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Mixed attentional and executive deficits
in medial frontal cortex lesioned rats

F. PASSETTI, T. HUMBY, B. J. EVERITT, and T. W. ROBBINS
University of Cambridge, Cambridge, England

Two groups of rats were trained to detect brief, unpredictable visual stimuli in attentional paradigms
with different response selection requirements. Animals had to hold their heads in a central location
for a variable delay and then respond to either the same (same condition) side as or the opposite (op-
posite condition) side to where the visual stimulus had occurred. Following bilateral excitotoxic le-
sions of the medial prefrontal cortex (mPFC), rats in the same condition were impaired relative to con-
trols, as revealed by reductions in choice accuracy and speed of responding. In the opposite condition,
mPFC-lesioned animals performed at chance and were faster than controls to respond to the target.
These results extend previous findings of accuracy deficit in mPFC-lesioned rats in a five-choice ser-
ial reaction time task in which the animals are not required to respond to targets from a fixed position.
In addition, the finding of a larger deficit in the opposite condition suggests a more prominent role for
the mPFC in the selection of difficult, “incompatible” responses relative to easy, “compatible” ones.

Several lines of evidence suggest that the prefrontal
cortex exerts a crucial role in visual attention in humans
(see Fuster, 1997). Thus, patients with prefrontal cortex
lesions show increased distractibility (Chao & Knight,
1995, Rylander, 1939), low alertness (Luria, 1966), and
impaired sustained attention (Rylander, 1939; Wilkins,
Shallice, & McCarthy, 1987). In nonclinical settings, PET
studies have also shown prominent prefrontal activation
during the execution of tasks requiring selective (Cor-
betta, Miezin, Dobmeyer, Shulman, & Petersen, 1991) or
sustained (Pardo, Fox, & Raichle, 1991) attention. The
prefrontal cortex has been implicated in several other
cognitive processes as well. Different studies have impli-
cated human prefrontal cortex in such cognitive processes
as working memory (Goldman-Rakic, 1987), decision
making (Damasio, 1994; Rogers et al., 1999), and plan-
ning (Shallice, 1988), all of which require executive func-
tioning for the optimization of performance.

In the animal literature, a recent study has shown that
aspects of visual attentional function in rats also depend
on the integrity of the mPFC (Muir, Everitt, & Robbins,
1996). In that study, rats trained to perform a five-choice
serial reaction time task (5-CSRTT)—a paradigm de-
signed specifically to assess visual attention in the rat
(Carli, Robbins, Evenden, & Everitt, 1983)—were im-
paired in the accuracy of detecting brief presentations of
light occurring in one of five spatial locations, after
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quinolinic acid-induced lesions of the mPFC. Thus, mPFC
lesions reduced choice accuracy, increased the latency to
respond correctly, and increased the number of persever-
ative responses. These deficits appeared to be specific to
this cortical area, since in the same study neither cingu-
late nor parietal cortex lesions induced any similar im-
pairment of performance.

However, the cognitive nature of these attentional def-
icits remains unclear. In fact, although the task used by
Muir et al. (1996) allows an independent assessment of
the contribution of motivational, motor, and perceptual
deficits as opposed to attentional impairments, a clear
understanding of the attentional constructs involved re-
quires further investigation. For example, in the 5-CSRTT
the rat is left free to engage in “unrecorded” behaviors
between the collection of the food reward and the presen-
tation of the discriminative stimulus. Moreover, in the
same task the presentation of the discriminanda is timed
from the collection of the food reward and the animal can-
not pace precisely the succession of the trials. Thus,
whether a certain manipulation disrupts the spatial or the
temporal domain of attending—orienting to the stimulus
or the temporal organization of behavior, an example of
executive functioning—remains difficult to establish.
Furthermore, due to the inevitable inconsistencies in the
rats’ body positioning on presentation of the visual stim-
uli, precision in the measurement of reaction time (RT)
is limited and does not readily allow comparisons with
human choice RT paradigms. In addition, given the het-
erogeneity of the functional deficits resulting from
frontal lobe damage, the possibility that different cogni-
tive deficits resulting from mPFC lesion could have con-
tributed to the impairment of performance cannot read-
ily be excluded.

The present study employed a task that was originally
developed for the assessment of unilateralized manipu-

Copyright 2000 Psychonomic Society, Inc.



262

lations (Carli, Evenden, & Robbins, 1985; Carli, Jones,
& Robbins, 1989). The major difference from the 5-
CSRTT is that the rat is required to attend to visual stim-
uli while its head is in a fixed location. This not only al-
lows for an accurate measurement of RT, but it also
provides a better understanding of the attentional deficits
revealed by the 5-CSRTT. In fact, a poor performance in
the latter paradigm could be due equally to an impair-
ment in the ability of the animal to orient toward the stim-
ulus or to its inability to attend to a hypothetical internal
clock (Olton, Wenk, Church, & Meck, 1988), since the
rat has to turn around after the collection of the food re-
ward in a limited time in order to scan the array of aper-
tures and detect the visual stimuli. Conversely, in the task
used in the present study, the rat can self-initiate each
new trial independently from its collection of the reward.
In fact, it is the nosepoke in the “nose-hold” location—
where its head has to remain until the presentation of the
stimulus—that begins every new trial.

