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The hippocampus is well known for its critical involvement in spatial memory and information processing. In this study, we examined the effect of bilateral hippocampal inactivation with
tetrodotoxin (TTX) in an “enemy avoidance” task. In this paradigm,
a rat foraging on a circular platform (82 cm diameter) is trained to
avoid a moving robot in 20-min sessions. Whenever the rat is
located within 25 cm of the robot’s center, it receives a mild electrical foot shock, which may be repeated until the subject makes
an escape response to a safe distance. Seventeen young male
Long-Evans rats were implanted with cannulae aimed at the dorsal
hippocampus 14 d before the start of the training. After 6 d of
training, each rat received a bilateral intrahippocampal infusion of
TTX (5 ng in 1 μL) 40 min before the training session on day 7. The
inactivation severely impaired avoidance of a moving robot (n = 8).
No deﬁcit was observed in a different group of rats (n = 9) that
avoided a stable robot that was only displaced once in the middle
of the session, showing that the impairment was not due to a deficit in distance estimation, object-reinforcement association, or
shock sensitivity. This ﬁnding suggests a speciﬁc role of the hippocampus in dynamic cognitive processes required for ﬂexible
navigation strategies such as continuous updating of information
about the position of a moving stimulus.
cognitive map
environments

| declarative memory | episodic memory | dynamic
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esearch into the hippocampal role in behavior and cognition
is marked by a lasting dichotomy between two major views
based on studies on laboratory rodents on one side and studies
on human subjects or subhuman primates on the other. Electrophysiological recordings from hippocampus of freely moving
rodents showed that many pyramidal neurons act as “place cells”
signaling the position of the animal within an environment (1, 2).
Based on these ﬁndings, the cognitive map theory (3) postulated
that the hippocampus provides an allothetic spatial representation of the environment. Further support for this theory came
from lesion studies showing detrimental effects of hippocampal
lesions on spatial behavior (4–6). However, damage to the hippocampus and surrounding medial temporal lobe structures
produce permanent anterograde amnesia for facts and autobiographical events in humans (7). Based on this evidence, the declarative memory theory presumes that the hippocampus is responsible for creating memory representations for these classes
of information, which later become hippocampus-independent in
a process called systems consolidation (8, 9). This theory is
supported by studies on recognition memory (10) and models of
amnesia (11) in primates. However, the declarative memory
theory does not predict lasting hippocampal involvement in some
behavioral tasks such as the spatial water maze (12–16). However, the cognitive map theory does not explain hippocampal
role in overtly nonspatial memory tasks (17). In a shadow of
these two major theories, minor views claim that the hippocampus is critically important for rapid encoding, long-term
storage, and recollection of episodic memories with rich contextual information (18) or automatic recording of attended
experience (19). These views are based on the fact that the
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hippocampus is critical for rapid encoding of unique, one-trial
memories (20) and that it allows “latent” learning of background
(contextual) information in the absence of explicit learning requirement (21).
We aim to test these disparate views by studying the effect of
hippocampal inactivation on ﬂexible navigation in dynamic
environments. Unlike the vast majority of laboratory tests of
spatial cognition, real world environments are dynamic and everchanging. For instance, considering the movement of objects in
the environment in planning one’s own locomotion is an important cognitive ability of virtually all vertebrates, because
conspeciﬁc animals, predators, or prey animals represent crucial
components of their natural environments. It is likely that this
motility poses speciﬁc requirements, which are not addressed by
standard laboratory spatial tests and which may be critical for
our understanding of the role of the hippocampus. Some aspects
of such “dynamic environments” were addressed previously in
navigation tasks on a continuously rotating circular arena with
a goal location deﬁned in stationary room coordinates (22–24).
To take the problem even further, we have designed a unique
“enemy avoidance task,” where subject rats foraging for barley grains were trained to avoid a conspeciﬁc—an “enemy” rat
(25)—by administering a mild electric foot shock to the subject
rat whenever the distance between the two animals dropped to
<25 cm. The results have shown that rats are capable of avoiding
a moving object while actively foraging on the arena.
In this study, we tested the effect of inactivation of the dorsal
hippocampus on the ability of rats to avoid a moving object. We
used a modiﬁed version of the enemy avoidance task, where the
enemy rat was replaced with a more neutral and predictably acting object, a programmable mobile robot. The use of a robot also
allowed testing both moving-object and stable-object conditions.
Rats were trained to avoid either a mobile (n = 8) or a stable (n =
9) robot for 6 d in 20-min sessions. On day 7, their dorsal hippocampus was bilaterally inactivated by intrahippocampal infusion
of tetrodotoxin (TTX; 5 ng in 1 μL per hemisphere) via chronically implanted guide cannulae 40 min before the session. On
day 8, the rats received infusion of vehicle instead of TTX 40
min before the last session. The Cognitive Map theory predicts
no effect of the inactivation in this task, because navigation to
visible targets should not depend on the hippocampus (3, 4).
The level of impairment predicted by the Declarative Memory
theory depends on the extent to which the memory could have
consolidated outside the hippocampus, but should be the same for
both mobile and stable versions. In contrast to both of these
theories, the TTX inactivation severely impaired avoidance of the
moving robot, whereas the ability to avoid the stable robot was
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unaffected. Neither distance estimation nor object-reinforcement
association or shock sensitivity can explain this disparity. Instead,
these results suggest that the hippocampus plays a critical role
in dynamic cognitive processes required for ﬂexible navigation
strategies such as continuous updating of information about the
position of a visible moving stimulus. Our data cannot be explained
by the hippocampus being involved in mapping stationary space or
by being temporarily involved in long-term declarative memory
formation. Rather, it suggests that the hippocampus is critically
important for rapid and continuous updating of the memory of
one’s own experience in a dynamic world.
Results
Effect of Hippocampal Inactivation on Enemy Avoidance. Rats learned
to avoid the moving robot (M group) over the 6 d of training.
Inactivating the hippocampus by TTX on day 7 abolished the
avoidance (Fig. 1A). In contrast, the vehicle infusion on day 8
did not affect the avoidance. The one-way ANOVA on the
number of shocks found a signiﬁcant effect of days (F(7, 49) =
7.74, P < 10e−5). The post hoc tests showed that avoidance was
asymptotic from day 3 (day 1 > days 3–6 and day 8, saline session)
and that on day 7 (TTX), performance was reduced to the level of
day 1 (signiﬁcantly worse than all other sessions). Similarly, rats
learned to avoid a stable robot well (S group; F(7, 56) = 2.30, P <
0.05; Fig. 1B). However, in this case, inactivation had no effect on
the avoidance. The post hoc test showed that the number of foot
shocks decreased over days (day 1 > days 2, 5, and 6) and neither
the TTX infusion on day 7 nor the saline infusion on day 8 had
any effect on avoidance.

ANOVA on the total path traveled during a session found
a signiﬁcant effect of days in the M group (F(7, 49) = 2.29, P <
0.05; Fig. 2A). The post hoc tests showed that rats walked less on
days 5 and 7 compared with day 1 (both P values <0.05), but not
relative to day 8 (vehicle infusions). The one-way ANOVA also
found a signiﬁcant effect of days on thigmotaxis in the M group
(F(7, 49) = 2.28, P < 0.05), but the post hoc tests failed to ﬁnd
signiﬁcant differences between any two sessions. In the S group,
the one-way ANOVA found no effect of days on the total path
(F(7, 56) = 1.81, P > 0.05; Fig. 2B), but it found a signiﬁcant effect
of days on thigmotaxis (F(7, 56) = 2.99, P < 0.01). The post hoc
test found that thigmotaxis was reduced in the TTX session on
day 7 compared with all other sessions (all P values <0.05). These
results suggest that hippocampal inactivation partially alleviated

Fig. 1. The effect of hippocampal inactivation on Enemy Avoidance (shown
as the average number of shocks ± SEM). (A) Avoidance of a moving robot
(M group). Bilateral inactivation of the dorsal hippocampus by infusion of
TTX on day 7 signiﬁcantly increased the number of shocks received as a result of the robot approaches compared with vehicle infusions on day 8, (***P
< 0.00001). (B) Avoidance of a stable robot (S group). The robot was turned
off in this version of the task, but it was moved to a different position by the
experimenter in the middle of each training session. In this case, hippocampal inactivation had no effect on the avoidance.
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Fig. 2. The effect of hippocampal inactivation on locomotor behavior
shown as the average total path length (m ± SEM) and average level of
thigmotaxis (% ± SEM). (A) Avoidance of a moving robot (group M). Hippocampal inactivation by TTX on day 7 did not signiﬁcantly alter the overall
locomotion or thigmotaxis compared with vehicle infusion on day 8. (B)
Avoidance of a stable robot (S group). Hippocampal inactivation by TTX on
day 7 did not inﬂuence the overall locomotion. The level of thigmotaxis was
moderately, but signiﬁcantly, decreased (i.e., the animals tended to spend
more time in the central part of the arena) after the TTX infusion compared
with the vehicle infusion on day 8 (*P < 0.05).
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Effect of Hippocampal Inactivation on Locomotion. Locomotion patterns varied during the course of the experiment. The one-way

the border-escaping response to a stressful stimulus. However,
this effect was nonsigniﬁcant when avoiding a moving robot.
Discussion
In this study, we demonstrate that rodent hippocampus is necessary to avoid a moving target, but not a stable one. This ﬁnding
is not predicted by the cognitive map theory and the declarative
memory theory and supports the idea that the hippocampus
provides for rapid encoding and updating of memory of one’s
own experience.
Spared avoidance of the stable robot rules out the possibility
that the impairment was due to a deﬁcit in distance estimation,
object-reinforcement association, or sensitivity to the foot shock.
The possibility that the impairment could be due to the slightly
reduced locomotion on day 7 in the M group is unlikely because
a similar reduction had no effect on the avoidance on day 5 and
no such reduction was observed in the S group, even though it
could have facilitated the avoidance in that version. Instead, the
rats were well-motivated to forage in the arena and they covered
substantial distances during the sessions (Fig. 2), but they still
visited the relatively large (up to 37% of the arena surface) footshock area scarcely. In addition, histological control (Fig. 3)
showed that the infusion sites were located exclusively within the
dorsal hippocampus, and the ink infusions did not suggest spread
of the inactivating agent to neighboring brain areas. Therefore,
we assume that the reduced locomotion was a result, rather than
a cause, of the inability to avoid the shock. The possibility that
the animals trained in the stable-robot version could associate
the foot-shock area with some stable arena-bound cues was ruled
out by moving the robot to a different place in the middle of each
session. The lower number of shocks received by rats avoiding
the stable robot opened the possibility that the moving robot
avoidance was impaired simply because it was more difﬁcult and,
therefore, put more demand on hippocampal function, whereas
the stable robot could be avoided by hippocampus-independent

Fig. 3. Histological control of the infusion site placement in the hippocampus. (Upper) End of tracks of infusion cannulae (M group, black circles;
S group, gray circles) were veriﬁed postmortem on coronal brain sections (adapted from Paxinos and Watson; ref. 39). (Lower) Image of a
representative brain slice. The extent of the tissue affected by the TTX
infusion was estimated by using infusions of black ink in the same volume as the TTX infusions. The ink blots showed no signs of excessive
extrahippocampal leakage.
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strategy such as general inhibition of locomotion. However, the
locomotion in the stable robot variant did not change during the
course of the training despite the decrease in the number of
shocks. Importantly, there was also no decrease in locomotion
after the TTX infusion on day 7, indicating that the spared stable
robot avoidance was not due to a general inhibition strategy.
Hippocampal role in distance estimation in rats has been examined in only a few studies by using the go/no-go procedure
(26, 27), and the present work provides another piece of evidence that the hippocampus is not necessary for distance information processing.
The notion that navigation to visible goals, in contrast to
navigation to unmarked places deﬁned solely by their relationships to distant landmarks, does not depend on hippocampal
function is one of the basic assumptions of the cognitive map
theory (3, 4). This view predicts that avoiding a visible goal will
not be affected by hippocampal dysfunction. Our ﬁnding that
hippocampal inactivation produced no deﬁcit in the enemy
avoidance task as long as the robot was stable is thus in agreement with this view. However, the cognitive map theory did not
speciﬁcally address navigation relative to moving objects. The
severe deﬁcit of the avoidance of the moving robot induced by
the inactivation suggests that direct visibility of the goal is not the
only decisive factor, which makes a spatial task hippocampusdependent, and calls for a revision of the cognitive map theory.
Hippocampal neurons recorded from freely moving rats respond to various manipulations of spatial cues including rotation,
translation, and gradual transformation of cue arrays in the environment (28–30, 32). Several studies recorded hippocampal
single unit activity from rats that pursued visible moving objects in
the environment (33, 34). These studies found no explicit coding
for position of the moving object in the hippocampal unit activity.
However, in these behavioral paradigms the moving objects were
directly associated with reward, and the task was not shown to be
hippocampus-dependent. We argue that our Enemy Avoidance
task is far more demanding in terms of motion planning and
prediction of future positions of a punishment-associated moving
object than pursuit of a visible reward-associated cue, which may
be based on simple stimulus-response association learning. The
control spatial cues exert over place cell ﬁring may depend on the
cognitive requirements of the behavioral task (35). Therefore, it is
possible that under different circumstances, hippocampal neurons may signal positions of moving objects.
Stress affects memory (35) and modulates functional connectivity between the hippocampus and the rest of the brain (36).
Moreover, hippocampal lesions have been reported to have anxiolytic effect (37). If the moving robot version of the enemy
avoidance task was associated with an increased level of stress
compared with the stable robot version, the impaired avoidance
of the moving robot could be explained by reduced stress during
the inactivation session. However, in addition to the increased
number of shocks, the reduced stress would also be expected to
reduce thigmotaxis and increase overall locomotion, neither of
which was observed in the moving robot version. Therefore, we
consider the possibility that increased stress was responsible for
the effect of the inactivation unlikely.
Avoiding a moving target in the enemy avoidance task requires
the animals to pay almost unceasing attention to the visible target and continuously update their position relative to that target.
Similarly, continuous updating of one’s own position relative
to stable visible distal cues is crucial for navigation to an invisible target, which is typical for most hippocampus-dependent
spatial tasks, such as the Morris water maze. We suggest that
visibility of the target is not the sole decisive factor and that
in addition to invisibility of the target, it is the need for continuous updating that may itself be sufﬁcient to make a task
hippocampus-dependent. This view of hippocampal function is
closest to a theory describing the role of the hippocampus in
Telensky et al.

