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The discharge characteristics of postsubicular head-direc- 
tion cells in a fixed environment were described in the pre- 
vious paper (Taube et al., 1990). This paper reports changes 
in the firing properties of head-direction cells following 
changes in the animal’s environment. Head-direction cells 
were recorded from rats as they moved freely in a 76-cm- 
diameter gray cylinder. A white card, occupying 100” of arc, 
was taped to the inside wall of the cylinder and served as 
the major orienting spatial cue in the animal’s environment. 

Rotation of the cue card produced near-equal rotation in 
the preferred firing direction of head-direction cells, with 
minimal changes in peak firing rate, directional firing range, 
or asymmetry of the firing-rate/head-direction function. Card 
removal had no effect on peak firing rate or range of firing, 
but in 8/13 cells the preferred direction rotated by at least 
24”. Similarly, changing the shape of the environment to a 
rectangular or square enclosure caused the preferred firing 
direction to rotate by at least 48” for 8/10 cells in the rec- 
tangle and 3/8 cells in the square, with minimal changes in 
the peak firing rate or directional firing range. Hand holding 
the animals and moving them around the cylinder had no 
effect on the preferred direction or firing range of the cell, 
but decreased the maximal firing rate in 7/9 cells. On 2 oc- 
casions, 2 head-direction cells were recorded simultaneous- 
ly. The rotation of the preferred firing direction for one cell 
was the same as the rotation of the preferred direction for 
the second cell after each environmental manipulation. 

These results demonstrate that specific visual cues in the 
environment can exert control over the preferred firing di- 
rection and indicate that head-direction cell firing is not a 
simple sensory response to visual cues, but rather repre- 
sents more abstract information concerning the animal’s 
spatial relationship with its environment. The constancy of 
the angle between the preferred firing directions of pairs of 
simultaneously recorded head-direction cells suggests that 
there is a fixed mapping of the population onto direction 
within the environment. Thus, environmental manipulations 
appear to cause only a change in the reference direction, 
but leave all other discharge characteristics of directional 
cells unchanged. In the discussion, comparisons are drawn 
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between the responses of head-direction cells and hippo- 
campal place cells to similar environmental manipulations 
(Muller and Kubie, 1987), and ways in which these 2 spatial 
systems interact in navigation are discussed. Our findings 
show that head-direction cells signal the.animal’s directional 
heading within an environment and, as such, would be ideal 
for serving as part of a navigational system. 

The preceding paper described the firing properties of postsubic- 
ular head-direction cells recorded in freely moving rats placed 
in a fixed environment (Taube et al., 1990). Head-direction cells 
were observed to discharge as a function of the animal’s head 
direction in the horizontal plane (azimuth-specific firing), in- 
dependent of the animal’s behavior and location in the envi- 
ronment. For each head-direction cell there was a single pre- 
ferred direction at which firing was maximal and vectors in the 
direction of maximal firing were parallel throughout the appa- 
ratus. The firing rate increased linearly from near zero to the 
maximum as the animal’s head approached the preferred di- 
rection from either side. The angular range of elevated discharge 
was approximately 90”. 

The environmental factors that influence the preferred direc- 
tion and firing rate of head-direction cells remain to be deter- 
mined. For azimuth-specific firing to be reliable, the animal 
must use at least one of the many asymmetries in the environ- 
ment for orientation. The main purpose of the present study 
was to change various aspects of the environment in order to 
identify stimuli that can influence the firing properties of head- 
direction cells. The types of environmental manipulations se- 
lected were the same as those used by Muller and Kubie (1987) 
in their study of place cells, thereby permitting a direct com- 
parison between the firing properties of place cells and head- 
direction cells. 

In the fixed environment described in the previous paper 
(Taube et al., 1990), the primary visual cue that provided in- 
formation for angular reference (orientation) was the large white 
card taped to the inside wall of the cylinder. Because previous 
studies had demonstrated that rotation of the white card caused 
equal rotations of place cell firing fields (Muller and Kubie, 
1987) we tested the effects of card rotation on the preferred 
firing direction of head-direction cells. We will show that ro- 
tation of the white card causes equal rotation in the preferred 
firing direction. Since the cue card controlled the preferred di- 
rection in rotation experiments, in the second set of experiments 
head-direction cells were monitored in the cylinder after re- 
moval of the cue card. 

Another interesting issue is the effect of a different-shaped 
environment on directional cell activity. Previous studies have 
shown that hippocampal place cell firing often changes in strik- 
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ing ways when an animal is put into a new or different envi- 
ronment (Kubie and Ranck, 1983; Best and Thompson, 1984; 
Muller and Kubie, 1987; Breese et al., 1989). For example, 
Muller and Kubie (1987) found that place cells recorded from 
an animal in a square enclosure had altogether different firing 
fields when compared to firing fields of the same neurons re- 
corded in the cylinder, despite the fact that both chambers were 
in the same location within the laboratory and both chambers 
contained a white card in the same location relative to the room. 
To determine whether directional cells share these same char- 
acteristics, in the third set of environmental manipulations we 
monitored directional cell activity when animals were placed 
in either a rectangular or square enclosure (instead of the cyl- 
inder). We will show that altering the shape of the environment 
leads only to changes in the preferred firing direction, with min- 
imal changes in other firing properties. In 2 cases it was possible 
to record simultaneously from a pair of directional cells as the 
environment was altered. Under these conditions, it was pos- 
sible to examine several properties of the directional cell net- 
work. 

An additional purpose of this paper was to show that direc- 
tional cell firing can be uncoupled from the animal’s behavior. 
The previous paper (Taube et al., 1990) reported that direct 
observations revealed no compelling correlation between direc- 
tional cell firing and the animal’s behavior, which consisted 
mostly of walking around in the apparatus. In the final set of 
experiments, head-direction cells were monitored while the an- 
imal’s movements were restricted and it was carried by hand 
within the cylinder or to different portions of the laboratory. 

Our general conclusion is that directional cell firing is neither 
sensory- nor motor-like, but rather is related to an aspect of the 
animal’s spatial relationship with its environment. In this way, 
head-direction cells are similar to place cells. Furthermore, the 
existence of head-direction cells implies that the neural network 
involved in solving spatial problems is not confined to the hip- 
pocampus. The nature of the spatial information encoded by 
head-direction cells makes them well-suited for serving as a 
component in a navigational system. 

Preliminary reports concerning some of these findings have 
been presented (Taube et al., 1987, 1988). 

Materials and Methods 
The methods used were similar to the ones described in the previous 
paper (Taube et al., 1990), which gives a detailed description of the 
behavioral training, electrode construction, surgical techniques, and re- 
cording procedures. The methods described below pertain only to the 
experiments concerned with different environmental conditions. 

