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a b s t r a c t
Animals use many sources of information to maintain spatial orientation, including
cues from the environment and cues generated by self-movement. In general, sexual
dimorphisms have been observed in humans and rodents in tasks that afford access to
environmental and self-movement cues. As of yet, no studies have directly compared sex
differences in a task that restricts access to self-movement cues. The current study used
motion capture software to characterize sex differences in a food-hoarding task under complete dark conditions, which require the use of self-movement cues. A similar analysis was
applied to behavior observed in a place learning version of the water maze. Several sex differences in general aspects of performance were observed on both spatial tasks; however,
there was no evidence of sex differences in measures of direction and distance estimation
on either task. These results are discussed in light of several factors that may mediate sexual
dimorphic performance in spatial tasks.
© 2015 Elsevier Inc. All rights reserved.

Sexually dimorphic performance in rodents has been observed across multiple spatial learning tasks (for reviews see
Andreano & Cahill, 2009; Jonasson, 2005; Voyer, Voyer, & Bryden, 1995; Williams & Meck, 1991). In place learning tasks,
such as the water maze and the radial arm maze, male rats tend to show better performance than females (Beiko, Lander,
Hampson, Boon, & Cain, 2004; Bimonte, Hyde, Hoplight, & Denenberg, 2000; Cimadevilla et al., 1999; Frye, 1995; McFadden
et al., 2011; Perrot-Sinal, Kostenuik, Ossenkopp, & Kavaliers, 1996; Roof, 1993; Roof & Havens, 1992; Saucier, Shultz, Keller,
Cook, & Binsted, 2008; however, see Faraji, Metz, & Sutherland, 2010). Multiple sources of information can be used to
maintain spatial orientation on these spatial tasks and this helps improve performance (Gallistel, 1990). Environmental cues
(e.g., visual, olfactory, auditory) and their relationships provide sources of information. Movement of the animal through the
environment generates self-movement cues (e.g., vestibular, sensory ﬂow, and proprioception) and provides another source
of information to guide behavior. Interestingly, previous work has demonstrated that the accuracy of self-movement cue
processing inﬂuences learning the relationships between environmental cues. Speciﬁcally, procedures that disrupt vestibular
system function have been shown to disrupt encoding an array of landmarks (Biegler & Morris, 1996; Semenov & Bures,
1989) and attenuate environmental tuning of place cells and head direction cells (Stackman, Clark, & Taube, 2002). The
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availability of both sources of information in the water maze and radial arm maze makes it difﬁcult to infer the mechanism
that mediates sexually dimorphic performance.
Several behavioral mechanisms have been advanced to explain the differences in performance on spatial tasks observed
between females and males. Previous work has suggested that male and female rodents engage in sex-speciﬁc organization of
movement (Field, Whishaw, & Pellis, 1996; Field, Whishaw, Forgie & Pellis, 2004; Wallace, Köppen, Jones, Winter, & Wagner,
2010). Food protection behavior has previously been used to evaluate this hypothesis. Work has shown that male and female
rats pivot differently in their attempts to avoid the loss of a food item to a conspeciﬁc (Field et al., 1996). Although body
size has been speculated as contributing to movement differences, other work has provided evidence suggesting that sex
differences in size may not account for sex-speciﬁc organization of movement. Speciﬁcally, pregnant females (approximately
of the same size as a male) were observed to pivot similarly to a normal female, rather than a male (Field et al., 2004). Thus,
the body size of male and female rats is unlikely the mechanism that mediates the sex differences in movement patterns.
Instead, these results suggest a sex-speciﬁc organization of movement that may reﬂect a dimorphic manner in the way that
females and males move through their environment.
Further analysis of performance parameters in the water maze task provides additional support for sex differences in
movement organization. For example, male rats locate the hidden platform signiﬁcantly faster, swim shorter distances to
ﬁnd the platform, and have lower heading errors relative to female rats (Köppen, Winter, Loda, et al., 2013; Köppen, Winter,
Stuebing, Cheatwood, & Wallace, 2013). Interestingly, both male and female rats exhibited a similar response bias when
the pool is shifted within the room. These results suggest that aspects of movement organization, rather than memory,
vary between male and female rats. Therefore differences in spatial organization may be due to variability in processing
self-movement cues. As of yet, no studies have selectively evaluated sex differences in self-movement cue processing.
Previous work has used the spontaneous food hoarding behavior of rats to dissociate the use of environmental and
self-movement cue processing (Köppen, Winter, Loda, et al., 2013; Köppen, Winter, Stuebing, et al., 2013; Maaswinkel &
Whishaw, 1999; Maaswinkel, Jarrard, & Whishaw, 1999; Wallace, Hines, Pellis, & Whishaw, 2002). Under dark conditions,
rats use self-movement cues generated while searching for a food item to estimate direction and distance to return to the
refuge (Barlow, 1964; Gallistel, 1990; Potegal, 1982; Shettleworth, 1998). The homeward segment reﬂects how accurately
self-movement cues were processed while the rat searched for the food pellet. Thus the food hoarding task under dark
conditions provides a novel approach to evaluate whether differences in self-movement cue processing is a factor that may
contribute to sexually dimorphic performance observed in spatial tasks.
