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Abstract The effect of feeding conditions on the reinis unclear. The increased drug intake could be a matter of
forcing efficacy of orally-delivered drugs was evaluatesuibstitution of one type of reinforcement (food) by an-
using a progressive-ratio (PR) paradigm and a behaviartder (drug), or the absence of food could increase rein-
economic analysis of demand. Seven monkeys self-fateing efficacy of the self-administered drug. Reinforc-
ministered phencyclidine (PCP) (0.06, 0.12, 0.25, 0ihg efficacy has been quantified using a number of dif-
and 1.0 mg/ml) or ethanol (2, 4, 8, 16, and 32% wt/vdBrent schedules such as fixed-ratio (FR) and progres-
and concurrent water from two drinking spouts undsive-ratio (PR) schedules (Griffiths et al. 1979; Winger
concurrent PR schedules. The ratios increased from &ibal Woods 1985; Risner and Cone 1986; Depoortere et
4096, and 40 liquid deliveries were available after corml 1993). Concurrent and discrete-trial choice proce-
pletion of each ratio schedule. The entire range of drdgres also have been used to evaluate reinforcing effica-
concentrations was presented in nonsystematic order eyn-(Johanson and Schuster 1975; Aigner and Balster
der two feeding conditions, food restriction and food sk978; Johanson and Aigner 1981; Woolverton and
tiation. Drug maintained responses, deliveries and brelakhanson 1984). More recently, attempts to quantify re-
points were significantly greater than those maintainedorcing efficacy of drugs have used behavioral eco-
by water. Food restriction significantly increased the ratemic measures — the application of microeconomic
of PCP-maintained responses, deliveries and PR bresakciples to the consumption of drugs (Bickel et al.
points over the food satiation baseline. There was als®9®1; Hursh 1991; Bickel and DeGrandpre 1995).
significant interaction between feeding condition and The behavioral economic measures used to assess re-
drug concentration. Although ethanol-maintained raiforcing efficacy are elasticity of demand [consumption
sponses, liquid deliveries and break points consisterplgtted as a function of unit price (responses/mg)], inten-
increased in five of seven monkeys during food restrigity of demand (parallel shifts of the demand curve up or
tion, only drug concentration produced significant diffedown) and B, (an estimate of the unit price or response
ences in these measures. Using break point as a measgp@irement at which maximal responding occurs) (Hu-
of reinforcing efficacy, food restriction increased the resh 1991; Hursh and Winger 1995). The elasticity of de-
inforcing efficacy of PCP and had a more pronounced efand is determined from the slope of the demand curve.

fect at higher drug unit prices. Slopes less than —1 indicate an elastic demand (i.e., rela-
tively greater decreases in consumption as unit price in-
Key words Behavioral economics - Break point - creases). Slopes greater than —1 indicate an inelastic de-

Drug self-administration - Ethanol - Food restriction - mand (i.e., relatively small decreases in consumption as
Food satiation - PCP - Phencyclidine - Progressive rationit price increases). Demand for a more efficacious re-
Rhesus monkey;s inforcer would be more resistant to price increases or
more inelastic. Intensity of demand refers to the relative
: consumption at a particular unit price. When a demand
Introduction curve has been shifted downward in a parallel fashion

. - . . . the interpretation is that there is less intensity of demand
Increases in drug self-administration during periods

. . r the reinforcer (Hursh 1991). An increase in reinforc-
restricted feeding have been well documented (€.9., G efficacy due to food restriction would result in an in-

roll 1996); however, the exact nature of this relationshipsase in intensity of demand. Elasticity and intensity of
J.S. Rodefer[(]) - M.E. Carroll demand both affect the behavioral economic measure,
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reinforcing efficacy (e.g., due to food restriction) wouldere on a 12-h light/dark cycle with lights on at 0700 hours. Each
be accompanied by an increase in thg Ralue. In a re- subject had visual, olfactory, and auditory contact with the other

nkeys in the colony room. Use of the animals for this experi-
cent study of the demand for PCP and ethanol under \Zﬁghtal protocol was approved by the University of Minnesota In-

ied feeding conditions, B, was increased during foodstitutional Animal Care and Use Committee (protocol number

restriction (Rodefer et al. 1996). Comer and coworked310041). Laboratory facilities were accredited by the American

(1995) also found that food restriction increased Cocaigocnaﬂon for the Accreditation of Laboratory Animal Care
i

; : : ALAC), and principles of laboratory animal care (NIH publi-
ﬁ]arsneor?&(;lémg and the intensity of demand for smok ion No. 85-23, revised 1985) were followed.

