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Abstract

Research has focused mainly on the acquisition phase of spatial tasks, while retention has been relatively ignored. In three experiments,
we determine the type of information that is retained in spatial memory using the water maze task. In experiment 1, we demonstrate that by
rotating the distal cues 18@ost-acquisition Wistar rats search in the opposite area to where the platform should be. This search continues
for a maximum of 30 s. We then demonstrate (experiment 2) that by rotating the starting positibpgd8acquisition) animals remain at
the starting-point for 10 s. They then commence searching in the platform area. In experiment 3, we demonstrate that rotations of distal cues
and starting position post-acquisition impair retention of the platform’s location. We suggest that the association between the configuration
of distal cues and platform location is retained in memory but the association is fragile and sensitive to disruption.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction also interact with each oth@t0] and may involve different
brain areas (e.d11]).

Learning and memory, as measured by changes in an In contrast to acquisition, consolidation or retrieval of
animal’s behaviour is composed of a number of different long-term spatial memory has received little attention de-
processes which overlap each other, these processes inspite the importance of these processes in models of hip-
clude acquisition, consolidation and retrieja]. Spatial pocampal functioning12,13] This may be due to lack of
learning and memory can also be considered in terms of sensitive behavioural methodologies. Currently, consolida-
acquisition, consolidation and retrieval. One tool described tion and retrieval of spatial memories in the water maze task
20 years ago to investigate spatial learning and memory isare examined by a probe test (for example,[$d€15]). This
the water maz¢2,3]. Much of the research has focused on typically consists of a single 60 s probe trial, where the plat-
acquisition phase of spatial tasks such as the water mazdorm has been removed. The percentage time spent in the
[4]. Further research has examined disruption of acquisition target quadrant (where the platform should be) determines
via pharmacological5] behavioural[6] or genetic manip-  retention performancg4].
ulation [7] to probe the brain structures and mechanisms If multiple forms of spatial information are used to ac-
which underlie spatial learning. quire the task then by extension multiple forms of spatial

Recent studies using the water maze have shown that aninformation may be retained to form long-term memories. A
imals use multiple learning strategies to acquire the water few studies have demonstrated that animals have the ability
maze task8,9]. These strategies can be based on the rela-to retain a learned task over a long period of time. Bolhuis
tionship between distal cues and the location of the platform et al.[16] and Mumby et al[17], for example, demonstrate
(allocentric) or can be based on the relationship between thethat in the water maze task a rat's memory for the location
animal and the platform (egocentric). These two strategies of the platform is retained for at least 14 weeks. While Van

Groen et al[18] demonstrate retention of the task following
12 months. What type of information is retained? Abel and

