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Dopamine (DA) input to the prefrontal cortex (PFC), acting on D1 receptors, plays an essential role in mediating working memory

functions. In comparison, less is known about the importance of distinct PFC DA receptor subtypes in mediating executive functions such

as set-shifting. The present study assessed the effects of microinfusion of D2 and D4 receptor antagonists, and D1, D2, and D4 receptor

agonists into the PFC on performance of a maze-based set-shifting task. In Experiment 1, rats were trained on a response discrimination

task, and then on a visual-cue discrimination task requiring rats to suppress the use of the response strategy and approach the previously

irrelevant cue to locate food. In Experiment 2, the order of training was reversed. Infusions of the D2 antagonist eticlopride, or the D4

agonist PD-168,077, impaired shifting from a response to a visual-cue discrimination strategy and vice versa, and caused a selective

increase in perseverative errors. In contrast, infusions of the D4 antagonist L-745,870 improved set-shifting. Infusions of the D1 agonist

SKF81297 or the D2 agonist quinpirole caused no reliable effect. These data, in combination with previous reports of impaired set-

shifting following D1 receptor blockade, suggest that multiple receptors in the PFC are essential for set-shifting and that the mechanisms

by which PFC DA mediates behavioral flexibility may be different from those underlying working memory. These findings may have

important implications for developing novel treatments for cognitive deficits observed in disorders such as attentional deficit and

hyperactivity disorder and schizophrenia.
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INTRODUCTION

Mesocortical dopamine (DA) plays a well-established role in
mediating working memory processes governed by the
prefrontal cortex (PFC). Studies in both primates and
rodents have revealed that DA depletion or pharmacological
blockade of D1 (but not D2) DA receptors in the PFC
impairs performance on a variety of delayed response tasks
(Brozowski et al, 1979; Seamans et al, 1998). In addition, D1
receptor activity can modulate working memory in
accordance with an ‘inverted U-shaped’ function, whereby
either blockade or suprastimulation of D1 receptors in the
PFC can impair performance (Zahrt et al, 1997; Romanides
et al, 1999; Floresco and Phillips, 2001). Furthermore, the
effects of D1 receptor activity on PFC function are in turn
dependent on the relative levels of baseline performance; if
baseline levels are low, then increased stimulation of PFC
D1 receptors can improve working memory (Floresco and
Phillips, 2001; Chudasama and Robbins, 2004; Phillips et al,

2004). Further elucidation of the mechanisms by which DA
modulates working memory comes from electrophysiologi-
cal studies in behaving primates, which have shown that DA
enhances and stabilizes task-related firing of PFC neurons
relative to background activity (Sawaguchi et al, 1990;
Williams and Goldman-Rakic, 1995).

Dopaminergic modulation of PFC neural activity is
regulated by multiple DA receptor subtypes. D1 receptor
activation has both excitatory and inhibitory effects on
synaptic activity in the PFC, augmenting excitatory NMDA-
mediated synaptic responses on pyramidal cells, but also
enhancing GABAergic transmission (Zheng et al, 1999;
Seamans et al, 2001a, b; Tseng and O’Donnell, 2004). In
contrast, D2 receptors, which reside on pyramidal cells,
local circuit interneurons, and presynaptic terminals
(Vincent et al, 1993; Sesack et al, 1995) reduce the
excitability of PFC projection neurons while at the same
time attenuating GABAergic activity (Seamans et al, 2001a;
Tseng and O’Donnell, 2004; Trantham-Davidson et al,
2004). D4 receptors have also been localized in the PFC
(Mrzijak et al, 1996; Ariano et al, 1997; Wedzony et al,
2000), and have been shown to reduce both GABAergic
and NMDA-mediated transmission (Wang et al, 2002,
2003). With respect to the specific functional roles of
each of these DA receptor subtypes, most studies have
focused on working memory processes. These studies
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have shown primarily a selective role for PFC D1 receptors,
although systemic administration of D2 antagonists such as
haloperidol have also been shown to disrupt delayed
alternation in monkeys, but not rats (Murphy et al, 1996).
However, the effects that local manipulation of D2 and
D4 receptors within the PFC exert on other cognitive
operations mediated by the frontal lobes have yet to be fully
elucidated.

In addition to working memory, the PFC mediates
cognitive operations entailing the coordination, manipula-
tion, and flexible use of information from multiple memory
systems that have been termed ‘executive functions’
(Baddeley, 1998; Fuster, 2000). For example, shifting of
attentional set requires an organism to inhibit the use of a
previously effective behavioral strategy and instead attend
to previously irrelevant stimuli in order to obtain a goal.
Both working memory and set-shifting are critically
dependent on PFC; yet, each of these functions engages
different cognitive processes. Working memory requires
the active maintenance and manipulation of trial-unique
information in a short-term memory buffer (Goldman-
Rakic, 1995; Seamans et al, 1998; Fuster, 2000). In contrast,
an important component of set-shifting requires the
organism to exert inhibitory control over the tendency to
engage in a previously relevant behavioral strategy, which
may be viewed as a form of extinction learning (Dias et al,
1997; Lebron et al, 2004). Humans with damage to the
dorsolateral PFC, or those diagnosed with schizophrenia or
attentional deficit and hyperactivity disorder (ADHD),
display marked perseverative impairments when perform-
ing the Wisconsin Card Sorting task, a neuropsychological
test used commonly to assess cognitive flexibility (Pantelis
et al, 1999; Reeve and Schandler, 2001; Yang et al, 2004).
Accordingly, preclinical animal studies have also shown that
manipulations of the PFC impair performance on a number
of tasks which require animals to behave in a flexible
manner and shift attentional set. Specifically, lesions to the
dorsolateral PFC in marmosets cause a selective impairment
on extradimensional shifts, while having no effect on
reversal learning (Dias et al, 1997). In rats, lesions or
blockade of NMDA receptors in the medial PFC impairs set-
shifting on a number of tasks and causes a selective increase
in perseverative errors, whereas the learning and main-
tenance of a new strategy remains unaffected (Ragozzino
et al, 1999; Birrell and Brown, 2000; Stefani et al, 2003).

