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0.1 Abstract

We explore the environment not only by navigating, but also by viewing our sur-
roundings with our eyes. Here we review growing evidence that the mammalian
hippocampal formation, extensively studied in the context of navigation and mem-
ory, mediates a representation of visual space that is stably anchored to the exter-
nal world. This visual representation puts the hippocampal formation in a central
position to guide viewing behavior and to modulate visual processing beyond the
medial temporal lobe (MTL). We suggest that vision and navigation share sev-
eral key computational challenges that are solved by overlapping and potentially
common neural systems, making vision an optimal domain to explore whether
and how the MTL supports cognitive operations beyond navigation.


https://doi.org/10.1016/j.tics.2018.06.008

0.2 All eyes on the hippocampal formation

Navigation and vision are two fundamental strategies used to explore the world,
and how we use one often directly affects how we use the other [1,2]. Like naviga-
tion—defined here as physical body-based movement through the environment—,
eye movements make it possible to acquire new information rapidly. However,
they also introduce a critical problem that the brain must solve: each time the
eyes move, all features in the visual scene change their position relative to the
retina (self-centered reference, see Glossary), and yet our subjective experience
is that their location remains stably defined in external world-based coordinates
(world-centered reference). Such world-centered coordinates are useful; they
not only stabilize perception, but also are critical to efficiently accomplish many
actions, such as visual search or reaching. Despite decades of research reveal-
ing several interconnected mechanisms, how the brain generates and maintains
world-centered representations of visual space remains unclear. Here we sug-
gest a possible solution to this problem, based on how the brain solves a parallel
problem in the navigational domain.

There are two primary ways navigators keep track of their position as they move.
First, navigators can use path integration to keep track of their displacement, a
process that involves the use of internal self-motion cues (e.g., vestibular or pro-
prioceptive signals) without reference to the external world [3,4]. A limitation
of this strategy, however, is that tracking errors inevitably accumulate over time.
Thus, an alternate strategy is world-centered navigation, which involves the use
of external sensory cues to maintain a representation of navigable space that is
invariant to one’s own movements [5]. A key mediator of world-centered coding
during navigation is the hippocampal formation (HF) [6,7]. Here we review grow-
ing evidence that the HF not only supports world-centered navigation, but also
represents world-centered visual space as well. This observation implies that this
article’'s very own title is somewhat misleading. Referring to the HF as ‘the brain’s
navigation system’ does not capture the full range of cognitive functions it sup-
ports. Visual exploration and navigation might in fact not be two parallel opera-
tions, but may rather be two expressions of a common mechanism for exploring
the world.



0.3. Medial temporal codes support navigation and vision 3

0.3 Medial temporal codes support navigation and vision

The hippocampus contains place cells that fire whenever a navigator occupies
particular environmental locations [8]. Different place cells fire in different lo-
cations and thus, as a population, represent a world-centered map of navigable
space. Place cells use self-motion information to maintain spatial representa-
tions in darkness for a short time, but eventually accumulate errors over longer
timescales that are corrected using external sensory cues [9,10]. Intriguingly, place
cells also have an entirely visual analogue. Specifically, the primate hippocampus
contains neurons that increase firing rate when specific environmental locations
are viewed, irrespective of the location of the body, eye position in the orbit, or
facing direction (Figure 1A, Key Figure) [11,12]. These spatial view cells are updated
based on eye movements when the preferred view is hidden in darkness or ob-
scured, but tend to drift and become less sharply tuned [13]. Therefore, spatial
view cells have similar properties as place cells, except tuned to world-centered
gaze location instead of self-location. Place cells are not topographically orga-
nized in the rodent hippocampus [14] (i.e.,, cells tuned to nearby environmental
locations are not more anatomically proximal than cells tuned to far apart loca-
tions), which may explain why previous studies did not observe a topographically
organized representation of visual space in the hippocampus [15]. Notably, the
presence of a world-centered map of visual space in the hippocampus does not
necessarily imply that the hippocampus is involved in visual perception per se
beyond providing a coordinate system (see Box 1 for further discussion).

One of the primary inputs to the hippocampus is the entorhinal cortex (EC). During
navigation, entorhinal grid cells fire in a regular hexagonal lattice of locations
that tile the floor of the environment [16]. Grid cells are thought to combine self-
motion and environmental information to provide a stable metric for the place
cell map [17]. Similar to grid cells, recordings of EC neurons in head-fixed monkeys
revealed strikingly similar hexagonal firing patterns encoding the location of gaze
during free viewing of visual scenes (Figure 1B) [18]. A proportion of these visual
grid cells shift their firing fields in concert with translation of the visual scene,
showing that some represent visual space in world-centered coordinates (Figure
10) [19]. In two recent studies, we extended these findings by showing that also
human EC supports a world-centered grid-like representation of visual space [20,
21].
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Figure 1: Key Figure: Spatial Codes in Vision and Navigation. (A) Place cells and spatial view
cells in hippocampus. Left: rodent place cells encode self-location in the world (firing rate
color-coded). Right: monkey spatial view cells encode world-centered gaze location (firing
rate in dark color); example cell from [12]. (B) Grid cells and visual grid cells in entorhinal
cortex (EC). Left: grid cells fire at several locations arranged in hexagonal lattice tiling the
environment. Right: monkey visual grid cells show the same hexagonal firing but encode
gaze position in the visual scene (adapted from [18]). (C) Grid pattern anchors to boundary.
Firing pattern of some visual grid cells shifts (yellow arrow) in concert with shifts in the
stimulus (adapted from [19])). (D) Human fMRI-grid signature. Left: visual grid cell model
predicts higher activity for gaze directions parallel to the grid axes ( and steps of 60°, white
lines) than for directions in between. Right: fMRI activity in EC depends on gaze direction
showing predicted sixfold rotational symmetry. (E) Visual boundary anchoring of human
fMRI-grid signature. When search display rotates during visual search, fMRI grid signature
in most voxels changes orientation, mirroring the search display rotation. (F) Border cells
and visual border cells in EC. Left: rodent border cells encode proximity to navigational
boundaries. Right: visual border cells encode proximity of the monkey’s gaze to the edges
of a visual stimulus (example cell from [18]). (G) Head direction cells and saccade direction
cellsin EC. Left: rodent head direction cells encode facing direction. Right: monkey saccade
direction cells encode direction of future and past saccades (adapted from [22]).

Participants had their gaze position monitored while they performed an object
tracking or visual search task. fMRI responses in EC exhibited a sixfold symmetry
as a function of gaze movement direction, which is indicative of grid cell activity
(Figure 1D) and akin to the fMRI grid-signature found during navigation [23]. This
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visual grid representation was absent when participants fixated but the visual
scene was moved instead, suggesting that active movements of gaze or attention
are required to drive visual grid cells. Passive transport likewise abolishes grid
coding of navigable space in mice [24]. Critically, we also found that the EC visual
grid signal is anchored to the visual scene in the same way as rodent grid cells
representing navigable spaces [25,26], adopting reliable alignments to the borders
of the visual stimulus and rotating in concert with rotation of these borders (Figure
1E).

Place and grid cell firing fields are likely anchored to the external world [27,28] by
border cells in the EC and the subiculum that fire when navigators are a particular
distance and direction from spatial boundaries [29-31]. Border cells are tuned not
only to navigational obstacles like walls, but also to vertical cliffs, raising the pos-
sibility that such cells represent the edges of the local environment broadly [30].
Akin to border cells, monkey EC contains neurons that increase their firing rates
when gaze is close to one or more of the borders of a visual stimulus [18] (Figure
1F). Visual border cells respond to the outer edges of a visual stimulus irrespec-
tive of the stimulus content. The borders of visual space have long been known
to influence search efficiency in visual search tasks [32]. Importantly, unlike neu-
rons in primary visual cortex tuned to orientated edges in retinotopic coordinates,
visual border cells do not respond to edges within the visual stimulus itself.

Another critical component of the world-centered navigation system are head
direction (HD) cells found in several subcortical and cortical structures, including
EC[33]. HD cells fire based on the orientation of the head in the navigational plane,
independent of body location, and are updated by a combination of vestibular and
external sensory inputs, including visual information that references the HD signal
to the environment [34]. Different HD cells have different preferred orientations
andthus, as a population, are akin to a neural compass [33], likely acting in concert
with border cells to orient place and grid cell firing fields relative to the external
world. Similar to HD cells, neurons selective for eye movement direction were
recently observed in monkey EC [22]. These saccade direction (SD) cells are tuned
to the direction of an upcoming saccade or a previously completed saccade, or
both, independent of the position the monkey is currently looking at in visual
space (Figure 1G). Whether SD cells code direction in world-centered coordinates
is unknown, but one possibility is that they represent SD relative to an axis defined
by gravity.



