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Amnesia Produced by lbotenate Entorhinal Cortex Lesions in Mice
Yoon

H. Cho,

Daniel

Beracochea,

and

Robert

Jaffard

Laboratoire de Neurosciences Comportementales et Cognitives, CNRS URA 339, UniversitB de Bordeaux I, 33405
Talence CQdBx, France

Effects of ibotenic entorhinal
cortex (EC) lesions on both
retrograde
and anterograde
amnesia in mice were assessed
using two-choice
discrimination
tasks learned at different
intervals before surgery in two eight-arm
radial mazes. The
results indicated
that EC-lesioned
mice were severely impaired in postoperative
retention of discrimination
problems
learned 3 d or 2 weeks prior to surgery, but showed no deficit
on problems
learned between 4, and up to 6 weeks before
surgery, as compared
to sham-operated
controls.
When
trained on a novel two-choice
discrimination
problem (not
acquired
preoperatively),
experimental
subjects
demonstrated quite normal rates of acquisition,
but were impaired
in learning its reversal. Furthermore,
they exhibited
a faster
rate of forgetting (anterograde
amnesia) relative to controls
over a 2-week retention interval. These results indicate that
approximately
4 weeks is required before memory for a twochoice spatial discrimination
problem no longer depends on
the integrity of the entorhinal
cortex, and suggests that, beyond this time, an EC-independent
memory storage system
is capable
of supporting
the retrieval of information.
The
data, together with complementary
behavioral
results, are
discussed in the context of current theories of memory storage.
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The human amnesicsyndromeis characterized by a severeloss
of memory for events that occur subsequentto brain insult
(anterograde amnesia), together with a much more variable
memory impairment for premorbid events (retrograde amnesia).
Neuropsychological studies of both anterograde and retrogradeamnesiahave beenuseful in addressingthe memory consolidation issue.Thus, it has been suggestedthat, at least for
bitemporal lesionsor dysfunction, anterogradeamnesiacould
be attributed to a consolidation deficit, that is, a failure to transform short-term into long-term memory traces. More importantly, thesestudieshave shownthat retrograde amnesiacould
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extend back asfar asseveralyearswith an identifiable gradient,
recent memoriesbeing selectively impaired while very remote
memoriesremain intact. Thesefindings provide evidence for a
consolidation processthat lasts considerably longer than the
minutes initially envisioned(for reviews, seePolsteret al., 1991;
Squire, 1992).
More precisely, this suggeststhat the creation of permanent
memoriesrequiresa gradual transformation in the organization
of memory traces rather than a simple fixation process.Thus,
in line with this idea, it hasbeenproposedthat limbic structures
remain involved for a lengthy period of time in the organization
ofenduring extra-limbic memory tracesthat ultimately become
capableofindependently supportingthe retrieval of information
(Squire et al., 1984).
The difficulties inherent to neuropsychologicalstudiesaimed
at testingmemoriesconcerningthe remote past, and in addressing the question of how thesephenomenaare organized in the
brain, have recently led to the development of a number of
animal models. A seriesof studieshave succeededin attempts
to describe a temporal gradient in retrograde amnesiaas evidencefor a long-term consolidation process(Squire and Spanis,
1984; Salmon et al., 1987; Sutherland et al., 1987); however,
similar neuropsychologicalstudieshave failed to find evidence
for sucha temporal gradient (Dean and Weiskrantz, 1974;Salmon et al., 1987).
The present experiment was mainly aimed at determining
whether ibotenate entorhinal cortex (EC) lesionsin mice could
produce differential and temporally graded retrograde amnesia
for successivetwo-choice discrimination problems,eachlearned
at different time periodsprior to surgery.Basically, the method
was the sameas that previously usedby Dean and Weiskrantz
(1974) and more recently by Zola-Morgan and Squire (1990).
In addition, anterogradeamnesiawas assessed
both by postoperative learningand by ratesof forgetting for similar problems
as those learnedpreoperatively.
Materials

and

Methods

Subjects
Twenty-oneadult mice of the BALBK

by JIco strain were used. During
training, the mice were kept on a food deprivation schedule so that their
body weight was maintained at 80-84% of their free-feeding weight.

