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Abstract

Different tasks are often used to assess spatial memory in humans compared to nonhumans. In order to bridge this paradigmatic gap,
we used a within-subject design to test 61 undergraduates on three spatial memory tasks. One of these tasks, the Vanderberg 3D menta
rotation task, is classically used to assess spatial memory in humans. The other two tests are virtual analogues of two tasks used classically
to assess spatial memory in rodents: the Morris water task and an eight-arm radial maze. We find that males perform significantly better
than females on the mental rotation task and in finding a hidden platform in the virtual Morris water task. Moreover, during a probe trial,
males spend significantly more distance of their swim in the training quadrant, but males and females do not differ in navigating to a visible
platform. However, for the virtual eight-arm radial maze, there is no sex difference in working memaory errors, reference memory errors,
or distance to find the rewards. Surprisingly, an examination of the correlations among the three tasks indicates that only mental rotation
ability and Morris water task probe trial performance correlate significantly among the three tasks (i.e. there are no significant correlations
with traditional measures the tasks, e.g. time or distance to completion). Hence, the Morris water task and the eight-arm radial maze do
not assess spatial memory in the same manner, and even after equating factors such as motivation, stress, and motor demands, there st
are procedural demands of the tasks that reinforce differential strategy selection during spatial memory. This suggests that caution should
be taken when utilizing these two tasks interchangeable as tests of spatial memory.
© 2003 Elsevier B.V. All rights reserved.
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The hippocampus (HPC) has long been implicated as be- Initial experiments of spatial memory were conducted by
ing critical for creating and maintaining spatial/cognitive Tolman[35] using rodents, since this type of memory was
maps[24]. For example, both rats and pigeons with HPC particularly naturalistic and easy to learn for rodents. This
damage display spatial navigation impairmefis21,34] spawned a rich number of paradigms based on the premise
Physiologically, cells in the HPC that display increased fir- of having an animal either learn to find a goal object or
ing rates when the animal is in a certain spatial location to avoid an aversive location. Resulting from this approach
(i.e. place cells) have been a foundation of its involvement were mazes such as a starburst maze, spiral Battig maze,
in spatial memory[23]. Ethologically, it has been shown radial mazes, open-area mazes, runway mazes, and water
both in birds[16] and rodentd14] that hippocampal size = mazes. Each maze type has made various unique contribu-
is significantly larger in species whose behavior depends ontions to the understanding of spatial memory. However, cur-
spatial ability compared to similar species with less of a de- rently there are two mainstays of mazes that are commonly
pendence on spatial skills. used to assess spatial learning and memory: the radial arm

mazes and the water maze.

* For information on obtaining the virtual Morris water task or virtual
radial arm maze sebttp://www.nrc-iol.org/personnel/astur/astur.htm _
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USA. Tel.: +1-860-545-7776; fax:1-860-545-7510. “water maze” are often used interchangeably in the literature, and this
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Radial arm mazes (RAM) typically involve a center area ischemia-induced deficits are observed in the RAM, but not
with a number of identical arms radiating outwai@§]. in the water maze. Hence, it is unclear what factors are con-
Each arm has a well at the distal end that may be baited withtributing to these reported deficits in these tasks.
food. In a standard eight-arm version, four of the arms have With the rise in computer technology, many of these
food at the end and four arms do not. During a trial, an ani- paradigms have been adapted to be used with humans. This
mal must retrieve all four rewards, after which the animal is is advantageous in that spatial memory now can be tested
removed from the maze. For subsequent trials, the same fouiin humans in a manner that is similar to how they are tested
arms are rewarded. With training, rodents learn to retrieve with rodents. Specifically, before this advancement, many
all four rewards without venturing into the never-rewarded of the classic spatial memory tests in humans assessed ego-
arms. Moreover, after retrieving a reward from one of the centric memory such as examined in mental rotafig86],
arms, the animal remembers not to re-enter that arm againfinger maze$8], and object locatiofi33]. Alternatively, for
during the same trial. Hence, the measure of whether the an-nonhumans, allocentric memory is being assessed in tasks
imal remembers which arms are always baited (alternatively, such at the water maze and the RAM. Some attempts have
which arms are never baited) is commonly used as a mea-been made to test allocentric memory in humans in actual
sure of reference memory. The extent to which the animal mazeg6,37], but such attempts are often cumbersome, re-
remembers which arms it has previously visited during a sin- quire large spaces, and are taxing to the subjects. Moreover,
gle trial is commonly used as a measure of working memory. these life-size mazes are not able to be adapted for func-

