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Abstract

The Morris water maze is a popular task for examining spatial navigation and memory in rats. Historically, emphasis has been put
on extramaze cues as the primary environmental feature guiding navigation and spatial memory formation. However, other
features of the environment may also be involved. In this experiment, we trained rats on the spatial version of the Morris water
maze over four days. A probe test was given 24 h after training, in which the shape of the pool either remained the same as during
training or was changed to a different shape. Mass training of a new platform position in one training session was performed in a
pool of one of these two shapes, with a second probe test being done 24 h afterward. The results showed that spatial training
produces a spatial preference for the trained location in the probe test when the pool shape remains the same. However, changing
the shape of the pool eliminates this preference. All groups learned the new platform position during mass training and also
expressed a spatial preference for the mass-trained quadrant when tested 24 h later. The results from these experiments implicate
the use of pool shape in guiding spatial navigation in the water maze and as a critical environmental feature represented in spatial

memory.
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Spatial navigation is a behavior composed of an organ-
ism’s abilities to actively move throughout its environ-
ment and to determine its own position as well as the
positions of other features within that environment.
Spatial navigation and spatial memory are tightly linked
processes because the ability to successfully move along
routes to locate objects or find locations that are associat-
ed with rewards depends on previous experience with
those specific environmental features (Burgess, Maguire,
& O’Keefe, 2002): The knowledge of how to get to a
certain place necessitates a lasting memory of where that
place is. The neurological basis of spatial navigation and
memory in the mammalian brain has been studied for
decades, and evidence shows that it is composed of sev-
eral distinct neural systems and structures with their own
unique functional contributions (Devan, Goad, & Petri,
1996; Dumont & Taube, 2015; Ekstrom et al., 2003;
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Moser, Kropff, & Moser, 2008; Sutherland, Whishaw, &
Kolb, 1988). One central brain structure critical in spatial
navigation and memory is the hippocampal formation.

The hippocampal formation is a cortical structure lo-
cated in the medial temporal lobe. Genetic, biochemical,
electrophysiological, and lesion evidence all point to the
hippocampus as having a critical role in spatial navigation
and memory processes (Abel et al., 1997; Moser, Krobert,
Moser, & Morris, 1998; Sutherland, Whishaw, & Kolb,
1983). The electrophysiological activity patterns of dis-
tinct cell types in the hippocampus and parahippocampal
tissues also suggest a role in spatial functions (Bostock,
Muller, & Kubie, 1991; Clark, Harris, & Taube, 2012;
Derdikman et al., 2009).

The Morris water maze has long been used as a task for
examining spatial navigation and memory in rats. It is a simple
task that uses a pool of opaque water with a submerged plat-
form located inside. In order to escape the cool water, the rat
must find the hidden platform, and training is thought to in-
duce a spatial memory for this hidden platform location.
Indeed, hundreds of studies over the years have implicated
the hippocampus in spatial memory and the successful com-
pletion of this task (D’Hooge & De Deyn, 2001; McDonald &
Hong, 2000; Vorhees & Williams, 2006). The most widely
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accepted explanation of how rats solve the spatial version
of the water maze is by using the extramaze cues within
the global environment (O’Keefe & Nadel, 1978). These
environmental cues include visible items in the room,
such as posters, doors, computers, windows, and so forth.
It has been argued that the location of the platform is
learned by determining the relationship between the distal
cues and the platform location. Covering the pool with a
black curtain does not allow for successful water maze
learning and eliminates the expression of spatial memo-
ries after learning (Morris, 1984). However, multiple var-
iations of the water maze exist, and manipulations to
training protocols have revealed that several strategies
are available to the animal for solving the task
(McDonald & White, 1994). Determining which environ-
mental features the rat uses, as well as how spatial mem-
ories form in the hippocampus in reference to these fea-
tures, has been the subject of recent debate (Bannerman
et al., 2012; Hamilton, Akers, Weisend, & Sutherland,
2007).

The water maze environment can be divided into at least
two separate spaces. The first is the intramaze (local) envi-
ronment, which contains everything inside the pool walls,
including the shape of the pool, the distance between the
platform and the pool wall, and any intramaze cues that
might be available. The second is the extramaze (global)
environment, which contains everything outside the pool
walls but inside the experiment room. This would include
the distances between extramaze cues as well as the distance
between the platform and the room wall or the maze itself
and the room wall. The physical features that are present,
where they are, and the room shape are all components of
the extramaze environment (Cheng & Newcombe, 2005).
Some evidence has shown that certain aspects of spatial
navigation can transfer between multiple contexts, and these
aspects would thus constitute more general, environment-
independent spatial processes (Dudchenko & Zinyuk,
2005; Taube & Burton, 1995).

