S

selectively blocks
the inward HERG current
IKrwith(9),an inhibitsof 588
nM (Fig. 4H), providICs0
ing a pharmacological link between
HERG and IKr. In contrast, the outward
current is relatively resistant to E-4031.
The selective sensitivity of the inward
current, when the open probability of
channels is presumed highest, suggests an
open-channel block. The rectification
mechanism that limits outward conductance may obstruct E-4031 access to the
pore and may explain a recent report of
E-4031 insensitivity in expressed HERG
channels when an outward current protocol was used (28). These studies suggest
that HERG encodes a component of IKr,
but future studies will be necessary to determine the subunit composition and biophysical properties of native channels
containing HERG subunits in human carthe drug E-4031, which

diac tissue.
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Spatial Memory of Body Linear Displacement:
What Is Being Stored?
Alain Berthoz, Isabelle IsraIel,* Pierre Georges-Fran9ois,
Renato Grasso, Toshihiro Tsuzuku
The ability to evaluate traveled distance is common to most animal species. Head trajectory in space is measured on the basis of the converging signals of the visual, vestibular,
and somatosensory systems, together with efferent copies of motor commands. Recent
evidence from human studies has shown that head trajectory in space can be stored in
spatial memory. A fundamental question, however, remains unanswered: How is movement stored? In this study, humans who were asked to reproduce passive linear wholebody displacement distances while blindfolded were also able to reproduce velocity
profiles. This finding suggests that a spatiotemporal dynamic pattern of motion is stored
and can be retrieved with the use of vestibular and somesthetic cues.

Active

or

passive whole-body displace-

ment is estimated by convergent signals
from the vestibular system, vision, proprioception, and efferent copies of motor commands (1, 2). The reconstruction of the
experienced trajectory, called path integration (3), allows a return to the departure
point, that is, homing (3-5). The term "integration" could correspond to the hypothesis that the brain computes distance either
by cumulating successive positions along
the path (3) or through temporal integration of velocity or acceleration. An alternate hypothesis is that the brain stores a
Laboratoire de Physiologie de la Perception et de
I'Action, College de France-Centre National de la Recherche Scientifique (CNRS), 11 Place Mercelin Berthelot, 75006 Paris, France.
*To whom correspondence should be addressed.
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spatiotemporal profile of motion and replays it during return.
Different species perform path integration in different ways. In humans, linear
and angular passive whole-body displacements can be stored in spatial memory (6,
7) and retrieved to generate accurate saccades to remembered targets (8-11); some
cortical areas involved in this self-motion
memory have been identified (12). Although the contribution of otoliths in small
mammals has been debated (4, 13), healthy
humans can correctly estimate a linear distance after passive transport (7, 9, 14); this
in the absence of
performance is degradedat least
for small disthe vestibular system,
tances (9).
One main question, however, remains
it
unanswered: How is movement stored? Is

95

I C- .L·r.lrl-l""s.l d-··I.IIPb -I.hr.aa.lLPlsllll.lI.i..

in the form of information relating to the
distance traveled (for example, a vector), or
is it a dynamic record of changes in velocity
over time? To date, there has been no clear
demonstration of the capacity of humans to
perform path integration during linear motion. Here, we used a mobile robot (Fig.
1A) (15) and devised a paradigm that enabled us to approach this question in a way
that previous tasks (7, 9) could not.
Twelve healthy volunteers (20 to 50
years old) participated in the first experiment in accord with the ethical committee
of the CNRS. The participants were seated
on the robot (Fig. 1A) and were trained to
use a joystick to control its velocity; they
were left free to move forward along a 50-m
corridor until they felt confident in manipulating the robot in the light, with their
heads restrained and with headphones on
(15). Each participant was then passively
transported forward along the naso-occipital axis while blindfolded. A displacement
of 2, 4, 6, 8, or 10 m was imposed in random
sequence. After the robot came to a complete stop, the experimenter touched the
participant's shoulder. This was the signal
for the participant to drive the robot with
the joystick in the same direction (forward)
and to attempt to reproduce, as accurately
as possible, the distance previously imposed.
In the first experiment, the stimulus acceleration was square-shaped (range 0.06 to
1 m/s2), with a subsequent deceleration of
identical form and magnitude. The resulting velocity profiles were triangular, with a
peak velocity range of 0.6 to 1 m/s (Fig.
1B). Although the response distances revealed some interindividual variability (Fig.
2A), most of the participants (10 of 12)
reproduced velocity profiles that were approximately triangular in shape (Fig. 2B).
Only one participant overshot the maximal
velocity of the stimulus; his response was a