Behavioral training and apparatuses. Long-Evans female rats were 
trained to retrieve food pellets scattered into a 76-cm-diameter, 5 l-cm- 
high gray cylinder. A white sheet of cardboard, 5 1 cm high and occu- 
pying 100” of arc, was taped onto the inside wall of the cylinder at 3 
o’clock (as viewed by an overhead video camera) and provided the sole 
intentional cue for spatial orientation. Two other apparatuses were used 
to examine the effects of environmental shape changes on cell firing. 
One apparatus was a rectangle, 46 x 57 cm, 51 cm high; the second 
was a square 69 x 69 cm, 5 1 cm high. Both apparatuses were gray and 
had a white card entirely covering 1 of the 4 inside walls; the card was 
usually positioned on the wall corresponding to 3 o’clock as seen from 
overhead. For the rectangular enclosure, the short sides of the rectangle 
were positioned at the 3 and 9 o’clock positions. The floor of all 3 
apparatuses was composed of a replaceable sheet of gray background 
paper. 

To encourage the animals to use the white card for orientation, several 
precautions were taken to minimize information from other nonuni- 
formities in the environment. First, to limit the use of olfactory cues 
normally available to a rat, the floor paper was replaced with a new 

sheet prior to each recording session. Second, recording sessions were 
done in a small room with the door closed to limit auditory cues. Third, 
to control the visual environment, a continuous floor-to-ceiling curtain 
surrounded the apparatus during a recording session. 

Units. Electrical signals from individual units were recorded, ampli- 
fied, and discriminated as previously described. All head-direction cells 
discussed below were among the 25 units used for the quantitative 
analysis in the previous paper. 

Recording sessions. When a head-direction cell was present, the an- 
imal was put back in its home cage and the laboratory prepared for a 
recording session. The animal was returned to the laboratory in an 
opaque box. The box was carried around the apparatus while it was 
simultaneously rotated about a vertical axis (in the horizontal plane). 
Following 2-3 revolutions around the apparatus, the box was opened, 
the recording cable connected to the animal’s headstage, and the animal 
placed in the apparatus. Care was taken to put the animal into the 
apparatus from a different point at the start of each recording session. 
In addition, the experimenter left the curtained area in a different di- 
rection each time. 

During an I-min recording session, an automatic video/computer 
system tracked the animal’s position and head direction every l/,,th set 
while cell firma was simultaneouslv monitored. Followina completion 
of a session, thg animal was disconnected from the record&g cable, put 
back into the carrying box, and returned to its home cage. If  another 
recording session was to be conducted, the floor paper was replaced, 
the animal brought back to the laboratory room in the box, and the 
procedure for introducing it into the apparatus repeated. If  at any time 
the unit’s waveform changed, so that the cell was not well isolated, the 
experiment was halted. 

Card rotation experiments. A card rotation experiment consisted of 
first monitoring the cell’s activity during a standard session in the cyl- 
inder with the white cue card at 3 o’clock. The animal was returned to 
its home cage, the floor paper was replaced, and the cue card rotated 
by 90, 180, or 270”. After preparation of the apparatus, the animal was 
returned to the laboratory room and another 8-min recording session 
was run. Following completion of the card rotation session, the card 
was returned to its standard (3 o’clock) position and a second control 
session was run to check for reversibility of the effects observed in the 
card rotation session. 

Card removal experiments. The activity of many head-direction cells 
was monitored after the card was removed from the cvlinder: the re- 
moval was always done when the animal was in its home cage: A card 
removal session was always preceded and followed by a standard ses- 
sion. 

Enclosure shape change experiments. To examine the effects of chang- 
ing the apparatus shape on neuronal discharge, recordings were made 
with the animal in either a rectangular or square enclosure. Since pre- 
surgical behavioral training and cell screening were conducted in the 
cylinder, the animal’s first exposure to the rectanaular or sauare enclo- 
sure occurred when the first head-direction cell for a given animal was 
tested in the different enclosures. 

Recording session sequence. Recording session sequences for all cells 
began with a “standard” session in the cylinder with the cue card po- 
sitioned at 3 o’clock. Sessions were usually conducted in the following 
sequence: 

1. Standard session 
2. Card rotation 
3. Standard session 
4. Card removal 
5. Standard session 
6. Session in rectangle 
I. Standard session 
8. Session in square 
9. Standard session 

On 2 occasions, the final session in the cylinder (session #9) was con- 
ducted with the cue card rotated. For 5 experiments, a recording session 
was inserted after either the rectangle or square session, where the cue 
card was rotated in the rectangle or square. The alternations of standard 
sessions and manipulated sessions allowed us to check the stability of 
the preferred direction in standard sessions following environmental 
manipulations. 

Hand-heldsessions. For some cells, following either the initial or final 
8-min standard session, the animal was held in the experimenter’s hand 
and carried around to different portions of the cylinder. Directional cell 
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Figure I. Responses of 2 head-direction cells to rotation of the white cue card in the cylinder. In each case, the firing-rate/head-direction function 
for the cell was first recorded with the card in its standard position at 3 o’clock (solid lines). The animal was removed from the cylinder while the 
card was rotated and the floor paper replaced. A second session was then run with the card at the new angle; the rotation was 90” clockwise in A 
and 180” in B. In response, the preferred firing direction of each cell rotated by approximately the same amount (dash-dot lines). When the card 
was returned to its initial position, the preferred directions also reverted to their original values (lines with 2 short dashes). Note that in A the 
rotation session was associated with a decreased peak firing rate, whereas in B the peak rate increased during the rotated session. As described in 
the text and in Table 1, no consistent change of any parameter of directional cell firing, except preferred direction, was caused by changing the 
environment. The results of A and B are from different animals. 

activity was then monitored for 1 min while the animal was rotated by 
hand in the horizontal plane. In addition, for many cells, the animal 
was hand-carried to different portions of the laboratory room while the 
audio output of cell firing was monitored continuously. 

Data analysis. Data analysis was performed off-line at a later time. 
Head directions were sorted into 60 bins, each bin representing 6” of 
arc. For each bin, the total time spent at that head direction and the 
number of spikes discharged were summed. Dividing the number of 
spikes by the amount of time spent in each bin yielded the bin firing 
rate. Head direction vs. firing rate plots were constructed for each re- 
cording session. The firing characteristics of head-direction cells (pre- 
ferred firing direction, peak firing rate, directional firing range, and 
asymmetry score) were obtained using the same procedures described 
previously (Taube et al., 1990). 

Results 
Efects of card rotation 
The major polarizing cue (i.e., orienting reference) in the ap- 
paratus was the white card taped on the inside cylinder wall. 
The salience of the card for head-direction cell firing was tested 
by rotating the angular position of the card relative to the lab- 
oratory frame. If the card exerted stimulus control over direc- 
tional cell firing, the preferred direction should rotate equally. 

The results of a typical rotation experiment are shown in Figure 
1A. In the first recording session, when the card was centered 
at 3 o’clock (as viewed from overhead) the preferred direction 
was 192” (solid line). In the second session, after the card was 
detached from the wall and reattached at 6 o’clock, the preferred 
direction rotated to 120” (dash-dot line). Thus, the preferred 
direction rotated 72” in the same direction as the card. In the 
final session, when the card was returned to its initial position 
(i.e., 3 o’clock), the preferred direction returned to its original 
value (line with 2 short dashes). Figure 1B shows the effects of 
a 180” card rotation on the preferred direction of a second cell. 
In this case, the preferred direction rotated 162” clockwise. 

