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This study uses a curve-fitting approach to evaluate the effects of drugs on reinforced re-
sponding in rats. The subjects obtained reinforcement according to a series of five different
variable-interval schedules (a five-component multiple schedule). For each rat, pimozide, a
neuroleptic, decreased response rate, and the decrease was associated with (1) a decrease in
the estimated asymptotic response rate and (2) an increase in the rate of reinforcement
necessary for half-asymptotic responding. That is, pimozide decreased the proportion of re-
sponding maintained by a given rate of reinforcement. In contrast, intermediate doses of
amphetamine increased response rate and increased the proportion of responding main-
tained by a given rate of reinforcement. It was proposed that the response rate asymptote
indexes motor capacity, and the rate of reinforcement necessary for half-asymptotic respond-
ing indexes reinforcement efficacy; accordingly, pimozide decreased motor capacity and re-
inforcement strength and amphetamine increased reinforcement strength.
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NUMBER 2 (SEPTEMBER)

Neuroleptics typically decrease reinforced
responding. One interpretation is that the
drug reduces the subject’s sensitivity to nor-
mally reinforcing stimuli, such as food or
water. For example, Wise, Spindler, deWit,
and Gerber (1978) wrote, “neuroleptics appear
to take the pleasure out of normally rewarding
brain stimulation, take the euphoria out of
normally rewarding amphetamine, and take
the ‘goodness’ out of normally rewarding
food.” Those favoring this view call the result
neuroleptic-induced anhedonia (e.g., Wise et
al,, 1978). Others, however, have suggested that
neuroleptic-induced response depression is due
to a motor deficit (e.g., Tombaugh, Tom-
baugh, & Anisman, 1979). Recently, Ettenberg,
Koob, and Bloom (1981) used the following
test to distinguish between the two interpreta-
tions. They compared the effects of alpha-flu-
penthixol on two different responses in rats:
lever pressing for rewarding brain stimulation
and nose poking for rewarding brain stimula-
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tion. The results varied with the response re-
quirement: alpha-flupenthixol greatly reduced
lever pressing but only moderately reduced
nose poking. Ettenberg et al. contend that
since the rats continued to nose poke for brain
stimulation, the neuroleptic did not produce
anhedonia. But this interpretation overlooks
the possibility that the neuroleptic may have
partially blunted the reinforcing strength of
brain stimulation. Perhaps nose poking is nor-
mally maintained by a lower level of reward
than lever pressing, and thus lever pressing ex-
tinguished whereas nose poking persisted. The
problem is that the criterion for reinforcement
strength is ambiguous. Wise et al. and Etten-
berg et al. used change in absolute response
rate to define change in susceptibility to rein-
forcement, yet both the motoric and hedonic
interpretations predict similar modifications
of absolute response level.

Faced with the ambiguity that attends abso-
lute response-rate measures of reinforcement
efficacy, some researchers have used changes in
relative response rate (e.g., Griffiths, Wurster,
& Brady, 1981; Johanson & Schuster, 1975).
Their argument is that relative changes are
independent of possible motor deficits. A simi-
lar logic can be applied to the parameters of
the matching equation (Herrnstein, 1974).
This equation, describing a rectangular hy-
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perbola, states that response rate is a nega-

tively accelerated function of reinforcement
rate:

kR
“R+R, M

where B is response rate (e.g., lever presses per
min), R is reinforcement rate (e.g., pellets per
hour), and % and R, are constants, estimated
from the data. These constants have been the
subject of both theoretical and empirical stud-
ies (e.g., see de Villiers & Herrnstein, 1976;
Herrnstein, 1974), but have figured in only a
few psychopharmacology studies (e.g., Brad-
shaw, Ruddle, & Szabadi, 1981; Heyman &
Coons, Note 1). In the experiment described
below, k and R, are used to evaluate the effects
of a neuroleptic and neuroleptic antagonist.

It is proposed that changes in the parameter
k measure changes in motor capacity. This pro-
posal is supported by the finding that changes
in the response requirement change k (e.g.,
Herrnstein, 1974; McSweeney, 1978). For ex-
ample, McSweeney showed that shifting pi-
geons from a key-peck requirement to a trea-
dle-kick requirement shifted & from about 55
responses per minute to about 18 responses per
minute. Moreover, the change in the manipu-
landum had no systematic effect on R,.

