From the point of 
view of stimulation, it is the effect of drugs on neural activity 
that can be modelled by brain stimulation, not the drug con- 
centration itself. However, there is limited information con- 
cerning the kinetics of the effects of drugs on the brain since 
in most cases the neural substrate of drug action is not estab- 
lished. Since drugs that are rapidly absorbed are thought to 
be more readily self-administered, we attempted to model the 
effects of hypothetical drugs with kinetic characteristics that 
varied between those of conventional self-stimulation at one 
extreme and cocaine at the other. Following an intravenous 
injection, the effects of cocaine on the CNS of the cat are 
detectable within 30 s by electrographic recording (12). In 
humans, cardiovascular effects peak within 2-7 min (7,33, 
39,40). Subjective effects in humans also peak within the first 
10 min (25,40), and recent studies have found maximal ratings 
of "rush" and "good" at 2-3 min (27,33). Although the half- 
life of cocaine in plasma in humans may be as long as 48 rain 
(7,25), the effects of cocaine after a bolus injection dissipate 
more rapidly (25,27). The half-life in the rat is estimated at 20 
min (32), but the dopamine (DA)-releasing effect of cocaine 
dissipates with a half-time closer to 12-15 rain (37). Since the 
DA-releasing effect is critical for reinforcement, we assumed, 
for the purpose of stimulation, that the reinforcing effect of 
cocaine in the rat would have an absorption half-time of 32 s 
and an elimination half-time of 1000 s (16.7 min). 

One consequence of slow absorption of a drug is that it 
imposes a delay of reinforcement that would be expected to 
make acquisition of self-administration more unreliable as the 
absorption half-time increases (36). To determine if SABS 
performance was stable over a range of absorption half-times, 
we tested spontaneous acquisition of SABS with half-times of 
2, 8, and 32 s in comparison with spontaneous responding for 
no reinforcement. 

METHOD 

Subjects 

These experiments were carried out in accordance with the 
guidelines for the ethical use of animals in research approved 
by the Canadian Council on Animal Care and McGill Univer- 
sity. 

Adult, male Long-Evans rats (Charles River, St. Constant, 
Quebec) were anesthetised with pentobarbital (60 mg/kg) and 
a bipolar stainless steel electrode, aimed at the lateral hypo- 
thalamus, was implanted in the brain of each rat. Stereotaxic 
coordinates (35) were 0.5 mm posterior to the interaural line, 
+_ 1.5 mm lateral to the midline, and 8.3 mm below the skull 
surface. The correct placement of electrodes was confirmed 
histologically. Rats were allowed at least 1 week to recover 
before testing. 

Apparatus 

Animals were tested in a conventional Skinner box (Coul- 
bourn Instruments, Lehigh Valley, PA) modified for delivery 
of brain stimulation (44) and equipped with a lever on which 

the rat pressed to obtain stimulation. Brain stimulation was 
delivered by an electrically isolated constant current stimula- 
tor. Trains of 0.15 ms square-wave pulses were generated by a 
variable-frequency oscillator. Oscillation frequency was con- 
trolled by a digital to analogue converter and the frequency 
could be changed in 4-Hz steps. A PC-XT microcomputer 
monitored the animals' responses, recorded data, and set the 
appropriate frequency of brain stimulation. The computer 
polled the lever press detectors and reset the brain stimulation 
frequency four times per s. 