Surprisingly, there have been few studies investigating the
importance of PFC DA transmission in attentional set-
shifting. In one study (Ragozzino, 2002), blockade of D1
receptors in the medial PFC of rats impaired shifting from a
visual discrimination strategy to a response strategy and
vice versa, while having no effect on the learning of either
discrimination on its own, in a manner similar to that
observed following reversible inactivation of the PFC
(Ragozzino et al, 1999). In contrast, Roberts et al (1994)
showed that depletion of DA in the dorsolateral PFC of
marmosets improved extradimensional shifting, but dis-
rupted performance on a spatial delayed response task,
although a subsequent study revealed these effects to be due
to a disruption in developing an initial attentional set
(Crofts et al, 2001). However, the use of 6-hydroxydopa-
mine lesions in this study did not permit for an assessment
of the specific DA receptor subtypes that mediated these

effects. Accordingly, it is possible that a more specific
pharmacological investigation of the functional importance
of distinct DA receptor subtypes in the PFC may further
clarify the dopaminergic mechanisms that regulate set-
shifting. With this in mind, the present study investigated
the functional roles that D1, D2, and D4 receptors in the
medial PFC play in attentional set-shifting using intracra-
nial microinfusions of selective DA receptor agonists and
antagonists. In doing so, we utilized a similar set-shifting
protocol described by Ragozzino (2002), which has been
shown to be sensitive to blockade of D1 receptors in the
PFC.

MATERIALS AND METHODS

Apparatus

Two identical four-arm cross mazes were used. The mazes
were made of 1.5 cm thick plywood and painted white. Each
arm was 60 cm long and 10 cm wide, with 20 cm high walls
on each arm and with cylindrical food wells (2 cm
wide� 1 cm deep) drilled into the end of each of the arms,
2 cm from the end wall. Four removable table legs attached
to the ends of each arm elevated the mazes 70 cm above the
floor. Removable pieces of white opaque plastic
(20 cm� 10 cm) were used to block the arms of the maze
to form a ‘T’ configuration. One maze resided in a 3 m� 3 m
room and the other in a room measuring 3.4 m� 3.4 m. An
individual rat was assigned to one particular testing room
throughout the course of habituation and testing.

Subjects and Surgery

Long Evans rats (300–400 g, Charles Rivers, Montreal,
QC) were anesthetized with 100 mg/kg of ketamine hydro-
chloride and 7 mg/kg xylazine, and implanted with bilateral
23-gauge stainless-steel guide cannulae into the prelimbic
region of the medial PFC (flat skull: AP¼ þ 3.0 mm, ML¼
70.7 mm from bregma, and DV¼�2.7 mm from dura).
obdurators flush (30-gauge) with the end of the guide
cannulae remained in place until the injections were made.
Each rat was given at least 7 days to recover from surgery
prior to training. During this recovery period, animals were
food restricted to 85% of their free feeding weight and were
handled for at least 5 min per day.

Habituation Procedure

The habituation and set-shifting procedures were similar to
those described by Ragozzino (2002). This task differs from
other types of perceptual set-shifting paradigms in that it
places a heavier emphasis on response conflict, although it
also requires the animal to shift attention from one stimulus
dimension to another (eg, turn direction vs visual cues)
(Slamecka, 1968; Birrell and Brown, 2000). We chose this
particular task to permit for a direct comparison between
the findings of the present study and the effects of D1
receptor antagonism reported by Ragozzino (2002).

On the day prior to their initial exposure to the maze
environment, rats were given B30 sweetened food reward
pellets (Bioserv, Frenchtown, NJ) in a glass dish placed in
their homecages, which was removed once all of the pellets
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were eaten. On the first day of habituation, five reward
pellets were placed in each of the arms of the maze (three
down the length of the arm and two in the food well). A rat
was placed in the maze and allowed to freely navigate and
consume the food pellets for 15 min. If a rat consumed all 20
pellets prior to 15 min, it was removed from the maze and
placed in a holding cage, the maze was rebaited with 12
additional pellets, and the rat was placed back in the center
of the maze. On the second habituation day, arms were only
baited with three pellets each (two in the food wells and one
in the center of the arms). Whenever a rat traversed the
entire length of an arm and consumed the two food pellets
in the well, it was picked up and placed at the entrance of a
different arm. This procedure was intended to habituate the
animal to repeated handling after consuming food reward.
Subsequent habituation sessions were similar to the second
day, except that only one food pellet was placed at the end
of each arm. This procedure continued until the rat had
consumed all four food pellets on the maze at least four
times in the 15 min period. Rats required an average of
5.470.3 days of habituation, (range 3–18 days) to reach this
habituation criterion, and there were no differences between
groups on this measure (F(10,83)¼ 1.28, NS).

On the last day of habituation, the turn bias for the rat
was determined. The white opaque Plexiglas insert was
placed at the entrance of one of the arms, forming a ‘T’
configuration. A rat was placed in from the stem arm and
allowed to turn left or right to obtain a food pellet. In one of
the choice arms, a black and white striped, laminated piece
of posterboard (9 cm� 20 cm� 0.3 cm) serving as a visual
cue was placed on the floor. After a rat chose an arm and
consumed a food pellet, it was picked up, placed in the stem
arm, and allowed to make the next choice. If the rat chose
the same arm as the initial choice, it was returned to the
stem arm until it chose the other arm and consumed the
food pellet. After choosing both arms, the rat was returned
to the holding cage, the Plexiglas barrier and visual-cue
were moved to different arms, and a new trial commenced.
Thus, a trial for the turn-bias procedure consisted of
entering both choice arms and consuming the food
pellet. The turn that a rat made first during the initial
choice of a trial was recorded and counted toward its turn
bias, and the direction (right or left) that a rat turned four
or more times over seven trials was considered its turn bias.
After determining the turn bias, a rat’s obdurators were
removed from the guide cannulae and two injection
cannulae were inserted for 2 min, but no solution was
injected at this time. This procedure was performed to
habituate the animal to the two infusions they would receive
over the next 2 days of testing. Response (Experiment 1) or
visual-cue (Experiment 2) discrimination training com-
menced on the following day.