Therefore, the current study used kinematic analysis to characterize female and male rat performance in two spatial
tasks, the food-hoarding task under dark conditions, which assessed online self-movement cue processing, and the water
maze task, which assessed place learning and has been shown previously to detect sexually dimorphic performance (Beiko
et al., 2004; Cimadevilla et al., 1999; Frye, 1995; McFadden et al., 2011; Saucier et al., 2008, however see Faraji et al., 2010).
Further, although females and males were tested on both spatial tasks, testing order was counterbalanced to evaluate the
effects of prior experience on performance. Finally, the estrous cycle was monitored throughout the food hoarding task to
evaluate whether speciﬁc phases of the cycle were associated with changes in food hoarding accuracy.
Materials and methods
Subjects
Twenty-four Long–Evans rats (12 female and 12 male), obtained from the Northern Illinois University vivarium at 90
days of age, were used in the current study. Rats were pair-housed in Plexiglas cages in a room maintained on a 12-h
light/dark cycle. Food and water were provided ad libitum unless otherwise noted. The NIU Institutional Animal Care and
Use Committee acting, in accordance with the National Institutes of Health’s Guide for the Care and Use of Laboratory
Animals, approved all of the experimental procedures described in the following section.
Food hoarding table
The food hoarding apparatus was a large circular table (200 cm in diameter), positioned 75 cm above the ﬂoor. The table
was located in a lightproof room with multiple visual cues: posters on the walls, wooden door, chair, and experimenter. A
night vision camera was attached to the ceiling and provided a video feed to a DVD recorder located in an adjacent room.
Night-vision goggles were used to handle and observe each rat’s behavior under dark testing conditions. A small opaque
box (20 cm × 29 cm × 22 cm) located at the periphery of the table provided refuge for the rat to establish a home base. The
box was positioned below the surface of the table, with an open top and a short ramp that could be climbed to gain access
to the surface of the table.
Water maze
The water maze apparatus was a large circular pool (1.73 m diameter × 0.60 m height) ﬁlled with water (19 ◦ C) made
opaque by the addition of white non-toxic paint. The hidden escape platform (15 cm diameter and 28 cm in height) was
submerged 2 cm below the surface of the water. The water maze was located in a rectangular room (2.77 m × 4.42 m) with
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many visual cues not including the experimenter. On one wall, a metal cabinet was placed next to a sink, a poster was located
on the wall opposite the sink, and the two remaining walls had wooden doors. The experimenter stood next to the metal
cabinet adjacent to the sink during testing. A ceiling mounted bullet camera fed video to a DVD recorder.
Procedures
All rats went through both food hoarding and water maze testing. The order of behavioral testing was counterbalanced;
half of the rats experienced food hoarding testing prior to water maze testing and the other half experienced water maze
testing prior to food hoarding testing. Rats that received food hoarding testing ﬁrst were taken off food deprivation (maintained at 85% of their free weight) and given a week ad libitum access to food prior to water maze testing. Rats that received
water maze testing ﬁrst were placed on food deprivation (maintained at 85% or their free weight) after the last day of water
maze testing, and food-hoarding testing began approximately a week later.
Food hoarding
Consistent with previously published work (Köppen, Winter, Loda, et al., 2013; Köppen, Winter, Stuebing, et al., 2013;
Martin & Wallace, 2007; Wallace, Hines, et al., 2002), rats were shaped to leave the refuge under light conditions, search for
a randomly located 1.0-g banana food pellet (BioServ, Frenchtown, NJ, USA), and carry the food pellet to the refuge. After
successfully carrying four food pellets back to the refuge across three consecutive days (typically, 5–6 days were sufﬁcient
to reach criterion), rats were tested under complete dark conditions with four trials a day for 9 days.
During dark testing days, rats were transported from the colony to the testing room via an opaque cage with a wire
mesh top. During transportation, lights were turned off, the cage was rotated, and the experimenter walked a circuitous
path that varied across testing days. This transportation procedure minimized the ability of the rat to learn the location of
the testing room relative to the colony, because it has been shown that rats can conserve a representation of direction from
one apparatus to another without disorientation (Taube & Burton, 1995). Upon entering the testing room, the rat was gently
placed in the refuge. A food-hoarding trial generally involved the rat: (1) exiting the refuge, (2) searching for a randomly
located food pellet, (3) carrying the food pellet to the refuge. After the rat completed four food-hoarding trials, the rat was
returned to the colony, the table was cleaned with ammonia based cleaner, and the table was rotated. The location of the
refuge at the periphery of the table varied across rats; however the position of refuge for each rat remained stable across
days.
Water maze
Consistent with previous work using the Morris water maze, rats were trained under white light conditions to swim to a
stationary platform, located in the northeast quadrant of the water maze (Morris, 1981). Rats were transported under light
conditions in opaque cages with wire mesh tops from the colony room to a holding area just outside of the water maze
testing room. For each trial, a rat was removed from the holding area and placed in the water facing the pool wall at one of
the four-cardinal compass directions. The rat was free to swim until the escape platform was located or 60 s elapsed. If the rat
did not ﬁnd the escape platform in 60 s, the experimenter guided the rat to the escape platform. After ﬁnding the platform,
rats remained on the platform for 30 s prior to being dried off and returned to the transport cage. Prior to starting the next
rat, the water in the pool was strained and stirred to minimize any potential odor cues (Means, Alexander, & O’Neal, 1992).