Many studies have provided evidence for alternative
explanations of how rats solve the standard spatial version
of the water maze, as well as highlighting the contribu-
tions that different neural systems provide to spatial nav-
igation in this version of the task. It has also been argued
that the types of search strategies employed by rats
change over the course of training (Graziano, Petrosini,
& Bartoletti, 2003). Rats can also successfully solve the
spatial version of the water maze with varying degrees of
available extramaze information (Baldi, Lorenzini, &
Bucherelli, 2003). In some instances, their search may
be either idiothetic (i.e., internally guided), using path
integration (Whishaw & Jarrard, 1996), or procedural,
using cue-guided motor sequences (McDonald & White,
1994). Rats may also perform the water task equally well
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regardless of cue salience (Young, Choleris, & Kirkland,
2006), indicating that flexibility in their use of both search
strategies and the available environmental features is high.

Hamilton, Akers, Weisand, and Sutherland (2007) and
later Hamilton et al. (2009) trained rats on the spatial-
version water maze, and for the probe test they moved the
pool to another position in the room. The procedures in this
experiment were designed in such a way that if rats had
formed a spatial location memory using extramaze cues,
they would swim to a particular spatial location in the room,
but if they had formed a directional memory, they would
swim to a different location. Directional learning was found
in all variations of the task used, except when the pool walls
were visually eliminated by raising the water level. These
findings indicate that the pool itself may have an important
role in guiding navigation—specifically, heading direction.

With this in mind, we conducted a related behavioral study
using the water maze and multiple training rooms, in which
rats were given standard spatial training in one room and then
a probe test in a different room (Clark, Bettenson, Woolford,
Horwood, & McDonald, 2015). None of the extramaze infor-
mation was the same between the rooms, and the only spatial
feature that remained constant was the shape of the pool. It
was found that spatial training in one room led to a consistent
heading direction in the rats” swimming when they were given
a probe in a new room: When placed in the new pool for the
first time, the rats would consistently swim in the same direc-
tion. Spatial disorientation, a procedure in which a rat is put in
an opaque box and slowly spun around for 1 min, thereby
eliminating the rat’s previous directional orientation, was
shown to eliminate this directional swimming during the
probe. This study revealed that heading direction can be guid-
ed by information independent of any extramaze cues. One
possibility was that the shape of the pool combined with head
direction information was mediating the retention of the direc-
tional response in the new room.

In the present study we sought to manipulate the shape of
the pool itself, to determine whether it plays a critical role in
the formation of spatial memories in the water maze. Rats
were trained on the spatial version of the Morris water maze
in pool with one of two different shapes. After successful
learning, the pool shape was changed, and a probe test was
performed to determine how pool shape influences the re-
trieval of spatial memory. Mass training to a new spatial
location followed this, and a probe test was given 24 h later
in the mass-trained pool shape. In this way, we could ob-
serve the effects of pool shape on new learning, as well.
Given the findings of past research, we believed that rats
would use the pool shape as a critical piece of environmental
information to guide spatial navigation and memory (Clark
et al., 2015; Hamilton et al., 2009). We hypothesized that a
change in pool shape would eliminate spatial preference
during the probe test and eliminate interference from
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Fig. 1 Experimental design of the pool shape experiments: (A) Order of the pool shapes and platform locations. (B) Layout of the room used in the entire

experiment; the X is where the experimenter was located throughout.

previous training during mass training, resulting in en-
hanced new learning.

Materials and method
Subjects

Thirty male Long Evans rats 90 days of age were used for the
study. Upon arrival, the rats were pair-housed and kept on a
12-h light/12-h dark cycle, with lights turning on at 7:30 and
off at 19:30. The rats had ad libitum access to both water and
food. The rats were allowed seven days of acclimatization in
their home cages to reduce stress induced from travel. After
this period, all rats were handled for 5 min a day for four days
to familiarize them with the male experimenter and with being
manipulated. The weight range at the start of the experiment
was between 300 and 350 g. All procedures were in accor-
dance with the regulations set out by the Canadian Council of
Animal Care and were approved by the University of
Lethbridge Animal Care Committee.