Computer Control of Brain Stimulation 

(Full details of the program and hardware are available 
on request.) The frequency of continuously available brain 
stimulation was modulated by the animal's behavior. When 
the animal pressed the lever, the computer began to increase 
the frequency of the brain stimulation train from the existing 
level (initially 0 Hz) toward some specified increment in fre- 
quency (e.g., 200 Hz). The computer reset the stimulation 
pulse frequency four times per s. The rate of change of the 
frequency of the brain stimulation train was controlled by 
varying the interval between the application of successive steps 
of 4 Hz. These intervals were determined by a kinetic equation 
(linear or exponential) for "absorption." The outputs of the 
kinetic equations were rounded to the nearest whole integer to 
be fed to the digitally controlled oscillator. The minimum 
interval was 250 ms. The frequency attained at the end of the 
absorption phase represented the "peak plasma drug concen- 
tration," or "peak concentration at receptors," by analogy 
with drug self-administration. Once the specified increment in 
frequency was reached, the frequency of the stimulation train 
diminished according to a kinetic equation for elimination 
(linear or exponential) so that the frequency of stimulation 
decayed gradually in steps of 4 Hz (see Fig. I). The envelope 
of frequencies, from the beginning of the rise in frequency 
through to maximum frequency and back toward 0 Hz, mod- 
elled the effect of a single dose of a drug. When the rat again 
executed a response that was to be reinforced, another "dose" 
was algebraically added onto whatever portion of the first 
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FIG. l. Time course of the changes in pulse frequency of a hypotheti- 
cal brain stimulation train generated by the SABS program. This train 
is designed to mimic the effect of an hypothetical drug with an absorp- 
tion half-time of 20 s and an elimination half-life of 60 s. Data points 
are stored by the computer at 30-s intervals. A, B, and C indicate the 
time when a reinforced response occurred. For further explanation, 
see text. 
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dose was still present at the time of the response. An example 
of an hypothetical series of 200-Hz doses is shown in Fig. 1. 
At A, the rat responded to initiate the first train, which rose 
to 200 Hz with a 20-s half-time and then decayed with a 60-s 
half-time. At B, the frequency of the first train had decayed 
to 100 Hz when the rat against pressed the lever. The fre- 
quency rose from 100 Hz toward a new peak frequency, ap- 
proximately 300 Hz. If the rat allowed the frequency to fall to 
25 Hz, the next reinforced response at C would cause the 
frequency to peak around 210 Hz and then fall to 0 Hz if 
the rat did not respond again. Thus, the rat's response rate 
determined the average frequency of a stimulation train that 
fluctuated in frequency according to the kinetic equations. 
Since the frequency increased gradually following a lever 
press, an animal might administer several doses in rapid suc- 
cession before the consequences of any single response were 
apparent, thus driving the peak frequency to undesirably high 
frequencies. To prevent this, lever presses were not reinforced 
during the absorption phase of a dose. 

Normally, drug absorption and elimination occur simulta- 
neously so that the peak concentration of drug is higher when 
a drug is eliminated slowly than when it is eliminated quickly. 
In the program, this characteristic could be modelled by simul- 
taneously applying the equations for absorption and elimina- 
tion. 

Procedure: Spontaneous acquisition. Three groups of four 
rats were tested to see if they would spontaneously acquire 
SABS for brain stimulation reinforcements with absorption 
half-times of 2, 8, and 32 s. Elimination half-times were kept 
constant at 100 s. In this experiment, the "dose" was set at 
200 Hz except that four rats were tested but no brain stimula- 
tion was applied (dose = 0 Hz). Animals not previously ex- 
posed to the apparatus, or to brain stimulation, were placed 
in the apparatus and left for 2 h each day for 10 days. Stimula- 
tion current was set at 75/zA. 

RESULTS 

All 12 animals acquired SABS when the SABS program 
was instituted de novo. Once SABS was established, perfor- 
mance remained stable in tests carried out up to 3 months. 
Table 1 shows the median performance of these animals over 
the first 5 days of training. The responding (on day 1 and 
summed over 5 days) of all three stimulated groups was signif- 
icantly greater than the unstimulated group (Mann-Whitney 
U = 0, p = 0.014 in each case). There was no significant 
trend for response rates to increase over days of training. This 

TABLE 1 
MEDIAN PERFORMANCE OF GROUPS OF FOUR RATS 

OVER FIRST 5 DAYS OF TRAINING 

Rise Half-Time Day 1 Day 2 Day 3 Day 4 Day 5 

No stimulation 2.5 1.0 0.5 0.5 0.0 
2 s 25.0 25.0 49.0 59.5 41.0 
8 s 24.0 34.5 38.0 30.5 57.5 
32 s 14.0 18.5 19.5 25.5 12.0 

The values shown are the median number of stimulation 
trains self-administered per daily 2-h session during acquisition 
of self-administration behavior for groups of four rats receiving 
frequency-modulated brain stimulation trains that exponentially 
increased in frequency with half-times from 2-32 s and decayed 
in frequency with a half-time of 100 s. 

indicates that most of the increase in response rate over the 
operant rate took place within the first session. Although rats 
in the 2-s and 8-s half-time groups seemed to have higher 
response rates than those in the 32-s group, individual vari- 
ability was greater than the differences between groups. Re- 
sponse rates ranged from 6-188 responses per session for stim- 
ulated rats, while no unstimulated rat emitted more than 3 
responses in a session. 

DISCUSSION 

The results confirm that the SABS performance is readily 
acquired without any pretraining or previous experience of 
brain stimulation, even when the stimulation frequency takes 
several minutes to reach its maximum (32-s half-time). The 
frequency threshold for self-stimulation under these condi- 
tions is not known, but studies of the frequency threshold for 
brain stimulation reinforcement in other paradigms suggest 
that, with a current of 75-100/zA, the threshold for a l-s train 
would be above 100 Hz (11,19). The "absorption" half-times 
tested in this experiment thus imply that self-administration 
behavior is acquired with delays of reinforcement ranging 
from as little as 0.5 s to 15 s or more. This, and the fact that 
no attempt was made to optimize the stimulation current for 
each rat, may explain the high interindividual and session-to- 
session variability in response rate during acquisition. What- 
ever the explanation, SABS performance is similar to drug 
self-administration, which also shows considerable individual 
and session-to-session variability in rates of self-administra- 
tion (1,29) during acquisition. 

