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Abstract

Animals navigate using cues generated by their own movements (self-movement cues or idiothetic cues), as well as the cues they
encounter in their environment (distal cues or allothetic cues). Animals use these cues to navigate in two different ways. When
dead reckoning (deduced reckoning or path integration), they integrate self-movement cues over time to locate a present position
or to return to a starting location. When piloting, they use allothetic cues as beacons, or they use the relational properties of
allothetic cues to locate places in space. The neural structures involved in cue use and navigational strategies are still poorly
understood, although considerable attention is directed toward the contributions of the hippocampal formation (hippocampus and
associated pathways and structures, including the fimbria-fornix and the retrosplenial cortex). In the present study, using tests in
allothetic and idiothetic paradigms, we present four lines of evidence to support the hypothesis that the hippocampal formation
plays a central role in dead reckoning. (1) Control but not fimbria-fornix lesion rats can return to a novel refuge location in both
light and dark (infrared) food carrying tasks. (2). Control but not fimbria-fornix lesion rats make periodic direct high velocity
returns to a starting location in both light and dark exploratory tests. Control but not fimbria-fornix rats trained in the light to
carry food from a fixed location to a refuge are able to maintain accurate outward and homebound trajectories when tested in
the dark. (3). Control but not fimbria-fornix rats are able to correct an outward trajectory to a food source when the food source
is moved when allothetic cues are present. These, tests of spontaneous exploration and foraging suggest a role for the hippocampal
formation in dead reckoning. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction The objective of the present paper is to present

further evidence from new spontaneous exploratory
tasks and from new formal spatial tasks to show that
the hippocampus plays a role in dead reckoning [52].
We will first provide some background on the kinds of
cues and strategies that animals can use to navigate. A
more comprehensive description of navigation strate-
gies can be found in Gallistel [14]. We then describe
some natural behavioral test procedures that we use to
study the spatial behavior of rats in the laboratory. We
then present some recent evidence from our laboratory
using new analyses of exploratory behavior and forag-
ing to implicate the hippocampal formation in dead

Among the many functions proposed for the
hippocampal formation (the hippocampus, its afferent
and efferent pathways and other associated structures)
is a role in spatial navigation. There are a number of
competing hypotheses of what that role might be. These
hypotheses include the idea that the hippocampus
might mediate dead reckoning or, also known as de-
duced reckoning or path integration [24,43,46], function
as an associative network for learning about places in
space [33], or serve as a cognitive map that stores
memories of places [29].
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reckoning. In the course of this description, we will also
provide evidence that the hippocampus is not the only
neural structure that supports spatial behavior. Thus,
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we will present evidence to show that neural structures
that are external to the hippocampus support forms of
spatial behavior other than dead reckoning.

1.1. Allothetic and idiothetic cues

In principle, a navigating animal has two sources of
information with which it can locate its starting loca-
tion, points of interest in its environment, or its current
location. These aspects of an animal’s spatial world are
crucial for foraging, social behavior, and self-
preservation.

The first way that an animal can locate itself is to use
ambient cues (including the sights, sounds, and smells,
etc.) that it encounters as it moves or that it leaves as a
trail as it moves. Allothetic cues are relatively stable
stimuli that can be counted upon as references over
quite long periods of time. Visual and auditory cues
must be some distance away from an animal so that
they remain relatively fixed in relation to the animal as
it moves, thus, allowing the animal to locate itself or
places in relation to those cues.

The second way that an animal can locate itself is by
using information acquired from its own movement.
There are several kinds of cues that are available to an
animal that allow it to keep track of self-motion. The
animal can use information from the vestibular system
or from muscle and joint receptors. It may also make
use of flows of stimulus configurations (i.e. optic flow)
that occur as a consequence of movement. For exam-
ple, the animal may be able to compute its speed by
monitoring perceived changes in stimuli caused by the
movement. [t may also use efference copies of the
commands that it uses to generate movement.

Cues that are external to an animal and that are
independent of its own movements can be referred to as
allothetic cues or distal cues, whereas cues that are
generated by self-movement can be referred to collec-
tively as idiothetic cues or self-movement cues. Thus,
stimuli from the environment may serve as either allo-
thetic cues (when the cues are stable relative to an
animal’s movement, e.g., a beacon) or idiothetic cues
(when they are generated by the animal’s movement,
e.g., optic flow). Of course, a navigating animal may
use any combination of allothetic and idiothetic cues.
Formal experimentation is required to determine which
cues an animal is using in any situation.

1.2. Piloting and deductive reckoning

There are two general strategies that an animal can
use to move from one location to another, piloting and
dead reckoning (also called deduced reckoning or path
integration). In piloting, an animal uses one or more
allothetic cues to reach a target. A target could be a
place from which it obtains food or it could be its

home. There are different levels of complexity in navi-
gation when piloting. At one level, an animal navigates
to a salient cue. Such a cue could be a visual beacon, an
auditory cue, or an odor trail. At another other level,
an animal reaches a target in space using the relational
properties of two or more ambient cues. The target
itself need not be visible. If a set of available stimuli is
sufficiently rich whereby each place in the environment
can be associated with a unique stimuli configuration,
then an animal can compute a location using such an
external reference set. In addition, by creating a central
representation of external cues, an animal can poten-
tially pilot using a spatial map of its environment that
it has created [29]. When piloting, an animal requires
no record of its own movements to assist it in reaching
a goal, but it does need to learn about the allothetic
cues that will be used for guidance.

When dead reckoning, an animal updates a record of
its movements in order to calculate its distance from its
starting point and the direction from its present loca-
tion to the starting point [3]. The process of adding
linear displacement and angular deviation as a function
of time by an animal as it moves is referred to as path
integration. In principle, an animal can dead reckon
using only the idiothetic cues generated by its move-
ments. Nevertheless, using one or more salient cues in
its environment, an animal may be able to correct or
update, maintain a heading direction, or even initiate
dead reckoning. Thus, dead reckoning can be com-
pletely self-sufficient using idiothetic cues or it can be
assisted by allothetic cues.

Although allothetic cues are more likely to be used
for piloting while idiothetic cues are more likely to be
used for dead reckoning, either set of cues may assist
both types of navigation. In order to know which
navigation strategy an animal is using and which cues it
employs in a given situation requires experimentation.

2. Methods for assessing allothetic and idiothetic
navigation

In studying how animals navigate we have found it
useful to use a behavioral testing situation that approx-
imates the animal’s natural ‘world’. In our task, the
animal has a home base located in a territory over
which it can move reasonably freely. Also in this terri-
tory is food, which the rat can collect and return to the
home cage with. In the following section we describe
the foraging task, an experimental method that we
devised and have found to be ideal in that it mirrors the
aforementioned salient features of a rat’s natural world.
Somewhat different tasks are used by other researchers
[8,26].
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2.1. The foraging and exploration tasks

The foraging apparatus [53] is a large white table
with eight holes placed equidistant around its edge (Fig.
1). The exploration apparatus was a similar circular
table, but without holes. It was painted green. The rats
are placed in a cage that is located beneath one of the
eight holes. A rat can climb up onto the table through
a hole. Once the animal is on the table, its home cage is
no longer visible and the hole leading to the home is
not distinguishable from the other seven holes located
on the perimeter of the table. In order to return the
home cage, a rat has to identify the correct hole using
either the unique set of allothetic cues that mark that
location or it has to integrate the idiothetic cues that it
generated on its outward journey from that location.