It is proposed that changes in the parameter
R, measure changes in reinforcement efficacy.
This proposal is supported by several studies
and is consistent with the mathematical rela-
tion that the magnitude of R, is equal to the
reinforcement rate that maintains half-maxi-
mal responding (note, B = k/2 if R = R,). For
example, in a study with rats, Guttman (1954)
used two different concentrations of sucrose to
reinforce lever pressing. The higher concentra-
tion (which humans would call sweeter) de-
creased R, but did not change % (see de Villiers
& Herrnstein, 1976). This means that a given
rate of the higher concentration maintained a
larger proportion of asymptotic responding,
or, in terms of reinforcement strength, increas-
ing concentration increased efficacy. Note that
the two studies (McSweeney, 1978, and Gutt-
man, 1954) showed that it is possible to arrange
conditions that change only one of the param-
eters of Equation 1 (of course there may be
treatments that change both parameters).

Experiment 1 tested the effects of pimozide,
a neuroleptic, on k£ and R,. Since this drug
typically depresses reinforced responding, the
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two simplest outcomes are a decrease in & (a
pure motor deficit) or an increase in R, (a pure
reward deficit). Experiment 2 tested the effects
of amphetamine on k and R,. Amphetamine
is classified as a stimulant (e.g., Iversen & Iver-
sen, 1981), and a number of its effects are op-
posite to those of pimozide. At intermediate
doses it increases response rate, and according
to biochemical studies, amphetamine increases
the availability of dopamine at brain receptor
sites, whereas pimozide decreases the availabil-
ity of dopamine at these sites (e.g., see Creese,
Burt, & Snyder, 1978; Moore, 1978). For inter-
mediate doses of amphetamine, then, the sim-
plest outcome is either an increase in k% or a
decrease in R,.

METHOD

Subjects

Seven experimentally naive male albino rats
served (Charles River Breeders, CD strain),
four in Experiment 1 and three in Experiment
2. The rats were about 6 months old, weighed
between 530 and 680 g prior to food depriva-
tion, and for the course of the study were main-
tained at either 809, (Experiment 1) or 759,
(Experiment 2) free-feeding weight. (Other re-
search [Heyman & Seiden, Note 2] has shown
that this weight difference had no apparent
influence on the drug effects.)

Apparatus

The experiments were conducted in a stan-
dard, single-lever, operant conditioning cham-
ber (20.5 cm by 23.5 cm by 19.5 cm). The re-
sponse lever was approximately 6.5 cm from
the floor on the left side of the front panel and
was operated by a force of more than .15 N.
Stimulus conditions were set by a buzzer (Son-
alert) and a light. An opening, 5 cm to the
right of the lever, provided access to a small
(-10 ml) dipper of milk. The dipper was oper-
ated by a solenoid, and the milk was made
from a powder mix (Carnation, 3 parts water
to 1 part powder, with one tablespoon of sugar
per quart) The buzzer, chamber lights, and
dipper were controlled by a PDP 8-e computer,
and the chamber was protected from extra-
neous sounds by a large, insulated, wooden
box.

Procedure

Each session consisted of a series of five vari-
able-interval (VI) reinforcement schedules (a
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five-component multiple schedule). Each sched-
ule was available for 500 sec, and a 500-sec
timeout period separated consecutive sched-
ules. The programmed interreinforcement in-
tervals approximated an exponential distri-
bution (Fleshler & Hoffman, 1962), and the
mean times for the five distributions were
160 sec, 80 sec, 40 sec, 20 sec, and 10 sec. Re-
inforcement consisted of 3.5-sec access to the
dipper, and during this time the VI timer
and session clock did not run. In Experiment
1 the order of the schedules was from VI 160-
sec (the leanest) to VI 10-sec (the densest),
and in Experiment 2 the order was lean to
rich for two rats (Rats 902 and 904) and from
rich to lean for one rat (Rat 906). The buz-
zer set the stimulus conditions for the dif-
ferent reinforcement rates. The frequencies
were 14 sec, 14 sec, 1 sec, 14 sec, and 14 sec,
with frequency corresponding to reinforce-
ment density. During the timeout, the chamber
lights and buzzer were off and responses had
no experimentally arranged consequences (al-
though they were recorded).

Drugs

Pimozide was injected intraperitoneally ap-
proximately 4 hours prior to testing. Each rat
received three different doses in irregular or-
der, .2, .3, and .6 mg/kg, and each dose was
administered on three occasions. The pimozide
was dissolved in 10 ml of distilled water with
tartaric acid (approximately 7 parts acid to 1
part pimozide) and brought to final solution
with distilled water. The injection volume was
1 ml

d-Amphetamine was injected intraperito-
neally approximately 20 min before the session.
Each rat received vehicle (saline) and four con-
centrations: .25, .5, 1.0, and 2.0 mg/kg in ir-
regular order. Each dose was administered
three times.

