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Abstract The first experiment assessed the effects mdiceur and Aggleton 1994; Ennaceur et al. 1996a,b) that
neurotoxic lesions in either the anterior cingulate cortepontaneous exploratory activity in the rat can be used to
(ACc) or the retrosplenial cortex (RSc) on a test of oprovide a valid measure of memory function. For exam-
ject recognition. Neither lesion affected performance pte, object recognition can be assessed from the prefer-
this task, which takes advantage of the rat's normal prefice normal rats display for investigating novel rather
erence to spend more time investigating novel rather tithan familiar complex objects (Ennaceur and Delacour
familiar stimuli. In response to this negative result, a sed388). This preference is reliably observed for delays of
ond experiment assessed the effects of much more exfén-min, but when retention delays are increased to
sive cingulate lesions (Cg) on both object recogniti@® min it becomes less consistent. The preference for
and object location memory. The latter task also usedavelty is also influenced in a predictable manner by fac-
preference measure, but in this case it concerned prefers such as sample duration and the inclusion of com-
ence for a novel location. For comparison purposes thisn features in the familiar sample stimulus and the
second study included groups of rats with lesions riovel alternative (Ennaceur and Delacour 1988; Ennac-
closely allied regions: the fornix (Fx), the cingulum bureur and Aggleton 1994; Ennaceur et al. 1996a,b). Advan-
dle (CB) and the medial prefrontal cortex (Pfc). Comparges associated with this class of measure include the
isons with sham-operated control rats showed that ndaet that performance does not depend on the retention of
of the four groups (Cg, Fx, CB, Pfc) was impaired on tlerule, nor is it influenced by changes in responsivity to
object recognition task, adding further weight to theward. Furthermore, because the test uses a forced-
view that these structures are not necessary for assessigce design it is less likely to be affected by changes in
stimulus familiarity. The Fx and Cg groups were, howeimpulsivity or activity. As a consequence such tasks can
er, impaired on the object location task, suggesting tipaovide a relatively pure measure of “working memory”
these regions are necessary for remembering other agtlionig 1978; Olton et al. 1979).
butes of a stimulus (spatial location). Previous studies using this test of spontaneous object
recognition have shown that performance is susceptible
Key words Fornix - Cingulate cortex - Prefrontal cortexto various drug and lesion treatments (Ennaceur and De-
Cingulum bundle - Hippocampus - Object recognition -lacour 1987; Ennaceur et al. 1989; Ennaceur 1991;
Object location - Memory - F.at Mickley et al. 1994; Scali et al. 1994; Cobb et al. 1995;
Giovannelli et al. 1995; Hlinak and Krejci 1995; Bart-
olini et al. 1996). It has, for example, been demonstrated
Introduction that rats with rhinal damage (Ennaceur et al. 1996a,b),
scopolamine-treated rats (Ennaceur and Meliani 1992b),
It has been demonstrated in a series of studies (Ennaegwl rats receiving chronic administration of a nitric ox-
and Delacour 1988; Ennaceur and Meliani 1992a,b; Bde synthase inhibitor (Cobb et al. 1995) show indiffer-
ent exploration between the familiar and the new object.

A. Ennaceur[(]) - N. Neave The fact that they fail to discriminate between the ob-
BE'r‘,’gﬂ%ﬂ&%{rgamkpepartmem of Psychology, South Road, jects indicates that the treatments have disrupted the
Fax: +44 (191) 374 74 74, ability of the animal to identify the familiar object. In
e-mail: abdelkader.ennaceur@durham.ac.uk contrast, other manipulations do not appear to disrupt

J.P. Aggleton spontaneous preference. These include transection of

School of Psychology, University of Wales College of Cardiff, the fornix (Ennaceur and Aggleton 1994; Ennaceur et
PO Box 901, Cardiff CF1 3YG, UK al. 1996a), lesions of the medial septum (Ennaceur and
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Meliani 1992a) and lesions of the anterior thalamic nlesions was also included, to confirm the sensitivity of
clei (Aggleton et al. 1995a). These null results are of ithis spatial task.
terest as all three structures are closely linked with theA final group of rats with neurotoxic lesions of the
hippocampus, and it has been proposed from the aumedial prefrontal cortex was included in this second ex-
come of primate studies that the hippocampus is impperiment. Interest in the effects of this lesion arose from
tantly involved in recognition (Squire and Zola-Morgaavidence that extensive damage to the medial and orbital
1991; Squire 1992; Alvarez et al. 1995). Indeed, it hpeefrontal cortices can impair recognition judgements in
been claimed that tests of spontaneous novelty prefeoenkeys (Bachevalier and Mishkin 1986). Furthermore,
ence might be especially sensitive to hippocampal dastudies with rats have shown that damage to the medial
age (Alvarez et al. 1995). These proposals remain cgnefrontal cortex can disrupt a variety of spatial working
troversial, as the critical involvement of the hippocanmemory tasks (Brito et al. 1982; Brito and Brito 1990;
pus has been challenged (Mishkin and Murray 199%unnett 1990; Shaw and Aggleton 1993; Aggleton et al.
Aggleton and Shaw 1996). 1995), although there is uncertainty as to whether the
For these reasons we examined spontaneous objiegdicits stem from the nature of the stimuli, the involve-
recognition following lesions in a number of structurasent of working memory, the particular response de-
that are closely linked with the hippocampus. The firstands, or a combination of these factors (Dunnett 1990;
experiment looked at the effects of selective lesiods Bruin et al. 1994; Aggleton et al. 1995b). In view of
within the cingulate region. These were targeted at eitliee fact that preferential exploratory tasks offer a rela-
the anterior cingulate cortex or the retrosplenial cortéxely pure measure of working memory they may pro-
(Vogt and Peters 1981). The lesions were made by injagtle a particularly valuable way of assessing the impact
ing N-methylp-aspartic acid (NMDA). This techniqueof medial prefrontal damage. The animals in both experi-
was chosen as it spares the underlying cingulum bundaients had, prior to the study, been tested on an automat-
which might otherwise contribute to any lesion effeetd delayed nonmatching-to-position task and were sub-
(Meunier and Destrade 1988; Aggleton et al. 1995Ispquently tested on a T-maze alternation task (Neave et
The group with retrosplenial lesions was of especial iak 1994; Aggleton et al. 1995b).
terest in view of the dense interconnections between this
region and the hippocampus (Wyss and van Groen
1992), and the associated evidence of a close functioGeneral methods
relationship (Sutherland and Hoesing 1993). Further in-
terest in the retrosplenial cortex arises from a report thaparatus

