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Thalamic-Cortical-Striatal Circuitry Subserves Working Memory
during Delayed Responding on a Radial Arm Maze
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The medial dorsal nuclei of the thalamus (MDNt), the prefrontal
cortex, and the ventral striatum form an interconnected neural
circuit that may subserve certain types of working memory. The
present series of experiments investigated functional interac-
tions between these brain regions in rats during the perfor-
mance of delayed and nondelayed spatially cued radial-arm
maze tasks. In Experiment 1, transient inactivation of the MDNt
by a bilateral injection of lidocaine selectively disrupted perfor-
mance on a delayed task but not on a nondelayed random
foraging version of the radial arm maze task. In Experiment 2,
asymmetrical lidocaine injections into the MDNt on one side of
the brain and the prefrontal cortex on the other transiently
disconnected these two brain regions and significantly im-
paired foraging during the delayed task. Similarly, disconnec-

tions between the prefrontal cortex and the nucleus accumbens
also disrupted foraging on this task, whereas disconnections
between the MDNt and the nucleus accumbens had no effect.
These data suggest that serial transmission of information
among the MDN{, the prefrontal cortex, and the nucleus ac-
cumbens is required when trial-unique, short-term spatial
memory is used to guide prospective search behavior. The
results are discussed with respect to a distributed neural net-
work linking limbic, thalamic, cortical, and striatal regions,
which mediates executive functions of working memory.

Key words: medial-dorsal thalamus; prefrontal cortex; nu-
cleus accumbens; working memory; neural networks; lidocaine-
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Working memory is defined as the ability to retain and manipu-
late mnemonic information to guide ongoing behavior (Baddeley,
1986). An important component of working memory is the short-
term storage of trial-unique information (Goldman-Rakic, 1995),
whereby unique information about specific stimuli (e.g., spatial
location and object information) is retained briefly in a short-term
memory buffer and discarded after an appropriate response is
executed. Another element of working memory involves cognitive
processes that are characterized as “executive functions,” which
include the supervisory processes for the temporal organization
of behavior, and the use of short-term memory to plan a sequence
of forthcoming responses (Shallice, 1982; Baddeley and Della
Sala, 1996; Shallice and Burgess, 1996; Kimberg et al., 1997).
There is a general consensus that the prefrontal cortex (PFC) is
intimately involved in one or both aspects of working memory.
Damage to the PFC in primates (Goldman-Rakic, 1987) or rats
(Dunnett, 1990) impairs delayed responding on delayed response
tasks with short delays. Likewise, electrophysiological recordings
from PFC neurons in behaving primates (Fuster, 1995; Goldman-
Rakic, 1995) or rodents (Orlov et al., 1988; Batuev et al., 1990)
show sustained firing throughout the delay period of a delayed
response task, and this may serve as an internal representation of
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previously presented stimuli. Lesion and electrophysiological re-
cording studies also have shown that the PFC mediates behaviors
that require the manipulation of information for the purposes of
executive motor control, including route planning in a Morris
water maze (Granon and Poucet, 1995), switching of behavioral
strategies (Seamans et al., 1995: Ragozzino et al., 1999), and the
use of previously acquired information to guide prospective re-
sponding (Seamans et al., 1995; Rainer et al., 1999). Collectively,
these studies suggest that the PFC plays an important role in both
the short-term memory and executive components of working
memory.

A growing body of evidence suggests that interactions between
the PFC and its cortical and subcortical connections facilitate
behaviors that require working memory. In primates, inactivation
of either the parietal cortex (Quintana et al., 1989) or the infero-
temporal cortex (Fuster et al., 1985) disrupts both behavioral
performance and task-related neural activity in the PFC during a
delayed matching-to-sample task, suggesting that information
transfer between these brain regions meditates performance of
this task. Similarly, disconnections between the temporal and
frontal lobes disrupts learning of a conditional visual discrimina-
tion task (Gutnikov et al., 1997). Along similar lines, research in
our laboratory has examined the interactions between the PFC
and its limbic and striatal connections during the performance of
a delayed spatial win—shift (SWSh) version of the radial arm
maze task. During this task, rats are given information about the
location of food on a maze during a training phase, 30 min before
a test session. This procedure biases rats to forage prospectively
(Cook et al., 1985), enabling them to plan a response strategy that
ensures that food is located efficiently. Performance of this task is
dependent, in part, on a neural circuit linking the hippocampus,
PFC, and the nucleus accumbens (N.Acc.) (Floresco et al., 1997).
We hypothesize that a distributed neural network involving the
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frontal and temporal corticies mediates the retrieval and use of
trial-unique spatial information over extended delays, whereas a
circuit linking the PFC to the ventral striatum is involved in
integrating a prospective code into appropriate motor output.

The PFC is also linked anatomically to the medial dorsal nuclei
of the thalamus (MDNt). The MDNt shares reciprocal connec-
tions with the PFC (Krettek and Price, 1977; Leonard, 1969; Ray
and Price, 1992) and the hippocampal formation (Beckstead,
1978; Su and Bentivoglio, 1990) and also sends projections to the
N.Acc. (Berendse and Groenewegen, 1990; Otake and Nakamura,
1998). The distributed interconnectivity of the MDNt suggests
that this region of the thalamus may play an important role in
different components of working memory subserved by these
other brain regions. This conjecture is supported by lesion and
electrophysiological studies implicating the MDNt in a broad
range of cognitive processes, including object recognition
(Mumby et al., 1993), short-term memory (Harrison and Mair,
1996), planning and prospective coding (Joyce and Robbins, 1991;
Gallassi et al., 1992; Daum and Ackermann, 1994), strategy se-
lection and behavioral flexibility (Hunt and Aggleton, 1998), the
encoding of the motivational significance of stimuli (Gabriel,
1993; Oyoshi et al., 1996), and working memory (Freeman et al.,
1996; Callicott et al., 1999).

