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Updating the path integrator through a visual flx 
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Mammals can navigate through path integration (dead reckoning) by updating their position on the 
basis of internal signals generated during locomotion, without using any external references. However, 
being open to cumulative errors, path integration remains functional over short excursions only, un
less corrected by familiar landmarks. That such a corrective process may occur was examined in 
golden hamsters during hoarding excursions occurring in darkness, within a large open arena. The su]:}. 
jects proceeded from their peripheral nest to a feeding site on a platfonn. If the animals were rotated 
during food pouching, their subsequent homing behavior was disoriented, self-generated positional in
fonnation having been disrupted. By contrast, when the subjects were rotated at the food source and 
then briefly presented with the familiar visual environment, they returned homeward, albeit not very 
precisely. Thus, the animals may have taken an approximate positional fIx, or reset their internal com
pass only. 

In recent years there has been an increasing interest in 
path integration. Also termed "dead reckoning," this nav
igation process allows the subject to update his/her posi
tion relative to a point of reference through a running com
putation of signals generated during locomotion. The 
route-based process requires the estimation of both dis
tance and direction of travel and is commonly formalized 
as the computation of a vector that connects the subject 
to his/her point of departure. Thus, at the end of a sinu
ous outward journey, the subject tends to head back to 
the starting point ofhislher excursion along a fairly direct 
path, as if following a homebound vector. In mammals, 
the computation of self-position can depend entirely on 
internally generated signals. Input from the vestibular 
system together with proprioceptive feedback and possi
bly efferent copies (copies oflocomotor commands) con
tinuously inform the subject of his/her locomotory move
ments and allow him/her to measure the angular and 
linear components of his/her pathway (Etienne, Maurer, 
& Seguinot, 1996). 

Path integration has the functional advantage of en
abling an animal to navigate through a totally unfamiliar 
environment without losing track of its point of departure 
(e.g., its home). What's more, the system requires no learn
ing and is probably functional as soon as a young indi
vidual begins making short exploratory excursions away 
from the nest (Etienne, Berlie, Georgakopoulos, & Mau
rer, 1998). 

A major drawback of path integration, however, is that 
the recurrent computation of position is subject to cumu-
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lative errors. The less precise the estimation of direction 
and distance of travel, the more route-based position in
formation drifts. Measuring rotations and translations 
without external references, as it occurs in mammals, is 
affected by relatively large random errors and therefore 
leads to a rapid degradation of the position vector (for a 
review, see Maurer & Seguinot, 1995). In particular, be
havioral research in our laboratory has shown that in gen
eral golden hamsters (Meso cricetus auratus W) are able 
to integrate only up to five active or two passive rotations, 
with particular individuals showing a higher degree of 
compensation than others (Etienne, Maurer, & Saucy, 
1988). Additionally, without external direction references, 
path-dependent information fades away quickly as the 
time interval between the onset and return of a journey 
increases. Finally, path integration models based on the 
observation of systematic homing errors suggest that this 
process depends on an approximate algorithm for updat
ing position (see Etienne et aI., 1996). It follows that path 
integration in general is affected by errors and that this is 
particularly the case if it is based on inaccurate first-order 
signals. In the latter case, path integration by itself re
mains reliable over short excursions only. 

A completely different and therefore complementary 
navigational system consists of building stable associa
tions between landmarks and places of functional impor
tance. These associations and their mutual relationships 
may then be encoded on a map like representation. Under 
these conditions, the subject can pilot through his/her en
vironment by matching the currently perceived landmarks 
with their internal representation, and therefore locate 
himself/herself in relation to a goal on the map. Map nav
igation allows the planning of goal-directed trajectories 
in general and the choice of adequate paths in new situa
tions (Gallistel, 1990; O'Keefe & Nadel, 1978; Tolman, 
1948). In contrast to path integration, however, this loca
tion-based navigation system is operant only in a familiar 
environment and when relevant landmarks are available. 
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According to current theories of biological navigation 
systems, map navigation and path integration may coop
erate in order to optimize navigation (Etienne, Maurer, 
et aI., 1998; Gallistel, 1990). In particular, within a fa
miliar environment, a subject may clear his/her path inte
grator from accumulated errors by taking a positional fix 
on the visual surroundings: By computing the relevant pa
rameters from the currently perceived visual environment 
(see Discussion) and then matching the observed and 
mapped landmarks, the subject estimates hislher position 
on the map. Under these conditions, subjects may update 
the approximate route-based estimate of position with the 
exact location-based positional value. Episodic fixes 
(Gallistel, 1989, 1990) would therefore compensate for 
the inherent tendency of path integration to drift. 

