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SCHAMA, K. F. AND M. N. BRANCH. Tolerance to effects of cocaine on schedule-controlled behavior: Effects of 
fixed-interval schedule parameter. PHARMACOL BIOCHEM BEHAV 32(I) 267-274, 1989.--Tolerance to the effects of 
cocaine on key pecking by pigeons, maintained by differently valued fixed-interval schedules of food presentation, was 
studied. Key pecking was established on a multiple fixed-interval 5-sec fixed-interval 30-sec fixed-interval 120-sec 
schedule. Cocaine (1.0-10.0 mg/kg) was administered acutely and then chronically (i.e., before each session) in 5.6 mg/kg 
doses. Acute cocaine administration produced dose-related decreases in response rates under all three schedules. When 
cocaine was administered chronically, response rates either recovered fully, or increased to the extent that no reinforcers 
were missed during the sessions. The development of tolerance was not systematically related to the schedule value. 
Considered in relation to previous research, these results indicate that different control rates of reinforcement, within the 
schedules and parameters studied, do not contribute to tolerance to cocaine's behavioral effects. 
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THE occurrence of  tolerance to the behavioral effects of  
cocaine administration when the drug is administered chron- 
ically has not been studied fully, but some modulating fac- 
tors have been implicated. One factor that has been associ- 
ated with tolerance is the initial degree of disruption in rein- 
forcement rate (6, 15, 21,24). That is, if the effects of  cocaine 
on behavior initially result in a decrease in reinforcement 
rate, then tolerance is likely to occur during chronic adminis- 
tration. This assertion, generally known as the "reinforce- 
ment loss" hypothesis, was originally put forward by Schus- 
ter, Dockens and Woods (17) to explain behavioral tolerance 
to d-amphetamine and has since been extended to other 
drugs (5, 7, 10, 20). 

Others factors have also been implicated as modulators of  
tolerance to behavioral effects of  cocaine. Thompson (21) 
reinforced completion of  a four-response chain by pigeons 
with presentations of  mixed grain on a fixed-ratio (FR) 5 
schedule. Under one condition, the sequence changed from 
session to session (learning condition), and under another 
the sequence remained the same (performance condition). 
During chronic administration of  cocaine, tolerance to the 
initial error-increasing effects occurred more slowly, and 

less completely at larger doses, during the learning condition 
than during the performance condition. Thompson pointed 
to the differences in the degree of stimulus control between 
the conditions as a modulator of  tolerance development. 
Also, during Thompsons's  experiment, tolerance did not de- 
velop to cocaine's response-rate increasing or decreasing ef- 
fects during timeouts, where responses had no scheduled 
consequences, and therefore did not result in disruption of 
reinforcement frequency. Thus, the development of 
tolerance to cocaine also was dependent on whether or not 
responses were explicitly reinforced, and the conditions 
under which the responses were reinforced. 

Hoffman, Branch and Sizemore (11) demonstrated that 
schedule parameters can also determine whether tolerance 
to the initial effects of  cocaine occurs, or the degree to which 
it occurs. They reinforced keypecks by pigeons on a multiple 
FR5 FR25 FR125 schedule of  food presentation. Tolerance 
to the initial response-rate decreasing effects of 5.6 mg/kg 
cocaine developed for all subjects during the smallest ratio 
component, and not at all or to a lesser degree during the 
larger ratio components. Since the initial effect of  cocaine 
was to decrease reinforcement rates under all schedule pa- 
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rameters, there were factors other than simple reinforcement 
loss controlling the occurrence of tolerance. Ratio-value 
manipulations involve both changes in the response re- 
quirement, or number of responses necessary to produce the 
reinforcer, and baseline reinforcement rates. Since these fac- 
tors were confounded in the experiment by Hoffman et al., it 
is unclear what the independent contribution of reinforce- 
ment rate and response requirement are with respect to co- 
caine tolerance. 

The present experiment was conducted as a systematic 
replication of the study by Hoffman et al. (11), using fixed- 
interval (FI) schedules of different parameters. The FI val- 
ues were chosen so that baseline reinforcement rates ob- 
tained in Hoffman et al. 's experiment were approximated, 
enabling the manipulation of baseline reinforcement rates 
while holding the response requirement constant (at one re- 
sponse per reinforcement). Baseline reinforcement rate has 
been implicated as a modulator of tolerance to the effects of 
cocaine (15), but has not been studied directly. 

