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Recent work has shown that lesions of the hippocampus in
monkeys cause deficits in the capacity to remember increasing
numbers of objects, colors, and spatial locations (Beason-Held
et al., 1999). However, others have observed that hip-
pocampectomized monkeys can show intact memory for a list
of objects or locations (Murray and Mishkin, 1998). We wished
to explore the effects of hippocampal damage on the capacity
of memory in the rodent and, to do so, developed novel “span”
tasks in which a variable number of odors or locations had to be
remembered. In the odor span task (experiment 1), rats were
trained on a nonmatching to sample task in which increasing
numbers of odors had to be remembered. Half of the trained
rats received ibotenic acid lesions of the hippocampus. Post-
operatively, hippocampectomized animals did not differ from
control animals even when required to remember up to 24
odors. However, when tested on delayed retention of a list of 12

odors, rats with hippocampal lesions were impaired at a long
delay. Also, these rats were impaired on a subsequent test of
delayed spatial alternation. In a spatial span task (experiment
2), naive rats were trained on a nonmatching to sample task in
which a variable number of locations had to be remembered.
After this, half of the animals received ibotenic acid lesions.
Postoperatively, hippocampectomized animals performed
above chance levels when required to remember a single cup
location, but were unable to remember more. Subsequent test-
ing on another spatial delayed alternation task suggested that
hippocampectomized rats could recognize, but could not in-
hibit their approach to previously visited locations.
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The hippocampus has been implicated in memory since the initial
observations of severe anterograde amnesia after medial tempo-
ral lobe resection in humans (Scoville and Milner, 1957; Corkin,
1984). However, studies involving more selective damage to the
hippocampus or fornix in nonhuman primates (Alvarez et al.,
1995; Murray and Mishkin 1998) and rodents (Aggleton et al.,
1986; Rothblat and Kromer, 1991; Mumby et al., 1992; Otto and
Eichenbaum, 1992; Kesner et al., 1993; Shaw and Aggleton, 1993)
have called into question the notion that the hippocampus itself is
critical for memory of individual items. These observations, to-
gether with evidence that lesions of the parahippocampal region
produce impairments on the same tasks (Zola-Morgan et al.,
1989; Otto and Eichenbaum, 1992; Meunier et al., 1993; Suzuki et
al., 1993; Mumby and Pinel, 1994; Ennaceur et al., 1996; Aggleton
et al., 1997) have led some to propose that the parahippocampal
region, and not the hippocampus, is required for recognition
memory (Eichenbaum et al., 1994; Murray, 1996).

In one of the more striking demonstrations of intact memory
after hippocampal damage, Murray and Mishkin (1998) trained
monkeys on a delayed nonmatching to sample task that required

memory for lists of three, five, or 10 sample objects. They ob-
served no difference in the performance of control monkeys and
monkeys with selective lesions of the hippocampus and amygdala
with increasing list length. Even when tested with a list of 40
sample objects, monkeys with hippocampal damage performed as
well as normal subjects. These animals were also unimpaired
when required to remember two locations over a 20 sec delay.
These data are consistent with studies in the rat (Mumby et al.,
1992) and suggest that the hippocampus is not necessary for
object or location recognition memory.

These observations are at odds with data recently reported by
Beason-Held et al. (1999), who examined memory for multiple
items in monkeys with ibotenic acid lesions of the hippocampus.
In their study, hippocampectomized monkeys were tested on a
“memory span” task in which the number of stimuli to-be-
remembered (the span) was increased after every correct re-
sponse. Monkeys were tested on spatial location, color, and object
span tasks, and hippocampectomized monkeys remembered
fewer numbers of each of these items. Beason-Held et al. (1999)
concluded that damage to the hippocampus alone is sufficient to
produce impairments in tasks in which memory load is high.

In rats, to our knowledge, only two studies have examined
nonspatial list learning (Steele and Rawlins, 1989, 1993). In the
second of these studies, rats with hippocampal aspiration lesions
were slightly impaired in remembering lists of distinctive goal
boxes presented in a Y-maze apparatus. However, because this
impairment was similar at all list lengths, it did not depend on the
memory load per se.
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In the current study, we sought to explore the contribution of
the hippocampus to normal memory capacity in rodents using
novel odor and location span tasks. These assessed recognition
memory for increasing numbers of previously presented items. In
humans, the capacity for recognizing familiar items represented
in any order is practically limitless for visual stimuli (Standing,
1973) and is thus distinct from the traditional limit (span) for the
number of items recalled in the same order as presented (Miller,
1956).

The current findings have been presented previously in abstract
form (Dudchenko et al., 1998).

EXPERIMENT 1: ODOR SPAN TASK
Materials and methods
Subjects. The subjects were 16 male Long–Evans rats, weighing between
175 and 225 gm at the beginning of training. Rats were moderately
food-deprived and were permitted ad libitum access to water during
training and testing. Rats were kept on a 12 hr light /dark cycle and tested
during the light phase of the cycle.

Apparatus and materials. Training and testing (except where noted)
took place on a 3 3 3 foot square black Plexiglas platform with a
1.25-inch-tall border, placed on a pair of wooden blocks so that it rested
;39 inches above the floor. Odors were mixed in sand (see below) and
presented in clear Nalgene cups (25⁄8-inch-diameter) placed on the plat-
form. To keep the animals from tipping the cups over, they were affixed
to the platform via strips of Velcro on the bottom of the cups. The
complementary pieces of Velcro on the platform were spaced equally
along its perimeter, such that a cup could be attached to any of 24
positions along the platform edges. Thus, cups could be placed in any of
the four corners of the platform or in any of five positions along each side
of the platform.

Shaping. Rats were habituated to handling for 3 d (3–5 min/d) before
training. In training, rats were initially shaped to dig in a cup of un-
scented playground sand (100 gm) for buried Froot Loop (Kellogg’s)
cereal rewards. Once the animals reliably dug in the sand for a single
reward regardless of the location of the cup on the platform, they were
introduced to scented cups of sand.

Odors. To scent the sand, 0.5 gm of an individual household spice was
mixed with the 100 gm of sand. Twenty-five different scents were used in
the current experiment: cocoa, cumin, orange, lemon, celery, thyme,
basil, fennel, paprika, parsley, allspice, coffee, dill, cloves (0.1 gm),
marjoram, mint, cinnamon, oregano, tea, ginger, garlic, caraway, anise,
sage, and nutmeg.

Odor nonmatching to sample. Once the animals dug readily in the
scented cups, they were trained on a nonmatching to sample (NMS)
contingency. In the sample phase of each trial, the animal was presented
with a cup of sand scented with a particular odor. After the animal dug
in the scented sand and retrieved the cereal reward, it was removed from
the platform and placed in an opaque bucket. The experimenter then
moved this cup to a new location on the opposite side of the platform and
added a second cup, scented with a different odor, to the platform. For
the choice phase of the trial, the animal was removed from the bucket
and placed on the platform opposite the two cups. The animal’s task was
to approach the cups, sniff the sand, and select the cup containing the new
scent. Reinforcement was available only in this cup. A choice was scored

if the rat dug or placed its paws on the sand. Animals were given 10–12
NMS trials each day until they reliably selected the new odor. The odors
used each day were taken randomly from a pool of 25 different scents,
and over the course of training all animals were exposed to all odors
regularly.

