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‘Place’ cells of the hippocampus and ‘head-direction’ (HD) cells
of the thalamus and limbic cortex derive their spatial and direc-
tional specificity from a combination of idiothetic (self-motion)
cues and external landmarks, which normally reinforce each other
to generate a robust neural code for location and direction1. In
weightlessness, however, three-dimensional navigation can cause
the idiothetic and landmark cues to conflict. Nonetheless, neur-
al recordings on the space shuttle demonstrated that the hip-
pocampus can create a robust spatial code for three orthogonal
surfaces in the weightless environment of space flight.

The firing properties of place cells and HD cells are coupled2,
and one function of the HD system may be to orient the ‘cognitive
map’ in the hippocampus3. As an animal explores a novel envi-
ronment, vestibular input and other idiothetic cues are thought
to keep the HD system aligned with external landmarks long
enough for the landmarks to form stable associations with, and
thereby exert control over, place and HD cells2–7. In normal grav-
ity, HD cells are sensitive to only the horizontal component of
head direction; although changes in pitch and roll attitude are not
signaled directly by these cells8,9, calculation of head direction in
the horizontal plane may involve compensation for such changes.
Because the otolith organs—normally, a major source of infor-
mation about static pitch and roll attitude—are rendered useless
in zero gravity, the HD system would be deprived of this input in
compensating for changes in pitch and roll (although the semi-
circular canals would still detect angular accelerations in all three
dimensions). Three-dimensional navigation in microgravity might
thus lead to inconsistent associations between HD and landmark
information and a consequent inconsistency in
the hippocampal place code. In light of the dis-
orientation frequently reported by astronauts

during space flight10, it was of interest to determine whether the
hippocampus can create a stable representation of space during
three-dimensional movement in the absence of gravity.

During the Neurolab Space Shuttle mission of April, 1998,
ensembles of place cells were recorded from three rats implanted
with a multi-electrode recording array11,12. The rats were trained
to negotiate a three-dimensional track (the ‘Escher staircase’) in
which 3 turns of 90° in yaw were interleaved with 3 turns of 90° in
pitch (Fig. 1). As a result, the rat completed a full circuit of the
track and returned to its starting location/direction after having
made only 3 right turns (270° total yaw). The spatial information
provided by external landmarks was thus presumably in conflict
with the direction information from HD cells, which under nor-
mal conditions require a fourth 90° turn (360˚ total yaw) to signal
a return to the starting direction. Nonetheless, place cells even-
tually demonstrated normal, spatially specific firing properties.

Spatial firing patterns of 16 active place cells from rat 2 were
recorded on the ninth day of flight (FD9; Fig. 2a), which was the
second day in which the rats had been exposed to the Escher stair-
case track in flight. For comparison, we show the spatial firing
patterns of 12 representative place cells from the same rat record-
ed 4 days before launch as the rat ran clockwise on a flat, rectan-
gular track (Fig. 2b). An index of spatial tuning specificity, which
quantifies the amount of information about the rat’s position
transmitted by the firing of a single spike13, did not significantly
differ between cells recorded preflight and those recorded on FD9
(for active cells, defined as having a mean firing rate > 0.05 Hz
on the track; mean information per spike ± s.e. preflight, 
1.12 ± 0.08 bits, n = 19; FD9, 1.13 ± 0.09 bits, n = 16; not signif-
icant by Mann-Whitney). We also determined the spatial tuning
of 21 active cells from rat 1 on FD9 (Fig. 2c). The mean spatial-
information content for these cells (1.19 ± 0.09) did not signifi-
cantly differ from that rat’s preflight data (1.37 ± 0.10; n = 28).

The mean spatial-information content for all 7 active place
cells from rat 3 on the fourth day of flight (FD4) was 1.12 ± 0.27
bits (Fig. 3a), which was not different from the information con-
tent measured for this rat’s place cells before the flight 
(1.48 ± 0.11 bits; n = 24). Another recording session followed
immediately, and most cells maintained the same firing fields in
both sessions (Fig. 3b), demonstrating that the spatial tuning
was stable across different exposures to the track.

The rats occasionally turned around on the track and
moved counterclockwise for short periods. Some cells demon-
strated place fields when the rat was moving only counter-
clockwise through a single location, thus demonstrating the
direction selectivity that is seen on such tracks under normal
terrestrial conditions14. Hippocampal EEG activity was also

A B

Fig. 1. Escher staircase track. (a) To obtain stimula-
tion of the medial forebrain bundle as a reward, the rat
moved along the track by grasping the edges of the
track and propelling itself forward. (b) Normal place
field recorded from rat 3. Red indicates maximal firing
rate (> 5 spikes per s), and blue indicates positions
sampled for which the cell never fired. Locations indi-
cated outside the black outline of the Escher staircase
were sampled when the rat’s head moved off the track.
Although all statistical analyses included these off-track
data, they were deleted in the remaining figures for
clarity of illustration.
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recorded during baseline and behavioral sessions in all rats on
FD4 and FD9. Although the small number of subjects pre-
cluded a statistical analysis, they showed normal theta rhythm
during active locomotion and normal sharp waves and rip-
ples15 during quiet inactivity in the sleeping pouch on both
flight days.

It is interesting to note that on the first experience on the
Escher staircase on FD4, firing of place cells showed abnormal
patterns of spatial selectivity that differed between rats 1 and
2 (J.J.K., B.L.M. and G.R.P., unpublished observations). Thus
hippocampal cells can form unique, reliable representations of
position on three orthogonal surfaces in microgravity, but they

may require either a period of adaptation to microgravity or
more experience with the environment than is typically
required in normal gravity. It remains to be determined
whether the hippocampal code in microgravity can fully rep-
resent three dimensions, or whether the system adapts by devel-
oping independent two-dimensional representations for each
orthogonal surface. It is also unknown what cues drive the fir-
ing of place cells under these conditions. Although the even-
tual formation of stable fields suggests that the visual
landmarks may be primary, other contributing factors may
include adaptive mechanisms that alter the efficacy of idio-
thetic cues during extended exposure to microgravity (for
instance, changes in the vestibular system or learned ability to
path integrate in three dimensions). Despite these unanswered
questions, our recordings of CNS neurons from freely moving
mammals in space demonstrate the feasibility of performing
such complex neurophysiological and behavioral experiments
in the microgravity environment. Further experimentation in
the international space station may yield a better understand-
ing of the effects of prolonged space flight on various compo-
nents of the nervous system as well as insight into their normal
function on Earth.
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Fig. 3. Stability of place fields across sessions. (a) Normal place fields from
rat 3 on FD4 recorded on second exposure to the track. (Data from the
first exposure were lost because of technical problems.) (b) Place fields for
the same seven cells on a third run shortly after the second. Most place
cells maintained the same firing locations, although the fourth cell lost its
field and a few other cells (not shown) gained a field in session 3; such
changes in responses of a minority of place cells are not uncommon.

A. Session 2

B. Session 3

5 1 5 1 1 8 1

2 1 3 1 1 3 1

Fig. 2. Representative place fields. (a) Normal place fields from rat 2
recorded on FD9. The number inside each map indicates the firing rate
coded by red (for instance, > 1 spike per s for the first cell). 
(b) Preflight place fields from rat 2 as the rat ran on a rectangular track.
(c) Normal place fields from rat 1 on FD9.
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Rat 2, flight day 9

Rat 2, preflight

Rat 1, flight day 9
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