Psychopharmacology (1996) 125:361-370

© Springer-Verlag 1996

ORIGINAL INVESTIGATION

J.K. Rowlett - B.W. Massey - M..S. Kleven
W.L. Woolverton

Parametric analysis of cocaine self-administration
under a progressive-ratio schedule in rhesus monkeys

Received: 30 August 1995 / Final version: 5 February 1996

Abstract The present study was designed to investigate
parameters and quantitative analysis of cocaine self-ad-
ministration under a progressive-ratio (PR) schedule of
reinforcement, with the goal of enhancing the resolution
of PR schedules for measuring reinforcing efficacy. Six
rhesus monkeys were prepared with chronic intravenous
catheters and trained to self-administer cocaine under a
PR schedule. The schedule consisted of five components,
each made up of four trials (i.e., 20 trials total). Each tri-
al within a component had the same response require-
ment. Three initial response requirements were tested:
fixed-ratio (FR) 60, FR 120 and FR 240. The response
requirements doubled in successive components to a
maximum of FR 960, FR 1920 or FR 3840, respectively,
in the fifth component. A trial ended with an injection or
the expiration of a 12- or 24-min limited hold (I.LH). The
inter-trial interval (ITI) was 15 or 30 min. Four depen-
dent measures were assessed: break point (last FR com-
pleted), injections/session, responses/session and re-
sponse rate (responses/s). For the three initial FRs, the
break point, number of injections/session, responses/ses-
sion and rate increased with dose of cocaine
(0.013-0.1 mg/kg per injection) at both ITI/LH values.
At the ITI15/1.H12, responding decreased at higher dos-
es, i.e., the dose-response functions were biphasic. In
contrast, at the ITI30/LH24, responding reached an as-
ymptote at higher doses. In general, cocaine maintained
significantly higher break points, injections/session, re-
sponses/session  and rate at ITI30/LH24 than at
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ITI15/1.H12. However, at both ITI/LHs, as initial FR was
increased, injections/session at the higher doses de-
creased while break point, total responses/session and
rate did not change. A ceiling on performance, as as-
sessed by break point, total responses/session and re-
sponse rate, may have limited the number of cocaine in-
jections an animal could take in a session. The results of
this study indicate that optimal conditions for measuring
the reinforcing efficacy of cocaine were obtained at the
longer ITI/LH and at initial FRs above 60.
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Introduction

Intravenous drug self-administration procedures have
been used extensively to characterize and compare the
reinforcing effects of drugs (Schuster and Thompson
1969; Johanson and Balster 1978). The concept of rein-
forcing efficacy, i.e., the maximum reinforcing effect of
a drug, has proven useful when comparing among drugs
(Griffiths et al. 1975, 1979; Nader and Woolverton 1991;
see, however, Katz 1990). Relative reinforcing efficacy
has been examined using choice procedures (e.g., Johan-
son and Schuster 1975; Woolverton and Johanson 1984)
and progressive-ratio (PR) procedures (e.g., Griffiths et
al. 1975, 1978, 1979; Hoffmeister 1979; Risner and Sil-
cox 1981). Under a PR schedule, the response require-
ment for obtaining a reinforcer is increased until re-
sponding stops. The response requirement at which re-
sponding ceases is often termed “break point”. PR proce-
dures have been used to examine the reinforcing effects
of a variety of stimuli, including sweetened solutions
(Hodos 1961), electrical brain stimulation (Hodos 1965),
food (Spear and Katz 1991) and drugs (e.g., Griffiths et
al. 1975, 1979). In particular, PR procedures have been
used to study the reinforcing effects of psychomotor
stimulants in rats (e.g., Roberts et al. 1989; Depoortere et
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al. 1993; Roberts 1993), dogs (e.g., Risner and Silcox
1981) and non-buman primates (e.g., Griffiths et al.
1975, 1978, 1979; Winger and Woods 1985; Spear and
Katz 1991). When a psychomotor stimulant (e.g., co-
caine) is made available for self-administration under a
PR schedule, break points tend to increase with increas-
ing doses and reach an asymptotic level (Bedford et al.
1978; Griffiths et al. 1979; Depoortere et al. 1993) or de-
cline at higher doses (Griffiths et al. 1979; Winger and
Woods 1985). Psychomotor stimulants can be rank-or-
dered according to break points, and these results are
generally consistent with knowledge of the relative abuse
liability of these drugs in humans (Griffiths et al. 1978).
In addition, in a study examing self-administration of co-
caine and procaine under PR schedules (Woolverton
19953), the reinforcing efficacy of cocaine relative to pro-
caine was consistent with the intrinsic efficacy of these
compounds in blocking dopamine uptake in rat brain
(Woodward et al. 1995). Thus, results from drug self-ad-
ministration studies using PR schedules may provide in-
formation useful in understanding in vivo pharmacologi-
cal action of psychomotor stimulants.