Odor span task. After acquisition of the nonmatching to sample con-
tingency, animals were introduced to the odor span task (Fig. 1). Trials
in this task began with a sample and choice phase, identical to the NMS
trials described above. The difference between the span task and the
NMS trials was that, after a correct choice, the animal was returned to
the opaque bucket, and an additional scented cup was placed onto the
platform in a random position. The previously presented cups were also
moved to different locations, and thus the spatial location of the cups on
the platform bore no relation to which cup was rewarded. The animal was
returned to the platform, and its task was to remember which two odors
it had already selected (i.e., the initial sample odor and the second odor)
and to choose the third odor. Only the cup with the new odor was baited,
and if the animal correctly selected this cup without selecting the previ-
ously sampled cups, it was permitted to consume the cereal reward and
then returned to the bucket. One new odor was added each time the
animal made a correct choice. The trial ended when the animal dug in an
odor cup it had previously sampled. The number of cups that the animal
was successfully able to remember before making its first mistake was
taken to be the span for that trial. Because there is no memory require-
ment when the first cup is presented, the span is equal to the number of
cups presented and chosen sequentially without error minus 1. After
making an incorrect response, the animal was returned to the bucket, and
a new span trial, beginning again with a single sample, was started. In this
phase of training, animals were given as many trials as possible within a
15–20 min testing period (typically between two and five trials) each day.

Twelve-odor span task. Once the average span of a given animal
appeared to be stable (2 consecutive days with mean spans $ 5 or at least
20 sessions of training), it was moved into the final presurgery phase of
testing. In this phase, animals received one trial per day in which they
were presented with additional odors, successively added in the manner
described above, until 12 odors had been presented. The initial incorrect
response was again used to calculate the animal’s span. However, after a
mistake, the animal was permitted to continue sampling the different
scented cups on the platform until it selected the correct cup. After
selecting the correct cup, the animal continued with increasing span
lengths until all 12 odors had been sampled. Thus, in addition to the
measure of span, it was possible to record whether or not the animal
made a correct choice at each of the 11 spans tested. Training in this
phase of the task lasted for 7 d.

Probe sessions. To verify that the animals were using the scent of the
sand to solve the task, two probe sessions were conducted. The first
probe, termed “no reward”, was designed to test whether the scent of the
buried cereal reward itself controlled behavior. In this session, the
animal was presented with increasing numbers of scented cups in the
same way as the normal daily session. No cereal reward, however, was
available in the correct cups. A reward was dropped into the cup only
after the animal made its choice response by digging in the correct cup.

The second probe, termed “cup change”, was designed to test whether
the animals were marking the cups or the sand when they sampled them.
At two points during the successive addition of odor cups, span length 5
4 (five cups on the platform) and span length 5 8 (nine cups on the
platform), all of the cups and sand were replaced with new cups and new
sand (containing the same odors). If the animals’ performance of the task

Figure 1. Schematic of the odor span task. Animals are first presented with a cup of sand scented with a specific odor (e.g., A). After digging in the sand
and retrieving a buried reward, the animal is removed from the platform, and a second cup of sand, scented with a different odor (B) is added. The
animal’s task on being returned to the platform is to remember odor A(2) and dig at the different odor B(1). Additional cups of sand, scented with
different odors, are presented in the same manner.

Dudchenko et al. • Hippocampus and Recognition Memory J. Neurosci., April 15, 2000, 20(8):2964–2977 2965



relied on marking the cups or sand, replacing the cups should signifi-
cantly disrupt performance at the span length of 4 and 8.

Hippocampal lesions. After 7 d with the 12-odor span test and the two
probe sessions, performance-matched animals were assigned to either
the “control” or “hippocampal” conditions. In the surgery control group,
animals were preanesthetized with Halothane, then fully anesthetized
with Nembutal and placed in a stereotaxic instrument (Kopf, Tujunga,
CA). The dura above the hippocampus was exposed and penetrated with
a needle, and the wound was then sutured. Two animals in the control
group did not reach a satisfactory level of anesthesia for surgery and thus
served as unoperated controls.

The hippocampal animals were anesthetized in the same manner, and
after exposure of the dura, 14 injections of ibotenic acid were made in
each hemisphere using the technique of Jarrard (1989). Specifically,
injections of ibotenic acid (10 mg/ml) were infused at anteroposterior
(AP) 22.4 (from bregma), mediolateral (ML) 61.0, dorsoventral (DV)
23.2 (0.2 ml); AP 23.0, ML 61.4, DV 23.4, 22.9 (0.1 ml); ML 63.0, DV
23.0 (0.2 ml); AP 24.0, ML 62.1, DV 23.3, 22.3 (0.1 ml); ML 63.7, DV
23.0 (0.2 ml); AP 24.8, ML 65.1, DV 28.0 (0.2 ml); ML 64.1, DV 27.2
(0.2 ml), 23.5 (0.1 ml); AP 25.7, ML 64.5, 5.1, DV 23.6 (0.2 ml); ML
65.1, DV 27.4, 25.5, 24.5 (0.1 ml).

All animals were permitted ad libitum food access after surgery and
allowed 2 weeks of recovery before being food-deprived and returned to
behavioral testing.

Postoperative testing. All animals were retrained on the NMS rule until
they performed at $80% correct, in a session of at least seven trials, for
2 d. On reaching this criterion, animals were tested for 7 d on the 12-odor
span task.

Probe sessions. To test the possibility that animals may have used the
scent of the reward or marked the cups or sand after surgery, the no
reward and the cup change probes were repeated. In addition, to test
whether the animals were performing at a ceiling level, two 25-ODOR
SPAN probe trials were run. These trials were identical to the normal
12-odor span task initially but continued with the spans until 25 different
odors were presented. As in the no reward and cup change probes,
reward was provided only after the animal made its choice.

Odor delayed nonmatching to sample. After the span testing and probe
sessions, animals were tested on a variable delay NMS task. This task
proceeded in the following manner. In the sample phase, the animal was
presented with 12 differently scented, baited cups, one at a time. The
presented scents were the same as those used in the previous training and
thus were presumably familiar to the animals. The animal was then
removed from the testing room for a delay of 15, 30, 60, or 180 min. On
its return to the testing room, the animal was presented with a choice
between each sample and an odor it had not sampled on that day. During
the choice phase, the previously sampled odor was represented in a
different cup containing different but identically scented sand. The ani-
mal was rewarded for digging in the cup containing the odor that had not
been presented during the sample phase of the trial, and the reward was
dropped into the correct cup only after the animal made its choice. Each
delay was tested for every animal, and the sequence of testing across
delays was the same for all animals: day 1, 15 min; day 2, 60 min; day 3,
180 min; day 4, 30 min.

Alternation on a T-maze. After completion of the delay testing, animals
were tested in a spatial delayed alternation task on a T-maze. The
T-maze was constructed from Plexiglas and consisted of a 12-cm-wide
black floor and transparent walls 16.5-cm-high, a 70-cm-long stem, and a
152 cm cross piece that formed the choice arms. Rewards were placed in
opaque Nalgene cups attached with Velcro at the end of each arm.
Training took place in a room separate from that used for odor testing,
with a window in one wall and a variety of salient distal objects on the
remaining walls. The procedure was the same as that described by Neave
et al. (1994). In the sample phase of the task, the animal was placed at the
beginning of the stem and allowed to traverse one arm of the T to obtain
a cereal reward. During the sample phase one arm of the T was blocked
with a Plexiglas door, and thus the sample was a “forced sample.” After
consumption of the reward, the animal was returned to the beginning of
the stem, which was blocked off with an opaque Plexiglas door, and
waited for a 15 sec delay. After the delay, the Plexiglas door was removed,
and the animal was permitted to select either arm of the T. An arm
choice was defined as entry into an arm of the T to the extent that all four
paws rested within the arm. Only the arm that had not been selected in
the sample phase contained reward. If the animal entered the incorrect
arm, it was blocked off in that arm for 10 sec. Animals were run in squads
of four, and the intertrial interval was thus the time required to run the

remaining three animals (;5 min). Animals were given six trials daily
(three left and three right forced samples, in random order) for 12 d.
After this, the animals were tested for an additional 9 d in which the
animal was “free” to choose either arm of the T-maze during the sample
phase, with the opposite arm again being correct during the choice phase.

