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Abstract

Ž .The present study tested the effects of electrolytic lesions in two mPFC subregions, the dorsal anterior cingulate area dACA and
Ž .prelimbic cortex, as well as the effects of a larger medial prefrontal cortex mPFC lesion which included both subregions, on 4-arm

Ž . Ž .baited, 4-arm unbaited, 8-arm radial maze task and its reversal Experiments 1 and 4 , two-way active avoidance Experiments 2 and 5
Ž .and conditioned emotional response Experiments 3 and 6 . Rats with large or small lesions of the mPFC learned the location of the 4

baited arms in the training and reversal stages of the radial maze task similarly to sham rats, indicating that these lesions did not affect
animals’ capacity to process and remember spatial information. dACA and mPFC lesions produced a transient deficit in the acquisition of
the radial maze task, suggestive of an involvement of these regions in mnemonic processes. However, in view of the normal performance
of these groups by the end of training and during reversal, this deficit is better interpreted as stemming from a difficulty to learn the
memory-based strategy used to solve the task. Only mPFC lesion led to better avoidance performance at the beginning of training and
tended to increase response during the presentation of a stimulus previously paired with shock, compared to sham rats. Both effects can
be taken as an indication of reduced emotionality following mPFC lesion. The results are discussed in relation to known behavioral
functions of the mPFC and the suggested functional specialization within this region. q 1997 Elsevier Science B.V.
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1. Introduction

Ž .The rat medial prefrontal cortex mPFC has connec-
tions with diverse brain regions involved in perceptual,
motor, cognitive, and autonomic-limbic functions
w x33,53,54,63,72 . This diversity is paralleled by multiplic-
ity of function ascribed to the mPFC. Thus, the mPFC has
been implicated in various cognitive functions, such as rule
learning and the ability to use and shift between behavioral

w x w x Žstrategies 2,10,36,75 , in working memory 17,36,68 al-
though less agreement exists with regard to this function;

w x. Ž w x.e.g. 60,76 , in spatial learning e.g. 37–39,64 , and in
emotional processes, particularly in the aversive domain
w x23,29–32,49,50,55 .

) Ž .Corresponding author. Fax: q972 3 640-7391; E-mail:
weiner@freud.tau.ac.il

The mPFC is a heterogeneous structure containing sev-
w xeral cytoarchitectonically distinct subregions 71 , which

include along its dorsoventral axis the agranular medial
Ž . Ž w x. Žcortex AGm or Fr2 of 79 which has been suggested

to include areas homologous to the primate premotor
cortex, supplementary motor area, and frontal eye field
w x.45,46,51,52,58,70 , dorsal anterior cingulate area
Ž . Ž . ŽdACA , prelimbic cortex PL , and infralimbic cortex the
latter is not considered by some writers to be part of the

w x. w xPFC, see 79 6,12,26,28,44,61,62,70 . These subregions
wdiffer in their pattern of connectivity 27,32,51–

x54,63,67,70,74 , thus implying functional distinction.
However, the establishment of structure–function relation-
ships for these subregions still lags behind the anatomical
refinement.

Most of the evidence used to ascribe different functions
to different mPFC subregions has several shortcomings:
Ž .1 Some structure–function relationships are based on

0006-8993r97r$17.00 q 1997 Elsevier Science B.V. All rights reserved.
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comparisons of partial and complete mPFC lesions, which
may confound selective involvement of the different subre-

w xgions and a ’mass action’. For example, Dunnett 17
Žreported that lesions of the pregenual shoulder area AGm

.and dACA result in a delay-specific deficit in the delayed
non-match to sample task, implicating these regions in
working memory, while larger lesions, including in addi-
tion the more ventral regions of the mPFC, result in a
non-delay-dependent deficit, suggesting that the more ven-
tral regions of the mPFC are involved in the acquisition of

Žthe more general aspects of the task see also
w x. Ž .19,34,64,68,78 . 2 Other conclusions are based on com-
parisons between different lesions in different experiments.

w xFor example, Brito et al.’s 3 conclusion that the PL
cortex, rather than the shoulder area, is the critical site for
spatial delayed alternation is not derived from a single

Ž .study comparing the two lesions. 3 Finally, even studies
using small mPFC lesions usually damage more than one

Ž w x w x.mPFC subdivision e.g. 8,9,19,35,76 , but see 47 .
The present experiments sought to compare the behav-

ioral functions of two mPFC subregions, dACA and PL.
Anatomically, these regions differ in several sets of con-
nections. The PL cortex has more extensive connections
with autonomic and limbic brain regions compared with

w xthe dACA 32,33,43,51,53,54,63,66,67,72 , while the
dACA has more extensive connections with second-order
association areas, posterior parietal cortex, and premotor

w xareas 26,41,42,63,70,74 . This pattern of connectivity sug-
gests that the PL might be more involved in the autonomic
and limbic functions ascribed to the mPFC, while the
dACA might be more involved in the cognitive functions
ascribed to the mPFC.