Meaningful rank ordering of drugs in terms of rein-
forcing efficacy depends upon our ability to quantify re-
liable differences using relevant dependent and procedur-
al variables. Many issues need to be resolved before de-
finitive conclusions can be made concerning PR proce-
dures and reinforcing efficacy. For example, some inves-
tigators have shown that, under certain conditions, break
points provide results similar to response rate in fixed-ra-
tio (FR) procedures (Griffiths et al. 1979; Winger and
Woods 1985). That is, dose-response functions for many
compounds self-administered under PR schedules are bi-
phasic functions, conforming to an inverted U-shape
(Griffiths et al. 1979; Winger and Woods 1985). Thus,
responding under PR procedures may be determined by
effects other than reinforcing effects (e.g., motoric im-
pairment, satiation). This potential confound is similar to
that often noted for the more typically used FR proce-
dures (Winger and Woods 1985; Skoldager et al. 1991)
and could complicate interpretation of results from PR
experiments. In addition, it has been noted that break
points have inherent problems in terms of measurement
and statistical analyses (Katz 1990; Depoortere et al.
1993).

The present study was designed to investigate param-
eters and quantitative analysis of cocaine self-adminis-
tration under a PR schedule of reinforcement, with the
goal of enhancing the resolution of PR schedules for
measuring reinforcing efficacy. Specifically, this study
examined whether and how the initial FR requirement in
the progression and the inter-trial interval (ITT) and lim-
ited hold (LH) would affect the dose-response function
for cocaine. The PR procedure used was designed to im-
prove estimation of break points by including multiple
determinations of self-administration at each response
requirement in the progression. This procedure has been
previously shown to reliably differentiate the maximum
reinforcing effects of cocaine and procaine, with co-

caine obtaining a greater maximum effect than procaine
{Woolverton 1995). The purpose of the ITVLH manipu-
lation was to assess whether lengthening the time be-
tween injections and increasing the amount of time
available to complete an FR would alter the cocaine
dose-response function. Specifically, it was predicted
that cocaine self-administration would increase as the
IT/LH was increased, due to lengthening the time be-
tween injections. In addition to manipulating schedule
parameters, we compared two different approaches of
statistical analyses of the data. The first approach used
analyses of variance techniques and the second ap-
proach used non-linear regression analysis to examine
treatment effects among four dependent measures; break
point, injections/session, total responses/session and re-
sponse rate.

Materials and methods

Animals and apparatus

The subjects were six adult male rhesus monkeys (Macaca mul-
atta) with body weights between 5.6 and 11.0 kg. Three of the
monkeys (8217, 9126, 9163) were naive, one monkey (9031) had
previously been exposed to continuous IV infusions of cocaine
while responding under fixed-ratio (FR) schedules of food rein-
forcement and the other monkeys (9033, 9118) had a history of
both food- and cocaine-maintained responding with continuous in-
fusions of various drugs (Kleven and Woolverton, unpublished da-
ta). Each monkey was fitted with a stainless-steel restraint harness
and spring arm which was attached to the rear of an experimental
cubicle (90 cm widex90 cm deepx90 c¢m high) in which the mon-
key lived for the duration of the experiment. Two response levers
(BRS/LVE, PRL-001, Beltsville, Md.) were mounted on the inside
of the transparent front of each experimental cubicle 10 cm above
the floor. Four jeweled stimulus lights, two red and two white,
were mounted directly above each lever. Drug injections were de-
livered by a peristaltic infusion pump (Cole-Parmer, Chicago, 1i1.)
located outside the cubicle. All programming and recording of ex-
perimental events was accomplished by a Macintosh IT computer
and associated interfaces and cumulative recorders located in an
adjacent room. Water was available continuously and each mon-
key was fed, immediately after the experimental session, a suffi-
cient amount of monkey chow (Ralston-Purina, St Louis, Mo.) to
maintain a stable body weight. In addition, each monkey was giv-
en a chewable vitamin tablet 3 days/week.

