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Cohesiveness of Spatial and Directional Representations Recorded
From Neural Ensembles in the Anterior Thalamus, Parasubiculum,
Medial Entorhinal Cortex, and Hippocampus
Eric L. Hargreaves,1,2 D. Yoganarasimha,1 and James J. Knierim1*
ABSTRACT:
Anatomical and physiological evidence suggests that hippocampal place cells derive their spatial ﬁring properties from the medial
entorhinal cortex (MEC) and other parahippocampal areas that send spatial
and directional input to the MEC. MEC neurons ﬁre in a precise, geometric
pattern, forming a hexagonal grid that tessellates the surface of environments. Similar to place cells and head direction cells, the orientation of
grid cell ﬁring patterns can be controlled by visual landmarks, but the cells
maintain their ﬁring patterns even in the dark. Place cells and head direction cells can also completely decouple from external landmarks in the
light, but it is not known whether the MEC and parahippocampal regions
exhibit similar properties or are more explicitly tied to external landmarks.
We recorded neurons in the MEC, parasubiculum, and CA1 and head direction cells of the anterior thalamus as the rat’s internal direction sense was
pitted against a salient visual landmark by slowly rotating the rat in a covered bucket while counter-rotating the visual cue. In different sessions, spatial ﬁring rate maps and head direction tuning curves either rotated their
preferred ﬁring locations/directions by the same amount as the bucket
rotation or maintained their preferences in the external laboratory framework. In few cases, the ﬁring preferences rotated with the cue card. When
cells from different regions were recorded simultaneously, the dominant
response in one area almost always matched the response of the other
areas. Although dominant responses were consistent throughout the recording regions, CA1 ensembles exhibited a greater degree of response heterogeneity than other regions, which nearly all exhibited internally consistent responses. Thus, the parahippocampal and MEC input to the hippocampus can be controlled by the animal’s internal direction sense (presumably
reﬂected in the ﬁring of head direction cells) and become completely
decoupled from external sensory input, yet maintain internal coherence
with each other and in general with the place cell system of the hippocampus. V 2007 Wiley-Liss, Inc.
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INTRODUCTION
Place cells are principal neurons within the hippocampus that ﬁre when
an animal moves through a speciﬁc location in an environment, called its
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‘‘place ﬁeld’’ or ‘‘ﬁring ﬁeld’’ (O’Keefe and Dostrovsky,
1971). Place cells were one of the key phenomena that
led O’Keefe and Nadel (1978) to argue that the hippocampus was the locus of the ‘‘cognitive map.’’ O’Keefe
and Nadel (1978) posited that the cognitive map not
only permitted ﬂexible spatial navigation, but functioned as a framework upon which the signiﬁcant items
and episodes of experience could be organized for
memory storage and subsequent recall.
The precise elucidation of the information processing performed by the hippocampus in support of its
spatial and mnemonic functions has been hampered by
a sparsity of data regarding the properties of the cortical
inputs to the hippocampus. Early work suggested that
the cells of the entorhinal cortex, the main source of
afferents to the hippocampus, displayed a degree of
spatial tuning that was measurable, but on average was
much less speciﬁc than that of CA1 place cells (Barnes
et al., 1990; Mizumori et al., 1992; Quirk et al., 1992;
Frank et al., 2000; Hargreaves et al., 2005). Cells with
spatial tuning were also found upstream of the entorhinal cortex in other parahippocampal areas such as the
parasubiculum (Taube, 1995b). Furthermore, it was
shown that certain environmental manipulations that
caused CA1 place cells to ‘‘remap’’ did not cause a similar phenomenon in the MEC, which led Quirk et al.
(1992) to suggest that the spatially selective ﬁring of
MEC cells was more ‘‘sensory bound’’ than that of
CA1.
Recently, the discovery of grid cells in the dorsocaudal part of the medial entorhinal cortex (dcMEC) has
revealed a number of underlying organizational principles that will greatly enhance our understanding of the
nature of hippocampal processing (Fyhn et al., 2004;
Hafting et al., 2005; Sargolini et al., 2006). In the
dcMEC, cells ﬁre in multiple, discrete spots in a standardsize recording environment. Each spot represents
the vertex of a triangular (or hexagonal) grid based on
tessellating equilateral triangles. As the recording electrode moves further anteroventrally, the size of the vertices and the spacing between the vertices of the grid
becomes larger, showing that the scale of the grids
increases along this axis of the MEC. Because most of
the early recordings of MEC were from these more anteroventral regions, only one or two large vertices usually ﬁt within a standard recording chamber, which
thus accounted for the typically large ‘‘place ﬁelds’’
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reported in these earlier studies (Hargreaves et al., 2005).
Sargolini et al. (2006) further identiﬁed a substantial number of
dcMEC grid cells that expressed directional tuning in addition
to spatial tuning, especially in layers III, V, and VI, as well as
pure head direction cells in these layers.
Across different environments CA1 place ﬁelds exhibit a wide
variety of remapping responses, changing shape, location, and
even appearing and vanishing in an unpredictable manner from
one environment to another (Muller and Kubie, 1987; Bostock
et al., 1991; Knierim, 2003). In contrast, dcMEC grid ﬁelds
remain relatively invariant from one environment to another,
exhibiting shifts and rotations, but none of the other remapping
phenomena exhibited by CA1 (Fyhn et al., 2007). Rather than
showing that MEC cells are more sensory-bound, however, the
grid structure is almost certainly the result of an idiothetic, pathintegration-based computation, in which representations of
speed and head direction are the most salient inputs that drive
the updating of the grid-cell ﬁring (Hafting et al., 2005; Fuhs
and Touretzky, 2006; McNaughton et al., 2006). The orientation of the dcMEC grids can be controlled by rotating the location of salient landmarks at the periphery of the environment.
Moreover, the grid structure can maintain itself in total darkness
(Hafting et al., 2005), similar to CA1 place ﬁelds (Quirk et al.,
1990; Markus et al., 1994), showing that external visual landmarks are not necessary to demonstrate the grid phenomenon.
There are a number of conditions in which CA1 place ﬁelds
can become completely divorced from salient environmental
landmarks. Under these conditions, the place ﬁelds are highly
correlated with the orientation of simultaneously recorded head
direction cells (Knierim et al., 1995, 1998). The presence of
head direction cells and conjunctive grid by head-direction cells
in the dcMEC suggests that the spatial representations of the
MEC may also be tightly controlled by upstream head direction
representations, and that under appropriate circumstances the
spatial ﬁelds of the MEC may become decoupled from the external landmarks in the environment and be controlled purely by
idiothetic updating mechanisms. Consistent with this notion,
layer III of the MEC receives input from the dorsal presubiculum (postsubiculum) (Witter and Amaral, 2004), where head
direction cells were initially discovered (Taube et al., 1990a).
The dorsal presubiculum shares reciprocal connections with the
anterior thalamic nuclei (ATN), which also strongly express the
head direction signal (Mizumori and Williams, 1993; Taube,
1995a; Yoganarasimha et al., 2006).
A number of methods have been used to pit idiothetic cues
against visual landmarks, including disorientation of the animal
and brisk rotations of the animal and recording environment
(Knierim et al., 1995, 1998; Sharp et al., 1995). An elegant technique was devised by Jeffery and colleagues (Jeffery et al., 1997;
Jeffery and O’Keefe, 1999) to explicitly control the animal’s
direction sense by conﬁning it in a small enclosure on a turntable
and slowly rotating the turntable, below vestibular threshold, by
a ﬁxed amount (see also McNaughton et al., 1991; Knierim
et al., 1998). Jeffery and O’Keefe (1999) hypothesized that this
manipulation would gain explicit control over the rat’s directional sense, as the rat inside the covered box had no information
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to inform it that it was being slowly rotated relative to the external world. Under these conditions, CA1 place ﬁelds were shown
to be under the control of the directional sense in some experiments (i.e., the place ﬁeld rotated by the same amount as the
turntable was rotated) or they were controlled by the external
landmarks in other experiments (i.e., the place ﬁeld rotated by
the same amount that the landmarks were rotated).
We adopted a protocol similar to that of Jeffery and colleagues
(Jeffery and O’Keefe, 1999) and in separate groups of rats
recorded simultaneously CA1 place ﬁelds with either head direction cells of the anterior thalamus or spatially modulated cells of
the MEC and parasubiculum (a signiﬁcant input to the MEC
that exhibits spatial tuning; Taube, 1995b; Hargreaves et al.,
2005). The purpose of the experiment was (a) to test the conjecture of Jeffery and colleagues that the slow rotation gained
explicit control over the head direction cell system and (b) to test
whether the hippocampal afferents in the MEC and parasubiculum could be brought under control of the idiothetic-driven
direction system and become decoupled from the visual landmark. Finally, we wished to address the extent to which CA1
place cells, thalamic head direction cells, and parahippocampal
cells operate as a coherent ensemble under these cue-conﬂict
situations.

