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Head Direction Cells Recorded in the Anterior Thalamic Nuclei of

Freely Moving Rats

Jeffrey S. Taube
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Previous studies have identified neurons in the postsubi-
culum which discharge as a function of the animal’s head
direction in the horizontal plane, independent of its behavior
and location in the environment. Anatomical studies have
shown that the postsubiculum contains reciprocal connec-
tions with the anterior thalamic nuclei (ATN). in order to de-
termine how the head direction (HD) cell signal is processed
in the brain, single-unit recordings were monitored in the
ATN of freely moving rats in order to characterize their be-
havioral and spatial correlates.

Animals were trained to retrieve food pellets thrown ran-
domly into a cylindrical apparatus containing a single ori-
entation cue. Single unit recordings in the ATN showed that
approximately 60% of the recorded cells discharged in re-
lation to the animal’s head direction in the horizontal plane.
Observation of the animal and quantitative analyses showed
that HD cell firing was not dependent on the animal’s be-
havior, trunk position, linear speed, angular head velocity,
or location in the environment. Most of these cells were
localized to the anterior dorsal thalamic nucleus. Each HD
cell contained only one head direction at which the cell dis-
charged maximally and the firing rate decreased linearly
away from this preferred direction. The preferred firing di-
rections from all cells recorded were distributed over a 360°
range. Quantitative analysis showed that these cells con-
tained similar discharge parameters (peak firing rate, direc-
tional firing range) to values reported previously for post-
subicular HD cells (Taube et al., 1990a). Experiments involving
rotation of the orientation cue showed that the preferred
firing direction could be controlled by a salient visual cue.
In contrast to postsubicular HD cells, passive rotation of a
restrained animal showed that most ATN HD cells ceased
discharging when the animal’s head was oriented in the pre-
ferred direction.

These findings demonstrate the presence of HD cells in
the ATN and indicate the potential importance of this area
for spatial navigation. The origin of the head direction signal
is discussed and it is concluded that because of the pres-
ence of reciprocal connections between the postsubiculum
and the ATN, further studies are required in order to deter-
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mine the direction in which this head-directional information
is flowing. Finally, ATN HD cells differ from postsubicular HD
cells by appearing to require volitional motoric input.

[Key words: directional orientation, spatial cognition, nav-
igation, postsubiculum, neuronal correlates, motor efferent
copy]

Much of the neural circuitry involved in processing higher order
spatial information is believed to be located in the hippocampal
formation, a brain area which has received extensive analysis
at several different levels. Although the precise function of this
brain region remains unclear, there is little doubt that it is es-
sential for normal spatial functioning (O’Keefe and Nadel, 1978).
Both animals and humans with lesions in the hippocampal re-
gion are impaired on a variety of spatial and navigational tasks
(Olton et al., 1979; Morris et al., 1982; Corkin, 1984; De Leon
et al., 1984). Physiological recordings of single hippocampal
neurons in awake, unrestrained animals have shown that many
hippocampal neurons discharge only when the animal is located
in a particular place in the environment (O’Keefe, 1976). Neu-
rons which discharge in such a manner are referred to as place
cells and the location where they discharge is termed the place
field. A typical place cell discharges maximally at only one lo-
cation within the environment, and its firing decreases in a linear
fashion as the animal increases its distance from the center of
the place field. Place fields remain stable over days and weeks
as long as the environment in which the cell is recorded in
remains unchanged (Thompson and Best, 1990). Place cells have
been reported in the CAl, CA3, and dentate regions of the
hippocampus (O’Keefe, 1976; Muller et al., 1987; Jung and
McNaughton, 1993) and in the entorhinal cortex (Quirk et al.,
1992). Further evidence supporting the hypothesis that the hip-
pocampal formation is part of a neural network involved in
spatial information come from studies demonstrating that place
cell firing correlated well with an animal’s ability to navigate to
a goal using its spatial memory (O’Keefe and Speakman, 1987).

The hippocampus communicates with cortical areas through
projections to the subicular complex, an area which is composed
of three structures: subiculum, presubiculum, and parasubicu-
lum. In contrast to the location-specific firing of hippocampal
place cells, previous studies have identified neurons in the dorsal
presubiculum (postsubiculum) which discharge as a function of
the animal’s head direction in the horizontal plane, independent
of the animal’s behavior and location in the environment (Ranck,
1985; Taube et al., 1990a). These cells are referred to as head
direction (HD) cells because they only discharge whenever the
animal points its head in a particular direction. The head di-
rection at which the cell discharged maximally is referred to as
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Figure 1. Illustration showing the dif-
ferent firing parameters for a HD cell.
The solid curve shows the firing rate as
a function of head direction. Using the
best-fit lines for the two legs and the
mean background firing rate the func-
tion is modeled as a triangle. The ob-
served peak firing rate is the maximum
firing rate of the cell whereas the tri-
angular peak firing rate is the firing rate
at the apex of the triangle. Similarly,
the observed preferred direction is con-
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the preferred firing direction. A previous study showed that a
HD cell’s preferred direction can be controlled by an external
cue (landmark) in the environment, since rotation of the cue
led to a near equal shift in the preferred firing direction of the
cell (Taube et al., 1990b). The HD cell signal is not a pure sensory
signal, however, because HD cells continue to discharge in the
absence of the cue.

Although many of the discharge properties of HD cells have
been well characterized, it is unclear how this spatial signal is
processed. Head direction cells were first reported in the post-
subiculum (Ranck, 1985; Taube et al., 1990a), an area which
receives extensive projections from the subiculum (Sorensen
and Shipley, 1979), anterior thalamic nuclei (ATN) (Niimi, 1978,
Thompson and Robertson, 1987a; van Groen and Wyss, 1990b),
and lateral dorsal thalamic nucleus (LDN) (Thompson and Rob-
ertson, 1987a; van Groen and Wyss, 1990b, 1992). Recording
studies from different hippocampal areas have never reported
the presence of HD cells in CA1, CA3, or the dentate. Similarly,
HD cells have not been reported in the subiculum (Barnes et
al., 1990; Sharp and Green, 1994). In recording from the ATN
of the rabbit, Gabriel and colleagues found that multiunit ac-
tivity increased during a classically conditioned, tone discrim-
ination paradigm (Gabriel et al., 1977; Foster et al., 1980).
However, because these studies used multiple unit recording
techniques, it is difficult to determine what the spatial or be-
havioral correlates were for single units. Furthermore, these
studies monitored cell activity while the animals were semire-
strained in an activity wheel, and precludes an accurate assess-
ment of the neuronal correlates. Thus, the present study was
designed to determine the spatial and behavioral correlates of
neurons from the ATN in awake, freely moving animals. Cells
in the ATN were monitored as an animal retrieved food pellets
thrown randomly into a cylindrical chamber containing a single
orientation cue. The advantage in using this task is that the
animal’s behavior is generally uniform throughout the apparatus
over time and any neuronal correlate observed can be attributed
to the spatial characteristics of the animal in the chamber. This
study reports that a significant percentage of cells from the an-
terior dorsal portion of the ATN show head-direction-specific

sidered to be the preferred direction at
the observed peak firing rate, whereas
the triangular preferred direction is the
head direction corresponding to the apex
of the triangle.

firing and have similar firing properties as postsubicular HD
cells. A preliminary report concerning some of these findings
has previously been reported (Taube, 1992).

Materials and Methods

The methods used in this study were similar to those employed by
Taube et al. (1990a,b) to record from postsubicular HD cells. Accord-
ingly, the methods are summarized briefly below and the reader should
consult the above papers for details.

Apparatus and behavioral training. Long-Evans female rats (n = 8)
were placed on a food-restricted diet and trained to retrieve food pellets
thrown randomly into a cylindrical apparatus (76 cm diameter, 51 cm
high). A black curtain (2.0 m diameter) surrounded the apparatus from
floor to ceiling and four overhead lights arranged uniformly at the ceiling
provided illumination. The cylinder was placed on a sheet of photo-
graphic backdrop paper that was changed before each recording session.
A vertically oriented color video camera (Sony XC-711) was centered
over the cylinder 2.06 m above the floor. A sheet of white cardboard,
occupying 100° of arc, was taped to the inside wall of the cylinder and
provided the major visual cue for orientation. Except for the card ro-
tation experiments described below, the “cue card” was positioned at
3 o’clock as viewed from the overhead video camera for all recording
sessions.

