
Pharmacology Biochemistry and Behavior, Vol. 43, pp. 61-70, 1992 0091-3057/92 $5.00 + .00 
Printed in the U.S.A. All rights reserved. Copyright © 1992 Pergamon Press Ltd. 

A9-Tetrahydrocannabinol Interactions With 
Phencyclidine and Ethanol: Effects on 

Accuracy and Rate of Responding 

P A M E L A  DOTY,  .1 L I N D A  A.  D Y K S T R A * t  A N D  M I T C H E L L  J. P I C K ER *  

Departments o f  *Psychology and "~Pharmacology, 
University o f  North Carolina at Chapel Hill, Chapel Hill, N C  27599-3270 

Received 8 Augus t  1991 

DOTY, P., L. A. DYKSTRA AND M. J. PICKER. ALTetrahydrocannabinol interactions with phencyclidine and etha- 
nol: Effects on accuracy and rate of responding. PHARMACOL BIOCHEM BEHAV 43(1) 61-70, 1992.--The effects of 
Ag-tetrahydrocannabinol (ALTHC) in combination with phencyclidine (PCP) or ethanol were examined in rats responding 
under a fixed-consecutive-number schedule of food presentation. Under this schedule, a minimum of 13 consecutive responses 
on one lever followed by one response on another lever produced food. When administered alone, PCP (0.1-10.0 mg/kg) 
and Ag-THC (0.1-5.6 mg/kg), but not ethanol (0.3-1.7 g/kg), decreased accuracy. PCP, A9-THC, and ethanol alone all 
produced dose-dependent decreases in rate of responding. A dose-effect curve for PCP or ethanol was then redetermined in 
combination with selected doses of Ag-THC (0.125-1.75 mg/kg) and the data were analyzed according to the effect-addition 
and dose-addition models of additivity. When administered in combination, Ag-THC produced dose-dependent leftward 
shifts in the PCP dose-effect curves for both accuracy and rate of responding. The interactions for PCP + Ag-THC combina- 
tions were effect-additive for accuracy. In contrast, the type of interaction obtained for PCP + A9-THC combinations on 
rate of responding depended upon the particular doses combined, as well as on the model used to analyze the interactions. 
According to the effect-addition model, these interactions were additive at low doses of A9-THC and supraadditive at the 
highest dose. However, according to the dose-addition model the interactions at the higher doses of Ag-THC were infraaddi- 
tive. A9-THC also shifted the ethanol dose-effect curve for rate of responding to the left but did not alter the ethanol dose- 
effect curve for accuracy. The interactions for ethanol + Ag-THC combinations were effect-additive for accuracy and both 
effect- and dose-additive for rate of responding. The present investigation clearly illustrates the importance of examining an 
extensive range of dose combinations on different behavioral measures, as well as the use of appropriate analyses in studies 
designed to evaluate the interactions between drugs. 

Phencyclidine A9-Tetrahydrocannabinol Ethanol Drug interactions 
Fixed-consecutive-number schedule Effect-addition Dose-addition Rats 

THE widespread practice of polydrug abuse is well docu- 
mented. For example, reports indicate that the most widely 
used illicit drug, marijuana, is rarely used alone (38). Rather, 
marijuana is most often used in combination with alcohol and 
somewhat less frequently with other abused drugs, including 
phencyclidine (PCP), amphetamine, and diazepam (2,8, 
25,33). In many instances, the combination of marijuana and 
ethanol has produced greater effects on physiological mea- 
sures and psychomotor performance than those produced by 
either drug alone (7,24). Despite evidence that polydrug abuse 
does occur and that many drug interactions have clinical sig- 
nificance, relatively few studies have examined the effects of 
combining different drugs of abuse. 

Previous studies in laboratory animals indicate that when 
A9-tetrahydrocannabinol (Ag-THC), the isomer believed to be 

responsible for marijuana's behavioral effects, is combined 
with PCP or ethanol, the resulting effects are greater than 
those produced by either drug alone. Both PCP and ethanol, 
for example, potentiate Ag-THC-induced hypothermia (30, 
31). Using behavioral tasks, inactive doses of Ag-THC have 
been shown to potentiate PCP- and ethanol-induced decreases 
in conditioned avoidance and schedule-controlled responding 
(30,31). 

Few studies have investigated the effects of A9-THC admin- 
istered in combination with PCP or ethanol on behavioral 
tasks requiring complex discriminations. Studies evaluating 
performance decrements on repeated acquisition, fixed- 
consecutive-number (FCN), and delayed matching-to-sample 
procedures indicate that PCP alone consistently decreases ac- 
curacy in several species (27,28,37). In contrast to the effects 
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produced by PCP on these discriminations tasks, the effects 
of A9-THC are more variable. Some reports indicate that A 9- 
THC decreases accuracy in rhesus monkeys and chimpanzees 
responding under discrimination tasks such as temporal dis- 
crimination, delayed matching-to-sample, or delayed non- 
matching-to-sample procedures (1,9,11). In contrast, others 
indicate that A9-THC produces little or no effect on accuracy 
in rhesus monkeys, patas monkeys, or pigeons responding 
under discrimination tasks such as repeated acquisition, de- 
layed matching-to-sample, or concurrent discrimination pro- 
cedures (1,19,20,37). Thus, the extent to which A9-THC dis- 
rupts accuracy appears to be related to the discrimination task 
or species used to examine its effects. Like Ag-THC, ethanol 
has been reported to produce variable effects on discrimina- 
tion performance, with some studies reporting small decreases 
in accuracy (3,10,21,22) and others reporting little or no effect 
on accuracy (16). 