The present study investigated the role of the MDNt during
performance of two variants of the radial arm maze task in rats,
each of which required a different type of memory processing,
one involving retrospective and the other prospective use of
previously acquired information. The first experiment assessed
the effects of bilateral reversible lidocaine inactivation of the
MDNt before either the training or the test phase of the delayed
SWSh task, or the nondelayed random foraging (RF) version of
the radial maze task. The second experiment used asymmetrical
disconnection lesions (Floresco et al., 1997) among the MDNt,
the PFC, and the N.Acc. to elucidate the routes of information
transfer in thalamic—cortical—striatal circuits essential for perfor-
mance of the delayed SWSh task

MATERIALS AND METHODS
Subjects

The subjects were male Long—Evans rats weighing between 300 and 450
gm before surgery. All rats were given ad libitum access to water and
were maintained at 85% of their free-feeding weight by providing 25-30
gm of Purina lab chow pellets once daily. Rats were tested 5-7 d/week.

Surgery

Rats were anesthetized with 100 mg/kg ketamine hydrochloride and 7
mg/kg xylazine. Twenty-three gauge stainless-steel guide cannulae were
implanted into the brain regions using standard stereotaxic techniques.
The stereotaxic coordinates (flat skull) were derived from those of
Paxinos and Watson (1986). For the bilateral MDNt inactivation exper-
iments (Experiment 1), three groups of rats were implanted with one set
of bilateral cannula into the MDNt [anteroposterior (AP), —2.9 mm
from bregma; mediolateral (ML), =0.7 mm from midline; and dorsoven-
tral (DV), —4.9 mm from dura].

For the disconnection experiments (Experiment 2), three groups of
rats were implanted with two sets of bilateral cannula. One group of rats
was implanted with one pair of cannula in the MDNt and a second pair
in the prelimbic region of the PFC (AP, +2.7 mm; ML, £0.7 mm from
bregma; and DV, —3.0 mm from dura). This region of the PFC was
chosen because it receives projections from the hippocampus (Conde et
al., 1995), and because it is involved selectively in delayed radial maze
foraging (Seamans et al., 1995; Floresco et al., 1997). A second group was
implanted with one pair of cannula in the MDNt and a second pair in the
N.Acc. (AP, +1.5 mm; ML, =1.3 mm from bregma; and DV, —6.0 mm
from dura). A third group of rats was implanted with one pair of cannula
in the PFC and a second pair in the N.Acc. In this group, the corpus
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callosum was transected with a 30 gauge needle (AP, +1.6 to + 0.5 mm;
ML, £1.0 mm from bregma; and DV, —4.0 mm from dura). This
procedure ensured that there would be no projections from one hemi-
sphere of the PFC that would reach the contralateral N.Acc. (Brog et al.,
1993). Unilateral infusions of lidocaine were administered in the hemi-
sphere opposite to the side that received the transection. Thirty gauge
obdurators flush with the end of the guide cannulae remained in place
until the injections were made. Each rat was given at least 7 d to recover
from surgery before testing.

Microinfusion procedure

On injection days, the obdurators were removed, and 30 gauge stainless
steel injection cannulae were inserted 0.8 mm beyond the tip of the guide
cannulae. Lidocaine (20 pg in 0.5 ul of saline; Astra Pharmaceuticals and
Research Biochemicals) or saline (0.5 ul) were delivered at a rate of 0.5
ul/1.2 min by a microsyringe pump (Sage Instruments model 341).
Injection cannulae were left in place for an additional 1 min after each
injection to allow for diffusion. Each rat remained in its home cage for an
additional 3 min before being placed on the maze. The functional spread
of lidocaine infused at this volume and concentration has been estimated
previously at no greater than 1 mm in diameter (Floresco et al., 1997,
Tehovnik and Sommer, 1997). Based on these estimates, it could be
expected that the lidocaine infusions in the present study would inacti-
vate the medial, central, and lateral regions of the medial dorsal thala-
mus, as well as the paraventricular nuclei.

Apparatus

An eight-arm radial maze was used for all experiments. The maze had an
octagonal center platform 40 cm in diameter connected to eight equally
spaced arms, each measuring 50 X 9 cm, with a cylindrical food cup at the
end. Removable pieces of white opaque plastic (9 X 13 cm) were used to
block the arms of the maze. The maze was elevated 40 cm from the floor
and was surrounded by numerous extra maze cues (e.g., cupboards,
posters, doors, and the experimenter), in a room 4 X 5 X 3 m, which was
illuminated with overhead fluorescent lights (100 W).

Foraging tasks

The two foraging tasks used in the present study were the delayed SWSh
and the nondelayed RF tasks.

The delayed SWSh task. This task was adapted from that of Packard et
al. (1990) and has been described in detail elsewhere (Floresco et al.,
1997). On the first 2 d of testing, rats were habituated to the maze
environment. Subsequent training trials were given once daily. These
trials consisted of a training phase and a test phase, separated by a delay.
Before the training phase, a set of four arms was chosen randomly and
blocked. Food pellets (Bioserv, Frenchtown, NJ) were placed in the food
cups of the four remaining open arms. During the training phase, each
rat was given 5 min to retrieve the pellets from the four open arms and
then was returned to its home cage for the delay period (see below).
During the test phase of each daily trial, all arms were open, but only the
arms that were previously blocked contained food. Rats were allowed a
maximum of 5 min to retrieve the four pellets during the test phase.

The initial delay between training and test phases was 5 min. After
achieving criterion performance in which all four pellets were retrieved
in five or fewer choices during the test phase for two consecutive days,
the delay was increased to 30 min. The first intracranial injections were
administered after rats attained 2 consecutive days of criterion perfor-
mance at a 30 min delay. After the first injection day, animals were again
retrained to the criterion performance. The following day, a second
intracranial injection was administered. This procedure was repeated
until an animal had received the designated sequence of injections,
according to the protocols described below (see Procedure).