damage in this area might be sufficient to induce antt_arr% apparatus consisted of an open box (100x100x50 cm high)

grade amnesia (Valenstein et al. 1987). For compari$filie of aluminium with the inside painted matt grey. The floor
purposes, a group of rats with fornix lesions and a growgs covered with woodchip bedding which was moved around be-

of surgical control animals were included in the expekween trials/days to stop build-up of odour in certain sites. The ob-
ment. jects to be discriminated were available in four copies and made of

This study was followed by a second experiment Ewiinert material such as glass, plastic or metal (Fig. 1). The

. . - . ight of the objects ensured that they could not be displaced by
which the neurotoxic anterior cingulate and retrosplentag rats. To achieve this, some objects were filled with water or
lesions were combined so as to maximise the likelihosahd.
of a cingulate lesion effect on the familiarity test. As pre-
vious studies have shown that aspiration lesions of a SBsting procedure
ilar extent of cingulate cortex are sufficient markedly to
impair certain spatial working memory tasks that aAdl animals initially received three sessions of 10 min duration in
sensitive to hippocampal damage (Sutherland et al. 19i88:empty box to help them habituate to the apparatus and the test

. For this and the test procedure the rats were observed on a
Markowska et al. 1989) the rats were tested on a Sec@ﬁg]en monitor connected to a video camera suspended above the

spontaneous preference task which assessed object lgg@arena. In the object recognition task, each rat was first placed
tion memory. In this task the rats are presented with tiwicthe box and exposed to two identical sample stimuli (A1 and
identical, familiar objects, one of which is in its previou&2) for 3 min. These objects were placed close (approximately

; ; . ; cm) to two adjacent corners. The rat was then returned to its
location while the other is in & new location. Normal ra e. During the retention interval, the experimenter removed both

spontaneously spend more time exploring the ObjeCtoE?ects and replaced one by its identical copy (A3) and the other
the novel location (Ennaceur and Meliani 1992a). dwe by a new object (B). After a delay of 1 min or 15 min the rat
group of rats with radiofrequency lesions of the cingwas placed back in the box and now exposed to the familiar object

lum bundle were also tested on the two preference ta$fs: object identical to Al and A2) and a novel test object (B, new
objéect) for a further 3 min. These were in the same locations as the

The rationale for including this group arises from th&ayigus objects. An experimenter, who did not know the group
fact that this tract contains fibres linking the hippocangentity of the individual rats, recorded the total time spent explor-
pus with the cingulate cortex and prefrontal cortex, aimg the two objects in both the sample and the test periods. Explo-
from evidence that the effects of conventional cinguIe[fﬁ'orgh""a’aﬁe%%eg'?n“c‘;ir'gtﬂ:fr']”gdcﬁqs f(lflcl)rgctlﬁleagte)%((j:ltn(gEtr(l)ntar.]CeeOPJ:r(l:(t'j
. . . u

Ie_S|ons might be_ exacerbated by inadvertent damagégF cour 1988). New objects were used for eveer session.

this tract (Meunier and Destrade 1988; Neave et al.The first phase of the object location test was exactly the same
1994; Aggleton et al. 1995b). A group of rats with fornixs the recognition test. Thus two identical sample stimuli (A1 and




Fig. 1 Typical objects used in
the experimen’s

A2) were placed in the box close (approximately 10 cm) to twi@able 1 Index of the different measures involved in the spontane-
adjacent corners, which were randomly selected for each rat. dhs recognition memory task for objects and location of objects
rat was then placed in the box for 3 min and then returned to[#4 the total time spent exploring two objects A1 and A2 in the
cage. During the retention interval, the experimenter removed bsttmple phases?2 the total time spent exploring objects B and A3
objects and replaced them by their identical copies, one of whiolbject recognition) or objects An and Af (object location) in the
was placed in a previously used location in the box whereas thwice phase, where A3 and Af represent copies of the sample ob-
other was placed near to the other adjacent corner. As a cojegs (Al and A2), B is a new object and An is a familiar object in
quence, when the rat was exposed to the two identical copies afew locationdl the index of discrimination, i.e. the difference
the sample stimuli only one was in its original location (Af, obje@h time spent exploring the two objects in the choice phase (e.g.
in its familiar location; An, object in a new location). The tim&-—A3 in the object recognition task and An—Af in the object loca-
spent exploring each object was again recorded. The task assea&sesask),d2 the discrimination ratio, i.e. the difference in explo-
the ability to discriminate the novelty of the object location, buétion time (i.e. d1) divided by the total time spent exploring the
the object itself and the test arena are already familiar to the rattwo objects in the choice phase (e.g. B-A3/B+A3 in the object