That familiar external references may update the path 
integrator has not yet been shown on the behavioral level. 
On the neurophysiological level, however, there is in
creasing evidence that in conditions in which the firing 
properties of hippocampal place cells and head direction 
cells in functionally related brain structures are subject 
to drift, cell activity may be updated by the presentation 
of the known visual environment (Goodridge & Taube, 
1995; see present Discussion). 

The aim of the present research is to investigate whether 
golden hamsters (Mesocricetus auratus W) update their 
path integrator when being briefly presented with a famil
iar visual environment. In our experimental conditions, each 
animal lives in the experimental arena throughout the test
ing period and can therefore establish stable associations 
between visual references and specific places and/or di
rections. In darkness, the subject returns from a foraging 
site to its peripheral nest by relying on internal path inte
gration only-that is, without using any external reference. 
In light, however, homing is controlled by vision as well as 
by path integration. The hamsters' ability to navigate by 
means of landmarks and/or path integration creates an 
ideal situation for testing the cooperation between the two 
navigational systems (Etienne, Maurer, et aI., 1998). 

In the present experiments, each subject was led in 
darkness away from its nest on a hoarding excursion. At 
the feeding site, path integration was disrupted by sub
mitting the animal to fast bidirectional rotations. Homing 
directions were analyzed when the animal had the op
portunity to briefly sight the surrounding landscape at 
the end ofthe rotations (rotation + fix condition). Results 
were compared with a situation in which the subject was 
not given this opportunity (rotation + no fix condition). 
Under the hypothesis that the sighting of a familiar land
mark panorama enables subjects to take a positional fix, 
we expected them to carry out home-directed returns in 
the rotation + fix condition and randomly orientated re
turns in the rotation + no fix condition. 

METHOD 

Subjects 
Five laboratory-bred golden hamsters (Mesocricetus auratus W.), 

all adult females, participated in this experiment. All were bred in 
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our laboratory. Four subjects had already been used in previous ex
periments and I was a naive subject. One animal was a pilot subject 
and underwent only two of three experimental conditions (no rota
tion + no fix and rotation + no fix; see General Procedure). Each in
dividuallived alone in the experimental arena and nest box through
out the testing period. Animals were maintained under a 12:12-h 
light:dark cycle and tested at the beginning of the dark phase. They 
were fed ad lib with a variety of different food items. 

Apparatus 
The experimental arena (diameter, 220 cm; height of peripheral 

wall, 45 cm) was provided with a peripheral nest box where the sub
ject established its granary. Between test sessions, the animal could 
move freely between the nest box and the arena through a small 
swinging door. A circular ceiling (diameter, 300 cm) composed of 
white cloth was centered over the arena at 190 cm above the ground. 
Four light bulbs (intensity, 40 W) positioned symmetrically above 
and around the cloth ceiling illuminated the arena and are referred 
to as the "room lights." Experimental trials took place in darkness 
and were recorded by an infrared (IR) sensitive video camera placed 
in the center of the ceiling and surrounded by a set of IR diodes 
(peak emission, 940 nm; bandwidth, 45 nm). The camera was con
nected to a video screen located in a room adjacent to the experi
mental hall. A small mobile circular platform (diameter, 26 cm) 
could be lifted in and out and positioned anywhere within the arena. 
Its elevation above the ground was 3 cm and it could be rotated by 
means of a handle fixed to its center. The platform was removed from 
the arena between experimental sessions. 

The experimental arena was situated in a large experimental hall 
(8.5 x 4.5 x 3.2 m) that provided the subject with an asymmetri
cal, heterogeneous visual background (four differently patterned 
walls, curtains, pillars, cleaning equipment, etc.). Along its long 
axis, the hall contained a second arena. The video camera and diodes 
could be displaced and positioned above the center of each arena on 
a rail system fixed to the ceiling of the hall. 

General Procedure 
The subject was introduced into the experimental arena on Day I. 

It was shut into the nest box for 24 h to induce it to establish its nest 
and granary. Thereafter, it underwent one working session per day 
during the first quarter of the dark cycle. The subject's entire test 
period was divided into a training phase followed by an experimen
tal phase. During the training phase, the subject was habituated to 
the experimental environment and procedures. The training phase 
contained from 5 to 10 sessions depending on the subject. In the ex
perimental phase, the subject underwent 7-12 experimental sessions. 
Thus each subject participated in the experiments for 15-30 days. 