* Corresponding author. Tels 353-1-7086182; fax:-353-1-7084767.  Lattal [1] suggest that retrieval may share similar mecha-
E-mail address; Sean.Commins@may.ie (S. Commins). nisms with acquisition. If an association between the distal
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cues and the platform location is built up during acquisition Both lights were at a distance of 75cm from the pool wall
[19], is this cue-dependent information stored and subse-and at angles of approximately 60A rectangular sheet of
quently used during retrieval? Alternatively are other strate- black paper (55 cm 81 cm) stuck to the curtain on the east-
gies retained? Animals may use strategies that rely more onern side of the pool was also used as a cue. A computerised
retained procedural information such as dead-reckoning ordigital tracking system (EthoVision) recorded escape laten-
path integration[@0], see alsd21]). The experiments pre- cies and distance travelled during each trial (Noldus Infor-
sented in this paper attempt to investigate searching strate-mation Technology, Wageningen, The Netherlands).
gies employed during retention and aim to disassociate the
types of information that are stored in spatial memory. If 2.2.1. Experiment 1
cue-dependent information is stored then we would predict Rats ¢ = 15) received four trials per day for 4 days to
that rotation of cues 7 days post-acquisition should lead to acquire the task. Rats were allowed 60 s to find the platform;
rotation in searching strategy in the retention probe task. otherwise the rat was led to the platform by the researcher.
However, if what is stored is simply a set of learned move- The rat remained on the platform for 20s. The inter-trial
ments (procedural information) then rotation of the start- interval was 10s. All rats entered the maze from a pseudo-
ing position of the animals by 18 days post-acquisition = random starting position (North, South, East or West).
would lead to an initial search in the opposite quadrant{180  Retention was assessed 7 days post-acquisition. Rats were
from where the platform should be). We further predict that then randomly assigned to one of two groups; controls:
upon failure to locate the platform here animals would use 7) or cue-rotated group:(= 8). Retention for both groups
cue-information and return to search in the platform area. was assessed by removing the platform and allowed to swim
If a conflict arises between the two types of strategies we for 60 s. For control group each rat was placed into the water
predict that cue-information would be dominant. Therefore, maze at NW position. The distal-cue layout remained the
rotation of both the cues (by 180and starting position  same as during the acquisition phase. For cue-rotated group,
would lead to a dominant cue-based retention search strat-each rat was again placed into the water at the NW position
egy (searching in opposite area to where the platform shouldbut the distal cues were rotated by $86o that one light was
be in the probe task). Although the 60-s probe trial is the now suspended from the SW corner, and the other from the
standard tool to assess retention, we will break this 60 s into SE position. The sheet of black paper was now positioned
10-s time bins to examine the subtle changes in searchingon the western side.
strategies. Various measures of retention were used. Percentage time
spent in the platform area (on total time spent in the pool,
i.e. 60s) was used to measure retention. This was defined

2. Materials and methods by a circular area centred at the platform with a radius of
approximately 27 cm (body length of a rat). Percentage time

2.1. Animals spent (again on total time spent in the pool) in three other
equivalent locations (NW, SW and SE) was also calculated.

Male Wistar rats (200-300g; Bioresources Unit, Uni- Percentage time spent (again on the total time spent

versity of Dublin, Trinity College) aged approximately 3 in the pool) at the edge of the pool, in an area termed
months were used as subjects. Rats were housed three pghe ‘Panic Corridor’ was also measured. This was de-
cage and were kept in a temperature-controlled room whichfined by a circular area, approximately 20cm in width,
was maintained on a fixed light—dark cycle (07:00-19:00 h). inside the pool. Confused or nervous rats have a tendency
All rats were given free access to food and drink. All rats to swim near the wall of the pod22]. This response
were well handled before experimentation and testing wasis defined as thigmotaxis bf23] who described it as a

carried out during the light phase. species-typical fear behavio[#4]. It is also thought to re-
sult from an impairment of learning certain aspects of spatial
2.2. Apparatus and procedure navigation[25].

The water maze was a black circular pool (1.7 m diam- 2.2.2. Experiment 2
eter; 35cm deep; water 28 1°C) filled to 31cm. Rats Rats ¢ = 15) received a similar training schedule to
can escape the water by climbing on to a hidden platform experiment 1. However, all rats entered the maze from
(29 cmx 9 cm). The hidden platform was placed in the North fixed-starting position (NW).
Eastern quadrant of the pool and submerged 2 cm below wa- Retention was again assessed 7 days post-acquisition.
ter surface so it was invisible at water level; the location of These rats were randomly assigned to one of two groups;
the platform was fixed during the acquisition of all experi- controls ¢ = 7) or start-rotated group:(= 8). Retention
ments. A curtain surrounded the water maze at a distance offor both groups was assessed by removing the platform and
50 cm from the pool wall. Distal cues included two (60 W) allowed to swim for 60s. The distal cue layout remained
lights suspended from the ceiling. One light was suspendedthe same as during the acquisition phase. For the control
from the NE corner, and the other from the NW position. group each rat was placed in the water from the NW posi-
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tion (as during acquisition). For start-rotated group, each rat  Again the various retention measures used in experiment

was placed into the water at the SE position. 1 were also used here.
The various retention measures used in experiment 1 were
also used here. 2.3. Satistics
2.2.3. Experiment 3 A series of repeated ANOVAs were used. Where appro-