MATERIALS AND METHODS
Subjects
Eleven 5-month-old, male, Long-Evans rats (Charles River),
weighing  600 g at the time of arrival, were housed individually
in clear cages on a 12:12 h reversed light:dark cycle. Recordings
were performed during the dark portion of the cycle. The rats
were maintained at 80–90% of their free-feeding weights, with
ad libitum access to water. Animal care, surgical procedures, and
euthanasia were performed in accordance with National Institutes of Health (NIH) and University of Texas Health Science
Center at Houston Institutional Animal Care and Use Committee (IACUC) guidelines.

Surgeries
Rats were anesthetized with ketamine (60 mg/kg i.p.) and
xylazine (8 mg/kg i.p.) and maintained with isoﬂurane (0.5–
2.0%). The rat was placed in a stereotaxic frame, with bregma
and lambda set in the same horizontal plane. The scalp was
incised and retracted from the skull. A custom-built recording
device or a modiﬁed ‘‘Neuro-hyperdrive’’ (Kopf Instruments,
Tujunga, CA) was then implanted in the right hemisphere and
cemented to the skull and anchoring screws. Both recording
devices permitted the independent manipulation of 14–20
recording tetrodes, which were made of four lengths of ﬁne
nichrome wire (Rediohm-800, 0.0005 inch diameter; Kanthal,
Palm Coast, FL) that were twisted together (Recce and O’Keefe,
1989; Gray et al., 1995). Two of the tetrodes were fused to single
channels and functioned as references. The tetrodes were gathered into two bundles aimed at different target sites.
Hippocampus DOI 10.1002/hipo
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In one group of rats (n 5 6), a bundle of four tetrodes and a
reference was aimed at CA1 of the dorsal hippocampus (4.6–
5.03 mm posterior and 2.5–3.5 mm lateral to bregma), while
the other bundle of eight tetrodes and a reference was aimed at
the MEC (8.6–8.75 mm posterior and 4.5–5.0 mm lateral to
bregma). In the other group of rats (n 5 5), a bundle of 11 tetrodes and a reference was aimed at the anterior dorsal nucleus
(ADN) of the thalamus (0.3 mm anterior to the septal pole of
the hippocampus identiﬁed by recordings at time of surgery and
1.3–1.6 lateral to the midline), while the other bundle of 7 tetrodes and a reference was aimed at CA1 of the dorsal hippocampus (1.6 mm posterior and 0.3 mm lateral to the ADN bundle).
As described in the results, a number of tetrodes also recorded
head direction units from other anterior nuclei near the ADN
(Yoganarasimha et al., 2006). Therefore, the head direction cell
recording sites will be collectively referred to as the ATN.
Upon recovery, rats were given 26 mg of acetaminophen
(Children’s Tylenol) orally and received daily doses of tetracycline (50 mg/kg) or enroﬂoxacin (5 mg/kg) mixed with their
food until completion of the experimental procedures.

Electrophysiological Recording
Neuronal signals were passed through a head stage of complementary metal oxide semiconductor (CMOS) operational ampliﬁers (Neuralynx, Tucson, AZ) and a tethering cable. Signals were
ampliﬁed between 2,000 and 10,000 times and ﬁltered between
300 or 600 Hz and 6 kHz. Waveforms that triggered the
collection of a brief 32 kHz digital capture were stored on a PC,
using the Cheetah Data Acquisition System (Neuralynx, Tucson,
AZ).
The head stage was embedded with a circular array of lightemitting diodes (LEDs) and an additional boom arm with two
LEDs extended 15 cm back from the array for the ATN group
of rats. The position and head direction were determined from
the output of a ceiling mounted color CCD camera (model
1300; Cohu, San Diego, CA) which was fed into a video frame
grabber (DT3120; Data Translation, Marlboro, MA) or the
Cheetah Data Acquisition System internal video tracker.

Behavioral Apparatus
The recording chamber was a square (67 3 67 cm2, 51 cm
high) with grey walls and a single white detachable cue card (30
cm wide, 51 cm high) mounted on one of walls. The standard
position of the cue card was constant for each rat, but on occasion different across rats. The chamber was centered in a room,
and was surrounded by a 2.75 m diameter circle of black curtains from the ceiling to the ﬂoor. Lighting was centered over the
chamber and provided by a 25 W light bulb. Visual cues on the
ceiling were masked by an annulus of black cloth extending
from a 60 cm circular hoop surrounding the central ceiling panel
to the curtains at the perimeter. White noise emanated from a
small speaker centered beneath the recording chamber. During
behavioral recording sessions, an automated food dispenser
dropped small amounts of chocolate sprinkles at ﬁxed intervals
of 30–60 s, which could be augmented by manual triggering.
Hippocampus DOI 10.1002/hipo

(For some of the ATN rats the procedure was different, with one
of two experimenters remaining in the recording room tossing in
small amounts of chocolate sprinkles out of the rat’s visual ﬁeld
while moving slowly around the experimental room).