METHOD 

Subjects 

Three adult, male White Carneau pigeons served. They 
were housed individually in cages with water and health grit 
continuously available. Two of the subjects, 636 and 722, 
were kept at 80% of their free-feeding weights by feeding 
them grain as necessary in their home cages after the ses- 
sions. Subject 563 was kept at 75% of its free-feeding weight 
due to frequent failure to respond during an FIl20-sec 
schedule component at the beginning of the experiment. All 
three subjects had been used previously in an undergraduate 
laboratory class where they were exposed to a variety of 
reinforcement schedules, but did not receive any drugs. 

Apparatus 

Sessions were conducted in a 30 by 30 by 33-cm chamber 
that was enclosed in a sound- and light-attenuating, venti- 
lated box. Three walls and the ceiling of the chamber were 
made of Plexiglas. The fourth wall was made of stainless 
steel and contained one translucent Plexiglas key mounted 
behind a 2-cm diameter hole. A static force of 0.40 N or 
greater was required to operate the key. A relay click 
sounded whenever the key was operated while the rein- 
forcement schedules were in effect. The key was transil- 
luminated by red, green, or blue light. Centered 14 cm below 
the key was a 6-cm by 4.5-cm opening through which access 
to mixed grain could be arranged by operating a grain feeder. 
When food was available, the opening was lighted inside by 
two 1.2-W lamps, and all other chamber lights were turned 
off. A white houselight, which emitted diffused light from a 
1.2-W bulb, was mounted at the center of the ceiling. The 
chamber was located in a darkened room where white noise 
was continuously present. Experimental events were ar- 
ranged and data were recorded in an adjacent room by a 
Digital Equipment Corporation PDPS-E computer operating 
under the control of SuperSKED software (18). 

Behavioral Procedures 

Reinforcers were arranged according to a multiple FI5- 
sec (blue keylight) Fl30-sec (green keylight) Fll20-sec (red 
keylight) schedule. In order to vary the sequence of compo- 
nent presentations while assuring that each component ap- 
peared towards the beginning, middle, and end of each ses- 

sion, the sessions were divided into three blocks. Each 
schedule component was presented once within each block 
in random order. During each component, the first peck after 
a fixed amount of time from either the start of the component 
or the end of the last food presentation resulted in 4-sec 
access to mixed grain. Each component ended after either 
five reinforcers were delivered or a specified time limit ex- 
pired. The time limit was 2 min for the FI5-sec component, 5 
rain for the FI30-sec component, and 20 min for the FI120- 
sec component. The components were separated by 60-see 
timeouts during which the key was inoperative and all 
chamber lights were off. Sessions were conducted seven days 
per week, and began I0 min after the subjects were placed in 
the chamber. 

Determination o f  Acute Drug Effects 

Determination of acute effects began after daily baseline 
response rates under each of the schedule values was judged 
to be stable by visual inspection of daily plots. Stability was 
reached after not more than 88 or less than 62 sessions. 
Cocaine hydrochloride was dissolved in 0.9% sodium 
chloride solution. Injections were made into the pectoral 
muscle 10 minutes before the sessions began. Injections 
were administered not less than four days apart. The injec- 
tion volume was 1 ml/kg, and each dose was administered at 
least twice. Saline was also administered at least twice. 
Doses were administered in a descending series: saline, 10.0 
mg/kg, 5.6 mg/kg, 3.0 mg/kg, and 1.0 mg/kg cocaine. Cocaine 
concentrations were determined in terms of the salt. 

Determination o f  Chronic Lffects 

After the acute effects were determined, and after I0 con- 
secutive days of saline injections, 5.6 mg/kg cocaine was 
administered daily, 10 minutes before the sessions began. 
This dose was chosen because during acute administrations 
it reduced overall response rates without completely 
eliminating responding over the entire session. Response 
rates stabliized under daily injections of 5.6 mg/kg cocaine in 
20 days for all subjects. At this time other doses and saline 
were occasionally substituted, but not less than four days 
apart. At least two such substitutions occurred with each 
dose. Substitutions were made in descending series. No drug 
was administered on days when saline was injected. 