Rats ¢ = 15) received a similar training schedule to priate independerittests were also used. All statistics were
experiment 1. However, all rats entered the maze from carried out using SPSS (version 10).
fixed-starting position (SW). Retention was again assessed
7 days post-acquisition. These rats were randomly as-
signed to one of two groups; controls £ 7) or start- and 3. Results
cue-rotated groupn(= 8). Retention for both groups was
assessed by removing the platform and allowed to swim 3.1. Experiment 1: effects of cue-rotation on retention
for 60 s. For the control group, each rat was placed into the
maze at SW. The external-cue layout remained untouched All rats acquired the water maze task. The mean escape
by the experimenters. For start- and cue-rotated group, eacHatencies decreased over the 4 days from746: 2.67s
rat was placed into the SE quadrant (rotating the startingon day 1 to 229+ 2.24s on day 4. A one-way ANOVA
point by 90') and the distal cues were rotated by 180 confirmed that an overall significance was found between the
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Fig. 1. (a) Bar chart demonstrating the percentage time spent by control and cue-rotated groups in the platform area (see inset) for the firssand last 30

of the retention phase. (b) A line chart displaying the percentage time spent by control and cue-rotated groups in the platform area for the first 40s of
retention trial (in 10-s bins). Representative swim paths for the controls for the first and last 30s are displayed in (a).
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4 days ¢ = 16.798, df. = 3,240, P < 0.001). Subsequent  platform area in the first 10y (= —2.374, df. = 13,
post hoc tests (Tukey < 0.05) demonstrated thatthe mean P < 0.05), 10-20s« = —2.511, df. = 13, P < 0.05)
escape latencies on days 3 and 4 were significantly shorterand 20-30s# = —4.296, df. = 13, P < 0.01) when
than on day 1. compared to the cue-rotated group ($6g. 1. Rotation
Retention of the water maze was assessed 7 days postef the cues 180 clearly impaired the search strategy of
acquisition. Rats were randomly assigned to one of two this group. Where did the cue-rotated group search for the

groups: controls{ = 7) or cue-rotated groupn(= 8). platform?
Fig. lareveals that the control group spent significantly more  Fig. 2a shows that the cue-rotated group spent signif-
time swimming in the platform area (NE, Z& + 5.8%) icantly more time searching for the platform in the op-

than the cue-rotated group.@d + 1.1%) in the first 30s posite area (SW, 138 + 2.73%) than the control group

(r = —3.536, df. = 13, P < 0.01). However, there was (2.57+ 0.9%) in the first 30s# = 2.951, df. = 13, P <

no significant differences(= —1.280, df. = 13, P > 0.01). Again this effect was lost after 30s £ —0.483,
0.05) in the amount of time spent searching in the platform d.f. = 13, P > 0.05). We further analysed the first 30 s in
area by either the cue-rotated or control group 8 1.2% 10-s bins and found that the cue-rotated group spent signifi-
and 63 £+ 1.9%, respectively) between 30 and 60s. We cantly more time searching in the opposite area between 20
further analysed the first 30s in 10-s bins. We found that and 30s { = 2.651, df. = 13, P < 0.05) when compared
the controls spent significantly more time searching in the to the controls (se€ig. 2b).
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Fig. 2. (a) A bar chart displaying the percentage time spent by control and cue-rotated groups in the opposite area (see inset) for the first and last 30
of the retention phase. (b) A line graph demonstrating the percentage time spent in the opposite area by the control and cue-rotated groups for the fir:
40 s of retention trial (in 10-s bins). Representative swim paths for the cue-rotated group for the first and last 30s are displayed in (a).
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Fig. 3. (a) Bar chart demonstrating the percentage time spent by control and start-rotated groups in the platform area (see inset) for the fé@sand last
of the retention phase. (b) A line chart displaying the percentage time spent by control and start-rotated groups in the platform area for théd first 30s o
retention trial (in 5- and 10-s bins). Representative swim paths for the controls for the first and last 30 s are displayed in (a).