Experiment 1: Response–Visual-Cue Set-Shifting
Procedure

Day 1: response discrimination training. For this dis-
crimination, the animal was required to always turn in the
opposite direction of its turn bias (left or right), regardless
of the location of the visual cue placed in one of the arms
(see Figure 1, top panels). Over the course of training, one
of three start arms was used, to discourage animals from

using an allocentric spatial strategy to locate the food. On
day 1 of training, a rat was started from the arms designated
west, south, and east (W, S, and E, respectively). The
location of these arms relative to the spatial cues in the
room was varied across animals, so that the maze was
placed in one of four possible orientations. For every trial,
the visual cue was placed in one of the choice arms so that
over every consecutive set of 12 trials it was placed an equal
number of times in each choice arm. The order of the start
location for each trial as well as the position of the visual
cue were determined pseudorandomly and taken from a
preset sequence that was identical for each animal. On an
individual trial, the rat was placed in the stem arm and
required to make the appropriate turn in order to receive a
food pellet. Between trials a rat was placed back in the
holding cage on a bench adjacent to the maze. The intertrial
interval was B15 s. A rat continued to receive training trials
until it reached a criterion of 10 correct consecutive choices.
There was no limit on the number of trials a rat was allotted
to reach this criterion. After the rat achieved this acquisition
criterion, it received a probe trial; this consisted of starting
the rat from the fourth arm (north, N) that was not used as a
start arm during testing. During probe trials, the visual cue
was inserted in the arm opposite to the direction that the rat
was required to turn. If a rat correctly turned the same
direction as was required during training, then response
discrimination training was completed. If a rat made an
incorrect turn, response training was continued until a rat
made an additional five correct choices consecutively, at
which time another probe trial was administered. This
procedure was continued until a rat made a correct choice
on the probe trial. The following measures were taken for
each rat and used for data analysis: (1) trials to criterion,
defined as the total number of test trials completed before a
correct choice on the probe trial was made and (2) probe
trials, defined as the total number of probe trials an animal
required to get one correct. The time it took to complete
training was also recorded. If a rat did not complete at least
30 trials within the first hour of training, training was
discontinued and the animal’s data were excluded from the
analysis.

Day 2: shift to visual-cue learning. The day after reaching
criterion on the response version, rats were now trained to
enter the arm that contained the visual cue, the location of
which was pseudorandomly varied in the left and right arms
such that it occurred in each arm with equal frequency for
every consecutive set of 12 trials (see Figure 1, bottom
panels). The training procedure was similar to that used in
the response version. The same start arms and criteria to
complete the visual-cue version were used as described in
the response version. For probe trials, the visual cue was
always placed in the arm opposite to that which the rat had
been trained to enter during response discrimination
training.

Errors were scored as entries into arms that did not
contain the visual cue, and were further broken down into
three error subtypes to determine whether treatments
altered the ability to either shift from the previously learned
strategy (perseverative errors) or to maintain the new
strategy after perseveration had ceased (regressive or never-
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reinforced errors). A perseverative error was scored when a
rat continued to make the same egocentric response as
required on the response version on those trials that
required the rat to turn in the opposite direction to enter
the arm containing the visual cue. Six of every 12
consecutive trials required the rat to respond in this
manner (ie, enter the arm opposite of the previously
learned turn direction). As described in previous studies
(Dias and Aggleton, 2000; Ragozzino et al, 1999; Ragozzino,
2002), these trials were separated into consecutive blocks of
four trials each. Perseverative errors were scored when a rat
entered the incorrect arm on three or more trials per block
of four trials. Once a rat made less than three perseverative
errors in a block for the first time, all subsequent errors
were no longer counted as perseverative errors, because at
this point the rat was choosing an alternative strategy at
least half of the time. Instead, these errors were now scored
as regressive errors. The third type of error, termed ‘never-
reinforced’ errors, was scored when a rat entered the
incorrect arm on trials where the visual cue was placed in
the same arm that the rat had been trained to enter on the
previous day. For example, during training on day 1, a rat
might be required to turn left. During the shift on day 2, a
rat must now enter the arm with the visual cue, and for half
of the trials the cue was in the left arm. In this situation, a
never-reinforced error was scored when a rat entered the
right arm (ie, a choice that was not reinforced on either
day 1 or day 2). The combination of regressive and

never-reinforced errors has been used as an index of the
animals’ ability to maintain a new strategy.

Experiment 2: Visual-Cue–Response Set-Shifting
Procedure

For these experiments, rats were initially trained on the
visual-cue version of the task on day 1, followed by testing
on the response version on day 2. All other aspects of the
testing procedure were identical to those described above.
On the shift to the response version, the same measures
were assessed as those for Experiment 1, where rats were
required to shift from a response to a visual-cue strategy.
However, perseverative and regressive errors were analyzed
from the trials in which a rat was required to turn in the
arm opposite to that of the visual cue.

Drugs and Microinfusion Procedure

The effects of five dopaminergic compounds (two antago-
nists and three agonists) were tested. All drugs were mixed
fresh for each experiment in physiological saline, sonicated
until dissolved, and protected from light. The drugs and
doses tested were as follows: the D2 receptor antagonist
eticlopride hydrochloride (0.1 and 1 mg; Sigma Aldrich,
Canada), the D4 receptor antagonist L-745,870 (1.0 and
10.0 mg; Tocris Biosciences), the D1 receptor agonist SKF
81297 (0.06 and 0.2 mg; Tocris), the D2 receptor agonist

Figure 1 Example of the attentional set-shifting task used in Experiment 1. The arrows in the maze represent the correct navigation pattern to receive
reinforcement. During initial response discrimination training on day 1 (upper panels), in this example, the rat was started from the south (S), west (W), and
east (E) arms, and always had to make a 901 turn to the right to receive food reinforcement. A black and white striped visual cue was randomly placed in one
of the choice arms on each trial, but did not reliably predict the location of food during response training. During the set-shift on day 2 (lower panels), the rat
is required to use a visual-cue discrimination strategy. Here, the rat was started from the same arms but had to always enter the arm with visual cue, which
could require either a right or a left turn. Thus, the rat must shift from the old strategy and attend to the previously irrelevant cue in order to obtain
reinforcement.
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quinpirole hydrochloride (1.0 and 10.0 mg; Sigma), and the
D4 receptor agonist PD-168,077 (0.1 and 1.0 mg; Sigma). The
doses of eticlopride, L-745,870, SKF 81297, and quinpirole
were chosen from previous studies which have shown
alterations in behavior following administration of these
drugs into the PFC (Beyer and Steketee, 2000; Floresco and
Phillips, 2001; Chudasama and Robbins, 2004, Shah et al,
2004; Sun and Rebec, 2005).