EXPERIMENT 2 

Experiment 1 showed rats will spontaneously self-admini- 
ster brain stimulation when responses modulate the brain 
stimulation frequency so that it rises and falls in a manner 
analogous to the rise and fall of a drug effect on the brain. 
In drug self-administration, rats seem to maintain the drug 
concentration at a level selected by the animal and rarely allow 
the drug effect to cease. The rate of responding, and the drug 
concentration maintained, are strongly influenced by the du- 
ration of action of each drug infusion. In general, the response 
rate declines with increases in the unit dose or with decreases 
in the rate of elimination of the drug (3,8,38,47,51). To see if 
this property of drug self-administration behavior could be 
modelled by self-administration of brain stimulation, Experi- 
ment 2 examined the effects on performance of changing the 
unit dose or the elimination half-time. Since in Experiment 1 
performance was similar at different rates of absorption, a 
short absorption half-time (1 s) was used in Experiment 2 to 
facilitate training and ensure that changes in elimination times 
would be the dominant feature in discrimination between con- 
ditions. 

METHOD 

Subjects 

Subjects were 
ment 1. 

12 rats prepared as described in Experi- 

Procedure 

Effect of dose. Animals were first screened for self-stimu- 
lation using 1-s trains of 200 Hz stimulation, and the current 
was adjusted to produce a moderate rate of responding (500- 
750 responses per hour). They were then placed on the SABS 
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program with a dose of 200 Hz, absorption half-time 2 s and 
elimination half-time 330 s. In this experiment, absorption 
and elimination equations were applied simultaneously. When 
responding had stabilized (10 sessions in most rats), the effect 
of altering dose was tested. Each dose was tested on two con- 
secutive sessions. The first day was used to accustom the rat 
to the new conditions, and the second day provided the data. 
Half the animals were tested with doses of 100, 200, and 400 
HZ in that order, and the other half of the group received the 
doses in the reverse order. 

Effect of elimination time. Animals were screened for 
self-stimulation as above and then placed on the SABS pro- 
gram. Short (1 s) absorption half-times were used, and the 
increment in frequency for each reinforcement ("dose") was 
kept constant at 200 Hz. So peak frequency produced by any 
stimulation would not vary with the elimination half-time, the 
elimination subroutine was locked out until absorption was 
completed. Animals were initially allowed to self-administer 
trains with an elimination half-time of 20 s. When perfor- 
mance was stable, which required about five sessions, they 
were allowed to respond for trains of 2000-s elimination half- 
time until stable performance was obtained. Each rat was then 
tested for three consecutive sessions with elimination half- 
times of 2, 20, 200, and 2000 s. The order of testing the 
different half-times was randomized for each rat. Preliminary 
trials indicated the pattern of responding stabilized during the 
first session on each half-time. The data from the last two 
sessions at each half-time were taken for analysis. For com- 
parison, an additional group of four rats with similar training 
were tested with l-s trains of 200-Hz brain stimulation in a 
conventional self-stimulation paradigm. 

R E S U L T S  A N D  D I S C U S S I O N  

The rate of SABS was inversely related to both dose and 
elimination half-time. As can be seen in Fig. 2, the response 
rate declined linearly with the log dose over the range tested, 
F(2,6) = 13.53, p < 0.01. The regression of response rate on 
log dose yielded r = 0.98. The strength of this relationship 
may seem extraordinarily high, but it is similar to the relation- 
ship between the rate of self-injection of cocaine or heroin 
and the unit dose of the drug (26). Moreover, the fact that 
response rate is linearly related to log dose is consistent with 
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the pharmacokinetic principle that, in the middle range of 
effective doses (20-800/0 effect), the duration of effect should 
be linearly related to log dose (45). 

The relationship between duration of effect and .self- 
administration behavior is very clearly shown when elimi- 
nation half-time is varied. Figure 3 shows the relationship 
between elimination half-time and response rate and the mean 
frequency maintained by that response rate. The maintained 
frequency here is analogous to the mean plasma concentration 
of a drug in a drug self-administration experiment. The mean 
frequency maintained increased with the elimination half- 
time, F(4,12) = 10.45, p < 0.001, and regression of fre- 
quency on dose yielded r = 0.81 (p < .0001). Higher-order 
regressions did not significantly improve the fit. 