Similar results were observed for 19/2 1 head-direction cells 
tested for card rotation; the 2 exceptional cells are discussed 
later. Eight experiments were done with the card rotated 90”, 4 
experiments with the card rotated 1 go”, and 9 experiments with 
the card rotated 270”. In 4 experiments a new card was used 
during the rotation session; in all cases, the preferred firing 
direction rotated nearly equally with the card, indicating that 
control was exerted by the overall appearance of the card rather 
than with a particular detail. 

Table 1. Mean absolute changes in directional firing parameters following environmental manipulations 

Correlation coefficient Preferred firing Directional firing 
Session type comparison n r : range direction (degrees) Peak firing rate (O/o) range (O/o) 

Asymmetry ratio 
co4 

StdlBtd2 15 0.979:0.750-0.996 6.6 + 1.3 97.1 k 7.1 97.4 -+ 3.5 90.9 + 4.6 

Stdl/rotation 19 0.978:0.775-0.998 17.1 + 3.w 99.9 2 7.1 97.0 f 3.9 125.3 + 24.8 

Std 1 /card removal 13 0.983:0.904-0.998 31.4 k 8.2 97.6 2 5.8 109.7 f 5.6 112.2 + 7.3 
Std l/rectangle 10 0.983:0.949-0.997 83.3 k 15.6 96.3 -t 9.5 101.1 t 3.8 93.9 k 6.3 

Std l/square 8 0.981:0.901-0.996 45.4 k 22.5 80.6 f 8.1 99.8 + 2.6 112.4 k 16.7 

Stdl/hand-held 9 0.901:0.737-0.965 9.9 k 3.0 69.1 + 11.2b 116.5 ? 12.2 94.0 -+ 12.2 

Stdl, First standard session; Std2, second standard session. The mean change in degrees of the preferred firing direction is expressed with the SEM. Mean percent 
changes are expressed as percent of control values + SEM from a standard session in the cylinder. The Stdl/StdZ session values are from the first and second standard 
sessions in a rotation experiment. The changes in directional firing properties for Stdl/StdZ sessions from card removal, rectangle, and square experiments were also 
computed. The values obtained were similar to the Stdl/StdZ values shown above and are not shown for the sake of clarity. In cases where more than one manipulated 
session was recorded from the same cell, the session with better cell isolation was used for computing the mean values. 

C Value reported is the directional deviation from the expected preferred firing direction. 
h t = 2.75; df= 8; p < 0.05. 
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Figure 2. Series of multiple card rotations conducted while the animal 
was in the cylinder. The effects of 2 series of card rotations on the same 
head-direction cell are shown. On the A’ axis, 0 or 360” corresponds to 
the standard (3 o’clock) position of the card, and 90” corresponds to the 
12 o’clock card position. The Y axis shows the rotation of the cell’s 
preferred direction away from its position with the card at 0 or 360”. 
The dotted line shows what is expected for perfect following of the card 
position by preferred direction. The solid line shows the effects of a 
series of 90” counterclockwise rotations, starting at 0” and ending at 
360”. Note that the preferred direction rotation is always less than the 
expected amount until the card is back at its initial position. The dashed 
line shows the effects of a series of 90” clockwise rotations, starting at 
360” and ending at 0”. Note that the preferred direction rotation again 
is always less than the expected amount until the card is back at its 
initial position. 

Although the preferred direction “followed” card rotations, 
other parameters, such as peak firing rate, directional firing range, 
and asymmetry score, did not change. For each head-direction 
cell, the peak firing rate, directional firing range, and asymmetry 
ratio from a rotated session, or a second standard session, were 
expressed as a percent of the values obtained in the first standard 
session. The mean percent changes for peak firing rate, direc- 
tional firing range, and asymmetry ratio from a standard session 
to either a rotated or second standard session are shown in Ta- 
ble 1. 

Although the rotation of the preferred direction was usually 
similar to the rotation of the cue card, the control over preferred 
direction by the card was not perfect. The deviation from the 
expected rotation of preferred direction was calculated for each 
head direction as follows. First, the cross-correlation between 
the firing-rate/head-direction functions for the standard and ro- 
tated sessions was calculated. In general, this cross-correlation 
was negative, because there was little, if any, overlap of the 
angular range of elevated firing. Next, the firing-rate/head-di- 
rection function for the rotated session was shifted clockwise in 
6” steps, and the cross-correlation recalculated at each step. The 
rotation of preferred direction was defined as the angle at which 
the cross-correlation was maximal; if the rotation of preferred 
direction were perfect, the maximum cross-correlation would 
be found at the angular position to which the card was rotated. 
The maximal cross-correlation between standard and card-ro- 
tation session pairs was almost always greater than 0.90 (Table 
1). This indicated that the shapes of the 2 firing-rate/head-di- 
rection functions were similar. In addition, Table 1 shows that 
the maximal cross-correlation was nearly the same for standard/ 
rotation session pairs and standard/standard session pairs. 

The mean absolute deviation from the expected rotation for 
the 19 cells showing rotation was 18.9 -t 2.7” (SEM), range: 6- 
48”. When the absolute deviations were obtained from the pre- 

Table 2. Rotation in preferred direction for environmental 
manipulations 

Card removal“ Rectangle” Squarea 
Animal Unit (degrees) (degrees) (degrees) 

1 1 -108 r+w 
2 1 -42 +96 

2 2 -42 (-48) +84 (+90) - 12 (+48) 

2 3 -30 (-48) +90 +48 

2 4 0 +I8 +6 

2 5 +6 +90 +6 

2 6 +6 +78 -6 

3 1 +48 (+96) 

3 2 +48 (+78) 

4 1 +6 +12 

5 1 +6 +114 +108 

5 2 180 +174 

6 1 +66 

6 2 +24 +6 +12 

Values in parentheses show results from a second recording session. The cue card 
was positioned at 3 o’clock for the sessions in the square and rectangular enclosures. 
The value shown in brackets for a rectangle session indicates the change in the 
preferred direction when the cue card was first positioned at 12 o’clock (i.e., 90” 
rotation). 
Q + indicates a counterclockwise rotation; - indicates a clockwise rotation. 

ferred directions in standard and rotated sessions based on the 
triangular model (see Taube et al., 1989), the mean deviation 
[17.1 f 3.0” (SEM)] was nearly identical. The distribution of 
deviations from the expected rotation for the 16 cells tested with 
a card rotation of 90 or 270” showed no strong trend for either 
underrotation (10 cells) or overrotation (6 cells). Thus, the cue 
card exerted stimulus control over the preferred firing direction, 
although the control was detectably imperfect. 

When the card was returned to its initial position, the pre- 
ferred firing direction returned to near its original value. The 
mean absolute deviation for pairs of standard sessions was 6.6 
f 1.3” (SEM), range: 0.515.1”, n = 15. A t-test showed that 
the deviation for standard sessions was lower than for rotated 
sessions (t = 3.10; df= 32; p < 0.01). Furthermore, an F-test 
showed that the preferred direction was more variable following 
cue card rotations (F = 6.57; df= 18; p < 0.001). This suggests 
that features of the environment besides the cue card act as 
determinants of the preferred firing direction. 