Rats in experiment 1 received four sessions of the object rezeognition task and An—Af/AvAf in the object location task’]
ognition task: two sessions with a 1-min delay interval and then

two sessions with a 15-min delay interval. Rats in experiment 2 Task Variables
ceived two sessions in the object recognition task and two sessions
in the object location task. For both tasks in experiment 2 the de- el e2 dl d2

lay interval was 15 min. The minimum interval between testing
sessions was 48 h and all groups were tested concurrently. TheGigect recognition Al + A2 A3+B BA3 B-A3/B+A3
lay of 15 min was selected to ensure that the task was sufficie@lyject location Al + A2 Af+An ArAf An-Af/An+Af
demanding, but not so long that floor effects might impede group

comparisons (Ennaceur and Delacour 1988).

object recognition task and An—Af/An+Af in the object location
Measurements and statistical analysis task). When the results from two sessions using the same reten-
y tion delay were comparabl®%0.10) their data were pooled and

Paired Student's-tests (two-tailed) were used to compare, withif!® @nalyses were run on these pooled data. This was consistently
each of the separate groups, the time spent exploring each oftf§eCase in the present study and so all repeated conditions have
objects in the choice phase of the various conditions. It shoulds€n pooled.
noted that object recognition and object location tasks are based
on spontaneous exploratory activity, and as a consequence they do
not exclude the possibility of individual animals having a prefegxperiment 1
ence for a specific object or place that is independent of the famil-
iarity/novelty of that item. For this reason variance levels can ali}('eqr .
markedly from condition to condition, and are often greatest Materials and methods
impaired groups.

In addition, analyses of variance were used to examine the ®lbjects
lowing measures: (1) el, the total time spent in exploring the two
identical objects in the sample phase; (2) e2, the total time spEmé study involved 41 naive male rats of the pigmented DA strain
exploring the two objects in the choice phase; (3) d1, the indexB&ntin and Kingman, Hull). Throughout the period of the experi-
discrimination, which is the difference in time spent exploring theent the animals were housed individually under diurnal condi-
two objects in the choice phase (e.g. B—-A3 in the object recogitns (14 h light/10 h dark), all testing occurring at a regular time
tion test and An—Af in the object location test); and (4) d2, thiring the light period. During the experiment the animals were
discrimination ratio, which is the difference in exploration timsupplied with food and water ad libitum. At the time of surgery
(i.e. d1) expressed as a proportion of the total time spent exptbe animals were aged 4-5 months and testing on the recognition
ing the two objects in the choice phase (e.g. B-A3/B+A3 in theesk began a further 4 months after surgery.




512

FX'1

Fig. 2 The extent of the largesgiey) and smallesttlack) lesions was made by radiofrequency. A Radionics TCZ (Radionics, Bur-

in the anterior cingulateACq), retrosplenial RS¢ and fornix lington) electrode (0.3 mm tip length, 0.25 mm diameter) was low-

(Fx1) groups in experiment 1. The cingulate lesions are shownened vertically into the fornix and the tip temperature raised to

standard views of the medial surfaces of the brain, the fornix ®°C for 60 s using an RFG4-A Lesion Maker (Radionics, Bur-

sions are depicted on a coronal section lington). Two lesions were made in each hemisphere. The stereo-
taxic coordinates of the lesions relative to ear-bar zero were: AP
+5.3, HT +7.1, LAT 0.7; and AP +5.3, HT 7.0, LAT 1.7. At the

Surgical and histological procedures completion of all surgeries the animals received sulphanilamide
powder and the skin was then sutured.

The 41 rats were divided into four surgical groups: anterior cingu- On completion of the experiment the animals were killed and
late cortex lesions (AC®=9), retrosplenial cortex lesions (RSc erfused intracardially with physiological saline followed by 5%
n=10), fornix lesions (Fx1n=8) and surgical controls for the ACcformol-saline. The brains were rapidly removed and placed in 5%
and RSc groups (CONTh=14). formol-saline. Subsequently, the brains were blocked, embedded in
Animals were anaesthetised by intraperitoneal injectigfgX (Paraplast), and cut into i@ coronal sections. Every tenth
(60 mg/kg) of pentobarbitone sodium. Each animal was theéfction was mounted and stained with cresyl violet, a Nissl stain.
placed in a stereotaxic headholder (David Kopf Instruments, Tu-
junga) and the scalp retracted to expose the skull. A craniotomy
was then made above the sagittal sinus and the dura cut to expaseults
the cortex above the target region.
For the ACc lesions, injections of 0.28 of 0.09 M NMDA ; ; ;
(Sigma, Poole, UK) dissolved in phosphate buffer (pH 7.2) Welr_t|a|St0|‘ngcal analysis
made through a it Hamilton syringe into two sites in each hemi : : : : : :
sphere. The stereotaxic coordinates relative to ear-bar zero, J& lowing histological analysis, one animal 'in the'
the incisor-bar set at +5.0 relative to the horizontal plane, weteONT1 group was excluded due to vascular damage in
AP +7.6, LAT 0.7 and AP +6.3, LAT 0.7. The depth at both sitéhe cortex. One animal in the ACc group was also ex-
was 2.2 mm below the top of the cortex. Each injection was magigded as the lesion was unusually small.

