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Abstract
Accumbens dopamine (DA) depletions produce deficits that are related to the ratio requirement of the operant schedule; however, it
is also possible that time without reinforcement is a factor. The present study examined the effects of accumbens DA depletions in
rats using variable interval (VI) schedules with additional fixed ratio (FR) requirements. Four VI schedules were used (VI 60 ⁄ FR 1,
VI 120 ⁄ FR 1, VI 60 ⁄ FR 10, VI 120 ⁄ FR 10). Attachment of the additional work requirement increased response rates under control
conditions. After surgery, there was no interaction between interval level (i.e. 60 vs. 120 s) and DA depletion, but there was a
significant interaction between ratio requirement (i.e. 1 vs. 10) and DA depletion within the first week after surgery. DA depletions
substantially impaired performance on the schedules with added FR 10 requirements, an effect that was largely dependent upon a
reduction in fast responses (i.e. interresponse times less than 1.0 s). There was little effect of DA depletion on overall responding on
VI 60 ⁄ FR 1 and VI 120 ⁄ FR 1 schedules. DA depletions also increased the tendency to take long pauses in responding
(i.e. > 20.0 s), and this effect was evident across all schedules tested. Thus, accumbens DA depletions interact with work
requirements and blunt the rate-enhancing effects of moderate size ratios, and also enhance the tendency to pause. Attachment of
ratio requirements to interval schedules is a work-related response cost that provides a challenge to the organism, and DA in nucleus
accumbens appears to be necessary for adapting to this challenge.

Introduction
The regulation of instrumental behavior involves an array of
behavioral processes, including primary motivational functions,
pavlovian and instrumental associations, and decision making related
to economic factors such as cost ⁄ beneﬁt analyses and work requirements (Collier & Jenkins, 1969; Staddon, 1979; Hursh et al., 1988;
Salamone, 1991, 1992; Dickinson & Balleine, 1994; Salamone et al.,
1997, 2003; Aberman & Salamone, 1999; Everitt et al., 1999; Hamill
et al., 1999; Bickel et al., 2000; Walton et al., 2002). A complex
network of brain circuitry participates in the regulation of instrumental
behavior, and the dopamine (DA) innervation of nucleus accumbens is
an important contributor to this circuitry (Berridge & Robinson, 1998;
Cardinal et al., 2002; Horvitz, 2002; Salamone & Correa, 2002;
Salamone et al., 2003; Cardinal & Everitt, 2004; Wise, 2004).
Evidence indicates that DA in the nucleus accumbens does not
mediate primary food motivation or appetite (Ungerstedt, 1971; Koob
et al., 1978; Salamone et al., 1993b; Nowend et al., 2001; Baldo et al.,
2002; for reviews see Salamone et al., 1997, 2003; Salamone &
Correa, 2002). Nevertheless, accumbens DA modulates several
important aspects of incentive motivation (Salamone, 1991, 1992;
Salamone et al., 1997; Berridge & Robinson, 1998; Ikemoto &
Panksepp, 1999; Kelley, 1999; Berridge, 2000; Cardinal et al., 2002;
Di Chiara, 2002; Salamone & Correa, 2002). Accumbens DA is
involved in processes related to responding to conditioned stimuli
(Taylor & Robbins, 1986; Everitt et al., 1989; Cador et al., 1991;
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Parkinson et al., 1999; Cardinal et al., 2002; De Borchgrave et al.,
2002), including pavlovian–instrumental transfer (Wyvell & Berridge,
2000; De Borchgrave et al., 2002; Parkinson et al., 2002). Microdialysis and voltammetry studies reported an increase in accumbens
dopamine efﬂux during presentations of conditioned stimuli, and
during lever pressing (Sokolowski et al., 1998; Bassareo & DiChiara,
1999; Cousins et al., 1999; Datla et al., 2002; Roitman et al., 2004).
Recently published electrophysiological studies describe changes in
the ﬁring rate of nucleus accumbens neurons that are related to
environmental stimuli and the performance of operant responses for
food reward (Carelli, 2002; Nicola et al., 2004).
One of the suggested functions of accumbens DA is enabling
organisms to overcome work-related response costs in instrumental
responding (Salamone et al., 1991, 1997, 2003; Salamone & Correa,
2002). Interference with accumbens DA alters effort-related decision
making in choice procedures that involve allocating responses
between various reinforcement values and response costs (Salamone
et al., 1991, 1994, 1997, 2003; Cousins et al., 1993, 1996; Cousins &
Salamone, 1994; Sokolowski & Salamone, 1998; Koch et al., 2000;
Nowend et al., 2001). Moreover, the effects of accumbens DA
depletions on food-reinforced lever pressing are highly dependent
upon the schedule being tested. For example, overall responding on
the continuous, or ﬁxed ratio 1 (FR 1), schedule, which is dependent
on primary food reinforcement and is sensitive to extinction and
reinforcer devaluations such as pre-feeding, is largely unimpaired by
accumbens DA depletions (McCullough et al., 1993; Salamone et al.,
1995; Aberman & Salamone, 1999; Ishiwari et al., 2004). Nevertheless, schedules requiring animals to press repeatedly to receive food
(i.e. ratios ‡ FR 5) are sensitive to the effects of accumbens DA
depletions, and the size of the ratio requirement is directly related to
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the degree of impairment produced by DA depletions (Salamone et al.,
1993a, 1999, 2001; Aberman et al., 1998; Sokolowski & Salamone,
1998; Aberman & Salamone, 1999; Ishiwari et al., 2004).
Several factors, including the work requirement, the rate-enhancing
effects of ratios and reliance on conditioned stimuli, may combine to
make ratio schedules sensitive to the effects of accumbens DA
depletions (Salamone et al., 2001; Correa et al., 2002). Another
possible factor is the intermittent nature of reinforcement presentation
(Aberman & Salamone, 1999; Cardinal et al., 2001, 2002; Salamone
et al., 2001). Because it takes time to complete the ratio, high ratio
schedules impose a time interval between reinforcement deliveries.
One way to address this issue is to evaluate the effects of DA
depletions using interval schedules. Correa et al. (2002) compared the
effects of accumbens DA depletions on a variable interval 30-s
schedule (VI 30) and a tandem VI 30 ⁄ FR 5 schedule (i.e. a VI 30
schedule with an increased ratio requirement added). DA depletions
did not affect VI 30 instrumental responding (see also Sokolowski &
Salamone, 1998), but signiﬁcantly decreased responding on the
VI 30 ⁄ FR 5 schedule. Thus, the ratio component of the schedule was
demonstrated to be an important factor for determining sensitivity to
DA depletion, while the temporal factor (i.e. intermittence), in the 30-s
time range at least, did not seem to be a critical factor. The present
study was designed to investigate further the effects of DA depletions
on the performance of interval schedules with various ratio and time
requirements. Correa et al. (2002) suggested that one of the effects of
accumbens DA depletions may be to reduce the activating (i.e. ratefacilitating) effects of ratio requirements, but this needs to be
investigated further by studying larger ratios (e.g. FR 10), and directly
tested by providing a more detailed analysis of behavior (e.g. analysis
of interresponse times). Another consideration is that Correa et al.
(2003) used a 30-s time value for the VI schedule; this is a moderate
length time interval, and it is important to explore the impact of longer
intervals (e.g. 60 or 120 s). Therefore, the present study examined the
effects of accumbens DA depletions on four schedules: VI 60 ⁄ FR 10,
VI 60 ⁄ FR 1, VI 120 ⁄ FR 10 and VI 120 ⁄ FR 1.