All rats received their ﬁrst trial before any rat received a subsequent trial, resulting in an approximate 20-min intertrial
interval. Rats received four trials per day for 9 days.
Behavioral analysis
The Peak Performance (Vicon, Denver, CO) motion capture system was used to quantify movement characteristics of rats
during food hoarding and water maze trials. Analogue videos were converted into digital video ﬁles at 30 Hz. Movement
of the rat was tracked by selecting a pixel every ﬁfth frame that corresponded to the midpoint between the forelimbs. The
resulting x- and y-coordinates were scaled to metric units and used to quantify topographic and kinematic characteristics
of movement.
Movement characteristics were differentially analyzed across the two behavioral tasks. Food hoarding trips were divided
into outward and homeward segments. The outward segment was deﬁned as all movement from the departure of the refuge
until the food pellet was located. The homeward segment was deﬁned as all movement after ﬁnding the food pellet and
concluded when the rat entered the refuge. Separate statistical analyses were conducted on outward and homeward segment
averages across the 9 days of testing. Performance in the water maze was analyzed at the trial level. A trial in the water maze
was deﬁned as all movement from the release of the rat into the water until the hidden platform was located or 60 s had
elapsed. Statistical analysis of performance in the water maze was conducted on trial averages across the 9 days of testing.
Several measures were used to quantify general characteristics of performance across both tasks. First, the time to complete a food hoarding segment (i.e., outward, homeward) or a swim path was recorded for each trial. Next, the distance
traveled on a food hoarding segment or swim path was recorded for each trial. Finally, the maximum speed observed on
the outward segment was recorded for each trial. In general, these variables reﬂect mnemonic, motivational, or motor
coordination characteristics that may vary as a function of day, sex, or testing order.
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Three measures were included to assess differences in direction and distance estimation across both tasks. Direction
estimation was indexed by recording heading error for the homeward segment of a food hoarding trial and the swim path
of a water maze trial. Homeward segment heading error was obtained by calculating the angle subtended by: (1) the ﬁrst
point of the outward segment, (2) the point associated with contacting the food pellet, and (3) the point associated with
the homeward segment peak speed. Swim path heading error was obtained by calculating the angle subtended by: (1) the
point associated with the center of the escape platform, (2) the ﬁrst point of the swim path, and (3) the point associated the
swim path peak speed. The two measures of distance estimation used in the current study were based on the observation
that humans and rats navigating to a known distance exhibit a peak in speed that is: (1) located at the midpoint of a
path and (2) scaled to the distance of the path (Köppen, Winter, Loda, et al., 2013; Köppen, Winter, Stuebing, et al., 2013;
Wallace et al., 2010). The ﬁrst measure of distance estimation reﬂects the error in the location of peak speed. Peak error
was calculated by ﬁnding the absolute difference between the proportion of the path associated with the peak speed and
the midpoint of the path (0.5). For both tasks, peak error value ranged from 0.0 (represents no error or the peak speed
occurring at the midpoint) to 0.5 (represent maximum error of the peak speed occurring at the beginning or end of the
path). The second measure of distance estimation reﬂects the scaling of peak speeds to distance moved. Movement scaling
was calculated by correlating the peak speed and distance between the food pellet and refuge for blocks of 3 days (12 food
hoarding trips). For the water maze, movement scaling was calculated by correlating the peak speed and distance between
the release position and the platform for three blocks of 12 trials. To ensure a sufﬁcient sample of trials for the calculation
of a correlation coefﬁcient, performance was collapsed into three blocks of 3 days for both the food hoarding and water
maze tasks.
Estrous cycle
Assessment of the estrous cycle began 8 days prior to behavioral testing and continued every day at the same time
until behavioral testing concluded. To collect the vaginal cells, 0.1 ml of phosphate buffered saline was taken up into an
eyedropper. The tip of the eyedropper was inserted into the vagina, the bulb of the eyedropper squeezed and then slowly
released so as to gently push saline into the vagina and then draw it back into the eye dropper. The ﬂuid that was collected in
the pipette was placed on a glass slide for microscopic identiﬁcation of cell types (Becker et al., 2005). The proportion of cell
types was used to classify the current phase of the estrous cycle: estrus, diestrus, or proestrus (Marcondes, Bianchi, & Tanno,
2002). Water maze performance changed across testing days; therefore the effects of the estrous cycle on performance were
only evaluated for the food hoard task, where most rats showed stable performance across days. Measures of outward and
homeward segment performance were collapsed across each phase of the estrous cycle across the 9 days of testing. Only
one female rat was excluded from this analysis because of a failure to enter each phase of the estrous cycle at least once
during the 9 days of testing.
Results
Food hoarding
Although the performance associated with estimating direction and distance to the refuge was highly accurate, group
differences were observed. The ﬁrst two sections will consider general characteristics of movement organization (i.e., time
to ﬁnd the food pellet, peak speed, distance traveled) observed on outward and homeward segments. The last section will
describe the results associated with direction (heading error) and distance (peak speed error, movement scaling) estimation
on the homeward segment.