Methods
Animals. Seventeen young adult (3 mo) male Long-Evans rats from the Institute of Physiology’s breeding colony weighing 300–400 grams were used
in this study. They were housed in pairs in transparent Plexiglas cages and
maintained at 12-h/12-h light/dark cycle with lights on at 0700 hours. All
behavioral testing was conducted between 1200 hours and 1800 hours. All
animal treatment complied with the Czech Animal Protection Act, European
Union directive 86/609/EEC, and National Institutes of Health guidelines.
Surgical Procedures. Fourteen days before the start of behavioral training, the
rats were anesthetized with ketamine (50 mg/kg, i.p.) and xylazine (15 mg/kg,
i.p.) and mounted in a Kopf stereotaxic apparatus. Two holes (1 mm in diameter) were drilled at AP −4.5, ML ± 3.0 relative to bregma. The use of these
coordinates was based on laboratory experience and histological feedback.
Two cannulae (0.7 mm in diameter) were stereotaxically lowered through
the openings to extend 2.5 mm below the skull surface and ﬁxed to the skull
with dental cement. Two set screws were tapped in the skull to anchor the
dental cement. The wound was sutured and a local antiseptic was applied to
prevent infection. The animals were left to recover 14 d after the surgery.
Hippocampal Inactivation. The animals were given one bilateral infusion of
TTX, a potent blocker of voltage-gated sodium channels, 1 d before the onset
of behavioral training to habituate them to the inactivation procedure. Forty
minutes before the inactivation session on day 7 of the avoidance training, 5
ng of TTX in 1 μL of physiological saline was manually infused into each
hippocampus during 1 min via an infusion cannula (0.45 mm o.d.) attached
to a 5-μL Hamilton syringe by polyethylene tubing. The tip of the infusion
needle protruded from the guide cannula by 1 mm, so that total distance of
the infusion site from the skull surface was 3.5 mm. The infusion cannula was
left in place for another minute after the infusion before it was slowly
withdrawn. The same procedure was used to infuse 1 μL of saline 40 min
before the control session on day 8.

and a microswitch was added to a retractive front bumper. Once the bumper
hit the wall of the arena, the switch was activated. Such a hit could be
followed by a user-deﬁned period of inactivity (we used 15 s to ease the task
moderately). The robot then moved 10 cm backward, turned at a random
angle and ran forward until hitting the wall again. The range of chosen
angles could be limited by operating personnel (we used angles between 90°
and 270°). The controls consisted of speed selectors between seven speed
levels 4–28 cm/s, program switches and a remote-controlled/self-directing
mode switch. Inner parts and controls were protected by a removable ﬁtting
cover made of aluminum plate. A large diode was placed on the top of the
robot for tracking purposes. Power was provided by ﬁve rechargeable AA
type batteries. The robot was 17 cm long, 16 cm wide, and 12 cm high.
Behavioral Procedures. Three days before the onset of the behavioral procedures, the rats were food-restricted to maintain them between 85% and
90% of prerestriction body weight to motivate foraging. Water was available
ad libitum throughout the experiment. The rats were fed only after their daily
experimental sessions. The rats were habituated to the arena and trained to
forage for the barley grains in two daily 20-min habituation sessions. Rats
were randomly assigned to two groups with either a mobile (M, n = 8), or
a stable robot (S, n = 9). A hypodermic needle was implanted s.c. by piercing
the rat’s skin between its shoulders, and creating a small loop on the needle
with hemostat forceps to allow administration of mild electric shocks. The
loop prevented the needle from slipping out and provided purchase for an
alligator clip connecting a shock-delivering cable. The animals were then
trained to avoid the robot at a distance of at least 25 cm from its center
(Enemy Avoidance task). The avoidance was reinforced by mild electric foot
shocks. The robot was programmed to move straight forward by 10 cm/s
until it hit the wall, then it waited for 15 s, turned at a random angle between 90 and 270°, and ran forward again (M group; n = 8). For some rats (S
group; n = 9), the robot was switched off and placed at the border of the
arena, with its front part facing the wall. After the ﬁrst 10 min, the robot
was transferred by the experimenter to the opposite part of the arena. The
avoidance training took a total of eight sessions on eight consecutive days.
The hippocampal inactivations by bilateral intrahippocampal TTX infusions
occurred on day 7, and saline was infused on day 8.

Experimental Apparatus. The apparatus was an elevated circular platform (82
cm diameter) circumscribed by a 50-cm-high opaque wall eliminating disturbing stimuli from the room. The arena ﬂoor was made of electrically
grounded ﬁne wire mesh. An overhead infrared camera mounted on the
ceiling monitored two light-emitting diodes: a smaller one, attached by
a plastic strap to the back of the rat and a larger one, attached to the robot
(see description below). A centrally placed overhead feeder dispersed barley
grains to random locations on the arena surface in 10-s intervals. A computercontrolled system delivered a mild electric foot shock (0.2–1.2 mA; AC; 50 Hz;
500 ms) whenever the distance between the rat and the center of the robot
dropped to <25 cm for at least 100 ms. If the distance did not increase within
500 ms following the foot shock, additional shocks were delivered every 500
ms, until the rat “escaped” away from the robot. To adjust to individual
variability in sensitivity to the foot shock, its intensity was set individually for
each rat as the lowest value eliciting escape response, but not freezing.
Shocks were delivered through a shock-delivering cable connected to the
implanted low-impedance s.c. needle by an alligator clip and grounded arena
ﬂoor. Because the highest voltage drop was between the rats’ paws and the
ﬂoor, the animals most likely perceived the shock at their paws. This shocking
procedure was established in place avoidance studies and has been demonstrated to be safe, effective, and to produce reliable avoidance behavior (38).
The robot used in this study was a custom-made electronic device controlled by a programmable integrated circuit. Basic construction consists of an
aluminum chassis with two traction wheels on the sides of the robot, each
driven by an independent electric actuator. The construction was weightbalanced and equipped with a small unpowered front wheel to ensure
stability. Both traction wheels ran at equal speeds, but during turns their
directions were opposite. The robot was equipped with three sensors. Two
opto-isolators were attached to the wheels controlling speed and distance,

Histology. After termination of the behavioral procedures, the animals were
deeply anesthetized by ketamine and black ink was injected via the implanted
guide cannulae by using the same procedure as used for the TTX injections to
verify localization of the infusion sites. The animals were then transcardially
perfused with saline and subsequently with 4% formaldehyde solution.
Brains were removed, saturated in 30% sacharose overnight, frozen, and
sectioned in 50-μm coronal sections. Every tenth section was stained with
cresyl violet, and the locations of the infusion sites were veriﬁed (Fig. 3).
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Evaluated Parameters and Statistical Analysis. Avoidance was evaluated as
the total number of shocks per session received as a result of the robot
approaches. Because increased anxiety may interfere with avoidance by
decreasing overall locomotion and altering spatial distribution by increasing
the tendency to stay near the wall (thigmotaxis), we also measured the total
path traveled during a session and the level of thigmotaxis. Thigmotaxis was
assessed by dividing the arena into an inner circle and an outer annulus with
equal surfaces and using the proportion of time spent in the outer annulus as
a measure of thigmotaxis. Within-subject one-way ANOVA with repeated
measures on days was used to evaluate the effect of the inactivation on the
avoidance. Newman–Keuls post hoc tests were used as appropriate. All
signiﬁcances were accepted at level α = 0.05.
ACKNOWLEDGMENTS. We thank Pavel Jiroutek for the design and assemblage of the robot. This study was supported by Czech Science Foundation
Grants 309/09/0286, P303/10/J032, and P303/10/P191, Grant Agency of the
Academy of Sciences Grant KJB500110904, Ministry of Education, Youth and
Sports Center Grants 1M0517 and LC554, and by Marie Curie Reintegration
Grant PIRG-GA-2009-256581. P.T. and K.B. were partially supported by Grantová Agentura České Republiky Grant 206/05/H012.

lesions. J Neurol Neurosurg Psychiatry 20:11–21.

PNAS | March 29, 2011 | vol. 108 | no. 13 | 5417

NEUROSCIENCE

behavior as automatic recording of attended experience (19)
and emphasizing the importance of the hippocampus in memory of one’s own experience.

8. Squier LR, Cohen NJ (1984) Human memory and amnesia. Neurobiology of learning
and memory, eds Lynch G, McGaugh JL, Weinberger NM (Gilford, New York), pp 3–64.
9. Squire LR, Alvarez P (1995) Retrograde amnesia and memory consolidation: A
neurobiological perspective. Curr Opin Neurobiol 5:169–177.
10. Gaffan D (1974) Recognition impaired and association intact in the memory of
monkeys after transection of the fornix. J Comp Physiol Psychol 86:1100–1109.
11. Mishkin M (1978) Memory in monkeys severely impaired by combined but not by
separate removal of amygdala and hippocampus. Nature 273:297–298.
12. Sutherland RJ, et al. (2001) Retrograde amnesia after hippocampal damage: Recent
vs. remote memories in two tasks. Hippocampus 11:27–42.
13. Clark RE, Broadbent NJ, Squire LR (2005) Impaired remote spatial memory after
hippocampal lesions despite extensive training beginning early in life. Hippocampus
15:340–346.
14. Martin SJ, de Hoz L, Morris RG (2005) Retrograde amnesia: Neither partial nor
complete hippocampal lesions in rats result in preferential sparing of remote spatial
memory, even after reminding. Neuropsychologia 43:609–624.
15. Broadbent NJ, Squire LR, Clark RE (2006) Reversible hippocampal lesions disrupt water
maze performance during both recent and remote memory tests. Learn Mem 13:
187–191.
16. Teixeira CM, Pomedli SR, Maei HR, Kee N, Frankland PW (2006) Involvement of the
anterior cingulate cortex in the expression of remote spatial memory. J Neurosci 26:
7555–7564.
17. Alvarez P, Wendelken L, Eichenbaum H (2002) Hippocampal formation lesions impair
performance in an odor-odor association task independently of spatial context.
Neurobiol Learn Mem 78:470–476.
18. Winocur G, Moscovitch M, Sekeres M (2007) Memory consolidation or transformation:
Context manipulation and hippocampal representations of memory. Nat Neurosci 10:
555–557.
19. Morris RG, Frey U (1997) Hippocampal synaptic plasticity: Role in spatial learning or
the automatic recording of attended experience? Philos Trans R Soc Lond B Biol Sci
352:1489–1503.
20. Kim JJ, Fanselow MS (1992) Modality-speciﬁc retrograde amnesia of fear. Science 256:
675–677.
21. Matus-Amat P, Higgins EA, Barrientos RM, Rudy JW (2004) The role of the dorsal
hippocampus in the acquisition and retrieval of context memory representations. J
Neurosci 24:2431–2439.
22. Cimadevilla JM, Fenton AA, Bures J (2001) New spatial cognition tests for mice:
Passive place avoidance on stable and active place avoidance on rotating arenas.
Brain Res Bull 54:559–563.
23. Wesierska M, Dockery C, Fenton AA (2005) Beyond memory, navigation, and
inhibition: Behavioral evidence for hippocampus-dependent cognitive coordination
in the rat. J Neurosci 25:2413–2419.