Box 1. Is the hippocampal formation involved in visual perception?

Perceptual impairments following MTL damage, and MTL activation to visual stim-
uli, have raised the question whether the HF is involved in visual perception, inde-
pendent of memory [35-37]. Some of the strongest evidence for this idea comes
from studies examining hippocampal involvement in perception of visual scenes.
In fMRI studies, hippocampal responses are stronger for visual scenes than for ob-
jects, even if no explicit task was performed [38], and several studies found that
the ability to differentiate visual scenes depends on healthy hippocampal func-
tion [39-42]. Such results have led to the proposal that the hippocampus is an
integral part of the visual scene perception network [43].

An alternate possibility is that hippocampal responses to visual stimuli reflect the
extent to which perception requires coding of relational information. Visual scenes
are defined not only by their local features, but also by the specific global arrange-
ment of those features. Such global feature arrangements engage the HF more
strongly than details in a visual scene [44], and increasing overlap between im-
ages interferes with recognition to a greater extent in individuals with MTL damage
compared with healthy controls [39,42]. While the implications of such findings are
still debated (e.g,, [35,45]), they suggest that the role of the HF in visual perception
may be the processing of relational information, rather than perception of visual
content per se, a process not restricted solely to perception or memory. This also
resonates well with reports that hippocampal patients are impaired at imagining
scenes with high spatial coherence [46].

Such results may explain why MTL perceptual effects are most pronounced for vi-
sual scenes defined not only by specific features (e.g, vase and table), but also by
the spatial arrangement of those scene features (e.g, the vase stands on the table
versus the vase stands under the table). Relational coding requires a coordinate
system relative to which the locations of visual features can be specified. The MTL
might provide just such a world-centered coordinate system that is invariant to the
specific content of the scene. This implicates the HF in visual perception insofar
as relational processing is required. In addition, as we discuss in the Recall and
Planning section, the MTL likely also plays a role in perception by guiding overt [18]
and covert [47] perceptual sampling, possibly by forming predictions [48] that also
modulate visual processing [49].

In support of this idea, the orientation of the head relative to the gravity axis
affects perception of the orientation of visual stimuli [50,51]. The monkey anterior
thalamus contains neurons that carry a gravity-anchored head orientation signal
that could provide input to SD cells [52], similar to how thalamic HD cells serve
as input to parahippocampal HD neurons in rodents [33]. These functional and
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structural similarities suggest that primate SD cells may have an evolutionary
origin similar to the rodent HD circuit [22].

In sum, each of the key neural mechanisms that represent a world-centered map
(place cells, grid cells, border cells) and compass (HD cells) for navigation have
purely visual analogues that encode a world-centered map of visual space (spa-
tial view cells, visual grid cells, visual border cells) and the direction of eye move-
ments (SD cells). The HF thus represents world-centered visual space using similar
mechanisms as it does to encode world-centered navigable space, putting it at a
key position to support computations in both domains. We suggest that the HF
may provide the optimal solution to three key computational challenges shared
by navigation and vision: reference frame transformations, recall and planning,
and context specificity (which we will discuss below).

0.4 Reference frame transformations

All sensory information is self-centered, and yet our perceptual experience of the
world is stable during movements. This remarkable phenomenon requires the
brain to reconstruct self-motion invariant coordinates from noisy self-centered
inputs [53], a computation critical for both navigation and vision. How we experi-
ence the world as stable despite variability in retinal input across eye movements
(i.e., how the brain performs this transformation between reference frames) con-
tinues to be a matter of debate [54-56]. Consideration of the neural basis of
such reference frame transformations during navigation suggests a possible so-
lution by which self-centered visual representations are transformed into world-
centered ones as well.

During navigation, self-centered coordinates are transformed into world-centered
ones by a brain network consisting of the posterior parietal cortex (PPC), the
medial parietal retrosplenial complex (RSC) that includes the retrosplenial and
posterior cingulate cortices, and the HF [57-59] (Box 2). Each stage of this net-
work contributes differentially to the two reference frames, with PPC mainly pro-
cessing self-centered (often body-based) information, the HF encoding world-
centered information, and RSC serving as the key transformation stage between
the two [57,58,60]. This model suggests that the HF receives self-centered input
from neocortex, and in turn projects world-centered coordinates back to guide
navigational behavior [57,59]. Coordinates are likely converted between the two
reference frames by integrating external sensory information with proprioceptive



and vestibular signals related to self-motion and path integration [61].

Retinotopic representations of the visual field [62] are also likely transformed to
world-centered ones by the PPC-RSC-MTL pathway. In PPC, some visual receptive
fields are invariant to eye movements [63] (Figure 2A) and retinotopic representa-
tions are updated to compensate for eye displacement before eye movements are
executed [64] (Figure 2B). This coordinate transformation is driven by integration
of visual inputs with corollary discharges about impending eye movements [56],
a process known as retinotopic updating [55, 65]. Retinotopic updating is also
observed in a number of other brain regions [55] and similar mechanisms sup-
port non-retinotopic encoding of visual motion in several monkey [66] and hu-
man [67,68] brain areas as well. It is often unclear which extra-retinal coordinate
system these regions use to represent visual space, but head- and body-based co-
ordinates have been observed. Moreover, some PPC neurons dynamically switch
between reference frames depending on whether the direction of gaze is fixed
relative to the head or body [69]. By integrating retinal information with self-
motion signals, these regions compensate for self-induced changes to the visual
scene and anticipate the consequences of future saccades [64, 65,70]. However,
retinotopic updating alone cannot account for a range of findings related to vi-
sual memory, such as head-centered (possibly world-centered) memory traces in
retinotopic receptive fields [71] (Figure 2C). Moreover, like path integration, retino-
topic updating is prone to error accumulation over time [72], as it requires con-
stant updating of locations in the visual field, and thus a further corrective and
stabilizing mechanism is needed.

One possibility is that visual representations in PPC, transformed to non-retinotopic
coordinates by retinotopic updating and self-motion integration [56, 64,73], serve
as input to the HF, which then forms a robust world-centered map of visual space
through predictive statistical learning [48]. The PPC-RSC pathway is well posi-
tioned for this signal transmission to the MTL [74] (Box 2). During navigation, RSC
neurons in rodents encode turn direction, path position, and direction-dependent
locations in route-based coordinates, as well as body orientation and location in
multiple world-centered reference frames [75-78] (Figure 2D), in line with human
imaging results [79,80]. Analogously, the posterior portion of RSC represents vi-
sual space in retinotopic coordinates [81], and the posterior cingulate represents
visual space in world-centered coordinates [82] (Figure 2E). Rodent RSC also sig-
nals head movement information directly to early visual regions, referencing vi-
sual motion processing to the current status of the observer’'s head [83].
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Figure 2: Reference Frame Transfor-
mation. (A) Non-retinotopic recep-
tive fields (RF) in monkey parietal cor-
tex. Single-cell rate map of the visual
field for three gaze locations (white
crosses). RF remains at the same lo-
cation independent from gaze loca-
tion (adapted from [63]). (B) Retino-
topic updating. Retinotopic RF moves
to postsaccadic visual field location
before saccade is executed. Adapted
from [64]. (C) Non-retinotopic memory
signal in retinotopic neurons in mon-
key parietal cortex. Trial-averaged
single-cell response for trials in which
a saccade brings stimulus location
into RF (green & red). Neuron re-
sponds also when stimulus is not
shown in the particular trial (pink).
Horizontal (H) and vertical (V) gaze
movements depicted. Adapted from
[71]. (D) Mixed reference frames in
rodent retrosplenial cortex.  Polar
plots of firing rate versus head di-
rection (HD) in different rooms for
exemplary bidirectional (BD) and HD
cells. Adapted from [77]. (E) Single-
cell responses to visual stimuli (grey
dots, upper right panel) at three
gaze locations (color-coded). Re-
sponses plotted in retinotopic (left
panel) and non-retinotopic locations
(right panel). Adapted from [82].

The PPC-RSC-MTL pathway is bidirectional, suggesting that the MTL also commu-
nicates its world-centered visual representation back to neocortical areas. These
top-down signals might modulate neocortical processing and contribute to eye-
movement invariant receptive fields and visual stability. One possibility is that
the MTL provides gaze controlling areas with spatial information about the visual
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field before saccades are executed, helping to guide the shift of receptive fields
during retinotopic updating [56,64]. If so, the MTL could act in concert with other
brain areas, such as the superior colliculus, which are known to send saccadic
corollary discharge signals to cortical regions via the thalamus [56,65]. However,
deficits in visual stability following MTL lesions have not been previously reported,
suggesting that the MTL is unlikely to participate in retinotopic updating directly.

