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Interaction between the Postsubiculum and Anterior Thalamus in
the Generation of Head Direction Cell Activity
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Previous research has identified neurons in the postsubiculum
(PoS) and anterior dorsal thalamic nucleus (AD) of the rat that
discharge as a function of the animal’s head direction. In addi-
tion, anatomical studies have shown that the AD and PoS are
reciprocally connected with one another. The current study
examined whether head direction (HD) cells in each of the two
areas is dependent on input from the other structure. After both
electrolytic or neurotoxic lesions of the AD, no cells were iden-
tified with direction-specific discharge in the PoS. In contrast,
AD HD cell activity was still present after neurotoxic lesions to
the PoS. However, AD HD cells in PoS-lesioned rats exhibited
three important differences compared with AD HD cells in intact
animals: (1) their directional firing range was significantly larger,
(2) their firing predicted the animal’s future head direction by a

larger amount, and (3) their preferred firing direction was sub-
stantially less influenced by a prominent visual landmark within
the recording environment. These results indicate that informa-
tion critical for HD cell activity is conveyed in both directions
between the AD and the PoS; whereas the AD is necessary for
the presence of HD cell activity in the PoS, the PoS appears
important in allowing visual landmarks to exert control over the
preferred firing direction of AD HD cells. These findings have
implications for several computational models that propose to
account for the generation of the HD cell signal.

Key words: head direction cells; anterior thalamus; presubic-
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Previous research has identified neurons in several brain struc-
tures that discharge as a function of the animal’s head direction
in the horizontal plane, independent of its location in the envi-
ronment. These brain areas include the postsubiculum (PoS)
(Ranck, 1984; Taube et al., 1990a), lateral dorsal thalamus (LD)
(Mizumori and Williams, 1993), striatum (Wiener et al., 1993),
retrosplenial cortex (Chen et al., 1994), and the anterior dorsal
nucleus of the thalamus (AD) (Taube, 1995). Figure 1 summa-
rizes the major connections between structures containing HD
cells and other closely linked brain areas. Currently, it is not
known to what extent the HD cells in any of these regions depend
on input from the other structures. Is the HD signal conveyed
from one structure to another or does it arise independently in
each structure?

Because the AD and the deep layers of PoS are reciprocally
connected with one another (Van Groen and Wyss, 1990c, 1995),
this study examined the nature of interaction between these two
structures by monitoring HD cell activity in one brain area after
lesions to the other brain area. Previous studies have also shown
that AD and PoS HD cells differ in their temporal relationship to
the animal’s head direction. Whereas AD HD cells tend to
anticipate the animal’s future directional heading by ~25 msec,
PoS HD cells encode the animal’s present, or slightly past, direc-
tional heading (Blair and Sharp, 1995; Blair et al., 1997; Taube
and Muller, 1997). In the first experiment, we examined the
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effects of bilateral lesions of the AD on HD cell discharge in the
PoS. In the second experiment, we examined the effects of bilat-
eral PoS lesions on HD cell discharge in the AD.

The anterior thalamic nuclei are composed of three distinct
subnuclei: AD, anterior ventral (AV), and anterior medial (AM).
Although the AV nucleus also projects to the PoS, lesions were
aimed primarily at the AD nucleus because all HD neurons
identified in the anterior thalamic nuclei have been localized to
the AD (Taube, 1995).

The PoS, parasubiculum, presubiculum, and subiculum form
the subicular complex. However, some investigators do not rec-
ognize a distinct PoS area and consider the PoS to be the dorsal
portion of the presubiculum (Blackstad, 1956; Witter et al., 1989).
Using this classification scheme the lesions we conducted would
only be considered partial lesions of the presubiculum. However,
because the ventral portions of the presubiculum do not project to
AD (Van Groen and Wyss, 1990b), lesions of only the dorsal
areas should be sufficient to remove any direct connections, and
the transfer of any directional heading information, from the
presubiculum to the AD.

Preliminary results concerning some of these findings have
been published previously (Goodridge and Taube, 1993, 1994).

MATERIALS AND METHODS
Subjects

Twenty-four female, Long—Evans rats were placed on a food-restricted
diet (~15 gm/d) at 4-6 months of age. Animals were housed in pairs
until the time of surgery, after which they were housed individually.
From birth on, animals were maintained on a 14 hr light/10 hr dark cycle.

Apparatus and training procedures

Before surgery and after being placed on a food-restricted diet, all rats
were given 1-2 weeks of training retrieving food pellets thrown randomly
into a gray cylindrical apparatus (76 cm diameter, 51 cm high). Taped to
one side of the cylinder was a white cue card that occupied ~100° of arc
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Figure 1. Diagram illustrating the major connections between brain
areas thought to be involved in the processing of the HD cell signal.
Shaded regions are areas where HD cells have been identified.

and served as the sole orienting stimulus placed into the environment by
the experimenter. Surrounding the gray cylinder was a floor-to-ceiling
black curtain draped from a circular copper rod (2 m diameter) that was
suspended from the ceiling. The floor of the cylinder was composed of a
sheet of gray photographic backdrop paper and was replaced when it
became soiled from rat boli or urine marks. During the training period,
a pair of animals was simultaneously given 15 min/d in which to roam the
cylinder and retrieve 20 mg food pellets scattered on the floor (P. J.
Noyes). One or two pellets were thrown pseudorandomly into the cylin-
der every 10-15 sec by an experimenter standing outside the curtained-
off area. The purpose of this task was to encourage the rat to visit all
parts of the cylinder and thereby sample different head orientations at
different locations. Training was considered complete when the rats spent
80-90% of their time searching for food.

Surgical procedures

For 19 of 24 rats, lesions of either the PoS or the AD were made with
ibotenic acid. The ibotenic acid (Bioresearch Technologies) was dis-
solved in sodium PBS (10 mg/ml, vehicle pH 7.2), and then 5 ul aliquots
were frozen until the day of surgery. The ibotenic acid was pressure-
injected into the brain through a glass micropipette with a tip diameter of
~50 wm. After injection, the pipette remained in the brain for at least 30
sec and was then gradually withdrawn. A 10-wire microelectrode array
(for details on electrode construction, see Kubie, 1984) was implanted
into either the PoS or the AD after all the drug injections had been
completed.

Experiment 1: AD lesions/PoS recording. Bilateral lesions were aimed at
the AD nucleus of the thalamus in 13 rats. Five of the 13 animals
received electrolytic lesions (1-2 mA of anodal current for 10-15 sec). A
metal insect pin (000) with a 1-mm-long uninsulated, pointed tip was
placed into one site per hemisphere (1.5 mm posterior to bregma, 1.4 mm
lateral to bregma, and 4.5 mm ventral to the cortical surface). The
remaining eight rats received neurotoxic lesions of the anterior thalamus.
Three of the eight rats were lesioned with 0.1-0.15 ul of ibotenic acid
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injected into one site per hemisphere (1.4 mm posterior to bregma, 1.4
mm lateral to bregma, and 4.8 mm ventral to the cortical surface). The
other five rats received 0.1-0.15 ul injections in two sites per hemisphere
(1.4 mm posterior to bregma, 1.4 mm lateral to bregma, 4.8 mm ventral
to the cortical surface; 1.3 mm posterior to bregma, 1.8 mm lateral to
bregma, 4.35 mm ventral to the cortical surface). In each rat, after the
lesions were performed the recording electrode array was implanted just
dorsal to the PoS (6.7 mm posterior to bregma, 2.8 mm lateral to bregma,
and 1.6 ventral to the cortical surface).

Experiment 2: PoS lesions/A D recording. Neurotoxic lesions of the PoS
were conducted in 11 rats. Ibotenic acid (0.05-0.15 ul per site) was
injected bilaterally at 2 (n = 3), 3 (n = 2), 4 (n = 3), or 5 (n = 3)
sites/hemisphere. The injection coordinates are shown in Table 1. The
primary purpose of the four- and five-site lesions was to increase the
amount of damage to the posterior parts of the PoS. In each rat, after the
injections were made the electrode array was implanted just dorsal to the
AD thalamus (1.5 mm posterior to bregma, 1.3 mm lateral to bregma,
and 3.7 mm ventral to the cortical surface).