5418 | www.pnas.org/cgi/doi/10.1073/pnas.1102525108

24. Kubík S, Stuchlík A, Fenton AA (2006) Evidence for hippocampal role in place
avoidance other than merely memory storage. Physiol Res 55:445–452.
25. Telensky P, et al. (2009) Enemy avoidance task: A novel behavioral paradigm for
assessing spatial avoidance of a moving subject. J Neurosci Methods 180:29–33.
26. Long JM, Kesner RP (1996) The effects of dorsal versus ventral hippocampal, total
hippocampal, and parietal cortex lesions on memory for allocentric distance in rats.
Behav Neurosci 110:922–932.
27. Long JM, Kesner RP (1998) Effects of hippocampal and parietal cortex lesions on
memory for egocentric distance and spatial location information in rats. Behav
Neurosci 112:480–495.
28. Muller RU, Kubie JL (1987) The effects of changes in the environment on the spatial
ﬁring of hippocampal complex-spike cells. J Neurosci 7:1951–1968.
29. Rotenberg A, Muller RU (1997) Variable place-cell coupling to a continuously viewed
stimulus: Evidence that the hippocampus acts as a perceptual system. Philos Trans R
Soc Lond B Biol Sci 352:1505–1513.
30. Knierim JJ, Rao G (2003) Distal landmarks and hippocampal place cells: Effects of
relative translation versus rotation. Hippocampus 13:604–617.
31. Leutgeb JK, et al. (2005) Progressive transformation of hippocampal neuronal
representations in “morphed” environments. Neuron 48:168–169.
32. Trullier O, Shibata R, Mulder AB, Wiener SI (1999) Hippocampal neuronal position
selectivity remains ﬁxed to room cues only in rats alternating between place
navigation and beacon approach tasks. Eur J Neurosci 11:4381–4388.
33. Ho SA, et al. (2008) Hippocampal place cell activity during chasing of a moving object
associated with reward in rats. Neuroscience 157:254–270.
34. Zinyuk L, Kubik S, Kaminsky Y, Fenton AA, Bures J (2000) Understanding hippocampal
activity by using purposeful behavior: Place navigation induces place cell discharge in
both task-relevant and task-irrelevant spatial reference frames. Proc Natl Acad Sci
USA 97:3771–3776.
35. Ježek K, et al. (2010) Stress-induced out-of-context activation of memory. PLoS Biol 8:
e1000570.
36. Segal M, Richter-Levin G, Maggio N (2010) Stress-induced dynamic routing of
hippocampal connectivity: A hypothesis. Hippocampus 20:1332–1338.
37. McNaughton N, Gray JA (2000) Anxiolytic action on the behavioural inhibition
system implies multiple types of arousal contribute to anxiety. J Affect Disord 61:
161–176.
38. Stuchlik A, Rezacova L, Vales K, Bubenikova V, Kubik S (2004) Application of a novel
Active Allothetic Place Avoidance task (AAPA) in testing a pharmacological model of
psychosis in rats: Comparison with the Morris Water Maze. Neurosci Lett 366:162–166.
39. Paxinos G, Watson CR (2003) The Rat Brain in Stereotaxic Coordinates (Elsevier
Academic, San Diego), 5th Ed.

Telensky et al.

Behavioural Brain Research 216 (2011) 207–213

Contents lists available at ScienceDirect

Behavioural Brain Research
journal homepage: www.elsevier.com/locate/bbr

Research report

Inertial stimuli generated by arena rotation are important
for acquisition of the active place avoidance task
Karel Blahna a , Jan Svoboda a , Petr Telensky a,b , Daniel Klement a,∗
a
b

Institute of Physiology, Academy of Sciences of the Czech Republic, Videnska 1083, 142 20, Praha 4, Czech Republic
Department of Physiology, Faculty of Science, Charles University, Czech Republic

a r t i c l e

i n f o

Article history:
Received 14 May 2010
Received in revised form 28 July 2010
Accepted 30 July 2010
Available online 13 August 2010
Keywords:
Spatial cognition
Spatial learning
Place avoidance
Inertial stimuli
Arena rotation
Passive displacement
Reference frames
Vestibular system

a b s t r a c t
The active place avoidance task is used for testing cognitive abilities in rats. A rat, placed on a rotating
circular arena, should avoid an unmarked sector deﬁned with respect to stable extra-arena cues. We
hypothesized that the inertial stimuli generated by the arena rotation may contribute to the performance
in the task. These stimuli provide permanent information to the rat concerning changes in its position
with respect to the extra-arena cues, it means to the reference frame in which the to-be-avoided sector
is deﬁned. To test the hypothesis, we trained one group of rats on a stable arena while extra-arena cues
rotated around the arena. This eliminated the inertial stimuli generated by the arena rotation while
preserving other aspects of the task. Six out of seven rats from this group did not learn this modiﬁed task.
The remaining rat learned it equally well as rats from a control group learned the standard active place
avoidance task. After six days of training, we changed the tasks between the groups. The control rats
solved the modiﬁed task as well as the standard task. We conclude that the inertial stimuli generated by
the arena rotation are important for acquisition of the active place avoidance task but not for performance
once the task has been mastered. We suggest that rats must perceive the distal extra-arena cues as stable
in order to associate the position of the to-be-avoided sector with these cues.
© 2010 Published by Elsevier B.V.

1. Introduction
The ability to orient in space is essential for the survival of
animals. During navigation, animals process various types of information including accelerations and decelerations. Accelerations
and decelerations are sensed by the vestibular system, proprioceptors and skin mechanoceptors. They are processed in the brain and
provide information about the changes of an organism’s position
and angular orientation in the environment. It has been shown
that animals can navigate when only these inputs are available
[5,6,9,15–17,21,31,32]. For example, golden hamsters are able to
return to a starting position after being passively transported to
some other place in darkness [6]. Damage to the vestibular system
results in deﬁcits in spatial learning and memory [24].
In a non-inertial environment a subject can perceive accelerations and decelerations. An example of a non-inertial environment
is a rotating arena. The rotation produces centrifugal acceleration
which is directly proportional to the force acting on an animal’s
vestibular system, skin mechanoceptors and proprioceptors. Stimuli invoked by such an inertial force is referred to as “inertial

∗ Corresponding author. Tel.: +420 24106 2564; fax: +420 24106 2488.
E-mail address: dklement@biomed.cas.cz (D. Klement).
0166-4328/$ – see front matter © 2010 Published by Elsevier B.V.
doi:10.1016/j.bbr.2010.07.038

stimuli”. An inertial environment in which no such forces exist is
referred to as a “stable environment”.
A rotating arena dissociates orientation cues into “arena cues”
and “extra-arena cues”. A subject on a rotating arena can represent
its position with respect to the reference frame deﬁned either by the
arena cues or by the extra-arena cues. It has been shown that rats
are capable of representing positions with respect to both reference
frames simultaneously [8].
The active place avoidance task [3] is a well established
behavioral task in neuroscience research, e.g. [2,4,14,27,33]. It is
performed on a slowly rotating arena (1 rpm) in which a rat should
avoid a 60◦ wide unmarked sector deﬁned by extra-arena cues. Rats
learn the active place avoidance task quickly. They reach a stable
level of performance after four 20-min long training sessions [27].
Wesierska et al. [33] and Kubik and Fenton [14] showed that two
cognitive processes are important for solving the task – segregation of stimuli into coherent subsets (arena frame and extra-arena
frame) and navigation with respect to one of the subsets (extraarena frame). The task is hippocampus-dependent [2], however,
unlike the Morris water maze task, it is sensitive to unilateral lesion
during training [4].
Since the active place avoidance task is performed on a rotating arena, the inertial stimuli are constantly present. They provide
information to a subject that its position is changing with respect
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to the stable extra-arena world by which the to-be-avoided
sector is deﬁned. For this reason they may contribute to performance in the task. We expected that the contribution of the
inertial stimuli generated by the arena rotation would be rather
mild because they are relatively weak due to the slow rotation of the arena (1 rpm) and because the extra-arena visual
cues provide all the necessary information for solving the task.
However, a pilot experiment indicated that the contribution is
essential. To conﬁrm this ﬁnding, we performed the experiment
presented in this paper. One group of rats was trained in the
standard active place avoidance task described above whereas
another group was trained in a modiﬁed version. The difference
between the tasks was that in the standard task the arena rotated
while the surrounding world was stable whereas in the modiﬁed
task the arena was stable while the surrounding world together
with the to-be-avoided sector rotated around the arena. By rotating the world around the stable arena we eliminated the inertial
stimuli generated by the arena rotation while keeping the other
aspects of the task unchanged including the necessity to actively
locomote in order to avoid the to-be-avoided sector. Therefore, it
was possible to directly test the role of the inertial stimuli generated by arena rotation on acquisition of the task. The two groups of
rats were trained for six days (Phase 1). The duration of the training was sufﬁcient for the rats trained in the standard task to reach
a stable level of performance [27]. After six days the tasks between
the groups were switched and training continued (Phase 2). The
purpose of Phase 2 was to test whether the rats which mastered
the standard task in Phase 1 were able to solve the modiﬁed task.

2. Material and methods
2.1. Subjects
The subjects (n = 14) were male adult Long-Evans rats obtained from the breeding colony of the Institute of Physiology, Czech Academy of Sciences. They were
three months old at the beginning of the experiment and weighed between 250 g
and 300 g. They were housed in groups of two to three per cage in a temperaturecontrolled animal room (21 ◦ C) with a 12/12 h light/dark cycle. Food and water
were freely available. The rats were housed in the animal room for 10 days before
the experiment started. The experimental procedures were carried out during the
light period of the cycle. They were in accordance with the Institutional and NIH
guidelines and the directive of the European Communities Council (86/609/EEC).

2.2. Apparatus
The apparatus consisted of a circular arena (diameter = 79 cm) surrounded by an
annular belt (inner diameter = 80 cm, outer diameter = 130 cm) (Fig. 1A). The arena
and the belt could be rotated independently of each other by two electromotors
located below the arena and the belt.
The arena wall (height = 40 cm) was transparent. The belt wall (height = 100 cm)
was a black curtain with a black annular board at the top (inner diameter = 65 cm,
outer diameter 130 cm) (Fig. 1A). The belt, the black curtain and the black annular
board formed an enclosed space around the arena. A subject on the arena could see
only a part of the ceiling of the experimental room directly above the arena through
the opening in the annular board.
Three salient cues were attached to the black curtain. A white card
(width = 42 cm, height = 55 cm) was on the west side, 34 cm above the arena. Another
white card of the same size was on the northeast side, 38 cm above the arena. A lamp
was located on the east side, 80 cm above the arena. The lamp was the only source of
light in the experimental room. It illuminated the enclosed space around the arena.
There was a camera located above the arena. The camera was connected to
a computer-based tracking system (iTrack, Bio-Signal Group, USA) located in an
adjacent room. Since either the arena or the belt rotated during experiments, a
subject’s position on the arena could be represented with respect to the reference
frame deﬁned either by the arena or by the belt. The computer-based tracking system
recorded both positions with a 40 ms sampling rate by tracking two infrared light
emitting diodes. One diode was attached to the subject on the arena, while the other
was attached either to the arena or to the belt. Tracking the second diode made it
possible to calculate the position of a subject with respect to the rotating reference
frame.
The computer-based tracking system also controlled a device for delivering an
electrical current. When activated, a subject felt an aversive stimulus on its paws.

Fig. 1. (A) Behavioral apparatus. (B) Schematic illustration of the standard active
place avoidance task. A rat on the rotating arena should avoid a 60◦ to-be-avoided
sector deﬁned with respect to the stable belt. (C) Schematic illustration of the
modiﬁed active place avoidance task. A rat on the stable arena should avoid a 60◦
to-be-avoided sector deﬁned with respect to the rotating belt.