The experiments were conducted 6 days a
week at approximately the same time each day.
Injections began after at least 15 sessions of
training and at least 5 sessions with no syste-
matic changes in & and R,. In Experiment 1
there were 53, 56, 40, and 22 pre-injection ses-
sions for Rats 21, 23, 24, and 901, respectively,
and in Experiment 2 there were 21, 17, and 49
pre-injection sessions for Rats 902, 904, and
906. Once injections began, they were given
about once a week and were restricted to at
least 3 days since the last injection. Note that
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baseline and drug sessions alternated and that
each rat served as its own control.

Statistics

The method of least squares was used to find
the best-fitting values of k£ and R,. Since Equa-
tion 1 is nonlinear, the least-squares problem
results in two nonlinear equations in k and R,.
Wetherington and Lucas (1980) have outlined
the problem and described an efficient approxi-
mation technique for solving the nonlinear
equations. The solutions are the bestfitting
values of k and R, to near machine accuracy.
Note that Equation I was originally used as a
description of experiments in which reinforce-
ment rate varied between sessions (Herrnstein,
1970). In experiments 1 and 2, reinforcement
rate varied within sessions. Nevertheless, Equa-
tion 1 described the results at least as well as
typically found in the original application.

Changes in k and R, were calibrated by stan-
dard deviation scores. For example, for one
subject the .6 mg/kg dose of pimozide de-
creased k by about two standard deviations
and increased R, by about five standard devi-
ations. The calculations for Rat 21 demon-
strate how variability was measured. This rat
amassed 84 sessions that followed a drug in-
jection by at least 3 days. These 84 sessions
were grouped into 28 three-session units so that
the baseline and drug conditions represented
similar amounts of behavior (recall that there
were three injections at each dose level). For
each three-session unit, a value of k and R, was
calculated, and the standard deviations were
determined from these estimates. In Experi-
ment 1 there were 28, 22, 19, and 18 three-ses-
sion baseline units for Rats 21, 23, 24, and 901,
respectively; and in Experiment 2 there were
27, 27, and 13 three-session baseline units for
Rats 902, 904, and 906, respectively.

RESULTS

Experiment 1

Pimozide dose dependently decreased lever
pressing. Figure 1 shows that the same overall
pattern described each rat, and Table 1 shows
that the percentage decreases in response rate
were about the same for three of the rats (21,
28, and 24). For example, under the schedule
with the highest reinforcement rate (VI 10-sec),
this group showed decreases of approximately
30%,, 55%,, and 909, at the .2, .3, and .6 mg/kg
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THE EFFECT OF PIMOZIDE ON REINFORCED RESPONDING

RESPONSES / MINUTE

REINFORCEMENTS / HOUR

Fig. 1. The effect of pimozide on variable-interval schedule performance. The baseline rates were calculated
from sessions that were not preceded by a drug injection. Sample sizes were 84 sessions, 66 sessions, 57 sessions,
and 54 sessions for Rats 21, 23, 24, and 901, respectively. Drug response rates were averaged from three sessions
for each dose level. The theoretical curves are the best-fitting rectangular hyperbolas. The parameter values, k,

and R,, are listed in Table 2.

doses. For Rat 901, pimozide produced smaller
decreases but in the same dose-dependent pat-
tern.

Table 2 shows that response rate decreases
were accompanied by dose-dependent increases
in R, The average increments were 1.6, 2.4,
and 9.5 standard deviation units for the .2, .3,
and .6 mg/kg doses, respectively. For example,
for Rat 901 the baseline estimate of R, for non-
drug responding was 206 reinforcers an hour,
whereas with the .3 mg/kg dose of pimozide,
R, was 467 reinforcers an hour. In other words,
with pimozide, the rat needed about twice as
many reinforcers to maintain its half-maximal
response rate.

Pimozide produced smaller changes in k&
than in R,. The lowest dose, .2 mg/kg, did not
appear to have a significant effect on k. There
were both increases and decreases, with an av-
erage change of .25 standard deviations. The
.3 mg/kg dose decreased k in three rats (Rat

901 was the exception), and the .6 mg/kg dose
decreased k in every subject, with an average
decrement of 1.7 standard deviations. For ex-
ample, the estimated asymptotic response rate
for Rat 23 in baseline was 141 responses per
minute, whereas with the .3 mg/kg dose it was
66 responses per minute. To summarize, then,
pimozide dose dependently increased R, and
decreased k, and these two changes are cooper-
ative in the sense that each is associated with
a reduction in response rate.

