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SYNOPSIS

Hippocampal spatial view neurons in pri-
mates provide allocentric representations of a
view of space ‘out there’, The responses depend
on where the monkey is looking; and can be
updated by idiothetic (self-motion) inputs provi-
ded by eye movements when the view is hidden.
In a room-based object-place memory task,
some hippocampal neurons respond to the
objects shown, some to the places viewed, and
some to combinations of the places viewed and
the objects present in those locations. In an
object-place recall task when the location in
space at which an object has been seemn is
recalled by the presentation of the object, some
primate hippocampal neurons maintain their
responding to the object recall cue in a delay
period without the object visible while the place
is being recalled; and other neurons respond to
the place being recalled. Other spatial view
neurons form associations with the rewards
present at particular locations in space. These
findings, and computational models of the
hippocampus, help to show how the primate
including human hippocampus is involved in
episodic memory.
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INTRODUCTION

The aims of this paper are to consider how
space is represented in the primate hippocampus,
how this is related to the memory and spatial
functions performed by the hippocampus, and how
the hippocampus performs these functions. The
neurophysiological studies described have been
performed (unless stated otherwise) with macaque
monkeys in order to provide information as
relevant as possible to understanding memory and
spatial systems in humans. Given the great deve-
lopment of vision in primates relative to rodents,
and with it the temporal cortical visual areas
concerned with vision (which provide many inputs
to the hippocampus via, for example, the perirhinal
cortex), it is important to investigate whether
hippocampal processing of space is identical to that
of rats, in which place cells are found /30,33,35,43/,

Because of the developments of the primate
brain, some of the connections received by the
primate hippocampus are reviewed, as they are
relevant to understanding the types of neuron found
in the primate hippocampus. The primate hippo-
campus receives inputs via the entorhinal cortex
(area 28) and the highly developed parahippo-
campal gyrus (areas TF and TH) as well as the
perirhinal cortex from the ends of many processing
streams of the cerebral association cortex, including
the visual and auditory temporal lobe association
cortical areas, the prefrontal cortex, and the parietal
cortex /2,3,91,99/ (see Fig. 1). The hippocampus is
thus by its connections potentially able to associate
together object and spatial representations. In
addition, the entorhinal cortex receives inputs from
the amygdala, and the orbitofrontal cortex, which
could provide reward-related information to the
hippocampus /10,49,85,90/. There are also direct
subcortical inputs from, for example, the amygdala
and septum /1/. The hippocampus in turn projects
back via the subiculum, entorhinal cortex, and
parahippocampal gyrus (area TF-TH), to the cere-
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Forward connections {solid lines) from areas of cerebral association neocertex via the parahippocampal gvrus and

perirhinal cortex, and entorhinal cortex, to the hippocampus; and back-projections (dashed 'ines} via the hippocampal
CAl pyramidal cells. subiculum, and parahippocampal gyrus to the neocortex. There is great convergence in the forward
connectiors down to the sing.e network implemented in the CA3 pyramidal cells; anc great divergence again in the back-
pre ections. Left: block diagram. Right: more detailed representation of some of the principal excitatory neurcns 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 hicrarchy; mf = mossy fibres. PHG - parahippocampal gyrus and perirhinal cortex; pp =
perforant path: re = recurrent collateral of the CA3 hippocampal pyramida! cells; 5 = superficial pyramidal cells; 2 =
pyramidal cells in layer 2 of the entorkinal cortex; 3 = pyramidal cells in layer 3 of *he entorhinal cortex; 4 = pyramidal
cells in layer 4 of the entorhinal corfex. The thicx lines above the cell bodies represent the dencrites.

bral cortical areas from which it receives inputs
/997, as well as to subcortical areas such as the
mammillary bodies (see Fig. 1).

In the studics of neuronal responses in the
primate hippocampus that are described, the re-
cordings of neuronal activity have generally been
made whi.e the hippocampus is performing the
functions for whick lesion studies have shown it is

needed. Lesion studies have shown that damage to
the hippocampus or 1o some of its connections,
such as the fornix, in monkeys produces deficits in
learning about the places of objects and about
the places where responses should be made. For
example, macacues and humans with damage to the
hippocampal system or fornix are impaired in
object-place memory tasks in which not only the
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objccts scen, but where they were seen, must be
remembered /20,23,47.84/. Posterior parahippo-
campal lesions in macaques impair cven a simple
type of object-place learning in which the memory
load is just ome pair of trial-unique stimuli /29/.
Further. neurotoxic lesions that sclectively damage
the primate hippocampus impair spatial scene
memory /37/. In addition, fornix lesions impair
conditional lefl-right discrimination learning, in
which the visual appearance of an object specifies
whether a rcsponse is to be made to the left or the
right /80/. A comparable deficit is found in humans
/48/. Fornix sectioned monkeys are also impaired in
learning on the basis of a spatial cue which obrect
to choose (e.g. if two objects are on the lefi, choose
object A, but if the two objects are on the right,
choose object B} /21/. Monkeys with fornix damage
arc also impaired in using information about their
place in an environment. For example, Gaffan and
Harrison /22/ found learning impairments when
which of two or more objects the monkey had to
choose depended on the position of the monkey in
the room.

[n recordings made in the primate hippocampus
under similar conditions to those in which place
cells would be found in rats, we have not so far
found neurons that respond in relation to the place
where the monkey 1s. Instead, we have found
spatial view cells, which may be thought of as
responding to the place at which the monkey is
looking. Because these neurons are in some sense
concerned with place, their properties are described
in this paper. The way in which these cells were
discovered, and some of the tasks in which they
respond, are as follows.

MEMORY FOR THE POSITIONS OF RESPONSES
AND FOR THE PL.ACES OF STEIMULI
IN MEMORY TASKS

Watanabe and Niki /100/ analysed hippocampal
neurcnal activity while monkeys performed a
delayed spatial response task. In a delayed spatial
response task, a stimulus is shown on, for example,
the lefi, there is then a delay period, and after this
the monkey can respond, by for example touching
the left stimulus position. They reported that 6.4%
of hippocampal neurons responded differently
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while the monkey was remembering lefl as com-
pared to right. The responses of these ncurons
could reflect preparation for the spatial response to
be made, or they could reflect memory of the
spatial position in which the stimulus was shown,
To provide evidence on which was important,
Cahusac et al. /8/ analysed hippocampal activity in
this task, and in an objcct-place memory task. [n the
object-place memory task, the monkey was shown
a sample slimulus in one position on a video
screen, there was a delay of 2 seconds, and then the
same or a different stimulus was shown in the same
or in a different position. The monkey remembered
the sample and its position, and if both matched the
delayed stimulus, he licked to obtain fruit juice. Of
the 600 neurons analvsed in this task, 3.8% respon-
ded differently for the different spatial positions,
with some of these responding differentially during
the sample presentation, some in the delay peried,
and some in the match period. Thus some hippo-
campal neurons (those differentially active in the
samplc or match periods) respond differently for
stimuli shown in different positions in space, and
some (those differentially active in the delay
period) respond diffcrently when the monkey is
remembering different positions in space. In
addition, some of the neurons responded to a
combination of object and place information. in
that they responded only to a novel object in a
particular place. These neuronal responses were not
due to any response being madc or prepared by the
monkey, because information about which behavi-
oural response was required was not availabie until
the match stimulus was shown. Cahusac et al. /8/
also found that the majority of the ncurons which
responded in the object-place memory task did not
respond in the delayed spatial response task.
Instead, a different population of neurons (5.7% of
the total) responded in the delayed spatial response
task, with differential left-right responses in the
sample, delay, or match periods. Thus this latter
population of hippocampal neurons had activity
which was related to the preparation for or miti-
ation of a spatial response, which in the delayed
respense task could be encoded as soon as the
sample stimulus was seen.