2.3. Initial manipulation with the animals
Each animal was handled by the experimenter for 2- to 3-min over three consecutive days prior to experiment onset.
After the last handling day, in order to the connect the rats with the device for
delivering electric current, a hypodermic needle was used to pierce the rats’ skin on
the neck. The sharp end of the needle was bent into a closed loop in order to prevent
the needle from slipping out of the skin. The procedure was carried out in awake
rats as they tolerated this procedure well.
2.4. Behavioral training
The rats were habituated to the arena in 5- to 8-min sessions carried out over
two consecutive days. The arena and the belt were stable during the habituation
sessions. The animals could freely explore the arena as no aversive stimuli were
presented.
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After the habituation sessions the rats were randomly divided into two groups
of equal size (Groups A and B). The groups were trained either in the standard active
place avoidance task or in a modiﬁed active place avoidance task. Group A was ﬁrst
trained in the standard task for six days (Phase 1) and then in the modiﬁed task
for four days (Phase 2). The training in the modiﬁed task lasted for only four days
because the rats mastered it already within two days. One rat from Group A (rat
#12) learned slower, and was therefore trained in both tasks for six days. Group B
was ﬁrst trained in the modiﬁed task for six days (Phase 1) and then in the standard
task for another six days (Phase 2). One rat from Group B (rat #8) was trained in
the standard task for only four days. This rat solved the modiﬁed task as well as the
standard task already within the ﬁrst session of Phase 2. Therefore, we shortened the
training. The to-be-avoided sector was located on the South side of the belt (azimuth
180◦ ) during Phase 1 and on the North-Northeast (azimuth 22.5◦ ) side during Phase
2. The rats were trained during a one 20-min session each day.
2.4.1. The standard active place avoidance task
In the standard active place avoidance task the rats were trained on the rotating
arena to avoid a 60◦ wide unmarked sector deﬁned according to the reference frame
of the belt (Fig. 1B). The belt was stable. The arena rotated clockwise at one revolution
per minute. The rats could move freely over the arena, however, they received an
aversive stimulus (electrical shock) after entering into the to-be-avoided sector. The
entrance into the to-be-avoided sector was counted if a rat stayed there for at least
0.5 s. The electrical shock had an intensity of 0.4 mA and lasted 0.5 s. If the rat did not
leave the sector then the aversive stimulus was repeated every 1.5 s. A new entrance
into the to-be-avoided sector was recorded after the subject has been outside of the
sector for at least 1.5 s.
2.4.2. The modiﬁed active place avoidance task
The modiﬁed active place avoidance task was identical to the standard task
except that the arena was stable and the belt rotated around it (Fig. 1C). The belt
rotated counter-clockwise with a speed of one revolution per minute. The to-beavoided sector was deﬁned according to the reference frame of the belt.
2.5. Data analysis
The rats’ trajectories according to the arena and the belt frame, as well as the
times of delivery of aversive stimuli were analyzed using MatLab functions written
by the authors. We evaluated four commonly measured variables which have been
previously shown to characterize behavior in the active place avoidance task well.
They were “number of entrances into the to-be-avoided sector”, “maximum times
spent outside the to-be-avoided sector”, “time to the ﬁrst entrance into the to-beavoided sector” and “path length”.
We used a t-test, a one-way ANOVA with repeated measures and a two-way
ANOVA with repeated and non-repeated measures for statistical analyzes. If needed,
a Tukey’s post hoc test was used for multiple comparisons. The level of signiﬁcance
was set to 0.05. To make the distribution of the variables more similar to a normal
distribution and of similar variances, the variables were transformed before statistical testing. The “Number of entrances” (N) was transformed to log(N + 1), the
“maximum time of avoidance” (Tmax ) was transformed to log(Tmax ) and ‘the ‘time to
the ﬁrst entrance” (T1 ) was transformed to log(T1 + 1). No transformation was used
for path length (L).

3. Results
In Phase 1 the two groups of rats, A and B, were trained in the
standard and modiﬁed active avoidance task, respectively. In Phase
2 the two tasks were switched between the groups.

Fig. 2. Performance of the rats trained in the standard active place avoidance task
(Group A: Sessions 1–6; Group B: Sessions 7–12) and in the modiﬁed active place
avoidance task (Group A: Sessions 7–12; Group B: Sessions 1–6). The vertical lines
indicate the time when the two tasks were switched between the groups. (A) Average number of entrances into the to-be-avoided sector. (B) Average maximum time
spent outside the to-be-avoided sector. (C) Average time to the ﬁrst entrance into
the to-be-avoided sector. (D) Average path length.

3.1. Phase 1
The to-be-avoided sector was on the South (180◦ ) side during
Phase 1.
The six rats trained in the standard active place avoidance task
(Group A) learned the task within six sessions (Fig. 2, Sessions 1–6).
Only one rat (rat #12) performed considerably worse than the other
rats (Fig. 2, Sessions 1–6). Its performance improved at a slower
rate. On the contrary, six out of the seven rats trained in the modiﬁed active place avoidance task (Group B) did not improve during
these six sessions (Fig. 2, Sessions 1–6). One rat from Group B (rat
#8) learned the task equally well as the rats from Group A (Fig. 2,
Sessions 1–6).
We compared the performance of both groups at the beginning
of the training (Session 1) and after reaching a stable level of performance (Session 6) by using a two-way ANOVA with “group” as

the between subject factor and “session” as the within subject factor. Since the performance in the active place avoidance task is
commonly assessed by four variables (see Section 2.5), we ran four
separate statistical tests. Two variables, “number of entrances into
the to-be-avoided sector” and “maximum time spent outside the
to-be-avoided sector”, reﬂect the cognitive abilities of a subject. The
third variable, “time to the ﬁrst entrance into the to-be-avoided
sector”, also reﬂects the cognitive abilities of the subject plus its
long-term memory for the location of the to-be-avoided sector
acquired during the previous sessions. The fourth variable, “path
length”, reﬂects the locomotor activity of the subject.
The groups differed according to the number of entrances
(F(1,12) = 13.01, p = 0.0036), the maximum time of avoidance
(F(1,12) = 15.32, p = 0.0021) and the time to the ﬁrst entrance
(F(1,12) = 14.20, p = 0.0027) but not according to the path length
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(F(1,12) = 1.32, p = 0.2727). Session 1 differed from Session 6 in the
number of entrances (F(1,12) = 22.81, p = 0.0005), in the maximum
time of avoidance (F(1,12) = 25.40, p = 0.0003) and in the time to
the ﬁrst entrance (F(1,12) = 16.51, p = 0.0016) but not in the path
length (F(1,12) = 0.03, p = 0.8623). Fig. 2 indicates that the differences between Session 1 and Session 6 are due to the improvement
of Group A while the performance of Group B did not change. This
is also reﬂected by the interaction of the factors “group” and “session”. The interaction was signiﬁcant for the number of entrances
(F(1,12) = 12.40, p = 0.0042) and for the maximum time of avoidance
(F(1,12) = 7.96, p = 0.0154) but not for the time to the ﬁrst entrance
(F(1,12) = 1.06, p = 0.3232) nor for the path length (F(1,12) = 0.44,
p = 0.5180).
The subject’s position on the arena can be expressed via a polar
coordinate system with the origin in the center of the arena and
with the zero angle in the center of the to-be-avoided sector. The
angular component of this polar representation (see angle phi in
Fig. 1B) expresses a subject’s position with respect to the to-beavoided sector. A plot of the angle phi as a function of time provides
a detailed view of a subject’s behavior during a session (Figs. 3 and 4
– aversive stimuli are denoted by black dots) (Fajnerova, Kenney, Klement, unpublished data). When a rat is sitting, the angle
phi is decreasing at a constant rate (see the reference slope in
Figs. 3 and 4). If the rat is moving in the direction of the arena
rotation the angle phi is decreasing at a faster rate. If the rat is moving against the arena rotation faster, at the same speed or slower
than the arena rotates then the angle phi is increasing, constant
or decreasing at a slower rate than the reference slope. The radial
component of the polar coordinate system is less important for
describing a subject’s behavior during the sessions. Most of the
time the rats stay close to the arena wall. For example, the rats
in the present experiment spent 80% of time near the arena wall
(up to 11.5 cm from the arena wall) and only 20% in the central
part of the arena (up to 28 cm from the center of the arena) which
covered the same area as the 11.5 cm wide annulus along the wall.
In addition, moving towards or away from the center of the arena
does not help the subject to avoid the to-be-avoided sector.
Fig. 3 shows the behavior of a typical rat (rat #1) in the standard
active place avoidance task at the beginning of the training (Session 1) and after reaching a stable level of performance (Session
6). At the beginning of Session 1, the rat moved rather chaotically.
Later, it responded to the aversive stimulus by short runs either

Fig. 3. Behavior of a typical rat at the beginning and end of the training in the standard active place avoidance task (Sessions 1 and 6) and at the end of the training in
the modiﬁed task (Session 10). The graph shows the time course of angular distance
between the rat and the center of the to-be-avoided sector (see angle phi in Fig. 1B).
Aversive stimuli are denoted by black dots. Reference slope shows the time course
of phi for a non-moving object passively transported by the arena.

Fig. 4. Behavior of a typical rat at the beginning and end of the training in the modiﬁed active place avoidance task (Sessions 1 and 6) and at the end of the training in
the standard task (Session 14). The graph shows the time course of angular distance
between the rat and the center of the to-be-avoided sector (see angle phi in Fig. 1B).
Aversive stimuli are denoted by black dots. Reference slope shows the time course
of phi for a non-moving object passively transported by the arena.