Outward segment general characteristics
Upon leaving the refuge, rats engaged in searching behavior that varied in kinematic and topographic characteristics
(see top panels of Fig. 1). Several differences were observed in the time to locate the food pellet (see upper left hand panel
of Fig. 2). The Mauchly’s test conducted on average time to ﬁnd the food pellet revealed that the assumption of sphericity
was violated [X2 (35) = 50.997, p < 0.05]. The Greenhouse–Geisser estimate of sphericity (ε = 0.633) was used to correct the
degrees of freedom in the calculation of the within subject F-statistics. The resulting analysis of variance (ANOVA) conducted
on time to ﬁnd the food pellet revealed a signiﬁcant main effect of day [F(5.061,101.218) = 3.816, p < 0.001, 2p = 0.160]. A post
hoc linear trend analysis revealed a signiﬁcant decrease in time to ﬁnd the food pellet across days [F(1,20) = 26.146, p < 0.001,
2p = 0.567]. The main effect of testing order was observed to signiﬁcantly affect time to ﬁnd the food pellet [F(1,20) = 13.523,
p = 0.001, 2p = 0.403]. Rats that experienced the food-hoarding/water maze testing sequence [M = 25.519 s, SE = 1.082] took
signiﬁcantly longer to ﬁnd the food pellet relative to rats that experienced water maze/food hoarding testing sequence
[M = 19.890 s, SE = 1.082]. Other main effects and interactions were not signiﬁcant.
There were no differences observed in the peak speeds while searching for the food pellet (see middle left hand panel of
Fig. 2). Mauchly’s test conducted on average peak speed while searching for the food pellet revealed that the assumption
of sphericity was violated [X2 (35) = 52.155, p < 0.05]. The Greenhouse–Geisser estimate of sphericity (ε = 0.599) was used
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Fig. 1. Kinematic (left hand panels) and topographic (right hand panels) characteristics are plotted for two representative food-hoarding trips: Outward
(top) and Homeward (bottom) segments. Paths were chosen to represent the variability in outward segment kinematic and topographic characteristics.
The location of the food pellet (ﬁlled circle) and homeward segment peak speed (unﬁlled circle) are plotted for both trips.

to correct the degrees of freedom in the calculation of within-subject F-statistics. The resulting ANOVA conducted on peak
speed failed to reveal any signiﬁcant main effects or interactions.
Finally, no differences were observed in the distance traveled observed while searching for the food pellet (see lower left
hand panel of Fig. 2). The ANOVA conducted on average distance traveled while searching for the food item did not violate
the assumption of sphericity. The resulting ANOVA did not reveal any signiﬁcant main effects or interactions.
In summary, differences in performance on the outward segment were restricted to the average time it took to ﬁnd the
food pellet. First, rats had longer latencies to ﬁnd the food pellet on initial food hoarding trials relative to later trials. Next,
rats that were exposed to the food hoarding testing prior to water maze testing took longer to ﬁnd the food pellet relative to
rats that received water maze testing ﬁrst. Finally, no signiﬁcant main effects of sex or interactions with sex were observed
on the distance traveled while searching for the food pellet.
Homeward segment general characteristics
Upon ﬁnding the food pellet, rats typically followed non-circuitous paths to the refuge, with consistent temporal pacing
of moment-to-moment speeds (see bottom panels of Fig. 1). These paths were marked by a peak speed occurring close to
the midpoint of the path and scaled to the length of the path. Considering that performance was not observed to change
across days, data were plotted for sex and order variables only (see Fig. 2). Several differences in the time required to carry
the food pellet to the refuge were observed (see upper right hand panel of Fig. 2). Mauchly’s test conducted on average time
to carry the food pellet to the refuge revealed that the assumption of sphericity was violated [X2 (35) = 71.999, p < 0.05]. The
Greenhouse–Geisser estimate of sphericity (ε = 0.571) was used to correct the degrees of freedom in the calculation of the
within-subject F-statistics. The resulting ANOVA conducted on time revealed a signiﬁcant main effect of sex [F(1,20) = 5.806,
p = 0.026, 2p = 0.225]. Male rats [M = 10.154 s, SE = 0.501] took signiﬁcantly longer to carry the food pellet home relative to
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Fig. 2. Outward segment time to ﬁnd the food pellet, peak speed, and distance traveled are plotted across the 9 days of testing (see left hand panels). The
same general movement characteristics are plotted for female and male rats relative to the testing sequence experienced for the homeward segment (see
right hand panel). Rats that experienced food hoarding ﬁrst followed by the water maze are labeled FH/WM; and rats that experienced the water maze
ﬁrst followed by food hoarding are labeled WM/FH.

female rats [M = 8.447 s, SE = 0.501]. In addition, a signiﬁcant Sex by Order interaction was observed [F(1,20) = 4.850, p = 0.040,
2p = 0.195]. This interaction depends on male rats receiving the food hoarding/water maze sequence exhibiting longer times
to return to the refuge with the food pellet, relative to the other groups. The other main effects and interactions were not
signiﬁcant.
Peak speeds signiﬁcantly differed on homeward trips while carrying the food pellet to the refuge (see middle right hand
panel of Fig. 2). There was a signiﬁcant main effect in the order of the behavioral test [F(1,20) = 15.449, p = 0.001, 2p = 0.436].
Rats that experienced the water maze/food hoarding sequence (M = 0.734 m/s, SE = 0.009) exhibited signiﬁcantly faster peak
speeds relative to rats that received the food hoarding/water maze testing sequence (M = 0.685 m/s, SE = 0.009). In addition,
a signiﬁcant Sex by Order interaction was observed [F(1,20) = 8.885, p = 0.007, 2p = 0.308]. This interaction depended on male
rats receiving the food hoarding/water maze sequence exhibiting slower peak speeds while returning to refuge with the
food pellet. The other main effects and interactions were not signiﬁcant.