The refuge could also be made visible by placing one
or more black Plexiglas boxes (20 x 25 x 19 ¢cm con-
taining a 8§ x 11 cm doorway) on the surface of the
table [53].

2.2. Subjects
Animals used in the experiments were female Long—

Evans rats (University of Lethbridge vivarium) aged
about 90 days when the experiments were initiated.

Potential
refuges

Trays in which
a food pellets
can be located

Fig. 1. The test apparatus consisted of a large circular table (204-cm
diameter) that was painted white and was elevated 75 cm above the
floor (Whishaw and Tomie, 1997). Eight 11.5-cm diameter holes,
centered 13.5 cm from the table’s edge, were located at equal dis-
tances around the perimeter of the table. A wire mesh cage (20 x
25 x 19 cm), similar to the rats’ home cage, could be fixed to runners
beneath one hole. This cage formed the rats’ ‘burrow’ or refuge.
Translucent white food cups (2.4-cm diameter and 1 cm high plastic
weigh boats) were located at various positions on the table. The
apparatus was located in a test room in which many cues including
windows covered by blinds, counters, a refrigerator, cupboards, a
desk with computers, etc., were present. A camera was located above
the center of the table so that behavior could be video recorded.

2.3. Food

In some experiments, a large 750 mg food pellet is
located on the table. Rats typically do not eat large
food pellets where they find them, but rather they carry
the pellets back to the home cage in order to consume
them [47]. This behavior presumably lessens the amount
of time that the animal is exposed to assault from
predators or conspecifics while it is eating [55]. Depend-
ing upon the experimental paradigm, the rat must
either search for food that is placed in a different
location on every trial, or it must learn that the food is
found in the same place on every trial.

2.4. Procedures

The home cage can be placed beneath any hole,
therefore, an animal can be started in different loca-
tions relative to the room. The table is mounted on a
bearing such that the table can be rotated relative to the
room. A smaller circular table can be mounted in the
center of the large table in such a way that it remains
stable when the large table is rotated. These features of
the apparatus allow the home cage location to be either
fixed or variable in relation to the table surface itself or
to the room. Furthermore, if a food pellet is placed on
the smaller central table, the larger table can be rotated
while the rat is retrieving food on the smaller table [50].
The rotation displaces any odor cues left by the rat on
its outward trip.

Once animals have learned to forage for food on the
foraging table, the experimental conditions can be
changed in any number of ways. The starting location
for a foraging trip, location of the food, and the
location of the table can all be changed. In addition,
the apparatus can be moved from one room to another.
In the present studies, we have placed a fiberglass table
(155-cm diameter) onto the foraging table in order to
provide the rats with a homogeneous novel environ-
ment (no escape holes) to explore.

2.5. Lighting

The behavioral tests are conducted in either light or
dark conditions. The light condition consists of having
the room lights on allowing the animal to use the
allothetic cues in the room to locate the refuge or assist
it in finding food. In the dark condition, all room lights
are off, and the room is sealed to block all visible light.
The behavior of the animal is video recorded using a
video camera mounted above the apparatus. In the
dark, a Sony infrared camcorder is used to record
behavior, and the experimenter wears a head-mounted
infrared spotter to observe the animal [48]. Infrared is a
light wave in which a rat is unable to see [27].
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2.6. Video recording

The video record obtained from the camcorder is
copied onto VHS format tape, which is then replayed in
order to obtain behavioral measures. Time measures
are obtained from a time base on the videotape. Move-
ment patterns are reconstructed by digitizing a rat’s
movements using a Peak Performance system [46]. A
point located directly between the shoulder blades was
digitized. The digitized record also provides measures
of velocity, acceleration, and cumulative travel distance.
In tests of exploratory behavior, the distinction between
the outward and homeward trip was delineated by the
last stop made by the rat before reaching the home.

2.7. Hippocampal lesions

To evaluate the contribution of the hippocampal
formation to navigation, we damage the hippocampus
by making selective cell-specific lesions in the
hippocampus or by making lesions to its major path-
ways or allied structures [44—55]. In the present, studies
we damaged the hippocampus by making cathodal
electrolytic lesions in the fimbria-fornix, a main input
pathway into the hippocampus (Fig. 2). Cathodal cur-
rent (1.5 mA for 40 s) is passed through 00 stainless
steel insect pins, insulated with epoxylite except at the
surface of their tips. Lesions are made at two sites in
each hemisphere using co-ordinates in reference to
bregma and the surface of the dura: 1.3 mm posterior,
1.5 mm lateral, and 3.6 mm ventral and 1.5 mm poste-
rior, 0.5 mm lateral, and 3.3 mm ventral. The lesion
produces a relatively selective section of the afferent
fibers and efferent fibers between subcortical and ros-
tral cortical brain regions and the hippocampus and its
associated structures. Available evidence suggests that
the spatial impairments produced by fimbria-fornix le-
sions are very similar to, if not more severe than, the
spatial impairments that follow selective ablation of the
cells of the hippocampus proper, including the cells of
Ammon’s horn and the dentate gyrus [49].

2.8. Statistical analysis

In the experiments in which interval data and re-
peated trials were administered, analysis of variance
with repeated measures was used. In experiments in
which head directions were estimated, tests of circular
statistics were used [4]. Ordinal data were analyzed with
parametric statistics [12,13].

3. Determining cue use and navigation strategy

Since it is necessary to conduct formal experiments in
order to establish which spatial cues and which spatial

Control

Fimbria-Fornix

Fig. 2. An example of an intact fimbria-fornix in a control rat (top)
and an absent fimbria-fornix in a rat that had received cathodal
lesions of the fimbria-fornix (bottom). Electrode tracts left by the
lesion electrodes are visible in the neocortex. Note that the lesion does
not damage the corpus callosum or the cingulum bundle or cingulate
cortex.

strategies rats use to solve spatial problems, we will
describe some simple procedures that we have used
previously and the results that we have obtained. We
will then describe the results of some new tests using
exploratory behavior and others using simple spatial
learning.

3.1. Piloting using allothetic cues

In principle, an animal can navigate using allothetic
cues, idiothetic cues, a combination of both types of
cues, or it can easily switch between cues. Therefore, to
determine which cues an animal uses and the naviga-
tion strategy employed, it is necessary to design naviga-
tion tests in which cue use is controlled and for which
probes can be administered to determine navigation
strategies.