The water maze involves placing an animal in a round tional imaging studies.
pool of cool, opaque water in which one area of the pool The use of virtual environments has proven to be success-
contains a fixed goal escape platform submerged a few cen-ful for examining allocentric spatial memory in humans. For
timeters under the surface of the wgd0]. Whereasrodents  example, virtual environments have been used to examine
are excellent swimmers, they find the cool water aversive, basic learning phenomendh3], sex difference$2,11,31]
and they swim in search of an escape. Initially, the rodent as well as hippocampus functioni@,4,18] Collectively,
searches around the pool walls for an escape and graduallythese experiments parallel well with the nonhuman research,
ventures off from the wall and finds the platform. With train- specifically converging on the theme that the hippocampus
ing, normal rats eventually learn to use the distal cues in theis both involved and necessary for navigating through vir-
room to navigate to the platform in a straight line regardless tual environment$3,4], as well as documenting that males
of their start position. and females utilize different strategies to navigate through

Commonly, these two tasks have been used interchangetheir environments. For example, Astur et[d]. have shown
ably as tests of spatial memory and, because they are sensirepeatedly that males consistently navigate more efficiently
tive to HPC damage, also of HPC functionif®j,25,27,34] in a virtual Morris water task, and Sandstrom et [8l1]
Moreover, these tasks have been used to examine sex difhave dissected this sex difference to reveal that females of-
ferences in rodents, and have revealed that male rats tend teen rely on landmark information to navigate in a virtual en-
perform better than females on a RAM, particularly early in vironment whereas the males use both the landmark and the
training[30,38]. However, this sex difference is less evident geometry information to navigate. Lastly, given that these
when using the water maZ28]. mazes consist of virtual environments, the experimenter has

As has been thoroughly pointed out by Hod§E3, there complete control over all cues, movement options, and other
are a number of obvious differences between these two taskgelevant parameters to allow for more precise experimental
which clouds interpretation of the behavioral discrepancies control and manipulation. Hence, these virtual mazes seem
between the two tasks. Notably is the fact that the RAM usesto have many advantages over traditional spatial memory
appetitive maotivation, whereas the water maze uses aver-paradigms in terms of their flexibility, generalizability, and
sive motivation. Because of this, the water maze often has aexperimental control.
higher level of stress than the RAM, and swimming in the  As mentioned previously, the discrepancies of perfor-
water maze is more physically demanding than walking in mance impairments between the RAM and the water maze
the RAM. Moreover, the number of possible routes is more often are confounded by the fundamental differences in task
restricted in the RAM whereas there are fewer route limi- demands such as the stress factors and intensive motor de-
tations in water mazes. Also, the RAM contains a working mands evident in the water maze but absent in the RAM.
memory component whereas the typical water maze waterHowever, these confounds are eliminated in virtual versions
maze does not (although task parameters may be modified twf these tasks. Hence, by employing virtual versions of these
test working memory using the water maze). Accordingly, tasks, we are in an excellent position to examine how these
there are reported discrepancies in spatial memory perfor-two classic tasks of spatial memory differ after equating lev-
mance following HPC damage depending on whether the els of stress and motor demands.

RAM or water maze is utilized to assess spatial memory. For  Given that there have been robust reports of easily repli-
example, Nunn and Hodgdg2] report ischemia-induced cable sex differences in the virtual water mg2¢l5,31] it
deficits in the water maze but not in the RAM. However, is logical to assume that the virtual RAM would also reveal
the opposite result is reported by Davis and Vo[@é]: robust sex differences if it assessed spatial memory in the
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same manner as the virtual water maze. To examine the vaimales) terminated the study early due to motion sickness
lidity of this assumption, we used a within-subject design to from the virtual tasks.

test undergraduates on both virtual RAM and a virtual water

maze. In addition, all subjects were also tested on a men-1.2. Apparatus

tal rotation task because this task is a common test of spa-

tial memory that is not dependent upon allocentric memory,  An IBM-compatible computer with a SVGA color moni-
and it is known to elicit robust differences between males tor was used for testing. Participants navigated through the
and females. Lastly, given that this is a within-subject de- mazes by manipulating a joystick. A speaker connected to
sign, we correlated performance across these tasks to exthe computer was used to provide auditory feedback to the
amine the relationships between these three tests of spatiaparticipants.