In contrast to the number of studies that have evaluated 
the effects of PCP, Ag-THC, and ethanol alone on complex 
discriminations, only one study has evaluated the interactions 
between Ag-THC and PCP on these tasks. In that study, be- 
haviorally inactive doses of A9-THC potentiated the accur- 
acy-decreasing effects of PCP in primates responding under a 
repeated acquisition procedure (37). To date, there are no 
studies evaluating the interactive effects of A9-THC and etha- 
nol on complex discrimination tasks in laboratory animals. 

The purpose of the present investigation was to evaluate 
the effects produced by combinations of A9-THC and PCP 
or ethanol in rats responding under an FCN schedule. To 
characterize these interactions, dose-effect curves for PCP or 
ethanol were determined alone and in combination with se- 
lected doses of A9-THC. To assess whether the effects of PCP 
+ Ag-THC or ethanol + Ag-THC combinations could be pre- 
dicted based upon their individual effects, the data were quan- 
tified by comparing predicted outcomes based upon effect- 
addition and dose-addition models to obtained effects. The 
effect-addition and more recently the dose-addition model 
have been widely used to examine drug interactions using be- 
havioral endpoints as the dependent measures. According to 
the effect-addition model, additivity is defined as a summa- 
tion of the individual effects of two drugs. According to the 
dose-addition model, additivity is defined as the relative po- 
tency of the interacting drugs to produce a specified effect 
(39). Some advantages and disadvantages of these models are 
discussed in terms of their relevance to the present data. 

METHOD 

Subjects 

Fourteen male Long-Evans hooded rats were maintained 
at 80-85070 of their free-feeding weights (300-350 g). Six had 
been exposed previously to an FCN 8 schedule of food presen- 
tation and to acute doses of PCP or ethanol. Rats were indi- 
vidually housed with continuous access to water in a colony 
room maintained on a 12 L : 12 D cycle. 

Apparatus 

Four plastic and aluminum operant-conditioning chambers 
measuring 23 era tong, t9 cm high, and  20 cm wido wore 
used. On the front panel of each chamber were two centrally 
mounted response levers 5 cm long located 9 cm from the 
chamber floor and 1.3 cm from either wall. Two stimulus 
lights were located 2.5 cm above each lever. When illumi- 
nated, the lights above the right lever were red and the tights 

above the left lever were white. On the ceiling of each chamber 
were two centrally mounted white houselights 2.5 cm from 
the rear wall. When operated, a pellet dispenser could deliver 
a 45-mg Noyes food pellet (P. J. Noyes Co., Lancaster, NH) 
into a trough centrally located under the two levers 1 cm from 
the chamber floor. The minimum force required to operate 
the response levers was 0.3 N. Each chamber was equipped 
with an exhaust fan that supplied ventilation and white noise 
to mask extraneous sounds. Scheduling of experimental events 
and data collection were controlled by a TRS model III micro- 
computer. 

Behavioral Procedure 

The beginning of each experimental session was signalled 
by the illumination of the houselight and the stimulus lights 
located above the two response levers. After preliminary lever- 
press training, rats were trained to respond under an FCN 
schedule of food presentation. Initially, at least one response 
on one lever (designated the work lever) followed by a subse- 
quent response on another lever (designated the reinforcement 
lever) produced a food reinforcer (FCN 1). Over the next few 
sessions, the minimum response requirement on the work lever 
was increased gradually to 13. Under this FCN 13 schedule, a 
minimum of 13 responses on the work lever, followed by a 
response on the reinforcement lever, produced food. Re- 
sponding fewer than 13 times on the work lever before switch- 
ing to the reinforcement lever reset the response requirement. 
The experimental sessions terminated when the rat had re- 
ceived 50 food reinforcers or after 30 min had elapsed, which- 
ever came first. Sessions were conducted 5 days per week. 

Pharmacological Procedure 

When the number of response runs per reinforcer and rate 
of responding showed no increasing or decreasing trends, 
dose-effect curves for A9-THC (0.1-5.6 mg/kg) and PCP 
(0.1-10.0 mg/kg) were determined in one group of seven rats 
and for Ag-THC (0.1-5.6 mg/kg) and ethanol (0.3-1.7 g/kg) 
in a second group of seven rats. At least five doses of each 
drug were administered at least once in an irregular order 30 
rain prior to the experimental session. Drugs were adminis- 
tered at most twice per week, typically on Tuesday and Friday. 
The vehicle for each drug was administered on Thursday, with 
data obtained during these sessions serving as the nondrug 
control. Injections were given IP in a volume of 1 ml/kg for 
PCP and Ag-THC and in a volume of 10 ml/kg for ethanol. 