For 2 directional cells, a series of card rotations was conducted 
while the animal was in the cylinder and able to watch the card 
being rotated. In both cases, the card was initially at the 3 o’clock 
position and was rotated in 90” steps until it returned to its 
original position. To a first approximation, the preferred direc- 
tion of both cells rotated along with the card. On the 4 occasions 
that rotations were done with the animal in the cylinder, how- 
ever, there was a consistent underrotation of the preferred di- 
rection each time the card was rotated. In 2 cases, the preferred 
direction returned to within 6” of its starting value once the card 
returned to the 3 o’clock position. Both of these examples, done 
on the same directional cell, are shown in Figure 2. The dashed 
line in Figure 2 shows the results from a series of clockwise 
(CW) rotations, whereas the solid line is for a series of coun- 
terclockwise (CCW) rotations. The points for the CW and CCW 
rotations lie on opposite sides of the dotted line, which indicates 
perfect following of rotation. This result suggests a form of hys- 
teresis and is a second indication that the control exerted by the 
card is not the sole determinant for the preferred firing direction. 
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Figure 3. Effects of removing the cue card on the discharge charac- 
teristics of a head-direction cell. The solid line shows the firing-rate/ 
head-direction plot with the card in its standard 3 o’clock position. 
When the card was removed, the firing properties of this cell were largely 
unaffected except for a counterclockwise rotation of about 120” in the 
preferred direction (dash-dot line). When the card was replaced in the 
cylinder, the preferred direction returned to its original value (line with 
2 short dashes). In each case, the animal was removed from the cylinder 
between each recording session. 

Effects of card removal 
The card rotation experiments indicate that the card exerts con- 
trol over directional cell firing. To investigate the nature of the 
control, we monitored directional cell firing following removal 
of the card from the cylinder. Several outcomes were possible 
under this condition. The cell might cease to fire or fire at a 
constant rate, independent of head direction. Alternatively, the 
peak rate could decrease or the background rate might increase. 
Finally, if a preferred direction still exists, it might rotate relative 
to the preferred direction observed with the card in its standard 
position. 

For 13 cells in 6 animals, card removal led only to an un- 
predictable shift in the preferred direction. Peak firing rate, firing 
range, and asymmetry were unaffected (see Table 1). In partic- 
ular, it was never observed that a cell ceased firing during a card 
removal session. An estimate of the rotation in preferred di- 
rection caused by card removal was calculated as described 
above for card rotation experiments. There was no difference 
in the mean correlation coefficients between standard and card 
removal sessions or pairs of standard sessions (Table 1). Table 
2 shows that in 8/l 3 card removal experiments the preferred 
firing direction rotated at least 24”. Table 1 shows that the mean 
absolute shift in the preferred firing direction after card removal 
was significantly (t = 14.20, df = 11, p < 0.005) greater than 
the mean absolute shift observed between pairs of standard 
sessions. There was no trend for the preferred firing direction 
to rotate clockwise or counterclockwise after card removal. Ex- 
cept for 2 cells not included in the above analysis, standard 
sessions conducted after card removal sessions showed that the 
preferred direction returned to the value observed in the initial 
standard session. The 2 exceptions are discussed below. The 
results from a typical cue card removal session are shown in 
Figure 3. 

A second card removal session was done on 4 cells. As shown 
in Table 2, the absolute deviations in the preferred direction 
between the 2 card removal sessions were 6, 18, 30, and 48”, 
with a mean of 25.5”. Statistical testing was not warranted with 
only 4 cases, but the mean absolute deviation between card 
removal sessions was not much greater than the mean absolute 
deviation of 18.9” observed when standard and card rotation 
experiments were compared. 

Table 2 also shows the effects of card removal for 6 cells 
recorded from one animal. For the first 3 cells (units #l-3), the 
preferred directions rotated between 30 and 48” clockwise; for 
the last 3 cells (units #4-6), the preferred direction rotated clock- 
wise between 0 and 6” from the standard session. The variations 
in preferred direction shifts within the same animal suggest that 
the secondary cues used to anchor the directional coordinate 
were not the same for all sessions, but were consistent for se- 
quences of card removal sessions. 

Effects of changing the environmental shape 

Until now, head-direction cell firing has been described while 
the animal was in a cylinder. In this section we consider the 
effects on directional cell firing when recordings were done in a 
rectangular enclosure (10 cells) or in a square enclosure (8 cells). 
For each enclosure a white card was attached to the wall cor- 
responding to 3 o’clock as seen from overhead; this position 
corresponded to the position of the white card in the cylinder. 
The changes in preferred direction for both manipulations are 
shown in Table 2. For the rectangular enclosure, 8/10 head- 
direction cells changed their preferred firing direction by at least 
78”. It was noteworthy that the change in the preferred direction 
always occurred in a counterclockwise direction; the reason for 
this was unclear. In one animal, 6 different head-direction cells 
were monitored in the rectangle. Interestingly, the preferred 
direction always rotated between 78” and 96”, suggesting that 
the features of the environment used for orientation during each 
exposure to the rectangle were constant. A single head-direction 
cell in a different animal was initially monitored in the rectangle 
with the long axis of the rectangle at the 6 and 12 o’clock po- 
sitions, and the cue card placed at the 12 o’clock position. Under 
these conditions the preferred direction rotated 66” counter- 
clockwise. 

Standard sessions in the cylinder done after rectangle sessions 
showed that the preferred direction returned to its original value. 
In contrast to the changes in preferred direction, Table 1 shows 
there were no significant changes in the peak firing rate, direc- 
tional firing range, or asymmetry ratio during rectangle sessions. 

After a standard session following the session in the rectangle, 
8 cells were further tested by placing the animal in the square 
enclosure. The results from this manipulation (Table 2) were 
similar to those for the rectangular enclosure; the preferred di- 
rection changed for 3/8 cells, but the other properties (peak firing 
rate, directional firing range, asymmetry ratio) were constant. 
One cell, which showed only a 12” clockwise rotation in the 
preferred direction when initially tested in the square enclosure, 
showed a 48” counterclockwise rotation during a second square 
session the next day. In 6 cells tested with a standard session 
after recording in the square, the preferred direction returned 
to its original value. For 2 other cells tested in the square, the 
second cylinder session was done with the cue card rotated (90 
or 180”). In both cases, the preferred direction maintained its 
relationship to the position of the cue card observed during the 
previous standard session; the deviations in the preferred di- 
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Figure 4. Head direction vs. firing rate graphs for 2 experiments in different shaped enclosures. A, The solid lines show the results from standard 
sessions in the cylinder (sessions # 1,3,5) before and after recording sessions in a rectangular enclosure (session #2, dash-dot line) or square enclosure 
(session #4, line with 2 short dashes). In the sessions with the rectangle and square, the preferred head direction rotated 114 and 108” counterclockwise, 
respectively, with no changes in the peak firing rate or directional firing range. B, Results from a different cell in another animal. The solid line 
shows the results from a standard session in the cylinder (session #l). The dash-dot line shows the results from a session in the rectangle (session 
#2) and the line with 2 short dashes shows the results from a session in the square (session #4). In the rectangle session the preferred direction 
rotated 78” counterclockwise, with no change in the peak firing rate or directional firing range. For the square enclosure session, there was no change 
in preferred direction, peak firing rate, or directional firing range compared to the session conducted in the cylinder. When the square and cue card 
were rotated 270” (session #5, long dashed line) the preferred firing direction rotated the same amount as the card rotation. Not shown for the 
purpose of clarity are the results from standard sessions in the cylinder (sessions #3 and #6) which were run between the sessions in the rectangle 
and square, and following the card rotation in the square. The results from both standard sessions were similar to the first standard session shown 
in the graph. Except for the card rotatiou session in B (session #5), all sessions had a cue card at the 3 o’clock position (as viewed by an overhead 
video camera) and both the rectangular and square enclosures were placed in the same corresponding location as the cylinder. 

rection from the card rotation were - 12 and - 24” (i.e., under- 
rotations). 