Histology. After completion of testing, animals were given an overdose
of Nembutal and transcardially perfused with saline, followed by a 10%
formalin solution. Brains were removed, and hippocampectomized
brains were fixed in a gelatin/glutaraldehyde solution. Brains were sec-
tioned at 50 mm and stained with cresyl violet.

Statistical analysis. Statistical analysis was performed on SPSS for
Windows, release 8.0.1. Comparisons of group performance relative to
chance levels of performance were done using one-sample t tests.

Results
Acquisition and performance of the odor span task
Animals were trained in the two-choice, nonmatching to sample
task for an average of 6.35 d (range, 2–17) until they reliably
selected the nonmatching odor. Animals were then given a min-
imum of eight sessions in the basic span task and on average
required 12.1 sessions (range, 8–20) to reach a stable level of
performance (2 d with spans $ 5 or a maximum of 20 d training).

Animals were next placed in the 12-odor span task, in which a
single daily trial was given with successive spans up to 11 (12
odors) total. Figure 2 illustrates the median performance of the
animals on each of the seven sessions of the 12-odor span. The
average of each animal’s median span across these 7 d was 8.38
(SE 6 0.49). However, the spans of each animal varied across
days. For example, if one considers the performance of the best
(Fig. 2, white circles; highest overall median across 7 d) and worst
(Fig. 2, black circles; lowest overall median) animal on each of the
7 test days, it is evident that individual animals varied in their
spans across sessions.

Figure 3 presents the accuracy of performance at each span
level, across the 7 d period. As is evident in this figure, although

Figure 2. Median odor spans across 7 d of training. The average of
medians for each rat was 8.38 6 0.49, although individual spans (shown as
dots) varied markedly in their spans across days. White dots indicate the
daily spans for the animal with the highest median span across the entire
7 d period; black dots indicate the animal with the lowest median across
the 7 d period.
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there was a decrease in accuracy with increasing spans (F(11,165) 5
10.44; p , 0.001), performance of the task was significantly above
chance levels at each span level tested (for spans .0, all p
values , 0.001). Thus, the span measure of Figure 2 does not
appear to capture fully the animals’ performance of this task;
animals would make occasional mistakes during the series of 11
spans, but would often complete the remainder of the session
without error. Their spans thus did not appear to reflect a
memory load or capacity limit beyond which a significant perfor-
mance decrement was observed.

Probe sessions
The results of the presurgery probe sessions suggest that the
animals were indeed using the scent of the sand in making their
discriminative response. In the no reward probe, the mean span
(8.56 6 0.66) did not differ from the average of each animal’s
median spans across the 7 d baseline period (8.38 6 0.49; T(15) 5
20.237; p . 0.81). Thus, the animals did not appear to be using
the scent of the reward itself to guide their performance.

In the cup change probe, the mean span (5.44 6 0.92) was
significantly lower than the same average median baseline (T(15)

5 3.501; p , 0.003). However, two observations qualify the
interpretation of these results. First, in the presurgery cup change
probe, only two animals had spans of 3, and only two had spans
of 7, indicating errors potentially associated with the first (span 5
4) and second (span 5 8) cup changes, respectively. The spans of
the remaining 12 animals reflect first errors that did not occur
immediately after the cups were switched. Second, when this
probe was replicated after surgery, no effect of changing the cups
was observed (see below). A potential difference between the
presurgery probe and the postsurgery probe was that in the
former, the odor and sand mixture was made up separately for
each replacement cup, and thus the scents in the replacement
cups may have differed slightly from initial cups in their intensity.
In the postsurgery probe, care was taken to mix each odor and
sand in a batch before distributing it among the multiple cups
used for each odor.

Hippocampal lesions
Figure 4 is a representative photomicrograph of the lesion extent
(Fig. 4A), and a reconstruction of the largest and smallest lesions

(Fig. 4B) on to standardized sections (based on Swanson, 1992).
As is evident in the photomicrograph and schematics, the injec-
tions of ibotenic acid produced a complete loss of cells in all
subfields of the hippocampus proper. In addition, in some cases
the lesion encroached on the dorsal and ventral subiculum, as well
as the anterior portions of the medial and lateral entorhinal cortex
or the cortex overlying the dorsal hippocampus. In one animal, a
small amount (,10%) of CA1 was spared unilaterally.

Postsurgery performance
The control and hippocampal groups readily reacquired the non-
matching to sample rule after surgery. The control animals made
an average of only 1.29 (60.36) errors, and the hippocampal
animals made an average of only 1.36 (60.38) errors, before
reaching criterion level of 80% correct on 2 d (eight trials per
day). These averages were not significantly different (T(13) 5 0.17;
p . 0.43).

The performance of control and hippocampal animals during
the 7 d postsurgery testing period on the 12-odor span task is
shown in Figure 5. As is evident from the figure, both groups
performed well above chance at all span lengths .0 (all p val-
ues , 0.001; the control group’s scores at span 1 could not be
tested because they did not vary). The two groups did not differ in
their percentage of correct responses (F(1,13) 5 0.92; p . 0.76).
The percentage of correct responses was influenced by span
length (F(11,143) 5 3.543; p , 0.001; linear trend, p , 0.001;
quadratic trend, p , .048), but no interaction between groups and
span length was observed (F(11,143) 5 0.673; p . 0.76). On the
span measure, there was no overall difference in performance
between the control and hippocampal groups (F(1,13) 5 0.01; p .
0.92), nor did spans differ across the 7 d period (F(6,78) 5 0.99; p .
0.44). Differences in group performance did not vary significantly
across the 7 d of testing (F(6,78) 5 0.47; p . 0.83).

Postsurgery probe sessions
In the no reward probe session, the average span for the control
group was 9.14 (61.39) and for the hippocampal group was 8.75
(61.40) These scores did not differ significantly (T(13) 5 0.199;
p . 0.42). Because the groups did not differ, they were together
compared to the final day of rewarded span testing (e.g., the
seventh day). The span measure on this day across all animals was
9.4 (60.72), and no difference between performance on this
rewarded session and the no reward session was observed (T(14) 5
0.864; p . 0.41). This result indicates that animals were not using
the scent of the buried reward to solve the task after surgery.

In the cup change probe session, the average span of the control
group was 8.29 (61.17), and that of the hippocampal group was
7.63 (61.02). These scores did not differ significantly (T(13) 5
20.429; p . 0.68). The performance of the animals on the cup
change probe session did not differ from that on the final day of
span testing where cups were not switched (T(14) 5 0.795; p .
0.44). Because the average spans of the two groups were well
above the point at which the first cup change took place (with the
addition of odor 5; span length 5 4) and did not differ from the
final day of span testing, it does not appear that the animals were
relying on any marking of the odor cups or the sand itself to solve
the task.