3.2. Experiment 2: effects of start-rotation on retention P > 0.05). Again no significant differences & 0.393,
d.f. = 13, P > 0.05) were found between either group in

In experiment 2, all rats acquired the water maze task. the 30-60s period. However, we further analysed the ini-
The mean escape latencies decreased over the 4 days frortial 30-s period of retention (broken into 5- and 10-s bins).
46.98+25sonday 1to 121+1.37sonday 4. Aone-way Fig. 3bdemonstrates that in the 5-10-s period, the controls
ANOVA confirmed that an overall significance was found spent significantly more time (38+ 12.1%) swimming
between the 4 day#(= 33622, df. = 3, 240,P < 0.001). in the platform area compared to the start-rotated group
Subsequent post hoc tests (Tuk&yx< 0.05) demonstrated  (8.5+ 7.4%,t = —2.191, df. = 13, P < 0.05). Rotating
that the mean escape latencies on days 2, 3 and 4 werghe starting position of the animals had a small but signifi-
significantly shorter than on day 1. cant effect on their search strategy when the animals were

Retention of the water maze was assessed 7 daysinitially place into the pool. Where did the start-rotated
post-acquisition. Rats were randomly assigned to one of group search during this initial 10-s period?
two groups: controlsi{ = 7) or start-rotated group: (= 8). Fig. 4a demonstrates that the start-rotated group did
Fig. 3areveals that there was no significant difference not search significantly more in the opposite area (SW)
in the time spent swimming in the platform area by the when compared to controls in the first 30s of retention
start-rotated (14 + 4.0%) compared to the control group (¢t = —1.702, df. = 13, P > 0.05). When this time period
(16.38 & 3.88%) in the first 30s#(= 0.316, df. = 13, was broken into 5- and 10-s binBig. 4b again no differ-
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Fig. 4. (a) A bar chart displaying the percentage time spent by control and start-rotated groups in the opposite area (see inset) for the firstsand last 30
of the retention phase. (b) A line graph demonstrating the percentage time spent in the opposite area by the control and cue-rotated groups for the fir:
30s of retention trial (in 5- and 10-s bins). Representative swim paths for the cue-rotated group for the first and last 30s are displayed in (a).

ences were observed between the groups. We then defined eevealed that the start-rotated group spent significantly
‘panic corridor’ at the side of the pool to eliminate the pos- more time in their starting position (SE, se&. 59 when
sibility that during the initial 10-s period the start-rotated compared to the other three equivalent areas. A similar
group swam around the side of the pool (§ég 5ainset). analysis was conducted for the controls (§ég 5d. This

Fig. bareveals that there was no significant difference in revealed that the controls spent equivalent amount of time
the percentage time spent in the ‘panic corridor’ between in all four areas in the initial 10 sH{ = 1.520, df. = 3, 27,

the start-rotated group when compared to the controls P > 0.05).

(r = 1537, df. = 13, P > 0.05). We then divided the

‘panic corridor’ into four areas (seEig. 5binset) to ex- 3.3. Experiment 3: effects of cue-rotation and start-rotation
amine the percentage time spent where the animals wereon retention

initially placed into the pool. We found (sé&g. 5b that in

the first 10 s, the start-rotated group spent significantly more  In experiment 3, all ratsi(= 15) acquired the water maze
time at their starting position (475 + 8.9%) than the con-  task. The mean escape latencies decreased over the four
trols spent at their respective starting position {18.7%, days from 5423+ 1.7s on day 1 to 169+ 1.8 s on day 4.

t = —2.645, df. = 13, P < 0.05). A one-way ANOVA A one-way ANOVA confirmed that an overall significance
confirmed that there was an overall significant difference in was found between the 4 dayg & 45.49, df. = 3, 240,

the mean percentage time spent by the start-rotated groupP < 0.001). Subsequent post hoc tests (TukByx< 0.05)

in the four equivalent areas (s€&@. 5cinset, F = 11.559, demonstrated that the mean escape latencies on days 2, 3
d.f. = 3,31, P < 0.01). Subsequent post hoc tests (Tukey) and 4 were significantly shorter than on day 1.
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Fig. 6. (a) Bar chart demonstrating the percentage time spent by control and start- and cue-rotated groups in the platform area (see inset) for the firs
and last 30s of the retention phase. (b) A line chart displaying the percentage time spent by control and start- and cue-rotated groups in the platforn
area for the first 40s of retention trial (in 10-s bins). Representative swim paths for the controls for the first and last 30s are displayed in (a).

