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Abstract

Head direction cells are described in the presubiculum of the macaque, used as a model of what is likely to be present in humans. The firing rate
of these cells is a function of the head direction of the monkey, with a response that is typically 10-100 times larger to the optimal as compared
to the opposite head direction. The mean half-amplitude width of the tuning of the cells was 76°. The response of head direction cells in the
presubiculum was not influenced by the place where the monkey was, by the ‘spatial view’ observed by the monkey, and also the position of the
eyes in the head. The cells maintained their tuning for periods of at least several minutes when the view details were obscured or the room was
darkened.

This representation of head direction could be useful together with the hippocampal spatial view cells and whole body motion cells in primates
in such memory and spatial functions as episodic memory and path integration. Discrete and continuous attractor networks can be combined so
that they contain both object and spatial information, and thus provide a model of episodic memory. Self-organizing continuous attractor neural
networks that can perform path integration from velocity signals (e.g. head direction from head rotational velocity, and place from whole body
motion) are described.

The role of the subiculum in the backprojection pathways from the hippocampus to the neocortex in a quantitative model of the recall of memories

from the hippocampus is described.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Hippocampus; Space; View; Place; Memory; Monkey; Presubiculum

1. Introduction

The aims of this paper are to review the neurophysiology of
the primate presubiculum, and to consider separately the possi-
ble computational functions of the subiculum.

The location of the primate subiculum and presubiculum in
the primate temporal lobe are shown in Fig. 1. Topologically, the
rat ventral hippocampus may be thought of as corresponding
with the primate anterior hippocampus, and the rodent dorsal
hippocampus as it rotates down into the primate temporal lobe
as corresponding with the primate posterior hippocampus.
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2. Presubiculum: head direction cells in primates

In this section, I will show that there are head direction cells in
primates as well as rats; will describe their properties; will show
that a new class of cell found in the primate hippocampus, spatial
view cells, are different from head direction cells and from rat
place cells; will show the utility of spatial view cells in forming
episodic memories; will show how a single network can asso-
ciate together both discrete representations about objects and
continuous spatial representations to form episodic memories;
and will show how path integration may be performed in con-
tinuous attractor networks to update their spatial representations
by idiothetic (self-motion) cues in the dark.

While making recordings of spatial view cells (which
respond to a location in space being viewed by the monkey,
and are described below) in the actively locomoting monkey
[12,31,36,44,47,52], Robertson et al. [32] discovered a popu-
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Fig. 1. Thionin-stained coronal section through the monkey hippocampal forma-
tion (HF), including the adjacent parahippocampal gyrus. CA1-CA4: hippocam-
pal subfields; fm: fimbria; gc: granule cells in the dentate gyrus; hf: hippocampal
formation; ProS: prosubiculum; Sub: subiculum; PreS: presubiculum (PreS);
ParaS: parasubiculum; TF, TH, TL: areas of the parahippocampal gyrus; ots:
occipitotemporal sulcus. (After Blatt and Rosene [4].)

lation of neurons not previously found in primates which we
call head direction cells. We call these cells head direction
cells because they have many similarities to head direction cells
in rats. Rat head direction cells have a firing rate which is a
simple function of head direction in the horizontal plane (see
[22,62,66]). The firing does not depend on the place where
the rat is located. The cells in the rat are found in the dorsal
presubiculum (also referred to as the postsubiculum), and also
in some other brain structures including the anterior thalamic

AVO70

nuclei [62,66]. The rat head direction cells appear to be able to be
influenced by vestibular (and/or other self-motion related) input,
in that they maintain and update their tuning even when the rat is
in darkness. The cells can be reset by visual landmarks. The dis-
covery of head direction cells in primates is of interest, because
it provides useful evidence with which to develop hypotheses of
primate hippocampal function in the context of what is encoded
in the primate hippocampus in terms of spatial view.

To perform the experiments we arranged for the monkey to
see positions in space with different head directions, with differ-
ent eye positions, and when the monkey was located at different
positions in the laboratory. The recordings were made both dur-
ing active locomotion with the monkey walking (on all 4 feet in
a baby walker), and when the monkey was still for a few seconds
visually exploring the environment by eye movements. The neu-
ronal activity for a cell was sorted according to each hypothesis
to be tested (head direction, allocentric view, place, and eye posi-
tion), and an ANOVA was performed to determine whether the
cell had significantly different firing rates when sorted according
to each of the hypotheses. In addition, the quantitative measure
of the information that was available in the firing rate of the cell
about the different hypotheses was calculated. We were able to
show for example that these cells convey much more information
about head direction than about spatial view, the place where the
monkey is, or about eye position. The transmitted information
carried by neuronal firing rates about the stimuli was computed
with the use of techniques that have been described fully previ-
ously [40,41,46,51].

An example of a head direction cell recorded in a macaque
is shown in Fig. 2 (av070c2). The data for this diagram were
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Fig. 2. The responses of a macaque head direction cell. Polar response plots of the firing rate (in spikes/s) when the monkey was stationary at different positions
(shown at the 0 on the firing rate scale) in (and one outside) the room are shown. The monkey was rotated to face in each direction. The mean response of the cell
from at least four different firing rate measurements in each head direction in pseudorandom sequence is shown. c1—c3: cups to which the monkey could walk on all
fours to obtain food. Polar firing rate response plots are superimposed on an overhead view of the square room to show where the firing for each plot was recorded.
The plot at the lower left was taken outside the room, in the corridor, where the same head direction firing was maintained.
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obtained with the monkey stationary in the positions shown at
the O on the firing rate scale. The mean response of the cell from
at least four different firing rate measurements in each head
direction is shown. The polar firing rate response plot shows
that the cell had its maximum firing rate when the monkey
was facing “west”. The polar response plots were remarkably
similar for three different positions in the room. A one-way
ANOVA for the different head directions showed highly sig-
nificantly different firing for the different head directions (F(1,
7)=51.1, P<0.0001) (see Table 1). The average information
over the eight head directions was 0.58 bits, and the maxi-
mal information about any one head direction was 2.26 bits
(see Table 1). The cell showed the same head direction tun-
ing outside the laboratory in the corridor (see Fig. 2), a place
where the monkey had never been previously walking at floor
level. When the data for the cell were cast to show how much
information the cell firing provided about the place where the
monkey was located, the information was low (0.16 bits), and
the ANOVA across different places was not significant (see
Table 1). The neuron conveyed little information about spatial
view (0.08 bits), in that the firing rate of the cell was very similar
inside and outside the room even though the spatial views were
completely different. The cell was located in the presubiculum
(see Fig. 4).

The results of an experiment in which the firing of a head
direction cell was recorded for many minutes while the room
was completely obscured by ceiling-to-floor curtains is shown
in Fig. 3, curve b (av115¢3). The head direction tuning was very
similar when the curtains were drawn closed with the monkey in
situ (compare to Fig. 3, curve a with the curtains open). When the
room lights were subsequently extinguished so that the square
space enclosed by the curtains (which could provide a minimal
reference frame) was no longer visible, a head direction tuning
curve was still present, though with no visual anchor at all, the
peak of the tuning did drift a little during 5 min in darkness, as
shown in Fig. 3, curve c. This is consistent with the hypothesis
that visual cues can reset the cells, and prevent them from drifting
over long periods. This is similar to the hypothesis for head
direction cells in rats (see [22,62]).

The results over all head direction cells fully tested are shown
in Tables 1 and 2 which summarizes the half-amplitude tun-
ing widths of the cells, and the peak firing rates. For cells
av070 and av115, data were not available (n.a.) for eye position.
The first four cells in Table 1 were recorded in the presubicu-
lum, and were among a set of 12 different cells analyzed in
the presubiculum. The individual head direction cells shown in
Table 1 had very highly significant head direction tuning, as
shown.