Pools

Two different pool shapes were used in these experiments
(Fig. 1): a white circular pool with a diameter of 127 cm and
a total surface area of 12,667 sq. cm, as well as a white square
inlay made of plastic that fit into the circular pool, with a wall
length of 90 cm and a total surface area of 8,100 sq. cm (63%
of the circle). The pool walls were 48 cm in height and the
water was filled up to 33 cm, leaving 15 cm of exposed wall
inside the pools. The top of the platform was 2 cm below the
surface of the water. When the square pool was placed inside
the circular pool, it was held in place with transparent tape that
was outside of the rats’ field of vision and therefore was not a
local, intramaze cue. The square pool was kept in the same
position throughout all training procedures. For analysis, the
pools were divided into four equal-sized quadrants indicated
by the cardinal directions (N W S E). All behavioral training
and testing occurred in the same room, which was 3 m wide
by 4.5 m long. The extramaze cues included three large
geometric-shaped posters placed on the white walls, a com-
puter, an upright storage shelf, and the experimenter (Fig. 1B).
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Behavioral procedures

A three-phase procedure was used to assess the effect of pool
shape on rats’ spatial navigation behaviors. For Phase 1, the
rats were trained on the standard spatial version of the Morris
water maze. A hidden escape platform was located in the SW
quadrant of the pool. Animals were given eight trials per day
over four days (32 in total), with a random start point used for
each trial (i.e., NE, SW, NW, SE, SW, NE, NW, or SW). All
eight trials were completed in a single training session. Rats
were placed in the pool facing the wall and were given 60 s to
find the platform. If they did not find the platform, they were
removed from the water and placed on the platform. After
finding the platform or being aided by placement upon it, they
remained there for 10 s and were then brought back to their
holding cage, where they waited for the next trial.

After Phase 1, the rats were assigned to either the
New group, in which the pool shape changed for
Phase 2, or the Same group, in which the pool shape
remained the same as in the previous training. Because
the square pool was placed inside the circular pool, it
was necessarily smaller and provided a smaller surface
area available for navigation. To ensure that the observ-
able effects seen were due to the fact that the pool shape
was changed, and not because of the order of the shape
change, surface area limitations, or movement restric-
tions, pool shape was counterbalanced within the groups
(Fig. 1). Half of the rats in the New group (n = 7) were
trained in the square first and then tested in the circle,
and the other half (n = 8) were trained in the circle first
and then in the square. Half of the rats in the Same
group were trained in the circle throughout all training
procedures (n = 8), and the other half were trained in
the square throughout all training procedures (n = 7).

Phase 2 consisted of two parts. First the platform was
removed, and the rats were given a 30-s probe test in
either the same or the new shape. Respectively in each
experiment, the Same group probe was done in the pool
shape that had been used in Phase 1 training, and the New
group probe was done in the new shape. This was done to
determine whether the place memory formed during Phase
1 was dependent on pool shape. After this probe, the
platform was placed in the NE quadrant, opposite that in
Phase 1, and the rats were mass-trained to this new posi-
tion. This consisted of 15 random start-point trials occur-
ring within a 2-h time period. The pool shape used for this
part of Phase 2 was identical to the shape used during the
probe test for each condition (Fig. 1). This was done to
examine the influence of pool shape on new spatial
learning.

Phase 3 consisted of a 30-s probe test done 24 h after the
completion of Phase 2. The pool shape used for Phase 3 was
identical to that used in Phase 2 for each condition. This was
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done in order to determine how well the new location was
remembered.

Measures and statistics

For all training procedures, the latency and path length to find
the platform during a trial were used as the measures of learn-
ing. For all probe tests, the percentages of swim time spent in
the individual quadrants were used as a measure of spatial
memory. Initial heading error (1-2 s) was calculated from
the line between where the rat was placed in the pool and
the platform location, and was used as a measure of heading
angle. Heading error was measured as the average deviation
from this line between seconds 1 and 2 of the trial, instead of
from the exact start of the trial. The 1-s delay was meant to
ensure that the rat had spun around, because the rats were
placed into the pool facing the wall, and the spin could add
unnecessary variability. The raw data for all measures were
taken using the Noldus Ethovison XT software and a ceiling
camera directly above the pool. Mixed-model analysis of var-
iance (ANOVA), with group as the between-subjects factor
and day or quadrant as the repeated measures factor, was used
to analyze both the learning curves and probe tests. In the case
of significant interactions, post-hoc pairwise comparisons
with a Bonferroni correction were conducted. Since there
was not a cohort effect in terms of whether the animals were
trained in a circle or a square, and since equal numbers of
animals from both groups were trained in the circle and the
square, the effect of training pool shape was not included in
our statistical analyses. Instead, the Same group was simply
compared to the New group. All of the statistics were calcu-
lated with SPSS 21 (IBM, Armonk, New York, NY), and the
GraphPad Prism software (GraphPad, La Jolla, CA) was used
to make all of the graphs.