The conceptual basis of B is similar to that of
break point in PR schedules. In PR schedules, subjeégtgaratus

are required to make systematically increasing numbgr . o : . _

. . . ubjects were individually housed in stainless steel primate cages
of responses for successive reinforcers, until the schgdy products, Maywood, N.J.) (83 cm Wx76 cm Hx100 cm D)
ule requirement becomes so large that the subjects c&sgehad three solid walls and a solid ceiling. The cage had a
responding. The last completed FR schedule is ternpaged door as a front wall and a grid floor. Each cage was

the break point. Break points are considered to be a n?upped with a primate swinging perch, and the cages occasional-
n

o . contained enrichment devices such as Kong toys and polycar-
sure of motivation to work for reinforcers, or a measu Snate mirrors (Primate Products, Redwood City, Calif.) that

of a drug’s reinforcing efficacy. Thus, both BP ang,P could be manipulated by the monkeys. Monkey cages were steam
are measures that quantify maximal response output fafeaned during the post-session time-out every 2 weeks. One side
fixed delivery of drug. wall of the cage was modified with openings to accomodate an op-

One of the first uses of PR schedules was by Hocﬁ&m work panel that was attached to the cage from the outside.
i

. ; panel contained two brass drinking spouts in Plexiglas hous-
(1961) to determine the relative reward strength @fs and a 2.5 cm green LED stimulus light was located above

sweetened milk. Since then, PR tasks have been useehth drinking spout. The stimulus light flashed at 10 Hz to signal
studies that examined intracranial self-stimulation (H@tug availability and remained solid-on to signal water availability.

; g and water sides were alternated daily. Each brass drinking
dos 1965)’. fOOd intake (S_pear anfj Kf?‘t.z 1991) and dsn ut was circumscribed by four small cue lights that were visible
self-administration (Yanagita 1973; Griffiths et al. 1979 rough the Plexiglas housing. Two of the cue lights were green

A consistent finding in these studies is that increasiagd served to indicate drug delivery, and the other two were white
magnitudes of the reinforcers or doses of drugs led to tmindicate water delivery. The drinking spout and cage made up
creased break points. In experiments that have Compéarréglectronlc drinking circuit that was activated when the monkey

. . . . . . . made lip contact with the drinking spout. Each successful lip con-
different drugs to obtain relative reinforcing eﬁ'cac'e{gct resulted in a brief flash of the corresponding green (drug) or

(Griffiths et al. 1978; Woolverton 1995), rank orders @fhite (water) cue lights. Completion of the schedule requirements
break points have been established, and results agaigated a solenoid drinking valve that dispensed 0.6 ml liquid
with observational and clinical data regarding the ref&m 2000 ml plastic reservoirs that were suspended above the

. . . . : ; ork panel. If the monkey removed its mouth from the spout the
tive reinforcing efficacy of different drugs. Consistarjf, i delivery was terminated. The PR schedule was programmed

with Rodefer et al’s (1996) findings using, R Rudski ysing MED-PC (Med Associates, Layfayette, Ind.) and was run on
and coworkers (1994) demonstrated that unlimited aer1BM-compatible computer.
cess to food decreased break points in rats that respond-
ed for food under a progressive ratio schedule. Druas

In the present study the effects of feeding conditions 9
on the reinforcing efficacy of PCP and ethanol were asencyclidine hydrochloride was obtained from the National Insti-
sessed using the PR paradigm. This experiment extentidon Drug Abuse (Research Triangle Institute, Research Trian-
the use of PR schedules to the oral route of adminis@%-Park, N.C.). The drug was mixed weekly with tap water into a

Lo . : - mg/ml stock solution that was stored at room temperature.
tion in order to investigate the effects of food restricti encyclidine concentrations of 0.06, 0.12, 0.25, and 0.5 mg/mi

on drug intake in monkeys. Additionally, this studyere diluted from the stock solution with tap water daily. Concen-
sought to demonstrate the feasibility of using concurrertions are expressed in terms of the salt. Ethanol (95%) was ob-
PR schedules to compare the strength of behavior mé&fied from University of Minnesota Chemical Storehouse and di-

: ; uted to achieve 2, 4, 8, 16, and 32% (wt/vol) concentrations. All
tained by drug and vehicle (water). drug solutions were mixed 19 h prior to session to ensure that they
would be delivered at room temperature.

