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Abstract On account of its strong efferent projections to

the hippocampus, recent animal studies have emphasized

an important role for the nucleus reuniens (NRe) of the

midline thalamus in spatial memory. However, by virtue of

its reciprocal connections with the orbital and ventromedial

prefrontal cortex, the NRe may also be involved in aspects

of executive inhibition. To date, there has been no sys-

tematic attempt to examine the role of the NRe in inhibi-

tory mechanisms of response control. Accordingly, we

compared rats with neurotoxic lesions of the NRe with

sham surgery controls on performance of the 5-choice

reaction time task, a test of visuospatial attention and

inhibitory control. When tested post-operatively, rats with

NRe lesions were unable to actively inhibit premature

responses when the intertrial interval was varied. However,

the same rats with NRe lesions showed normal inhibition

of perseverative responses, and under some conditions

were less perseverative than shams. The NRe lesion was

also associated with a reduction in omissions and fast

reward collection latencies, which persisted 2 months fol-

lowing surgery. The NRe lesion did not affect response

accuracy or latency to respond correctly throughout the

course of experimental testing. Together, these results

signify the important role of the NRe in impulse inhibition,

especially when slight changes are made to the temporal

demands of the environment, and reveal the potential

contribution of the NRe in motivational processes.
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Introduction

The thalamus is a complex structure whose component nuclei

are interconnected with distinct portions of the telencephalon,

including nearly the entire cerebral cortex, the hippocampus,

and striatum. In human patients, thalamic damage is com-

monly associated with diencephalic amnesia, a memory

impairment thought to result from a disconnection of thalamic

and hippocampal structures (von Cramon et al. 1985; Zola-

Morgan et al. 1986; Bogousslavsky et al. 1988a; Graff-Rad-

ford et al. 1990). Thalamic damage also leads to deficits in

inhibitory control, which is generally attributed to the thalamic

deafferentation of prefrontal structures relevant to executive

control (Bogousslavsky et al. 1988b; Janowsky et al. 1989;

McGilchrist et al. 1993; Pepin and Auray-Pepin 1993; Daum

and Ackermann 1994; Van Der Werf et al. 1999). Charac-

terizing the specific role of individual thalamic nuclei in

humans is difficult because thalamic damage is usually caused

by infarction, tumor or trauma, and is therefore diffuse and

indiscriminate (Squire and Moore 1979; Bogousslavsky et al.

1988b; Partlow et al. 1992). Using a targeted lesion approach,

animal studies have investigated the role of several thalamic

nuclei, such as the anterior, medial, and intralaminar group of

nuclei, in aspects of spatial memory (Aggleton and Mishkin

1983; Zola-Morgan and Squire 1985; Byatt and Dalrymple-

Alford 1996; Sziklas and Petrides 1999; Burk and Mair 2001;

Mitchell and Dalrymple-Alford 2005; Mitchell et al. 2007),

but have placed relatively little emphasis on their contribution

to the executive function of inhibitory control (Chudasama

and Muir 2001; Chudasama et al. 2001). In this respect, the

nucleus reuniens (NRe) of the ventral midline thalamus is of

particular interest as its role in spatial navigation requires both

memory for location and the inhibition of inefficient searching

strategies (Davoodi et al. 2009; Dolleman-van der Weel et al.

2009; Hembrook and Mair 2011).
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In rats, the NRe is the largest of the midline thalamic nuclei.

It is located directly above the third ventricle and is located

within the anterior one-third of the rat thalamus (Swanson

1998; Bokor et al. 2002; Groenewegen and Witter 2004). It is

the principal source of thalamic input to the hippocampus

(Herkenham 1978; Wouterlood et al. 1990; Su and Bentivoglio

1990; Vertes et al. 2006), exerting a strong excitatory drive to

the ventral CA1 region (Dolleman-Van der Weel et al. 1997;

Bertram and Zhang 1999). The NRe also sends strong pro-

jections to the orbital and ventromedial regions of the pre-

frontal cortex (Ohtake and Yamada 1989; Hoover and Vertes

2007), which are reciprocated (Vertes 2002, 2004; McKenna

and Vertes 2004). Thus, in addition to influencing the activity

of the ventral hippocampus, the NRe can potentially modulate

the orbital and ventral regions of the prefrontal cortex, an area

associated with multiple aspects of inhibitory control

(Ragozzino et al. 1999; Schoenbaum et al. 2002, 2003; Passetti

et al. 2002; Chudasama and Robbins 2003; Chudasama et al.