It was also shown that the information about head direction
increased approximately linearly as the number of cells in the
sample was increased from one to four [32]. Thus, up to this
number of cells, approximately independent information was
conveyed by the neurons. (The application of information theory
to analyzing neuronal responses is described by Rolls and Treves
[40] and Rolls and Deco [41].)

The sites in the brain where the head direction cells were
located are shown in Fig. 4. All the cells had low spon-

Table 1

Head direction cells

Eye position Place

Allocentric view

Head direction

Cell

ANOVA F (d.f.), P

Imax

Information

(bits)

ANOVA F (d.f.), P

1 max

Information

(bits)

ANOVA F (d.f.), P

Imax

Information

(bits)

ANOVA F (d.f.), P

Imax

Information

(bits)

(bits)

(bits)

(bits)

(bits)

1.78 (3), 0.153
1.08 (2), 0.342

0.49
0.05
0.19
0.12

0.15

0.16
0.03
0.16

0.

0.776 (1), 0.391
2.91(1),0.103

0.08
0.10
1.74
0.54
0.29
0.55

0.08
0.09
0.55
0.32
0.28

51.1(7), <10~

2.26
2.59
1.67

1.

0.58
0.62
1.11
0.41
0.38

0.64

av070
avll5s
av195

az080

n.a.

23.5(7), <1074

26.12 (2), 0.0001
10.36 (4), 0.0001
8.01 (2), 0.001

3.56 (7),0.001

0.08
0.2

0.03
0.01
0.03

4931 (14), 0.0001
40.78 (7), 0.0001
0.077 (1), 0.784

59.21(23),3 x 10710

05
12

2.17 (12),0.011

1

19.26 (23),3 x 10713
13.98 (7), <10~

14

1.88 (14), 0.024 0.

0.89
0.39

0.99
1.71

av192

0.20

0.10

0.02

0.27

Average

Note: Further details are provided by Robertson et al. [32]. The average information, and the maximum information about any one condition (/;m,x) With the data cast according to head direction, allocentric view,

eye position and place.
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Fig. 3. (A) The firing of a head direction cell recorded with the normal view of the room. (B) The firing rate when the room was completely obscured by ceiling-to-floor
curtains. (C) The responses of the same cell recorded not only with the blackout curtain, but also with the lights off. The mean and standard error of the mean response
is shown.

Table 2
Head direction cells: firing rates
Location Cell no. Peak rate (spikes/s) Half-amplitude width (°) Null rate (spikes/s)
Presubiculum (1) AV070c2 17.2 72 0.8
Presubiculum (2) AV115c3 4.3 54 0.0
Presubiculum (3) AV195 29.1 89 0.9
Presubiculum (4) AZ080 2.3 90 0.0
Mean 13.2 76.3 0.4
Parahippocampal gyrus (5) AV192c4 15.7 139 22

taneous firing rates (mean=0.8 spikes/s, interquartile range tials indicate that these neurons are likely to be pyramidal
0-1.0). The peak firing rates were also relatively low (mean cells. Four cells were in the presubiculum, and in addition,
10.0 spikes/s, interquartile range 6—13). These characteristics, one neuron with head direction cell properties was recorded
together with the large amplitude and broad action poten- in the primate parahippocampal gyrus. (Further details about

9-11.9 P

12-159 P

16-19.9 P

Fig. 4. The hippocampal and parahippocampal sites at which different head direction cells were recorded. Coronal sections at different distances in mm posterior
(P) to the sphenoid reference are shown. The number inside each circle corresponds to the cell number shown in Table 1. CA3—CA3 hippocampal pyramidal cell
field; CA1-CA1 hippocampal pyramidal cell field; DG: dentate gyrus; PHG: parahippocampal gyrus; Pre-s, PreSub: presubiculum.
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the population of cells analyzed are provided by Robertson
et al. [32].) We have not so far found head direction cells
in the hippocampus itself (CA3 and CA1l), nor in the dentate
gyrus.

The head direction cells are very different from the spatial
view cells (described in more detail below), which are found
in the primate hippocampus and parahippocampal gyrus. For
example, for a given head direction, if the monkey is moved
to different places in the environment where the spatial view
is different, spatial view cells give different responses. In con-
trast, the response of head direction cells remains constant for a
given head direction, even when the spatial view is very differ-
ent, as the data shown in Fig. 2 and the tables show. To provide
a simple concept to emphasize the difference, one can think
of head direction cells as responding like a compass attached
to the top of the head, which will signal head direction even
when the compass is in different locations, including in a totally
different, and even novel, spatial environment, as illustrated
in Fig. 2.

Taken in the context of evidence on the neurophysiology
and functions of the primate (including human) hippocam-
pal system, head direction cells could perform a number of
functions. One would be as part of a memory system. By
remembering the compass bearing (head direction) and distance
travelled, it is possible to find one’s way back to the origin,
even with a number of sectors of travel, and over a number
of minutes. This is referred to as path integration, and can
occur even without a view of the environment. Head direc-
tion cells provide part of the information to be remembered
for such spatial memory functions. Complementary informa-
tion also required for this is available in the whole body motion
cells that we have described in the primate hippocampus [29].
These cells provide information about for example linear trans-
lation, or axial whole body rotation. Part of the way in which
head direction cell firing could be produced is by taking into
account axial movements, which is what is encoded by some
of these whole body motion cells [29], and it is an inter-
esting hypothesis that this function is performed by some of
the structures related to the hippocampal system such as the
presubiculum.

Spatial memory and navigation can also benefit from visual
information about places being looked at, which can be used as
landmarks, and spatial view cells added to the head direction
cells and whole body motion cells would provide the basis for
a memory system useful in navigation. Another possibility is
that primate head direction cells are part of a system for com-
puting during navigation which direction to head in next. For
this, not only would a memory system be needed of the type just
described and elaborated elsewhere [33,35,36,40,45,65] that can
store spatial information of the type found in the hippocampus,
but also an ability to use this information in spatial computation
of the appropriate next bearing. Such a system might be imple-
mented using a hippocampal memory system which associated
together spatial views, whole body motion and head direction
information [42,59]. The system would be different from that in
the rat [6,19], in that spatial view is represented in the primate
hippocampus.

3. Presubiculum and hippocampus: attractor networks
modelling continuous (e.g. spatial) with discrete (object)
information

3.1. Continuous attractor networks for spatial information

A class of network that can maintain the firing of its neurons
to represent any location along a continuous physical dimension
such as spatial position, head direction, etc., is a ‘Continuous
Attractor’ neural network (CANN) (see references provided
below and Chapter 7 in Rolls and Deco [41]). It uses excitatory
recurrent collateral connections with associative modifiability
between the neurons to reflect the distance between the neurons
in the state space of the animal (e.g. head direction space). These
networks can maintain the packet or bubble of neural activity
constant for long periods wherever it is started to represent the
current state (head direction, position, etc.) of the animal, and
are likely to be involved in many aspects of spatial processing
and memory, including spatial vision. Global inhibition (imple-
mented by feedback inhibitory interneurons) is used to keep
the number of neurons in a bubble or packet of actively firing
neurons relatively constant, and to help to ensure that there is
only one activity packet. Continuous attractor networks can be
thought of as very similar to autoassociation or discrete attractor
networks [40,41] and have the same architecture, as illustrated in
Fig. 5. The main difference is that the patterns stored in a CANN
are continuous patterns, with each neuron having broadly tuned
firing which decreases with for example a Gaussian function
as the distance from the optimal firing location of the cell is
varied, and with different neurons having tuning that overlaps
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Fig. 5. The architecture of a continuous attractor neural network (CANN).
Recurrent collateral axons with associatively modifiable synaptic connections
make contact with the excitatory pyramidal cells in the network. The vertical
lines are the dendrites, the cell bodies are triangles, and the axons extend out
of the bottom of each cell body. The synaptic weight or strength for axon j to
the dendrite of neuron i is w;;. The external firing rate input to the network is
conveyed by axons e;. Feedback inhibitory interneurons are not shown. (For
details see Rolls et al. [48] and Rolls and Deco [41].)
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Fig. 6. The types of firing patterns stored in continuous attractor networks are
illustrated for the patterns present on neurons 1-1000 for Memory 1 (when the
firing is that produced when the spatial state represented is that for location
300), and for Memory 2 (when the firing is that produced when the spatial
state represented is that for location 500). The continuous nature of the spatial
representation results from the fact that each neuron has a Gaussian firing rate
that peaks at its optimal location. This particular mixed network also contains
discrete representations that consist of discrete subsets of active binary firing rate
neurons in the range 1001-1500. The firing of these latter neurons can be thought
of as representing the discrete events that occur at the location. Continuous
attractor networks by definition contain only continuous representations, but
this particular network can store mixed continuous and discrete representations,
and is illustrated to show the difference of the firing patterns normally stored in
separate continuous attractor and discrete attractor networks. For this particular
mixed network, during learning, Memory 1 is stored in the synaptic weights, then
Memory 2, etc., and each memory contains part that is continuously distributed
to represent physical space, and part that represents a discrete event or object.