These recordings showed that there are some
neurons in the primate hippocampus with activity
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which is related to the spatial pesition of stimuli or
to the memory of the spatial position of stimuli {as
shown in the ob’ect-place memory task). The recor-
dings alse showed that information about which
visual stimulus was shown, and where it was
shown, was combined onto some neurons in the
primate hippocampus.

OBJECT-PLACE MEMORY TASKS,

The responses of hippocampal neurons in
primates with aclivity related to the place in which
2 stimulus is shown was further investigated using
2 serial multiple object-place memory task. The
task required a memory for the position on a video
monitor in which a given object had appeared
previously /66/. This task was designed to allow a
wider area of space to be tested than in the previous
study, and was chosen also because memory of
where objects had been seen previously in space
was known to be disrupted by hippocampal damage
/19.20/. In the task a visuzl image appeared in one
of four cr nine positions on a sereen. If the stimulus
had been seen in that position before, the monkey
could lick 1o ebtain fruit juice, but if the image had
not appeared in that position before, the monkey
had not to lick in order to avoid the taste of saline.
Each image appeared in each position on the screen
on v twice, once as novel, and once as familiar. The
task thus required memory not only of which visual
stimuli had been seen belore, but of the positions in
which they had been seen, and is an object-place
memory task. It was found that 9% of neurons
recorded in the hippocampus and parahippocampal
gvrus had spatial Jlelds in this and related tasks, in
that they responded whenever there was a stimulus
in some but nol in other positions on the screen.
2 4% of the neurens responded tc a combination of
spatial information and information about the
cbject seen. in that they responded more the first
time a particular image was seen in any position.
Six of these neurons were found which showed this
combination even more clearly, in that they, for
example, responded only to seme positions, and
cnly provided that it was the first time that a
particular stimulus had appeared there. Thus not
only is spatial information processed by the primate
hippocampus. but it car be combined as shown by

the responses cf single neurons with information
about which stimuli have becn seen before /66/,

The ability of the hippccampus to form such
arbitrary associations of information probably
originating from the parietal cortex about position
in space with information originating from the
temporzl lobe about ohbjects may be important for
its role in memory. Moreover these findings
provide neurophysiclopical support for the com-
putational theory according to which arbitrary
associations are formed onto single neurons in the
hippocampus between signals origirating in differ-
ent parts of the cerebral cortex, e.g. about objects
and about position in space /5%8,74,97/.

AN ALLOCENTRIC REPRESENTATION OF SPACE
IN THE PRIMATE HIPPOUC AMPUS

These studies showed that some hippocampal
neurcns in primates have spatial fields. In order to
investigate how space is represented in the hippo-
campus. Feigerbaum and Rolls /15/ investigated
whether the spaual fields use egocentric ¢r some
form of allocerntric coordinates. This was invesii-
gated by finding a neuron with a space field, and
then moving the monitor screen and the monkey
relative to each other, and to diffcrent posttions in
the laboratory. For 10% of the spatial neurons, the
responses remained in the same position relative to
the monkey's body axis when the screen was
moved, or the monkey was rotated or moved 1o a
different positicn in the laboratory. These neurons
thus represented space in cgocentric coordinates.
For 46% of the spatial neurons analysed, the
responses remained in the same position on the
sereen or in the room when the monkey was rotated
or moved to a different position in the laboratory.
These neurons thus represented space in allocentric
coordinates. Evidence for two types of allocentric
encoding was found. In the first type, the field was
defined by its position on the monitor screen in-
dependently of the position of the monitor relative
to the monkey’s body axis and independently of the
position of the monkey and the screen in the
laboratory. These neurons were caled “frame of
reference” allocentric, in that their fields were
defined by the local frame provided by the monitor
screen. The majority of the allocentric ncurons
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respondec in this way. In the second type of
allocentric encoding, the ficld was defined by its
position in the rocm at which they monkey was
looking, and was relatively independent of position
relative to the monkey's bedy axis or to pesition on
the monitor screen face. These neurons were called
‘absclute” allocentric, in that their fields were
defined by position in the room. They are what we
have gone on to show subsequently are spatial visw
neurons. These results showed that in addition tc
neurons with egocentric spatial felds, which have
also heen Tound in other parts of the brain, such as
the parietzl cortex /5/, there are neurors in the
primatc hippocampal formation which encode space
in allocentric coordinates.

SPATIAL VIEW NEURONS IN THE
PRIMATE HIPPOCAMPUS

In rats, place cells are found which respond
depending on the place where the rat is in a spatial
environment (see /33.35,39/). In a first invest-
gation to analyse whether such cells might be
present in the primate hippocampus, Rolls and
O'Mara /67,68/ recorded the responses of hippo-
campal celis when macaques were moved in a
smal. chair or rohot on wheels in a cue-controlled
testing environment (2 m x 2 m x 2 m chamber
with matt black intermal walls and floors). Tests
were performed to determine whether cells might
be found which could be described as ‘place-
related’, i.e. firing differently when macaques are
moved to different places in this environment; or
according tc the positicn in spacc at which the
monkey is looking; or according to his ‘head
direction’. The most common type of cell respon-
ded to the part of space at which the monkeys were
looking, independently of the place where the
menkey was. These neurons were called ‘view’
neurons, and are similar to the spacc neurons
described by Rolls er al /66/ and Feigenbaum and
Rolis /15/. (The main difference was that in the
study of Rol.s er @/ /66/ and I'eigenbaum and Rolis
/15/, the allocentric representation was defined by
where on a video monitor a stimulus was shown;
whereas spatial view cells respond when the
monkey looks at a particular part of a spatial
environment.) Some of these view neurons had
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responses which depended on the proximity of the
monkey to what was being viewed. Thus in this
study the neuronal representation of space found in
the primate hippocampus was shown 10 be defined
primarily by the view of the environment, and not
by the place where the monkey was /67,68/. Ono et
al /45/ performed studics on the representation of
space in the primate hippocampus while the
monkey was moved in a cab to different places ina
room. They found that 13.4% of hippocampal
formation neurons fired more when the monkey
was at some than when at other places in the test
area, and although seme neurons responded more
when the monkcy was at some places than at
others, it was not clear whether the responses of
these neurons responded to the place where the
monkey was independently of spatial view, or
whether the responses of place-like cells were view
dependent. This critical issue is discussed after the
properties of spatial view cells have been described
further, when tests which can distinguish spatial
view cells from place celis will become more clear.
In rats, place cells fire best during active loco-
motion by the rat /17/. To investigate whether place
cells might be present in monkeys if aclive loco-
motion was being performed, we recorded from
singlc hippocampal neurons /24.50,69,76/ while
monkeys moved themselves round the test environ-
ment by walking (or ruaning) on all fours. In
addition, to bring out the responses of spatial cells
in the primate hippocampus, we charged from the
cue-controlled environment of Rolls and O'Mara
/68/, which was matt black apart from four spatial
cues, to the much richer environment of the open
laboratory, within which the monkey hasa 2.5 x 2.5
m area to walk. The position and head direction of
the monxey are tracked continuously, and (he cye
position (1.e. the horizontal and vertical directions
cf the eyes with respect to the head) is recorded
continuously with the scleral search coil techmque
so that we can measure exactly where the monkey
is looking in the environment at all times. An
example of a hippocampal pyramidal cell recorded
during active locomotion in this environment is
shown in Figure 2. Figure 2a shows in the outer set
of rectangles all the firing that occurred during a
period of 6 minutes when the monkey was walking
around the laboratory. The icons of the cart position
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Examples ol the firing of a hippocampal cell (az033) 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 wall is towards the centre of each
rectangle, 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 cart, thus showing that many different places were visited during the
recording sessions. b. A similar representation of the same three recording sessions as in (a), but modified to indicawe
some of the range of cant positions and horizontal gaze directions when the cell fired. To enable individual carteve paze
direction icons to be distinguished, only every 10" icon was plotted when the cell fired faster than 12 spikes/sec. A spot
was placed in the rectangles whenever the cell fired al greater than 12 spikes/sec. e. A similar representation of the same
three recording sessions as in (B), but modified to indicate more fully the range of can positions when the cell fired. To
enable individual cart’eye gaze direction icons to be distinguished only every 10™ jeon was plotted when the cell fired
faster than 12 spikes/sec. (12 spikes/sec was selected as it was half the peak firing rate of the cell, and thus helps 1o reveal
the conditions when the cell was strongly activated.) 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. (Reprinted with permission from Georges-Frangois ef al. /24/; Fig. 1.)
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printed every 250 ms show that a wide area of the
laboratory was explored during the period. The cell
fired mainly when the monkey was looking at a part
of wall 3, and this is brought out in Figures 2b and
2¢ 1in which a spot is placed on the walls where the
monkey was looking only when the finng rate was
above 12 spikes/sec, the half-maximal firing rate.
The fact that the cell responded when the monkey
was looking at the spatial view field on wall 3 from
a large number of different places in the room is
brought out in Figure 2b, in which every tenth cart
position and horizontal gaze direction when the cell
fired at greater than 12 spikes/sec are shown. The
range of different cart positions and head directions
(which were aligned with the carnt direction) over
whkich the cell fired when the cell responded at
more than 12 spikes/sec s brought out in Figure 2¢,
in which every car: position anc head direction for
this response rate are shown. Further analyses of
the response properties of this cell, including evi-
dence that it responded for a whole set of different
head positions, head directions and cye positions,
and that 1t had similar spatial view fields when the
monkey was actively walking and when he was
stationary but exploring the environment with eye
movements, are provided by Georges-Frangois er
al 124/,