Apparatus
Two identical elevated radial mazes (A and B), located in two different
rooms decorated with different sets of pictures and objects, were used.
Each maze was composed of a circular platform (30 cm diameter) from
which eight arms (50 cm long) radiated in a symmetrical fashion. Bach
arm was fitted with a door at the entrance and a food cup at the other
extremity. In maze B, each arm was differentiated by inserts of different
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Figure1. Behavioral procedure used for studying retrograde and anterograde amnesia following ibotenate EC lesion.

black and white visual cues placed on the floor so that the animals could
learn the discrimination tasks on the bases of both extramaze (place)
and intramaze cues.

Behavioral testing
Preoperative
training.The general procedure is summarized in Figure
1. All mice were successively trained on five two-choice discrimination
problems. For each of the five problems, two adjacent arms were presented, one of which was always baited. Animals were given daily sessions of 16 trials each as follows. At the start of a trial, the mouse was
placed on the central platform, and after 15 set, the doors giving access
to the first pair of selected arms were opened simultaneously. Once the
mouse had reached the food tray (baited or not) at the end of the chosen
arm, it was allowed to return to the central platform where it was again
confined. After 15 set, the same two doors were opened for the next
trial. Training continued (three to five daily sessions) until the animal
reached a criterion of 13 correct choices in the same 16-trial session.
Training for the second problem (second pair of arms), A2, commenced
the next day and was continued until animals attained the same criterion
of performance on the second pair of arms. The next set of three discrimination problems was carried out using maze B. Thus, at each of
five time periods prior to surgery, animals had learned a different twochoice discrimination problem. In maze A only, training for the second
problem (A2) began the day after the end of discrimination training for
the first pair of arms. Moreover, animals were given an additional
session the following day after attaining criterion on pair A2 where both
pairs (Al + A2) were presented in a mixed order. This last session,
aimed at familiarizing mice with the mixed-testing procedure used postoperatively in maze B, was given about 6.5 weeks before surgery. Two
weeks later (4.5 weeks before surgery) animals began the first pair (Bl)
in maze B; they were subsequently trained on pairs B2 and B3, at around
2.5 weeks and 4 d before surgery, respectively. The position ofthe correct
arms was counterbalanced across successive pairs, mazes, and subjects.
For example, in maze A, the position of the baited arm for pair Al (i.e.,
right hand) was inverted for pair A2 (i.e., left hand); moreover, the
second selected pair of arms (A2) was spatially symmetrical with regard
to the first pair (Al). In maze B, the animals were divided in three
subgroups. The position of the baited arm (i.e., left or right) was the
same for the first and second pairs for first subgroup, and was the same
for the first and third pairs, and the second and third pairs for second
and third subgroups, respectively, thus precluding the use of simple

side-strategies to resolve the problems. Half of each of the three subgroups was attributed to the experimental group and the other half to
the sham-operated group.
Postoperative
test&g.Retention and reacquisition of the preoperatively learned pairs (Bl-B3) were assessed in maze B. In each daily
session, the three pairs were presented eight times each in a mixed order.
Upon completion of testing in maze B, animals were given a single
retention session for the two pairs (Al and A2) learned preoperatively
in maze A, each presented eight times in a mixed order. Postoperative
performance in maze B was assessed on each pair (Bl-B3) by the percentage of correct responses recorded on both the first eight trials (first
session) and the first 16 trials (first two sessions). Moreover, the number
of trials needed to achieve a criterion of five correct responses in five
consecutive trials was also determined. The rate of complete reacquisition was assessed by the number of trials needed to reachieve the 13/
16 criterion used for preoperative acquisition. Retention scores in maze
A (Al + A2) were assessed by the percentage of correct responses
recorded on both the first eight and 16 trials of the single retention
session.