throughout the space. Such tuning is illustrated in Fig. 6, together
with the examples of discrete (separate) patterns (each pattern
implemented by the firing of a particular subset of the neurons),
with no continuous distribution of the patterns throughout the
space, that are useful for storing arbitrary events or objects. A
consequent difference is that the CANN can maintain its firing
at any location in the trained continuous space, whereas a dis-
crete attractor or autoassociation network moves its population
of active neurons towards one of the previously learned attractor
states, and thus implements the recall of a particular previously
learned pattern from an incomplete or noisy (distorted) version
of one of the previously learned patterns.

3.2. Continuous attractor networks and path integration

We have considered how spatial representations could be
stored in continuous attractor networks, and how the activity
can be maintained at any location in the state space in a form
of short term memory when the external (e.g. visual) input is
removed [41]. However, many networks with spatial represen-
tations in the brain can be updated by internal, self-motion (i.e.
idiothetic), cues even when there is no external (e.g. visual)
input. Examples are head direction cells in the presubiculum of
rats and macaques, place cells in the rat hippocampus, and spa-

tial view cells in the primate hippocampus. The major question
arises about how such idiothetic inputs could drive the activity
packet in a continuous attractor network, and in particular, how
such a system could be set up biologically by self-organizing
learning.

One approach to simulating the movement of an activity
packet produced by idiothetic cues (which is a form of path inte-
gration whereby the current location is calculated from recent
movements) is to employ a look-up table that stores (taking
head direction cells as an example), for every possible head
direction and head rotational velocity input generated by the
vestibular system, the corresponding new head direction [54].
Another approach involves modulating the strengths of the recur-
rent synaptic weights in the continuous attractor on one but not
the other side of a currently represented position, so that the
stable position of the packet of activity, which requires sym-
metric connections in different directions from each node, is
lost, and the packet moves in the direction of the temporarily
increased weights, although no possible biological implemen-
tation was proposed of how the appropriate dynamic synaptic
weight changes might be achieved [69]. Another mechanism
(for head direction cells) [56] relies on a set of cells, termed
(head) rotation cells, which are co-activated by head direction
cells and vestibular cells and drive the activity of the attractor
network by anatomically distinct connections for clockwise and
counter-clockwise rotation cells, in what is effectively a look-up
table. However, no proposal was made about how this could be
achieved by a biologically plausible learning process, and this
has been the case until recently for most approaches to path inte-
gration in continuous attractor networks, which rely heavily on
rather artificial pre-set synaptic connectivities.

Stringer et al. [60] introduced a proposal with more biological
plausibility about how the synaptic connections from idiothetic
inputs to a continuous attractor network can be learned by a
self-organizing learning process. The essence of the hypothe-
sis is described with Fig. 7. The continuous attractor synaptic
weights wRC are set up under the influence of the external visual
inputs IV [41]. At the same time, the idiothetic synaptic weights
wROT (in which the ROT refers to the fact that they are in this
case produced by idiothetic inputs, produced by cells that fire
to represent the velocity of clockwise and anticlockwise head
rotation), are set up by associating the change of head direction
cell firing that has just occurred (detected by a trace memory
mechanism described below) with the current firing of the head
rotation cells ROT. (Neurons that reflect head rotation are found
in the primate hippocampus [29]; neurons influenced by head
rotation are also found in the parietal cortex [15].) For example,
when the trace memory mechanism incorporated into the idio-
thetic synapses wROT detects that the head direction cell firing
is at a given location (indicated by the firing ) and is moving
clockwise (produced by the altering visual inputs V) and there
is simultaneous clockwise head rotation cell firing, the synapses
wROT Jearn the association, so that when that rotation cell firing
occurs later without visual input, it takes the current head direc-
tion firing in the continuous attractor into account, and moves
the location of the head direction attractor in the appropriate
direction.
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Fig. 7. General network architecture for a one-dimensional continuous attractor
model of head direction cells which can be updated by idiothetic inputs pro-
duced by head rotation cell firing 'P. The head direction cell firing is 1P, the
continuous attractor synaptic weights are wRC, the idiothetic synaptic weights
are w'P, and the external visual input is IV (For details see Stringer et al. [60].)

For the learning to operate, the idiothetic synapses onto head
direction cell i with firing rlHD need two inputs: the short term
memory traced term from other head direction cells ??D (which
is just an average over, e.g. the preceding 1s), and the head
rotation cell input with firing ri° i ; the learning rule can be written

Swit" = krfPPHP AP (1
where k is the learning rate associated with this type of synaptic
connection.

After learning, the firing of the head direction cells would be

updated in the dark (when IiV = 0) by idiothetic head rotation
ROT

cell firing r; - as follows
O ¢o
— —hP (1) + Z( — w™N) D) 4 p;

ROT, HD ROT
CHDxROT szﬂc i @)

The last term introduces the effects of the idiothetic synaptic

weights wROT which effectively specify that the current firing

of head dlrectlon cell i, r; HD “must be updated by the previ-

ously learned combination of the particular head rotation now
occurring indicated by rROT and the current head direction indi-
cated by the firings of the other head direction cells rll.{D indexed

through j. This makes it clear that the idiothetic synapses operate
using combinations of inputs, in this case of two inputs. Neurons
that sum the effects of such local products are termed Sigma—Pi
neurons. Although such synapses are more complicated than the
two-term synapses often used, such three-term synapses (with
two axons connecting to the dendrite) appear to be useful to solve
the computational problem of updating representations based
on idiothetic inputs in the way described. Synapses that oper-
ate according to Sigma—Pi rules might be implemented in the
brain by a number of mechanisms described by Koch [16], and
Stringer et al. [60], including having two inputs close together
on a thin dendrite, so that local synaptic interactions would be
emphasized. However, in a recent development we have shown
that the Sigma—Pi synapses in this class of network could be
replaced with a simple competitive network that learns by self-
organization to respond to combinations of velocity and position
(e.g. head direction, or place), making the system more biolog-
ically plausible [58].

Simulations demonstrating the operation of this self-
organizing learning to produce movement of the location being
represented in a continuous attractor network were described by
Stringer et al. [60]. They also showed that, after training with just
one value of the head rotation cell firing, the network showed
the desirable property of moving the head direction being repre-
sented in the continuous attractor by an amount that was propor-
tional to the value of the head rotation cell firing. Stringer et al.
[60] also describe a related model of the idiothetic cell update of
the location represented in a continuous attractor, in which the
rotation cell firing directly modulates in a multiplicative way the
strength of the recurrent connections in the continuous attractor
in such a way that clockwise rotation cells modulate the strength
of the synaptic connections in the clockwise direction in the con-
tinuous attractor, and vice versa. Although it is possible that path
integration for head direction is performed in brainstem regions
such as the dorsal tegmental nucleus and lateral mammillary
nucleus [57], the general proposal for path integration in a self-
organizing attractor/competitive network system could be useful
for other types of path integration including that for place and
spatial view [58].