The responses of another cell to show how the
responses are related to spatial view, and not to
place, head direction, or eye position per se, are
shown in Figure 3. The firing of the cell as a
function cf horizontal and vertical eye positior. is
shown in Figure 3a (left) with the monkey station-
ary al the place and with the head direction shown
in Figure 3a (right). (The firing rate of the neuron
wzs measured whenever the eyes were stationary to
within 1 degree for more than 250 ms, and data for
several minutes of recording are shown.) The
highest finng rate of the cell was found when the
monkey was looking approximately 10° left and
level in the vertical plane, The response field of the
cell is plotted against wall 1 in Tigure 3a (right).
The recording time for the data shown in Figure 3a
was approximately 4 min. The monkey was then
moved to the different place with a different head
direction shown in Figure 3b. The highest firing
rate was now when the monkey was looking ap-
proximately 30° right. The response field of the cell

VOLUME 17, NO. [-2, 2006

is again plotted against wall | in Figure 3b (nght).
Data with the monkey at a different place (but the
same head direction as in b) are shown in Figure
3c. The cell now fired most when the monkey
looked approximately 30° lzft. The response field
was, however, at the same place on wall ] as in
Figure 3a and b. It is clear from this type of
experiment that it was where the monkey was
looking that determined whether the neuron respon-
ded, and not a particular head direction, eye
position, or place where thz monkey was located.
This was corfirmed in one-way analyses of
variance, in which the several hundred firing rate
and eye position data pairs used to construct Figure
3a-c were sorted according 1o different hypotheses.
When the data for level eye position plus and minus
7° (the level of gaze where the c¢cll fired 1f it was
going to) were sorted according lo where the mon-
key was looking on the wall (binned into six wall
positions visible in Fig. 3a-c}, one-way ANOVA
was significant at p <0.001, and the cell provided
an average information (about spatial view) of
0.217 bits in a 500 ms epoch. When the same data
were sorted according to eye position (binned into
six bins), one-way ANOVA was not significant (p
~ 0.8), and the cell provided an average information
(about eye position) of 0.006 bits in a 500 ms
epoch. When the same data were sorted according
0 head direction {binned into two bins), one-way
ANOVA was not significan: (p = 0.5), and the cell
provided an average information (about head
direction) of 0.0 bits in a 500 ms epoch. When the
same data were sorted according to the place where
the monkey was located (birned into two bins).
onc-way ANOVA was not s.gnificant (p = 0.9), and
the cell provided an average information (about
place) of 0.001 bits in a 500 ms epoch. This
analysis leads to the conclusion that the cell
responded significantly differently for different
allocentric spatiat views and had information about
spatial view in its firing rate, but did not respond
differently just on the basis of eye position, head
direction, or place. Across the population of cells
analysed, it was possible to confirm that it was
where the monkey was looking, and not the eye
position, head direction, or head posilion in the
room per se, which accounts for the firing of these
neurons, and about which they convey moest in-
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Fig. 3: Examples of the firing of another hippocampal cell (av216) when the monkey was at different positions in the room, with
different head directions, looking at wall | of the room. The details of the spatial view field are shown by the different
firing rates indicated as prey scale levels. The firing rate of the cell in spikes/sec as a function of horizontal and vertical
eve position is indicated by the blackness of the diagram on the left (with the calibration bar in spikes/sec shown below).
(Positive values of eye position represent right in the horizontal plane and up in the vertical plane.) The arrows in the
diagrams on the right delineate the approximate position of the spatial view field. (Reprinted with permission from
Georges-Frangois e al. /24/; Fig. 5.)
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formation /24/. This series of experiments proved
that the representation was not in egocentric spatial
coordinates (with respect to the head or body), but
was instead allocentric, representing positions in
space in world-based coordinates.

In further experiments on these spatial view
newrons, it was shown that the responses of some
reflected quite an abstract representation of space,
in that if the visual details of the view were
completely obscured by floor-to-ceiling black
curtains, then many of the neurons could still
respond when the monkey looked towards where
the view had been /50/. There was sometimes a
slight drift of the spatial view field when the
curtains were closed, consistent with the hypothesis
that a remembered spatial view is not as accurately
located as a seen one, and with the fact that the
actual view of the scene was the normal determi-
nant of the spatial response field of the cell. The
slight drift of the spatial field of the cell is also
consistent with the evidence from the study repor-
ted by Georges-Frangois ef al. /24/ that the co-
ordinate system used by these cells is not in eye
position coordinates, nor in a combination of eye
positon and head direction coordinates, but in
allocentric, i.e. world coordinates. The experiment
by Robertson ef al. /50/ (see also Rolls ef al. /761)
shows that primate hippocampal spatial view
neurons can be updated for at least short periods by
idiothetic cues, including eye position and head
direction signals, and that the drift produced by the
necessary temporal integration of these signals can
then be corrected by showing the visual scene
again.