Electrode and surgical technigues. The electrodes consisted of a bundle
of ten 25 um diameter nichrome wires which were insulated except at
the tips. The wires were threaded through a stainless steel cannula and
attached to a modified 11 pin Augat connector, which in turn was
embedded in dental acrylic and made moveable through the use of three
screws; for details on electrode construction, see Kubie (1984). Once
animals were trained on the food-pellet retrieval task, they were anes-
thetized with intraperitoneal Nembutal (45 mg/kg) and injected with
0.1 ml of atropine sulfate (25 mg/ml) to reduce respiratory problems.
Using stereotaxic techniques and bregma coordinates, the electrode ar-
ray was implanted just dorsal to the ATN: AP: 1.35 mm posterior, ML:
1.40 mm right, DV: 4.0 mm from the cortical surface (Paxinos and
Watson, 1986). All surgery was conducted under sterile conditions and
animals were allowed to recover for 7 d before cell screening com-
menced.

Screening, recording procedures, and data acquisition. For unit screen-
ing, the animal was attached to a 12-wire recording cable which was
connected on one end to an overhead commutator (Biela Idea Devel-
opment) and to the animal’s headstage on the other end. Electrical
signals were passed through a field-effect transistor (FET) in a source—
follower configuration, amplified (Grass Instruments P511), band-passed
filtered (300-30,000 Hz, 3 dB/octave) (Peavey Electronics PMES), and
sent through a dual window discriminator (Bak Electronics DDIS-1)
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Figure 2. Graph of head direction and firing rate from an ATN HD cell. Head direction (solid line) and firing rate (dash-dot line) are plotted as
a function of time for a 30 sec period. The animal’s head direction was determined every 1/6 sec by averaging data from 10 consecutive samples.
For the purpose of clarity, the head direction function is plotted with breaks when the animal rotated its head through the angle 0/360°. Note that
the cell discharged maximally whenever the animal pointed its head in the range of head directions between 30-50°. The cell discharged at similar
rates during periods of clockwise (dashed arrow) or counter clockwise (solid arrow) head rotations through the preferred direction. It also maintained
a high firing rate when the animal turned its head rapidly (solid bar) or when it continually pointed its head in the preferred direction (open bar).

before being displayed on an oscilloscope (Tektronix 5113). Electrical
activity on the 10 wires was monitored each day for several months
while the electrodes were slowly advanced through the brain. When a
single cell’s waveform was adequately isolated from background noise,
an automated video-computer tracking system (Eberle Electronics)
monitored neuronal discharge while simultaneously tracking the posi-
tions of two light-emitting diodes (LEDs) (one red, one green) secured
to the animal’s head. The red and green LEDs were spaced 10 cm apart
along the midline of the animal’s body axis and positioned over the
rat’s snout and back, respectively. The x- and y-coordinates of each
LED were determined to 1 part in 256, and each rectangular subregion
(pixel) of the video frame was 3.8 x 3.8 mm. Recording sessions were
usually 8 min in length during which time the LEDs coordinates and
spike discharge were sampled at a rate of 60 Hz and the data read into
a computer (National Instruments DIO-32, MacIntosh IIfx). Data anal-
ysis was performed off line at a later time using a software program
(LABVIEW 2.0).

Data analysis. The animal’s horizontal head direction was calculated
from the relative positions of the two LEDs with respect to one another
and then correlated to cell firing. The animal’s location in the environ-
ment was defined as the point 3 cm from the red LED, along the line
between the two LEDs. This point corresponded to the location of the
animal’s head. Given the size of each pixel and the distance between
the two LEDs, the maximum resolution of head direction when the
animal’s head axis was in the horizontal plane was calculated to be
2.17°. Tilting of the head backwards or forwards reduced the resolva-
bility of head direction. For the purposes of this article, head direction
analysis was performed at either 6 or 45° resolution. The total time and
the number of spikes discharged at each head direction for an 8 min
session were summed from the collected samples. The cell’s firing rate
was determined by taking the total number of spikes in each head
direction bin and dividing it by the total time spent in each head di-
rection bin. Graphs of the cell’s firing rate as a function of head direction
in 6° bins were then constructed. From the firing rate/head direction
functions five parameters were computed which characterized the prop-
erties for each HD cell. Using the terminology and procedures adopted
in previous work (Taube et al., 1990a), these five parameters are (1) the
background firing rate and signal-to-noise ratio, (2) the preferred firing
direction (the head direction associated with maximal discharge), (3)
the peak firing rate (the firing rate at the preferred firing direction), (4)
the directional firing range (the range of head directions in which the

neuronal firing rate was greater than background level), and (5) an asym-
metry ratio (the absolute value of the ratio: left leg slope to right leg
slope). Each of these parameters are depicted in Figure 1.

To determine whether the cue card exerted control over HD cell firing,
some cells were monitored following rotation of the cue card. After an
initial 8 min recording session, the animal was returned to its home
cage and the orientation cue card rotated either 90, 180, or 270°. The
animal was returned to the recording room in an enclosed box and
reconnected to the recording cable. In order to disorient the animal
before being reconnected, the experimenter walked around the cylinder
with the box while simultaneously turning it. A second 8 min recording
session was then conducted. After completion of this session, the animal
was removed from the chamber again and the cue card returned to its
original position. The animal was returned to the recording room using
the same procedures for disorientation and a final 8 min standard session
conducted.

For four animals, 10 HD cells were monitored for 1 min during
passive rotation of the animal. For each experiment, the animal was
held firmly in the experimenter’s hand with its head pointing away from
the experimenter. The animal was then rotated back and forth in ap-
proximately 45° arcs, with each complete sweep taking about 2-3 sec.
The experimenter slowly rotated himself around the room, such that
after about 20 sweeps, all 360° directions had been sampled.

Histology. Electrodes were advanced 1.0-2.5 mm before terminating
cell screening. At the completion of the experiment, animals were anes-
thetized and a small anodal current (10-20 pA for 10 sec) was passed
through one of the recording wires in order to conduct a Prussian blue
reaction. The animals were perfused with 10% formalin (in saline), the
brains removed and placed in 10% formalin for at least 48 hr. The
brains were then placed in a 10% formalin containing 2% potassium
ferrocyanide for 24 hr and then reimmersed in 10% formalin (24 hr)
before being placed in 20% sucrose for 24 hr. They were then sectioned
(40 um), stained with cresyl violet, and examined microscopically for
localization of the recording sites.

Results

Cell sample
A total of 107 cells were recorded from eight animals. Isolated
units were classified either as HD cells or other cells. Qualita-
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Figure 3. Photograph of recording site. 4, Schematic diagram of a coronal slice around the anterior thalamic nuclei at 1.80 mm posterior to
bregma. The dashed boxed shows the region from which the photograph in B was taken. B, Photograph of a coronal slice stained with cresyl violet
showing the electrode track (arrow) passing through the anterior dorsal thalamus. Abbreviations: AD, anterior dorsal thalamic nuc.; AM, anterior
medial thalamic nuc.; AVDM, anterior ventral dorsal medial thalamic nuc.; 4 ¥'VL, anterior ventral ventral lateral thalamic nuc.; CA3, CA3
hippocampus; cc, corpus callosum; CM, central medial thalamic nuc.; CPu, caudate putamen; D3V, dorsal third ventricle; DG, dentate gyrus;
LDVL, lateral dorsal ventral lateral thalamic nuc.; MD, medial dorsal thalamic nuc.; PVA, paraventricular thalamic nuc. anterior; Rt, reticular
thalamic nuc.; sm, stria medularis; VL, ventral lateral thalamic nuc. Scale bar, 0.5 mm.

tively, the firing characteristics of ATN HD cells resembled
those recorded from HD cells in the postsubiculum. They dis-
charged maximally as a function of the animal’s head direction
in the horizontal plane, and were not dependent on the animal’s
location within the environment. For each HD cell, there was
only one head direction at which the cell discharged maximally.
Their discharge was not affected by the animal’s speed through
the environment, trunk position, or ongoing behavior as the
animal could be motionless or moving around the cylinder. For
example, the animal’s head could be pointed in the preferred
direction and the body in another and the cell would discharge
consistently. Conversely, if the body was pointing in the pre-
ferred direction, but the head was not, the cell would not dis-
charge. In addition, there was little, if any, adaptation in cell
firing rate when the animal continually pointed its head in the
preferred direction. Pitch or roll of the animal’s head within 90°
of the horizontal plane also did not significantly affect cell firing.
Several of these characteristics are displayed in Figure 2, which
is taken from a 30 sec episode of an 8 min recording session.
Figure 2 shows the firing rate of the cell as a function of time.
Breaks in the head direction function (solid line) are due to the
animal turning its head through the 0/360° point and are dis-
played in this manner for the purpose of clarity. Note that the
cell only discharged when the animal’s head direction was at or

near the preferred direction of 36°. There was minimal activity
at other head directions. Inspection of this graph shows that the
cell discharged during both clockwise and counterclockwise head
rotations through the preferred direction (e.g., compare the firing
rates and head directions around 8 sec and 22.5 sec indicated
by arrows). Note that the cell discharged at similar firing rates
during periods when the animal turned its head rapidly through
the preferred direction (e.g., solid bar at 6 sec) and when the
animal maintained a constant directional heading near 36°(e.g.,
open bar between 23-25 sec).