3.3. Continuous and discrete attractor networks, and
episodic memory

It has now been shown that attractor networks can store
both continuous patterns and discrete patterns, and can thus be
used to store for example the location in (continuous, physi-
cal) space (e.g. the place “out there” in a room represented by
spatial view cells) where an object (a discrete item) is present
[48] (cf. [33,35]). Such associations between an object and the
place where it is located are prototypical of episodic or event
memory, and may be implemented in the primate hippocampus
[49]. In this network, when events are stored that have both dis-
crete (object) and continuous (spatial) aspects, then the whole
place can be retrieved later by the object, and the object can
be retrieved by using the place as a retrieval cue. Such net-
works are likely to be present in parts of the brain such as the
hippocampus which receive and combine inputs both from sys-
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tems that contain representations of continuous (physical) space,
and from brain systems that contain representations of discrete
objects, such as the inferior temporal visual cortex. The com-
bined continuous and discrete attractor network described by
Rolls et al. [48] shows that in brain regions where the spatial
and object processing streams are brought together, then a sin-
gle network can represent and learn associations between both
types of input. Indeed, in brain regions such as the hippocam-
pal system, it is essential that the spatial and object processing
streams are brought together in a single network, for it is only
when both types of information are in the same network that spa-
tial information can be retrieved from object information, and
vice versa, which is a fundamental property of episodic memory
[40,41,44,45].

4. The subiculum in the context of a theory of
hippocampal function

4.1. Introduction

Information reaches the primate hippocampus via a number
of cortical stages, including from the inferior temporal visual
cortex to the perirhinal cortex and from the parietal cortex to the
parahippocampal cortex, which in turn project to the entorhi-
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nal cortex, which then projects to the hippocampus (see Fig. 8).
These are typical forward projections, in that they tend to project
to the next stage from pyramidal cells in layers 2 and 3. Once
information has reached the hippocampus, it must be capable
of leaving if it is to be useful in any way. There are two main
exit routes. One is via the fimbria/fornix to the anterior tha-
lamus and mammillary bodies. The second is from CAl via
subiculum, entorhinal cortex and backprojections to the cortical
areas that originally sent inputs to the hippocampus. These are
backprojections, in that in the cortical stages, the projections are
mainly from cortical pyramidal cells in layers 5 and 6, and end
on dendrites in layers 1 and 2 of the preceding cortical stage.
The aim of this part of the paper is to consider the functions
of the hippocampo-cortical backprojections, and the role of the
subiculum in these.

4.2. The information represented in the primate
hippocampus

The systems-level neurophysiology of the hippocampus
shows what information could be stored or processed by the hip-
pocampus. To understand how the hippocampus works it is not
sufficient to state just that it can store information—one needs
to know what information. The systems-level neurophysiology
of the primate hippocampus has been reviewed in more detail by
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Fig. 8. Forward connections (solid lines) from areas of cerebral association neocortex via the parahippocampal gyrus and perirhinal cortex, and entorhinal cortex, to
the hippocampus; backprojections (dashed lines) via the hippocampal CA1 pyramidal cells, subiculum, and parahippocampal gyrus to the neocortex. There is great
convergence in the forward connections down to the single network implemented in the CA3 pyramidal cells; great divergence again in the backprojections. Left:
block diagram; right: more detailed representation of some of the principal excitatory neurons in the pathways. D: deep pyramidal cells; DG: dentate granule cells; F:
forward inputs to areas of the association cortex from preceding cortical areas in the hierarchy; mf: mossy fibres; PHG: parahippocampal gyrus and perirhinal cortex;
pp: perforant path; rc: recurrent collateral of the CA3 hippocampal pyramidal cells; S: superficial pyramidal cells; 2: pyramidal cells in layer 2 of the entorhinal
cortex; 3: pyramidal cells in layer 3 of the entorhinal cortex. The thick lines above the cell bodies represent the dendrites.
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Rolls [36] and Rolls and Xiang [44], and only a brief summary
is provided here.

4.2.1. Spatial view cells in primates

In the rat, many hippocampal pyramidal cells fire when the
rat is in a particular place, as defined for example by the visual
spatial cues in an environment such as a room [17,24,25]. It has
been discovered that in the primate hippocampus, many spatial
cells have responses not related to the place where the monkey
is, but instead related to the place where the monkey is looking
[12,31,36,39,47,52]. These are called “spatial view cells”, an
example of which is shown in Fig. 9.

These “spatial view” neurons, now analyzed in the actively
locomoting monkey, are different from place cells, in that their
activity is dependent not on the place where the monkey is, but
on the place where the monkey is looking in space [47]. It can be

Wall 1

shown with the monkey stationary that these cells respond when
the monkey’s eye position results in him looking at a particu-
lar part of space [12]. These cells thus encode information in
allocentric (world-based, as contrasted with egocentric, body-
related) coordinates [12,52]. Some of these spatial view cells
respond when the view details are obscured by curtains or dark-
ness, when the monkey’s eyes look towards the spatial view field
of the neuron [31]. In this situation, it is suggested that the neu-
rons are responding to the recalled spatial view, with the recall
triggered by the partial idiothetic information provided about
the spatial view by eye and head position information, which
these experiments clearly do show influence primate hippocam-
pal neurons. Another idiothetic input that drives some primate
hippocampal neurons is linear and axial whole body motion [29].
Many of the “spatial view” cells are hippocampal pyramidal
cells, with very low spontaneous firing rates and low peak fir-
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Fig. 9. Examples of the firing of a hippocampal spatial view cell when the monkey was walking around the laboratory. (a) The firing of the cell is indicated by the
spots in the outer set of four rectangles, each of which represents one of the walls of the room. There is one spot on the outer rectangle for each action potential.
The base of the walls is towards the centre of the diagram. The positions on the walls fixated during the recording sessions are indicated by points in the inner set
of four rectangles, each of which also represents a wall of the room. The central square is a plan view of the room, with a triangle printed every 250 ms to indicate
the position of the monkey, thus showing that many different places were visited during the recording sessions. (b) A similar representation of the same recording
sessions as in (a), but modified to indicate some of the range of monkey positions and horizontal gaze directions when the cell fired at more than 12 spikes/s. (c) A
similar representation of the same recording sessions as in (a), but modified to indicate more fully the range of places (and head directions) when the cell fired. The
triangle indicates the current position of the monkey, and the line projected from it shows which part of the wall is being viewed at any one time while the monkey
is walking. One spot is shown for each action potential. The neuron fires when the monkey looks at a particular position on the walls, even if to look at that position
the monkey adopts a different head direction because of the place of the monkey in the room. (After Georges-Francois et al. [12].)
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ing rates, and they implement a sparse representation. Although
there is some evidence for place cells in the hippocampus of the
monkey driving a cab [30], such place cells are not at all obvious
in the actively locomoting monkey in a situation in which place
cells would be found in rats [36,44].

Part of the interest of spatial view cells is that they could
provide the spatial representation required to enable primates to
perform object-place memory, for example remembering where
they saw a person or object, which is an example of an episodic
memory, and indeed similar neurons in the hippocampus respond
in object-place memory tasks [44,49,53]. Associating together
such a spatial representation with a representation of a person
or object could be implemented by an autoassociation network
implemented by the recurrent collateral connections of the CA3
hippocampal pyramidal cells [33,35,40,45,65]. Some other pri-
mate hippocampal neurons respond in the object-place memory
task to a combination of spatial information and information
about the object seen [53]. Further evidence for this conver-
gence of spatial and object information in the hippocampus
is that in another memory task for which the hippocampus is
needed, learning where to make spatial responses conditional
on which picture is shown, some primate hippocampal neurons
respond to a combination of which picture is shown, and where
the response must be made [7,20]. It has also been proposed that
a related function of spatial view cells may be to form associ-
ations between spatial locations being viewed and the rewards
or goals present at those locations, and indeed macaque neurons
that respond to and learn the locations of rewards in scenes have
been described [43].