Screening procedures

After 5-7 d of recovery from surgery, each of the electrodes was moni-
tored for cellular activity. All “screening” for cells took place in the same
cylinder where the animal had initially been trained to retrieve food
pellets. The signal from each of the 10 electrodes was monitored indi-
vidually while the rat’s behavior was observed on a video monitor with a
video camera suspended ~3 m above the cylinder. When the activity on
all the wires had been assessed and if none of the 10 wires contained an
HD cell or other activity of interest, the electrode array was advanced
30-120 wm ventrally into the brain. After waiting at least 4 hr, but usually
24 hr, the 10 wires were monitored again for activity.

Recording procedures

Once an HD cell or other cell type of interest was identified during a cell
screening session, the room was prepared for a recording session in which
the activity of the cell and the animal’s ongoing location and head
direction could be measured. In the current study, an HD cell was only
considered to be a distinct cell from an HD cell previously recorded in
that animal if the electrode array had been turned >200 wm since the last
HD cell was identified on that wire. The activity of a cell was isolated
from background noise using a series of window discriminators (Bak
Electronics), and the animal’s ongoing head direction was measured
using a two-spot video tracking system (for details, see Taube et al.,
1990a). A red light-emitting diode (LED) was positioned over the ani-
mal’s snout, and a green LED was positioned 10-15 cm away over the
rat’s back. The location of each LED and the firing rate of the cell were
sampled at 60 Hz and stored on a computer. For each recording session,
the firing rate of the cell in relation to the rat’s head direction was
computed and analyzed off-line.

Various manipulations with external cues were used to assess the
response properties of the recorded cells. These procedures included a
Cue Rotation series, Cue Removal series, and Novel Environment series.
Throughout all sessions, we tried to restrict the available external orien-
tation cues to the ones intentionally manipulated by the experimenter
(such as the white card). The door to the recording room was kept closed,
and all lights were turned off except for the four symmetrically spaced
lights directly above the cylinder. During each session, the experimenter
threw food pellets into the chamber over the top of the black curtain from
different parts of the room so that footsteps could not be used as auditory
cues. In addition, white noise emanating from a speaker on the ceiling
was used to mask any auditory cues that were present in the external
environment. The rat was brought into the curtained-off area in an
enclosed cardboard box through one of three pseudorandomly selected
partitions in the curtains. The experimenter then placed the rat into a
pseudorandomly chosen quadrant of the cylinder and left the curtained
area through different partitions each time. Unless specified otherwise,
before each session the floor paper was replaced with a clean sheet to
prevent the animals from using markings on the floor as orientation cues.
In addition, each animal was gently spun in a box for 1-2 min before each
session to prevent it from using idiothetic cues (i.e., vestibular, proprio-
ceptive, and motor). The spinning was accomplished by rotating the box
randomly in different directions while the experimenter walked around
the cylinder. These procedures were similar to the methods used in
previous research in nonlesioned animals (Taube et al., 1990b; Taube,
1995; Goodridge and Taube, 1995; Taube and Burton, 1995).

The Cue Rotation series commenced with a session in which cell
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Table 1. Ibotenic acid injection coordinates for PoS lesions

Two site lesions

Three site lesions

Four site lesions

Five site lesions

Injection 1
Injection 2
Injection 3
Injection 4

6.7P,25L,26V
73P,35L,35V

67P, 251,26V
70P, 321,34V
74P,37L,38V

67P, 251,26V
73P,35L,35V
76P,341L,30V
80P, 331,24V

67P, 271,26V
73P, 281,36V
73P,35L,24V
76P,341L,30V

Injection 5

80P, 33L,24V

All values are shown in millimeters with respect to bregma. All injections were bilateral.

P, Posterior; L, lateral; V, ventral from cortical surface.

activity was monitored for 8 min with the cue card and cylinder in the
spatial configuration that was used throughout all the screening sessions
(Standard 1). The animal was then removed from the cylinder, detached
from the recording cable, and placed into a cardboard box. The floor
paper underneath the cylinder was replaced with a new sheet, and the cue
card was rotated either 90° clockwise or 90° counterclockwise. The
animal was then gently spun in the box for 1-2 min, reattached to the
cable, and returned to the cylinder. The experimenter exited the
curtained-off area and recorded the activity of the cell for another 8 or 16
min session (Rotation session). At the completion of the Rotation ses-
sion, the animal was again placed into the cardboard box, the floor paper
replaced, and the cue card returned to its standard position. After being
spun in the box, the rat was reattached to the cable, and the cell was
monitored for a final 8 or 16 min session (Standard 2).

Similar to the Cue Rotation series, the Cue Removal series began with
an 8 min session in which the cue card and cylinder were in their standard
position (Standard). When the session was finished, the animal was
removed from the chamber, detached from the cable, and placed into a
cardboard box. Then the cue card was removed from the cylinder, and
the floor paper was replaced with a new sheet. The animal was then spun
for 1-2 min in the cardboard box, reattached to the cable, and placed into
the cylinder for another 8 min session (Cue Removal). At the completion
of this session, the animal was detached from the cable and returned to
its home cage.

The Novel Environment series was intended to assess the extent to
which HD cells in PoS-lesioned animals can use idiothetic cues for
updating their preferred firing direction. HD cells monitored in intact
animals usually maintain their preferred firing direction when the animal
enters a novel environment (Taube and Burton, 1995). Because there are
no familiar cues in the novel environment that the cells can use to
establish their preferred firing direction, the cells may be maintaining
their orientation by accessing idiothetic information. The Novel Envi-
ronment series used a dual-chamber apparatus that consisted of a cylin-
der (similarly proportioned to the screening cylinder) attached to a gray
rectangular apparatus by means of a U-shaped passageway (Fig. 2). Both
the passageway and rectangle were novel environments to the animal. In
the first session, the HD cell was monitored for 8 min while the animal
retrieved food pellets in the cylinder (Standard). Then, a door separating
the cylinder from the passageway was opened to allow the animal to leave
the cylinder. If the animal did not leave the cylinder within the first 4 min
of the session, the experimenter gently coaxed it into the passageway.
The door connecting the cylinder and passageway was then replaced so
that the rat could no longer return to the cylinder but could freely move
between the passageway and rectangle. Cell activity was then monitored
for 8—10 min (Novel session), after which the animal was removed from
the apparatus, detached from the recording cable, and returned to its
home cage. Because this manipulation required the rectangle and pas-
sageway to be novel to the animal, it was conducted no more than once
per animal.

Data analysis

The relationship between the activity of a recorded neuron and the rat’s
head direction during each session was determined by constructing a
firing rate by head direction plot. For each 1/60 sec sample, the computer
stored the x,y coordinates of the red and green LEDs and the number of
spikes discharged by the cell. The x,y coordinates of the LEDs were then
used to compute the rat’s head direction and to assign each sample to one
of 60 possible bins, with each bin representing a 6° portion of head
direction space. A firing rate by head direction tuning curve was con-
structed by plotting the mean firing rate (ordinate) of the cell in each bin
as a function of the animal’s directional heading (abscissa).

90°
o OO
Cue Card 180
270°
Rectangle Cue Card

Door
Passageway

Figure 2. Overhead view of the dual-chamber apparatus. The bold lines
indicate the positions of white cue cards placed on the inside walls of the
enclosure. The cue cards extended from the floor to the top of the
apparatus.

To determine the mean directional shift between different recording
sessions, analyses used the total number of manipulations conducted
rather than the number of cells recorded or the number of rats. Thus, if
two cells were recorded simultaneously, and their waveforms were
equally well isolated, the change in the preferred firing direction between
two sessions was computed as the average of the two cells. However, if
the waveforms of one of the two cells were considerably better isolated
than those of the other cell, its responses were chosen to represent the
activity of both cells. Furthermore, each environmental manipulation
was treated equally, regardless of whether it was the first or last time the
manipulation was performed on that particular rat. These procedures
were justified on the basis of previous results (and confirmed in the
present study), indicating that the variability in the response of the
preferred firing direction of an HD cell can be attributed to the details
of the particular manipulation and not to the intrinsic properties of the
cell. Previous studies have shown that the preferred directions of HD
cells recorded simultaneously shift in register (Taube et al., 1990b;
Goodridge and Taube, 1995). Thus, the response of one HD cell in the
population is sufficient to accurately predict the response of other HD
cells recorded in the same region. If we had treated the results from
simultaneously recorded cells separately, we would have biased our
calculations in favor of those manipulations that occurred when multiple
cells were recorded. Before we performed any analyses that used the
number of manipulations rather than the number of cells, we first
assessed whether simultaneously recorded HD cells in lesioned animals
continued to shift in register. Once the angular shift was calculated for
each manipulation, a Rayleigh test was used to measure whether a
distribution of angular shifts was significantly different from the uniform
distribution (Batschelet, 1981).