Although locomoting around the apparatus retrieving food
pellets is a simple task, it involves many complex behaviors,
such as sniffing, running, rearing, turning, recognition of the
food pellet, the intake of the food pellet into its mouth, eating,
swallowing, and grooming. A well-trained animal performs all
these behaviors at different areas in the chamber. Careful ob-
servation of the animal while monitoring cell discharge showed
that these behaviors had little, if any, affect on HD cell firing.

Out of 107 cells recorded, 60 (56.1%) were classified as head
directional. This percentage may be an underestimate because
in one animal only 1/13 cells was directional. When this animal
is excluded from analysis then 59/94 (62.8%) cells were direc-
tional. Because the recording techniques used multiple elec-
trodes, it was often possible to record more than one HD cell
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Figure 4. Firing rate as a function of head direction for three repre-
sentative cells recorded in the ATN of three different animals. Each
graph was obtained from an 8 min recording session and plotted using
a 6° bin width. Each cell has a different preferred direction. Note that
the vertical axis is scaled differently in each graph. The three cells show
the wide range observed in peak firing rates. 4, Low firing rate cell; B,
medium firing rate cell; C, High firing rate cell.

simultaneously. Of the 37 cells reported, 12 cells were recorded
in pairs, and 12 cells were recorded in triplets.

Other cells included (1) 24 cells which discharged continu-
ously at high firing rates (~40 Hz) independent of the animal’s
behavior; (2) 16 cells which discharged at considerably lower
rates, but no spatial or behavioral correlates were discernible;
(3) 2 cells which showed head-directional firing at one location
within the apparatus; and (4) 5 cells which were classified as
theta cells (Vanderwolf, 1969; Ranck, 1973). Theta cells dis-
charged a burst of spikes at a 5-8 Hz frequency when the animal
was running, walking, grooming, or eating. Of the five theta
cells, four of them had recording sites which were 0.5-1.0 mm
dorsal to the first encountered HD cell and were attributed to
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Figure 5. Histograms showing the distribution of background firing
rates (4) and signal-to-noise ratios (B) for ATN HD cells. The signal-
to-noise ratio was computed using the observed peak firing rate and is
plotted on a logarithmic scale.

recording sites in the hippocampus (the most anterior portion
of the hippocampus is positioned just dorsal to the ATN). The
paucity of theta cells in the ATN contrasts sharply to recordings
in hippocampal or retro-hippocampal areas where theta cells
are encountered frequently.

Histology: recording sites

The ATN has been subdivided into three areas based on cy-
toarchitectonics and its anatomical location. These three areas
include the anterior ventral (AV), anterior dorsal (AD), and
anterior medial (AM) thalamic nuclei (Paxinos and Watson,
1986). Recording tracks from all eight animals were identified
passing through the ATN region. Small electrolytic lesions were
made in four animals at the completion of the experiment and
the bottom tip of the electrode track was identified by the Prus-
sian blue reaction. In each of these four animals, the electrode
terminated in, or passed through, the AD portion of the ATN.
Because HD cells were usually recorded from more than one
electrode, it was not possible to identify the recording track for
each isolated cell since the lesion was made on only one electrode
wire. However, observations of the other recording tracks showed
that most HD celis were localized to the AD nucleus, although
a few cells may have been located in the AV nucleus. Figure 3
shows a photograph from a cresyl violet stained coronal section
from one animal showing the recording site. The photograph
on the right is a high magnification view of the boxed area shown
in the left photograph. The arrow points to the track of the
electrode passing through the ATN. The Prussian blue reaction
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Table 1. Head direction cell firing properties

Anterior thalamic head
direction cells

Postsubicular head
direction cells

(n=137) (n = 30)

Parameter Mean Range Mean Range
Background firing rate 1.99 + 0.35 0.04-13.24 1.12 + 0.307 0.03-6.32
Signal-to-noise ratio 76.05 + 38.69 5.11-1422.50 403.7 +249.3  10.49-7300
Observed peak firing rate 41.08 + 4.40 7.79-118.06 3451 + 5.44 5.89-113.42
Triangular peak firing rate 45.14 + 4.83 7.21-123.94 35.17 £ 5.62 5.69-116.26
Directional firing range 96.24 + 3.25 60.94-142.97 89.93 + 3.62 60.92-136.16
Asymmetry ratio 1.10 = 0.055 0.61-2.02 1.04 £ 0.047 0.67-1.67

can be observed ventral to the ATN. For this animal, the elec-
trode was advanced approximately 800 um from the site of the
last recorded HD cell. Unfortunately, the headstage detached
from the other four animals before the conclusion of the ex-
periment and an identifiable track could not be determined. In
these four animals, however, the cannula track was centered
over AD, although it was not possible to determine whether the
HD cells were recorded in AD or AV.

Quantitative analysis of head direction cells

Quantitative analysis was conducted on the firing properties for
37 HD cells (eight animals) recorded from the ATN. Figure 4
shows the firing rate as a function of the animal’s head direction
for three representative ATN HD cells from three different an-
imals. In general, the firing rate/head direction functions of ATN
HD cells appeared similar to those reported for HD cells in the
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postsubiculum. Each cell contained a single direction for max-
imal firing and no cells were encountered which contained two
or more preferred firing directions. As with postsubicular HD
cells, examination of the maximum firing rate from all ATN
HD cells showed there was a wide range of peak firing rates. In
addition, each cell contained about a 90° range in which the
firing rate was elevated above background levels. The decline
of the firing rate away from the peak value appeared linear in
both clockwise and counterclockwise directions. As a result, the
waveform functions of the firing rate/head direction graphs were
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the middle of the directional firing range. For this reason, the
firing rate/head direction functions were treated as triangles and
values for the preferred firing direction, peak firing rate, direc-
tional firing range, background firing rate, and asymmetry ratio
were determined as previously described for postsubicular HD
cells (Taube et al., 1990a).

Figure 6. A, Histogram showing the
distribution of ATN peak firing rates as
determined using the triangular model.
B, Histogram showing the distribution
of preferred firing directions for ATN
HD cells determined using the trian-
gular model. The histogram and statis-
tical analysis showed that preferred fir-
ing directions were distributed over a
360° range, and there was no trend for
preferred directions to occur at a par-
ticular head direction. C, Histogram
showing the distribution of directional
firing ranges for ATN HD cells. D, Scat-
tergram of the relationship between a
HD cell’s peak firing rate and the speed
correlation value (r = 0.515). The speed
correlation value was determined for
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Figure 7. Firing rate as a function of
head direction and location for two ATN
HD cells recorded for 24 min. The col-
or-coded maps in the center show the
firing rate as a function of the animal’s
location in the apparatus. Each color-
coded map around the center map de-
picts the cell’s firing rate as a function
of location for a particular head direc-
tion. The head direction depicted by the
map is indicated by the arrow pointing
to it. Each peripheral map represents a
45° range of head directions centered
on the arrow’s direction. The color-
coded rate categories in ascending order
are white, yellow, orange, red, green,
blue, purple. White pixels indicate
regions not visited by the animal. The
large white areas where there is under-
sampling along the cylinder border are
due to the animal’s inability to point
its head in a particular direction from
that region of the apparatus. These se-
ries of maps show that the increased cell
discharge was confined primarily to one
or two maps. Within each of these maps
the firing rate was homogeneous over
the entire apparatus. These results in-
dicate that the animal’s location in the
cylinder had little effect on ATN HD
cell discharge. 4, For the eight direc-
tion-dependent maps on the periphery,
the maximum firing rate for each color
category was in spikes/sec: yellow, 0.0;
orange, 5.37; red, 18.95; green, 41.61;
blue, 63.75; purple, 180.00. For the di-
rection-dependent map in the center,
the maximum firing rate for each color
category was in spikes/sec: yellow, 0.0,
orange, 3.87; red, 9.43; green, 15.92;
blue, 24.00; purple, 120.00. B, For the
eight direction-dependent maps on the
periphery, the maximum firing rate for
each color category was in spikes/sec:
yellow, 0.0; orange, 3.75; red, 8.57,
green, 18.00; blue, 30.00; purple, 150.00.
For the direction-independent map in
the center, the maximum firing rate for
each color category was in spikes/sec:
yellow, 0.0; orange, 3.11; red, 6.23;
green, 8.82; blue, 12.60; purple, 60.00.
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Figure 8. ATN HD cell firing following passive rotation of a hand-held animal. 4 and B, Response of two HD cells recorded in separate sessions
from different animals while each animal was restrained and passively rotated through 360°. In these two cases HD cell discharge was abolished.
C, Response of a different HD cell in another animal. In this case, there was no change in the cell’s preferred direction, peak firing rate, or directional
firing range. Solid lines indicate results from 8 min standard sessions when the animals were frecly moving. Dash-dot lines show results from 1

min sessions when the animals were hand-held and rotated.

