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. Introduction

It is now well understood that animal models are an essential
omponent in research into the neural basis of learning and mem-
ry. As the hippocampus is thought to be one of the most important
tructures for learning and memory in humans [1–6], behavioural
odels of learning and memory in animals have focussed on tasks

hat depend on this structure. The most popular means of studying
patial memory in the rodent have been tasks using apparatus such
s the Morris water maze (MWM; [7,58,59,8,9]), the Olton 8-Arm
adial maze [7,10–17], and the T-maze [7,18–21].

Researchers are increasingly employing automated testing
ethods. These protocols have numerous advantages over non-

utomated methods, such as greater ease of testing, minimized
xperimenter contact with the subjects, and consistency and accu-
acy in task parameters such as stimuli, responses, inter-trial
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strated across species that the hippocampus is critical for spatial learn-
y, numerous paradigms have been created to study spatial learning in
s, such as the Morris water maze, 8-arm radial maze, and T-maze, are
was our goal to create an automated task in the rodent that is quickly
nt, and minimizes the confounding variables present in most tests mea-

t learning and memory. To accomplish this, we created a novel search task
tted with a touch-sensitive computer monitor. Subjects were required to
other identical stimuli on the monitor. In two versions of the task the S+

thin a session but shifted location between sessions. In a third version of
a new location after every 10 trials. It was found that the location of the
ay (within 10 trials), and that the hippocampal-lesion group was impaired
l cohort. With the benefits inherent in automation, these tasks confer sig-
onal tasks used to study spatial learning and memory in the rodent. When
loped non-spatial cognitive tests that can also be run in the touch-screen
ful cognitive test battery for the rodent.

© 2008 Elsevier B.V. All rights reserved.

intervals, and delays. One such reportedly hippocampal-sensitive

automated test of learning and memory is the delayed non-
matching to position (DNMTP) task, in which rodents are required
to remember, across a variable delay, the location of one of two
levers. DNMTP has been shown to be vulnerable to non-spatial
mediating strategies [22–24], and recently it has been suggested
that this task is not sensitive to lesions of the hippocampus at all
[25]. Accordingly, operant DNMTP has fallen from favour with many
researchers as a test of spatial learning. Thus, there is a dearth of
viable automated hippocampal-dependent tests of spatial memory.

The aim of the present study was to develop an automated, and
quickly acquired, test of spatial memory that is sensitive to lesions
of the hippocampus. Operant testing with a touch-sensitive mon-
itor is ideally suited to this purpose [26–28,31]. In this method,
inspired by automated cognitive test batteries for the human and
monkey, rodents respond to abstract graphic stimuli presented on
a computer monitor and their responses (nose-pokes to the screen)
are automatically recorded. In addition to the advantages con-
ferred by automation, numerous added advantages are inherent in
this technique. For example, stimuli are presented on a computer
screen, allowing many more spatial locations than are possible
with standard lever-based automated procedures. Tasks carried out

http://www.sciencedirect.com/science/journal/01664328
mailto:j.talpos.01@cantab.net
dx.doi.org/10.1016/j.bbr.2008.04.008
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using this method are more similar to those used with human
participants who often perform cognitive tests on a similar com-
puterized apparatus. Furthermore, spatial tasks carried out using
this method can be compared to non-spatial tasks performed in
the same apparatus, eliminating the influence of many confound-
ing variables in assessment of effects between behaviour tasks. This
method has been successfully used to administer non-spatial and
visuospatial tests of learning and memory to both rats and mice
[28–33].

In the automated spatial array task (ASAT) developed in the
present study, the subject is presented with an array of locations,
each indicated by an identical white square. “Hidden” within this
array is a correct location (S+). If the animal nose-pokes this loca-
tion it receives a food reward. Retrieval of the food reward initiates
a short inter-trial interval (ITI; 5 s), after which the next trial can be
initiated. Responses at the other locations within the display result
in no programmed consequences; they are neither punished, nor
rewarded. However, responses at the S− are recorded and serve as
a measure of performance. Although our intention is not to present
ASAT as a direct analogue of the MWM or 8-arm radial maze, ASAT
does possess superficial similarities to these tasks, and comparison
to them may help to illustrate how this new task is run. For exam-
ple, one can think of the array of locations in ASAT as the pool in the
MWM, or the array of arms in the 8-arm radial maze. In maze-based
assays where the subject searches for a hidden platform or a baited
arm, in ASAT the subject searches for a single rewarded location on
the computer screen. As in the MWM or 8-arm radial maze, this
location must initially be found by chance (although a search strat-
egy could be used to aid this process) but across trials, the animal
becomes more proficient at locating the S+, resulting in a shorter
latency or swim distance (in the MWM), or errors made to locate
the S+ (in the radial maze or ASAT). Although the neural mecha-
nisms behind this learning may prove to be different in ASAT, the
result is very much like what is seen in the MWM or 8-arm radial
maze, an increased efficiency in locating the S+. This improvement
in performance in ASAT may be due to the use of hippocampal-
dependent learning and memory for the S+ location. If so, then like
the MWM or 8-arm radial maze a lesion of the hippocampus would
be expected to impair acquisition of the task. As such rats with
lesions to the hippocampus were tested on three versions of ASAT,
and their performance compared to that of a sham-lesion control
group.