RESULTS 

Cumulative Records 

Figures l and 2 contain cumulative records from Pigeons 
636 and 722, respectively, obtained during sessions after 
saiine, 5.6 mg/kg and 10.0 mg/kg cocaine injections under 
acute and chronic conditions. Acute injections of 3.6 mg/kg 
and 10.0 mg/kg cocaine decreased all FI response rates of 
both subjects. The decrease in response rates for Pigeon 722 
did not reduce the number of reinforcement deliveries as 
much as for Pigeon 636. Acute injections of 10.0 mg/kg co- 
caine eliminated the keypecking of both subjects throughout 
the session. After response rates stabilized under chronic 5.6 
mg/kg cocaine injections, it can be seen that attenuation of 
the response-rate decreasing effects of cocaine occurred for 
both subjects. Pigeon 636's response rates after 5.6 mg/kg 
and 10.0 mg/kg injections of cocaine recovered completely 
under chronic conditions during all FI values. Recovery was 
not as complete for Pigeon 722. Response rates increased as 
a result of chronic injections, but still were below saline 
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FIG. 1. Cumulative records of  keypecking for Pigeon 636. Downward deflections of  the response pen indicate food 
presentations. The response pen was reset after each component. Event pen up indicates the small FI component 
(FI5-sec), downward deflections indicate the medium FI (FI30-sec), and rapid excursions indicate the long FI (Fll20- 
sec). On the left are records from sessions preceded by injections of  saline, 5.6 mg/kg, and 10.0 mg/kg cocaine. On the 
right are records from sessions preceded by the same type of  injections, but during otherwise daily injections of 5.6 
mg/kg cocaine. Records were chosen from sessions during which response rates most closely approximated the means 
reported in Fig. 3. 
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FIG. 2. Cumulative records for Pigeon 722. Conventions are as in Fig. 1. 
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FIG. 3. Response rates for each subject in each component as a 
function of drug dose or saline injections (V) during both acute (filled 
circle) or chronic (open circle) phases. Control rates (C) were taken 
from each day immediately prior to an injection during the acute 
phase. During the chronic phase response rates during 5.6 mg/kg 
cocaine are reported from each day immediately prior to an injection 
of an alternative dose. The data points represent means of all obser- 
vations under a particular condition, and the vertical bars indicate 
ranges. Note: ordinate ranges change across components for each 
subject. 

control values. For both subjects, the degree of recovery 
observed was not related to the FI value. Cumulative re- 
cords of Pigeon 563"s performance (not shown) were similar 
to those of Pigeon 636. 

Response Rates 

In the absence of cocaine, the FI schedules employed 
maintained stable responding throughout the experiment, 
with reinforcement rates at or near maximum possible values 
(Table 1). Figure 3 shows the effects of  each dose of cocaine 
on response rates during each of the FI schedule parameters 
for each pigeon under acute and chronic injection regimens. 
For all subjects and schedules during the series of acute 
injections, there were dose-related decreases in response 
rates. For Pigeon 563 there were occasional increases after 
injections of 1.0 mg/kg, and decreases for all larger doses. 
Overall. acute effects of cocaine were not related to the 
schedule parameter. 

During daily 5.6 mg/kg cocaine injections, the response- 
rate decreasing effects of  the larger doses of cocaine were 
attenuated for all subjects under all FI schedule parameters, 
and the degree of attenuation was not systematically related 
to the schedule value in effect. For Pigeon 636, response 
rates after 5.6 and 10.0 mg/kg injections were at or near rates 
after saline injections during all components. This stands in 
contrast to the large decreases observed during acute injec- 
tions. During chronic conditions for Pigeon 722, cocaine in- 
jections of  5.6 and I0.0 mg/kg continued to decrease re- 
sponse rates to below saline control values. These de- 
creases, however, were not as large as those observed during 
acute cocaine injections. For instance, 10.0 mg/kg cocaine 
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FIG. 4. Mean reinforcement rates after 5.6 mg/kg injections of co- 
caine as a percentage of mean reinforcement rates after saline for 
each subject during FI5-sec (S), Fl30-sec (M), and FII20-sec (L) 
components under acute (open bar) and chronic (closed bar) injec- 
tion regimens. 

injections consistently eliminated responding during all 
schedule parameters before the chronic regimen. After 
stable response rates were observed during daily 5.6 mg/kg 
injections, 10.0 mg/kg injections never completely eliminated 
responding during a session. 

Reinforcement Rates 

Figure 4 displays the average reinforcement rates per 
session after 5.6 mg/kg doses of cocaine. Rates are expressed 
as percentages of  saline control values obtained under acute 
and chronic conditions. Following acute injections, rein- 
forcement rates decreased after injections of 5.6 mg/kg co- 
caine for all subjects. The effects of this dose of  cocaine on 
reinforcement rates were not systematically related to the 
schedule parameter across subjects. Subject 722's rein- 
forcement rates did not decrease as much as those of  the 
other two subjects. Inspection of Table 1 shows that absolute 
decreases in reinforcement rates were larger the shorter the 
interval. 