Experiment 2

There was a bitonic relationship between
amphetamine dose and change in response
rate. Figure 2 and Table 3 show that the in-
termediate doses, .25 to 1.0 mg/kg, increased
bar pressing, whereas the highest dose, 2.0 mg/
kg, decreased or eliminated responding. Each
rat showed this bitonic pattern, and Figure 2
and Table 3 indicate that the .25 and 1.0 mg/
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Table 1

Summary of absolute reinforcement and response rates for pimozide experiment. The base-
line data are the averages from sessions that occurred at least 3 days since the last pimozide
injection. The sample sizes are 84, 66, 57, and 54 sessions for Rats 21, 23, 24, and 901, respec-
tively. The pimozide rates are the averages from the three sessions at each dose level.
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VI 160-Sec VI 80-Sec VI 40-Sec VI 20-Sec VI 10-Sec
Subject and Reinf/ Resp/ Reinf/ Resp/ Reinf/ Resp]/ Reinf/ Resp/ Reinf/ Resp/
Condition Hr Min Hr Min Hr Min Hr Min Hr Min
RAT 21
Baseline 175 59=*54 875 258*103 849 53.5*105 1708 78.1*10.7 340.6 98.1*10.3
2 mg/kg 172 29 6 405 102*= 15 793 239=* 95 1580 489* 29 333.0 66.4=14.9
.3 mg/kg 173 24=* 7 256 7.1* 1.8 653 9.7* 2.7 1260 20.0=* 53 3240 404=* 75
.6 mg/kg 198 28=*13 124 15* 1.7 620 40x 20 1100 75=* 60 2340 150%* 75
RAT 23
Baseline 173 54=*16 866 105+ 43 757 235* 88 160.7 504=*=129 3308 67.9* 99
2 mg/kg 132 2112 380 66* 20 596 128=*= 45 161.0 33.0*x10.7 3340 539=* 3.8
.3 mg/kg 123 86=*+28 326 81+ 26 737 98=* 39 1516 26.7*10.7 2715 315=*=11.7
.6 mg/kg 10.0 7= 3 262 12* 9 334 20* 7 750 27 86 2090 8.0x 24
RAT 24
Baseline 19.1 53860 893 156=*= 55 834 804==11.6 165.7 57.7+x125 8418 781=% 4.7
2 mg/kg 185 41=*= 3 264 75* 1.0 850 174=% 1.2 1760 43.0=* 33 321.0 53.8=103
3 mg/kg 10.2 9=*12 344 42+ 15 543 72* 3.7 1605 275* 44 3105 37.8=10.7
.6 mg/kg 147 1.10* 8 223 16 4 460 25%= 1.7 1253 36%* 24 1870 72= 11
RAT 901
Baseline 139 25=%=1.8 859 12.7* 7.0 827 405=*115 1748 669=* 87 3493 803* 9.6
2 mg/kg 147 18%* 4 300 91=* 65 820 31.0*135 1860 60.0=*10.1 3370 820=* 4.0
.3 mg/kg 194 38=* 6 412 69=* .1 762 106=%= 19 1540 513*x104 353.0 62.0=* 4.0
.6 mg/kg 3.7 2 2 7.3 b*x 1 420 15 8 1090 56=* .7 2120 99 49
Table 2
Summary of the effects of pimozide on the two parameters of the hyperbolic response-rate
equation: B=kR/(R+ R,). Standard deviations for baseline sessions are from samples of
three sessions each so that the units would be commensurable with drug session rates (see
text).
Subject and k Standard Deviation| R, Standard Deviation |
Condition Resp/min Change in Std. Dev. Reinf[hr Change in Std. Dev. r
RAT 21
Baseline 1493 19.7 167.0 68.5 984
2 mg/kg 143.8 -3 368.4 +26 976
3 mg/kg 122.0 —14 654.3 +17.1 993
.6 mg/kg 90.6 -3.0 1186.8 +14.9 980
RAT 23
Baseline 141.0 56.7 337.4 217.1 .984
.2 mg/kg 170.0 +.5 710.4 +1.7 996
3 mg/kg 66.2 -13 2715 -3 950
.6 mg/kg 62.2 —1.4 1424.2 +5.0 .986
RAT 24
Baseline 152.0 53.1 309.8 214.5 988
2 mg/kg 128.3 -5 4205 +.5 975
.3 mg/kg 109.3 -9 561.8 +12 978
.6 mg/kg 34.6 —22 783.2 +2.2 .889
RAT 901
Baseline 132.6 448 205.7 156.4 .969
.2 mg/kg 189.0 +1.3 428.0 +1.5 999
.3 mg/kg 151.9 +4 466.7 +1.6 .886
6 mg/kg 130.3 —05 2671.0 +15.8 994
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THE EFFECT OF AMPHETAMINE ON REINFORCED RESPONDING