2. Materials and methods
2.1. Apparatus

Animals were trained in operant boxes (Med Associates, VT, USA; h 23 cm, w
30 cm, 25 cm) made of a metal frame with a wall constructed of clear Perspex
and metal (see Fig. 1). The floor consisted of grid bars spaced approximately 1 cm
apart, situated 3 cm above a sawdust-filled waste bin. One end of the chamber was
equipped with a touch-sensitive, flat-screen, LCD computer monitor (24 cm × 29 cm
viewable area, Craft Data Ltd., Chesham, UK). An infrared touch detection system was
placed 4 mm from the glass of the screen, and recorded a “touch” once an object was
within approximately 4 mm of the screen. This monitor was then covered with one
of two “masks”, a piece of black Perspex (38 cm × 28 cm) with response windows cut
into it. A spring-hinged “shelf” was attached 16 cm above the grid floor. This shelf
was at a 90◦ angle to the mask and had a depth of 6 cm with a width of 20.5 cm. This
mask was attached to the screen leaving a space of 0.5 cm between the mask and
monitor to ensure that it would not trigger the touch-screen area. On the wall oppo-
site from the monitor was a food magazine equipped with a light, and an infrared
beam and beam detector. Above the food magazine was a house light (3 W), and
a small speaker. Each operant box was housed within a sound-attenuating cham-
ber equipped with a small fan. The boxes and monitors were controlled using IBM
Netvista computers running programs written in-house in Microsoft Visual Basic.

The first mask, used only during the initial training and Experiment 1 (see
below), consisted of 12 square response windows arranged in three rows and four
columns (only the bottom two rows were used for a total of eight response locations,
see Fig. 1). Each response window was 4.25 cm × 4.25 cm. The lowest row was 17 cm
above the floor with 1 cm separating the 1st and 2nd row, as well as the 2nd and
Fig. 1. The touch-screen apparatus. A flat-screen monitor with an integrated touch-
screen assembly was placed as the end of a standard operant chamber. A food
magazine, speaker, and house light were attached to the rear of the chamber (not
shown). The figure shows the presentation of the start location (A; ASAT2 and
ASAT3), as well as the search for the S+ (B; ASAT1–3). The mask shown is the same
as that used in ASAT2 and ASAT3, and all possible locations are illuminated for
illustration purposes.

3rd row. Squares were equally spaced within the rows, with each row being 23 cm
wide, allowing approximately 2.25 cm between columns. The second mask (used
for Experiments 2 and 3, see below) contained three rows and seven columns for
a total of 21 response windows. However only the bottom two rows were used for
a total of 14 response locations. The total length of a row was 20 cm, whereas the
total length of a column was 14 cm. All response windows were 2 cm × 2 cm equally
spaced allowing a separation of 1 cm between locations.

2.2. Subjects

16 male Lister hooded rats were used for this study (Harlan, UK). They were
housed four per cage and maintained on a reverse day/night light cycle (lights on
from 7 p.m. to 7 a.m.). Rats were maintained on ad libitum food (standard rat chow,
Purina) and water prior to surgery and during the 1 week following surgery. Once
training began, food was restricted to maintain animals at 85–90% of normal weight;
however ad libitum access to water was still allowed. All behavioural testing occurred
during the subjects’ dark phase. All experimentation was conducted in accordance
with the UK animals (Scientific Procedures) Act, 1986.

2.3. Surgery

The surgical procedure used here is adapted from Ito et al. [34]. Prior to surgery,
animals were randomly allocated to a lesion or a sham control group. All animals
were anaesthetized with Avertin during the course of surgery. Once anaesthetized,
rats were placed in a sterotaxic frame with the incisor bar set at 3.3 mm below
the interaural line (Kopf, USA). Small holes were drilled into the skull above the
injection sites. Lesioned animals then had a bevelled-tipped micro-syringe lowered
into the hippocampus to deliver N-methyl-d-aspartic acid (0.09 M in sterile PBS)
into the hippocampus at a rate of 0.1 �l per min (see Table 1 for additional details).

Anterior–posterior, as well as medial–lateral coordinates were calculated relative to
bregma, whereas dorsal–ventral coordinates were calculated relative to dura. Imme-
diately after surgery animals were placed in heated chambers in a darkened room
and allowed to recover with free access to food and water. Diazepam was adminis-
tered (5 mg/ml; volume 0.1 ml/kg, i.m.) if seizures occurred during, or immediately
after surgery.

2.4. Histology

When all behavioural testing was completed, animals were anaesthetized with
Dolethal (2 ml, i.p.) and transcardially perfused with 100 ml of PBS, followed by
250 ml of 4% paraformaldehyde. Brains were then removed and further fixed in
paraformaldehyde at 4 ◦C for 24 h. Prior to cutting, samples were soaked in 20%
sucrose and PBS for 24 h. 60 �m sections were cut using a cryo-stat, and every fifth
section was mounted on a gelatin-coated glass slide, and then stained with cresyl
violet. When completed, lesion and control subjects were examined under a light
microscope to determine the extent of damage.

Reconstructions of lesions are shown in Fig. 2. The actual lesion size and place-
ment was very close to the intended lesion. All animals showed slight sparing of the
posterior CA1 region (bregma −6.30 and posterior), and the most anterior portion
of the CA3 region [35]. Two subjects showed significantly more sparing. One subject
had sparing to the right dentate gyrus and the dorsal sections of the CA1 region
throughout the whole structure. Furthermore in the same animal some unilateral
sparing (right) of the ventral CA1 region was seen anterior to bregma −6.30. The
second subject showed sparing to the dorsal and ventral ends of the CA1 region
(left side) beginning at bregma −5.20. This sparing increases until most of the CA1
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Table 1
NMDA injection co-ordinates for hippocampal lesions

Anterior/posterior Medial/lateral Dorsal/ventral
2.8 ±1.6 −3.3
4.2 ±2.6 −3
4.8 ±4.8 −6
5.3 ±4.6 −4.2
5.3 ±4.6 −6
5.8 ±4.6 −4.2

region is spared by bregma −6.30. Three rats had bilateral cortical damage and one
had unilateral cortical damage; there was no cortical damage in any of the remaining
rats. ANOVAs performed on the acquisition data of rats with and without cortical
damage (bilateral or unilateral) revealed no significant differences between lesion
groups on the basis of cortical damage in any of the experiments (Experiment 1:
P = 0.35; Experiment 2: P = 0.13; Experiment 3: P = 0.25). Thus all eight rats were
included in a single lesion group for subsequent analyses.

