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Fimbria-Fornix Lesions Disrupt the Dead
Reckoning (Homing) Component
of Exploratory Behavior in Mice
Joanna H. Gorny, Bogdan Gorny, Douglas G. Wallace, and Ian Q. Whishaw1
Canadian Centre for Behavioural Neuroscience, University of Lethbridge, Lethbridge, Alberta T1K 4N6, Canada
Exploration is the primary way in which rodents gather information about their spatial surroundings. Thus,
spatial theories propose that damage to the hippocampus, a structure thought to play a fundamental role in
spatial behavior, should disrupt exploration. Exploration in rats is organized. The animals create home bases
that are central to exploratory excursions and returns, and hippocampal formation damage alters the
organization of exploration by disrupting returns. Mice do not appear to readily establish home bases in novel
environments, thus, for this species, it is more difficult to establish the contribution of the hippocampus to
exploration. The purpose of the present study was threefold: develop a task in which mice center their
exploration from a home base, determine whether the exploratory behavior is organized, and evaluate the
role of fimbria-fornix lesions on exploration. Mice were given a novel exploratory task in which their nesting
material was placed on a large circular table. Video records of control and fimbria-fornix mice were made in
both light and dark (infrared light) conditions. Exploration patterns (outward trips, stops, and homeward
trips) were reconstructed from the video records. Control mice centered their activity on their bedding, from
which they made circuitous outward trips marked by many stops, and periodic direct returns. The
bedding-centered behavior and outward trips of the fimbria-fornix mice were similar to those of the control
mice, but significantly fewer direct return trips occurred. The direct homeward trips observed under light and
dark conditions were consistent with a dead-reckoning strategy, in which an animal computes its present
position and homeward trajectory from self-movement cues generated on the outward trip. Because the
fimbria-fornix lesions disrupted the homeward component of exploratory trips, we conclude that the
fimbria-fornix may contribute to dead reckoning in mice. The results also show that the home-bedding
methodology facilitates the establishment of a home base by mice, thus providing a useful methodology for
studies with mice.
One of the most interesting predictions of the spatial mapping theory of O’Keefe and Nadel (1978) is that “exploration is a direct response of the animal to the detection of a
mismatch by the locale system; in the absence of the hippocampus all forms of exploratory behavior should disappear from the animal’s repertoire”. Whereas their monograph reviews an extensive list of alterations in the exploratory behavior of rodents, which is, in general, consistent
with the idea that exploration and the hippocampus are
important for spatial behavior, the understanding of the
effects of hippocampal formation lesions on spatial behavior has been hampered by a lack of understanding of the
organization of rodent spatial behavior. Certainly, the typical increase in the activity of exploring hippocampal-lesioned animals (Jarrard 1968; Whishaw et al. 1994), and the
tendency of these animals to investigate novel as opposed
to familiar objects in the environment (Sutherland 1985;
Mumby et al. 2002) does not seem consistent with the idea

that all forms of exploratory behavior disappear from a hippocampectomized animal’s repertoire.
A deficiency in understanding rat exploratory behavior
has been readdressed by recent studies revealing that exploratory behavior is organized (Whishaw et al. 1982; Eilam
and Golani 1989; Golani et al. 1993; Tchernichovski et al.
1996; Tchernichovski and Benjamini 1998; Drai and Golani
2001; Drai et al. 2000, 2001). When placed in a large open
field, rats adopt certain locations as home bases, in which
they linger, turn, rear, and groom. In addition, they make
periodic outward trips from a home base that are slow,
circuitous, and marked by a number of stops, and rapid
return trips back to the home base. Their locomotor behavior also consists of movements at a number of speeds (first,
second, and third gear). Specifically, movements in first
gear, or lingering, occur in the vicinity of the home base.
With extended exposure to an environment, exploratory
trips grow in length; however, the number of stops and
excursion duration are constrained by an upper bound.
The outward and homeward portions of a rat’s exploratory bout may be mediated by different spatial navigational strategies, piloting and dead reckoning, respectively
(Whishaw et al. 2001; Wallace et al. 2002a). Piloting is a
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RESULTS

