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Summary

A population of hippocampal neurons in macaques responds to the speed of whole body
motion in discoveries made with Alain Berthoz. Some of these neurons respond to linear
motion, and others to axial rotation. Some of these neurons respond to vestibular information,
in that they respond to speed when the view of the world is obscured. Other neurons respond
to the optic flow that induces a sense of motion. These primate speed neurons probably are
involved in the idiothetic (self-motion) update of primate hippocampal neurons that respond to
spatial view. It is proposed that these primate hippocampal system spatial view neurons are
involved in navigation especially when the view details are obscured. It is also proposed that
these spatial view neurons are involved in episodic memory, enabling world-based recall of
locations of objects and people in scenes independently of eye position, head direction, or the
place where the individual is located, especially when the view details are obscured. Alain
Berthoz made major contributions to these collaborative discoveries by bringing his expertise
in the analysis of vestibular and related visual systems to this research, which illustrates the
value of interdisciplinary collaboration in neuroscience. Further examples of where
interdisciplinary collaboration with theoretical physicists to make computational models of
hippocampal function has enabled key advances to be made in neuroscience are described.
Understanding the brain at different levels of explanation, from neuronal to neuroimaging to
computational, benefits from interdisciplinary expertise.
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To understand the functions of the primate hippocampus in memory, we started
recording from macaque single neurons during object-location memory tasks (Rolls 1991).
The objects were images of objects on a video monitor, and the locations were the locations
on the video monitor at which the macaque looked. We found that some neurons in the
hippocampus and parahippocampal gyrus had spatial view fields: they responded whenever
there was a visual stimulus in some but not other positions on the screen, and some conveyed
information about whether a particular object had been seen at that location in the scene
before (Miyashita et al. 1989; Rolls et al. 1989). We were able to show that the majority of
these hippocampal and parahippocampal spatial view neurons have allocentric, world-based,
coordinates in that they responded to a given location on the screen independently of the
(egocentric) position of the screen relative to the head (Feigenbaum and Rolls 1991). Further,
hippocampal and parahippocampal cortex spatial view neurons code for locations in
allocentric space that are being fixated, with responses that are relatively independent of head
directions, eye position, and the place where the macaque is located, as long as the spatial
view field in the world can be fixated (Rolls et al. 1997; Robertson et al. 1998; Rolls et al. 1998;
Georges-Francois et al. 1999; Rolls 2023b, 2023a).

Given the evidence that the place where the individual is located is represented in the
rodent hippocampus (O'Keefe and Dostrovsky 1971; O'Keefe 1979; McNaughton et al. 1983),
and that the place can be updated by self-motion (termed idiothetic update) (McNaughton et
al. 1991; McNaughton et al. 1996), Alain Berthoz with his research interest and expertise in
path integration (Israel et al. 1993; Wiener et al. 2011) was interested to measure whether
neurons in the primate hippocampus responded in relation to path integration. Alain Berthoz
came to Oxford to work with us on this, and brought with him a French robot (Robulab made
by Robosoft S.A.), which | was able to program to produce quantitative velocities for angular
(0-100°/s) and linear motion forwards or backwards (with a standard value of 0.2 m/s), with
velocities of 0°/s and 0 m/s as the baseline. The macaque sat on top of the robot, which moved
within a 2x2x2 m cue-controlled test chamber. The whole chamber could also be rotated round
the macaque (O’'Mara, Rolls, Berthoz and Kesner (1994)).

It was discovered that some of these hippocampal neurons respond to linear motion
(with for example some responding to forward motion, and others to backward motion), and
others to axial rotation (with some responding to clockwise and others to anticlockwise
rotation). Some of these speed neurons respond to vestibular information, in that they respond
to speed when the view of the world is obscured. Other hippocampal neurons respond to the
optic flow that induces a sense of motion. These hippocampal neurons were termed ‘whole-
body motion’ neurons , but could be termed ‘speed’ neurons though that term describes less
well that the neurons encode whole body motion (O’Mara, Rolls, Berthoz and Kesner (1994)).

Fig. 1i illustrates the activity of a primate hippocampal whole body motion (speed)
neuron that increased its firing rate during backward linear translation, and decreased its firing
rate during forward linear translation (O’Mara, Rolls, Berthoz and Kesner (1994)).

Fig. 1ii illustrates the activity of a different primate hippocampal whole body motion
(speed) neuron that decreased its firing rate during linear translation of the monkey away from
wall 3, and that also decreased its firing rate during linear translation of the test chamber (wall
3) away from the macaque, showing that optic flow can influence the activity of some primate
hippocampal whole body motion (speed) cells (O’'Mara, Rolls, Berthoz and Kesner (1994)).
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Fig. 1. i. Activity of a primate hippocampal whole body motion (speed) neuron that increased its firing
rate during backward linear translation, and decreased its firing rate during forward linear translation.

ii. Activity of another primate hippocampal whole body motion (speed) neuron that decreased its firing
rate during linear translation of the monkey away from wall 3, and that decreased its firing rate more
during linear translation of the test chamber (with wall 3 being viewed) away from the macaque. The
neuron did not respond during linear translation if the view was occluded (middle panel). This neuron
was thus activated by visual cues of motion, and not by vestibular cues. (Redrawn from O’Mara, Rolls,
Berthoz and Kesner (1994)).