Each monkey was adapted to the cubicle and restraint system
and had a catheter implanted according to the following protocol.
The monkey was injected with a combination of ketamine hydro-
chloride (1.0 mg/kg, IM) and atropine sulfate (0.04 mg/kg, IM)
followed in 20-30 min by inhaled halothane. When anesthesia was
adequate, a catheter was surgically implanted into a major vein.
For internal and external jugular and femoral veins, a silicone
catheter (0.076 cm i.d., 0.26 cm o.d.; Cole-Parmer, Chicago, IiL)
was used. For brachial veins, the catheter was Micro-Renethane
(0.1 cm 1.d., 0.2 cm o.d.; Braintree Scientific, Braintree, Mass.)
drawn to a tapered tip after heating. An antibiotic (Keflin; Eli Lil-
ly, Indianapolis, Ind.), was injected (200 mg) locally to the inci-
sion site and was administered (100 mg) IM twice daily for 7 days
to prevent infection. Following surgery the monkey was returned
to the experimental cubicle and the catheter was threaded through
the spring arm, out the back of the cubicle and connected to the in-
fusion pump. If a catheter became non-functional during the ex-
periment, a new catheter was implanted as before following a 1-to
2-week period to allow any infection to clear. Catheters were filled
between sessions with a solution of 100 units/ml heparin to pre-
vent clotting at the catheter tip.



Procedure

Experimental sessions, signaled by the illumination of all white le-
ver lights, were conducted at the same time each day, 7 days a
week. During initial sessions, one lever press on either the right or
the left lever, individually determined, resulted in an injection of
cocaine (0.1 mg/kg per injection). The white lights were turned off
and the red lights were illuminated during drug infusion. These
initial sessions had no I'TT or LH. After stable baseline responding
was established («10% variation in total number of injections/ses-
sion for at least five consecutive sessions with no consistent
trend), the PR schedule was initiated with short ITT/LHs. The re-
sponse requirements and ITI/LHs were gradually increased to the
terminal conditions of the PR schedule. The PR schedule consist-
ed of five components, each made up of four trials (i.e., 20 trials
total). Each trial within a component had the same response re-
quirement. Three different initial response requirements were
used. Thus, the response requirement in the first component was
FR 60/trial, FR 120/trial or FR 240/trial and doubled in successive
components to a maximum of FR 960, FR 1920 or FR 3840, re-
spectively, in the fifth component. A trial ended with an injection
or the expiration of a limited hold (LH). Trials were separated by
an ITI of 15 or 30 min. Following an injection or expiration of the
LH (12 or 24 min, respectively), all stimulus lights were extin-
guished and responding had no consequence for the remainder of
the trial. A session ended when the response requirement was not
met within the LLH for two consecutive trials or when all 20 trials
had been completed. Thus, in order to complete a component and
progress to the next FR, at least two trials had to be completed
within the component.

The ITVLH manipulation was designed primarily to assess the
effects of increasing the time between injections on the cocaine
dose-response function, as it varied with initial FR. The proportion
of the ITI that consisted of the LH, in the absence of an injection,
was held constant. That is, the LH was 80% of the ITI in both
cases. Thus, in addition to varying the time between injections, the
ITVLH manipulation also varied the amount of time the monkey
had to complete an injection. The purpose for the L.LH manipula-
tion was to allow more time for a monkey to respond at the higher
ITI/LH, in anticipation of higher FRs being completed by the
monkey at the higher ITVLH compared to the lower IT/LH.

When behavior maintained by cocaine was stable, saline was
substituted for cocaine until responding declined to low levels.
Cocaine-maintained behavior was then re-established and various
doses of cocaine (0.013-0.4 mg/kg per injection) were made avail-
able in an irregular order until responding was stable. All condi-
tions (cocaine dose, IT1, initial FR) were presented to each mon-
key in an irregular order.

Data analysis

Four dependent measures were analyzed: break point (last FR
completed), total number of injections/session, total responses/ses-
sion and the mean response rate {responses/s). Response rate was
calculated by dividing the total responses by the total time be-
tween initiation of a trial and injection, plus the limited holds on
trials that were not completed. Each dosexinitial FRxITI/LH con-
dition was available to the monkeys until responding achieved the
5-day stability criteria. Each dependent measure was obtained for
an individual monkey by calculating the mean over the 5 days of
stability for each condition. Individual monkey data and mean val-
ues were calculated for each dependent measure and presented in
Figs 1-4. Incomplete trials were defined as any trial in which re-
sponding occurred but no injection was delivered (i.e., the monkey
initiated but did not complete the FR). The total number of incom-
plete trials was obtained across the 5 days of stable performance
for each monkey in each condition.