Experimental Procedures
For  4 days prior to the surgery the cortical group of rats
was trained to forage for chocolate sprinkles within a cardboard
square, at the end of which the rats would spend most of their
time continually wandering around the chamber in search of the
sprinkles. ATN rats, which were used initially in one or both of
two other experiments (Yoganarasimha and Knierim, 2005;
Yoganarasimha et al., 2006), did not receive presurgical training,
but they received 2–3 days of training (1 session/day) in the gray
box before the present experiment commenced.
Following 5–7 days of postsurgical recovery, rats were habituated to sit quietly and sleep in a towel-lined dish, mounted on a
pedestal on top of a turntable. The implanted recording devices
were connected to the headstage and over the course of several
days tetrodes were advanced to their respective targets. Tetrodes
aimed at CA1 were positioned by monitoring the depth proﬁle
of hippocampal sharp waves (Buzsaki, 1986) and observing the
increases in multi-unit activity. Probes targeted at the ATN were
positioned by auditory monitoring of the unit activity, detecting
the characteristic directional tuning of the units, while the rat
was passively rotated in the towel-lined dish, which sat upon a
turntable. Tetrodes aimed at the cortical targets were positioned
by advancing the tetrodes until it was thought that they were
poised above the deep layers of the cortex (based on atlas measurements and recording notes as the tetrodes were advanced
through the dorsal parts of the brain).
The daily experimental protocol consisted of two ‘‘sleep/quiet
wakefulness’’ sessions of 20–30 min bracketing a set of three behavioral recording sessions that had durations of  10 min each.
Between the behavioral recording sessions two different cue
manipulations were performed. After the ﬁrst sleep/quiet wakefulness session the rat was disconnected from the recording
tether and carried to the adjacent experimental room. The recording tether was reconnected and the rat was placed in the
chamber to forage for chocolate sprinkles initiating the ﬁrst
behavioral session.
Between the ﬁrst and second 10 min behavioral recording sessions, the white cue card was detached in full view of the rat and
rotated slowly along the wall 908 clockwise to where it was reattached in the center of the adjacent wall. (This procedure was
intentionally devised to diminish the ability of the cue card to
control the spatial/directional ﬁring of the cells, to test the strong
hypothesis that the cortical cells could never become decoupled
from the salient landmark; see Knierim et al., 1995; Jeffery
et al., 1997; Jeffery and O’Keefe, 1999.) Between the second
and third sessions, the rat was enclosed in a small (19 3 17 3
26 cm3), covered bucket placed in the center of the chamber.
The covered bucket was mounted on top of a motorized turntable which rotated the bucket and rat 908 counterclockwise over a
period of 2 min (0.112 rpm). While the rat and bucket were
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being rotated counterclockwise, the cue card was rotated (unseen
by the rat) a further 908 clockwise. Subsequently, the rat was
removed from the bucket and the third behavioral recording
session was started. Upon completion of the behavioral sessions,
the rat was transferred back to the towel-lined dish for the
second sleep/quiet wakefulness session, which completed the
daily experimental protocol.

Histological Procedures
Upon completion of the experiment, small electrolytic marker
lesions were made on a subset of the tetrode tips by passing 10
lamp of anodal current for 10 s. The rats were then perfused
transcardially with 10% stock solution of formol saline. The
head was removed and soaked in perfusate overnight, after which
the brain was extracted, placed in a 30% sucrose formalin solution, encased in gelatin, and cut in serial coronal sections (40
lm) on a freezing microtome. Subsequently, the sections were
mounted on slides, stained with cresyl violet, and photographed
with a digital camera. Methods for the reconstruction of the electrode tracks, assignment of each track to a tetrode and identiﬁcation of the regions and the layers along each track from which
the different units were recorded at different depths have
been described fully in prior reports (Hargreaves et al., 2005;
Yoganarasimha et al., 2006).

Ofﬂine Discrimination of Units
The tetrode allows the isolation of single units based on the
relative signal amplitudes simultaneously recorded at four
slightly different locations. Additional waveform parameters,
such as spike ‘‘energy’’ and spike width, were occasionally used
to assist the isolation based on relative amplitudes. Scatter plots
of the different waveform parameters were made, plotting the
values of one wire against one of the other three. Isolatable units
form clusters, the boundaries of which were manually deﬁned
with the use of custom, interactive software (Winclust) running
on a PC workstation. Isolation quality of units was ranked on a
subjective scale of 1 (very well isolated) to 4 (marginally isolated), based on the size of the waveforms relative to background
and on the closeness and degree of potential overlap between
neighboring clusters. These ratings were made independent of
the place-ﬁeld quality of the cell or of its response to the cue
manipulations. All cortical and hippocampal cells rated ‘‘marginal’’ during behavioral sessions were excluded from further
analyses. However, a number of the less well isolated units from
the ATN were kept in the analysis, after it was judged that there
was no overlap or signal interference from other units, but only
a truncation of the cluster close to the spike acquisition threshold, such that not all of the unit’s spikes were captured. Although
this may have had the overall effect of lowering the ﬁring rate of
these units, it did not affect the sharpness of the directional tuning curves. Additionally, for all cortical and hippocampal cells,
spatial information scores and their reliability were
calculated (Skaggs et al., 1993). Although the full range of spatial
information scores was accepted into the analysis, those scores
deemed to be statistically unreliable (P > 0.01) were excluded.

FIGURE 1.
Representative histological sections stained with
cresyl violet showing the placement of tetrode tracks. Thick arrows
indicate the end of the tetrode tracks and thin arrows indicate borders between anatomical regions. Scale bars in each panel represent
1 mm. (A) Anterior dorsal nucleus (ADN) and anterior ventral nucleus (AVN) of the thalamus. Head direction cells recorded along
the identiﬁed ADN tetrode track were included in the analyses
(Table 1: R64 sessions 16 and 17). No head direction cells were
recorded from the AVN track of this animal. (B) Parasubiculum
(PaS) and medial entorhinal cortex (MEC), with the border dividing the two regions identiﬁed by the small arrow. The ﬁring-rate
maps of units 6 and 7 depicted in Figure 6 were located along the
identiﬁed track through the parasubiculum. (C) CA1 region of the
hippocampus. The ﬁring-rate maps of unit 9 depicted in Figure 6
were recorded from the medial track.
Hippocampus DOI 10.1002/hipo
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FIGURE 2

This procedure removed 19 CA1 units, 11 MEC units, 7 parasubicular units, and 4 units from the border regions of the parahippocampal areas. Fifteen CA1 cells that remapped were exempted
Hippocampus DOI 10.1002/hipo

from this rule by either appearing or vanishing during behavioral
sessions. Units that exhibited remapping in this fashion were
conﬁrmed to be present during both the sleep/quiet wakefulness
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sessions that bracketed the behavioral sessions. This did not
apply to cells in the parahippocampal areas, since they never
exhibited this behavior.

