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SALAMONE, J. D., P. KURTH, L. D. McCULLOUGH AND J]. D. SOKOLOWSKI. The effects of nucleus accum-
bens dopamine depletions on continuously reinforced operant responding: Contrasts with the effects of extinction. PHARMA-
COL BIOCHEM BEHAV 50(3) 437-443, 1995. — Two experiments were undertaken to study the role of nucleus accumbens
dopamine (DA) in instrumental lever pressing on a continuous reinforcement schedule (CRF). In the first experiment, the
neurotoxic agent 6-hydroxydopamine was infused directly into the nucleus accumbens to investigate the effects of DA
depletion on lever pressing performance. DA depletion had only a modest effect on the total number of lever presses, and
there was a significant effect on total lever presses only on the first test day (third day postsurgery). Analyses also were
performed on responding across the 45-min session by breaking down the session into three 15-min periods. During the test
session on day 3 postsurgery, there was a significant group X time interaction, with DA-depleted rats showing a significant
reduction in the numbers of responses in the first 15-min period, but no significant effects over the second or third 15-min
period within the session. Although control rats showed a within-session decline in responding, the DA-depleted rats did not.
In addition, analysis of interresponse times (IRTs) indicated that accumbens DA depletions produced a slowing of the local
rate of responding as indicated by a significant decrease in high rate (i.e., short-duration IRT) responses and an increase in
low rate (i.e., long-duration IRT) responses. In a second experiment, the effects of extinction on CRF performance were
investigated. Unlike the effects of nucleus accumbens DA depletion, extinction produced lower levels of responding through-
out the entire test session. In contrast to the effects of accumbens DA depletions, analysis of IRTs indicated that extinction
produced a significant increase in high-rate responses (low IRTs), which is probably indicative of an extinction “burst.” These
results indicate that accumbens DA depletions produce a response slowing that does not closely resemble the effects of

extinction.
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CONSIDERABLE evidence indicates that dopamine (DA) has
some involvement in the performance of appetitively moti-

is present in several different terminal regions, DA in nucleus
accumbens has received particular emphasis in regard to the

vated behavior. Nevertheless, there continues to be uncer-
tainty about the precise nature of dopaminergic involvement
in appetitively motivated instrumental responding. Several
studies have shown that systemic administration of DA antag-
onists impairs positively reinforced instrumental responses
[for reviews see (29,31,33,45)], and it has been suggested that
DA systems are important for mediating the reinforcing or
“hedonic” effects of rewarding stimuli (45-47). Although DA
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hypothesized involvement of DA in reinforcement processes
(7,13). Nucleus accumbens DA has been implicated in a num-
ber of behavioral functions related to appetitive motivation
(3-6,10,14,18,21,22,26,36). Considerable research has focus-
sed upon studies of drug reinforcement processes (7,13,42).
Moreover, several studies have shown that accumbens DA
release or metabolism is increased during the performance of
appetitive tasks (4,19,24,34).



438

Despite the emphasis placed upon the involvement of ac-
cumbens DA in reinforcement processes, there have been very
few studies focussing on the role of accumbens DA in re-
sponding on simple schedules of reinforcement involving nat-
ural reinforcers such as food. One important schedule to ex-
amine is continuous reinforcement (CRF), which represents a
fundamental reinforcement condition in which there is pri-
mary positive reinforcement. It has been reported that rats
pressing a lever on a CRF schedule for food reinforcement
showed increases in extracellular DA in nucleus accumbens as
measured by in vivo microdialysis (13,18). Additional analyses
have shown that these increases in accumbens DA release were
highly correlated with the number of lever pressing responses
(18). Depletion of nucleus accumbens DA by injections of the
neurotoxic agent 6-hydroxydopamine (6-OHDA) was shown
to produce a minor reduction in CRF responding (18). In this
previous study, it was reported that accumbens DA depletions
did not produce an extinction-like within-session decline in
responding (18). This finding is potentially important in view
of the suggested similarity between the effects of DA antago-
nism and extinction (45-47). Thus, the present series of experi-
ments was undertaken to provide a detailed characterization
of the behavioral effects of accumbens DA depletions, and to
compare and contrast those results with the effects of extinc-
tion on CRF performance. To provide a more complete char-
acterization of the behavioral effects of DA depletion and
extinction, the behavioral testing was controlled by a com-
puter program that recorded the interresponse time (IRT) for
each response. The IRT is the time between each operant re-
sponse, and thus this measure represents the reciprocal of the
local response rate. Analysis of IRTs has been used previously
to characterize the behavioral effects of DA depletions on
instrumental responding (35,38). For the first experiment, DA
in nucleus accumbens was depleted by local injections of 6-
OHDA to assess the effects of DA depletion on CRF perfor-
mance. In the second experiment, unoperated rats received
similar training as that used for Experiment 1, and were subse-
quently exposed to an extinction session.