Figure 4 shows the records of responding for one rat. With 
short half-times (< 20 s), performance was similar to that ob- 
served in conventional self-stimulation. Animals spent most 
of the time responding, and the stimulation frequency fell to 
zero after each reinforcement. The mean frequency of brain 
stimulation maintained was in the range of frequencies used 
in conventional self-stimulation (75-250 Hz). With longer 
elimination half-times (>  20 s), the rats' behavior more closely 
resembled drug self-administration in that the response rate 
was low and responses occurred at intervals that seemed to 
top-up the stimulation frequency when it fell too low (Fig. 
4). Although response rate fell as the elimination half-time 
increased, the compensation was incomplete and mean fre- 
quency continued to rise. Similarly, in drug self-adminis- 
tration, though the rate of self-administration falls as unit 
dose increases, the total drug intake continues to increase 
(48,49,52). 

In drug self-administration, interresponse times are short 
at the beginning of a session and become longer and relatively 
uniform as drug concentration increases (54). Likewise, rats 
self-administering brain stimulation took several doses in 
rapid succession at the beginning of the session and the aver- 
age frequency was then raised to a level maintained by bouts 
of responding at regular intervals (Fig. 4). Not all subjects 
respond as regularly as the one shown in Fig. 4. In particular, 
some subjects (e.g., see Fig. 6) responded more slowly during 
the second and third hour of the session. In either case, the 
pattern of responding was consistent from one session to the 
next. Rats showed no signs of aversion or distress during 
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long-lasting trains of stimulation. At the beginning of a ses- 
sion, they were very active and spent most of their time in 
rearing and sniffing or locomotion. In the second and third 
hour, activity declined, and in some rats the rate of responding 
also slackened. At this time, rats were observed to be sitting 
quietly while stimulation continued at several hundred Hz. 
Periodically, the rat would get up and administer another 
dose. 

It may be noted that with half-times of 200 or 2000 s the 
stimulation is maintained between 800 and 1000 Hz for most 
of the session. There have been few studies of self-stimulation 
with such high-frequency stimulation trains. Trains of 500- 
1000 Hz have been reported to be reinforcing (6,31), although 
the efficiency of high-frequency trains as activators of the 
reinforcement system is thought to reach a maximum at 200- 

300 Hz (30,31). Nevertheless, it has been suggested that the 
total reinforcing effect of an extended high-frequency train 
can continue to increase slowly up to approximately 1000 Hz 
(31). This is confirmed by our data for the 2000-s half-time 
where animals respond reliably to increase the frequency from 
700-800 Hz to 900-1000 Hz (e.g., top panel, Fig. 4). 

EXPERIMENT 3 

Experiment 2 showed the operant behavior of rats self- 
administering brain stimulation resembles the behavior of ani- 
mals self-administering drugs in several respects. In particular, 
animals appear to control the overall level of stimulation they 
receive, just as they maintain a relatively constant drug level. 
Another distinctive feature of drug self-administration is that 
animals increase the intake of a drug when the drug's effect is 
challenged by a dose of a pharmacological antagonist (15, 
47,51,55). This is presumably because challenge with a phar- 
macological antagonist is functionally equivalent to reducing 
the dose. The reinforcing effects of brain stimulation can be 
also challenged by drugs that block DA receptors (13,16- 
18,20). To see if animals self-administering brain stimulation 
would compensate for pharmacological antagonism of rein- 
forcement, we examined the effect of the DA antagonists cis- 
flupenthixol and pimozide on SABS. 

M E T H O D  

Subjects 
Subjects were 21 rats operated as described in Experi- 

ment I. 

Procedure 

Animals were screened for self-stimulation and given pre- 
liminary training as described in Experiment 2. A group of six 
rats were trained on conventional self-stimulation for 1-s 
trains of 100 Hz stimulation. The remaining rats were allowed 
to self-administer brain stimulation with the parameters listed 
below for 3 h every second day till responding was stable. 
Stability was defined as no more than 15% fluctuation in 
response rate over three consecutive sessions. SABS parame- 
ters were set at a dose of 200 Hz with an absorption half-time 
of 2 s, and elimination half-time of 330 s. To prevent acciden- 
tal overdosing, once an increase in frequency was scheduled 
access to additional brain stimulation was locked out until 
the train reached its maximum frequency. During the lockout 
period, responses were recorded but not reinforced. 

Drug tests were carried out over four consecutive sessions 
with drugs administered as follows: low dose of pimozide or 
c/s-flupenthixol, vehicle, vehicle, high dose of pimozide or 
cis-flupenthixol. SABS was tested with both c/s-flupenthixol 
and pimozide, conventional self-stimulation with pimozide 
only. The effect of cis-flupenthixol on SABS and pimozide on 
conventional self-stimulation were tested in l-h sessions. The 
effect of pimozide on SABS was tested over 3-h sessions. 