Because both control and hippocampal animals performed the
task at significantly above chance levels, even with 11 odors to
remember, it is possible that the task did not require a sufficient
memory load to reveal a lesion impairment. To test this, we ran a
25-odor span probe session in which the animals were required to

Figure 3. Percentage of correct responses as a function of the number of
odors to be remembered for the 7 d period of training before surgery.
Animals performed well above chance levels even when required to
recognize up to 11 odors.
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remember up to 24 odors. The results of this probe session, run
twice for every animal, are shown in Figure 6. To compare
performance as the memory demand increased, the accuracy on
successive blocks of five odors across the 25 odor series was

measured. The control and hippocampal animals did not differ in
the number of correct responses over each block of five spans
(F(1,13) 5 0.106; p . 0.75), nor did group performance differ
across blocks (group 3 block interaction: F(4,52) 5 1.93; p . 0.12).

Figure 4. A, Photomicrographs of control (lef t) and hippocampal (right) brains at three sections through the hippocampus. B, Reconstruction of smallest
and largest lesion extents.
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A significant main effect of span length (in blocks of five spans)
was observed (F(4,52) 5 10.2; p , .001; linear trend, F(1,13) 5 32.0;
p , 0.001). Thus, no impairment was observed when animals
were required to remember up to 24 odors, although overall
performance declined linearly with increasing span length.

Odor delayed nonmatching to sample
The performance of the control and hippocampal animals on the
delayed nonmatching to sample task is shown in Figure 7. Both
groups performed the task with .80% correct accuracy at the 15
min delay, and the two groups did not differ from chance perfor-
mance (50% correct) at the 3 hr delay (control group, T(6) 5 1.55,
p . 0.17; hippocampal group, T(7) 5 0.30, p . 0.77). A two-way
ANOVA revealed a main effect of delay (F(3,39) 5 25.06; p ,
0.001) and a trend toward a difference in group performance
across delays (F(3,39) 5 2.75; p . 0.055). However, there was no
overall difference in performance between the groups (F(1,13) 5
1.10; p . 0.31).

It may be argued that, because both groups did not differ from

chance performance at the 3 hr delay, the 3 hr data point biases
the statistical comparisons away from observing a difference
between the control and hippocampal groups where such a dif-
ference may actually exist. To test this, an additional ANOVA
was performed excluding the 3 hr data point. No main effect of
group was observed in this analysis (F(1,13) 5 1.32; p . 0.27),
although a significant interaction between groups and delays was
observed (F(2,26) 5 3.63; p , 0.04). This result suggests that the
hippocampal group may have exhibited a small but significant
impairment in memory for a list of odors with longer delays.
Using the same logic, we reran this ANOVA without the 15 min
data point and observed a marginal difference between control
and hippocampal groups (group, F(1,13) 5 4.19, p . 0.06), and
delay lengths (delay, F(1,13) 5 3.77, p . 0.07), but no interaction
between groups and delay lengths (F(1,13) 5 0.07; p . 0.80).

Post hoc comparisons of the two groups at each delay failed to
reach significance (15 min, T(13) 5 21.39, p . 0.19; 30 min, T(13)

5 1.55, p . 0.15; 60 min, T(13) 5 1.65, p . 0.12). However,
comparisons of each group to chance performance (50% correct)
revealed that the control group was significantly above chance at
the 60 min delay (T(6) 5 3.42; p , 0.014), whereas the perfor-
mance of the hippocampal group was not (T(7) 5 1.46; p . 0.18).

Alternation on the T-maze
To test whether the lesions were sufficient to produce deficits on
a different type of recognition memory, we assessed both groups
of animals on a forced-sample T-maze alternation task. This task
has a memory demand similar to that of the odor nonmatching to
sample task, in that the animal has to remember what it has
sampled, in this case a specific maze arm, and then select the
alternative option, the other arm. Performance of control and
hippocampal groups on this task is shown in Figure 8A. Each data
point in the figure represents performance across a block of three
daily sessions (six test trials per session). The performance of the
hippocampal animals did not differ from chance (nine correct) at
any of the four blocks of training (block 1, T(7) 5 0.146, p . 0.88;
block 2, T(7) 5 21.0, p . 0.35; block 3, T(7) 5 0.168, p . 0.87;
block 4, T(7) 5 2.023, p . 0.08). Their performance differed
significantly from the control animals (F(1,12) 5 17.27; p , 0.001).
A main effect of training block was also observed (F(3,36) 5 3.88;
p , 0.017), but the magnitude of this effect did not differ across
groups (group 3 block interaction, F(1,12) 5 0.92, p . 0.36).

Figure 5. Percentage of correct responses for the control and hippocam-
pal groups at each span length across the 7 d postsurgery testing period in
the 12-odor span task.

Figure 6. Percentage of correct responses for the control and hippocam-
pal groups in the 25-odor span probe session. Spans (number of odors to
be remembered) are shown in blocks of five.

Figure 7. Percentage of correct responses for the control and hippocam-
pal groups in the odor delayed nonmatching to sample task with 12 odors.
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We were curious whether the robust impairment exhibited by
the hippocampectomized animals was related to the “forced”
presentation of the sample arm. Would the animals be better able
to remember which arm they visited if allowed to choose the
sample arm freely? To test this, we ran both control and hip-
pocampal animals for an additional nine sessions (three blocks)
on a free-sample T-maze alternation task. The task was run in a
similar manner to the forced-sample version, except that during
the sample phase, both arms of the T were open, and the animal
was free to choose either as the sample arm. After the 15 sec
delay, the animal was again permitted to choose from the two
arms of the T, but only the arm that had not been selected in the
sample phase was reinforced. The performance of the two groups
is shown in Figure 8B, blocks 5, 6, and 7. Block 8 is the data from
trials in which animals were retested on the forced sample version
of the task for an additional three sessions.

Animals with hippocampal lesions appeared to be worse than
control animals in the free-sample version of the task (Fig. 8B,
error bars; blocks 5–7), but surprisingly this difference was not
significant (group effect, F(1,13) 5 2.21, p . 0.16; block effect,
F(2,26) 5 0.351, p . 0.71; group 3 block interaction, F(2,26) 5
0.401, p . 0.93). One potential reason for this is that the scores of
the animals in both groups exhibited more variability in this
version of the task. This variability appeared to be attributable to
a nonrandom distribution of scores; many animals had scores well
below chance levels, whereas others had scores above chance
levels. This is evident in the average score of each animal across
the free-sample sessions (Fig. 8B, Avg.). Inspection of the distri-
bution of correct and incorrect responses for each group sug-
gested that individual animals were biased toward one or the
other side of the maze when performing the free-sample task.
Individual control animals typically chose the same arm (e.g., the
right arm) during the sample run, and then would alternate
appropriately in the choice run. Individual hippocampal animals
would likewise tend to choose a specific arm during the sample
run, but would tend to choose the same arm again during the
choice run.

Summary
The current results reveal that rats are able to recognize up to 24
previously presented odors accurately within a testing session,
and that the hippocampus is not necessary for this kind of
recognition memory. The results of the probe sessions suggest
that the animals used the scents added to the sand, and not the
scent of the reward itself or markings on the cups or sand, to solve

the task. Testing in a delayed olfactory nonmatching to sample
task yielded a small but significant deficit that depended on the
delay, suggesting that the hippocampus may be necessary for full
expression of odor recognition memory at longer delays. Subse-
quent assessment in a delayed alternation T-maze revealed a
robust deficit in performance comparable to that reported previ-
ously after hippocampal (Aggleton et al., 1986) or fornix (Neave
et al., 1994) lesions.