Behavioral results thus far give only partial support to
this suggestion. Thus, manipulations of the ventral mPFC
Ž . Ž .including PL but not the dorsal mPFC including dACA
result in alterations of autonomic responses, particularly

Ž w x.those evoked by stress e.g. 29–32,41,51,54 , although
both regions appear to play a role in unconditioned and

w xconditioned fear or anxiety 23,47,49,50 . There is a con-
troversy with regard to the involvement of the shoulder
area and PL cortex in the acquisition of spatial-delayed-al-
ternation, a task involving both rule learning and working
memory, and in which both regions have been implicated
Ž w x w x.shoulder area: 8,18,56 ; PL: 3,4,24,68 . Some studies
which assessed working memory in operant chambers
suggested that the shoulder area might be more involved in
the working memory component of the task, while the PL
cortex might be more involved in the more general aspects

w xof the task 17,58,73 , but others concluded that the shoul-
der area is involved in the acquisition of skill- and rule-

w xbased behavior 77 . In addition, lesions of the ventral and
Ž .dorsal mPFC including PL and dACA, respectively were

w xfound to induce similar effects on behavioral flexibility 9 .
The present study tested the effects of electrolytic le-

sions in two mPFC subregions, the dACA and PL, on
4-arm baited, 4-arm unbaited, 8-arm radial maze task and

Ž .its reversal Experiment 1 , two-way active avoidance
Ž . ŽExperiment 2 and conditioned emotional response CER;

.Experiment 3 , as well as the effects of a larger mPFC
lesion, which included both subregions, on these tasks
Ž .Experiments 4, 5, and 6, respectively . We have chosen
the avoidance and CER tasks to test the involvement of the

w xmPFC and its subregions in emotional processes 7,15,25 ,
and the radial maze task to test their involvement in
working and reference memory. We added a reversal stage
to the radial maze task in order to obtain a better assess-
ment of reference memory, since a rat with an impaired
reference memory should be less affected by reversal.

2. Materials and methods

2.1. Subjects

ŽMale Wistar rats Tel-Aviv University Medical School,
.Israel approximately 4 months old, weighing 300–420 g,

Žwere housed in pairs under reversed cycle lighting lights
.on 1900–0700 . Animals were maintained on ad lib food

and water except for a week prior to and during the radial
Ž .maze and CER tasks see below .

2.2. Surgery

Rats were anesthetized with an i.p. injection of Equi-
Ž .thesin 3.0 mlrkg . They were placed in a stereotaxic

frame and an incision was made into the scalp to expose
the skull. The vertical coordinates of bregma and lambda

Žwere measured in order to align them in the same level
.head plane. A small square of bone was removed starting

approximately 1.5 mm anterior to bregma and extending
rostrally about 3 mm. Bilateral electrolytic lesions were
made by passing a 0.5-mA, 5-s current via a 0.3-mm
electrode, insulated except for the tip. A constant current
DC source was used. Each dACA animal was exposed to
two anterior and two posterior lesions bilaterally. The
coordinates were: anterior: 3.7 mm anterior to bregma, 0.8
mm lateral to the midline, and 1.5 mm ventral to dura;
posterior: 2.7 mm anterior to bregma, 0.8 mm lateral to the

w xmidline, and 1.8 mm ventral to dura 59 . Each PL animal
was exposed to two anterior and two posterior lesions
bilaterally. The coordinates were: anterior: 3.7 mm anterior
to bregma, 0.8 mm lateral to the midline, and 2.7 mm
ventral to dura; posterior: 2.7 mm anterior to bregma, 0.8

w xmm lateral to the midline, and 3.1 mm ventral to dura 59 .
Each mPFC animal was exposed to four anterior and four
posterior lesions bilaterally. The coordinates were: ante-
rior: 3.7 mm anterior to bregma, 0.8 mm lateral to the
midline, and 1.5 and 2.7 mm ventral to dura; posterior: 2.7
mm anterior to bregma, 0.8 mm lateral to the midline, and

w x Ž1.8 and 3.1 mm ventral to dura 59 . Control sham-oper-
.ated animals underwent the same surgical procedure but

without the insertion of the electrodes. Sterispon was used
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to cover the hole in the bone, the scalp incisions were
sutured by Michel clips, and Sulphonamide powder was
sprinkled on the wound.

2.3. Apparatus

2.3.1. Radial arm maze task
The radial eight-arm maze was constructed of unpainted

wood. The octagonal center platform was 31 cm in diame-
ter, and each arm, which radiated from a side of the
octagon, was 76 cm long and 12 cm wide. A 1.5-cm high
wooden rim extended the length of each arm. The maze
was elevated 50 cm off the floor. Holes, 3 cm in diameter
and 0.6 cm deep, drilled 1 cm from the end of each arm,
served as food wells. A round opaque box, 26 cm high and
28 cm in diameter, was used to cover the animal at the
start of each trial. The maze was situated in a well-lit room
that contained several prominent extra-maze cues, includ-
ing a table, chairs, shelves, pictures, and an experimenter.
These cues always remained in the same position with
respect to the maze.

2.3.2. Two-way actiÕe aÕoidance
The apparatus consisted of four Campden Instruments

shuttle boxes, each set in a ventilated sound-attenuated
Ž .Campden Instruments chest Model 412 . The barrier be-

tween the two compartments of the box consisted of an
Žaluminum wall with a central inverted U-shaped gate 12

.cm high, 10 cm wide . The conditioned stimulus was a
10-s light flashing in bursts of 1.3 Hz. Shock was supplied
to the grid floor by a Campden Instruments scrambled

Ž .shock generator Model 521C set at 1 mA intensity.
Equipment programming and data recording were com-
puter controlled.