After examining the effects of PCP, ethanol, and Ag-THC 
alone, the PCP (0.1-10.0 mg/kg) or ethanol (0.1-1.7 g/kg) 
dose-effect curve was redetermined in the presence of selected 
doses of Ag-THC (0.125-1.75 mg/kg) using five doses below 
the Ag-THC ED~ 0 for rate of responding and one dose above. 
The selection of these doses of A9-THC allowed the evaluation 
of drug combinations that produced no effect on rate of re- 
sponding to drug combinations that substantially decreased 
response rate. Since even the lowest dose combinations of 
ethanol and Ag-THC suppressed rate of responding, it was 
necessary to use a dose of ethanol that had not been tested 
alone (0.1 g/kg). Moreover, the doses of A9-THC adminis- 
tered in combination with PCP or ethanol could not be deter- 
mined prior to the initial testing of~he dose comb_inations. 
Consequently, some of the Ag-THC doses were not adminis- 
tered alone prior to the testing of the drug combinations. 
Thus, for subsequent analyses (see the Data Analysis section) 
the predicted effects of Ag-THC doses given in combination 
with PCP or ethanol were estimated b y  log-linear iaterpola- 
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tion; the 0.1- and 0.3-mg/kg doses of Ag-THC were used as 
the anchor points of the linear regression line to estimate the 
values of 0.125, 0.5, and 0.75 mg/kg A9-THC and the 1.0- 
and 3.0-mg/kg doses were used as the anchor points for the 
1.25- and 1.75-mg/kg doses of Ag-THC. 

During all dose combinations, the selected dose of A9-THC 
was administered IP on one side of the peritoneal cavity, fol- 
lowed by PCP or ethanol on the other side. Nondrug control 
data for drug combinations were obtained by administering 
double vehicle injections, the PCP or ethanol vehicle on one 
side of the peritoneal cavity and the A9-THC vehicle on the 
other. At the end of the second phase of testing (approxi- 
mately 7-8 months after the start of drug testing), various 
doses of PCP, Ag-THC, and ethanol were administered alone 
to determine whether sensitivity or tolerance to their effects 
had developed during the course of the experiment. Since a 
number of rats were no longer available for testing at this 
point in the study, only selected doses of PCP, A9-THC, and 
ethanol were examined. 

Drugs 

PCP hydrochloride was dissolved in saline, Ag-THC in a 
solution of ethanol, emulphor and saline in a ratio of 1 : 1 : 8 
(both drugs supplied by the National Institute on Drug Abuse, 
Rockville, MD), and absolute ethanol (U.S.P.) was diluted in 
distilled water. 

Data Analysis 

The number of response runs per reinforcer and rate of 
responding were recorded during each experimental session. 
A response run that consisted of at least 13 consecutive re- 
sponses on the work lever before switching to the reinforce- 
ment lever was recorded as a correct response run, whereas a 
response run that consisted of less than 13 consecutive re- 
sponses on the work lever before switching to the reinforce- 
ment lever was recorded as an incorrect response run. Al- 
though recorded, consecutive responses on the reinforcement 
lever were not counted as incorrect response runs. The number 
of response runs per reinforcer expressed as a function of dose 
provided a measure of accuracy. Rate of responding on both 
levers across the 30-min session was computed as a percentage 
of vehicle control rates and expressed as a function of dose. 

The dose of drug that decreased rate of responding to 50070 
of control (i.e., the EDso value) and the 95°70 confidence limits 
for PCP, A9-THC, and ethanol alone, and for PCP or ethanol 
in combination with Ag-THC were determined. EDs0 values 
were derived mathematically by log-linear interpolation using 
at least three points on the descending limb of the dose-effect 
curve unless the descending limb consisted of one dose that 
produced little effect on rate (80-100070 of control) and an- 
other dose that almost eliminated responding (20-007o of con- 
trol). In these instances, only those two points were used to 
determine the EDs0 value. The slope of the linear regression 
line fitted to the descending limb of each dose-effect curve 
was also determined. 

The effect-addition model of additivity was used to evalu- 
ate the interactions between Ag-THC and PCP or ethanol on 
accuracy and rate of responding. According to this model, 
predicted outcomes were calculated by summing the effect 
obtained with Aa-THC alone to the effect obtained with either 
PCP or ethanol alone. The effects of the doses of A9-THC 
given in combination with PCP or ethanol were interpolated 
from the dose-effect curve determined for Ag-THC adminis- 
tered alone. The effects predicted could then be compared 

with the actual data obtained for combinations of Ag-THC 
and PCP or ethanol. For example, response runs per rein- 
forcer were increased from a control value of 1.59 to 2.05 
(i.e., an increase of 0.46) when 1.0 mg/kg Ag-THC was admin- 
istered alone and from a control value of 1.35 to 1.68 (i.e., an 
increase of 0.33) when 1.0 mg/kg PCP was administered 
alone. Therefore, if the interaction between 1.0 mg/kg A 9- 
THC and 1.0 mg/kg PCP were additive the predicted increase 
would be 0.79 (i.e., 0.46 + 0.33). If the obtained effect and 
95070 confidence limits were less than the predicted value, the 
drug interaction was termed infraadditive. If the obtained ef- 
fect and 9507o confidence limits were greater than the predicted 
value, the drug interaction was termed supraadditive. Predic- 
tions based upon the effect-addition model of additivity for 
interactions on rate of responding were calculated in a similar 
manner. However, for rate of responding, if the obtained 
ED~o and 95°70 confidence limits were less than the predicted 
EDs0, the interaction was termed supraadditive. If the ob- 
tained EDs0 and 95070 confidence limits were greater than the 
predicted EDs0, the interaction was termed infraadditive. 