Postoperative
learning,reversal,and retentiontesting(problemB4).
This experiment was designed to evaluate the anterograde effects of EC
lesions on learning, reversal, and long-term retention of a new pair.
Thus, after completion of postoperative retention tests, animals were
trained on the final (fourth) pair in maze B (B4) according to the same
procedure as that described for preoperative training. Once the mouse
had reached the 13/ 16 criterion, the baited arm was reversed and training continued until the animal reattained the same criterion. Two weeks
later, retention for discrimination reversal was assessed in a single session of 16 trials.
Contributionof intramazecuesto discrimination
performance.
This
last experiment was designed to determine the extent to which subjects
used intramaze cues in discrimination. Accordingly, control animals (n
= 6) and EC-lesioned mice (n = 12) were trained concurrently on the
four pairs in maze B. During each daily session, the four pairs were
presented six times each, in a mixed order, and training continued until
animals reached a criterion of 20 correct responses in 24 trials. The
following day, they were given a test session during which intramaze
visual cues for a given pair were either maintained in the same position
(task A), reversed relative to their initial position (task B), or removed
(task C). For each of these three tasks, baited arms remained in the
same location with respect to extramaze stimuli. For the last task (task
D), the cues were reversed (as for task B) but animals were reinforced
by choosing the previously baited visual cue.
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Table 1. Preoperative discrimination scores (mean percentage
correct) on the last daily session for each of the five pairs learned in
both maze A (Al and A2) and maze B (Bl, B2, and B3) in sham- and
EC-lesioned groups
Maze A

Group

Pair
Al

Pair
A2

Pairs
Al +
A2

Maze B
Pair
Pair
Bl
B2

Pair
B3

EC(n = 12)
Sham (n = 9)

87.1
84.4

86.6
85.2

85.4
79.2

87.1
89.1

90.2
91.4

In maze. A, animals were given an additional
presented in a mixed order.

88.4
92.2

single session with pairs Al and A2

Surgery
The bilateral lesions of the entorhinal cortex (n = 12) were performed
using ibotenic acid. Animals were anesthetized with an intraperitoneal
injection of pentobarbital (100 mg/kg) and positioned in a Kopf stereotaxic apparatus. Small quantities of ibotenic acid dissolved in phosphate-buffered saline (10 mg/ 1 ml) were injected using a 1 bl Hamilton
syringe mounted on the stereotaxic frame. The injections were made at
two sites per hemisphere. At the first site, injections were made at 2.0
mm (0.03 pl), 3.0 mm (0.03 PI), and 3.5 mm (0.04 hl) ventral to the
surface of the brain at AP -4.3 mm posterior to bregma, L + 4.0 mm
to midline. At the second site, volumes injected were V - 1.5 mm (0.04
pl), -2.0 mm (0.04 pl), and -3.0 mm (0.05 ~1) at AP -4.8 mm, L
+3.2 mm. Sham-operations (n = 9) werecarriedout usingthe same
surgical procedures as for mice in the EC group except for the injection
of ibotenic acid. Animals were allowed a recovery period of ten days
before the start of postoperative retention tests.

Histology
On completion of the experiment all animals were perfused intracardially with physiological saline and formalin. The brains were removed,
fixed in formalin-sucrose, and sectioned horizontally on a microtome
at 40 pm. The brain sections were stained using thionin for histological
examination of the position and extent of the lesions.

Results
Histology
Examination of the brain sectionsof all experimental subjects
(n = 12) revealed extensive bilateral damageto the entorhinal
cortex extending fully along the dorsoventral area. Eight EClesionedmice revealed somewhatlimited and selectivebilateral
damageto the entorhinal cortex extending along the dorsoventral area (Fig. 2, top right). The damageincluded both lateral
and medial subdivisions of the entorhinal cortex, and occasionally somecellsof the ventral subiculum.At the most ventral
level, there was an inconsistent loss of cells. The other four
experimental mice showed, in addition to the extensive EC
lesion, some lossof cells in the caudal dentate gyrus, ventral
subiculum, and especiallyadjacent ventral CAl-CA3 subfields
of the right hippocampusacrossthe dorsoventral level (Fig. 2,
bottom left).
In all cases,damageto the lateral part of the entorhinal cortex
wasmore pronouncedthan that to the medial part.
The nine animals in the sham-operatedgroup exhibited no
apparentdamageexcept for a slight increasein glial cellsat the
site where the micropipette penetrated the neocortex.
Behavior
Preoperativetraining
Animals learned the first pair (maze A, 6.5 weeksprior to surgery) in an averageof 4.35 sessions(16 trials per session).The

Figure 2. Horizontal reconstructions [from dorsal (0) to ventral (v)]
of lesion placement and size of each representative subject of the case
of the lesion limited to the entorhinal cortex including both medial and
lateral part (top right) and the case of EC lesion combined to that of
adjacent right ventral CAl-CA3 fields ofthe hippocampus (bottom left).
EC, entorhinal cortex; CA1 and CA3, fields of the hippocampus; DG,
dentate gyrus; L, left; R, right.