Background firing rates. The background firing rate for ATN
HD cells was low. The mean background firing rate was 1.99
+ 0.35 spikes/sec (range: 0.04—-13.24 spikes/sec). A signal-to-
noise ratio was calculated for each cell using the observed peak
firing rate. The mean signal-to-noise ratio was 76.05 + 38.69
(range: 5.11-1422.50). Figure 5 are histograms showing the dis-
tribution of background firing rates and signal-to-noise ratios
across all cells. Some ATN HD cells discharged continuously
at low rates (~1 spike/sec) even when the animal’s head was
not oriented in the preferred firing direction. This firing was not
attributed to artifacts or poor isolation, as the amplitude of the
cell’s waveform was large and well isolated from background
noise.

Peak firing rates. The observed mean peak firing rate was
41.08 + 4.40 spikes/sec (range: 7.79-118.06 spikes/sec) while
the mean peak firing rate using the triangular model was 45.14
+ 4.83 spike (range: 7.21-123.94 spikes/sec). Figure 6.4 shows
the distribution of peak firing rates computed using the trian-
gular method. As with postsubicular HD cells, ATN HD cells
with high and low peak firing rates were found within the same
animal. In addition, both high and low peak firing rates were
observed in well-isolated units. Statistical analysis showed there
was little correlation between the observed peak firing rate and
the mean level of background activity (r = 0.262).

Preferred firing directions. Figure 6B shows the distribution
of preferred directions as determined using the triangular model.
Although there was a trend to find preferred firing directions
pointing away from the direction of the cue card, a Raleigh test

(Batschelet, 1981) did not reject the hypothesis that this distri-
bution was uneven (r=0.176, n= 37, p > 0.275). The preferred
direction for each HD cell and its location relative to other
recorded HD cells within the ATN was noted in each animal.
Despite careful examination no organizational pattern or sys-
tematic shift was detected for the preferred directions. Indeed,
HD cells which were recorded simultaneously on the same elec-
trode, but could be isolated based on different waveforms (n =
4) contained preferred directions which were 74, 75, 109, and
174° apart. This finding suggests that HD cells which were in
close proximity to one another did not have similar preferred
directions. Interestingly, the peak firing rate for each of these
cell pairs was similar; the peak firing rates for each pair were
(in spikes/sec) 7.21 and 14.79, 26.47 and 30.33, 35.65 and 41.60,
and 72.53 and 73.99. There was little correlation between the
preferred firing direction and either peak firing rate (r = —0.143)
or directional firing range (» = 0.062), which indicates that there
was no trend to find particular peak firing rates or directional
firing ranges associated with preferred directions pointing to-
ward or away from the cue card.

Directional firing ranges. The mean directional firing range
was 96.24 + 3.25° (range: 60.94-142.97°). Figure 6C shows the
distribution of firing ranges across all HD cells. As with post-
subicular HD cells, there was little correlation between a cell’s
peak firing rate and directional firing range (r = 0.175).

Asymmetry of the firing-rate/head direction function. The slope
of the best-fit line composing each triangular leg of the firing
rate/head direction function was calculated and a ratio was ob-
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Figure 9. Histograms from three ATN head direction cells from the
same animal showing the frequency of different firing rate episodes when
the head continuously pointed in the preferred direction. Each episode
was 1/6th sec. 4 and B, Histograms for cells which discharged consis-
tently when the head was pointed in the preferred direction. The cells
in 4 and B are from a high and low peak firing rate cell, respectively.
C, Histogram from a HD cell whose firing rate was more variable and
was judged to contain an irregular firing pattern. This cell discharged
at a high firing rate during some episodes (108-132 spikes/sec), but at
a low rate during other periods (12-36 spikes/sec).

tained by comparing the absolute value of the left leg slope to
the right leg slope. This ratio would be equal to 1.0 for a sym-
metrical function. The mean asymmetry ratio for ATN HD cells
was 1.10 + 0.055 (range: 0.61-2.02) and indicates that the cell’s
firing rate decreased equally in both directions away from the
preferred firing direction.

Comparison to postsubicular HD cells

The mean values characterizing the firing rate/head direction
function reported above for ATN cells were compared to values
for postsubicular HD cells obtained from the previous study
(see Taube et al., 1990a) and 5 additional postsubicular cells.
These values are shown in Table 1. Statistical analyses (¢ tests)
between values from the two different brain areas showed there
was no significant (p > 0.05) difference for any parameter. In
addition, a comparison was made between each of the histo-
grams described above and similar histograms constructed for
postsubicular HD cells. In each case, there was no significant

difference in the relative distributions of cells for any of the
discharge parameters.

Firing rate as a function of the animal’s head direction and
location

In general, observations of the animal while simultaneously
monitoring cell discharge showed that there was an absence of
location-specific firing for ATN HD cells. Cell discharge oc-
curred at all locations within the cylinder whenever the animal
pointed its head in the preferred direction. Using color-coded
maps, Figure 7 shows the discharge of two HD cells as a function
of both location and head direction. Each cell was recorded for
24 min. The procedures used to construct these maps were
similar to those reported by Taube et al. (1990a) and are based
on a 0.8 proportional representation of colors. In this procedure,
the number of pixels representing a particular color category is
0.8 times the number of pixels in the color category of the next
lowest firing rate. Each peripheral map shows the firing rate as
a function of location whenever the animal pointed its head
within a particular 45° range. The center map shows a composite
of the eight peripheral maps and represents the cell’s direction-
independent firing rate. The series of maps show that cell dis-
charge occurred in only one or two of the maps, and that dis-
charge within each map occurred over the entire cylinder. This
result indicates that ATN HD cells showed little, if any, location-
specific firing. Similar figures were constructed for 21 cells re-
corded for at least 16 min and each set of maps was examined
for preferential firing in one area of the apparatus. The results
for the two cells shown in Figure 7 are representative of the
remaining cells, indicating that there was little, if any, variation
in the firing rate across different areas within the apparatus.
Thus, cell firing appeared to be primarily dependent on the
animal’s head direction.

Hand-held sessions

Ten ATN HD cells in four animals were monitored while the
animal was held firmly in the experimenter’s hands 5 cm above
the cylinder floor and rotated back and forth slowly (~45°sec)
in the horizontal plane. As the animal was rotated, the exper-
imenter slowly turned around the room in order to sample all
360°. During the entire rotation, the animal was able to visually
view the environment. Interestingly, cell discharge was nearly
abolished under these conditions in 9/10 cells. Firing rates for
these nine cells decreased to background levels (0-2 spikes/sec)
and firing rate/head direction graphs showed an absence of di-
rectional firing. These nine cells were recorded from three dif-
ferent animals. Figure 8, 4 and B, shows the results from two
cells recorded from different animals for an 8 min standard
session in the cylinder and a 1 min session when the animals
were hand-held and rotated passively. The remaining cell re-
corded from a fourth animal did not change its discharge prop-
erties during a hand-held rotation session (Fig. 8C).

HD cell firing versus speed of the animal and angular head
velocity

Given the volitional motor requirements, it was important to
determine whether cell firing was dependent on the animal’s
speed or head turning velocity in the apparatus. The first issue
was examined by selecting from an 8 min session all sequences
of 10 consecutive samples (1/6th sec) when the animal main-
tained its head direction within a +6° arc of the preferred di-
rection. The animal’s speed during each sequence was deter-
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Table 2. Variability of head direction cell firing within the directional firing range.
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Table shows the number of episodes at a particular firing rate and head direction. Each episode consisted of six samples
(1/10th sec). Each head direction bin represents 6° of arc centered on the head direction value.

mined from the first and last sample locations of the red LED
and then compared to the cell’s firing rate during that sequence.
A minimum of 10 episodes during an 8 min session had to occur
in order for the cell to be used for analysis. Of the 37 cells, 34
cells satisfied this criteria. The mean number of episodes per
cell was 24.71 + 1.67 (range: 11-50). The correlation between
the animal’s speed and the cell’s firing rate was then calculated
for each cell. When the r values were averaged across all cells,
there was a small, but significant positive correlation between
the animal’s speed and the HD cell’s firing rate (mean r = 0.299
+0.048; range: —0.257t00.912;¢=6.293,df= 33, p < 0.0001).
In addition, there was a trend for this correlation to be larger
for cells with high peak firing rates (r = 0.515). Figure 6D is a
scattergram of the speed correlation value versus the cell’s peak
firing rate.