Results

Acquisition during Phase 1 is represented as the averages of
the latencies and path lengths to find the platform on that day
of training (eight per day). Over the four days of training, both
groups significantly reduced their latencies and path lengths.
The first-day average latencies for the Same and New groups
were 27.5 and 27.8 s, and the last-day average latencies were
6.8 and 8.2 s, respectively (Fig. 2A). Two-way mixed-model
ANOVA revealed a significant effect of day [F(3, 84) =
62.473, p <.001, an =.691]. No significant differences were
observed between the groups during this phase of training
[F(1, 28) =0.038, p > .05], nor was there an interaction effect
[F(3, 84) = 0.450, p > .05]. The first-day average path lengths
for the Same and New groups were 8.3 and 7.6 m, and the last-
day average path lengths were 1.7 and 2.0 m, respectively
(Fig. 2B). Two-way mixed-model ANOVA again revealed
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Fig. 2 (A) Latencies to find the platform during Phase 1 standard
training. Each point is the average of eight trials; training was eight
trials a day for four days. (B) Path lengths to find the platform during
standard training. Each point is the average of eight trials, and training
was eight trials a day for four days. Error bars indicate + 1 SE. "p < .05

that there was a significant effect of day [F(3, 84) = 78.456, p
<.001, 77p2 =.737]. No significant differences were observed
between the groups during this phase of training [F(1, 28) =
0.902, p > .05], nor did we observe an interaction effect [F(3,
84 = 0.845, p > .05]. This indicates that both groups learned
over the four days of training and that no differences were
observed between them during Phase 1.

The first part of Phase 2 consisted of a 30-s probe test with
the platform removed from the pool. The percentage of the
total swim time spent in the target quadrant the (Phase 1 train-
ing quadrant) was compared to the average swim time in the
other three quadrants (Fig. 3). The Same group appeared to
spend more time in the target quadrant than in the others,
whereas no preference was observed in the New group. A
two-way mixed-model ANOVA revealed significant effects
of quadrant [F(1, 28)=34.201, p <.001, npz =.550] and group

Phase 2 Probe

* Bl Target Quadrant
[ Other Quadrants

Same New

Fig. 3 The 30-s probe test done 24 h after completing standard training,
comparing the percentages of swim time spent in the quadrant where the
pretrained platform was located versus an average of the other three
quadrants. The Same group probe was done in the same pool shape
used in standard training. The New group probe was done in the new
pool shape, different from the one used in standard training. Error bars
indicate + 1 SE. "p < .001

[F(1, 28) = 15.797, p < .001, np2 = .361], as well as their
interaction [F(1, 28) = 15.797, p < .001, npz = .361]. Given
these results, a post-hoc pairwise comparison revealed a sig-
nificant difference between the target and averaged quadrants
for the Same group (p <.001), but not for the New group (p =
.196). These results indicate that when the pool shape used
during a probe is the same as that used during training, a
spatial preference is seen. However, when the pool shape is
different from that used during training, this preference
disappears.

The second part of Phase 2 involved mass training, wherein
the hidden platform was moved to the opposite quadrant of the
pool. Mass training is represented as the individual trial laten-
cies and path lengths to find the platform. Both groups signif-
icantly reduced their latency times over mass training. The
first-trial latency for the Same group was 33.5 s, whereas the
latency for the New group was 36.3 s. By the end of training,
the Same and New groups had latencies of 6.9 and 5.3 s,
respectively (Fig. 4A). A two-way mixed-model ANOVA re-
vealed an effect of trial [F(14, 392) = 19.338, p < .001, npz =
.409], but no effect of group [F(1, 28) = 0.004, p > .05] and no
interaction [F(14, 392) = 0.698, p > .05]. The first-trial path
length for the Same group was 8.7 m, whereas the path length
for the New group was 9.0 m. By the end of training, the Same
and New groups had path lengths of 1.7 and 1.4 m, respec-
tively (Fig. 4B). A two-way mixed-model ANOVA revealed
an effect of trial [F(14, 392) = 17.024, p < .001, npz =.378],
but no effect of group [F(1, 28) = 0.001, p > .05] and no
interaction [F(14, 392) = 0.359, p > .05]. Both groups signif-
icantly reduced their path lengths over mass training.