In addition, this task offers the possibility of varying
the load imposed on response selection. In the basic par-
adigm (same task), the animal is required to respond to
the location where the stimulus was presented. Con-
versely, in a variant of the task, the opposite task, the rat
has to respond in the alternative hole—that is, away from
the visual stimulus. It has been suggested that the former
variant of the task (same) is highly response-compatible
and is thus relatively easy for the rat (Carli et al., 1989),
while the latter (opposite) is, for the same reason, more
difficult. Granon, Vidal, Thinusblanc, Changeux, and
Poucet (1994) have shown that in a working memory set-
ting, stimulus—response compatibility is a crucial deter-
minant of the extent of the disruptive effects of bilateral
prefrontal cortex lesions. In the present study, we aimed
to clarify the role of the mPFC in response selection in rats
via a similar comparison of two visual attentional tasks
with differing degrees of stimulus—response compatibil-
ity. In addition, we provide a further characterization of
the attentional deficit revealed by Muir et al. (1996) with
the 5-CSRTT.

METHOD

Animals

Male Lister hooded rats (Charles River, UK.) weighing 250-300 g
at the beginning of the training were housed in pairs in a temperature-
controlled room (22°C) under a 12:12-h light:dark cycle (8 a.m—
8 p.m.) and maintained at 90% of their free-feeding weight. Water
was freely available. Behavioral testing was carried out every day be-
tween 10 a.m. and 1 p.m. All experiments were completed under the
conditions of the UK. Animals (Scientific Procedures) 1986 Act.

Surgical Procedures

Animals were anaesthetized with an i.p. injection of Avertin
(1 ml/100 g body weight) and placed in a Kopf stereotaxic frame
fitted with atraumatic earbars. Injections were made using a 10-ul
syringe, mounted in a Harvard infusion pump, connected by PP10
tubing to a 30-gauge stainless steel cannula. A total of 14 rats re-
ceived bilateral injections of either 1 or 0.5 ml of 0.09 M quinolinic
acid (Sigma, St. Louis, MO) in 0.1 M phosphate buffer. Eleven rats
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received infusions of the same volume of 0.1 M phosphate buffer.
Stereotaxic coordinates (in millimeters from bregma and below
dura) of the four injection sites and volumes infused were as fol-
lows: AP+2.4,L £0.6,DV — 1.5(1 ml); AP+3.1,L £0.6,DV —
3.0(0.5ul)and —1.5 (0.5 ul); AP+3.8,L+0.6,DV — 1.5(1 ul).
At each of the injection sites volumes were infused over a period of
3 min and then the cannula was left in place for an additional 2 min.

Histology

Following completion of behavioral testing, animals were per-
fused with 0.01 M PBS followed by 4% PFA. The brains were then
stored in 20% sucrose for dehydration before sections were cut at
60-um thickness on a freezing microtome. Every third section was
mounted on a glass slide for staining with Cresyl violet.

Apparatus

The test apparatus for these experiments consisted of eight 9-hole
operant chambers as described in Carli et al. (1983). Each of these
consisted of a 25 X 25 cm aluminum operant chamber equipped on
the rear, concavely curved wall with nine apertures, each 2.5 cm2,
4 cm deep, and set 2 cm above floor level. Each hole could be illu-
minated by a standard 3-W bulb located at the rear of the hole. An
infrared photocell beam placed at the entrance of each hole could
be broken by the animal briefly inserting its nose in the aperture.
Depending on the requirements of the different tasks, holes could
be blocked by means of either metal caps or fitted Perspex “win-
dows.” All the holes were blocked with metal caps except holes 3,
5, and 7 (numbered from left to right of the array). Illumination of
each chamber was provided by a 3-W houselight mounted on the
roof. On the front wall of the chamber a magazine connected to a
food dispenser allowed the automatic delivery of 45-mg Noyes food
pellets on successful trials. Animals obtained access to the food
magazine by pushing a hinged Perspex panel monitored by a micro-
switch. Each chamber was housed in a wooden sound-attenuating
cabinet where a fan provided ventilation as well as low-level back-
ground noise.

The apparatus and on-line data collection were controlled by
means of an Acorn Computer system with software written in Arach-
nid (CeNeS, Cambridge, U.K.).

Behavioral Procedures

Preliminary training. Training began with two 30-min sessions
in which the houselight and the traylight were on and 30 food pel-
lets were available in the tray. In the first of these two sessions all
the holes were blocked, while in the second the cap was removed
from the central hole (hole 5), without any visual stimulus being
presented. Then, starting from the third session, each session began
with the delivery of a free food pellet. Opening the panel to collect
the pellet turned on the light in the central hole. Each nosepoke in
the illuminated central hole was rewarded with the illumination of
the tray and with a food pellet. After three or four sessions, rats were
able to earn 100 pellets in 30 min and the second phase of training
began. The caps were then removed from holes 3 and 7, and rats
were divided into two groups. Rats in the same group were trained
to sustain a nosepoke response in the central hole (for 0, 0.4, 0.8, or
1.2 sec) until the presentation of a stimulus light (0.5 sec) on either
side of the animals” heads. Then a nosepoke in the illuminated hole
(correct response) resulted in the delivery of food, while respond-
ing in the nonilluminated hole (incorrect response) was punished
with § sec of darkness. Rats in the opposite group had to hold their
heads in the central hole for 0, 0.2, 0.4, or 0.6 sec and then respond
in the nonilluminated hole (correct response) to obtain reward, with
responses in the illuminated hole being considered as incorrect re-
sponses and followed by 5 sec of darkness. Variable nose-hold pe-
riods were used to ensure that rats were not solving the task merely
by attending to one spatial location and using rules such as “if no
light on right, then go left” in the same condition and “if no light on
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right, then go right” in the opposite condition. For both groups of
rats, responses made during the nose-hold period were counted as
premature responses and were followed by 5 sec of darkness. Also,
when no response was made within 3 sec from the stimulus onset
(“limited hold” period), the trial would be terminated and followed
by 5 sec of darkness. Conversely, early withdrawals from the cen-
tral location were not punished and the animal was allowed to
restart the sustained nosepoke. Each daily session consisted of 128
randomly ordered trials (with 16 trials for each spatial location of
the stimulus at each time interval) or was terminated after 30 min
of testing.