in the direction of or against the direction of the arena rotation.
Otherwise the rat was sitting. In Session 6, the rat avoided the tobe-avoided sector well. It alternated sitting with short runs against
the direction of the arena rotation. The runs, or “avoidance reactions”, were initiated before the rat received aversive stimuli. The
runs were short enough such the rat did not enter into the to-beavoided sector from the other side. Rat #8 from Group B which
learned the modiﬁed active place avoidance task behaved similarly
to this rat.
Fig. 4 shows the behavior of a typical rat (rat #11) in the modiﬁed
active place avoidance task. The behavior is shown at the beginning
(Session 1) and at the end of the training (Session 6). The rat was sitting most of the time, especially at the end of Session 6. It responded
to the aversive stimuli via short runs in the direction of the arena
rotation.
3.2. Phase 2
One rat from Group B (rat #8) learned the modiﬁed active place
avoidance task. It indicated that rats can solve this task even though
only a small number of them are able to ﬁnd an effective strategy.
We tested whether mastering the standard task can help to solve
the modiﬁed task. Therefore we switched the two tasks between
the groups. In addition, we changed the location of the to-beavoided sector from South (180◦ ) to North-Northeast (22.5◦ ).
The rats which mastered the standard active place avoidance
task in Phase 1 (Group A without rat #12) quickly learned the modiﬁed task (Fig. 2, Sessions 7–10). Their performance decreased in the
ﬁrst session after the change (Session 7) but it returned to the prechange values in the next session (Session 8). Rat #12 improved its
performance at the end of the training (Fig. 2, Sessions 7–12).
We compared the performance of the rats from Group A across
Sessions 6, 7 and 8 by a one-way ANOVA with “session” as
repeated measures. Tukey’s post hoc test was used for multiple
comparisons. The four evaluated variables were transformed as
in Phase 1. The number of entrances differed across the sessions
(F(2,12) = 23.77, p = 0.0001, Session 7 > Session 6 = Session 8), as well
as the maximum time of avoidance (F(2,12) = 8.64, p = 0.0047, Session 7 < Session 6 = Session 8) and the time to the ﬁrst entrance
(F(2,12) = 29.58, p < 0.0001, Session 7 < Session 8 < Session 6). The
path length was not different across the sessions (F(2,12) = 0.46,
p = 0.6421).
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Fig. 3 shows the behavior of rat #1 at the end of training in the
modiﬁed active place avoidance task (Session 10). The rat used the
same strategy as in the standard task (Session 6).
We also tested whether the rats from Group B could learn the
standard active place avoidance task after they have been trained
in the modiﬁed task. The rats which did not learn the modiﬁed
task in Phase 1 (Group B without rat #8) also performed badly in
the standard task (Fig. 2, Sessions 7–12). Rat #8 which learned the
modiﬁed task in Phase 1 performed well also in the standard task
(Fig. 2, Sessions 7–10).
In order to see a possible improvement of Group B in Phase 2, we
excluded rat #8 from the statistical tests. This rat clearly mastered
both tasks and it could not further improve. Thus we compared
the performance of the rats from Group B without rat #8 across
Sessions 6, 7 and 12 by using a one-way ANOVA with “session” as
the repeated measures. Tukey’s post hoc test was used for multiple
comparisons. The number of entrances did not differ across the
sessions (F(2,10) = 3.279, p = 0.0803), nor did the maximum time of
avoidance (F(2,10) = 3.8349 p = 0.0581). There were differences in
the time to the ﬁrst entrance (F(2,10) = 17.90985, p = 0.001, Session
6 < Session 7 < Session 12). The path length was not different across
the sessions (F(2,12) = 2.165, p = 0.1654).
The rats from Group B did not improve, except that they
increased the time to the ﬁrst entrance into the to-be-avoided sector. This increase, at least partially, reﬂects non-speciﬁc changes
in behavior due to the arena rotation because the time to the ﬁrst
entrance increased between Sessions 6 and 7. The location of the
to-be-avoided sector in Session 7 was different from the location
of the to-be-avoided sector in Session 6, therefore, the rats did not
know the location until they entered into the sector. The time to the
ﬁrst entrance was longest in the last session (Session 12), however,
it was still shorter than the time to the ﬁrst entrance in Group A in
the same task after the same amount of training (Session 6) (t-test:
t11 = 2.4567, p = 0.03187).
The statistical tests did not show a larger improvement. Despite
of it, some rats learned the location of the to-be-avoided sector,
however, they did not know how to avoid it. Rat #11 is an example.
In Fig. 4 (Session 12) there are periods in which rat #11 alternated sitting with short runs against the arena rotation similarly
to the efﬁcient solvers of the task. However, there are also periods
in which the rat alternated sitting with short runs in the direction of
the arena rotation. Both types of runs were mostly initiated before
the rat was brought into the to-be-avoided sector. When running
through the to-be-avoided sector, the rat was not fast enough to
pass through the sector in less than 0.5 s in order to avoid the
aversive stimulus. The initiation of avoidance reaction before the
to-be-avoided sector indicates that the rat knew the location of the
to-be-avoided sector but was not able to avoid the sector effectively. Some rats from Group B did not engage in searching for the
effective strategy during Phase 2. They were sitting on the arena
during the whole session.
4. Discussion
Our results showed that the inertial stimuli generated by the
arena rotation are important for learning the active place avoidance
task. The rats trained on the rotating arena with the stable belt
(the standard active place avoidance task – inertial stimuli were
present) learned the task within six sessions. On the contrary six
out of seven rats trained on the stable arena with the belt rotating
around the arena (the modiﬁed active place avoidance task – the
inertial stimuli were absent) did not learn the task. The two tasks
were identical except for the presence or absence of the inertial
stimuli.
It has been shown that inertial stimuli are important for spatial
orientation [5,6,9,15–17,21,31,32]. If an arena is suddenly rotated
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together with an animal then the animal compensates for the rotation and navigates with respect to the stable experimental room
instead of with respect to its new body orientation or to olfactory
and tactile cues located on the arena [6,16].
The natural preference for using a stable reference frame during navigation is in agreement with our result. In both tasks, the
rats could represent their position with respect to the belt where
the to-be-avoided sector was deﬁned or with respect to the arena.
In the standard task, the belt reference frame was stable. The rats
learned this task easily. On the contrary, in the modiﬁed task the
belt reference frame was rotating. Here the rats, except for one, did
not learn this task.
We showed that in order to learn the active place avoidance task,
the to-be-avoided sector had to be deﬁned with respect to a stable
reference frame only during learning. The rats, which mastered the
standard task, reached the same level of performance in the modiﬁed task. We suggest that at the beginning of the training the rats
needed to perceive the extra-arena cues, which deﬁned the location of the to-be-avoided sector, as stable. Once these cues became
anchored to a representation of the environment together with the
location of the to-be-avoided sector, the rats used these cues for
navigation even when the cues were moving. Currently, this idea is
being tested by training naive rats to avoid a sector on a stable arena.
After the rats have learned the location of the to-be-avoided sector
(meaning after they have created the representation of the environment with visual landmarks and the location of the to-be-avoided
sector is incorporated in it), the rats are trained to solve the modiﬁed active place avoidance task. Preliminary results indicate that
these rats are able to solve the modiﬁed active place avoidance task.
It is possible that rats can learn the modiﬁed active place
avoidance task after they have created a representation of the environment with extra-arena cues incorporated in it but without the
representation of the location of the to-be-avoided sector. We consider this idea to be unlikely. All the rats used in this study were
habituated to the arena in two 5- to 8-min sessions. The arena
as well as the surrounding environment were stable during these
habituation sessions. Thus the rats had time to create a representation of the environment with the extra-arena cues anchored in
it. Despite this, apart from one rat, they did not learn the task. It
is unknown why one rat learned the modiﬁed task without having had prior training in the standard task. Possibly, it is a matter
of likelihood whether a subject will associate positions at which
aversive stimuli were delivered with the moving extra-arena cues.
Selection of the appropriate subset of cues allows the subject to
solve the task.
It has been shown that rats can navigate with respect to continually moving proximal cues and at the same time with respect
to stable distal cues [7]. To our knowledge, our experiment shows
for the ﬁrst time that rats can navigate with respect to continually
moving distal cues.
The standard active place avoidance task is hippocampusdependent [2]. Inertial stimuli, especially vestibular stimuli, are
important for normal function of the hippocampus. Deafferentation
of vestibular input causes a 17% decrease of hippocampal volume in
humans, impaired performance in hippocampus-dependent spatial
tasks in rats [1,15,25,35] and disturbed position-speciﬁc activity of
hippocampal place cells [22,26].
Sharp et al. [23] studied the effect of a fast brief rotation of an
arena ﬂoor or an arena wall on ﬁring ﬁelds of place cells. They
paid special attention to removing landmarks suitable for determining locations on the arena. When the arena ﬂoor rotated and
the wall was stable then most of place ﬁelds remained stable with
respect to the arena wall, which means with respect to the stable
reference frame. When the arena wall rotated and the ﬂoor was
stable then the majority of the place ﬁelds remained stable with
respect to the arena ﬂoor – again with respect to the stable refer-
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ence frame. Sometimes the ﬁring ﬁelds shifted in the direction of
the rotation of the wall. This shift became more apparent as the subject repeatedly experienced the rotational manipulation suggesting
the involvement of a learned component. The results of Sharp et al.
[23] indicated that the activity of place cells is preferentially bound
to stable reference frames when a brief rotational manipulation is
introduced.
Zinyuk et al [36] studied the activity of place cells on a rotating arena. They described place cells with ﬁring ﬁelds bound to
the arena frame, bound to the extra-arena frame or to both frames
simultaneously. The proportions of these place cells depended on
the previous experience. A large majority of ﬁring ﬁelds were bound
to the arena in rats which were previously trained to search for
randomly scattered pellets. The proportion of ﬁring ﬁelds bound
to the extra-arena frame was higher in rats trained to orient with
respect to the extra-arena frame [8,36]. To our knowledge, there
is no study addressing the activity of place cells recorded on a stable arena while all the extra-arena cues are continuously rotating
around the arena.
Vestibular stimuli also drive directional ﬁring of head direction
cells [29]. The head direction cells have been found in many
brain areas including the hippocampal formation [29]. The head
direction cells and place cells are functionally coupled together
[12,13]. It has been well documented that the ﬁring ﬁelds of place
cells, as well as the preferred directional ﬁring of head direction
cells, are controlled by visual landmarks after the landmarks
had been anchored to the representation of the environment
[10,18–20,28,37]. The strength of cue control over place cells and
also head direction cells depends on the rat’s learned perception
of the stability of the cues [12].
Likely, the head direction system and place cells play a role
in the active place avoidance task. Some of their properties correspond to the results of this paper. Their activity is stable with
respect to stable reference frames. Stable landmarks, after being
incorporated into the representation of the environment, control
the activity of the head direction cells and place cells. We hypothesize that a sufﬁciently large number of place cells recorded in the
standard active place avoidance task would be bound to the extraarena cues, whereas in the modiﬁed task a majority of place cells
would be bound to the arena. Whether the proportion of the extraarena bound place cells to the arena bound place cells would be high
in rat #8, the only rat which learned the modiﬁed task without the
previous training in the standard task, is an open question.
The inertial stimuli generated by the arena rotation may play
an additional role in the active place avoidance task to that of providing information concerning which reference frame is stable and
which is moving. The perception of accelerations and decelerations
by the vestibular system, proprioceptors and skin mechanoceptors
conveys information to a subject that its position is changing, that
new information may be coming and a new responses required [24].
This information is processed automatically without attentional
demands [34]. Thus a moving rat may perform better in spatial tasks
because it is ready to process information and to generate responses
[24]. This idea becomes interesting after realizing that most of the
time rats do not actively move during the active place avoidance
task, e.g. the rats in the present study were sitting 60% of the time
during a session. As we discuss below the rats were sitting at the
critical moments when they should generate avoidance reactions.
The rats could not avoid the aversive stimuli by sitting on the
arena. In the standard task, the rotation of the arena would transport a sitting rat into the to-be-avoided sector. In the modiﬁed task,
the rotation of the belt would move the to-be-avoided sector to the
position where a rat is sitting. Therefore, the only way to avoid the
aversive stimuli was to move actively. Both tasks were equal in this
respect. The same requirements for locomotion were reﬂected in
the similar path lengths traveled during a single session in the two