The general procedure of the experiments was to lead the animal 
from its nest to a food source where it was left to pouch food and 
then to return to its nest. This nest-centered back-and-forth excur
sion is called a "hoarding trip" and represents the fundamental unit 
of our experiments. The hoarding trip can be split into an outward 
and an inward, or return journey. To be selected for (and retained 
during) these experiments, the animals had to (I) establish their gra
nary within the nest box and show intense motivation for hoarding 
(food pouching had to start as soon as the subj ect arrived at the food 
source) and (2) show nest-oriented homing in preliminary control 
trials (see below) and control trials during experiments. In total, for 
5 subjects that underwent the experiments, 7 (i.e., about 60%) did 
not fulfill one or both of these conditions and were eliminated. It 
should be noted that in all our experiments on homing, a high pro
portion of hamsters have to be discarded because the test conditions 
are extremely demanding. 

Throughout the experiments, pink noise was diffused into the 
arena from four loudspeakers placed symmetrically around the 
arena to mask all possible acoustical cues. The positions of the 
loudspeakers were permuted from one session to another. Olfactory 
and tactile trails were eliminated by stirring a thick (7-cm) layer of 
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sawdust on the floor of the arena. The sawdust was always stirred 
before the beginning of a session. During the experimental phase, 
the sawdust was also stirred after preliminary control trials (see 
below) before any test trials were run. Bands made of pliable metal 
(length, 120 cm; height, 20 cm; width, 0.2 cm) were placed along 
the inner walls of the arena so as to mask all olfactory markings. 
The bands were removed between sessions. Their positions were 
permutated from session to session. Geomagnetic cues did not seem 
to influence our animals' homing behavior and were not altered 
(Etienne, Maurer, Saucy, & Teroni, 1986). That the animals used 
neither (1) intramaze nor (2) extramaze orientational cues was also 
verified post hoc by the fact that (1) they did not retrace their out
ward path on return to the nest and (1,2) they were no longer ori
ented in the rotation + no fix condition (see below, on experimental 
excursions, and see Results). 

Training Phase 
During training sessions, the platform was baited with a pile of 

hazelnuts and placed before each hoarding trip anywhere within the 
arena but at least 30 cm away from the peripheral wall and 35 cm 
away from the center of the arena. The subject was induced to fol
Iowa lure illuminated by a small red light to the platform and to 
pouch food on the platform; thereafter it returned to its nest. As the 
platform was moved before each hoarding trip, the length and the 
direction of the outward journey varied at each hoarding excursion. 
The journeys took place under room lighting and without masking 
of background noise until the animal became more confident. There
after, the room lights were switched off and pink noise was diffused. 
This training phase ended when the animals were habituated to the 
platform and the pink noise. Subjects then underwent the experi
mental phase. 

Experimental Phase 
At the beginning of an experimental session, the subject was 

briefly refamiliarized with the procedure used during training ses
sions (see Training Phase). As soon as the animal began carrying 
out swift hoarding excursions with direct returns to the nest under 
maximal pink noise intensity, room lights were switched off and the 
experimental session started. 

Preliminary and referential excursions. An experimental ses
sion started with up to eight preliminary control trials, referred to 
as preliminary excursions. These allowed us to make sure that the 
animal was sufficiently motivated and correctly oriented within the 
arena to run test trials. The platform was moved before each hoard
ing excursion within the same limits of the arena used in training 
sessions (see Training Phase). On preliminary trips, the subject had 
to carry out three nest-oriented returns within four successive ex
cursions. A nest-oriented return was defined as follows: On re
turning from the food location, the subject entered the peripheral 
annular zone of the arena (see Encoding and Evaluation of Trajec
tories) within an area limited by a 90° angle the summit of which 
coincided with the food location and whose bisecting line intersected 
with the nest. Experimental trials were started if the subject fulfilled 
the criteria within a maximum of eight preliminary control trials; if 
it did not, the experimental session was put off for 24 h. The saw
dust was always thoroughly stirred after the preliminary excursions, 
before any experimental trials were run. 

Thereafter, in the course of the experimental session the subject 
had to carry out two nest-orientated returns within four excursions, 
referred to as referential excursions, between every experimental 
trial. Thus the orientation and the motivation of the subject were 
constantly monitored throughout the experimental session. 

Experimental excursions. For the experiment seven hoarding 
locations were defined within the arena. They were all located at a 
radial distance of 50 cm from the center of the arena and 60 cm 
from the nearest section of the peripheral wall and were spaced at 

45° intervals (see Figure 2). The remaining eighth location on the 
circle was considered to be too close to the nest exit and was there
fore not used. 