Fig. 1. (A) A four-wheeled ro(Robuter, Robosoft SA,
Asnieres, France), equipped
with a racing-car seat, was
used in the experiments (15).
(B) Stimulus velocity profiles
used in the first experiment,
computed from the odometry recordings (differentiated) and low-pass filtered
(cut-off frequency, 5 Hz). (C)
Additional stimulus velocity
profiles used in the second
experiment. With the trapezoidal profile (left), the initial
acceleration was 0.045 to
0.18 m/s2 and the plateau
velocity range was 0.16 to
0.92 m/s. With the squarelike profile (right), the initial
bot

step velocity profile of short duration that
led to an accurate reproduced distance (final position 19.06 m, instead of the expected 20 m) (Fig. 2).
The average regression line and the
means and SDs of the reproduced distances
are shown in Fig. 3, along with the 12 participants' individual regression lines. The
(S)equation for the average stimulus
response (R) regression line was R = 0.86S
+ 0.47 m. The correlation coefficient was
highly significant (P < 0.0005) for all participants, and linear regression was= a good±
predictor of±the true relation (r2 0.87
0.08, mean SD; SE of the estimate = 1.01
± 0.38 m). A 35-year-old male with paraplegia (from a spinal cord section 10 years
earlier) also participated in the test, and his
to that of the
performance was similar
(R = 0.74S + 0.40 m; r2
healthy
participants
= 0.81); although this participant could still
perceive tactile cues through his trunk, this
result suggested that the detection of robot
vibrations by the lower part of the body did
not represent an important cue in this task.
The duration of the triangular velocity
profiles could have provided information
that helped participants to reproduce distances accurately. Indeed, there was a fairly
good linear regression (R = 0.80S + 1.34 s)
between stimulus and response duration (r2

0.80 ± 0.09). To eliminate the possible
role of duration evaluation in distance reproduction, we designed a second experiment in
which the stimulus duration was kept constant (16 s) over the different distances. The
participants, seven members of the volunteer
4 months
group from the first experimentin the
use of
earlier, received no retraining
the robot. Different peak velocities and trapezoidal or squarelike velocity profiles were
used (Fig. 1C). In addition, to test the reproducibility of responses between the two experiments, we administered five trials with
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Fig. 2. (A) Illustration of the paradigm, with the
odometry recorded from the same trial performed
by the 12 participants. (B) Linear velocities computed from the position traces of (A).
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acceleration was 0.2 to 1 m/
s2 and the plateau velocity range wa, s 0.13 to 0.65 m/s.
96

triangular velocity profiles; the stimulus-=
was R
response linear regression
0.96S + 0.51 m (r2 = 0.92 + 0.05; SE ofthe
estimate = 0.95 ± 0.41 m), which indicated
no difference with the first experiment.
With the constant duration stimuli, participants were able to reproduce the imposed
distance as in the first experiment, whatever
the velocity profile. The average linear reline was R = 0.89S + 0.84 m (r2 =
gression
0.86 ± 0.12) with the squarelike profile, and
R = 0.90S + 0.75 m (r2 = 0.88 ± 0.09)
with the trapezoidal profile. Therefore, the
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profile). The dashed
Jperiment (triangular velocity the
line represents the mean of 12 individual relines (inset), and the regression coeffi^gression
cient (r2 = 0.87) is the mean value for all participants. Superimposed are the means and SDs of
stimthe 12 participants' mean responses to each
ulus. The dotted line is the diagonal.
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duration information provided in the first
experiment was not necessary for the participants to correctly reproduce the imposed
distance. The response duration for both velocity patterns was 14.5 ± 3.15 s (n = 14).
The participant who exhibited short step
responses in the first experiment (Fig. 2) did
the same in the constant duration experiment, with a mean response duration of 7.6 s
for both stimulus velocity patterns.
In the second experiment (Fig. 4), the
participants tended to reproduce the
waveform of the imposed velocity profile,
as they did with the triangular profile in
the first experiment. They reproduced the
square and triangular velocity profiles
even though they were instructed simply
to reproduce distance, not velocity or duration. Although the response to the trapezoidal stimulus was not an accurate copy
of the imposed profile, it resembled a trapezoid more than it resembled the other
two waveforms.
To test whether reproduction of the velocity profile was necessary for reproduction
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Fig. 4. Mean (solid line) SD (dashed lines) of the
(left) and responses (right) for the three
velocity profiles in the second experiment (stimulus distance, 6 m). The time scales for the imposed and reproduced segments were normalized separately. This normalization did not superimpose the peak velocity of all trials at the same
point in time.
stimuli