Finally, no differences were observed in the distance traveled on the homeward trip while carrying the food pellet to
the refuge (see lower right hand panel of Fig. 2). Mauchly’s test conducted on average distance traveled while returning
to the refuge with the food pellet revealed that the assumption of sphericity was violated [X2 (35) = 73.655, p < 0.05]. Using
the Greenhouse–Geisser estimate of sphericity (ε = 0.559) to correct the degrees of freedom, the ANOVA failed to reveal any
signiﬁcant main effects or interactions on distance traveled.
Overall, the general characteristics of movement on the homeward segment did not change across days; however, sex
and testing sequence inﬂuenced performance. First, male rats exhibited longer average times to return to the refuge after
ﬁnding the food pellet. Next, rats exposed to food hoarding prior to water maze testing exhibited slower average peak speeds
while carrying the food pellet to the refuge. Finally, male rats that experienced the food hoarding/water maze sequence of
testing exhibited signiﬁcantly longer average times and lower average peak speeds on the homeward segment, relative to
the other groups.
Homeward segment direction and distance estimation
In general, rats were accurate in estimating direction to the refuge on the homeward segment (see top panel of Fig. 3).
The ANOVA did not reveal any signiﬁcant main effects or interactions.
In contrast, group differences were observed in homeward segment measures of distance estimation (see middle and
bottom panels of Fig. 3). The ANOVA conducted on average peak error revealed a signiﬁcant Sex by Order interaction
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Fig. 3. Average heading error (top panel), peak error (middle panel), and movement scaling (bottom panel) during food hoarding are plotted for female
and male rats for the homeward segment direction and distance estimation.

[F(1,20) = 8.430, p = 0.009, 2p = 0.297], but other interactions and main effects were not signiﬁcant. This Sex × Order interaction
depended on the male rats exposed to the food hoarding/water maze sequence exhibiting signiﬁcantly larger error in peak
speed location, relative to the other groups. Other main effects and interactions were not signiﬁcant.
There was a signiﬁcant main effect of order on average movement scaling [F(1,20) = 6.257, p = 0.029, 2p = 0.238]. Recall
that movement scaling reﬂects the extent that the homeward segment peak speeds vary with minimum distance to the
refuge. Rats that experienced the water maze/food hoarding sequence of testing (M = 0.829, SE = 0.032) exhibited signiﬁcantly
stronger movement scaling than rats that experienced food hoarding/water maze sequence of testing (M = 0.717, SE = 0.032).
Other main effects and interactions were not signiﬁcant.
Overall, group differences were limited to measures of distance estimation. In general, lower accuracy in estimating
distance to the refuge was partially dependent on the testing sequence. The group of male rats that experienced food
hoarding as the ﬁrst behavioral task was the only group to exhibit larger average peak error. However, rats that received the
food hoarding prior to the water maze testing exhibited weaker movement scaling.
Effects of estrous cycle on food hoarding performance
There were no signiﬁcant differences in food hoarding performance across the three phases of the estrous cycle. General
characteristics of outward and homeward segment organization were consistent, regardless of cycle stage. In addition,
measures of direction and distance estimation did not vary across phases of the estrous cycle.
Water maze
Performance on the water maze signiﬁcantly changed across testing days. Early in testing (e.g., day/trial), rats followed
circuitous paths with inconsistent temporal pacing of moment-to-moment speeds (see top panels of Fig. 4). As training
progressed (e.g., day/trial), rats followed non-circuitous paths with consistent temporal pacing of moment-to-moment
speeds (see bottom panels of Fig. 4). It is clear that rats did not learn a “response” strategy (i.e., swimming in circles a speciﬁc
distance from the wall), but swam straight to the platform on later trials, regardless of release position. The next section
will consider general characteristics of movement organization (i.e., time to ﬁnd the hidden platform, peak speed, distance
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Fig. 4. Kinematic (left hand panels) and topographic (right hand panels) characteristics are plotted for two representative swim path early (top panels)
and late (bottom panels) in water maze training. Swim paths were chosen to represent the variability in kinematic and topographic characteristics early
and late in training. The location of the hidden platform (ﬁlled circles) and peak speed (unﬁlled circles) is plotted for each path.

traveled) observed on swim paths. The subsequent section will describe the results associated with direction (heading error)
and distance (peak speed error, movement scaling) estimation on swim paths.
Water maze general characteristics
Several differences were observed in the time required to ﬁnd the hidden platform in the water maze [see top panel of
Fig. 5]. Mauchly’s test conducted on average time to ﬁnd the hidden platform revealed that the assumption of sphericity was
violated [X2 (35) = 76.144, p < 0.05]. Using the Greenhouse–Geisser estimate of sphericity (ε = 0.534) to correct the degrees
of freedom, there was a signiﬁcant effect of day on time to ﬁnd the hidden platform [F(4.271,85.424) = 129.189, p < 0.001,
2p = 0.866]. A post hoc linear trend analysis revealed a signiﬁcant decrease in time to ﬁnd the hidden platform across days
[F(1,20) = 374.276, p < 0.001, 2p = 0.949]. A signiﬁcant main effect of sex [F(1,20) = 6.152, p < 0.05, 2p = 0.235] was observed
on time to ﬁnd the hidden platform. Male rats (M = 14.850, SE = 0.904) took less time to ﬁnd the hidden platform relative
to female rats (M = 18.021, SE = 0.904). A signiﬁcant Order by Day interaction [F(4.271,85.424) = 2.672, p < 0.05, 2p = 0.118] was
observed on time to ﬁnd the hidden platform. This interaction largely depended on the water maze/food hoarding group
(M = 30.477, SE = 2.279) exhibiting longer times to ﬁnd the hidden platform relative to the food hoarding/water maze group
(M = 21.225, SE = 2.279) on the second day of testing. All other main effects and interactions were not signiﬁcant.