In order to determine whether the rate of change in the ani-
mal’s head direction correlated with cell firing, an analysis of
the animal’s head-turning speed and direction of turning was
conducted by calculating the first derivative of the head direc-
tion/time function (referred to as the angular head velocity) and
then correlating these values with the cell’s firing rate. Note that
the computation of this value reflects the rate of change in the
animal’s directional heading. However, because the orientation
of the animal’s body axis was nof monitored (the LED tracking
system only monitored head direction, not body orientation),
the angular head velocity value does not distinguish between
rate changes due to the head turning in relation to the body axis,
or to an angular shift in the whole head/body axis relative to
the environment. The difference between these two cases is that
in the former situation, the directional heading changes as a
result of the animal turning its head in relation to its body axis,
while in the latter situation, the head remains in alignment with
the body axis and the animal’s directional heading changes as
the entire head/body orientation shifts when the animal moves
around the apparatus. Samples were selected from a session

when the animal was pointing its head within a 12° arc of the
preferred direction. For each selected sample, the data from the
two samples occurring before and after the selected sample were
also obtained. These five samples composed one episode. The
head direction values within this episode were then “smoothed”
using a five point smoothing routine (where the head direction
value at time #(x,) = (x_, + x,_, + x, + x,,, + x,,,)/5). The
angular head velocity for each episode was then computed by
taking the slope of the best-fit-line through these five head di-
rection data points, and compared to the episode’s firing rate.
This procedure was repeated for every sample where the HD
was within the 12° arc centered on the preferred direction. The
correlation between angular head velocity and firing rate was
then determined for each HD cell by correlating the values from
all episodes within a session. Positive and negative values for
the angular head velocity indicate counterclockwise and clock-
wise turns, respectively.

The mean correlation value from all HD cells was 0.0154 +
0.0202 (n = 37; range: —0.157 to 0.291). Using zero as the
expected value for the population mean, a ¢ test indicated that
there was no significant trend to find cells which discharged
more during clockwise or counterclockwise head turns (£ = 0.761,
df = 36, p > 0.05). In order to assess whether the rate of change
in the animal’s directional heading correlated with cell firing,
the absolute value of the angular head velocity was then cor-
related with cell firing. The mean correlation value from the
same population of HD cells was 0.115 + 0.0157 (n = 37; range:
—0.0988-0.424). Although this mean correlation value was low
and indicates that the rate of change in the animal’s directional
heading had minimal effect on cell firing, a ¢ test showed that
this mean value was unlikely to arise from a population with
an expected value of zero (¢ = 7.332, df = 36, p < 0.0001).
Finally, there was no correlation between a cell’s angular head
velocity correlation value and the cell’s peak firing rate (r =
0.013).
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Figure 10. Head direction cell firing following cue card rotation. The animal was initially recorded in an 8 min standard session (Standard I,
solid lines). With the animal out of view, the cue card was rotated 90° counterclockwise (4) or 180° (B) and the floor paper changed. The animal
was returned to the recording room and a second 8 min recording session was conducted (dash-dot lines). With the animal out of view again, the
cue card was returned to its initial position. The animal was then monitored in a third 8 min session (Standard 2, dash lines). For both cells rotation
of the cue card produced approximately the same shift in the preferred firing direction with little change in peak firing rate and directional firing
range. In A4, the 90° counterclockwise rotation of the cue card produced an 84° shift in the preferred direction. In B, the 180° rotation of the card
produced an equal 180° shift in the preferred direction. The preferred direction returned to its initial value upon return of the card to its original

position for both cells. The two cases shown were from different animals.

Reliability and long-term stability of HD cell firing

In order to determine the reliability of cell firing during different
episodes at the preferred direction four different types of anal-
yses were conducted. In the first analysis, histograms were con-
structed showing the frequency of encountering various firing
rates using the 10 sample sequences obtained from the speed
analysis described above. Figure 9, 4 and B, shows represen-
tative histograms from a low and high peak firing rate cell. The
results from all the histograms showed that most cells discharged
similarly each time the head direction passed through the pre-
ferred direction. This regularity in cell discharge is reflected in
the unimodal character of the histograms. The histograms from
all but three cells were similar to those in Figure 9, 4 and B.
The cells from these three exceptions contained histograms which
showed a large variability in firing rates across different episodes.
The cell judged to contain the most variability in its discharge
is depicted in Figure 9C. To determine whether this variability
across different episodes was attributed to variability between
recording sessions, a second standard session was analyzed for
these three cells. In each case the second standard session con-
tained less variability in the range of firing rates than the first
session. The three cells shown in Figure 9 were recorded from
the same animal.

An important issue concerning the discharge characteristics
of these cells is whether cell firing at head directions outside the
range where firing rate is maximal is due to a true linear decrease
in the firing rate or to statistical averaging from high and low
firing rate episodes. For example, the cell shown in the Standard
session of Figure 104 has a peak firing rate of 84 spikes/sec and
a preferred firing direction of 36°. However, the cell also dis-
charged at rates of 27 and 38 spikes/sec at 12 and 60°, respec-
tively. This linear decrease in the firing rate may due to an actual
low firing rate at these head directions, or alternatively, they
may arise from statistically averaging several episodes where
the cell fired at 0 or 84 spikes/sec. To address this issue, the
second type of analysis examined the variability in firing rate
for every 1/10th sec sequence (six samples) when the animal

pointed its head continuously within a 6° arc. The smaller se-
quence period was selected in order to include a larger number
of episodes, because longer sequences are excluded from analysis
when the animal is rotating its head rapidly through the pre-
ferred direction. This analysis was done for every head direction
(in 6° multiple) within the cell’s directional firing range. Only
cells whose waveforms were judged to be well isolated from
background noise were selected for this analysis. Table 2 shows
the results from the cell shown in Figure 104 during the Standard
1 session. Examination of this table shows that although there
was variability within the firing rates for a particular head di-
rection, the frequency of encountering firing episodes =100
spikes/sec only occurred within a narrow range of head direc-
tions between 24-48°. Furthermore, there was an absence of low
firing rate episodes at these head directions. Examination of the
firing rates outside this 24—48° range shows that both the mean
and maximal firing rates from each of these episodes was lower
than the corresponding values for head directions within the
24-48° range. In addition, the probability of finding firing rate
episodes of zero becomes greater with increased distances away
from the preferred firing direction. This pattern of results was
representative for the 11 cells analyzed in this manner. In sum,
this analysis shows that the cell’s lower firing rates at head
directions on either side of the preferred direction are “real”
and are not due to statistical averaging.

In the third analysis, a comparison of the discharge charac-
teristics was made between pairs of standard sessions recorded
from the same cell. For 28 cells, a second 8 min standard session
was recorded at least 10 min after the first session. For 14 of
these cases, there was an intervening 8 min cue card rotation
session. The mean difference in the preferred firing direction
between the two standard sessions was —0.214 + 1.59°, range:
— 18 to 24° (the negative value represents a clockwise rotation).
A 1 test showed this difference was not statistically significant
(t=0.894, df = 27, p > 0.05).

The fourth analysis determined the stability of ATN HD cells
over time. Of the 37 cells, 12 cells were recorded periodically
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Table 3. Mean percentage changes in directional firing parameters following cue card rotations

Correlation Preferred firing Peak firing Directional Signal :
Session type coefficient direction rate firing range Asymmetry ratio noise ratio
comparison n (r: range) (degrees) (%) (%) (%) %)
Std1/Std2 14 0.97: 0.88-0.99 4.71 + 1.80 104.0 £ 9.9 100.4 £ 2.5 127.2 + 13.4 120.4 + 28.3
Std1/Rotation 19 0.96: 0.87-0.99 13.26 + 2.45* 90.7 + 5.5 108.3 £ 34 100.4 + 9.4 96.7 = 11.9

Std1, First standard session; Std2, second standard session. The mean change in degrees of the preferred firing direction is expressed with the SEM. Mean percentage
changes are expressed as percentage of control values + SEM from a standard session in the cylinder.