2.5. Training

Prior to training, animals were placed in the operant chambers for 20 min to
habituate to the environment. To encourage exploration food pellets were placed in
the food receptacle as well as on the shelf and mask attached to the touch-screen.
During this time the touch-screen was not activated. After habituation, animals
were trained to respond to a tone associated with food reward (0.045 g formula “P”,
Noyes). This was accomplished by delivering a 0.5 s tone, followed by a food pellet,
every 30 s. During this time, white squares were presented in all of the response

Fig. 2. Reconstruction of the extent of lesions to the hippocampus (adapted from [35]). U
lesion is illustrated in black and gray.
Research 192 (2008) 216–225

Volume per site (�l) Post injection diffusion time (min)
0.4 4
0.4 4
0.2 2
0.2 2
0.2 2
0.2 2

windows. If an animal touched the monitor it was rewarded with three food pellets,
and the beginning of the next trial was initiated. However, no response also resulted
in the tone and a one-pellet reward after 30 s. This procedure was followed for one
session (100 trials) to ensure the rat had learned the association between a tone and
food. Next, rats were required to touch any area of the monitor while all squares were
displayed to earn a reward. The screen remained active until a response occurred.
Once a response occurred a tone was sounded, a food pellet was delivered, and the
touch-screen was deactivated. The next trial began 5 s after the pellet was collected.
A session was complete when either 30 min passed, or after the rat had completed
100 trials. Animals were trained in this fashion until they successfully completed
100 trials within 30 min. This typically took 3 sessions. A final stage of training was
used to ensure that animals did not develop a bias to one area of the screen. In this
stage one of the eight response locations would be randomly illuminated and the
rat was required to poke at this location to earn a reward. Pokes at other locations
were not punished or rewarded. When successful, a reward pellet was delivered.
Eating this food pellet would trigger the inter-trial interval (5 s) and the next trial,
with a new location, would begin after a nose-poke into the food magazine. This

sing just black, the extent of the smallest lesion is illustrated, whereas the largest
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at each possible S+ location could be included in analysis). Statis-
tics were performed on the resulting averaged data. When only the
first 10 trials of a session were considered for statistical analysis trials
were simply averaged across sessions.

Main effects were seen of lesion (F(1,14) = 12.03, P = 0.0037),
indicating that the lesion group made significantly more errors
than the control group, and trial block (F(9,126) = 212.0, P < 0.0001),
where errors decreased across the testing session. Furthermore, an
interaction was found between trial block and lesion (F(9,126) = 5.61,
P < 0.0001). Post hoc analysis indicated a significant difference from
the lesion group only during the first trial block (SNK, P = 0.0006).
Accordingly, the first trial block was broken into its 10 constituent
trials and then analysed with a second ANOVA (Fig. 3).

Main effects of lesion (F(1,14) = 10.05, P = 0.0068) and trial were
seen (F(9,126) = 21.6, P = 0.0001), but no interaction between the
two was observed (F(9,126) = 3.33, P = 0.85). Again, the lesion group
made more errors to locate the S+. When errors were divided into
those made at the former S+ or previously non-rewarded locations
an effect of lesion was seen according to both measures (Fig. 4).
The lesion group made more errors at the formerly rewarded
location (F(1,14) = 16.12, P = 0.001) and more errors at locations pre-
J.C. Talpos et al. / Behavioural

Table 2
Testing parameters used in each version of ASAT

Array size (locations used) Total trials per

ASAT1 8 100
ASAT2 14 50
ASAT3 14 50

was repeated until each rat could complete 100 trials in 1 h. In all cases this took
three sessions or less.

2.6. Data pre-processing and statistical analysis

Prior to statistical analysis all data were pre-processed using a macro generated
in Microsoft Excel. Rats had a tendency to make several rapid responses within cen-
tiseconds of each other at a single location before trying a new location. This filter
removed all responses after the first that occurred consecutively at a single location
within one sec. If an animal was to respond at location 1, and then again 0.5 s later,
this would be scored as a single visit. If the delay between responses was greater
then a second, or if activation of another location occurred during that second, then
the responses would be considered multiple visits. These processed data were anal-
ysed using repeated measures ANOVAs, or independent sample T-tests. Total errors
were used as the dependent variable, lesion as the between-subjects independent
variable, and trial block or individual trial as the repeated measure. When appropri-
ate, post hoc tests were performed using the Student–Newman–Keuls (SNK) test for
multiple dependent samples. Prior to analysis, individual animal means were calcu-
lated by taking the average of several sessions of testing. This was done to avoid any
confounding variables associated with the day of testing, or testing location used.
All statistics were generated with Statistica 6.1 (StatSoft, Tulsa, USA).

2.7. ASAT general methods

Within this study, three different versions of the ASAT task were used (see
Table 2). The first version of the task (ASAT1) consisted of an array of 8 locations
and 100 trials per session. The S+ remained in the same location within a session,
but moved between days. The second version (ASAT2) was the same in all regards
except that the second mask was used to allow more locations, four start locations
were introduced, and the total number of trials per session was reduced to 50. This
was done to mimic the effect of the start locations used in the MWM. The final ver-
sion of the task (ASAT3) was the same as ASAT2 except that the S+ location moved
after every 10 trials within a testing session. This shift was not cued. The number
of non-rewarded locations visited was used as the main dependent variable for all
phases of the study. Locations visited were chosen over latency to locate the S+ for
two reasons. (1) Motivational factors or motor impairments should have less of a
confounding effect on locations visited then on search latency, especially consider-
ing the self-paced nature of the tasks. (2) Most researchers use an error measure for
appetitive maze tasks, or total distance travelled for the MWM. Where significant
effects of lesion were seen on errors made, additional analyses were performed to
determine if the difference in accuracy was caused by errors at the previous S+ (the
S+ from the previous session in ASAT1 and ASAT2, or the S+ from the previous trial
block in ASAT3) or errors at locations not previously rewarded (all locations other
than the one last rewarded).
3. Experiment 1: ASAT1