Tuning curve parameters

We calculated the peak firing rate, preferred firing direction, background
firing rate, directional firing range, and asymmetry of the tuning curve of
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each cell using a triangular model (for details, see Taube et al., 1990a).
To determine the angular shift in the preferred firing direction from one
session to another, the firing rate by head direction tuning curve from
one session was shifted in 6° increments until it was maximally correlated
with the tuning curve from the other session. The number of degrees the
tuning curve had to be shifted to produce a maximum correlation was
considered to be the amount that the preferred firing direction of the cell
had shifted from one session to another.

Time shift analysis

To determine whether the temporal relation between HD cell firing and
the rat’s directional heading was affected by the lesions, we conducted
two different types of analyses. The first method examined the difference
between the preferred firing direction of the cell when the animal was
turning its head in the counterclockwise or clockwise directions (Blair
and Sharp, 1995). If the activity of the cell led or lagged the animal’s head
direction, then the cell would reach its maximum firing rate at a different
head direction for counterclockwise and clockwise head turns. The
difference in the cell’s preferred firing direction for clockwise and
counterclockwise turns is referred to as 8. The greater the degree to
which the cell anticipated the animal’s current head direction, the larger
the 8. Thus, if HD cells in lesioned animals led or lagged the animal’s
head direction by different amounts than HD cells in control animals,
then one would expect the two populations of cells to differ in the size of
5. We calculated 8 by constructing two separate tuning curves, one for
clockwise head turns >90°/sec and one for counterclockwise head turns
>90°/sec. Samples in which the animal’s angular velocity was <90°/sec
were not included in the analyses. The angular shift between the pre-
ferred firing direction of the counterclockwise and clockwise head turns
was computed using the same method as that used for computing the
angular shift of an HD cell from one recording session to the next (see
above).

The second method for determining the extent to which HD cell firing
led or lagged the rat’s head direction involved shifting the spike series in
relation to the head direction series and then comparing the tuning
curves at various levels of alignment. The amount and direction the spike
series had to be shifted to produce the strongest association between
head direction and firing rate indicated whether the discharge of the cell
most accurately predicted the animal’s past, current, or future head
direction. The strength of the association between firing rate and head
direction at different points in time was measured with three parameters:
peak firing rate, range width, and information content. Range width is
similar to directional firing range but measures the width of the tuning
curve of the cell at 30% of the peak firing rate of the cell, rather than at
its background levels. Information content represents how much infor-
mation each spike conveys about the rat’s directional heading and was
adapted to HD cells according to the model used by Skaggs et al. (1993)
for place cells. The amount that the discharge of the cell led or lagged
head direction was defined as the number of samples that the spike series
needed to be shifted to attain the maximum peak firing rate, minimum
range width, or maximum information content.

Once the optimal time shift values were calculated for each cell, we
determined whether there was an overall difference in these values
between lesioned and intact animals. We used two different methods for
this calculation. In the first method, we computed the mean of the
optimal time shift values for cells in lesioned and intact animals and
determined whether these means were statistically different. In the sec-
ond method, for each cell we plotted peak firing rate, range width, and
information content as a function of time shift. Then, each graph was
normalized by dividing the value of the parameters in each time shift
category by the optimum value for that parameter (maximum peak firing
rate and information content, minimum range width). As a result of this
procedure, the optimum value of each parameter received a value of 1.00.
A composite graph for intact animals and lesioned animals was then
produced by averaging the normalized parameter values in each time
shift category across all cells. Each composite graph was then normalized
in the same way that the individual cell graphs were normalized, and we
compared the shape and position of the composite graphs in lesioned and
intact animals. To facilitate comparison of the range width plot with the
other measures, we calculated the reciprocal of range width before
normalizing the function. For further details concerning the time shift
analyses, see Taube and Muller (1997).
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Angular head velocity analysis

The firing rate of AD HD cells in intact animals is modulated a little (r =
0.0154) by the animal’s angular head velocity (Taube, 1995). We exam-
ined whether this sensitivity was also present in AD HD cells from
PoS-lesioned animals using the same procedures as described by Taube
(1995). First, we selected from an 8 min recording session all those
samples in which the animal was pointing its head within a 24° arc
centered on the preferred direction of the cell. We then computed the
head direction in each of those samples, and in the two samples before
and after the chosen sample. The angular head velocity of the center
sample was defined as the slope of the best fit line between these five
head direction points. The absolute value of angular velocity was used for
each selected sample to take into account only the speed of the animal’s
head movements and not the direction of head turn. Finally, the number
of spikes fired and the rat’s angular head velocity were correlated across
all selected samples.

Control groups

The control groups used for each experiment consisted of HD cells
recorded from intact animals in previous studies from our laboratory
(PoS, n = 55; AD, n = 33) (e.g., Taube et al., 1990a,b; Goodridge and
Taube, 1995; Taube, 1995; Taube and Burton, 1995). Control values for
tuning curve parameters, angular head velocity, and time shift analyses
were derived from standard sessions. The control data for the Cue Card
Rotation, Cue Card Removal, and Novel Environment series were
drawn from the same studies, which used similar procedures to conduct
these environmental manipulations. In particular, attempts were made to
limit the cues that HD cells could use to establish their orientation to
those explicitly manipulated by the experimenter. These procedures
included disorientation treatment in between consecutive recording ses-
sions, random placement of the animal into the apparatus at the begin-
ning of every session, and use of a black curtain around the apparatus to
block room cues.

Histology

When the electrodes had been advanced at least 1.8 mm into the brain
(four complete turns of the electrode screws), or the activity profile on
the 10 electrodes suggested that the electrode array had passed through
the PoS or AD, rats were anesthetized (Nembutal, 1.5 ml/kg, i.p.), and a
small anodal current (10-20 nA for 10 sec) was passed through one of the
electrodes that had most recently recorded an HD cell to later conduct
a Prussian blue reaction. The rats were then perfused with saline for 5
min followed by 10% formalin (in saline) for 10 min. The brain was
removed and immersed in 10% formalin for at least 48 hr. The brain was
then placed in a 10% formalin solution that contained 2% potassium
ferrocyanide (which stained the site of the current lesion described
above) for 24 hr and then reimmersed in 10% formalin for 24 hr before
being placed in 20% sucrose for at least 48 hr. The brains were blocked,
frozen with dry ice, and then sectioned (30 wm) in the coronal plane on
a cryostat and mounted onto microscope slides. After they dried for at
least 12 hr, the slides were stained with cresyl violet and examined
microscopically for localization of the recording sites and the extent of
the lesions.

It was not necessary to determine the proportion of AD lesioned
because all but one of the AD lesions were complete. However, because
many of the PoS-lesioned animals did not have complete lesions, we
developed a measure of lesion size for these animals. Lesion size was
estimated by comparing the extent of the lesion with the area classified as
PoS (as defined by Van Groen and Wyss, 1990c). For this analysis,
however, the most posterior portion of the PoS was not defined as PoS
because some investigators have considered this region to be part of the
retrosplenial cortex (area 29¢) (Haug, 1976). Consistent with this notion,
it has also been found that the connectivity of this posterior region is
different from the PoS (J. S. Taube and D. G. Amaral, unpublished
observations). Consequently, only the anterior dorsal portions labeled as
presubiculum by Paxinos and Watson (1986) [anterior-posterior (AP):
—5.8 to —7.8] were considered PoS. To establish the percentage of the
PoS-lesioned in each animal, schematic diagrams of the rat brain were
selected from the Paxinos and Watson (1986) atlas at the following AP
extents (mm posterior to bregma): 5.3, 5.8, 6.3, 6.8, 7.3, 7.8, 8.3. Each
schematic was assigned a total-point value that was directly proportional
to the size of the PoS depicted in that schematic. After the brains were
sectioned and the tissue was stained with cresyl violet, each animal’s
brain was examined microscopically, and the parts of the schematics that
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Figure 3. A, Schematic diagram showing the structures involved in the
lesions for Experiment 1, including the various anterior thalamic nuclei.
AD, Anterior dorsal thalamic nucleus; A M, anterior medial nucleus; AV,
anterior ventral thalamic nucleus; cc, corpus callosum; DG, dentate gyrus;
LD, lateral dorsal thalamic nucleus; LV, lateral ventricle; MD, medial
dorsal thalamic nucleus; PVA4, paraventricular thalamic nucleus; R7, re-
ticular thalamic nucleus; sm, stria medullaris. B, Photograph from a cresyl
violet-stained coronal section in an animal that received bilateral electro-
lytic lesions to the anterior thalamus. Damage was confined primarily to
AD, with less damage to AV and AM. In addition, unlike the neurotoxic
lesions, the medial parts of the thalamus remained intact.

corresponded to the location of the lesion were shaded. These shaded
schematics were then assigned a score based on the percentage of the PoS
damaged and the total number of points available for that schematic.
When all the schematics for an animal had been examined, we computed
the overall percentage of the PoS that was damaged.