2.3.3. Conditioned emotional response
The apparatus consisted of four Campden Instruments

Ž .rodent test chambers Model 410 , each set in a ventilated
Ž .sound-attenuated Campden Instruments chest Model 412 .

A drinking bottle could be inserted into the chamber
through a 0.5-cm diameter hole which was at the center of
the left wall of the chamber, 2.5 cm above the grid floor.
When the bottle was not present, the hole was covered
with a metal lid. Licks were detected by a Campden

Ž .Instruments drinkometer circuit Model 453 . The condi-
Ž .tioned stimulus CS was a 10-s, 2.8-kHz, 80 dB, tone

Ž .produced by a Sonalert module Model SC 628 . Shock
was supplied by a Campden Instruments shock generator
Ž .Model 521rS set at 0.5 mA, 1 s duration. Equipment
programming and data recording were computer con-
trolled.

2.4. Procedure

2.4.1. Radial arm maze task
Prior to the beginning of the experiment, animals were

handled for about 2 min daily for 7 days. Food restriction

schedule was initiated simultaneously with handling. Ani-
mals were fed approximately one and a half hours per day
until their body weights were reduced to 85%. This weight
level was maintained throughout the experiment. Animals
were weighed twice during the first week of food depriva-
tion and every week during the behavioral testing. Water
was freely available.

2.4.1.1. Adaptation to reward. On the three days preceding
Žpretraining, rats were adapted to 45 mg food pellets Noyes,

.England in their home cages.

2.4.1.2. Pretraining. On each of 3 days, rats were trained
to run on an elevated arm, using a T-maze in a different
room. Each rat was individually placed at the stem of the
maze and given 10 min to run and collect the food
reinforcement from the wells at the end of both arms. The
experimenter ensured that each rat consumed the food
pellets.

2.4.1.3. Radial arm maze training. During training, four
arms were baited and four arms were unbaited. For each
rat, the 4 baited arms were randomly chosen with the
restriction that no more than two arms were adjacent. The
location of the baited arms with respect to extramaze cues
did not vary. Each rat was given 1 trial a day for 6 days a
week. On each trial, the food wells of the four baited arms
were baited with four food pellets each. The rat was placed
in the center of the maze and covered with an opaque
round box that was lifted after a few seconds. This was
done in order to ensure a random initial orientation of the
rat and to enable the experimenter to return to his seat. The
rat remained on the maze until all 4 rewards had been
consumed or until 10 min had elapsed, whichever came
first. The order of arm choices was recorded. An entry was
recorded only if the rat reached the last quarter of the arm.
Training continued for 24 days in Experiment 1 and 36
days in Experiment 4.

2.4.1.4. ReÕersal. On the following day, reversal training
began and continued for 27 days in Experiment 1 and 15
days in Experiment 4. The procedure was identical to that
of initial training, but for each rat the previously baited
arms were now unbaited and the previously unbaited arms
were now baited.

The number of errors made by each rat during training
and reversal was classified into reference-memory errors
Ž . Ž .RME , working-memory errors WME , and working-ref-

Ž . Ž w x.erence-memory errors W-RME see 57 . RME consists
of the first entry into an unbaited arm; WME consists of
entry into arms that had been previously baited, but which
had already been visited on that trial; and W-RME consists
of reentry into already visited unbaited arms. The data of
acquisition and reversal were analyzed using one way
ANOVAs with a main factor of lesion and a repeated
measurements factor of 3-day blocks, for each error type
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and for the total number of errors. The effects of reversal
were analyzed using one-way ANOVAs comparing the
number of errors in the last 3 trials prior to reversal with
the first 3 trials after the reversal for each type of error.

2.4.2. Two-way actiÕe aÕoidance

2.4.2.1. ActiÕity. Each animal was placed in the shuttle box
with the house light on for 60 min. The number of
crossings between the two compartments of the shuttle box
was recorded in blocks of 5 min. The data were analyzed
using one-way ANOVA with a main factor of lesion and a
repeated measurements factor of 5-min blocks.

2.4.2.2. AÕoidance. On the next day, each animal was
placed in the shuttle box with the house light on and
received 100 avoidance trials, presented on a variable
interval 60-s schedule ranging from 10 to 110 s. Each
avoidance trial began with a 10-s flashing light followed
by a 5-s shock, the flashing light remaining on with the
shock. If the animal crossed the barrier to the opposite
compartment during the 10-s flashing light, the stimulus

Žwas terminated and no shock was delivered avoidance
.response . A crossing response during shock terminated

Ž .the flashing light and the shock escape response . If the
animal failed to cross during the entire light-shock trial,
the light and the shock terminated after 15 s. The number
of avoidance responses was recorded. The data were ana-
lyzed using one-way ANOVA with a main factor of lesion
and a repeated measurements factor of 10-trial blocks.

2.4.3. Conditioned emotional response
Prior to the beginning of the experiment, animals were

handled for about 2 min daily for 6 days. A 23-h water
restriction schedule was initiated simultaneously with han-
dling. Animals were allowed to drink for 1 h between 2
and 4 p.m.

On each of the following 5 days, each subject was
placed into the experimental chamber and allowed to drink
for 15 min. On day 6, with the water bottle removed, each
animal was put into the experimental chamber, and given
five tone-shock pairings 5 min apart, with the shock
immediately following tone termination. The first pairing
was given 5 min after the start of the session. After the last
pairing, animals were left in the experimental chamber for
an additional 5 min.