RESPONSES / MINUTE

REINFORCEMENTS / HOUR

Fig. 2. The effect of amphetamine on variable-interval
schedule performance. Sample sizes for baseline sessions
were 51 sessions for Rats 902 and 903 and 39 sessions
for Rat 904. For drug sessions the rates were averaged
from three sessions. Table 4 lists the best-fitting param-
eter values. See Figure 1 and text for other details.

kg doses circumscribed the dose that would
have produced the maximum increase. At the
2.0 mg/kg concentration, two of the rats
stopped bar pressing. They were observed from
time to time, and they appeared to spend most
of the session handling the wood chips that
lined the bottom of the chamber. (In contrast,
when rats stopped responding under pimozide,
they sat relatively motionless.) The one rat that
continued to respond at the 2.0 mg/kg dose
(906) also showed the smallest reaction to the
.25 mg/kg dose.

Changes in response rate were accompanied
by bitonic changes in R, (see Table 4). For
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Rats 902 and 906, the .50 mg/kg dose pro-
duced the largest decrement in R,, whereas the
lower and higher doses produced somewhat
smaller decrements. Rat 904 was idiosyncratic
in that the .25 mg/kg dose produced an in-
crease in R, and the 1.0 mg/kg rather than the
.50 mg/kg dose produced the largest decrement
in R,. For group results, Table 4 shows that
the median decrements in R, were .4, 1.9, and
1.8 standard deviation units for doses up to 1.0
mg/kg. At the 2.0 mg/kg dose, the one rat that
continued to respond showed an increase in
R,, suggesting that higher doses of amphet-
amine may decrease the reinforcing power of
milk (Heyman & Seiden, Note 2).
Amphetamine did not produce systematic
nor large changes in k. Increases and decreases
were about equally likely, so the average
change was less than one standard deviation
and showed no relationship to drug dose. Also
recall that the order of reinforcement-rate pre-
sentation differed for Rat 906: It ran from rich
to lean. This difference appears not to have
influenced the amphetamine effect on the pa-
rameters of Equation 1; for each rat there were
bitonic changes in R, and little change in k.

DISCUSSION

According to the proposition that k measures
motor capacity and R, measures reinforcement
effectiveness, Experiments 1 and 2 support the
following conclusions: Pimozide reduced the
rats’ susceptibility to the reinforcing properties
of milk, and to a lesser degree, it decreased the
rats’ ability to press the lever. That is, pimozide
interfered with both hedonic and motoric pro-
cesses. In contrast, intermediate doses of am-
phetamine increased susceptibility to the rein-
forcing properties of milk and did so without
systematically changing the motor capacity
parameter. These results support the anhe-
donia interpretation of neuroleptic-induced
response depression, but with the qualification
that neuroleptics may simultaneously change
hedonic and motoric components of operant
responding.

The results from Experiments 1 and 2 are
compatible with a number of previous studies.
Zarevics and Setler (1979) investigated the
influence of amphetamine and pimozide on
the minimum level of brain stimulation that
would maintain lever pressing. Amphetamine
lowered the threshold, which is analogous to
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Table 3

Summary of absolute reinforcement and response rates for amphetamine experiment. The
format is the same as in Table 1.

VI 160-Sec VI 80-Sec VI 40-Sec VI 20-Sec VI 10-Sec
Subject and Reinf/  Resp/ Reinf/ Resp| Reinf/ Resp/ Reinf/ Resp/ Reinf/ Resp/
Condition Hr Min Hr Min Hr Min Hr Min Hr Min
RAT 902
Baseline 181 22 5 355 52% 26 81.0 115 3.7 1660 21.0= 3.0 3160 266=* 35

00 mg/kg 223 20x25 300 37 32 763 132% 36 1656 204=* 53 3400 27.2* 42
025 mg/kg 172 29=15 300 150+ 36 824 210* 92 1684 283+ 2 3329 349=* 58
050 mg/kg 163 89=6.7 294 3814=* 68 862 454= 69 1774 501 6.0 3428 583=*108
10 mg/kg 199 145%=8.7 404 271* 43 912 324=* 39 1584 41.1=* 8.7 3499 548%* 34
2.0 mg/kg - - - -
RAT 904