RESULTS

Experiment 1: AD lesions

In all 13 animals that received AD lesions, the electrode arrays
were judged to have advanced completely through the PoS. A
representative photograph of a section in which an electrode
array passed through the PoS is depicted in Figure 4E. Twelve
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animals were judged to have complete lesions of the AD, and one
animal had only a partial lesion of the AD. Figure 34 shows a
schematic diagram of the anterior thalamic region, and Figure 3B
shows a representative photograph from an animal with a com-
plete electrolytic lesion. Figure 4 shows representative photo-
graphs of a coronal section from an animal with a complete
neurotoxic lesion (4, C) and from a nonlesioned animal (B, D).
Many of the complete ibotenic acid lesions also included damage
to the anterior dorsal portion of the LD thalamus, part of the
dentate gyrus and hippocampal CA3, and some medial thalamic
structures such as the medial dorsal thalamus. In addition, in most
cases there was only minor damage to the cortex overlying the
AD nucleus. In contrast, the electrolytic lesions exhibited a re-
verse pattern. Although they mostly spared the hippocampus, LD,
and medial thalamic structures, they substantially damaged the
overlying cortex. The difference in these results can be accounted
for by the small diameter of the micropipette used to inject the
ibotenic acid relative to the large insect pin used for the electro-
lytic lesions. In addition, the unpredictability of the spread of the
ibotenic acid and the sensitivity of the hippocampal neurons to
excitotoxins may explain this increased damage to the LD and
hippocampal regions. However, the primary shared region of
damage across both types of lesions was the AD.

A total of 348 cells were isolated in the 12 completely lesioned
animals. None of these cells was classified as an HD cell. Thus,
despite a careful search for any type of cell activity that was
correlated with the animal’s directional heading, none could be
detected. Forty cells were classified as theta cells. In the remain-
ing cells, we could not identify any spatial or behavioral correlate.
Five of these undefined cells were recorded on the computer, and
none of their discharge characteristics had any apparent relation
to head direction.

Four HD cells were identified in the one partially lesioned
animal. Only one of these cells was sufficiently isolated from
background noise to allow for an accurate assessment of its tuning
curve. A firing rate by head direction plot of this cell (Fig. 5B)
revealed that its directional firing range was substantially greater
than any PoS HD cell previously recorded from an intact animal
(e.g., Fig. 54). Although directional firing ranges of previously
recorded PoS HD cells ranged from 60.9 to 136.1° (Taube et al.,
1990a; Goodridge and Taube, 1995; Taube and Burton, 1995),
this cell had a directional firing range of 240°. To examine
whether this wider range was caused by drift in the preferred
firing direction across the 8 min session, firing rate by head
direction plots were constructed on the basis of the first and last
3 min of the session. Figure 5C shows that the directional firing
range of the cell was equally large for both 3 min epochs and was
comparable to its range across the entire 8 min session. Thus, the
wider directional firing range of this cell cannot be attributed to
drift in its preferred firing direction.

The activity of this cell was also assessed for its response to a
Cue Rotation series. The preferred firing direction of the cell
shifted by a similar amount and in the same direction as the cue
card. Figure 5D shows a plot of each of these three sessions. Thus,
although the tuning curve of the cell is different from those found
in intact animals, its responsiveness to the cue card was similar to
HD cells found in intact animals (Taube et al., 1990b).

Experiment 2: PoS lesions

A total of 119 cells were identified in the AD of the 11 PoS-
lesioned animals. This number is smaller than the total number of
cells identified in the PoS in Experiment 1 because we recorded
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Figure 4. A-E, Photographs of cresyl violet-stained coronal sections
through the anterior thalamus of an ibotenic acid-lesioned animal (4, C)
and an intact control animal (B, D). The photographs in 4 and B are
low-power views and represent the region enclosed in the large outer box
as shown in Figure 34. The divisions between the different nuclei in the
anterior thalamus are clearly visible in B. The photographs in C and D
are high-power views from the left anterior thalamic nucleus and rep-
resent the region shown by the small box in Figure 34. Note the gliosis
and absence of neurons in the lesioned rat (C) compared with the intact
animal (D). E, Cresyl violet-stained coronal section through the PoS of
the ibotenic acid-lesioned animal shown in 4 and C. Individual wire
tracts that have passed through the right PoS are clearly visible.
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Figure 5. A, B, Firing rate versus HD plots of PoS HD cells in an intact animal (A4) and an animal with a partial lesion of the AD (B). No HD cells
could be identified in completely lesioned animals. Note the wide directional firing range in the cell from the partially lesioned animal. C, Firing rate
versus HD plot of the cell depicted in B for the first and last 3 min of an 8 min recording session. The tuning curves shown in the two 3 min epochs have
similar preferred firing directions and directional firing ranges, a result that suggests that the large directional firing range is an intrinsic property of the
firing of the cell. D, Response of the HD cell depicted in B to a cue card rotation series. The preferred firing direction of the cell in the Standard 1 session
was ~240°. When the cue card was rotated 90° clockwise, the preferred firing direction of the cell also shifted clockwise a similar amount (~84°). Then,
when the cue card was returned to its standard position, the preferred firing direction of the cell also returned to its original orientation.

over a larger brain area in Experiment 1 than in Experiment 2.
Thirty-one cells (26.1%) were classified as HD cells, with at least
one HD cell recorded in each animal. The remaining cells had no
observable behavioral or spatial correlate. Previous studies in
nonlesioned animals reported that 56.1% of the cells recorded in
the AD were classified as HD cells (Taube, 1995). Thus, the
percentage of cells classified as HD cells in lesioned animals was
considerably less than the percentage in nonlesioned animals.
Unfortunately, it is difficult to determine whether the reduced
percentage in lesioned animals is the result of the PoS damage or
inter-experimenter differences in how cells are counted, because
small variations in how cells are counted can affect these
percentages.

The electrode tracts in nine animals passed through the AD,
whereas the electrode tracts in one animal went through both the
AD and AV nuclei. Poor histology in the remaining animal

(caused by a brain infection) precluded the determination of the
electrode tract. This animal was still included in the analyses
below because the results from this animal were not different from
the findings in the other PoS-lesioned animals, and the extent of
its lesion was still discernible.

The mean size of the PoS lesions was 75% (range, 50-95%).
Four of 11 animals had at least 85% of the PoS lesioned (two of
these animals had at least 95% lesioned), three animals had
between 80 and 85% of the PoS lesioned, and the remaining four
animals had between 50 and 65% of the PoS lesioned. For the
purpose of evaluating whether lesion size affected the cellular
properties discussed below, the animals were divided into two
groups. Group A consisted of six animals in which at least 80% of
the entire PoS was lesioned and at least 80% of the right PoS was
lesioned. Group B consisted of the five remaining animals. Be-
cause the anatomical evidence indicates that the PoS projects only
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to the ipsilateral AD and not to the contralateral AD (Van Groen
and Wyss, 1990c), it was particularly important that the PoS in the
right hemisphere was lesioned. In all but one animal, the right and
left side lesions were similar in size. Figure 6B,C shows repre-
sentative photographs of coronal sections from the most com-
pletely (B) and the least completely (C) lesioned animals. For
each dependent measure, analyses were first performed on the
entire set of animals. Subsequently, we evaluated whether lesion
size was correlated with each measure. In addition, a ¢ test was
conducted that compared the six most lesioned animals (Group
A) with the five least lesioned animals (Groups B).