On day 7, animals were retrained to drink in the
experimental chamber. On day 8, each rat was placed in
the chamber and allowed to drink from the bottle. When
the rat completed 75 licks, the tone was presented, and
lasted 5 min. The number of licks during tone presentation
was recorded in 30-s blocks. The data were analyzed using
one-way ANOVA with a main factor of lesion and a
repeated measurements factor of 30-s blocks.

2.5. Histology

After the completion of behavioral testing, rats were
anesthetized with an overdose of nembutal and perfused
intracardially with physiological saline, followed by 10%
formalin. Their brains were removed from the skulls and
stored in 20% formalin–10% sucrose solution before being
sectioned in the coronal plane at 80 microns thickness.
Every second section was mounted and stained with thionin
blue for histological examination. Verification of place-

w xments used the atlas of Paxinos and Watson 59 .

2.6. Experimental design

2.6.1. Experiment 1: The effects of dACA and PL lesions
on 4-arm baited, 4-arm unbaited, 8-arm radial maze

Ž .Thirty-six rats 12 dACA, 12 PL, and 12 sham were
Ž .used. Three rats 2 sham and 1 dACA were excluded from

the experiment during training because they did not enter
Žany arm for 10 min for at least 5 days, and three rats 2

.sham and 1 PL fell ill during the experiment. Data of two
Ž .rats 1 dACA and 1 PL were discarded from statistical

analysis after histological confirmation of the lesioned
sites. The final analysis included 28 rats, 10 dACA, 10 PL,
and 8 sham.

2.6.2. Experiment 2: The effects of dACA and PL lesions
on two-way actiÕe aÕoidance

Ž .Thirty-one rats 11 dACA, 10 PL, and 10 sham which
Žparticipated in Experiment 1 including the three that were

.excluded because of insufficient behavioral performance
were used. Testing began 14 days after the termination of
the radial maze procedure.

2.6.3. Experiment 3: The effects of dACA and PL lesions
on conditioned emotional response

Ž .Twenty-four rats 8 dACA, 8 PL, and 8 sham were
used. Data of 2 dACA animals were lost due to apparatus
failure. The final analysis included 22 rats, 6 dACA, 8 PL,
and 8 sham.

2.6.4. Experiment 4: The effects of mPFC lesion on 4-arm
baited, 4-arm unbaited, 8-arm radial maze

Ž .Twenty-four rats 12 mPFC and 12 sham , from a larger
Ž .batch of 48 rats operated 24 mPFC and 24 sham were

Ž .used. The other half 12 mPFC and 12 sham participated
in a delayed-non-match-to-sample task in a Skinner box
Ž . Ž .reported elsewhere . Three rats 1 mPFC and 2 sham
were excluded from the experiment during training be-
cause they did not enter any arm for 10 min for at least 5
days, and two sham rats fell ill during the experiment.
Data of two mPFC rats were discarded from statistical
analysis after histological confirmation of the lesioned
sites. The final analysis included 17 rats, 9 mPFC and 8
sham-operated.
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2.6.5. Experiment 5: The effects of mPFC lesion on two-
way aÕoidance

Ž .Thirty-two rats, 16 8 shams and 8 mPFC which
Žparticipated in Experiment 4, and 16 8 shams and 8

.mPFC which participated in a delayed-non-match-to-sam-
Ž .ple task in a Skinner box reported elsewhere were used.

Testing began 14 days after the termination of the radial
maze or Skinner box procedures.

2.6.6. Experiment 6: The effects of mPFC lesion on condi-
tioned emotional response

Ž .Twenty-eight rats 14 mPFC and 14 sham were used.
Ž .Data of three animals 2 mPFC and 1 sham were lost due

to apparatus failure. Data of one mPFC rat were discarded
from statistical analysis after histological confirmation of

the lesioned sites. The final analysis included 24 rats, 11
mPFC and 13 sham-operated.

3. Results

3.1. Experiment 1

3.1.1. Anatomical
Representative reconstruction of the dACA and PL

lesions is presented in Plate 1, columns A and B, respec-
tively. The dACA lesions obtained were triangular in
cross-section and elongated in the anteroposterior axis. In
most animals the lesion extended A–P 4.2–2.2 mm ante-
rior to bregma. Restricted damage to the most dorsal

Ž . Ž .Plate 1. Reconstructions of dACA column A, Experiments 1, 2 and 3 and PL column B, Experiments 1, 2 and 3 lesions in successive brain sections
w x Ž . Ž .taken from the atlas of Paxinos and Watson 59 , representing the minimal black and the maximal hatched extent of the damage in common for all rats

in the group.



( )D. Joel et al.rBrain Research 765 1997 37–5042

Ž .aspect of Cg3 PL and the most medial aspect of Fr2
Ž .AGm was detected in most of the rats. The PL lesions
obtained were circular in cross-section and elongated in
the anteroposterior axis. The lesions extended A–P 4.2–2.2
mm anterior to bregma, in most rats. Restricted damage to
the ventral aspect of dACA was detected in some of the
animals. One dACA and one PL animal were excluded
because of very short anteroposterior extent of the lesion.