Next, 24 h after mass training, a second probe test was
conducted. The percentage of swim time spent in the target
quadrant (the Phase 2 mass-training quadrant) was compared
to the average percentage swim time of the other three
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Fig.4 (A) Latencies to find the platform during Phase 2 mass training to a
new platform position. (B) Path lengths to find the platform during mass
training to a new platform position. Mass training was 15 trials over the
course of 2 h. Error bars indicate = 1 SE.

quadrants (Fig. 5). A two-way repeated measures ANOVA
revealed a significant effect of quadrant [F(1, 28) = 28.886,
p<.001, 77p2 =.508], but no group effect [F(1, 12)=0.283,p >
.05] and no interaction [F(1, 28) = 0.283, p > .05]. The results
from the 24-h probe test showed that the rats rapidly formed a
memory for a new platform position, regardless of shape.

Heading error

Finally, initial heading error was analyzed. The initial heading
error was defined as the average deviation from the line be-
tween the starting point and the platform location over the
time period from 1 to 2 s during the trial. A one-way
ANOVA revealed a significant difference between the New
group and the Same group [F(1, 28) = 5.512, p < .05]. To
assess unsystematic errors that might be related to the differing
pool shapes, we also performed Levene’s test for the
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Fig. 5 The 30-s probe test done 24 h after completing mass training,
comparing the percentages of swim time spent in the quadrant where
the mass-trained platform was located versus an average of swim times
for the other three quadrants. The Same group probe occurred in the same
pool shape used in both standard and mass training. The New group probe
occurred in the same pool shape used in massed training, but different
from the shape during standard training. Error bars indicate + 1 SE. 'p <
.001

homogeneity of variances. Levene’s test showed that there
was no significant difference in variances between the New
and Same group heading directions [F(1, 28) = 0.183, p =
.682], which suggests that systematic error accounted for
much of the observed variance. These results indicated that
changing the pool shape can impair a rat’s initial heading
angle. The swim paths can be found in Fig. 6A.

Discussion

In this experiment, we showed that pool shape has an impor-
tant role in the formation of spatial memories in the Morris
water maze. After four days of standard training, changing the
shape of the pool eliminated the spatial preference seen when
the pool remained the same. Pool shape change resulted in an
elimination of spatial preference during the probe test. Both
groups successfully learned the new platform position during
massed reversal, even with the pool shape change in the New
group. Similarly, both groups had a preference for the mass-
trained quadrant during a subsequent probe trial.

External cues or pool shape?

Extramaze cues are distinct cues, whereas pool shape is a
geometrical and local feature. Changing the pool shape after
distributed training eliminates the spatial preference it normal-
ly produces. This same effect is produced by removing all of
the extramaze cues through the use of a curtain (Morris,
1984). In our experiment, even though all of the extramaze
cues were present throughout every phase, the impairment
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was still seen. If removing extramaze cues but keeping pool
shape, as well as removing pool shape but keeping extramaze
cues, both result in the same impairment, this suggests that rats
do not use a single feature and/or representation in their envi-
ronment to guide spatial navigation. Rats may accomplish
successful navigation using many different features of the en-
vironment, or they may employ different strategies (Hamilton
etal., 2007; Huxter, Thorpe, Martin, & Harley, 2001; Skinner,
Horne, Murphy, & Martin, 2010).

Consistent with this idea, the orientation of head direction
cells, recorded from various regions of the hippocampal for-
mation, can be determined by either extramaze cues or maze
geometry, depending on the salience of the two environmental
features in relation to each other (Clark, Harris & Taube,
2012). The more extramaze information is available, the more
likely it is that head direction cells will tune their orientation
with reference to the cues. Less extramaze information in-
creases the likelihood that the cells will tune with reference
to the maze shape. These findings offer neurophysiological
evidence of changing cue salience in guiding spatial
navigation.

Clark et al.” (2015) study supports these neurophysiologi-
cal findings by suggesting that heading direction might be
mediated by local cues such as pool shape in the absence of
learned extramaze cues. The finding from the present study,
that heading direction changes with the shape of the pool
despite the learned extramaze cues being static, also suggests
that heading direction is impacted by local and not just
extramaze cues.