Same condition. Rats in the same group were trained in the final
paradigm immediately after the removal of the caps from holes 3
and 7, but in the first session the stimulus duration was 30 sec and
the rats had to hold their noses in the central hole for only 0.05 sec.
Depending on the subjects’ individual performances, the stimulus
length was then progressively reduced to 0.5 sec and the nose-hold
period (intratrial interval, ITI) made randomly variable; eventually
the ITI was increased to the final set of values—0, 0.4, 0.8, and
1.2 sec.

Opposite condition. Rats in the opposite group, instead, under-
went an intermediate phase of training before being introduced to
the final paradigm. During this phase, rats were trained with a Per-
spex window blocking one of the two side holes (the right or the left
one on alternate days), and all the stimuli were presented on the
blocked hole. The Perspex windows prevented the animals from
nosepoking in the blocked hole, while allowing its illumination.
When stable performance had been attained (five to seven ses-
sions), the window was removed and each 128-trial session was di-
vided in two halves, one consisting of a series of 64 consecutive trials
(16 for each different time interval) in which the stimulus was al-
ways presented on the right and one in which the stimulus would al-
ways appear on the left. Then, depending on the subjects’ individ-
ual performances, sessions were progressively further split into
4 sequences of 32 all-right or all-left consecutive trials, 8 sequences
of 16 trials, 16 sequences of 8 trials, and 32 sequences of 4 trials.
Finally, rats were admitted to the all-random paradigm. As in the
same group, during the training period the stimulus duration was
progressively reduced from 30 to 0.5 sec while the nose-hold period
(ITT) was at first fixed (0.05 sec) and then made variable and in-
creased from 0, 0.05, 0.10, or 0.15 sec to the final set of 0, 0.2, 0.4,
or 0.6 sec.

Training of rats in the same group to a criterion of >85% correct
required about 35 sessions, while training of rats in the opposite
group to >80% required 5060 sessions. When rats had attained sta-
ble performance (>80% correct, <10% omission for at least three
consecutive sessions), they were assigned to matched groups and
received surgery. Seven days after surgery the subjects were re-
turned to the schedules and their postoperative performance was as-
sessed for a period of 10 days. At the end of the baseline postoper-
ative testing, rats were challenged with reduced stimulus duration
(8D = 0.25 sec) on a single session. For each animal, data from the
last three sessions preceding surgery were used as the preoperative
baseline.

Behavioral measures. Performance of the task was assessed us-
ing the following behavioral measures:

1. Accuracy was measured as the proportion of correct responses
divided by the number of correct plus incorrect responses and ex-
pressed as a percentage.

2. Response bias was expressed as the proportion (percentage) of
correct plus incorrect responses made into the “preferred” hole to
the total number of responses (correct plus incorrect) made into ei-
ther hole.

3. Four measures of speed of responding were recorded: (1) the
latency from the onset of the visual stimulus to the withdrawal of
the rat’s head from the central hole (initiation or reaction time; RT),
(2) the latency from the point in time of withdrawal of the rat’s head
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to completion of the lateral response (execution time, ET), (3) the
latency to collect the food reward after a correct response, and (4) the
latency to start a new trial following a correct or a timed-out response
(i.e., after collection of a food reward or after the 5 sec of darkness
of a time-out period).

4. The number of anticipatory responses—responses occurring
following a correctly completed central nosepoke, but prior to the
onset of the visual stimulus.

5. The number of center-hole responses—the number of responses
in the center hole following a correctly completed ITL

6. The number of errors of omission—the number of trials in
which no response followed the presentation of the stimulus within
the limited hold period.

Statistical Method

In all the experiments, data for each variable were subjected to
analysis of variance (ANOVA) using the SPSS statistical package.
Further post hoc comparisons were made using the Newman—Keuls
test in GB-STAT. The Greenhouse Geisser Epsilon correction for de-
grees of freedom was used whenever appropriate. Skewed data,
which violate the assumption of normality required by the ANOVA,
were subjected to arcsine, square root, or logarithmic transformation,
as recommended by Winer (1971). For presentation of descriptive
statistics, the standard error of the difference of the means (SED) was
calculated using the formula provided in Cochran and Cox (1957).

RESULTS

Preoperative Performance

As in Carli et al. (1989), rats trained in the opposite dis-
crimination performed significantly worse than those in
the same discrimination in terms of both accuracy and
speed of responding.