Directional and Spatial Tuning
Measures and Analyses
Directional tuning curves based on the ﬁring rate of ADN
units were constructed by segmenting the full 3608 directional
space into 108 bins, and for each bin, dividing the number of
spikes ﬁred when the rat faced that direction by the amount of
time the rat spent facing that direction. Spatial ﬁring rate maps
were constructed by segmenting the environment into  3 cm
square bins and, for each bin, dividing the number of spikes by
the amount of time the rat spent occupying the bin. The rate
maps were then smoothed by the adaptive binning algorithm of
Skaggs et al. (1996). Not all of the pixels making up the edges of
the ﬁring rate maps had sufﬁcient occupancy times. To be
included in the analyses the edge pixels required a minimum
occupancy time of 250 msec. Subsequently, pixel column and
rows making up the ﬁring rate map edges that were composed of
less than 25% of the length of a side were also eliminated. This
was done for all ﬁring rate maps within a session. For each unit
accepted into the analysis the smallest square ﬁring rate map of
the three trials was determined. If necessary, the associated ﬁring
rate maps were trimmed to the same size, preserving the edges
with the greatest variability in ﬁring rate over those with less ﬁring rate variability. Thus, all three ﬁring rate maps belonging to
a single unit were squared and set to a standard size.
The impact of the manipulations upon the directional ﬁring
properties of units recorded from the ATN of the thalamus was
assessed by directional correlations identical to those in Yoganarasimha and Knierim (2005). The impact of the manipulations
upon the positional ﬁring properties of units was assessed by spatial correlations, similar to those of Muller et al. (1987). Directional correlations were calculated between the tuning curves of
sequential sessions within a daily experimental protocol: session
one against session two, and session two against session three.
The Pearson product-moment correlation between tuning curves
was calculated with the second curve rotated in one of 35 posi-

FIGURE 2.
Firing-rate maps and directional tuning curves of
representative multi-site ensemble recordings from the CA1 place
cells and anterior thalamic nuclei (ATN) head direction cells. Each
row represents a unit’s response to the cue manipulations across
the experimental protocol. The black bar adjacent to the rate
maps indicates the position of the white cue card at the beginning
of each session. Session 1 shows the baseline session with the cue
card located on the west wall. Session 2 shows the cue-card rotation session subsequent to a 908 clockwise rotation of the cue by
the experimenter, in full view of the rat. Session 3 shows the cue
conﬂict session after the rat was placed in the bucket, covered, and
slowly rotated counterclockwise 908 (signiﬁed by the black curved
arrow), while the cue card was rotated another 908 clockwise out
of view of the rat. Individual ﬁring-rate maps are color coded with
dark blue indicating no ﬁring and dark red indicating the maximum ﬁring-rate (shown under the FR column). Head direction
tuning curves represent directional ﬁring in 108 bins. The maxi-

831

tions, in increments of 108 shifts. The angle that produced the
highest correlation was taken as the amount that the directional
ﬁring rate tuning curve had shifted between the two sessions.
Spatial correlations were performed by matching pixel pairs
across the maps and calculating Pearson product-moment correlations on the resulting two arrays of ﬁring rates. If either pixel
in a matched pair was of insufﬁcient occupancy both pixels in
the pair were dropped. Spatial correlations were calculated
between the maps of sequential sessions within a daily protocol:
session one against session two, session two against session three.
Correlations between maps were performed with the second
map rotated by multiples of 908. A rotation was deemed to have
occurred if one of the four correlations was greater than the minimum cut-off of r 5 0.45 (r2 5 0.20), and exceeded all other
correlations by a minimum of 0.15. Several of the rotational
positions had special signiﬁcance that suggested the maps had
adhered to a speciﬁc cue set. A rotation of 08 indicated that the
maps had remained in the same position relative to uncontrolled
cues within the external laboratory framework. A rotation of 908
clockwise indicated that the second map had rotated with the
visual cue in relation to the ﬁrst map. A rotation of 2708 clockwise
indicated that the second map had rotated 908 counterclockwise
suggesting that it had adhered to the internal direction sense
determined by the rotation of the covered bucket. If all four spatial correlations failed to exceed 0.45 and the ﬁring rate map
maintained a signiﬁcant spatial information score (Skaggs et al.,
1993) of 0.5 or greater, the cell was considered to have remapped
its spatial selectivity. If all four spatial correlations failed to
exceed 0.45 and the ﬁring rate maps did not express a signiﬁcant
spatial information score of 0.5 or greater the result was deemed
unclear.

Results
We recorded simultaneously from CA1 and the ATN in 5 rats
(9 sessions) and from CA1 and parahippocampal regions (mostly
the MEC and parasubiculum, with a small number of units
located also in the presubiculum and subiculum) from 4 rats (18
sessions) and CA1 alone in 2 rats (5 sessions) (Fig. 1). On average, the number of cells that met our analysis inclusion criteria

mum rotation correlations and associated rotational position,
between sessions 1 and 2 and between sessions 2 and 3, are indicated beneath the unit’s identifying number. A rotation angle of 08
indicates that the cell’s preferred location/direction remained in
place; 908 indicates that the location/direction rotated clockwise to
follow the visual cue card; and 2708 indicates that the location
direction rotated counterclockwise to follow the covered bucket
rotation. The majority of CA1 place cells and ATN head direction
cells remained in place after the initial visible cue-card rotation,
and they rotated 908 CCW (2708 CW) with the idiothetic, subvestibular (ISV) cues determined by the covered bucket during the
second conﬂict rotation. The ATN ensemble acted as a cohesive
whole during both cue set rotations, while the CA1 place ﬁeld
ensemble exhibited a small number of cells (cells 11 and 13) that
deviated from the dominant ensemble response (see text for
details). ADN: anterior dorsal nucleus of the thalamus; LDN: lateral dorsal nucleus of the thalamus.
Hippocampus DOI 10.1002/hipo
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FIGURE 3.
Firing-rate maps and directional tuning curves of
representative multi-site ensemble recordings from the CA1 place
cells and anterior thalamic nuclei (ATN) head direction cells. In
this example, the CA1 place cell ensemble and the ATN head
direction ensemble remained in place at 08 following both the visible cue-card and conﬂict rotations. Cell 15 appears to rotate 108

in response to the visible cue-card rotation, but this is within the
range of error of the tuning curve resolution. Once again there is
strong internal cohesiveness within each ensemble, and a strong
coupling between the place ﬁeld and head direction ensemble
responses. Figure conventions are the same as Figure 2.

of cluster quality and spatial information score reliability for
each session was 7.9 units for CA1 (range 1–28), 3.4 head direction units for the anterior thalamus (range 1–8), and 5.4 units
for the parahippocampal regions (range 1–14). In many cases,
the same cells were recorded over days. Because the nature of the
analysis is based on a comparison of cell responses within simultaneously recorded ensembles between and within brain areas,
rather than on a tabulation of individual responses properties,

we made no attempt to identify which cells were recorded multiple times across sessions.