Materials and methods

Procedure
Subjects o . o ]

Monkeys were initially trained to self-administer orally-delivered
Seven adult male rhesus monkeys (M-Al, M-G1, M-I, M-M1, MPCP under concurrent FR 16 schedules according to methods that
P, M-X, M-Z) served as subjects. The monkeys had extensive grave been previously described (Carroll 1982). Ethanol self-ad-
vious experience with self-administration of orally-delivered PQministration was accomplished in the PCP-trained monkeys by ini-
and ethanol under FR schedules, and they had prior exposurtiatty presenting a low concentration (2% wt/vol) along with con-
food restriction and satiation conditions. Monkeys were weighedrrent water under an FR 4 schedule. The concentration was
every 2 weeks to monitor body weight. Subjects’ weights ranggeadually increased from 2 to 4 to 8%, and then FR was increased
from 7.5 to 12.5 kg during periods of food restriction and from 9f@om 4 to 8 and then 16. The daily procedure began with a time-
to 14.6 kg during periods of food satiation. Subjects were individut period from 0800 to 1000 hours when computers were pre-
ually housed in temperature controlled (24°C) colony rooms thadred for session and reservoirs were filled with liquids. The daily
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sessions were conducted from 1000 to 1300 hours and were tisied for PCP for 10 days; however, instead of using water stimu-
lowed by a 90-min time-out. During this time-out, drug consumpas lights on both sides, the flashing stimulus light associated with
tion was measured, subjects were fed, solutions were prepared®©P was used on one side, alternating daily. Water responses, de-
the next day, and cage pans were washed. The daily food allotntigaties and break point were compared with the water and PCP
was given to the monkeys at 1400 hours. This consisted of os#émulus conditions.
quarter of an apple and either a fixed amount of food that main-
tained monkeys at approximately 85% of their free feeding weight
(food restriction) or an unlimited amount (food satiation) of HaData analysis
lan Teklad monkey diet (8663). The food restriction condition
generally required daily amounts of food ranging from 75 fbhe PCP and ethanol data represent the means for the seven mon-
100 g, while the food satiation daily diet was approximatekeys over three daily sessions. Standard error of the means
300-400 g of monkey chow. The food satiation amount was d8EMs) were calculated from the means for each subject. Repeat-
justed so that monkeys always had access to food, but there @hmeasures analyses of variance (ANOVAs) were performed sep-
not an abundance of food that could be expelled from the caamately for PCP and ethanol responses, deliveries, and break point.
There was a 3- to 4-week transition period after each subject’s @eterion levels of statistical significance were set a priori at
condition was changed to allow body weights and drug consuni=0.05. Statistical analyses were generated using StatView and
tion to stabilize. During this transition period liquid intake dat8uperANOVA (Abacus Concepts, Berkeley, Calif.) on a Power
were monitored but not used in the analysis. During the 15.5-h Macintosh computer.
tersession period from 1430 to 0800 hours the next day, monkeys
had access to water from both spouts under an FR 1 schedule.
During morning and afternoon time-out periods all chamber ligh
were extinguished, and responding had no programmed COE@SU“S
guences.

During the 3-h session drug and water were concurrenmesponding maintained by PCP was higher than that

available under independently-programmed PR schedules. Fhgintained by ethanol, and there was higher intersubject
steps in the PR program were initially 0.30 log steps beginni ’

from FR 8. However, pilot studies revealed that these incremeﬂ%s”ab'“ty under the PCP condition (Fig. 1). The main
led to rapid extinction of the subjects’ behavior at the higher FRFect of feeding condition on PCP-maintained respond-
(cf. Hodos and Kalman 1963). Thus, above FR 128 the PR &g [F(1, 6)=11.04P<0.05], and the interaction between
vanced in 0.15 log steps. The FRs used in the PR program We%%ding condition and PCP concentration were statisti-

16, 32, 64, 128, 178, 256, 356, 512, 712, 1024, 1424, 2048, 2 S _
and 4096. At session onset, both stimulus lights were illumina % y S|gn|f|cant F(4' 24)_3'60’P<0'05]’ but there were

indicating drug and water availability. If an FR schedule was @@ Significant differences in responding maintained by
completed within 30 min, that spout was turned off for the r€CP due to PCP concentratidf(4, 24)=1.86,P>0.05].
mainder of session, and any subsequent responding on that spout

had no programmed consequences. Break point for each PR

schedule was defined as the last ratio completed during session.

Each day the PR schedule was reset, beginning at FR 8. When the 3000 1

schedule requirements for a spout were completed, the monkey

entered a reinforcement phase. Reinforcement was signaled by 2500

continuous illumination of the corresponding spout cue lights.

The subject had 10 min to complete the reinforcement phase 2000

which consisted of 40 liquid deliveries (0.60 ml each; 24 ml total)

under an FR 1 schedule. Once the reinforcement phase was com- 1500 7

pleted, there was a 30-s time-out period when stimulus lights -

were extinguished and responses were not counted before pro- W 1000

gressing to the next FR schedule. The session was terminated at ﬂ’r’l

1300 hours unless the subject had previously terminated availabil- ~ 5001

ity of both drinking spouts by exceeding the 30 min allowed for »

ratio completion. o 0 ' ' '
Each monkey progressed through concurrent PR schedules € 0.0 0.4 0.8 1.2

with either PCP or ethanol and concurrently available water. For S PCP Concentration (mg/ml)

each drug the range of concentrations was presented in a nonsys- @

tematic order, and each concentration was held constant until at oc

least 3 days of stable behavior were obtained. Since behavior rap- 2000 4

idly stabilized after concentration changes, typically only 3-5 days

were needed at each concentration to obtain 3 days of stable data. § 1500 4 ° Food Satiation