Navigation using allothetic cues and piloting is rela-
tively easy to demonstrate in the foraging task [53]. A
food-deprived rat is placed in its cage beneath one of
the holes, and it is allowed to exit and forage for a food
pellet that is located somewhere on the table. To pre-
vent the animal from directly viewing the food, 20 or
more small white weigh boats are placed on the table
and the food pellet is placed in one of the weigh boats.
The rat climbs out of the cage onto the table and walks
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around on the table until if finds the food pellet. Once
it locates the food pellet, it grasps the pellet in its
mouth and runs directly back to its home cage with the
food pellet (Fig. 3A).

To determine what cues and strategy a rat uses to
return to the home location, after it has been trained to
go to that location, the animal is given a probe trial in
which it and the refuge is moved from the old location
to a new location. An alternate home cage left at the
old location. Control rats typically leave the new loca-
tion and go either directly to the old location or they
first find the food and then take it to the old location
(Fig. 3B). Their return to the old location suggests that
they are using piloting and allothetic cues. Had they

A. Training - Light

Outward

Food pellet path (O)

Return
path (R)

Refuge

New refuge

Old refuge

New refuge

Old refuge

Fig. 3. (A) Typical performance of a rat on the foraging task in the
light. The rat leaves the refuge and searches the tabletop (o) until it
finds a food pellet. It then returns (r) directly back to the refuge with
the food pellet. (B) To determine whether a rat is using a piloting or
dead-reckoning strategy in the light, the refuge cage is moved to a
new location for a probe trial. The rat exits the cage and searches the
table until it locates a food pellet. It then returns to familiar training
location, indicating that it is piloting (i.e. using allothetic cues to
reach the location at which the refuge had been located during
training). (C) To determine whether a rat is using a piloting or
dead-reckoning strategy in the dark, the refuge is moved to a new
location. The rat exits the cage and searches the table until it finds a
food pellet. It then returns to the new location, indicating that it
using a dead-reckoning strategy.

been using idiothetic cues and dead reckoning, they
would return with the food to the new location. This
probe also indicates that the rats are using visual cues
to guide their return. Were they using olfactory cues
(e.g., the odor of the cage that they have just left) or
their own odor trail, they would return to the new
location and not the old location. Thus, in an illumi-
nated familiar environment, rats preferentially use vi-
sual allothetic cues and piloting to return to familiar
locations [22].

3.2. Dead reckoning using idiothetic cues

A demonstration of rat dead reckoning and idiothetic
cue use is more difficult because this requires the re-
moval of all allothetic cues. Visual cues, auditory cues,
and even the olfactory cues left by the animal on its
outward route in search of food must be removed, even
though a rat could potentially use some of these cues in
dead reckoning.

We test rats in a completely dark room and film their
movements using infrared light. The rats are started
from different locations within the room on different
test days in order to prevent them from using sounds
within the room. In addition, a radio is moved around
the room each day to prevent the use of directional
auditory cues. Typically, rats tested under infrared light
return to a location that they have just left, whether it
is a familiar or novel location, as is illustrated in Fig.
3C. The rat’s return to a starting location on such
probe trials is an indication of idiothetic cue based
navigation.

Another way of controlling the cues used by an
animal is to make specific cues salient. For example, we
have trained rats to leave a home cage and follow an
odor trail, a vanilla scented string that leads to a large
food pellet (Fig. 4A). Thus, the scented string is a
salient allothetic cue that provides reliable information
to the animal about the location of the food. We have
found that rats will follow scented strings containing
the odor of vanilla, the odor of another rat, or even
their own odor [40,48]. If the path of the scented string
forms a polygon, the rat can use a number of cues to
return back to the home base. In the light it can use the
allothetic cues that mark the location of the refuge, it
can use the odor trail provided by the string, or it can
use idiothetic cues. Typically, control rats close the
polygon by taking the more direct route home in both
the light and the dark (Fig. 4B). When the same tasks
are given to rats with fimbria-fornix lesions, they close
the polygon and take a direct route home in the light,
but they follow the odor train home in the dark (Fig.
4C). Thus, the experiment suggests that control and
fimbria-fornix rats are able to pilot, but only control
rats are able to use dead reckoning [48].



54 1.Q. Whishaw et al. / Behavioural Brain Research 127 (2001) 49-69

A. Tracking task String scented

with almond
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Outward
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Fig. 4. Returns to a refuge by a control and a fimbria-fornix lesion
rat that has been trained to follow a scented string that leads to a
food pellet. (A) The task showing the pattern made by the string
leading from the refuge to the food pellet. (B) The outward and
return paths taken by a control rat following the scented string in the
dark. Once the rat reaches the food pellet by following the scented
string, it takes a relatively direct route back to the starting location.
(C) The outward and return paths taken by a fimbria-fornix rat
following the scented string in the dark. Once the rat reaches the food
pellet by following the scented string, it turns and follows the scented
string back to the starting location.

3.3. Switching cues and strategies

There is behavioral evidence that rats do not simply
use one type of cue and one behavioral strategy at a
time. Rats use both piloting and idiothetic strategies
concurrently.

If rats are trained to carry food to a familiar home
base and then are moved to a new location for a single
trial, they return with the food to the familiar location,
demonstrating that they are using allothetic cues and a
piloting strategy. Upon not finding the home cage at its
familiar location, they return directly to the new loca-
tion [53], which requires the use of idiothetic cues and a
dead reckoning strategy. As they have never previously
returned to that location or viewed the cues marking
that location, it is unlikely that they are making use of
a local view. Additionally, animals with hippocampal

damage, although able to pilot to the old location, are
unable to return to the new location. This behavioral
evidence and the dissociation produced by a hippocam-
pal lesion supports the idea that control animals moni-
tor both allothetic and idiothetic cues concurrently and
can easily switch between piloting and dead reckoning
strategies.

4. New tasks to identify dead reckoning during
exploratory behavior

In the experiments that we have described to this
point, rats carry food home to the refuge to eat,
therefore, their food hoarding returns provide the mea-
sure of their use of piloting or dead reckoning [45]. We
have found that homing also forms a central part of
spontaneous exploratory behavior. We will describe
findings using this new paradigm in the following
sections.

4.1. Homing in the light by control rats

In an initial study, six rats that had been well han-
dled and had participated in previous food carrying
studies were given a number of tests during which they
were allowed to engage in exploratory behavior (similar
results are obtained with naive rats and rats tested in
completely novel environments, but well-handled rats
are much more likely to engage in exploratory behav-
ior.) First, the rats were placed in a dark box (12 cm
long, 8 cm wide and 10 cm high), and the box was
placed on the edge of a 155-cm diameter circular table.
This table was mounted on the foraging table, such that
the table, but not the room, was novel. The rats were
allowed to emerge from the box and explore the table.
Typically, the rats emerged from the box and then
explored the outer surface of the refuge box. After this
initial exploratory behavior, they began to make ex-
ploratory excursions out onto the table. A typical ex-
cursion consisted of a number of bouts of walking
interspersed with pauses followed by the rat’s return to
the start box. Each rat was video recorded as it made
five excursions (an excursion is defined as a trip away
from and back to the refuge box). We examined the
pattern of the rats’ movements, the acceleration associ-
ated with each bout of walking, the velocity associated
with each bout of walking, and the cumulative distance
traveled on an exploratory trip. We directed particular
attention to the portions of the excursions in which the
rats returned to the refuge.