Hippocampus DOI 10.1002/hipo

The Subvestibular Rotation Gains Control
Over the Head Direction Cell System
The ﬁrst objective of this study was to determine whether the
subvestibular rotation of the rat in the covered bucket gains
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explicit control over the rat’s sense of direction, as originally
hypothesized by Jeffery et al. (1997). CA1 place ﬁelds were
recorded simultaneously with head direction cells from the
ATN. The experiment with our largest ensemble of head direction cells is shown in Figure 2. When the visual cue card was
rotated within the apparatus in the presence of the rat, all place
cells and head direction cells ignored the cue rotation and maintained their preferred ﬁring locations/directions relative to the
external laboratory framework (Rotenberg and Muller, 1997).
(The result of cell 13 was somewhat ambiguous, because its place
ﬁeld was close to the center of the box.) After the rat was placed
in the bucket and rotated slowly CCW, while the cue card
was rotated CW, all place cells and head direction cells rotated
their preferred locations/directions 908 CCW (2708 CW),
following the idiothetic cues and ignoring both the cue card and
any uncontrolled landmarks in the laboratory. These results
support the argument of Jeffery and colleagues, in that the
rotations of the place ﬁelds matched the rotation of the head
direction cell ensemble, which presumably underlies the rat’s internal sense of direction (Jeffery et al., 1997; Jeffery and
O’Keefe, 1999).
Figure 3 shows an example of an experiment in which the ﬁring properties of the cells were unaffected by the experimental
manipulations. Both place cells and head direction cells maintained the same ﬁring locations/directions when the cue card was
rotated in the presence of the rat and when the rat was rotated in
the bucket and the cue card was rotated further. (The lone exception was cell 9, which elongated its place ﬁeld in such a way as
to result in a 908 CW rotation score in Session 2.) Overall, in
this situation, the ﬁring of the cells was controlled presumably
by static background cues in the laboratory, which were intentionally minimized (see Methods) but which can nonetheless
exert inﬂuence over the cells under appropriate conditions (e.g.,
O’Keefe and Speakman, 1987). The important point for the
present study is that when the cells were controlled by the background cues, both place cells and head direction cells were controlled the same.
To further understand the response of the head direction cells
to this manipulation, we recorded two sessions in which the
bucket was left uncovered while the rat was rotated slowly with
the room lights off, such that we could record the head direction
of the rats during the bucket rotation. In each case, the rat was
placed in the bucket facing the preferred ﬁring direction of the
cell. In one session the rat moved around frequently during the
rotation, and when it sat still it tended to sit in a direction that
did not correspond to the preferred direction of any cell recorded
that day. It was thus difﬁcult to correlate directly the rotation of
the bucket with the ﬁring of the cell on a moment-by moment
basis. However, in the other session, the rat sat mostly quiet during the entire rotation period, during which the head direction
cell maintained a tonic level of activity as the rat slowly changed
its direction 908 in the external reference frame of the room but
maintained the same direction in the reference frame of the
bucket itself (Fig. 4). Thus, in the absence of any information
(idiothetic or landmark) that it was changing its direction relative to the external world, the cell continued to ﬁre at a sustained
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FIGURE 4.
Shift in preferred ﬁring direction of head direction
cells during rotation of the bucket. The top panel shows the
sequence of head directions of the rat (sampled at 30 Hz) during
foraging in the box, during rotation in the bucket, and during
subsequent foraging in the box. The bottom panels show the activity of two head direction cells; each dot signiﬁes the current head
direction of the rat whenever that cell ﬁred a spike. During the
ﬁrst foraging period, cell 1 ﬁred whenever the rat’s head was
pointed at  2608. The rat was placed in the bucket facing close
to that direction (near the tail of the cell’s tuning curve), and the
cell ﬁred tonically (mean ﬁring rate of 7.25 Hz) throughout the
rotation period (2 min). When the rat was taken out of the
bucket, the cell now ﬁred at a direction  908 counterclockwise
from its original preferred direction. Cell 2 ﬁred at  1008 during
the ﬁrst foraging period, with a tuning curve that did not overlap
with the rat’s head direction at the start of the rotation. This cell
ﬁred at a lower rate (1.59 Hz) during the bucket rotation, and its
preferred direction also shifted CCW when the rat was placed
back in the box. The tonic activity of cell 1 during the entire
bucket rotation suggests that the slow, subvestibular rotation of
the bucket captured the ﬁring of the head direction cell system, as
the system received no information that the rat was being rotated
relative to the external environment.

rate, and it retained the new preferred ﬁring direction when the
rat was placed back into the recording chamber after the rotation. This recording shows that the bucket rotation exerted
strong, quantitative control over the ﬁring of the head direction
cell system.
These manipulations were performed nine times in ﬁve rats
(Table 1). In all nine cases where the visual landmark was rotated
in view of the rat, the head direction cells maintained their preferred ﬁring direction in the coordinate frame of the external
laboratory (i.e., they ignored the card rotation). For 7/9 experiments, two or more head direction cells were recorded simultaneously, and every head direction cell maintained the same direction preference after the card rotation. The results differed when
the cue card and the rat in the bucket were rotated in opposite
directions. For 6/9 experiments, the preferred directions of the
Hippocampus DOI 10.1002/hipo
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TABLE 1.
Ensemble Results for the Nine Experiments in Five Rats Recorded From CA1 and the ATN
Visible cue rotation

SessID No

Area

Units

08
(Same)

1) R64-16

ATN
CA1
ATN
CA1
ATN
CA1
ATN
CA1
ATN
CA1
ATN
CA1
ATN
CA1
ATN
CA1
ATN
CA1
ATN
CA1

2
3
1
3
2
1
2

2
2
1
3
2
1
2

3
12
4
13
1
7
8
16
8
16
31
71

3
9
4
11
1
6
8
14
8
14
31
60

2) R64-17
3) R86-11
4) R86-12
5) R95-11
6) R95-12
7) R102-3
8) R119-12
9) R119-13
Sum

908
(Card)

1808

2708
(ISV)

Conﬂict rotation

Remap

Unclear

08
(Same)

908
(Card)

1808

2708
(ISV)
2
1
1
1
2

1

Remap

Unclear

2
1

1

1
2

1

3
9

2
1

4
12

1

1

1
8
16

1

1

1
1

1

3

1

12
29

6

3
1
1
4

3
9

8
15
16
22

2

1
10

1

08 (Same): remained ﬁxed in the external laboratory frame.
908 (Card): rotated in relation to the visible cue card.
1808: rotated 1808 (not predicted by any cue manipulation).
2708 (ISV): rotated in relation to the idiothetic subvestibular (ISV) cues set by the covered bucket.
Remap: (partial) remapping.
Unclear: unclear response.

head direction cells rotated  908 CCW along with the bucket
(Fig. 2), whereas in two experiments the preferred directions
stayed the same relative to the laboratory framework (presumably reﬂecting an inﬂuence of uncontrolled, background cues in
the laboratory) and for one experiment the preferred directions
rotated  908 CW to follow the rotation of the cue card. As in
the card-alone rotation experiments, simultaneously recorded
head direction cells always rotated by the same amount (6208),
demonstrating that these cells are tightly coupled to each other
(Yoganarasimha and Knierim, 2005; Yoganarasimha et al.,
2006).
The results from CA1 were more variable at the single-cell
level, but were identical at the neural ensemble level. That is,
although in any given session CA1 cells could show a variety of
responses to the manipulation, it was usually possible to identify
a dominant response (deﬁned as a single response category that
contains a majority–greater than 50%–of the cells in an ensemble), and that dominant response almost always matched the
response of the simultaneously recorded head direction cells. In
all eight experiments in which CA1 place cells were recorded
with head direction cells in the cue card-alone rotation, the most
common response of individual place ﬁelds was to stay in the
same location, just as the head direction cells maintained the
Hippocampus DOI 10.1002/hipo