The cells that responded with only a small
diminution of their response when the view details
were obscured (or the room was placed into
darkness) were found in the CAl region, the
parahippocampal gyrus and the presubiculum.
Other cells had a large diminution (10 on average
23% of their normal responsc) when the monkey
looked towards the normally effective location in
the environment when the view details were obs-
cured, These cells were in the CA3 region of the
hippocampus. This finding provides additional evi-
dence that visual inputs are important in defining
the response properties of spatial view neurons
50/, This reduction in the firing of the CA3 cells
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reflects the reduction in the visual sensory drive or
recall cue to a CA3 memory system. The results
indicate that for CA3 cells the visual input is
necessary for the normal spatial response of the
neurons, and for other cells in the primate hippo-
campal formation, the response still depends on the
monkey gazing towards that location in space,
when the view details are obscured /50/. These
latter cells could therefore reflect the operation of a
memory system, in which the neuronal activity can
be triggered by factors which probably include not
only (idiothetic) eye position command/feedback
signals, but also probably vestibular and/or proprio-
ceptive inputs. The fact that the CA3 neurons
continue to fire in the dark and with the view
obscured is evidence that there is an attractor (auto-
association) network implemented i the CA3
recurrent collateral system that can be triggered into
an attractor state by the appropriate idiothetic
signals /52,53,58,74,97/. The findings are consis-
tent with partial recovery of information in the CA3
network, which may operate by auto-association.
and further recovery of information in the CA3 1o
CAl associatively modifiable synapses, as has been
shown to be possible in simulations and analyti-
cally by Rolls /55/, who demonstrated this retrieval
effect of the Schaffer collaterals in simulations of
the hippocampus, and Schultz and Rolls /82/, who
produced a quantitative analysis of this effect.
Another factor that could contribute to the better
responses of CAl cells when the spatial view is
obscured is the direct perforant path input to the
CAl cells, which may provide additional input to
the CAl cells (see also Rolls and Treves /74/),

The spatial view field of these cells typically
occupies a part of space that is about as large as '/
of all the four walls of the testing room. Each cell
has a different view to which it responds. Thus over
a population of many such newons these partly
overlapping view fields represent rather precise
information about the part of space being viewed.
This has been quantified using information theory,
and indeed it has been shown that the amount of
information about which part of space the monkey
is viewing increases approximately linearly with
the number of neurons in the sample. Thus an
independent contribution is made by each of the
cells in an ensemble to representing allocentric
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space (76/. Becaus¢ information is a logarithmic
measure, this means that the number of spatial
views (or the accuracy of the representation)
increases exponentially with the number of neurons
in the ensemble, a powerful result. Morcover, the
indication is that most of this information is
contained in the number of spikes that each neurcn
produces within a short time window, and not in
the relative time of firing of the spikes of different
neurons /46/.

Many spatial view (or *space’ or ‘view") cells
have been found in this series of experiments /24,
30,69.76/. (The number of spatial view cells in the
initial sample of 352 cells recorded under these
conditions is 40, see Rolls er al. /69/.) It is simply
noted here that their average spontaneous rate is
low, mean (L5 spikes/see, and that their average
peak firing rate is 17 spikes/sec, interquartile range
11-20 spikes/sec. This low spontaneous rate and
low peak response rate is similar to that of place
cells in rats. No place cells have been found that
responded based on where the monkey was. and not
on where he was looking in the environment.
Although Ono er al /45/ (see also /31/) have
described cells in the macaque whose firing rate
depended on the location of the macaque, we note
that very extensive testing with formal contrasts of
different hypotheses performed along the lines
described by Georges-Francois ef al /24/ is in
general needed to show whether a cell in the
primate hippocampus responds to the place where
the monkey is rather than spatial view. For
example, given that a region of allocentric space in
a room which defines the spatial view field of a
spatial view cell will not be visible from all places
in a room, it is not sufficient to show that the firing
rate depends on the place where the monkey is,
because the spatial view does as well. Another
example is shown in Figure 2 of a cell (av037)
which might have been interpreted as a place cell
if testing with different head directions of the
monkey allowing different spatial views had not
been performed /56,57/. It is essential to measure
the firing rate of a primate hippocampal cell with
different head directions so that different spatial
views can be compared, as testing with just one
head direction /31/ cannot provide evidence that
will distinguish a place cell from a spatial view

cell. These points will need to be borne in mind in
future studies of hippocampal neuronal activity in
primates including humans (¢f. /13,18,26/), and
simultaneous recording of head position, head
direction, and eye position, as described in this
paper, will be needed. To distinguish spatial view
from place cells it will be important to test neurons
while the primate or human is in one place with all
the different spatial views visible from that place;
and also to test the same neuron when the organism
is in a different place, but at least some of the same
spatial views are visible, as has been done in our
primate recording. It is also necessary to test
primate hippocampal cells during active locomo-
tion, in case this is an important factor as in the rat.
Having said this, we have found that spatial view
cells in the primate hippocampus have similar
responses during active locomotion as when the
monkey is stationary, but is allowed to look around
and actively explore the environment with eye
movements. Indeed, it is possible that this active
exploration of an environment by eye movements is
somewhat analogous to the active exploration
which a rat does by running around. The actual
recording system we use does allow the monkey
very active locomotion when he is moving on all
four legs, in that the chair on wheels is attached
only to his head, and allows head angular velocities
as large as 100 degrees/sec and linear motion of (.6
m/sec, 50 it is unlikely that this has resulted in our
not finding place cells in the primate hippocampus.
However, we do not have a strong position on this
issue. We simply note that we have not so far
observed place cells in the primate hippocampus,
we note that great care would be needed to show
that they are place cells if found, and we draw
attention to a remarkable new type of cell, spatial
view cells, which in primates respond to places “out
there’, and which are well suited to participating in
the memory for where objects have been seen in an
environment. We also note that hippocampal spatial
view cells are very different from inferior temporal
cartex neurons which respond to objects or faces
wherever they are moved to in an environment
/63.64/. In contrast, although spatial view cells
must respond to features in an environment, it
appears that it is normally the combination of a set
of features in a fixed position in the world that is
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what activates spatial view neurons. In a sense, an
object can be defined as a set of co-occurring
features that can easily be moved to different
locations in an environment, whereas a place is
defined by a set of co-occurring features that
remain together in the same location in the world
and are not normally seen to move independently of
the rest of the world,

It is also useful to emphasise that spatial view
cells are very different from head direction cells,
which are found in the primate presubiculum and
parahippocampal gyrus /51/. 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 contrast, the response of
head direction cells remains constant for a given
head direction, even when the spatial view is very
different /51/. To provide a simple concept to
emphasize the difference, one can think of head
direction cells as responding like a compass attach-
ed 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.

OBJECT-PLACE NEURONS IN THE
PRIMATE HIPPOCAMPUS

A fundamental question about the function of
the primate including human hippocampus is whether
object as well as allocentric spatial information is
represented. To investigate this, Rolls et al. /79/
made recordings from single hippocampal forma-
tion neurons while macaques performed an object-
place memory task which required the monkeys to
learn associations between objects, and where they
were shown in a room. Some neurons (10%) re-
sponded differently to different objects indepen-
dently of location; other neurons (13%) responded
to the spatial view independently of which object
was present at the location, and some neurons
(12%) responded to a combination of a particular
object and the place where it was shown in the
room. These results show that there are separate as
well as combined representations of objects and
their locations in space in the primate hippo-
campus. This is a property required in an episodic
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memory system, for which associations between
objects and the places where they are seen is proto-
typical. The results thus show that a requirement
for a human episodic memory system, separate and
combined neuronal representations of objects and
where they are seen ‘out there’ in the environment,
are present in the primate hippocampus /79/.

RECALL-RELATED NEURONS IN THE
PRIMATE HIPPOCAMPUS

Having described the discovery of spatial view
neurcns in the primate hippocampus, and neurons
involved in associations between spatial view and
the objects present at the places viewed /79/, or the
rewards present at the places viewed /78/, we now
describe a new investigation of how hippocampal
neuronal activity is related to the recall of
memories. We have a full and quantitative theory
of how the hippocampus, and its backprojection
pathways to the neocortex, are involved in the
recall of previously stored episodic memories from
just a fragment of the original memory /52,58.74,
97/, but we believe this is the first neurophysio-
logical investigation of the hippocampal recall
process in primates,

We used an object-place memory task because
this is prototypical of episodic memory, and there is
evidence that the primate hippocampal sysiem is
required for this type of memory. (Posterior para-
hippocampal lesions in macaques impair even a
simple type of object-place leaming in which the
memory load is just one pair of trial-unique stimuli
129/, further, it has been shown that a one-trial
odour-place recall memory task is hippocampal-
dependent in rodents /11/.) We designed a one-trial
object-place recall task, in which the whole memory
was recalled from a part of it. The task is illustrated
in Figure 4. Images of new objects were used each
day, and within a day the same objects were used,
so that with non-trial unique objects within a day,
the recall task is quite difficult.