The dose-addition model of additivity was used to evaluate 
the interactions between A9-THC and PCP or ethanol on rate 
of responding. Predicted values based on the dose-addition 
model were determined according to isobolographic analysis 
(18). For this model, the EDs0 values for rate of responding 
for PCP, Ag-THC, or ethanol were plotted on the proper coor- 
dinates according to the isobolographic method. The diagonal 
line that connects the two points represents the dose combina- 
tions that would be predicted to decrease rate of responding 
by 50070 if the two drugs interacted in a dose-additive manner. 
Predicted values of the EDso for Ag-THC in combination with 
PCP or ethanol were interpolated from the theoretical dose- 
additive line. The drug interaction was termed additive if the 
dose of PCP or ethanol necessary to produce a given effect 
(e.g., an EDs0) in combination with Aa-THC fell along the 
predicted diagonal on the isobologram. The drug interaction 
was termed supraadditive if the data and 95070 confidence lim- 
its fell below the predicted diagonal (i.e., if it takes less PCP 
or ethanol than predicted to produce the given effect) and 
infraadditive if they fell above the predicted diagonal (i.e., if 
it takes more PCP or ethanol than predicted to produce the 
given effect). 

RESULTS 

Control Performance 

Under control conditions in the Ag-THC + PCP group, 
where single injections of the PCP vehicle and A9-THC vehicle 
were administered prior to the session, mean number of re- 
sponse runs per reinforcer was 1.46 (range across rats 1.16- 
1.98) and rate of responding was 1.44 responses/s (range 
across rats 1.0-2.31). Similar values were obtained in the A 9- 
THC + ethanol group following single control injections of 
the ethanol and A9-THC vehicles, where the mean number of 
response runs was 1.33 (range across rats 1.10-1.63) and rate 
of responding was 1.57 responses/s (range across rats 1.05- 
2.16). For both groups, these values did not differ from nonin- 
jected control days or from double vehicle control injections. 

Effects o f  PCP, A 9- THC, and Ethanol Administered Alone 

Figure 1 shows the effects of PCP, A9-THC, and ethanol 
on both response runs per reinforcer (top panels) and rate of 
responding (bottom panels). At doses that decreased rate of 
responding, PCP and A9-THC increased the number of re- 
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FIG. 1. Mean response runs per reinforcer (top panels) and mean rate of responding (bottom panels) plotted as a function of PCP (n = 7), 
ALTHC (n = 14), or ethanol (n = 7) dose in rats responding under an FCN 13 schedule of food presentation. Rate of responding is expressed 
as a mean percent of individual vehicle control values. Data were excluded when an individual rat failed to obtain at least one reinforcer or when 
two thirds of animals tested failed to respond. The data above "veil" indicate mean number of response runs per reinforcer or mean rate of 
responding during single vehicle control sessions in which the appropriate drug vehicle was administered. The vertical lines represent 1 SE below 
the mean; when not indicated, the SE fell within the data point. (Q), initial determination of the dose-effect curve; (C)), redetermination of the 
dose-effect curve for PCP (n = 4), ALTHC (n = 8-11), and ethanol (n = 5) following completion of the combination tests. 

sponse runs  per  re inforcer .  The  m a x i m u m  mean  increase in 
response  runs  per  re inforcer  for  P C P  was 16.41, which oc- 
curred  at  3.0 m g / k g ,  a dose t ha t  decreased ra te  o f  responding  
to 43% of  the  vehicle cont ro l  value.  The  m a x i m u m  m e a n  
increase in response  runs  per  re inforcer  p roduced  by  Ag-THC 
was 4.34, which occurred  at  3.0 m g / k g ,  a dose t ha t  decreased 
rate  o f  responding  to 31% of  the  vehicle cont ro l  value. In 
cont ras t  to  P C P  and  ALTHC,  e thanol  had  no  effect  on  the  
mean  response  runs  per  re inforcer ,  even at doses tha t  subs tan-  
tially decreased rate  o f  responding.  P C P ,  ALTHC,  and  etha-  
nol  all p roduced  dose-dependent  decreases in ra te  o f  respond-  
ing. Af te r  combina t ions  o f  A L T H C  and  P C P  or  e thanol  were 
tested, the  effects o f  selected doses o f  these drugs  adminis te red  

a lone  were redetermined.  The effects o f  these drugs on  re- 
sponse  runs  per  re inforcer  and  rate  o f  responding  were similar 
to  those  ob ta ined  dur ing the  initial dose-ef fec t  de te rmina t ion  
wi th  the except ion t ha t  the  rate-decreasing effects o f  5.6 m g /  
kg P C P  were slightly increased. 