*Value reported is the directional deviation from the expected firing direction; ¢ = 2.63, df = 31, p < 0.02.

over the course of several weeks. In each case the cell’s firing
characteristics remained stable throughout the recording period
as long as the recording environment remained unchanged. Taken
together, these findings indicate that cell firing remained stable
across both days and different episodes when the animal pointed
its head in the preferred direction.

Cue card rotation

The salient cue in the apparatus which the animal could use for
orientation was the large white cue card taped to the inside wall
of the cylinder. The extent to which this visual cue controlled
postsubicular HD cell firing was tested by rotating the angular
position of the card relative to the laboratory frame when the
animal was out of view. Taube et al. (1990b) reported that
rotation of the cue card led to a near equal shift in the preferred
firing direction for postsubicular HD cells. In order to determine
whether ATN HD cells also used this salient visual cue in a
similar manner, 19 ATN cells in seven animals were monitored
during a cue card rotation experiment.

Following an initial recording session with the cue card in the
standard (3 o’clock) position, the cue card was rotated either
90, 180, or 270°. In each case the animal was out-of-view during
the card rotation and was returned to the recording room in an
opaque box. Before reconnecting the animal to the recording
cable, effort was made to disorient it by randomly turning the
box while simultaneously walking around the cylinder. Rotation
of the cue card produced approximately the same magnitude
shift in the preferred firing direction, with little change in peak
firing rate and directional firing range. Figure 10 shows the
recordings from two cells in two different animals when the cue
card was rotated. The solid line in each figure shows the results
from the first standard session, the dashed line shows the results
from a rotated session, and the dash-dotted line shows the results
from a second standard session. In Figure 104, a 90° clockwise
rotation of the cue card produced an 86° shift in the preferred
direction, whereas in Figure 10B, a 180° rotation of the card
produced a 174° rotation in the preferred direction. For both
cells the preferred direction returned to its initial value upon
return of the card to its original position (Standard 2).

Similar results for card rotation were obtained for the re-
maining 17 cells. Of the 19 experiments conducted, the card
was rotated 90° for 8 experiments, 180° for 4 experiments, and
270° for 7 experiments. Although the preferred firing direction
shifted in near equal amounts with rotation of the cue card,
there was little change in other firing properties, including peak
firing rate, directional firing range, signal-to-noise ratio, or
asymmetry ratio. The percentage change in each of these pa-
rameters was determined for each rotation session by comparing
it to the initial standard session. A comparison in discharge

properties was also conducted between the first and second stan-
dard sessions. The mean percentage change in each discharge
parameter is shown in Table 3.

Although the shift in the preferred direction was usually sim-
ilar to the amount of rotation of the cue card, these values were
often not exactly equal. The deviation in the amount the pre-
ferred direction shifted compared to the amount expected from
card rotation was determined for each rotation session by using
a cross-correlation method. The firing-rate/head direction func-
tion for the experimental session was shifted in 6° steps and
cross-correlated with the function from the initial standard ses-
sion. The amount the function needed to be shifted to yield the
maximal cross-correlation was defined as the rotation of the
preferred direction. Similar values were also determined be-
tween the first and second standard sessions. In theory, if HD
cell firing remains stable, then the deviation between the first
and second standard sessions should be zero. In general, the
maximal correlation between the two functions tested was usu-
ally greater than 0.90 and indicates the strong similarity of shapes
between the two functions.

The mean absolute deviation from the expected shift for the
rotation sessions was 13.26 + 2.45° (range: 0-36°). The distri-
bution of the deviations showed there was a trend to find un-
derrotations rather than over rotations. Of the 15 sessions where
the cue card was rotated 90 or 270°, 10 showed underrotations,
2 rotated perfectly, and 3 showed overrotations. When the cue
card was returned to its initial position and a second standard
session recorded, the preferred firing direction returned to near
its original value. The mean absolute deviation between the first
and second standard sessions was 4.71 + 1.80° (range 0-18°).
There was no trend for this deviation to under- or overrotate;
there were five deviations clockwise, five deviations counter-
clockwise, and four cells remained unchanged between the two
sessions. A ¢ test showed that the mean deviation between the
two standard sessions was significantly smaller than between
the first standard session and the rotation session (¢ = 2.627, df
= 31, p < 0.05), and suggests that there are other cues, visual
or nonvisual, which exert control over ATN HD cell firing.

Taken together, the results of the cue card rotation experi-
ments are similar to those reported for postsubicular HD cells
and indicate that the cue card exerts stimulus control over the
angular position of the preferred firing direction.

Discussion

The results show that a significant number of neurons in the
ATN discharge as a function of the animal’s horizontal head
direction, independent of its behavior and location. Most of
these HD cells were identified in the anterior dorsal portion of
the ATN. Qualitatively, their discharge properties were indis-
tinguishable from postsubicular HD cells. All ATN HD cells



82 Taube « Anterior Thalamic Head Direction Cells

contained a single direction in which cell firing was maximal
and pointing of the head away from this preferred firing direction
lead to a cessation of cell firing. In addition, the angular position
of the preferred firing direction could be controlled by a single
salient visual cue in the environment, as cue card rotation led
to a near-equal shift in the preferred direction of the cell. The
control that the visual environment exerts over selection of a
reference frame has also been found for hippocampal and en-
torhinal place cells (O’Keefe and Conway, 1978; Muller and
Kubie, 1987; Quirk et al., 1992).

Although the results clearly show that the primary behavioral
correlate of these cells is the animal’s head direction in the
horizontal plane, an important issue is the extent to which other
behaviors may modulate cell discharge and act as a secondary
correlate. Except for the manipulations where the animal was
restrained, the quantitative analyses and observations of the
animals in the chamber did not elucidate any apparent behaviors
which consistently modulated HD cell firing. Because a well-
trained animal samples most places from different directional
headings during an 8 min session, the animal’s behavior can be
considered relatively uniform over both time and place within
the apparatus. Thus, it is unlikely that behaviors such as eating,
sniffing, grooming, and rearing contributed significantly to mod-
ulation of cell firing. Although these other behaviors were not
systematically analyzed in the quantitative analysis, observa-
tions of the animal during the food pellet retrieval task showed
that these behaviors had minimal effect on cell discharge. Fur-
thermore, the notion that other on-going behaviors are playing
a significant role in modulating cell firing is difficult to reconcile
with the findings that (1) there was a remarkable consistency in
cell firing between standard sessions, even across days, both in
terms of the preferred direction and in the firing rates and firing
ranges of the cells, and (2) rotation of the prominent orienting
cue led to a similar shift in the cell’s preferred direction. If some
ongoing behavior was playing a significant role in the cell’s firing,
then that behavior would similarly have to shift with rotation
of the cue card.

There are limitations on the conclusions one can draw con-
cerning a cell’s behavioral correlates from the food pellet re-
trieval task. For example, it is difficult to assess how other
behaviors, or even the learning of a spatial task, might modulate
HD cell firing. Although the episode analysis (Fig. 9, Table 2)
showed there was a striking consistency in the cell’s firing, there
was some variability present across different sequences when
the animal continually pointed its head in the preferred direc-
tion. The extent to which this variability can be accounted for
by (1) random variability inherent in the measurements of the
recording/video tracking system or (2) reflects an actual mod-
ulation of the cell’s firing by the animal’s ongoing behavior is
unclear. Experiments which record from HD cells in tasks which
keep spatial variables constant, but vary other behavioral pa-
rameters are therefore warranted to address this issue. Although,
the finding that volitional movement of the animal was required
to generate cell firing shows the importance of movement prop-
erties, several aspects of the animal’s movements were analyzed
and did not correlate well with cell discharge. For example, the
correlations between either the animal’s speed and firing rate
(0.299), or angular head velocity and cell firing rate (0.013) were
low. Furthermore, cell discharge continued even when the an-
imal was motionless and pointed its head in the preferred di-
rection. Finally, the animal’s location within the chamber also
did not have a strong impact on cell firing.

Several previous studies by Gabriel and colleagues recorded
multiunit activity from the AV thalamus in rabbits performing
a discriminative avoidance conditioning paradigm (Gabriel,
1977, 1987; Foster et al., 1980; Sparenborg and Gabriel, 1990).
In this task the animals learned to initiate locomotion in an
activity wheel in response to the onset of a specific frequency
tone (CS+) in order to avoid an electric shock (US). In addition,
they had to learn to ignore a tone of a different frequency (CS—).
The authors reported that AV cellular activity increased in re-
sponse to the CS+ and decreased in response to the CS— when
the animals reached criterion levels of performance. Based on
these studies, Gabriel has suggested that the AV thalamus, along
with the medial dorsal and other midline thalamic nuclei, plays
a central role in discriminating significant and insignificant sen-
sory stimuli. Furthermore, they suggest that the activity in these
thalamic nuclei represents a neural code for differentiating as-
sociatively between the different stimuli.