form of navigation in which guidance is derived from external (allothetic) cues, such as visual or olfactory cues.
Dead reckoning is a navigational strategy that uses selfmovement (idiothetic) cues generated by vestibular input,
proprioception, efference copies of commands, or sensory
flows that occur in the process of movement (Gallistel
1990). Accordingly, on the outward portion of an exploratory trip, an animal may be learning about its piloting
space, whereas the course for its homeward trip is set by
computations derived from cues generated on the outward
trip. The suggestion that the homeward trip is mediated by
dead reckoning is confirmed by the persistence of direct
rapid return trips under conditions in which visual cues are
not available, such as testing under infrared light conditions
(Whishaw et al. 2001; Wallace et al. 2002a). Examination of
the organization of exploratory behavior in rats shows that
the dead reckoning (homeward) component of exploration
is altered, following fimbria-fornix (hippocampal) lesions
(Whishaw et al. 2001). In both the light and dark (infrared),
control and fimbria-fornix lesion rats leave a home cage and
make circuitous trips marked by periodic stops; however,
only control rats make direct return trips to the home base.
Rats with fimbria-fornix lesions do return to the home base,
but they do so by using a more indirect and slower approach.
The organization of exploratory behavior in mice may
differ from that of rats. Drai and Golani (2001) note that
mice differ from rats in that their lingering episodes are not
restricted to several locations. In preliminary studies with
mice, we have observed similarly that the mice do not appear to set up home bases as readily as rats (J.H. Gorny, B.
Gorny, D.G. Wallace, and I.Q. Whishaw, unpubl.). A failure
to establish home bases may explain the difficulty in obtaining spontaneous escape responses from mice in open field
tests (Pompl et al. 1999). Pompl et al (1999) used both a
light and a fan to force the mice to escape (for review, see
Bach et al. 1999); whereas, rats displayed rapid spontaneous
escape behavior in a similar task (Barnes 1979).
The purpose of the present study was threefold, (1) to
develop a task in which mice establish a home base, (2) to
determine whether mouse exploratory behavior is organized, and (3) to determine whether hippocampal formation lesions disrupt exploration, especially the homeward
component of exploration. A technique of using a real
home base, a mouse’s nesting material rather than the unstructured exploratory environment typically used for rats
(Eliam and Golani 1989; Drai et al. 2000) was introduced. A
nest box has proven to be useful in previous studies of dead
reckoning, in which mice retrieved pups or hamsters retrieved food (Etienne 1980; Alyan 1996). The growing number of studies using transgenic mice models demands a better understanding of mouse spatial behavior. The current
analysis of mouse spontaneous exploration will provide
valuable insights to mouse spatial behavior.
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Histological Results
The fimbria-fornix was completely sectioned in the mice
that were given lesions (Fig. 1A,B). The tract made by the
electrode only slightly damaged the supracallosal septohippocampal pathways and cortex. Previous work with rats has
demonstrated that the supracallosal damage does not produce additional impairments on spatial tasks (Sutherland
and Rodriguez 1989; Jeltsch et al. 1994). Stains for acetylcholinesterase (AChE) revealed extensive depletion of
AChE in the hippocampus (Fig. 1C,D), a marker that serves
to confirm the completeness of the lesion. Shute and Lewis
(1963) and Fibiger (1982) have concluded that AChE-intense neurons in the medial septal and diagonal band nuclei
project via the fimbria-fornix to the hippocampus. Further
evidence that the fimbria-fornix provides major cholinergic
input to the hippocampus was demonstrated by Jeltsch et
al. (1994), in which fimbria-fornix lesions reduced cholinergic markers by ∼70% in the dorsal hippocampus.