Infusions of all drugs and saline were administered
bilaterally into the PFC via 30-gauge injection cannulae that
protruded 0.8 mm past the end of the guide cannulae, at a
rate of 0.5 ml/72 s, by a microsyringe pump (Sage Instru-
ments Model 341). Injection cannulae were left in place for
an additional 1 min to allow for diffusion. Each rat
remained in its home cage for a further 10-min period
prior to behavioral testing.

Previous studies have shown that manipulations of the
PFC do not disrupt the initial learning of either a response
or visual-cue-based discrimination (Ragozzino et al, 1999;
Chudasama et al, 2001; Ragozzino, 2002). Rather, PFC
manipulations only disrupt behavior when rats are required
to shift from one strategy to another (Ragozzino et al, 1999;
Ragozzino, 2002; Stefani et al, 2003). As such, we were not
interested in the effects of intra-PFC infusions of DA
compounds during initial discrimination learning, and on
day 1 rats in all groups received a saline infusion into the
PFC. The assignment of a rat to a particular drug treatment
group was counterbalanced based on the number of trials to
reach the criterion on day 1 of training, so that all rats in all
groups took roughly the same number of trials to learn the
task on day 1. DA receptor agonists or antagonists were
infused prior to testing on day 2. For Experiment 1, we
assessed the effects of two doses of each drug. For
Experiment 2, we only tested the lowest dose, or most
effective dose of each drug that produced statistically
significant alterations of behavior in Experiment 1.

Histology

Upon completion of behavioral testing, the rats were killed
in a carbon dioxide chamber. Brains were removed and
fixed in a 4% formalin solution. The brains were frozen and
sliced in 50 mm sections prior to being mounted and stained
with Cresyl Violet. Placements were verified with reference
to the neuroanatomical atlas of Paxinos and Watson (1998).
Rats with cannulae placements that were asymmetrical or
located rostrally in the medial orbital cortex were excluded
from the data analysis. The locations of infusions for all rats
tested in Experiment 2 are displayed in Figure 2.

Data Analysis

The number of trials to reach the criterion on day 1 of
training for each experiment were analyzed separately using
a one-way analysis of variance (ANOVA) to confirm that all
rats took an equivalent number of trials to learn the initial
response or visual-cue discrimination. Trials to criterion
data obtained from day 2 (set-shift) for each experiment
were analyzed using separate two-way between/within-
subjects ANOVA, with Drug Treatment as the between-
subjects factor and Choice Type (Correct or Error) as the
within subjects factor. Data regarding the types of error

were analyzed separately using a two-way between/within-
subjects ANOVA, with Drug Treatment as the between-
subjects factor and Error Type (perseverative, regressive, or
never-reinforced) as the within-subjects factor. When a
significant main effect of Drug Treatment was observed,

Figure 2 Histology. Schematic of coronal sections of the rat brain,
showing the placements of the cannulae tips for all rats in Experiment 2 that
received infusions of dopaminergic drugs or vehicle into the PFC. Brain
sections correspond to the atlas of Paxinos and Watson (1998).
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multiple comparisons were conducted using Dunnett’s test.
For measures of response latency, the total number of trials
required to reach the criterion was divided by the total time
required to reach criterion (trials per minute). These data
were analyzed using separate one-way ANOVAs.

RESULTS

Experiment 1

Day 1: response discrimination training. All rats in all
groups took an equivalent number of training trials to
achieve criterion performance on day 1 of training when
animals received a saline infusion into the PFC (mean
64.473.5; F(10,83)¼ 0.87, NS; Figure 3a). Rats took
47.374 min to complete response discrimination training,
and there were no significant differences between groups
in the average trials per minute (F(10,83)¼ 1.45, NS).
There were also no differences in the number of
probe trials required to complete training on day 1
(F(10,83)¼ 0.95, NS).

Day 2: shift to visual-cue discrimination. Analysis of the
number of trials to reach the criterion on day 2 revealed a
significant main effect of Drug Treatment (F(10,83)¼ 4.94,
po0.001), and a significant effect of Choice type
(F(1,83)¼ 0.87, NS), indicating that all rats in all groups
made more correct than incorrect choices over the course
of training. There was no significant Treatment�Choice
type interaction (F(10,83)¼ 1.52, NS). A separate analysis
conducted on the errors committed during the set-shift
revealed a significant main effect of Drug Treatment
(F(10,83)¼ 4.15, po0.001), a significant effect of Error type
(F(2,166)¼ 5.15, po0.01), and a significant Drug Treat-
ment� Error Type interaction (F(20,166)¼ 1.84, po0.05).
Rats receiving saline infusions into the PFC (n¼ 10)
required 65.175 trials and 34.574 min to achieve criterion
performance (Figure 3b and e, white bar), and made an
equivalent number of perseverative, regressive, and
never-reinforced errors (Figure 4, white bars). A separate
one-way ANOVA conducted on the latency data showed
no significant difference between treatment groups on
the average number of trials completed per minute

Figure 3 Experiment 1: The effects of infusions of dopaminergic agents into the PFC on shifting from a response- to a visual-cue-based strategy. The data
are expressed as means7SEM. (a, d) Trials to criterion on acquisition of the response discrimination following saline infusions on day 1 for all rats that
received vehicle infusions (Veh, white bar) or infusions of DA antagonists (a) or agonists (b) into the PFC on day 2. (b, c) Trials to criterion (b) and errors to
criterion (c) on the shift to the visual-cue discrimination on day 2 following infusions of either vehicle, 0.1 or 1.0 mg of the D2 antagonists eticlopride (Etic),
and infusions of 1.0 or 10.0mg of the D4 antagonist L-745,870. (e, f) Trials to criterion (e) and errors to criterion (f) on the shift to the visual-cue
discrimination on day 2 following infusions of either vehicle (same data as in (b) and (c)), 0.06 or 0.2 mg of the D1 agonist SKF 81297 (SKF), 1.0 or 10.0mg of
the D2 agonist quinpirole (Quin), and infusions of 0.1 and 1.0 mg of the D4 agonist PD-168,077. *po0.05 and **po0.01, significantly different from the
vehicle control group (Dunnett’s test).
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(F(10,83)¼ 1.452, NS). There were also no differences in the
number of probe trials required to complete training on day
2 (F(10,83)¼ 0.86, NS).