Alternatively (or in addition), the MTL may play an important role in transsac-
cadic memory, an idea at the center of a longstanding debate [84-86] in which
the MTL has been largely overlooked. Specifically, the MTL could give rise to a
world-centered memory signal that modulates retinotopic neurons [71, 87] (Fig-
ure 2C) even after a saccade landed (see e.g., [71, 84-86] for related discussion).
Unlike presaccadic retinotopic updating, this MTL world-centered memory trace
could be integrated with postsaccadic visual input, providing an efficient (i.e,, no
active compensation for self-motion required) and noise-resilient (i.e., externally
anchored and robust to error accumulation) recalibrating mechanism that could
be employed as needed. Areas such as PPC [71] or frontal eye fields [87] could
match postsaccadic visual input to the eye-movement invariant visual field rep-
resentation maintained in the MTL. For example, for each new fixation onset, the
self-centered location at which salient visual information occurs could be com-
pared with the MTL's world-centered map of visual space. Once a correspondence
between the self- and world-centered locations is found, the vector that encodes
the receptive field shift required to recalibrate the self-centered representation
could be fed back to the cortex. The entorhinal grid system has been implicated
in this type of vector computation [88,89]. This proposal does not predict that
individuals with MTL lesions have visual stability deficits, since retinotopic up-
dating remains intact, but rather predicts that such individuals should have an
increased sensitivity to visual localization error accumulation across saccades. To
be useful for such a recalibration process, a maplike memory of the visual field
must be maintained in the MTL for at least the time intervals relevant for working
memory, a time scale on which the HF does indeed maintain visual memory, as
demonstrated by several hippocampal lesion studies (e.g., [35,90-92]).
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Box 2. Anatomy of neocortical-hippocampal interactions in vision

A concept guiding vision science for several decades is the dichotomous organi-
zation of the visual system into two major multisynaptic pathways, the dorsal and
ventral visual stream. Here, we want to emphasize that these pathways, thought
to mediate different aspects of vision, both converge on the MTL in the primate
brain [93].

A key processing and relay station of the dorsal occipitoparietal stream is the in-
ferior parietal lobule [93]. It connects not only many parietal, temporal, and oc-
cipital regions involved in visuospatial processing, sensory-motor integration, and
action planning (e.g, lateral and ventral intraparietal areas, areas V6 and V6A, and
the MT+ motion complex [66], but also projects to the gaze-controlling frontal eye
fields (FEF) [94] as well as directly and via RSC [95] to CA1 [96] and subicular [97],
parahippocampal, and entorhinal cortices [98,99]. Parietal cortex is involved in in-
tegrating visual input with gaze movements [63,64] in concert with the FEF [94] and
is directly, as well as via FEF and the thalamus, connected to the superior collicu-
lus [56], which is thought to be the prime source or relay station for gaze-related
efference copies [56,65]. Thus, this dorsal pathway is most suited to provide the
MTL with gaze- and self-motion information.

By contrast, ventral visual areas support visual representations that are invariant
to eye movements [100]. The ventral visual stream is a strongly recursively con-
nected network, spanning from early visual cortex via areas V4 and the MT+ [101],
inferotemporal areas TEO and TE [102], and RSC [95] to the most anterior parts
of the inferior temporal lobe and the HF [103]. It processes information predom-
inantly related to object quality and is thought to extract perceptually relevant
features from visual scenes [104], irrespective of their location. However, recent
work has found information about locations of visual objects in higher-order ven-
tral visual regions [105], raising the possibility that the ventral pathway provides
visual positional information to the MTL as well.

The MTL is hence a convergence zone for visual information in the brain. How
might the MTL in turn shape neocortical processing and guide behavior? The key
mediator of cortico-hippocampal interactions is the EC [98, 99], receiving strong
hippocampal input via subicular cortices [97] and projecting to many regions on
frontal, temporal, and parietal cortices [106], as well as the RSC [95,107]. The latter
is a likely mediator between visual and mediotemporal processing given its strong
connectivity to the neocortex. In sum, connectivity suggests strong interactions
between visual and mediotemporal systems, putting the hippocampal formation
at a key position to shape vision.
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0.5 Recall and planning

Like navigation, a key function of visual exploration is to acquire new informa-
tion about the world. The relationship between viewing and memory (reviewed
by [108-110]) is typically examined in image recognition tasks, in which sequences
of pictures are presented while humans or monkeys indicate whether they have
or have not seen these pictures before. Viewing behavior differs between later
remembered and forgotten images, with the number [111,112] and duration [111]
of fixations linked to successful memory encoding. Hippocampal activity directly
depends on and predicts visual sampling, even for images that were not con-
sciously remembered [113,114] (Figure 3A), suggesting that the timing of hippocam-
pal mnemonic processing is tightly linked to visual exploration. Indeed, the timing
of saccades themselves is not random but phase-locked to neural oscillations in
visual and MTL areas during successful memory encoding [115] (Figure 3B).

Gaze movements interrupt the flow of incoming visual information, prompting
the HF to switch between active and inactive encoding states around the time of
saccades. The switch between encoding states may be driven by a phase-reset
of the hippocampal theta rhythm [116, 117] (Figure 3C), anticipating new incom-
ing sensory information whose encoding depends on a precise interplay between
hippocampal spikes and theta phase [118]. Theta rhythms are also critical for grid
cell activity during navigation, which lose spatial periodicity when theta is inhib-
ited [119,120], and for place cells during navigation that fire at specific phases of
a theta cycle [121]. While the precise functional role of neural oscillations in the
MTL is not yet fully understood [122], they clearly play a critical role in both visual
and navigational domains.

Importantly, the relationship between viewing and memory is not unidirectional;
what we remember also directly influences how we explore the world (for review
see e.g, [110]). Once an image has been memorized, it is less visually explored
when it is repeated than when it is novel [18,123,124], a change in viewing behavior
that depends on the hippocampus [123,125]. Further, when participants were asked
to recall images they had seen before, their eyes re-enacted the same movements
they showed during encoding, an effect causally connected to the quality of the
recalled memory [126].
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Figure 3: Memory-Guided Planning.
(A) Visual sampling of novel images
predicts human hippocampal activ-
ity. Left: linear parametric modula-
tion (LPM) of number of fixations (t-
map threshold P = 0.005, 10-voxel ex-
tension, uncorrected). Right: LPM is
stronger for novel versus repeated im-
ages in left (LH) and right (RH) hemi-
spheric hippocampus. Adapted from
[114]. (B) Saccades are phase locked
to alpha oscillations during success-
ful memory encoding. Phase locking
index [across-trial local field poten-
tial (LFP), phase-locking index (PLI)]
differs significantly between later-
remembered and later-forgotten im-
ages in human medial temporal lobe.
Adapted from [115]. (C) Saccades re-
set theta phase in monkey hippocam-
pus. Left panel: increase in LFP phase
coherence after saccade is higher for
high versus low recognition trials.
Right panel: theta power increases
significantly after saccade. Adapted
from [116]. (D) Non-retinotopic carry-
over effects in saccade sequences in
humans. Second saccade (green ar-
row in task insets) curves away from
first fixation location (adapted from
[127]). (E) Navigational route plan-
ning in human hippocampus. Decoder
trained on goal location and tested on
prenavigation planning periods favors
subgoals on taken path over those on
alternative path. Adapted from [128].
(F) Sharp wave ripples (SWR) during
visual exploration in monkey. Left
panel: SWR rate increases over time
after trial onset. Right panel: SWRs oc-
cur more frequently in successful ver-
sus unsuccessful visual search trials.
Figures adapted from [129].
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Such memory-guided viewing has been intensively studied using the ‘inhibition
of return’ (IOR) phenomenon, which broadly refers to the fact that after attending
to a given visual location, reaction times for returning gaze to that location in-
crease. I0R has been proposed as a novelty-seeking mechanism that maximizes
efficiency when exploring a visual scene (for review see [130]). IOR for example has
been shown to rely on non-retinotopic visual coordinates [131]. Moreover, when
two saccades are performed in a sequence, the non-retinotopic (possibly world-
centered) location of the first fixation spot influences the curvature of the subse-
quent saccade [127] (Figure 3D), suggesting that a top-down non-retinotopic sig-
nal influences saccade execution or planning. Such saccade sequences also often
have latencies too short to plan and initiate each saccade separately [132,133], re-
quiring the sequence to be preplanned in coordinates invariant to eye movements
because all precomputed SDs will have changed after the first saccade [108]. Thus,
planning and controlling oculomotor behavior likely requires coordinates refer-
enced to the external world. Since the MTL contributes to goal detection during
visual search [134] and contains both a world-centered visual map and SD cells, it
is well positioned to perform such computations. In fact, the required computa-
tions are similar to those of goal-directed navigational route planning for which
the HF is critical [128] (Figure 3E). In rodents, memory-guided route planning dur-
ing navigation has further been linked to hippocampal sharp-wave ripples [135],
which have also been observed in monkeys during visual exploration [129] (Figure
3F), especially when the presented images are repeated [136]. Growing evidence
also shows that the same MTL mechanisms guide (or are guided by) the position
of visual attention independent of gaze [47,137]. Together, these results suggest
that the MTL drives viewing behavior to efficiently acquire new information about
the visual environment [138], in line with the idea that gaze is a behavioral ex-
pression of visual predictions [139] generated by the HF [48].