Accuracy. Although same and opposite rats did not
differ in the number of correct responses [mean + SEM
values: same, 96 + 4, opposite, 86 + 5, F(1,19) = 3.24,
p > .05], rats performing the same task made fewer in-
correct responses [mean + SEM values: same, 5 £+ 1, op-
posite, 21 £ 3, F(1,19) = 29.97, p < .01], thereby being
more accurate in reporting the presence of the visual stim-
uli [F(1,19) = 50.22, p <.01]. A significant main effect
of the variable ITIs on choice accuracy was found in the
same discrimination [F(3,27) = 4.39, p <.05]. Post hoc
analysis revealed that same animals performed less ac-
curately at the longest variable delay (p <.01). No effect
of ITI was found in the opposite discrimination [F(2,16) <
1, ns.].

Speed. Rats were significantly slower in the opposite
than in the same task to initiate [F(1,19) = 12.69,p <.01],
but not to complete [F(1,19) < 1, n.s.] a lateralized re-
sponse. In both tasks, the initiation time (RT) depended
on the variable delay of the stimulus presentations (Fig-
ure 1). In the same task, an ANOVA of RT revealed a
significant main effect of ITI [F(2,15) = 15.07, p <.01].
Post hoc analysis revealed that RTs were significantly
faster at the longest ITI relative to the other three delays
(8-N-K, p <.01). In the opposite task there was a signif-
icant main effect of ITI [F(2,15) = 92.22, p < .01], and
the RTs were significantly speeded by each increase of the
delay before stimulus onset (all pairwise comparisons,
p <.01). In the same task, rats had to sustain a nosepoke
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Figure 1. Reaction time (RT) performance on the same (open
circles) and the opposite (filled circles) discrimination across vari-
able intertrial intervals (I1TIs) on the last 3 days prior to surgery
(preoperative baseline). Each data point represents mean correct
latency + SEM.

Day1

response in the center hole for 0, 0.4, 0.8, or 1.2 sec, be-
fore a stimulus appeared to either the right or the left of the
animal’s head, while in the opposite paradigm, the variable
intervals were 0, 0.2, 0.4, and 0.6 sec. It should be noted
that these variable nose-hold intervals were employed
with the sole aim of making the stimulus presentations
unpredictable (see Method section). However, it is pos-
sible that the use of different sets of ITIs in each task may
have affected the speed of responding. This hypothesis was
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assessed directly by comparing the RTs of the same and
the opposite rats at the four variable ITIs (Figure 1). An
ANOVA of the RTs including same and opposite sub-
jects revealed a significant effect of ITI [F(2,32) = 80.64,
p < .01] and a significant task X ITI interaction
[F(2,32) = 18.20, p < .01]. Post hoc analysis revealed
that only with no delay was there a significant difference
between the tasks (p <.01), RTs being comparable in the
other conditions. These results suggest that RTs were
well matched across tasks despite the different variable
ITIs employed. In addition, they indicate that the rats in
the opposite task took longer to respond to the target when
no delay was interposed between the center nosepoke
and the stimulus presentation, suggesting greater benefi-
cial effects of motor planning in the former paradigm.

Histology

Figure 2A shows the extent of the smallest and the
largest lesioned areas in the two experimental groups. At
the histological examination 1 animal from the opposite
experiment and 3 animals from the same experiment had
either a unilateral or an incomplete lesion and were thus
discarded. In all other cases, the area of destruction was
centered on the appropriate target region, including Zilles
areas Cgl and Cg3, but sparing Fr2 and the infralimbic
area, which were only incompletely damaged.

Effects of Bilateral mPFC Excitotoxic Lesions

Following 7 days of recovery, rats were tested once a
day for 10 days.

Figure 2. (A) Reconstruction of the smallest (in black) and the largest (in gray) representative lesions at various AP lev-
els (on diagrams from Paxinos & Watson, 1986). (B) Photomicrograph of Cresyl violet-stained section of a quinolinate-

lesioned mPFC.
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Accuracy. As shown in Figure 3, quinolinic acid le-
sions of the mPFC significantly reduced choice accuracy
in both the same [F(1,9) = 18.68, p <.01] and the oppo-
site [F(1,8) = 17.48, p <.01] groups, as compared with
sham-operated animals. In the same condition, ANOVA
also revealed a significant effect of day [F(9,81) = 5.75,
p <.01], but no lesion X day interaction [F(9,81) = 1.39,
n.s.], and mPFC-lesioned rats were still significantly
worse than controls on the 10th day of postsurgery testing
(p <.05). Rats performing the opposite task did not show
any significant improvement [no main effect of day,
F(9,72)<1,n.s.,and no lesion X day interaction, F(9,72) <
1, n.s.]. Also in the latter task, lesioned rats’ performance
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Figure 3. Effect of mPFC lesion on choice accuracy in (A) the
same and in (B) the opposite condition. Data points represent
mean percentage of correct responses. SED bars represent 1 stan-
dard error of the difference between the means (calculated ac-
cording to the formula provided by Cochran & Cox, 1957). In the
same condition, mPFC-lesioned animals (# = S) performed at a
lower level of accuracy relative to controls (# = 6). In the opposite
condition, mPFC rats (n = 5) were at chance.
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was still significantly worse than that of sham-operated
animals on the 10th day of postsurgery testing (p < .01).
In numerical terms, mPFC lesion did not affect perfor-
mance in the opposite task to any greater extent than per-
formance in the same task, as revealed by nonsignificant
task X lesion [F(1,17) <1, n.s.] and task X lesion X day
[F(9,153) < 1, n.s.] interactions. However, the effect of
the lesion was qualitatively different in the two tasks in
that 3 out of 5 of the lesioned rats in the opposite group
performed at chance level during the postoperative ses-
sions (distribution of correct and incorrect trials not sig-
nificantly different from binomial distribution, p > .05).
Thus, it is difficult to conclude that the deficit was equiv-
alent in the same and in the opposite tasks, since in the
latter task the lesioned animals may have been perform-
ing at a “floor” level. The use of different sets of variable
ITIs in the two tasks may have introduced a relevant con-
found. Thus, the same analyses were also performed on
data from only those trials in which no delay was inter-
posed between the central nosepoke and the presentation
of the visual stimulus. In accordance with the above analy-
sis, an ANOVA of the percentage of correct responses of
the “no-delay” trials revealed a significant effect of le-
sion [F(1,17) = 16.82, p < .01] and a significant effect
of task [F(1,17) = 24.07, p < .01], but no significant
task X lesion [F(1,17) < 1, n.s.] or task X lesion X day
[F(9,153) <1, n.s.] interaction.