The data presented in Figs 1-4 were analyzed initially for vio-
lations of homogeneity of variance, since violation of homogene-
ity of variance has been noted previously in data from progressive-
ratio experiments (Depoortere et al. 1993). Violation of homoge-
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neity of variance was assessed in two ways. First, the data were
analyzed using Cochran’s test (see Kirk 1982). Second, Huyn-Fel-
dt epsilon values were calculated for the data (Huyn and Feldt
1976). Degrees of freedom were corrected if the epsilon value was
<0.75. To further evaluate the nature of the distribution of variance
to mean values, SEM values were plotted as a function of the
means independent of various factors in the analysis and a Pearson
product moment correlation coefficient (#2) calculated. All animals
were used in the tests for violation of homogeneity of variance,
except for Huyn-Feldt epsilon values, which were calculated using
a subset of the data (n=4 monkeys) used in the analysis of variance
computations (see below).

In cases where data violated the assumption of homogeneity of
variance, the dependent measure to be analyzed was transformed
according to the method of Kirk (1982, p. 83). Briefly, four trans-
formations (log,,, square roet, reciprocal, inverse sine) were ap-
plied to the largest and smallest values of each treatment condition
and a range computed. The ratio of largest to smallest range was
computed for each transformed data set, and the transformation
with the smallest ratio was used where appropriate.

The data presented in Figs 1-4 were analyzed using two ap-
proaches. First, each dependent measure (non-transformed or
transformed) was analyzed using a repeated measures analysis of
variance (ANOVA). Because not all cells in the analysis had equal
sample sizes, the ANOVA was performed on the conditions in
which the largest sample size could be obtained (four doses, using
monkeys 8217, 9033, 9118, 9163). Thus, the analysis was a 4
(dose levels: 0.025, 0.05, 0.1, 0.2)x2 ({JITULH: 15/12,
30/24 min)x3 (initial FR: FR 60, FR 120, FR 240) repeated mea-
sures ANOVA, performed on a subset of the sample (n=4). Multi-
ple comparisons were made using the Bonferroni  procedure. Be-
cause these ANOVAs were performed on a subset of the data, the
data from these four monkeys are presented as mean and standard
error of the mean (SEM) values using insets in Figs 1-4.

The second approach to analyzing the data used GraphPad
Prism software to calculate non-linear regression analyses for the
dose-response functions for each treatment level {non-transformed
only). The non-linear regression analysis used was an iterative
curve-fitting technique using equations for sigmoidal dose-re-
sponse functions with variable slopes. The equation used for the
analyses was the four parameter logistic equation:

Y=minimum-+(maximum-minimum)/( I +10{ogEDsc-Xy*slope)),

Non-linear regression analyses were performed separately on
means for each dependent measure (the 0.4 mg/kg per injection
condition was omitted, because only one monkey was tested in
this condition). The minimom value of each dependent measure
was constrained to zero (i.e., either no injections taken or respons-
es made), all other parameters were free to vary. For each treat-
ment and dependent measure, EDs, (dose at which 50% of the
maximum effect was obtained) and E_ (maximum effect ob-
tained) estimates were obtained. Confidence intervals (95%) were
obtained for both parameters and used to test differences between
treatment means. Goodness-of-fit coefficients also were obtained
for each curve (2).

The number of incomplete trials was analyzed using a similar
ANOVA procedure used to analyze the data in Figs 1-4. Thus, the
analysis was a 4 (dose levels: 0.025, 0.05, 0.1, 0.2)x2 (ITI/LH:
15/12, 30724 min)x3 (initial FR: FR 60, FR 120, FR 240) repeated
measures ANOVA, performed on a subset of the sample (n=4).

Results
General

For all ANOVAs, the general pattern of results for all six
monkeys was similar to that observed for the four mon-
keys used in the analyses. Cochran’s tests revealed that
break point [C(3, 24)=0.40, P<0.05] and responses/ses-
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sion [C(3, 24)=0.27, P<0.05] violated the assumption of
homogeneity of variance. Therefore, transformations
were used in the ANOVAs for break point and respons-
es/session. The ratio of the largest and smallest ranges
for break point data was smallest for the inverse sine
transformation and, for responses/session, smallest for
the square root tranformation. Correlational analyses
comparing means and standard errors for each dependent
measure revealed a positive relationship for break point
(r=0.67, P<0.001) and responses/session (r?=0.68,
P<0.001). The correlations for injections/session and
rate were not reliably different from zero (#2=0.01 and
0.25, respectively).