Effects of  PCP in Combination with Ag-THC 

Figure 2 shows the  effects of  P C P  de termined  in combina-  
t ion  with increasing doses o f  ALTHC.  W h e n  combined  wi th  
P C P ,  low doses o f  Ag-THC produced little effect  on  response  
runs  per  re inforcer ,  whereas  higher  doses (1.25 and  1.75 m g /  
kg) shif ted the  P C P  dose-ef fec t  curve to the  left. In  no  in- 
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FIG. 2. Effects of selected doses of A9-THC when administered in 
combination with PCP (n = 5-6) on mean response runs per rein- 
forcer (top panels) and mean rate of responding (bottom panels) in 
rats responding under an FCN 13 schedule. The data above "veh" 
indicate mean number of response runs per reinforcer or mean rate 
of responding during double vehicle control sessions in which the 
appropriate drug vehicles were administered. Details are as described 
in Fig. 1. 

stance did the effects produced by PCP + A9-THC combina- 
tions exceed the maximum effect on response runs per rein- 
forcer produced by a dose of  PCP 3.0 mg/kg alone. 

The PCP dose-effect curve for rate of  responding was not 
shifted when combined with the lowest doses of  A9-THC. In 
contrast, higher doses of  ALTHC (0.75-1.75 mg/kg) pro- 
duced dose-dependent leftward shifts of  the PCP dose-effect 
curve, with the highest dose of  Aa-THC (1.75 mg/kg) shifting 
the PCP EDs0 approximately one log unit to the left of  that 
obtained when PCP was administered alone. When this dose 
of  A9-THC was administered in combination with PCP, even 
the 0 . l -mg/kg dose of  PCP substantially decreased rate of  
responding. This dose of  PCP had no effect when adminis- 
tered alone. In addition to shifting the PCP dose-effect curve 
to the left, high doses of Ag-THC altered the slope of the PCP 
dose-effect curve. For example, following the administration 
of 1.25 and 1.75 mg/kg ALTHC, the slope of  the PCP dose- 
effect curve was decreased to - 58.3 and - 22.5, respectively. 

This contrasts with the relatively steep slope of  the PCP dose- 
effect curve alone, - 99.4. 

Effects o f  Ethanol in Combination with A 9 -THC 

Figure 3 shows the effects of  ethanol determined in combi- 
nation with selected doses of A9-THC. Ethanol did not in- 
crease response runs per reinforcer above the control value 
of  1.46. The administration of selected doses of  ALTHC in 
combination with ethanol generally did not change ethanol's 
effects on response runs per reinforcer; however, it did alter 
ethanol's rate-decreasing effects. Doses of  Ag-THC (0.75-1.25 
mg/kg) shifted the ethanol dose-effect curve for rate of  re- 
sponding to the left. The highest dose of A9-THC, 1.25 mg/  
kg, shifted the ethanol EDs0 approximately 1/2 log unit to the 
left of  that obtained when ethanol was administered alone. 
Moreover, Aa-THC decreased the slope of  the ethanol dose- 
effect curve. For example, when administered alone the slope 
of  the ethanol curve was -243.8,  whereas when administered 
in combination with 1.25 mg/kg A9-THC the slope was 

-121.2.  
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FIG. 3. Effects of selected doses of Ag-THC when administered in 
combination with ethanol (n = 4-6) on mean response funs per rein- 
forcer (top panels) and mean rate of responding (bottom panels) in 
rats responding under an FCN 13 schedule. The data above "veh" 
indicate mean number of response runs per reinforcer or mean rate 
of responding during double vehicle control sessions in which the 
appropriate drug vehicles were administered. Details are as described 
in Fig. 1. 
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Analysis of  Drug Interactions 

Response runs per reinforcer. Dose-addition analysis was 
not used to evaluate the interactions between A9-THC and 
PCP or ethanol on response runs per reinforcer because the 
dose-addition model requires the determination of dose com- 
binations necessary to produce a specified effect. In the pres- 
ent study, the maximal increase in response runs per reinforcer 
produced by PCP, Ag-THC, and ethanol was 16.41, 4.34, and 
1.58, respectively. Therefore, it was not possible to determine 
a dose of each of these drugs that produced a common effect 
on accuracy. However, these interactions could be evaluated 
using effect-addition analysis. Recall that according to the 
effect-addition model, predicted values are determined by 
summing the effects obtained with a given dose of PCP or 
ethanol alone to those obtained with a given dose of Ag-THC 
alone. Then, the predicted values are compared to those ob- 
tained when Ag-THC is given in combination with PCP or 
ethanol. The obtained data were considered effect-additive if 
the 95070 confidence limits of the obtained data overlapped 
the predicted values. 

Table 1 shows the obtained and predicted values for the 
PCP + A9-THC combinations on response runs per rein- 
forcer. The effect-addition model predicted increases in 
response runs per reinforcer when PCP was combined with 
increasing doses of A9-THC. In 12 of 13 instances, the combi- 
nations of PCP and A9-THC resulted in interactions that did 
not differ from the predicted values. 