The experiment contained three conditions: In the no rotation + 
no fix and the rotation + no fix conditions, the subject carried out 
the whole hoarding excursion in darkness. In the rotation + fix con
dition, the room lights were briefly switched on after the subject 
had been rotated. Total hoarding duration on the platform was 
25-32 sec in all conditions. 

In the no rotation + no fix condition, the platform was placed on 
one of the seven predefined locations. A pile of hazelnuts was placed 
on the platform. The subject was led in obscurity from its nest onto 
the platform and pouched the hazelnuts. The outward trajectory was 
always the shortest path from the nest to the hoarding location (Fig
ure 2). After 25-32 sec, the subject had collected all the available 
food items and returned to its nest. 

In the rotation + no fix condition, the subject was again led in 
darkness from its nest to the same location, but while pouching food 
it was submitted to five full rotations in one direction, five full ro
tations in the other, and one-quarter rotation in the first direction. The 
first direction of rotation was alternated from trial to trial. The av
erage speed of rotation was 0.8 rotations per second. Total rotation 
time was approximately 12 sec. Care was always taken that the ani
mal hoarded continuously during rotations and for a further 15-20 sec 
after the rotations. 

In the rotation + fix condition, the subject was again led in dark
ness to the same hoarding location and rotated during food uptake, 
but this time the room lights were switched on for 10 sec immediately 
after the rotations. Darkness was then reestablished. After hoarding 
for approximately 5-12 sec longer, the animal returned to its nest. 

Each of the seven locations was used twice in each of the three 
conditions. Thus, subjects underwent a total of 42 experimental tri
als distributed over 7 to 12 experimental sessions, depending on 
whether they fulfilled the test conditions or not (see Experimental 
Phase). The order in which the locations were used was random
ized, but animals were always tested in the three conditions at a 
given location in the order no rotation + no fix, rotation + no fix, and 
rotation + fix. Between two successive test trials occurring in dif
ferent conditions, the hoarding location was altered. Two experi
mental trials at the same location were always separated by up to 
four referential excursions (see Experimental Phase) and an exper
imental trial at one of the other seven locations. 

Encoding and Evaluation of Trajectories 
All return trajectories were traced from the video screen (see Ap

paratus) onto transparent paper. Return itineraries were encoded by 
means of a mobile grid centered at the hoarding location and made 
offour concentric circles and 36 10° sectors (Figure I). The radius 
of the inner circle was 20 cm; the outer annuli increased by I5-cm 
intervals. The center line of Sector I intersected with the nest and 
was assigned the direction 0°. This was called the reference direc
tion. Sectors were numbered clockwise from 1 to 36. To encode a 
return path, we noted the sector in which the animal had crossed 
each of the successive concentric circles; each return path was there
fore transcribed into a sequence of 2-4 numbers. A 15-cm-wide pe
ripheral zone of the arena was defined as the peripheral annular 
zone of the arena. The intersection of a trajectory with a concentric 
circle on the mobile grid was counted only if the intersection was 
not located within the peripheral annular zone of the arena. If the 
intersection lay within this zone, only the intersection with the pre
vious concentric circle was counted. This precaution was taken be
cause the hamsters might otherwise have picked up olfactory in
formation on the arena wall during their final approach to the 
periphery. Trajectories were therefore not analyzed within the pe
ripheral area even if the arena walls were covered with bands (see 
General Procedure). 



Figure 1. Encoding of return itineraries traced from the video 
screen. The large circle represents the arena. The nest is repre
sented by a f"llled rectangle to the right of the arena. The mobile 
grid used for encoding the return paths was centered at the hoard
ing location and the O· reference direction (middle of Sector 1) 
was lined up with the nest direction. Depicted here is an example 
of a return path leading toward the peripheral wall of the arena 
and thus intersecting with three concentric circles (for further 
details, see text). 

The homing time was measured in terms of the time interval be
tween leaving the hoarding location and reaching the nest entrance. 