DA antagonists. Multiple comparison analyses on the trials
to criterion and error data were conducted using Dunnett’s
test. These tests showed that infusions of the D2 antagonist
eticlopride dose-dependently impaired shifting from a
response to a visual-cue discrimination strategy. Rats
receiving the 1.0 mg dose of eticlopride (n¼ 9) required
significantly more trials to reach the criterion (po0.001,
Figure 3B, black bar) and made significantly more errors
(po0.001; Figure 3c, black bar). Infusions of the 1.0 mg dose
caused a selective increase in perseverative errors compared
to saline controls (po0.001), but did not alter the number
of regressive or never-reinforced errors (Figure 4). Infu-
sions of the 0.1 mg dose of eticlopride (n¼ 8) did not alter
performance relative to control rats (Figure 3b and c, black
hatched bar).

In contrast, intra-PFC infusions of the D4 antagonist L-
745,870 improved shifting from a response to a visual-cue
discrimination strategy. Infusions of the 1.0 mg dose of L-
745,870 (n¼ 9) produced a nonsignificant reduction in the
number of trials to criterion (Figure 3b, gray hatched bar).
However, rats receiving infusions of the 10.0 mg dose (n¼ 9)
required significantly fewer trials to reach the criterion
(po0.05; Figure 3b, gray bar) and made significantly fewer
errors (po0.05 (Figure 3c, gray bar).

DA agonists. Infusions of the D1 agonist SKF 81297 neither
improved nor disrupted set-shifting; rats receiving either
the 0.06 mg (n¼ 9) or the 0.2 mg (n¼ 10) dose did not differ
significantly from control animals on the number of trials
or errors to the criterion (Figure 3e and f, cross-hatched
bars). Similarly, infusions of either 1.0 mg (n¼ 7) or 10.0 mg
(n¼ 8) of the D2 agonist quinpirole did not alter the set-
shifting performance compared to control rats (Figure 3e
and f). In contrast, infusions of the D4 agonist PD-168,077
disrupted set-shifting in a dose-dependent manner, with the

1.0 mg dose (n¼ 8) causing a significant increase in both
trials to the criterion (po0.01) and errors to the criterion
(po0.001; Figure 3e and f, gray striped bars). Subsequent
analyses revealed that rats in this treatment group made
significantly more perseverative errors compared to saline
controls (po0.05; Figure 4), but did not differ from saline
treated-animals in the number of regressive or never-
reinforced errors. Infusions of the 0.1 mg dose of PD-168,077
(n¼ 8) did not affect set-shifting.

Experiment 2

Day 1: visual-cue discrimination training. All rats in all
groups reached criterion on the visual-cue discrimination
task in substantially fewer trials than those initially trained
on the response discrimination in Experiment 1, requiring
approximately 45 trials to achieve criterion performance
(mean¼ 45.472.9). Analysis of these data revealed no
significant differences between groups (F(5,34)¼ 0.44, NS;
Figure 5a and d). Rats took 34.574 min to complete visual-
cue discrimination training, and there were no significant
differences between groups on the average trials per minute
(F(5,34)¼ 0.33, NS). There were no differences in the
number of probe trials required to complete training on
day 1 (F(5,34)¼ 0.39, NS)

Day 2: shift to response discrimination. Analysis of the
number of trials to reach the criterion on day 2 revealed
a significant main effect of Drug Treatment (F(5,34)¼
5.87, po0.001), a significant effect of Choice type
(F(1,34)¼ 98.81, po0.001), and no significant Treat-
ment�Choice type interaction (F(5,34)¼ 1.40, NS). A
separate ANOVA analyzing the number of errors committed
on Day 2 revealed a significant main effect of Drug
Treatment (F(5,34)¼ 6.46, po0.001), a significant effect of
Error Type (F(2,68)¼ 25.68, po0.001) and a significant
Drug Treatment� Error Type interaction (F(10,68)¼ 2.57,
po0.05). Rats receiving saline infusions into the PFC
(n¼ 9) required 81.8712 trials to achieve criterion
performance (Figure 5b and e, white bar), and made an
equivalent number of perseverative (mean¼ 12.072) and
regressive (mean¼ 12.273) errors, but substantially fewer
never-reinforced errors (mean¼ 3.470.7) (Figure 6). A
separate one-way ANOVA conducted on the latency data
exposed a significant difference between groups
(F(5,34)¼ 4.35, po0.01). This effect was due to the fact
that rats treated with eticlopride displayed significantly
faster running times (mean¼ 2.870.4 trials per min)
compared to saline-treated rats (mean¼ 2.070.2 trials per
minute; Dunnett’s, po0.01). There were no other significant
differences between groups on this latency measure. In
addition, there were no differences in the number of probe
trials required to complete training on day 2 (F(5,34)¼
1.5, NS).

DA antagonists. As observed in Experiment 1, multiple
comparisons using Dunnett’s test confirmed that infusions
of 1.0 mg of the D2 antagonist eticlopride (n¼ 6) disrupted
shifting from a visual-cue to a response discrimination
strategy. D2 receptor blockade caused a significant increase
in the number of trials to the criterion (po0.01, Figure 5b,
black bar) and errors to the criterion (po0.001; Figure 5c,

Figure 4 Analysis of the type of errors committed in Experiment 1
during the shift on day 2 for rats that displayed a significant difference from
controls on the total number of errors. Infusions of 1.0 mg of either the D2
antagonist eticlopride (black bar) or the D4 agonist PD-168,077 (gray
striped bar) selectively increased the number of perseverative errors (left),
but did not alter the number of regressive (middle) or never-reinforced
(right) errors. Although infusions of the D4 antagonist L-745,870
significantly decreased the total number of errors, it did not cause a
selective reduction in any one particular type of error (light gray bar).
**po0.01, significantly different from vehicle control group (Dunnett’s
test).
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black bar). Again, blockade of PFC D2 receptors caused a
selective increase in perseverative errors compared to saline
controls (po0.001), but did not alter the number of
regressive or never-reinforced errors (Figure 6).

Blockade of D4 receptors in the PFC with 10 mg of L-
745,870 (n¼ 7) improved set-shifting in a manner similar to
that observed in Experiment 1, causing a significant
reduction in both the number of trials to reach the criterion
(po0.05) and the number of errors (po0.005; Figure 5b
and c, gray bar). In this experiment, infusions of L-745,870
did not alter the number of perseverative or never-
reinforced errors, but did cause a significant decrease in
regressive errors (po0.01; Figure 6), indicating that this
treatment facilitated the maintenance of a new strategy.