3.1. Behavioural testing methods

On each trial in this first version of ASAT, rats were presented
with an array of eight adjacent locations on the touch-sensitive
monitor (search phase), each illuminated with an identical white
square. Each location was identical to the others except that
one served as an S+. A poke at this location triggered the deliv-
ery of a reward pellet and a tone. Pokes at the other locations
had no behavioural consequences, although these responses were
recorded. Retrieval of the reward resulted in the onset of a 5 s inter-
trial interval. Once this interval had passed the food magazine was
illuminated indicating that the subject could now initiate the next
trial by nose poking in the food delivery magazine. This sequence
was repeated until the rat had finished a session of 100 trials, or
until an hour had passed, whichever occurred first. The S+ location
was the same between trials, but was changed between sessions.
In ASAT1 and ASAT2 data was analysed in 10 trial blocks, as well as
individually for the first 10 trials (constituent components of trial
esearch 192 (2008) 216–225 219

n Possible start locations S+ locations per session

0 1
4 1
4 5

block 1). To minimize confusion “trial block” will be used to denote
blocked data (e.g. trials 1–10, 11–20, . . .) whereas “trial” will be
used in reference to single trial analysis (e.g. trial 1, 2, 3, . . .).

3.2. Results

The data presented here is from sessions 17–24, of 24 total train-
ing sessions. Trials 1–16 are not included in this analysis because
behaviour had not yet stabilized and all animals were not consis-
tently completing 100 trials. The data from a single session were
first averaged in blocks of 10 trials. These 10, 10-trial blocks were
then averaged with the equivalent block from 7 other testing ses-
sions (data were examined in blocks of eight sessions, so a session
Fig. 3. Performance of control and hippocampal-lesioned rats in ASAT1. The figure
shows the mean errors made in locating the S+ during the first 10 trials, as well
10-trial blocks 1–10. Trial blocks are labelled as the last trial in that block (i.e. trial
block 20 consists of trials 11–20). A significant effect of lesion is seen within the first
10 trials (P < 0.01), as well as across trial block (P < 0.01). Error bars represent 1 S.E.M.
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Fig. 4. Performance of control and hippocampal-lesioned rats in ASAT1 on former
S+ errors and non-S+ errors during the first 10 trials. A main effect of lesion was seen
(P = 0.047) on non-S+ errors, and on former S+ errors (P = 0.001. Error bars represent
1 S.E.M.

viously not rewarded (F(1,14) = 4.69, P = 0.047). An effect of trial was
seen in both instances (former S+ F(9,126) = 13.96, P = 0.001); not
rewarded locations F(9,126) = 21.69, P < 0.0001), while no interac-
tion between lesion and trial was seen (former S+ F(9,126) = 0.61,
P = 0.77); not rewarded locations F(9,126) = 0.57, P = 0.81). When
expressed as a proportion of total errors lesioned animals were
found to make more errors at the former S+ than their sham-
lesioned counterparts (F(1,14) = 5.27, P = 0.03). This finding indicates
that as well as making more non-selective memory errors, lesioned
rats remember and perseverate at the previously rewarded S+
location more then the control group. However no effect was
seen of trial (F(9,126) = 1.23, P = 0.28), although a near significant
trial by lesion interaction did exist F(9,126) = 0.91, P = 0.056). The
increased proportion of responses made by the lesion groups
towards the former S+ decreased across trials. Moreover on the
first trial of a session a significant preference was seen for
the previous session’s S+, with both groups making more than
the expected chance level proportion of responses at the for-
mer S+ location (Chance = 0.125; Sham mean = 0.20 T(1,7) = 6.69,

P = 0.000; Hippocampus mean = 0.29 T(1,7) = 8.32, P > 0.0001). Thus
both hippocampus-lesioned and control rats displayed memory for
the previous S+ location.

The same overall pattern of results was seen during training tri-
als. Analysis of total errors to locate the S+ on trials 1–8 revealed
that the effect of lesion nearly reached significance (P = 0.07; data
not presented), while an analysis of trials 9–16 revealed a significant
effect of lesion (P < 0.05; data not presented).

3.3. Discussion

The initial findings from this experiment indicate that lesions
of the hippocampus impair performance of a simple search task
using a touch-sensitive monitor. Moreover, evidence of memory
across days is also seen, with both experimental groups making
proportionally more errors at the previous session’s S+ during the
first trial of a newly commenced session, than would be expected
by chance levels of performance alone. To our knowledge, this is
the first example of a deficit induced by lesions of the hippocam-
pus in rodents using a touch-screen equipped operant box. Other
automated spatial search tasks have been developed, some using
Research 192 (2008) 216–225

novel ‘virtual’ environments, but it is unclear whether these are
sensitive to neurobiological manipulations such as lesions of the
hippocampus [36–39]. An interaction was also seen between trial
block and lesion, with a significant difference in the first block of
10 trials, but not in subsequent trials. Analysis of the number of
errors made on each of the ten trials during the first trial block
showed that the sham and hippocampus lesion groups made the
same number of errors in locating the S+ during the first trial. Once
the first trial was complete the sham-lesioned animals acquired
the rewarded location more quickly than did the lesion animals.
Interestingly, the initially impairment was short-lived and by the
10th trial both groups showed a marked improvement in their accu-
racy in searching for the S+. Hippocampal lesions are known to
causes behavioural changes that are not purely cognitive in nature,
such as changes in stereotyped and appetitive behaviours [40,41].
Indeed, such behavioural changes might explain why hippocampal-
lesioned animals made more errors at the previously rewarded
location, suggesting an increase in perseverative responding. Alter-
natively, increased responses to the previous S+ could reflect
enhanced memory in the lesioned animals. However, the observed
increase in errors at non-rewarded locations, indicating memory
impairment, seems to conflict with this hypothesis.