Drugs 
Preliminary trials indicated that low doses (0. I-0.2 mg/kg) 

of c/s-flupenthixol or pimozide would increase SABS, while 
after higher doses responding became unstable. Pimozide (0.1 
or 1.0 mg/ml) was dissolved in 3% tartaric acid and 1 ml/kg 
of the appropriate solution was injected 4 h before the start 
of the test session. Flupenthixol (0.1 mg/ml) was dissolved in 
water and injected 1 h before testing. All drugs were adminis- 
tered IP. 
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RESULTS 

Cis-flupenthixol 

A dose of 0.1 mg/kg of the DI/D2 antagonist c/s- 
flupenthixol increased SABS responding in five of six rats 
compared to a vehicle injection. Mean self-administration 
rates were increased from 55.6 to 69.8 per hour (p < 0.05, 
Wilcoxon test). The higher dose of c/s-flupenthixol (0.2 mg/ 
kg) did not alter response rate. 

Pimozide 

Figure 5 shows the effect of pimozide on SABS during a 
3-h session and on conventional self-stimulation during a 1-h 
session. During the first hour, 0.1 mg/kg pimozide increased 
the rate at which rats self-administered brain stimulation 
(p = 0.033; Wilcoxon test) and raised the mean brain stimula- 
tion pulse frequency (p = 0.021). The rate of SABS in both 
groups fell over the 3 h, but at no time did rats consistently 
respond more slowly under pimozide than under vehicle con- 
dition. In fact, five of nine rats responded faster in the second 
hour and six of nine responded faster in the third hour, al- 
though the magnitude of the differences was variable. Pimoz- 
ide 1 mg/kg severely depressed the rate of self-administration 
in the first hour (p = 0.008) and eliminated responding in the 
second and third hours. The compensatory increase in SABS 
under pimozide 0.1 mg/kg can be readily seen in individual 
cases, one of which is displayed in Fig. 6. As can be seen in 
the right panel of Fig. 5, the rate of conventional self- 
stimulation was depressed by both 0.1 mg/kg pimozide (p = 
0.028) and 1 mg/kg (p = 0.028). 

DISCUSSION 

Pimozide and other dopamine antagonists have been re- 
ported to reduce the reinforcing effect of brain stimulation 
and drugs in several behavioral models (9,17,18,20,23,28,55). 
A dose of 0.1 mg/kg pimozide has previously been shown to 
raise the frequency threshold for brain stimulation reward 
(17,20,28) without causing significant disruption of perfor- 
mance, while doses over 0.5 mg/kg cause a general depression 
of performance (14). In the present experiment, 0.1 mg/kg 
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pimozide depressed conventional self-stimulation in all ani- 
mals tested, confirming that pimozide reduced the reinforcing 
effect of single brain stimulation trains. Under similar condi- 
tions, the rate of SABS was consistently increased. Thus, the 
increased rate of SABS produced by low doses of pimozide 
or cis-fiupenthixol can be interpreted as a compensation for 
reduced effectiveness of the reinforcer. These findings provide 
strong support for the view (16) that antagonistic effects of 
neuroleptics on self-stimulation cannot be attributed simply 
to motor deficits. 

Although the effect of DA antagonists on SABS is similar 
to their effect on drug self-administration, the increased rate 
of SABS is not reliable beyond the first hour or so. In compar- 
ison, the increase in psychostimulant self-administration pro- 
duced by DA antagonists is more dramatic and lasts for sev- 
eral hours (41,50). There are several reasons why the parallel 
between SABS and drug self-administration might he incom- 
plete. First, there was a ceiling to the increase in SABS due to 
the fact that most rats were maintaining the stimulation at 
pulse frequencies close to the physical limit of the frequency 
generator (800-100 Hz). Moreover, since these frequencies are 
probably near the physiological upper limit for summation of 
reinforcing effects (31), it is to he expected that further in- 
creases in pulse frequency would have relatively small effects 
on reinforcement magnitude. Thus, increasing SABS to over- 
come the DA antagonists would be only partially successful. 
Pharmacological considerations point to a similar conclusion. 
Amphetamine and cocaine overcome the pharmacological ef- 
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fects of DA antagonists so that increased self-administration 
not only restores the reinforcing effect but also overcomes 
other effects of  DA antagonists. In comparison with psycho- 
stimulant drugs, DA release produced by brain stimulation is 
likely to be much more limited in quantity and anatomical 
distribution (22,43), again suggesting that increased SABS 
could only partially overcome the effect of  a DA antagonist. 

GENERAL DISCUSSION 

The results of  the three experiments show that when ani- 
mals self-administer trains of  brain stimulation thaf have a 
time course that resembles the time course of  the effect a drug 
in the brain the pattern of  responding is similar to that of  
drug self-administration. Animals control the level of  brain 
stimulation and increase the rate of  self-administration to 
compensate for decreases in the effect of  stimulation caused 
by reduction of  stimulation frequency or by drugs that reduce 
the reinforcing effect of  stimulation. 