Retests were conducted at selected concentrations, and behavior

characteristically returned to previous levels. Stability was defined 1000 —O— Food Restriction

as no steadily increasing or decreasing trend in responses, break

points or deliveries. Each monkey completed both PCP and etha- 500

nol protocols in both food satiation and food restriction condi-

tions. One half of the monkeys experienced the food satiation con- 0 T T ' Y

dition first, and one-half received food restriction first. Order of 0 8 16 24 32

access to PCP and ethanol was also counterbalanced across mon- Ethanol Concentration (% wt/vol

keys. The total time required for one subject to complete these

parametric manipulations ranged from 3 to 7 months. Fig. 1 Mean number of lip contact responses for PP {rame

A test of the effectiveness of discriminative stimulP&ised or ethanol fottom framg per session. Responses are plotted as a
for drug (flashing light) and water (solid light) was conducted fofunction of drug concentratio®@pen circlesepresent the food re-
lowing completion of all drug and food manipulations. Subjecsdriction condition, whildilled circlesrepresent the food satiation
were maintained on PCP (0.25 mg/ml) and concurrent water foicahdition. Each point represents a mean for seven monkeys over
least 4 days to establish a stable baseline. Water was then sutbsilast 3 days of stable behavigertical barsindicate 2 SEM=
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Main effects of feeding condition, ethanol concentratidireak point maintained by ethanol consistently increased
and the interaction between feeding condition and etfiar all concentrations during food restriction compared
nol concentration were not statistically significant witto food satiation.
regard to ethanol responding>0.05). Both drugs main-  Break point data for water responding are presented
tained response rates in excess of the concurrently availfable 1. PCP maintained break points that were in ex-
able water vehicle, revealing the reinforcing effects oéss of those maintained by water at all concentrations
drugs under concurrent PR schedules (water data areamat under both feeding conditions (Table 1). However,
shown). ethanol break points were not consistently higher than
There was no significant main effect for PCP concewater break points under food satiation conditions. As
tration on break point (Fig. 2). However, statistically siggthanol concentration increased, water intake increased
nificant differences were obtained for the main effect ohder the food restriction condition but not under the
feeding condition (1, 6)=10.43P<0.05] and the inter- food satiation condition. There was a significant main ef-
action between feeding condition and PCP concentratfeot of ethanol concentration on water deliverie¢4|
[F(4, 24)=3.1P<0.05]. The BP due to feeding conditior24)=3.22,P<0.05].
was elevated across all PCP concentrations, with a peabeliveries of PCP while under the food restriction
increase at the 0.12 mg/ml concentration. During ethacohdition were greater than those under the food satia-
self-administration, only the main effect of ethanol cotion condition across all concentrations of PCP (Fig. 3,
centration was statistically significanF(§, 24)=3.34, upper frame). The main effect of feeding conditiB(i]
P<0.05]. Neither the main effect of feeding condition nd)=26.18,P<0.05] and the interaction of feeding condi-
the interaction between feeding condition and etharimn and PCP concentration were statistically significant
concentration was statistically significant. However, f¢F(4, 24)=6.21,P<0.05]. However, the main effect of
five out of seven monkeys (all except M-A and M-G) theCP concentration was not statistically significdr(d|
24)=1.71, P>0.05]. Water deliveries were consistently
lower than PCP deliveries at all concentrations and under

800 both feeding conditions.
With regard to ethanol self-administration, only the
600 main effect of drug concentration on deliveries was sta-

tistically significant F(4, 24)=16.70,P<0.05] (Fig. 3,
lower frame). Neither the main effect of feeding condi-
tion nor the interaction of feeding condition with ethanol
concentration was statistically significaf®™>0.05). Ex-
200 amination of individual data revealed that five out of sev-
en monkeys (again, all except M-A and M-G) increased
0 : i , their ethanol deliveries at each concentration when food
0.0 0.4 0.8 1.2 restricted compared to when they were food satiated, re-
PCP Concentration (mg/ml) sulting in the parallel elevation of the mean delivery con-
centration curve. Water deliveries were lower than etha-
nol deliveries under both feeding conditions, except at
the highest ethanol concentration where water deliveries
slightly exceeded ethanol deliveries.
After completion of each ratio in the PR series, 40
liquid deliveries were available under an FR 1 schedule.
The percentage of deliveries consumed out of the total
4007 @ Food Satiation 40 PCP deliveries available ranged from 86.3 to 100%
across the range of concentrations, although these val-
ues did not vary systematically across concentration or
2001 feeding condition (Table 2). The percentage of total
available ethanol deliveries earned was lower, ranging
from 43.3 to 100%. The lowest percentage (43.3%) of

400

600 1

Mean Break Point (+S.E.)