Of the 24 functions analyzed in the non-linear regres-
sion analyses, no fit failed to reach convergence and all
curves had goodness-of-fit coefficients that ranged from
r2=0.960-0.999. Thus, even with some dose-response
functions tending toward an inverted U-shape, the func-

. 0.2
0.1 0.4 0.025 0.1 0.4

Cocaine Dose (mg/kg/inj)

tions in general conformed well to a sigmoidal dose-re-
sponse equation.

Break point

Mean break point (Fig. 1, insets) increased as a function
of dose [main effect of dose, F(3, 9)=9.556, epsi-
lon=1.003, P<0.05]. The main effects of initial FR and
ITI/LH were not significant. There was a significant in-
teraction between ITI/LH and cocaine dose [F(3,
9)=8.473, epsilon=2.24, P<0.01]. This interaction likely
reflects that, collapsed across initial FRs, the dose-re-
sponse function was an inverted U-shaped function at
ITII5/LH12 (Fig. 1, left panels) while generally sig-
moidal in shape at ITI30/LH24 (Fig. 1, right panels).
Bonferroni t-tests performed on the ITI/LHXcocaine
dose interaction revealed that break point (collapsed



Table 1 Estimates for EDj,
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(dose producing 50% of maxi- Measure Initial FR  ITI/LH EDsyq, (CI) Eax (CI)
ffect) and E, maxi-
o et e {maxi- b reak point 60 15/12 0.020 (0.012-0.033) 563 (367-757)
caine self-administration under 30/24 0.030 (0.023-0.038) 888 (760-1020)***
a progressive-ratio schedule in 120 15/12 0.023 (0.013-0.042) 614 (419-809)
rhesus monkeys (n=6). Abbre- 30/24 0.026 (0.016-0.042) 1130 (825-1430)*
viations: /77 inter-trial interval, 240 15/12 0.014 (0.005-0.041) 572 (223-920)
FR fixed-ratio, C195% confi- 30/24 0.059 (0.003-1.3) 2210 (1140-5560)*
dence intervals. Estimated pa-
rameters were derived from Injections/session 60 15/12 0.017 (0.011-0.027) 14 (10-20)
non—iinea}r regression analysis 30/24 0.022 (0.019-0.026) 18 (17-19)**
of sigmoidal dose-response 120 15/12 0.020 (0.017-0.023) 11 (10-12)
functions (see text) 30/24 0.019 (0.016-0.022) 15 (13-17)%
240 15/12 0.014 (0.006-0.033) 7311
30/24 0.028 (0.016-0.050) 12 (8-16)
Responses/session 60 15/12 0.022 (0.015-0.033) 3288 (2196-4381)
30/24 0.028 (0.020-0.040) 5534 (4287-6781)
120 15/12 0.024 (0.018-0.032) 3747 (3078-4415)
30/24 0.024 (0.018-0.033) 6850 (5513-8186)*
240 15/12 0.038 (0.011-0.13) 3140 (336-5945)
30/24 0.019 (0.003-0.12) 8894 (1733-16060)
Note that P<0.05 by comparing ~ Rate (responses/s) 60 15/12 0.020 (0.016-0.024) 1.5 (1.3-1.7)
confidence intervals for the fol- 3024 0.031 (0.014-0.065) 22(1.2-32)
lowing: * compared to 15-min 120 15/12 0.022 (0.014-0.033) 1.5 (1.1-1.9)
ITL, ** compared to initial FR 30/24 0.025 (0.017-0.037) 2.0 (1.6-2.4)
240 in the same ITL, *** com- 240 1512 0.020 (0.005-0.087) 1.2 (03-2.1)
pared to 15-min ITT and initial 30/24 0.034 (0.011-0.099) 2.0 (0.7-3.3)

FR 240 in the same IT1

across initial FR) for 0.1 and 0.2 mg/kg per injection
were reliably greater at ITI30/LH24 compared to
ITT1S/LHI2.

EDg, estimates for the break point data ranged from
0.014 to 0.059 mg/kg per injection (Table 1). However,
the mean EDs, values tended to fall within the CIs across
treatment conditions and all Cls overlapped with one an-
other. Thus, the EDs, estimates were not reliably differ-
ent as a function of ITI/LH or initial FR, suggesting that
the potency of cocaine remained the same across condi-
tions. E,, estimates (Table 1) at ITI30/LH24 were reli-
ably greater than estimates at ITI15/LH12 for all initial
FRs. Within the ITI30/LH24 condition, E,,, estimates
were significantly greater at initial FR 240 compared to
initial FR 60.