gradually over a 4-min period and the needle was left in situ for a -;
further 4 min before being withdrawn. Figure 2 shows the extent of the largest and smallest

The procedure for the RSc lesions was the same, only now #ethe ACc lesions. These surgeries resulted in a local-
animals received three injections of 0j250f 0.09 M NMDA per ised region of cell loss that was always restricted to area
hemisphere. The coordinates of these injections, relative to ear@ar(Mogt 1981). Within the extent of the lesion there was
zero were: AP +3.7, LAT 0.7, AP +2.8, LAT 0.7; and AP +0.9 complete loss of cells. In contrast, there was no evi-

LAT 0.7. The two rostral injections were placed 1.9 mm below t . .
cortex while the most caudal injection was placed 2.2 mm belgleﬁnce of direct damage to the corpus callosum, the cin-

the cortex. Those animals (CONT1) that were surgical controls fdlum bundle or the fornix. While the lesions involved
the ACc and RSc groups received a craniotomy and the dura wasch of area 24a (Vogt 1981), they sometimes spared

placement matched that of the ACc lesions, while for the ot . f _
half it matched the RSC lesions. r}flregenual portions of the cingulate cortex and the poste

The initial stages of the Fx1 lesions were the same as thosel#L transitional region were often spared. There was no
scribed above for the ACc and RSc lesions, but the actual lestsidence of any thalamic degeneration.
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0.60 — O d2_Tmin differences for either the sample phase or the choice
] d2_15min phase P>0.10).
0.50 — Discrimination performanceAll groups spent more time
a ] exploring the new objects than the familiar objects in
) both the 1-min and 15-min delay conditions (highest lev-
o 0407 el of probability for all within-group comparisons,
° 1 P=0.01). Comparisons between groups using measures
5 d1 (difference in total time exploring) and d2 (difference
5 0307 in time as a proportion of total time spent exploring) in-
£ 1 dicated that there was no group difference for measure in
S o0 - either the 1-min or 15-min delay conditions (aR,
3 >0.10; Fig. 3).
0.10
| Experiment 2
0.00 Materials and methods
Cont1 ACc Rsc Fx1 Subjects
Groups

The study involved 47 male rats of the pigmented DA strain (Ban-
Fig. 3 Mean value (+SEM) of the discrimination ratio d2 in th&n and Kingman, Hull). The animals received either neurotoxic or
object recognition task with 1-min and 15-min retention delay@diofrequency lesions placed in either the medial prefrontal cor-
There are no significant differences between groep$ (10 tex (Pfc,n=13), the cingulate and retrosplenial cortices (&),
the cingulum bundle (CB3=8) or the fornix (Fx2n=6). A surgi-
cal sham group was also included (CONM212). At the time of
. . surgery the rats were aged 4 months (205-245 @), and the current
The RSc lesions produced con5|derable damage toeat%ri%ent began 3 mo%ths later. Thro(ughout thg)course of the ex-
ea 29 (Vogt 1981). All the surgeries resulted in extensiygiment the animals had free access to food and water.
cell loss throughout the rostral and middle portions of
the retrosplenial cortex, usually involving all of are

29b, 29c and 29d. The lesions extended caudally bef?ﬁ*ﬂ&gica' and histological procedures

the splenium both ventrally and laterally to reach th@e basic surgical and lesioning procedures matched those used in
border of the subicular complex (areas 29a and 29%periment 1. All the medial prefrontal lesions (Pfc) were centred

While all the subfields of area 29 (a—d) were involved if the prelimbic area but two different lesion coordinates were

; ; d. For the larger of the medial frontal cortex lesior§) 0.28
the RSc lesions, the only parts of the retrosplenial cor f 0.09 M NMDA was injected into two different sites in each

to be spared were the rostral transitional zone with afgayo different vertical tracts, i.e. four injection sites per hemi-
24 and the most caudal regions behind the splenium. Rifhere. The stereotaxic coordinates relative to ear-bar zero, with
fusion of the injectate consistently resulted in a localisthg incisor-bar set at +5.0 relative to the horizontal plane, were:

i ; +8.7, LAT £0.7, with depths of 4.5 mm and 2.2 mm below the
patch of cellular damage in that part of the CAl fleg of the cortex; and AP +10.0, LAT +0.7, with depths of 3.5 mm

closest to the retrqsplenial_cortex. The cingulum bun |§d 2.0 mm below the top of the cortex. The same procedure was
always appeared intact (Fig. 2). Finally, all RSc casgsed for the more restricted prefrontal lesions7) except that
had a distinct region of cellular shrinkage and loss my a single injection was made in each of the two tracts, and a
stricted to the anterior ventral nucleus of the thalamus.total of 0.3ul of 0.09 M NMDA was injected in each of these

. . sites. The coordinates relative to ear-bar zero were: AP +8.7, LAT
The Fx1 lesions produced very extensive damage+ -7, depth from the top of the cortex 3.5 mm; and AP +10.0, LAT

the fibre tract itself and in most cases also extended iR§07, depth from the top of the cortex 2.8 mm.
the most rostral head of the hippocampus. In six of theFor the total Cg lesions 0@ of 0.09 m NMDA was injected

eight animals the tract was completely severed bilaterdfl at,fi\ge tsoiteesa Pg;rheglriiphgg- Tg,encoggdtirn;llt?os ggtfé%?e/&ngegt;ogs
. R . : IV - 4 Wi s | S u . .0,

while in the remainder only the most lateral tips of &6 72 8" ET, 6%, 457126 40.9, with the LAT being £0.3

fimbria were spared (Fig. 2). In nearly all cases the i§-5ji cases. The depth at each site, going rostral to caudal, was

sion, in addition to damaging a small part of the corpp® mm, 2.0 mm, 1.7 mm, 1.1 mm and 2.2 mm from the top of the

callosum, involved the dorsal most limit of the anterigprtex.