Stops
Upon being placed on the apparatus, the animals began
making a number of exits and returns from the nesting
material (Fig. 2). Placing bedding material on the table

Figure 1 Coronal hemisections of a fimbria-fornix brain (A,C) and
a control brain (B,D) stained for acetylcholinesterase (AChE). Note:
in A the fimbria-fornix is absent, and in C the AChE staining in the
hippocampus is absent.
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quently in the dark condition than
in the light condition [F(1,12) =
26.217, P <0.05]. There was no
significant effect of group or
Group by Lighting Condition interaction.
In addition, the mice spent
substantial time in the bedding
area, with control mice spending a
mean of 3.9 min at this location in
the light and 1.5 min there in the
dark. Comparable times for the
fimbria-fornix mice were 1.3 and
0.7 min, respectively. An ANOVA
on time spent at the bedding location gave a significant effect of group [F(1,12) = 11.6,
Figure 2 An ethogram of the time spent in a home base location (indicated by black bars) for a P < 0.05],
lighting
condition
representative control and a representative fimbria-fornix mouse in the light (top) and the dark
[F(1,12) = 33.7, P < 0.05], and
(bottom) condition.
Group by Lighting Condition interaction, [F(1,12) = 11.3, P < 0.05].
Despite group and lighting condition differences, the bedproved effective in establishing a home base, as both the
ding location was the most visited site. To confirm that the
control and fimbria-fornix mice made many visits to the
home base was a focus for stops that did not occur in the
bedding material (bars in Fig. 2).
periphery, stops made in a virtual nesting area diagonally
Stops other than at the bedding material were distribopposite to the area of nesting material were compared
uted primarily around the perimeter of the apparatus (Fig.
with stops made in the area of the nesting material (Fig. 4).
3). Both control and fimbria-fornix mice stopped more freThe ANOVA conducted on mean time resulted in significant
main effects of group [F(1,12) = 11.6, P < 0.05], lighting
condition [F(1,12) = 34.1, P < 0.05], and location
[F(1,12) = 72.85, P < 0.05]. The ANOVA also revealed that
the Group by Lighting condition interaction [F(1,2) =
11.53, P < 0.05], the Group by Location interaction
[F(1,12) =11.63, P < 0.05], the Lighting Condition by Location interaction [F(1,12) = 33.46, P < 0.05], and Group by
Lighting Condition by Location interaction [F(1,12) =
11.09, P < 0.05] were significant. Follow-up tests indicated
that both the control and the fimbria-fornix rats spent more
time in both light and dark conditions in the real home base
as opposed to the virtual home base.

Number of Trips and Trip Duration
The ANOVA revealed no significant difference in the number of exploratory trips (as defined by excursions that left
the home base) between the two groups, nor were there
significant differences between lighting conditions, or a
Group by Lighting Condition interaction. Although the
ANOVA based on trip duration resulted in no effect of
group, trip duration in the dark was observed to be significantly longer than under the light condition [F(1,12) = 56.959,
P < 0.05]. In addition, a significant Group by Lighting Condition interaction [F(1,12) = 10.378, P < 0.05] revealed that
the excursions for fimbria-fornix mice were longer in dura-

Figure 3 Location of stops for control and fimbria-fornix mice
under light (left) and dark (right) conditions in a 10-min test. Both
groups of mice demonstrated similar stopping locations, characterized by a high incidence of stops around the edge of the circular
table and within the home location.
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Figure 4 Time (mean and standard error) spent in the home and a virtual home location (diagonal to the actual home) in the light (left) and
the dark (right) condition. Time within the home bedding location (B) in comparison to the virtual home location (V) was significantly different
in both light and dark conditions for both control and fimbria-fornix groups. (*) P < 0.05.

DISCUSSION

tion under the dark condition in contrast to the light condition.