3.1.2. BehaÕioral

3.1.2.1. Initial training. The number of RME, WME,
W-RME, and total errors of the dACA, PL and sham
groups, in 3-day blocks, is depicted on the left side of Fig.
1A–D, respectively. As can be seen, performance of the
three groups in terms of RME, W-RME, and total errors,
improved similarly with training. Analysis of each of the
three types of error yielded only significant effects of

Žblocks and of the linear trend of this factor all P values
.-0.0001 . It can also be seen in Fig. 1B that performance

in terms of WME improved similarly with training in the
sham and PL rats, whereas the dACA rats exhibited a
different pattern of errors, which was due to an increase in
the number of WMEs in the first three blocks. Analysis of
the number of WME yielded significant effects of blocks
Ž Ž . .F 7,175 s10.48, P-0.0001 and of the linear trend of

Ž Ž . .this factor F 1,25 s41.20, P-0.0001 , as well as a
significant quadratic trend of the Blocks x Lesion interac-

Ž Ž . .tion F 2,25 s3.71, P-0.05 .

3.1.2.2. ReÕersal. The number of RME, WME, W-RME,
and total errors of the dACA, PL and sham groups in
3-day blocks is depicted on the right side of Fig. 1A–D,
respectively. As can be seen, following reversal, all three
groups showed a marked increase in the number of RME,
W-RME and total errors, and a less pronounced increase in

Ž . Ž . Ž . Ž .Fig. 1. The number of A reference memory errors, B working memory errors, C working-reference memory errors, and D total number of errors, in
Ž . Ž .3-day blocks, of dACA, PL and sham-operated rats in the radial arm maze, during initial training left side and following reversal right side .
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WME. This was supported by one-way ANOVAs compar-
ing the number of errors in the last 3 trials prior to reversal
with the first 3 trials after the reversal for each type of
error, which yielded a significant effect of reversal for

Ž Ž .RME, WME, W-RME, and total errors F 1,25 s619.26,
Ž . Ž .P-0.0001, F 1,25 s6.79, P-0.05, F 1,25 s53.19,

Ž .P-0.0001, and F 1,25 s121.44, P-0.0001, respec-
.tively . Lesion=Reversal interactions were not significant

indicating that the effect of reversal was similar for the
three groups.

In addition, it can be seen in Fig. 1A–D, right side, that
all the groups reduced the number of RME, WME, W-RME
and total errors as reversal progressed, and reached a
similar level of performance by the end of training. Analy-
ses of the number of WME, W-RME and total errors

Žyielded only significant effects of blocks all P values
.-0.0001 , as well as linear and quadratic trends of this

Ž .factor all P-0.05 . Analysis of the number of RME
yielded, in addition to significant effect of blocks
Ž Ž . .F 8,200 s70.81, P-0.0001 , and of the linear and

Ž Ž .cubic trends of this factor F 1,25 s425.82, P-0.0001,
Ž . .F 1,25 s4.53, P-0.05, respectively , a significant ef-

Ž Ž . .fect of lesion F 2,25 s4.50, P-0.05 , and a significant
Ž Ž . .Blocks=Lesion interaction F 16,200 s2.18, P-0.01

Ž Ž .and the linear trend of this interaction F 2,25 s5.75,
.P-0.01 . As can be seen in Fig. 1A, right side, these

outcomes reflected higher number of RME in the sham
group on the 5th and 6th blocks of reversal training.

3.2. Experiment 2

3.2.1. Anatomical
Same as Experiment 1.

3.2.2. BehaÕioral
Fig. 2A presents the mean number of crossings in 5-min

blocks of the dACA, PL and sham rats. As can be seen, the
three groups reduced their activity during the session, as

Ž Ž .reflected in significant effects of blocks F 11,308 s
.53.23, P-0.0001 and of the linear, quadratic and cubic
Ž .trends of this factor all P-0.001 .

Fig. 2B presents the mean number of avoidance re-
sponses in 10-trial blocks of the dACA, PL and sham rats.
As can be seen, the three groups improved similarly with
training and reached similar levels of avoidance by the end

Žof training although dACA rats tended to show less
.avoidance responses than PL and sham rats at this stage .

Analysis of the data yielded only significant effects of
Ž Ž . .blocks F 9,252 s25.76, P-0.0001 and the linear and

Ž Ž .quadratic trends of this factor F 1,28 s116.98, P-

Ž . .0.0001, F 1,28 s16.51, P-0.001, respectively .

3.3. Experiment 3

3.3.1. Anatomical
The lesions were identical to those obtained in Experi-

ment 1.

Fig. 2. A: mean number of crossings in 5-min blocks of the dACA, PL
and sham-operated rats. B: mean number of avoidance responses in
10-trial blocks of the dACA, PL and sham-operated rats.

3.3.2. BehaÕioral
Fig. 3A presents the number of licks made during tone

presentation, in 10 blocks of 30 s, of the dACA, PL, and
sham rats. Although the two lesioned groups tended to
drink more on most blocks, analysis of the data yielded
only significant effects of blocks and the quadratic trend of

Ž Ž . Ž .this factor F 9,171 s4.15, P-0.0001 and F 1,19 s
.18.40, P-0.001, respectively .

3.4. Experiment 4

3.4.1. Anatomical
Representative reconstruction of the mPFC lesions is

presented in Plate 2. The lesions obtained were rectangular
in cross-section and elongated in the anteroposterior axis.



( )D. Joel et al.rBrain Research 765 1997 37–5044

Fig. 3. Mean number of licks made during tone presentation, in 30-s
Ž .blocks, of the dACA, PL, and sham-operated rats A, Experiment 3 and

Ž .of the mPFC and sham-operated rats B, Experiment 6 .