These primate spatial view cells are thus unlike place cells
found in the rat [17,23-25,67]. Primates, with their highly devel-
oped visual and eye movement control systems, can explore and
remember information about what is present at places in the
environment without having to visit those places. Such spatial
view cells in primates would thus be useful as part of a memory
system, in that they would provide a representation of a part of
space that would not depend on exactly where the monkey or
human was, and that could be associated with items that might be
present in those spatial locations [43,44,49]. An example of the
utility of such a representation in humans would be remember-
ing where a particular person had been seen. The primate spatial
representations would also be useful in remembering trajectories
through environments, of use for example in short-range spatial
navigation [29,41].

The representation of space in the rat hippocampus, which is
of the place where the rat is, may be related to the fact that with
a much less developed visual system than the primate, the rat’s
representation of space may be defined more by the olfactory
and tactile as well as distant visual cues present, and may thus
tend to reflect the place where the rat is. A hypothesis on how this
difference could arise from essentially the same computational
process in rats and monkeys is related to the large visual field
seen by rats, and the foveate vision of primates [8,36]. Although
the representation of space in rats therefore may be in some
ways analogous to the representation of space in the primate
hippocampus, the difference does have implications for theories,
and modelling, of hippocampal function.

In rats, the presence of place cells has led to theories that
the rat hippocampus is a spatial cognitive map, and can perform
spatial computations to implement navigation through spatial
environments [5,6,25,26]. The details of such navigational the-
ories could not apply in any direct way to what is found in
the primate hippocampus. Instead, what is applicable to both
the primate and rat hippocampal recordings is that hippocampal
neurons contain a representation of space (for the rat, primarily
where the rat is, and for the primate primarily of positions “out
there” in space) which is a suitable representation for an episodic
memory system. In primates, this would enable one to remember,
for example, where an object was seen. In rats, it might enable
memories to be formed of where particular objects (for example
those defined by olfactory, tactile, and taste inputs) were found.
Thus, at least in primates, and possibly also in rats, the neuronal
representation of space in the hippocampus may be appropriate
for forming memories of events (which usually in these animals
have a spatial component). Such memories would be useful for
spatial navigation, for which according to the present hypothe-
sis the hippocampus would implement the memory component
but not the spatial computation component. Evidence that what
neuronal recordings have shown is represented in the non-human
primate hippocampal system may also be present in humans is
that regions of the hippocampal formation can be activated when
humans look at spatial views [11,27].

Other neurons in the primate hippocampus respond to combi-
nations of visual object and spatial response information in asso-
ciative learning tasks in which conditional spatial responses must
be learned to visual images [7,20]. The presence of these neu-
rons provides additional evidence that information represented
in different parts of the cerebral cortex (visual temporal cortex
and parietal cortex) is brought together on the same neurons in
the hippocampus, in tasks in which those types of information
must be rapidly associated. Other primate hippocampal neurons
respond to (idiothetic) whole body motion [28]. These neu-
rons represent information that it would be necessary to store
in order to remember recent body movements made in short
range navigation (so that one could perform path integration and
for example return to the starting place); to determine whether
one was facing towards a particular location in space, that is
they would provide an important input for “spatial view” neu-
rons. Indeed, when spatial view neurons respond in the dark
as a monkey is rotated towards a spatial view [32], their activ-
ity may be triggered by whole body motion cell input into the
CA3 autoassociative network. Other neurons that may help with
this process are head direction cells, which have been found in
primates in the primate presubiculum [32].

4.2.2. Computational theories of the hippocampus

One function performed by the primate hippocampus may
be the association to form a memory of the activity of one
population of neurons representing spatial position “out there”,
with other neurons providing information about the object
seen or the reward available at that location (see above)
[43,44,49,45].

Part of a theory of how this is performed is that the CA3 neu-
rons provide an autoassociative network appropriate for rapidly
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(in one trial) learning such associations [33,35,45,65]. The the-
ory is also compatible with the existence of place cells in rats,
which might be formed by associating together a particular com-
bination of spatial cues to define a place; which would be useful
in amemory system, for associating objects with the place where
the rat found them. Indeed, it is suggested that part of the dif-
ference between rat place cells and primate spatial view cells
is that with a wide field of view (in the order of 270°) in the
rat, the association of widely spaced visual environmental cues
might result in the formation of place cells; whereas in pri-
mates, the association of closely spaced visual cues given the
much smaller field of view could result in spatial view cells
[8].

Under the hypothesis that the CA3 forms an autoassociative
memory, the theory developed for attractor networks [2] with
sparse representations and incomplete connectivity [63,64] can
be applied, and it can be shown that the maximum number of
memory CA3 firing patterns p that can be (individually) retrieved
is proportional to the number CRC of (associatively) modifi-
able recurrent collateral (RC) synapses per cell, by a factor that
increases roughly with the inverse of the sparseness a of the
neuronal representation. The sparseness is defined as

a0 = (Zi:l,Nri/N)z 3)
Zi:l,N(riz/N)
where r; is the firing rate of the ith neuron in the set of N neurons.
The sparseness is within the range 0—1, and assumes the value
0.5 for a fully distributed representation with binary encoding;
1/N for a local or grandmother cell representation with binary
encoding. The number p of different patterns that can be stored
and retrieved correctly is approximately:
RC
pn R )
aln(l/a)

where CRC is the number of synapses on the dendrites of each
neuron devoted to the recurrent collaterals from other neurons
in the network, and k is a factor that depends weakly on the
detailed structure of the rate distribution, on the connectivity
pattern, etc., but is roughly in the order of 0.2-0.3 [64]. For
example, for CRC = 12,000 and a=0.02 (realistic estimates for
the rat), p is calculated to be approximately 36,000. Simulations
that are fully consistent with the analytic theory are provided by
Rolls [50], and by a fuller computational model in Rolls [34].

Another hypothesis is that the CA3 cells might provide a con-
tinuous attractor, that is an attractor network in which the synap-
tic strengths are a function of the distance between positions
in a continuum [54]. The synaptic strengths in such a network
might be formed by Hebbian associative learning based on the
overlapping firing rate response profiles of nearby hippocampal
place [54] or spatial view cells [40,59,61]. The position in such
a network would be represented by a group of firing cells (or
activity packet), and the activity packet can move continuously
from position to position in the continuous attractor. It has also
been shown how multiple charts of place cells different in dif-
ferent environments could be stored in the CA3 network using
a continuous attractor (cf. [3]).

The computational differences between the discrete and con-
tinuous attractor theories are interesting. In the discrete autoas-
sociaton theory, discrete representations of, for example, spatial
view and object are associated together, and there are discrete
memory states (minima in the energy landscape) to which the
attractor settles to retrieve the memory. In contrast, with the con-
tinuous spatial attractor model, the energy landscape is flat, and
the problem is how to move the firing rate activity packet from
one location to another, using idiothetic cues. When the con-
tinuous attractor is accessed by visual cues, the neurons which
represent a given spatial view can be accessed much more sim-
ply by associative lookup as in discrete attractor models in for
example the way described by Treves and Rolls [64] and Rolls
et al. [48]. One solution currently being explored is that the CA3
system may be kept stable in whatever position it is currently
firing (if there is no idiothetic input), thus performing a short
term memory of spatial location which could still operate in the
dark, by virtue of being an amalgam of the two types of attractor
network. This would allow for some bumps in the energy land-
scape for stability produced by virtue of discrete associations to
visual cues, but nevertheless sufficient continuity so that idio-
thetic inputs can move the activity pattern to another position
[40,59,61].

4.2.3. Backprojections to the neocortex and the role of the
subiculum

Given that some information is represented by the firing of
hippocampal neurons, we now consider how that information
could influence the neocortex via backprojections.