Drawings of all of the outward and homeward trips
in both the light and in the dark conditions are shown
in Fig. 5. This summary shows that the outward trips
were circuitous and covered a considerable distance
around the table. The homeward trips, although begin-
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ning from different distances and in different directions
away from the home, were aimed directly to the refuge
under both the light and dark conditions.

The heading accuracy of homeward trips was calcu-
lated in relation to a point at the center of the refuge
cage. In addition, the time taken to make outward and
homeward trips was calculated for each rat. The aver-
age heading accuracy for each rat on the five ex-
ploratory trials was calculated using circular statistics,
and this average was used to calculate heading direction
and the strength of the heading direction [4,32]. The
results are illustrated in Fig. 6, top. The heading vector
and its strength were highly significant (+ > 0.99, P <
0.001). In addition, an analysis of travel time (Fig. 6,
bottom) indicated that although travel times in the light
and dark were not significantly different, homeward
travel time was significantly shorter than outward travel
time (F(1,5) =74, P <0.001).

A typical result from one rat is illustrated in Fig. 7.
After leaving the refuge cage, the rat engaged in an
exploratory excursion that consisted of three bouts of
walking associated with a pause at the end of each
walking bout. Then, the rat turned and went directly
back to the refuge cage. The acceleration, velocity, and
cumulative distance during the return to the home cage
was far greater than the same measures that were
recorded during the preceding bouts of movement asso-
ciated with exploration. The outward route was cir-
cuitous, associated with sniffing, head movement, and
other exploratory acts, whereas the return trip was
rapid and direct. In fact, simple observation of the rat’s
movement during the exploratory session clearly indi-

Exploration

Fig. 5. The pattern of outward (out) and homeward (in) trips in the
light (left) and in the dark (right). Each panel shows five trips by each
of the six rats. Note that the outward trips were circuitous, whereas
homeward trips were direct.

cated that the outward behavior of the animals was
different from their homeward behavior. In short, the
homeward portion of the trip was rapid and led directly
to the home cage.

4.2. Homing in infrared light by control rats

This same test was repeated under infrared light with
similar results (Fig. 8). Again the rat initially emerged
from the refuge cage and explored the cage’s outer
surface before making a number of exploratory excur-
sions over the rest of the table. The exploratory trips
progressed relatively slowly and were associated with
pauses and sniffing. The exploratory trip ended with a
sudden turn and accelerated walk that returned the rat
to the home base. As with testing under light condi-
tions, the homeward route was direct, had higher veloc-
ity, and was associated with much less exploratory
sniffing behavior relative to the outward portion of the
exploratory trip.

The only way that the rats could generate a direct
homeward trip in the dark was via dead reckoning
navigation using of idiothetic cues. The similarity of the
rats’ behavior under dark and the light conditions
suggests that perhaps the animals use dead reckoning in
both conditions.

4.3. Homing after home box cue removal

In order to examine whether the rats were using dead
reckoning in the light as well as in the dark, the rats
were given an additional test. The refuge box was
removed from the table after the rat had left the box to
initiate an exploratory bout. Again the outward and
homeward behavior of the rats was examined. The
results of the experiment were similar under both light
and dark conditions. The rats’ homeward vectors were
directed to the place on the table at which the refuge
had been located (Fig. 9). The consistent direction of
the homeward vector in the absence of the refuge cage
under light and dark conditions suggests that rats were
not using the refuge cage as a beacon to guide the
homeward trips. Testing under dark conditions limited
the set of cues available for navigation to idiothetic
cues. The high level of homing accuracy to the ‘absent’
refuge box under dark conditions suggest that rats were
using a dead reckoning strategy. Three lines of evidence
suggest the possibility that the rats making spontaneous
homeward trips in the light are using dead reckoning.
First, the homeward trips in both the light and dark
occur spontaneously and immediately, even though the
testing situation was unfamiliar to the animals. Second,
the character of the homeward trips in the light are
similar to those made in the dark in so far as they were
initiated which high velocity. Third, removing a salient
cue, the highly visible home, in the light did not disrupt
the rat’s homeward trajectories in the light or dark.
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Fig. 6. Top: homing direction of rats returning to the home base location after an exploratory bout in the light (left) and in the dark (right). Each
point represents the mean homing direction of one rat on five returns. The vector represents homing strength. Bottom: mean and standard error
of time spent exploring and time taken to return home in the light and dark. Note that excursion and return accuracy and times were similar in
both test conditions, except in the lighted conditions the refuge box was visible whereas in the dark (infrared) condition, the refuge box was not
visible. Mean homing vectors for each rat were determined using circular statistics and mean contrast between conditions indicated no significant

effect of condition (analyses based [4,32]).

An additional interesting feature of the behavior of
the rats in this test occurred when they found that the
refuge was missing. They made a number of short
excursions away and then back to the refuge’s previous
location. This behavior suggests they were attempting
to confirm that the refuge was indeed no longer there
and/or attempting to confirm that the dead reckoning
calculation of where the home base should be was
correct.

In sum, this pattern of outward and homeward
movement appears fundamental to rat exploratory be-

havior. The results obtained here using an actual home
cage from which the rats began their exploratory trips
is similar to results obtained in previous studies in
which exploring rats returned to a virtual home [36,37].

4.4. Absence of homing in fimbria-fornix rats

The homing tests, described above, were adminis-
tered to rats with fimbria-fornix lesions (n=6). The
rats were first administered the homing test in the light
where they were allowed to make five excursions. They
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were then administered the homing test under dark
conditions. Finally, a test in which the home box was
removed and three excursions were recorded was also
administered in light and dark conditions.