Thus, performance was impaired in ASAT1 following hippocam-
pal lesions because of a combination of increased perseverative
responding and memory impairment. Interestingly, the memory
deficit (increased errors at previously non-rewarded locations) was
transient. One possible explanation for this short-lived impairment
is that within the first ten trials the rats had shifted from a work-
ing memory solution (in this instance defined as a memory that
is quickly acquired, highly flexible, and dependent upon the hip-
pocampus), to one that is based on reference or motor memory.
Indeed, it has been shown that two-choice discriminations can be
independent of the hippocampus when acquired in as few as ten
trials [42]. As such, a switch from a hippocampal-based strategy
to one dependent upon other brain regions may explain the short-
term nature of the deficits seen. If so, it might be expected that the
performance of animals with hippocampal lesions would be simi-
lar to that of the sham-lesioned animals as long as solving the task
with a motor strategy was effective, and as long as the task was
not subject to the confounding effects of perseveration. However, if
the ability to solve the task with a motor strategy were prevented,
then it might be hypothesized that a larger deficit would be seen,
as is the case with other spatial tasks like the MWM. For instance,
it has been shown that in the MWM, rats with a fornix lesion can

complete the task if they are allowed to start from the same posi-
tion, which may allow the use of a motor strategy, but if the start
position is moved, then these same rats are impaired compared to a
sham-lesion group [43]. Therefore in Experiment 2, we redesigned
ASAT to reduce the utility of any motor strategy that may have been
assisting the subjects in locating the S+.

4. Experiment 2: ASAT with start locations (ASAT2)

4.1. Behavioural testing methods

This version of the task was the same as ASAT1 in most regards.
However, on the screen two rows of seven locations each were used
(mask 2), instead of two rows of four locations (ASAT1). Each cor-
ner location (i.e. upper right corner, lower right corner, upper left
corner, lower left corner) served as a “start location”. We hoped
insertion of a start location would decrease the lesioned rats’ abil-
ity to locate the S+ via motor memory. Prior to the search phase
of each trial, one of the 4 start locations was randomly illuminated
(these changed between trials). The rat had to nose-poke at this
location. Once successful, this response initiated the search phase
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Fig. 5. Performance of control and hippocampal-lesioned rats in ASAT2. The figure
shows the mean errors made in locating the S+ during the first 10 trials as well 10-
trial blocks 1–5. Trial blocks are labelled as the last trial in that block (i.e. trial block
20 consists of trials 11–20). Error bars represent 1 S.E.M.

of the trial that was identical to that in Experiment 1. The array
was illuminated, and a poke at the S+ location resulted in delivery
of reward. Pokes at locations other than the S+ were recorded and
scored for errors, but they did not have any impact on the progres-
sion of the trial. During the search phase, the location that had been
used as a start location would be illuminated and responses to it
were counted as errors, but these locations were not used as correct
locations. A session was ended after 50 trials were completed, or 1 h
passed, whichever occurred first. The session length was reduced,
as in Experiment 1 rats showed little change in behaviour after the
50th trial. Rats learned this protocol by simple trial and error learn-
ing, a response at the start location to initiate the search phase was
not rewarded.

4.2. Results

Once all animals had been successfully trained on the new pro-
tocol with the new mask, data were collected from 12 sessions and
then used for statistical analysis. This stage of the study was also

designed to allow investigation of the effects of the previous day’s
S+ location on the following day’s performance. Specifically condi-
tions were balanced so effects of moving the S+ up or down a row,
as well as one, two, or three columns away, between days could be
assessed. As such, 12 days worth of testing was required to properly
counterbalance these conditions. No clear effects of these manip-
ulations were seen; as a result data from these manipulations are
not presented.

The lesion group tended to make more errors than the sham
group, but this effect did not reach significance. A main effect of trial
block was observed (F(4,56) = 156.0, P < 0.0001), while the effect of
lesion approached, but just failed to reach, statistical significance
(F(1,14) = 3.84, P = 0.07). The interaction between trial block and
lesion approached, but did not reach significance (F(4,56) = 2.46,
P = 0.055; Fig. 5). Analysis of the ten trials comprising the first block
indicated a main effect of trial (F(9,126) = 168.0, P < 0.0001), but
not lesion (F(1,14) = 3.51, P = 0.082). Again, no interaction was indi-
cated between trial and lesion (F(9,126) = 1.69, P = 0.097; Fig. 5).
However, when testing our a priori hypothesis, that animals with
lesions of the hippocampus will commit more errors, with a one-
tailed ANOVA, a significant effect of lesion was seen on both
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total errors (P = 0.035) as well as errors during the first 10 trials
(P = 0.041).

4.3. Discussion

Our primary findings were that the introduction of a start loca-
tion did not produce a larger effect of hippocampus lesion. The
lesion group did require more visits to find the S+ location; however
this effect only approached, but never reached, significance. In the
MWM, solving the task with a non-spatial strategy is minimized by
the use of multiple start locations [43]. Eichenbaum et al. found that
rats with fornix lesions were able to learn the location of the hidden
platform in the MWM when a fixed location was used, but were not
able to complete the task in a similar amount of time with multiple
start locations. The introduction of multiple start locations did not
have a similar effect in our paradigm. We suggest that the addition
of start locations did not have a larger effect on accuracy because
they were not suitably disruptive to prevent strategies that may
have been aiding in completion of the task. Perhaps a greater effect
of the start locations would have been seen if the total search area
was greater, or if more start locations were used. It is also possi-
ble that later trials are being solved by a non-motor-based strategy,
such as one based on the use of local cues. If this were the case then
no effect of start location would be expected.