EXPERIMENT 2: SPATIAL SPAN TASK
In experiment 1 the observation of intact memory for multiple
nonspatial items stands in marked contrast to the impairment in
spatial memory on the T-maze. An obvious difference between
the two tasks is that the T-maze taxes memory for spatial loca-
tions, whereas the odor span and delayed nonmatch to sample
tasks tax memory for nonspatial, olfactory stimuli. Indeed, much
of the available behavioral data from animals is consistent with
the hippocampus being required for spatial tasks, but not for
nonspatial tasks. However, there are exceptions to this general
rule.

First, deficits in performance on several nonspatial learning
and memory tasks have been observed with fimbria-fornix or
hippocampal damage (Olton and Feustle, 1981; Rawlins et al.,
1993; Bunsey and Eichenbaum, 1996; Dusek and Eichenbaum,
1998; Clark et al., 1999). Success in performance on many of
these nonspatial learning and memory tasks depends on the
experimental protocol or the way in which memory is assessed
(Eichenbaum et al., 1988).

Second, performance on some spatial tasks is not disrupted by
hippocampal damage (Whishaw et al., 1995; Murray and Mishkin,
1998). There may be multiple aspects of spatial memory perfor-
mance, and it has been suggested that the hippocampus may be
required for only some of these abilities (Whishaw et al., 1995).
Specifically, Whishaw et al. (1995) have argued that the hip-
pocampus is necessary for navigation between spatial locations
(“getting there”), but not for remembering the spatial location of
reinforcement based on ambient cues, or for recognizing such a
spatial location (“knowing where”). Most spatial memory tasks
for rats, including the T-maze spatial alternation task used in
experiment 1, involve both of these abilities; they require that an
animal remember recent visits to a location (knowing where), and
remember how to get to either the same or a different location
based on this information (getting there). This distinction might
explain the lack of impairment observed in monkeys with hip-
pocampal lesions on a spatial recognition memory task in which

Figure 8. Performance of the control
and hippocampal groups on the delayed
alternation T-maze task. A, Perfor-
mance across four blocks of sessions
(three sessions per block; each session
consisted of six trials) in the forced-
sample version of the task. B, Perfor-
mance in a “free-sample” version of the
task (blocks 5–7 ) and in a return to the
forced-sample task (block 8). Individual
averages (Avg.) in the free-sample task
across blocks 5–7 are shown as dots.
Note that the distribution of averages
suggest a bimodal distribution, with
scores clustered below and above the
chance line.
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navigation is not required (Murray and Mishkin, 1998) (see also
Maguire et al., 1999).

There are additional alternative explanations for the different
effects of hippocampal lesions on performance of the T-maze task
and the odor span task. First, training of the odor span task took
place before surgery, whereas training of the T-maze alternation
took place after surgery. Thus, the impairment on the T-maze
may reflect a deficit in acquisition of the spatial memory rule,
rather than a deficit in memory for places per se. Indeed, animals
trained on a radial arm maze before removal of the hippocampus
were able to perform this task after surgery, whereas animals
trained only after surgery were impaired (Jarrard, 1993). Second,
the T-maze alternation task may have been more difficult than the
odor span or odor delayed NMS tasks because in the T-maze the
pool of stimuli from which the animal must make a choice was
only two, whereas in the odor tasks the stimulus pool consisted of
12 or 25 stimuli. Thus, interference between trials on the T-maze
task may have made the task more difficult and thus more sensi-
tive to hippocampal damage (Rawlins et al., 1993).

To clarify the pattern of results observed across tasks in exper-
iment 1, in experiment 2 we explored the contributions of the
hippocampus to performance in a spatial version of the span task.
This assessment permitted us to address whether the dissociation
between the odor span task and the T-maze alternation was
attributable to the effects of training before surgery, the level of
interference, or differences in the testing procedures. This novel
test also allowed us to examine memory for spatial locations in
rats in a paradigm that did not require accurate navigation
between locations for correct performance.

Materials and methods
Subjects. Subjects were 16 behaviorally naı̈ve, male Long–Evans rats,
weighing between 175 and 225 gm at the beginning of training. Rats were
housed, fed, and watered in the same way as the rats in experiment 1.

Shaping. Rats were trained and tested on the same Plexiglas platform
used in experiment 1. After handling, rats were shaped to dig in a cup of
unscented playground sand (100 gm) for a single buried Froot Loop
cereal reward.

Spatial nonmatching to sample. Once the animals readily dug for the
buried reward, they were trained on a spatial NMS task. This task was
similar to the odor NMS task, but here the animals were required to
remember which location it had visited, and then to select a different
choice location. Animals were first presented with a cup of unscented
sand in one of 21 locations along the platform perimeter. After digging
in the sand, the animal was removed from the platform and placed in an
opaque bucket. The experimenter then replaced the sample cup with
another cup of unscented sand in the same location and placed an
additional cup in a new randomly selected location on the platform.
Reinforcement was available only in the cup in the new location. As in
the previous experiment, a choice was scored if the rat dug or placed its
paws on the sand. Animals were given 12 NMS trials each day, until they
selected the new location at least 9 of 12 times on three separate days.
Varying the distance between cups in the choice phase of this task did
not appear to produce any systematic difference in the animals’ accuracy.

Spatial span task. Animals were then placed in the spatial span task
shown in Figure 9. As in the odor span task, the spatial span was an
extension of the NMS rule wherein additional samples were presented
successively within each trial. Thus, after the animal made a correct
response on the initial choice phase of the task, it was placed back in the
opaque bucket, and an additional cup with unscented sand was added to
the platform in a new location. The remaining cups on the platform were
replaced as well, so that the animal could not solve the task by marking
the cups. When returned to the platform, the animal was required to dig
in the cup at the new location to obtain another buried reward. A cereal
reward was buried in the sand of this cup. If the animal made a correct
response, it was put back in the bucket, and yet another cup was added at
a new location. If the animal dug in the cup at a previously presented
location, the trial was terminated. In the first 11 d of spatial span training,
animals were given between four and six trials per day.

Six-location span task. After this 11 d period, animals were given two
trials per day with span lengths from 1 to 6 on each trial. This version of
the task was similar to that just described, and the span was recorded in
the same way. However, if an animal made an error, it was permitted to
subsequently select the correct location. To test whether the distance
between cups made the task easier or more difficult, in one of the trials
the cups were placed at adjacent locations, whereas in the second trial,
the distance between added cups was maximized.

Twelve-location span task. In the final version of the task, as in exper-
iment 1, animals were tested with spans from 1 to 11 (2–12 locations) for
7 d using random distances between cups. Again, animals were permitted
to select the correct location after making an error, and thus all animals
experienced all 11 span lengths.

Probe sessions. To verify that the animals were using the location of the
cup and not any potential scent of reward to solve the task, animals were
run on a no reward probe session. In this session, reward was available
only after the animal made its response. This probe session was run for
the fixed spans of 6 and 12 before surgery, and for the 12-location span
afterwards.

Hippocampal lesions and postoperative training. After 7 d with the
12-location spans and the no reward probe sessions, performance-
matched animals were assigned to either the control or hippocampal
conditions and underwent surgery as in experiment 1. After a 2 week
recovery period, animals were retrained on the NMS rule with two cups.
They were trained in this phase of the task until they reached a criterion
of at least 9 of 12 responses correct on 2 d. On reaching this criterion,
animals were placed back in the 12-location span task for 8 d.