It is suggested that the modifiable connections from the CA3
neurons to the CA1l neurons allow the information present in
CA3 to be produced efficiently in CA1l [55,65]. The repre-
sentation may be in a different form to that which is needed
in CA3 for the recurrent collaterals to function correctly (see
[35,45]). The CA1 neurons would then activate, partly via the
subiculum, and by direct projections to the deep layers of the
entorhinal cortex, at least the pyramidal cells in the deep layers
of the entorhinal cortex (see Fig. 8). The subiculum may thus
be important as part of the expansion process of cell numbers
required to address the whole of the cerebral cortex; as well
as an important source of hippocampal outputs via the fornix.
These entorhinal cortex neurons would then, by virtue of their
backprojections to the parts of cerebral cortex that originally
provided the inputs to the hippocampus, terminate in the super-
ficial layers of those neocortical areas, where synapses would
be made onto the distal parts of the dendrites of the cortical
pyramidal cells (see [33,45]). The areas of cerebral neocortex
in which this recall would be produced could include multi-
modal cortical areas (e.g. the cortex in the superior temporal
sulcus which receives inputs from temporal, parietal and occipi-
tal cortical areas), and also areas of unimodal association cortex
(e.g. inferior temporal visual cortex). In addition to these back-
projection pathways from CA1 directly and via the subiculum
to the entorhinal cortex [38,40], there are some direct connec-
tions from CA1 and the subiculum to some of the neocortical
areas that receive backprojections from the entorhinal cortex
[4,45,68].
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The hypothesis of the architecture with which this would be
achieved is shown in Fig. 8. The feedforward connections from
association areas of the cerebral neocortex (solid lines in Fig. 8),
show major convergence as information is passed to CA3, with
the CA3 autoassociation network having the smallest number
of neurons at any stage of the processing. The backprojections
allow for divergence back to neocortical areas. The way in which
we suggest that the backprojection synapses are set up to have
the appropriate strengths for recall is as follows [33,35,65]. Dur-
ing the setting up of a new input to the hippocampus (perhaps
for episodic memory), there would be strong feedforward activ-
ity progressing towards the hippocampus. During the episode,
the CA3 synapses would be modified, and via the CA1l neu-
rons and the subiculum, a pattern of activity would be produced
on the backprojecting synapses to the entorhinal cortex. Here
the backprojecting synapses from active backprojection axons
onto pyramidal cells being activated by the forward inputs to
entorhinal cortex would be associatively modified. A similar
process would be implemented at preceding stages of neocor-
tex, in the parahippocampal gyrus/perirhinal cortex stage, and
in association cortical areas, as shown in Fig. 8. The timing of
the backprojecting activity would be sufficiently rapid for this,
in that for example inferior temporal cortex neurons become
activated by visual stimuli with latencies of 90—110 ms and may
continue firing for several hundred milliseconds [37]; hippocam-
pal pyramidal cells are activated in visual object-and-place and
conditional spatial response tasks with latencies of 120—180 ms
[20,53]. Thus, backprojected activity from the hippocampus
might be expected to reach association cortical areas such as the
inferior temporal visual cortex within 60—100 ms of the onset of
their firing, and there would be a several hundred milliseconds
period in which there would be conjunctive feedforward acti-
vation present with simultaneous backprojected signals in the
association cortex. During recall implemented by backprojec-
tions, the backprojection connections onto the distal synapses
of cortical pyramidal cells would be helped in their efficiency
in activating the pyramidal cells by virtue of two factors. The
first is that with no forward input to the neocortical pyramidal
cells, there would be little shunting of the effects received at
the distal dendrites by the more proximal effects on the dendrite
normally produced by the forward synapses. Further, without
strong forward activation of the pyramidal cells, there would not
be very strong feedback and feedforward inhibition via GABA
cells, so that there would not be a further major loss of signal
due to (shunting) inhibition on the cell body and (subtractive)
inhibition on the dendrite. (The converse of this is that when
forward inputs are present, as during normal processing of the
environment rather than during recall, the forward inputs would,
appropriately, dominate the activity of the pyramidal cells, which
would be only influenced, not determined, by the backprojecting
inputs [9,10,33].)

The synapses receiving the backprojections would have to be
Hebb-modifiable, as suggested by Rolls [33]. This would solve
the de-addressing problem of how the hippocampus is able to
bring into activity during recall just those cortical pyramidal cells
that were active when the memory was originally being stored.
The solution hypothesized [33,65] arises because modification

occurs during learning of the synapses from active backproject-
ing neurons from the hippocampal system onto the dendrites
of only those neocortical pyramidal cells active at the time of
learning. Without this modifiability of cortical backprojections
during learning, it is difficult to see how exactly the correct corti-
cal pyramidal cells active during the original learning experience
would be activated during recall. Consistent with this hypothesis
[33], there are NMDA receptors present especially in superficial
layers of the cerebral cortex [21], implying Hebb-like learning
just where the backprojecting axons make synapses with the
apical dendrites of cortical pyramidal cells.

If the backprojection synapses are associatively modifiable,
we may consider the duration of the period for which their
synaptic modification should persist. What would be optimal
would be to arrange for the associative modification of the back-
projecting synapses to remain for as long as any associatively
modified synapses remain in the hippocampus. This suggests
that a similar mechanism for the associative modification would
be appropriate both within the hippocampus and for that of at
least one stage of the backprojecting synapses. It is suggested
that the presence of high concentrations of NMDA synapses in
the distal parts of the dendrites of neocortical pyramidal cells
and within the hippocampus may reflect the similarity of the
synaptic modification processes in these two regions (cf. [14]).
It is noted that it would be appropriate to have this similarity of
time course for at least one stage in the series of backproject-
ing stages from the CA3 region to the neocortex. Such stages
might include the CA1 region, subiculum, entorhinal cortex, and
perhaps the parahippocampal gyrus. However, from multimodal
cortex (e.g. the parahippocampal gyrus) back to earlier cortical
stages, it might be desirable for the backprojecting synapses
to persist for a long period, so that some types of recall and
top-down processing (see [33,45]) mediated by the operation of
neocortico-neocortical backprojecting synapses could be stable.

An alternative hypothesis to that above is that rapid modifia-
bility of backprojection synapses would be required only at the
beginning of the backprojecting stream. Relatively fixed asso-
ciations from higher to earlier neocortical stages would serve
to activate the correct neurons at earlier cortical stages during
recall. For example, there might be rapid modifiability from CA3
to CA1 neurons, but relatively fixed connections from there back
[18]. For such a scheme to work, one would need to produce a
theory not only of the formation of semantic memories in the
neocortex, but also of how the operations performed according
to that theory would lead to recall by setting up appropriately
the backprojecting synapses.

4.2.4. Backprojections to the neocortex—quantitative
aspects

How many backprojecting fibres does one need to synapse
onto any given neocortical pyramidal cell, in order to imple-
ment the mechanism outlined above? Consider a polysynaptic
sequence of backprojecting stages, from hippocampus to neo-
cortex, as a string of simple (hetero-) associative memories in
which, at each stage, the input connections are those coming
from the previous stage (closer to the hippocampus). Implicit in
this framework is the assumption that the synapses at each stage
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are modifiable according to some Hebbian associative plasticity
rule. A plausible requirement for a successful hippocampo-
directed recall operation, is that the signal generated from the
hippocampally retrieved pattern of activity, and carried back-
wards towards neocortex, remain undegraded when compared
to the noise due, at each stage, to the interference effects caused
by the concurrent storage of other patterns of activity on the same
backprojecting synaptic systems. That requirement is equivalent
to that used in deriving the storage capacity of such a series of
heteroassociative memories, and it was shown in Treves and
Rolls [64] that the maximum number of independently gener-
ated activity patterns that can be retrieved is given, essentially,
by the same formula as (4) above
CK

P (1 /a) ©)
where, however, a is now the sparseness of the representation at
any given stage, and C is the average number of (back-) projec-
tions each cell of that stage receives from cells of the previous
one. (K is a similar slowly varying factor to that introduced
above.) If one assumes that a certain number of different attrac-
tor states can be determined by the CA3 recurrent collateral
axons, then in order for all those states to be retrievable via the
backprojecting synapses, there would need to be in the same
order of backprojection connections to each cell in the backpro-
jecting pathway as there are recurrent collateral connections per
neuron in the hippocampus (but dependent to some extent on
the sparseness of the representation in the CA3 neurons and in
the backprojecting pathways, see Treves and Rolls [65]).