The largest effect of lesion appeared to manifest itself during the
first 10 trials in both Experiment 1 and 2 (although not significant
in Experiment 2). We hypothesized that the procedure could be
made more sensitive by creating a testing method that focused on
the first 10 trials alone. Therefore, in our next experiment we shifted
the location of the S+ every 10 trials during a testing session of 50
trials.

5. Experiment 3: ASAT with shifting S+ locations (ASAT3)

5.1. Behavioural testing methods

This version of the task was the same as that in Experiment
2 (ASAT2) in all respects except one. In Experiments 1 and 2 the
S+ stayed in the same location throughout the session. Now, in
Experiment 3 the S+ changed locations after every 10 trials. 5 dif-
ferent locations were used for a total of 50 trials per session. All
50 trials were used to calculate total errors. However only tri-
als 11–50 were included in analysis of errors made at the former
S+ and those made at previously non-rewarded locations. Thus,

each day’s testing resulted in three different measures of learn-
ing (total errors, errors made at the former S+, and those errors
made at previously non-rewarded locations). Since multiple loca-
tions were used within a single day’s testing fewer locations were
needed for counter-balancing. Therefore, each averaged learning
curve was again averaged across six sessions of testing prior to
analysis.

5.2. Results

The lesion group made significantly more errors than did sham-
lesioned control rats. As a new S+ location was used every 10
trials, a new learning curve was produced for each location (4
or 5 learning curves per session depending upon the measure).
These learning curves were then averaged to create one, 10 trial
learning curve per rat. Main effects were seen of both averaged
trial (F(9,126) = 151.0, P < 0.0001) and lesion (F(1,14) = 7.18, P = 0.018;
Fig. 6). However no interaction was seen between averaged trial
and lesion (F(9,126) = 0.532, P = 0.85). In ASAT1 and ASAT2 post
hoc analysis indicated that a significant effect of lesion was no
longer seen at the end of 10 trials. However, the main effect of
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Fig. 6. Performance of control and hippocampal-lesioned rats in ASAT3 on former

S+ errors and non-S+ errors. A main effect of lesion was seen (P < 0.02) on non-S+
errors, but not on former S+ errors. Error bars represent 1 S.E.M.

lesions seen here suggested that a difference might still exist using
this paradigm. If so, this would indicate that ASAT3 might be a
more suitable measure of hippocampal-dependent learning and
memory. Therefore data from the 8th, 9th, and 10th trials were
averaged together to test whether a significant effect of lesion
could still be found at the end of the block of ten trials. An ANOVA
showed a main effect of lesion (F(1,14) = 8.49, P = .011; Fig. 7) indi-
cating that a significant effect of lesion was still present at the
end of the testing block. An analysis of the error type indicated
that the hippocampal-lesioned animals made more errors at previ-
ously non-rewarded locations than the sham group (F(1,14) = 6.67,
P = 0.021, Fig. 6). An effect was also seen of trial (F(9,126) = 23.7,
P < 0.0001), while there was no interaction between trial and lesion
(F(9,126) = 0.6, P = 0.7). Moreover, no effect of lesion was seen in
errors made at the former S+ (F(1,14) = 0.58, P = 0.45), and there was
no interaction between lesion and trial (F(9,126) = 0.84, P = 0.57),
although there was an effect of trial (F(9,126) = 12.31, P < 0.0001).

Fig. 7. Performance of control and hippocampal-lesioned rats in ASAT3. The figure
shows the effect of lesion on mean errors made during the final 3 trials. A main effect
of lesion is seen (P = 0.01).
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No effect of lesion (F(1,14) = 0.76, P = 0.39), trial (F(9,126) = 1.01,
P = 0.43), or lesion × trial interaction (F(9,126) = 1.12, P = 0.34) was
seen on the proportion of errors made at the previous S+. T-tests
indicated that whatever the type of error measured, no differ-
ences existed between the sham and lesion group on averaged
first trial performance (total errors T(1,14) = 0.182, P = 0.85; errors
at the former S+ T(1,14) = 0.74, P = 0.46); errors not at the former
S+ T(1,14) = 0.128, P = 0.89). T-tests were also performed to examine
the proportion of errors made at the former S+ on the trial after
a switch of S+. Both experimental groups were found not to dif-
fer significantly from chance level performance (Chance = 0.0714;
Sham average = 0.0762, T(1,7) = 0.977, P = 0.36; Hippocampus aver-
age = 0.071, T(1,7) = −0.027, P = 0.979).

5.3. Discussion

After changing the procedure so that the S+ shifted locations
after every ten trials, a significant effect of lesion was seen. Impor-
tantly, an effect of lesion was still evident after 10 trials of testing.
This finding is in contrast to that in Experiments 1 and 2 where
behavioural deficits were short-lived and seen only in early acqui-
sition of the S+ location. This suggests that ASAT3 is the most robust
version of ASAT tested.

After ten trials, control rats are still making roughly 5 errors to
locate the S+. That the rats do not make zero errors locating the S+
might suggest that they had not yet completely learned the location
of the S+, and instead are using a search strategy that allows them
to locate the S+ in about 5 trials. However, if such a search strategy
can be used to locate the S+, then rats would always make about 5
errors, and not the roughly 15 errors they make when a new S+ is
introduced. The error rate decreased by 300% across the ten trials,
indicating rapid acquisition of the S+ location.