Recordings were made from 347 neurons in the
hippocampus of a macaque performing the object-
place recall task. The following types of neurons
were found in the task.

One type of neuron had responses that occurred
to one of the objects used in the task. A number of
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Object-place recall task

Object 1 Object 2 Recall cue Response period
2 Stage 3 for recall
Stage 1 Stage <l

Time (s)

The object-place recall task. One trial is shown. After a 0.5 sec tone to indicate the start of a trial, in Stage | one of two
objects (O1) is shown at one of the places (P1). (The object and the place are chosen randomly on each trial.) To ensure
that the monkey sees the stimulus, the monkey can touch the screen at the place to obtain one drop of juice reward by
licking. After a 0.5 sec delay, in Stage 2, the other of the two objects (O2) is shown at the other place (P2). (One drop of
fruit juice was available as in Stage 1) After a 0.5 sec delay, in'Stage 3, the recall cue, one of the objects chosen at
random, is shown at the top of the screen in the middle. {One drop of fruit juice was available as in stage 1.) After a 0.5
sec delay, in Stage 4, the macaque must then recall the place in which the object shown as the recall cue in stage 3 was
presented, and must then touch that place on the screen to obtain four licks of fruit juice, thus indicating that he has
recalled the location correctly. In stage 4 of the trials, the left and right positions (P1 and P2} have no image present, with
the two possible locations for a response indicated by identical circles. The task requires the monkey to perform recall of
the place from the object, within the period beginning at the presentation of the recall cue at the start of stage 3 and ending

when the response is made in stage 4.

these neurons had activity that was related to the
recall process. An example of one of these neurons
is shown in Figure 5. The neuron had activity that
was greater to object | not only when it was shown
in stages 1, 2 and 3 of the task, but also in the delay
period following stage 3 when the object was no
longer visible, and in stage 4, when the object was
also no longer visible and the macaque was touch-
ing the remembered location of that object. Thus
while the location was being recalled from the
object, this type of neuron continued to respond as
if the object were present; that is it kept the
representation of the object active after the object
was no longer visible, and the place to touch was
being recalled. Sixteen of the neurons responded in
this way, and an additional six had object-related

firing that did not continue following stage 3 of the
task in the recall period. The difference of the firing
rates of these 22 neurons to the different objects
was in many cases highly statistically significant
(eg. p =:10"5], We performed a Fisher exact proba-
bility test to confirm that the set of statistically
significant results in the 22 neurons could not have
arise by chance within the 347 tests performed, and
were able to reject this with p <5.4 x 10°°, Thus the
population of 22 neurons had statistically very
highly significance in its object-related responses.
(The Fisher /16/ probability combination [or gene-
ralized significance or exact probability] test is well
established and asymptotically Bahadur optimal
f28,103/) None of these neurons had differential
responses for the different places used in the object-
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Object recall-related in object-place recall task
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Fig. 5:

Activity of a neuron with responses related to one of the objects used in the object-place recall task. The firing rate 10

object 1 (O1) and object 2 (02) are shown (mean firing rate in spikes/sec across trials = SEM). The first histogram pair
{on the left) shows the responses to the two objects measured throughout the trial whenever object | or object 2 was on the
screen. The second histogram pair shows the neuronal responses when the objects were being shown in stage 3 as the
recall cue. The third histogram pair shows the neuronal responses in the 0.5 sec delay period after one of the objects had
been shown in stage 3 as the recall cue. The neuron continued to respond more after abject | than after object 2 had been
seen, in this recall period in which the place was being recalled from the object. The fourth histogram pair shows the
neuronal responses in stage 4 when the macaque was recalling and touching the place at which the cue recall object had
been shown. The responses of the neuron were object-related even when the object was not being seen, but was being used
as the recall cue, in the delay after stage 3 of the task. and in stage 4. ** p <0.01; * p <0.05.

place recall task.

A second type of neuron had responses related
to the place (left or right) in which an object was
shown in stages | or 2 of each trial. An example of
one of these neurons is shown in Figure 6. The
neuron responded more when an object was shown
in the left position (P1) than in the right position
(P2) on the screen. Interestingly, when the recall
object was shown in stage 3 of the trial in the top
centre of the screen, the neuron also responded as if
the left position (P1) were being processed on trials
on which the left position had to be recalled. This
firing continued in the delay period after the recall
cue had been removed at the end of stage 3, and
into stage 4. Thus this type of neuron appeared to
reflect the recall of the position on the screen at
which the object had been represented. Analysis of
trials on which errors were made indicated that the
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responses were not just motor response related, for
if due to some response hias the monkey touched
the incorrect side, the neuron could still respond
according to the correct recalled location. Thirteen
neurons had differential responses to the different
places, P1 and P2, and continued to show place-
related activity in the recall part of the task, stage 3.
Five other neurons had lefi-right place-related re-
sponses without a memory recall component. in
that they did not respond in stage 3 of the task,
when a non-spatial recall stimulus was being
shown, and a place should be being recalled (see
Table 1). We performed a Fisher exact probability
test to confirm that the set of statistically significant
results in the 18 neurons could not have arise by
chance within the 347 tests performed, and were
able to reject this with p <0.05. Thus these 18
neurons as a population had statistically significant
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Place recall-related in object-place recall task
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Activity of a neuran with responses related to the left place (P1) in the task. The firing rate to place | (P1) and place 2
(P2} are shown (mean firing rate in spikes/sec across trials + SEM). The first histogram pair (on the left) shows the
responses o the two places mzasured when a stimulus was on the screen in stage 1 or stage 2. The second histogram pair
shows the ncuronal responses when the objects were being shown in stage 3 as the recall cue, and depending on whether
the place to be recalled was place 1 or place 2. The third histogram pair shows the neurenal responses in the 0.5 sec delay
period after ane of the objects had beer shown in stage 3 as the recall cue. The neuron responded more when place 1 was
the correct place to be recailed on a trial. The fourth histogram pair shows the neuronal responses in stage 4 when the
macaque was recalling and touching the place at which the cue recall object had been shown. The responses of the neuron
were place-related even in stage 3 when the object being shown as a place recall cue was a1 the top of the screen, in the
delay after stage 3 of the task, and in stage 4. ** p <0.01; * p <0.05.

TABLE 1

Numbers of neurons in the hippocampus with different types of response
during the object-place recall task

Type of response n
Object with activity continuing after the recall cue 16
Object with activity not continuing after the recall cue 6
Place with activity during and after the recall cue 13
Phace with activity during the recall cue 5
Object a Place 3
...... Eonn o ,'i:o';.l - 347
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place-related responses. The new finding is that 13
of the neurons had place-related responses when a
place was being recalled by an object cue.

The responses of the population of neurons
recorded in one macaque are shown in Table |. [n
add:tion to the neurons described above, three
further neurons responded 1o particular combina-
tions of objects and places, c.g. to chject | when it was
shown in place 1, but not 1o other combinations.

The recording sites of the object and of the
place neurons are shown in Figure 7. All the
neurons were within the hippocampus proper. The
mean (£ SEM) firing rate of the population cf
responsive neurons (see Table 1) to the most
effective object or place was 7.2 £ (.6 spikes/sec,
and their mean spontaneous rate was 3.2 + 0.6
spikes/sec.