i i i The procedure for the CB lesions was very similar to that for
ventral and anterior dorsal thalamic nuclei. the Fx1 animals except that the TCZ electrode was lowered verti-

cally into three sites per hemisphere before the tip temperature

was raised to 75°C for 60 s. The coordinates of these lesions, rela-
Obiject recognition tive to ear-bar zero, were as follows: AP +7.9, LAT +1.1; AP +3.7,

LAT +£1.0; and AP +1.4, LAT £0.9. The depths at the three sites,

. . going rostral to caudal, were 2.1 mm, 1.7 mm and 1.9 mm below
Overall levels of explorationComparisons of the total %(é top of the cortex. In five of the eight CB cases a further lesion

time spent exploring the test objects in the 1-min and s, 75°C) was placed 0.4 mm dorsal to each of those already
min delay conditions indicated that there were no grodgscribed (i.e. these animals received two lesions in each of the
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PFc CB CB CB CB PFc

FX 2

Fig. 4 The extent of the largesgrey) and smallestilack) lesions the lesions in the Pfc group (Fig. 4) produced extensive,

in the extensive cingulate corte&d), medial prefrontalRfc), cin-  pilateral cell loss throughout the prelimbic reaion (area
gulum bundle €B) and fornix Ex2) groups in experiment 2. The 9 P g (

cingulate lesions are shown on standard views of the medial )- In all but two cases the lesions extend_ed rostrally to
faces of the brain; the fornix lesions are depicted on a coronal frontal pole, while in all cases the lesions extended
tion. The cingulum bundle and prefrontal cortex lesions are depicaudally to a level just in front of the genu of the corpus
ed tonl thet_same% t“r:edb'aPV'e(VX\ft‘hthe r'?fC” |(e:?3'0n5_ bellng in _thedlll@atlosum. The induseum griseum was involved in the six
rostral portion of the brain. ough a animals received lex, ; ; ; PR
sions at three sites per hemisphere, the more rostral two Iesion?i’}fs-eS W'th. larger Ie_S|0ns. The '”f“'?"'mb'c cortex was
ten merged into one anothzr) damaged bilaterally in all cases, but in two of the 13 Pfc
cases this involvement was very minor. The lesions also
extended dorsally above the prelimbic area to include the

three tracts per hemisphere). The surgeries for the Fx2 group Waigre rostral and ventral parts of the anterior cingulate
identical to those for Fx1. The animals acting as sham contrﬁu

(CONT2) received the same initial surgeries as the Pfc anim ca (ACAd), but in the. majority of cases the cellular
but although the dura was cut and retracted no injection of NMD@SS in ACAd was very slight.
was made. On completion of the experiment the brains were pro-The Cg lesions involved almost the entire extent of
cessed as for experiment 1. the cingulate (anterior cingulate and retrosplenial) corti-
ces that lie dorsal to the corpus callosum (Fig. 4). The
cell loss in the anterior cingulate cortex began at the
genu and continued caudally to the retrosplenial cortex
Histology beyond the splenium. Throughout this level both the ven-
tral and the dorsal parts of the retrosplenial cortex
Following histological examination none of the animakhowed an almost complete loss of cells (Fig. 4), while
was discarded from their respective surgical groups. Albre rostrally the lesions extended dorsally to include

Results
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ACAv, ACAd, and parts of the adjacent secondary motor 080 —
area (Fig. 4). Caudal to the splenium there was often

sparing of the dorsal retrosplenial cortex, but the involve-

ment of the ventral retrosplenial cortex often continued 0.50
to near its caudal limit (Fig. 4). Some cellular loss was
observed in those parts of the hippocampal field CA1 in
closest proximity to the ventral retrosplenial cortex
(Fig. 4). In all cases there was evidence of cellular de-
generation in the anterior ventral thalamic nucleus, al-
though the cingulum bundle appeared to be intact.

The CB lesions involved three bilateral radiofrequen-
cy lesions placed at different AP levels. In all CB cases
there was very considerable, bilateral damage to the bun-
dle, at more than one level (Fig. 4). Very distinct cellular
loss was always observed in the anterior ventral thalamic 0.10
nucleus. The lesions did not involve the fornix, but in
four cases there was very minor damage to the dorsal

0.30

Discrimination ratio (d2)

0.20

limit of the hippocampus (principally to the alveus) be- 0.00

low the mid-AP lesion. In three of these four cases the

hippocampal damage was only unilateral. The extent of Cont2 FX2 Pfc CB  Cg
damage to those parts of the anterior cingulate and retro- Groups

, : [t €5, 5 Mean value (+SEM) of the discrimination ratio d2 in th
was Var_'able’ buf[ n the r_nalomy _Of Casesf the lesio ec5:t re?;ggnit?oietésswittz fS-tm(iancrje;stgntionactiglay.a'}'ﬁe?e werte%o
were quite selective, with limited direct cortical dama%nificant differences between grou®>0.10
(Fig. 4). This cortical damage was always considerably
less than that in the Cg cases, and there were always re-
gions of intact cortex between the three radiofrequency
lesion sites.