0.6 Context specificity

In addition to encoding a map of the local spatial environment, the hippocam-
pus stores multiple world-centered maps of navigable space (in the ‘cognitive
atlas’), allowing it to represent locations in multiple navigational contexts [140].
The ability of the hippocampus to distinguish between contexts during navigation
is indexed by remapping, in which contextual changes cause all simultaneously
recorded neurons to shift place fields to new locations or stop firing altogether,
quickly resulting in a new and distinct spatial representation [141,142] (Figure 4A).
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The emergence of remapping depends on several factors, including a navigator’s
experience with a context [143,144], and can be eliminated by inhibiting hippocam-
pal plasticity [145]. These mnemonic components indicate that remapping facili-
tates contextual memory during navigation, rather than perceptual processing.

Context also plays an important role in visual tasks by guiding visual search and
recognition. In a now standard demonstration of this idea [146], the spatial config-
uration of an array of distractors in a visual search display provides a unique con-
text that reliably determines the location of a search target. Participants typically
find the visual search target faster when they have had prior exposure to the visual
context, an effect referred to as ‘contextual cueing’ [147]. Hippocampal remapping
may provide a critical mechanism underlying such visual context effects, by stor-
ing multiple maps of visual space (in a ‘cognitive picture book’) for multiple vi-
sual contexts. fMRI studies have shown that contextual cueing is mediated by the
hippocampus [148,149] (Figure 4B), and patients with MTL damage do not show a
search benefit for repeated arrays [150-152]. Hippocampal volume correlates with
the magnitude of contextual cueing in typical older adults and adults diagnosed
with mild cognitive impairment associated with MTL atrophy [153] (Figure 4C). The
strength of contextual cueing is modulated by a viewer’s experience with the vi-
sual context [154,155], similar to the dependence of remapping on navigational
experience [143,144]. Notably, visual context also modulates fMRI activity in PPC
and RSC during search tasks, suggesting that not only world-centered coordinates
as reviewed above but also hippocampal context representations may feedback
to the broader visuospatial mapping network to guide context-dependent viewing
behavior [156].
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Figure 4: Context Specificity. (A) Hippocampal remapping. Recruitment of a new place cell
maps specifically to each navigational context, such as different rooms (adapted from [142]).
(B) The hippocampus mediates visual context. Left: participants performed a visual search
task during fMRI. Target location was cued either via specific distractor arrangement [con-
textual cueing (CC)] or probabilistically by stimulus color [stimulus response (SR)]. Right:
hippocampus predicted search benefits in CC, the striatum in SR conditions (adapted
from [149]). (C) Hippocampal volume correlates with the magnitude of visual contextual
cueing (mean response time on novel minus repeated search configurations) in typical hu-
mans and patients with mild cognitive impairment (MCl) (adapted from [153]). (D) Three
possible hippocampal codes for vision and navigation. Left: same population, different
population code. Example: place cells in flying bats remap depending on whether they
use vision or echolocation to navigate in the same context (xz is horizontal plane, yz is
vertical plane; cell adapted from [157]). Middle: conjunctive coding. Example: monkey hip-
pocampal neurons conjunctively represent gaze- and self-location (example cell adapted
from [158,159]). Right: same population, different time. Example: after one navigational
context is rapidly switched to another, rodent hippocampal place cell population sponta-
neously flickers back-and-forth between representations of the two contexts (map simi-
larity is the correlation between the current population response vector and the average
population response vector in context A and B, respectively; adapted from [160]).
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The existence of multiple maplike representations in the hippocampus raises
three alternatives for how the hippocampus supports maps of both navigational
and visual spaces (Figure 4D). First, separate hippocampal populations may me-
diate representations for the two domains and remap between them depending
on their behavioral relevance. In the bat hippocampus, place fields remap de-
pending on whether bats employ vision in light or echolocation in darkness to
navigate [157], indicating that, in this case at least, space perceived using differ-
ent sensory modalities is mapped using separable neural representations. Sec-
ond, some neurons in the monkey and human hippocampus are sensitive to both
body and view location during navigation [158,161]. Thus, the same hippocampal
populations may conjunctively represent navigational and visual spaces. Finally,
the same neuronal population may represent both navigational and visual spaces,
but at different times, and alternate between visual and navigational maps dur-
ing simultaneous eye- and body-based movements. Consistent with this idea, the
hippocampus ‘flickers’ between representations of two distinct navigational con-
texts at different theta cycles when there are abrupt shifts in context [160]. Future
research using behavioral tasks that require simultaneous monitoring of locations
in both visual and navigational spaces are needed to dissociate these alternatives.

0.7 Concluding remarks

It has long been known that vision is important for navigation [162]. However, the
converse is less well appreciated. Here we have reviewed mechanisms in the HF
that provide the fundamental resource to support several critical computations
shared by navigation and vision. We have proposed that the HF, traditionally be-
lieved to support navigation, also mediates a world-centered representation of
visual space and guides viewing behavior. Since primates are particularly visual
creatures, the neural mechanisms that evolved to support navigation in rodents
may have been co-opted to support visual exploration as well, leading to strongly
intertwined navigational and visual mapping systems. In support of this view, we
have drawn on data from both primates and rodents; hence, an important caveat
is that we may have elided relevant species differences. The rodent HF medi-
ates representations of non-navigational spaces, such as spaces defined purely
by auditory information [163], but whether it mediates a map of visual space is
unknown. In primates, visual and navigational mapping systems overlap on a
systems level, but whether the two domains are supported by the same neurons
remains as yet unknown (see Outstanding Questions).
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As a coda, we wish to note our belief that the MTL computations reviewed here
likely have broad applications beyond both navigation and vision. The idea that
the HF performs domain general computations is not new. Indeed, Tolman origi-
nally conceptualized the cognitive map as a heuristic for flexibly guiding behav-
ior in general [164]. Yet, it is only recently that empirical research has begun
to take this idea beyond metaphor. We encourage researchers of cognitive do-
mains other than navigation and memory to ‘look at’ the HF, and further suggest
that vision may prove to be the ideal domain for future explorations of how MTL
computations support cognition broadly, because visual representations can be
characterized concretely in terms of distances and directions in the same way as
navigational spaces. By testing whether the same principles govern spatial rep-
resentations for vision and navigation, and whether the MTL plays the same role
in solving analogous problems in both domains, we will have made a key step
toward illuminating the function of the MTL in general.
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Box 3. Outstanding questions

How, and to what environmental features, are world-centered maps of visual space
anchored in a dynamically changing world (e.g., during real-world navigation)?

Do head direction and saccade direction cells play analogous orienting roles in
navigation and vision, respectively?

Since visual space does not contain eye movement obstacles in the same way as
navigational space, what information drives visual border cells?

Do spatial view and visual grid cells code visual space in depth (e.g., along the
ground plane), or only in the two-dimensional visual plane?

Does the MTL world-centered map of visual space support visual constancy (by
guiding retinotopic updating or by mediating memory traces of the visual field)?

Is contextual cueing mediated by hippocampal remapping?
Do MTL visual representations drive or are they driven by shifts in visual attention?

Do the same MTL neural populations mediate world-centered representations
of visual and navigational spaces (Figure 4C) and how do they interact during
navigation?

Do MTL world-centered visual representations emerge in typical development at
the same time as world-centered representations of navigational space? Relatedly,
do visual representations in the MTL break down along similar trajectories in typical
aging and disease as the coding of navigational spaces?
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Glossary 1

Border cell: entorhinal or subicular neuron that is active when the animal
occupies locations along navigational boundaries, such as walls or cliffs.