These findings are the first we know in the

’ e
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primate hippocampus of ncuronal activity that is
related to recali. [t is particularly interesting that the
neurons with continuing activity to tae object after
it had disappeared in the recall phase of the task
could reflect the operation of the object-place recall
process that is hypothesized to take place in the
CA3 cells. By continning to respond to the ohject
while the place is being recalled in the task,
the object-related neurons could be part of the
completion of the whole objzct-place combination
memory from an auto-association or attractor
process in CA3 /65/.

The neurons with recall-related activity in the
object-place recall task also provide neurophysic-
logical cvidence on the speed of association
leaming in the hippocampal formation. Given that
this is a one-trial object-place recall task, with the
agsociation between the object and its place being

Place
e !
Ry ey,
E’f "\‘::.—,’@/
=~ =

Fig. 7: Tﬁe recording sites of the different neuron types 'n the object-place recall task are shown. Amyp = amygdala; Hipp =
hippacampus: opt = optic tract; Prh = perirhinal cortex: rhs = rhinal sulcus; sis =superior temporal sulcus; TE = nferior

temporal visual cortex; TF, TH = parahippocampal gyrus.
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made in stages 1 and 2 of each trial (see Fig. 4), it
is clear that it takes just one trial for the object-
place associations to be formed that are relevart to
the later recall on that trial. This is the speed of
learning that is required for episodic memory. and
this neurcphysiological evidence shows that this
type of rapid, one-trial, object-place leaming is
represented in the primate hippocampus.

REWARD-PLACE NEURONS IN THE
PRIMATE HIPPOCAMPUS

It is suggested that whenever memories are
stored, part of the context is stored with the memory.
This is very likely to happen in associative neuronal
networks such as those 1o the hippocampus /52,34,
58,60.61,72,74.97/. The CA3 part of the hippo-
campus may operate as a single auto-associative
memory capable of linking together almost arbit-
rary co-occummences of inputs, including inputs
about emotional state that reach the entorhinal
cortex from, for example, the amypdala and orbito-
frontal cortex /62/. Recall of a memory occurs best
in such networks when the input key to the memory
is nearest 1o the original input pattern of activity
which was stored /64,73-73,95-97/. It thus follows
that a memory of, for example, a happy episoce is
recalled best when in a happy mood state. This is a
special case of a general theory of how context is
stored with a memory, and of how context influ-
ences recall /58,70,97/. The recall itself from the
hippocampus is likely to use the highly developed
backprojections from the hippocampus to the neo-
cortex (shown in Fig. ! of Treves and Rolls /97/).
The effect of emotional state on cognitive pro-
cessing and memory is thus supgested to be a
particular case of a more general way in which
context can affect the storage and retrieva. of
memories, or can affect cognitive processing /62/.

There is now direct evidence that the hippo-
campus, which is implicated in the memory for past
episodes /59,72,74/, contains neurons in primates
that respond to combinalions of spatial information
and reward information /78,79/, as described next.
The ability to form associations between events,
including where they occur and what is present, isa
fundamental property of episodic memory 758,97/,
and this new neurophysiological evidence shows

that reward-related information, relevant to affect
and mood, is associated with other cvents in the
representations in the primate hippocampus. The
primate anterior hippocampus (which corresponds
to the rodent ventral hippocampus) receives inputs
from brain regions involved in reward processing,
such as the amygdala znd orbilofrontal cortex /10,
49.85,90/.

To investigate how this affective input may be
incorporated into primate hippocampal function,
Rolls and Xiang /77,78/ recorded neuronal activity
while macaques performed a reward-place associ-
ation task in which each spatial scenc shown on a
video monitor had one location which if touched
viclded a preferred fruit juice reward, and a szcond
location which vielded a less preferred ‘uice
reward. Each scene had different locations for the
different rewards. Of 312 hippocampal neurons
analysed, 18% respended more to the tocation of
the preferred reward in different scercs, and 5% to
the location of the less preferred reward /78/. When
the locations of the preferred rewards in the scenes
were reversed, 60% of 44 neurons tested reversed
the location o which they responded, showing that
the reward-place associations could be altered by
new learning in a few trials. The majority {82%) of
these 44 hippocampal reward-place ncurons tested
did not respond to chject-reward associations in a
visual discrimination object-reward association task.
Thus the primate hippocampus contains a repre-
sentation of the reward associations of places ‘out
there” being viewed, and this is a way i which
affective information can be stored as part of an
episodic memory, and how the current mood slate
may influence the retricval of episodic memories,
There is consistent recent evidence that rewards
available in a spatial environment can influence the
responsiveness of rodent place neurons /25,92/
which respond to the place where the animal is
located, not to the view of a place ‘out there’ /12,
591

Thus the primate hippocampus can combine by
associative leaming a representation of places ‘out
there’ not only with which object is present at the
viewed location /79/, but also with which reward is
present at the viewed location /78/. The peneral
principle here then is that the hippocampus may
store information about where emotion-related (e.g.
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rewarding) events happencd; may take part in the
recall of emotions when particular places are seen
again; and may provide a system in which the
current mood can influence which memories are
recalled.

Before discussing the possible functions of
primate spatial view cells, and their relation to rat
place cells, it is useful 10 summarise the properties
of other cells in the primate hippocampus which are
relcvant to understanding the representation of
space by the primate hippocampus.

NEURONS RELATED TO LEARNING
ASSOCIATIONS BETWEEN VISUAL STIMULI
AND SPATIAL RESPONSES

In another type of task for which the primate
hippocampus 15 nceded, conditional spatial re-
sponse learning, in which the monkeys had to learn
which spatial response to make to different stimuli,
that is, to acquire assoctations between visual
stimuli and spatial responscs, 14% of hippocampal
ncurons responded to particular combinations of
visual stimuli and spatial responses /34/. The firing
of these neurons could not be accounted for by the
motor requirements of the task. nor wholly by the
stimulus aspects of the task, as demonstrated by
testing their firing in related visual discrimination
tasks. These results showed that single hippo-
campal neurons respond to combinations of the
visual stimuli and the spatial responses with which
they must become associated in conditional re-
sponse tasks, and are consistent with the computa-
tional theory descnbed above according to which
part of the mechanism of this learning involves
associaions between visuval stimuli and spatial
responses learned by single hippocampal neurons.

In a following study by Cahusac et al. /9/, it was
found that during such conditional spatial response
learning, 22% of this type of neuron analysed in the
hippocampus and parahippocampal gyrus altered
their responses so that their activity, which was
initially equal to the two new stimuli, became
progressively differential to the two sumuli when
the monkey learned to make different responses to
the two stimuli. These changes occurred for
diffsrent neurons just before, at, or just afier the
time when the monkey learned the correct response
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1o make to the stimuli, and are consistent with the
hypothesis that when new associations between
objects and places (in this casc the places for
responses) are learned, some hippocampal neurons
learn to respond to the new associations that are
required to solve the task. Similar findings have
heen described by Wirth er af /102/.

RESPONSES OF NEURONS IN THE PRIMATE
HIPPOCAMPUS TO WHOLE BODY MOTION

Another type of cell found in the primate hippo-
campus responds to whole body motion /44/, an
idiothetic cue. For example, such cells respond
when the monkey is rotated about the vertical axis,
with a much larger response for clockwise than for
anti-clockwise rotation. By occluding the visual
field, it was possible to show that in some cases the
response of these cells required visual input. For
other cells, visual inpul was not required, and it is
likely that such cells responded on the basis of
vestibular inpuls. Some eells were found that re-
sponded to a combination of body motion and view
or place. In some cases these neurons respond to
lincar motion, in others to axial rotation {n = 43). In
some cases these ncurons require visual input for
their responses; in other cases the ncurons appear to
be driven by vestibular inputs. Some cells respon-
ded 10 a combination of movemen: together with
either o particular local view seen by the monkey
(n = 2) or a paricular place towards which the
monkey s moving (n = 1). These (idiothetic)
whole-body motion cells may be useful in a
memory system for remembering trajectones through
environments, of use for cxample in short range
spatial navigation and path integration /44/,

PRIMATE PRESUBICULAR HEAD
DIRECTION CELLS

Rat head direction cells have a firing rate which
is a simple function of head direction in the
horizontal plane (see /36,93/). 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 nuclei /93/. We have analysed a similar
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population of head direction cells in primates /51/,
and shown that they are place independent, can be
idiothetically updated in the dark. and encode
information about head direction which is indepen-
dent for different neurons (up to several neurons).