Statistical Analysis 
Since the seven hoarding locations used in this experiment were lo

cated at 60 cm from the nearest section of the peripheral wall and 
since return trajectories were not analyzed within the peripheral zone 
of the arena (see above), itineraries intersected with two (35 cm from 
the hoarding location) to four (65 cm from the hoarding location) 
concentric circles, depending on whether the itinerary led toward or 
away from the peripheral wall of the arena. The analysis of the sub
jects' return direction beyond the second concentric circle led to the 
loss of the trajectories in which the subject headed for the periphery 
(Figure I). Therefore, for all experimental conditions, the subjects' 
orientation was analyzed with respect to the transgression of the sec
ond circle, at a distance of 35 cm from the hoarding location. Under 
the hypothesis that the returns were nest oriented in the no rotation + 
no fix and the rotation + fix conditions, the trajectories observed in 
these conditions were not analyzed further away from the hoarding 
location. In the rotation + no fix condition, however, the data were 
also analyzed, whenever possible, with respect to the fourth concen
tric circle (65 cm from the hoarding location). This analysis enabled 
us to verifY that rotating the subjects caused a complete disruption of 
internal cues and not a delayed adjustment to a nest-directed final ori
entation. 

For each subject, the returns from the seven hoarding locations 
in a given experimental situation were pooled. Circular statistics 
(Batschelet, 1981) were used to evaluate the homing directions 
during the experimental trials. The Rayleigh first-order test was 
used to determine whether the subj ects were significantly oriented 
in each of the three experimental conditions. Stephens's confi
dence interval was determined for each subject and condition and 
used to test whether the subject's mean orientation differed signif
icantly from the 0° reference direction (nest direction). Mean 
group orientation in each condition was tested for significance by 
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using Moore's second-order test. Student parametric t test was ap
plied to compare group average homing times between conditions. 

RESULTS 

In the experimental conditions in which the animals 
were neither rotated nor presented with the landscape 
(no rotation + no fix), the subjects were all significantly 
oriented toward the nest at 35 cm from the hoarding lo
cation (Table 1 and Figure 2). No subject showed a mean 
orientation that deviated more than 34° from the 0°_ 
reference direction (i.e., the nest). In no case was the devi
ation statistically significant (Table 1). Mean orientation 
over subjects was -12° and highly significant (Moore's 
test,D* = 1.29,p<.01;Figure2). 

In contrast, when submitted to fast bidirectional rota
tions while collecting food on the platform (rotation + 
no fix), all subjects were randomly oriented at 35 cm 
from the hoarding location (Table 1 and Figure 2). Mean 
orientation over subjects was not significant (Moore's 
test, D* = 0.25,p> .05; Figure 2). Four of5 subjects were 
still not oriented at 65 cm from the hoarding location 
(Table 2). This result confirmed that rotating the subjects 
completely disrupted internally generated positional in
formation and did not simply delay the animals' adjust
ment to a nest-directed final orientation. Furthermore, 4 
of 5 subjects took longer to reach home when they had 
been submitted to rotations than when not (Table 1, com
pare no rotation + no fix with rotation + no fix). Group 
average homing time was significantly longer in the sit
uation with than in the situation without rotations (Stu
dent t test, t = 3.12, P < .05). 

When the subjects were submitted to rotations and 
then presented with the visual panorama during 10 sec 
(rotation + fix), the mean homing direction was -19° 
and was significant (Moore's test, D* = 1.14, P < .05; 
Figure 2). With regard to first-order results, 3 of the 4 
animals achieved oriented return itineraries. Two ani
mals homed significantly toward the nest, and 1 subject 
deviated significantly counterclockwise by 40° from the 
nest (Female 3, Stephens's confidence interval = 33°). 
The nonsignificant returns of the 4th subject (Female 2) 
can be explained by the small number of trials (Table 1 
and Figure 2). All subjects took less time to reach the 
nest entrance when they had viewed the panorama after 
the rotations than when not (Table 1). Group average 
homing time was significantly shorter in the rotation + 
fix than in the rotation + no fix situation (Student t test, 
t = 7.82,p < .01). 

Taken together, these results show that the subjects 
used the available visual information to select a prefer
ential return direction. However, the scatter of the hom
ing directions chosen by particular individuals remained 
higher after the fix than in the no rotation + no fix con
dition. Further, it seems that the selected homing direction 
did not always correspond exactly to that of the nest di
rection. This appeared more clearly in a detailed analysis 
of the return itineraries from particular subjects. 
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Table 1 
The Orientation of Subjects in the Three Experimental 

Conditions at a Distance of 35 cm From the Hoarding Site 

Mean Vector 

Condition Subject N Direction (8°) Length (r) ±0(0) T (sec) Tm (sec) 

No rotation + no fix 1 14 -21 0.64t 32 10.1 
2 8 -34 0.67* 43 13.3 
3 13 10 0.88t 18 7.1 8.5 
4 15 0 0.86t 16 6.1 
5 14 -16 0.87t 17 5.9 