subsequentfour pairs (A2, Bl, B2, and B3) were learnedmore
quickly [respectively, 2.18, 2.54, 2.36, and 2.46 sessions;trend
analysison the five pairs: F( 1,19) = 69.0, p < 0.00I]. Successive
learning curves and sessionsto criterion for the five pairs were
comparablefor both animals that underwent EC lesioningand
for sham-operatedsubjects(F values < 1). Finally, asshownin
Table 1, discrimination scoreson the last day of training for
eachof the three pairs learnedin maze B (Bl-B3) did not differ
betweenpairs and groups (F values < 1). Although animals of
the sham-lesionedgroup were slightly inferior to the EC-lesionedmice when tested on pairs Al and A2 (79.2%vs. 85.4%),
this was not statistically significant [F( 1,19) = 2.66; p > 0. IO].
Postoperativeretention tests
Resultsare summarized in Figure 3 and Table 2.
Maze B. Whatever the measureused,sham-operatedmice (n
= 9) exhibited a significant forgetting of the three discrimination
problemsacrossthe 5.5 week time period [first eight trials (day
1): from 84.7% for the third pair learned 10 d earlier (B3) to
62.5% for the first one learned 5.5 weeksbefore testing (Bl);
trend analysis,three pairs: F(2,16) = 13.5, p < 0.001; first 16
trials: from 87.5% for the third pair (B3) to 66.7% for the first
one (Bl) (p < O.OOl),and from 6.2 trials (B3) to 18.0 trials (Bl)
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needed to achieve the 5/5 criterion (13.0 vs. 38.8 trials; Wilcoxon signed-rank test, z = -2.19; p < 0.02). However, even
though the mean discrimination scores recorded on the first 8
trials was significantly above chance level (50%) on the first (B 1,
67.7%; p < 0.01) but not on the third pair (B3, 56.3%; p >
0.30) the difference between these two pairs did not reach statistical significance [F( 1, 11) = 2.4; p = 0.151. Finally, there were
no significant differences between discriminations scores observed on the first and second days of testing, both on the pooled
three pairs (24 trials, day 1 vs. day 2: from 61.5 -t 2.9% to 62.2
f 1.8%) and on each pair (eight-trial blocks, day 1 vs. day 2:
F values < 0.12 for all comparisons). Moreover, these slight
changes were not significantly different from those observed in
sham-lesioned mice [group x day interactions for the pooled
three pairs: F( 1,19) = 0.94; for each pair: F( 1,19) < 1.6; p >
0.201.
Maze A. Experimental and control groups exhibited above
chance (p < 0.01) and comparable discrimination scores both
on the first eight (67.7% and 73.6%, respectively) and first 16
trials (69.3% and 70.1%) of the single session for the two pairs
(Al + A2) learned 7 weeks earlier.

o Sham-lesioned
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Learning - surgery interval ( weeks)
(Problems)
3. Postoperative retention scores on the first 16 trials (mean ?
SEM) in EC-lesioned (0) and sham-lesioned (0) animals as a function
of the learning-surgery interval. Retention of pairs Bl, B2, and B3
learned in maze B was assessed 10 d after surgery by presenting each
of the three pairs in a mixed order. Retention of the two pairs (Al +
A2) learned in maze A was assessed separately 12 d after surgery. ***,
p < 0.001 in comparison to the sham-lesioned group; **, p < 0.01.
Figure

to reach the 5/5 criterion (p < O.OS)]. Finally, it must be noted
that discrimination scores recorded on the second day of testing
were slightly, but not significantly, better than those recorded
on the first day [pooled three pairs, 24 trials, day 2 vs. day 1:
79.6% vs. 73.6%; F(1,8) = 3.4; p = 0.101.
In contrast, performances of EC-lesioned mice (n = 12) tended
to improve as the retention interval increased. Thus, experimental subjects exhibited better performance for remote information (first learned pair, B 1) than for recently acquired information (third pair, B3) both on the first 16 trials [67.2% vs.
56.8%; F(1,l 1) = 6.0; p = 0.031 and on the number of trials