Table 2 shows the obtained and predicted values for the 
ethanol + A9-THC combinations on response runs per rein- 
forcer. The effect-addition model predicted only small in- 
creases in response runs per reinforcer when ethanol was com- 
bined with doses of A9-THC because ethanol alone had little 
effect on this measure. As seen with combinations of PCP 
and A9-THC, in 11 of 12 instances the combinations of etha- 
nol and Ag-THC resulted in interactions that did not differ 
from the predicted values. 

Rate of responding. The interactions between A9-THC and 
PCP or ethanol on rate of responding were evaluated using 
both effect-addition and dose-addition analysis. Again, ac- 
cording to the effect-addition model, predicted values are de- 
termined by summing the effects obtained with a given dose 
of PCP or ethanol alone to those obtained with a given dose 
of Aa-THC alone. Using the dose-addition model, predicted 

values were interpolated from the theoretical dose-additive 
line on the isobologram that connects the A9-THC EDso with 
either the PCP or ethanol EDs0. Then, the predicted EDs0 
values were compared to those obtained when Aa-THC was 
given in combination with PCP or ethanol. The obtained data 
were considered additive if the 95°70 confidence limits of the 
obtained data overlapped the predicted values. 

Figure 4 shows the EDs0 values predicted from the effect- 
addition and dose-addition models, as well as data obtained 
for PCP + A9-THC combinations (top) or for ethanol + 
A9-THC combinations (bottom). The effect-addition model 
predicted little change for the EDs0 values for PCP or ethanol 
even when combined with a dose of A9-THC as high as 1.0 
mg/kg. In contrast, the dose-addition model predicted that 
the EDs0 values for PCP or ethanol when combined with A 9- 
THC would decrease as the dose of Aa-THC increased. 

In fact, the EDs0 value obtained for PCP decreased when 
combined with increasing doses of A9-THC. Whether PCP 
+ A9-THC combinations produced additive, supraadditive, 
or infraadditive effects depended upon the model employed 
for the analysis. According to the effect-addition model, when 
PCP was combined with 1.0 mg/kg A9-THC the effects were 
supraadditive, whereas the interactions were additive (note 
overlapping 95070 confidence limits) when PCP was combined 
with lower doses of Ag-THC (0.125-0.75 mg/kg). According 
to the dose-addition model, when PCP was combined with 
A9-THC (0.5, 0.75, and 1.0 mg/kg) the effects were infra- 
additive. 

As seen with combinations of PCP and A9-THC, the EDso 
value for ethanol decreased when combined with increasing 
doses of ALTHC. The interactions obtained with ethanol + 
A9-THC combinations were generally effect- and dose-addi- 
tive with the exception of one dose combination. According 
to the effect-addition model, the effects of ethanol in combi- 
nation with the highest dose of A9-THC (1.25 mg/kg) were 
supraadditive, whereas according to the dose-addition model 
the effects were additive. 

DISCUSSION 

The present study showed that PCP and Ag-THC decreased 
accuracy (response runs per reinforcer) in rats responding un- 
der an FCN 13 schedule. In contrast, ethanol had no effect on 
accuracy even at doses that substantially decreased rate 

TABLE 1 

NUMBER OF RESPONSE RUNS PER REINFORCER OBTAINED AND 
PREDICTED WITH PCP/A~-THC COMBINATIONS 

PCP (mg/kg) 

0.1 0.3 0.1 
ALTHC 
(mg/kg) Obtained Predicted Obtained Predicted Obtained Predicted 

0 1.48 1.41 1.63 
0.125 -- 1.50 1.67 1.42 2.39 1.63 
0.50 - 1.83 1.41 1.75 1.88 1.96 
0.75 - 2.19 2.00 2.11 1.51" 2.32 
1.00 - 1.84 1.69 1.91 2.70 2.19 
1.25 2.21 2.79 4.88 2.71 3,41 2.92 
1.75 2.67 2.64 4.22 2.83 -- 3.09 

--, dose combination not obtained. 
*Nonoverlap of 95% confidence limits. 
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TABLE 2 
NUMBER OF RESPONSE RUNS PER REINFORCER OBTAINED AND PREDICTED 

WITH ETHANOL/Ag-THC COMBINATIONS 

ETHANOL (g/kg) 

0.3 0.56 0.75 
Ag-THC 
(ms/ks)  Obtained Predicted Obtained Predicted Obtained Predicted 

0 1.41 1.55 1.55 
0.125 1.39 1.55 1.42 1.69 1.33" 1.70 
0.50 1.76 1.71 1.88 1.85 1.76 1.86 
0.75 1.97 1.70 1.62 1.92 3.20 1.91 
1.00 1.90 1.99 1.68 2.17 -- 2.18 
1.25 1.95 2.34 -- 2.64 -- 2.47 

- ,  dose combination not obtained. 
*Nonoverlap of 95 % confidence limits. 

of responding. When administered in combination, A9-THC 
produced dose-dependent leftward shifts in the PCP dose- 
effect curves for accuracy and rate of responding and in the 
ethanol dose-effect curve for rate of responding. 