On injection days the number and order of arm entries were recorded.
An arm entry was recorded when a rat moved down the entire length of
an arm and reached the food cup at the end of the arm. Errors were
scored as entries into nonbaited arms and further broken down into two
error subtypes. An across-phase error was defined as any initial entry into
an arm that had been visited previously during the training phase. A
within-phase error was any reentry into an arm that had been entered
earlier during the test phase. The latencies to reach the food cup of the
first arm visited and to complete the phase also were recorded.

The nondelayed RF task. This task also has been described elsewhere
(Floresco et al., 1997). Habituation to the maze during the first 2 d of
training was identical to the delayed SWSh procedure described above.
On subsequent daily trials animals were required to forage for pellets
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placed at random in the food cups of four of the eight arms (hence the
term random foraging). A novel set of arms was baited each day. Animals
were trained to a criterion of no more than one reentry error per trial for
4 consecutive days. The day after criterion performance was achieved,
the first intracranial injections were administered. After the first injection
day, animals were retrained to criterion for 2 consecutive days. As with
the delayed SWSh task, this procedure was repeated until each animal
had received all the designated injections.

Errors were scored as reentries into arms visited previously within a
trial. These errors were broken down further into reentries into baited
arms (arms that had been baited at the start of the trial) and reentries to
nonbaited arms (arms that were not baited before the start of the trial).
The number of reentry errors made on each of the injection days was
recorded and used for data analysis. As with the delayed SWSh para-
digm, the latencies to reach the first food cup (either baited or nonbaited)
after being placed on the maze and the time required to retrieve all four
pellets were also recorded.

Histology

After completion of behavioral testing, the rats were killed in a carbon
dioxide chamber. Brains were removed and fixed in a 10% formalin
solution. The brains were frozen and sliced in 50 um sections before
being mounted and stained with cresyl violet. Placements were verified
with reference to the neuroanatomical atlas of Paxinos and Watson
(1986).

Data analysis

The number and type of errors made on the day before the first injection
sequence and for all injection days for each experiment were analyzed
using separate two-way within-subjects design ANOVA with the treat-
ment and error type as two within-subjects factors. In this design, a
significant main effect of treatment indicates that one or more infusion
treaments caused an increase in the total number of errors observed
during the task, releative to other treatments. A significant main effect of
error type would indicate that rats made significantly more of one type of
error (e.g., across-phase errors) versus the other type of error (e.g.,
within-phase) over all treatment conditions. The n values listed for each
group represent the number of rats that had acceptable cannulae place-
ments. Main effects of Treatment were further analyzed using Tukey’s
post hoc tests for repeated measures. Whenever a significant main effect
of treatment was observed, one planned comparison was made, analyzing
the number of each type of error made on lidocaine injection days.

The latency data to reach the first food cup and the average time per
subsequent choice on injection days were analyzed with a one-way
repeated measures ANOVA. The average time per subsequent choice
was calculated using the formula: (time to complete trial — time to
initiate trial) ~ number of choices for trial.

Whenever a significant main effect of treatment was observed in
Experiment 2, three one-way ANOVAs were conducted, assessing the
number of errors made on tests after a unilateral inactivation of the
MDNt, PFC, or N.Acc., as well as after disconnection inactivations, with
the side of the injection as a between-subjects factor. This analysis was
conducted to rule out the possibility that unilateral inactivations in one
hemisphere would lead to a greater increase in errors than inactivations
of the other hemisphere.

EXPERIMENT 1: REVERSIBLE, BILATERAL
MDNt LESIONS

Procedure

A within-subjects design was used for all three parts of Experiment 1.
Three groups of rats with bilateral cannulae implanted into the MDNt
were trained on either the delayed SWSh task or the RF task. On the first
injection days, these three groups of rats received bilateral infusions of
either lidocaine or saline into the MDNt before the nondelayed RF task
(group 1), before the training phase (group 2), or before the test phase of
the delayed SWSh (group 3). Animals were subsequently retrained until
they reattained criterion performance. On the day after the criterion was
reattained, a second infusion of either saline or lidocaine was adminis-
tered in a counterbalanced order.

Results

Nondelayed RF

Before a daily trial of the nondelayed RF task, 11 rats received
bilateral infusions of lidocaine or saline into the MDNt on sep-
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arate days. The analysis of these data revealed no significant main
effect of treatment (F, 5y =1.12; not significant; Fig. 14). There
were also no significant differences between treatment days in the
latencies to reach the first food cup or on the average time per
subsequent choice (all F < 0.55; not significant).

Delayed SWSh, pretraining injections

Before the training phase of the delayed SWSh task, eight rats
received bilateral infusions of lidocaine or saline into the MDNt
on separate days. There were no significant differences in the
number of errors made on either the training phase (F, ) =
1.00; not significant; Fig. 1B, inset) or the test phase (F, 15 =
1.28; not significant; Fig. 1B) on any of the treatment days. In
addition, there were no significant differences in latencies to reach
the first food cup or in the average time per subsequent choice of
arms on either the training or the test phases (all F < 2.3; not
significant).

Delayed SWSh, pretest injections

Before the test phase of the delayed SWSh task, eight rats re-
ceived bilateral infusions of lidocaine or saline into the MDNt on
separate days. Analyses of the number of errors made on the day
before the first injection and on saline and lidocaine injection days
revealed a significant main effect of treatment (F 5,y = 24.08;
p < 0.001; Fig. 1C). Tukey’s post hoc analysis for repeated
measures showed that rats made significantly more errors on
lidocaine injection days relative to both the day before the first
injection and the saline injection days (p < 0.001). Subsequent
planned comparisons on the type of errors made on lidocaine
injection days revealed that rats made the same number of across-
phase and within-phase errors (F, ;) = 0.07; not significant; Fig.
1C, inset). Furthermore, there were no significant differences
between injection days on the latencies to reach the first food cup
(F 2,14y = 1.31; not significant.). However, lidocaine infusions into
the MDNt did increase the average time per subsequent choice
(mean, 19.38 sec) relative to saline treatments and the day before
the first injection (mean, 13.48 sec; F(, 14y = 3.80; p < 0.05; and
Tukey’s p < 0.05).