The present study developed a behavioral test in which
exploratory behavior was organized, and fimbria-fornix lesions disrupted this organization. We observed that when
mice were given bedding material, they preferred that location, suggesting that they used the site as a home base.
Their behavior was organized into outward and homeward
components centered on the bedding site; however, fimbria-fornix lesions disrupted the homeward component of
the exploratory behavior. Thus, the results are consistent
with a role for the hippocampal formation in exploratory
behavior, by mediating the dead reckoning component of
exploration used by mice to return to their home base.
Exploratory behavior in rats, which may initially appear unstructured, is organized and divisible into components that are organized in relation to a reference point
such as a real or virtual home base (Eilam and Golani 1989).
The exploratory behavior of mice is also organized, but
establishment of a home base is less obvious in mice than in
rats (Drai and Golani 2001). In a series of preliminary studies, we placed mice onto a large circular table to determine
whether they would establish home bases from which to
explore. Although in different studies the mice were left for
as long as 2 h, it was not clear that they established home
bases as readily as rats do; a result confirming the report of
Drai and Golani (2001). When provided with a shelter,
which is easily adopted by rats as a home base (Wallace et
al. 2002a), mice again appeared to ignore the shelter
(Pompl et al. 2000). The strategy used here of placing the
mice, along with nesting material from their home cages,
onto the table was successful. Mice spent a significant portion of their time in the vicinity of the nesting material and
subsequently made many excursions away and back to this
home base. In addition, this method allowed us to collect a

Outward and Homeward Trips
During the outward portion of trips from the bedding area,
both control and FF mice traveled across the center of the
table or around its periphery. Counts of trips made across
the center of the table versus around the periphery indicated that there were no significant effects of group, lighting condition, or Group by Lighting Condition interaction.
Figure 5 plots the outward trip segments for all control and
FF mice under light and dark conditions. There were differences in the trajectory of homeward trips between the control and FF groups in both lighting conditions (Fig. 6). Control mice made many long return trips that carried them
across the center of the table compared with the FF animals.
FF mice tended to travel around the periphery of the table
until they reached the proximity of the nesting material.
Thus, the control mice made many long return trips,
whereas the fimbria-fornix mice made few long return trips,
but many short returns from points that were in close proximity to the nest material. To analyze these differences, trips
were divided into long and short trips (Fig. 7). The ANOVA
conducted on the number of long trips observed under light
and dark conditions indicated a significant group effect
[F(1,12) = 16.842, P < 0.05], whereas lighting condition
and Group by Lighting Condition interaction were not significant. The control group made significantly more long
trips in both the light and dark conditions.
The velocity of homeward trips made by control and
fimbria-fornix mice was obtained from the measures of
travel distance and time. The ANOVA conducted on homeward trip velocities resulted in no effect of group, lighting
condition, or Group by Lighting Condition interaction.
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consistent with the return trips, like those of the rats, mediated by dead reckoning (Whishaw et al. 2001; Wallace et
al. 2002a).
Although mice with fimbria-fornix lesions utilized the
nesting material as a home base and explored the table
making frequent stops, their homeward trips appeared to
be a continuation of their outward excursion. Specifically,
in both light and dark conditions, fimbria-fornix mice made
significantly fewer long direct return trips to their home
location than control mice, and the return trips that they did
make were circuitous and seemed to occur simply because
the animals accidentally encountered their home base as
they traveled around the perimeter of the apparatus. In this
respect, their return trips are similar to those described for
rats with fimbria-fornix lesions (Whishaw et al. 2001; Wallace et al. 2002b). Thus, as has been suggested for rats, the
failure of these mice to display direct home trips is consistent with impaired dead reckoning, and that this dead reckoning strategy was disrupted by lesions to the fimbria-fornix.
We have considered the possibility that the long direct
homeward trips made by the mice may be mediated by
olfactory cues emanating from the nesting material, but this
seems unlikely for two reasons. First, control mice initiated
long direct return trips to the home base from points that

Figure 5 Outward paths recorded for all control and fimbria-fornix mice over a 10-min time period in the light and in the dark.
Both control and fimbria-fornix mice made longer and more complex outward trips in the dark conditions, but travel distances did
not differ between groups. Arrowheads indicate the location of the
last stop for a single exploratory trip.