Materials and methods
Experimental animals
Male Sprague–Dawley rats (Harlan Sprague–Dawley, Indianapolis,
IN, USA) weighing between 293 and 351 g at the beginning of the
study (n ¼ 96) were housed in a colony maintained at 23 C with a
12-h light–dark cycle (lights on at 08:00 h). Rats were food restricted
to 12 g ⁄ day for at least 8 days prior to training, such that they
weighed approximately 96.3% (± 0.39) of their free-feeding body
weights on the ﬁrst day of training. Throughout the experiment,
animals were given additional food (up to 12 g a day) and allowed
modest growth. Water was available ad libitum in the home cages at
all times. Animals were housed in pairs before surgery and placed in
single cages afterwards. All experimental methods were performed in
accordance with the Guide for the Care & Use of Laboratory Animals,
National Research Council, National Academy Press, 1996. The
animal procedures were approved by the Institutional Animal Care and
Use Committee of the University of Connecticut.

delivered. Animals were trained for 30-min sessions 5 days per week
during the light part of the light–dark cycle for 6 weeks before surgery
and 4 weeks after surgery. After 1 week of FR 1 training, rats were
randomly assigned to four groups and trained on one of four different
reinforcement schedules for 5 weeks: VI 60 ⁄ FR 10, VI 60 ⁄ FR 1,
VI 120 ⁄ FR 10, VI 120 ⁄ FR 1. For the VI 60 ⁄ FR 1 and VI 120 ⁄ FR 1
schedules, rats were reinforced for the ﬁrst response after each variable
interval elapsed. Rats on VI 60 ⁄ FR 10 and VI 120 ⁄ FR 10 schedules
were required to make ten responses after each interval elapsed to
receive reinforcement. Each schedule contained seven different
intervals that were derived from the formula developed by Catania
& Reynolds (1968). The seven intervals for the VI 60 ⁄ FR 10 and
VI 60 ⁄ FR 1 schedules were 8.64, 18.73, 30.83, 45.95, 66.11, 96.36
and 156.36 s. The seven intervals for the VI 120 ⁄ FR 10 and
VI 120 ⁄ FR 1 schedules were 17.21, 38.04, 62.14, 92.27, 132.44,
192.69 and 313.19 s. Using a Medical-PC computer package (WMPC,
Medical Associates), the program was conﬁgured such that an interval
was randomly chosen without replacement from the set of seven
intervals following each pellet delivery. This procedure ensured that
animals experienced each interval once before experiencing it again.
Behavioral measures during the acquisition phase of this study
included number of food pellets obtained, number of lever presses and
interresponse times (IRTs, i.e. time between the onset of two
consecutive responses). IRTs were assigned to 1-s bins, and the
following time bins were recorded: bin 1, 0–1 s; bin 2, 1–2 s; bin 3, 2–
3 s; bin 4, 3–4 s; bin 5, 4–5 s; bin 6, 5–6 s; bin 7, 6–7 s; bin 8, 7–8 s;
bin 9, 8–9 s; bin 10, 9–10 s; bin 11, 10–11 s; bin 12, 11–12 s; bin 13,
12–13 s; bin 14, 13–14 s; bin 15, 14–15 s; bin 16, 15–16 s; bin 17,
16–17 s; bin 18, 17–18 s; bin 19, 18–19 s; bin 20, 19–20 s; and bin
21, > 20 s, which was designated a pause.