Baseline 80 20*14 260 9.1=* 44 740 266= 7.0 1730 43.0* 5.1 3210 434=%= 41
0.0 mg/kg 170 25* .7 230 53+ 31 833 215* 51 1720 412=* 46 3170 440=* 37
0.25 mg/kg 70 10*x88 220 35* 6.7 490 120*103 1790 440=* 29 3300 480=% 15
050 mg/kg 220 11.0*49 430 240%= 2.7 820 38.0%*141 1090 51.0*124 3300 495=* 4.3
1.0 mg/kg 146 93*82 326 27.0=20.1 823 333+13.7 1648 421+ 93 3254 495* 43
20 mg/kg - - - —

RAT 906
Baseline 164 17 5 289 4,=*= 14 729 91=* 22 1560 178% 33 3084 250%= 22
00 mg/kg 273 28%x12 299 52* 23 793 102 1.9 1550 21.0%= 48 3117 240= 10
025 mg/kg 200 46=*=27 300 74* 36 800 89* 53 1720 18.0%x 42 3090 253* .8
0.50 mg/kg 98 83*49 378 116* 14 910 240=*148 1690 268=*= 50 3249 344=*= 1.0
10 mg/kg 172 73%=32 351 144=* 63 682 182= 9.0 1753 284==105 3190 355= 7.7
20 mg/kg 299 30x14 222 31+ 9 685 3.7+ 38 1320 9.7 17 2716 151=% 5.7

Table 4

Summary of the effects of amphetamme on the two parameters of the hyperbohc response
rate equation. The format is the same as in Table 2.

Subject and k Standard Deviation| R, Standard Deviation|
Condition Resp[min Change in Std. Dev. Reinf[hr Change in Std. Dev. ”
RAT 902
Baseline 49.6 8.1 258.6 89.6 989
0 mg/kg 45.7 -5 224.9 —4 977
.25 mg/kg 44.1 =7 87.7 -1.9 946
.50 mg/kg 66.1 +2.0 46.6 —2.4 924
1.0 mg/kg 62.6 +1.6 68.8 —21 957
2.0 mg/kg - - - - -
RAT 904
Baseline 60.7 12.5 100.6 50.1 965
0 mg/kg 73.1 +1.0 175.3 +1.5 .939
.25 mg/kg 94.4 +2.7 261.3 +3.2 970
.50 mg/kg 63.2 +.2 65.5 -7 924
10 mg/kg 55.8 -4 48.7 -1.0 959
20 mg/kg - -~ - - -
RAT 906
Baseline 50.2 10.2 304.2 121.6 995
0 mg/kg 45.8 -4 236.3 -6 .961
.25 mg/kg 45.1 -5 251.1 -4 957
.50 mg/kg 41.3 -9 754 -19 951
1.0 mg/kg 4.1 -6 873 -1.8 .988

20 mg/kg 415 -9 4714 +14 960
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a decrease in R,, and pimozide increased the
threshold, which is analogous to an increase in
R,. Bradshaw et al. (1981) described the effects
of .3 and .6 mg/kg of amphetamine on k and
R, in rats responding for food pellets. They
injected their subjects twice a week for ap-
proximately 14 months. Amphetamine dose
dependently decreased R,, as in Experiment 2.
However, there was also a dose-dependent de-
crease in k, whereas Experiment 2 showed no
systematic changes in this parameter. The
source of this difference is not clear because
the drug administration regimes of the two
studies differed widely.

The research described above supports the
hypothesis that amphetamine and pimozide
produced opposite changes in the parameter
R,. There is, however, a possible confound. In
Experiment 1 reinforcement rate increased
with successive schedule components so that
there was a correlation between reinforcement
rate and time since injection. Some of the rele-
vant findings are: Using a variety of behavioral
tests, Janssen and his colleagues (1968) estab-
lished a temporal profile for pimozide. For
most measures, the graphs show a relatively
stable behavioral reaction for about 4 to 6
hours, beginning about 2 to 4 hours from injec-
tion. (Indeed, the initial interest in pimozide
was due to its enduring effects.) In Experiment
2 schedule order was from lean to rich for two
rats (902 and 904) but from rich to lean for the
third (906). For each subject the .25 mg/kg to
1.0 mg/kg doses of amphetamine increased re-
sponse rate, and there were no differences in
performance that appeared to be related to
schedule order. In addition, research currently
in progress indicates that schedule order had
no measurable influence on the results pre-
sented here.