memory.
1.3. Procedure

1. Method After obtaining informed consent, participants were
given both verbal and written instructions on how each

1.1. Participants task would proceed. Before completing the two virtual

mazes, all participants were tested on the mental rotation
Sixty-one undergraduates (37 females; 24 males; 19.4 av-task. Afterward, half the participants started with the RAM
erage (4.8 S.D.) years) from the University of Connecticut followed by the water maze, and vice versa for the other
were recruited from Introductory Psychology classes. All participants. All participants were told to use the joystick
participants had normal or corrected-to-normal vision and to navigate. The view on the screen was a first-person view
received class credit for their participation. Approval for this so that if they pushed the joystick to the right, the view
study was obtained from the University of Connecticut In- on the screen would pan to the right and so on with other
stitutional Review Board. Three additional subjects (all fe- joystick movements (se€ig. 1). Both virtual rooms had

000
zZ—

Fig. 1. Extra-maze views of the virtual tasks. Top: picture within (left) and aerial view of the room (right) for the virtual Morris water task. Bottom:
picture within (left) and aerial view of the room (right) for the virtual radial arm maze. All views were in color.
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a variety of doors, windows, and landmarks. Also, both that would be scored as both a reference memory error and
rooms had various adjoining rooms and geometry to make a working memory error.
the rooms nonsymmetrical. Participant location was written
to a computer data file at approximately 10 Hz during each 1.3.3. Water maze
trial. After completing all the tasks, participants answered a  Participants were instructed that they will find themselves
guestionnaire that queried their computer game experiencein a virtual pool, and that their goal would be to escape
as well as head trauma/neurological history. Individuals from the water as quickly as possible by swimming to a
with a history of head trauma or neurological disorders were hidden platform. Procedurally, participants started from four
excluded from the study. For the females, additional infor- different locations (north, south, east, and west) five times
mation was obtained regarding where they were in their each for a total of 20 trials with a 5s ITI. If the participant
menstrual cycle and whether they were on any birth control swam over the area of the pool where the platform is located,
that utilizes artificial hormones. However, this data was not a tone sounded, the platform rose slightly out of the water,
used because of the 10 women who were menstruating, 3and a message saying “Congratulations. You have found
were on artificial hormone birth control, and the other 7 the platform” was displayed. At this point, the participants
were varied on where they were in their menstruation phasewere allowed free swimming movement for 3 s after which
(e.g. some were on day 1 of menstruation and others werethe trial terminated. This phase is referred to as “hidden
on day 5) so that the statistical power was too low to make platform” training.
any meaningful comparisons. We currently have ongoing After the 20 training trials, a probe trial was given in
studies examining these factors with a larger sample size. which the platform was removed from the pool, and the
participant was allowed to search for the platform for 30s,
1.3.1. Mental rotation task after which the trial terminated. There was no indication to
A pen and paper mental rotation task adapted from Van- the participant that the probe trial was in any way different
denberg and Kusg86] was used. Specifically, participants than the previous 20 training trials, until the probe trial was
were given a target object and from four choices, they were already completed.
to pick the two choices that matched the target object but  After the probe trial, the platform was moved to a different
which were simply rotated from the target. The other two location in the pool and was raised slightly out of the water
choices did not match. Subjects were given 4 min to com- so that it was visible to the participant. Participants started
plete 12 of these problems. One point was given for each from four different locations two times each for a total of
correct response, and participants were instructed to workeight trials. This phase is referred to as “visible platform”
as quickly as possible without compromising accuracy. The training. All events and consequences were identical to those
highest possible score was 24 correct (2 per problem). Thisin the hidden platform phase of testing.

task reveals strong sex differences in hum@ts Upon completion of the computerized testing, participants
were given a questionnaire that queried their age, sex, and
1.3.2. Radial arm maze experience playing 3D computer games. Specifically, partic-