2003; McAlonan and Brown 2003; Bissonette et al. 2008).

Here we used neurotoxic lesions in rats to investigate the

role of the NRe in the inhibitory control of inappropriate

responses (Chudasama et al. 2003; Dalley et al. 2011).

Previous evidence points to the NRe as having a role in the

inhibitory control of impulsive, anticipatory behavior in a

jumping test (see Flämig and Klingberg 1978), as well as the

inhibition of inappropriate searching strategies in a standard

watermaze task (Dolleman-van der Weel et al. 2009).

However, the effect of NRe lesions in controlled tests of

inhibitory control has not been systematically examined. In

the present study, we used the 5-choice reaction time task

(5-choice task), a prefrontal-dependent test of visuospatial

attention and inhibitory control. In the 5-choice task, rats

must accurately detect and respond to brief visual stimuli

which are presented in random spatial locations. To do this

optimally, they must inhibit inappropriate responses in

anticipation of the visual stimulus (premature responses), as

well as inhibit responses following a correct response

(perseverative responses). Deficits in these forms of inhi-

bition lead to impulsiveness and compulsiveness, respec-

tively. We show for the first time that NRe lesions lead to

contrasting effects on these two aspects of inhibitory con-

trol, increasing premature responses, while sometimes

markedly attenuating repeated perseverative responses. This

dissociation was demonstrated in animals that in the same

testing session showed no deficits to their visual attention.

Materials and methods

Subjects

All subjects were male Long Evans rats (Charles River

Laboratories, Saint-Constant, CA) housed in pairs in a

temperature controlled room (21–22�C) with a 12-h light/

dark cycle. All subjects were food restricted and main-

tained at 85% of their free-feeding weight throughout the

entire experiment with water available ad libitum. Behav-

ioral testing took place within the light period of the cycle.

At the beginning of testing, animals weighed 200–250 g.

All experimental procedures were approved by the McGill

University Animal Care and Use Committee and were

carried out in accordance with the guidelines of the

Canadian Council on Animal Care.

Apparatus

The test apparatus consisted of four 25 cm 9 25 cm operant

testing chambers (Lafayette, IA, USA). Each chamber was

enclosed within a soundproof cabinet and was ventilated by

low level noise fans, which also provided background noise

throughout testing. Each testing chamber contained a 3 W

houselight mounted in the center of the roof. The back wall

of each testing chamber was concave and contained nine

apertures, four of which were occluded with a metal shield.

An infrared photocell at the entrance of each aperture

detected nose-poke responses made by the rat. Illumination

of the apertures was provided by a 3 W light bulb located at

the rear of each aperture. On the wall opposite the apertures

was a food magazine connected to a food pellet dispenser.

Sucrose pellets served as food reward (Dustless Precision

Pellets, Bioserve, NJ, USA). The apparatus and online data

collection were controlled by a Dell Optiplex 745 computer

(MCS, Montreal, CA) using the Whisker control system for

research (Cardinal and Aitken 2010).

Behavioral procedures

Habituation and magazine training

Rats were initially given two sessions in which they were

allowed to habituate to the testing chamber and collect sucrose

pellets from the food magazine. A few sucrose pellets were

also placed inside the apertures to encourage the rat to insert

its nose into the aperture. In the first session (30 min), the

houselight and food magazine light were illuminated and

10–15 sucrose pellets were freely available in the food mag-

azine. In the second session (10 min), the houselight and food

magazine light were illuminated and pellets were delivered

into the food magazine according to a variable interval

schedule of 15 s. Once rats were reliably retrieving and

consuming pellets, they were ready for behavioral training.

Behavioral training

A schematic illustration of the sequence of events and

performance measures during a single trial of the 5-choice
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task is provided in Fig. 1. Rats were trained to detect a

brief visual stimulus presented pseudorandomly in one of

five spatial locations, as described previously (Muir et al.