Histology

The locations of the infusion sites for all rats receiving inactiva-
tion of the MDNt before the test phase of the delayed SWSh task
are shown in Figure 1D. Rats whose infusions were asymmetrical
in the dorsoventral plane or whose placements encroached on
either the hippocampus or were near the region of the mammil-
lothalamic tract—gelatinosus nucleus were not included in the
analysis (n = 5). It is notable that rats whose placements en-
croached on the hippocampus tended to be impaired on the tasks,
and those rats with placements near the level of the mammillo-
thalamic tract showed no discernible impairment on any of the
tasks. The data from these rats were not included in the analyses.

Discussion

Reversible lesions of the MDNt selectively disrupted perfor-
mance of the delayed SWSh task only when administered before
the test phase. Lidocaine infusions had no effect on performance
when they were administered before the training phase of the
delayed SWSh task or before the nondelayed RF task. The data
from this experiment suggest that the MDNt does not play a
significant role in either the acquisition of trial-unique informa-
tion or in exploratory goal-directed locomotion in the absence of
previous knowledge about the location of food. Rather, these data
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support the conclusion that the MDNt plays a specific role in the
retrieval and use of previously acquired information to guide
ongoing behaviors after a delay. As such, the present data are
consistent with previous reports that lesions to the rat MDNt do
not impair performance of nondelayed radial arm maze tasks
(Kessler et al., 1982; Kolb et al., 1982; but see Stokes and Best,
1990) but do disrupt the performance of radial maze tasks with
delays between choices (Kessler et al., 1982; Harrison and Mair,
1996; Mair et al., 1998).

Analysis of the type of errors made by rats after reversible
lesions of the MDNt was particularly revealing. During the de-
layed SWSh task, rats made an equal number of errors to arms
entered 30 min previously during the training phase (across-phase
errors) and those entered more recently during the test phase
(within-phase errors; Fig. 1B, inset). This finding is consistent
with other studies demonstrating that lesions of the MDNt result
in similar impairments on a variety of delayed memory tasks
(Winocur, 1985; Mumby et al., 1993; Savage et al., 1997; Mair et
al., 1998). It is interesting to note that the pattern of deficits after
inactivations of the MDNt was identical to those observed after
similar inactivations of the prelimbic cortex of the PFC (Seamans
et al., 1995), or after disconnections between the PFC and the
hippocampus (Floresco et al., 1997). In those studies, the obser-
vation of an equal number of across- and within-phase errors on

the delayed SWSh task, in combination with no impairment on
the nondelayed RF task, was interpreted as a disruption in the
ability to use previously acquired information to guide behavior
toward arms predictive of food reward, as opposed to an impair-
ment in short-term memory processes. A similar explanation may
follow for the selective impairment in delayed SWSh behavior
after reversible lesions of the MDNt. Inactivations of the MDNt
may have disrupted the ability of rats to use information acquired
during the training phase to discriminate which arms would
contain food during the test phase.

Insight into the exact role played by the MDNt in delayed
SWSh behavior may be obtained by examining interactions with
its efferent structures. As mentioned previously, the MDNt is
reciprocally connected with the PFC (Leonard, 1969; Krettek and
Price, 1977; Ray and Price, 1992) and also sends projections to the
N.Acc. (Berendse and Groenewegen, 1990; Otake and Nakamura,
1998). It is notable that bilateral inactivations to either of these
structures result in impairment on delayed SWSh performance
similar to those observed here after MDNt inactivations (Sea-
mans and Phillips, 1994; Seamans et al., 1995). Therefore, the
MDNt may interact with the PFC and/or the N.Acc. when rats are
engaged in prospective foraging behavior on the delayed SWSh
task. Experiment 2 tested this hypothesis by using asymmetrical
disconnection lesions between the MDNt and either the PFC or
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Figure 2. Effects of PFC-MDNt discon-
nections on performance of the delayed
SWSh task. A, Number of errors (mean =
SEM) made by rats on the day before the
first injection (open bar) and after unilateral
infusions of saline into both the PFC and
the MDNt (hatched bar), unilateral infu-
sions of lidocaine (Lido) into the PFC and
contralateral saline in the MDNt ( gray bar),
unilateral infusions of Lido into the MDNt
and contralateral saline into the PFC
(stripped bar), and unilateral Lido into the
MDNt and contralateral Lido into the PFC
(disconnection; black bar) before the test
phase of the delayed SWSh task. **Signifi-
cance at p < 0.001 versus all other treat-
ment conditions. Inset, Number of across-
phase (cross-hatched bar) versus within-
phase (striped bar) errors made by rats

during Lido/Lido (disconnection) injection days. **Significance at p < 0.001 across- versus within-phase errors. B, Location of cannulae tips (black circles)
for all rats used for data analysis receiving PFC-MDNTt disconnections before the delayed SWSh task. Plates are computer-generated adaptations from
Paxinos and Watson (1986). Numbers beside each plate correspond to millimeters from bregma. For clarity, B and all subsequent histology figures
represent the locations of cannulae tips on sides that received infusions on disconnection injection days. All animals received infusions of either lidocaine

or saline in each hemisphere.

the N.Acc. before the test phase of the delayed SWSh task. In
addition, the PFC also sends a dense projection to the N.Acc.
(Sesack et al., 1989; Brog et al., 1993), and it has been proposed
that this corticostriatal pathway is responsible for the transforma-
tion of mnemonic information into a sequence of goal-directed
motor responses (Robbins, 1990, 1991; Goldman-Rakic et al.,
1992; Seamans et al., 1995; Floresco et al., 1997). Thus it was of
interest to assess the effect of disconnections between the PFC
and the N.Acc. on performance of the delayed SWSh task. A
disruption in foraging behavior after asymmetrical lesions be-
tween the PFC and the N.Acc. would confirm the importance of
this corticostriatal circuit in the transformation of a prospective
plan of action into efficient behavioral output.