Participants were instructed that they would find them- ipants marked on a 4-point Likert scale the frequency with
selves in a virtual room that had eight runways extending which they played such games (0, never; 1, rarely; 2, occa-
out of a round middle area. They were further instructed sionally; 3, frequently). In addition, participants were also
that at the end of each runway is a well and that four of asked a brief question about whether they had any neuro-
the runways have rewards in their well, and four of the run- logical problems or had any type of brain imaging at any
ways do not. They were told to retrieve the four rewards as point in their life. The duration of the experiment was ap-
quickly as possible. Upon discovering a reward, a pleasantproximately 60 min.
tone sounded. After discovering all four rewards, a pleasant
chord played, and the following congratulatory text mes-
sage was displayed: “Congratulations. You have found all 2. Results
the rewards.” The screen then blanked, and participants were
then teleported back to the middle area and were to be-2.1. Mental rotation
gin the next trial after an ITI of 5s. If 3min elapsed and
the four rewards were not found, the trial was terminated.  For the Vandenberg mental rotation task, males are signif-
Twenty trials were administered. The same configuration of icantly better at mental rotation than femalgs4) = 3.39,
rewarded arms (NW, W, S, and NE) was used for all sub- P < 0.001 (Fig. 2.
jects. A reference memory error was scored if the participant
entered into an arm that was never-rewarded. A working 2.2. Morris water maze
memory error was scored if the participant entered into an
arm that they had previously entered during that trial regard-  All ANOVAs are repeated measures with Trial as the re-
less of whether that arm was rewarded. So, for example, if peated measure. There is a significant effect of Trial, indi-
the participant re-entered an arm that was never-rewardedcating that participants traveled less distangd.,9, 969 —=
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Mental Rotation Score
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Fig. 2. Mental rotation score for males and females. Males score significantly better than females on mental Fotafiod0().

3.42, P < 0.001, with less timeF(19,969 = 8.90, P < 0.001, to find the rewards as the number of trials increased.
0.001, to find the platform as the number of trials increased. There is a significant effect of Sex on latency to find the
There were no significant interactions of Trial with Order, rewards. Specifically, males find the rewards significantly
with Sex, or Orderx Sex. There is a significant effect of more quickly than femaleg;(1, 53) = 4.83, P < 0.05 (Fig.
Sex on swimming latency to the hidden platform. Specifi- 5), but there is no significant difference between the sexes
cally, males swim to the hidden platform significantly more in distance traveled to find the reward§/1, 53) = 1.57,
quickly than femalesF(1,51) = 8.74, P < 0.01 (Fig. 3. P > 0.05 (Fig. 6). Hence, it follows that males travel signifi-
Examining the distance traveled to the hidden platform, there cantly faster than do femaleg(1, 53) = 15.25, P < 0.001,
is a nonsignificant trend for males to swim a shorter dis- suggesting that the sex difference in latency is simply due
tance to find the platformf(1, 51) = 3.51, P = 0.06. In an to males traveling more quickly than, but equally efficient
examination of swim speed for the training trials, there is to females. There is no difference between males and fe-
no difference between males and femaled,, 48) = 0.46, males in working memory errorg(1, 53) = 1.05, P > 0.05
P > 0.05. There was no difference between the sexes in (Fig. 7), or in reference memory errorg(1, 53) = 2.03,
latency to swim to the visible platforn¥(1,51) = 0.06, P> 0.05 (Fig. 9).
P > 0.05. Examining performance on the probe trial, males
spend significantly more of their distance in the training 2.4. Order effects
guadrant than do femaleg51) = 2.73, P < 0.01 (Fig. 4).
Because half the participants performed the eight-arm
2.3. Radial arm maze maze first, and half performed the pool first, we can examine
the effect of Order on performance. For the pool, there is a
All ANOVAs are repeated measures with Trial as the re- significant effect of Order in that participants are quicker to
peated measure. There is a significant effect of Trial, indi- find the hidden platform if they had first had RAM training,
cating that participants traveled less distarf@@9, 1007 = F(1,51) = 8.46, P < 0.01, but there is no SexOrder inter-
17.20, P < 0.001, with less timeF(19, 1007 = 25.92,P < action,F(1,51) = 0.08, P > 0.1. In addition, there is a sig-
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Time to find the Hidden Platform for Males and Females
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Fig. 3. Latency to find the hidden platform for males and females. Males swim to the hidden platform significantly more quickly than femalss.(