Retention of the water maze was assessed 7 daysthe first 10s (= —2.610, df. = 13, P < 0.05), 10-20s

post-acquisition. Rats were randomly assigned to one of (r =

two groups: controlsi{ = 7) or start- and cue-rotated

group ¢ = 8). Fig. 6areveals that the control group

spent significantly more time swimming in the platform
area (1%2 £+ 3%) than the start- and cue-rotated group
(2 £ 1.45%) in the first 30s#( = —4.191, df. = 13,

P < 0.01). However, there was no significant difference
(t = 0417, df. = 13, P > 0.05) in the amount of time

—2.326, df. = 13, P < 0.05) when compared to
the start- and cue-rotated group (d€g. 6b. Rotation of
the cues 180and changing the starting position impaired
the search strategy of this group. Where did the start- and
cue-rotated group search for the platform?

Fig. 7ademonstrates that the start- and cue-rotated group
did not search significantly more in the opposite area when
compared to controls in the first 30s of retentian=£

spent searching in the platform area by either the start- and—1.702, df. = 13, P > 0.05) orin the last 30 s (= —0.304,

cue-rotated or control group .6+ 1.4% and 333+ 1.3%,

d.f. = 13, P > 0.05). When the retention period was broken

respectively) between 30 and 60s. We further analysed theinto 10-s bins [Fig. 7b again no differences were observed
first 40s in 10-s bins. We found that the controls spent between the groups. As before we analysed the percentage

significantly more time searching in the platform area in

time spent by both groups in the ‘panic corridor’ to as-
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Fig. 7. (a) A bar chart displaying the percentage time spent by control and start- and cue-rotated groups in the opposite area (see inset) fat the first an
last 30s of the retention phase. (b) A line graph demonstrating the percentage time spent in the opposite area by the control and start- and cue-rotated
groups for the first 40 s of retention trial (in 10-s bins). Representative swim paths for the cue-rotated group for the first and last 30s are d{gplayed in

sess confusiorkig. 8areveals that the start- and cue-rotated 0.05). A similar analysis was conducted for the controls (see
spent significantly more time (7 9.1%) at the side of  Fig. 8d revealing no differences.