Cognitive map: first proposed as mental representation of locations and the
relationship between them, cognitive maps are discussed as general map-based
coding principle for information in the brain.

Context: spatial, temporal, and situational setting associated with particular
behavioral or mnemonic outputs.

Corollary discharge: also known as ‘efference copy, it is a copy of a motor
command that is sent to the muscles to produce a movement. Sensory areas use
corollary discharges to anticipate self-motion related sensory change.

Grid cell: entorhinal neuron that is active when the animal occupies certain
locations arranged in a hexagonal lattice, tessellating the environment. Grid cells
encode self-location during navigation.

Head direction (HD) cell: neuron that is active when the animal faces into a
certain direction in the environment. Head direction cells were found in several
brain areas, including the hippocampal formation.

Hippocampal formation: compound of brain regions in the temporal lobe,
including the hippocampus proper with its subfields CA1, CA2, and CA3; the dentate
gyrus; subicular cortices; as well as the entorhinal cortex.

Non-retinotopic: umbrella term describing representations of visual space that
are not retinotopic (see definition ‘Retinotopic’). Includes all movement-invariant
reference frames, such as world-centered (spatiotopic) and head-centered (cran-
iotopic) reference.

Place cell: hippocampal neuron that is active when an animal occupies a certain
location in the environment. Place cells encode self-location during navigation.

Proprioceptive signal: neural representation of mechanoreceptive information
about tendon status and muscle tone. Together with vestibular signals (see def-
inition ‘Vestibular signal’), proprioception provides information about position of
body parts and movements.
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Glossary 2

Retinotopic: retinotopy is the mapping of visual space from the retina to neurons
in visual cortex. Here, neighboring visual locations drive neighboring cells.
Retinotopic maps are self-centered (see definition ‘Self-centered reference’).

Saccade direction (SD) cell: saccade direction cell; neuron that is active when the
eyes move into a certain direction.

Self-centered reference: coordinate system referenced to one’s own body, or
parts of it, such as the eye (see definition ‘Retinotopy’). Also known as ‘egocentric’.

Spatial view cell: hippocampal neuron that is active when an animal looks at
a certain location in the environment. Spatial view cells encode gaze location
during visual exploration.

Transsaccadic memory: visual short-term memory representation of the presac-
cadic visual field that influences postsaccadic processing. Transsaccadic memory
is discussed as one of multiple mechanisms mediating perceptual stability.

Vestibular signal: neural representation of sensory information about head/body
movements relative to the axis of gravity. Vestibular information constitutes an
important cue about self-motion and body position in space.

Visual border cells: entorhinal neuron that is active when the animal looks at
locations close to the edge of a visual stimulus display. Does not respond to edges
within the display.

Visual grid cell: entorhinal neuron that is active when the animal looks at or
attends to certain locations in the visual scene. Its receptive fields are arranged
in a hexagonal lattice, tessellating visual space. Visual grid cells encode gaze
location during visual exploration.

Visual exploration: behavioral strategy to explore the environment by means
of eye movements and viewing without the need of navigating, hence without
physically moving through the environment.

World-centered reference: self-motion invariant coordinates referenced to exter-
nal cues such as landmarks or visual features in a scene. Also known as ‘allocentric’
Also see the definition of ‘Non-retinotopic.



22 References
References

[1] J.S. Matthis, J. L. Yates, and M. M. Hayhoe. representations of place cells in darkness
Gaze and the control of foot placement are supported by path integration and
when walking in natural terrain. Current border information. Frontiers in
Biology, 0(0), 2018-04. behavioral neuroscience, 8:222, 2014,

[2] L. Piccardi, M. De Luca, R. Nori, L. Palermo, [11] E.T.Rolls. Spatial view cells and the
F. lachini, and C. Guariglia. Navigational representation of place in the primate
style influences eye movement pattern hippocampus. Hippocampus, 9(4):467-480,
during exploration and learning of an 1999.
enV|ror1mental map‘. Frontiers in [12] P. Georges-Frans, E. T. Rolls, and R. G.
behavioral neuroscience, 10:140, 2016. Robertson. Spatial view cells in the

[3] M. L Mittelstaedt and H. Mittelstaedt. primate hippocampus: Allocentric view
Homing by path integration in a mammal. not head direction or eye position or
Naturwissenschaften, 67:566-567, 1980. place. Cerebral Cortex, 9(3):197-212,

. 1999-04.

[4] A.S.Etienne and K. ). Jeffery. Path
integration in mammals. Hippocampus, [13] R.G.Robertson, E. T. Rolls, and
14:180-192, 2004, P. Georges-Frans. Spatial view cells in the

primate hippocampus: effects of removal

[5] C.R. Gallistel. The organization of of view details. Journal of
learning. The organization of learning. The Neurophysiology, 79(3):1145-1156, 1998.
MIT Press, 1990.

[14] D. A. Dombeck, C. D. Harvey, L. Tian, L. L.

[6] R.A. Epstein, E. Z. Patai, ). B. Julian, and Looger, and D. W. Tank. Functional imaging
H. ). Spiers. The cognitive map in humans: of hippocampal place cells at cellular
Spatial navigation and beyond. Nature resolution during virtual navigation.
Neuroscience, 20(11):1504-1513, 2017-11. Nature Neuroscience, 13(11):1433-1440,

[7] E.I. Moser and B. L. Moser, M. 2010-11.

B.and McNaughton. Spatial representation [15] ). D. Golomb and N. Kanwisher. Higher

in the hippocampal formation: A history. level visual cortex represents retinotopic,
Nature Neuroscience, 20(11):1448-1464, not spatiotopic, object location. Cerebral
2017. Cortex, 22(12):2794-2810, 2012.

[8] J. O'Keefe and J. Dostrovsky. The [16] T. Hafting, M. Fyhn, S. Molden, M. B. Moser,
hippocampus as a spatial map. and E. I. Moser. Microstructure of a spatial
preliminary evidence from unit activity in map in the entorhinal cortex. Nature,
the freely-moving rat. Brain Research, £436(7052):801-806, 2005.
34(1):171-175, 1971-11.

[17] M. B. Moser, D. C. Rowland, and E. I. Moser.

[9] G.J.Quirk, R. U. Muller, and J. L. Kubie. The Place cells, grid cells, and memory. Cold
firing of hippocampal place cells in the Spring Harbor perspectives in biology,
dark depends on the rat's recent 7(2):2021808, 2015.
experience. The Journal of Neuroscience, -

10:2008-2017, 1990. [18] N.J. Kllllgn, M. J. Jutrgs, and E:A. Buffalo. A
map of visual space in the primate
[10] S.Zhang, F. Schoenfeld, L. Wiskott, and entorhinal cortex. Nature,

D. Manahan-Vaughan. Spatial

£491(7426):761-764, 2012.



References

23

[19]

[20]

[21]

[22]

[23]

[27]

[28]

M. L. R. Meister and E. A. Buffalo. Neurons
in primate entorhinal cortex represent
gaze position in multiple spatial reference
frames. The Journal of Neuroscience,
38(10):2430-2441, 2018.

M. Nau, T. Navarro Schroeder, J. L. S.
Bellmund, and C. F. Doeller.
Hexadirectional coding of visual space in
human entorhinal cortex. Nature
Neuroscience, 21(2):188-190, 2018-02.

J. B. Julian, A. T. Keinath, G. Frazzetta, and
R. A. Epstein. Human entorhinal cortex
represents visual space using a
boundary-anchored grid. Nature
Neuroscience, 21(2):191-194, 2018.

N. J. Killian, S. M. Potter, and E. A. Buffalo.
Saccade direction encoding in the primate
entorhinal cortex during visual
exploration. Proceedings of the National
Academy of Sciences of the United States
of America, 112(51):15743-8, 2015-12.

C. F. Doeller, C. Barry, and N. Burgess.
Evidence for grid cells in a human memory
network. Nature, 463(7281):657-61, 2010.

S. S. Winter, M. L. Mehlman, B. J. Clark, and
J. S. Taube. Passive transport disrupts grid
signals in the parahippocampal cortex.
Current Biology, 25(19):2493-2502, 2015.

T. Stensola, H. Stensola, M. B. Moser, and
E. I. Moser. Shearing-induced asymmetry
in entorhinal grid cells. Nature,
518(7538):207-212, 2015.

J. Krupic, M. Bauza, S. Burton, C. Barry, and
J. O'Keefe. Grid cell symmetry is shaped by
environmental geometry. Nature,
518(7538):232-235, 2015.