Distance in training quadrant during probe trial for males and females

0.8

0.7

0.6

0.5

—

0.4

Proportion distance

0.3
-.Chance

—— e -

0.2

0.1

Females Males

Fig. 4. Mean proportion of distance spent in the training quadrant during the probe trial. Males spend significantly more distance in the traamibg quad
than do femalesK < 0.01). The dashed line at 0.25 indicates chance performance.
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Average 8-Arm Time to Find the Rewards
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Fig. 5. Time to complete the radial arm maze for males and females. Males complete the maze significantly more quickly thanPfertas).(
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Fig. 6. Average distance to complete the radial arm maze for males and females. There is no significant difference between males and females on distance
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Average Number of Working Memory Errors Across Trials
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Fig. 7. Average number of working memory errors for males and females. There is no significant difference between males and*fenGzdés. (
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Fig. 8. Average number of reference memory errors for males and females. There is no significant difference between males and feha®s (
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nificant effect of Order in that participants travel less distance platform; (8) pool probe trial percentage; and (9) 3D com-
to find the hidden platform if they had first had eight-arm puter game experience. O fluctuated slightly because
maze training,F(1,51) = 5.42, P < 0.05. For the RAM, not all participants were able to complete all phases of
there is a significant effect of Order in that participants are testing. Hence, thal for the eight-arm variables is slightly
quicker to find the rewards if they had first had pool training, higher than that for the pool.

F(1,53) = 12.69, P < 0.01, but there is no Sex Order in- Interestingly, the only significant correlations between
teraction,F(1, 53) = 0.09, P > 0.05. There is a significant  performance on the eight-arm maze and on the water maze
effect of Order for working memory errorg(1, 53) = 5.81, are from the pool probe triaF{g. 9). The pool probe trial

P < 0.05, and for reference memory errorB(1, 53) = has a strong negative correlation with the time and distance

10.96, P < 0.01. Specifically, participants made more of to find the platform £ < —0.6), and also has a moder-
both types of errors if they performed the RAM first. Collec- ately strong negative correlation with time to complete the
tively, these data suggest that participants performed bettereight-arm mazer(= —0.3) and working memory errors on

on the second task independent of what that task was. the eight-arm maze- (= —0.374). For all of these measures,
the better the performance on the probe trial (as evidenced
2.5. Task correlations by more amount of time swam in the training quadrant), the

better the performance on the task. Additionally, we note
For the correlation matrix, there are nine factors to ex- that performance on the mental rotation task correlates neg-
amine: (1) average time to complete the RAM; (2) average atively with both the eight-arm maze and the water maze in
distance to complete the RAM; (3) eight-arm working that those who receive high scores in mental rotation (and
memory errors; (4) eight-arm reference memory errors; (5) hence do better), also do better in the eight-arm maze and
mental rotation task performance; (6) average time to find the pool as exhibited by less time and distance to complete
the hidden platform; (7) average distance to find the hidden the eight-arm maze or the pool. Moreover, those who per-

8Arm 8Arm 8Arm 8Arm Mental Pool Pool Pool
Time Distance | Working | Reference | Rotation | Time Distance | Probe
Memory Memory
karm r |1 0.931%* | 0.824** | 0.930%* -0.348* 0.113 0.125 -.300%*
Time p|. 0.00 0.00 0.00 0.01 0.44 0.39 0.04
N . 52 52 52 52 49 49 47
8Arm T | 0.931%* |1 0.893%* 0.979%* -0.277* 0.054 0.137 -0.2701
Distance p | 0.00 . 0.00 0.00 0.047 0.715 0.348 0.071
N| 52 . 52 52 52 49 49 47
8Arm r | 0.824%*% | 0.893** || 0.799%* -0.319* | 0.104 0.1001 0.374*
Working p | 0.00 0.00 . 0.00 0.021 0.478 0.271 0.010
Memory N 52 52 ; 52 52 49 49 47
8Arm r | 0.930%¢ | 0.979%*% [ 0.799%* || -0.243 0.043 0.13 -0.223
Reference p | 0.00 0.00 0.00 8 0.083 0.77 0.374 0.131
Memory (N | 52 52 52 y 52 49 49 47
Mental r | 0.348*% |-0.277* |-0.319* |-0.243 1 -041%% | -0.304% | 0.237
Rotation p | 0.01 0.047 0.021 0.083 . 0.003 0.01 0.109
N 52 52 52 52 ; 49 49 47
P(.m] r |0.113 0.054 0.104 0.043 -0.41** 1 0.88*%* | -703**
Time p | 0.44 0.715 0.478 0.77 0.003 5 0.00 0.000
N | 49 49 49 49 49 i 49 47
P(?o] T | 0.125 0.137 0.161 0.13 -0.364% 0.88%* 1 -663%*
Distance p | 0.39 0.348 0.271 0.374 0.01 0.00 . 0.000
N | 49 49 49 49 49 49 . 47
Pool r |-0.300 -0.266 0.374* -0.223 0.237 - 703%% | -.663%F |1
Probe p | 0.04 0.071 0.010 0.131 0.109 0.000 0.000 i
N |47 47 47 47 47 47 47
3D Game r | -0.066 -0.103 -0.086 -0.091 -0.099 -0.099 -0.057 0.074
Experience | p | 0.64 0.47 0.57 0.52 0.49 0.50 0.70 0.62
N 51 51 51 51 51 49 49 51