Injections/session

Mean injections/session (Fig. 2, insets) increased as a
function of dose [main effect of dose, F(3, 9)=7.667, ep-
silon=0.89, P<0.01] and decreased as a function of initial
FR [main effect of initial FR, F(2, 6)=42.252, epsi-
lon=0.649, P<0.01]. The main effect of ITI/LH was not
significant. There was a significant interaction between
ITI/LH and cocaine dose [F(3, 9)=10.591, epsilon=1.47,
P<0.01]. This interaction likely reflects that, collapsed
across initial FRs, the dose-response function was an in-
verted U-shaped function at ITII5/LH12 (Fig. 2, left
panels) while generally sigmoidal in shape at

ITI30/LH24 (Fig. 2, right panels). Bonferroni 7-tests per-
formed on the IT/LHxcocaine dose interaction revealed
that injections/session (collapsed across initial FR) for
0.2 mg/kg per injection were reliably greater at
ITI30/LH24 compared to ITI15/LLH12.

EDs, estimates for injections/session ranged from
0.014 to 0.028 (Table 1). The EDs, estimates were not
reliably different as a function of ITI/LH or initial FR,
suggesting that the potency of cocaine remained the
same across conditions. E_,. estimates (Table 1) for ini-
tial FR 120 at ITI30/LH24 were reliably higher than this
estimate at the ITI15/LH12. Also, compared within the
ITI30/LH24 condition, the E ., estimate at FR 60 was
reliably higher than that of FR 240,

Responses/session

Total responses/session (Fig. 3, insets) increased as a
function of cocaine dose [main effect of dose, F(3,
9)=6.330, epsilon=0.852, P<0.05]. The main effects of
initial FR and ITI/LH were not significant. There was a
significant interaction between ITI/LH and cocaine dose
[F(3, 9)=12.664, epsilon=2.228, P<0.01]. For the
ITI/LHxdose interaction, responses/session were reliably
higher for 0.05, 0.1 and 0.2 mg/kg per injection (col-
lapsed across initial FR) at ITI30/LH24 compared to
ITI15/LH12 (Bonferroni r-tests, Ps<0.05).

EDs, estimates for responses/session ranged from
0.019 to 0.038 mg/kg per injection (Table 1). The EDy,
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Fig. 2A-F Cocaine self-ad-
ministration under a progres-
sive-ratio schedule, expressed
as injections/session. See Fig. |
for details
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estimates were not reliably different as a function of
ITI/LH or initial FR, suggesting that the potency of co-
caine remained the same across conditions. E . esti-
mates (Table 1) for initial FR 120 were significantly
greater at ITI130/LH24 compared to ITI15/LH12.

Response rate

Response rate (Fig. 4, insets) increased as a function of
cocaine dose [main effect of dose, F(3, 9)=5.790, epsi-
1on=0.749, P<0.05]. The main effects of initial FR and
IT/LH were not significant. There was a significant in-
teraction between ITI/LH and cocaine dose [F(3,
9)=8.316, epsilon=0.66, P<0.05]. At the dose of
0.2 mg/kg per injection, rate was higher at ITI30/LH24
compared to TTT15/1.H12 (Bonferroni #-test, P<0.05). No
other multiple comparisons were significant.

salline 0.(}‘13 0.65
0.025

Cocaine Dose (mg/kg/inj)

EDs, estimates for response rates ranged from 0.020
to 0.034 mg/kg per injection (Table 1). The EDy, esti-
mates were not reliably different as a function of ITI/LH
or initial FR, suggesting that the potency of cocaine re-
mained the same across conditions. No effects were ob-
served for E_ . estimates (Table 1).