K. Hardcastle, S. Ganguli, and L. M.
Giocomo. Environmental boundaries as an
error correction mechanism for grid cells.
Neuron, 86(3):827-839, 2015.

A.T. Keinath, J. B. Julian, R. A. Epstein, and
I. A. Muzzio. Environmental geometry
aligns the hippocampal map during

[29]

[33]

[36]

spatial reorientation. Current Biology,
27(3):309-317, 2077.

T. Solstad, C. N. Boccara, E. Kropff, M. B.
Moser, and E. I. Moser. Representation of
geometric borders in the entorhinal
cortex. Science, 322:1865-1868, 2008.

C. Lever, S. Burton, A. Jeewajee, ). O'Keefe,
and N. Burgess. Boundary vector cells in
the subiculum of the hippocampal
formation. The Journal of Neuroscience,
29:9771-9777, 2009.

S. A. Lee, J. F. Miller, A. J. Watrous, M. R.
Sperling, A. Sharan, G. A. Worrell, B. M.
Berry, J. P. Aronson, K. A. Davis, and R. E.
Gross. Electrophysiological signatures of
spatial boundaries in the human
subiculum. Journal of Neuroscience,
38(13):3265-3272, 2018.

A. Treisman. Preattentive processing in
vision. In Human and machine vision Il
pages 313-334. Elsevier, 1986.

J. S. Taube. The head direction signal:
Origins and sensory-motor integration.
Annual Review of Neuroscience,
30(1):181-207, 2007.

A. Bicanski and N. Burgess. Environmental
anchoring of head direction in a
computational model of retrosplenial
cortex. The Journal of Neuroscience,
36(46):11601-11618, 2016.

A. C. H. Lee, L. K. Yeung, and M. D. Barense.
The hippocampus and visual perception.
Frontiers in Human Neuroscience, 6:1-17,
2012.

R. Q. Quiroga. Neuronal codes for visual
perception and memory.
Neuropsychologia, 83:227-241, 2016-03.

P. Zeidman and E. A. Maguire. Anterior
hippocampus: The anatomy of perception,
imagination and episodic memory. Nature
Reviews Neuroscience, 17(3):173-182,
2016-03.



24 References
[38] P. Zeidman, S. L. Mullally, and E. A. Maguire. [46] D.Hassabis, D. Kumaran, and E. A. Maguire.
Constructing, perceiving, and maintaining Using imagination to understand the
scenes: Hippocampal activity and neural basis of episodic memory. Journal

connectivity. Cerebral Cortex, of Neuroscience, 27(52):14365-14374,
25(10):3836-3855, 2015-10. 2007-12.

[39] A CH.Lee, T.J. Bussey, E. A Murray, L. M. [47] N.Wilming, P. Koenig, S. Koenig, and E. A.
Saksida, R. A. Epstein, N. Kapur, J. R. Buffalo. Entorhinal cortex receptive fields
Hodges, and K. S. Graham. Perceptual are modulated by spatial attention, even
deficits in amnesia: challenging the without movement. elLife, 7:631745, 2018.
medial temporalA lobe mnemonic’ view. [48] K. L Stachenfeld, M. M Botvinick, and S. ).
Neuropsychologia, 43(1):1-11, 2005-01. Gershman. Author correction: The

[40] T.Hartley, C. M. Bird, D. Chan, L. Cipolotti, hippocampus as a predictive map. Nature
M. Husain, F. Vargha-Khadem, and Neuroscience, 21(6):895-895, 2018.

N. Burgess. The hippocampus is required [40] N.C.Hindy, F.Y.Ng, and N. B. Turk-Browne.
for short-term topographical memory in Linking pattern completion in the
humans. Hippocampus, 17(1):34-48, hippocampus to predictive coding in
2007-01. visual cortex. Nature Neuroscience,

[41] Z.). Urgolites, R. O. Hopkins, and L. R. 19(5):665-667, 2016.

Squire. Medial temporal lobe and [50] N. Niehof, ). J. Tramper, C. F. Doeller, and
topographical memory. Proceedings of the P. W. Medendorp. Updating of visual

National Academy of Sciences, orientation in a gravity-based reference
114(32):8626-8630, 2017-08. frame. Journal of vision, 17(12):4—4, 2017.

[42] M. Behrmann, A.CH. Lee, J.Z. Geskin, K.S. [51] C. Marendaz, P. Stivalet, L. Barraclough,
Graham, and M.D. Barense. Temporal lobe and P. Walkowiac. Effect of gravitational
contribution to perceptual function: A tale cues on visual search for orientation.
of three patient groups. Journal of Experimental Psychology:
Neuropsychologia, 90:33-45, 2016-09. Human Perception and Performance,

19(6):1266, 1993.

[43] C.J. Hodgetts, J. P. Shine, A. D. Lawrence,

P.E. Downing, and K. S. Graham. [52] J. Laurens, B. Kim, J. D. Dickman, and D. E.
Evidencing a place for the hippocampus Angelaki. Gravity orientation tuning in
within the core scene processing network: macaque anterior thalamus. Nature
The HC's place in the core scene Neuroscience, 19(12):1566-1568, 2016.
processing network. Human Brain [53] J. G. Heys, K. V. Rangarajan, and D. A.
Mapping, 37(11)3779-3794, 2016-11. Dombeck. The functional

[44] M. Aly, C. Ranganath, and A. P, Yonelinas. micro—organizatioq of grid ;ells revealed
Detecting changes in scenes: The by cellular-resolution imaging. Neuron,
hippocampus is critical for strength-based 84(5):1079-1090, 2014-12.
perception. Neuron, 78(6):1127-1137, [54] M. C. Morrone, M. Cicchini, and D. C. Burr.
2013-06. Spatial maps for time and motion.

Experimental brain research,

[45] A.D.Ekstrom and C. Ranganath. Space,

time, and episodic memory: The
hippocampus is all over the cognitive
map. Hippocampus, pages 1-8, 2017.

206(2):121-128, 2010.

L. D. Sun and M. E. Goldberg. Corollary
discharge and oculomotor proprioception:



References

25

(58]

[59]

[61]

[63]

Cortical mechanisms for spatially accurate
vision. Annual Review of Vision Science,
2(1):61-84, 2016.

M. A. Sommer and R. H. Wurtz. Brain
circuits for the internal monitoring of
movements. Annual Review of
Neuroscience, 31(1):317-338, 2008-07.

P. Byrne, S. Becker, and N. Burgess.
Remembering the past and imagining the
future: a neural model of spatial memory
and imagery. Psychological review,
114(2):340-75, 2007-04.

B. ). Clark, C. M. Simmons, L. E. Berkowitz,
and A. A. Wilber. The retrosplenial-parietal
network and reference frame coordination
for spatial navigation. PsyArXiv Preprints,
pages 1-35, 2018.

J. R. Whitlock, R. J. Sutherland, M. P. Witter,
M. B. Moser, and E. I. Moser. Navigating
from hippocampus to parietal cortex.
Proceedings of the National Academy of
Sciences, 105(39):14755-14762, 2008.

S. D. Vann, J. P. Aggleton, and E. A. Maguire.
What does the retrosplenial cortex do?
Nature Reviews Neuroscience,
10(11):792-802, 2009.

B. L. McNaughton, F. P. Battaglia, O. Jensen,
E. . Moser, and M. B. Moser. Path
integration and the neural basis of the
‘cognitive map’. Nature Reviews
Neuroscience, 7(8):663-678, 2006.

B. A. Wandell, S. O. Dumoulin, and A. A.
Brewer. Visual field maps in human cortex.
Neuron, 56(2):366-383, 2007-10.

J. R. Duhamel, F. Bremmer, S. B. Hamed,
and W. Graf. Spatial invariance of visual
receptive fields in parietal cortex neurons.
Nature, 389(6653):845, 1997.

J. R. Duhamel, C. Colby, and M. E. Goldberg.
The updating of the representation of
visual space in parietal cortex by intended
eye movements. Science, 255(5040):90-92,
1992.

[68]

(7]

[72]

J. Cavanaugh, R. A. Berman, W. M. Joiner,
and R. H. Wurtz. Saccadic corollary
discharge underlies stable visual
perception. Journal of Neuroscience,
36(1):31-42, 2016.

C. Galletti and P. Fattori. The dorsal visual
stream revisited: Stable circuits or
dynamic pathways? Cortex, 98:203-217,
2018.

M. Nau, A. Schindler, and A. Bartels.
Real-motion signals in human early visual
cortex. Neurolmage, 175:379-387, 2018-07.