—O— Food Restriction

0 - - . T available ethanol deliveries earned was at the highest
0 8 16 24 32 concentration (32% wt/vol), possibly due to aversive
Ethanol Concentration (% wt/vol) taste. There was no difference in percentage of PCP or

ethanol deliveries earned as a function of feeding condi-
Fig. 2 Mean break point (BP) for PCRop framg or ethanol tion. In contrast to drug intake, the percentage of avail-
(bottom framg maintained responding is plotted as a function ¢fphle water deliveries obtained was lower, ranging from

drug concentrationOpen circlesrepresent the food restriction 0 :
condition, whilefilled circles represent the food satiation condi-47 to 65.6% when PCP was concurrently available and

tion. Each point represents a mean for seven monkeys over theff@in 37.6 to 88.9% when ethanol was concurrently
3 days of stable behavidrertical barsindicate 2 SEM:= available. These data suggest that the monkeys may
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(BP) (+SEM) for PCP and PCP conc. (mg/ml) Break point
ethanol with concurrent water
as a function of drug dose 0.06 0.12 0.25 0.5 1.0
during food satiation and
restrictior Food PCP 47.71* 44.09 111.99 95.49 109.44
satiation (10.9) (6.6) (21.6) (27.2) (46.4)
Concurrent water 18.96 27.51 35.53 27.77 42.76
9.1) (16.3) (19.9) (11.9) (19.7)
Food PCP 252.37 517.34 407.80 403.77 198.27
restriction (49.6) (122.1) (116.4) (117.0) (90.1)
Concurrent water 32.76 38.10 64.11 82.34 67.24
(20.3) (18.5) (35.1) (43.8) (46.4)
Ethanol conc. (% wt/vol) Break point
2% 4% 8% 16% 32%
Food Ethanol 55.90 92.56 78.49 36.96 23.24
satiation (15.1) (17.9) (13.4) (7.9) (5.2)
Concurrent water 47.34 24.00 49.54 43.00 41.53
(14.3) (8.8) (25.9) (19.6) (15.0)
Food Ethanol 286.19 190.29 139.90 76.96 30.47
* Each number represents a  restriction (157.1) (52.1) (36.4) (24.7) (7.1)
kmeeinos—ﬁ'tfr']‘g)lg;fg"g mon- Concurrent water 32.00 40.60 28.56 30.67 42.39
stgble bahavic: y (15.9) (20.2) (12.4) (18.3) (22.1)
400 have become satiated for water but not the drug solu-
tions.
For both PCP and ethanol the demand curve was
3001 shifted left and downward under food satiation condi-
tions relative to food restriction, indicating a decrease in
200 the intensity of demand for the drugs (Fig. 4). The
o 1 dashed lines on the demand curves refer to data previ-
% ously collected on the same monkeys using fixed drug
L oo concentrations (0.25 mg/ml PCP; 8% wt/vol ethanol) and
@ FR changes (4, 8, 16, 32, 64 and 128) to obtain demand
= curves during food satiation and restriction (Rodefer et
g 0 , : , al. 1996). Only a few unit prices from the studies were
g 0.0 0.4 0.8 1.2 similar, and a comparison of these data illustrates that
. drug consumption was shifted downward at those prices
PCP C trat 1 )
.'g ¢ oncentration (mg/ml) under the PR schedule relative to the FR schedule.
T 2004 The mean responses, break points and liquid deliver-
~ ies are shown for the last day PCP and water were con-
< —@— Food Satiation currently available (Table 3, top section). For the first
2 L00] —O—  Food Restriction and tenth days, water was available with a wateor$

100

Ethanol

8

16 24

Concentration (%

32

wt/vol)

Fig. 3 Mean number of liquid deliveries of PCRoy§ frame or
ethanol bottom fram per session is plotted is a function of drugcomparisons of PCP- and water-maintained behavior on

concentrationOpen circlesrepresent the food restriction condi
tion, while filled circles represent the food satiation condition

one side and a PCP 8n the other side (Table 3, middle
section), and the first day PCP was reinstated with con-
current water (Table 3, lower section). Replacement of
PCP with water resulted in a marked decrease in all mea-
sures which stabilized within 2 or 3 days. When PCP
was reinstated, there was an immediate return to high
levels of responding. Two-tailetitests conducted on
each of the 10 days of water substitution revealed no sig-
nificant differences in any of the measures between wa-
ter with PCP 8 and water with water 5 (P>0.05).