tasks. Most of the rats from Group B did not ﬁnd an effective strategy. However, their path lengths were also similar to those of the
successful solvers. These rats usually started to locomote after they
received the aversive stimulus.
A detailed observation of trained rats during the standard active
place avoidance task showed that they alternate between two
behaviors – sitting and running. When a rat is sitting, the arena rotation transports it towards the to-be-avoided sector. Before the rat
enters the to-be-avoided sector it initiates an avoidance reaction.
The avoidance reaction is most frequently to run against the arena
rotation. The rat stops running before it enters the to-be-avoided
sector from the other side. The alternation of sitting and running
is characteristic for all the successful solvers of the standard active
place avoidance task we have analyzed so far (Fajnerova, Kenney,
Klement, unpublished results). The alternation of sitting and running was also observed in the successful solvers of the modiﬁed
task.
Due to the arena rotation, the rats perceived inertial stimulation
during the sitting period in the standard active place avoidance task
but not in the modiﬁed variant. It is an open question whether the
lack of inertial stimulation during the sitting period in the modiﬁed
task decreased the ability of the rats to learn the task. This question
can be answered by motivating the rats to actively locomote in
the modiﬁed active place avoidance task, e.g. by searching for food
pellets.
The present experiment showed that rats are not able to use all
the reference frames in the same way during acquisition of a spatial task, e.g. rats will rarely learn to use a reference frame deﬁned
by a moving object to determine the positions in their environment. In a pilot study we failed to condition rats to avoid a sector
on the arena deﬁned with respect to a single salient object rotating
around the arena (data not shown). Ho et al. [11] showed that hippocampal neurons do not form a representation of the environment
with respect to a moving object but they encode various movement
parameters of the object such as speed, direction of movement as
well as the distance between the subject and the object. Telensky
et al. [30] trained rats to avoid a visible moving object. They considered that rats can orient in the reference frame deﬁned by the
moving object. Our results indicate that only a small number of rats
would do so unless this object would be stable during learning.
The active place avoidance task is stressful for the animals due
to the aversive stimuli and the task demands. The stress may inﬂuence the subject’s behavior. It is possible that the standard and the
modiﬁed tasks differed in the amount of stress, e.g. being on a rotating arena in a stable world was more or less stressful than being
on a stable arena in a moving world. However, we think that this
possible difference does not explain the huge difference between
the performance of the two groups. We suggest that the rats from
Group B had difﬁculty in associating the aversive stimuli with the
correct reference frame which resulted in the inability to avoid the
aversive stimuli. The inability to avoid the aversive stimuli then
may have increased the stress in these rats. It is possible that the
increased stress further worsened the learning deﬁcit especially
during Phase 2 when these rats did not learn the standard task.
We conclude that the inertial stimuli generated by the arena
rotation are important for acquisition of the active place avoidance
task but not for performance once the task has been mastered. We
suggest that rats must perceive the distal extra-arena cues as stable in order to reliably associate the position of the to-be-avoided
sector with these cues.
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a b s t r a c t
Navigation with respect to moving goals represents a useful ability in the everyday life of animals. We
have developed a novel behavioral paradigm, “enemy avoidance task”, in which a laboratory rat (subject)
was trained to avoid another rat (enemy), while searching for small pasta pellets dispensed onto an
experimental arena. Whenever the distance between the two animals was smaller than 25 cm, the subject
was given a mild electric footshock. The results have shown that rats are capable of avoiding another rat
while exploring an environment. Therefore, the enemy avoidance task can be used in electrophysiological,
lesion or neuropharmacological studies exploring neuronal substrate coding for egocentric and allocentric
positions of an observed animal.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Most behavioral tasks for studying rodent navigational capabilities, such as a water maze (Morris, 1981) or radial maze (Olton
and Samuelson, 1976), take place in stationary environments. Under
these stable conditions animals usually rely upon ﬁxed, salient cues
and abandon the non-stable ones (Biegler and Morris, 1993). A
productive approach in behavioral and electrophysiological studies
examining spatial cognition is to disrupt the stability of the environment by translation (Knierim and Rao, 2003) or rotation (e.g., Muller
and Kubie, 1987; Maaswinkel and Whishaw, 1999; Hamilton et al.,
2004; Zugaro et al., 2000) of a single cue or an array of cues which
allows us to study how those cues exert an inﬂuence upon navigational behavior or, more speciﬁcally, the ﬁring properties of place
(O’Keefe and Dostrovsky, 1971) and head direction cells (Taube et al.,
1990)—neurons believed to play a key role in processing of spatial
information.
A few behavioral paradigms examine rodent navigation in a
continuously changing environment, e.g., when a circular experimental arena is slowly rotating around its vertical axis, such as in
the active allothetic place avoidance (AAPA) task (Bures et al., 1997;
Cimadevilla et al., 2000; Stuchlik and Bures, 2002; Wesierska et al.,
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2005). In this task, two autonomous spatial frames are available
for navigation, one anchored to the surface of the rotating arena
and the other to the cues ﬁxed in the room and the animals are
trained to avoid a sector deﬁned in either frame (usually, the room
frame). The ability to determine which frame is relevant, i.e., which
frame determines the position of the to-be-avoided place is considered to be a demanding spatial cognitive process and is also crucial
for performance of the AAPA task. The AAPA task has therefore
been established as a tool for quantifying cognitive impairments
in rats with experimentally induced schizophrenia-like symptoms
(Stuchlik et al., 2004) and after other experimental manipulations.
In a different setting of the task, the animals were successfully
trained in both frames simultaneously, showing the ability to retain
two separate spatial representations at a time (Fenton et al., 1998).
These behavioral data were later supported by analogous ﬁndings in
place cells ﬁring patterns. It was shown that within a single recording session, some place cells may represent an animal’s location
with respect to room cues, while others reﬂect orientation cues
anchored to the rotating arena (Zinyuk et al., 2000).
A special and even more complicated case of the dissociation of
the spatial environment into multiple frames of reference may be
encountered in the presence of one or more autonomously moving
objects. The ability to localize oneself within a stable environment
and simultaneously organize behavior with respect to a single freely
moving cue is of marked adaptive value and such situations are
quite common in natural conditions. Prey animals collect food,
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while being attentive to a possible approaching predator, assessing the distance from it and eventually computing the safest way
of escape. Many predators, on the other hand, track a prey animal, whilst choosing the most appropriate way of approach (e.g.,
Ghose et al., 2006). Other examples include organizing the behavior with respect to a mate or an intruder into a territory or, in a
contemporary urban environment even crossing a frequented road.
Prey animals evaluate the distance from a predator (or threatening
stimulus) in terms of a risk assessment process (Stankowich and
Blumstein, 2005; Kavaliers and Choleris, 2001). When the distance
from the predator is considered too short to attempt an escape,
possible reactions of the animal may include ﬂight, freezing, and
ﬁght (Eilam, 2005; Blanchard et al., 1998b). The type of response
and the critical distance at which it is elicited has been reported
to vary signiﬁcantly with the type of threatening stimulus as well
as with its spatial characteristics (velocity, path linearity) and environmental features (e.g., distance to a refuge) (reviewed in Eilam,
2005). These data therefore support the idea that prey animals
retain spatial information about the surrounding environment and
complement it with information derived from a mobile, threatening object to initiate and execute the most appropriate escape
reaction.
However, it still remains unclear, how the information about
position and/or movement of such a mobile cue is represented
in the brain. Electrophysiological and lesion data on both human
and non-human primates suggest an existence of separate objectcentered neural representations of space. These are employed,
when the subject deals with tasks in which particular spatial locations must be determined relative to a reference object (see Olson,
2003). The above-mentioned results encourage us to hypothesize
that if rats are commonly able to solve this class of spatial problems, we would then expect the existence of a neural representation
based on object-centered space in the rat’s brain, possibly within
the framework of hippocampal place cells. Nevertheless, this effort
would require a reliable behavioral paradigm to address this problem.
In laboratory conditions, research of anti-predator behavior of
rodents is mainly focused on examining behavioral (Blanchard et
al., 1989, 1998b; Wallace and Rosen, 2000; McGregor et al., 2002)
or physiological (Blanchard et al., 1998c) responses to a single
exposure to a predator or its odor and how these are affected by
drug administration (Blanchard et al., 1993, 1998a). However, only
rarely are there paradigms where the animal is confronted with
an unrestrained predator (owls; Edut and Eilam, 2004) or another
threatening stimulus (moving overhead sphere, Ellard, 1993; metal
porcupine, Blanchard and Blanchard, 1969) which would allow us
to study the responses of the prey animal in terms of spatial behavior. Since in those tasks the confrontations were discrete events, we
present here a paradigm (the enemy avoidance task) in which rats,
while foraging on a dry circular arena, were forced to continuously
avoid the approach of a threatening object, represented by another
foraging (“enemy”) rat. Whenever the distance between the two
rats dropped below 25 cm, the subject rat received a mild footshock.
Our model deﬁned a to-be-avoided place as an unmarked circle of a
certain radius adjacent to a single object moving together with the
subject animal in a restricted area of the experimental arena.
The present study was therefore aimed at examining the
experimental hypothesis that laboratory rats would be able to
continuously avoid another conspeciﬁc while foraging for food
scattered over the arena surface. If animals are capable of learning such tasks, it would represent potentially plausible approach
for studying the physiological correlates of such navigation in a
dynamic condition using electrophysiological, lesion and pharmacological methods. Such a behavioral paradigm could also be used
for studying behavioral responses and cognitive processes such as
movement planning and prediction of a moving target.

Fig. 1. The experimental apparatus used in the enemy avoidance task. (A) The experimental arena with an electrically grounded ﬂoor made of ﬁne wire mesh. Both rats
are equipped with infrared LEDs of different sizes and the subject rat (left) is connected to a computerized tracking system (E), which makes it possible to deliver
mild electric footshocks exclusively to the subject animal. The Enemy rat (right) is
depicted with a surrounding annulus representing the punished distance of 25 cm.
(B) Infrared sensitive camera. (C) Automated feeder delivering small pasta pellets.
(D) Pellet dispenser—a plastic cap with several holes ensures random dispersal of
food pellets delivered by the feeder (C).

2. Methods
2.1. Animals
Ten adult male rats of the Long–Evans strain (from the accredited Institute’s breeding colony, weighing 300–350 g and aged 4
months) were initially housed in pairs at a constant temperature
(21 ◦ C) in transparent Plexiglas cages (42 cm × 25 cm × 22 cm) and
maintained under 12 h/12 h light/dark cycle with lights on at 7:00.
Once subject-enemy pairs were established (see Section 2.3), the
subject rats were housed individually, without access to other cages.
Water and food was available ad libitum, except for 3 days prior to
and during testing, when food access was restricted to maintain
weight of animals at 85% (subjects) or 90% (enemies) of the freefeeding values. Water was freely available throughout the study.
Conscious rats were gently, subcutaneously implanted with a hypodermic needle, piercing the rat’s skin between its shoulders, and
creating a small loop on the needle with tweezers. The loop prevented the needle from slipping out and provided purchase for an
alligator clip, which was connected a shock-delivering cable. All animal treatment complied with both Czech (Animal Protection Code
of the CR) and European legislation (EU directive 86/609/EEC) and
with NIH guidelines.
2.2. Experimental apparatus
A simpliﬁed scheme of the experimental arena is depicted in
Fig. 1. Experiments took place on a circular featureless arena (diameter 85 cm) elevated 1m above the ﬂoor. The arena was enclosed by
a 50-cm-high dark black paper cylinder to eliminate any disturbing effects of the extramaze environment. An electrically grounded
ﬂoor was made from ﬁne wire mesh. Both animals were released
into the arena simultaneously, but to opposite positions. An
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overhead infrared camera mounted on the ceiling monitored two
light-emitting diodes (LEDs): a smaller one, attached by a plastic
strap to the back of the to-be-avoided rat (enemy rat), and a larger
LED, attached to the subject rat. Coordinates of both LEDs were sampled at 50 Hz, collected by custom-made computer-based software
and stored in the computer for off-line analysis. In order to motivate the rats to explore the whole environment, small pasta pellets
(with average weight of 15 mg) were scattered from an overhead
automated feeder over the arena every 10 s.
The subject rat received a computer-controlled shock (alternating current; 50 Hz; 500 ms) through a needle connected to a
shock-delivering cable whenever the distance between the two rats
dropped below 25 cm for at least 100 ms. If the distance had not
increased within 500 ms following the footshock, additional footshocks were delivered every 500 ms, until the subject rats “escaped”
from the enemy rat. Since the rats displayed considerable variability in the sensitivity threshold to electric footshock, its intensity
was set individually for each rat as the lowest value to elicit negative reinforcement, but to prevent freezing. The current value used
for footshocks ranged from 0.2 mA to 1.2 mA. Shocks were delivered through the implanted low-impedance needle and grounded
arena ﬂoor; the highest voltage drop was between rats’ paws and
the ﬂoor; therefore the animals most likely perceived the shock in
their limbs. This shocking procedure was established previously in
place avoidance studies, demonstrating itself to be safe, effective
and leading to avoidance behavior (Stuchlik et al., 2004).
2.3. Behavioral training
Animals were handled for 5 min daily and habituated to the
arena for 5 days prior to their random assignment to subject-enemy
pairs. Then, a pretraining phase of 14 days started, during which the
pairs were trained to search for pasta pellets randomly scattered
over the arena surface (see Section 2.2). No shocks were delivered
during this phase. Each daily session lasted 20 min and was carried
out between 13:00 and 19:00. Upon ﬁnishing this 14-day period,
both subject and enemy groups of animals were fully habituated to
the arena, i.e. they did not display any apparent behavioral marks
of anxiety typical of open ﬁeld spaces (such as increased level of
thigmotaxis, reduced locomotion, freezing, etc.) and they learned
to collect the food pellets efﬁciently.
In the following acquisition phase (16 days) the subjects were
trained to avoid the approach of the enemy rat, which was reinforced by mild electric footshocks, delivered whenever the subject
rat came or stayed closer than 25 cm. Since there was little improvement in performance within the ﬁrst four sessions (regular sessions
1–4), we trained the animals the following 4 days (auxiliary sessions
1–4) with the enemy restrained to a wire mesh box, thus minimizing the possibility that the enemy actively approaches the subject.
After ﬁnishing these four auxiliary sessions, we continued with the
training sessions (regular sessions 5–16) under standard conditions
(with enemy rat moving freely again). After ﬁnishing the experiments the animals were sacriﬁced by overdosing with Nembutal
and disposed in a cadaver box.
2.4. Data analysis and statistics
Tracks of the enemy and subject animals were analyzed ofﬂine
using a custom-based software programmed in QuickBasic 7
(Microsoft, CR). The following parameters were extracted from the
tracks and analyzed quantitatively for subject rats: Number of
errors – number of entrances into the punishable region (i.e., 25 cm
or less from the enemy rat); Total distance – total path length (in
meters) walked by a subject rat in every 20-min session; Periphery
dwelling – Percentage of total time spent in the peripheral part of
the arena. The periphery was deﬁned as the outer annulus covering
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half of the arena surface (width of the annulus being approximately
30 cm). For analysis, animals were divided into Subject and Enemy
groups on the basis of whether they received shocks or not. The
number of errors per 1 m of distance and a fraction of distance traveled by subject and enemy rats in 3-s interval preceding an error
was also analyzed.
For statistical analysis, a one-way ANOVA was used with
repeated measures on daily sessions. ANOVA was followed by a
Newman–Keuls post hoc test (Statistica, StatSoft, CR) when appropriate. For comparison of Enemy and Subject groups within a session,
or for comparison of either group in two successive sessions, a ttest or paired t-test was used, respectively. The signiﬁcance was
accepted at a probability level of 5%.