In contrast to the studies by Gabriel and colleagues, the find-
ings reported here differ markedly from their studies in several
ways. First, HD cells were localized to the anterior dorsal por-
tion of the ATN, whereas most of Gabriel’s recordings were
from the AV area of the ATN. Second, the present study utilized
single-unit recording techniques as opposed to multiunit activ-
ity. The use of multiple unit recordings would have masked the
observance of HD cell activity when an animal was pointing its
head in a cell’s preferred direction. Third, the animals in the
present study were allowed to move about their environment
freely compared to being confined to a small cage in the con-
ditioned avoidance paradigm, where the behavioral require-
ments may have restricted an adequate sampling of different
directions. Fourth, there was a species difference between the
two studies; the present one used rats whereas the Gabriel stud-
ies used rabbits. Fifth, the animals performed different tasks in
the two studies. Sixth, its possible that the population of cells
which were not correlated with the animal’s head direction in
the present study (approximately 40% of the recorded cells)
might be responsive to aspects of learning an avoidance con-
ditioning paradigm as in the Gabriel studies.

The findings reported here and by Gabriel and colleagues have
implications regarding the functional role of the ATN. Whereas
these investigators suggest that the ATN is involved in learning
discriminations between different types of sensory information,
the finding that a significant number of ATN cells contain head
direction correlates suggests that the ATN is serving a more
global role in directing behavior. The presence of HD cells in
the ATN is consistent with both anatomical and behavioral
findings. The ATN contains reciprocal connections with the
postsubiculum and it was in the postsubiculum where HD cells
were first identified (Ranck, 1985; Taube et al., 1990a; van
Groen and Wyss, 1990b). Sutherland and Rodriguez (1989)
showed that animals with ATN lesions were impaired in the
acquisition of the Morris water maze task, and suggests that the
ATN plays a role in spatial processing. Although the importance
of the ATN as part of the Papez circuit was first recognized
many years ago, the informational signal conveyed in this path-
way has never been clear. The finding of HD cells in this area
and that lesions of this area impair animals on spatial tasks
indicate that the ATN and Papez circuit may play a crucial role
in navigation. Results showing that postsubicular lesioned an-
imals are also impaired in spatial tasks are consistent with this
hypothesis (Taube et al., 1992). Of course the role of the ATN
1s, however, not limited to spatial information processing, even
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within the AD portion, since many cells in this area did not
discharge as a function of some spatial parameter.

Comparison of ATN and postsubicular HD cells

The results showed that the discharge properties of ATN HD
cells are very similar to the properties of postsubicular HD cells.
As with postsubicular cells, ATN cells had preferred directions
which were distributed in all head directions. Both types of HD
cells contained similar firing rate/head direction functions, peak
firing rates, and directional firing ranges. The large variability
in peak firing rates among the population of ATN HD cells was
also characteristic of the postsubiculum, although the signifi-
cance of this finding is unclear. The similarity between HD cells
in the ATN and postsubiculum also extends to the effects of cue
card rotation, where card rotation led to a near-equal shift in
the preferred firing direction (Taube et al., 1990b). Taken to-
gether, these similarities indicate that the spatial information
content encoded by ATN and postsubicular HD cells is com-
parable. In contrast, the level of place specificity (defined as the
ratio between in-field firing to out-of-field firing) varies among
different hippocampal areas. For example, place cell specificity
appears least in entorhinal cortex and greatest in CAl, with the
dentate and CA3 areas containing intermediate levels (Barnes
et al., 1990; Quirk et al., 1992).

The relatively wide range of head directions over which cell
firing was elevated (~90°) may at first appear to limit the in-
formational content encoded by a single HD cell. This wide
range, however, may not significantly impact the animal’s cog-
nitive perception of its head orientation. Studies in the motor
cortex have shown that the summed population vector from the
population of recorded cells was more accurate in predicting
movement of the animal’s limb than the firing of individual
cells (Georgopoulos et al., 1986). A similar interpretation has
recently been proposed for hippocampal place cells with respect
to the accurate prediction of an animal’s location (Wilson and
McNaughton, 1993). Brain areas concerned with the animal’s

Figure 11. Tllustration summarizing
the principal connections of the post-
subiculum and ATN. Areas where HD
cells have been reported are indicated
by shaded boxes. See Discussion for de-
tails.

cognitive perception of its directional orientation in an envi-
ronment may operate in a similar manner. In this scheme, the
information content contained in a single HD cell's discharge
would not reflect the animal’s perceptual head orientation as
accurately as the vector-summed activity from the population
of HD cells in that brain area. Thus, the wide firing ranges of
HD cells would not be a limiting factor in determining the
animal’s overall perceptual head orientation because the critical
variable would be the vector-summed activity of the HD cell
population.

One difference noted between the present study and previous
recordings of postsubicular HD cells was the higher percentage
of HD cells found in the ATN (approximately 60% in the ATN
vs 25% in the postsubiculum) (Taube et al., 1990a). This finding
is also consistent with results showing that simultaneous re-
cordings of multiple HD cells were more frequently encountered
in the ATN than in the postsubiculum. Taken together, these
findings may reflect the important role the ATN serves in nav-
igation.

The second major difference found between postsubicular and
ATN HD cells was that ATN HD cells ceased discharging when
the animal was hand-held by the experimenter and rotated pas-
sively through the preferred firing direction. Although most
postsubicular HD cells reduced their firing rate about 50% when
the animal was hand-held, no postsubicular cells reduced their
firing rate to near zero. Interestingly, Fosteret al. (1989) reported
an absence of firing in hippocampal place cells when the animal
was restrained, placed on a wheeled cart, and moved into the
cell’s place field. They suggested that “hippocampal neuronal
activity may reflect the association of movements with their
spatial consequences.” Similarly, the results in the present study
suggest that ATN HD cells require some type of proprioceptive
or motor signal for activation. These findings warrant further
investigation and will undoubtedly be important in determining
the functional roles both place cells and HD cells serve in guiding
behavior. Based on the known afferent projections to the AD
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thalamus (see below) it is unclear whether this motor/proprio-
ceptive information originates in the hippocampal formation,
cingulate cortex, or mamillary nuclei. Although most ATN HD
cells did not discharge during passive rotation, one ATN cell
clearly did discharge under these conditions (Fig. 9C). At pres-
ent, it is unclear why this cell responded differently. Its possible
that during the recording session the animal was not restrained
completely and was able to squirm around a little. Alternatively,
there may be two distinct types of HD cells in the ATN. Given
the difficulty in completely restraining animals under hand-held
conditions, more rigorous testing where animals are restrained
better is needed to clarify this issue.

Comparison with HD cells recorded in other brain areas

Previous studies have reported cells showing head direction-
specific firing in other brain areas. In a recent study Mizumori
etal. (1993) reported the presence of directionally tuned neurons
in LDN. With a rat performing a working memory task on an
eight arm radial maze the authors found that many LDN cells
discharged only when the animal pointed its head in one direc-
tion on two arms of the maze which were 180° opposite one
another. Although these characteristics appear similar to post-
subicular and ATN HD cells, careful examination of their results
show that LDN cells did not discharge on the remaining maze
arms when the animal turned around at the end of the arm when
it started to proceed back toward the center of the maze. Al-
though, postsubicular and ATN HD cells have not been mon-
itored in a radial maze task, the nature of the head direction
signal predicts that they would discharge in the remaining maze
arms whenever the animal pointed its head in the preferred
direction. Another major difference is that LDN HD cells ap-
peared to require visual input in order to initialize directional
firing. In contrast, postsubicular and ATN HD cells did rot
require visual input for initializing directional firing (Taube et
al., 1990b; unpublished observations). In addition, because the
description of directionally tuned neurons in LDN did not in-
clude firing rate/head direction functions, it remains unclear
whether these cells contain similar discharge parameters (e.g.,
peak firing rate, directional firing range) as ATN and postsub-
icular HD cells. Until these issues are clarified, it is unclear
whether LDN HD cells are similar to ATN or postsubicular
HD cells. Similarly, preliminary reports by Chen and Mc-
Naughton have reported head direction-like cells in the retro-
splenial and medial prestriate (Area OcM) cortex (Chen et al.,
1990; McNaughton et al., 1991). However, further investigation
is needed to determine whether these cells share similar dis-
charge characteristics as postsubicular and ATN HD cells.