Taken together, the results suggest that differences between 
the patterns of  responding for brain stimulation and drugs 
can be largely accounted for by differences in the time course 
of  the effects of  these reinforcers on the brain. When the time 
course of brain stimulation is made to mimic the time course 

of  a drug effect, there are remarkable similarities in the self- 
administration of  brain stimulation and drugs. The fact that 
these similarities extend to the effects of DA antagonists on 
self-administration behavior supports the hypothesis that do- 
paminergic mechanisms play a similar role in the neural sub- 
strate of reinforcement in both paradigms (4,26). 

Finally, the SABS paradigm confirms that the kinetic char- 
acteristics of  a reinforcer are an important determinant of its 
properties as a reinforcer. This supports the view (5) that the 
pharmacokinetic characteristics of  drugs may also be an im- 
portant determinant of  their properties as reinforcers of  be- 
havior. Computer control of  brain stimulation allows the ex- 
perimenter to mimic the effects of  drugs that differ only in 
their kinetic characteristics or drugs that have unusual kinetic 
characteristics. This type of  brain stimulation may, therefore, 
be a useful tool to study the determinants of drug self- 
administration and other behaviors produced by drugs. 

ACKNOWLEDGEMENTS 

This research was supported by the National Research Council 
of Canada and the program Formation de Chercheurs et d'Action 
Concert~e of Quebec. M.L. was supported by an F.C.A.R. graduate 
scholarship. We thank P. M. Milner, J. S. Yeomans, and R. A. Wise 
for critical comments on an earlier draft of this manuscript. 

REFERENCES 

1. Amit, Z.; Brown, W.; Sklar, L. S. Intraventricular self- 13. Ettenberg, A. Dopamine, neuroleptics and reinforced behavior. 
administration of morphine in naive laboratory rats. Psychophar- 
macology (Bed.) 48:291-294; 1976. 

2. Atrens, D. A reinforcement analysis of rat hypothalamus. Am. 
J. Physiol. 224:62; 1973. 

3. Balster, R. L.; Schuster, C. R. Fixed-interval schedule of cocaine 
reinforcement: Effect of dose and infusion duration. J. Exp. 
Anal. Behav. 20:119-129; 1973. 

4. Bozarth, M. A.; Wise, R. A. Involvement of the ventral tegmen- 
tal dopamine system in opioid and psychomotor stimulant rein- 
forcement. In: Harris, L. S., ed. Problems of drug dependence. 
Washington, DC: U.S. Government Printing Office, 1986:190- 
196. 

5. Busto, U.; Sellers, E. M. The pharmokinetic determinants of drug 
abuse. Clin. Pharmacokin. l 1:144-153; 1986. 

6. Campbell, K. A.; Evans, G.; Gallistel, C. R. A microcomputer- 
based method for physiologically interpretable measurement of 
the rewarding efficacy of brain stimulation. Physiol. Behav. 35: 
395-403; 1985. 

7. Chow, M. J.; Ambre, J. J.; Tsuen, I. R.; Atkinson, A. J. Jr.; 
Bowsher, D. J.; Fischman, M. W. Kinetics of cocaine distribu- 
tion, elimination, and chronotropic effects. Clin. Pharmacol. 
Ther. 38:318-324; 1985. 

8. Dai, S.; Corrigal, W. A.; Coen, K. M.; Kalant, H. Heroin self- 
administration by rats: Influence of dose and physical depen- 
dence. Pharmacol. Biochem. Behav. 32:1009-1015; 1989. 

9. de Wit, H.; Wise, R. A. Blockade of cocaine reinforcement in 
rats with the dopamine blocker pimozide, but not with the norad- 
renergic blockers phentolamine or phenoxybenzamine. Can. J. 
Psychol. 31:195-203; 1977. 

10. Deutsch, J. A.; Roll, P. L.; Wetter, F. Choice between reward- 
ing brain stimuli of differing length. Behav. Biol. 18:369-377; 
1976. 

11. Edmonds, D. E.; Stellar, J. R.; Gallistel, C. R. Parametric analy- 
sis of brain stimulation reward in the rat: II. Temporal summa- 
tion in the reward system. J. Comp. Physiol. Psychol. 87:860- 
869; 1974. 

12. Ellinwood, E. H.; Kilbey, M. M.; Castellani, S.; Khoury, C. 
Amygdala hyperspindling and seizures induced by cocaine. In: 
Ellinwood, E. H. Jr.; Kilbey, M. M., eds. Cocaine and other 
stimulants. New York: Plenum Press; 1977:303-326. 

Neurosci. Biobehav. Rev. 13:105-111; 1989. 
14. Ettenberg, A.; Cinsavich, S. A.; White, N. Performance effects 

with repeated-response measures during pimozide-produced do- 
pamine receptor blockade. Pharmacol. Biochem. Behav. 11:557- 
561; 1979. 