The lesions extended A–P 4.2–2.2 mm anterior to bregma
in most rats. Restricted damage to the most medial aspect

Ž .of Fr2 AGm was detected in most of the animals. One
animal was excluded because of very short anteroposterior
extent of the lesion. One animal was excluded because the
damage to dACA was minimal.

3.4.2. BehaÕioral

3.4.2.1. Initial training. The number of RME, WME,
W-RME, and total errors of the mPFC and sham groups, in
3-day blocks, is depicted on the left side of Fig. 4A–D,
respectively. As can be seen, the performance of both
groups on RME and W-RME improved similarly with

Žtraining although the mPFC rats tended to improve at a
.somewhat slower rate on RME . Analyses of the number

of RME and W-RME yielded only significant effects of
blocks and of the linear and quadratic trends of this factor
Ž .all P-0.0001 . In additon, the analysis of W-RME

Ž Ž .yielded a significant Lesion=Blocks interaction F 1,15

.s2.01, P-0.05 , which reflects poorer performance of
sham rats on the third block of training.

Analysis of the number of WME and total errors yielded
significant effects of blocks and of the linear and quadratic

Ž .trends of this factor all P-0.01 . In addition, it can be
seen in Fig. 4B and D that mPFC rats made more WMEs
and total errors compared to sham rats on most blocks.
This was supported for WME by the main effect of lesion

Ž . .which approached significance F 1,15 s3.51, Ps0.08 ,
and for total errors, by a significant Lesion x Blocks

Ž Ž . .interaction F 11,165 s2.36, P-0.01 .

3.4.2.2. ReÕersal. The number of RME, WME, W-RME,
and total errors of the mPFC and sham groups in 3-day
blocks is depicted on the right side of Fig. 4A–D, respec-

Ž .Plate 2. Reconstructions of mPFC Experiments 4, 5 and 6 lesions in
successive brain sections taken from the atlas of Paxinos and Watson
w x Ž . Ž .59 , representing the minimal black and the maximal hatched extent
of the damage in common for all rats in the group.
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tively. As can be seen, both groups showed a substantial
increase in the number of RME, W-RME, and total errors,
but not in WME following reversal. This was supported by
one-way ANOVAs comparing the last 3 trials prior to
reversal with the first 3 trials after the reversal for each
type of error, which yielded significant effects of reversal

Ž Ž .for RME, W-RME and total errors F 1,15 s131.22,
Ž . Ž .P-0.0001, F 1,15 s47.98, P-0.0001, and F 1,15 s

.105.14, P-0.0001, respectively . However, Lesion=

Reversal interactions were not significant, indicating that
the effect of reversal was similar for both groups.

It can be seen in Fig. 4A–D, right side, that as reversal
progressed, both groups reduced the number of RME,
WME, W-RME and total errors and reached a similar level
of performance by the end of reversal training. This was

Ž .supported by significant block effects all P-0.05 , as
Ž .well as the linear trend all P-0.01 , obtained in the

analyses of each error type, and no Lesion=Blocks inter-
actions.

3.5. Experiment 5

3.5.1. Anatomical
Same as Experiment 4.

3.5.2. BehaÕioral
Fig. 5A presents the mean number of crossings in 5-min

blocks of the sham and mPFC rats. As can be seen,
activity was reduced in both groups during the session, and
reached a similar level at the end. However, mPFC rats
were less active than sham rats at the begining of the
session. This was supported by significant effects of lesion

Ž Ž . Ž .and blocks F 1,30 s5.76, P-0.05, F 11,330 s18.77,
.P-0.0001, respectively , and of the linear and cubic

Ž Ž . Ž .trends of blocks F 1,30 s73.69, P-0.0001, F 1,30 s
.7.80, P-0.01, respectively , as well as by significant

Blocks x Lesion interaction and the linear trend of this
Ž Ž . Ž .interaction F 11,330 s18.77, P-0.0001, F 1,30 s

.4.81, P-0.05, respectively .

Ž . Ž . Ž . Ž .Fig. 4. The number of A reference memory errors, B working memory errors, C working-reference memory errors, and D total number of errors, in
Ž . Ž .3-day blocks of mPFC and sham-operated rats in the radial arm maze, during initial training left side and following reversal right side .
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Fig. 5. A: mean number of crossings in 5-min blocks of the mPFC and
sham-operated rats. B: mean number of avoidance responses in 10-trial
blocks of the mPFC and sham-operated rats.

Fig. 5B presents the mean number of avoidance re-
sponses in 10 trial blocks of sham and mPFC rats. As can
be seen, both groups improved with training, but mPFC
animals made more avoidance responses than sham con-
trols at the beginning of training, whereas this was re-
versed by the end of training. These outcomes were sup-

Ž Ž .ported by significant effects of blocks F 9,270 s29.63,
. Ž Ž .P-0.0001 and of the linear trend of this factor F 1,30

.s99.70, P-0.0001 , as well as by significant Blocks=

Lesion interaction and the linear trend of this interaction
Ž Ž . Ž .F 9,270 s2.50, P-0.01, F 1,30 s5.93, P-0.05, re-

.spectively .

3.6. Experiment 6

3.6.1. Anatomical
The lesions were identical to those obtained in Experi-

ment 4. One animal was excluded because the damage to
dACA was minimal.