Rotation + no fix 1 14 49 0.20 14.4 
2 8 -161 0.26 12.7 
3 14 -9 0.13 12.4 13.1 
4 15 -89 0.40 12.4 
5 14 47 0.21 13.7 

Rotation + fix 2 7 -44 0.63 9.2 
3 14 -40 0.63t 33 8.1 7.7 
4 15 5 0.75t 23 6.8 
5 14 3 0.53* 43 6.7 

Note-Return trajectories from all seven hoarding locations were pooled for statisti
cal analysis. N, number of trials. The 0° reference direction points toward the nest. Pos
itive angles were measured clockwise. 0, Stephens's confidence interval for the mean 
angle (confidence coefficient Q = 0.95). 00, an infinitely large interval. Sample size 
for Female 2, which ceased to fulfill the test conditions (see Experimental Phase) dur
ing the experiment and had to be discarded, was too small in the rotation + fix condi
tion to allow determination of o. T, homing time (time between leaving the hoarding 
location and touching the nest entrance). Tm, mean homing time for the experimental 
group. Female I was a pilot subject and was not tested in the rotation + fix condition. 
*p < .05. tp < .01 (Rayleigh test). 

Figure 3 shows that in the no rotation + no fix condition, 
the return directions of all subjects pointed in general to
ward the nest. Furthermore, all subjects entered the pe
ripheral zone of the arena on both sides of the nest en
trance, regardless of the location of the food source. In 
contrast, in the rotation + fix condition, the homing di
rections tended to scatter more widely around each side 

Outward journey 

1m 

no rotation 
+ no fix 

of the nest, and the subjects tended strongly to enter the 
peripheral zone of the arena on the same side as that from 
which they had departed. An exception was Female 5 in 
trials in which the food source was located counterclock
wise from the nest. 

In summary, the presentation of the landscape after 
having disrupted path integration through rotations 

Return journey 

rotation 
+ no fix 

rotation 
+ fix 

Figure 2. Testing the effect of a visual fix. Left: Each subject was tested twice at each of seven hoard
ing locations within the arena. The outward trajectory was always the shortest path between the nest 
(filled rectangle) and the platform (full circle). The platform was moved between hoarding locations 
(dashed circles). Right: first- and second-order vectors representing the subjects' return direction at a 
distance of 35 cm from the hoarding location. Return itineraries from the seven hoarding locations 
were pooled. The return vectors are drawn with respect to the nest as O· reference direction. The small 
arrowheads indicate the mean homing direction for each subject (f'Illed arrowheads,p < .05 or < .01; 
empty arrowheads,p > .05; Rayleigh test). The large open arrows indicate a significant (single line,p < 
.05; Moore's test) or a highly significant (double line,p < .01; Moore's test) mean homing direction for 
the whole experimental group. 



Table 2 
Orientation of Subjects in the Rotation + No Fix Condition 

at a Distance of 65 cm From the Hoarding Site 

Mean Vector 

Subject N(Ntot) Direction (0°) Length (r) ±8(0) 

I 12 (14) -7 0.33 
2 7 (8) -178 0.24 
3 8 (14) -45 0.28 
4 9 (IS) -41 0.63* 
5 8 (14) 78 0.30 

Note-(Ntot), total number of trials. N, number of trials in which tra
jectories aimed away from the periphery of the arena and could there
fore be analyzed at 65 cm from the hoarding location (see Method, Sta
tistical Analysis). For further explanation, see note to Table I. *p < .05. 

clearly reestablished homing behavior. However, in gen
eral the return directions remained less accurate in these 
conditions than when subjects homed through path inte
gration only. Possibly the subjects tended to compute the 
general direction of the nest rather than an accurate vec
tor from self-position to nest. 

DISCUSSION 

Path integration based on internal signals remains func
tional over small travel distances only. This means that 
during the exploration of a new environment, the animal 
has to return frequently to a fixed point of reference to 
reset its path integrator. In a familiar environment, path 
integration may go on over longer distances, provided that 
it is corrected by familiar references. Among these ref
erences, visual landmarks must playa privileged role be
cause they yield precise positional information that can 
be perceived on the spot as well as from a distance. 