D. C. Burr and M. C. Morrone. Spatiotopic
coding and remapping in humans.
Philosophical Transactions of the Royal
Society B: Biological Sciences,
366(1564):504-515, 2011.

X. Chen, G. C. DeAngelis, and D. E. Angelaki.
Flexible egocentric and allocentric
representations of heading signals in
parietal cortex. Proceedings of the
National Academy of Sciences,
115(14):E3305-E3312, 2018.

K. Mirpour and J. W. Bisley. Remapping,
spatial stability, and temporal continuity:
From the pre-saccadic to postsaccadic
representation of visual space in LIP.
Cerebral Cortex, 26(7):3183-3195, 2016-07.

M. Semework, S. C. Steenrod, and M. E.
Goldberg. A spatial memory signal shows
that the parietal cortex has access to a
craniotopic representation of space. elLife,
7,2018-02-16.

J. D. Golomb and N. Kanwisher. Retinotopic
memory is more precise than spatiotopic
memory. Proceedings of the National
Academy of Sciences, 109(5):1796-1801,
2012.

A. Schindler and A. Bartels. Integration of
visual and non-visual self-motion cues
during voluntary head movements in the
human brain. Neurolmage, 172:597-607,
2018.



26 References
[74] A. B.Vog, M. D. Finch, and R. C. Olson. [83] M. Vz-Fort, E. F. Bracey, S. Keshavarzi, C. V.
Functional heterogeneity in cingulate Rousseau, L. Cossell, S. C. Lenzi, M. Strom,
cortex: The anterior executive and and T. W. Margrie. A circuit for integration
posterior evaluative regions. Cerebral of head-and visual-motion signals in layer
Cortex, 2(6):435-443, 1992. 6 of mouse primary visual cortex. Neuron,
. . 2018.
[75] A.S. Alexander and D. A. Nitz. Spatially
eriodic activation patterns of .
P ; P [84] D. Melcher and C. L. Colby. Trans-saccadic
retrosplenial cortex encode route . . . .
. perception. Trends in Cognitive Sciences,
sub-spaces and distance traveled. Current
} 12(12):466-473, 2008.
Biology, 27(11):1551-1560, 2017.
[76] A.S.Alexander and D. A. Nitz. [85] S.Van der Stigchel and A. Hollingworth.
Retrosplenial cortex maps the conjunction Visuospatial working memory as a
of internal and external spaces. Nature fundamental component of the eye
Neuroscience, 18(8):1143-1151, 2015. movement system. Current Directions in
. . Psychological Science, 27(2):136-143, 2018.
[771 P.Y.Jacob, G. Casali, L. Spieser, H. Page, 4 g  27(2)136-143,
D. Overington, and K. Jeffery. An . . .
. ston, ) Y X [86] A.C.Marino and ). A. Mazer. Perisaccadic
independent, landmark-dominated . . .
L . . updating of visual representations and
head-direction signal in dysgranular . o )
) . attentional states: Linking behavior and
retrosplenial cortex. Nature Neuroscience, . S
neurophysiology. Frontiers in Systems
20(2):173-175, 2017. ;
Neuroscience, 10, 2016.
[78] D. M. Smith, J. Barredo, and S. ). Y.
Mizumori. Complimentary roles of the [87] M. M. Umeno and M. E. Goldberg. Spatial
hippocampus and retrosplenial cortex in processing in the monkey frontal eye field.
behavioral context discrimination. Il. memory responses. Journal of
Hippocampus, 22(5):1121-1133, 2012. Neurophysiology, 86(5):2344-2352, 2001.
S. A Marchette, L. K. Vass, J. Ryan, and R. A. . )
(7] Epstein Ancho’rin the n’eJurayl co’m . [88] A.Banino, C. Barry, B. Uria, C. Blundell,
P o 8 ) pass: . T. Lillicrap, P. Mirowski, A. Pritzel, M. .
Coding of local spatial reference frames in . ) )
human medial parietal lobe. Nature Chadwick, T. Degris, J. Modayil, G. Wayne,
N ) 1p(ﬂ)1 8 1666 o H. Soyer, F. Viola, B. Zhang, R. Goroshin,
roscien : - . . . .
euroscience, 17 » 2014 N. Rabinowitz, R. Pascanu, C. Beattie,
[80] J. P Shine, J. P. ValdHerrera, M. Hegarty, and S. Petersen, A. Sadik, S. Gaffney, H. King,
T. Wolbers. The human retrosplenial K. Kavukcuoglu, D. Hassabis, R. Hadsell,
cortex and thalamus code head direction and D. Kumaran. Vector-based navigation
in a global reference frame. Journal of using grid-like representations in artificial
Neuroscience, 36:6371-6381, 2016. agents. Nature, 557(7705):429-433, 2018.
[81] E.Silson, A. Steel, and C. I. Baker. Scene
. ) . . [89] D.Bush, C. Barry, D. Manson, and
selectivity and retinotopy in medial . . N
. . N. Burgess. Using grid cells for navigation.
parietal cortex. Journal of Vision,
Neuron, 87(3):507-520, 2015-05.
16(12):528, 2016.
[82] H.L. Deanand M. L. Platt. Allocentric [90] D.E. Warren, M. C. Duff, N. J. Cohen, and

spatial referencing of neuronal activity in
macaque posterior cingulate cortex.
Journal of Neuroscience, 26(4):1117-1127,
2006.

D. Tranel. Hippocampus contributes to the
maintenance but not the quality of visual
information over time. Learning &
Memory, 22(1):6-10, 2015-01.



References

27

[91]

J. Erez, A. C. H. Lee, and M. D. Barense. It
does not look odd to me: Perceptual
impairments and eye movements in
amnesic patients with medial temporal
lobe damage. Neuropsychologia,
51(1):168-180, 2013.

|. R. Olson, K. S. Moore, M. Stark, and

A. Chatterjee. Visual working memory is
impaired when the medial temporal lobe
is damaged. Journal of Cognitive
Neuroscience, 18(7):1087-1097, 2006.

D. J. Kravitz, K. S. Saleem, C. I. Baker, and
M. Mishkin. A new neural framework for
visuospatial processing. Journal of Vision,
11(11):319-319, 2011.

J. D. Schall, A. Morel, D. J. King, and

J. Bullier. Topography of visual cortex
connections with frontal eye field in
macaque: convergence and segregation of
processing streams. The Journal of
Neuroscience, 15(6):4464~4487, 1995.

Y. Kobayashi and D. G. Amaral. Macaque
monkey retrosplenial cortex: II. cortical
afferents. Journal of Comparative
Neurology, 466(1):48-79, 2003.

K. S. Rockland and G. W. Van Hoesen.
Some temporal and parietal cortical
connections converge in CA1 of the
primate hippocampus. Cerebral Cortex,
9(3):232-237, 1999.

S. L. Ding. Comparative anatomy of the
prosubiculum, subiculum, presubiculum,
postsubiculum, and parasubiculum in
human, monkey, and rodent. Journal of
Comparative Neurology, 521(18):4145-4162,
2013.

R. Insausti and D. G. Amaral. Entorhinal
cortex of the monkey: IV. topographical
and laminar organization of cortical
afferents. Journal of Comparative
Neurology, 509(6):608-641, 2008.

M. P. Witter, T. P. Doan, B. Jacobsen, E. S.
Nilssen, and S. Ohara. Architecture of the

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

entorhinal cortex a review of entorhinal
anatomy in rodents with some
comparative notes. Frontiers in Systems
Neuroscience, 11:1-12, 2017.

D. J. Kravitz, K. S. Saleem, C. I. Baker, L. G.
Ungerleider, and M. Mishkin. The ventral
visual pathway: An expanded neural
framework for the processing of object
quality. Trends in Cognitive Sciences,
17(1):26-49, 2013.

L. G. Ungerleider, T. W. Galkin, R. Desimone,
and R. Gattass. Cortical connections of
area v4 in the macaque. Cerebral Cortex,
18(3):477-499, 2008.

C. Distler, D. Boussaoud, R. Desimone, and
L. G. Ungerleider. Cortical connections of
inferior temporal area TEO in macaque
monkeys. The Journal of Comparative
Neurology, 334(1):125-150, 1993-08.

M. Yoshida, Y. Naya, and Y. Miyashita.
Anatomical organization of forward fiber
projections from area TE to perirhinal
neurons representing visual long-term
memory in monkeys. Proceedings of the
National Academy of Sciences,
100(7):4257-4262, 2003.