3. Results
The animals rapidly learned to collect the food pellets dropped
on an arena ﬂoor during the 14-day pretraining phase. Once
this phase had been completed, rats from both groups displayed intensive foraging behavior. On the ﬁnal day of this
pretraining, rats from the Subject group traveled a mean distance
of 82.1 ± 9.8 m (mean ± S.E.M.). Animals from the Enemy group
walked 95.2 ± 3.4 m. There were no between-group differences as
revealed by a two sample t-test (t(8) = 1.86; P > 0.05).
During the pretraining phase, animals from both groups displayed a slight preference for the central part of the arena compared
to the periphery. The periphery dwelling on the last day of pretraining was 27.9 ± 1.8% in the rats from the Subject group, and
23.7 ± 1.5% in the animals from the Enemy group. A two-sample
t-test revealed no differences between groups (t(8) = 1.86; P > 0.05).
Upon introducing negative reinforcement to subject rats in the
ﬁrst training session, the animals in the Subject group showed a
clear tendency for thigmotaxis and decreased locomotion. Periphery dwelling of the Subject group rapidly increased to 64.2 ± 2.8%
(paired t(4) = 2.78; P < 0.001 – between last day of pretraining
and initial day of training), accompanied by signiﬁcant decline
of total distance to 37.1 ± 7.5 m (paired t(4) = 3.97; P < 0.02). This
contributed to the decrease in the number of entrances into
the 25 cm distance from the Enemy animal, which had dropped
from 136.6 ± 0.6 on the last day of pretraining to 64.4 ± 1.3 on
the ﬁrst day of training (paired t(4) = 2.78; P < 0.001). During
the consequent training period, the number of entrances into
the punishment area further decreased (ANOVA, F(15,60) = 20.58;
P < 0.001), reaching the asymptote of approximately 15 entrances
on the 9th training session (measured by an absence of betweensession improvement; Newman–Keuls post hoc test; P > 0.05). The
training-induced decrease of number of errors is shown in Fig. 2.
Whereas periphery dwelling in subjects rats remained
unchanged during the training period (ANOVA, F(15,30) = 1.58;
P = 0.11), the elapsed distance in the Subject group dropped
(ANOVA, F(15, 60) = 24.44; P < 0.0001).
We have also evaluated the contribution of either rat in the
pair to approaching each other by calculating the fraction of path
elapsed during 3-s intervals immediately preceding the ﬁrst footshock resulting from the given error. In all enemy-subject pairs, the
enemy rats walked signiﬁcantly longer distances during those intervals (see Fig. 3 for details), which shows that these errors may have
been caused by natural agonistic activity of enemy rats instead of
the active approaching of subject rats.
To demonstrate whether the decrease in the number of
entrances during the course of training is fully attributable to the
decreasing locomotor activity, or whether the animals succeeded
in improving their behavioral strategy in order to avoid the enemy
more efﬁciently, we measured the path elapsed between two
entrances into the shock zone. Fig. 4 shows the natural logarithm
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Fig. 2. Number of entrances into the 25 cm zone of the enemy rat, during last
pre-training session and 16 training sessions (mean ± S.E.M.). Entrances into this
zone were punished by mild footshocks during the acquisition sessions (1–16). The
arrow denotes when four auxiliary sessions (performance not shown) were added
to facilitate the acquisition process. Upon ﬁnishing auxiliary sessions the number of
entrances rapidly decayed until session 9 when it approximately reached the asymptotic value (see Section 3 for details). Two asterisks denote signiﬁcant decrease in
the number of entrances compared to the initial day of training (P < 0.01).

of the average path walked between two consequent entrances
for all training sessions. This value signiﬁcantly increased during
training (ANOVA, F(15,60) = 5.021; P < 0.0001) which suggests that
other changes took place in behavior of the subject rats other than
lowered locomotion and increased thigmotaxis.
4. Discussion
The present behavioral paradigm was aimed at assessing the
ability of laboratory rats to continuously avoid a moving subject
represented by a conspeciﬁc. The results showed that rats are able
to learn to efﬁciently avoid approaching another rat while continuously foraging on an experimental arena. Upon introducing
negative reinforcement, the animals rapidly altered their behavior
by decreased locomotion and elevated thigmotaxis. This is in accord
with the notion that the introduction of shock administration to
animals foraging on a dry arena induces moderate hypoactivity
(Stuchlik and Bures, 2002). Thigmotaxic behavior is also a com-

Fig. 3. Distance (mean ± S.E.M.) walked during 3 s time intervals immediately preceding punished entrances into the prohibited area during a session (average for all
training sessions). In all pairs, enemy rats walked signiﬁcantly more during these
intervals (stars denote probability levels obtained by Newman–Keuls post hoc test:
***P < 0.0005; **P < 0.005; *P < 0.05). Most entrances of the subject rat into the punishment area thus resulted not from avoiding the enemy rat but rather approaching
it.

Fig. 4. Natural logarithm (ln) of average path (mean ± S.E.M.) walked by the subject
rats between two consequent entrances into the punishment 25 cm zone of the
“enemy” rat. Increase in this measurement during the course of learning suggests
that the subject rats improved their avoidance behavior over time.

mon observation in aversively motivated tasks, such as the Morris
water maze (Morris, 1981) and is often considered an innate manifestation of anxiety (Whishaw, 2005; Edut and Eilam, 2004). It
is reasonable to assume, that thigmotaxis in a well-lit open-ﬁeld
space is an evolutionary adaptive behavior important for predator defense (Edut and Eilam, 2004). Not surprisingly, in the present
task it is also an efﬁcient strategy to minimize the probability of
encountering the enemy.
However, our task was aimed at isolating spatial aspects
of avoiding a moving subject and no natural offensive stimuli
(Blanchard et al., 1975) from the threatening object are present.
Both the thigmotaxis and decreased locomotor activity contributed
to a reduction of the number of entrances into the punishment
region. Importantly, not only these, possibly innate, mechanisms
were active. Although the overall locomotor activity of the Subject
group signiﬁcantly decreased during the course of the training, the
subject became more efﬁcient in avoiding the enemy rat. This was
shown by the increase in the average distance walked by the subject
rats between two consequent entrances, which took place gradually during the training phase as shown in Fig. 4. Furthermore, when
a third rat was added to an arena as a confounding object, number
of entrances into the punished zone had again increased (data not
shown).
We suggest that the performance in the enemy avoidance task
is mainly based on visual distance estimation. Despite generally
poorer visual acuity in rodents (Ellard, 1998), they are known to
be able to judge their distance from an object precisely (Legg and
Lambert, 1990). Studies with gerbils (Goodale et al., 1990; Ellard et
al., 1984) have shown that animals may compute retinal size, retinal
velocity and even time to collision when confronted with motion
cues. However, it should be kept in mind that rats might also use
other sources of distance and/or directional information, including olfactory or auditory cues which may provide an alternative
strategy when the enemy is out of the visual ﬁeld.
While in the AAPA task the animals reach an asymptotic level of
performance usually after only four training sessions (Stuchlik et
al., 2004), in the present task this was not reached earlier than after
nine training sessions plus four auxiliary sessions (not included in
the analysis) with enemy rats restrained to a small cage, which were
inserted between the fourth and ﬁfth training sessions.
Most likely, the main factor inﬂuencing prolongation of the
training period is the natural social attachment of laboratory rats,
which includes frequent close contact. Furthermore, even during
the training phase, the enemy rat has no motivation to keep apart
from the subject and may even act to compensate for the reduced
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social contact, thus making the task even more difﬁcult. As can
be seen in Fig. 3, most approach events leading to a footshock
administration were mainly results of enemy’s locomotor activity
immediately preceding the event. Therefore, moderate increase of
the arena diameter may not have a signiﬁcant effect on facilitation
of the task. It would however be possible to make the task easier
(and most likely also faster to learn) by replacing the enemy rat
with an artiﬁcial moving object, such as a small robot, with no or
controllable propensity to “chase” the subject animal.
Navigating to or from a moving object is an important subset
of navigational skills with many implications in the daily lives of
both animals and humans, yet it is still largely overlooked by traditional spatial tasks for laboratory animals. Therefore, we believe
that our novel behavioral paradigm (for which we propose the name
“enemy avoidance task”) may represent a new productive approach
in exploring neural mechanisms associated with this important
cognitive ability, with possible applications in lesion, electrophysiological, or neuropharmacological studies.
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a b s t r a c t
A current topic in neurobiology is the study of the role of various brain structures in processing of spatial
information. The present study was aimed at elucidating the role of the rat posterior parietal cortex in
performing a place avoidance task. Two variants of the task were used: an arena frame task, in which
animals were trained to avoid a sector deﬁned by local cues bound to the surface of a rotating arena,
and the room frame task, in which the shock sector was deﬁned with respect to distal room landmarks.
The results showed that both control and lesioned rats were able to efﬁciently solve both tasks, while
locomotion was not altered. These results suggest that the posterior parietal cortex is not crucial for the
processing of either proximal or distal cues in place avoidance.
© 2008 Elsevier Ireland Ltd. All rights reserved.

The associative area of rat cortex found between somatosensory
cortex and occipital cortices is referred to as posterior parietal cortex (PPC [8,16]). Therefore, based on the anatomical connectivity,
this structure seems to be a homologue to primate PPC. The role of
rodent PPC is still not fully understood. Electrophysiological recordings suggest an associative nature of PPC and its involvement in
spatial processes. Parietal neurons utilize various sources of spatial information [2,12], such as head direction [2] or body position
during route progression [12]. This implies that PPC plays an important role in processing egocentric (i.e. body-related) information.
Lesions of PPC were indeed found to disrupt learning of the egocentric version of the Morris water maze task [18] and reduced
accuracy in shortcuts to the home base [14,17]. PPC lesions also
disrupt allocentric coding of space (i.e. learning the relationships
between external cues, irrespective of body position). Lesioned rats
were found to be impaired in the Morris water maze [4] or its dry
analogue, cheese board task [7], in ﬁnding a correct arm in the
radial maze [4], and in detecting a conﬁgurational change within an
array of landmarks [20,24]. To the contrary, no or only mild deﬁcits
were reported in other egocentric [4,13] or allocentric [25] mazes,
including those used in the above-mentioned paradigms [11,21].
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It seems that in order to fully understand PPC function, task complexity, particularly accuracy demands, must be considered. Spatial
perception, including assessment of egocentric or allocentric distance, remains almost unaffected by PPC lesion [9,10]. Similarly, in
tasks requiring selection among a few restricted spatial responses,
the PPC does not seem to be involved [6,13]. In contrast, it has
repeatedly been reported that rats with parietal cortex lesions
have difﬁculties aiming accurately their trajectories towards a goal
[8,14,17], while they still display some degree of place learning.
The distance of cues can also be of importance. The processing of
proximal cues is affected more than that of distal ones. Save and
Poucet [21] trained rats to swim towards a target, either in distal landmark conditions when room cues remained available, or
proximal conditions when extra-maze cues were eliminated by a
curtain around the pool and navigation was allowed only by means
of three intra-maze objects ﬂoating at ﬁxed positions relative to the
target. PPC lesion produced a deﬁcit in the proximal but not distal
version.
The aim of the present study was to investigate the role of PPC in
two place avoidance tasks [1,5,23] in which the usage of proximal
or distal cues can be unambiguously deﬁned. This setup permits
the evaluation of the hypothesis that PPC lesions will deteriorate
the ability to navigate using proximal reference cues, while leaving
navigation based on distal cues unaffected.
Twenty adult males of Long-Evans rats (from the Institute’s
breeding colony; weighing 350–450 g and aged 4 months) were
housed in pairs in Plexiglas cages and maintained in a 12 h/12 h
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light/dark cycle with lights on at 7:00 h. Water and food was available ad libitum, except for 3 days prior to and during the arena frame
testing (see below) when food was restricted to maintain 85–90%
of the normal body weight. All behavioral testing was conducted
between 12:00 and 18:00 h. Prior to the experimental testing, conscious animals were implanted with a subcutaneous needle, which
pierced the skin between their shoulders. The sharp end of the
needle was cut off and a small loop was created on it. The loop prevented the needle from slipping out and provided an anchor for a
small clip, which connected the needle to a shock-delivering wire.
All animal manipulations were in accordance with EU and Czech
regulations.
Rats were randomly assigned to sham-operated (controls,
n = 10) or posterior parietal cortex lesion (parietal, n = 10) groups.
They were anesthetized with xylazine (40 mg/kg, i.p.) and ketamine
(50 mg/kg, i.p.) and placed in Kopf stereotaxic frame. Their head
was shaved at the intended incision site. The skull was exposed
and two openings were drilled into the skull to expose the brain
at the following coordinates relative to the bregma [15]: AP −0.5
to −5.5, ML 1 to 6. Bilateral thermocoagulation lesions of PPC were
made by applying the tip (diameter = 0.5 mm) of a calibrated soldering iron (temperature 180 ◦ C) directly to the dura mater for
0.5 s at various points within exposed area until the entire surface
was touched. Sham-operated rats underwent the same procedure
except for applying the soldering tip to the dura. The thermocoagulation lesions were previously shown to be effective and safe for
the animals [18,21]. Sterile gelfoam was then placed in the openings and the wound was sutured, followed by local application of
lidocain and an antiseptic. The rats were then left 14 days to recover.
One lesioned animal died during recovery.
Two variants of the behavioral testing procedure were used. In
both variants, the rat was required to avoid a punishment sector on a
circular dry arena. An unmarked to-be-avoided region was deﬁned
either within the reference frame of the arena (arena frame—AF
task) or in the room frame (room frame—RF task). Thus, under AF
condition, when the arena rotated, the sector rotated accordingly.
Under RF condition, the sector remained stationary with respect to
room landmarks.
Arena frame (AF) task: In this task, rats were trained in darkness
to avoid a sector deﬁned in arena frame coordinates. The arena
continuously rotated (1 rpm clockwise) which made the extramaze cues irrelevant. Since the task does not by nature require
locomotor activity, reinforcement was necessary to enhance motivation of animals to explore the arena in a continuous manner.
To achieve this every 10 s barley grains were randomly scattered over the arena from an overhead feeder. The animals were
trained to search for pellets for 5 days prior to behavioral training. Five experimental sessions were conducted daily, each lasting
20 min.
Room frame (RF) task: Two days after ﬁnishing the AF sessions,
the same rats were trained in lighted conditions in another room
(5 m × 4 m) with an abundance of extra-maze landmarks. The arena
slowly rotated again (1 rpm, clockwise), however, the punished
region remained ﬁxed in the room so that a passive rat would be
transported to the shock region by mere rotation of the arena. Thus,
no food motivation was required to elicit locomotion in this task
[3,23]. Under these conditions, intra-maze cues were irrelevant for
solving the task. Five daily sessions were completed, each lasting
20 min.
Both tasks took place in almost identical apparatuses located in
two different rooms. The apparatuses consisted of a smooth metallic circular arena (80 cm in diameter) enclosed by a 30 cm high
transparent Plexiglas wall and elevated 1 m above the ﬂoor of the
room [3,23]. After each session, the arena was cleaned with ethyl
alcohol, ensuring that rats could not use inter-trial scent cues. The