Our results clearly show that the subjects were able to 
gain homeward information during a brief sighting of 
their familiar visual environment after having lost track of 
their position relative to the nest. This was shown by the 
mean homing directions from particular individuals and 
from the whole experimental group (Table 1 and Fig
ure 2), by the general shape of the homing trips (Figure 3), 
and by the shorter homing times in the rotation + fix con
dition compared with those in the rotation + no fix con
dition (Table 1). The improvement of the homing behav
ior through the fix implies that the subjects were able to 
retain and use the intermittently presented visual infor
mation while they continued to collect food in darkness 
before initiating their return to the nest. However, per
formance in terms of homing directions and scatter re
mained inferior to that observed in trials occurring in 
continuous darkness, where path integration had not been 
disrupted (Table 1 and Figure 2). The brief presentation 
of the landmark panorama seemed to allow the subjects 
to compute a general homing direction rather than a pre
cise relationship between their position at the feeding 
site and their nest (Figure 3). 

That the subjects may have taken up directional rather 
than positional information when sighting the visual en-
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vironment was suggested by a further experiment in which 
subjects were led on a two-legged outward journey from 
the nest to a feeding place (unpublished results). At the end 
ofthe first outward leg, the subject was rotated and then 
given the opportunity to make a visual fix. To choose the 
correct homing direction at the end of the outward trip, 
the subject had to reestablish its position in relation to 
the nest during the fix and then continue to update its po
sition during the second outward leg. Subjects' homing 
patterns were not clear-cut. However, in certain categories 
of trials, particular subjects showed a lower scatter of the 
homing directions and returned more in the general di
rection of the nest when they had sighted the visual 
panorama than when they had not. The partial improve
ment of the animals' return could be explained by the gain 
of directional instead of positional information during 
the visual fix. 

The present results therefore open up the following al
ternatives. (1) Hamsters are capable of locating them
selves in a known environment through intermittent fixes 
and of feeding this information into their path integrator 
in order to resume dead reckoning. Our experimental con
ditions, however, did not require precise homing behav
ior and/or did not allow the subjects to establish their po
sition with respect to the nest during the presentation of 
the visual surrounding. (2) Our subjects are capable of get
ting and/or using general compass information only by 
sighting the familiar environment. Thus, they update their 
orientation but not their position with respect to a direc
tional reference during further (active) rotations at the 
feeding place and possibly also during further transla
tions, as suggested by the above-mentioned experiment. 

In regard to the first alternative, a navigator may es
tablish his/her position (for general considerations, see 
Gallistel, 1990) by sighting from hislher current position 
a single familiar landmark and by computing its allocen
tric bearing and distance. At the other extreme, the nav
igator can locate himself/herself in a known environment 
with the help of a set of point landmarks and their mutual 
spatial relationships and/or with respect to surfaces that 
determine the general shape of the known environment 
(O'Keefe & Burgess, 1996). Local views (i.e., the percep
tion of the environment from a current viewpoint) may 
describe unique positions (Leonard & McNaughton, 1990; 
Touretzky & Redish, 1996) even if the relationships be
tween particular cues are apprehended in a more general 
topological manner than according to metric relation
ships. To head from hislher current position to a goal, the 
subject has further to relate hislher position and heading 
to the goal location. This can be done through a general 
matching process between the perceived visual environ
ment and its stored representation, or by the pairwise 
combination of perceived and memorized vectors. Ger
bils, for instance, seem to plan a goal-directed trajectory 
by subtracting the memorized goal-to-landmark vector 
from the currently perceived vector, which relates their 
own position to the landmark (Collett, Cartwright, & 
Smith, 1986). 
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Figure 3. Detailed return trajectories of 5 (no rotation + no fix and rotation + no fix) 
and 4 subjects (rotation + fix). Female 1 was a pilot subject and underwent only two of 
three experimental conditions (no rotation + no fix and rotation + no fix. see General Pro
cedure). Female 2 ceased to fulfill the test conditions (see Experimental Phase) during the 
experiment and had to be discarded. For further information, see Table 1 and Figure 2. 

Planning the trajectory to the goal by a general match
ing process as well as by vector addition requires the an
imal to relate the memorized and currently perceived land
mark bearings to the same reference direction. Rodents 
may derive this compass reference from the visual envi
ronment by using, for instance, single salient cues located 
at a distance (O'Keefe & Nadel, 1978; Touretzky & Re
dish, 1996), the geometric slope of the environment that 
the animal derives from the general cue distribution 
(O'Keefe, 1991), the general shape ofan asymmetric en
vironment, or the geometrical arrangement of a set of 
landmarks (Collett et aI., 1986). Inasmuch as the matching 

process also requires distance information, candidates 
for visual distance perception in rodents are the apparent 
size of known landmarks as well as dynamic depth cues 
such as motion parallax and looming (see Etienne, Joris, 
Maurer, & Teroni, 1990). 