EXPERIMENT 2: DISCONNECTION LESIONS BETWEEN
THE MDNt AND THE PFC, THE MDNt AND THE N.Acc,
OR THE PFC AND THE N.Acc

Procedure

A within-subjects design was used for all three lesion conditions of
Experiment 2. Three groups of rats were implanted with two sets of
bilateral cannulae in the following combinations: MDNt-PFC (group 1),
MDNt-N.Acc. (group 2), and PFC-N.Acc. (group 3). After recovery
from surgery they were trained to criterion on the delayed SWSh task.
After achievement of criterion performance, animals in each of the
disconnection lesion experiments received injections on 4 separate days,
each before the test phase of the delayed SWSh task. The following
combinations of asymmetrical bilateral infusions were used for groups 1
and 2 (MDNt-PFC and MDNt-N.Acc.): (1) a unilateral lidocaine infu-
sion into the MDNt in combination with a contralateral lidocaine infu-
sion into either the PFC or the N.Acc. (disconnection); (2) a unilateral
lidocaine infusion into the MDNt in combination with a saline infusion
into the contralateral PFC or N.Acc.; (3) a unilateral lidocaine infusion
into the PFC or N.Acc. in combination with a saline infusion into the
contralateral MDNt; and (4) unilateral infusions of saline into the MDNt
and saline infusions into either the contralateral PFC or the N.Acc. For
group 3 (PFC-N.Acc.), the following combinations of asymmetrical
bilateral infusions were used: (1) a unilateral lidocaine infusion into the
PFC in combination with a contralateral lidocaine infusion the N.Acc.
(disconnection); (2) a unilateral lidocaine infusion into the PFC in
combination with a saline infusion into the contralateral N.Acc.; (3) a
unilateral lidocaine infusion into the PFC in combination with a saline
infusion into the contralateral N.Acc.; and (4) unilateral infusions of
saline into both PFC and contralateral N.Acc. The order of infusions was
counterbalanced between animals using a quasi-Latin square design. The
counterbalancing was designed to ensure that a given sequence of injec-
tions was not repeated. The hemisphere (left or right) used for the first

injection was also counterbalanced and was alternated for subsequent
injections. Each animal was tested separately on the delayed SWSh task,
and the injection procedure was repeated until the animal had been
tested four times with each sequence of intracranial injections.

Results

PFC-MDNt disconnections

Rats (n = 8) with two sets of bilateral cannulae implanted into the
prelimbic region of the PFC and the MDNt received the injection
protocol described above before the test phase of the delayed
SWSh task on 4 separate days. An analysis of these data revealed
a significant main effect of treatment (F, 55y = 6.41; p < 0.001).
Tukey’s post hoc test for repeated measures revealed that rats
made significantly more errors on injection days on which the
PFC and the MDNt both received lidocaine infusions and were
disconnected versus all other injections days (p < 0.01; Fig. 2A4).
There were no other significant differences in the number of
errors made on any of the other injection days. There was a
significant main effect of error type (F(, ;) = 25,95; p < 0.001).
Subsequent planned comparisons on the type of errors made
after PEC-MDNt disconnections showed that rats made signifi-
cantly more across-phase versus within-phase errors (F(, 5 =
18.1; p < 0.01; Fig. 24, inset). There was no significant treat-
ment X error type interaction (F, ,5) = 2.30; not significant). A
separate series of tests was conducted to assess any hemispheric
biases on the number of errors made after unilateral PFC inac-
tivations, unilateral MDNTt inactivations, and the disconnection
lesions. The analysis revealed no significant effects of the side of
the injection on the number of errors made by rats on the three
injection days (all F < 1.1; not significant).

Histology. The location of cannulae tips for all rats receiving
PFC-MDNt disconnections are represented in Figure 2B. Bilat-
eral placements in the MDNt were similar to those observed in
Experiment 1. Placements in the PFC were limited to the pre-
limbic cortex, similar to placements observed by Seamans et al.
(1995).

MDNt-N.Acc. disconnections

A separate group of rats (n = 7) with two sets of bilateral
cannulae implanted into the N.Acc. and the MDNt received the
injection protocol described above before the test phase of the
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Figure 3. Effects of MDNt-N.Acc. dis-
connections on performance of the de-
layed SWSh task. A, Number of errors 5r
(mean * SEM) made by rats on the day
before the first injection (open bar) and
after unilateral infusions of saline into
both the N.Acc. and the MDNt (hatched
bar), unilateral infusions of lidocaine
(Lido) into the N.Acc. and contralateral
saline in the MDNt ( gray bar), unilateral
infusions of Lido into the MDNt and con-

tralateral saline into the N.Acc. (striped
bar), and unilateral Lido into the MDNt
and contralateral Lido into the N.Acc.
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MDNt-N.Acc. disconnections before the delayed SWSh task. Plates are computer-generated adaptations from Paxinos and Watson (1986).
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delayed SWSh task on 4 separate days. The analysis of these data
revealed no significant main effect of treatment (Fy,4) = 1.31;
not significant; Fig. 34). There was a significant main effect of
error type (F 6, = 103.89; p < 0.001). There was no significant
treatment X error type interaction (F 4 1.25; not
significant).

Histology. The location of cannulae tips for all rats receiving
MDNt-N.Acc. disconnections are represented in Figure 3B. Bi-
lateral placements in the MDNt were similar to those observed in
Experiment 1, whereas placements in the N.Acc. were located
primarily in the medial shell region, similar to placements ob-
served by Floresco et al. (1997).