METHOD
Animals

A total of 27 male Sprague-Dawley rats (Harlan Sprague-
Dawley, Indianapolis, IN) were used for these experiments.
They were group housed in a colony that was maintained at
23°C and that had a 12L : 12D cycle (lights on 0700).

Behavioral Procedures

For all experiments, testing was performed in operant
chambers (28 x 23 x 23 cm), and the rats were food de-
prived to 85% of their free-feeding body weight. On the first
day of training, rats were placed in the operant chamber for
20 min and were given 4.0-5.0 g of 45-mg Bioserve pellets
(Frenchtown, NJ) and small pieces of lab chow in the food
dish. On the second and third day, rats were magazine trained
and received a pellet every 30 s for 45 min. Next, all rats were
trained on the CRF procedure in 45-min sessions, with all rats
receiving a total of seven 45-min CRF sessions over a 2-week
period before the experiments began. All rats were emitting
200 or more lever press responses by the end of the last train-
ing session. For both experiments a computer program was
used to analyze the pattern of responding by counting the total
number of responses for the entire 45-min session, and also
recording responses across the test session in three 15-min
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periods. In addition, the time between each response (i.e., the
IRT) was recorded and stored by the computer program.
Based upon the IRT data, each response was counted as be-
longing to one of eight IRT time bins: 0-1.5 s, 1.5-3.0's, 3.0~
4.55,4.5-6.05, 6.0-7.5s, 7.5-9.0's, 9.0-12.0 5, and > 12.0
sec.

Accumbens DA Depletion by Injection of 6-OHDA

In Experiment 1, accumbens DA was depleted by bilateral
injection of 6-OHDA into the nucleus accumbens (AP +2.8
mm, ML +1.4 mm, V —7.8 mm) with the rats under pento-
barbital anesthesia. These coordinates correspond to the
“core” region of the nucleus accumbens [see (48,49)]. A total
of 12.5 ug of the free base of 6-OHDA dissolved in 0.1%
ascorbic acid was injected per side (2.5 ul of 5.0 pg/ul 6-
OHDA). A 30-ga injector was used, and a Harvard Apparatus
syringe pump delivered the injections at a flow rate of 0.75
ul/min. Control injections consisted of 2.5 ul of the 0.1%
ascorbate solution at the same site as 6-OHDA-treated rats.
Two minutes were allowed for diffusion into the tissue before
the injectors were removed. Rats were not injected with pargy-
line or desipramine prior to surgery as in previous studies
[see (17)] because pilot studies indicated that this treatment
affected IRT distributions in control rats.

Neurochemical Analysis of DA

After Experiment 1, rats were decapitated and their brains
were removed and frozen. Coronal sections 1.0 mm thick were
cut through the brain, and samples of prefrontal cortex, nu-
cleus accumbens, and striatum were dissected from successive
coronal sections. The tissue samples were placed in 200 ul of
0.1 N perchiloric acid, homogenized, and centrifuged, and the
supernatant (10-u1 samples from each tube) was used for neu-
rochemical analyses. These analyses employed a high perfor-
mance liquid chromatography (HPLC) system, which con-
sisted of a Waters dual-piston pump, a precolumn filter, a
reverse-phase column, a Coulochem electrochemical detector,
and a chart recorder. The mobile phase was a phosphate
buffer (pH 4.5) with 7.0% methanol and 2.6 ml of sodium
octyl sulphate. An oxidation potential of 0.2 V (working vs.
reference electrode) was used for electrochemical detection.
Standards of DA were assayed before, during, and after the
samples (Sigma Chemical Co.).