same preferred direction. A small minority of place cells either
remapped or rotated to align with one of the three other cardinal
directions. Furthermore, the dominant response of an ensemble
matched the head direction cells during all eight experiments.
For 6/8 experiments in which the rat and the cue card were
counter-rotated, the dominant response of the CA1 ensemble
also matched the response of the simultaneously recorded head
direction cells, in different experiments either rotating their ﬁelds
908 CCW, 908 CW, or staying at the same position. In the other
two experiments, only small numbers of CA1 cells were
recorded. In one case (64-16), only three place cells met criteria,
of which two remapped and one rotated CCW to match the
rotation of the head direction cells. In the other case (64-17),
one cell remapped, another had an unclear response, and the
third cell rotated its place ﬁeld CCW to follow the rotation of
the head direction cell. In no experiment did we see a majority
of place ﬁelds rotate with either the cue card or the bucket rotation in a direction different than the head direction cell ensemble. Rather, the only cases of discordant responses occurred when
place ﬁelds remapped or displayed ambiguous responses. Thus,
under these conditions, the place ﬁelds that did not remap and
the head direction cell ensembles were strongly coupled to each
other.
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CA1 Place Cells and Parahippocampal Cells Can
Be Controlled by Idiothetic or Visual Cues, but
They Remain Strongly Coupled
As reported previously (Quirk et al., 1992; Taube, 1995b;
Hafting et al., 2005; Hargreaves et al., 2005), cells from the
MEC and from the parasubiculum display spatially selective ﬁring that is less speciﬁc, on average, than CA1 place ﬁelds. Figure
5 shows the distribution of spatial information scores for the
cells of the primary regions in the present study. Similar to CA1
and head direction cells, the spatially tuned or biased ﬁring of
MEC and parasubiculum neurons could be controlled by either
the idiothetic cues manipulated by the bucket rotation, by the
visual cue on the wall of the recording chamber, or by uncontrolled background cues. A representative example of one experiment is shown in Figure 6. In this experiment, the parahippocampal cells rotated their ﬁring ﬁelds 908 CW when the cue card
alone was rotated in view of the rat, whereas the lone CA1 place
ﬁeld had an ambiguous response because of its location near the
center of the box. When the rat was slowly rotated 908 CCW in
the bucket and the cue card was rotated 908 CW, all parahippocampal ﬁelds rotated 908 CCW (2708 CW) to follow the bucket
rotation, and the CA1 place ﬁeld remapped. These data show
that, just like CA1 place ﬁelds and head direction cells, the spatial ﬁring ﬁelds of parasubiculum and MEC neurons can be explicitly controlled by idiothetic cues, overriding the input from
salient visual landmarks. Moreover, the parahippocampal ﬁelds
rotated as a coherent ensemble.
A ﬁnal example showing coherent responses between CA1 and
parahippocampal ﬁring ﬁelds is shown in Figure 7. During this
experiment, almost all of the place ﬁelds ignored the visible cuealone rotation and rotated with the bucket in the cue-conﬂict
rotation (with some partial remapping also evident). Only 1/4
parahippocampal cells had a well-deﬁned place ﬁeld, but the
other three had spatial biases. All four ﬁelds had highest correlation at 08 after the visible cue-alone rotation, and 3/4 had highest correlation at 908 CCW (2708 CW) after the cue-conﬂict
rotation, with the lone dissenter (cell 9) losing its spatial bias in
the last session. It is worth noting that cells 8 and 9 exhibit
strong spatial correlations between the ﬁrst and second behavioral sessions, despite being fast spiking units that typically have
low spatial information scores (Fig. 5). Within the hippocampus
fast spiking interneurons with similar weak spatial tuning
(McNaughton et al., 1983) have also exhibited reliable spatial
correlations (Kubie et al., 1990). Thus, both CA1 and parahippocampal ensembles were largely coherent in their responses to the
experimental manipulations.
The experimental protocol was performed 18 times in four
rats with parahippocampal recordings. A dominant response of
the parahippocampal ensemble could be determined for 16 sessions in which the visual cue was rotated in view of the rat. Of
these 16 sessions, the spatial ﬁring ﬁelds remained in the same
location in the box for 14 sessions, the ﬁring ﬁelds rotated 908
CW to follow the rotation of the cue card in one session, and
the dominant response in the other session was unclear (Table 2).
In almost all sessions, the large majority of cells belonged to the

FIGURE 5.
Frequency histograms of spatial information scores
for units from CA1, the two main parahippocampal regions in this
study (the parasubiculum and MEC) and the border region
between them, drawn exclusively from the dually implanted rats
with cannulae aimed at the same regions. Spatial information
scores reﬂect the amount of location information (bits/spike)
derived from individual units’ ﬁring (Skaggs et al., 1993). The
small number of subicular and presubicular units recorded in the
study were excluded from these distributions. Units recorded from
all cortical layers were pooled together. No attempt was made to
separate out unique units across days and consequently the histograms include some redundancies. All spatial scores were derived
from the initial baseline behavioral recording session of the experimental protocols. Tick labels along the x-axis reﬂect the values of
rightmost edges of the frequency bins. Note the differences in yaxis scales. FS: fast-spiking units; non-FS: nonfast spiking units.
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dominant response category, and all other cells either fell into
the ‘‘remap’’ or ‘‘unclear’’ category; in no instance did a cell
rotate its ﬁring ﬁeld clearly in a direction different from the
dominant response.
When the cue card and the rat in the bucket were counterrotated, a dominant response was determined for 16/18 experiments. In eight of these 16 experiments, the dominant response
of the parahippocampal ﬁring ﬁelds was to stay in the same locations relative to the laboratory frame of reference, ignoring both
the visual cue card and the bucket rotation. Of the remaining
eight experiments, for four experiments the dominant response
was to rotate 908 CCW to follow the rotation of the bucket
(i.e., breaking away from all external landmarks in the room or
in the square chamber); for two experiments the dominant
response was to rotate 908 CW to follow the rotation of the
cue card; and for two experiments the dominant response (a singlecell recording) was unclear. Both cases in which no dominant
response could be assessed were the result of half of the cells
falling in the remap or unclear category. As with the cue-alone
rotations, there were no instances of simultaneously recorded
parahippocampal cells that rotated their ﬁring ﬁelds in different directions. Rather, the cells all maintained a coherent representation relative to each other or displayed ambiguous
responses.
Four units recorded from the parahippocampal region were
classiﬁed as having remapped based on the applied criteria (see
Methods). Of the four units only one, recorded from the interface between the ventrocaudal subiculum and white matter,
exhibited CA1-like remapping in that the shape and size of its
place ﬁeld changed signiﬁcantly. This unit had a waveform shape
consistent with a ﬁber, so it is not clear whether it was really a
subicular cell. Two other units fell just short of the correlation
cut-off of r > 0.45, while the last unit had a competing rotational position that was within 0.09 difference of the maximum
correlation. For these latter three cases, had the criteria been less