3.6.2. BehaÕioral
Fig. 3B presents the number of licks during tone pre-

sentation in 30-s blocks of the mPFC and sham rats.
Analysis of the data yielded significant effects of blocks

Ž Ž .and the quadratic trend of this factor F 9,180 s4.38,
Ž . .P-0.0001 and F 1,20 s11.19, P-0.01, respectively ,

Ž Ž .and a lesion effect which approached significance F 1,20
.s3.88, P-0.1 . As can be seen in Fig. 3B, mPFC rats

drank more throughout the presentation of the tone.

4. Discussion

Rats with large or small lesions of the mPFC learned
the location of the 4 baited arms in the radial maze task
similarly to sham rats, as reflected in similar acquisition
curves of the RME and W-RME. dACA and mPFC lesions
slowed down the acquisition of the 4-arm baited, 8-arm
radial maze task, as a result of a slower rate of reduction in
WME. However, impaired performance of the dACA and
mPFC rats on the working memory component of the task
was evident at the initial stages of training, whereas by the
end of training the lesioned groups reached control level of
performance. In addition, all the groups performed simi-
larly following the reversal of the baited arms’ location.
The results obtained here in the acquisition phase contrast

w xwith those of Kolb et al. 37,38 , who found that mPFC
lesioned rats exhibited impaired reference- but not work-
ing-memory in a 4-arm baited, 8-arm radial maze task. It
should be noted, however, that while in their earlier study
w x37 , mPFC rats were found to exhibit more entries to

w xunbaited arms throughout training, in the later study 38 ,
this pattern was evident only on the first training day.
Inspection of the representative lesions in these studies
suggests that although in both studies AGm, dACA, and
PL cortices were damaged, the lesions in the earlier study
extended more caudally than those in the later study,
which in turn were similar on the anteroposterior axis to
the lesions in the present study. Thus, the different error
pattern observed in the former compared with the two
latter studies may stem, at least partly, from the difference
in the caudal extent of the lesions. Interestingly, Silva et al.
w x64 tested mPFC rats in an 8-arm radial maze with all 8
arms baited, and found that lesions that extended more
posteriorly resulted in impaired performance, whereas more
restricted lesions, which were more similar to those used in

w xthe study by Kolb et al. 38 , did not.
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The similar RME and W-RME curves of the sham and
lesioned groups in both acquisition and reversal obtained
in the present study suggest that lesions of dACA andror
PL do not affect animals’ capacity to process and remem-
ber spatial information. Although reduction of entries to

Ž .unbaited arms reduction in RME and W-RME can be
Žachieved by adopting an appropriate response strategy i.e.,

a strategy that ensures one entry to each arm, baited or
.unbaited rather than a memory-based strategy, the behav-

ior of the rats following reversal indicated that their mem-
ory for the location of the baited arms was intact. Indeed,
memory for the location of the baited arms was a strong
determinant of the rats’ behavior, as reflected in the consis-
tency with which they visited all the previously baited

Ž .arms RME on the initial trials following reversal, as well
as in their tendency to re-enter these arms on the same trial
Ž .W-RME .

Likewise, the results do not support an existence of
working memory deficit, because by the end of training
mPFC and dACA rats reached sham’s level of perfor-
mance on the working memory component of the task, and
the groups did not differ on this component following
reversal. This, taken together with their normal perfor-
mance on the reference memory component of the task,
suggests that lesioned animals solved the task using a
memory-based strategy. The slower rate of improvement
of WME could stem from a difficulty of the dACA and
mPFC rats to learn the memory-based strategy used to
solve the task.

Other studies examining the behavior of rats with mPFC
lesion in tasks requiring the processing of spatial informa-
tion also concluded that mPFC lesions did not impair rats’

Ž w x.ability to use spatial information e.g. 1,9,24,42,60 , but
rather impaired their ability to learn the general rule for
solving the task. Thus, mPFC rats were able to learn the
location of the goal box in a Maier’s 3-table Y-maze when
it was fixed, but not when its location was changed on

w x w xevery trial 60 . Similarly, de Bruin et al. 9 found that
partial or complete mPFC lesions had no effects on the
processing of spatial information in the water maze, but
did retard the rats’ ability to change from one behavioral
strategy to another.

With regard to mPFC involvement in working memory,
existing results are controversial. Most of the studies test-
ing the effects of mPFC lesions on working memory used
delay-type tasks. Although results from these tasks are
consistent in demonstrating impaired performance of mPFC
rats, they are inconsistent regarding the dependence of the

w xdeficit on the delay 17,36,56,68,76,77 , which is required
for a strict interpretation of a selective working memory
impairment that can be separated from confounding
lesion-induced alterations in learning capacity, motiva-

w xtional state, etc. 16,69 . Several studies that tested mPFC
rats’ performance as a function of delay, found impaired

w xperformance which was not delay-dependent 8,56,76 ,
suggesting that mPFC rats may have a deficit in non-

mnemonic aspects of these tasks, such as rule learning. In
other types of tasks testing working memory, such as the
radial arm maze and the Maier’s three-table reasoning task,

w xno deficits in working memory have been reported 36,60 .
w xIn a recent study 34 we found that introduction of

delays after training on a Non-Match-To-Sample rule re-
sulted in impaired performance of mPFC rats at all delays.
However, the impairment could not be attributed to im-

Ž .paired working memory since 1 although mPFC rats
showed decreased accuracy of performance after the intro-
duction of each delay, this disappeared with training, and
Ž .2 although mPFC rats performed less accurately than
sham rats by the end of training, this difference was not
delay-dependent and was evident even on the no-delay
trials. Rather, our results indicated that mPFC rats had
difficulties in changing their strategy according to the
changed task demands.