Areas that were partially damaged in all of the animals in
addition to the PoS included posterior portions of the dorsal
subiculum, dentate gyrus, dorsal CA3 and CAl, and ventral
retrosplenial cortex. The hippocampus and dentate gyrus sus-
tained some damage in 8 of the 11 animals, and the ventral
retrosplenial cortex and dorsal subiculum were lesioned slightly in
all 11 animals. Thus, although none of these structures were
lesioned as completely as the PoS, one or more of these areas was
damaged in all animals.

HD cell parameters

Of the 31 HD cells, the background firing rate, peak firing rate,
directional firing range, and asymmetry of 25 cells that were
adequately isolated were compared with a group of HD cells
from intact animals. All four parameters were calculated from
sessions with the cue card in its standard position. Table 2 shows
the mean and SE of all parameters for HD cells in control and
lesioned animals. There was no significant difference between the
intact and lesioned animals for all the parameters except direc-
tional firing range, which was significantly greater in lesioned
animals than in intact animals (pooled 755, = 4.7788). Figure 74
shows a plot of an AD HD cell from a control animal, and Figure
7B, C show examples of HD cells from lesioned animals in Group
A. The plots show that except for their directional firing ranges,
the tuning curves of HD cells from PoS-lesioned and intact
animals look qualitatively similar.

The larger directional firing range in PoS-lesioned animals
could arise from drift in the preferred firing direction of the cell
during the recording session. However, when the first and last 2
min of the 8§ min sessions were compared for control and lesioned
animals, there was no statistically significant difference between
the two populations (pooled ¢s,, = 0.036; p > 0.05).

The bottom row of Table 2 shows the correlation between
lesion size and each of the four parameters. None of these
correlations differed significantly from zero. However, there was a
trend toward significance in the correlation between directional
firing range and lesion size with a p value < 0.07. The positive
correlation (0.365) indicates that as lesion size increased, direc-
tional firing range also increased. ¢ tests comparing Group A with
Group B revealed a pattern similar to that of the correlationa-
lanalysis. Although there were no significant differences between
Groups A and B for peak firing rate, background firing rage, or
asymmetry, the mean directional firing range of Group A cells
was significantly higher than that of Group B cells (pooled 7,3, =
2.429; p < 0.05). In addition, HD cells from Group B had a
significantly larger mean directional firing range than HD cells in
intact animals (pooled ¢, = 2.06; p < 0.05). Taken together,
these findings suggest that the failure to observe significant dif-
ferences in three of the four parameters between control and
lesioned animals cannot be attributed to the inclusion of too many
animals with smaller lesions. In addition, they also indicate that
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Figure 6. A, Schematic diagram of a rat brain showing a coronal section
at the level of the PoS. Ent, Entorhinal cortex; PasS, parasubiculum; PoS,
postsubiculum; PrS, presubiculum; RsA, agranular retrosplenial cortex;
RsG, granular retrosplenial cortex; S, subiculum. B, C, Photographs show-
ing cresyl violet-stained coronal sections through the PoS from a Group A
rat considered to have a complete bilateral PoS lesion (B) and a Group B
rat considered to have a large but incomplete PoS lesion (C). In the
incompletely lesioned rat, some of the PoS medial and ventral to the
corpus callosum remained intact (arrow).
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Table 2. Mean AD HD parameters after PoS lesions

Background Asymmetry
Peak firing rate Directional firing rate (left leg slope/
n‘ (spikes/sec) firing range (°) (spikes/sec) right leg slope)
Group
Control 33 45.80 = 4.70 96.13 £ 3.1 1.90 = 0.35 1.03 = 0.050
PoS lesions 25 38.97 = 6.14 120.59 = 3.8” 311+1.74 0.98 = 0.055
Correlation between lesion
size and parameter —0.022 0.365 0.06 —0.135

“ All values of n refer to the number of cells identified in the group, not the number of animals.

b Indicates significant (p < 0.05) pooled ¢ test relative to the control group.

although smaller lesions led to significantly higher directional
firing ranges, larger lesions led to even larger range values.

Angular head velocity

The mean correlation between firing rate and angular head
velocity cells in the PoS-lesioned animals was 0.103 £ 0.015 and
was not significantly different from the value in control animals
(0.119 = 0.085). As with AD HD cells in control animals, how-
ever, this value was significantly greater than zero (f,4) = 6.9;p <
.05). This result suggests that PoS lesions do not alter the modest
modulation of AD HD cell discharge by angular head velocity.
The correlation between lesion size and the angular velocity—
firing rate correlation was not significant. In addition, there was
no significant difference between the mean angular velocity—
firing rate correlation in HD cells from the group A rats and in
HD cells from the group B rats. This result suggests that the
failure to find a significant difference between control and PoS-
lesioned AD HD cells could not be attributed to the inclusion of
partially lesioned animals.

Time shift analysis

HD cells in the AD have been found to anticipate the animal’s
head direction by ~25 msec, whereas cells in the PoS lag the
animal’s head direction by ~6 msec (Blair and Sharp, 1995; Blair
et al., 1997; Taube and Muller, 1997). The mean values from a
time shift analysis using peak firing rate, range width, information
content, and 8 (for details, see Materials and Methods) for control
and lesioned animals are shown in Table 3. ¢ tests revealed that
AD HD cells from lesioned animals led the animal’s head direc-
tion by a significantly greater amount than AD HD cells from
intact animals for all but one of the four parameters (maximum
peak firing rate: pooled 755y = 1.14; p > 0.05; minimum range
width: pooled #s, = 3.51, p < 0.05; maximum information
content: pooled #sqy = 3.08, p < 0.05; &: pooled #56, = 3.9, p <
0.05). To determine whether lesion size affected the temporal
properties, a correlation between lesion size and each parameter
was computed. None of the correlations differed significantly
from zero. In addition, a ¢ test revealed no significant differences
for any of the parameters between Groups A and B. These results
suggest that the differences in 8 and the time shift parameters
between control and lesioned animals were not produced only by
the more extensively lesioned animals.

Figure 8 shows composite graphs (see Materials and Methods)
for the PoS-lesioned and intact animals. The graphs indicate that
the degree of time shift that produces the optimal value for each
parameter is greater for HD cells in PoS-lesioned animals than
for HD cells in intact animals. The PoS lesion functions are all
shifted to the right of the functions for intact animals. It also
appears that the plots from lesioned animals are generally wider

than those from intact animals. This result may be attributable to
the fact that HD cells in PoS-lesioned animals have wider firing
ranges than HD cells in intact animals, because previous analyses
in intact animals have shown that cells with larger directional
firing ranges have wider optimal shift functions than cells with
smaller directional firing ranges (unpublished data).

Cue card rotations

A total of 31 Rotation series were conducted on 26 of the 31 HD
cells recorded in lesioned animals. A Rotation series was per-
formed at least once on all 11 animals. Of the 31 Rotation series,
11 series were performed on HD cells whose response to cue card
rotations had been measured at least once before. Ten series
involved the simultaneous recording of two or three HD cells. In
all of these sessions, the change in preferred firing direction
exhibited by one cell was always within 12° of the change observed
in the other cell. This result is similar to findings reported from
control animals and shows that HD cells from the same brain
region shift in register with one another. This result implies that
the appropriate measure for calculating the mean changes in
preferred direction after environmental manipulation is not the
number of cells but rather the number of cue card rotation
manipulations.

Figure 9B shows a distribution of the shifts in preferred firing
direction in the 31 Rotation series. The histogram shows that the
preferred directional shifts are more widely distributed compared
with a similar graph constructed from data in control animals
(Fig. 94) and indicates that the cue card did not exert substantial
control over the preferred firing directions of HD cells in le-
sioned animals. The mean absolute deviation between the shift in
preferred firing direction from the Standard to Rotation session
and the expected 90° was 76.26 *= 11.71°. This value differs
significantly from the value (15.20 * 2.86°) reported in intact
animals (unpooled #,5, = 4.82; p < 0.05). However, a Rayleigh
test (Batschelet, 1981) indicates that the distribution of shifts in
the preferred firing direction is significantly different from a
random distribution (r,, = 0.31; p < 0.05). The nonrandomness
of the distribution appears to result from the fact that the pre-
ferred firing direction of the cell more often shifted in the
expected direction (37 times) than in the unexpected direction
(24 times). This finding indicates that the cue card did exert some
control over the preferred firing direction in lesioned animals,
even if the degree of this control was lower than in intact animals.
Figure 104 is an example of an HD cell in a lesioned animal
where the preferred direction shifted in the wrong direction when
the cue card was rotated 90° counterclockwise. Figure 10B,C
displays two cells recorded simultaneously that shifted the correct
direction when the cue card was rotated away from the standard
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Figure 7. Firing rate versus HD plots of AD HD cells from an intact
animal (A4) and from PoS-lesioned animals (B, C). Note that the directional
firing ranges of the cells from the PoS-lesioned animals (B, C) are larger
than the directional firing range of the cell from the intact animal (A).

position, but shifted the wrong direction when the cue card was
returned to the standard position.