Total completed trials and latencies. The mPFC-
lesioned rats completed fewer trials per session than the
sham-operated animals in both the same [F(1,9) = 5.56,
p <.05] and the opposite tasks [F(1,8) = 14,75, p < .01,
data not shown; same—sham 128 £ 0.1, lesion 104 + 13;
opposite—sham, 126 £ 2, lesion 94 + 12]. Figures 4 and 5
show that lesioned animals were also slower to collect the
food reward [same, F(1,8) = 5.41, p < .05; opposite,
F(1,8) = 10.26, p = .013; Figures 4A and 5A, respec-
tively] and to initiate a trial with a nosepoke in the cen-
tral hole [same, F(1,8) = 7.44, p <.0S; opposite, F(1,8) =
16.60, p <.01; Figures 4B and 5B]. In both experiments,
lesioned rats recovered from the former of these two defi-
cits, but opposite rats were still slower than sham rats to
initiate a new trial on the 10th day of testing (p < .01).
As shown in Figures 4C (same) and 5C (opposite), none
of the lesioned groups showed longer ETs relative to con-
trols [same, F(1,8) = 0.21, p > .05; opposite, F(1,8) =
0.01, p > .05], suggesting that these deficits in perfor-
mance cannot be ascribed to motor impairments.

The major differences in the effects of the lesion on the
two tasks were to be found in RTs. Figure 6 shows that le-
sioned rats performing the same discrimination were
slower than controls to initiate a correct response [F(1,7)
= 5.64, p <.05], consistent with a speed/error tradeoff.
Conversely, in the opposite group, lesioned rats were faster
[F(1,8) = 12.26, p <.01], suggesting that additional mech-
anisms—other than simply attentional—contribute to
the deficit observed in this group of animals. A signifi-
cant task X lesion [F(1,17) = 14.68, p <.01] interaction
was also observed. In terms of the different variable IT1Is,
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Figure 4. Same condition. Effect of mPFC lesion on the latency
(A) to collect a food reward; (B) to initiate a trial with a nosepoke
in the central hole; and (C) to complete a lateralized correct re-
sponse. SED bars represent 1 standard error of the difference be-
tween the means.

these significantly affected performance in both the dis-
crimination tasks. In the same condition, there was a sig-
nificant effect of ITI [F(3,27) = 14.50, p < .01] and a
significant lesion X ITI interaction [F(3,27) = 4.15,p<
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.05]. In the opposite condition, there was a significant
effect of ITI [F(3,24) = 89.40, p < .01], but no inter-
action between lesion and ITI [F(3,24) = 1.38 < 1, n.s.].
Post hoc analysis revealed that while mPFC-lesioned rats
were slower than controls only in trials with no delay in
the same task (p < .05), in the opposite discrimination
mPFC-lesioned animals were faster than controls at all
ITIs (all comparisons, p < .01).

Since different sets of ITls were used in the two dis-
criminations, data from trials with no delay were reana-
lyzed separately. ANOVA revealed a significant effect of
task [F(1,17) = 6.52, p < .05] and a significant task X
lesion interaction [F(1,17) = 12.76, p < .01], suggesting
that the double dissociation of effect of mPFC lesions on
RT in the two tasks was not directly dependent on differ-
ences in the sets of ITIs employed.

Anticipatory responding, omissions, and center-
hole responses. While no difference in the number of
premature responses was observed between sham and le-
sioned rats in the same task [F(1,8) = 1.14, p > .05],
among the animals performing the opposite task, lesioned
rats made significantly more responses during the nose-
hold period than sham-operated rats [F(1,8) = 30.59,
p < .01]. No significant task X lesion [F(1,1) = 17.85,
p = .056] interaction was observed [data not shown;
same—sham 23 + 4 (preop. 25 £ 3), lesion 31 £ 5 (pre-
op. 14 + 1); opposite—sham 12 + 2 (pre-op. 14 £ 2), le-
sion 28 £ 3 (pre-op. 17 = 4)].