The finding that PCP decreased accuracy under an FCN 
13 schedule is consistent with previous studies that showed 
PCP consistently decreases accuracy in several species re- 
sponding under an FCN 8 schedule (26,27), as well as with 
other tasks requiring complex discriminations (19,36,37). Pre- 
vious reports indicate that A9-THC's accuracy-decreasing ef- 
fects depend upon the task and species examined (1,6, 
11,20,32,37), and in the present investigation A9-THC pro- 
duced only small decreases in accuracy. The lack of accuracy- 
decreasing effects obtained with ethanol are consistent with 
reports indicating little or no decreases in accuracy in several 
species (3,16,21,22). The effects of PCP, A9-THC, and etha- 
nol when administered alone on rate of responding were con- 
sistent with previous reports in several species responding un- 
der both simple schedules of food presentation (13,15,17) and 
complex discriminations (3,27,37). 

When A9-THC was combined with PCP, the PCP dose- 
effect curve for both accuracy and rate of responding shifted 
leftward. In fact, many of the doses of Ag-THC that shifted 
the PCP dose-effect curve to the left produced little or no 
effect when administered alone. Since the interaction phase of 
this study required approximately 8 months to complete, the 
leftward shifts in the PCP dose-effect curves could have been 
due to an increased sensitivity to PCP rather than to the inter- 

9 action between PCP and A -THC; however, when PCP s ef- 
fects were redetermined following the interaction phase of the 
study they were similar to those determined initially. Thus, 
alterations in the PCP dose-effect curve were not due to 
changes in the effects of PCP alone. Moreover, the leftward 
shifts in the PCP dose-effect curve for accuracy and rate of 
responding produced by Ag-THC are consistent with previous 
reports that behaviorally inactive doses of Ag-THC alter PCP's 
effects on hypothermia, conditioned avoidance responding, 
and schedule-controlled behavior in rats (30), as well as on 
repeated acquisition performance in monkeys (37). 

When Ag-THC was combined with ethanol, the ethanol 
dose-effect curve for rate of responding, but not for accuracy, 
shifted leftward. As previously noted, many of the doses of 
A9-THC that shifted the ethanol dose-effect curve to the left 
produced little or no effect when administered alone. More- 
over, redetermination of ethanol's effects at the end of the 

study indicated that the effects of ethanol did not change 
during the course of the study. Previous studies have also 
demonstrated that behaviorally inactive doses of A9-THC alter 
ethanol's effects on a variety of other measures including 
sleep, hypothermia, motor performance, schedule-controlled 
behavior, and conditioned avoidance responding (13,31,34). 

Since the present study examined a range of doses of A 9- 
THC in combination with a range of doses of PCP and etha- 
nol, these interactions could be further quantified using the 
effect-addition and dose-addition models of additivity. Recall 
that the effect-addition model defines additivity in terms of 
the summation of the individual effects of the drugs, whereas 
the dose-addition model defines additivity in terms of the rela- 
tive potency of the interacting drugs to produce a specified 
effect (39). Although the effect-addition model benefits from 
its simplicity, it does have major theoretical limitations [e.g., 
see (39)]. For example, this model predicts that doses of a 
drug that have no effect on a given dependent measure should 
not alter the effects produced by other drugs. Furthermore, 
there is data to suggest that this model does not provide an 
adequate prediction of the simplest type of drug interaction, 
the administration of a drug with itself (41). The dose-addition 
model has the advantage of taking both dose and effect into 
account. As such, this model has been shown to predict accu- 
rately the interactions when a drug is administered with itself, 
as well as when two drugs with common pharmacological ac- 
tions are administered in combination (40,41). Although of- 
fering a number of advantages from a theoretical perspective, 
there are disadvantages to the use of the dose-addition model, 
including the large number of dose combinations required for 
such an analysis, as well as the requirement that the two drugs 
of interest produce a common endpoint. 

Given that these two models have different theoretical 
foundations, it is not surprising that in the present study these 
models showed clear differences in their predicted outcomes. 
For example, the effect-addition model predicted little change 
in the PCP or ethanol EDs0 when combined with doses of 
A9-THC that produced little effect when administered alone. 
This model assumes that since the doses of Ag-THC given in 
combination with PCP or ethanol were below the threshold 
for producing a behavioral effect, Ag-THC should not alter 
the effects of PCP. In contrast, the dose-addition model pre- 
dicted the PCP or ethanol dose-effect curve would shift pro- 
gressively to the left as the dose of A9THC was increased. 
This discrepancy between the two models highlights the rele- 
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vance of the particular model used to analyze drug interac- 
tions to the interpretation of  the results. 