In light of the numerous reports of impaired reversal
learning following mPFC lesions, the absence of such
impairment in the reversal stage of the radial maze task
may seem surprising. However, an important distinction
should be made between reversal of a specific solution
Ž .e.g. reversing the location of the baited arms and reversal

Žof a general rule e.g. changing the strategy needed to
.solve a task . The latter is impaired in frontal patients, as

seen in their pattern of errors in the Wisconsin Card
Ž w x.Sorting Test e.g. 40,48 . Different lines of evidence

suggest that the same may also be the case for mPFC rats.
Thus, there are several studies reporting that mPFC lesions
impair acquisition of a reversal learning set but do not

Ž w x.impair reversal learning e.g. 1,36,55 . Similarly, de Bruin
w xet al. 9 found that mPFC rats were impaired when the

strategy required for successful solution was changed but
Žnot when the location of the platform was changed i.e.,

.reversal of a specific solution . Recently we have found
w x34 that mPFC lesions identical to those used here, re-
tarded a reversal from a Non-Match-To-Sample rule to a
Match-To-Sample rule.

Ž .mPFC lesions tended to increase responding licking
during the presentation of a stimulus previously paired
with shock compared to sham rats. Such reduced condi-
tioned emotional response can be taken as an indication of
reduced emotionality, as is reliably produced in this test by

w xanxiolytic compounds 7 . Although the mPFC is consid-
Žered to play a major role in emotional behavior e.g.

w x.23,29–31,49,50,55 , the nature of mPFC involvement has
w xremained a matter of debate. Thus, increased 29–31,50 ,

w x w xdecreased 22,47 , and unchanged 11,29–31 emotionality
following mPFC lesions have been reported. These incon-
sistencies are most probably due to the diverse procedures
used to measure emotionality as well as to differences in
lesion location and method. With regard to CER, Morgan
and LeDoux, using freezing as an index for conditioned
fear, reported that dorsal mPFC lesions resulted in in-
creased fear conditioning as well as in increased resistance

w xto extinction of conditioned fear 50 , while ventral mPFC



( )D. Joel et al.rBrain Research 765 1997 37–5048

lesions resulted in increased resistance to extinction of
w xconditioned fear only 49 . In contrast, mPFC lesions were

w xfound to reduce freezing 22 , and autonomic responses
Ž w x.sympathetic outflow and heart rate variability 23 to a
conditioned emotional stimulus. Likewise, using lever-

w xpressing for food, Broersen et al. 5 found decreased CER
after manipulation of the dopaminergic transmission of the
mPFC.

Reduced emotionality following mPFC lesion may also
account for the finding that this lesion led to better avoid-
ance performance at the beginning of training, since facili-
tation of two-way avoidance is typically obtained with
anxiolytic treatment, and is attributed in this context to the
reduction in the impact of signals associated with shock
w x25 . It is also well documented that rats with low level of
emotionality perform better in avoidance than highly emo-
tional rats, and this difference in avoidance is not due to
differences in learning ability but primarily to emotional

w xfactors 13–15,20,21 . Moreover, emotional factors appear
to play a critical role at the initial stages of avoidance

w xlearning 15,21 . The fact that mPFC lesion-induced facili-
tation was observed only at the beginning of training is,
therefore, consistent with reduced emotionality: since the
effects of emotionality dissipate as avoidance training pro-
ceeds, the difference between mPFC and sham rats would
be expected to disappear. Importantly, better avoidance
performance of the mPFC rats cannot be attributed to
increased activity, since mPFC lesion reduced spontaneous
activity compared with the sham condition. Several studies
testing avoidance in mPFC rats found poorer avoidance

Ž w x.performance see 39 , although intact avoidance and even
improvement in some animals was reported following

w xexcitotoxic lesions of mPFC 65 .
Neither dACA nor PL lesion affected CER or avoid-

ance, although there was a tendency for the lesions to
reduce CER similarly to the lesion of mPFC. Lack of
effect of PL lesion on two-way avoidance was also found

w xby Brito and Brito 4 ; there are no reports regarding the
effects of dACA lesions on learning. It is possible that
both subregions contribute to emotional behaviors assessed
in our experiments, so that only damage to both affects
these functions. It should be borne in mind that our lesions
were very small. Other studies using larger lesions of the
ventral or dorsal aspects of the mPFC, did find effects on

w xemotionality. Thus, Morgan and LeDoux 50 concluded
that both dorsal and ventral subregions of the mPFC are
involved in the fear system, but each modulates differential

w xaspects of fear responsivity, and Frysztak and Neafsey 22
found that lesions of the dorsal and ventral subregions of
the mPFC altered sympathetic activation, but in opposite
directions. Apparently, the involvement of the two regions
in emotional behavior depends on the specific emotional
responses assessed.

To summarize, the present results do not provide evi-
dence for mPFC involvement in spatial memory and be-
havior. They do provide limited support for the involve-

ment of this region in complex learning and emotional
processes. In addition, the results provide some support for
the existence of functional specialization within the mPFC,
since dACA but not PL lesion mimicked the effects of
mPFC lesion in the radial arm maze.
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