In the Standard 2 session, the preferred firing direction of HD
cells in the PoS-lesioned animals did not usually return to its
Standard 1 orientation. The mean absolute deviation between

Goodridge and Taube ¢ Head Direction Cell Processing

Standard 1 and Standard 2 sessions was 65.61 * 10.58°. This value
is significantly different from the mean value of 6.60 = 1.85° in
AD HD cells from control animals (unpooled ¢, = 5.49; p <
0.05).

The stability of the preferred firing direction in repeated Stan-
dard sessions was further tested in five sessions in which a second
Standard session was conducted immediately after another Stan-
dard session, without any intervening Rotation session. In these
Standard—Standard sessions, all procedures were identical to a
Standard-Rotation sequence, except that the cue card was not
rotated. In particular, in between the two sessions the animal was
removed from the cylinder, the floor paper was changed, and the
animal was gently spun in the cardboard box before being returned
to the cylinder. The mean absolute change in the preferred firing
direction of the cell between the two Standard sessions was 85.2 +
29.1° (range, 18-162°). This value is similar to the change in
preferred firing direction that occurred when the cue card was
rotated (72.48 =+ 8.23°). This result suggests that merely removing
the animal and spinning it in the box (which presumably disorients
it) is sufficient to induce a change in the preferred firing direction
of the cell. The rotation of the cue card does not appear to increase
the extent of shift in the preferred firing direction of the cell
beyond these other factors.

Although there did not appear to be any relationship between
lesion size and the degree to which the HD cells followed the cue
card for a particular animal, a correlation (r = —0.456) between
lesion size and the absolute deviation of the HD cell shifts when
the cue card was shifted to a rotated position was significantly
different from zero (pooled #(,9) = 2.76; p < 0.05). However, this
correlation was not in the expected direction and suggested that
the preferred firing direction of a cell was more likely to follow the
cue card in more extensively lesioned animals than in partially
lesioned animals. The relationship between lesion size and abso-
lute deviation when the cue card was returned to its standard
position was not significant. A ¢ test comparing Group A with
Group B confirmed the general pattern of the correlations. The
preferred directions of HD cells in rats from Group A followed
the cue card significantly more reliably when it was rotated from
its standard position than preferred directions of HD cells in rats
from Group B (pooled #,9) = 2.23; p < .05). When the cue card
was returned to its standard position, HD cells in Group A rats
did not follow the cue card any more or less reliably than HD cells
in the four least lesioned animals.

In sum, these results show that the cue card was substantially
less capable of exerting control over the preferred firing direction
of AD HD cells in PoS-lesioned animals compared with intact
animals. A loss of cue card stimulus control has also been ob-
served after repeated disorientation of the animal when it is
carried into and out of the recording room (Knierim et al., 1995).
However, the extent of this reduction in cue control was substan-
tially less than the loss of cue control reported here after PoS
lesions.

Cue card removals

The stimulus control of cues other than the cue card was exam-
ined in seven sessions (four cells in four animals) in which the cue
card was removed. The mean absolute change between the pre-
ferred firing direction in the Standard session and the No Cue
Card session was 44.57 £ 11.71°. This value is not significantly
different from the value reported in AD HD cells in control
animals: 73.2 = 29.1° (Goodridge and Taube, 1995) (unpooled .7,
= 0.06; p > 0.05).
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Table 3. Time-shift analysis after PoS lesions

Number of samples
shifted for maxi-
mum peak firing

Shift between
clockwise and
counterclockwise

Number of samples
shifted for maxi-
mum information

Number of samples
shifted for mini-

n‘ rate mum range width content functions (°)
Group
Control 33 1.85 = 0.42 1.27 £ 0.26 1.06 = 0.18 491 +0.92
PoS lesions 25 2.72 = 0.68 3.12 £ 0.50° 2.16 = 0.34° 11.69 = 1.59
Correlation between lesion
size and parameter 0.009 0.223 0.284 0.11

“ All values of n refer to the number of cells identified in the group, not the number of animals.

? Indicates significant (p < 0.05) pooled ¢ test relative to the control group.

Intrasession drift

Because the preferred directions of AD HD cells in PoS-lesioned
animals did not maintain stability across different recording ses-
sions, we also examined whether cells could maintain stability
within a session. For all recording sessions =8 min, we compared
the preferred firing direction of the cell in the first and last 2 min
of the session’s first 8§ min. A difference in preferred firing
direction of >30° occurred in 37 of 222 (16.7%) sessions. Al-
though this percentage may appear small, intrasession drifts of
this magnitude are rarely observed in control animals. (Note:
none of these 37 sessions were included in the analysis of param-
eters performed above, because these sessions either did not meet
the isolation criteria described above or were not the first Stan-
dard session performed on a particular cell.) Figure 11B shows
the results from one of these cases, in which an 8 min Standard
session is divided into four 2 min epochs. Note that the preferred
firing direction of the cell did not drift in the same direction
throughout the session. It initially drifted in the clockwise direc-
tion (decreasing head directions) and then drifted back in a
counterclockwise direction. For comparison, an example of a
control HD cell graphed in 2 min epochs is shown in Figure 114.

Novel environment

Six cells in six animals were monitored as the rats walked from the
cylinder to a novel environment consisting of a passageway and
rectangle. This manipulation was intended to measure whether
HD cells could maintain their preferred firing direction while the
rat walks into a novel environment, an ability that presumably
requires the use of idiothetic information and path integration
(Gallistel, 1990; Taube and Burton, 1995). The absolute changes
in the preferred firing direction of HD cells from the cylinder to
the novel rectangle/passageway in the six sessions were —15, —18,
=30, +60, +84, and —90° (positive values indicate counterclock-
wise shifts and negative values indicate clockwise shifts), with a
mean absolute change of 44.6 * 13.5°. The larger three values
cannot be attributed to the preferred directions shifting to remain
in alignment with the salient cue in the rectangle because similar
values were also obtained when comparing the preferred direc-
tions in the passageway alone, before the animal could view the
cue card in the rectangle. Although the mean value is much larger
than the mean value reported in control animals (17.1 = 3.8°)
(Taube and Burton, 1995) (only animals recorded in the AD were
included in this analysis), the two values are not significantly
different using either an unpooled ¢ test (¢, = 1.93; p > 0.05) or
a Mann-Whitney test (U4 = 8; p > 0.05). The failure to reach
significance may be attributable to the small number of manipu-
lations we conducted in the lesioned animals. However, there is a
trend toward significance: the p value for the ¢ test was < 0.07.

Furthermore, it is noteworthy that three of the six shifts observed
in lesioned animals were greater than any shifts observed in
control animals; the maximum shift observed in intact animals
was 30°. A pooled ¢ test does achieve significance (¢, = 2.5, p <
.05), but this test requires that the variances of the two groups are
the same. This assumption is probably not warranted (F4 5, =
10.88; p < 0.05).

Three of the six HD cells monitored as the animal entered the
novel environment were from Group A rats, and three HD cells
were from Group B animals. The mean shift in group A rats was
60°, and the mean shift in the Group B rats was 39°. Because of
the low number of cases in each group, a statistical comparison
between the two groups was unwarranted.

In sum, these results indicate that the PoS lesions may interfere
somewhat with the degree to which HD cells can remain stable as
the rat locomotes into a novel environment. For comparison,
preliminary data show that both PoS and AD HD cells in
hippocampal-lesioned animals exhibit large shifts (mean shift =
94.7°) in the preferred firing direction when an animal locomotes
from the familiar to a novel environment (Golob and Taube,
1996). This finding indicates that PoS lesions may interfere with
accurate path integration in a manner similar to that of hip-
pocampal lesions (also see Whishaw et al., 1997).