Surgery
Assignment to treatment groups was counterbalanced for leverpressing performance prior to surgery. Prior to intra-accumbens
injections of 6-hydroxydopamine (6-OHDA) or vehicle, rats were
anesthetized with a solution (1.0 mL ⁄ kg, i.p.) containing 10 mL
ketamine (100 mg ⁄ mL) and 0.75 mL xylazine (20 mg ⁄ mL; both from
Phoenix Scientiﬁc, Inc., St. Joseph, MO, USA). The MAO inhibitor
pargyline (20.0 mg ⁄ kg, i.p.; Sigma-Aldrich Co., St. Louis, MO, USA)
was injected 30 min prior to surgery to potentiate the effects of the
neurotoxic agent. During surgery, rats received bilateral injections of
either 6-OHDA hydrobromide (n ¼ 60) or l-ascorbic acid (0.1%;
n ¼ 36; both from Sigma-Aldrich). To obtain lesions, 12.5 lg
6-OHDA dissolved in 1.5 lL ascorbic acid was injected per side
(1.5 lL of 8.33 lg ⁄ lL 6-OHDA). Control injections consisted of
1.5 lL of 0.1% ascorbic acid per side. All injections were performed
via 30-gauge stainless steel injectors placed directly into the nucleus
accumbens (AP +2.8 mm, ML ± 1.4 mm, DV )7.8 mm; incisor bar
5.0 mm above the interaural line). Injections occurred at a rate of
0.3 lL ⁄ min for 5 min and were driven by a Harvard apparatus syringe
pump. Following injections, injectors were left in place for 2 min to
restrict diffusion.

Effects of DA depletion
Behavioral procedures and pre-surgery acquisition
Experimental sessions were conducted in operant chambers
(30 · 24 · 21 cm; Medical Associates, St. Albans, VT, USA) that
contained a lever and a food tray into which 45-mg Noyes Precision
Food Pellets (Research Diets, New Brunswick, NJ, USA) were

After 3 days of post-surgery recovery, rats were tested during 30-min
sessions 5 days ⁄ week for 4 weeks on their respective pre-surgery
schedules: experiment 1, VI 60 ⁄ FR 10; experiment 2, VI 60 ⁄ FR 1;
experiment 3, VI 120 ⁄ FR 10; experiment 4, VI 120 ⁄ FR 1. Behavioral measures during this testing phase included number of food
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pellets obtained, number of lever presses and IRTs as described
above.

Neurochemical analyses for tissue DA
After completion of behavioral testing, rats were exposed to carbon
dioxide for 30 s and decapitated. Brains were quickly removed and
frozen on a Leitz Wetzlar microtome. Coronal sections of 750 lm
were cut through the nucleus accumbens and ventrolateral striatum
(VLS). A 16-gauge stainless steel tube was used to dissect bilateral
cylindrical samples from the accumbens and VLS. These tissue
samples were then placed in 200 lL of 0.1 n perchloric acid,
homogenized, centrifuged and frozen. The supernatant was subsequently analysed using high-performance liquid chromatography and
electrochemical detection as described previously (Cousins et al.,
1993; Correa et al., 2002).

Statistical analyses
Neurochemical data were assessed using factorial anovas (treatment · schedule), which were conducted separately for nucleus
accumbens and VLS tissue samples. VLS samples from four animals
were excluded from ﬁnal analyses owing to tissue damage during
sample extraction. Only data collected from 6-OHDA-treated rats with
accumbens DA depletions greater than 80% (i.e. DA levels < 20% of
the control mean) and VLS DA levels greater than 60% of the control
mean were included for statistical analyses. Sixteen 6-OHDA-treated
animals (VI 60 ⁄ FR 10, n ¼ 5; VI 60 ⁄ FR 1, n ¼ 3; VI 120 ⁄ FR 10,
n ¼ 3; VI 120 ⁄ FR 1, n ¼ 5;) were excluded because they did not
meet these criteria. Final numbers for 6-OHDA-treated groups were as
follows: VI 60 ⁄ FR 10, n ¼ 11; VI 60 ⁄ FR 1, n ¼ 11; VI 120 ⁄ FR 10,
n ¼ 13; VI 120 ⁄ FR 1, n ¼ 9. Final numbers for ascorbic acid vehicle
groups were as follows: VI 60 ⁄ FR 10, n ¼ 9; VI 60 ⁄ FR 1, n ¼ 9;
VI 120 ⁄ FR 10, n ¼ 9; VI 120 ⁄ FR 1, n ¼ 8.
Prior to data analyses, we calculated weekly averages for number of
lever presses emitted and number of food pellets obtained. IRT bin
data were also analysed after computing weekly averages of the
absolute values for each bin. To analyse pre-surgery acquisition data
(i.e. lever presses, food pellets), we used a 2 (VI schedule) · 2 (FR
schedule) · 5 (week) factorial anova with repeated measures on the
week factor. To investigate the effects of adding a ratio component to
the VI schedules on IRT distributions, separate anovas were
conducted for each group of two schedules featuring the same VI
time component. More speciﬁcally, IRT data from the week immediately prior to surgery were analysed using a 2 (FR schedule) · 21
(bin) factorial anova, with repeated measures on the bin factor. Postsurgery data for total responses and food pellets obtained were
analysed using a 2 (ratio requirement) · 2 (interval level) · 2 (DA
depletion treatment) · 4 (week) factorial anova, with repeated
measures on the week factor. Interaction comparisons and simple
main effects using the error term from individual analyses were
conducted to determine the sources of interaction effects (Keppel,
1991). For analysis of post-surgery IRT data in week 1 after surgery,
two parameters were singled out for statistical analyses: fast responses
(IRTs < 1.0 s) and pauses (IRTs > 20.0 s). These parameters were
analysed using a 2 (ratio requirement) · 2 (interval level) · 2 (DA
depletion treatment) factorial anova. The use of these parameters was
based upon an analysis of the overall IRT distributions shown during
acquisition, and also upon previous research demonstrating that fast
IRTs and pauses are the measures in the IRT distribution that are most
sensitive to the effects of DA depletions and drugs injected into basal