1996). At the beginning of each test session, the houselight

was illuminated and a single 45 mg sucrose pellet was

dispensed into the food magazine. A trial was initiated by

the rat making an entry into the food magazine to collect

this pellet. Following a fixed 5 s intertrial interval (ITI), the

light at the rear of one aperture was illuminated for 0.5 s. A

response in this aperture during the illumination of the light

and within the following 4.5 s was rewarded with the

delivery of a sucrose pellet, and recorded as a correct

response. Thus, the total response time (limited hold) was

5 s. A response in a non-illuminated hole (incorrect

response) or a failure to respond within the limited hold

period (omission) was not rewarded. The next trial began

following a 5 s period of darkness (time-out) during which

all lights were extinguished. In addition, responses in the

holes during the ITI, before the onset of the target light,

were scored as premature responses, and were also pun-

ished with a 5 s time-out. Additional responses made in the

apertures during the limited hold following a correct

response were recorded as perseverative responses. A

response in the food magazine after the delivery of a

sucrose pellet, or after a time-out, initiated the next trial.

During each session, the light stimulus was presented an

equal number of times in each of the five apertures in a

pseudorandom order. A daily session consisted of 100 trials

or was terminated after 30 min of testing. For the first

session of training, the duration of the stimulus and the

limited hold were set at 60 s. These variables were altered

on subsequent sessions according to the individual rat’s

performance until the target set of task parameters could be

instituted. The target parameters were stimulus duration,

0.5 s; limited hold, 5 s; ITI and time-out, 5 s. The rats were

considered to have reached criterion when these target

parameters were attained over ten consecutive sessions with

[75% correct responses and \20% omissions within the

30 min session time. Approximately 25 sessions were

required for the rats to attain this criterion. Once rats had

acquired this training criterion, they received NRe lesions

or sham control surgery.

Two weeks following surgery, rats were tested across

ten sessions on the standard schedule of the task (baseline).

After the baseline test sessions, various manipulations to

the basic test schedule were instituted. First, the stimulus

duration was reduced to 0.2 s to increase the attentional

challenge. Second, in order to assess the effect of stimulus

unpredictability and control of responding during the ITI,

rats were exposed to one session of variable long ITIs (5, 7,

9, 11 s). The session length for this manipulation was

increased to 45 min. In another session, rats were subjected

to variable short ITIs (0.5, 1.5, 3, 4.5 s). Each ITI was

presented pseudorandomly, 25 times during the 100-trial

session. Each manipulation was preceded by a baseline

session. Approximately 2 months post-surgery, perfor-

mance was re-evaluated on the standard baseline schedule

of the task for a further 7 days.

Performance measures

Accuracy of performance was measured as the proportion

of correct responses (correct responses/total responses)

expressed as a percentage, without including errors of

omission. Errors of omission were defined as failures to

make a response during the 5 s limited hold period,

expressed as a percentage of the total number of trials. This

measure reflected possible failures of detection as well as

motivational/motor deficits, depending on the overall pat-

tern of effects.

The number of premature responses made in the holes

during the ITI provided a measure of impulsivity. Such

responses occurred inappropriately before the onset of the

visual target, presumably because the rat anticipated their

occurrence. In addition, the number of perseverative

responses provided a measure of compulsivity. These

responses persisted following a correct response and were,

therefore, inappropriate to the task. Speed was assessed

Start of trial 
(houselight on) 

Stimulus light (0.5s) 

ITI (5.0s) LH (4.5s) 

Correct Response (in 5.0s) 

Incorrect Response (in 5.0s) 

Omission (in 5.0s) 

Reward 

Time-out (5.0s) 

Time-out (5.0s) 

‘Impulsive’ premature  
response in hole during ITI Time-out (5.0s) 

‘Compulsive’ perseverative   
response in hole after a 
correct response 

Fig. 1 Schematic illustration of

sequence of events and

performance measures in a

single trial on the baseline

version of the 5-choice task. ITI
intertrial interval, LH limited

hold
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according to two different latencies. The latency to respond

correctly (correct latency) was the time from the onset of

the stimulus to when the rat made the correct response. The

reward collection latency was the time between the correct

response and when the rat entered the food magazine to

collect food reward.

Locomotor activity

Following post-operative testing, locomotor activity was

assessed using four standard home cage activity frames.