The results from recordings in rectangular and square enclo- 
sures showed that for individual cells, changes in the preferred 
direction in 1 enclosure were not necessarily identical to the 
changes observed in the other enclosure. In fact, the preferred 
direction differed by at least 36” in 5/8 cases. The results for 2 
cells recorded in all 3 apparatuses are shown in Figure 4. In 
addition, Table 2 shows that the preferred directional changes 
observed in the rectangle and/or square were usually different 
from the amount of rotation in the preferred direction for the 
card removal experiments. 

To determine whether the cue card exerted control over di- 
rectional firing in the rectangle and square enclosures, 3 rotation 
experiments were done in the rectangle and 2 in the square. 
Two of the three rectangle experiments were 90” rotations of 
both the enclosure and card; in both cases, the preferred direc- 
tion rotated 90”. In the third rectangle experiment, only the cue 
card was rotated 180” and the preferred firing direction rotated 
174”. In both square rotation experiments, the enclosure and 
card were rotated together (90 or 270”). The deviations of pre- 
ferred direction were 0 and - 6” (underrotation), indicating once 
again that the card exerts stimulus control. Figure 4B shows the 
results from one of the rotations conducted in the square en- 
closure. 

We also monitored head-direction cell activity when the an- 
imal was in a different cylinder in another recording room. The 
cylinder used was a copy of the cylinder in the original recording 
room and contained a white card at the same compass direction. 
Although it was not possible to use the 2-spot tracker in this 
case, we observed the animal while listening to the audio output 
of cell firing. For the 2 cells tested under these conditions, the 
preferred direction and other discharge characteristics (e.g., peak 

firing rate, directional firing range) appeared to be similar to 
those observed in the original recording room. 

Hand- held sessions 
In addition to the different shaped environments used above, 
we also monitored directional cell firing when the animal’s 
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Figure 5. Effects of carrying the animal by hand around the surface 
floor of the cylinder on the firing characteristics of a head-direction cell. 
The solid line shows the firing-rate/head-direction function for the cell 
with the animal moving freely in the apparatus. The dash-dot line shows 
the firing-rate/head-direction function when the animal was hand-held 
and both its position and head orientation were changed by moving the 
animal around in the cylinder. The major effect was a decrease in the 
cell’s firing rate; preferred direction and directional firing range were 
unaffected. 
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Figure 6. Effects of card removal on the discharge characteristics of a 
pair of simultaneously recorded head-direction cells. The responses of 
the same pair ofcells to different manipulations are also shown in Figures 
7 and 8. The top plot shows the firing-rate/head-direction functions for 
both cells with the card in its standard 3 o’clock position. Cell #I 
corresponds to the solid line; cell #2 corresponds to the dash-dot line. 
The bottom plot shows the firing-rate/head-direction functions after 
card removal. The bottom plot has been shifted horizontally along the 
head-direction axis to show the extent of the preferred direction rotation 
for cell # 1 caused by card removal. Note that the preferred direction of 
cell #2 during card removal is directly under the preferred direction of 
cell #2 during the standard session. This demonstrates that the rotation 
of preferred direction caused by card removal is equal for the 2 cells. 

movements were restricted by hand holding them. One-minute 
recording sessions were conducted while the experimenter moved 
the animal to different locations in the cylinder while continually 
rotating the animal in the horizontal plane. The results from 
I-min hand-held sessions showed that the preferred direction 
and directional firing range remained relatively unchanged (Ta- 
ble I), but the peak firing rates in the hand-held sessions were 
decreased in 7/9 cells compared to freely moving sessions. The 
mean percent of the peak firing rate from a hand-held session 
compared to a freely moving session was 69.1 -t 11.2% (SEM), 
range: 29.4-142% (t = 2.75; df= 8; p < 0.05). The results from 
a representative hand-held session and the corresponding freely 
moving session are shown in Figure 5. 

In addition to being carried around in the cylinder, animals 
were also held l-l.5 m above the floor and carried around to 
different regions of the laboratory within a 1.5-m radius of the 
cylinder center. Under these conditions, cell activity was mon- 
itored by listening to the audio output. Although the view of 
the environment was dramatically different than when the an- 

imal was in the cylinder, the preferred direction was constant 
for all 25 head-direction cells examined. 

Simultaneous recording from 2 cells 

Until now, we have reported the effects of environmental ma- 
nipulations on a cell-by-cell basis. It would be interesting, how- 
ever, to know if the change observed in preferred direction is 
different for each cell after a manipulation, or if the change is 
the same for all cells. The issue of equal shifts in preferred 
direction across cells can be answered directly by recording from 
2 or more cells simultaneously. 

We were able to make simultaneous recordings from 2 pairs 
of cells in 2 animals under several environmental conditions. 
The cells of each pair had different preferred firing directions. 
In both cases, the difference in preferred direction between the 
2 cells remained nearly constant across all the conditions, even 
though the preferred direction of each cell changed considerably. 
Head direction versus firing rate plots for 1 pair of units are 
shown in Figures 6-8. The top firing-rate/head-direction plot 
in each figure is for the 2 simultaneously recorded cells from a 
standard session in the cylinder, whereas the bottom plot is for 
the same cells recorded during an environmentally manipulated 
session. For the card removal (Fig. 6) rectangle (Fig. 7) and 
square (not shown) sessions, the bottom plot was shifted such 
that the preferred direction of cell #l in the manipulated session 
was aligned directly below the preferred direction of cell #I in 
the standard session (dashed line on left). The shift along the 
horizontal axis for the lower plots (48” clockwise for Fig. 6; 90 
counterclockwise for Fig. 7) indicates the rotation of cell #l’s 
preferred direction. A second dashed line was drawn vertically 
from the preferred direction of cell #2 in the standard session 
to the bottom plot. Note that the second line passes through (or 
close to) cell #2’s preferred direction for the card removal and 
rectangle sessions, indicating that the preferred direction for cell 
#2 rotated the same amount as the preferred direction of cell 
# 1. For the card removal, rectangle, and square experiments, 
the difference between rotation of preferred directions for the 2 
cells was 0, 0, and 6”, respectively. 