CONTINUOUS AND RISCRETE ATTRACTOR
NETWORKS AND EPISODIC MEMORY

Space is continuous, and object represenmtations
are discrete. If these represertations are to be
combined in, for example, an object-place memory,
then we need w understand the operation of
networks that combine these representations. A
class of network that can maintain the firing of its
ncurons lo represent any location along a continu-
ous physical dimension, such as spatial position,
head direction, etc., is a ‘continuous altractor’
ncural network (CANN) (see references provided
betow and Chapter 19 in Rolls and Deco /64/). It
uses excilatory recurrent collateral conncctions
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 ncural activity constant for long periods
wherever it is started to represent the current state
(head direction, pcsition, etc.) of the animal, and
are likely to be involved in many aspects of spahial
processing and memory, including spatial vision.
Clobal inhibition (implemented by feedback inhibi-
tory interneurons) is used 1o kecp the number of
neurons in a bubble or packet of actively firing
neurons relatively constant, and to help to ensure
that there 1s only one activity packet.

Continuous attractor networks can be thought of
as very similar 10 auto-association or discrete
attractor nctworks /64.74/ and have the same
architecture, as illustrated in Figure 8. The main
difference is that the patterns stored in a CANN are
continuous paiterns, with ¢ach 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
throughcut the space. Such tuning is illustrated in
Figure 9, together with the examples of discrete
(separate) patterns (cach patiemn implemented by

the firing of a particular subset of the neurons),
with no continuous distribution of the pattems
throughout the space, that are useful for sioring
arbitrary events or objects. A consequent difference
is that the CANN can maintain its firing at any
location in the trained continuous space, whercas
a discrete attractor or auto-association network
moves its population of active neurons towards one
of the previously leamed attractor states, and thus
implemnents the recall of a particular previously
learned pattern from an incomplete or noisy (dis-
torted) version of cne of the previcusly learned
patterns

[t 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, physical} space (c.g. the
place “out there’ in a room represented by spatial
view cells) where an object (a discrete item) is
present /72/ {¢f. /52,58/). 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 /79/.
In this network, when events are stored that have
both discrete (object) and continuous (spatial)
aspects, then the whole place can be retrieved later
by the object. and the object can be retricved by
using the ptace as a retrieval cue. Such networks
are likely to be present in parts of the brain such as
the hippocampus which receive and combine inputs
both from systems that conlain representations
of continuous (physical) space, and from brain
systems that contain representations of discrete
objects, such as the inferior temporal visual cortex.
The combined continuous and discrete attractor
network described by Rolls ef al. /72/ shows that in
brain rcgions where the spat:al and object proces-
sing streams are brought together, then a single
network can represent and learn associations
between both types of input. Indeed, in brain
regions such as the hippocampal system, it is
cssential 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 spatial information can be
retrieved from object information, and vice versa,
which is a fundamental property of episodic
memory /64,74/.
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Fig. 8:  The architecture of a continuous attractor neural
network (CANN). Recurrent collateral axons with
associatively modifiable synaptic connections make
conlact with the excitatery pyramidal cells in the
network. The vertical lines arc the dendrites, the cell
bodies are tniangles, and the axons extend out of the
tottom of each cell body. The symaptic weight or
strength for axon s to the dendrite of neuron i is w,,.
The external firing rate input 1o the network is
conveyed by axons e, Feedback inhibitory inter-
neurons are not shown, (For details see Rolls er @l
772 and Rolls and Deco /64/.)

CONTINUOUS ATTRACTOR NETWORKS
AND PATH INTEGRATION

We have considered how spatial representations
could be stored in continuous attractor netwerks,
and how the activity can bc maintained at any
location in the state space in a form of short term
memory when the external (e.g. visual) input is
removed /64/. However, many networks with spatial
representations in the brain can be updated by
internal, self-motion (i.e. idiothetic). cues even
when there is ne external (e.g. visual) inpul. Exam-
ples are head direction cells in the presubiculum of
rais and macaques, place cells in the rat hippo-
campus, and spatial view cells in the primate
hippecampus. 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-organising lcaming.
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Fig.9: The tvpes of firing patterns stored in continuous
attractor networks are illustrated for the patterns
present on neurons 1-1.000 for Memory 1 (when the
firing is that produced when the spaual siate
represented s that for location 300), and for
Memory 2 (when the firing is that produced when
the spatial state represented is that for location 300).
The continuous nature of the spalial reprosentation
results from the fact that each neuror has a2 Gaussian
firing rate that peaks at its optima: location. This
particular mixed aetwork also contains discrete
representations that consist of discrete subsets of
active binary firing rate neurons in the range 1.001-
1.506. The firing of thase lawer neurons can be
thought of as representing the discrete events that
occur al the location. Continuous attractor networks
by definition contain only continuous representa-
tions, bur this particular network can storz mined
continuous and discrete representations, and s illus-
trated 19 show the difference of the firing patterns
normally stored in separate continucus atiractor and
diserete attractor networks. For this panticular mixed
network, during leaming, Memory' | is stored in the
synaptic weights, then Mcemory 2, ¢lc., and each
memory contains part that s continuously  distri-
buted 10 represent physical space. and part that
represents a diserete event or object. (Adapled from
Rolls er al /72/)

One approach to simulating the movement of an
activity packet produced by idiothetic cues (which
is a form of path integraticn whereby the current
location is calculated from recent movements) 1s 1o
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employ a look-up table that stores (laking head
direction cells as an example), for every possible
head direction and head rotational velocity input
gererated by the vestibular system, the correspon-
ding new head directicn /81/. Another approach
involves modulating the strengths of the recurrent
synaptic weights in the continuous attractor on one
but not the other side of a currently representzd
pesition, so that the stable position of the packe? of
activity, which requires symmetric connections in
different directions Irom each node, i1s lost, and the
packet moves in the direction of the temporarily
increased weights, although no possible biological
implemeniation was proposed of how the appro-
priate dynamic synaptic weight changes might be
achieved /104/. Another mechanism (for head
direction cells) /837 relies on a set of cells, termed
(nead) rotation cells. which are co-activaled by
head direction cells and vestibular cells and drive
the activity of the aitractor network by anatomically
distinct connections for clockwise and counter-
clockwise rotation cells, in what is effectively a
lock-up lable. However, no proposal was made
about how this could be achicved by a biologically
plausible leaming process. and this has been the
case until recently for most approaches to path
integration in continuous attractor networks, which
rely heavily on rather antificial pre-set synaptic
connectivitics.

Stringer er @l /89/ introduced a proposal with
more biclogical plausibility about how the synaptic
connections from idiothetic inputs to a continuous
attractor network can be learned by a self-organts-
ing leaming process. The mechanism associates a
short-lerm memory trace of the firing of the neuwrons
in the attractor network reflecting recent move-
ments in the state space (e.g. of places) with an
idiothetic velocity of movement mnput. This has
been applied to head direction cells /89, rat place
cells /88 86/, and primate spatial view cells /71,86,
87/. These atuactor networks provide a basis for
understanding cognitive maps, and how they are
updated by learning and by self-motion.