No significant effects of lesion or of day were found for
either the number of omissions (data not shown; same—
sham 2.3 £ 1.1, lesion 1.5 + 0.9; opposite—sham 0.5+ 0.3,
lesion 1.2 + 0.7) or the number of inappropriate center-hole
responses (data not shown; same—sham 5.0 + 1.3, lesion
6.0 &+ 1.6; opposite—sham 3.6 + 1.2, lesion 5.142.2).

Bias. An important aspect of the deficit of lesioned an-
imals in both the same and the opposite tasks was side
bias. In Figure 7 the average ratio of responses (correct +
incorrect) to the preferred side divided by the total num-
ber of responses to either side hole is reported. Compared
with controls, lesion subjects were similarly biased toward
one of the side holes in both tasks [F(1,9) = 7.66, p < .05
for the same and F(1,8) = 26.16, p < .01 for the opposite
task]. However, a day-by-day analysis of this measure for
each subject showed that bias developed within each ses-
sion, since none of the animals in either task preferred the
same side hole over all the 10 postoperative testing days.
In fact, in at least one (two or more in 4 out of the 5 le-
sioned subjects) of those 10 sessions, biased animals re-
versed their preference, making more responses in the
“nonpreferred” hole. In addition, 2 of the animals trained
in the same task and 1 of the animals trained in the oppo-
site task (not included in this analysis) received unilateral
mPFC lesion and did not show any bias. Thus, it is un-
likely that this form of side bias reflects asymmetry in the
bilateral lesions. Alternatively, it is possible that side bias
developed as a result of a tendency to perseverate in re-
sponding to a hole that had been rewarded earlier in the
session.
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Figure 5. Opposite condition. Effect of mPFC lesion on the la-
tency (A) to collect a food reward; (B) to initiate a trial with a
nosepoke in the central hole; and (C) to complete a lateralized
correct response. SED bars represent 1 standard error of the dif-
ference between the means.

Effects of Reducing the SD
Figure 8 shows the effect of reducing the SD on perfor-
mance of the same and the opposite tasks. This manipu-
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lation was effected in order to test whether the observed
double dissociation of RT following mPFC lesions was
related to differences in difficulty in these two paradigms.
It could be argued, in fact, that the speeded RT in the op-
posite task was merely due to increased task difficulty
and that if the same paradigm were made as difficult as
the opposite paradigm, mPFC lesions would result in faster
correct latencies also in this task. With the shorter SD,
discriminative accuracy was poorer in the same [F(1,9) =
8.20, p < .05] as well as the opposite [F(1,8) = 80.12,
p <.01] task, suggesting that this manipulation made per-
formance of both paradigms more difficult. In the same
task, choice accuracy dropped to 85.9 + 3% in the group
of control rats—that is, to a level similar to that of the
opposite rats before surgery (80.0 = 2%). In terms of RT,
there was no significant effect of SD in either the same
[F(1,9) < 1, n.s.] or the opposite [F(1,8) < 1, n.s.] task.
However, with the shorter SD, lesioned rats tended to be
slower to respond to the target in the same (38 £ 4 csec
with 0.5-sec SD, 41 + 4 csec with 0.25-sec SD) and faster
in the opposite task (33 + 2 csec with 0.5-sec SD, 31 +
2 csec with 0.25-sec SD), suggesting that, if anything, this
manipulation would heighten, rather than diminish the
double dissociation of the lesion effect on RT. An
ANOVA of the RT of same and opposite animals revealed
no significant effect of SD [F(1,17) < 1, n.s.] or task X
SD X lesion interaction [F(1,17) = 3.65, p > .05], but
did reveal a significant task X lesion interaction [F(1,17) =
12.48, p < .01], suggesting that manipulating difficulty
did not significantly alter the pattern of results of the
baseline postoperative testing.

DISCUSSION

Lesions of the rat mPFC resulted in a range of behav-
ioral impairments, including a deficit in discriminative ac-
curacy, a lengthening of the latency to initiate new trials,
and a relative speeding of correct RTs in the opposite con-
dition. These results extend previous findings of atten-
tional impairments after mPFC lesions (Muir et al., 1996)
and will be discussed in light of the hypothesis that a dis-
turbance of “executive” function contributed to the be-
havioral deficit observed. This term, which is borrowed
here from the human literature, indicates the set of pro-
cesses that serves to optimize performance when a long
sequence of behaviors needs to be organized over time or
when prepotent responses need to be overridden in order
to achieve a goal. .

Muir and colleagues (1996) showed that rats with bi-
lateral excitotoxic lesions of the mPFC are impaired in de-
tecting visual targets in a 5S-CSRTT. This task requires that
at the beginning of each trial rats push the magazine panel
located on the front wall of the apparatus and then turn
around to scan five locations of the rear wall in order to
detect the presentation of a brief flash of light. Although
attentional mechanisms are almost certainly involved in
performance of this task, it is not clear whether a major
contribution to the deficit could be from either an im-
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Figure 6. Double dissociation of the effect of mPFC lesion on
speed of responding. Lesioned animals were slower than controls
in the same condition, but faster in the opposite condition. SED
bars represent 1 standard error of the difference between the
means.