the days preceding (baseline) and following PCP

Each point represents a mean for seven monkeys over the lak@igtroduction were also made with one-tailetests,
days of stable behaviovertical barsindicate 2 SEM=

and differences were significaiR<0.05).
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Table 2 M t f o
tcialeavailaeb?g I?c?&fdegeellig\;/gr?es PCP conc. (mg/ml) Percentage of deliveries consumed
(xSEM) consumed per session
during food satiation and re- 0.06 0.12 0.25 0.5 1.0
striction
Food PCP 93.9 78.5 100 94.2 98.6
satiation (7.4) (12.3) (20.4) (15.4) (19.0)
Concurrent water 54.3 65.6 52.8 64.3 57.2
(23.0) (17.8) (23.9) (28.6) (24.2)
Food PCP 100 97.8 100 100 86.3
restriction (8.8) (11.9) (12.8) (14.1) (15.9)
Concurrent water 50.3 54.8 64.6 60.5 47
(26.0) (23.8) (22.7) (26.9) (26.6)

Ethanol conc. (% wt/vol) Percentage of deliveries consumed

2% 4% 8% 16% 32%
Food Ethanol 84.9 100 80.7 65.2 43.3
satiation (19.4) (10.9) (12.9) (14.9) (11.3)
Concurrent water 58.3 70.7 37.6 65.4 72.1
(18.6) (26.4) (11.3) (23.7) (24.4)
Food Ethanol 74.7 97.9 99 77.1 71.1
restriction (18.0) (11.2) (14.2) (18.8) (17.9)
Concurrent water 46.7 594 81.6 88.9 73.3
(18.1) (25.1) (19.1) (15.6) (19.0)

Discussion PR paradigm. The lack of differences at the high ethanol
concentrations (16% and 32% wt/vol) may have been

Responses, deliveries and break points for both PCP GH§ 1© aversive taste. The monkeys spent a majority of
ethanol exceeded those measures for the water ve ?%r time with the drinking spout and PR schedule asso-
ed with drug. Water-maintained responding was low

(except at the higher ethanol concentrations), indicatifi 4 tended 1o occur early in the session. Drua deliveries
that both drugs were functioning as reinforcers under oceur early | lon. Drug aeliveri
hat occurred in the reinforcement phase under the FR 1

schedule generally followed an inverted U-shaped func-

Fig. 4 Mean PCP intake (mg) per session is presented ifethe tiOn Of concentration, although responding and break
frame as a function of PCP unit price (responses/mg), and mega@int under the PR schedule did not vary significantly
ethanol intake (g) per session is plotted in tight frameas a with concentration. Thus, the PR schedule did not pro-
function of ethanol unit price (responses/gpen symbolsepres- 4 ce a characteristic inverted U-shaped dose effect curve

ent the food restriction condition, whifdled symbolsrepresent _ . AL
the food satiation condition. Data representectibgles andsolid  With @ll dependent measures. While inverted U-shaped
lines are from the present experiment, while data representeddgse-effect functions have been demonstrated with i.v.

trianglesanddashed linesre from the same monkeys in a previdrug self-administration and PR schedules (Griffiths et
ously published study that manipulated unit price by holding dryg. 1979), the lack of a distinct dose-effect function has
concentration constant and changing FR value. Each point @ n reported recently (French et al. 1995). The differ-

mean of six or seven monkeys over the last 3 or 5 days (pre J N\ : .
and previous data, respectively) of stable behavertical bars €Nnces among these findings may reflect differential ac-

indicate 2 SEMs quisition procedures, subject history, route of administra-
FR PR
1000 3 100 7 --fr- —O— Food Restriction
- —®— Food Satiation
. ©
m S
£ 4004 2 104 S
o £ . n
X c \ FR
3 - Y
" 10 2 1 y 2
N 4 |
o 2 §\
o. m Y\
}
1 T T .1 T T T |
1 10 100 1000 1 10 100 1000 10000

PCP Unit Price (Responses/mg) Ethanol Unit Price (Responses/g)
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Table 3 Effect of the PCP &

on extinction behavios Means (+SEM)
Responses Break point Liquid deliveries
(n=6) Last PCP 2120.7 (315.9) 543.3 (82.5) 3385 (29.2)
Day H,0O 228.8 (141.8) 60.7 (37.1) 945 (53.1)
(n=6) First HO* 236.0 (94.7) 88.3 (22.0) 153.8 (28.3)
Day H,0 149.5 (109.3) 58.7 (39.7) 80.7 (41.4)
Tenth H,0* 156.0 (60.3) 65.3 (21.1) 122.3 (27.6)
Day H,0O 44.2 (18.0) 21.3 (9.8) 69.5 (26.3)
(n=5) First PCP 2456.0 (378.2) 663.2 (112.3) 389.8 (16.25)
Day H,0O 173.4 (106.2) 172.0 (96.1) 206.3  (59.3)