Spatial delayed nonmatching to sample. After assessment in the 12-
location span task, both groups of animals were tested in a spatial delayed
NMS task. In this task, animals were placed on the platform with a cup
of sand present in a randomly chosen location. Once the animal had dug
in the sand and recovered a cereal reward, it was placed in an opaque
bucket for a delay of 10 sec, 1 min, 2 min, or 5 min. During the delay, the
experimenter replaced the sampled cup with a different cup and added a
second cup in a new location. After the delay, the animal was required to
remember which location it had visited and select the location it had yet
to visit. Only the cup in the new location contained a cereal reward.

Alternation on the platform and on a T-maze. One potential explanation
for the robust impairment observed in the T-maze alternation task of
experiment 1 is that interference associated with the small number of test
locations makes the task particularly sensitive to hippocampal disruption.
Another alternative is that the configuration of the T-maze apparatus
itself may contribute in some unanticipated way to the deficit. To distin-
guish between these possibilities, we tested the current animals on an
alternation task on the platform.

Figure 9. Schematic of the spatial span task. An animal was presented with an unscented cup of sand in a specific location on the platform. After
retrieving the buried reward, the animal was removed from the platform, and a second cup of sand was added in a different location. The animal’s task,
on its return to the platform, was to remember the location of the cup that it had already sampled and select the cup in the new location. Additional cups
in additional locations were presented in the same manner.
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This task was identical to the delayed NMS task above, except that the
same two corner locations on the platform were used on each trial. In the
sample phase of the task, one location was occupied by a cup of sand
containing a reward. In the choice phase, both locations had cups. The
rats were rewarded only for digging in the cup of sand in the location not
used in the sample phase. Rewards were dropped into the cups only after
the animals dug, and the trial ended when the animal dug in either cup.
Both locations served equally as the sample location. During the choice
phase of the task, we recorded both the cup in which the animal dug and
the first cup it approached. The interval between the sample and choice
phase on each trial was 15 sec. Six trials were given per day, and rats were
run in squads of four, so the intertrial interval was ;5 min. Rats were run
for nine daily sessions. To test whether the animals were using the distal
landmarks in the room to disambiguate the locations in this task, both
groups were subsequently tested on the same task in a new room for three
sessions of six trials.

Finally, both groups of animals were trained for nine sessions (six trials
per session) on the alternation task in a T-maze. The task was run in the
same way as the platform alternation task, and cups of unscented sand
were located at the end of the maze arms. During the sample phase of the
task, one arm was open, and the animal had to traverse it and dig in the
cup of sand for a reward. In the choice phase, both arms were open, but
rats were rewarded only for digging in the cup in the opposite arm. If the
animal entered the incorrect arm but did not dig in the cup, it was
allowed to turn and select the correct arm. The trial ended when the
animal dug in either cup. Again, we recorded both the cup in which the
animal first dug and the first arm it entered.

Histology. After completion of testing, animals were processed for
histology in the same manner as experiment 1.

Results
Acquisition and preoperative performance of the spatial
span task
Animals required an average of 11 sessions of training (range,
7–18) until they reliably selected the nonmatching cup location in
the nonmatching phase of training. They were then placed in the
spatial span task and were given as many trials as possible (typi-
cally between two and eight) in a 15–20 min daily testing period.
As in experiment 1, animals were trained in this phase of the task

until their performance stabilized and then moved to the fixed
length versions of the span task.

Six-location span task
The average of each animal’s median span across the 7 d presur-
gery testing was 2.0 (60.18) when the cups were near each other
and 1.88 (60.26) when the distance between cups was maxi-
mized. These means did not differ (T(15) 5 20.38; p . 0.71).
Thus, the task did not appear more difficult when the cups were
close to each other, as opposed to when they were spread apart.

Twelve-location span task
The average of each animal’s median span across the 7 d of
presurgery testing on the 12-location spatial span task was 4.56
(60.45). This was significantly lower than the average median
span for animals in the odor span task (T(30) 5 23.81; p , 0.001).
The increase in the median span scores in this version of the task
over the 6-location version likely reflects the increased range of
scores possible in the 12-location task. As characterized by me-
dian span length, the spatial span task was more difficult than the
odor span task (see below).

Probe sessions
In the no reward probe session, the animals’ spans did not differ
significantly from the immediately preceding day when rewards
were available in the cups (paired t tests; six locations, cups
clustered, T(15) 5 0.0, p , 1.0; spread apart, T(15) 5 0.96, p .
0.354; 12 locations, T(15) 5 21.46, p . 0.17). Thus, it did not
appear that the animals were using any scent from the reward
itself to guide their performance in the task.

Hippocampal lesions
Figure 10 presents a reconstruction of the largest and smallest
lesions. Injections of ibotenic acid produced a complete loss of

Figure 10. Reconstruction of smallest and largest lesion extents for experiment 2.
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cells in all subfields of the hippocampus proper for the majority of
animals. In all animals, the anterior-dorsal hippocampal lesion
was complete. However, in three animals a small extent of the
posterior-most region of CA1 and the dentate gyrus was spared.
Damage to ventral subiculum and medial and lateral entorhinal
cortices was observed near the ventral-most injection sites.

Postsurgery performance
The hippocampal group made significantly more errors (43.6 6
10.0) than the control group (7.6 6 3.7) before reacquiring the
nonmatching-to-sample rule to the criterion level (T(14) 5 23.39;
p , 0.001). Subsequent performance of the two groups in the
12-span task over the 7 d postsurgery testing period is shown in
Figure 11. As is evident in the figure, the hippocampal group was
significantly impaired relative to the control group (F(1,14) 5
26.88; p , 0.001). The accuracy of both groups decreased as the
number of locations to remember increased (F(11,154) 5 44.17; p ,
0.001). Group performances differed across span lengths (F(11,154)

5 4.41; p , 0.001), with the control group performing signifi-
cantly better than the hippocampal group on spans 1–6 (indepen-
dent sample, group t tests for each span, all p values , 0.05), but
not differing on spans 7–11 (all p values . 0.1). The performance
of the hippocampal group was significantly better than chance at
spans of 1, 3, 8, and 10 (all p values , 0.05), however it did not
differ from chance at spans of 2, 4, 5, 6, 7, 9, and 11 (all p values .
0.14). Because it is unlikely that the animals can remember three
items but not two, significant differences from chance at spans .2
may not be meaningful. The three animals of the hippocampus
group with a small amount of sparing in the posterior-ventral
regions did not differ significantly from the remainder of the
group in the 12-span task (F(1,6) 5 0.23; p . 0.65), and they were
thus considered together in the above and subsequent analysis.

Performance was also evaluated by calculating the number of
locations correctly chosen before an error (the span). Across the
7 d postsurgery testing period, the control group had an average
median span of 3.31 (60.53), whereas the hippocampal group had
an average span of only 1.06 (60.17). Comparison of the spans of
the two groups across the 7 d testing period revealed a significant
difference (F(1,14) 5 13.83; p , 0.002). Spans did not differ
significantly across days (F(6,84) 5 0.62; p . 0.72), and the mag-

nitude of the impairment did not differ across days (group 3 day
interaction, F(6,84) 5 0.70, p . 0.65). Additionally, there was no
difference between group performance on the final session of
12-span testing with reward and a subsequent no reward probe
session (T(15) 5 20.57, p . 0.58), suggesting that the animals
were not relying on the scent of the buried reward to guide their
responses.