Each home cage was a clear polycarbonate tub (61 cm

wide 9 37 cm long 9 20.5 cm high) lined with sawdust,

and covered with a barrier filter lid (Ancare, Bellmore,

USA). Each home cage was placed within a Cage Rack

SmartFrameTM (58 cm wide 9 60.33 cm long 9 2.11 cm

high) equipped with infrared photobeams located on the

interior perimeter of the frame (Lafayette, IA, USA). The

rat was placed in the activity cage for 2 h. The total number

of horizontal beam breaks were recorded using Motor-

MonitorTM software, version 5.05 (Lafayette, IA, USA),

and transmitted to a Dell Optiplex 745 computer (MCS,

Montreal, CA).

Data analysis

Data for each variable were subjected to a repeated mea-

sures analysis of variance using the PASW statistical

package, version 18.0 (PASW Inc, Chicago, USA).

Homogeneity of variance across groups was assessed using

the Mauchly’s sphericity test. When data sets significantly

violated this requirement for a repeated measures design,

Greenhouse–Geisser was used to calculate a more conser-

vative p value for each F ratio. The criterion for statistical

significance was a probability level of p \ 0.05. The

between subjects factor was lesion [two levels: sham

control group (shams) and lesion group nucleus reuniens

(NRe)]. The within subjects factor was session (10 days for

post-operative baseline 1, 7 days for post-operative base-

line 2), stimulus duration at two levels (0.5 and 0.2 s), and

ITI intervals as appropriate. The within subjects factor for

locomotor activity was number of blocks of 15 min over

2 h (i.e., 8 blocks).

Surgical procedures

Rats received neurotoxic lesions of the ventral midline

NRe of the thalamus or sham control surgery. All animals

were anesthetized with isoflurane (4–5% induction, 1–3%

maintenance) and placed in a Kopf stereotaxic frame fitted

with atraumatic ear bars (David Kopf Instruments,

Tujunga, USA). The incisor bar was set at -3.3 mm.

The NRe is an unpaired midline nucleus, which is

located beneath the midline sagittal sinus. The scalp of the

animal was retracted to expose the skull, and a square bone

flap above the target region of the brain was removed to

expose the sagittal sinus. For lesions of the NRe (n = 17),

rats received a total of four injections of 0.1 lL of 0.09 M

N-methyl-D-aspartic acid (NMDA; Sigma-Aldrich, CA)

dissolved in 0.9% saline. Injections were made using a

0.5 lL SGE precision microsyringe (Canadian Life Sci-

ence, Peterborough, CA) at the following anterior–poster-

ior (AP), and dorsoventral (DV) co-ordinates from bregma:

AP -1.72 mm; DV -7.40 mm; and AP -2.40 mm; DV

-7.40 mm. All DV readings were taken from the dural

surface. However, because the NRe is located ventrally and

beneath the midline sagittal sinus, the mediolateral (ML)

reading was taken from either side of the sagittal sinus (two

injections to the left of the sinus, and two injections to the

right). This ML reading worked out to be *0.2 mm from

bregma. All coordinates were taken from Paxinos and

Watson (2005). Each injection was made over 1 min and

the syringe remained in place for another minute to allow

dispersion of the toxin before the needle was retracted.

Rats that received sham control surgery (n = 11) received

the same surgical procedure but received injections of 0.9%

saline instead of NMDA.

Histology

At the conclusion of behavioral testing, the animals were

perfused transcardially with 0.9% saline followed by 4%

paraformaldehyde prepared in 0.1 M phosphate buffered

saline. After dehydration by immersion in 30% sucrose,

brains were sectioned using a cryostat at 40 lm thickness.

Every second section was mounted on a gelatine-coated

slide and stained with cresyl violet. These sections were

used to identify the location of the lesion and to determine

the degree of lesion-induced neuronal loss within the NRe.

Results

Histological analysis

Cytoarchitectonic borders and nomenclature were taken

from the atlas by Paxinos and Watson (2005). Figure 2a

provides a diagrammatic reconstruction of the lesion

showing the smallest and the largest extent of the NRe

lesion. The photomicrographs shown in Fig. 2b and c

provide a high magnification of the midline thalamic nuclei

in a sham-operated rat and NRe-lesioned rat, respectively.