In three of the six Fx2 lesions the tract was complete-
ly transected. In two of the remaining animals the fim-
bria/fornix was completely cut in one hemisphere and
only the most lateral tips of the fimbria were spared,
while in one case the most lateral tips of the fimbria
were spared bilaterally (Fig. 4). In four of the Fx2 cases
there was very slight involvement of the most dorsal lim-
its of the anterior ventral and anterior dorsal thalamic nu-
clei.

splenial cortices adjacent to the cingulum bundle S“ﬁ%

Exploration Time (seconds)

Object recognition

Initial analyses found no differences between the two
groups of Pfc animals (i.e. those with larger lesions and
smaller lesions) for either the object recognition task or
the object location task. These animals were therefore
combined to form a single group throughout.

Cont2 FX2 Pfc CB Cg

Groups
Overall levels of explorationComparisons of the total 5 M lue (SEM) of the total .  exolor
i i i i i i g. ean value (x [0} € total ume rats spent exploring
time spent ex_plorlng th_e te_st objects indicated no sign ’oth objects in the sample phase (el) and the choice phase (e2) in
cant group difference in either the sample phase or

: object location task.P<0.05 compared with CONT2 and Cg
choice phaseR&0.10). groups:

Discrimination performance. Within-group analyses
showed that all five groups spent more time explori
the new object than the familiar one (highBsi0.02).
Furthermore, between-group comparisons found no
dence of a lesion effect on the level of discrimination
ing measures d1 or d2 (bd®#»0.10; Fig. 5).

r%}Jject location

Overall levels of exploratioriThere were no group dif-
rences in the amounts of total exploration in the sam-
Lﬁl’e phase [el:F(4,42)=0.57,P>0.10]. A significant
group effect was, however, found for the total amount of
exploration during the choice phase [¢X4,42)=3.32,
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0.40 — CONT2 and Pfc groups for d2. The Fx2 scores for d2
were significantly different from those of the Cg group.
0.30
o 020 Discussion
LY
; 0.10 One of the main findings of the current study was that an
5 array of lesions in limbic sites connected with the hippo-
5 000 campus did not disrupt performance on a test of object
5 recognition, even though the task used retention delays
€ of up to 15 min. Thus, it was found that rats with cyto-
5 00 toxic lesions of the anterior cingulate cortex, the retro-
a splenial cortex, the anterior cingulate and retrosplenial
-0.20 cortices combined, or the medial prefrontal cortex all
showed normal levels of preference for novel objects.
-0.30 Similarly, lesions transecting the fornix or the cingulum
1 bundle spared performance on the same task. A different
-0.40 : : . : i pattern of results was found, however, on a test of object
location memory. This task, which took advantage of the
Cont2 FX2 Pfc CB Cg preference normal rats show for an object that has moved

from its previous position, revealed an impairment fol-
lowing radiofrequency lesions of the fornix and cytotox-
Fig. 7 Mean value (+SEM) of the discrimination ratio d2 in théc lesions of the cingulate cortex. In contrast, rats with
Oblefjt lqgﬁtg&\tﬁsék \Ilav]gth (1:5B mlr(‘j rgtemlon ?'%%;0-05 Com-d lesions in the medial prefrontal cortex or the cingulum
pared wi , Pfc, and Cg group$<0.05 compare : . . . ;

with CONT2 and Pfc and Fx2 grot ns %Cglli)(\;vs?trignsml able to identify the object that was in a

Before discussing the implications of the normal rec-

P<0.02]. Subsequent Newman-Keuls tests showed tREfition performance by the various lesion groups, it is
the Fx2 and CB groups spent more time exploring tifi@portant to consider first the validity of the findings. It

two objects than the CONT2 and Cg groupsQ.05). seems most unlikely that the lack of any lesion effect
was a consequence of incomplete surgeries. In the case

Discrimination performance. Within-group analyses of the tract lesions (Fx1, Fx2 and CB), both the fornix
showed that the CONT2, Pfc and CB rats all spent sagjd the cingulum bundle were often completely transec-
nificantly more time in exploring the object in the newed. Furthermore, the CB lesions were placed at several
location compared with the time they spent with the olevels. It is also the case that the normal performance of
ject in its original location (d1, higheBt0.02). In con- both Fx groups (Fx1 and Fx2) matched a previous study
trast, the Fx2 and Cg groups failed to discriminate bghich also found that fornix lesions did not disrupt pref-
tween the two locations. In fact, the Fx2 group spesrtence for novel, complex objects (Ennaceur and Aggl-
more time overall exploring the object in its original loeton 1994). Similarly, the cytotoxic lesions were all
cation (Fig. 7). This reverse preference was, howevplaced in the target sites, and the injections of NMDA re-
largely due to one Fx2 rat that spent 44 s exploring thalted in a total loss of neurons in many areas. The Cg
object in the familiar location and no time in the new Idesions in experiment 2 were especially extensive, and
cation. Taken as a group, the Fx2 animals failed to didthough the Pfc lesions were relatively discrete, they
criminate the change in location, as they showed no signsistently destroyed the principal target region, the
nificant preference for either the new or the old locatioprelimbic area.