To summarize, rodents seem to have the necessary per
ceptual and computational abilities for taking a position 
fix in adequate visual conditions according to the cur
rent literature. Further, our earlier data show that location
based information and route-based spatial information 
interact in hamsters. Thus, visual references may reset a 
drifting path integrator. Given these positive as sump-



tions, the following considerations may explain the ap
proximate homing directions that we observed in the 
rotation + fix conditions. 

First, our experimental conditions may not have been 
sufficiently compelling to motivate the subjects to plan 
an accurate homing trajectory. An approximate homeward 
direction followed by a short walk along the peripheral 
arena wall allowed the subjects to return safely and fairly 
rapidly to their peripheral nest. Second, the visual infor
mation the animals could use may not have been adequate 
enough to allow them to compute their position. The rel
atively high arena walls and the artificial ceiling above the 
arena restricted the panoramic view of the surroundings. 

According to our second general hypothesis, hamsters 
are not equipped to make a positional fix and/or to reset 
their path integrator through visual information. Instead, 
they derive a general reference direction from the sight
ing of extramaze cues and update the representation of 
their head and body orientation with respect to this ref
erence during further rotations around the food source, 
in darkness. 

The capacity for updating direction independently 
from position was already suggested by our initial hom
ing experiments in hamsters (Etienne, 1980). In certain 
conditions, our subjects homed in a constant compass di
rection, as if their homebound vector depended on the 
integration of rotations, but not of translations, during 
the outward journey. That the animals were tested subse
quently without the availability of any external reference 
and still chose a constant homing direction (Etienne, 
Maurer, Saucy, & Teroni, 1986) suggests the existence 
of an "internal compass." 

The existence of such a compass has been confirmed 
recently by neurophysiological data. Rats possess not 
only hippocampal place cells that fire when the animal 
is located at a given place of a familiar environment (for 
reviews, see McNaughton et aI., 1996; Muller, Kubie, 
Bostock, Taube, & Quirk, 1991), but also head direction 
cells (for reviews, see Muller, Ranck, & Taube, 1996; 
Taube, Goodridge, Golob, Dudchenko, & Stackman, 
1996). These units from the posterior subiculum and 
other functionally related brain areas function as an in
tegrated directional system, each of the cells showing a 
peak activity when the animal is heading in a given di
rection, independently of its location. 

As in the case of place cells (Markus, Barnes, Mc
Naughton, Gladden, & Skaggs, 1994; McNaughton et aI., 
1996; McNaughton, Leonard, & Chen, 1989; Quirk, 
Muller, & Kubie, 1990), the activity of head direction 
cells is controlled to a large extent by visual references, 
but goes on for a certain time when visual references are 
no longer available. Convergent data show that place 
cells (see McNaughton et aI., 1996) and head direction 
cells (see Muller et aI., 1991) are in fact also driven by 
inertial stimuli and somatosensory feedback (i.e., by a 
set of signals generated through the animal's own rota-
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tions and translations [place cells] or rotations only [head 
direction cells]). 

More to the point, Goodridge and Taube (1995) showed 
that drifting postsubicular and thalamic head direction 
cells can be reset by familiar visual stimuli. During a first 
recording session, rats walked freely around a circular 
.environment with a white cue card taped to the inside wall 
as their only visual reference. The head direction cells 
established a preferred firing direction in relation to the 
cue card. In a second session, the cue card was removed. 
If a particular cell's preferred direction drifted more than 
30°, the card was reintroduced in its original location. In 
this case, the cell's preferred direction generally shifted 
back to its initial orientation as determined by the cue 
card. If a particular cell's preferred direction remained 
stable during the session with no cue card, the card was 
reintroduced in a rotated position. Now, the cell's pre
ferred direction rotated with the card. Further data con
firm that visual information can set and reset the preferred 
direction of head direction cells. 

Our present research aims at answering the questions 
raised by our initial results. We are trying to establish 
whether our animals can make positional or directional 
fixes by testing them in more stringent spatial conditions 
and in different visual environments. Furthermore, our 
experiments imply outward paths of different shapes and 
less radical procedures for degrading self-generated spa
tial information before the presentation of visual refer
ences. In natural conditions, location-based information 
and route-based information must complement each 
other in a more continuous manner, with visual fixes in
tervening before internal position and direction systems 
are out of function. 
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