Decreases in reinforcement rates observed during acute 
injections of 5.6 mg/kg cocaine were all but eliminated after 
chronic injections for Subject 636. There was full recovery 
during the medium- and long-interval components and al- 
most complete recovery during the short-interval compo- 
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FIG. 5. Mean response rates for Subject 636 under acute and chronic 
conditions for each schedule value and each block of the session. 
Each schedule value was presented once within each of three suc- 
cessive blocks during each session. Conventions are as in Fig. 3. 
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FIG. 6. Mean response rates for Subject 563 under acute and chronic 
conditions for each schedule value and each session block. Conven- 
tions are as in Fig. 3. 

nent. For Pigeon 563, substantial attenuation of the 
reinforcement-rate decreases occurred during the long- and 
medium-interval components. Very little change occurred 
during the short-interval component, where the acute effects 
were not as large. For Pigeon 722, more recovery of rein- 
forcement rates occurred during the short- and medium- 
interval components. Also, from Table I it can be seen that 
reinforcement rates after injections of 10.0 mg/kg recovered 
fully under chronic conditions for Pigeon 636, and less so for 
the other two subjects. 

Time Course Effects 

In order to assess the time-course effects of cocaine, Figs. 
5, 6, and 7 display the effects of each dose of cocaine on 
response rates under both injection regimens during each 
successive block of the session. For all subjects, cocaine's 
acute effects changed very little across the session. There 
was, however, a slight indication of changes in the amount of 
tolerance throughout the session. Pigeon 722 (Fig. 7) dis- 
played this most prominently in that the degree of attenua- 
tion of acute cocaine effects was larger during the second 
two blocks. This was also true of Pigeon 563, although to a 
lesser degree (Fig. 6). 

DISCUSSION 

During acute administration, cocaine produced dose- 
dependent decreases in response rates. The degree of 
response-rate reduction was not systematically related to the 
FI value across subjects. When cocaine was administered 
chronically, tolerance developed to its response-rate de- 
creasing effects in all subjects. The degree of tolerance ob- 
served was not systematically related to the FI parameters in 

B L O C K  I 8 L O C K  2 B L O C K  3 

200 ,t. ' 
U F I 3 0 5 e c  
Ld 
c~ 

co 

~ 0 . 5 -  

0 -  

0 .5  

0 T 
C V LO 3.0 5.6 I0.0 

C O C A I N E  ( m g / k g )  

FIG. 7. Mean response rates for Subject 722 under acute and chronic 
conditions for each schedule value and each session block. Conven- 
tions are as in Fig. 3. 
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effect. These findings may be contrasted with those reported 
by Hoffman et al. (l 1), who found, using FR schedules, that 
the schedule parameter  was an important determinant of  the 
occurrence of tolerance in all subjects. 

A possible explanation for the observed differences in 
schedule parameter  effects on behavioral tolerance between 
FR and FI schedules is the amount of "ef for t , "  or behavior 
required by each schedule (6,11). Fixed-ratio schedules 
specify that a certain number of  responses must occur before 
a reinforcer is delivered, whereas FI schedules specify that 
only one response need occur, after a fixed amount of  time. 
The parameter manipulation with FR schedules thus in- 
volves changing the number of responses required, and with 
FI schedules it does not. To the extent that the development 
of  tolerance is sensitive to other kinds of  "effor t"  manipula- 
tions, such as force requirement or topographical complex- 
ity, the generalization may be appropriate.  Nevertheless,  the 
number of  responses required for reinforcement appears to 
be an important modulator of  cocaine tolerance. 

It has been suggested that baseline reinforcement rates 
can affect an operant ' s  sensitivity to cocaine 's  rate- 
decreasing effects, and that the size of  the decrease in rein- 
forcement rates after acute injections affects the subsequent 
development of  tolerance ( l l ,15).  The flExed-interval values 
used in the present experiment were chosen to approximate 
baseline reinforcement rates observed during the experiment 
by Hoffman et al. (l 1). With baseline reinforcement rates as 
different as 12 per-minute (FI5-sec) and 0.5 per-minute 
(FIl20-sec) in the present experiment,  we found little evi- 
dence of  differential acute effects or of  differential tolerance 
between the FI schedule values. This implies that differences 
in baseline reinforcement rates alone were not responsible 
for the observed importance of schedule parameter  effects 
using FR schedules (l l) within the range of parameters and 
schedules studied. 