Spatial delayed nonmatching to sample
The performance of the control and hippocampal animals on the
spatial delayed nonmatching to sample task is shown in Figure 12.
A two-way ANOVA revealed a significant overall difference be-
tween the control and hippocampal groups (F(1,14) 5 45.77; p ,
0.001), but no effect of delay length (F(3,42) 5 1.17; p . 0.33) and
no difference in the magnitude of impairment across delays
(group 3 delay length interaction, F(3,42) 5 0.24, p . 0.87). The
hippocampal group’s performance did not differ from chance (six
correct) at delays of 10 sec, 2 min, or 5 min (all p values . 0.4),
although it did rise above chance at the 1 min delay ( p , 0.05).

Alternation on the platform
The performance of control and hippocampal animals across 12
sessions of testing, grouped in blocks of three sessions, is shown
in Figure 13. Because it has been previously suggested that
hippocampus is necessary for guidance of movement toward a
goal location, rather than recognition of the location itself
(Whishaw et al., 1995), we recorded both the first cup location
that the animal approached and the first cup location at which it
dug. An approach was scored if the animal moved directly toward
a cup, and a dig was scored if the animal touched the sand with its
paw or snout. The first three blocks of testing took place in the
same room as the spatial span training, and these data were the
subject of one analysis, whereas the fourth block was run on the
same platform placed in a new room and was analyzed separately.

A three-way ANOVA was run to compare the differences
between experimental groups (hippocampal vs control), within
groups across blocks of sessions, and within animals between
dependent measures of performance (digging vs approaching).
Two results from this analysis were of particular interest. First,
across the first three blocks of testing, the hippocampal group was

Figure 11. Percentage of correct responses for the control and hip-
pocampal groups at each span length across the 7 d postsurgery testing
period in the 12-location span task.

Figure 12. Percentage of correct responses for the control and hip-
pocampal groups in the spatial delayed nonmatching to sample task.
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significantly impaired relative to the control group (F(1,14) 5
61.47; p , 0.001). Second, there was a significant difference in the
accuracy of the animals’ performance as measured by the first cup
approached as opposed to the first cup to which a digging re-
sponse was made (F(1,14) 5 87.44; p , 0.001). Performance did
not vary significantly across blocks of sessions (F(2,28) 5 1.83; p .
0.17), and there were no significant interactions between experi-
mental groups and sessions (F(2,28) 5 0.76; p . 0.48), between
experimental groups and dependent measures (F(1,14) 5 2.12; p .
0.16), or between the three factors together (F(2,28) 5 1.23; p .
0.31). The only interaction to achieve significance was that be-
tween the two different measures of performance across blocks of
sessions (F(2,28) 5 10.30; p , 0.001), suggesting that performance
according to the two measures did not vary in the same way across
blocks of sessions.

The hippocampal group’s performance, as assessed by the
approach measure, did not differ from chance on blocks 1 (T(7) 5
2.16; p . 0.06) or 3 (T(7) 5 20.174; p . 0.86), although a small
but significant difference was observed on block 2 (T(7) 5 2.806;
p , 0.026). In contrast, when one considers the first-dig measure,
the hippocampal group’s performance was well above chance
levels on all blocks (block 1, T(7) 5 5.7, p , 0.001; block 2, T(7) 5
7.338, p , 0.001; block 3, T(7) 5 6.464, p , 0.001).

Separate two-way ANOVAs were run to assess the effects of
testing in a new room. We compared the number of correct
responses on the final block of three sessions in the old room to
the number of correct responses on the block of three sessions run
in the new room. Moving to a new room did not significantly
affect overall performance (dig, F(1,14) 5 2.21, p . 0.16; approach,
F(1,14) 5 1.38, p . 0.26), and although no interaction between
experimental group and room was observed when the dependent
measure was the first cup in which a dig response was made
(F(1,14) 5 1.53; p . 0.63), an interaction between group and room
was found when the first cup approached was the measure con-

sidered (F(1,14) 5 5.89; p , 0.03). This interaction appeared to be
attributable to a decrease in the control group’s performance to
the same level as the hippocampal group in the new room (Fig. 13,
dashed lines, blocks 3 and 4). The control group performed
significantly better than the hippocampal group in the old room
on block 3 (T(14) 5 5.28; p , 0.001), but performance by the two
groups did not differ in the new room (block 4, T(14) 5 0.46, p .
0.65).

Alternation on the T-maze
The data from both groups of animals across three blocks of
sessions (six trials per session, three sessions per block) is shown
in Figure 14. As in experiment 1, the hippocampal group was
significantly impaired relative to the control group (F(1,14) 5
51.72; p , 0.012). There was no main effect of session block
(F(2,28) 5 1.05; p . 0.36), although an interaction between session
block and experimental group did reach significance (F(2,28) 5
3.98; p , 0.03). A small but significant difference was also ob-
served between the first dig measure and the first approach
measure (F(1,14) 5 8.23; p , 0.012), and this difference interacted
with session block (F(2,28) 5 3.38; p , 0.048). No interaction
between measures of performance and experimental group
(F(1,14) 5 0.17; p . 0.69), or between these variables and session
block (F(2,28) 5 0.24; p . 0.79) was observed. This result suggests
that on the T-maze animals may have had more of a tendency to
make their arm choice and digging responses together in a rela-
tively fixed manner.

Is the spatial span task more difficult than the odor span task?
Finally, because the odor and spatial spans tasks were run in
identical ways, we were able compare the performance of the
control groups in each experiment to address this question. An
ANOVA on the percentage of correct responses at each span
length for the 7 d testing period for the two control groups (after
the sham surgeries) revealed a highly significant difference be-
tween their performance in the odor and spatial span tasks

Figure 13. Number of correct responses for the control (CNTRL.) and
hippocampal (HIPPO.) groups on the delayed alternation task on the
open platform. Two dependent measure of performance were recorded:
the first cup approached by the animals (Approach) and the first cup in
which the animal dug (Dig). Animals were tested for three blocks of four
sessions (6 trials per session) in the familiar testing room, and then were
tested for one block of four sessions in a new room.

Figure 14. Performance of control and hippocampal groups on the
T-maze delayed alternation task. Blocks of four sessions (6 trials per
session) are shown. As in Figure 13, approach and dig responses were
recorded.
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(F(1,13) 5 88.67; p , 0.001). This difference between tasks de-
pended on span length (task 3 span length interaction, F(11,143) 5
13.28, p , 0.001). Post hoc comparisons of the two control groups
at each span length .0 suggest that this interaction was attribut-
able to similar performance on spans 1–3 of each task ( p values .
0.07), and a significant difference on spans 4–11 (all p values ,
0.02). Thus, the spatial span task appeared to become more
difficult than the odor span task when more than three locations
were to be remembered.

DISCUSSION
The recognition memory capacity of normal and hippocampec-
tomized animals was assessed in novel tests in which (1) the
number of items to be remembered, and (2) the delay over which
items must be held in memory was varied. Normal rats demon-
strated an impressive capacity of memory for odors, remembering
.90% of lists of 10 items and nearly 80% of a list of 25 items.
Hippocampectomized rats performed as well as normal rats on
the odor span task, even with the longest lists. The performance
of hippocampectomized rats on an odor nonmatching to sample
task was modestly but significantly impaired, depending on the
delay. By contrast to their modest impairment in odor memory
capacity, hippocampectomized rats exhibited robust impairments
in their capacity for spatial memory in several tests, although
these rats could remember a single location by some measures.
These results are considered below.