An analysis of variance using the discrimination scoreslt is also unlikely that the lack of any effect on the ob-
showed a significant group effect for di(4,42)=7.37, ject recognition tasks merely reflects test insensitivity.
P=0.0001] and d2H(4,42)=8.97,P<0.0001]. Newman- Previous studies using this paradigm have shown that
Keuls tests helped to confirm that these group effects performance is consistently affected by delays (Ennaceur
flected the unusual level of discrimination demonstratadd Delacour 1988; Ennaceur and Aggleton 1994) and
by the Fx2 group and the low level of discriminatiohy systematic modifications in the similarity of the test
demonstrated by the Cg group<(Q.05). Thus for both items (Ennaceur and Aggleton 1994). It is also the case
discrimination scores (d1 and d2) the Fx2 group was silgat a number of drug and lesion procedures can disrupt
nificantly different from the CONT2, Pfc and CB groupsebject recognition when they are tested using this same
(P<0.05). It showed a high level of discrimination in th&ask (Ennaceur and Delacour 1987; Ennaceur et al. 1989,
opposite direction to the other groups, but the FA®66a,b; Ennaceur 1991; Wood and Phillips 1991; En-
groups d1 scores are not significantly different from zenaceur and Meliani 1992a,b; Mickley et al. 1994; Scali
(P>0.10). In addition, the Cg group had lower scoret al. 1994; Cobb et al. 1995; Giovannelli et al. 1995;
than the Pfc group for d1, and lower scores than tHénak and Krejci 1995; Bartolini et al. 1996). Indeed, it

Groups
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has been argued that spontaneous tests of visual recoghieh the stimulus is treated in the same way as a spatial
tion may be especially sensitive to hippocampal damaggeay rather than as a discrete object.
(Alvarez et al. 1995). Although the present tests were notConsistent with this view was the finding from exper-
conducted immediately after surgery, the intention wasent 2 that the animals with fornix lesions seemed un-
to look for permanent deficits (Alvarez et al. 1995) arable to distinguish the object that was in a novel loca-
so this is not seen as a shortcoming. tion. This deficit accords with many other studies of spa-
The present finding, that lesions in a number of rial working memory (Olton et al. 1979), and in fact the
gions closely connected with the hippocampus need satne Fx2 animals were impaired on two other tests of
disrupt familiarity judgements, can be combined with @patial working memory: delayed alternation in a T-maze
array of other, related evidence. Studies using the saand delayed nonmatching-to-position (Neave et al. 1994;
preferential exploration task have found that lesions ngggleton et al. 1995). These findings reinforce the disso-
ther of the medial septum nor the anterior thalamic rziation between spatial working memory and object rec-
clei affect recognition (Ennaceur and Meliani 1992a; Aggnition that has been observed in other studies (Aggl-
gleton et al. 1995a). It has also been found that lesion®tain et al. 1986; Hunt and Aggleton 1991; Ennaceur and
the fornix, the mammillary bodies and the medial pr&feliani 1992a,b; Shaw and Aggleton 1993).
frontal cortex do not affect the performance of delayed The extensive Cg lesions also disrupted the object lo-
nonmatching-to-sample (DNMS) tasks by rats (Aggletamation task. Although this finding appears consistent
et al. 1990; Rothblat and Kromer 1991; Shaw and Agglith the effects of conventional lesions of the cingulate
eton 1993). All these recognition tasks use complex artices on spatial memory tasks (Sutherland et al. 1988;
jects as test stimuli, and so it appears that none of thieegkowska et al. 1989; Sutherland and Hoesing 1993), a
regions is required for judging object familiarity evenumber of recent studies using neurotoxic agents have
though all are closely linked with the hippocampus. Thigiestioned the magnitude of these lesion effects and sug-
result is most striking in the case of the fornix lesions, gasted an important contribution from cingulum bundle
fornix damage so often mimics the effects of hippocamlamage (Meunier and Destrade 1988; Neave et al. 1994;
pal damage. This pattern of results suggests one of #ggleton et al. 1995b). Indeed, the Cg and the CB
possibilities: first, that these particular hippocampal cogroups in the current study were tested on two other tests
nections are not required and that familiarity judgememf spatial working memory. Neither lesion affected de-
depend on hippocampal/temporal cortical interactiolsyed nonmatching-to-position (DNMP) in an operant
(Squire and Zola-Morgan 1991); second, that the rat hgiramber, but the CB and not the Cg group was impaired
pocampus itself is not required for judging the familiaren T-maze alternation (Aggleton et al. 1995b). The op-
ty of complex objects. Support for this second vieposite pattern was found in the current study: CB ani-
comes from studies using a variety of DNMS tasksals spent significantly more time exploring the new
which have found that even very extensive hippocampather than the familiar location (Studentsest on d1)
lesions can spare object recognition performance (Agghd their level of discrimination (d2) was not different
eton et al. 1986; Mumby et al. 1995) or produce onfom that of the control cases, whereas Cg animals did
very mild deficits (Mumby et al. 1992; Steele and Rawot discriminate between the locations and their level of
lins 1993). Similarly, electrophysiological recordingdiscrimination (d2) was significantly different from that
have typically failed to find neurons in the hippocampws the controls. While these results need to be confirmed
that respond in a consistent manner to novel objects (Z¥ith larger group sizes, we suggest that the different pat-
et al. 1995a). It is also the case that while induction oftern of results obtained in the present and previous study
fos a marker for active neurons, is observed in a numlgaggleton et al. 1995b) underlines the existence of po-
of cortical sites in rats following exposure to novel oltentially important distinctions within the domain of spa-
jects, these changes do not appear to be present intilevorking memory. In the present case, the dissocia-
hippocampus (Zhu et al. 1995b). tion may reflect a distinction between those tasks which
Taken together, these findings indicate that the inten be solved by the animal only having to remember
rity of the hippocampus and an array of interconnectetiere it has most recently been or where it has to reach,
limbic structures is often, not necessary for judging fand those tasks in which the location of a separate, dis-
miliarity. It is, however, important to note that all théinct item is to be remembered (Ennaceur 1995a,b; En-
studies cited so far have used discrete complex objewseur et al. 1996¢). This proposal requires further ex-
and there is evidence that lesions of the hippocampusorination, but it may help to explain why retrosplenial
the fornix can disrupt the recognition of other types obrtex lesions can disrupt certain visual-spatial condi-
stimuli (Olton and Feustle 1981; Raffaele and Oltdional tasks as successful performance will involve link-
1988; Rawlins et al. 1993). While these exceptions ndad the location of the correct response to the specific,
to be more fully characterised, it appears that the hip@ppropriate stimulus (Bussey et al. 1996). It remains un-
campus/fornix is required when the tasks involve relelear why the CB group animals were unimpaired on the
tively large, featureless stimuli (Rawlins et al. 1998pject location task, as the surgery should have discon-
Cassaday and Rawlins 1995). One possible explanat@cted much of the cingulate cortex. This may reflect the
is that the hippocampus, and probably some related lsparing of very particular connections, but it should also
bic regions, are involved in those recognition tasks lire noted that neither of the Cg discrimination scores (d1
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or d2) for the object location task differed significantlartolini L, Casamenti F, Pepeu G (1996) Aniracetam restores ob-
from those of the CB group. In contrast, at least one of ject recognition impaired by age, scopolamine, and nucleus