DA agonists. Stimulation of D1 receptors with SKF 81297
(0.06 mg, n¼ 6) or D2 receptors with quinpirole (1.0 mg,
n¼ 7) did not significantly alter the number of trials to
reach the criterion or the number of errors to the criterion,
although infusions of SKF 81297 did cause a marginal,
but nonsignificant, reduction in the number of errors
(0.05opo0.10) (Figure 5e and f). In contrast, stimulation
of D4 receptors with PD-168,077 (1.0 mg, n¼ 6) replicated
the effect observed in Experiment 1, significantly increasing
both the number of trials to reach the criterion (po0.005)
and errors to the criterion (po0.001; Figure 5e and f, gray
striped bars). Analysis of the error type revealed that
infusions of PD-168,077 significantly increased persevera-
tive errors compared to saline treatment (po0.01), but did
not alter the number of regressive or never-reinforced
errors (Figure 6).

DISCUSSION

The main finding of the present study is that multiple DA
receptor subtypes in the PFC regulate the ability to behave
in a flexible manner and shift attentional set. Blockade of D2
receptors with eticlopride dose-dependently impaired shift-
ing from a response to a visual-cue discrimination strategy
and vice versa, causing a selective increase in perseverative
responding, but left the ability to establish or maintain a
new strategy intact. A similar deficit was observed following
stimulation of D4 receptors in the PFC with PD-168,077,
whereas infusions of agonists for D1 or D2 receptors neither
impaired nor improved set-shifting. Of particular interest
was the fact that antagonism of D4 receptors led to an
improvement in set-shifting.

In the present study, all rats readily consumed food
pellets on the maze and treatments that impaired perfor-
mance either did not alter or decreased response latencies,
suggesting that these effects were not due to motivational or
motoric impairments. In addition, these impairments
cannot be explained by a disruption of simple discrimina-

Figure 5 Experiment 2: The effects of infusions of dopaminergic agents
into the PFC on shifting from a visual-cue- to a response-based strategy.
The data are expressed as means 7SEM. (a, d) Trials to criterion on
acquisition of the visual-cue discrimination following saline infusions on day
1 for all rats that received vehicle infusions (Veh, white bar) or infusions of
DA antagonists (a) or agonists (b) into the PFC on day 2. (b, c) Trials to
criterion (b) and errors to criterion (c) on the shift to the response
discrimination on day 2 following infusions of either vehicle, 1.0 mg of the
D2 antagonists eticlopride (Etic), and infusions of 10.0mg of the D4
antagonist L-745,870. (e, f) Trials to criterion (e) and errors to criterion (f)
on the shift to the response discrimination on day 2 following infusions of
either vehicle (same data as in b and c), 0.06 mg of the D1 agonist SKF
81297 (SKF), 1.0 mg of the D2 agonist quinpirole (Quin), and infusions of
1.0 mg of the D4 agonist PD-168,077 (PD). **po0.01, significantly different
from the vehicle control group (Dunnett’s test).

Figure 6 Analysis of the type of errors committed in Experiment 2
during the shift on day 2 for rats that displayed a significant difference from
controls on the total number of errors. As observed in Experiment 1,
infusions of 1.0 mg of either the D2 antagonist eticlopride (black bar) or the
D4 agonist PD-168,077 (gray striped bar) selectively increased the number
of perseverative errors (left), but did not alter the number of regressive
(middle) or never-reinforced (right) errors. Infusions of the D4 antagonist
L-745,870 (light gray bar) caused a selective reduction in the number of
regressive errors. **po0.01, significantly different from the vehicle control
group (Dunnett’s test).
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tion learning, because lesions or inactivations of the PFC do
not impair the initial learning of either visual or response
based discriminations (Ragozzino et al, 1999; Chudasama
et al, 2001). With respect to the relative selectivity of the
drugs used in the present study, eticlopride is a highly
selective and potent D2 antagonist with 4300 times greater
affinity for D2 vs D4 receptors, and does not appear to have
any agonist actions on 5-HT receptors (Kohler et al, 1986;
Seeman and Ulpian, 1988; Woodward et al, 1992; Durcan
et al, 1995). Similarly, L-745,870 has 41000-fold selectivity
for D4 vs D1/D2 receptors, and 100–2000 greater affinity for
D4 receptors vs 5-HT 1A, 2A, 6, and 7 receptors (Patel et al,
1997; Huang et al, 2001). On the other hand, the relative
affinity of PD-168,077 for D4 receptors is 4400-fold greater
compared to D2 receptors, and 20–400 greater vs adrenergic
a 1, 2, and 5-HT 1A and 2A receptors (Glase et al, 1997).
Thus, although we cannot completely rule out that the
alterations in behavioral flexibility observed here may have
been due in part to actions on nondopaminergic receptors,
it is likely that the effects of these compounds were
mediated primarily by their actions on D2 and D4 receptors.

Regulation of Set-Shifting by Both PFC D1 and D2
Receptors

Previous psychopharmacological studies investigating the
importance of DA transmission in behaviors regulated by
the PFC have shown a prominent role for D1 receptors,
whereas local blockade of D2 receptor within the PFC does
not appear to disrupt cognitive processes such as working
memory (Seamans et al, 1998; Sawaguchi, 2001). In contrast
to these findings, the present data show that D2 receptors
play a critical role in set-shifting, as blockade of these
receptors in the PFC caused a selective increase in the
number of perseverative errors. These data complement the
findings of Ragozzino (2002), showing that D1 receptor
blockade with SCH23390 also disrupted set-shifting using a
similar procedure. In that study, blockade of D1 receptors
in the PFC caused an increase in both perseverative and
never-reinforced errors, suggesting that D1 receptor activity
may serve to both inhibit the use of a previously rewarded
strategy and facilitate the maintenance of a new behavioral
response. The present findings are also in accordance with a
recent report by Mehta et al (2004), showing that systemic
administration of the D2 antagonist sulpiride in human
subjects impairs task switching and attentional set-shifting.
Collectively, these data suggest that, unlike working
memory, the ability to shift attentional set is critically
dependent on the activity of both D1 and D2 receptors in
the PFC.