pairment in timing the interval between the panel push
and the presentation of the stimulus or a deficit in sched-
uling behavior during that time. In fact, evidence from
the literature suggests that lesion to areas of the frontal
cortex can result in deficits in temporal discrimination
(Olton et al., 1988), and theories of prefrontal cortex
function have emphasized its role in the temporal orga-
nization of behavior (Fuster, 1997). The present study em-
ployed a paradigm consisting of two distinct phases:
(1) disengaging from the food magazine placed on the
front wall of the box and nosepoke in the center hole placed
on the rear wall and (2) attending to the presentation of
the visual discriminanda from this fixed location. The la-
tency to initiate a trial with a nosepoke in the center hole
measures timing and the temporal organization of be-
havior, whereas discriminative accuracy and the latency
to respond correctly (RT) measure visual attention and

PASSETTI, HUMBY, EVERITT, AND ROBBINS

response selection. The results of the present experiment
suggest that timing problems can account for a propor-
tion of the behavioral deficits resulting from mPFC dam-
age. Thus, mPFC lesioned animals (only temporarily in
the same condition, but without recovery in the opposite
condition) took longer to initiate new trials with a nose-
poke in the center hole. However, when a condition was
imposed ensuring that visual stimuli would be presented
only when the rat’s head was directed toward the rear
wall (and thus when attention was presumably engaged
in the visual detection task), animals with mPFC lesions
were still impaired, as measured by reductions of choice
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dition. Graphs show the ratio between the number of responses
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accuracy. Thus, an important advance provided by the re-
sults of this study is that impairments in timing behavior
are insufficient to explain the attentional deficits of these
mPFC-lesioned rats. Visual attentional impairments and
dysfunctional timing behavior may either be independent
effects of mPFC lesion or may both be results of increased
distractibility.

The importance of response selection mechanisms as
a consequence of mPFC lesions is illustrated by the re-
sults from the opposite condition. It should be noted that
the opposite condition is not simply a more difficult ver-
sion of the same task, but a qualitatively different para-
digm. During preoperative training, animals performing
in the opposite discrimination had poorer choice accu-
racy and longer RT than those performing in the same
task. Given that identical SDs were employed in the two
procedures, it is presumed that such lengthening of the
RT reflected the involvement of additional planning in
performance of the opposite task. Thus, training in the
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same task enforced a natural tendency to approach visual
stimuli, but the opposite task required animals to inhibit
such a tendency and instead respond according to an ar-
bitrary rule. In human cognitive psychology, paradigms
involving “stimulus-incompatible” responses (e.g., in
Wallace, 1971, responding to a stimulus appearing on
the left by pressing a button with the right hand and vice
versa) have been extensively employed to study the time
costs of motor planning in RT procedures. In studies of
frontal lobe injury, paradigms such as the antisaccade task
have been used to investigate the role of the prefrontal
cortex in the inhibition of prepotent responses (Guitton,
Buchtel, & Douglas, 198S; Paus et al., 1991).

In the present study, the opposite condition assessed
the role of the rat mPFC in the selection of incompatible
responses. When the load on response selection mecha-
nisms was increased by reducing the stimulus-response
compatibility, mPFC-lesioned animals performed at
chance level. In addition, while in the same task mPFC
lesions slowed responding to the visual stimuli, opposite
mPFC-lesioned rats were faster than controls to make a
correct response. In fact, speed of responding of mPFC-
lesioned animals in the opposite condition was compa-
rable to preoperative RT responding in the same condi-
tion. Taken together, these results suggest qualitatively
different effects of mPFC lesions on performance of two
qualitatively different discrimination tasks. In the same
discrimination, which requires selection of highly com-
patible responses and therefore is a less controlled task,
the impairments determined by mPFC lesions were less
severe and could be compensated for at the cost of slower
RT. In addition, such deficits actually tended to recover
across the postoperative testing sessions. In the opposite
discrimination, which requires the inhibition of a prepo-
tent response, mPFC-lesioned animals were no longer
able to perform the task; their behavior was guided by
side bias or by their natural tendency to approach an il-
luminated hole rather than by the arbitrary rule imposed
by the task. It is unlikely that the dissociation of effects
of mPFC lesions on RT in the two conditions could simply
be due to the different “effort” required by these tasks. In
fact, when difficulty was specifically manipulated by re-
ducing the SD, RTs tended to increase in the same task
and decrease in the opposite task, suggesting that such a
manipulation only exacerbated the effects of the lesions.
Same and opposite paradigms employed different sets of
variable ITIs. However, it is unlikely that the use of two
different sets of variable ITIs could explain the different
effects of mPFC lesions on RT in the same and the oppo-
site discriminations. First, the preoperative data showed
that RTs were relatively well matched across tasks despite
the different sets of ITIs. Second, when the trials with no
delay (i.e., those in which preoperative performances most
differed across tasks) were selected for analysis, these
results did not change qualitatively.

Thus, the opposite condition showed that impaired re-
sponse selection is an important component of the defi-
cit resulting from mPFC lesions. Alternatively, given
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that such a condition required animals to respond to vi-
sual stimuli according to an arbitrary rule, it is also pos-
sible that these deficits resulted from a failure to hold
“on-line” the information required to guide responding.
The present data do not distinguish between these possi-
ble explanations. However, both are consistent with the
notion of mPFC involvement in executive aspects of at-
tentional functions.