Experiment 1

Rats were trained using 45-min sessions on the CRF task
for 2 weeks prior to surgery. These rats received intra-
accumbens injections of either ascorbate vehicle (n = 9) or
6-OHDA (n = 7) as described above. The rats were then
tested for an additional week (45-min sessions, days 3-7 after
surgery). After termination of the experiment, these rats were
used for tissue assays as described above.

Experiment 2

Rats were trained using 45-min sessions on the CRF task
using the same procedure as Experiment 1. After 2 weeks of
CREF training the rats were given a 2-day break (corresponding
to the 2-day postoperative recovery time in Experiment 1) and
then these unoperated rats were exposed either to a continued
day of CREF training (n = 5) or to extinction (n = 6). Thus,
this test day corresponded to the first test day (day 3 after
surgery) in Experiment 1. The extinction procedure used in-
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volved firing the feeder when the lever was pressed, but not
delivering food [see (28)].

Data Analysis

For Experiment 1, several different analyses of behavioral
results were used. Separate analyses were performed on the
results of the first behavioral test (day 3 after surgery) because
this test was designed to be comparable to the extinction test in
Experiment 2. For analysis of the day 3 test results, a factorial
analysis of variance (ANOVA) was performed on the number
of responses per 15-min interval in the session (2 X 2 AN-
OVA,; DA depletion X 15-min interval). Analysis of simple
main effects (15) was used to provide further analyses of the
ANOVA data. An additional analysis of the day 3 test results
was performed by analyzing the IRT bin distribution. This
analysis was done by calculating the percentage of total re-
sponses within each of the eight IRT bins. Percentage data
were used rather than raw number of IRTs in each bin because
the percentage analysis corrects for any differences in the total
number of responses in each group, and focusses on the rela-
tive distribution of IRTs [see (34)]. Between-group differences
in each IRT bin were assessed by using the Mann-Whitney
U-test. For additional analyses of CRF responding throughout
the entire period of postsurgical testing, factorial ANOVA
was performed on the total number of responses per day, and
on the percentage of total responses within the first 15-min
period. The latter measure was analyzed because a previous
study (18) indicated that the major effect of accumbens DA
depletion was a reduction in responding during the initial por-
tion of the session. To provide an index of the IRT distribu-
tion over several days of testing, analyses also were performed
on the percentage of IRTs in the first bin. For Experiment 2,
the data were analyzed in the same manner as the day 3 test in
Experiment 1. Factorial ANOVA was performed on the num-
ber of responses per 15-min interval in the session (2 x 2
ANOVA; extinction condition x 15-min interval). Analysis
of simple main effects (15) was used to provide further analy-
ses of the ANOVA data. Analysis of the IRT bin distribution
was done by calculating the percentage of total responses
within each of the eight IRT bins, and analyzing these data
with the Mann-Whitney U-test.

RESULTS
Experiment 1

Day 3 test session. Figure 1 shows the mean + SEM num-
ber of CRF responses committed by DA-depleted and control
rats on day 3 after surgery during each of the three 15-min
periods within the 45-min session. ANOVA revealed that there
was a significant overall effect of DA depletion, F(1, 14) =
6.86, p < 0.05, with DA-depleted rats making fewer re-
sponses than control rats. There was a significant effect of
within-session period, F(2, 28) = 43.6, p < 0.01, and a sig-
nificant DA depletion X test period interaction, F(2, 28) =
25.1, p < 0.01. Analysis of simple main effects indicated that
DA-depleted rats made significantly fewer responses than con-
trols in the first 15-min period, F(1, 14) = 13.4, p < 0.01.
There were no significant differences between DA-depleted
and control rats during the 15-30-min period or the 30-45-min
period. Although the control rats showed a within-session de-
cline in responding, F(2, 28) = 76.8, p < 0.01, the DA-
depleted rats did not, F(2, 28) = 1.3, NS. Figure 2 depicts the
IRT bin distributions for control and DA-depleted rats during
the day 3 test session. DA-depleted rats showed a significantly
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FIG. 1. Mean + SEM number of lever presses in DA-depleted and
control rats during the first test day (day 3 after surgery). Data from
all three 15-min periods within the session are shown. *p < 0.0,
different from controls.

smaller percentage of their IRTs in the IRT bin that corres-
ponded to the highest response rate (IRT = 0-1.5s; U = 1,p
< 0.01). In the 3.0-4.5-s IRT bin there also was a significant
decrease for DA-depleted rats relative to control rats (U = 6,
p < 0.01). In the IRT bin that corresponds to the lowest re-
sponse rate (i.e., IRT > 12.05s), the DA-depleted rats showed
a significant increase in the percentage of IRTs relative to
control rats (U = 6, p < 0.01).