ganglia structures (Salamone et al., 1993a; Sokolowski & Salamone,
1998; Correa et al., 2003). Signiﬁcant interactions that were indicative
of treatment-speciﬁc IRT effects were further analysed for simple
effects using the error terms from the speciﬁc analyses. For all anova
calculations, a computerized statistical package (SPSS 10.1) was used
(a ¼ 0.05). We also calculated the percentage of response reduction
that was due to a reduction in fast responses [(mean IRTs bin 1
control ) mean IRTs bin 1 DA depleted ⁄ mean responses control ) mean responses DA depleted) · 100].

Results
Neurochemical results
Table 1 gives the DA levels (ng ⁄ mg of tissue) in the nucleus
accumbens and VLS for the four schedules following 4 weeks of
testing post-surgery. Factorial anova for DA levels in the nucleus
accumbens revealed no signiﬁcant main effect of schedule
(F3,71 ¼ 1.45, P ¼ 0.235) and no signiﬁcant schedule–treatment
interaction (F3,71 ¼ 0.911, P ¼ 0.440). However, there was a signiﬁcant main effect of treatment (F1,71 ¼ 835.22, P < 0.01), revealing
that all 6-OHDA-treated animals had signiﬁcantly less DA in the
nucleus accumbens (> 90% decrease), relative to vehicle controls. As
expected, there were no signiﬁcant differences in the data obtained
from VLS samples (schedule, F3,67 ¼ 0.654, P ¼ 0.583; treatment,
F1,67 ¼ 0.719, P ¼ 0.400; schedule · treatment, F3,67 ¼ 0.476,
P ¼ 0.700).

Acquisition phase
Data obtained during the pre-surgery training period were collapsed
across post-acquisition treatment conditions for each schedule due to
the absence of any signiﬁcant pre-treatment-assignment-based differences. Figure 1 shows lever presses emitted during the 5 weeks of presurgery baseline training. As expected, a factorial anova (VI
schedule · FR schedule · week) demonstrated acquisition of lever
pressing behavior by rats, regardless of schedule (main effect of week,
F4,300 ¼ 189.157, P < 0.01). There were also signiﬁcant effects
of VI schedule (F1,75 ¼ 16.733, P < 0.01) and FR schedule
(F1,75 ¼ 56.432, P < 0.01), indicating that both interval and ratio
components affected the rate of responding. Moreover, there were
signiﬁcant interactions between VI schedule and week and between
FR schedule and week. Collapsed across FR schedules, rats on VI 60
schedules exhibited a greater increase in lever pressing during training,
relative to rats on VI 120 schedules (F4,300 ¼ 6.265, P < 0.01).
Table 1. Neurochemical data
DA levels (ng ⁄ mg tissue)
Group
VI
VI
VI
VI
VI
VI
VI
VI

60 ⁄ FR 10 – 6-OHDA
60 ⁄ FR 10 – vehicle
60 ⁄ FR 1 – 6-OHDA
60 ⁄ FR 1 – vehicle
120 ⁄ FR 10 – 6-OHDA
120 ⁄ FR 10 – vehicle
120 – 6-OHDA
120 – vehicle

Nucleus accumbens

(n)

VLS

0.59
11.27
0.82
12.72
0.63
12.09
0.59
10.85

(11)
(9)
(11)
(9)
(13)
(9)
(9)
(8)

13.28
13.16
14.04
14.33
12.06
14.16
12.66
12.89

±
±
±
±
±
±
±
±

0.10
0.83
0.20
0.72
0.12
0.87
0.11
0.96

(n)
±
±
±
±
±
±
±
±

1.18
1.38
1.19
0.53
0.71
0.98
1.03
0.80

(11)
(9)
(11)
(8)
(12)
(8)
(8)
(8)

Values are mean (± SEM) DA levels (ng ⁄ mg tissue) in nucleus accumbens or
ventrolateral striatum (VLS) for the eight groups of rats on four different
schedules following 4 weeks of post-surgery testing. n ¼ number of rats.
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Fig. 1. Pre-surgery acquisition data. Mean (± SEM) number of lever presses
emitted by rats on four different schedules (VI 60 ⁄ FR 10, VI 60 ⁄ FR 1,
VI 120 FR 10, VI 120 ⁄ FR 1) during the 5-week acquisition phase.