Examination of the cresyl violet-stained sections revealed

that three rats in the NRe group had a small or incomplete

lesion. Another four rats showed extensive damage that

88 Brain Struct Funct (2013) 218:85–96
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included the subthalamic nucleus, centromedial nucleus,

and periventricular gray. These seven rats were excluded

from analysis. The remaining ten rats showed extensive

neuronal loss in the NRe. The lesion started rostrally

-1.7 mm from bregma and included the perireuniens

except the most lateral extent on the left. At its most rostral

level the lesion encroached into the rhomboid nucleus. The

lesion then continued until -3.7 mm from bregma where

the NRe lesion encroached into the ventral limits of the

central medial thalamic nucleus, the ventral posterior

nucleus of the thalamus, and the most dorsal limit of the

posterior hypothalamic area. In the sham group, two rats

showed cell damage within the dorsal hippocampus and

minor damage to the NRe. These two rats were discarded

from analysis. The final group numbers for this study were

as follows: shams 9, and NRe 10.

a

b

c

Fig. 2 Extent of NRe lesion. a Schematic reconstructions of repre-

sentative coronal brain sections showing the largest (dark gray) and

smallest (light gray) extent of the NRe lesion. Numbers indicate

sections relative to bregma according to the atlas of Paxinos and Watson

(2005). Representative photomicrographs of Nissl-stained coronal

sections provide a magnified view of the midline group of thalamic

nuclei in a sham-operated rat (b) compared with NRe-lesioned rat (c).

AM anteromedial thalamic nucleus, CM centromedial thalamic nucleus,

DA dorsal hypothalamic area, f fornix, MD mediodorsal thalamic

nuclei, NRe nucleus reuniens, PHD posterior hypothalamic area, dorsal,

Rh rhomboid, Rt reticular thalamic nucleus, VL ventrolateral thalamic

nucleus, 3V third ventricle, AHC central hypothalamus, anterior, PV
paraventricular nucleus, VM ventromedial thalamic nucleus
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Pre-operative baseline (10 sessions)

Prior to surgery, both groups were matched on all measures

of performance over 10 consecutive days of baseline test-

ing. No significant differences were observed for accuracy

(means ± SEM, sham 76 ± 0.6%; NRe 74 ± 0.7%) or

omissions (means ± SEM, sham 5 ± 0.4%; NRe 8 ±

1.2%). As expected, the number of premature responses

declined with increasing session [F(9,153) = 2.51; p \
0.05] but the groups did not differ from each other

[F(1,17) = 0.10; p [ 0.05]. There were no differences in

session or group in terms of perseverative responses, cor-

rect latency, or reward collection latency [all p [ 0.05].

Post-operative baseline 1: 2 weeks post-surgery

Following post-operative recovery, both groups of rats

were re-introduced to the baseline schedule for 10 days.

The groups did not differ significantly in accuracy of per-

formance [F(1,17) = 0.84; p [ 0.05] or in errors of omis-

sion [F(1,17) = 3.75; p [ 0.05]. Relative to sham controls,

rats with NRe lesions made more premature responses

(means ± SEM, sham 20 ± 1.8; NRe 31 ± 1.8), and

fewer perseverative responses (means ± SEM, sham 30 ±

1.9; NRe 22 ± 1.3), but the groups did not differ from each

other on either measure [premature responses: F(1,17) =

2.98; p [ 0.05; perseverative responses: F(1,17) = 1.89;

p [ 0.05]. There was no differential effect of lesion group

on correct latency [F(1,17) = 1.46; p [ 0.05] or latency to

collect reward [F(1,17) = 0.83; p [ 0.05].

Effect of reducing the stimulus duration

When the stimulus duration was reduced in one test session

from 0.5 to 0.2 s, both groups of rats showed an overall

reduction in accuracy [F(1,17) = 40.09; p \ 0.01], but the

groups did not differ from each other [F(1,17) = 0.02;

p [ 0.05]. Rats with NRe lesions made fewer omissions

(see Fig. 3a) but they were not significantly different from

sham controls [F(1,17) = 2.48; p [ 0.05]. Figure 3b shows

that the NRe group of rats made many premature responses

relative to the sham group, but the groups did not differ

significantly on this measure [F(1,17) = 2.22; p [ 0.05].

Reducing the stimulus duration served to reduce the

number of perseverative responses in both groups

[F(1,17) = 23.07; p \ 0.01], especially the NRe group of
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rats (see Fig. 3c), but again, there was no main effect of

lesion [F(1,17) = 1.84; p [ 0.05]. Although there was no

effect of lesion group on latency to respond correctly

[F(1,17) = 2.07; p [ 0.05], relative to sham controls, rats in

the NRe group were very fast to collect their reward at both

stimulus durations [F(1,17) = 4.55; p \ 0.05; see Fig. 3d].