Alain Berthoz made major contributions to these collaborative discoveries (O’Mara,
Rolls, Berthoz and Kesner (1994)) by bringing his expertise in vestibular and related visual
function, path integration, neuroscience, and engineering to this research. His commitment to
careful and controlled measurement using quantitative stimuli was one of the highlights of this
collaboration. This commitment is illustrated by the fact that Alain Berthoz brought a French
robot from the College de France to Oxford University for this research. Further, this
collaboration with Alain Berthoz also draws out the importance of multidisciplinary
collaboration in neuroscience, with his expertise in engineering approaches to the vestibular
system and path integration fundamental to the success of this research.

The primate speed or whole body motion neurons that we discovered (O’Mara, Rolls,
Berthoz and Kesner (1994)) are probably involved in the idiothetic (self-motion) update of
primate hippocampal neurons that respond to spatial view (Robertson et al. 1998; Rolls
2023a). It is proposed that these primate hippocampal system neurons whole body motion
neurons are involved in navigation especially when the view details are obscured. It is also
proposed that these neurons are involved in episodic memory, enabling world-based recall of



locations of objects and people in scenes independently of eye position, head direction, or the
place where the individual is located, especially when the view details are obscured.

These speed or whole body motion primate hippocampal neurons could also be
involved in the idiothetic update of the place where the individual is located, perhaps in addition
to the idiothetic update of spatial view. However, in the immediately following research we
found that during free open field locomotion in a large laboratory, the majority of macaque
hippocampal cells with spatial responses responded to, and encoded information about, the
location being viewed, rather than the place where the macaque was located (Rolls et al. 1997;
Robertson ef al. 1998; Rolls et al. 1998; Georges-Francgois et al. 1999). (Some primate place
cells were found in a cue-controlled environment (Rolls and O'Mara 1995).) When assessing
whether view or place is encoded, it is of course essential to use a factorial design, in which
the neuronal responses are compared when the same set of locations are viewed from the
same set of places (Rolls 2023b, 2023a). In fact, there is now a revolution in our understanding
of the primate including human hippocampus, with evidence now accumulating (Rolls and
Wirth 2018, 2023) from different research groups in support of the discoveries (Rolls et al.
1989; Feigenbaum and Rolls 1991; Rolls and O'Mara 1995; Rolls et al. 1997; Robertson et al.
1998; Rolls et al. 1998; Georges-Francois et al. 1999) that many primate hippocampal neurons
have responses related to where the primate is looking in space (Wirth et al. 2017; Mao et al.
2021; Corrigan et al. 2023; Yang et al. 2023; Piza et al. 2024), with some corresponding
evidence in humans (Ekstrom et al. 2003; Miller et al. 2013; Tsitsiklis et al. 2020; Donoghue
et al. 2023). Given that path integration for the location in space being viewed (for example in
the dark or when the view is obscured (Robertson et al. 1998)) must take into account eye
position, it is argued that at least part of the path integration for spatial view in primates
including humans must be computed in the dorsal visual system (Rolls 2020). There is
evidence that in humans the dorsal visual system has connectivity via inferior parietal PGp to
the parahippocampal gyrus (Rolls et al. 2022; Rolls 2023a; Rolls et al. 2023a; Rolls et al.
2023b; Rolls 2024), and it is proposed that that pathway is involved in path integration for
spatial view cells that involve eye direction position and visual fixation direction (Rolls 2023a),
and in helping to build scene representations using eye direction (Rolls 2025). Path integration
of primate parahippocampal and hippocampal spatial view cells over place might be more
likely to involve hippocampal whole body motion (speed) cells.

Since these discoveries (O’Mara, Rolls, Berthoz and Kesner (1994)), speed cells have
now also been described in rodents, in for example the medial entorhinal cortex (Kropff et al.
2015), where they could be used for idiothetic update of place (Giocomo et al. 2011; Moser et
al. 2014; Moser et al. 2015). Hippocampal speed (/whole body motion) cells, for angular and
translational motion, have also now been confirmed in primates (marmosets) (Piza et al.
2024). At least some of these primate speed cells may be interneurons, for some have higher
firing rates than is typical of hippocampal pyramidal cells (O'Mara et al. 1994; Piza et al. 2024).

The research described above on primate whole body motion / speed cells (O’Mara,
Rolls, Berthoz and Kesner (1994)) demonstrated the importance of multidisciplinary
collaboration, with Alain Berthoz contributing his great expertise in vestibular and related visual
function, path integration, and engineering. The importance of multidisciplinary approaches to
understanding the operation of brain systems is also exemplified by the computational
approach to understanding brain function that was being greatly facilitated by research at the
same time on what and how the hippocampus computes that involved Alessandro Treves, a
theoretical physicist (Treves and Rolls 1994). An approach that involves what computations



are performed by each brain region, and how they are computed, which can combine
multidisciplinary evidence from anatomy, neuronal recording, fMRI activations, effective and
functional connectivity, diffusion tractography, the effects of selective brain damage or
inactivation, and biologically plausible computational models of brain function and of methods
to measure the representation of information by neurons and effective connectivity developed
in collaboration with theoretical physicists (Deco and Rolls 2005; Deco et al. 2009; Rolls et
al. 2010; Rolls and Treves 2011; Deco et al. 2013; Rolls and Deco 2015; Rolls et al. 2022;
Rolls et al. 2023a; Rolls and Treves 2024; Rolls et al. 2024), is leading to interesting progress
in understanding brain function and dysfunction (Rolls 2016a, 2016b, 2021, 2023c, 2023d,
2024; Rolls and Treves 2024; Zhang et al. 2024).
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