SPATIAL VIEW NEURONS IN PRIMATES
COMPARED TO PLACE CELLS IN RODENTS

Primate spatial view cells are unlike place cells
found 1n the rat /27 38,40.41,101/. Primates, with
their highly developed visual and ¢ye movement
contiol systems, can explore and remember in-
formation about what is present at places in the
environment withouwt having lo visit those places.
Such spatial view cells in primates would thus be
usetul as part of a memory system, in that they
would provide a representation of a pant 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. An example of the utility of such a
representation in humans would be remembering
where a particular person had been seen. The
primatc spatial representations would also be useful
in remembering trajectorics through environments,
of use for example in short-range spatial navigation
/44,64,

The representation of spazce in the rat hippo-
campus, which is of the place where the rat is, may
be related te 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 diffe-
rence could anse from essentially the same com-
putational process in rats and monkeys is as follows
112,59/,

The starting assumption is that in both the rat
and the primate, the dentate granule cells and the
CA3 and CA1 pyramidal cells respond to combina-
tions of the inputs received. In the case of the
primate, a combination of visual features in the
environment will, because of the fovea providing
high spatial resolution over a typical viewing angle
of perhaps 10-20 degrees, result in the formation of
a spatial view ccll, the effective trigger for which
will thus be a combination of visual features within
a relatively small part of space. In contrast, in the
rat, given the very extansive visual ficld subtended
by the rodent retina, which may extend over 180-
270 degrees, a combination of visual fcatures
formed over such a wide visual angle would
effectively define a position in space that i1s a place.
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The actua’ processes by whick the hippocampal
formation cells would come to respond to feature
combinations could be similar in rats and monkeys,
involving. for example, competitive learning in the
dentate granule cells, auto-association learning (n
CA3 pyramidal cells, and competitive learning in
CAl pyramidal cells /74 97/ Thus the selective
properties of spaual view cells in primates and
place cells in rats might arise by the same com-
putational process but be different by virtue of the
tact that primates are foveate and view a small part
cf the visual freld at any one time, whereas the rat
has a very wide visual field (for details see /12/).
Although the representation of space in rats may
therefore be in some ways analogous to the repre-
sentation of space in the primate hippocampus. the
difference does have implications for theories. and
rodelling. of hippocampal function.

In rats, the presence of place cells has led 1o
theories that the rat hippocampus is a spatial cog-
nitive map, and can perform spatial computations
1o implement navigation through spatial environ-
ments /6,741 .43/, The details of such navigational
theories could not apply in any direct way to what
is found in the primate hippocarpus. Instead. what
is applicable to both the primate and rat hippo-
campal recordings is that hippocampal ncurons
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 aiso in rats,
the neuronal representation of space in the hippo-
campus may be appropriate for forming memories
of events (which usually in these animals have a
spatial component). Such mcemories would be
useful for spatizl navigation. Evidence thar what
reuronal recordings have showr is represented in
the non-human primate hippocampal system may
aiso be present in humans is that regicns of the
hippocampal formation can be activated when
humans lcok at spatial views /14,42/.
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DISCUSSION

The spatial view cells we have described in this
and related papers in the primate hippocampus, and
in some parts of the parahippocampal cortex which
send afferents to and receive efferents from the
hippocampus #24.50,56.76,78.79/, are in the ways
described above unlike place cells found in the rat
/35.38/ Primates, with their highly developed
visual and eye movement contro. systems, can
explore and remember information about what is
present at places in the environment withouwt 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 which would not depend on
exaclly where the monkey was, and which could be
associated with items that might be present in those
spatial locatiens. An example of the wiility of such
a representation in monkeys might be in enabling a
monkey to remember where it had seen ripe fruit.
or in humans of remembering where they had
seen a person, or where they had left keys. The
represertation of space provided by primate hippo-
campal spatial view-responsive ncurons may thus
be useful in forming memories of what has been
scen where, an example of an episodic memory
Such memorics would be useful for spatial naviga-
tion, for which according to the present hypothesis
the hippocampus would implement the memory
compenent but not the spatial computation com-
ponent. A detailed and quantitative model of how
the hippocampus could operate as a memory
system, and of how information stored in the
nippocampus could be recatled, has been developed
elsewhere /52,53.55,58,74,75,82,97 98/,

Some of the cells with spatial responses 1n the
primate hippocampus and presubiculum described
here could be invelved in functicns other than
purely episodic memory. For example, head direc-
tion and whele body motion neurons could be
useful as part of a system for remembering the
compass bearing (head direction) and distance
travelled, to enable one, for example, to find one’s
way back to the origin, even with a number of
sectors of travel, anc over a number of minutes.
This 1s referred to as path integration. Spatial
memory and navigation carn also benefit from
visual information about places being looked at,
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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 computing during navigation
which direction 10 head towards next. For this, not
only would & memory system be needed of the type
claborated clsewhere /52,53,58,74,97/, that can store
spatial information of the type found in the hippo-
campus, but also an ability to use this information
in spatial computation of the appropriate next
bearing would be needed. Such a system might be
implemented using a hippocampal memory system
which associated together spatial views, whole
body motion and head direction information. The
findings described here certainly implicate the
hippocampus in the update of spatial view cells’
firing produced in the dark by idiothetic cues
including eye posittion and head direction signals,
The system would be different from that in the rat
/7,32/, in that spatial view is represented in the
primatc hippocampus.

Evidence that the primate hippocampal spatial
view cells could be involved in arbitrary associ-
ations with the objects and rewards present at
particular viewed locations has been described
above, These studies provide direct ¢vidence that
the primaic hippocampus contains the necessary
representations for forming such associations, such
as representations of objects as well as of spatial
view. Moreover, the new investigation described
here of object-place recall memory shows some
of the representations that become active within
the hippocampus when places are recalled from
objects. This recall operation, and the leaming of
the associated events that precede i1, are described
in a model of how the hippocampus 1s involved
episodic mernory, and the subsequent retrieval of a
whole cpisodic memory from one part of it in
recall. The model describes quantitatively not only
the storage and recall operations within the hippo-
campus, but also their recall to the neocortex
/4,94,95/. In the theory, the CA3 network forms an
auto-associative or attractor memory /4/ which ope-
rates with sparse representations and incomplete
connectivity /52,55,75,82,94,95,97/. Modifiable back-
projection synapses to the neocortex implement the

recall /52,55,58,74,97/.

The studies described here provide fundamental
evidence about the information represented in the
primatc hippocampus, and are of considerable
interest in relation to understanding what the
primate {including human) hippocampus does, and
how it works as a memory systemn /74/, Indeed, the
relevance to humans of this work in primates is
attested to by the fact that ncuroimaging studies in
humans are showing that the sight of simple spatial
views can activate hippocampus-related areas (for
example, /14,42/y. However, it is only at the
neuronal Jevel that one can address issues such as
the spatial coordinate frame used 724/, how the
information is represented (which has important
implications for how it is stored) (see /76/), and
how sirnilar the recal! state 15 to the stored memory
state when retrieval occurs to a partial cue /50/. It
would be difficult with neurcimaging studies to
show, for example, that there is an allocentric
representation of space ‘out there’ that is accessed
either by looking at the particular location in space,
or by rotating the head and moving the eyes to
another head direction/cye position (and cven head
position) combination that will result in looking
towards that location in space when the view details
arc made invisible. Nor can such ncuroimaging
studies show that, for example, other neurons in the
hippocampus respond to whole body motion, which
for some ncurons is based on vestibular signals, for
other ncurons on optic flow signals, and for other
neurons on cither. Analyses at the neuronal level
are thus essential because they provide clear
evidence about what is being represented in a brain
structure, and are also especially relevant to under-
standing how a part of the brain operates, because
they show what information is being exchanged
between the computing clements of the brain
164,74/,
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