Reacquisition in maze B
Results are summarized in Table 2. For sham-lesioned animals,
the mean number of trials needed to reachieve the 13/ 16 acquisition criterion on each of the three pairs (Bl-B3) tested
concurrently (eight trials per pair in each session) decreased as
the retention interval increased [trend analysis: F(2,16) = 7.0,
p < 0.011. In contrast, an inverse but nonsignificant trend was
observed in EC-lesioned subjects [trend analysis: F(2,22) = 1.73,
p = 0.201; lesioned animals performed significantly worse than
controls [group: F( 1,19) = 25.4, p < O.OOl] with a significant
group x pair interaction [F(2,38) = 5.6; p < 0.011.
Postoperative learning, reversal, and retention testing
fourth pair in maze B)
As shown in Figure 4A, EC-lesioned animals learned the novel
fourth pair (B4) in maze B at the same rate as controls [first 3
d; F(2,38) = 0.691 and reached the criterion in a slightly, but
not significantly, higher number of sessions [4.1 vs. 2.9; F( 1,19)
= 1.46; p > 0.201. In contrast, reversal learning (Fig. 4B) was
significantly impaired in EC-lesioned as compared to shamlesioned animals across the three first sessions [F(1,19) = 7.5;
p < 0.021, though the difference in the number of sessions to
criterion did not reach significance [4.8 VS. 3.3; F( 1,19) = 3.6;

Table 2. Mean percentage
correct responses (aSEM)
on the first eight trials (day 1) of retention
in maze
trials (HEM)
needed to achieve the 5/5 and 13/16 criteria
(maze B only) on each pair learned at different
surgery in sham- and EC-lesioned
animals

Trend analysis
Maze B

Al +A2
(8 weeks)

62.5 + 4.2
67.7 ix 4.7

p < 0.001

73.6 f 4.4
67.1 iz 5.6

11.9 Ik 3.4
27.2 k 1.6

18.0 + 4.4
13.0 t 2.0

p=
p=

0.03
0.02

-

25.8 f 4.0
49.8 k 4.6**

35.6 k 2.7
40.0 k 3.3

p<

0.01

-

Measure

Group

B3 (0.5 week)

B2 (2 weeks)

Bl (4 weeks)

% correct,
first 8 trials
5/5 criterion
(no. trials)

Sham
EC
Sham
EC

84.1 + 2.8
56.3 k 4.7***

73.6 + 4.4
60.4 f 4.6

6.2 + 0.5
38.8 + lO.l***

Sham
EC

20.4
47.5

16 criterion
(no. trials)

13/

k 2.4
+ 4.9***

A and maze B, and mean number
intervals
(in parentheses)
before

NS

NS

Results (p value) from trend analysis (pairs Bl, B2, and B3) performed on each measure for each group are shown in the sixth column.
difference (***, p < 0.00 1; **, p < 0.0 1) between EC- and sham-lesioned groups (see Results for further analysis).

Asterisks indicate

of

a significant
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Figure 4. Discrimination performances of EC-lesioned (0) and sham-lesioned (0) animals tested on the fourth pair in maze B (B4): acquisition
(A) and reversal (B) learning curves across the three first daily sessions of each stage. C, Discrimination performance on the last reversal learning
session (delay 0) and on the 2 week delayed retention session. *, p < 0.05; **, p < 0.0 1; ***, p < 0.00 1; in comparison to the sham-lesioned group.
p = 0.071. In fact, four EC-lesionedmice were still responding

at levels below chance (50%) on the third sessionand two of
them were unableto achieve the criterion within sevensessions.
These two subjectswere discarded for subsequenttesting. As
shown in Figure 4C, EC-lesionedanimals that exhibited the
samelevel of performanceascontrols on the last reversal training session(90.6%vs. 9 1.O%)displayeda faster rate of forgetting
over the two weeksretention interval [groups x delays interaction: F(1,17) = 13.8,p < 0.011.
Relationshipsbetweenpostsurgerylearning dejicits and
retrogradeamnesia
As comparedto all other animals(sham-and EC-lesioned),four
EC-lesionedsubjectsexhibiting unilateral lesions of the hippocampal CA subfields(Fig. 2, bottom left), were disproportionally impaired on the acquisition and reversalof the pair B4
(seeprevious section).However, ascan be seenin Table 3, these
subjectswereindistinguishablefrom the othersin their retention
scoreson the pair Bl learned four weeksbefore surgery, and
from the other eight EC-lesionedanimals for retention scores
on the most recently acquired pairs (B2 and B3).
Contribution of intramaze cuesto discrimination performance
Resultsare summarizedin Figure 5. Changingthe location (task
B) or removing intramaze cues(task C) produced an overall