One consequence is that one could not possibly rely on a set of
monosynaptic CA3-to-neocortex backprojections. This would
imply that, to make a sufficient number of synapses on each
of the vast number of neocortical cells, each cell in CA3 has to
generate a disproportionate number of synapses (i.e. the number
of backprojections received by a final cortical target cell times
the ratio between the number of neocortical and of CA3 cells).
The required divergence can be kept within reasonable limits
only by assuming that the backprojecting system is polysynaptic,
provided that the number of cells involved grows gradually at
each stage, from CA3 back to neocortical association areas (cf.
Fig. 8).

This theory provides what may be fundamental insight into
why there are approximately as many backprojections as for-
ward projecting neurons (between connected cortical areas, and
between the hippocampus and the neocortex). However, not
all cortical backprojections might reflect backprojection signals
originating from the hippocampus, for there are backprojections
which might be considered to originate in the amygdala (see [1])
or in multimodal cortical areas (allowing for example for recall
of a visual image by an auditory stimulus with which it has been
regularly associated). In this situation, one may consider whether
the backprojections from any one of these systems would be
sufficiently numerous to produce recall. One factor which may
help here is that when recall is being produced by the back-
projections, it may be assisted by the local recurrent collaterals
between nearby (~1 mm) pyramidal cells which are a feature of
neocortical connectivity. These would tend to complete a partial

neocortical representation being recalled by the backprojections
into a complete recalled pattern.

There is evidence that the rat hippocampus is involved in
some short term spatial working memory tasks [13,45], and
when it is, the retrieval of information from the hippocampus
may involve the types of process described here.

5. Conclusion

This paper has described the discovery of head direction cells
in the primate presubiculum, placed them in the context of spa-
tial view cells found in the primate hippocampus, suggested a
computational explanation for the presence of spatial view cells
in the primate hippocampus but place cells in the rat hippocam-
pus, shown how both spatial and discrete (e.g. object or event)
representations could be combined in a single attractor network
suitable for episodic memory, and shown how path integration
might be implemented in self-organizing neural networks for
head direction or spatial position in the brain. The role of the
subiculum in a model of how the backprojection system from
the hippocampus to the neocortex is involved in the recall of
episodic memories has also been described.

Acknowledgements

This research was supported by the Medical Research Coun-
cil, and by the Human Frontier Science Program.

References

[1] Amaral DG, Price JL, Pitkanen A, Carmichael ST. Anatomical organization
of the primate amygdaloid complex. In: Aggleton JP, editor. The amygdala.
New York: Wiley/Liss; 1992. p. 1-66.

[2] Amit DJ. Modeling brain function. Cambridge: Cambridge University
Press; 1989.

[3] Battaglia FP, Treves A. Stable and rapid recurrent processing in realistic
auto-associative memories. Neural Comput 1998;10:431-50.

[4] Blatt GJ, Rosene DL. Organization of direct hippocampal efferent pro-
jections to the cerebral cortex of the rhesus monkey: projections from
CAL, prosubiculum, and subiculum to the temporal lobe. ] Comput Neurol
1998;392:92—-114.

[5] Burgess N, O’Keefe J. Neuronal computations underlying the firing of
place cells and their role in navigation. Hippocampus 1996;6:749-62.

[6] Burgess N, Recce M, O’Keefe J. A model of hippocampal function. Neural
Network 1994;7:1065-81.

[7] Cahusac PMB, Rolls ET, Miyashita Y, Niki H. Modification of the
responses of hippocampal neurons in the monkey during the learning of a
conditional spatial response task. Hippocampus 1993;3:29-42.

[8] de Araujo IET, Rolls ET, Stringer SM. A view model which accounts for
the spatial fields of hippocampal primate spatial view cells and rat place
cells. Hippocampus 2001;11:699-706.

[9] Deco G, Rolls ET. Attention, short-term memory, and action selection: a
unifying theory. Prog Neurobiol 2005;76:236-56.

[10] Deco G, Rolls ET. Neurodynamics of biased competition and co-
operation for attention: a model with spiking neurons. J Neurophysiol
2005;94:295-313.

[11] Epstein R, Kanwisher N. A cortical representation of the local visual envi-
ronment. Nature 1998;392:598-601.

[12] Georges-Francois P, Rolls ET, Robertson RG. Spatial view cells in the
primate hippocampus: allocentric view not head direction or eye position
or place. Cereb Cortex 1999;9:197-212.



302 E.T. Rolls / Behavioural Brain Research 174 (2006) 289-303

[13] Kesner RP, Rolls ET. Role of long term synaptic modification in short term
memory. Hippocampus 2001;11:240-50.

[14] Kirkwood A, Dudek SM, Gold JT, Aizenman CD, Bear MF. Common forms
of synaptic plasticity in the hippocampus and neocortex in vitro. Science
1993;260:1518-21.

[15] Klam F, Graf W. Vestibular response kinematics in posterior parietal cortex
neurons of macaque monkeys. Eur J Neurosci 2003;18:995-1010.

[16] Koch C. Biophysics of computation. Oxford: Oxford University Press;
1999.

[17] Kubie JL, Muller RU. Multiple representations in the hippocampus. Hip-
pocampus 1991;1:240-2.

[18] McClelland JL, McNaughton BL, O’Reilly RC. Why there are complemen-
tary learning systems in the hippocampus and neocortex: insights from the
successes and failures of connectionist models of learning and memory.
Psych Rev 1995;102:419-57.

[19] McNaughton BL, Barnes CA, Gerrard JL, Gothard K, Jung MW,
Knierim JJ, et al. Deciphering the hippocampal polyglot: the hip-
pocampus as a path integration system. J Exp Biol 1996;199:173—
85.

[20] Miyashita Y, Rolls ET, Cahusac PM, Niki H, Feigenbaum JD. Activity
of hippocampal formation neurons in the monkey related to a conditional
spatial response task. J Neurophysiol 1989;61:669-78.

[21] Monaghan DT, Cotman CW. Distribution of N-methyl-D-aspartate-
sensitive L-[3H]glutamate-binding sites in the rat brain. J Neurosci
1985;5:2909-19.

[22] Muller RU, Ranck Jr JB, Taube JS. Head direction cells: properties and
functional significance. Curr Opin Neurobiol 1996;6:196-206.

[23] O’Keefe J. A review of the hippocampal place cells. Prog Neurobiol
1979;13:419-39.

[24] O’KeefeJ. A computational theory of the hippocampal cognitive map. Prog
Brain Res 1990;83:301-12.

[25] O’Keefe J. The hippocampal cognitive map and navigational strategies. In:
Paillard J, editor. Brain and space. Oxford: Oxford University Press; 1991.
p. 273-95.

[26] O’Keefe J, Nadel L. The hippocampus as a cognitive map. Oxford: Claren-
don Press; 1978.

[27] O’Keefe J, Burgess N, Donnett JG, Jeffery KJ, Maguire EA. Place cells,
navigational accuracy, and the human hippocampus. Phil Trans R Soc Lond
B 1998;353:1333-40.

[28] O’Mara SM, Rolls ET. View-responsive neurons in the primate hippocam-
pus. Soc Neurosci Abstr 1993;19:800.