PFC-N.Acc. disconnections

A separate group of rats (n = 8) with two sets of bilateral
cannulae implanted into the prelimbic region of the PFC and the
N.Acc. received the injection protocol described above before the
test phase of the delayed SWSh task on 4 separate days. An
analysis of these data revealed a significant main effect of treat-
ment (Fog = 10.85; p < 0.001). Tukey’s post hoc test for
repeated measures revealed that rats made significantly more
errors on injection days on which the PFC and the N.Acc. both
received lidocaine infusions and were disconnected versus all
other injection days (p < 0.01; Fig. 44). There were no significant

Figure 4. Effects of PFC-N.Acc. discon-
nections on performance of the delayed
SWSh task. A, Number of errors (mean =

differences in the number of errors made on any of the other
injection days. There was a significant main effect of error type
(F17y = 25.84; p < 0.001). Subsequent planned comparisons on
the type of errors made after PFC-N.Acc. disconnections showed
that rats made an equivalent number of across- and within-phase
errors (F(, 7y = 0.33; not significant; Fig. 44, inset). There was no
significant treatment X error type interaction (F4 »g) = 2.30; not
significant). A separate series of tests was conducted to assess any
hemispheric biases on the number of errors made after unilateral
PFC inactivations, unilateral N.Acc. inactivations, and the dis-
connection lesions. The analysis revealed no significant effects of
the side of the injection on the number of errors made by rats on
the 3 injection days (all F < 0.5; not significant).

Histology. The location of cannulae tips for all rats receiving
PFC-N.Acc. disconnections are represented in Figure 4B. Bilat-
eral placements in the prelimbic region of the PFC were similar to
those observed after PEC-M DNt disconnections, whereas place-
ments in the N.Acc. were located primarily in the medial shell
region, similar to placements observed in rats receiving MDNt—
N.Acc. disconnections.

Latencies. Analysis of the latency data for all three groups in
Experiment 2 revealed that there were no significant differences
between treatment conditions for either the time to enter the first
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Figure 5. Diagram of the anatomical con-
nections investigated in the present study
between the MDNt, the prelimbic cortex
region of the PFC and the N.Acc. X, Loca-
tion of the unilateral inactivations to the
MDNt, PFC, or N.Acc. for the delayed
SWSh task; solid arrows, intact pathways;
open arrows, pathways that are not blocked
but do not carry the relevant information
because of a concomitant lidocaine-induced
lesion upstream of this pathway; T symbols,
blocked, nonfunctional pathways. 4, Pro-
posed route of information transfer be-
tween the PFC and MDNt during the de-
layed SWSh task. By disconnecting the
PFC-MDNt pathway, information cannot

[Unimpaired Behavior|

be processed by the PFC to generate appro-

priate responses after a delay, thereby dis-

rupting appropriate output (impairment). B, Proposed route of information transfer between the PFC and N.Acc. during the delayed SWSh task.
Disconnection of the PFC-N.Acc. pathway prevents the flow of information from the PFC through the N.Acc. to motor output centers (impairment).
C, Proposed route of information transfer between the MDNt and N.Acc. during the delayed SWSh task. Information from the MDNt may be routed
primarily through the PFC and subsequently to the N.Acc. Thus, although the pathway from the MDNt to the N.Acc. is disconnected, relevant
information may still be transferred from the unanesthetized MDN to the ipsilateral PFC and subsequently routed to the contralateral N.Acc., allowing

for appropriate output (no impairment).

arm or on the average time per subsequent choice (all F < 1.6; not
significant).

Discussion

Lidocaine infusions in an asymmetrical pattern, which discon-
nected the flow of information between the PFC and the MDNt,
disrupted the correct choice of arms containing food when ad-
ministered before the test phase of the delayed SWSh task (Fig.
5A4). These data suggest that intact serial transmission in this
corticothalamic pathway is essential for performance of working
memory tasks with extended delays. Analysis of the type of errors
revealed that rats made more across-phase errors than within-
phase errors. This result was unexpected, because bilateral inac-
tivations of either structure alone (Seamans et al., 1995; Experi-
ment 1) caused an equal number of both types of errors, a pattern
that has been interpreted as a disruption in planning a foraging
strategy, as opposed to a memory deficit per se. One possible
explanation of increased visits to arms baited in the training
session may be that disconnections between the PFC and the
MDNt caused an impairment in behavioral flexibility (Hunt and
Aggleton, 1998), resulting in preseveration. However, this expla-
nation seems unlikely, given that bilateral inactivation of either
the MDNt (Experiment 1) or the prelimbic region of the PFC
(Seamans et al., 1995) did not result in preseverative responding
on the delayed SWSh task. A more likely explanation for the
selective increase in across-phase errors is that this neural circuit
is specifically involved in the retrieval and use of trial-unique
information acquired before a delay to guide choice behavior
toward the probable location of food during the test phase. The
finding that PEFEC-M DNt disconnections did not significantly dis-
rupt within-phase performance indicates that this pathway does
not play a role in monitoring choice behavior within a trial. The
finding that bilateral inactivations of the MDNt disrupted within-
phase performance, whereas PFC-M DNt disconnections did not,
suggests that another population of MDNt neurons that does not
project to the PFC may mediate within-phase performance. Sup-
port for this idea comes from the finding that a subset of MDNt
neurons show selective increases in activity when an animal is
presented with a conditional stimulus that requires the animal to
inhibit an instrumental response (Kubota et al., 1996). Thus it
may be that other efferent projections of the MDN{, such as to the

orbitofrontal cortex or the hippocampal formation, are involved
in monitoring responses within a trial. (Su and Bentivoglio, 1990;
Ray and Price, 1992; Floresco et al., 1997; Rolls, 1998).

It is notable that the MDNTt can be subdivided into separate
regions based on cytoarchitectural properties and connectivity to
cortical and subcortical regions (Groenewegen, 1988). Specifi-
cally, the medial segments of the MDNt receive projections from
a number of limbic regions (e.g., amygdala and entorhinal cortex),
whereas the central segments receive a more dense input from
olfactory-related structures (Groenewegen, 1988). Similarly, the
lateral segments of the MDNt send projections to the dorsal
anterior cingulate cortex, whereas the medial segments send
afferents to the prelimbic and infralimbic regions of the PFC
(Conde et al., 1995). With respect to the present study, infusions
of lidocaine into the MDNt would be expected to inactivate
multiple subregions of this nucleus, including the central, lateral,
and medial segments. Thus, it is difficult to determine the func-
tional roles that each of these subnuclei play during the delayed
SWSh task. However, in light of the results of Experiment 2, in
which disconnections between the MDNt and the prelimbic re-
gion of the PFC disrupted delayed SWSh performance, it is
reasonable to speculate that the more medial components of the
MDNt (which project to the prelimbic and infralimbic areas) may
play an important role in this form of working memory. More
research is needed to ascertain the precise role that each of these
thalamic subregions plays in working memory processes.