Overall analyses of postsurgical testing. Figure 3a shows
the mean + SEM number of CRF responses committed by
DA-depleted and control rats on days 3-7 after surgery. AN-
OVA demonstrated that there was no significant overall effect
of DA depletion of the total number of CRF responses, F(1,
14) = 0.1, NS, but there was a significant effect of test day,
F(4, 56) = 9.1, p < 0.01, and a significant DA depletion x
day interaction, F(4, 56) = 5.54, p < 0.05. Analysis of sim-
ple main effects indicated that DA-depleted rats showed a
significant increase in responding over days, F(4, 56) = 12.2,
p < 0.01, but control rats did not. Although DA-depleted
rats had a significant suppression of total number of lever
presses on the first test day, there were no significant differ-
ences on any subsequent test day. Figure 3b displays the data
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FIG. 2. Mean + SEM percent of IRTs within each of the eight IRT
bins for control and DA-depleted rats. *p < 0.05, different from
controls.
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FIG. 3. (a) Mean + SEM total number of lever presses in DA-
depleted and control rats during the postsurgical testing sessions (days
3-7 after surgery). *p < 0.05, different from controls. (b) Mean +
SEM percentage of lever presses that were made within the first 15 min
of the session in DA-depleted and control rats during the postsurgical
testing sessions (days 3-7 after surgery). *p < 0.05, different from
controls.

on the percentage of total responses that were made within the
first 15-min period. There was a significant overall reduction
of the percentage of responses emitted during the first 15-min
interval in DA-depleted rats, F(1, 14) = 9.9, p < 0.01, but
no significant effect of test day. There was a significant DA
depletion x test day interaction, F(4, 56) = 4.8, p < 0.05,
and analysis of simple effects indicated that the DA-depleted
group showed a significant increase in this behavioral measure
over days, F(4, 56) = 3.3, p < 0.05, whereas the control rats
did not. On days 3-7 after surgery, DA-depleted rats tended to
show relatively fewer responses within the first 15-min period
compared to control rats; however, this effect only reached
statistical significance on days 3 and 5 after surgery. Analysis
of the IRT data indicated that, in addition to the effects re-
ported for the day 3 test, DA-depleted rats had a significantly
smaller percentage of their IRTs in the 0-1.5-s bin on days 4
and 5 after surgery (day 4: control mean = 6.2%, DA-
depleted mean = 2.7%, U = 13, p < 0.05; day 5: control
mean = 2.6%, DA-depleted mean = 0.6%, U = 12, p <
0.05). Thereafter, there were no significant group differences.

Neurochemical results. HPLC analysis of tissue samples
demonstrated that 6-OHDA injection depleted DA in nucleus
accumbens but not prefrontal cortex or neostriaum. The mean
+ SEM DA contents (in ng/mg wet tissue) of the tissue sam-
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ples were as follows: control prefrontal cortex 0.12 = 0.013,
6-OHDA prefrontal cortex 0.09 + 0.013, #(14) = 1.52, NS;
control accumbens 6.8 + 0.35, 6-OHDA accumbens 2.5 +
0.27, ¢(14) = 9.23, p < 0.001; control striatum 10.1 + 0.69,
6-OHDA striatum 8.52 + 0.53, #(14) = 1.7, NS. DA levels in
the nucleus accumbens were significantly correlated with the
number of lever pressing responses made during the day 3 test
session, r(5) = 0.81, p < 0.05. Consistent with this signifi-
cant correlation, the three rats with the lowest levels of accum-
bens DA (mean = 1.8 ng DA/mg tissue) also made relatively
few responses during the day 3 test session (mean = 55.0 re-
sponses). Nevertheless, all of these rats recovered very rapidly
in terms of the total number of responses, and during the day
4 test session showed a dramatic increase in responding rela-
tive to the previous day (mean = 217.3 responses).