These findings fit with the work done by Hamilton, Akers,
Weisend, and Sutherland (2007), and later by Hamilton et al.
(2009), showing that the pool wall is a primary feature of
water maze training that guides heading direction and that
the expression of learned spatial location was only possible
when the pool walls were removed. However, rats are also

fully capable of learning hidden platform locations using only
pool shape (Pearce, Ward-Robinson, Good, Fussell, & Aydin,
2001), and distinct individual features of these shapes guide
this learning (Pearce, Good, Jones, & McGregor, 2004).
Tommasi and Thinus-Blanc (2004) showed not only that rats
could use the shape of the training environment in a hidden-
food task to learn the location of the food, but that this ability
could be transferred across shapes. This is somewhat incon-
sistent with our results; nonetheless, collectively these works
lead us to conclude that a large part of spatial learning can be
done without extramaze cues and instead relies on the appa-
ratus geometry.

Probe tests

The important tests in our experiment were the probes, which
yielded the percentages of total swim times in each quadrant, a
size-invariant measure of spatial preference. Even if one pool
were twice the size of another, a rat with a strong spatial
preference would still swim to the appropriate quadrant and
swim within it. The size of the water maze pools used in rat
experiments is not the same across laboratories, ranging in
diameter from 1.2 m (Graziano, Petrosini, & Bartoletti,
2003) to 1.5 m (Hamilton et al., 2007) to 2 m (Morris,
Steele, Bell, & Martin, 2013), and spatial preferences are still
observed in all of these cases. In the present study, the mag-
nitude of the observed effects suggests that both arrangements
of shape change resulted in the elimination of spatial prefer-
ence, regardless of pool size.

Interestingly, the Phase 3 probe test done 24 h after mass
training disproved our initial hypothesis that if a novel pool
shape could disrupt spatial preference, it would also enhance
new spatial learning. This result was predicted because of a
competition effect between two different representations: one
for the previous platform location, and the other for the new
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one. If the expression of the first spatial representation was
dependent on pool shape, which we found it to be, then learn-
ing a new platform location in that same shape would be a
competition between the new and the old, and so would result
in a slower learning curve and possibly in no stable preference
24 h after mass training. A new shape would then be a distinct
training environment and offer novel spatial associations,
which could be made without interference from the old ones
made during standard training, so that learning would be faster
and a preference more easily seen. This, however, was not the
case, because both groups learned equally well, and both the
Same and the New group probes showed equal preference.

The results of the Clark et al. (2015) study are also im-
portant regarding the probe results, because one possible
explanation for the disruption of spatial memory following
the pool shape manipulations in the present experiment is
that it was simply a novelty effect. That is, during the first
probe trial the different pool shape was novel, and it is
possible that spatial navigation was disrupted simply due
to a neophobia effect. According to this interpretation, the
disrupted spatial behavior during Probe 1 did not occur be-
cause crucial information (pool shape) had been removed,
but simply because the normal navigational behavior was
disrupted by a competing behavioral response to novelty.
The results from the Clark study suggest that this was not
the case. In that study, rats were trained on the standard
spatial version of the water task and then transferred to a
completely new context for the mass-training procedures.
The rats transferred to this novel context continued to show
a place response based on head direction, and probably on
pool shape, acquired in the familiar context.

The present results provide some insight concerning the
type of environmental information that rats use during spatial
navigation. Local cues, such as the geometric shape of the
training environment, appear to be an important feature of
spatial navigation and spatial memory (Hamilton et al.,
2007). Different components of navigation are known to rely
on different brain structures and neural processes, such as on
head direction representations in the subiculum (Taube,
Muller, & Rank, 1990), place cell formation in the hippocam-
pus proper (O’Keefe, 1976), and cue-guided navigational pro-
cesses in the striatum (McDonald & White, 1994). Geometric
modules have been proposed, potentially involving
parahippocampal cortical structures (Cheng & Newcombe,
2005), and the influence of individual features of geometric
components such as corner angles have also been studied
behaviorally (Pearce et al., 2004; Kosaki, Austen, &
McGregor, 2013). Exploring the biological basis of these dif-
ferent spatial processes will be key to understanding how or-
ganisms move through their environment. Future work in this
domain may help us understand the complexity of how ani-
mals navigate and what they use in their environments, as well
as the neural circuitry behind these behaviors.

@ Springer
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