IRT distributions for each schedule during the week immediately
preceding surgery are illustrated in Fig. 2A and B. Repeated-measures
anova for both VI 60 schedules (i.e. VI 60 and VI 60 ⁄ FR 10;
Fig. 2A) revealed a signiﬁcant main effect of FR schedule
(F1,38 ¼ 35.27, P < 0.01), a signiﬁcant main effect of bin
(F20,760 ¼ 217.85, P < 0.01), and a signiﬁcant FR schedule · bin
interaction (F20,760 ¼ 61.86, P < 0.01). The signiﬁcant interaction
reﬂected the different IRT distributions generated by the different ratio
components (i.e. FR 1 and FR 10) attached to the VI 60 schedule.
Repeated-measures anova for the VI 120 schedules (i.e. VI 120 and
VI 120 ⁄ FR 10; Fig. 2B) revealed a signiﬁcant main effect of FR
schedule (F1,37 ¼ 16.14, P < 0.01), a signiﬁcant main effect of bin
(F20,740 ¼ 78.58, P < 0.01), and a signiﬁcant FR schedule · bin
interaction (F20,740 ¼ 31.22, P < 0.01). Again, the signiﬁcant interaction reﬂected the different IRT distributions generated by the
different ratio components (i.e. FR 1 and FR 10) attached to the
VI 120 schedule. As shown in Fig. 2, a major effect of adding a ratio
requirement across both VI levels was a dramatic increase in the
number of fast IRTs (i.e. IRTs < 1.0 s).
Table 2 shows food pellets obtained during the 5 weeks of presurgery baseline training. Statistical analysis revealed main effects of
VI schedule, FR schedule, and week on food pellets obtained
(F1,75 ¼ 5042.21, F1,75 ¼ 563.21, F4,300 ¼ 322.61, respectively,
P < 0.01). VI · week and FR · week interactions were also present
(F4,300 ¼ 66.84, F4,300 ¼ 98.60, respectively, P < 0.01). In addition,
there was a two-way interaction between VI schedule and FR schedule
(F1,75 ¼ 79.86, P < 0.01) and a three-way interaction between VI
schedule, FR schedule and week (F4,300 ¼ 21.11, P < 0.01). These
interactions reﬂect the fact that rats on schedules with the shorter
interval component (VI 60 ⁄ FR 10, VI 60 ⁄ FR 1) received more
pellets per session than did rats on schedules with the longer interval
component (VI 120 ⁄ FR 10, VI 120 ⁄ FR 1).

Effects of DA depletions

Fig. 2. Pre-surgery acquisition data. Distribution of interresponse times (IRTs)
for each group of two schedules featuring the same VI time component during
the week immediately prior to surgery. (A) VI 60 ⁄ FR 1 and VI 60 ⁄ FR 10
schedules. (B) VI 120 ⁄ FR 1 and VI 120 ⁄ FR 10 schedules.

Collapsed across VI schedules, rats on FR 10 schedules exhibited a
greater increase in lever pressing during training, relative to rats on
FR 1 schedules (F4,300 ¼ 34.985, P < 0.01). There was no signiﬁcant
three-way interaction (VI · FR · week, F1,75 ¼ 0.323, P ¼ 0.571).

Figure 3A and B depicts lever pressing data for DA-depleted and
vehicle-treated rats responding on all four schedules (Fig. 3A,
VI 60 ⁄ FR 10 and VI 60 ⁄ FR 1 schedules; Fig. 3B, VI 120 ⁄ FR 10
and VI 120 ⁄ FR 1 schedules) during the 4-week post-surgery testing
phase. Four-way anova revealed that there was an overall effect of
FR requirement (i.e. 1 vs. 10; F1,71 ¼ 10.8, P < 0.001), and an overall
effect of VI level (i.e. 60 s vs. 120 s; F1,71 ¼ 48.5, P < 0.001), but no
signiﬁcant overall effect of DA depletion treatment (F1,71 ¼ 0.96,
P > 0.3). None of the other interactions that were solely dealing with
between-groups variables was signiﬁcant. There was an overall
signiﬁcant effect of week (F3,213 ¼ 36.2, P < 0.001). In addition,
there was a signiﬁcant week · FR level interaction (F3,213 ¼ 8.3,
P < 0.001) and a signiﬁcant DA depletion · week · FR requirement
interaction (F3,213 ¼ 4.4, P < 0.01). None of the interactions involving the VI levels was statistically signiﬁcant. These analyses indicate
that there was an effect of DA depletion that depended upon the week
and the FR requirement, but not on the interval level. Additional
analyses were undertaken to identify the source of the interaction
involving the DA depletion effect. Separate analyses for each week
indicated that there was only a signiﬁcant DA depletion · FR
requirement interaction during the ﬁrst week after surgery
(F1,75 ¼ 6.9, P < 0.01). Further analyses of the week 1 data
demonstrated that there was a signiﬁcant effect of DA depletion
among those rats performing on the two schedules with FR 10
components (VI 60 ⁄ FR 10 and VI 120 ⁄ FR 10; F1,42 ¼ 19.1,
P < 0.001), but not for the rats performing on the schedules with
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Table 2. Number of pellets obtained by rats on four different schedules during the acquisition phase
Schedule
VI
VI
VI
VI

60 ⁄ FR 10
60 ⁄ FR 1
120 ⁄ FR 10
120 ⁄ FR 1

Week 1
16.13
26.20
9.28
13.48

±
±
±
±

Week 2
0.56
0.22
0.27
0.15

22.38
28.13
11.55
14.22

±
±
±
±

Week 3
0.45
0.13
0.17
0.12

23.72
28.45
12.25
14.24

±
±
±
±

Week 4
0.28
0.13
0.15
0.07

24.69
28.57
12.46
14.38

±
±
±
±

Week 5
0.25
0.10
0.12
0.05

24.87
28.74
12.46
14.52

±
±
±
±

0.28
0.11
0.15
0.06

Data are presented as means ± SEM.