[29] O’Mara SM, Rolls ET, Berthoz A, Kesner RP. Neurons responding
to whole body motion in the primate hippocampus. J Neuroscience
1994;14:6511-23.

[30] Ono T, Nakamura K, Nishijo H, Eifuku S. Monkey hippocampal
neurons related to spatial and nonspatial functions. J Neurophysiol
1993;70:1516-29.

[31] Robertson RG, Rolls ET, Georges-Frangois P. Spatial view cells in the
primate hippocampus: effects of removal of view details. J Neurophysiol
1998;79:1145-56.

[32] Robertson RG, Rolls ET, Georges-Francois P, Panzeri S. Head direction
cells in the primate pre-subiculum. Hippocampus 1999;9:206—-19.

[33] Rolls ET. Functions of neuronal networks in the hippocampus and neo-
cortex in memory. In: Byrne JH, Berry WO, editors. Neural models of
plasticity: experimental and theoretical approaches. San Diego: Academic
Press; 1989. p. 240-65.

[34] Rolls ET. A model of the operation of the hippocampus and entorhinal
cortex in memory. Int J Neural Syst 1995;6:51-70.

[35] Rolls ET. A theory of hippocampal function in memory. Hippocampus
1996;6:601-20.

[36] Rolls ET. Spatial view cells and the representation of place in the primate
hippocampus. Hippocampus 1999;9:467-80.

[37] Rolls ET. Functions of the primate temporal lobe cortical visual areas in
invariant visual object and face recognition. Neuron 2000;27:205-18.

[38] Rolls ET. Hippocampo-cortical and cortico-cortical backprojections. Hip-
pocampus 2000;10:380-8.

[39] Rolls ET, O’Mara SM. View-responsive neurons in the primate hippocam-
pal complex. Hippocampus 1995;5:409-24.

[40] Rolls ET, Treves A. Neural networks and brain function. Oxford University
Press: Oxford; 1998.

[41] Rolls ET, Deco G. Computational Neuroscience of Vision. Oxford Univer-
sity Press: Oxford; 2002.

[42] Rolls ET, Stringer SM. Spatial view cells in the hippocampus, and their
idiothetic update based on place and head direction. Neural Network
2005;18:1229-41.

[43] Rolls ET, Xiang J-Z. Reward-spatial view representations and learning in
the hippocampus. J Neurosci 2005;25:6167-74.

[44] Rolls ET, Xiang J-Z. Spatial view cells in the primate hippocampus, and
memory recall. Rev Neurosci 2006;17:175-200.

[45] Rolls ET, Kesner RP. A computational theory of hippocampal function, and
empirical tests of the theory. Prog Neurobiol 2006;79:1-48.

[46] Rolls ET, Treves A, Tovee MJ. The representational capacity of the
distributed encoding of information provided by populations of neu-
rons in the primate temporal visual cortex. Exp Brain Res 1997;114:
177-85.

[47] Rolls ET, Robertson RG, Georges-Francois P. Spatial view cells in the
primate hippocampus. Eur J Neurosci 1997;9:1789-94.

[48] Rolls ET, Stringer SM, Trappenberg TP. A unified model of spatial and
episodic memory. Proc R Soc Lond B 2002;269:1087-93.

[49] Rolls ET, Xiang J-Z, Franco L. Object, space and object-space representa-
tions in the primate hippocampus. J Neurophysiol 2005;94:833—44.

[50] Rolls ET, Treves A, Foster D, Perez-Vicente C. Simulation studies of the
CA3 hippocampal subfield modelled as an attractor neural network. Neural
Network 1997;10:1559-69.

[51] Rolls ET, Treves A, Tovee MJ, Panzeri S. Information in the neuronal
representation of individual stimuli in the primate temporal visual cortex.
J Comput Neurosci 1997;4:309-33.

[52] Rolls ET, Treves A, Robertson RG, Georges-Frangois P, Panzeri S. Infor-
mation about spatial view in an ensemble of primate hippocampal cells. J
Neurophysiol 1998;79:1797-813.

[53] Rolls ET, Miyashita Y, Cahusac PMB, Kesner RP, Niki H, Feigenbaum J,
et al. Hippocampal neurons in the monkey with activity related to the place
in which a stimulus is shown. J Neurosci 1989;9:1835-45.

[54] Samsonovich A, McNaughton BL. Path integration and cognitive map-
ping in a continuous attractor neural network model. J Neurosci
1997;17:5900-20.

[55] Schultz S, Rolls ET. Analysis of information transmission in the Schaffer
collaterals. Hippocampus 1999;9:582-98.

[56] Skaggs WE, Knierim JJ, Kudrimoti HS, McNaughton BL. A model of
the neural basis of the rat’s sense of direction. In: Tesauro G, Touretzky
DS, Leen TK, editors. Advances in neural information processing systems.
Cambridge, MA: MIT Press; 1995. p. 173-80.

[57] Song P, Wang X-J. Angular path integration by moving “hill of activity”:
a spiking neuron model without recurrent excitation of the head-direction
system. J Neurosci 2005;25:1002—-14.

[58] Stringer, SM, Rolls ET, Self-organizing path integration using a linked
continuous attractor and competitive network: path integration of head
direction, 2006.

[59] Stringer SM, Rolls ET, Trappenberg TP. Self-organizing continuous attrac-
tor network models of hippocampal spatial view cells. Neurobiol Learn
Memory 2005;83:79-92.

[60] Stringer SM, Trappenberg TP, Rolls ET, Araujo IET. Self-organizing con-
tinuous attractor networks and path integration: one-dimensional mod-
els of head direction cells. Network: Comput Neural Syst 2002;13:
217-42.

[61] Stringer SM, Rolls ET, Trappenberg TP, Araujo IET. Self-organizing
continuous attractor networks and path integration. Two-dimensional
models of place cells. Network: Comput Neural Syst 2002;13:429—
46.

[62] Taube JS, Goodridge JP, Golob EJ, Dudchenko PA, Stackman RW. Pro-
cessing the head direction signal: a review and commentary. Brain Res
Bull 1996;40:477-86.

[63] Treves A. Graded-response neurons and information encodings in autoas-
sociative memories. Phys Rev A 1990;42:2418-30.

[64] Treves A, Rolls ET. What determines the capacity of autoassociative mem-
ories in the brain? Network 1991;2:371-97.



E.T. Rolls / Behavioural Brain Research 174 (2006) 289-303 303

[65] Treves A, Rolls ET. A computational analysis of the role of the hippocampus [68] Yukie M. Connections between the medial temporal cortex and the CA1

in memory. Hippocampus 1994;4:374-91. subfield of the hippocampal formation in the Japanese monkey (Macaca
[66] Wiener SI, Taube JS, editors. Head direction cells and the neural mecha- fuscata). J Comput Neurol 2000;423:282-98.

nisms of spatial orientation. Cambridge, MA: MIT Press; 2005. [69] Zhang K. Representation of spatial orientation by the intrinsic dynam-
[67] Wilson MA, McNaughton BL. Dynamics of the hippocampal ensemble ics of the head-direction cell ensemble: a theory. J Neurosci 1996;16:

code for space. Science 1993;261:1055-8. 2112-26.



	Neurophysiological and computational analyses of the primate presubiculum, subiculum and related areas
	Introduction
	Presubiculum: head direction cells in primates
	Presubiculum and hippocampus: attractor networks modelling continuous (e.g. spatial) with discrete (object) information
	Continuous attractor networks for spatial information
	Continuous attractor networks and path integration
	Continuous and discrete attractor networks, and episodic memory

	The subiculum in the context of a theory of hippocampal function
	Introduction
	The information represented in the primate hippocampus
	Spatial view cells in primates
	Computational theories of the hippocampus
	Backprojections to the neocortex and the role of the subiculum
	Backprojections to the neocortex-quantitative aspects


	Conclusion
	Acknowledgements
	References