rats wore a light latex harness with LED diode attached between
the shoulders. The rats’ position was tracked every 40 ms by camera
and recorded onto a computer ﬁle, allowing for reconstruction of
the track with an off-line analysis program (TrackAnalysis, Biosignal Group, USA). A second LED was attached to the outer part of
the arena, which served as a reference point for monitoring the
position of the animal within the rotating arena frame. Thus, the
system analyzed and stored tracks in both arena- and room-based
coordinates. Animals were trained to avoid an unmarked 60◦ sector
of the arena, deﬁned according to each of the respective reference
frames. When a rat entered the shock sector for at least 0.5 s, mild
electric footshocks (50 Hz, 0.5 s) were delivered each 1.5 s until the
rat left the shock sector for at least 0.5 s. The shocks were delivered
through a thin subcutaneous low-impedance needle implanted on
the back of the rat standing on the grounded ﬂoor. Since the voltage drop was highest on the contact between the rats’ limbs and
grounded ﬂoor, animals presumably perceived the shock in their
feet. This procedure was shown to be effective in previous studies
[23,26], leading to efﬁcient avoidance behavior. The appropriate
shock current (ranging between 0.4 and 0.7 mA) was individualized for each rat to elicit a rapid escape reaction. Most animals
responded appropriately to 0.5 mA.
After ﬁnishing behavioral testing, lesioned animals were overdosed with ketamine and then transcardially perfused by saline
and consecutively with 4%-formaldehyde solution. The brains were
frozen and coronally sectioned into 50-m sections, stained with
cresylviolet and the extent of PPC lesions was veriﬁed.
We evaluated the following behavioral measurements: number
of entrances into shock region, total distance traveled per session
and latency to the ﬁrst entrance into shock sector within a session.
This parameter was shown to be retrieval-sensitive [23,26]. All variables were analyzed using a two-way ANOVA (LESION × SESSIONS)
with repeated measures on SESSIONS. The Newman–Keuls post
hoc test was used where appropriate. The data from the AF and RF
tasks were analyzed separately. The signiﬁcance level was accepted
at P = 0.05. Data are presented as means ± standard error of mean
(S.E.M.).
In most lesioned animals, the PPC was completely destroyed on
both sides. In two rats, there was a small sparing on one side (Fig. 1).
However, the extent of the lesions was larger than that reported by
Save and Poucet [21], since they ranged from −0.3 to −5.6 from the
bregma. The lesion location or extent did not correlate with either
locomotion or spatial performance (data not shown). In controls,
no damage to the PPC was observed.
Examples of typical trajectories from control and lesioned animals in the AF task are depicted in Fig. 2A and B. Analysis of the
AF task performance showed that both groups improved across
sessions as assessed by the number of entrances (Fig. 2C), with
asymptotic performance reached at the end of training. A two-way
ANOVA (LESION × SESSIONS) showed a signiﬁcant main effect of
SESSIONS (F (4,68) = 9.77; P < 0.001) but failed to show an effect of
LESION (F (1,17) = 0.384; P = 0.54). No interaction between the two
factors was found (F (4,68) = 0.321; P = 0.86). These results suggest
that both groups improved similarly during training and showed
similar avoidance performance once the task was acquired.
Locomotor activity on AF task did differ across SESSIONS for
control and lesioned animals (F (4,68) = 2.80; P = 0.03) but there
was no signiﬁcant effect of LESION (F (1,17) = 0.0003; P = 0.99) nor
LESION × SESSIONS interaction (F (4,68) = 1.56; P = 0.19). The change
in total distance walked reﬂected a ﬂuctuation in this parameter
rather than any systematic tendency (Fig. 2D).
An analysis of the time to the ﬁrst entrance showed a slight,
but insigniﬁcant increase during training. A two-way ANOVA
(LESION × SESSIONS) failed to show a signiﬁcant main effect of
SESSIONS (F (4,68) = 2.42; P = 0.056) or an effect of LESION (F
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Fig. 1. Schematic representations of PPC lesions. Panel A: Superﬁcial extents of PPC
lesions superimposed on the drawing of the rat brain. In all animals, thermocoagulation lesions were focused on the PPC, with minimal or no damage to the surrounding
brain areas. Panel B: Reconstruction of the extent of minimal (black) and maximal
(grey) lesions on the coronal sections of the brain adopted from Paxinos and Watson
[15]. In all animals, PPC was selectively destroyed on both sides. Panel C: Photographic example of a typical brain with selective bilateral PPC lesions. Panels E and
F: Examples of typical lesions of PPC on both sides of the brain of a representative
animal. Nissl-stained coronal sections show destruction of the parietal region while
sparing the hippocampus.

(1,17) = 0.007; P = 0.93). No interaction between those two factors
was found (F (4,68) = 0.88; P = 0.48; Fig. 2E).
These results demonstrate that in the AF avoidance, the PPC
lesions had no detectable effect on locomotor activity or spatial
avoidance efﬁciency.
In the room frame avoidance task, both control and lesioned
animals successfully acquired the avoidance behavior, leading to
a decrease in the number of entrances over sessions. A two-way
ANOVA (LESION × SESSIONS) on the number of entrances failed to
reveal a signiﬁcant main effect of LESION (F (1,17) = 1.16; P = 0.3),
but it showed a signiﬁcant effect of SESSIONS (F (4,68) = 12.15;
P < 0.001). No interaction between those two factors was found
(F (4,68) = 0.46; P = 0.77). This ﬁnding suggests that both groups
improved their spatial behavior consistently with the training
(Fig. 3C).
Locomotor activity did not change during the training in the
two groups. A two-way ANOVA failed to show a signiﬁcant main
effect of SESSIONS (F (4,68) = 0.7; P = 0.59). No effect of LESION (F
(1,17) = 4.13; P = 0.06) and no interaction between LESION and SESSIONS (F (4,68) = 0.88; P = 0.48) were found. Although lesioned rats
tended to walk shorter distances per session (Fig. 3D), this trend did
not reach statistical signiﬁcance as revealed by a Newman–Keuls
post hoc test (P > 0.05).
An analysis of the latency to the ﬁrst entrance showed that
both groups improved in this parameter during training. A two-

Fig. 2. The effect of PPC lesions on behavior in the AF avoidance task. Panels A and
B: Typical trajectories from the ﬁnal day of control (A) and PPC lesioned (B) rats.
Both animals efﬁciently avoided the shock sector. The small circles denote shocks.
Panel C: The lesioned rats exhibited a similar number of entrances into shock sector
as controls, with both groups improving with training. Panel D: The total distance
walked, reﬂecting locomotor activity, was similar in both groups. Panel E: The initial
latency to enter the shock zone was similar in both lesioned and sham-operated
animals; both groups showed slight but non-signiﬁcant improvement.

way ANOVA failed to reveal a signiﬁcant main effect of LESION
(F (1,17) = 0.26; P = 0.61), but did show an effect of SESSIONS (F
(4,68) = 10.42; P < 0.001). No interaction was found (F (4,68) = 0.33;
P = 0.86; Fig. 3E). Representative trajectories from the typical control and lesion animals in the RF task are shown in Fig. 3A
and B.

76

J. Svoboda et al. / Neuroscience Letters 445 (2008) 73–77

Fig. 3. The effect of PPC lesions on behavior and locomotion in the RF task. Panels A
and B: Typical tracks from the last day of training for control (A) and PPC lesioned (B)
animals. Both groups efﬁciently avoided the sector. The small circles denote shocks.
Panel C: The number of entrances did not signiﬁcantly differ between groups. Panel
D: Locomotion was similar in both groups, though we observed a non-signiﬁcant
tendency for decreased locomotion in lesioned animals. Panel E: The time to ﬁrst
entrance was similar in both groups.

The results reported above suggest that, like in the AF test, the
spatial avoidance efﬁciency in the room frame task was similar in
both the lesioned and control animals. Despite a non-signiﬁcant
decrease in locomotion in lesioned rats, the PPC lesion had no
apparent effect on the utilization of distal visual landmarks in the
RF place avoidance task.
Our experiments were aimed at evaluating the contribution of
the PPC to place avoidance based on both distal and proximal orienting cues. In the proximal cues arrangement (AF task), the rats
were trained to avoid an unmarked sector of the arena deﬁned rela-

tive to local (arena frame) cues, such that the sector rotated with the
arena. In the RF task, rats avoided an unmarked sector of the arena
deﬁned by room-based visual cues, such that the sector remained
locked in the room while the arena rotated.
Based on published results, in particular those of Save and
Poucet [21], we hypothesized that PPC lesions in our experiments
would deteriorate navigation according to proximal cues, but leave
navigation based on distal cues unaffected. However, the present
study showed no signiﬁcant deterioration of either navigational
strategy after bilateral PPC lesions. The observation that local cuebased navigation is disrupted by PPC lesion in certain behavioral
paradigms but remains intact in others, requires further analysis.
One possible explanation for the discrepancy may involve difference in encoding strategies. In the Save and Poucet [21] study,
the animals used proximal landmarks to form an allothetic representation. Although our AF task did not call for either method
of organizing spatial information, we believe that our animals did
not rely solely on an egocentric representation of the arena. As
shown by Stuchlik et al. [22], a purely egocentric encoding strategy involves error accumulation and ultimately leads to a loss of
the ability to avoid the punished sector of the arena after about
5 m of elapsed path. However, our experiments differ from those of
Save and Poucet [21] in two important aspects. First, the accuracy
demands were less extensive in our setup, where the avoidancesector occupied approximately 17% of the arena surface, compared
to the water maze task in which the target occupies approximately
4% of the surface. Second, the modalities mediating the spatial
information about proximal space differ considerably in the two
cases. In the AF task, positional information is conveyed mainly
through the olfactory (droppings, scent marks, etc.) modality and is
supported by self-motion cues, whereas the proximal cue-variant
of Save’s version of the watermaze task relied almost exclusively
on vision. Based on these differences, two respective explanations
emerge to account for the discrepancy between our and Save’s
results.
First, the PPC may enhance the accuracy of local cue-based navigation which is not critical in our avoidance task, but is required
in Save’s modiﬁed local-cue version of the watermaze task. The
“accuracy hypothesis” would be in accordance with previous data
showing that PPC lesions impair the ability to orient to a target
while sparing place learning. Lesioned animals display heading
errors when initiating navigation to a goal [8,14,17,18] but are able
to search for a goal in the correct place once arriving in its proximity
[8,21].
Second, the PPC’s contribution to proximal-space navigation
may rely substantially on visual information, whereas local cuebased navigation based on olfactory and self-motion cues is
processed by circuits outside PPC. However, there is evidence that
PPC is involved in processing information for non-visual, proximal
orienting cues important for local navigation [14,17,18].
Also important, sensory processing of orienting cues must be
complemented with the ability to eliminate irrelevant or even
misleading sources of information. Such cognitive coordination
may be crucial in behavioral tasks where proximal and distal cues
come into conﬂict [5,26]. This ability is closely associated with
the hippocampus. Even unilateral hippocampal blockade causes
cognitive disorganization which is prohibitive in solving RF-type
experiments [3]. Although it is known that PPC lesions affect the
response of hippocampal place cells to cue manipulations [19],
the nature of hippocampus–parietal relations remains puzzling.
Thus, a third possible source for the observed deﬁcit in local cuebased navigation in certain behavioral paradigms is a disruption
in the ability to eliminate confusing stimuli due to an impairment in the hippocampus–parietal system. However, it remains
unclear which parameters determine the sensitivity of a behavioral
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paradigm to PPC lesions. Further exploration of the contribution of
PPC to navigation in cue-manipulated environments may enhance
our understanding of the functioning of the hippocampus–parietal
circuit.
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