* Correlation is significant at the 0.05 level (2-tailed)
** Correlation is significant at the 0.01 level (2-tailed)

Fig. 9. Correlation chart of the three tasks.
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form best on MRT also make fewer working memory errors “directly” to the wrong quadrant). If it was not apparent
in the eight-arm maze. which of the four strategies was being used, the trial was
classified as unknown. As can be seenFig. 10 males
tended to use a direct strategy, while females preferred strate-
gies that were nonspatial or unclassifiable during the probe
trial. This classification scheme serves as another measure
The results from the mental rotation task show that males to indicate that males are more likely to employ a spatial
are better at mental rotation than females, and this is con-strategy to solve the virtual Morris water task compared to
sistent with past researdf]. For the virtual Morris water ~ females. (There were no apparent strategy categories for the
task, males navigate more efficiently as evidenced by shorterRAM, so a similar strategy analysis was not conducted on
times to find the hidden platform. In addition, during the those data.) In fact, it may be that this sex difference is evi-
probe trial, males show a stronger preference for the training dent because the Morris water task is more liberal in terms
quadrant than do females. However, when examining per- of allowing different strategies to be used to solve it. For
formance in the virtual RAM in the same participants, we no example, the circle strategy is a completely reliable method
longer observe this behavioral difference between the sexesf finding the platform, and it usually results in only a few
in either distance to find the rewards or in working or ref- more seconds of swim time. Strategies different than a spatial
erence memory errors. Males do tend to find the eight-arm strategy in the RAM, however, result in much longer laten-
rewards more quickly than females, but this appears to be ancies to complete the maze, and hence are severely discour-
artifact of males traveling more quickly through the RAM, aged. Hence, it may simply be that females prefer different
and not more efficiently (recall that distance traveled is not strategies than males in both tasks, but that the virtual water
significantly different for males and females). maze permits them to maintain these strategies whereas they
A post hoc examination of the swim strategy used to are indirectly forced to comply with a more spatial strategy
search for the platform during the probe trial in the virtual in the RAM to avoid the longer completion times. We are
Morris water task sheds light on the various strategies usedcurrently pursuing experiments that further disambiguate the
by males and females. As can be seeRig 10 participants preferred strategies that are employed in these tasks.
could either (1) swim directly to the platform location (di- An examination of sex differences seems to imply funda-
rect strategy); (2) swim to a certain location, orient toward mental differences in the spatial demands of these two tasks.
a landmark, and from there, swim to the platform location This is supported when the correlations among the depen-
(landmark strategy); (3) swim in a circle a fixed distance dent variables from these three tasks are examined. For ex-
from the wall at the distance that the platform is located ample, the best overall predictors of virtual performance are
(circle strategy); or, (4) systematically swim back and forth the mental rotation task and pool probe trial performance.
in a crisscross manner (zigzag strategy). The direct strategySpecifically, those who performed well on mental rotation
relies most heavily on spatial processing compared to the completed the virtual RAM more quickly, with shorter dis-
other three strategies. tances, and with fewer working memory errors. In addition,
An experimenter blind to the sex of the participant clas- during the virtual water maze, they also found the hidden
sified the swim strategies used during the probe trial for platform in shorter distances and with shorter latencies. Cor-
all participants. Strategy was determined independent of therelations with the pool probe trial are similar, except that the
correctness of the quadrant chosen (e.g. a subject could ganagnitude of correlations with the pool variables was much