stringent, all would have been classiﬁed as exhibiting the dominant ensemble response. As such, none of the cells recorded
from the parahippocampal regions clearly exhibited true CA1like remapping.
Results similar to the parahippocampal regions were obtained
for the CA1 recordings in the cue card-only rotations. Of the 22
experiments, dominant responses could be identiﬁed in 21 cases,
in all of which the dominant response was to maintain the place
ﬁelds in the same locations. When the cue card and the bucket
were counter-rotated, a dominant response could be identiﬁed
for 20/22 experiments. In eight cases, the dominant response
was to maintain the place ﬁelds in the external laboratory reference frame; in eight cases the dominant response was to rotate
the place ﬁelds 908 CCW to follow the rotation of the bucket; in
two cases the dominant response was to rotate the place ﬁelds
908 CW to follow the rotation of the cue card; and in two cases
the dominant response was to remap the place ﬁelds.
Of the 14 cue card-only rotation manipulations in which
dominant responses could be identiﬁed in simultaneously
recorded CA1 and parahippocampal ensembles, the dominant
responses matched in 12 cases. One of the discrepant cases (583) came from an experiment in which only one CA1 cell was
recorded (Fig. 6). This cell had a place ﬁeld near the center of
the recording chamber and its rotation angle was correspondingly difﬁcult to assess, whereas all of the parahippocampal ﬁelds
rotated 908 to follow the cue card. It is thus possible that a larger
ensemble of CA1 cells would have demonstrated a majority of
CA1 place ﬁelds also rotating with the cue card. The second discrepant case (90-12) came from a recording in which the dominant parahippocampal response was unclear. In this case, the only
cell that had a clear response matched the hippocampal dominant
response, in that it maintained its ﬁeld in the same location in the
laboratory reference frame.
Of the 15 bucket-cue card counter-rotation manipulations for
which dominant responses could be identiﬁed in simultaneously

FIGURE 6.
Firing-rate maps of representative multi-site ensemble recordings from the CA1 place cells and parahippocampal
cortical regions. Results from the superﬁcial layers of the parahippocampal region indicate an uncommon visual cue-card ensemble
response resulting from the initial displacement of the visual cuecard in front of the rat. In this regard it is worth noting that session 3 was the ﬁrst time the manipulation was performed upon rat
58. Despite its rarity the parahippocampal ensemble response
remained internally consistent, being controlled ﬁrst by the cue

card and then by the idiothetic (bucket) cues after the cue-conﬂict
manipulation The lone CA1 place cell response was difﬁcult to
assess due to a centrally located place ﬁeld and the remapping that
occurred for this cell in Session 3. Figure conventions are the same
as Figure 2. Exact location of parahippocampal recordings identiﬁed to the right of the unit number after Paxinos and Watson
(2005). PaS: parasubiculum; M: medial entorhinal cortex; PrS:
presubiculum; II–III: superﬁcial cell V–VI: deep cell layers.

FIGURE 7.
Firing-rate maps of representative multi-site ensemble recordings from the CA1 place cells and parahippocampal
cortical regions. The dominant response for both the CA1 place
ﬁelds and the cells from the parahippocampal regions was to
remain in place at 08 after the visible cue-card rotation, and to
rotate 908 CCW (2708 CW) after the bucket rotation. As in other
examples, CA1 exhibited a small degree of response heterogeneity,
with cell 5 remaining in place after the bucket rotation. Further,
cell 9 of the parahippocampal sample lost its spatial bias after the
bucket rotation. The recording site of cells 8, 9, and 10 were
somewhat indeterminant. Although clear delineations between the

superﬁcial layers of the MEC, parasubiculum, and presubiculum
can be identiﬁed from nissl stained material, no parallel distinctions are found for the deep layers, which in fact have been suggested to be continuous with the subiculum (Witter and Amaral,
2004). The recording site of this tetrode was in a region of the
deep layers that was located at the junction of these three regions,
making it difﬁcult to determine how these cells should be classiﬁed. Figure conventions are the same as Figure 2. PaS: parasubiculum; M: medial entorhinal cortex; S: subiculum; V-VI: deep cell
layers; mid: middle region between superﬁcial and deep layers; FS:
fast spiking.
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recorded CA1 and parahippocampal ensembles, the dominant
responses matched in 12 cases. In two cases of discordant
responses, only one cell was recorded from parahippocampal
regions, and the cell had an unclear response. In the other discordant response, only one CA1 place cell was recorded, and the
cell remapped. Thus, in all other cases in which a dominant
response could be identiﬁed, the CA1 and parahippocampal
responses were concordant.

DISCUSSION
These results show that neurons in the hippocampus, parasubiculum, medial entorhinal cortex (MEC), and anterior thalamus act as coordinated ensembles in producing a coherent spatial framework that is thought to underlie spatial learning, context-dependent learning, and episodic memory. In two groups of
animals, CA1 place cells were recorded simultaneously with
either head direction cells of the anterior thalamus or with neurons in the parahippocampal regions that provide input into the
hippocampus. The rat’s sense of direction was explicitly controlled by its slow rotation in a covered bucket (Jeffery et al.,
1997; Jeffery and O’Keefe, 1999), and this manipulation was
pitted against a counter-rotation of the salient visual landmark
in the environment. In some cases, the preferred ﬁring directions/locations of the cells were controlled predominantly by the
bucket-rotation manipulation, in other cases by the static,
uncontrolled cues in the laboratory, and in few cases by the controlled visual landmark. In almost all cases, the simultaneously
recorded cells acted similarly; the few exceptions resulted from
cell responses that were unclear or from data sets with limited
numbers of cells. Because the head direction cells acted in concert with the CA1 place cells in one group of rats, and the parahippocampal cells acted in concert with CA1 place cells in the
other group of rats, we infer that head direction cells act in concert with the spatial representations of the parahippocampal
regions that provide the spatial input into the hippocampus.
The remarkable discovery of grid cells in the MEC has fundamentally altered our understanding of the nature of the inputs
that give rise to the spatially selective ﬁring of hippocampal place
cells (Fyhn et al., 2004; Hafting et al., 2005). The precise, geometrically regular ﬁring patterns of these cells cannot be
explained by sensitivity to any single cue or conﬁguration of cues
in the external environment, and therefore it is almost certain
that the grid pattern derives from a path-integration computation in which self-motion cues update the ﬁring of the cell in a
periodic fashion (Hafting et al., 2005; Fuhs and Touretzky,
2006; McNaughton et al., 2006). Like place ﬁelds, the spatial
grids of grid cells can be oriented by salient visual landmarks,
but the grid pattern is preserved even in total darkness (Hafting
et al., 2005). The ﬁnding that pure grid cells in MEC are mixed
with head direction cells and conjunctive grid by head direction
cells also highlights the importance of the interaction between
the vestibular-dependent head direction cell system (Stackman
and Taube, 1997) and the grid cell system (Sargolini et al.,
Hippocampus DOI 10.1002/hipo