Effect of long variable intertrial intervals

Making the ITI long and unpredictable did not affect

response accuracy in the NRe or sham group of rats

[F(1,17) = 0.16; p [ 0.05]. As shown in Fig. 4a, while both

groups showed an increase in the number of omissions as

the ITI increased [F(2,36) = 6.89; p \ 0.01], rats with NRe

lesions made significantly fewer omissions relative to the

sham group [F(1,17) = 4.31; p = 0.05]. The number of

premature responses increased significantly for all rats with

increasing ITI [F(2,32) = 156.97; p \ 0.01]. Relative to the

sham group, however, rats with NRe lesions made more

premature responses [F(1,17) = 5.19; p \ 0.05; see

Fig. 4b]. Despite their increase in premature responses,

however, NRe-lesioned rats showed a significant decrease

in the number of perseverative responses [F(1,17) = 8.38;

p \ 0.05; see Fig. 4c]. Furthermore, rats in the NRe group

were significantly faster than sham controls in their latency

to collect rewards [F(1,17) = 5.29; p \ 0.05; see Fig. 4d]

across all ITIs [F(2,32) = 5.25; p \ 0.05]. However, the

groups did not differ in their latency to respond correctly

[F(1,17) = 0.28; p [ 0.05].

Effect of short variable intertrial intervals

Accuracy scores improved as the ITI increased

[F(2,30) = 30.7; p \ 0.01], but there was no significant

difference between groups [F(1,17) = 0.48; p [ 0.05]. There

was an overall decline in the number of omissions com-

mitted by both groups across all ITIs [F(3,51) = 101.68;

p \ 0.01], but rats with NRe lesions made significantly

fewer omissions compared with shams [F(1,17) = 12.31;

p \ 0.01; see Fig. 5a]. Consistent with the previous

manipulation, the NRe group made significantly more pre-

mature responses relative to sham controls [F(1,17) = 5.62;

p \ 0.05; see Fig. 5b]. Rats from either group did not make

any premature responses at the shortest 0.5 s ITI.

The number of perseverative responses increased for all

rats as the ITI increased [F(2,36) = 17.72; p \ 0.01].

Although NRe-lesioned rats made fewer perseverative

responses at the 3.0 and 4.5 s ITIs (see Fig. 5c), the groups
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did not differ significantly on this measure [F(1,17) = 0.32;

p [ 0.05]. Nevertheless, as shown in Fig. 5d, the NRe

group of rats maintained fast reward collection latencies

[F(1,17) = 4.47; p = 0.05]. Latency to respond correctly

remained unaffected [F(1,17) = 0.03; p [ 0.05].

Post-operative baseline 2: 2 months post-surgery

All rats were re-introduced to the standard post-operative

baseline testing schedule 2 months following surgery. The

ability to respond accurately to the stimulus did not differ

between groups [F(1,17) = 0.06; p [ 0.05]. However, rats

with NRe lesions made significantly fewer omissions rel-

ative to sham controls [F(1,17) = 4.51; p \ 0.05; see

Fig. 6a]. Although the number of premature responses was

unaffected by lesion [F(1,17) = 1.87; p [ 0.05; see

Fig. 6b], there was a strong tendency for rats with NRe

lesions to make fewer perseverative responses compared

with shams [F(1,17) = 4.03; p = 0.06; see Fig. 6c]. Con-

sistent with the previous manipulations, the NRe group of

rats continued to show fast reward collection latencies

[F(1,17) = 5.71; p \ 0.05; see Fig. 6d] but their latency to

respond correctly was not affected [F(1,17) = 3.37;

p [ 0.05].

Locomotor activity

General locomotor activity for each animal was recorded

over eight consecutive 15-min blocks. The activity of both

groups of rats declined with increasing number of block

[F(7,119) = 40.17; p \ 0.01], but there was no main effect

of lesion on this measure [F(1,17) = 0.36; p [ 0.05].