The paths of outward and homeward excursion by
the fimbria-fornix rats in the light and in the dark are
illustrated in Fig. 10. The fimbria-fornix rats were like
the control rats, in that on their initial exits from the
refuge box, they explored the surface of the box. Then
on subsequent exits, they moved away from the home
to explore the surface of the test field. Unlike the

control rats, however, their exploratory behavior was
heavily biased toward the periphery of the open field on
their homeward portions of their trips. On the home-
ward trips in particular, they made few returns that
crossed the open surface of the table. In addition, it was
not possible to distinguish outward from homeward
portions of an excursion, as many trips simply con-
sisted of walking around the perimeter of the table until
the refuge was re-encountered. Thus, a simple compari-
son of homebound trips that crossed the middle por-
tions of the open field gave a significant difference
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Fig. 7. Elements of movement displayed by a rat exploring a novel circular table in the light. The first long excursion away from the dark refuge
cage consists of a 35 s walk around the edge of the table that was associated by a number of pauses and sniffing. Then the rat ended the
exploratory bout (out) by abruptly returning to the refuge (lower left). Measures of the rat’s acceleration (top), velocity (middle) and cumulative
distance (bottom) show variations in movement speed during exploration and also indicate that peak acceleration, velocity, and cumulative
distance occurred in the last few seconds as the rat returned to the home base (kinematic measures made with a Peak Performance System, with

digitizing made at the center of the rat’s shoulders).
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Dark Exploration
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Fig. 8. Elements of movement displayed by a rat exploring a novel circular table in the dark. The first long excursion away from the dark refuge
cage consists of a 22 s walk around the edge of the table that was associated by a number of pauses and sniffing. Then the rat ended the
exploratory bout (out) by abruptly returning to the refuge (lower left). Measures of the rat’s acceleration (top), velocity (middle) and cumulative
distance (bottom) show variations in movement speed during exploration and also indicate that peak acceleration, velocity, and cumulative
distance occurred in the last few seconds as the rat returned to the home base (kinematic measures made with a Peak Performance System, with

digitizing made at the center of the rat’s shoulders).

between the control and fimbria-fornix groups (con-
trol = 4.6 vs. fimbria-fornix 0.9, Mann—Whitney U =0,
P < 0.05). In the absence of the abrupt turns associated
with increased velocity of movement of the control rats,
we were forced to define homebound trips as the por-
tion of the excursion that occurred between the last
stop on the exploratory excursion and the arrival at the
home base. A tendency to travel along the perimeter of
the open field was similarly pronounced in the dark.
Again, very few homeward trips were made across the
center of the open field (control=3.9 vs. fimbria-

fornix =0.5, U=0, P <0.05). An analysis of travel
time for both control and fimbria-fornix rats during the
five exploratory trials under both light and dark condi-
tions indicated that outward trips were significantly
slower than homeward trips (F(1,10)=111.83, P<
0.001), all other main effects and interactions were not
significant.

From visual inspection of the behavior of the ani-
mals, it was not possible to determine when the animals
initiated a homeward trip. In order to estimate move-
ment velocity, we designated the last stop made by an
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Take Away Test

Dark

Fig. 9. Travel paths of rats on outward and return trips after a refuge
was removed. The refuge was removed once the rat made its first exit
from the home and reach rat was recorded as it made three outward
and return trips to that location. Top: results show the first exit and
the next two trips away from the previous location of the home.
Bottom: results show three trips by each of the six rats back to the
previous location of the home.

animal before it reached the home, and the start of the
homeward portion of the excursion (Fig. 10). We then
examined acceleration, velocity, and cumulative dis-
tance on the outward and homeward portions of the

Exploration

Fig. 10. The pattern of outward (out) and homeward (in) trips in the
light (left) and in the dark (right) by rats with fimbria-fornix lesions.
Each panel shows five trips by each of the six rats. Note that the
outward trips although circuitous, were clustered toward the periph-
ery of the table. Note also that homeward trips were also clustered
along the perimeter of the table.

excursions. There was little evidence of a change in
acceleration, velocity or the rate of cumulative distance
to distinguished the homeward portion of an excursion
from the outward portion of the excursion (Fig. 11). In
some animals, under light conditions there was a slight
tendency as the animals approached the home cage to
orient to the home cage and walk toward it with a
slight increase in acceleration and velocity. This behav-
ior was not observed in the dark test.

We also repeated the test in which we removed the
home box as the rats began their excursion. The results
were again similar to those obtained when the home
was present, except that the homeward trajectories were
even more obviously continuations of movements
around the table (Fig. 12). When the home was present
in the light, the animals sometimes oriented and ap-
proached it as they came close to it, but such behavior
was completely absent when the home cage was not
present.

We have considered the possibility that the behavior
of the fimbria-fornix rats was due to a strong tendency
to display thigmotaxic behavior [19]. This interpreta-
tion has two weaknesses. First, on the outward trips
from the home, the fimbria-fornix rats frequently
walked directly across the center of the open field,
suggesting that their behavior was not simply governed
by thigmotaxis. Second, it is possible to suggest that in
the absence of dead-reckoning, the behavior of the
fimbria-fornix rats was simplified, thus making any
tendency toward thigmotaxis a result rather than a
cause of their behavioral change. Finally, as the table
had no walls, thigmotaxis was not likely to determine
the animal behavior.

5. Dissociating dead reckoning from piloting by
changing lighting conditions

In the experiments described to this point, we have
argued that rats use dead reckoning to return home
from a foraging or exploratory excursion and we have
argued that the ability to do so is impaired following
hippocampal formation damage. Nevertheless, even
though rats lose the ability to used dead reckoning
following hippocampal formation damage, the results
of a number of studies suggest that they can still pilot
[22,48]. That is, with training, they learn to travel
directly to a point, such as a place where food is
located, and they are able to return to a familiar
starting position. In the following experiments, rats
were trained to pilot and then given two types of tests.
The first test involved removing allothetic cues thus
examining behavior on the same task under dark condi-
tions. In the second test, allothetic cues were not
changed, but the animals had to learn to go to a new
location in order to find food while the home base
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Fig. 11. Elements of movement displayed by a fimbria-fornix rat exploring a novel circular table in the light. The first excursion away from the
dark refuge cage consists of an 8 s walk across the middle of the table. Then the rat then encountered the edge of the table and followed the edge
back to the home base. Measures of the rat’s acceleration (top), velocity (middle) and cumulative distance (bottom) show little variations in
movement speed during the outward portion of the trip and the homeward portion of the trip (kinematic measures made with a Peak

Performance).

remained in the same location. Thus, in the second test
behavior had to be changed while allothetic cues re-
mained constant.

5.1. Effect of allothetic cue removal on control and
fimbria-fornix rats

The rats (n =8 fimbria-fornix lesions; eight control)
were trained to retrieve a food pellet from a fixed
location at the far end of the foraging table from their
starting position. The rats in both groups learned to
climb out of the refuge hole, travel straight across the

table to retrieve the food, and return back along the
outward path with the food. Once the rats were travel-
ing directly between the two points, they received three
trials of testing each day for 3 days in the light followed
by three trials of testing each day for 4 days in the
dark. Performance was assessed using mean time, dis-
tance traveled (measure from the digitized video
record), and deviation score from the direct route on
the three daily trials. Rats in both groups learned the
task equally quickly.

The scoring system for measuring deviations on out-
ward and return trips is illustrated in Fig. 13. Briefly, if
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a rat took a direct route between the refuge and the
food, it received a score of ‘0’. If the rat deviated from
a direct route, the score that it received increased in
proportion to the deviation by incrementing as each
sector was entered.