decreasein discrimination performance on the three tasks(including that of A, cuesunchanged)for which baited arms remained in the samelocation with respectto extramaze stimuli
[three tasks;F(2,28) = 5.79; p < 0.011.However, more importantly, performancesrecorded on the test sessionwere not significantly different among groups [F( 1,14) = 1.86; p > 0. lo]
and tasks[F(2,28) = 0.73, NS] with no significantgroup x task
interaction [F(2,20) = 0.92, NS]. For task D, in which the
location of the baited and nonbaited cues were reversed with
respect to extramaze stimuli, discrimination performance
dropped below chancelevel in both groups [3 1.3% and 41.3%
for, respectively, EC- and sham-lesionedgroups;F( 1,14)= 1.91,
NS].
Discussion
The main finding

of this experiment

is that bilateral

ibotenate

lesionsof the entorhinal cortex produce a lengthy and temporally graded retrograde amnesia(about 4.5 weeks).Thus, when
tested concurrently on three two-choice discrimination problems, each learned at different time periods (maze B), control
mice exhibited significant forgetting with increasing retention
intervals (from about 2 weeksto 6 weeks).In contrast, operated
animals actually exhibited better retention scoresfor the less
recently learnedpair (i.e., 4.5 weeksbefore surgery)than for the
two pairs learned within 2 weeksprior to surgery. Finally, for

Table 3. Mean number of sessions (GEM)
necessary to acquire pair B4 (Acquisition) and its reversal (Reversal) in maze B, and total of two
acquisitions (A + R) in sham, and two EC groups (a = 4 and 8) subdivided by their different patterns of new learning scores

Group

Pair B4 (postsurgery)
Acquisition
Reversal

A+R

Pair B 1
reacquisition

7.3 * 1.3
2.5 f 0.3

7.5 + 0.6
3.5 + 0.3

14.8 + 1.3
6.0 2 0.3

4.3 k 0.7 (70.4 + 8.2)
5.4 +- 0.5 (65.7 + 3.5)

6.3 + 1.1 (59.4 + 2.2)
6.0 f 0.7 (58.7 + 2.5)

2.9 k 0.4

3.3 k 0.4

6.2 + 0.4

4.4 k 0.3 (66.7 -t 2.8)

2.9 + 0.3 (81.7 + 2.9)

(O/o)

Pair B2 + B3
reacquisition (%)

EC

(n = 4)
(n = 8)
Sham

(n = 9)

Mean numbers of sessions required to reachieve the criterion on pair B1 learned initially 4.5 weeks before surgery and on B2 and B3 acquired
surgery were reported in right two columns, with their respective postoperative percentageretention scoresin parentheses.

2.5 and 0.5 weeks before
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Figure 5. Mean correct percentages on the last session of reacquisition
of four tasks with initial cue positions (0, sham-operated controls; 0,
EC-lesioned animals), and those recorded in modified cue positions for
each of four tasks (open bars, sham-operated controls; shaded bars, EClesioned animals). For that, intramaze visual cues were either maintained in the same position (task A), reversed relative to their initial
one (tasks II, D) or removed (task C). The baited arms remained in the
same spatial location for all tasks except for the task D, for which the
baiting arm is matched with visual cue.

both the pairs in maze B (Bl) and the two pairs in maze A (Al
and A2) learned about 4.5 and 6.5 weeksbefore surgery, EClesionedanimals exhibited the sameretention scoresas shamoperatedcontrols. Taken asa whole, theseresultsindicate that
a 4 week period is required before memory for a two-choice
discrimination problem no longer dependson the integrity of
the entorhinal cortex; they also suggestthat, beyond this time,
an EC-independentmemory storagesystemis capableof supporting the retrieval of information.
A long temporal gradient for retrogradeamnesiarangingfrom
2 d to 12 weekshas been previously reported in animals following electroconvulsive shock (Squire and Spanis, 1984) and
hippocampal lesions(Sutherland et al., 1987; Winocur, 1990;
Zola-Morgan and Squire, 1990). These findings suggestthat,
even though different tasks,species,and treatments might generate different estimatesof the length of the consolidation period, there existsa generalconsensus
for a consolidation process
that lastsconsiderably longer than the secondsor minutes initially envisioned (seeSquire, 1992, for a review).
It must be mentioned, however, that in our present experiment noneof the measurementsof retention that were usedmay
be consideredas a pure probe of memory since more than a
single(the first) trial wasnecessaryto assess
discrimination performancereliably on eachpair. Indeed, whereason the first trial,
the animal’schoice may be consideredasentirely dependenton
the retrieval of information learnedbefore surgery,choicessubsequentto the first trial may additionally benefit from information obtained by the outcome of the precedingtrials. Thus,
even though, in both groups, we did not observe significant
relearningbetweenthe first and secondday of retention testing,
one cannot totally rule out a contamination of retention measurementsby relearningprocessesthat would have occurred at
the very beginningof the first retention session.A comparison
of the number of trials neededto achieve successivelythe 5/5
and 13/l 6 criterions in the experimental group indicated that,