* PCP @ (flashing light) on one side, wateP $olid light) on the other side, alternating d-ily

tion, reinforcement magnitude, the stepwise ratio incrdition are consistent with previous findings that demon-
ments, and/or other methodological factors. Further wakated food restriction increased thg,Pralues of PCP
is needed to determine the conditions that allow the RRJ ethanol. These data suggest that food restriction in-
schedule to be most sensitive to reinforcing effects @kased the reinforcing value of PCP and ethanol (Rode-
drugs. Responding for ethanol (Fig. 1) as a function fefr et al. 1996). Under food restriction in the PCP condi-
concentration was not characterized by an invertedditn, the break point of water increased as PCP concen-
shaped curve typical for responding maintained by an ERtion increased. It seemed that this behavior served to
schedule. However, ethanol deliveries and, to a lesserdikite the more concentrated PCP solutions, because
tent, ethanol break point, followed an inverted-U-shapbiher concentrations of PCP can be aversive, rather than
curve. Peak ethanol consumption was less than peak P€iRg an artifact of general increased responding due to
consumption, and ethanol generated more shalltweod restriction.
curves. Traditional inverted U-shaped concentration-re-While manipulation of the feeding condition did not
sponse curves have previously been demonstrated résult in a significant effect on the break point of ethanol
ethanol consumption (Henningfield and Meisch 1978). across the range of ethanol concentrations, results sug-
The effect of feeding condition was clearly observegkst a difference due to feeding condition at the lower
in both ethanol and PCP responses, break point andetbanol concentrations. When the feeding conditions
liveries. The upward shift in the curve due to food rerere compared for subjects responding for ethanol, two
striction was greater at lower drug concentrations fissues were readily apparent. First, maximal responding
both PCP and ethanol. In behavioral economic ternescurred at a lower ethanol concentration (2% wt/vol)
lower concentrations represent higher unit prices (mnder food restriction compared to food satiation (4%
sponses/mg). This finding concurred with previous studit/vol) conditions. Second, this leftward shift resulted in
ies in which unit price was varied by changing concea-four-fold increase in ethanol break point at the lowest
tration (Carroll et al. 1991) and FR value (Rodefer et abncentration. A similar shift in maximal break point
1996). Thus, food restriction produces greater increafmsn the 0.25 mg/ml concentration of PCP to
in drug self-administration as the cost of drug increasef.12 mg/ml was observed for PCP during food restric-
Differences in PR performance (Fig. 2) between P@en. The magnitude of the break point increase due to
and ethanol may represent a difference in reinforcing #fereased responding for PCP in the food restriction con-
ficacy between the two drugs. Alternatively, there hadition was greater at the lower drug concentrations.
been reports that high doses of certain drugs have averi a previous study that examined the reinforcing effi-
sive properties (Wise et al. 1976). Such an observatiorésy of PCP and ethanol under food restriction and food
especially relevant in oral self-administration studiestiation conditions using FR schedules, Rodefer and co-
where the taste or olfactory effects of a drug such as atlerkers (1996) reported that food restriction increased
anol can create difficulties in establishing a consisté®y,, (an estimate of the response requirement at which
self-administration pattern. The aversive taste qualitiesiximal responding occurred) for both PCP and ethanol.
of ethanol have been documented previously (Mello afe rightward shift in R,, due to food restriction was
Mendelson 1971). A second hypothesis that might egeeater for ethanol than for PCP; a more appropriate
plain differences between break point for ethanol andmparison could be made with normalized demand
PCP is that caloric properties of ethanol impact upon ttigrves (Hursh and Winger 1995), but such an analysis
self-administration of the drug itself. While this possibilwas beyond the scope of this project. In the current
ity cannot be excluded from consideration, the calostudy, larger increases in break point due to food restric-
benefits from an 8% (wt/vol) ethanol solution are miniion were seen with PCP rather than ethanol. Thus, while
mal, especially when the modest increases in ethanolbinth break point and, R, appear to be measures of rein-
take are taken into account. forcing efficacy based on maximum response output,
The shifts in maximal responding (break point) fahere are differences in sensitivity to the effects of feed-
ethanol and PCP (Table 1 and Fig. 2) due to feeding corg conditions between FR and PR schedules.