The results of the test indicated that in the light there
were no significant differences between the control and
the fimbria-fornix groups (Fig. 14), because the animals
in both groups took direct routes between the refuge
and the food source. In the dark tests, the fimbria-
fornix group was significantly impaired relative to the
control group on all measures, with the exception of the
time taken to reach the food pellet. On the outward
trip, the distance that they traveled (F(1,14) =47, P <
0.001), and their mean deviation score (F(1,14)=17,
P <0.001), were higher than that produced by the
control group. On the return trip time, distance, and
deviation scores were all higher for the fimbria-fornix
group than for the control group (F(1,14)>20, P <
0.001).

An example of the performance of a control rat
(#9) and a fimbria-fornix rat (# 8) under light and
dark conditions is shown in Fig. 15. Here it can be seen
in both light and dark conditions that the control rat is
relatively accurate in reaching the food pellet and in
returning directly to the refuge with the food pellet. The
fimbria-fornix rat is accurate in the light but is inaccu-
rate in traveling in both directions in the dark. It is
noteworthy that on at least some trials the fimbria-

Take Away Test

Fig. 12. The pattern of outward (out) and homeward (in) trips in the
light (left) and in the dark (right) by rats with fimbria-fornix lesions.
Each panel shows three trips by each of six rats. Note that the
outward trips and homeward trips tended to cluster on the edge of
the table. Note also that there were few direct homeward trips across
the center of the table.

Fig. 13. Scoring system for travel accuracy to a food pellet (A) and
from the food pellet to the refuge (B). If a rat remained within zone
indicated by ‘0’ it received a deviation score of ‘0’. If it crossed into
zones ‘1, 2, or 3’ it received that score for each line crossed in that
zone.

fornix rats did make some direct foraging excursions
and some direct returns, but these may have been
guided by surface cues. The repeated testing procedure
precluded removal of olfactory cues left by the rats on
their excursions, although the table was rotated be-
tween rats and days to minimize use of such cues.

The poor performance of the rats with fimbria-fornix
lesions in the dark suggested that they were not able to
use a dead reckoning strategy to navigate between the
home and the food pellet. The accurate performance of
the control rats in the dark suggests that they were
using a dead reckoning strategy. Thus, the accurate
performance of the rats with fimbria-fornix lesions in
the light relative to the dark suggests that they were
using a piloting strategy in the light.

5.2. Effect of changing target location under constant
allothetic cues

In a second test, given to examine cue use in the
light, the performance of the rats was assessed in re-
sponse to changing the location of the food pellet. The
rats were first over trained so that they were accurately
retrieving food from a fixed location (as described
above) and traveling directly to the food source and
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returning to the refuge with the food. Then the food
was moved to a new location, and the rats were given a
further 9 days of training with five trials given each day.

A summary of performance of the control and
fimbria-fornix rats over 9 days of training (five trials
per day) is illustrated in Fig. 16. The fimbria-fornix
group was impaired relative to the control group in
time out (F(1,14)=28, P <0.001), distance traveled
(F(1,14)=39, P<0.001), and accuracy score
(F(1,14) =49, P <0.001). There was also a group by
direction effect across all of the measures (£(8,112) >
14), Ps <0.001). The group differences were obtained
on outward portion of the foraging excursion and
persisted throughout training. There was no group dif-
ference on any measure on the homeward portion of
the excursion.

The performance of a typical control rat (#9) and
fimbria-fornix rat ( # 8) is illustrated in Fig. 17. The 45
trials, of five trials a day for 9 days, are collapsed into
nine blocks of five trials. When the control rat did not
find the food at the familiar location, it walked around
and eventually found the food at the new location on
its first trial. It then returned directly to the refuge. All
subsequent trials on the first day were directed to the
new location. The first trial on the second day was
directed to the old location, and again all subsequent
trials were directed to the new location. Thereafter, all
trips were directed to the new location.

The fimbria-fornix rat on not finding food at the old
location made a number of trips between the old loca-
tion and the start location, before finding food at the
new location. Even after finding food at the new loca-
tion, it continued to travel to the old location before

going to the new location. By the second day, the
fimbria-fornix rat was running in a circular path to the
new location that took the rat to, or nearly to, the old
location. This circular pattern was characteristic
throughout the rest of training. Nevertheless, its returns
from the new location to the refuge were direct from
the onset of training. This pattern of behavior was
characteristic of all of the fimbria-fornix rats.

To examine whether the pattern of outward runs by
the fimbria-fornix rats were simply the result of a
learned and stereotyped motor response, we started the
rats from a novel location. The control rats either
retrieved the food from the new location (n=6) and
then returned to the old refuge location, or returned to
the old refuge location before retrieving the food (n =
2). None of the fimbria-fornix rats ran in a circular
pattern from the new location. Five of the rats went to
the new food location and retrieved the food before
returning to the previous starting position and three of
the rats returned directly to the previous starting posi-
tion. Thus, the retrieval behavior of the control and
fimbria-fornix rats was not different from the new
starting location. Once the rats returned to the old
location with the food, however, there was a group
difference. All of the control rats then went directly to
the new starting location. All of the fimbria-fornix rats
then began to repeatedly run the circular path from the
old refuge location, past the old food location to the
new food location, and then back to the old refuge
location. Thus, the circular outward trajectory was
locked to moving away from the old refuge location.

Our interpretation of the behavior of the control rats
in this task is that they are guided both by allothetic
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Fig. 14. The mean and standard error (S.E.) of performance on blocks of three trials by control rats and fimbria-fornix rats in a task requiring
the retrieval of a food pellet that was always found at the same location. There were no significant differences in the performance of the control
and fimbria-fornix rats in the light, but the fimbria-fornix group was impaired relative to the control group on both outward and return trips.
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A. Light

Return

B. Dark

Fig. 15. Examples of excursions and returns by a control and fimbria-fornix rat to retrieve a food pellet located at a fixed location. Traces are
for three trials each day for 3 days in the light condition and three trials each day for 4 days in the dark condition. Note that both rats are accurate

in the light, but only the control rat is accurate in the dark.

cues and idiothetic cues. When either the food or the
refuge are moved, they initially respond using allothetic
cues, but then switch to the use of idiothetic cues when
they find that the use of allothetic cues is not rein-
forced. After this correction, it is likely that they revert
to the use of allothetic cues in traveling between the
new food location and the refuge. By contrast, the
peculiar behavior of the fimbria-fornix rats suggests
that they are guided exclusively by allothetic cues. In
the absence of an ability to correct their outward
responses by appealing to idiothetic cues, they persist in
incorporating the old food location in their outward
trajectory. Their return trajectory to the old refuge is
accurate from the outset in that its location continues
to be found at the location marked by a familiar set of
allothetic cues.