whereasanimals required significantly lesstrials to reach the
515criterion for remote (B3) than for recently acquired information (B l), this difference was reduced and no longer significant for the subsequent13/ 16 criterion (seeTable 2). An opposite pattern of resultshas in fact beenreported by Sutherland
et al. (1987), who showedthat retrogradeamnesiaproduced in
rats by hippocampal damagewas more pronouncedat the end
than at the beginning of retention, in a test of spatial reference
memory in the Morris water maze task. One possibleexplanation for this discrepancy (amongothers) could be the degree
of anterogradelearning impairment producedby the lesionwith
respect to the task considered. It seems,however, that as a
generalrule, there is a dissociationbetweenthe effectsof lesions
of the hippocampal formation on acquisition behavior and retention. Thus, retrograde amnesiahas been reported on tasks
for which learningwaseither impaired (Sutherlandet al., 1987),
unimpaired (Winocur, 1990), or even facilitated (Sara, 1981).
These observationscould be of theoretical importance with respect to the dissociation between the role of the hippocampus
as a (temporary) neuronal substratefor memory traces and its
further involvement in memory consolidation (seebelow).
Coming back to our own results, it seemsquite clear that
ibotenate lesionsof the entorhinal cortex produced little, if any,
impairment for the acquisition of the new (B4) pair; moreover,
even for the four subjectsthat were actually impaired on postoperative learning (probably becauseof extra-entorhinal damage), there was no evidence at all for a greater impairment of
remote memory than in other animals (seeTable 3). Together
with the observation that, over the 2 week period following
postoperative acquisition, lesionedmice showedfaster forgetting than controls (anterogradeamnesia),this suggests
that both
the anterogradeand retrogradeamnesiaobservedaremore likely to reflect a loss of memory rather than an impairment of
reacquisition.
It is now important to considerthe type of memory that was
affected by EC lesionsin this study. Before starting the experiment we speculatedthat successivediscriminations would be
better retained over long periods if animalswere provided with
intramaze in addition to extramaze distal cues. In fact, our
resultssuggestthat, at least in overtrained animals, the contribution of intramaze cuesto discrimination scoreswasquite low.
First, data from preoperative learning showedthat shifting from
the last noncued task of maze A (A2) to the first cued one in
maze B (Bl) had no detectable facilitative effect on the speed
of acquisition; similarly, no differenceswere observed between
postoperative retention scoresfor the cued (Bl) and the two
noncued (Al + A2) tasks, which, moreover, were both tested
at a longer retention interval than the first one (seeFig. 3).
Second,the fact that animalscontinued to discriminatecorrectly
and significantly between arms after intramaze cueshad been
either reversed or removed for a given task, strongly suggests
that they mainly used distal cues. Indeed, even though mice
from both groupswere disturbed by thesechanges,asshownby
their overall decreasein performance,no significant differences
were observed between tasksfor which a changein intramaze
cueswas carried out and the one for which it wasnot (seeFig.
5). Thus, it seemsreasonableto postulate that animals solved
the task by using relationships between distal elementsof the
environment (i.e., spatial mapping; O’Keefe and Nadel, 1978)
or other configural associations(Sutherland and Rudy, 1989)
rather than simple associations.In these conditions, the hippocampal formation, in concert with posterior cortical areas,
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would initially be involved in the internal representation of this
type of information.
Since, after a sufficient amount of time (about 4 weeks) the
entorhinal cortex seems no longer to be necessary to sustain
normal remembering, one might suppose that normal behavioral forgetting actually reflects “hippocampal forgetting.” This
would suggest a close relationship not only between the rates of
behavioral forgetting for spatial information and decay of hippocampal long-term synaptic enhancement (Barnes and McNaughton, 1985) but also between these two phenomena and
the temporal gradient of retrograde amnesia. Whatever be the
case, there is no reason to believe that the internal representation
that survives hippocampal forgetting or lesioning holds exactly
the same information (i.e., a duplication, even though weakened) as that held earlier by, presumably, both hippocampal