Discussion

In this study, we show that selective lesions of the NRe of

the ventral midline thalamus produce contrasting effects on

two different types of inhibitory control processes as

assessed in the 5-choice task. Specifically, rats with NRe

lesions were unable to inhibit premature responses in

anticipation of a visual stimulus when it was temporally

unpredictable. In the same test sessions, these rats showed

normal inhibition of perseverative responses following a

correct response, and in some cases were more restrained

from repeating these inconsequential responses (i.e., less

perseverative) than shams. These contrasting effects of the

NRe lesion on premature and perseverative responses were

accompanied by two other behavioral changes. First, the
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NRe lesion had the effect of reducing the number of

omitted trials, an effect that was not accompanied by a

change in response accuracy. Second, rats with NRe lesions

were very fast to collect food rewards, despite having

normal response latencies. Neither of these behavioral

effects can be ascribed to general changes in their physio-

logical or behavioral state, such as hyperactivity or

sedation. Together, these data demonstrate the fundamental

contribution of the NRe to impulse inhibition in the

5-choice task, and implicate the NRe in mechanisms of

motivational control.

The timing of the presentation of the stimuli appeared to

be an important factor in unveiling NRe lesion effects. Rats

with NRe lesions displayed normal levels of premature

responding when tested on the baseline schedule of the

task, with regularly paced trials and short stimulus duration

(0.5 s). Evidently, rats adjusted to the temporal parameters

of the task over 10 consecutive days of testing, and were

thus able to accurately predict the onset of the stimuli.

However, subjecting the rats to a session of variable ITIs

elevated the number of premature responses in this lesioned

group. The less predictable nature of the stimuli during the

variable ITI manipulation may have prevented the

NRe-lesioned rats from maintaining a controlled state of

readiness for action, which led to over-responding in the

apertures in anticipation of the visual signal. Importantly,

the increase in premature responses was not accompanied

by a reduction in response accuracy. Even when the pro-

cessing time was markedly reduced with short ITIs (e.g.,

1.5 s), the NRe lesion did not compromise general alertness

or normal orienting behavior toward the response location

(see also Hembrook and Mair 2011). Moreover, the

maintained capacity of the NRe-lesioned rats to respond

accurately even with short ITIs indicates that premature

responding was not a consequence of disrupted stimulus

detection. However, because the NRe-lesioned rats only

exhibited increased premature responses with unpredict-

able stimuli, the inhibitory control of impulsive responses

does not critically depend on the NRe in all cases. While it

is possible that the NRe-lesioned rats were unable to adapt

their pre-trained response strategy to a novel situation of

stimulus unpredictability (see Dolleman-van der Weel et al.

2009), this conclusion cannot explain why NRe-lesioned

rats performed normally when they were exposed to the

novel situation of reduced stimulus duration. Our data

suggest that the temporal structure of the task was key to

unmasking the deficit, as it was only revealed when the

stimulus was unpredictable. Other, more general indicators

of activity, such as the speed of response and overall

locomotor behavior, were within the normal range.

The effects of NRe lesions are consistent with the

reciprocal anatomical projections between the NRe and the
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prefrontal cortex (McKenna and Vertes 2004; Vertes 2002,

2004). Similar to the effects of NRe lesions, a specific

increase in premature responses is also observed following

selective lesions to the infralimbic region of the ventro-

medial prefrontal cortex (Chudasama et al. 2003; see also

Murphy et al. 2005). One possibility is that the NRe and the

infralimbic cortex are members of the same thalamocorti-

cal circuit involved in inhibitory control of impulsive

actions. However, the NRe-lesioned rats appeared to have a

more specific deficit (present study), since rats with infra-

limbic lesions were always impulsive, regardless of the

trial regularity (Chudasama et al. 2003). Perhaps the intact

infralimbic cortex was compensating for the NRe lesion,

which served to reduce the overall expression of the

impulsive deficit during the baseline schedule of the task.

This would suggest that the function of the NRe is critically

dependent on an intact infralimbic cortex, although both

the NRe and the infralimbic cortex are critical for animals

to withhold premature responses when temporal changes

are made to the 5-choice task.