6. Discussion

In this paper, we present a series of studies that
suggests that dead reckoning is an important compo-
nent of spontaneous exploratory behavior and the
learned spatial behavior of rats. We also present evi-
dence to show that animals with hippocampal forma-
tion damage are impaired in using dead reckoning.
Animals with hippocampal formation damage were not
devoid of spatial abilities, however. They could learn to
navigate to places were food was always located and
they could navigate back to a fixed starting location.
We suggest that in navigating to fixed targets, they used
a piloting strategy and not dead reckoning. Thus, we
conclude that the hippocampal formation plays a role
in dead reckoning, whereas other neural structures can
mediate piloting.

6.1. Dead reckoning impaired in hippocampal rats

A novel finding in the present study is that if rats are
allowed to explore in either a familiar or novel environ-
ment, they make rapid direct returns to their home base
after each exploratory bout. In addition, when the same
measures of exploration were taken under infrared
light, a very similar pattern of rapid homing was ob-
served. The results obtained under dark conditions
demonstrate that the homing behavior of the animals
must be mediated using idiothetic cues, therefore, this
must be accomplished using dead reckoning. Inferen-
tially, this result suggests that the homing displayed by
the animals in the light is most likely also based on
dead reckoning. A test in which a visible home base,
from which the rats had exited, was removed in both
light and dark conditions provided experimental sup-
port for this suggestion. In both light and dark condi-
tions the control rats returned accurately to the place
from which the home base had been removed. A more
definitive demonstration that the rats were using dead
reckoning and not a piloting strategy in the light would
involve suddenly changing or moving allothetic cues
just as the rats initiated a homeward response. At
present, we have not developed procedures for such a
test.

Golani and coworkers in previous work report that
rats returning to a virtual home base display faster
homeward trips than outward trips [36,37]. Thus, the
present results are consistent with these reports and
much earlier studies indicating differences faster home-
ward trips by foraging rats [47]. Nevertheless, the stud-
ies by Golani and coworkers [36,37] do not describe the
angular component of the homeward trajectories of the
rats. Indeed, the only drawings of homeward trajecto-
ries that are given are not direct. Thus, the novel



64 1.Q. Whishaw et al. / Behavioural Brain Research 127 (2001) 49-69

contributions of the present study are that homeward
trajectories are direct, they have little angular variance,
they are initiated with high velocity, and they are
similar in both light and dark. In addition, their direct-
ness was confirmed by high r-values in the circular
statistical tests. Nevertheless, it is important to note
that there are many other differences between the ex-
ploratory tests used here and that described by Golani
and coworkers [36,37]. For example, our methodology
restricted the rats to one home base, whereas in the
virtual exploratory task of Golani and co-workers each
rat created a number of home bases. In future work, it
would be interesting to explicitly compare the behavior
of rats in these two exploratory tasks.

An important result that we obtained by studying
homing embedded in the natural exploratory behavior
of rats, is that accurate homing requires an intact
hippocampal formation. This, in turn, suggests that the
hippocampus is required for dead reckoning. In previ-
ous studies, we have also found that dead reckoning is
impaired following hippocampal formation lesions, in-
cluding fimbria-fornix [48,50], hippocampal [21], and
retrosplenial cingulate cortex lesions [51]. In the present

study, we found that when our exploratory tests were
given to rats with fimbria-fornix lesions, the rats gave
no indication in their behavior that they were using
dead reckoning to return to the home base, as did the
control rats. The fimbria-fornix rats did leave the home
base and they did explore the open field surface, but
their returns to the home base appeared to be simply a
continuation of their exploratory excursion. They did
not make returns from different locations on the table,
returns were not sudden, and there was no obvious
increase in movement velocity. In fact, most returns by
the fimbria-fornix rats seemed to accidentally occur as
they walked around the table. It is also important to
note that the failure of the fimbria-fornix rats to make
direct returns in the light occurred under conditions in
which they were not trained (see below).

We obtained evidence in two further tests that rats
with fimbria-fornix lesions were unable to dead reckon.
We trained control and fimbria-fornix rats to retrieve
food pellets at a fixed location on the table. They were
then tested under dark conditions. The routs of the
fimbria-fornix rats to the food and back to the refuge
with the food were less accurate under dark conditions
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Fig. 16. Measures of accuracy (mean and S.E.) of rats travelling to the location of a food pellet that had been moved and returning to the refuge
with the food pellet. (Top, time; middle, distance; bottom, deviation score). Not the inaccuracy of the fimbria-fornix (FF) group relative to the
control group on the outward, but not on the return, portion of the trip.
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Fig. 17. Example of the outward and homeward paths made by a control rat ( # 9) and a fimbria-fornix rat ( # 8) in retrieving a food pellet that
had been removed from its previous position (P) to a new location (N). Although both the control and the fimbria-fornix rat learned to locate
the food at the new location equally quickly, the fimbria-fornix rat did not learn to run directly to the food, but incorporated a portion of its old
route into the new route. Homeward trips were very accurate in both animals.

than were the routes taken by the control rats. In the
second test, under light conditions, the food was moved
to a new location. Now allothetic cues were constant
but the rats had to change their response in relation to
these cues. The control rats quickly learned to run
directly to the new location, whereas the fimbria-fornix
rats developed and maintained a circuitous path in
which they circled by the old location. Both groups of
rats returned directly to the refuge from the old loca-
tion. The deficit in the outward behavior of the fimbria-
fornix rats did not seem to be due to a simple learning
impairment. The rats learned the new food location as
quickly as did the control rats. Their deficit was due to
an inability to generate a direct vector to the new food
location. We interpret this finding to mean that the rats
are unable to use self-movement cues and so are unable
to give up an old trajectory in order to generate a new
trajectory. In other words, the fimbria-fornix rats were
displaying preservative behavior in response to previ-
ously learned allothetic cues.

6.2. Piloting present in hippocampal rats

In previous work, we have demonstrated that rats
with fimbria-fornix lesions [43,49] hippocampal lesions
[49], and retrosplenial cortex lesions [21] are able to
pilot. For example, when the animals with lesions were
provided with a visible cue in a swimming pool, they
were able to learn to swim accurately to the cue. This
response was not simply a response to a visible beacon,
because when the cue was removed, the rats continued
to swim to that location and search there for the
platform. Thus, they had also learned the location of
the platform. Substantial other new evidence also
demonstrates that rats with various types of hippocam-
pal damage are able to use allothetic cues to locate
places, as well as to solve other spatial problems
[1,7,11,17].

We have also observed that rats with fimbria-fornix
lesions are able to learn problems using allothetic cues
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in the foraging task. When trained to retrieve food
from a fixed location in the light, the rats are able to
navigate directly to that location and return directly to
the refuge. Their performance deteriorated in the dark
and also deteriorated when they were faced with learn-
ing a new food location. These results suggest that
animals with hippocampal lesions are able to use allo-
thetic cues to locate the food source and the refuge, but
being unable to switch to a dead reckoning strategy,
were thus more dependent than control rats upon those
allothetic cues.