15. Ettenberg, A.; Pettit, H. O.; Bloom, F. E.; Koob, G. F. Heroin 
and cocaine intravenous self-administration in rats: Mediation 
by separate neural systems. Psychopharmacology (Bed.) 78:204- 
209; 1982. 

16. Fouriezos, G.; Wise, R. A. Pimozide-induced extinction of intra- 
cranial self-stimulation: Response patterns rule out motor deficit. 
Brain Res. 380:377-380; 1976. 

17. Franklin, K. B. J. Catecholamines and self-stimulation: Reward 
and performance effects dissociated. Pharmacol. Biochem. Be- 
hay. 9:813-820; 1978. 

18. Franklin, K. B. J.; McCoy, S. N. Pimozide-induced extinction 
in rats: Stimulus control of responding rules out motor deficit. 
Pharmacol. Biochem. Behav. 11:71-75; 1979. 

19. Gallistel, C. R.; Freyd, G. Quantitative determination of the ef- 
fects of catecholamine agonists and antagonists on the rewarding 
efficacy of brain stimulation. Pharmacol. Biochem. Behav. 26: 
731-741; 1987. 

20. Gallistel, C. R.; Karras, D. Pimozide and amphetamine have 
opposing effects on the reward summation function. Pharmacol. 
Biochem. Behav. 20:73-78; 1984. 

21. Gallistel, C. R.; Shizgal, P.; Yeomans, J. S. A portrait of the 
substrate for self-stimulation. Psychol. Rev. 88:228-273; 1981. 

22. Graybiel, A. M. Neurotransmitters and neuromodulators in the 
basal ganglia. Trends Neurosci. 13:244-254; 1990. 

23. Gunne, L. M.; Anggard, E.; J6nsson, L. E. Clinical trials with 
amphetamine-blocking drugs. Psychiat. Neurol. Neurochir. 
(Amst.) 75:225-226; 1972. 

24. Hodos, W. Motivational properties of long durations of reward- 
ing brain stimulation. J. Comp. Physiol. Psychol. 59:219-224; 
1965. 

25. Javaid, J. I.; Fischman, M. W.; Schuster, C. R.; Dekirmenjian, 
H.; Davis, J. M. Cocaine plasma concentration: Relation to phys- 
iological and subjective effects in humans. Science 202:227-228; 
1978. 

26. Koob, G. T.; Vaccarino, F. J.; Amalric, M.; Swerdlow, N. R. 



496 L E P O R E  A N D  F R A N K L I N  

Neural substrates for cocaine and opiate reinforcement. In: 
Fisher, S.; Raskin, A.; Uhlenhuth, E. H., eds. Cocaine: Clinical 
and biobehavioral aspects. New York: Oxford University Press; 
1987:80-108. 

27. Kumor, K. M.; Sherer, M. A.; Gomez, J.; Cone, E.; Jaffe, J. 
H. Subjective responses during continuous infusion of cocaine. 
Pharmacol. Biochem. Behav. 33:443-452; 1989. 

28. Lynch, M. R.; Wise, R. A. Relative effectiveness of pimozide, 
haloperidol and trifluoperazine on self-stimulation rate-intensity 
functions. Pharmacol. Biochem. Behav. 23:777-780; 1985. 

29. Lyness, W. H.; Friedle, N. M.; Moore, K. E. Destruction of 
dopaminergic nerve terminals in nucleus accumbens: Effect on 
d-amphetamine self-administration. Pharmacol. Biochem. Be- 
hav. 11:553-556; 1979. 

30. Mason, P. A.; Milner, P. M. Short- and long-term summation 
characteristics of electrical self-stimulation reward. Behav. Brain 
Res. 18:223-231; 1985. 

31. Milner, P. M. Models of motivation and reinforcement. In: Wau- 
quier, A.; Rolls, E. T., eds. Brain-stimulation reward. Amster- 
dam: North-Holland Publishing Co.; 1978: 

32. Misra, A. L.; Pontani, R. B.; Mule, S. J. [aH]Norcocaine and 
[3H]pseudococaine: Effect of N-demethylation and C2-epimeriza- 
tion of cocaine on its pharmacokinetics in the rat. Experientia 32: 
895-897; 1976. 

33. Muntaner, C.; Kumor, K. M.; Nagoshi, C.; Jaffe, J. H. Intrave- 
nous cocaine infusion in humans: Dose responsivity and correla- 
tions of cardiovascular vs. subjective effects. Pharmacol. Bio- 
chem. Behav. 34:697-703; 1989. 

34. Olds, J.; Milner, P. M. Positive reinforcement produced by elec- 
trical stimulation of the septal area and other regions of rat brain. 
J. Comp. Physiol. Psychol. 47:419-427; 1954. 