272

One explanation for these differences in sensitivilyg, decreased food intake appears to have a negligible
may be that the FR and PR schedules assess diffeedfeict on behaviors resulting from any altered metabo-
components of behaviors associated with the reinfordiem of PCP.
ment process. Winger and Woods (1985) examined vari-While regarded as a useful tool in ascertaining rein-
ous doses of IV cocaine and nomifensine under both feiRcing efficacy, the PR paradigm has the limitations of
and PR schedules to evaluate relative effectivenessregfuiring unequal response requirements for increased
drug maintained behavior. Their findings suggested tlttig delivery. In such a paradigm, the drug intake is of-
PR and FR schedules produced similar relative reinfoten an all-or-nothing phenomenon and can be most prob-
ing data for cocaine and nomifensine. However, McQAematic for those studies that only use one reinforcer de-
egor and Roberts (1993, 1995) found evidence for difféivery per schedule completion. Studies that have utilized
ences between FR and PR schedules. They administenettiple deliveries per schedule have tended to avoid this
injections of the D antagonist SCH 23390 into differenproblem and have the added ability of being able to dis-
brain regions and examined self-administration of coern a more graded response pattern (Griffiths et al.
caine under different schedules of reinforcement. Diffek979; Woolverton 1995). The use of 40 liquid deliveries
ent patterns of behavior were observed, depending upfter each completed ratio in the present study resulted in
the injection site and the schedule of reinforcement, anthkes over the 3-h sessions that were similar to those
they suggested that FR and PR schedules measure diffbtained with FR schedules (Rodefer et al. 1996). How-
ent and distinct aspects of cocaine reinforcement. Irexeer, when the present PR data were plotted as a demand
similar fashion, rats with septal lesions displayed lowurve (Fig. 4), consumption was lower than that obtained
ered responding for food under FR schedules in contristhe previous study in which FR values were manipu-
to PR schedules (Poplawsky and Cohen 1991), despated (Rodefer et al. 1996) for those unit prices that over-
the fact that the lesions did not alter the reward valuelgpped between studies. In the present study, unit price
food (determined by a behavioral economic analysis). (responses/mg or responses/g) was a dependent measure.

Another possible explanation for differences in thEhe unit price may have been higher if fewer than 40 lig-
food restriction effect between PCP and ethanol might deliveries were offered for reinforcement. In fact, if
involve the non-reinforcing effects of the drugs (e.g., dhe PR curves were shifted to the right (to a range of
rect stimulus effects). Recently, Woolverton (1995) ekigher unit prices), the PR-generated demand curves
amined the relative reinforcing efficacy of cocaine amwdould overlap the FR-generated demand curves. Further
procaine using the PR paradigm. Using a single drug deanipulations such as this would be needed to determine
livery per schedule completed and by varying the intavhether PR-generated demand curves meet the assump-
trial interval to allow for any stimulus effects to dissition of functional equivalence of response requirement
pate, Woolverton demonstrated cocaine’s greater poteaogl drug dose as constituents of unit price (respons-
with minimal confounding effects. The current study res/mg) (Bickel et al. 1991).
sults would also be minimally affected by direct stimulus In summary, results from the present study demon-
effects of PCP or ethanol because of the delayed onsettafted that concurrent PR schedules could be used to
effects for drugs consumed orally. Also, while the sublifferentiate the reinforcing effects of orally-delivered
jects had the duration of the 3-h session to self-admindstigs (PCP and ethanol) versus the water vehicle. The
ter drugs, it was frequently the case that most drug int&e data indicated increased reinforcing efficacy of oral-
occurred in the first hour of session. A comparison lytdelivered PCP and lower doses of ethanol under food
previous findings using FR schedules suggested that ribstriction compared to food satiation conditions. This
monkeys’ drinking topography was not impacted by PRsult was similar to that previously reported using FR
schedules (Carroll 1985; Carroll and Rodefer 1993). schedules and a behavioral economic analysis of de-

A third possibility for the observed differences banand; food restriction had a greater effect at higher unit
tween PCP and ethanol under food restriction may prices for drug.
volve metabolic pathways for the two drugs. Given that _
ethanol is degraded via cytochrome 450 enzymes, (EFICHed0R s The aution e gl (0 Meert L lor
conceivable th,at decreased food intake may activ experiment, to Dr. Adande MaFt)tof(J and PamF()eIa Kepel ?or their
these enzymatic systems and lead to lower serum ethangdal review of the manuscript, and to Kimberly DeRoche, Scott
concentrations. Subsequently, subjects might dem&esig and Sr:]erry Thomptsoorl1 t;‘orl\last_sistir|1g|; V\{i}[htthe eéperirxgnts.
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complished though glucuronide conjugation in the liver.
Since glucuronic acid is derived from glucose, restricted
food intake may impact upon glucose availability argkferences
thus decrease metabolism of PCP. If food restriction did
serve to decrease the metabolism of PCP, one might@&tﬂg::;ﬁé sgzhe; fFét élgzgngg%i_%e&avéggin rhesus monkey:
pect to Obse.rve Sm.a”er INCreases in responding d_ue_ ckel WK, DeGrandpre RJ (1995) Price and alternatives: sugges-
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does lead to large increases in PCP reinforced respond93-105
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