6.3. Obtaining accuracy using idiothetic cues

One argument against the value of dead reckoning as
a useful spatial strategy is that the accumulation of
error as a result of successive integration will eventually
mislead the animal. The argument is that the further an
animal travels on an outward excursion, the more error
it accumulates. The accumulation of error makes the
animal less able to generate an accurate return to the
starting location. Although the accumulation of error
could make idiothetic navigation unreliable for any but
the shortest excursions, our observation of behavior of
control rats suggests, however, that not only are they
accurate, they use a number of behaviors to compen-
sate for potential error accumulation.

In a task in which we have had rats follow a circular
olfactory tract to a food target, we have observed that
many of the rat’s return trajectories were not perfectly
straight (Fig. 18). Of a total of 156 observations from
six rats, we found some that were straight (23.3%), but
of those that were not straight, 63.3% were concave,
with the remainder being either convex (5.6%) or irreg-
ular (7.8%). The high number of concave return pat-
terns suggests that the rats’ return trip is influenced by
the pattern of the outward trip. Possibly the concave
error allows the rat to intersect its outward path, and
thus correct its homeward path by following its out-
ward odor trail back to the refuge. It is interesting that
a very similar ‘concave’ error is reported by Séquinot et
al. [32] in homing hamsters.

We have observed a second behavior that may be
useful in correcting errors. In experiments in which we
have moved the refuge location, we have frequently
observed that rats will circle, sniffing around the loca-
tion where the refuge had previous been located. This
behavior often occurs even when the previous location
has been displaced by table rotation. Sniffing may be a
useful behavioral strategy in that it can assist the rat in
finding the refuge even though the animal has made a
slight error in its heading direction. Similarly, when a
rat fails to locate a refuge that has been moved, it also
makes short outward and return excursions. The use of
such ‘checking’ behavior would likely increase the prob-
ability that a rat will reach its goal despite small

navigation errors. It is interesting that Wehner and
Srinivasan [41] observe similar search behavior in ants.

An additional way in which animals may maintain
accuracy in dead reckoning is by making a periodic
updating response during an outward excursion. We
have observed that during an exploratory bout, animals
will frequently initiate a homeward trip only to abort
the return after a few steps in order to resume explo-
ration. It is possible that such intention movements of
returning may be useful for updating and correcting
integration errors.

6.4. Evidence for a role for the hippocampus in
movement

Our results suggest a role for the hippocampal for-
mation in dead reckoning. A variety of other evidence
can be seen as being consistent with the notion that
hippocampus is involved in the control of movement,
and thus potentially in the control of dead reckoning.
The amplitude and frequency of hippocampal slow
wave activity (RSA or theta rhythm) is closely related
to movement [28,39,44]. In addition, stimulation of
many structures within the brainstem not only produces
movement but at the same time also activate hippo-
campal RSA [5] while blocking projections to the

—=—=" Scented track

Return pathway

Fig. 18. Homeward trajectories by control rats that have tracked an
odor trail to food under dark (infrared) conditions. The majority of
homeward trajectories were concave, leading a rat to encounter its
outward path and so use that path to complete a homeward trip.
Many paths were also direct, but very few paths were convex or
indirect.
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hippocampus not only blocks RSA but also blocks
movement [6]. Therefore, it would appear that through
the circuitry that produces hippocampal RSA, the
hippocampus is in a position to receive an efferent copy
of instructions that generate movement and respond to
this information with movement-related commands.

Single cell recording in the hippocampal formation
also suggest its cellular activity could be related to
movement, and thus to dead reckoning. Some cells,
head-direction cells, are tuned to the direction that an
animal’s head is oriented. Others, place and movement
cells, are responsive when an animal is moving in a
particular direction an in a particular location in its
environment. Still other cells are tuned to the location
to which a rat is heading [9,25,30,35]. In addition, in
studies in which rats have the choice of using trajecto-
ries in task solutions, subsets of cells are found that are
tuned selectively to various trajectories [10,16,23,56]. A
number of experimental and theoretical papers
[15,24,34,35] have suggested ways in which such ‘move-
ment-related and direction-related’ cells may contribute
to path integration.

6.5. Sensory input to the hippocampus

The hippocampus is also the target of all of the
major sensory systems. Thus, the hippocampus is posi-
tioned to receive information concerning sensory flow
generated by movement. In addition, not only do some
hippocampal cells respond to optic flow [34], the projec-
tion of the accessory optic pathway into the hippocam-
pal formation carries information concerning optic flow
[57]. Optic flow will be especially useful to an animal in
maintaining straightforward movement and in gauging
the extent of a turn. It is well known that there are cells
in the hippocampus that are sensitive to allothetic cues
[31]. Such cues might be especially useful to path inte-
grating animals in performing running fixes, and global
determinations of position and heading (see [14] for a
description of these navigational processes). Finally, it
is interesting that certain olfactory stimuli, especially
the scent of predators, initiates distinctive bursts of fast
waves in the hippocampus [18,38,58]. Perhaps such
predator warnings could serve to trigger homeward
escape responses that requires dead reckoning.

6.6. Two systems for spatial behavior

The most parsimonious interpretation of the results
that we have obtained in our studies is that there are
two parallel brain systems for spatial navigation [42].
Our studies suggest that because deficits in idiothetic
navigation occur following damage to the fimbria-
fornix [42], the hippocampus [43,49], and retrosplenial
cortex [21] these neural structures are part of a system
that hosts dead reckoning. Elsewhere a number of

modeling studies have proposed how such a dedicated
dead reckoning system might work using hippocampal
circuitry (for a review see [31]). We propose that a
second, parallel system is involved in navigating to
allothetic cues. Such a system would mediate behaviors
referred to as taxon and locale by O’Keefe and Nadel
[29], or behaviors such as local view learning proposed
by others [20].

We make this suggestion with some cautions, how-
ever. It is possible to consider that dead reckoning is
mediated by fibers passing through the fimbria-fornix
that do not involve the hippocampus. This seems un-
likely given our previous work showing that selective
lesions of the hippocampus also impair dead reckoning
[21]. There is also a controversy concerning whether
some dead reckoning tasks can be performed by rats
with hippocampal damage [see [22] vs. [2] for a discus-
sion]. More explicit studies using alternate tasks may be
required to resolve this problem.

One deficit that reliably follows damage to the
hippocampal formation is impaired performance on
matching-to-place learning tasks [42,46,49]. Matching
to place learning is essentially one trial learning of new
spatial locations. We suggest that matching-to-place
learning is impaired in rats with hippocampal damage
not because animals are unable to perform place learn-
ing, but because their learning is based entirely on the
function of the piloting spatial system. Therefore, they
are unable to generate new responses based on the
detection of errors in self-movement that would nor-
mally be detected and corrected by the dead reckoning
system [54]. We must note in conclusion, however, that
there are many tasks seeming impaired by hippocampal
lesions that may not require dead reckoning. Future
work will be required to determine whether dead reck-
oning makes a contribution to the performance of these
tasks [44,47].
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