The present experiment sheds light on previous research 
where differential drug tolerance was observed under condi- 
tions also differing in baseline reinforcement rates. 
Moerschbaecher et al.  (15) studied the acute and chronic 
effects of cocaine and d-amphetamine on pigeons" condi- 
tional discriminations under performance and repeated- 
acquisition baselines. They found that tolerance to the drugs'  
error-increasing effects developed more slowly under the re- 
peated-acquisition condition. They noted that their interpre- 
tation that this effect was due to different levels of stimulus 
control was compromised by the fact that baseline rein- 
forcement rates in the repeated-acquisition component were 
lower than in the performance component.  The differences 
in reinforcement rates between the components in Moersch- 
baecher et a l . ' s  study were well within the parameters used 
in the present experiment,  where they had little effect on 
tolerance, providing support for their stimulus-control in- 
terpretation. 

A way to understand the differences between FR and FI 
schedules in the occurrence of cocaine tolerance is to con- 
sider the different relationships between response rates and 
reinforcement rates, i.e., feedback functions [cf. (4)] in 
them. In FR schedules, reinforcement rates are directly pro- 
portional to response rates over the whole range of  response 
rates. In contrast, fixed-interval schedules have feedback 
functions that are steep at response rates that fall below the 
scheduled reinforcement rate, and flat at response rates 
above the scheduled reinforcement rate. This means that 
when response rates are low, reinforcement rates are more 
closely determined by changes in response rates in FI 

schedules, but not any more or less in FR schedules. In fact, 
when interresponse times are longer than the scheduled in- 
terreinforcement time under FI schedules, the relation be- 
tween responses and reinforcement is essentially that of an 
FRI schedule. During periods of  very low response rates 
caused by cocaine administration, therefore, reinforcement 
rates are maximally affected by small changes in response 
rates during FI schedules. Occasional responses that occur 
after the programmed interval has timed out produce rein- 
forcement. When rates are low during FR schedules, occa- 
sional responses rarely lead to reinforcement, especially dur- 
ing larger FR components.  The occasional reinforcement of 
responses on FI schedules when response rates are low due 
to cocaine administration may be a factor in the relative 
insensitivity of tolerance development to FI parameter  ma- 
nipulations. One way to study the effects of  this variable may 
be to employ adjusting ratio schedules that decrease ratio 
value as a function of  increasing interresponse times. One 
simple way to accomplish this would be to use alternative FR 
FI schedules where, if the FR is not completed, and the FI 
has timed out, one response will produce reinforcement. 

The acute effects of cocaine and d-amphetamine on be- 
havior controlled by FI schedules of  positive reinforcement 
have been studied extensively [e.g., (2, 3, 9, 12, 41, 16, 19, 
22)]. Typically, cocaine and d-amphetamine produce consis- 
tent increases in response rates at lower doses, and de- 
creases at higher doses. In the present experiment,  we found 
expected decreases at the higher doses, but not consistent 
increases of usual magnitude at lower doses. A possible ex- 
planation for this discrepancy is that the FI values used in 
the present experiment were smaller than those usually 
studied. Typically, FI values used are 5 min or larger. Sup- 
port for this view comes from research by Bacotti (1), who 
studied the acute effects of cocaine on pigeon's keypecking 
maintained under a concurrent FI FR schedule arrangement, 
varying the FI values while holding the FR constant. In- 
creases in overall response rates were not observed when the 
FI value was 1.5 min, but were for two of  three subjects 
when the FI values were 4 and 10 min. Research on the acute 
effects of d-amphetamine on behavior controlled by FI 
schedules of  different values also supports this explanation 
(8,13). 

In the present experiment,  the relationship between rein- 
forcement rates after acute 5.6 mg/kg injections of cocaine 
(Fig. 4) and the subsequent occurrence of  tolerance to the 
response-rate-reducing effects of  this dose are interesting 
with respect to the reinforcement-loss hypothesis (17). Pi- 
geon 722 demonstrated the least disruption of reinforcement 
rates after injections of  5.6 mg/kg cocaine (although 
response-rate reductions were comparable to those of  other 
subjects), and developed the least amount of  tolerance (Fig. 
3). This supports the reinforcement-loss hypothesis in that 
when the reinforcement rate was less disrupted, less 
tolerance developed. This relationship was not perfect in this 
experiment,  however, in that after acute injections of  5.6 
mg/kg cocaine relatively few reinforcers were lost during the 
Fl5-sec component for Pigeon 563, yet tolerance to the 
response-rate reducing effects of  this dose occurred com- 
pletely. 

In summary, the response-rate reducing effects of  higher 
doses of  cocaine were attenuated after chronic administra- 
tion. The degree of  attenuation was not systematically re- 
lated to the FI value, suggesting that baseline reinforcement 
rate alone, within the parameters studied, is not a potent 
modulator of cocaine tolerance. 
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