The results of  PCP + Ag-THC interactions in the present 
investigation contrast with an earlier study (37) in which ef- 
fect-addition analysis showed that A9-THC potentiates the ac- 
curacy-decreasing effects of  PCP on a repeated acquisition 
task in patas monkeys. The conflicting results between the 
two s tudi~ may be related to the fact that this study evaluated 
the effects of  only two doses of  AS-THC in combination with 
PCP. Given that the interactions observed between drugs have 
been shown to depend upon the particular dose combinations 
examined (12,42), such discrepancies are not surprising. Fur- 
ther differences between the two studies may be related to the 
tasks used to examine the drug interactions. While the re- 
peated acquisition task requires learning a different response 
chain each session, the FCN schedule requires performance of  
the same response sequence each session. Studies have shown 
that the performance of  a complex discrimination is generally 
less sensitive to the disruptive effects of  drugs on accuracy 
than the acquisition Of a complex discrimination (3'3), 

Evaluation of the effects of A9-THC + ethanol combina- 
tions on accuracy according to the effect-addition model are 
consistent with some clinical reports that combinations of  

Ag-THC and ethanol on cognitive tasks are effect-additive 
(4,5), although "enhanced" effects have been reported (24). 
However, a comparison of these studies is limited by many 
factors, including differences in species, tasks, and the failure 
to administer more than one dose of A9-THC. 

According to effect-addition analysis, combinations of  
PCP with low doses of A9-THC produced additive interactions 
on rate of  responding, whereas the interactions between PCP 
and the highest dose of Ag-THC were supraadditive. Previous 
studies that used the effect-addition model to evaluate interac- 
tions between PCP and Ag-THC on operant responding have 
reported additive as well as supraadditive effects (23,30,37). 
In contrast, according to the dose-addition model, the interac- 
tions between PCP and A9-THC were infraadditive, with the 
exception of the lowest dose of A9-THC, which produced ad- 
ditive interactions. The present investigation differs from pre- 
vious reports that examined a limited number of  dose combi- 
nations and have not used the dose-addition model to assess 
interactions between PCP and A9-THC. It is not possible to 
derive predictions according to the dose-addition model from 
the data given in these earlier reports and, thus, a comparison 
cannot be made of the results in the present study with those 
from other studies, tii~e~estl,-,gt~; the~mteraedon-for-oncdose 
combination (PCP + 1.0 mg/kg A9-THC) was supraadditive 
when evaluated by effect-addition analysis yet was infraaddi- 
tive when evaluated by dose-addition analysis. This finding 
provides additional evidence that conclusions from the effect- 
addition model will often be in disagreement with those ob- 
tained by the dose-addition model (29,40). Thus, in the pres- 
ent investigation the interactions between PCP and A9-THC 
on rate of  responding were dependent upon the dose combina- 
tion examined, as well as on the model of  additivity used to 
evaluate the data. 

When evaluated according to  either the_ effect, addition 
or dose-addition model, the interactions between ~han~ot and 
A9-THC on rate of  responding were generally additive. It 
should be noted, however, that according to the effect- 
addition model supraadditivity was obtained at the 1.25-rag/ 
kg dose of Ag-THC; according to the dose-addition model, the 
interaction at this dose combination was additive. Previous 
reports indicate that interactions between ethanol and A9-THC 
on motor activity and conditioned avoidance response perfor- 
mance are often greater than those produced by either drug 
alone (14,31). In these investigations, the effect-addition 
model was used to analyze the data. Thus, the present results 
extend these findings to include rate of responding under an 
FCN schedule. Furthermore, the present findings suggest that 
supraadditive interactions between ethanol and Ag-THC may 
be limited to certain dependent measures and selected dose 
combination, and depend upon the model used to quantify 
the data. 

An additional assumption of the effect-addition and dose- 
addition models is that the shifts in the dose-effect curves for 
the drug combinations are parallel. In the present investiga- 
tion, the higher doses of ALTHC produced a dose-related 
decrease or flattening in the slope of both the PCP and etha- 
nol dose-effect curves. Without parallel slopes, it is possible 
that the obtained interactions between A9-THC and PCP or 
ethanol could also depend upon the behavioral endpoint se- 
lected. Thus, dose-addition and effect-addition analyses were 
also calculated for the ED25 and ED75 values. Interestingly, 
unlike the differences found for the PCP ED~o v~,_~es, none 
of the interactions between A9-THC and PCP deviated from 
additivity when the ED2s and EDTs values were compared to 
predicted values based upon either model  (data no t  shown). 
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In contrast,  the interactions between A9-THC and ethanol did 
not  deviate f rom additivity at any behavioral  endpoint  evalu- 
ated (ED25, EDso, or  ED75) (data not  shown). Al though this 
type o f  analysis was not  per formed in earlier experiments ex- 
amining the interaction between P C P  and A9-THC, such an 
effect does suggest that  using a single behavioral  endpoint  
(EDso) may not adequately reflect the obtained interaction 
between two drugs. 

Al though the present investigation cannot  resolve the issue 
as to whether the effect-addit ion or  dose-addition model  is 
more appropriate  when analyzing drug interactions, these data  
clearly demonstrate  the complexity o f  analyzing drug interac- 
tions. Furthermore,  the present study demonstrates that con- 
clusions made about  the interactive effects o f  combinat ions 
o f  Aa-THC, P C P ,  and ethanol depend upon a number  o f  vari- 

ables, including the dose combinat ion examined, behavior 
measured,  model  used to assess the interaction, and behav- 
ioral endpoint  evaluated. Al though interpretation of  the clini- 
cal significance o f  the present findings would be difficult given 
the complexity o f  these results, these data  provide a founda- 
tion for future investigations of  the behavioral  interactions 
between drugs of  abuse. 
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