2006). The disruption of the vestibular system not only affects
the directional tuning but also impacts the downstream spatial
ﬁring of CA1 (Stackman et al., 2002; Russell et al., 2003b) and
impacts spatial learning (Ossenkopp and Hargreaves, 1993;
Russell et al., 2003a).
A major ﬁnding that cemented the importance of idiothetic
cues on the ﬁring of place cells was the demonstration that place
ﬁelds could decouple from salient visual landmarks even in the
light, and that they maintained internal coherency with other
place ﬁelds and with head direction cells (Knierim et al., 1995;
Jeffery et al., 1997; Knierim et al., 1998; Jeffery and O’Keefe,
1999). Although Hafting et al. (2005) showed that grid cells
maintained ﬁring in darkness, it is conceivable that nonvisual,
external sensory cues oriented the grids under their conditions.
The present results show, however, that MEC and parasubiculum cells are correlated with the ﬁring of head direction cells
when they decouple from any external sensory landmarks, thus
demonstrating that these hippocampal afferents are just as
strongly coupled to each other as place ﬁelds are to the head
direction system. Although the recording sites of the MEC cells
of the present study were in general too far anteroventral to discern clear grid-like ﬁring in the small enclosure, the ﬁring patterns of the cells are consistent with the notion that these were
likely grid cells that tessellate the environment at a larger spatial
scale than cells recorded more dorsocaudally (Hafting et al.,
2005; Hargreaves et al., 2005). Thus, these data demonstrate
convincingly that the spatial representation of the MEC and parasubiculum are internally coherent representations that can be
decoupled from the external sensory environment, yet maintain
internal coherence with each other and with the place cell system
of the hippocampus and the head direction cell system of the anterior thalamus. That the parahippocampal place ﬁelds continued to maintain constant distances from the boundaries of the
enclosure, even when they rotated, is consistent with observations that the scale of the grids can be distorted by stretching/
shrinking the walls of the recording environment (Barry et al.,
2007). These results show that the grid cells must receive input
from representations of the environmental boundaries that are
distinct from the directional representations of the head direction cells.
These experiments also demonstrate that the experimental
manipulation devised by Jeffery and colleagues (Jeffery et al.,
1997; Jeffery and O’Keefe, 1999) explicitly gains control over
the animal’s head direction cells. When the animal was placed in
the bucket facing within the directional ﬁring range of the cell
and was relatively still throughout the slow rotation, the cell ﬁred
during the entire rotation and maintained its new preferred
direction when placed back in the behavioral chamber (Fig. 4).
In the absence of any vestibular, optic ﬂow, or other information
that it was being rotated relative to the external world, the rat’s
head direction system continued to ﬁre at the initial heading representation during the rotation period. When placed back in the
chamber, the system then faced a conﬂict between its new orientation and the orientation of the visual cue card and the uncontrolled laboratory cues. In many cases the cells stayed in the new
orientation, and in other cases they recalibrated to the static
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TABLE 2.
Ensemble Results for the 18 Experiments in Four Rats Recorded From CA1 and the Parahippocampal Areas
Visible cue rotation

SessID No
1) R58-3
2) R58-4
3) R58-5
4) R58-6
5) R58-7
6) R58-8
7) R69-6
8) R69-7
9) R69-8
10) R90-6
11) R90-7
12) R90-9
13) R90-10
14) R90-11
15) R90-12
16) R92-5
17) R92-6
18) R92-7
19) R96-7
20) R96-9
21) R61-4
22) R61-5
23) R61-6
Sum

Area

Units

Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
Parahip
CA1
CA1
CA1
CA1
CA1
CA1
Parahip
CA1

8
1
7
1
12
3
10
13
2
14
2
1
9
3
12
3
5
2
9
2
7
3
6
6
5
4
6
4
10
3
12
2
6
1
8
8
4
27
21
18
98
182

08
(Same)

908
(Card)

1808

2708
(ISV)

Conﬂict rotation

Remap

Unclear

08
(Same)

908
(Card)

1808

8

Remap

6

1
7
1
9
3
8

Unclear
2

1

1

2
2

12
2
13
2
1
9
1
8
2
4
7
2
4
3
6
4
2
4
6
1
8
3
11
2
6
1
8
7
4
22
20
15
73
156

2708
(ISV)

1
1

6
1
9
3
8

1
1

2
2

12
2
14
2

1

1
1
1
2
1
1
1
1

1
1

1
2

1

2

8
2
7
3
3

1
8
2
7

1
4
2

1
1

2
4
3
3
3
5

1
2
1

2

3
2

1
3
6

1
3

1

13
6

1

3
10

6
4
57
46

2
1

1

8

3
2

1

2
5

2

1
1

4

1

3
1
2
4
16

1

1

1

5
12

2

5
6
4
7
3
6
17
61

2
1
10
13
8
3
49

1
1
1
4
3
16
12

08 (Same): remained ﬁxed in the external laboratory frame.
908 (Card): rotated in relation to the visible cue card.
1808: rotated 1808 (not predicted by any cue manipulation).
2708 (ISV): rotated in relation to the idiothetic subvestibular (ISV) cues set by the covered bucket.
Remap: (partial) remapping.
Unclear: unclear response.
Parahip: Parahippocampal areas include presubiculum, parasubiculum, and medial entorhinal cortex.
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background cues (either because the rotation failed to control
the direction cells in that case or because the background cues
reset the system to realign with the external world). In only a few
cases did the cue card regain control over the ﬁring directions,
which is consistent with prior reports about how landmarks
perceived as unstable lose control over the place cells and head
direction cells (Knierim et al., 1995; Jeffery et al., 1997; Jeffery
and O’Keefe, 1999).
The ADN of the thalamus projects to the presubiculum
(where head direction cells were initially discovered; Taube et al.,
1990a1990b) and the presubiculum projects to the MEC and
parasubiculum (Witter and Amaral, 2004) speciﬁcally to layer
III of the MEC, which exhibits directional tuning (Sargolini
et al., 2006). Thus, the head direction cell circuit is anatomically
well-suited to exert directional control over the spatial representations that exist in both the MEC and parasubiculum and to
maintain rotational coherence among all of the representations.
The place cells of the hippocampus proper, which may also
receive direct input from head direction cells (Leutgeb and
Mizumori, 1999), presumably are oriented primarily via the
inﬂuence of the head direction cells on the representations in the
parahippocampal afferent areas. In many cases, the CA1 place
cell map rotates coherently with the parahippocampal representations, completely divorced from external landmarks. However,
in a number of cases the CA1 cells ‘‘remap’’ (Table 2), a phenomenon that does not appear to happen in its afferent structures (Quirk et al., 1992; Fyhn et al., 2004; Hafting et al., 2005;
Fyhn et al., 2007; Leutgeb et al., 2007). The hippocampal
remapping may occur as the result of a mismatch between the
spatial inputs provided by the MEC and nonspatial inputs putatively provided by the LEC (Hargreaves et al., 2005). That is,
representations of salient local cues or of visual cue-conﬁgurations in the LEC may conﬂict with the idiothetic-based, spatial
representations of the MEC-head direction cell system after
manipulations such as cue rotations, rat rotations, or disorientation, and the remapping of the hippocampus may reﬂect the
nonlinear response of these cells to the altered patterns of inputs.
It remains to be determined whether the LEC representations
are altered appreciably and consistently by these manipulations,
or whether they are more explicitly driven by the external landmarks, compared to the idiothetic-dominated MEC and parasubiculum representations. If LEC representations can also become
decoupled from all external landmarks, then any explicit representation of landmarks would presumably be located further
upstream (e.g., perirhinal or postrhinal cortex, or even earlier in
sensory cortex). Ultimately, an understanding of these properties
of hippocampal input representations will be necessary to determine whether the principles of pattern completion and pattern
separation, which are thought to describe the computations performed by the dentate gyrus and CA3 regions of the hippocampus, can explain the complex responses of hippocampal place
cells to these manipulations in terms of efﬁcient, distributed
memory storage that allows for such hallmarks of memory as
content-addressability, graceful degradation, generalization, and
context speciﬁcity.
Hippocampus DOI 10.1002/hipo
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