DISCUSSION

These experiments were designed to examine how the HD signal
is generated in the brain. In particular, we examined the interac-
tion between the AD and PoS by lesioning each structure and
monitoring HD cell activity in the other region. Complete lesions
of the AD abolished HD cell firing in the PoS, a finding that
demonstrates that the AD is necessary for the presence of
direction-specific activity in the PoS. In contrast, a large number
of AD neurons remained direction-specific after PoS lesions, a
result that indicates that the generation of direction-specific ac-
tivity in the AD does not require the PoS. However, AD HD cells
in PoS-lesioned animals exhibited three important differences
from AD HD cells in intact animals. First, their directional firing
range was significantly larger than the firing range of AD HD
cells in intact animals. Second, their firing anticipated the ani-
mal’s directional heading by ~41 msec rather than 25 msec, which
is the value obtained from AD HD cells in control animals (Blair
and Sharp, 1995; Blair et al., 1997; Taube and Muller, 1997).
Third, their preferred firing direction was not reliably controlled
by the position of the cue card. Instead, the cell’s preferred firing
direction shifted unpredictably after cue card rotations.



9326 J. Neurosci., December 1, 1997, 17(23):9315-9330

Control
PoS Lesioned

A e

Peak Firing Rate

T 1

-20 -10 0 10 20
Time Shift (sample)

Control
PoS lesioned

———————

Reciprocal Range Width

-20 -10 0 10 20
Time Shift (sample)

Control
PoS Lesioned

@

———————

1.07

0.91

0.87

0.71

0.61

Information Content

-20 -10 0 1'0 2|0
Time Shift (sample)

Figure 8. A-C, Composite graphs from PoS-lesioned and intact animals
showing normalized peak firing rate (A4), normalized reciprocal range width
(B), and normalized information content (C) as a function of the number of
samples that the spike series was shifted relative to the head direction series.
To facilitate comparison between graphs, the range width is shown as the
reciprocal value. Note that for each parameter, the graph from PoS-lesioned
animals is shifted to the right of the graph from intact animals, particularly
around the peak.

Goodridge and Taube ¢ Head Direction Cell Processing

AD influence on the PoS

A number of explanations could account for the elimination of
direction-specific activity in PoS neurons after AD lesions. The
simplest account is that PoS HD neurons in intact animals re-
ceive all necessary directional information through a direct pro-
jection from AD HD cells. Although this account is the most
attractive explanation because there is ample anatomical evi-
dence for a direct projection from AD to PoS (van Groen and
Wyss, 1990c, 1995; Shibata, 1993b), it is currently unclear whether
this projection originates from AD HD cells or from other
nondirectional cells within the AD. An alternative explanation is
that the AD projection to the PoS may serve to modulate the
input from other brain areas, which themselves provide direc-
tional input to PoS HD neurons. For example, the AD projection
may serve as a gating device that activates PoS neurons suffi-
ciently so that they are sensitive to the directional input from
other structures. The PoS receives major input from three other
structures that could provide, in principle, this directional input:
(1) the lateral dorsal thalamic nucleus (Thompson and Robert-
son, 1987; Van Groen and Wyss, 1992b), (2) the subiculum (Van
Groen and Wyss, 1990c), and (3) the retrosplenial cortex (Van
Groen and Wyss, 1990c, 1992a). However, neither lateral dorsal
thalamic lesions (Golob et al., 1997) nor hippocampal lesions
(Golob and Taube, 1997) disrupt the presence of HD cell dis-
charge in the PoS. Because subicular activity is predominantly
influenced by input from the hippocampus, these results suggest
that neither lateral dorsal thalamic input nor subicular input is
necessary for the generation of HD cell discharge in the PoS.
Considering that the role of the retrosplenial cortex in PoS HD
cell activity remains unexplored, we cannot exclude the possibility
that the AD is influencing PoS HD activity through its connec-
tions with the retrosplenial cortex (Van Groen and Wyss, 1990c,
1992a; Shibata, 1993a). Nonetheless, findings to date suggest that
the most parsimonious explanation for our data is that direction-
specific firing is generated in the PoS because of the direct input
from AD HD cells.

It is important to note that whatever route HD information is
conveyed to the PoS, it is likely that AD directional information
is not the only input received by PoS HD cells, because AD HD
firing anticipates PoS HD firing by ~30-40 msec (averaged over
the population of HD cells in each area) (Blair and Sharp, 1995;
Blair et al., 1997; Taube and Muller, 1997). This time interval is
longer than the ~2-3 msec required for information to be prop-
agated monosynaptically from the AD to the PoS in the rat brain
(assuming a 1-2 msec synaptic delay and a 50 m/sec rate of axonal
propagation). Thus, although the PoS probably receives direc-
tional input directly from AD HD neurons, additional input onto
PoS HD cells is likely required for them to lag AD HD cell firing
by 30-40 msec.

PoS influence on the AD

If PoS HD activity is generated by input from AD HD cells, then
it becomes important to determine what inputs are critical for
generating direction-specific discharge in AD HD cells. Our
results indicate that AD HD cell activity does not arise from a
signal relayed back from the PoS, because HD cells could still be
identified in the AD after PoS lesions. Although none of our PoS
lesions were complete, AD HD cells were still identified in the
two animals with at least 95% of the PoS lesioned, a result that
suggests that the vast majority of the PoS was not necessary to
sustain direction-specific discharge in the AD. Although the 5%
of PoS tissue remaining may be sufficient to support AD HD cell
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Figure 9. A, B, Distribution of shifts in the preferred firing direction from intact animals (A4) and PoS-lesioned animals (B) during the Cue Card
Rotation series. Abscissa plots the number of each Rotation Series, and the ordinate plots the extent of shift that the rotation produced in the preferred
firing direction of the cell. Negative values along the ordinate indicate that the preferred firing direction of the cell shifted in the opposite direction from
that of the cue card, whereas positive values indicate that the preferred firing of the cell shifted in the same direction as that of the cue card. The absence
of light bars in rotation series 1, 3, 5, 6, and 7 is attributable to the fact that a Standard 2 session was not performed in these sequences. Each number
shown on the abscissa represents a different rotation series. Brackets delineate rotation series that were all performed in the same animal. C, D,
Histograms from intact animals (C) and lesioned animals (D) showing the variability of preferred firing direction shifts after the rotation of the cue card
away from its standard position. Abscissa plots the deviation of the shift in preferred firing direction from the expected 90°. Negative values indicate that
the preferred firing direction of the cell shifted <90°. Positive values indicate that the preferred firing direction of the cell shifted by >90°. Ordinate plots
the number of occurrences observed for each shift category. Note the large variability of preferred firing direction shifts in PoS-lesioned animals relative

to intact animals.

discharge, it seems more likely that HD cell discharge was sus-
tained by other structures that project to the AD. Previous re-
search shows that in addition to the PoS input, the AD receives
major projections from three structures: (1) the lateral mammil-
lary nucleus (Cruce, 1975; Hayakawa and Zyo, 1989; Shibata,
1992), (2) the retrosplenial cortex (van Groen and Wyss, 1992a),
and (3) the reticular thalamus (Shibata, 1992; Gonzalo-Ruiz and
Lieberman, 1995). The ventral presubiculum, which we did not
lesion in this study, does not project to the AD (Van Groen and
Wyss, 1990b) and thus can only indirectly provide AD neurons
with directional information. As mentioned above, previous stud-

ies have reported some HD cells in the retrosplenial cortex (Chen
et al.,, 1994), and preliminary studies in our laboratory indicate
that HD cells are also present in the lateral mammillary nuclei
(Leonhard et al., 1996). Thus, either the retrosplenial cortex or
the lateral mammillary nuclei may provide AD HD neurons with
sufficient input for generating directional firing. Because no stud-
ies have examined the spatial and behavioral correlates of neu-
rons in the reticular thalamus, further studies of this area are
particularly warranted.