In this paper the effects of drugs on response
rate have been described in terms of the param-
eters of Equation 1. In contrast, in psychophar-
macology the tradition has been to describe
drug-induced changes in response rate in terms
of the baseline response rate (e.g., Dews, 1958;
Dews & Wenger, 1977). According to reviews
(e.g» Dews & Wenger, 1977; Robbins, 1981),
the basic findings were that drugs change lower
baseline response rates more than higher base-
line rates and that a straight line accurately
describes the relationship between the loga-
rithms of the drug response rates and the loga-
rithms of the baseline response rates. (In these
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graphs, the experimenter plotted the ratio of
the drug to baseline response rate on the y axis
and the baseline response rate on the x axis.)
Although this approach, called rate depen-
dency, does not provide the logical structure
for distinguishing between reinforcement and
motor effects, it may be of interest to establish
whether Equation 1 or rate dependency pro-
vides the better description of how drugs
change response rate.

Dews and Wenger (1977) propose that the
proper test of the rate-dependency hypothesis
for amphetamine is that the relationship be-
tween the logarithms of the drug response rates
and the logarithms of the baseline response
rates be “sensibly linear with a negative slope.”
For example, a slope of 0.0 implies that all
baseline rates are changed by the same propor-
tion, and a. positive slope implies either that
higher rates are increased more than lower
rates or that higher rates are decreased less
than lower rates. Dews and Wenger restrict
their quantitative prediction to amphetamine.
However, extending their approach to pimo-
zide, the simplest prediction is that decreases
in response rate should correspond to a graph
that is “sensibly linear” with a positive slope.

Equation 1 predicts that the ratios of drug
to baseline response rates should take the form:

Ry _ KFR/(R+R/) _K(R+R,) @)
R  kR/(R+R,) k(R+R,)’

where &’ and R,/ are the drug condition param-
eters. When Equation 2 is plotted as a function
of baseline response rates in logarithmic coor-
dinates, the following relationships hold: If
the drug changed % but not R,, then drug re-
sponse rates are a constant proportion of base-
line response rates, and Equation 2 reduces to
k’/k. In terms of the rate-dependency coordi-
nates, this translates as a linear fit with a slope
of 0.0 and an intercept of k’/k. If the drug
changed only R, or R, and k, then the ratio
between drug and baseline response rates de-
pends on the magnitude of the reinforcement
rate relative to the magnitude of R,. For the

' range of reinforcement rates used in Experi-

ments 1 and 2 and in the study of Bradshaw
et al. (1981), the logarithms of Equation 2 ap-
pear to change linearly with the logarithms
of the baseline response rates. Consequently,
for the available published data, Equations 1
and 2 and the rate dependency yield equally
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good descriptions of the results (see Bradshaw
et al., 1981, Figure 3). However, for reinforce-
ment rates that are large relative to R,, Equa-
tions 1 and 2 predict that the x coordinate of
the rate-dependency graph should approach
the constant log (k) and that the y coordinate
should approach the constant log (k’/k). Since
the ratio more rapidly approaches its asympto-
tic value, the slope of the rate-dependency re-
lation is curvilinear for response rates associ-
ated with high reinforcement rates. Heyman
and Seiden (Note 2) tested this prediction in
an experiment that provided a range of rein-
forcement rates that approximately doubled
those used in Experiments 1 and 2. In general
the results were consistent with the predictions
of Equation 1 and consequently failed Dews
and Wenger’s (1977) test: The ratios of the
drug and baseline response rates approached
a constant value and the rate dependency re-
lation was curvilinear.

In the introduction it was proposed that %
measures motor capacity and that R, measures
reinforcement effectiveness. Whether or not
these definitions prove useful is an empirical
question. Possibly further research will show
that & and R, do not lead to a systematic ac-
count of drug-induced changes in reinforce-
ment efficacy. However, results from Experi-
ments 1 and 2 and elsewhere (e.g., McSweeney,
1978) are promising; they show that environ-
mental and physiological manipulations pro-
duce systematic and predictable changes in &
and R,.

REFERENCES NOTES

1. Heyman, G. M., & Coons, W. The effects of pimo-
zide on reinforced responding. Paper presented at the
meetings of the Eastern Psychological Association,
New York, 1981.

2. Heyman, G. M., & Seiden, L. S. Amphetamine in-
creases reinforcement efficacy in rats. Paper to be
presented at the Federation of American Societies for
Experimental Biology, Chicago, 1983.

REFERENCES

Bradshaw, C. M., Ruddle, H. V., & Szabadi, E. Rela-
tionship between response rate and reinforcement
frequency in variable-interval schedules: III. The ef-
fect of d-amphetamine. Journal of the Experimental
Analysis of Behavior, 1981, 36, 29-39.