Figure 8 shows that the preferred direction of both cells ro- 
tated equally after the cue card was rotated 180”. In Figure 8, 
the bottom plot was shifted by 180”, the expected rotation of 
the preferred direction for both cells. Dashed lines were drawn 
between the peak firing rates of both cells. Note that neither 
dashed line is vertical, indicating the deviations of the preferred 
directions from the expected rotations. Although the preferred 
directions did not rotate 180”, the 2 dashed lines were parallel 
to one another, indicating that the deviations (24”) were the 
same for both cells. 

A second pair of cells in another animal was monitored for 
2 card removal sessions. The first card removal produced ro- 
tations in the preferred firing direction of 96” and 78”, an 18” 
difference. However, direct observation of cell activity and the 
animal’s head direction suggested that the preferred direction 
was unstable and changed during the course of the session for 
unknown reasons. As a result of the instability, the directional 
firing Janges for both cells increased in this session; the range 
for one cell was about 200”. Because of the instability in the first 
session, a second card removal session was done 10 min later 
without removing the animal from the cylinder. In this session, 
the preferred directions changed, but the shifts in the preferred 
directions compared to the standard session were identical (48” 
clockwise). A 90” card rotation session was also conducted on 
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Figure 7. Effects of changing the shape of the apparatus on the firing 
properties of a pair of simultaneously recorded head-direction cells. The 
upper plot shows firing-rate/head-direction functions for the 2 cells while 
the animal is in the cylinder with the white card at its standard 3 o’clock 
position. Cell #l corresponds to the solid line; cell #2 corresponds to 
the dash-dot line. The bottom plot shows the firing-rate/head-direction 
plots for the same cells when the animal was in the rectangle. A white 
card covered the entire short wall of the rectangle and this wall was 
positioned at 3 o’clock. The bottom plot is shifted horizontally along 
the head-direction axis to indicate the rotation of the preferred direction 
of cell #l. The preferred direction for cell #2 is shifted by the same 
amount, as shown by the vertical dashed line on the right. 

this pair of cells. The deviations from the expected rotation 
were 0 and -6” (underrotation), which is consistent with the 
results from the other pair of simultaneously recorded cells. 

Recordings from cells showing aberrant responses 

Although the responses of most head-direction cells to envi- 
ronmental manipulations conformed to the descriptions given 
above, 4 cells showed aberrant responses. The preferred direc- 
tion of 2 cells showed little rotation after card rotation (6” after 
a 180” card rotation in one case and - 12” after a -90” rotation 
in the other). These 2 cells were recorded from different animals, 
but the other 3 cells recorded from each animal showed strong 
stimulus control by the cue card in rotation experiments. One 
of the 2 cells which was insensitive to card rotation was the cell 
not included in the quantitative analysis in the previous paper 
(Taube et al., 1990). This cell was first recorded while the animal 
chewed and pulled on the cue card until it fell to the floor. 
Although there was nothing unusual about its observed peak 
firing rate (3 1.04 spikes/set) or asymmetry ratio (1.44), it had 
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Figure 8. Effects of card rotation in the cylinder on the discharge 
characteristics of a pair of simultaneously recorded head-direction cells. 
The top plot shows the firing-rate/head-direction functions for both cells 
with the card in its standard 3 o’clock position in the cylinder. Cell #l 
corresponds to the solid line; cell #2 corresponds to the dash-dot line. 
The bottom plot shows the firing-rate/head-direction functions after the 
white card was rotated 180”. The bottom plot has been shifted 180” 
along the head-direction axis. The imperfect following of the card po- 
sition by the preferred direction for cell #l is indicated by the slope of 
the left dashed line. Note that the right dashed line that connects the 
preferred direction of cell #2 during the standard and rotated sessions 
has the same slope as the line for cell # 1. This result indicates that the 
rotation of preferred direction is equal for the 2 cells, even though it is 
imperfect for both. 

the largest directional firing range (166.5”) of any head-direction 
cell observed. 

Two other cells were not considered above in the card removal 
experiments because their preferred direction was not stable for 
the standard sessions that bracketed the card removal session. 
Both cells were recorded from the animal that tore down the 
card when it was present. The absolute deviation of preferred 
direction in the 2 standard sessions was 96” for one cell and 
174” for the other. During the card removal session, the pre- 
ferred direction shifted - 12” for one cell and 174” for the other. 

The existence of aberrant responses for directional cells sug- 
gests that it may be possible to design behavioral procedures 
that cause stimulus control over preferred direction to be trans- 
ferred from the white card to other cues. If  there were a way to 
reliably reduce the control exerted by the white card over time, 
and to simultaneously increase the control exerted by another 
stimulus, it would be possible to infer a modifiable (plastic) step 
in the sequence of computations between sensory events and 
directional cell firing. 
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Discussion 
that other stimuli can be used as anchors for directional firing 
when the usual reference is missing. There is an indication that 

Sensory control of directional cell firing the secondary stimuli that begin to anchor the preferred direc- 
In the previous paper (Taube et al., 1990) it was demonstrated tion are stable over time; when the card removal experiment 
that the preferred firing direction of head-direction cells is con- was done on cells recorded subsequently from the same animal, 
stant over the area of the cylinder, such that vectors in the there was appreciable consistency of the rotation of preferred 
preferred direction are parallel. The invariance of preferred di- direction for the individual cells (Table 2). The consistency of 
rection with location rules out the possibility that the firing of preferred direction rotation after cue removal also indicates that 
a given cell is triggered whenever the rat’s head points toward the same secondary stimuli control the firing of all directional 
a discrete stimulus source within the cylinder; if directional cell cells. This inference is further supported by our findings from 
firing was controlled by pointing to a local feature, preferred simultaneous recordings of cell pairs, where the preferred di- 
direction vectors would be expected to converge. The invariance rection rotation was equal for both cells. 
of preferred direction is, however, compatible with the possi- Two observations suggest that other stimuli have effects on 
bility that the firing of a given cell is triggered whenever the directional cell firing even when the white card is present. In 
head points toward a stimulus that lies far outside the apparatus. the one case when card rotation was done while the animal was 
The fact that all preferred directions are equally likely (Taube present in the cylinder, the preferred direction appeared to show 
et al., 1989) could mean that each cell is triggered by a different hysteresis. This finding implies that a role was played by sec- 
stimulus (e.g., a sound source or the geomagnetic field), where ondary cues fixed in the laboratory frame. Second, the deviation 
the stimulus can lie anywhere outside the apparatus. of preferred direction from the expected value during card ro- 

The purpose of this study was to determine which features of 
the environment exert control over azimuth-specific firing. To 
address this issue the animal’s environment was manipulated 
in various ways while the effects on directional cell firing were 
monitored. In principle, a directional reference could be pro- 
vided by any nonuniformity in the environment. In our exper- 
iments, the only intentional asymmetry was the white cue card 
attached to the cylinder wall. It was found that rotations of this 
stimulus almost always caused near-equal rotations of the pre- 
ferred direction. It is important to note that the card controlled 
the preferred direction for all cells, and not just for cells that 
had preferred directions pointing toward the cue card. The con- 
trol exerted by the cue card over preferred direction was not 
perfect. Nevertheless, the summed control exerted by any un- 
rotated asymmetries must be small, and the possibility that 
directional cells are exclusively triggered by a distant stimulus 
source is ruled out. In particular, we have no evidence that the 
geomagnetic field is important. This finding is important be- 
cause there are reports that magnetic fields can be detected by 
many different species (see Mather, 1984, for a review), and 
several studies have shown that rodents are capable of using the 
Earth’s magnetic field to guide their spatial behavior (Bovet, 
1965; Mather and Baker, 1980, 1981). 