Average peak speeds decreased across testing days (see middle panel of Fig. 5). Mauchly’s test for swim path average
peak speed revealed that the assumption of sphericity was violated [X2 (35) = 63.070, p < 0.05] and the Greenhouse–Geisser
estimate of sphericity (ε = 0.474) was used to correct the degrees of freedom. There was a signiﬁcant main effect of day on
peak speed [F(3.791,75.810) = 21.452, p < 0.001, 2p = 0.518]. A post hoc linear trend analysis revealed a signiﬁcant decrease in
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Fig. 5. General movement characteristics are plotted for female and male rats across the nine testing days of water maze training. These measures are also
plotted relative to the testing sequence experienced.

average peak speeds observed across days [F(1,20) = 25.834, p < 0.001, 2p = 0.564]. Other main effects and interactions were
not signiﬁcant.
Finally, signiﬁcant differences were observed in the distance traveled while searching for the hidden platform in the
water maze (see bottom panel of Fig. 5). Mauchly’s test conducted on swim path average distance traveled revealed that
the assumption of sphericity was violated [X2 (35) = 93.645, p < 0.05]. Using the Greenhouse–Geisser estimate of sphericity
(ε = 0.506) to correct the degrees of freedom, the resulting ANOVA revealed a signiﬁcant main effect of day on distance
traveled [F(4.048,80.962) = 133.780, p < 0.001, 2p = 0.870]. A post hoc linear trend analysis revealed a signiﬁcant decrease in
average distance traveled observed across days [F(1,20) = 280.173, p < 0.001, 2p = 0.933]. A signiﬁcant Day by Order interaction
[F(4.048,80.962) = 3.289, p < 0.05, 2p = 0.141] was observed on distance traveled to ﬁnd the hidden platform. This interaction
largely depended on the water maze/food hoarding group (M = 9.826, SE = 0.813) exhibiting longer travel distances to ﬁnd
the hidden platform relative to the food hoarding/water maze group (M = 6.405, SE = 0.813) on the second day of testing.
Other main effects and interactions were not signiﬁcant.
Performance in the water maze was inﬂuenced by multiple factors. First, signiﬁcant changes were observed in all three
general characteristics of water maze performance across days. Next, signiﬁcant sex differences were only observed in the
time to ﬁnd the hidden platform. Finally, testing order differences were only observed on the second day of testing for time
to ﬁnd and distance traveled to the platform. Rats that experienced water maze testing ﬁrst took more time and follow
longer paths to ﬁnd the hidden platform on the second day of testing.
Water maze direction and distance estimation
To better compare the water maze and food hoarding tasks, water maze performance was divided equally into 3 blocks
of 12 trials. Measures of direction estimation improved across blocks (see top panel of Fig. 6). The ANOVA conducted on
time to ﬁnd the hidden platform revealed a signiﬁcant main effect of block [F(2,40) = 11.463, p < 0.001, 2p = 0.364]. A post hoc
linear trend analysis revealed a signiﬁcant decrease in heading error across blocks [F(1,20) = 15.766, p = 0.001, 2p = 0.441].
The other main effects and interactions were not found to be signiﬁcant.
Next, average peak error changed across testing blocks (see middle panel of Fig. 6). Mauchly’s test conducted on average peak error revealed that the assumption of sphericity was violated [X2 (2) = 12.130, p < 0.05]. The Greenhouse–Geisser
estimate of sphericity (ε = 0.679) was used to correct the degrees of freedom, and the resulting ANOVA conducted on peak
error revealed a signiﬁcant main effect of block [F(1.359,27.176) = 17.625, p < 0.001, 2p = 0.468]. A post hoc linear trend analysis
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Fig. 6. Measures of direction and distance estimation are plotted for female and male rats across the three testing blocks of 12 trials in the water maze.

revealed a signiﬁcant decrease in peak error across blocks [F(1,20) = 21.165, p < 0.001, 2p = 0.514]. Other main effects and
interactions were not found to be signiﬁcant.
Finally, movement scaling changed across testing blocks (see bottom panels of Fig. 6). Mauchly’s test conducted on average
movement scaling revealed that the assumption of sphericity was violated [X2 (2) = 8.639, p < 0.05]. The Greenhouse–Geisser
estimate of sphericity (ε = 0.732) was used to correct the degrees of freedom and the resulting ANOVA conducted on movement scaling revealed a signiﬁcant main effect of block [F(1.456,29.297) = 5.685, p = 0.014, 2p = 0.221]. A post hoc linear trend
analysis revealed a signiﬁcant increase in movement scaling across blocks [F(1,20) = 4.791, p < 0.05, 2p = 0.193]. The other
main effects and interactions were not found to be signiﬁcant.