and cortical substrates. Assumptions concerning a dynamic and
evolutive process of memory representations in the brain have
been suggested on several occasions, for example, “engram migration” during interhemispheric transfer of monocularly acquired visual discrimination
(Bures and Buresova, 1990),
“memory spread” over time from the hippocampal-entorhinal
area to widespread forebrain areas (Flexner et al., 1991), and
“flow of memory” generated by a one-trial passive avoidance
task from intermediate medial hyperstriatum ventrale to lobus
parolfactorius in chicks (Rose, 199 1).
In the context of the present experiment, this means that, as
time passes, some subtle changes may occur in the strategy the
animal uses on the retention test, as long as this strategy has a
sufficiently adaptive value with respect to the demands of the
task. We have begun to investigate such a possibility. First, even
though subjects tested for remote memory (4 weeks or more
following learning) exhibited performances well above chance
levels, they generally behaved as if they did not remember the
discrimination problems (i.e., they did not hesitate before choosing as they did for recent memories); although this may represent
a rather anthropomorphic argument, it would suggest that animals solved the task on the basis of less but sufficient information than initially. Second, recent experiments have provided
indirect evidence that the tendency to use an egocentric strategy
becomes more prominent as the retention interval increases.
More precisely proactive interference produced by a previously
learned task on the acquisition of the following one, for which
position of the correct arm relative to the animals’ position was
reversed (i.e., right hand then left hand or inversely), was more
pronounced for long (3 weeks) than for short (1 d) intervals (Y.
H. Cho and R. Jaffard, unpublished observations). Finally, the
fact that some units in the rat parietal cortex have been found
to fire during particular movements (i.e., right or left turns) in
conjunction with local features (i.e., visual stimuli) (Leonard
and McNaughton, 1990; McNaughton et al., 1990) would agree
with the idea that only this kind of subset of the whole initial
representation would ultimately be maintained in the posterior
parietal cortex. In this sense, the formation of remote memory
for the type of events we have studied would involve a “translocation” of the internal representation and a change in its code.
The fact that, for these events, retrograde amnesia was temporally graded, also suggests that during a period of about 4
weeks the entorhinal cortex remains necessary to organize (or
consolidate) the cortical memory trace fully.
At this point, it seems necessary to return again to the lack
of effect of EC lesion on postoperative acquisition of the B4
task. Indeed, this finding, together with some other ones (see
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above) seems to contradict the hypothesis that, initially, the
hippocampal formation supports a subset of the whole information. In the task we have used, however, EC-lesioned animals
that were given no or less important preoperative training than
the subjects of the present experiment were actually impaired
(Cho and Jaffard, unpublished observations). As pointed out by
several authors, this emphasizes the importance of preoperative
training in deciding whether a given lesion impairs a given task
(Barnes, 1988; Jarrard, 199 1). This suggests that the “learning
to learn” phenomenon, as well as learning a simple two-choice
discrimination problem, may be spared by EC lesions, provided
animals are given a minimum degree of preoperative training,
with a sufficiently long delay before the lesion is performed.
Therefore, this would mean that, as preoperative training progressed, the need for a hippocampal representation of events
that must be remembered in the same context and requiring the
same basic rule (learning set) diminishes.
Since, despite this spared learning ability, lesioned animals
nevertheless exhibited anterograde amnesia, this could reflect a
dissociation between the two classically hypothesized functions
of the hippocampal formation, that is, as a temporary storage
site for certain kinds of information (Rawlins, 1985) and as a
consolidation-organizer
device (Squire, 1992). More precisely,
unless one considers that consolidation is a simple fixation process, it is difficult to imagine how the hippocampal formation
could influence and organize extra-hippocampal memory traces
without storing any index of the original experience (cf. Teyler
and DiScenna, 1986).
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