In another recent study Wiener (1993) reported a small num-
ber of cells in the rat striatum which share similar characteristics
and discharge parameters as ATN and postsubicular HD cells.
However, striatal HD cells responded differently to rotations of
the environment and did not appear to be under control by a
salient visual cue. When the behavioral apparatus was rotated
90°, but a dominant visual cue (a light bulb) remained in the
same relative position to the outside room, the striatal cells
preferred direction rotated with the frame of the apparatus rath-
er than maintaining its relationship to the dominant visual cue.
Although Wiener suggested that this difference may be attrib-
uted to conflicting inertial cues from vestibular inputs, no ex-
periment was conducted to show that the animal ever used the
light bulb for a reference point. Its possible the animal was using
some other aspect of the apparatus for a reference point, and

rotation of this point during the apparatus rotation would have
led to these results. Nonetheless, its clear that striatal cells re-
sponded differently to the presence of a salient visual cue than
ATN and postsubicular HD cells. In contrast, both ATN and
postsubicular HD cells prefer to use the salient visual cue for
reference as opposed to directional information from vestibular
inputs (Taube et al., 1990b; Goodridge and Taube, 1994).

Processing of the head direction cell signal

Head direction cells were initially identified in the postsubicular
area (dorsal presubiculum) (Ranck, 1985; Taube et al., 1990a).
Some investigators recognize the postsubiculum as a fourth dis-
tinct area of the subicular complex. The postsubiculum com-
prises the dorsal portion of the presubiculum. It is not known
whether HD cells are found in ventral areas of the presubiculum,
although preliminary work by Taube and Amaral has shown
that there is little difference in the afferent and efferent projec-
tions of the two presubicular areas, suggesting that the ventral
presubicular area may also contain HD cells (Taube et al., 1990c).
The major inputs into the postsubiculum are from the subicu-
lum, ATN, and LDN thalamus (Niimi, 1978; Sorensen and
Shipley, 1979; Thompson and Robertson, 1987a; van Groen
and Wyss, 1990a,b, 1992; Shibata, 1993), while the major ef-
ferent projections are to the superficial layers of entorhinal cor-
tex, ATN, and LDN thalamus (Swanson and Cowan, 1977;
Thompson and Robertson, 1987b; van Groen and Wyss,
1990a,b, 1992). Thus, both the ATN and LDN thalamus contain
reciprocal connections with the postsubiculum. In addition to
these major connections, the postsubiculum also receives inputs
from visual areas 17 and 18, retrosplenial cortex, and anterior
cingulate cortex (Vogt and Miller, 1983), and sends projections
to the lateral mamillary nucleus (Donovan and Wyss, 1983),
areas 17 and 18 (Vogt and Miller, 1983), lateral posterior thal-
amus (Swanson and Cowan, 1977), and layer I of both retro-
splenial and cingulate cortex (Swanson and Cowan, 1977; Vogt
and Miller, 1983).

In addition to the postsubiculum, the ATN receive inputs
from the mamillary nuclei, cingulate cortex, and retrosplenial
cortex. In turn, the ATN send reciprocal projections to anterior
cingulate cortex and retrosplenial granular cortex. Within the
ATN, there is a high degree of specificity for both the afferent
and efferent projections. For example, the medial mamillary
nucleus projects to all three ATN, but the lateral mamillary
nucleus projects only to AD (Guillery, 1957; Cruce, 1975). Af-
ferents from the cingulate and retrosplenial cortices terminate
in AV and AM (Domesick, 1969; Beckstead, 1979). In contrast,
the AV and AD both project to the retrosplenial granular cortex
whereas the AM projects only to the anterior cingulate (Do-
mesick, 1972; Beckstead, 1976). The ATN projections to the
postsubiculum arise mostly from AV and AD (Wyssetal., 1979;
Shibata, 1993). The major connections of the postsubiculum
and ATN are summarized in Figure 11. Structures where HD
cells have been reported are indicated by shaded boxes.

Previous recording studies which monitored single-unit ac-
tivity in the subiculum of freely moving animals have only
reported location-specific firing (Barnes et al., 1990; Mizumori
etal., 1992; Sharp and Green, 1994). Many subicular place cells,
however, showed a secondary directional correlate when the
animal was recorded on the eight arm radial maze. That is,
subicular cells were found which discharged in one arm of the
maze, but only when the animal was pointing its head in one
direction within that arm. This secondary directional correlate



is usually observed in hippocampal place cells when recording
on the radial maze (McNaughton et al., 1983; Muller et al.,
1994). Despite these secondary directional correlates, none of
the subicular studies reported the type of head direction cor-
relate observed in the ATN or postsubiculum. Consistent with
these recording studies are anatomical findings showing an ab-
sence of an ATN projection to the subiculum (Wyss et al., 1979)
and only sparse, if any, projections from the subiculum to the
ATN (Meibach and Seigel, 1977; Donovan and Wyss, 1983;
Witter et al., 1990).

The finding of HD cells in the ATN indicates the potential
importance this structure may play in processing the directional
signal. However, because there are reciprocal connections be-
tween the postsubiculum and the ATN, the origin of the HD
cell signal remains unclear. Lesion studies which selectively dis-
rupt one area while simultaneously recording from the other
area may determine the direction in which the head direction
signal is flowing. To address this issue, Goodridge and Taube
(1993a) have recently shown in a preliminary report that elec-
trolytic lesions of the ATN led to the absence of finding HD
cells when subsequently recording from the postsubiculum. This
finding suggests that the ATN projection to the postsubiculum
is critical for the establishment of postsubicular HD cell dis-
charge. Finally, the importance of the mamillary nuclei to the
ATN head direction signal is not known. Although the ATN,
including AD, receive a major projection from the mamillary
nuclei, there have been no studies reporting the spatial correlates
of mamillary cells. Furthermore, given the dense projection of
postsubicular fibers to the lateral mamillary nuclei, monitoring
of cells in this region is warranted.

Other brain areas may also be critical for the establishment
of the HD cell signal. As discussed above, Mizumori and col-
leagues have reported directionally tuned neurons in the LDN.
Although it is unclear whether LDN neurons have similar dis-
charge properties as postsubicular and ATN HD cells, the find-
ing of a directional signal in this brain area suggests that the
LDN may also be a source for the formation of the HD cell
signal. However, as with the ATN, the LDN also contains re-
ciprocal connections with the postsubiculum and further ex-
periments are necessary to determine the direction of flow of
this spatial signal. The finding of HD cells in the striatum (Wie-
ner, 1993) is probably due to directional information projected
from the retrosplenial cortex to the striatum because there is an
absence of striatal projections to the ATN and postsubiculum.

Chen and colleagues have also reported head directional cor-
relates for cells in the retrosplenial and OcM cortices (Chen et
al., 1990; McNaughton et al., 1991). However, it is more par-
simonious to attribute the retrosplenial head direction signal to
efferent projections from either the postsubiculum, AD, or LDN
than as the origin of the head direction signal because (1) the
AD, where most ATN head direction were localized, projects
to the retrosplenial cortex, but does rnot receive reciprocal pro-
jections (only AV contains reciprocal connections) (Domesick,
1969, 1972; Beckstead, 1976, 1979) and (2) the LDN projects
directly to the retrosplenial cortex (Thompson and Robertson,
1987; van Groen and Wyss, 1992). Furthermore, although there
is a direct projection from retrosplenial cortex to postsubiculum,
the reciprocal connection of postsubiculum to retrosplenial cor-
tex is the more dense projection (Taube et al., 1990c¢). In con-
trast, the OcM area is considered part of the rat visual cortex
and does send projections to the postsubiculum (Vogt and Mil-
ler, 1983). Therefore, its possible for the OcM projections to be

The Journal of Neuroscience, January 1995, 15(1) 85

a pathway where visual information regarding directional ori-
entation is conveyed to the postsubiculum. Alternatively, visual
information may access the subicular cortex through the ATN
directly, since studies have shown that the retina has access to
neural circuits within the ATN (Conrad and Stumpf, 1975; Itaya
etal., 1981). The findings from the cue card rotation experiments
showing that selective visual cues can exert control over ATN
directional firing is consistent with these anatomical studies.

In conclusion, the present study demonstrates the presence
of HD cells in the ATN and indicates that they have similar
discharge properties as postsubicular HD cells. The preferred
firing direction of ATN direction cells can be controlled by a
salient visual cue, although locomotion by the animal may be
necessary to elicit cell firing. Finally, because there are reciprocal
connections between the postsubiculum and ATN, future stud-
ies will need to determine the origin of this spatial signal.
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