Creese, I, Burt, D. R., & Snyder, S. H. Biochemical ac-
tions of neuroleptic drugs: Focus on the dopamine
receptor. In L. L. Iversen, S. D. Iversen, & S. H. Sny-
der (Eds.), Handbook of psychopharmacology (Vol.

121

10). Neuroleptics and schizophrenia. New York:
Plenum Press, 1978.

de Villiers, P. A., & Herrnstein, R. J. Toward a law of
response strength. Psychological Bulletin, 1976, 83,
1131-1153.

Dews, P. B. Studies on behavior: IV. Stimulant actions
of methaphetamine. Journal of Pharmacology and
Experimental Therapeutics, 1958, 122, 137-147.

Dews, P. B, & Wenger, G. R. Rate-dependency of the
behavioral effects of amphetamine. In T. Thompson
& P. B. Dews (Eds.), 4dvances in behavioral pharma-
cology (Vol. 1). New York: Academic Press, 1977.

Ettenberg, A., Koob, G. F., & Bloom, F. E. Response
artifact in the measurement of neuroleptic-induced
anhedonia. Science, 1981, 213, 357-359.

Fleshler, M., and Hoffman, H. S. A progression for
generating variable-interval schedules. Journal of
the Experimental Analysis of Behavior, 1962, 5,
529-530.

Griffiths, R. R., Wurster, R. M., & Brady, J. V. Choice
between food and heroin: Effects of morphine, na-
loxone, and secobarbital. Journal of the Experimen-
tal Analysis of Behavior, 1981, 35, 335-351.

Guttman, N. Equal reinforcement values for sucrose
and glucose solutions compared with equal-sweetness
values. Journal of Comparative and Physiological
Psychology, 1954, 47, 358-361.

Herrnstein, R. J. On the law of effect. Journal of the
Experimental Analysis of Behavior, 1970, 13, 243-
266.

Herrnstein, R. J. Formal properties of the matching
law. Journal of the Experimental Analysis of Behav-
ior, 1974, 21, 159-164.

Iversen, S. D., & Iversen, L. L. Behavioral pharmacol-
ogy. New York: Oxford University Press, 1981.

Jannsen, P. A., Niemegeers, C. J., Schellekens, K. H.,
Dreese, A., Lenaerts, F. M., Pinchard, A., Schaper,
W., Van Neuten, J. M., & Verbruggen, F. J. Pimo-
zide, a chemically novel, highly potent and orally
long-lasting neuroleptic drug. Arzneimittel-Forsch-
ung, 1968, 18, 261-279.

Johanson, C. E., & Schuster, C. R. A choice procedure
for drug reinforcers: Cocaine and methylphenidate
in the rhesus monkey. Journal of Pharmacology and
Experimental Therapeutics, 1975, 193, 676-688.

McSweeney, F. K. Prediction of concurrent keypeck
treadle-press responding from simple schedule per-
formance. Animal Learning and Behavior, 1978, 6,
444-450.

Moore, K. E.  Amphetamines: Biochemical and behav-
ioral actions in animals. In L. L. Iversen, S. D. Iver-
sen, & S. H. Snyder (Eds.), Handbook of psycho-
pharmacology (Vol. 11). Stimulants. New York:
Plenum Press, 1978.

Robbins, T. W. Behavioral determinants of drug ac-
tion: Rate-dependency revisited. In S. J. Cooper
(Ed.), Theory in psychopharmacology. New York:
Academic Press, 1981.

" Tombaugh, T. N., Tombaugh, J., & Anisman, H. Ef-

fects of dopamine receptor blockade on alimentary
behaviors: Home cage food consumption, magazine
training, operant acquisition, and performance. Psy-
chopharmacology, 1979, 66, 219-225.

Wetherington, C. L., & Lucas, T. R. A note on fitting
Herrnstein’s equation. Journal of the Experimental
Analysis of Behavior, 1980, 34, 199-206.



122 GENE M. HEYMAN

Wise, R. A., Spindler, J., deWit, H., & Gerber, G. J.
Neuroleptic-induced “anhedonia” in rats: Pimozide
blocks reward quality of food. Science, 1978, 201,
262-264.

Zarevics, P., & Setler, P. E. Simultaneous rate-indepen-
dent and rate-dependent assessment of intracranial

self-stimulation: Evidence for the direct involve-
ment of dopamine in brain reinforcement mecha-
nisms. Brain Research, 1979, 169, 499-512.

Received October 22, 1982
Final acceptance April 19, 1983