A remaining question, then, is why rats’ performance asymp-
totes at about 5 errors (this error rate is consistent across at least
the final three blocks of testing). One explanation may be the
effect of interference: with each block of 10 trials during an ASAT3
session the task becomes progressively more difficult because of
growing interference from previous trials. Although it has been
demonstrated that perseveration to the former S+ is not occurring
in ASAT3, this does not mean that the memory of the former S+
is not still affecting behaviour. This influence would be expected
to increase as the number of formerly correct locations increases.
Indeed, analysis of the effect of number of pervious S+s on accuracy
did indicate a numerical increase in errors as testing progressed, but

this increase did not reach significance (analysis not reported).

In general, in ASAT rats make more repeated errors to a particular
location than they do in other assays such as the 8-arm radial maze.
A potential reason for this difference is that in assays such as the
radial maze there is cost associated with exploration of incorrect
arms (energy spent, delay in reward retrieval). In ASAT, however,
very little time or effort is required to make any single response.
This may be why rats make multiple responses at locations in gen-
eral and especially on the first trial after an S+ shift.

Importantly, no effect of lesion was seen on errors at the for-
merly rewarded S+ location. This was not the case in ASAT1 where
lesions of the hippocampus caused significant increases in errors
at both the formerly rewarded S+ location, as well as at previously
non-rewarded S+ locations. The results of ASAT1 suggest that much
of the impairment caused by lesions of the hippocampus was not
the result of the lesion’s effect on working memory, but rather an
increase in preference for the previously rewarded location, similar
to an effect previously seen in the MWM [40]. However the deficit
seen here is likely to be one of working memory as no effect of lesion
was seen on errors at the previously rewarded location, or in the
proportion of errors at the previously rewarded location. It appears
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that the switching of the S+ every 10 trials discourages persevera-
tive behaviour, or the formation of a reference memory-based S+
representation, by rats.

6. General discussion

An automated method for studying hippocampally mediated
spatial memory has great potential for researchers interested in
the mechanisms of memory, for the modelling of diseases affect-
ing such memory and for development of therapies. Unfortunately,
once-popular methods such as lever-based DNMTP have been
shown to suffer from confounding mediating strategies [22], and
indeed may not even be sensitive to hippocampal lesions [25]. New
paradigms, sensitive to lesions of the hippocampus, such as condi-
tional DNMP have been created. Although effects of hippocampal
lesions are seen in these paradigms they cannot be attributed
unequivocally to a specific failure in spatial cognition [44]. There-
fore the aim of the present investigation was to develop a new
automated method for studying hippocampally mediated spatial
memory using operant boxes equipped with touch-sensitive com-
puter monitors. In the resulting task, the automated spatial array
task, an array of identical white squares was displayed on a monitor,
each square denoting a unique spatial location. One of these loca-
tions acted as an S+. In Experiment 1 (ASAT1) the rat was required
to locate the S+ (in one of eight possible locations), and then return
to it on subsequent trials to earn a food reward. We found that
rats with lesions of the hippocampus made more errors in this
task, but the impairment was short-lived with proportionally more
errors made towards the former S+. This suggested that while an
impairment in memory was observed, the primary cause for the
deficit in acquisition was an increase in perseverative responding.
In Experiment 2 (ASAT2), the rat was required to start its search
from a specific location within the array, which shifted from trial
to trial (similar to the starting locations used in the MWM pro-
cedure), and the total number of search locations was increased
to 10. In this instance the lesion group again made more errors;
however this effect narrowly missed statistical significance. Anal-
ysis of both data sets indicated that the largest effect of lesion
was seen during the first 10 trials of the session, and little addi-
tional change in performance in either group was seen after the
first 10 trials. Therefore in Experiment 3 (ASAT3) we focused on
the first 10 trials of the session. This was done by changing the
S+ location every 10 trials (5 different locations per session of 50
trials) within a session. Further statistical analysis indicated that

rats with hippocampal lesions were significantly impaired even in
the final trials of the 10-trial blocks. Performance of both groups
appeared to have stabilized at this point, indicating robust per-
formance impairment in the hippocampal-lesioned rats. Unlike in
ASAT1, the impairment in ASAT3 cannot be attributed to an increase
in perseverative responding to the formally rewarded location, and
thus the impairment seen is due solely to impaired acquisition of
the new S+ location.

Although this task is automated, it has similarities to other well-
established, non-automated tests of spatial cognition. The obvious
comparison is with the MWM, a task that inspired (along with the
human self-ordered search task; [45]) the development of ASAT. In
both the MWM and ASAT, the subject is required to search for, and
then remember, a spatial location. Unlike the MWM, which requires
rats to swim and is aversively motivated (rats escape from water),
ASAT is a “dry” method that is appetitively motivated (rats work for
reward). These features might be seen as advantages in cases where
researchers wish to avoid the effects of fatigue or stress. In these
respects ASAT shares more in common with the “cheese-board”
task, developed by Kesner et al. as a dry-land version of the MWM
[46,47]. In the cheese-board task the subject is required to search a
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board filled with dozens of small food wells. Hidden in one of these
wells is a food reward. Once the reward is found, the rat is removed
from the course, and the well re-baited. The rat is then reintroduced
into the course and again allowed to search for a food reward. As
the number of trials increases, the latency to find the correct loca-
tion decreases, much like the learning curve seen in the MWM,
and in ASAT. Furthermore, lesions of the hippocampus impair per-
formance in the MWM [8,9], cheese-board task [46,48], and ASAT.
Impairments following hippocampal lesions in ASAT are likely to
occur for the same reasons they are observed in the MWM task or
the cheese-board task, namely all of these tasks require hippocam-
pal input to solve the spatial component of the task—although the
nature of this input could be different across tasks.