35. Paxinos, G.; Watson, C. The rat brain in stereotaxic coordinates, 
2nd ed. New York: Academic Press, 1986. 

36. Perin, C. T. A quantitative investigation of the delay-of- 
reinforcement gradient. J. Exp. Psychol. 32:37-51; 1943. 

37. Pettit, H. O.; Justice, J. B. Jr. Dopamine in the nucleus accum- 
bens during cocaine self-administration as studied by in vivo mi- 
crodialysis. Pharmacol. Biochem. Behav. 34:899-904; 1989. 

38. Pickens, R.; Thompson, T. Cocaine-reinforced behavior in rats: 
Effects of reinforcement magnitude and fixed-ratio size. J. Phar- 
macol. Exp. Ther. 16:122-129; 1968. 

39. Post, R. M. Clinical aspects of cocaine: Assessment of acute and 
chronic effects in animals and man. In: Mul6, S. J., ed. Cocaine: 
Chemical, biological, clinical, social and treatment aspects. 
Cleveland, OH: CRC Press; 1976:203-215. 

40. Resnick, R. B.; Kestenbaum, R. S.; Schwartz, L. K. Acute sys- 
temic effects of cocaine in man: A controlled study of intranasal 
and intravenous routes of administration. In: Ellinwood, E. H. 
Jr.; Kilbey, M., eds. Cocaine and other stimulants. New York: 
Plenum Press; 1977:615-628. 

41. Roberts, D. C. S.; Vickers, G. Atypical neuroleptics increase 
self-administration of cocaine: An evaluation of a behavioural 
screen for antipsychotic activity. Psychopharmacology (Bed.) 82: 
135-139; 1984. 

42. Roberts, W. W. Both rewarding and punishing effects from stim- 
ulation of posterior hypothalamus of cat with same electrode at 
same intensity. J. Comp. Physiol. Psychol. 51:400-407; 1958. 

43. Stamford, J. A.; Kruk, Z. L.; Millar, J. Stimulated limbic and 
striatal dopamine release measured by fast cyclic voltammetry: 
Anatomical, electrochemical and pharmacological characterisa- 
tion. Brain Res. 454:282-288; 1988. 

44. Vaccarino, F. J.; Franklin, K. B. J. Self-stimulation and circling 
reveal functional differences between medial and lateral substan- 
tia nigra. Behav. Brain Res. 5:281-295; 1982. 

45. Wagner, J. G. Kinetics of pharmacologic response. I. Proposed 
relationships between response and drug concentration in intact 
animal and man. J. Theoret. Biol. 20:173; 1968. 

46. Wauquier, A.; Niemegeers, C. J. E. A comparison between lick 
or lever pressing contingent reward and the effects of neuroleptics 
thereon. Arch. Int. Pharmacodyn. 239:230-240; 1979. 

47. Weeks, J. R.; Collins, R. J. Factors affecting voluntary morphine 
intake in self-maintained addicted rats. Psychopharmacologia 6: 
267-279; 1964. 

48. Werner, T. E.; Smith, S. G.; Davis, W. M. A dose-response 
comparison between methadone and morphine self-administra- 
tion. Psychopharmacology (Berl.) 47:209-211; 1976. 

49. Wilson, M. C.; Hitomi, M.; Schuster, C. R. Psychomotor stimu- 
lant self-administration as a function of dosage per injection in 
the rhesus monkey. Psychopharmacologia 22:271-281; 1971. 

50. Wilson, M. C.; Schuster, C. R. The effects of chlorpromazine on 
psychomotor stimulant self-administration in the rhesus monkey. 
Psychopharmacologia 26:115-126; 1972. 

51. Wilson, M. C.; Schuster, C. R. The effect of stimulants and 
depressants on cocaine self-administration in behavior in the rhe- 
sus monkey. Psychopharmacologia 31:291-304; 1973. 

52. Winger, G.; Stitzer, M. L.; Woods, J. H. Barbiturate-reinforced 
responding in rhesus monkeys: Comparisons of drugs with differ- 
ent durations of action. J. Pharmacol. Exp. Ther. 195:505-514; 
1975. 

53. Wise, R. A. Brain neuronal systems mediating reward processes. 
In: Smith, J. P.; Lane, eds. The neurobiology of opiate reward 
processes. New York: Elsevier; 1983:405-437. 

54. Yokel, R. A.; Pickens, R. Drug level of d- and l-amphetamine 
during intravenous self-administration. Psychopharmacologia 34: 
255-264; 1974. 

55. Yokel, R. A.; Wise, R. A. Increased lever pressing for amphet- 
amine in rats: Implications for a dopamine theory of reward. 
Science 187:547-549; 1975. 