3. Discussion

LANDMARK

DIRECT

CIRCLE ZIGZAG

DIRECT LANDMARK  [CIRCLE ZIGZAG MIXED/
UNKNOWN
Females [25.00% 15.62% 6.25% 6.25% 46.86%
(n=28) | (8) ®) @ @) (11)
Males  [65.21% 8.69% 8.69% 4.34% 13.03%
(n=23) | (15) @) @) (1 @)

Fig. 10. Top: diagram of the four possible swim path classifications that were used to classify probe trial swims for males and females. Bottom: number
of females and males that were classified in each category according to probe trial swim performance by an experimenter blind to the sex of the
participants. Note that males tend to prefer a direct path during the probe while females’ paths were more often a mixed use of strategies.
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stronger with the probe trial, and the correlation with RAM Additionally, in the RAM, it is not clear how indepen-
distance did not reach quite statistical significanée = dent the WM errors variable and RM errors variable are
0.071). However, it is interesting that there are no significant given that they seem to have a strong correlation with each
correlations between the traditional performance measuresother ¢ = 0.799). In fact, working memory and reference
in the virtual RAM and the virtual Morris water task, such memory may be a bit blurred in our testing protocol. With
as time or distance to complete the task. This is remarkablerodents, testing is performed over a number of days, so
given that both are widely used interchangeably to assessthat the factors that remain constant across days are often
spatial memory in nonhumans. Our current data suggestcoined “reference memory” factors while those things that
that instead of these traditional measures, perhaps mentamay change within a single test session are coined “working
rotation performance or performance on the pool probe trial memory.” However, all of our testing is performed within
is the best single measure of spatial memory. It is not clear one session, so that working memory is not necessarily dis-
offhand how well these data would generalize to spatial tinct from reference memory. Note that, though the idea that
memory performance for nonhumans for the two tasks, but working memory and reference memory are distinct and in-
probe trial performance is commonly accepted as the singledependent measures is probably inaccurate even in the use
best measure of spatial memory in the Morris water task. of them within the rodent RAM. For example, poor spatial
Unfortunately, there is not a “probe” test that is commonly ability would make one unable to remember which arms
used at the end of RAM training that may similarly encap- they had visited in an individual session (i.e. working mem-
sulate spatial memory, and of course, mental rotation ability ory errors) as well as make one unable to locate the baited
is not something that can be easily tested in nonhumans. arms (i.e. reference memory errors). Hence, in the standard
It is experimentally reassuring that within each task, there RAM, there may exist a number of secondary factors that
are high correlations among the dependent variables suchcorrelate highly with both WM and RM. It is only through
that good performance on one variable predicts good per-a variety of manipulations across experiments that WM and
formance on the other variables. For example, in the RAM, RM may be dissociated from one another (e.g. eliminating
there is a 0.93 correlation between time to complete the mazespatial behavior as a factor by using different colored or dif-
and distance to complete the maze, suggesting that they arderent textured arms). Either way, it should be cautioned that
equally valuable measures of performance in this task. neither the actual RAM nor the virtual RAM can claim that
Whereas a similar lack of corroboration between the two WM and RM are assessed independently using the standard
tasks has been reported in research with rodents, these difRAM protocols.
ferences often were attributed to nonspatial aspects of the Another important difference between the tasks is that
tasks such as the differences in stress, motivation, and mo-the RAM is more generous than the water maze in allowing
tor demands of the task$2]. However, as mentioned pre- error in the use of the distal cues to locate the goal locations.
viously, these procedural differences are eliminated in the Specifically, in the RAM, a subject does not need to encode
virtual versions of these tasks. Specifically, whereas the ac-cue relations very precisely in order to determine which
tual Morris water task is an aversive motivator and is often arm contains a goal. In fact, it is quite possible to encode
stressful and taxing for the rodents compared to the RAM, only one cue at the distal end of an arm and not to attend
the virtual Morris water task has similar motivation, stress, to cue relations at all. For the eight-arm RAM, each arm
and motor requirements as the virtual RAM: hence, these subtends a 45angle, and hence there is little distal cue
factors alone cannot account for the performance differencesoverlap within one’s field of view that makes it necessary to
between these two tasks. attend to relations among multiple cues. Additionally, there
Therefore, we should examine the procedural differencesare only eight possible routes to take to the goal in the RAM,