Taken together, the locational invariance of preferred direc- 
tion and the stimulus control exerted by the white card indicate 
that head-direction cells are not triggered when the rat’s head 
points to any discrete stimulus, either local or distant. Head- 
direction cells are therefore not well described in simple sensory 
terms. At a minimum, information about the rat’s position with- 
in the cylinder, the location of a feature of the cue card on the 
retina, and the position of the eye in the orbit must be combined 
to generate the observed characteristics of directional cell firing. 
Thus, the direction-specific firing of directional cells appears 
based on more complex use of sensory information. 

The complexity of the relationship between stimuli and pre- 
ferred direction is further revealed by the effects of removing 
the card, the only cue of known salience. Card removal did not 
disrupt azimuth-specific firing. Instead, card removal was as- 
sociated with a rotation of preferred direction, in the absence 
of any other changes in directional cell firing. The card therefore 
acts as a reference for the angular coordinate system when pres- 
ent, but it is not necessary to support directional cell firing. The 
reliable azimuth-specific firing in the absence of the card implies 

tation sessions was greater than the deviations from pairs of 
standard sessions. Thus, other cues in the environment were 
acting as partial determinants for preferred directional firing. 
Our experiments were not designed to identify secondary stim- 
uli, but by inference, it seems probable that head-direction cells 
share with hippocampal place cells the property that their firing 
is supported by multiple, replaceable cues (O’Keefe and Con- 
way, 1978). The salience of the white card demonstrates that 
visual stimuli can exert control over directional cell firing, but 
the role of other sensory modalities remains to be tested. 

In addition to local landmarks and global environmental 
stimuli, directional cell firing could potentially be under the 
control of internally generated stimuli from the vestibular sys- 
tem, the muscle and joint senses, or corollary motor discharge. 
In principle, such kinesthetic stimuli could update the current 
directional heading relative to a reference direction established 
from external stimuli. Mittelstaedt and Mittelstaedt (1980) have 
shown that such mechanisms are used by the desert mouse in 
homing back to its nest. Note, however, that purely kinesthetic 
guidance could be used only for short times without external 
references, since errors could not be corrected without feedback 
from the external world. 

In summary, the salience of the white card demonstrates that 
visual stimuli can exert control over directional cell firing, but 
the role of other sensory modalities remains to be tested. We 
have shown that geomagnetic and other stimuli fixed in the 
laboratory frame do not exert exclusive control over directional 
cells, but the contribution of distal features is an open and 
important question. 

The reference frame for directional celljiring 

One way that head-direction cells do not confrom to a sensory 
model concerns the coordinate system that gives the simplest 
description of firing. For head-direction cells, as with hippo- 
campal place cells (O’Keefe and Dostrovsky, 1971; O’Keefe, 
1976) firing rates are most naturally given in terms of external 
references. The firing of individual cells varies with head azi- 
muth (a state variable of the animal), but the angular coordinate 
system itself is fixed in the environment. In contrast, neuronal 
firing rates in sensory systems are most naturally given in terms 
of reference to receptive surfaces or the animal per se, at least 
up to primary and secondary projection areas in isocortex. Di- 
rectional-sensitive neurons have been reported in other brain 
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areas (see Goldberg and Femandez, 1984; Rose, 1985; Motter 
et al., 1987; Sikes et al., 1988) but in each case, the directional 
sensitivity is relative to a reference direction on the receptive 
surface (i.e., based on the animal as the point of reference). For 
example, prestriate visual cortex neurons respond best to light 
patterns that move in a particular direction across their receptive 
field (Hubel and Wiesel, 1968). 

There is no doubt that sense-organ-based information is used 
in the firing of head-direction cells, but a major informational 
transformation must occur at or before the postsubiculum. The 
kind of transformation that is required has been demonstrated 
by Andersen and colleagues in area 7a of monkey posterior 
parietal cortex, where 3 classes of neurons were found (Andersen 
et al., 1985). One class responded to the position of a stimulus 
on the retina, and a second class signaled the position of the 
eyes in the orbit. The properties of the third class of “spatially 
tuned” neurons were a combination of the properties of the 2 
other classes. The spatially tuned cells signaled the location of 
the stimulus in “head-based” coordinates, although the firing 
rate of these neurons still varied with the orbital position of the 
eye. Zipser and Andersen (1988) used a back-propagation meth- 
od (Rumelhart et al., 1986) to show that the combined signals 
from units with specific retinal receptive fields and units that 
reflect eye position provide enough information to produce the 
firing of the spatially tuned neurons. This finding indicates how 
the informational content is transformed from a receptor sur- 
face-based signal into a level of higher abstract spatial relation- 
ships. The study by Zipser and Andersen (1988) suggests that 
it will be possible to simulate directional cell firing by taking 
into account variations in the retinal image of the cue card due 
to the animal’s location and orientation and the orbital position 
of the eye. 

Motor correlates of directional celljiring 

Direct observation revealed no obvious relationship between 
head-direction cell firing and any aspect of the animal’s behav- 
ioral state except head direction (Taube et al., 1990). It is still 
possible, however, that head-direction cells are high-order mo- 
tor cells that cause the animal’s head to point in a certain di- 
rection. This hypothesis is ruled out, however, by the obser- 
vation that directional cell firing was the same when the rat was 
passively carried by hand as when the rat moved by itself. The 
same observation makes it extremely unlikely that directional 
cell firing is a corollary motor discharge that signals when the 
rat moves its head to a particular angle. We conclude that direct 
or indirect motor influences play at most a secondary role in 
directional cell firing. 

Comparisons of head-direction cells and hippocampal place 
cells 

Directional cells and place cells share the critical property that 
the firing ofboth classes is best described in terms ofthe animal’s 
spatial relationship to its environment. The major firing cor- 
relates of the 2 classes are complementary, however, at least 
under the behavioral conditions used in the present studies. As 
reported here, directional cell firing is nearly independent of the 
animal’s location. In contrast, place cell firing in the same cyl- 
inder depends almost exclusively on the animal’s location and 
is uncoupled from head direction (Muller et al., 1987; Bostock 
et al., 1988). It is important to note, however, that directional- 
invariance is not a fixed feature of place cell firing: individual 

on an 8-arm radial maze (McNaughton et al., 1983; Bostock et 
al., 1988; Leonard et al., 1988). 

Despite the major difference in primary firing correlate, di- 
rectional and place cells respond in virtually identical ways to 
rotation or removal of the white card. For place cells, card 
rotation leads to equal rotation of the angular location of the 
intense firing region (the firing field), and card removal leaves 
the place field intact except for an unpredictable rotation (Muller 
and Kubie, 1987). Thus, the cue card anchors the angular lo- 
cation of place cell firing in the same way it acts as a reference 
for the preferred direction of directional cells, but in neither 
case does its removal cause a breakdown of firing specificity. 