Disconnection of the projection between the PFC and the
N.Acc. also disrupted performance on the delayed SWSh task.
Rats made an equal number of across- and within-phase errors,
which may be interpreted as a complete disruption of a prospec-
tive foraging strategy. These data confirm our previous hypothe-
sis (Floresco et al., 1997) that inputs from the PFC to the N.Acc.
are essential for the transformation of a prospective plan of action
into appropriate behavioral output. Furthermore, these data are
consistent with the more general theory that executive control
over motor functions requires interactions between the PFC and
striatal systems (Robbins, 1990, 1991; Goldman-Rakic et al.,
1992). Thus, a unilateral inactivation of the PFC could deprive
the N.Acc. in one hemisphere of information regarding a pro-
spective foraging strategy, whereas direct inactivation of the
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contralateral N.Acc. blocks the integration of this information
into accurate goal-directed responses, thereby leading to random
responding and impaired foraging behavior (Fig. 5B).

In contrast to the above-mentioned findings, disconnections
between the MDNt and the N.Acc. had no disruptive effect on
delayed SWSh performance. This finding may seem contradic-
tory, because bilateral inactivations of either the MDNt (Exper-
iment 1) or the N.Acc. (Seamans and Phillips, 1994) impaired
foraging on the delayed task. However, we have observed a
similar pattern of results after disconnections between the ventral
CAl-subiculum and the N.Acc. (Floresco et al., 1997). In that
study, bilateral inactivations of the ventral subiculum disrupted
delayed SWSh performance, whereas disconnections between the
ventral subiculum and the N.Acc. did not. It was conjectured that
during the delayed SWSh task, information was transferred seri-
ally from the hippocampus initially to the PFC and then to the
N.Acc. Given the multiple efferent projections from the hip-
pocampus, asymmetrical disconnections between the hippocam-
pus and the N.Acc. would not disrupt foraging behavior, because
information from the intact PFC would still have access to motor
systems through the N.Acc via contralateral corticostriatal pro-
jections (Sesack et al., 1989; Brog et al., 1993; Conde et al., 1995).
A similar mechanism may explain the lack of effect of MDNt-
N.Acc. disconnections in the present study. Information arising
from the MDNt in the intact hemisphere would still be able to
access the PFC, and in turn, outputs from the PFC would be able
to interact with the intact N.Acc. in the opposite hemisphere via
its contralateral connections (Fig. 5C). Thus, the present results in
combination with our previous findings (Floresco et al., 1997)
suggest that serial inputs from both the MDNt and the ventral
subiculum converge in the PFC, and the resulting information is
subsequently transferred to the N.Acc.

GENERAL DISCUSSION

The present data demonstrate a critical role for the MDNt in the
performance of working memory tasks with extended delays. In
Experiment 1, bilateral transient lesions of the MDN selectively
disrupted performance when administered before the test phase
of the delayed SWSh task. Similar treatments had no effect when
administered before the training phase or when administered
before a nondelayed RF trial. Experiment 2 used asymmetrical
disconnection lesions to assess the routes of serial transmission
among the MDNt, the PFC, and the N.Acc. during the delayed
SWSh task. The logic underlying the use of disconnection lesions
to identify components of a functional neural circuit is based on
the assumption that information is transferred serially from one
structure to an efferent region on both sides of the brain in
parallel. Furthermore, the design assumes that dysfunction will
result from blockade of neural activity at the origin of a pathway
in one hemisphere and the termination of the efferent pathway in
the contralateral hemisphere. It follows that a unilateral inacti-
vation at either site should have no effect on behavior. Using this
procedure, it was revealed that performance on the delayed
SWSh task is dependent on an intact neural circuit linking the
MDNTt to the PFC and the PFC to the N.Acc.

A distributed circuit for working memory

Previous research in our laboratory has examined the importance
of interactions between the PFC and its subcortical afferents
during working memory with extended delays. Specifically, we
have shown that performance of the delayed SWSh task is criti-
cally dependent on a distributed cortical-subcortical network
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linking the PFC and the ventral subiculum (Floresco et al., 1997),
suggesting that information maintained in a spatial memory
buffer is routed from the hippocampus to the PFC, where it may
be integrated into a prospective foraging strategy. Furthermore,
we posited that “interactions between the PFC and the ventral
striatum are involved in the transformation of spatial memory,
processed by hippocampal—cortical circuits, into an efficient se-
quence of goal-directed motor responses” (Floresco et al., 1997, p
1889). This hypothesis was confirmed by the present finding that
disconnections between the PFC and the N.Acc. disrupted de-
layed SWSh performance in a manner similar to PFC-hippocam-
pal disconnections. We have also shown the importance of the
mesocortical dopaminergic projection from the ventral tegmental
area to the PFC in this type of working memory. Infusions of a
D1 receptor antagonist bilaterally or asymmetrical infusions of a
D1 antagonist into the PFC combined with an inactivation of the
ventral subiculum disrupted performance on the delayed SWSh
task (Seamans et al., 1998). These results suggested that PFC
dopamine transmission plays an important neurmodulatory or
“gain-amplifying” role (Robbins and Everitt, 1992), and may
enhance task-relevant hippocampal inputs to the PFC.