Fig. 3. Mean (± SEM) number of lever presses emitted by vehicle- and
6-OHDA-treated rats during the test phase following surgery. (A) VI 60 ⁄
FR 1 and VI 60 ⁄ FR 10 schedules. (B) VI 120 ⁄ FR 1 and VI 120 ⁄ FR 10
schedules. *P < 0.05, signiﬁcantly different from vehicle.

the FR 1 components (VI 60 ⁄ FR 1 and VI 120 ⁄ FR 1; F1,42 ¼ 3.6,
P ¼ 0.066). Table 3 shows the number of pellets received by
6-OHDA- and vehicle-treated rats performing on all four schedules.
As was the case with the analysis of lever presses, there was a
signiﬁcant DA depletion · week · FR level interaction for the
number of pellets (F3,213 ¼ 5.1, P < 0.002).
Figure 4A and B shows the number of fast responses (i.e. IRTs
< 1.0 s) and pauses (i.e. IRTs > 20.0 s) for 6-OHDA- and vehicletreated rats across all four schedules during the ﬁrst week post-surgery.
For fast responses (Fig. 4A) there was a signiﬁcant overall DA
depletion treatment effect (F1,71 ¼ 18.6, P < 0.001), a signiﬁcant
overall effect of VI level (F1,71 ¼ 11.0, P < 0.001) and a signiﬁcant
effect of FR requirement (F1,71 ¼ 82.2, P < 0.0.001). There was no
signiﬁcant DA depletion · VI level interaction (F1,71 ¼ 0.7, n.s.), but
there was a signiﬁcant DA depletion · FR requirement interaction
(F1,71 ¼ 9.7.0, P < 0.01). This demonstrates that the effect of DA
depletion depended upon the FR requirement. Analysis of the data
from the animals that had an added FR 10 requirement (collapsed
across VI levels) showed that there was a signiﬁcant DA depletion
effect (F1,40 ¼ 16.6, P < 0.001). However, there was no DA depletion
effect in the animals responding on the two VI schedules with only the
FR 1 requirement (F1,40 ¼ 2.2, n.s.). The percentage of total response
reduction due to reduction in fast responses (i.e. bin 1, IRT < 1.0 s)
was calculated for each of the two schedules with added FR 10
requirements, because these schedules showed signiﬁcant DA
depletion effects on fast responses as well as total responding.
Ninety-one per cent of the total reduction in responding produced by
DA depletion in the VI 60 ⁄ FR 10 schedule and 85% of the total
reduction in responding produced by DA depletion in the
VI 120 ⁄ FR 10 schedule were due to reductions in fast responses.
Analyses of the number of pauses (IRTs > 20.0 s; Fig. 4B) revealed
that there was a signiﬁcant overall DA depletion effect (F1,71 ¼ 35.16,
P < 0.001), a signiﬁcant overall effect of VI level (F1,71 ¼ 5.8,
P < 0.05) and a signiﬁcant effect of FR requirement (F1,71 ¼ 27.2,
P < 0.0.001). There was no signiﬁcant DA depletion · VI level
interaction (F1,71 ¼ 0.2, n.s.), and unlike the analysis of fast IRTs, the
DA depletion · FR requirement interaction was not statistically
signiﬁcant (F1,71 ¼ 3.7, P ¼ 0.06). This demonstrates that there was
an overall effect of DA depletion on number of pauses, and this effect

Table 3. Effects of accumbens DA depletions on number of pellets obtained by rats on four different schedules during the testing phase (mean ± SEM)
Group
VI
VI
VI
VI
VI
VI
VI
VI

60 ⁄ FR 10 – 6-OHDA
60 ⁄ FR 10 – vehicle
60 ⁄ FR 1 – 6-OHDA
60 ⁄ FR 1 – vehicle
120 ⁄ FR 10 – 6-OHDA
120 ⁄ FR 10 – vehicle
120 ⁄ FR 1 – 6-OHDA
120 ⁄ FR 1 – vehicle

Week 1
21.38
25.09
27.29
28.33
10.35
12.51
13.76
14.30

±
±
±
±
±
±
±
±

Week 2
1.13*
0.36
0.68
0.17
0.63*
0.30
0.24
0.10

24.0
25.44
28.24
28.53
11.82
12.82
14.27
14.45

±
±
±
±
±
±
±
±

Week 3
1.04
0.31
0.39
0.13
0.42
0.18
0.17
0.05

Data are presented as means ± SEM. *P < 0.05, signiﬁcantly different from vehicle.
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25.29
25.76
28.65
28.62
12.49
12.98
14.24
14.53

±
±
±
±
±
±
±
±

Week 4
0.62
0.26
0.28
0.22
0.34
0.19
0.12
0.15

25.71
25.91
28.60
28.42
12.66
13.00
14.22
14.33

±
±
±
±
±
±
±
±

0.47
0.35
0.14
0.08
0.39
0.22
0.09
0.05
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depletion, but the number of pauses was increased for rats
responding on these schedules. The response-suppressing effects
of DA depletions were signiﬁcant only during the ﬁrst week
post-surgery. Thus, DA-depleted rats showed recovery of function
over succeeding weeks, which is consistent with previous studies
(Zigmond et al., 1984; Wolterink et al., 1990; Salamone et al.,
1993a; Correa et al., 2002; Ishiwari et al., 2004).