sufficient number of exploratory trips for analysis within
only a 10-min test. Thus, the present study demonstrated
that mice explore from, and return to, a home base, as do
rats.
Following the establishment of a home base, rat exploratory behavior can be fragmented into two components
as follows: circuitous outward trips marked by stops, and
more direct rapid returns to the home base (Whishaw et al.
2001; Wallace et al. 2002a). Here, we show that exploratory
behavior of mice is similar, although not identical, to that of
rats. To be specific, in both light and dark conditions, the
mice made circuitous outward trips, which were clustered
around the perimeter of the circular table and characterized
by many stops. In addition, the mice made many direct
return trips, usually directly across the center of the table,
back to the home base in both light and dark conditions.
Previous studies have reported that a rat progresses slowly
and intermittently away from a home location and fast and
continuously back to the home base (Tchernichovski and
Benjamini 1998; Whishaw et al. 2001). In the present analysis of mouse exploratory behavior, the homeward velocity
was not noticeably faster than was the locomotor portion of
the outward trip. Nevertheless, the fact that the mice made
direct homeward trips in both the light and the dark is
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Figure 6 Return trips recorded over a 10-min time period in light
and dark conditions. Note: the control mice made more long direct
returns to the home location in both light and dark conditions than
did the fimbria-fornix mice. Arrowheads indicate the completion
for a single return trip.

&

M

www.learnmem.org

391

E

M

O

R

Y

Gorny et al.

will disrupt exploratory behavior. Here, we demonstrate
that if mice are provided with bedding material, their exploratory behavior is organized into components, home
base behavior, outward trips, and homeward trips. In addition, because homeward trips are relatively direct in both
the light and the dark, the results are consistent with the
hypothesis that the homeward trips may be mediated by
dead reckoning. Our finding that fimbria-fornix lesions disrupt the homeward component of the exploratory trips is
consistent with a role for the hippocampal formation in
dead reckoning. We emphasize, however, that this result
and conclusion should not signify that the outward component of exploration is normal in the exploring mice. It is
likely that the outward component of the exploratory trip is
important for gathering information concerning the relationships of the exploratory arena to ambient cues, and it is
important to note that the ability of the mice to use ambient
cues was not assessed. In addition, we found that the fimbria-fornix mice spent less time at the home base than did
the control mice, suggesting that the lesion may disrupt
other aspects of exploratory behavior. This should not detract from the successful objectives of the present study,
which were to devise an exploratory task for mice, determine whether their exploration is organized, and examine
whether fimbria-fornix lesions disrupt exploratory trip organization.

Figure 7 Number of long trips (mean and standard error) returning to the home location by control and fimbria-fornix mice in light
and dark conditions. The control group made significantly more
long trips than did the fimbria-fornix group in both light and dark
conditions. (*) P < 0.05.

were at a considerable distance from the nest, a distance at
which they may have been unable to detect directional olfactory cues from the bedding material. Second, if olfactory
cues guided homeward trips, there is no reason to suspect
that fimbria-fornix lesions would disrupt such behavior in
the lesion group. Studies of tracking rats demonstrate that
fimbria-fornix rats are more likely to follow odor trails than
are control rats (Whishaw and Gorny 1999). Thus, parsimony suggests that direct return trips in the control mice
may be mediated by dead reckoning, and that this behavior
is disrupted in mice with fimbria-fornix lesions.
Two weaknesses in the present study relate to the brief
period of time the animals were observed and that only one
strain of mice was examined. With respect to the first point,
if the animals were left for considerably longer periods of
time, the animals’ behavior may have become more organized. Because of the analysis that we performed, we digitized the behaviors of the animals manually, and so the
analysis of even a 10-min period was demanding. Nevertheless, it seems unlikely that behavior would become more
organized, because in the brief test that we administered,
we did obtain results similar to those reported for rats that
were observed for as long as a few hours (Eilam and Golani
1989). Finally, using rats, we have found a very similar pattern of impairment following fimbria-fornix lesions
(Whishaw et al. 2001). For these reasons, we suggest that
the technique of using the animals’ bedding provides a useful way of allowing mice to organize their exploratory behavior so that it can be evaluated in relatively brief tests.
With respect to the second point, there are many mice
strains, and only one strain was used here. Although we
suspect that the behavior of C57Bl/6 represents wild-type
behavior, this could be examined in further studies.