In the opposite task, mPFC lesions also resulted in in-
creased anticipatory responding, which suggests a disrup-
tion of response inhibition. However, it is possible that this
increased number of premature responses reflected a gen-
eral impairment in the organization of behavior neces-
sary for performance of the task. This would also explain
why such a deficit became apparent only in the opposite
and not in the same, presumably more automatically per-
formed, discrimination. However, two factors prevent
the drawing of strong conclusions from these findings.
First, the preoperative matching for this measure of per-
formance was not satisfactory in the same discrimination
and may have masked the effects of the lesions in this
paradigm. Second, the use of different sets of variable ITIs
could account for the different effects in the two paradigms.

The behavioral tasks employed here have been previ-
ously used to study the effects of unilateral striatal DA
depletions (Brown & Robbins, 1989, 1991; Carli et al.,
1985; Carli et al., 1989; Ward & Brown, 1996) or unilat-
eral AGm lesions (Brown, Bowman, & Robbins, 1991).
These studies were mainly concerned with the sensory or
motor nature of the neglect produced by these unilateral
manipulations. In the present study, unilateral mPFC le-
sions (2 animals in the same condition, 1 in the opposite
condition) did not result in any significant ipsilateral side
bias, as measured by a tendency to respond to one side
more than the other or by a selective lengthening of the
RTs to either side. This finding suggests that the deficit
induced by mPFC lesions is of a different nature from that
induced by DA depletions or AGm lesions. This dissoci-
ation is in keeping with the notion that the former area
(including Zilles Cg3 and Cgl pre-genu) contains a ho-
mologue of the primate medial prefrontal cortex (Preuss,
1995), while AGm is functionally and anatomically
equivalent to primate secondary motor areas (see Brown
et al., 1991). Thus, it is possible that mPFC lesions af-
fected earlier stages of behavioral output, such as the
planning, rather than the initiation, of a motor response
to environmental stimuli. By contrast, bilaterally le-
sioned animals were biased to respond in one of the two
side holes. Three arguments allow us to reject the hypoth-
esis that these biases might have resulted from a unilat-
eral or an asymmetric lesion. First, a careful histological
quantification of the lesions showed no correspondence
between anatomical and behavioral asymmetries. Sec-
ond, none of the biased rats kept its preference for one of
the side holes for the whole of the postoperative testing.
Typically, lesioned rats shifted at least once over the
course of postsurgery testing from a bias for one side to
the bias for the opposite side, indicating that no anatom-
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ical basis is underlying such a fluctuating preference. Fi-
nally, as mentioned above (and in the Histology para-
graph of the Results section), unilateral mPFC lesions
inadvertently induced in 2 of the same animals and in
1 of the opposite animals did not result in any significant
side bias. These findings suggest that the type of side bias
observed after mPFC lesions represents a form of cogni-
tive rigidity analogous to the increased perseverative re-
sponses following mPFC lesion in the 5-CSRTT and in-
deed similar to that frequently reported in frontal patients
(Eslinger & Grattan, 1993) and nonhuman primates with
frontal lesions (Mishkin, 1964). However, we would like
to suggest that even such a failure of the inhibitory con-
trol of responding could not explain the precise pattern
of results observed. In fact, while lesioned animals were
similarly biased in both these experiments, rats per-
forming the same task were less affected by the lesion
than those performing the opposite task, in terms of ac-
curacy. Thus, it is likely that cognitive rigidity was the
consequence rather than the cause of the poor response
selection of mPFC-lesioned rats.

The behavioral effects observed seem unlikely to have
resulted from nonspecific brain insult or from motor/
motivational deficits. The present study used a lesion
method, which spares passing fibers and reduces sec-
ondary, mechanical damage to a minimum. In addition,
the ETs in both the same and the opposite tasks, were un-
affected by the lesion and in the opposite condition rats
were actually faster to respond correctly to the target.
Thus, the behavioral effects of mPFC lesions cannot be
explained in terms of gross motor or motivational defi-
cits or nonspecific brain insult.

In the tasks used in the present study (and in the 5-
CSRTT; see Muir et al., 1996), given the brevity of the
stimulus presentation, animals are required to respond in
the absence of the target stimulus. Thus, it is possible that
a failure to remember the location at which the stimulus
was presented could have resulted in a reduction of dis-
criminative accuracy. However, the RTs were shorter than
the SD (=30 csec in the same and =40 csec in the oppo-
site task). It seems reasonable to assume that rats were
already oriented toward one of the two holes when the
stimulus disappeared. In addition, a recent study did not
report any delay-dependent deficit of performance fol-
lowing mPFC aspirative lesions in a delayed matching-
to-position task (Dunnett, 1990). However, as previously
mentioned, the present data do not allow us to exclude
the possibility that holding “on-line” the information rel-
evant to the appropriate response selection was a crucial
element in performance of the opposite condition.

In conclusion, the results presented here provide fur-
ther evidence that the rat mPFC is functionally homolo-
gous to the medial prefrontal cortex of primates (Preuss,
1995) and has multiple cognitive functions, which include
executive aspects of attentional function. This interpre-
tation is consistent with executive dysfunctions observed
in patients with frontal lobe pathology (see, e.g., Shal-
lice, 1982) and particularly with the finding of a differ-
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ential impairment of central-gaze fixation in patients with
medial but not lateral frontal lobe lesions (Paus et al.,
1991). The present study has thus provided a compre-
hensive analysis of the nature of the deficits described by
Muir et al. (1996) and has substantiated the potential util-
ity of rodent models of frontal lobe pathology.
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