In the water maze, rats became more accurate in estimating the direction and distance to the hidden platform across
blocks. Neither sex nor behavioral testing order signiﬁcantly inﬂuenced measures of direction and distance estimation.
Discussion
The current study used kinematic analysis of movement to characterize sexual dimorphic performance on two spatial
tasks. Several differences in performance were observed between female and male rats in each spatial task; however, no
evidence of sex differences in distance and direction estimation was observed. Testing order was also observed to inﬂuence
performance across both tasks, with prior experience in one behavioral task improving subsequent performance in the other.
The following sections will discuss these observations in the context of current literature.
Sexually dimorphic performance
Several instances of sexually dimorphic performance were observed in the current study. First, male rats took longer
times to return to the refuge with the food pellet, relative to female rats. In addition, the homeward paths of male rats were
associated with lower peak speeds and larger peak speed errors; however, both of these effects depended on a test naïve
situation, where the food-hoarding task was experienced prior to water maze testing. The observed differences assessed on
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the homeward segment may reﬂect sexually dimorphic self-movement cue processing that is selective to distance estimation.
Female rats may be better at processing distance without environmental cues than males; however, female and male rats
exhibit a similar tendency to scale peak speeds to the distance moved on homeward segments, which is not consistent with
better cue processing in females. Alternatively, the differences observed on the homeward segment may reﬂect sexually
dimorphic motivation or general locomotion. For example, previous work has shown that female rats hoard more food than
male rats (Marx, 1950; Wolfe, 1939; for a review see Vander Wall, 1990). Further, female rats have been shown to exhibit
higher levels of open ﬁeld locomotor actively relative to males (Archer, 1964; Gray, 1971). Therefore, it is possible that the
females faster return trip latencies were due to greater motivation to carry the food pellet to the refuge, faster locomotion,
or a combination of these factors compared to male rats.
In contrast, male rats required less time to ﬁnd the hidden platform in the water maze, relative to female rats. These
observations are consistent with the general pattern of sex differences observed in the water maze (Andreano & Cahill, 2009;
Beiko et al., 2004; Cimadevilla et al., 1999; Jonasson, 2005; McFadden et al., 2011; Roof, 1993; Roof & Havens, 1992). Sexually
dimorphic performance in the water maze is typically most pronounced early in testing (Roof, 1993; Roof & Havens, 1992). In
the current study, sex differences in time to ﬁnd the hidden platform were apparent on later testing days only. It is possible
that differences in performance may reﬂect persistent sexual dimorphism in environmental cue use and the use of different
navigational strategies. Previous research has demonstrated that females shifted between extramaze, distal and proximal
cues to locate a hidden platform in the Morris water maze, while males consistently used distal cues during all trials (Tropp
& Markus, 2001). In chicks, when trained to discriminate either color or position, females performed better when discriminating colors of objects, whereas males performed better when discriminating the position of objects (Vallortigara, 1996).
Furthermore, in humans, eye-tracking studies in a virtual water maze task have demonstrated that females more readily
use landmarks while navigating than men (Andersen, Dahmani, Konishi, & Bohbot, 2012). These observations demonstrate
that salience and sequential control environmental cues may contribute to sex differences in water maze performance.
Several aspects of performance in the current study are not consistent with this account. Sex differences in distance
traveled were not observed. Considering that sex differences were not observed in peak speeds, the male advantage in
time to ﬁnd the hidden platform may reﬂect differential temporal pacing of moment-to moment speeds. For example,
female rats may have exhibited more leptokurtic proﬁles of moment-to-moment speeds relative to male rats. It is also
possible that female rats were more likely to engage in head scan movements that have been shown to temporally slow
swimming speed (Hamilton, Rosenfelt, & Whishaw, 2004). Sex differences also were not observed in measures of direction
and distance estimation (e.g., heading error, peak error, or movement scaling). This is consistent with previous work using
virtual water maze eye-tracking that found no sex differences between human males and females in the use of landmarks to
locate a hidden platform (Hamilton, Johnson, Redhead, & Verney, 2009). Taken together, sex differences observed in water
maze performance are not likely due to sexually dimorphic direction or distance estimation based on environmental or
self-movement cue processing.

Self-movement cue processing across the estrous cycle
Based on previous research demonstrating a relationship between estrous cycle and spatial learning task performance
(Frye, 1995), the estrous cycle was assessed throughout testing on the food hoarding task. There were no effects of estrous
cycle stage on performance in the food hoarding task. This observation was unexpected in light of previous work demonstrating that estrous cycle related changes in hippocampal structure and function are associated with changes in spatial learning.
For example, dendritic spine density in the CA1 hippocampal pyramidal cells varies across the estrous cycle (Woolley, Gould,
Frankfurt, & McEwen, 1990). Likewise, hippocampal LTP has been shown to vary in a similar pattern to dendritic spine density across the estrous cycle (Warren, Humpheys, Juraska, & Greenough, 1995). Performance in the water maze has been
show to vary across the estrous cycle in some experiments (Warren & Juraska, 1997; but see Rubinow, Arseneau, Beverly,
& Juraska, 2004); however, optimal performance in the water maze does not appear to co-occur with peak levels of hippocampal neuroplasticity during the estrous cycle. These observations are evidence of a relationship between hippocampal
function and performance on spatial tasks; however, the nature of this relationship has been debated.