MATERIALS AND METHODS
Animals
Fourteen experimentally naïve, adult female mice C57BL/6 (Mus
musculus domesticus) were used. The animals were housed in
single plastic cages on a 12–12 h light-dark cycle under standard
vivarium conditions with food and water available ad libitum.

Surgery
Seven mice were anesthetized with Isoflurane and oxygen. To produce fimbria-fornix lesions, 1.5 mA cathodal current was passed for
40 sec through 00 stainless-steel insect pins, insulated with Epoxylite except at the surface of their tips (Whishaw and Jarrard 1995).
The lesions were made at one site in each hemisphere using coordinates in reference to bregma and the surface of the dura, 0.5 mm
posterior, 0.5 mm lateral, and 2.0 mm ventral. Behavioral testing
began 2 wk following surgery.

Apparatus
The testing apparatus (Fig. 8) consisted of a large wooden circular
table (204 cm in diameter) covered with linoleum that could be
washed following the testing of each mouse. The table was elevated 64 cm above the floor, and its surface was mounted on ball
bearings so that it could be rotated after the testing of each mouse
in order to displace any surface cues. The apparatus was located in
a lightproof test room (3 × 12 m) in which many visual cues including posters, counters, and a desk with computers were present. A camera was located above the apparatus so that the behavior of the animals could be video recorded.

Conclusion
The results of the present study confirm the predication of
spatial theory that damage to the hippocampal formation
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videotape player (Sony EV-S900), consisted of the time during which the animal remained at the location where it
had stopped. (2) Number of trips and
trip duration. An exploratory trip, or
excursion, was defined as a trip away
from and back to the home location.
The time required to complete each
exploratory trip and return to the refuge was obtained from a time bar displayed on a Hi8 videotape player. (3)
Outward and homeward trips. Exploratory trips were divided into outward
and homeward components. Furthermore, the homeward portion of the
trip was specified as that portion of a
trip that followed the last stop that the
mouse made before reaching its home
base. The homeward segment of an exploratory trip was classified as long or
Figure 8 The apparatus consists of a circular wooden table (204 cm in diameter) covered with short on the basis of where the seglinoleum, upon which a square piece of linoleum containing the animals bedding (home) was ment began with respect to the oval
positioned. The mouse was free to explore the table during the test. A mouse and a typical drawn in the diagram of the table in
exploratory path have been superimposed on the table.
Figure 7. Homeward segments that
originated outside of the oval are classified as long; whereas segments that
Filming
originated inside of the oval are classified as short. Finally, the
velocity associated with the homeward and outward segments of
To control the animal’s use of visual cues, the exploratory trials
each excursion was calculated by dividing the travel distance by
were carried out in either light or dark (infrared light) conditions,
trip duration for 10 random exploratory trips.
and exploratory behavior was filmed using a camera sensitive to
both normal and infrared light (Sony handycam CCD-TRV615). In
Histological Analysis
the light condition, the room lights were on and the animal was
able to use various visual cues within the room to locate its home
At the completion of the experiment, the mice were deeply anesor navigate. The room lights were turned off for the dark condition,
thetized, perfused with saline and unbuffered 4% paraformaldethus eliminating visual cues. The experimenter wore infrared-senhyde, the brains were removed, and stored in a 30% sucrose-unsitive goggles to orient in the test room, place the animal on the
buffered 4% paraformaldehyde solution. The brains were sliced at
apparatus, and monitor its behavior in the dark.
40-mm sections on a cryostat, and alternate sections were stained
with Cresyl violet and acetylcholinesterase.

Procedure
Testing
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