imposed distance, we asked two participants to perform the task over the same
distances (2 to 10 m) with complex velocity
profiles that were a random sequence of
triangular, square, and trapezoidal patterns.
Participants were unable to reproduce these
velocity profiles, despite tactile cues. A possible explanation is that although the robot
was always moving forward, the participants
may have partially misperceived the direction of motion because of the ambiguous
nature of otolith signals, which cannot dif-

of the

ferentiate between acceleration in one direction and deceleration in the other. The
stimulus-response individual regression
lines were well out of the range of the
previous experiments, which suggests that
the reproduction of the velocity profile was
indeed crucial in the designed task.
These results demonstrate that healthy
humans can actively reproduce a passive
linear transport of a simple dynamic profile without visual or auditory cues, using
only vestibular and somatosensory cues,
and that they can reproduce the transported distances remarkably accurately, with
small interindividual variability. The reason why the slope of the regression lines
was less than 1 can probably be attributed
to the so-called range effect, which is often observed in psychophysics experiments (16). The strategy for reproducing
the imposed distance most commonly used
by the participants was reproductionim-of
the stimulus velocity profile (which
duration,
plies reproduction of distance,
and acceleration). Indeed, data from motion perception and eye movement studies
in humans (17) indicate that integration
over time of the otolith-induced neural
discharge, leading to a close relation between perceived and actual linear velocity
(18), occurs over the whole frequency
range of the stimuli used in this study.theIf
this is the case, in our experiments
most straightforward way for the particithe imposed distance
pant to reproduce
would be to match directly the velocity
reproduction with the
perceived duringmemorized
during passive
velocity profile
transport.

r\ '

0.3

\II

gaJ-E

Tactile cues may complement the vestibular information by providing signals related to the rate of change of body speed
(for example, pressure on the back) as well
as signals generated by robot vibrations. All
these signals may have been correlated with

the trainvisually perceived velocitysortduring
ing period, allowing a of calibration.
However, the training procedure probably
did not influence the strategy of reproduction, because the performance of the participants in the second experiment was not
affected even though no training took
place.
The hypothesis that a trajectory can be
SCIENCE
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recovered from successive positions ignores
the role of time, whereas in our first experiment, participants reproduced durations as
well as distances. The hypothesis that a
static estimate of distance is provided by
simple time integration of velocity or acceleration does not take into account the
time-dependent evolution of motion; in our
experiments, most participants reproduced
the overall velocity profiles, which is of
course impossible with a static estimate of
distance. We therefore believe that our results strongly favor the hypothesis that the
brain stores the dynamic properties of
whole-body passive linear motion. Although the neuronal mechanisms of path
integration have yet to be explored, this
interpretation is supported by studies of
monkey hippocampal neuronal activity,
which was found to correlate with passive
linear motion in darkness (19), and of rat
hippocampal neuronal discharge, which was
shown to be influenced by active motion
dynamics (speed, direction, and turning angle) (20). These findings clearly suggest
that vestibular and somatosensory incoming
signals allow a real-time updating of the
internal representation of the position and
direction of the body in space.
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Disruption of Retinal Axon Ingrowth by Ablation
of Embryonic Mouse Optic Chiasm Neurons
D. W. Sretavan*, E. Pure, M. W.