Effects of DA depletions on ratio and interval performance

Fig. 4. Parameters obtained from analyses of interresponse time (IRT; time
between the onset of two consecutive responses) data during the 1st week after
surgery. (A) Number of fast responses (i.e. IRTs < 1.0 s) (B) Number of
pauses (i.e. IRTs > 20.0 s). *P < 0.05, signiﬁcantly different from vehicle.

did not depend upon the FR requirement. Because the DA
depletion · FR requirement interaction approached signiﬁcance,
additional analyses were performed, which showed that DA depletion
effects were signiﬁcant under both FR 10 and FR 1 conditions when
the data were collapsed across VI levels (FR 10, F1,40 ¼ 23.1,
P < 0.001; FR 1, F1,35 ¼ 12.2, P < 0.001).

Discussion
Summary of results
As depicted in Figs 1 and 2, attachment of the additional ratio
requirement to the interval schedules led to greater response rates.
Animals on both VI 60 ⁄ FR 10 and VI 120 ⁄ FR 10 schedules
emitted more fast responses (i.e. had an increased number of IRT
bins < 1 s) relative to animals responding on the corresponding
VI ⁄ FR 1 schedules. Nucleus accumbens DA depletions signiﬁcantly
impaired responding of rats performing on the schedules with the
higher ratio requirement (i.e. VI 60 ⁄ FR 10, VI 120 ⁄ FR 10).
DA-depleted rats responding on the schedules with added FR 10
components showed signiﬁcant decreases in fast responses and
signiﬁcant increases in the number of pauses. Overall responding
on the schedules with FR 1 components (i.e. VI 60 ⁄ FR 1 and
VI 120 ⁄ FR 1) was not substantially affected by accumbens DA

Accumbens DA depletions suppressed operant responding on both
VI 60 ⁄ FR 10 and VI 120 ⁄ FR 10 schedules, which is consistent with
previous results indicating that schedules with ratio requirements are
sensitive to the effects of accumbens DA depletions (Aberman &
Salamone, 1999; Salamone et al., 2001; Correa et al., 2002; Salamone
& Correa, 2002). The overall interaction between ratio requirement
and DA depletion in week 1 and the signiﬁcant DA depletion effects in
rats that had the FR 10 requirement attached to the interval attest to the
substantial role that ratio requirements play in making operant
schedules sensitive to the effects of DA depletion. The reductions in
responding on VI 60 ⁄ FR 10 and VI 120 ⁄ FR 10 schedules that were
produced by DA depletions were accompanied by substantial changes
in IRT parameters (i.e. reductions in the number of fast responses,
increases in pausing). In particular, the effects of DA depletion on
VI 60 ⁄ FR 10 and VI 120 ⁄ FR 10 performance appear to be largely
dependent on a reduction in the number of fast responses (i.e. < 1.0 s,
or bin 1). Schedules with FR 10 components had a large number of
fast responses, and 85–91% of the total reductions in responding
produced by DA depletions on these schedules were due to reductions
in fast responses. Taken together, these ﬁndings demonstrate that
accumbens DA depletions have substantial effects on schedules with
moderate ratio requirements, and that a predominant aspect of these
effects is a decrease in the behavioral activation produced by attaching
a ratio requirement. For rats tested on the schedules with added FR 10
components, DA depletion suppressed responding in week 1 postsurgery to a level that was comparable with that shown by control rats
responding on the VI schedules without the added ratio. Thus,
attachment of a ratio requirement to an interval schedule presents a
challenge to the animal, and rats adapt to this obstacle by increasing
response rates. The ability of rats to adapt to the challenge presented
by the ratio requirement appears to be dependent upon the integrity of
the DA innervation of the nucleus accumbens.
Interval requirements appeared to play a less robust role than ratio
requirements in determining the schedule-dependent effects of DA
depletion. Although the two VI levels used in the present study did
generate different rates, as indicated by the signiﬁcant main effects of
VI level shown across several analyses, interval level did not interact
with DA depletion in any of the analyses performed. The overall effect
of DA depletion collapsed across the two schedules with FR 1
components approached but did not reach statistical signiﬁcance.
There was a tendency for DA-depleted rats in the VI 120 schedule to
show slight reductions in responding, and further research should
explore the use of longer VI intervals. Nevertheless, the present results
are consistent with previous studies using the VI 30 schedule
(Sokolowski & Salamone, 1998; Correa et al., 2002). Together with
previous reports, the present results support the observation that the
effects of accumbens DA depletion are ratio-dependent, and suggest
that intermittence over a time range up to 120 s does not substantially
increase sensitivity to the effects of accumbens DA depletions. In
contrast to the schedules with FR 10 components, the results obtained
with the VI 60 or VI 120 ⁄ FR 1 schedules showed that DA depletion
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did not signiﬁcantly reduce the number of fast responses. Thus, on
several measures of behavior, the VI schedules with low ratio
requirements were relatively insensitive to the effects of accumbens
DA depletions. Several factors could contribute to the apparent
insensitivity of VI schedules to accumbens DA depletions. The
temporal uncertainty produced by the variability of the time intervals
in a VI schedule may be a factor, because ﬁxed interval schedules with
comparable time values (i.e. FI 30 s and FI 60 s) have been shown to
be impaired by accumbens DA depletions (Robbins et al., 1983;
Cousins et al., 1999). Another factor could be that these schedules
induce a slow local rate of responding (Salamone et al., 1999), and in
the present studies the VI 60 and VI 120 ⁄ FR 1 schedules did generate
low overall rates of responding and a relatively ﬂat IRT distribution.
Nevertheless, the present results also suggest that low baseline
response rates, per se, do not necessarily make animals completely
insensitive to all the effects of accumbens DA depletions. Detailed
analyses of the response patterns shown by DA-depleted animals
responding on the VI 60 ⁄ FR 1 and VI 120 ⁄ FR 1 schedules revealed
that there was a signiﬁcant increase in the tendency to pause for long
periods of time (i.e. IRTs > 20 s). Thus, it appears that at the time
intervals used in the present study (i.e. 60–120 s), VI schedules can be
sensitive to DA depletions, at least in terms of the tendency to take
pauses in responding. The increased pausing produced by DA
depletions across all four schedules may reﬂect a fragmentation of
the pattern of responding, a lack of behavioral activation, reduced
responsiveness to conditioned cues or problems initiating instrumental
activity. Nevertheless, the speciﬁc characteristics of the effects of
accumbens DA depletions on schedules with ratio components (i.e.
VI 60 and VI 120 ⁄ FR 10) clearly are different to the effects of those
depletions on the performance of schedules with long intervals but
minimal ratio requirements (e.g. VI 60 and VI 120 ⁄ FR 1).
Previous research has focused on the role of time as a factor in
determining sensitivity to dopaminergic manipulations or accumbens
cell body lesions. Salamone et al. (2001) studied the effects of DA
depletions on a variety of schedules that had the same programmed
molar reinforcement density, but different organization of the response
requirement (i.e. FR 50 for one food pellet, FR 100 for two pellets,
FR 200 for four pellets, FR 300 for six pellets). DA depletions
produced a slowing of response rate on the FR 50 schedule, but
severely impaired responding on schedules with very large ratios (e.g.
FR 200, FR 300), even though the programmed density of reinforcement and baseline response rates were similar across these different
schedules. This led to the suggestion that DA depletions made animals
more dependent upon the direct feedback provided by primary
reinforcement, and that the temporal organization of the response
requirement (i.e. the need to respond over long periods of time without
primary reinforcement) was an important determinant of sensitivity to
the effects of DA depletion (Salamone et al., 2001). Using a
reinforcement-delay choice procedure, Cardinal et al. (2001) showed
that excitotoxic lesions of the nucleus accumbens affected the
tendency of rats to choose large delayed reinforcement over immediate
small reinforcement. Dopaminergic drugs have been shown to alter the
process of delay discounting (Richards et al., 1999). Nevertheless,
although time may be a factor in tests related to preference, it is not
clear that time requirements alone are a major determinant of
sensitivity to the response-suppressing effects of accumbens DA
depletions. For example, Wakabayashi et al. (2004) studied the effects
of intra-accumbens injections of DA antagonists on a novel progressive delay task, and observed that blockade of D1 or D2 family
receptors did not impair the ability of the rats to wait for sucrose
reward. In addition, there is no evidence that the time intervals
imposed by schedules with moderate ratio requirements are the