of the tasks more closely. One notable difference betweenwhereas the number of possible routes in the water maze is
the tasks is that the RAM includes a working memory com- much larger since there are no confined passageways.
ponent that is absent in the water maze. (Recall that in the Note additionally that the both with the real versions and
RAM, subjects must avoid re-entering arms that they have virtual versions, the RAM simply requires knowledge of a
previously visited.) However, both tasks contain a reference direction within the maze, whereas the water maze requires
memory component (e.g. RAM, the location of the four knowledge of both direction and distance. For example, once
baited arms; pool, the location of the platform). Since the an animal enters an arm of the RAM, the length of that arm
water maze only contains a reference memory component,is irrelevant: the animal knows it must travel to the distal end
then it follows that a sex difference for reference memory of the arm. Additionally, once this arm is entered, the goal
should be observed in the RAM, if indeed reference memory at the end of the arm is visible and no further localization
is the critical factor responsible for eliciting spatial memory of the goal is required. In contrast, in the water maze, the
sex differences. However, recall that males and females dogoal is always hidden, and direction is accompanied by a
not differ on number of reference memory or working mem- judgment of distance to locate the platform. Theoretically,
ory errors in the RAM, so this factor alone does not seem an accurate directional knowledge should be sufficient to
to account for the difference in performance between the lead the animal to encounter the platform, but as has been
tasks. shown by Whishaw et a38], rodents typically slow down
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as they approach the platform, hence indicating knowledge ample, in actual navigation, the participant receives various
of its precise distance. sensory and vestibular feedback which are largely absent
Another difference between the tasks is that whereas therein virtual environments. However, it should be noted that
are typically four different start locations in the water maze, vestibular stimulation derived from optic flow still is present
there is only one start location in the RAM, but the animal in virtual environments, as evidenced by a small portion
is pointed in different start directions. This may allow the of participants reporting motion sickness during the tasks.
animal to orient itself better within the RAM environment More importantly, these procedural differences aside, males
and hence may result in a more consistent search patterrand females do not differ on swimming to a visible plat-
than in the water maze. form, or in the RAM, so factors such as vestibular feedback,
These task differences notwithstanding, task difficulty joystick manipulation, and interactions with the 3D program
alone cannot explain the performance discrepancies in theseare similar between the sexes and hence cannot account for
two tasks. Recall that there are reports of spatial naviga-the observed differences.
tion impairments in the MWM and not the RAM following Collectively, these data are the first to utilize a virtual
ischemia in ratq22], but the opposite pattern of results eight-arm task, and also the first to compare these two tasks
is observed in other studig$0]. Hence, there seem to be in humans. Interestingly, we observe that males perform bet-
other factors contributing to these differences besides taskter than females in the virtual water maze, but that there is
difficulty. no sex difference in spatial performance in the same partic-
In deciphering the sex difference in the virtual Morris wa- ipants when performing a virtual RAM. Moreover, the cor-
ter task, we note that Sandstrom et[al] report that males  relations between the two virtual tasks indicate that good
are particularly attuned to the room geometry whereas fe- performance on one virtual task does not significantly cor-
males are more likely to attend to landmark information dur- relate with good performance on the other virtual task. We
ing virtual navigation. This may suggest in our experiment believe that these differences are due to strategic or work-
that since two different virtual rooms were used for the two ing memory demands that differ between the tasks, and that
mazes, it may be that the water maze was simply situated invarious factors such as motivation, movement, and stress
a room more likely to reveal a sex difference (e.g. in a room cannot fully account for these differences since these factors
that had different geometrical information which the males were equivalent in both tasks. Hence, our data show that, as
could use to their advantage). However, the RAM used in this in rodents, these two tasks reveal different spatial memory
experiment is in the exact same virtual room and in the samesensitivities of the water maze and the RAM, and caution
location as the virtual pool used previously in experiments should be taken when employing these tasks interchange-
that reveal very robust sex differences in a virtual Morris ably as tests of spatial memory.
water tasi2,15]. Hence, it does not seem that room geom-
etry alone can account for this difference between the tasks.
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