the pool than the control group (B &+ 6.1%) in the first

10s ¢ = 4.801, df. = 13, P < 0.01). However, unlike

the start-rotated group (experiment 2) which remained at 4. Discussion

their starting position initially and then searched for the plat-

form, the start- and cue-rotated group did not spend signif- The experiments presented in this paper demonstrate that
icantly more time at their starting position when compared animals can easily retain knowledge of the water maze task 7
to the control group#(= —1.134, df. = 13, P > 0.05, days post-acquisition. This confirms our recent findings us-
seeFig. 8b. Rather the start- and cue-rotated group swam ing a training protocol similar to the one used in the current
around the side of the pool visiting all four areas equally in set of experimentf26]. Indeed previous research has indi-
the first 10 s (seéig. 89. A one-way ANOVA confirmed cated that knowledge of the task can be partially retained for
that there was no overall significant difference in the mean at least 12 months particularly with 2 weeks of trainjt§].
percentage time spent by the start- and cue-rotated group In experiment 1, we demonstrate that rotation of the dis-
in the four equivalent areag’(= 1.444, df. = 3,31, P > tal cues leads to a rotation in the searching strategy of the
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animals. This suggests that the association between the disthigmotactic behaviour with animals swimming around the
tal cues and the platform location built up during acquisition edge of the pool. A number of possibilities may account for
[19] s stored for at least 7 days. Retention of the water maze the thigmotactic behaviour. First, animals may have simply
task is therefore dependent on the configuration of the distalforgotten the platform location with respect to the available
cues and the location of the platform. However, the stored stimuli, therefore, they revert to swimming along the side
association between the distal cues and the platforms loca-of the pool, similar to what is observed on the initial trial
tion (relevant to both the cue-rotated group and the control of the acquisition period. This increased swimming at the
group) is time-dependent. We show that failure to locate the edge may be due to increased confusion or anxiety levels
platform within 30 s leads to searching in other quadrants or [22]. A second possibility is that the combination of start-
along the side of the pool. We suggest that the standard useng rotation and cue rotation may give the perception of a
of a 60 s probe trial as a retention measure used by manynovel environment. The usual variable used to explain the
authors (e.g[14,15,27) is too long and may miss subtle behavioural effects of novelty is fear or anxi¢®4]. Devan
changes in search strategies. It has been well established thadt al. [24] observed an increased in thigmotaxis following
acquisition of the water maze task relies on distal d2és  caudate-putamen lesions and suggest that thigmotaxis may
with research highlighting the importance of the hippocam- not be due to increased anxiety levels but rather a failure to
pus in this distal cue processing. Hippocampal-lesioned an-initiate a competing response. That is, to move away from
imals for example are impaired when they have to locate the wall and use the available cues to locate the platform.
the platform based on both distal landmark c[&8529]and The increased thigmotaxis in our experiment may also be
proximal cueq30]. However, Save and Pouc8] argue due to a failure to initiate a searching response.
that the processing of distal landmarks is mediated mainly by  The cue-based retention strategy did not dominate, as ani-
the hippocampus. Further evidence that suggests the involve-mals did not search in the opposite area to where the platform
ment of the hippocampus in distal cue processing comesshould have been. It has been suggested that solving navi-
from single-cell recordings in the hippocampus. If distal cues gational tasks using an allocentric map is flexi@g1,37]
are rotated, place fields of hippocampal neurons similarly However, this experiment suggests that the allocentric map
rotate[31-33] Recent evidence point to both the hippocam- may not be as flexible as previously thought and retention
pus and the entorhinal cortex in spatial-relational memory of the distal cue and platform association is sensitive to dis-
[34,35] However, whether the hippocampus is directly in- ruption.
volved in the retention of the associations between the plat- In conclusion, retention of the water maze task is based
form location and distal cue configuration and for how long on the association between distal cues and the location of the
these associations are stored remain controversia]1Zde platform. This association is built-up during acquisition and

Rotation of the starting position also affected the search- is the primary strategy used during retrieval. However, this
ing strategy of the animals (experiment 2). We had predicted association is fragile. The association is time-dependent;
that animals trained from a fixed position would acquire an failure to successfully locate the platform based on this
egocentric representation and would subsequently adopt astrategy within a period of time leads to alternative search-
procedural strategy in the retention task when placed into ing patterns. Although rotating the start position alone does
the pool from the opposite starting point. However this did not weaken this association it is sensitive to disruption by
not seem to occur. The start-rotated group did not spent sig-the combination of distal cue rotation and starting position
nificantly more time searching in the opposite area when rotation.
compared to the controls even in the initial 10-s retention
period. Rather the start-rotated group remained at the pool
edge (where they were placed) for at least 10 s and then com-Acknowledgements
menced searching in the platform area. This suggests that
following the initial 10 s of uncertainty animals then pursued  This work was supported by the Health Research Board of
a cue-based strategy. Further extensive training may lead tdreland and the Department of Psychology, NUI Maynooth.
a shift in learning mechanisms from the cue to a responseWe also thank Derek Walsh (Departmental Technician) for
dominant strategy36] which may in turn lead to a shiftin  assistance.
what is retained by the animals. Alternatively complete ab-
sence of distal cues (s§21]) during the retention trial may
lead animals to adopt a purely procedural strategy. References
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