Incomplete trials

The overall mean was three incomplete trials per 5 days
of stability. The range was one to seven incomplete trials
per 5 days of stability. There was no evidence that in-
complete trials varied as a function of dose, initial FR or
ITI/LH (No main effects or interactions were significant,
data not shown).
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Discussion

Consistent with previous studies examining cocaine self-
administration under PR schedules (Griffiths et al. 1975,
1978, 1979; Bedford et al. 1978; Winger and Woods
1985; Spear and Katz 1991; Depoortere et al. 1993), co-
caine-maintained behavior increased as a function of
dose for low to moderate doses. Under the ITI15/LH12
condition, the cocaine dose-response functions tended to
first increase, then decrease at higher doses for all depen-
dent measures while under the TTI30/LH24 condition,
the dose-response functions for all dependent measures
tended to increase to a maximum, at which performance
was asymptotic. This general finding is consistent with
previous results from our laboratory (Woolverton 1995).
Inverted U-shaped functions, such as those found at
ITI15/LH12, have been interpreted as reflecting rate dis-
ruptions due to accumulation of drug at high doses. Con-
sistent with this interpretation, Jones et al. (1995) found
that non-contingent cocaine administration can disrupt

Cocaine Dose (mg/kg/inj)

responding maintained by food under a PR schedule. In
the present study, all dependent measures tended to be
higher at ITI30/1LH24 compared to ITI15/LH12, a result
also consistent with disrupted responding due to drug ac-
cumulation at ITI15/LH12. Taken together, these results
indicate that the cocaine dose-response function was op-
timal (i.e., a monophasic, sigmoidal curve) under the
ITI30/1.H24 condition compared to the ITI15/LH12 con-
dition. Indeed, these findings generally suggest that the
use of longer ITls, which presumably would decrease
drug accumulation, results in a less contaminated esti-
mate of reinforcing efficacy in the PR procedure.

While drug accumulation may have accounted for in-
verted U-shaped dose-response functions in the present
study, Griffiths et al. (1979) found inverted U-shaped
dose-response functions in baboons responding for co-
caine under a PR schedule with 3-h time-outs separating
injections. Thus, drug accumulation may not have ac-
counted for the inverted U-shaped functions found by
Griffiths et al. (1979). The peak of the inverted U-shaped
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functions in the Griffiths et al. (1979} study occurred in
the range of 0.1-1.0 mg/kg per injection across baboons,
while the highest dose tested (3.0 mg/kg per injection) re-
suited in lower break points than doses in the range of
0.1-1.0 mg/kg per injection. Thus, the descending limb
of the dose-response functions in the Griffiths et al
(1979) study occurred at higher doses than those tested in
the present study. It is possible that in the present study,
inverted U-shaped dose-response functions would have
been observed even under the ITI30/LH24 condition, if
higher doses had been tested. However, while the cocaine
dose-response functions over similar dose ranges were
comparable between the two studies, it is possible that
differences in sensitivity to cocaine between rhesus mon-
keys and baboons may also contribute to the absence or
presence of inverted U-shaped dose-response functions.
For break point, total responses/session and rate,
changes in the initial FR had little effect on the dose-re-
sponse functions for cocaine. Although there was evi-

saline  0.013 | 0.05 | 02 |
0.025 0.1 0.4

Cocaine Dose (mg/kg/inj)

dence for an increase in break point at the initial FR 240
in the ITI30/LH24 condition when analyzed using non-
linear regression, concordant results were not obtained
with ANOVA. Since responding resulted in fewer injec-
tions as the initial FR was increased as an independent
measure, injections/session decreased as imitial FR in-
creased. Although under the present conditions initial FR
had little effect on responding maintained by cocaine, it
seems likely that a point would be reached at which an
increase in this variable would decrease responding
maintained by cocaine. At initial FR 60, injections/ses-
sion at the higher doses was at or near 20 for most mon-
keys, suggesting that the initial FR 60 resulted in maxi-
mal performance that was determined by the number of
injections available (i.c., a ceiling effect). Thus, optimal
conditions for measuring the reinforcing efficacy of co-
caine were obtained at the initial FRs above 60.

The present results suggest that all four dependent
variables provided asymptotic measures of the reinforc-