Early work supported a role for the hippocampus in encoding symbolic relationships between environmental cues or a
cognitive map (O’Keefe & Nadel, 1978); however, a growing literature has challenged this role and has supported a role for the
hippocampal formation in self-movement cue processing (Köppen, Winter, Loda, et al., 2013; Köppen, Winter, Stuebing, et al.,
2013; Martin & Wallace, 2007; Maaswinkel et al., 1999; Wallace & Whishaw, 2003; however see, Alyan & McNaughton, 1999).
Changes in hippocampal structure and function associated with different phases of the estrous cycle would be expected to
inﬂuence self-movement cue processing, thus inﬂuencing performance in the food hoarding task. However, direction and
distance estimation did not vary across the phases of the estrous cycle in the food-hoarding task. One possible explanation for
this disparity may be in the information processing characteristics of dead reckoning, which is an online process that provides
trip unique estimates of direction and distance (Valerio & Taube, 2012). Under dark conditions, rats use self-movement cues
to estimate direction and distance to the refuge. Neural mechanisms that support mnemonic function (i.e., LTP) most likely
would have insufﬁcient temporal resolution to signiﬁcantly contribute to self-movement cue processing. Therefore, the
hippocampal structural and functional changes associated with phases of the estrous cycle may be independent of the
processing involved in self-movement cue processing.
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Testing sequence and performance
In general, the current study demonstrated that prior experience on a spatial task improved performance on the subsequent task. For example, increased movement scaling and reduced peak errors (selective to male rats) were observed
during food hoarding if the water maze testing was experienced ﬁrst. In addition, it took less time and shorter swim paths
to locate the hidden platform if water maze testing was experienced after the food-hoarding task. Work investigating the
effects of non-spatial or spatial pretraining on water maze performance suggests that two factors may have contributed to
the facilitated performance observed on both tasks (Anderson, Moenk, Barbaro, Clarke, & Matuszewich, 2013; Perrot-Sinal
et al., 1996; Saucier, Hargreaves, Boon, Vanderwolf, & Cain, 1996). First, effects of non-spatial pre-training on water maze
performance have been attributed to positive transfer of general task strategies (Hoh & Cain, 1997). For example, in the current study thigmotaxis behavior is not an efﬁcient strategy to locate the food pellet or the hidden platform. It is possible that
learning to avoid the perimeter of the apparatus may have contributed to improved performance observed on each task. Next,
facilitated water maze performance associated with non-spatial pre-training has also been attributed to a general reduction
in task related stress response (Beiko et al., 2004). The testing sequence effects observed in the current study may reﬂect a
similar reduction in task elicited stress response. For example, experiencing food hoarding prior to water maze testing may
have attenuated the water maze-elicited stress response, thereby improving water maze performance. In contrast, several
studies have reported limited transfer of an attenuated stress response if behavioral testing is conducted in novel contexts
(Hennessy, 1991) or modiﬁed apparatus (see experiment 2 of Beiko et al., 2004). These results provide evidence that the
testing sequence can inﬂuence a variety of performance variables and may be a signiﬁcant factor in designing studies to
investigate the neurobiology of spatial orientation.
Olfaction and food hoarding
Rats use multiple sources of information to guide navigation under varying environmental conditions. Under dark conditions, rats have been shown to use both self-movement (Wallace, Hines, et al., 2002) and olfactory (Wallace, Gorny, &
Whishaw, 2002) cues to guide movement. Several lines of evidence have shown that olfactory cues are not responsible for
guiding movement while hoarding food items under dark conditions. First, the kinematics associated with odor tracking
and dead reckoning have been shown to be qualitatively different (Wallace, Gorny, et al., 2002). Rats trained to track odors
move slowly, with platykurtic moment-to-moment speeds whereas rats returning to their home base while dead reckoning
move in a fast, direct fashion with leptokurtic moment-to-moment speeds. Second, rats have been shown to engage in dead
reckoning despite disruptions in olfactory system function. Bulbectomized rats have been shown to establish home bases
and are still capable of engaging in dead reckoning under dark conditions (Hines & Whishaw, 2005). Finally, the ability to
use dead reckoning has been shown not to be inﬂuenced by displacing olfactory cues when cue conﬂict is created by rotating
the exploration table (Whishaw, Hines, & Wallace, 2001). This work demonstrates that rats, unless speciﬁcally trained to
track odor cues, spontaneously use self-movement cues to guide food hoarding under dark conditions.
Conclusion
Animals use multiple sources of information and navigational strategies to guide their behavior. Sex differences in spatial
orientation and performance on spatial tasks have been observed across many species. This report is the ﬁrst evidence that
sexual dimorphism is not apparent in self-movement cue processing during food hoarding behavior in rats and therefore
self-movement cues may not be a critical factor causing observed sex differences on spatial tasks. These results are similar
to lack of sex differences in ambulatory (Wallace, Choudhry, & Martin, 2006) and manipulatory (Köppen, Winter, Loda, et al.,
2013; Köppen, Winter, Stuebing, et al., 2013) scale dead reckoning tasks in humans. The current study provides a foundation
for future work investigating sexually dimorphic age-related changes in spatial orientation in rats (Markowska, 1999) and
humans (Bohbot et al., 2012; Driscoll, Hamilton, Yeo, Brooks, & Sutherland, 2005).
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