In contrast to the similarity of the responses of directional 
and place cells to card manipulations, changes in the shape of 
the apparatus have much more profound effects on the firing of 
place cells. Muller and Kubie (1987) reported that the location- 
specific firing of an individual place cell in the rectangular ap- 
paratus could not be predicted from a knowledge of its spatial 
firing pattern in the cylinder. Specifically, for cells that had a 
firing field in both apparatuses, there was no relationship that 
transformed one field into the other that held across cells. In 
addition, it was often observed that a cell with a firing field in 
one apparatus was virtually silent in the other apparatus (Kubie 
and Ranck, 1983; Muller and Kubie, 1987). Thompson and 
Best (1989) estimate that as few as 25% of the place cells may 
be firing in a given environment. Muller and Kubie (1987) con- 
cluded that the place cell population underwent a complete re- 
mapping after changes in apparatus shape. 

In our experiments, changes in shape of the environment led 
only to changes in the preferred direction of directional cells. 
There was no analog of the cessation of firing that was sometimes 
observed in differently shaped apparatuses for place cells. Peak 
firing rate, directional firing range, and the asymmetry of the 
firing-rate/head-direction function were unchanged across dif- 
ferently shaped apparatuses. The shift in the preferred direction 
is noteworthy when considering that both the rectangle and 
square had a white card in a similar reference position as in the 
cylinder, and the card could be shown to exert control over 
directional cell firing in the rectangle and square. In summary, 
it appears that major changes of the environment affect both 
head-direction and place cells, but it appears that the effects on 
place cells are more profound. 

The equal rotations of the preferred direction from pairs of 
simultaneously recorded directional cells under all circum- 
stances suggest that the mapping of directional cells onto the 
environment is fixed. O’Keefe (1979) concluded that different 
environments use different subsets from the same total popu- 
lation of place cells, and that the subset of cells mapping one 
environment overlaps with the subset of cells mapping a second 
environment. Our findings that directional cells always re- 
mained active following environmental manipulations implies 
that, in contrast to place cells, the postsubiculum uses the same 
set of directional cells for mapping the angular coordinate sys- 
tem in different environments. Thus, the overall reference di- 
rection for azimuth-specific firing may rotate, but the firing 
properties of individual cells and the relationships between pre- 
ferred directions of different head-direction cells remain con- 
stant. However, these conclusions must be considered tentative, 
until the origins of the few observed “aberrant” responses are 
known. 

Our observation that the preferred direction of pairs of si- 
cells tend to be more active as a rat moves in or out of an arm multaneously recorded directional cells remained in register 
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across different environmental manipulations suggest that the 
organization ofthe directional cell network in the postsubiculum 
is similar in different environmental contexts. This in-register 
property has also been reported for pairs of hippocampal place 
cells recorded simultaneously following rotations of the envi- 
ronment (O’Keefe and Speakman, 1987; E. M. Bostock, R. U. 
Muller, and J. L. Kubie, unpublished observations). It would 
be of interest to know whether preferred directions and firing 
fields rotate together after card rotations or card removal. Note, 
however, that the finding that hippocampal place cells can be- 
come silent in a differently shaped environment suggests that 
place cell and direction cell firing can be uncoupled. 

The use of direction for guiding locomotive behavior 

The directional signal encoded in head-direction cell firing might 
be used by the animal in 2 different ways. First, head-direction 
cell activity could provide information about azimuth during 
navigation and aid the animal in solving spatial problems. In 
this case, it would be expected that rats could learn to go in a 
particular direction, such that their movements would be par- 
allel from any starting position. Despite the extensive amount 
of literature on the spatial problem-solving abilities of rats, there 
are relatively few studies devoted to whether rats can use a 
purely directional strategy in performing a spatial task. In a 
preliminary study, Stewart and Kubie (1985) trained rats to run 
in a particular direction on an g-arm radial maze platform with 
the maze placed at different locations in a large room. They 
then tested the rats with the maze at novel locations in the room. 
Two rats reliably went out on the correct arm during such probe 
trials. This preliminary result warrants further consideration in 
light of the existence of head-direction cells. Two field studies 
of related interest have shown that rodents can use the position 
of the sun as a compass for homeward orientation (Fluharty et 
al., 1976; Haigh, 1979). These 3 studies suggest that rodents 
possess a “sense of direction.” 

The second way in which directional cell firing could enhance 
the spatial problem-solving abilities of rats is the possibility that 
the directional cells in the postsubiculum can represent angular 
relationships among external objects. In behavioral terms, this 
is an important issue, since an ability to guide locomotion ac- 
cording to an external angular coordinate system would make 
available a simple, geometric computation by which a rat could 
get to a distant, unseen goal or take a short cut when it becomes 
available. 

Another interesting issue is how the head-direction cell and 
place cell representations of the environment interact. Some 
data that address this question come from studies ofbird homing 
and migration, in which the control of flight direction is often 
distinguished from knowledge of places. Bingman et al. (1984) 
showed that homing pigeons with bilateral lesions of the hip- 
pocampal analog can find their way back to the general locale 
of their homes when released 20 miles away. Nevertheless, they 
were impaired relative to normal pigeons, in that they could 
not find their exact home cage. These findings suggest that the 
directional system is intact after hippocampal lesions, such that 
the birds can correctly navigate back to the vicinity of their 
home cage. Under the assumption that the avian hippocampal 
analog has functions similar to the rat hippocampus, it is also 
understandable why the damaged animals were unable to pre- 
cisely relocate their home cages. This interpretation implies a 
dissociation (uncoupling) between the directional and place sys- 

terns in the homing piegon and suggests that it would be worth- 
while to do similar experiments in the rat. 

Although it is possible to dissociate the directional and lo- 
cation systems, we imagine that under ordinary circumstances 
they act together. This is suggested by the similar effects of cue 
card manipulations on place cells and head-direction cells. En- 
torhinal cortex is one possible site for such an interaction, since 
it receives input from both the hippocampus and the postsubicu- 
lum. A second possibility is retrosplenial cortex, which receives 
direct input from the postsubiculum and input from the hip- 
pocampus relayed through the subiculum. Finally, because the 
postsubiculum receives input from the subiculum, the site of 
interaction could also be cells in the postsubiculum (for a dis- 
cussion of the anatomical projections of the postsubiculum, see 
Discussion of Taube et al., 1990). 

We also imagine that the directional and locational systems 
serve different functions for guiding locomotion, even when they 
are cooperating. In this behavioral scheme, directional cells pro- 
vide the wherewithal for long-range navigation, whereas place 
cells provide for local navigation. One possibility is that the 
place cell mapping represents a locale (a continuous region of 
space) whose size is about equal to the size of the current visual 
boundaries (O’Keefe and Nadel, 1978). A directional cell map- 
ping system that extends over much larger distances could be 
enough to efficiently solve the problem ofgetting from one locale 
to another. This idea is consistent with the effects of hippocam- 
pal lesions in rats and can be tested by observing the behavioral 
effects of postsubicular lesions. 
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