The question remains as to whether D1 and D2 receptors
act cooperatively to facilitate one component of set-shifting
or independently to regulate separate cognitive processes
that enable shifting of behavioral strategies. In the present
study, we were able to subdivide the type of errors made
during the set-shift into perseverative, regressive, and
never-reinforced errors. An increase in perseverative errors
indicates a disruption in the ability to disengage from the
previously effective but now inappropriate strategy, whereas
regressive and never-reinforced errors are typically used as
an index of the ability of the rat to learn and maintain a
new, previously irrelevant strategy (Ragozzino et al, 2002;

Ragozzino, 2002). The fact that blockade of either D1 or D2
receptors in the PFC increases perseverative errors suggests
that both receptor subtypes interact in a cooperative
manner to facilitate the extinction of the previously learned
response, which in turn may permit the learning of a new
strategy. The notion that the PFC DA projection, acting on
both D1 and D2 receptors, plays an important role in
situations where environmental demands have changed
(such as during extinction) is consistent with the findings
that depletion of DA in the PFC or local blockade of DA
receptors retards the extinction of a Pavlovian fear response
(Morrow et al, 1999) and disrupts reinstatement of
previously extinguished instrumental responding for food
or cocaine (McFarland and Kalivas, 2001; Sun and Rebec,
2005).

Further insight into the mechanisms by which D1 and D2
receptors interact to mediate set-shifting comes from
neurophysiological studies assessing the cooperative inter-
actions of these receptors. A recent review by Seamans and
Yang (2004) has proposed that D2 receptor modulation of
PFC network activity, occurring when DA levels are
particularly high, reduces inhibition and places the network
in a more labile state, allowing it to process multiple stimuli
and representations. However, more moderate extrasynap-
tic concentrations of DA activate D1 receptors and permit
the stabilization of one particular representation by
augmenting NMDA and other excitatory currents. During
the set-shift used in the present study, animals quickly learn
that the previous strategy is no longer relevant, and must
shift attention to other cues in order to solve the task. It is
during this initial period where PFC network activity must
engage in multiple strategies, a state modulated putatively
by D2 receptors (Trantham-Davidson et al, 2004). Once a
particular strategy has been established, stabilization of this
representation would be facilitated by D1 receptor activity.
Thus, D2 receptor blockade would be expected to disrupt
the ability of PFC networks to disengage from the previous
strategy and compare the viability of alternative response
options, causing a selective increase in perseverative errors
(present study). On the other hand, D1 receptor antagonism
would be expected to impede the stability of a novel
strategy, impairing both the ability to shift off the old
strategy (perseverative errors) and the maintenance of a
new one (never-reinforced errors) (Ragozzino, 2002).

In contrast to the findings with DA antagonists, infusions
of agonists for either D1 or D2 receptors into the PFC had
no reliable effect on set-shifting. The lack of effect of SKF
81297 was particularly surprising, considering that local
infusions of this compound at similar doses to those used in
the present study have differential effects on attentional and
working memory processes. Specifically, intra-PFC infu-
sions of SKF 81297 at doses ranging from 0.06 to 0.3 mg have
been shown to impair performance on delayed response
tasks when the baseline levels of performance are good (ie,
during shorter delays), but these same doses improved
working memory during longer delays, when baseline levels
of performance were poor (Zahrt et al, 1997; Floresco and
Phillips, 2001, Chudasama and Robbins, 2004). Similarly,
infusions of a D2 agonist have also been shown to disrupt
performance of a delayed response task conducted in a U-
maze (Druzin et al, 2000). In the present study, we observed
neither a disruption nor an improvement in set-shifting
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following infusions of 0.06 or 0.2 mg of SKF 81297, although
we did observe a slight, nonsignificant reduction in the
number of errors committed by rats that were required to
make the more difficult shift from a visual-cue- to a
response-based strategy. When viewed collectively, it is
apparent that, although suprathreshold stimulation of D1
receptors in the PFC can differentially modulate working
memory, the same does not hold true for set-shifting
functions mediated by the frontal lobes (at least at the
doses tested here). In this regard, it is interesting to
note that a recent study by Tunbridge et al (2004) reported
that blockade of catechol-O-methyltransferase with systemic
administration of tolcapone improved set-shifting at
doses that were effective in augmenting PFC DA efflux.
Thus, it is plausible that, whereas pharmacological activa-
tion of either D1 or D2 receptors in the PFC individually
is insufficient to improve set-shifting, augmenting PFC
DA transmission and concurrently activating both
receptor subtypes may have beneficial effects on behavioral
flexibility.

Local administration of D2 antagonists such as eticlopride
has been shown to cause moderate (B50%) increases in
PFC DA release in anesthetized rats (Chen and Pan, 2000).
Therefore, it may be argued that the impairments produced
by intra-PFC infusions of eticlopride were due in part to
actions on presynaptic autoreceptors, which may in turn
have led to increased activation of D4 receptors (see below).
However, in the study mentioned above, increases in PFC
DA efflux were evoked by a relatively low concentration of
eticlopride (1.0 nM perfused locally within the PFC at
1.19 ml/min over 60 min; Chen and Pan, 2000). Based on
these findings, infusions of both the 0.1 and 1.0 mg (ie, 0.26
and 2.6 nmol) doses of eticlopride would be expected to
increase PFC DA efflux, yet only the 1.0 mg dose disrupted
set-shifting. Moreover, it is important to note that other
treatments which have been shown to increase DA release in
the PFC improve, rather than impair, set-shifting (Tun-
bridge et al, 2004; Lacroix et al, 2004; Hatcher et al, 2005).
Thus, whereas increases in PFC DA efflux induced by
infusions of eticlopride may have been a contributing factor
to the deficits observed in the present study, it is likely that
these impairments were due primarily to blockade of
postsynaptic PFC D2 receptors.