primary explanation for the rate-suppressing effects of DA depletions
on those schedules. Salamone et al. (2001) studied schedules with
moderate-to-high ratio requirements (e.g. FR 20, FR 50), and
observed that DA-depleted animals received food on average every
30 s for the FR 20 schedule and 56 s for the FR 50 schedule.
Performance on these two schedules was disrupted by DA depletions.
However, performance on interval schedules with similar levels of
intermittence in reinforcement (e.g. VI 30, VI 60) was not signiﬁcantly affected by accumbens DA depletions (present study; Sokolowski & Salamone, 1998; Correa et al., 2002). An even more extreme
example is the FR 5 schedule, which has been shown to be sensitive to
the effects of accumbens DA depletions (Salamone et al., 1993a,
2001; Sokolowski & Salamone, 1998; Ishiwari et al., 2004). DAdepleted animals responding on this schedule received reinforcement
at an average rate of approximately one pellet every 8 s (Ishiwari
et al., 2004), and yet there was still a deﬁcit in response rate under
these conditions. Thus, although we have evidence that VI schedules
can make animals sensitive to the pause-enhancing effects of DA
depletions, there is no evidence that the time intervals imposed by
FR 5, FR 16, FR 20 and FR 50 schedules, in and of themselves, can
explain the sensitivity to DA depletion that these ratio schedules
engender.

Conclusions
Accumbens DA depletions produce schedule-dependent effects on
operant responding, and the present studies have identiﬁed two distinct
effects of DA depletion. Accumbens DA depletions suppress the
tendency to emit high local rates of responding, and this effect results
in a substantial reduction of responding on schedules with a ratio
component added (i.e. VI 60 and VI 120 ⁄ FR 10). The reduction of
responding on the VI 60 ⁄ FR 10 and VI 120 ⁄ FR 10 schedules was
not simply dependent upon the degree of intermittence in the schedule,
because VI ⁄ FR 1 schedules with comparable time requirements were
only minimally affected by DA depletion. In addition, DA depletions
increased the tendency to take long pauses in responding (i.e. IRTs
> 20.0 s), and this effect was evident across all four schedules tested.
Accumbens DA appears to play an important role in overcoming the
work-related challenges presented by ratio schedules. This function is
important for aspects of natural motivation and drug seeking behavior,
and may be related to conditions such as psychomotor slowing in
depression (Salamone et al., 2003).
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