Evidence from both clinical and preclinical studies suggests
that the PFC interacts with the MDNt during certain types of
learning and memory. Humans with thalamic damage show
frontal-type deficits on a variety of neuropsychiatric tasks (Bo-
gousslavsky et al., 1988; Joyce and Robbins, 1991; Daum and
Ackermann, 1994). Likewise, it is well established that animals
with experimentally induced lesions of the MDNt show behav-
ioral deficits resembling those observed after PFC damage (Gold-
man et al., 1971; Isseroff et al., 1982; Gabriel, 1993; Harrison and
Mair, 1996; Dias and Aggleton, 1997, Hunt and Aggleton, 1998).
The present findings are consistent with the hypothesis that an
interaction between the MDNt and the PFC forms an important
neural component of executive processing in which previously
acquired trial-unique information must be used to guide memory-
based behavior after a delay. Disconnections between the PFC
and the MDNt disrupted foraging during the test phase of the
delayed SWSh task, causing a selective increase in across-phase
errors. This pattern of errors suggests that this thalamocortical
pathway is selectively involved in the retrieval of previously
acquired information over a delay but not for the monitoring of
choices within a trial. This result, in addition to our previous
findings (Floresco et al., 1997), is consistent with the theoretical
model of discriminative learning proposed by Gabriel (1990,
1993) and Freeman et al. (1996), which posits that topographically
organized patterns of neural activity, spanning across a distrib-
uted neural circuit connecting the hippocampus, the MDNt, and
cingulate cortex, mediates “working memory involved with
context-based retrieval for relatively brief time intervals (minutes
to hours)” (Freeman et al., 1996, p 1548). With respect to the
delayed SWSh task, it is apparent that the synchronous conver-
gence to the PFC of inputs originating in the hippocampus, the
ventral tegmental area, and the MDNt is essential for the context-
dependent retrieval and manipulation of recently acquired infor-
mation. Subsequently, this information is integrated into a pro-
spective foraging strategy that guides the animals toward arms
that are predicted to contain food. The transformation of this
strategy into behavioral output is mediated by an interaction
between the PFC and the N.Acc. Furthermore, recent evidence
suggests that the ventral striatum can interact with the ventral
pallidum (Floresco et al., 1999) and the pedunculopontine nuclei
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Figure 6. Summary diagram of the neural regions involved in delayed
SWSh behavior. See General Discussion for details. '7A4, Ventral teg-
mental area; MD Thalamus, mediodorsal thalamus; VP, ventral pallidum;
PPTg, pedunculopontine nuclei.

(Winn and Keating, 1998), forming a subsequent stage of limbic—
motor integration (Fig. 6).

Further insight into the specific contribution of the MDNt to
the executive processes that are engaged during the delayed
SWSh task comes from electrophysiological recording studies in
awake rodents. During conditional discrimination tasks, neurons
in the MDNt or the PFC show a selective increase in activity
when the animal is presented with a simple or configural condi-
tional stimulus that is predictive of a motivationally significant
event (e.g., shock or reinforcement) (Gabriel, 1990, 1993; Free-
man et al., 1996; Oyoshi et al., 1996). These selective increases in
neural activity by MDNt neurons suggest that these cells encode
the motivational significance of particular stimuli in an environ-
ment. Moreover, these increases in neural activity occur shortly
before an appropriate motor response is initiated. The increase in
discriminatory neural activity in the MDNt precedes that ob-
served in the PFC, and lesions to the MDNt abolish increased
activity in PFC neurons (Gabriel, 1990), suggesting that informa-
tion is transferred from the MDNt to the PFC when an animal
discriminates between various stimuli. A neural system such as
this, which is activated selectively when an animal is presented
with stimuli that are predictive of forthcoming motivationally
relevant events, is similar to the proposed “selective attention”
module of the central executive (Baddeley, 1998). A selective
attention mechanism, mediated by thalamocortical circuits, work-
ing in concert with hippocampal inputs that provide spatial and
contextual information to the PFC, would facilitate the recogni-
tion of particular stimuli that have motivational significance. This
concept is consistent with the theoretical framework of Fuster
(1997), in which the presentation of specific external stimuli that
are signals for prospective action could activate a distributed
cortical and subcortical network (including the PFC, hippocam-
pus, and MDNt), which represents that action, and then prepare
the motor systems (including the ventral striatum) for the appro-
priate response. In the context of the present study, asymmetrical
lesions would prevent the transfer of information concerning the
“stimulus significance” (Oyoshi et al., 1996) of individual arms on
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the maze from the MDNt to the PFC, thereby impairing the rat’s
ability to attend to and subsequently enter arms that are predicted
to contain food (Fig. 6).

Different neural circuits mediate different forms of
working memory

It is becoming increasingly apparent that working memory is not
a unitary phenomenon but rather a collection of distinct yet
interrelated cognitive processes that facilitate the transformation
of memory into action (Baddeley and Della Sala, 1996; Fuster,
1997; Goldman-Rakic, 1998; Callicott et al., 1999). It follows
therefore that these different types of working memory are me-
diated by distinct neural circuits. One subtype of working mem-
ory discussed frequently in the rodent literature, derived from the
original concept of Honig (1978) and developed further by Olton
and Papas (1979), refers to the use of a simple retrospective
strategy that can be used for the “remembrance of places past”
(Olton and Samuelson, 1976). It is well established that this form
of spatial working memory is mediated primarily by the hip-
pocampal formation (Olton and Papas, 1979; Packard et al., 1989;
Floresco et al., 1997) and not the PFC or the MDNt. A more
complex form of working memory, discussed more frequently in
primate and human studies, refers to the storage, manipulation,
and use of recently acquired information to guide prospective
action. These processes are more akin to the models of working
memory put forth by Baddeley (1998), Fuster (1997), and
Goldman-Rakic (1998), in which a central executive manipulates
information stored in a short-term memory buffer to guide action.
This is similar to the “working-with-memory” concept of Win-
ocur (1992). This form of working memory is essential for cog-
nitive processes used during delayed response tasks, including the
delayed SWSh task used in the present study, and is subserved by
a more complex prefrontal cortical neural network linked to
hippocampus and the MDN. It is important to note that although
these different types of working memory use different neural
circuits for the respective cognitive operations needed to solve
problems requiring retrospective versus prospective strategies,
both systems must interact with the same subcortical, striatal,
pallidal, and mesencephallic output regions to transform these
processes into behavioral responses (Seamans and Phillips, 1994;
Floresco et al., 1997, 1999; Keating and Winn, 1998; Winn and
Keating., 1998).
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