Siegel, L.

F. Reichardt

Mouse retinal ganglion cell axons growing from the eye encounter embryonic neurons at
the future site of the optic chiasm. After in vivo ablation of these chiasm neurons with a
monoclonal antibody and complement, retinal axons did not cross the midline and stalled
at approximately the entry site into the chiasm region. Thus, in the mouse, the presence
of early-generated neurons that reside at the site of the future chiasm is required for
formation of the optic chiasm by retinal ganglion cell axons.

embryonic
Duringretinal

mammalian development,
ganglion cell axons exit the
optic nerves to grow into the site of the
future ventral hypothalamus (1). There,
axons from the two eyes, upon leaving the
optic nerves, turn within the neuroepitheD. W. Sretavan, Neuroscience Program, Department of
Ophthalmology, and Department of Physiology, UniverUSA.
sity of California, San Francisco, CA 94143,
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lium in a medio-posterior direction to
meet each other and lay down an

retinal axons entering the ventral hypothalamus encounter a population of early
generated neurons arranged as an inverted
V-shaped array pointing anteriorly at the
future site of the chiasm (3). These are
among the first neurons generated in the
embryonic mouse brain (4) and are already
present in the ventral hypothalamus at
embryonic day 11 (Ell), 1.5 days before
the arrival of the first retinal axons (3).
Axons leaving the optic nerves make a
medio-posterior turn toward these embryonic chiasm neurons and their processes.
Upon reaching these neurons, retinal axons intermix with and run within the most
anterior elements of this array to cross the
midline to the other side. In this manner,
retinal axons from the two eyes cross over
each other to form the X-shaped optic
chiasm.
Chiasm neurons express cell surface
molecules capable of influencing retinal
axon growth. These include L1, a member
of the immunoglobulin (Ig) superfamily,
which has been shown to be a potent promoter of retinal axon outgrowth in vitro (5)
and CD44, a transmembrane glycoprotein
known to bind components of the extracellular matrix (6), which exerts a negative
influence on embryonic retinal axon outgrowth in vitro (3). These findings suggest
that these early-generated neurons may play
a role in the initial formation of the Xshaped optic chiasm.
To determine whether these neurons
are involved in the establishment of the
optic chiasm in vivo, we used a monoclonal antibody (mAb) to CD44 to direct
complement-mediated ablation of these
cells in El mouse embryos in utero before
the arrival of retinal axons at the ventral
allowed
hypothalamus. Embryos were then
to develop in utero until El6, an age when
retinal axons have formed a well-defined
animals.
X-shaped optic chiasm in normalmAb
that
For neuronal ablation, a rat
injected
recognizes mouse CD44 (7) was
with guinea pig complement into the lateral and third ventricles of Ell mouse
labeled
embryos (n = 22) (8). Antibodies
the CD44+ chiasm neurons within 4 hours
(Fig. 1, B and D) (9). As described previwere organized
ously (3), labeled neurons
in a layerlike fashion below the pial sur-

of intersecting retinal
X-shaped pattern
axon pathways known as the optic chiasm.
later
Subsequently, retinal axonsin arriving
undertake a second task which axons face of the ventral hypothalamus (arrowheads, Fig. 1D), forming a subset of the
originating from the nasal retina project
across the midline to the opposite side of cells present (Fig. IE). Twenty-four hours
the brain, whereas a group of axons from after ablation, very few CD44+ chiasm
the temporal retina turn away from the neurons could be visualized with antibody
chiasm midline to project toward ipsilat- to CD44 (Fig. IF), although the overall
eral targets. Ipsilateral and contralateral cell density in this region was not detectaxon routing appear to involve interac- ably reduced (Fig. 1G). DiI(1,1'-dioctadetions of retinal growth cones with guid- cyl-3,3,3',3'-tetramethylindocarbocyaance cues present in the neuroepithelial nine perchlorate deposited at the ventral
in normal embryos
environment of the optic chiasm (2).
hypothalamic midline
of the CD44+ chiasm

Previous work has shown that the first
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labels the axons