Intact odor span performance with
hippocampal lesions
The results of experiment 1 are consistent with the lack of
impairment observed on nonmatching to sample tasks in rats with
fornix or hippocampus lesions (Aggleton et al., 1986; Mumby et
al., 1992; Otto and Eichenbaum, 1992), and in hippocampecto-
mized monkeys on lists of up to 40 objects (Murray and Mishkin,
1998). The combination of these results suggest that some forms
of recognition memory are independent of the hippocampus. This
view is consistent with Aggleton and Brown’s (1999) recent
hypothesis that the perirhinal cortex and medial thalamus, as
opposed to the hippocampus, are necessary for recognition mem-
ory or familiarity judgments with nonspatial cues.

The significant delay by lesion interaction observed in the odor
nonmatching to sample task however, does not preclude the
possibility that the hippocampus is necessary for nonspatial rec-
ognition memory at longer delays. Indeed, small but significant
deficits have been observed with hippocampectomized monkeys
in NMS tasks (Zola et al., 2000) and in rats performing a delayed
spontaneous recognition task (Clark et al., 1999). In the span
tasks, the delays between each increasing span length were on the
order of 10–20 sec, and the presentation of all 11 spans usually
occurred within 15 min. Thus, one potential reason that deficits
were not evident in the odor span task is that memory for the
increasing array of odors occurred within a delay that did not tax
the hippocampal system.

Although the procedures of our span tasks were similar to
those of Beason-Held et al. (1999), we observed different results.
Whereas they found impairments in color, object, and spatial span
tasks, we observed an impairment only in a spatial span task. One
possible interpretation of this (discussed below) is that the hip-
pocampus is specifically involved in spatial memory in the rat but
participates in many types of memory in the primate. Another
possibility lies in the different ways in which the tasks were run.
Whereas we trained different groups of animals on the odor and

spatial span tasks, Beason-Held et al. (1999) trained the same
animals on a delayed nonmatching to sample (DNMS) test for
objects, and then subsequently on spatial, color, and object span
tasks. Thus, the deficits observed across span tasks may reflect an
inability of hippocampectomized animals to switch from the use
of objects in the initial DNMS to the use of locations in the
subsequent spatial span task. Because the color and object span
tasks were likewise tested subsequent to the spatial span task, the
lesioned animals may have also perseverated in a spatial strategy,
even though it was not relevant for the color and object tasks.

Impaired spatial span, DNMS, and alternation
performance with hippocampal lesions
There are at least three possible interpretations of the results
obtained on the spatial tasks relative to the odor tasks. First, these
results may be viewed as a confirmation of the hypothesis that the
hippocampus, in rats, is preferentially involved in the processing
of spatial information and spatial working memory (O’Keefe and
Nadel, 1978; Jarrard, 1993). Second, it may be argued that hip-
pocampectomized rats were impaired on the cup location tasks
because cup location, unlike odor, is defined by its relations to
other stimuli. Third, more prosaically, the spatial span task may
have simply been more difficult than the odor span task.

Evidence in support of the first view comes from the large
number of experiments in rats showing deficits in spatial tasks
after hippocampectomy (for review, see Jarrard, 1993). Although
our results are consistent with these findings, hippocampecto-
mized rats were able to perform the spatial span task when
required to remember one location, but not more. These findings
are strikingly consistent with the results of Angeli et al. (1993), in
which monkeys with hippocampus lesions (which included dam-
age to the subicular cortex and parahippocampal cortex) could
remember one location, but not two. In hippocampectomized
rats, Hampson et al. (1999) also observed that the ability to
perform a spatial (possibly egocentric) DNMS/DMS tasks was
intact at short delays, but impaired at longer delays. Together,
these and other recent findings (Whishaw and Jarrard, 1996; Day
et al., 1999) suggest that hippocampectomized animals retain
some capacity to use spatial information, although their ability to
learn new or multiple locations or to retain spatial information
across delays is impaired. Thus, structures outside the hippocam-
pus can also support spatial abilities, and this is consistent with
the observation that hippocampus lesions that include portions of
the ventral subiculum and medial entorhinal cortex yield greater
deficits (Morris et al., 1990; Zola-Morgan et al., 1994; Hampson
et al., 1999).

A second possibility is that the hippocampus is required for
relational memory processing (Cohen and Eichenbaum, 1993),
and the spatial span task placed strong demands this ability,
whereas the odor span task did not. According to this view,
remembering the location of a cup involves processing in memory
the relationships among several cues in the environment, and thus
may rely on the hippocampus. In contrast, remembering each of
several recently experienced odors does not require processing
the relationships among those cues or other stimuli, and can thus
be accomplished by extrahippocampal structures (Otto and
Eichenbaum, 1992). This view is supported by the observation
that hippocampectomized rats exhibit impairments in nonspatial,
relational tasks (Bunsey and Eichenbaum, 1996).

Finally, it may be argued that the rats with hippocampal lesions
were impaired on the spatial span and not the odor span simply
because the former was a more difficult task. Comparison of the
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control group’s performance in each experiment revealed spatial
span was more difficult at spans .3. Thus, this possibility cannot
be discounted. However, if one compares the performance of the
hippocampal groups at a span length in which the control groups’
performance was almost identical between the tasks (odor span 5
8, 93.9% correct vs spatial span 5 1, 93.8%), the hippocampal
group performed as well as the control group on the odor span
task (94.6%), but significantly worse on the spatial span task
(73.4%). Thus, at a point where the tasks were matched for
difficulty by an objective measure of normal performance, hip-
pocampectomized animals were disproportionately impaired on
the spatial span task. This result is consistent with the notion that
the hippocampus is preferentially involved in memory for spatial
or relational information.

The nature of spatial memory dependent on
the hippocampus
On the platform spatial alternation task we observed a significant
difference in the accuracy of performance when different depen-
dent measures were considered. When performance was mea-
sured by the first cup approached, rats with hippocampal lesions
performed at or near chance levels, as on the T-maze. However,
when performance was measured by the first cup in which the
animal dug, the hippocampectomized rats were impaired relative
to controls, but their performance was substantially and signifi-
cantly above chance levels.

This difference between the approach and dig measures raises
the possibility of two separable components of the spatial task: the
ability to use spatial information to guide one’s behavior to a goal
location and the ability to recognize a goal location on arrival.
Such a dissociation has been previously suggested in studies of
hippocampal disruption and performance of the Morris water
maze (Morris et al., 1990; Whishaw et al., 1995; Whishaw and
Jarrard, 1996; Day et al., 1999).

Conclusions
The current results are consistent with previous demonstrations
of normal object and odor recognition memory after hippocampal
lesions, with signs of an impairment only at a long memory delay.
Moreover, the present findings show impressive intact memory
for long lists of nonspatial items in rodents, similar to some of the
recent findings on monkeys. By contrast, the results from the
spatial span, spatial nonmatching to sample, and spatial alterna-
tion tasks confirm that the hippocampus and subiculum are nec-
essary for performance on spatial working memory tasks. Be-
cause the 12-odor and 12-location span tasks required memory
for the same number of cues, the differences observed with
hippocampal lesions cannot be attributed to differences in the
memory loads between the tasks. However, differences in the
“complexity” of the cues, and in particular the demand for pro-
cessing spatial relations among the cues and the environment,
cannot be precluded as a potentially important factor. The obser-
vation that rats with hippocampal damage were able to recognize
previously visited locations, although they were not able to inhibit
their approach to them, suggests that the impairments associated
with these lesions may have separable components. Assessment of
hippocampectomized animals in tasks that require memory for
lists of nonspatial, relationally defined items and tasks that sepa-
rate navigation from place recognition will clarify the nature of
the impairments observed in the current study.
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