c . L basalis lesions. Pharmacol Biochem Behav 53: 277-283
these Cg discrimination measures differed significantly,, - GNO, Brito LSO (1990) Septohippocampal system and the

(P<0.05) from the remaining three groups (Pfc, FX2, prelimbic sector of frontal cortex: a neuropsychological bat-
CONT2). _tery analysis in the rat. Behav Brain Res 36: 127-146
Finally, the medial prefrontal lesions were found fgrito GNO, Thomas GJ, Davis BJ, Gingold S| (1982) Prelimbic

; ; ; ; cortex, mediodorsal thalamus, septum, and delayed alternation
have no effect on the object location task, in spite of the -° = Exp Brain Res 46: 52-58

fact that the same lesions markedly impaired DNMP pejyssey TJ, Muir JL, Everitt BJ, Robbins TW (1996) Dissociable
formance (Aggleton et al. 1995b). In addition, medial effects of anterior and posterior cingulate cortex lesions on the
prefrontal cortex lesions in other studies have been foundacquisition of a conditional visual discrimination: facilitation
to disrupt various spatial working memory tasks (Brito et of early learning vs impairment of late learning. Behav Brain

i T . . Res (in press)
al. 1982; Kesner et al. 1989; Brito and Brito 1990; DUByssaday HJ, Rawlins NP (1995) Fornix-fimbria section and

nett 1990; Shaw and Aggleton 1993). It is, however, working memory deficits in rats: stimulus complexity and
most likely that this apparent discrepancy arises from thestimulus size. Behav Neurosci 109: 594-606
fact that the design of the present preferential task hef9§b BL, Ryan KL, Frei MR, Guel-Gomez V, Mickley GA (1995)

L. . Chronic administration of L-Name in drinking-water alters
to minimise a number of other factors that can disturb working memory in rats. Brain Res Bull 38: 203207

performance, i.e. it provides a purer test of spatial wode Bruin JPC, Sanchez-Santed F, Heinsbroek RPW, Donker A,
ing memory. Consistent with this is the fact that careful Postmes P (1994) A behavioural analysis of rats with damage
analysis of the DNMP scores shown by the Pfc animals [0 the medial prefrontal cortex using the Morris water maze:
H H H TP : H evidence 1or penavioural tiexipiity, but not for impairea spa-
indicates that their deficit principally reflected problems -, navigation. Brain Res 652: 32§_333 P P

of perseveration (Aggleton et al. 1995b). It is also thgnnett SB (1990) Role of prefrontal cortex and striatal output
case that other allocentric spatial working memory defi- system in short-term memory deficits associated with ageing,
cits associated with prelimbic damage can be transient inbasal forebrain lesions, and cholinergic rich grafts. Can J Psy-

: . chol 44: 210-232
nature (Thomas and Brito 1980; Shaw and Agglet%ﬂnaceur A (1991) Spatial and non-spatial working memory in

1993), again suggesting that the primary deficit is N0t a5 M, GP and Nbm lesions. Eur J Neurosci [Suppl 4]: 67
one of allocentric spatial processing per se. Such issggSaceur A (1995a) The construct validity of animal models of
serve to highlight the value of the spontaneous prefer-memory: behavioral paradigms. Int Behav Neurosci Soc Abstr

ence tasks used in the current study, as such tasks can eg: 30

. . . naceur A (1995b) The failure of behavioural neuroscience to
amine different aspects of working memory and yet 8 develop animal models of amnesia and therapeutics has more

relatively free from other, potentially confounding de- to do with the behavioural paradigms than with the complex
mands. neuronal systems. Brain Res Assoc Abstr 12: 78
Ennaceur A, Aggleton JP (1994) Spontaneous recognition of ob-
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