Despite some similarities with the MWM and cheese-board, it
is clear that ASAT differs from these other tasks in several ways.
(1) The testing environment is much smaller than that used in the
MWM, cheese-board, and other maze-based tasks. (2) The cues
rats must use to judge locations are more impoverished and might
be regard as “proximal”, rather than “distal” cues. (3) The search
behaviour required of the rat is unlike the “navigation” featured
in most hippocampal-sensitive spatial tasks. For this reason, the
deficits following hippocampal lesions seen in this paradigm may
seem counterintuitive or surprising. However ASAT does, in a sense,
require navigation, as the rat rears and “navigates” its snout through
the array until it discovers the S+. Furthermore the search area,
while considerably smaller than the MWM, is still large when com-
pared to the size of the subject. One might predict that a larger
search area would give rise to a larger, and longer lasting, deficit
caused by dysfunction of the hippocampus. The influence of search
area parameters on performance was well demonstrated in a mouse
strain comparison study using the MWM where pool size was var-
ied [49]. In that study latent deficits between strains were only
apparent when the pool size was increased. If the non-rewarded
locations in ASAT are seen as the pool, and the S+ as the platform
(for comparison purposes only), then a more robust deficit would
be expected if a larger ‘pool’ (array) were used. We hope to address
this issue in future studies.

Alternatively, it may be that the comparatively impoverished
environment and the small spatial array, with locations very
close together, are the very factors that make ASAT hippocampal-
sensitive. Using a delayed match-to-position paradigm in a
cheese-board apparatus it was demonstrated that the hippocampus
is important for remembering a location [50,51]. Then, by chang-
ing the distance between the S+ and S− (indicated by a pair of

identical landmarks) these authors were able to improve or impair
performance, without adjusting the delay between the sample and
choice phase of the task. As the distance between the S+ and S−
was decreased, so was the overall performance. Interestingly, ani-
mals with lesions of the hippocampus were more vulnerable to the
effects of decreasing the distance between the S+ and S−, showing a
greater decrease in accuracy. Kesner et al. later localised this effect
to the dentate gyrus. Lesions of the dentate gyrus caused impair-
ments in memory in the low separation condition, but not in the
high separation condition [50–52]. Thus, dentate gyrus-lesioned
rats were able to remember the S+ location only when there was
little spatial ambiguity. It is likely that in ASAT the impoverished
environment within the spatial chamber creates a high degree of
stimulus overlap, thus taxing the hippocampus.

We have successfully demonstrated that spatial cognition can
be measured in an automated manner in an operant box equipped
with a touch-sensitive monitor. The deficits measured in ASAT may
not be numerically as large as those observed using other methods,
but they are consistent. A significant, or nearly statistically signifi-
cant effect of hippocampal lesion was seen in every stage of training
and testing. This is best illustrated in ASAT3 where lesioned animals
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are still clearly impaired at the end of testing, making numerically
about 25% more errors than control animals. Indeed, of the three
versions of ASAT tested, ASAT3 appears to have the most poten-
tial as an automated task of hippocampus-dependent learning and
memory.

This study was designed to explore novel methods for studying
hippocampal function. In doing so, it also contributes to a growing
body of literature on successful formation of reference memory in
the presence of working memory impairments. If working memory
is defined simply as short-term memory, then rats with hippocam-
pal lesions do have short-term memory impairment. In Experiment
1 (ASAT1), hippocampal-lesioned rats are impaired only early in
training, but not after a few trials of acquisition, suggesting a work-
ing (short-term) memory impairment, with relatively preserved
reference memory. Indeed, the lesion group is able to eventually
acquire the location of the S+, and can remember this location
24 h later. Such an interpretation is consistent with studies show-
ing working, but not reference memory impairments following
manipulations of the hippocampus. For example, in a recent study
Niewoehner et al. [53] showed impaired working memory, but
intact reference memory in a transgenic mouse that has functional
loss of NMDA receptors within the dentate gyrus. Bannerman et al.
argue for a neurobiological dissociation between reference mem-
ory and working memory, a position that is well supported by
a recent review on the topic [54]. The results from ASAT1 seem
to add credence to this argument. However this interpretation is
dependent upon how one defines working memory in this con-
text.

If the rats with hippocampal lesion can be thought of as hav-
ing an impairment in short-term or working memory, it is possible
that such an impairment could lead to ineffective spatial search
strategies during the task. It may be that short-term working
(or episodic) memory is used to help the rat remember where
it has already searched. This might explain why a larger prefer-
ence for the formerly correct locations was not seen in ASAT3 in
the sham animals: development of such a spatial search strategy
might have lessened the requirement for the animal to remember
accurately the S+, and therefore would lead to fewer preservative
responses to the previously rewarded S+. Whatever the precise
nature of the processes used to solve the task, it is clear that
some critical aspect depends on the integrity of the hippocam-
pus.

Although numerous excellent paradigms exist for testing spatial
learning and memory, we believe that automated tasks utilizing

touch-screen technology possess unique advantages. For instance,
automation allows more precise control over parameters such as
delay and inter-trial interval, contact with the experimenter is
minimized, and a single researcher can run many animals simulta-
neously. Perhaps most importantly, this assay helps to complement
a cognitive test battery using the automated touch-screen appara-
tus for the rodent. It has already been shown that this apparatus
can be used to study simple visual discriminations, visual condi-
tional discriminations, attentional set-shifting, visual transverse
patterning, as well as Pavlovian autoshaping and discrimination
reversal learning [26–29,31,32,55–57]. The addition of an assay
of spatial cognition to this already useful battery is a power-
ful improvement. Within the same apparatus numerous types of
learning and memory, some with a hippocampal component and
some without, can now be measured in an automated fashion.
Not only does testing in this fashion offer a decrease in certain
confounding variables, but also it also greatly increases the com-
parability between tasks. We hope that ASAT on its own, and
also as part of a greater high-throughput rodent cognitive test
battery, will serve as a useful tool for neurobiological investiga-
tions.
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