Experiment 2

Figure 4 shows the mean + SEM number of CRF re-
sponses emitted by control rats and rats exposed to the extinc-
tion procedure during each of the three 15-min periods within
the 45-min session. ANOVA revealed that there was a signifi-
cant overall effect of extinction on lever pressing, F(1, 9) =
147.1, p < 0.001. There was a significant effect of within-
session period, F(2, 18) = 14.7, p < 0.01, and a significant
extinction x test period interaction, F(2, 18) = 4.3, p <
0.05. Analysis of simple main effects indicated that rats ex-
posed to extinction made significantly fewer responses than
controls in the 0-15-min period, F(1, 9) = 5.2, p < 0.05, the
15-30-min period, F(1, 9) = 21.6, p < 0.01, and the 30-45-
min period, F(1, 9) = 15.2, p < 0.01. Figure 5 depicts the
IRT bin distributions for control and extinction-treated rats.
Rats exposed to extinction showed a significantly higher per-
centage of their IRTs in the IRT bin that corresponded to
the highest response rate (IRT = 0-1.5s; U = 1, p < 0.01).
There were significant decreases in the percentage of IRTs
emitted by extinction-treated rats relative to control rats in the
1.5-3.0-s bin (U = 1, p < 0.01), the 3.0-4.5-s IRT bin (U =
0, p < 0.01), and the 4.5-6.0-s bin (U = 0, p < 0.01). In the
IRT bin that corresponds to the lowest response rate (i.e., IRT
> 12.0 s), the rats exposed to extinction showed a significant
increase in the percentage of IRTs emitted relative to control
rats (U = 0, p < 0.01).
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FIG. 4. Mean + SEM number of lever pressess in control rats and
rats exposed to extinction. Data from all three 15-min periods within
the session are shown. *p < 0.05, different from controls.
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FIG. 5. Mean + SEM percent of IRTs within each of the eight IRT
bins for control rats and rats exposed to extinction. *p < 0.05, differ-
ent from controls.

DISCUSSION

Experiment 1 demonstrated that accumbens DA depletions
produced only a slight effect on CRF responding, which was
most evident on the first test day (day 3 after surgery). During
the day 3 test, rats with accumbens DA depletions showed a
reduction in responding during the first 15-min period within
the test session, and no significant effects during the 15-30-
min or the 30-45-min periods. These results are very similar to
a previous report, in which accumbens DA depletions were
shown to produce an initial reduction in CRF responding (18).
In a recent study of the effects of 6-OHDA injections on fixed
ratio 5 (FRS) responding, it was also observed that accumbens
DA depletions decreased responding during the first 10 min of
a 30-min session, but failed to significantly affect responding
during the last 20 min of the session (35). Thus, three separate
studies have shown that the major effect of nucleus accum-
bens DA depletions is to produce an initial slowing of response
rate rather than a progressive decline in responding. In addi-
tion to these effects upon the initial rate of responding, the
present results demonstrated that nucleus accumbens DA
depletions produced a slowing of the local rate of responding
as measured by the IRT distribution. Rats with accumbens
DA depletions showed a significant reduction in the percent-
age of IRTs in the range of 0-1.5 s. This corresponds to a
response rate of greater than 40 responses per minute. More-
over, accumbens DA depletions resulted in a significant in-
crease in the percentage of IRTs in the range of > 12.0 s,
which represents a local rate of < 5.0 responses per minute.
Thus, the major effect of accumbens DA depletions was a
slowing in the local rate of responding. In a previous study of
FRS responding it also was demonstrated that nucleus accum-
bens DA depletions produced a slowing of the local response
rate (35).