Although PoS input is not necessary for HD cell firing in the
AD, it clearly influences AD HD neurons. PoS lesions increased
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Figure 10. A, C, Responses of AD HD cells in PoS-lesioned animals to
Cue Card Rotation series. 4, An example of an AD HD cell in a
PoS-lesioned animal which shifted its preferred firing direction in the
direction opposite to that of the rotation of the cue card. In the Standard
session, the preferred firing direction of the cell was oriented at ~230°.
After rotation of the cue card 90° counterclockwise, the preferred firing
direction of the cell shifted 66° clockwise. When the cue card was rotated
clockwise and returned to its standard position, the preferred firing
direction of the cell shifted 60° counterclockwise to return to its originally
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Figure 11.  Firing rate versus HD plots in four 2 min epochs for an AD

HD cell in an intact (A4) and in a PoS-lesioned animal (B). The preferred
firing direction of the cell in the intact animal remained stable throughout
the session. In contrast, the preferred firing direction from the cell in the
lesioned animal shifted throughout the session. It was oriented at 140° in
the first epoch, 120° in the second epoch, 80° in the third epoch, and 130°
in the fourth epoch.

the amount that AD cells anticipated the rat’s directional heading
and dramatically reduced the stimulus control of the cue card
over AD HD cells. It remains unclear how PoS lesions increase
anticipation in the AD. One possibility is that the PoS contributes
an “anticipation reducing” signal to AD HD cells. Because PoS
HD cell firing lags AD HD cell firing, PoS input may reduce the

«—

established relationship with the cue card. B, C, Two AD HD cells
recorded simultaneously in a PoS-lesioned animal in response to a rota-
tion of the cue card. In the Standard session, the preferred firing direction
of the first cell (B) was oriented at ~150°. After rotation of the cue card
90° counterclockwise, the preferred firing direction of the cell shifted 96°
in the same direction. When the cue card was returned to its standard
position, the preferred firing direction of the cell shifted 102° in the
opposite direction of the cue card. Thus, the preferred firing direction of
the cell in the Standard 2 session was ~168° different from its orientation
in the Standard 1 session. The preferred firing direction of the other
simultaneously recorded cell (C) shifted in register with the preferred
firing direction of the cell in B for each session of the cue rotation series.
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extent of anticipation in the AD. In addition, lateral mammillary
HD cell firing appears to anticipate the animal’s directional
heading by a larger amount than AD HD cells (Leonhard et al.,
1996). Thus, in the absence of the PoS, AD HD cells may be
more heavily influenced by the anticipatory signal in the lateral
mammillary area. Because the PoS projects to the lateral mam-
millary nuclei (Allen and Hopkins, 1989), it is also possible that
PoS lesions altered the firing properties of lateral mammillary
HD cells in a way that increased the anticipation of AD HD cells.

It is equally unclear how PoS lesions disrupt visual landmark-
based cue control in the AD. One possibility is that the PoS may
transmit visual information directly to AD HD cells. Because the
preferred firing direction of PoS HD cells also shifts in response
to the position of visual cues, PoS HD cells may transfer this
sensitivity to AD HD cells. There are at least four potential
pathways by which visual information may be conveyed to the PoS
and in turn to the AD. First, although not very dense, the PoS
receives direct projections from the visual cortex (Vogt and
Miller, 1983). Second, the PoS receives projections from the
lateral dorsal nucleus (Van Groen and Wyss, 1990c, 1992b), which
in turn receives information from the superior colliculus, the
primary projection site for retinal ganglion cells in the rat
(Thompson and Robertson, 1987). Third, the PoS may receive
visual information from the retrosplenial cortex (Van Groen and
Wyss, 1990a,c, 1992a), which can receive visual information from
the posterior parietal (Vogt, 1985) or visual cortices (Vogt and
Miller, 1983; Van Groen and Wyss, 1990c, 1992a). Fourth, the
PoS may receive visual information from the subiculum, which in
turn can receive visual information from the temporal cortex via
the hippocampus (for review, see Amaral and Witter, 1995). The
latter two pathways may be analogous to the “where” and “what”
pathways described by Mishkin et al. (1983) in primates.

Previous research suggests that the lateral dorsal and temporal
lobe pathways are not critical for landmark control in PoS because
neither hippocampal nor lateral dorsal thalamic lesions disrupt
the control of the cue card over the preferred firing direction of
PoS HD cells (Golob and Taube, 1997; Golob et al., 1997). Thus,
if the AD receives its visual information from PoS HD cells, it is
unlikely to arise from the lateral dorsal thalamus and temporal
lobe pathways. Instead, the projections from the retrosplenial
cortex and/or the visual cortex presumably provide the critical
visual information to the PoS. In principle, it is possible that the
AD receives visual information via direct projections from the
retrosplenial cortex (Hayakawa and Zyo, 1989). However, be-
cause the PoS lesions disrupted AD cue control while leaving the
retrosplenial cortex to AD pathway intact, the direct transmission
of visual information from the retrosplenial cortex to the AD
appears to require PoS involvement. Nonetheless, the direct
retrosplenial to AD pathway may still convey some residual spa-
tial information about the cue card independently of PoS involve-
ment, only because our results showed that the cue card still
retained some influence over the preferred directions in many
cases (e.g., see the Standard 1 to Rotation session for rotation
series 1, 2, 9, 11, 15, 17, 24, 27 in Fig. 9B).

Rather than directly providing AD with all necessary visual
information, the primary role of the PoS may be to modulate or
activate the retrosplenial cortex, which itself conveys the visual
information to the AD. In addition to projecting to the AD, the
retrosplenial cortex receives direct projections from the PoS (Van
Groen and Wyss, 1990a,c, 1992a). The lateral mammillary nuclei
also receive projections from the PoS (Allen and Hopkins, 1989)
and project to the AD (Shibata, 1992), but they are a less likely
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candidate for transferring visual information to the AD because
the retrosplenial cortex is more closely connected with both visual
and multi-modal cortical regions (Vogt and Miller, 1983; Vogt,
1985; Van Groen and Wyss, 1990c, 1992a) than the lateral mam-
millary nuclei, and the lateral mammillary nuclei are not believed
to contribute in a major way to visual information processing.
Taken together, because of its reciprocal connections with PoS,
AD, and visual cortical areas, and because hippocampal and LD
lesions do not produce significant changes in HD firing, the retro-
splenial cortex seems an important structure for explaining how
PoS lesions disrupted cue control in the AD. Furthermore, the
retrosplenial cortex and parietal pathway may be the primary
source of visual cue information to the head direction circuit.

After PoS lesions, the preferred firing direction of AD HD
cells usually maintained stability within single recording sessions.
Thus, although PoS lesions dramatically reduced the intersession
stability of the preferred firing direction of the cell, they did not
eliminate the intrasession stability of the cells. This finding sug-
gests that responsiveness to the position of environmental cues is
not required for neurons to exhibit direction-specific discharge.
This result provides support for the notion proposed by several
investigators that the establishment and maintenance of the pre-
ferred firing direction are achieved by distinct mechanisms (Mc-
Naughton et al., 1991, 1995; Redish et al., 1996). According to
these theories, the initial preferred firing direction of the cell is
determined by environmental cues, but the update of that pre-
ferred orientation over short periods of time depends on the
animal’s ability to track its own movements, rather than to mon-
itor environmental cues.

Computational models

A number of theories and computational models have recently
been proposed to account for HD cell firing (Blair and Sharp,
1995; McNaughton et al., 1995; Skaggs et al., 1995; Blair, 1996;
Redish et al., 1996; Zhang, 1996). Each model postulates a
slightly different type of interaction between AD and PoS neu-
rons. The models proposed by Blair and Sharp (1995) and Redish
et al. (1996) involve extensive two-way interaction between HD
cells in both structures. In these models, AD neurons convey
information to PoS cells concerning the animal’s future direc-
tional heading and thus allow these cells to update their HD. AD
HD cells in the models in turn compute future directional head-
ing by combining a current HD signal from the PoS with infor-
mation about the animal’s current angular head velocity. These
models, however, cannot account for the presence of direction-
specific discharge in the AD after PoS lesions, because in the
models the PoS is the only structure conveying information to AD
concerning the animal’s current head direction.

In contrast to these models, Zhang’s model (1996) does not
suggest any interaction between the AD and PoS. Direction-
specific discharge in each structure arises independently of input
from the other structure. Thus, the finding that AD lesions elimi-
nate HD cell firing in the PoS suggests that this model needs to be
modified. Furthermore, the increase in the AD’s anticipation of
head direction after PoS lesions is difficult to account for using
Zhang’s model, because in the model the AD develops this char-
acteristic independently. Unfortunately for all of these models, our
data suggest that although there is some interdependence of HD
cell firing between the two structures, there is not complete inter-
dependence. Although AD lesions abolish HD cell firing in the
PoS, lesions of the PoS only partially alter HD cell firing in the AD.
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