It is interesting to consider mechanisms by which the

NRe and the infralimbic cortex might interact with respect

to impulse control. One possibility is that the increase in

premature responding is attributable to a disruption of

prefrontal–thalamic circuitry that is responsive to seroto-

nergic modulation (Van Bockstaele et al. 1993; Vertes

et al. 2010), which would normally adjust the level of

response inhibition. This speculation is based on the find-

ings that global serotonin depletion increases premature

responding in the 5-choice task (Harrison et al. 1997a, b),

and impulsive actions are mediated by serotonin 5-HT

receptors in the prefrontal cortex (Passetti et al. 2003;

Winstanley et al. 2003; Liu et al. 2004). Nevertheless,

additional studies are required to establish the nature of the

contribution of the NRe to impulsive behavior as increased

premature responding is also observed following lesions to

the mediodorsal thalamic nuclei (Chudasama and Muir

2001), and both nuclei have overlapping connections with

the ventromedial prefrontal cortex (Groenewegen 1988;

Takagishi and Chiba 1991; Vertes 2004).

Despite increased premature responding, there was no

evidence of increased perseverative responding in NRe-

lesioned rats. In fact, they made fewer perseverative

responses than controls, particularly when the ITI was long

and variable. To our knowledge, there is no previous study

that has observed an improved ability to withhold inapp-

ropriate responses following a selective lesion in the

5-choice task. On the contrary, in the 5-choice task, pre-

limbic and orbital prefrontal cortex lesions selectively

increase perseverative responses (Passetti et al. 2002;

Chudasama et al. 2003). Interestingly, prelimbic and orbital

prefrontal lesions do not lead to an increase in premature

responses. Together, this implies that although the NRe

interconnects with the prelimbic and orbital prefrontal

cortex (Vertes 2004; Vertes et al. 2006; McKenna and

Vertes 2004), this interaction does not affect inhibitory

control of perseverative responses, at least not in the

5-choice task. Furthermore, because infralimbic cortex

lesions increase premature responding in the 5-choice task

without affecting perseverative responding (Chudasama

et al. 2003), and it also interconnects with the NRe, our

data suggest that it is the specific disruption of the infra-

limbic-NRe interaction that constitutes the impulsive

deficit observed in the NRe group.

Although rats with NRe lesions showed normal latencies

to make a correct response, the same rats exhibited orga-

nized and efficient retrieval of food reward. This was

reflected in their very fast reward collection latencies. This

finding is probably best understood through heightened

motivation. Indeed, motivational changes might account

for other aspects of our findings. For example, it is possible

that motivation for food could also, in theory, dissuade the

rats from responding repetitively in the apertures following

a correct response, making them less perseverative.

Increased motivation might also account for their impa-

tience in waiting for the next stimulus to appear which

resulted in high premature responses. Combined with the

finding that the NRe group of rats made fewer omissions

and showed normal levels of accuracy, the most parsimo-

nious explanation is that NRe-lesioned rats were exhibiting

higher levels of motivation to perform the 5-choice task

accurately relative to the sham controls.

We recognize that through the loss of its connections

with the prefrontal cortex, lesions of the NRe may have

disrupted a prefrontal–ventral striatal pathway known to be

critical in mechanisms of food-related motivation (for

review, see Kelley et al. 2005), and inhibitory control

(Christakou et al. 2004). Currently, there is no direct evi-

dence that implicates the NRe in the overall expression of

the prefrontal–ventral striatal pathway. Although pre-

frontal–ventral striatal disconnections alter normal control

of responding in the 5-choice task, they do not alter reward

collection latencies (see Christakou et al. 2004). This

clearly suggests that the response control deficits exhibited

by prefrontal–ventral striatal disconnected rats were rela-

tively independent of motivation for food. Future studies

are needed to establish the interdependent function of the

prefrontal cortex and the NRe in the 5-choice task, and its

relationship with the ventral striatum.

The effects of NRe lesions should also be examined on

other aspects of motivation, such as responding under a

progressive ratio schedule of reinforcement or conditioned

reinforcement. Such evidence would reinforce the conclu-

sion that the NRe is involved in enhanced food-related

motivation, especially food-seeking behavior. This con-

clusion accords with the recent finding that inactivating the
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NRe leads to fast choice response times in a delayed non-

match to position task (Hembrook et al. 2011), relative to

sample response times, presumably because the former

response might lead to food.

Consistent with its connections with frontal and tem-

poral lobe structures, the NRe is thought to play an

important role in a neural circuit engaged in aspects of

learning and memory (Dolleman-van der Weel et al. 2009;

Hembrook and Mair 2011; Hembrook et al. 2011). Our

data provide a novel perspective on the functional role of

the NRe with respect to mechanisms of response control

and show how the NRe has the capacity to influence food-

motivated responding.
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