Opposing Effects of D4 Receptor Agonists and
Antagonists on Set-Shifting

In contrast to the above-mentioned findings with D1 and D2
receptor agonists, stimulation of PFC D4 receptors with
PD-168,077 dose-dependently impaired shifting from a
response to a visual-cue-based strategy and vice versa. As
observed with D2 receptor blockade, D4 receptor stimula-
tion resulted in a selective increase in perseverative errors,
without altering the number of regressive or never-
reinforced errors, which is indicative of a disruption in
the ability to inhibit the use of a previously relevant
strategy. These data suggest that increased D4 receptor
activity can have a detrimental effect on cognitive functions
mediated by the frontal lobes and are, to our knowledge, are
the first to describe the effects of local infusion of D4
receptor agonists in the PFC. Recent neurophysiological and
psychopharmacological studies suggest that the disruption

of PFC function by excessive D4 receptor stimulation may
be due in part to alterations of NMDA receptor activity.
Stimulation of D4 receptors with PD-168,077 attenuates
NMDA-mediated synaptic transmission in PFC pyramidal
neurons by reducing NMDA-mediated currents and in-
creasing the internalization of these receptors (Wang et al,
2003). With respect to the functional role of NMDA
receptors in PFC, Stefani et al (2003) have shown that
blockade of these receptors via intra-PFC infusion of MK-
801 impairs performance on a similar set-shifting task by
selectively increasing perseverative errors, in a manner
similar to that observed following infusions of PD-168,077
in the present study. Taken together, it is reasonable to
propose that excessive stimulation of PFC D4 receptors may
attenuate normal NMDA receptor function, and that this in
turn may disrupt the patterns of NMDA-mediated activity
of PFC neurons that are required for efficient performance
of this task.

Perhaps the most surprising finding of the present study
is that blockade of D4 receptors in PFC improved set-
shifting relative to vehicle-treated rats. At the first glance, it
may seem counterintuitive that a disruption of an
endogenous signaling pathway mediated by D4 receptors
should lead to a beneficial effect on PFC functioning.
However, there have been a number of previous reports that
systemic administration of D4 antagonists can improve
performance on tasks dependent on the PFC. For example,
administration of the D4 antagonist NGD94-1 in monkeys
reverses the phencyclidine-induced impairments on an
object retrieval/detour task (Jentsch et al, 1999). Similarly,
impairments in working memory induced by FG-7142, a
pharmacological stressor that selectively increases PFC DA
release, were attenuated by coadministration of the D4-
selective antagonist PNU-101,387G (Arnsten et al, 2000). Of
particular interest is the recent report that injection of
L-745,870 caused dose-dependent improvements in perfor-
mance of a delayed alternation task in rats with poor levels
of baseline performance (Zhang et al, 2004). As such, it is
apparent that tonic D4 receptor activity may in some
circumstances have a detrimental effect on cognitive
functions mediated by the frontal lobes, perhaps by
antagonizing the actions of D1 and/or D2 receptors on
PFC function, and that blockade of these receptors, either
systemically or locally, within the PFC can improve
performance.

As mentioned above, stimulation of D4 receptors in vitro
attenuates NMDA-mediated transmission in PFC pyramidal
neurons (Wang et al, 2003), whereas blockade of these
receptors with clozapine or L-745,870 can augment NMDA
receptor activity (Chen and Yang, 2002; Jardemark et al,
2004). These findings suggest that infusions of L-745,870 in
the present study may have alleviated a tonic, D4-mediated
attenuation of NMDA receptor function, which in turn
would be expected to enhance the activity of PFC neural
networks, including those engaged during set-shifting
(Stefani et al, 2003). In addition, systemic administration
of D4 antagonists increases DA extracellular levels within
the PFC, without altering the firing properties of midbrain
DA neurons (Broderick and Piercey, 1998; Millan et al,
1998; Kawashima et al, 1999). These findings imply that
local blockade of D4 receptors by infusion of L-745,870
could increase extracellular concentrations of PFC DA,
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perhaps by acting on presynaptic D4 receptors localized on
DA terminals (Svingos et al, 2000). Taken together, it is
reasonable to propose that the improvements in set-shifting
observed in the present study following blockade of D4
receptors in the PFC may have been mediated by enhanced
NMDA-mediated transmission and augmented PFC DA
release, which would be expected to facilitate the patterns of
activity within PFC neural networks that enable responding
in a flexible manner.

Clinical Implications

It is becoming increasingly apparent that impairments in
executive processes, such as attentional set-shifting, are a
characteristic symptom of certain neuropsychiatric condi-
tions where pathophysiology of the prefrontal cortical DA
system is thought to be an underlying cause. For example,
patients with schizophrenia present a variety of impair-
ments in cognitive and executive functions subserved by the
PFC, including perseverative deficits on the Wisconsin Card
Sorting Task (Pantelis et al, 1999). The impairments
observed in this disorder are thought to be due in part to
alterations in mesocortical DA activity in the PFC, including
increased metabolism of DA by catechol-O-methyltrans-
ferase (Egan et al, 2001), increased expression of PFC D4
receptors (Seeman et al, 1993; Tarazi et al, 2004), and
decreases in D1 receptor activity (Friedman et al, 1999).
Moreover, pharmacological treatments that increase PFC
DA transmission, such as amphetamine or methylpheni-
date, can alleviate impairments in set-shifting associated
with these disorders (Daniel et al, 1991; Yang et al, 2004). In
addition, although treatment with D4 antagonists does not
appear to be effective in alleviating psychosis (Kramer et al,
1997), atypical neuroleptics, which have a higher selectivity
for D4 receptors than conventional antipsychotic medica-
tion, have also proven effective in treating some of the
cognitive deficits observed in schizophrenia (Fujii et al,
1997; Harvey et al, 2003; Woodward et al, 2005). The data
from the present study complement these findings and
provide valuable insight into the neurochemical mechan-
isms that mediate the cognitive impairments in these
disorders, which in turn may facilitate the development of
novel pharmacotheraputic treatments designed to improve
cognitive functioning. Thus, the finding that blockade of
either D1 or D2 receptors, or stimulation of D4 receptors in
the PFC, causes perseverative impairments in set-shifting
suggests that the deficits in behavioral flexibility observed
in schizophrenia may be due in part to increased D4
receptor activity, combined with hypoactivation of D1 and
D2 receptors. However, the fact that antagonism of PFC D2
receptor alone can impair set-shifting suggests that block-
ade of these receptors with typical antipsychotic treatments
may be partially responsible for some of the impairments in
executive functioning observed in medicated schizophre-
nics. Therefore, the development of novel polypharma-
ceutical treatment strategies which could target PFC D4
receptors and mesolimbic D2 receptors selectively, while
simultaneously increasing mesocortical DA release, may
prove a more effective strategy for treating both the
impairments in executive functioning as well as the
psychoses that are present in schizophrenia.
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