In Experiment 1, there was a rapid recovery from the ef-
fects of nucleus accumbens DA depletions on CRF respond-
ing. This rapid recovery after nucleus accumbens DA deple-
tions has been reported elsewhere (18,19,35), and is generally
consistent with the literature on recovery of function after
large forebrain DA depletions (41,50). Evidence indicates that
the neurochemical mechanisms underlying this recovery pro-
cess include postsynaptic receptor supersensitivity, a loss of
presynaptic uptake sites, and increases in the activity of the
remaining DA neurons (1,50,51). In the present study, the
ability to show normal levels of total number of responses
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recovered by the fourth day after surgery. By the sixth day
after surgery, DA-depleted rats had recovered in terms of their
deficits in initial response rate and local response rate. In one
study that used similar lesion methods to those employed in
the present study, it was observed the rats with accumbens DA
depletions had deficits in the motor activity induced by peri-
odic food presentation, and these deficits were only evident
on days 3-7 after surgery (19). A previous study of CRF re-
sponding (18) involved the use of pargyline and desipramine
to enhance the magnitude of the DA depletion, and in that
study it was also observed that total number of responses had
recovered by day 4 after surgery. The only major difference
between the effects of 89% DA depletions (18) and 64% DA
depletions (present study) was that the deficit in initial re-
sponding persisted longer in rats with 89% DA depletions
(18). The rate of recovery after accumbens DA depletions may
depend upon the behavioral task employed as well as the mag-
nitude of the DA depletion. Nucleus accumbens DA deple-
tions have been shown to produce more persistent effects on
lever pressing avoidance responding (21), and on instrumental
tasks that involve cost/benefit procedures (6). Although gross
indices of responding had recovered by the second week after
surgery in rats with accumbens DA depletions tested on a FRS
schedule, it was also noted that there were alterations in the
IRT distribution that were evident for 3 weeks after surgery
(35). This is possibly due to the fact that the FR5 schedule
generates a much higher local rate of responding (e.g., >
50% of IRTs faster than 0.5 s) than the CRF schedule. In
summary, the present results are consistent with previous re-
ports indicating that accumbens DA depletions produce a defi-
cit in lever pressing that is relatively mild, and that gross indi-
ces of responding such as total number of responses recover
relatively rapidly after surgery (18,27,35).

Systemic administration of DA antagonists to rats respond-
ing on CRF schedules has been reported to result in a progres-
sive within-session decline in responding that was thought to
resemble extinction (45-47). In Experiment 2, it was observed
that extinction produced effects that were quite different from
the effects of accumbens DA depletions. Although DA-
depleted rats showed decreased responding relative to control
rats only in the first 15-min period, rats exposed to extinction
differed substantially from control rats throughout the 45-min
test session. Rats with accumbens DA depletions showed de-
creases in the relative proportion of IRTs faster than 1.5 s. In
contrast, rats exposed to extinction showed increases in the
relative proportion of IRTs faster than once every 1.5 s, which
may in part be due to the activating effects of nonreinforce-
ment as well as the fact that reinforcement pellets were not
being consumed. Thus, extinction produced a “bursting” pat-
tern in the IRT distribution that was not shown by DA-
depleted rats. In summary, the present results do not support
the notion that accumbens DA depletion produces an effect
that could be labelled as “extinction-like.” In fact, a number
of studies also have demonstrated a lack of equivalence be-
tween the effects of DA antagonists or accumbens DA deple-
tions and the effects of extinction [(2,8,9,11,12,17,18,25,28,
39,42,43), see reviews in (29,32,33)]. Recently, it was demon-
strated that intra-accumbens injections of the DA antagonist
cis-flupenthixol failed to produce an extinction-like decline in
responding on a variable-interval schedule, and instead pro-
duced a suppression of responding that resembled the pattern
shown in the present study (3). These reports, coupled with
the results of Experiments 1 and 2 above, fail to support the
hypothesis that accumbens DA directly mediates the basic pro-
cess of food reinforcement.
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In conclusion, the present results indicate that moderate
depletions of nucleus accumbens DA reduce the initial re-
sponse rate and the maximum local response rate. These re-
sults demonstrate that one of the major effects of nucleus
accumbens DA depletions is motor slowing. Yet despite the
evidence indicating that nucleus accumbens DA is involved in
aspects of motor function, such as locomotion (16,19,20,39,
44), the precise relation between accumbens DA activity and
motor output is somewhat complex. Electrophysiological
studies in monkeys indicate that during lever pressing the ac-
tivity of most ventral tegmental DA neurons is not closely
linked to the phasic motor output (23,37). Thus, it seems as
though dopaminergic activity in nucleus accumbens does not
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directly mediate the motor responses involved in lever press-
ing. Rather, nucleus accumbens DA appears to act by modu-
lating aspects of motor function such as response initiation,
local response rate, or responsiveness to stimuli (18,19,32).
This modulatory influence of accumbens DA over motor out-
put can be considered as a higher-order motor process that is
involved in aspects of motivation such as behavioral activation
(18,19,28-36).
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