ing efficacy of cocaine under the 1TI30/LH24 condition.
One obvious implication of this finding is that reinforc-
ing efficacy increases with dose to a maximum and is as-
ymptotic after that point. However, other interpretations
of the data should be considered. It is possible that there
was a ceiling on responding maintained by cocaine.
Some procedural limitation, e.g., the LH, could have lim-
ited maximal responding such that most animals peaked
at approximately 3500 total responses at ITI15/LH12 or
approximately 8000 total responses at ITI30/LH24. To
assess this possibility, the number of incomplete trials
(i.e., trials in which the FR was initiated but not complet-
ed) was assessed. If the 12-min LH was too short, then
the number of incomplete trials should have significantly
increased as the initial FR was increased and should have
been lower at LH24 than at LH12. This was not the case,
as no significant effects of initial FR or ITI/LH were ob-
served when incomplete trials were analyzed. Indeed, the
average number of incomplete trials across all conditions
was three per 5 days of stability (which in some cases in-
cluded up to 95 trials total), indicating that incomplete
trials were relatively rare. Moreover, Woolverton (1995)
found that increasing the LLH under similar conditions
had no effect on performance. Another possibility for a
ceiling on responding was a physical limitation, e.g., fa-
tigue, which may have limited maximum responding. Fa-
tigue may have been less of a factor with the
ITI30/LH24 condition, with responding increasing as a
result. Finally, the interaction of accumulation of cocaine
levels and increasing the FR over the course of the ses-
sion may have inhibited responding. That is, as cocaine
levels and response requirement were concomitantly in-
creased over the course of a session, responding may
have been disrupted to a point that limited further perfor-
mance, just enough to result in asymptotic levels of per-
formance. Support for this latter notion comes from the
finding that measures of responding were lower at
FTT15/LH12 compared to ITI30/LH24. However, if drug
accumulation were playing a major role in limiting re-
sponding, one would expect responding to decrease
again at higher unit doses where drug consumption
would be higher.

Several issues with regard to data analysis should be
considered as well. Conclusions based upon mean data
assume that means were representative of effects in indi-
vidual monkeys. As can be seen in the figures, for some
monkeys, responding reached an asymptote at high doses
of cocaine while for others, responding continued to in-
crease or decreased again with dose. Although it seems
likely that these latter two outcomes would have been as-
ymptotic at longer ITI/LHs, this remains an assumption.
A second consideration is the fact that, for responses/ses-
sion and break point, variance increased as injections in-
creased. The most significant ramification of this scaling
problem is that at maximum responding, reliable differ-
ences between doses may be more difficult to detect (see
also Depoortere et al. 1993; Woolverton 1995). Conclu-
sions based upon non-linear regression analyses were
similar to those based upon ANOVA; however, the re-
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gression approach does offer some advantages. For ex-
ample, non-linear regression analysis allowed the use of
all data, thus allowing unequal ns (which often occur in
self-administration procedures), and calculation of phar-
macologically relevant variables (EDsg, E_, ). However,
many of the dose-response functions tended toward a bi-
phasic, inverted U-shaped function. The equation used in
the nonlinear regression analysis assumes a sigmoidal
dose-response function, i.e., this equation assumes an as-
ymptote at the top of the function, and would not provide
the most accurate fit of an inverted U-shaped dose-re-
sponse function. Thus, the EDs, and E_ . values ob-
tained in the present study may have been contaminated
estimates of reinforcing potency and reinforcing efficacy,
at least at the ITI15/LH12 condition.

Based on the results of the present study, several gen-
eral comments are possible concerning dependent mea-
sures in PR studies. First, as noted in other studies (De-
poortere et al. 1993; Woolverton 1995), injections/ses-
sion and rate provided estimates of reinforcing efficacy
that were more amenable to statistical analysis than the
typically used break point. Injections/session and re-
sponse rate data were free of violations of assumptions
common to standard statistical tests. Break point and re-
sponses/session provide direct measures of how much
behavior the animal is emitting (Hodos 1961), which is
not reflected directly in a measure of injections/session
or rate. Responses/session provided number of responses
on trials that were not complete, a contribution that may
be especially critical at higher response requirements,
and was not reflected in break point. Indeed, in the pres-
ent study, responses/session, break point and rate gave
somewhat different information than injections/session,
although it should be noted that all of these dependent
measures were highly correlated. In addition, because as-
ymptotic performance measured by responses/session,
breakpoint and rate data was relatively unaffected by ini-
tial FR, these three dependent measures may potentially
allow comparisons across studies using different PR pro-
cedures. In a previous study comparing cocaine and pro-
caine self-administration using one of the PR schedules
described in the present study (ITIIS/LH12 or
ITI30/.H24, initial FR 120), similar dissociations be-
tween injections/session, total responses/session and rate
were observed (Woolverton 1995). However, in compar-
ing cocaine to procaine, injections/session and respons-
es/session led to similar conclusions, while the dose-re-
sponse functions for response rate were flat with few ef-
fects of drug dose. Taken together, the findings of the
present study and the previous one (Woolverton 1995)
suggest that the dependent measures may be dissociated,
especially when comparing between drugs. Thus, when
comparing drugs, multiple comparisons using injec-
tions/session, a measure of responses (either break point
or responses/session) and rate may be warranted.
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