A. W. Roe, L. Chelazzi, C. E. Connor, B. R.
Conway, I. Fujita, J. L. Gallant, H. Lu, and
W. Vanduffel. Toward a unified theory of
visual area v4. Neuron, 74(1):12-29, 2012.

H. Hong, D. L. K. Yamins, N. J. Majaj, and J. J.
DiCarlo. Explicit information for
category-orthogonal object properties
increases along the ventral stream. Nature
Neuroscience, 19(4):613-622, 2016-04,.

M. Mund R. Insausti. Cortical efferents of
the entorhinal cortex and the adjacent
parahippocampal region in the monkey
(macaca fascicularis). European Journal of
Neuroscience, 22(6):1368-1388, 2005.

Y. Kobayashi and D. G. Amaral. Macaque
monkey retrosplenial cortex: IIl. cortical
efferents. The Journal of Comparative
Neurology, 502(5):810-833, 2007-06.



28 References

[108] M. L. R. Meister and E. A. Buffalo. Getting the National Academy of Sciences,
directions from the hippocampus: The 110(32):13144-13149, 2013.
neural connection between looking and
memory. Neurobiology of Learning and [117] K LAHoﬁrnan, M. C. Dragan,'T. K. Leonard,
Memory, 134135-144, 2076, C. Mlchgll, R. Montefusco—S@gmgnd, and

T. A. Valiante. Saccades during visual

[109] J. L. Voss, D. J. Bridge, N. J. Cohen, and J. A. exploration align hippocampal 38 hz
Walker. A closer look at the hippocampus rhythms in human and non-human
and memory. Trends in Cognitive Sciences, primates. Frontiers in systems
21(8):577-588, 2017. neuroscience, 7:43, 2013.

[110] D. E. Hannula. Worth a glance: using eye [118] U. Rutishauser, I. B. Ross, A. N. Mamelak,
movements to investigate the cognitive and E. M. Schuman. Human memory
neuroscience of memory. Frontiers in strength is predicted by theta-frequency
Human Neuroscience, 4, 2010. phase-locking of single neurons. Nature,

[111] A. Kafkas and D. Montaldi. Recognition 464{7290):903, 2070,
memory strength is predicted by pupillary ~ [119] M. P. Brandon, A. R. Bogaard, C. P. Libby,
responses at encoding while fixation M. A. Connerney, K. Gupta, and M. E.
patterns distinguish recollection from Hasselmo. Reduction of theta rhythm
familiarity. Quarterly Journal of dissociates grid cell spatial periodicity
Experimental Psychology, 64(10):1971-1989, from directional tuning. Science,
20M. 332(6029):595-599, 2011.

[112] R.J. Molitor, P. C. Ko, E. P. Hussey, and B. A. [120] J. Koenig, A. N. Linder, J. K. Leutgeb, and
Ally. Memory-related eye movements S. Leutgeb. The spatial periodicity of grid
challenge behavioral measures of pattern cells is not sustained during reduced
completion and pattern separation. theta oscillations. Science,
Hippocampus, 24(6):666-672, 2014. 332(6029):592-595, 2071.

[113] D. E. Hannula and C. Ranganath. The eyes [121] N. Burgess, ). O'Keefe, and M. Recce. Using
have it: Hippocampal activity predicts hippocampal'place cells’ for navigation,
expression of memory in eye movements. exploiting phase coding. In Advances in
Neuron, 63(5):592-599, 2009-09. neural information processing systems,

[114] Z X Liu, K. Shen, R. K. Olsen, and J. D. Ryan. pages 929936, 1993.

Visual sampling predicts hippocampal [122] L. L. Colgin. Rhythms of the hippocampal
activity. Journal of Neuroscience, network. Nature Reviews Neuroscience,
37(3):599-609, 2017. 17(4):239-249, 2016-04,.

[115] T. Staudigl, E. Hartl, S. Noachtar, C. F. [123] C.N.Smith and L. R. Squire.

Doeller, and O. Jensen. Saccades are Experience-dependent eye movements

phase-locked to alpha oscillations in the reflect hippocampus-dependent (aware)

occipital and medial temporal lobe during memory. Journal of Neuroscience,

successful memory encoding. PLoS 28(48):12825-12833, 2008.

biology. 15(12):62003404, 207 [124] M. ). Jutras, P. Fries, and E. A. Buffalo.
[116] M. ). Jutras, P. Fries, and E. A. Buffalo. Gamma-band synchronization in the

Oscillatory activity in the monkey
hippocampus during visual exploration
and memory formation. Proceedings of

macaque hippocampus and memory
formation. Journal of Neuroscience,
29(40):12521-12531, 2009.



References

29

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

R. K. Olsen, V. Sebanayagam, Y. Lee,

M. Moscovitch, C. L. Grady, S. R.
Rosenbaum, and J. D. Ryan. The
relationship between eye movements and
subsequent recognition: Evidence from
individual differences and amnesia.
Cortex, 85:182-193, 2016-12.

B. Laeng, I. M. Bloem, S. D'Ascenzo, and
L. Tommasi. Scrutinizing visual images:
The role of gaze in mental imagery and
memory. Cognition, 131(2):263-283, 2014.

G. Megardon, C. Ludwig, and P. Sumner.
Trajectory curvature in saccade
sequences: spatiotopic influences vs.
residual motor activity. Journal of
Neurophysiology, 118(2):1310-1320, 2017.

T. 1. Brown, V. A. Carr, K. F. LaRocque, S. E.
Favila, A. M. Gordon, B. Bowles, J. N.
Bailenson, and A. D. Wagner. Prospective
representation of navigational goals in
the human hippocampus. Science,
352(6291):1323-1326, 2016.

T. K. Leonard, J. M. Mikkila, E. N. Eskandar,
J. L. Gerrard, D. Kaping, S. R. Patel,

T. Womelsdorf, and K. L. Hoffman. Sharp
wave ripples during visual exploration in
the primate hippocampus. Journal of
Neuroscience, 35(44):14771-14782, 2015.

Z.Wang and R. M. Klein. Searching for
inhibition of return in visual search: A
review. Vision research, 50(2):220-228,
2010.

M. D. Hilchey, R. M. Klein, J. Satel, and
Z.Wang. Oculomotor inhibition of return
how soon is it recoded.pdf. Attention,
Perception, & Psychophysics,
74(6):1145-1153, 2012.

M. M. Hayhoe, A. Shrivastava, R. Mruczek,
and J. B. Pelz. Visual memory and motor
planning in a natural task. Journal of
vision, 3(1):6-6, 2003.

C. M. Zingale and E. Kowler. Planning
sequences of saccades. Vision research,
27(8):1327-11, 1987.

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[121]

[142]

S. Wang, A. N. Mamelak, R. Adolphs, and
U. Rutishauser. Encoding of target
detection during visual search by single
neurons in the human brain. Current
Biology, 28(13):2058-2069.e4, 2018.

S. P Jadhay, C. Kemere, P. W. German, and
L. M. Frank. Awake hippocampal
sharp-wave ripples support spatial
memory. Science, page 1217230, 2012.

T. K. Leonard and K. L. Hoffman.
Sharp-wave ripples in primates are
enhanced near remembered visual
objects. Current Biology, 27(2):257-262,
2017.

M. Aly and N. B. Turk-Browne. How
hippocampal memory shapes, and is
shaped by, attention. In The Hippocampus
from Cells to Systems, pages 369-403.
Springer, 2017.

L. T.S. Yee, D. E. Warren, J. L. Voss, M. C.
Duff, D. Tranel, and N. J. Cohen. The
hippocampus uses information just
encountered to guide efficient ongoing
behavior. Hippocampus, 24(2):154-164,
2014

J. M. Henderson. Gaze control as
prediction. Trends in cognitive sciences,
21(1)115-23, 2017.

S. Leutgeb and J. K. Leutgeb. Remapping to
discriminate contexts with hippocampal
population codes. In Space, Time and
Memory in the Hippocampal Formation,
pages 227-251. Springer, 2014.

R. U. Muller and J. L. Kubie. The effects of
changes in the environment on the spatial
firing of hippocampal complex-spike cells.
J Neurosci, 7:1951-1968, 1987.

C. B. Alme, C. Miao, K. Jezek, A. Treves, E. I.
Moser, and M. B. Moser. Place cells in the
hippocampus: eleven maps for eleven
rooms. Proceedings of the National
Academy of Sciences, 111(52):18428-18435,
2014



30 References
[143] C. Lever, T. Wills, F. Cacucci, N. Burgess, and configural memory in the human medial
J. O'Keefe. Long-term plasticity in temporal lobe. Cerebral Cortex,
hippocampal place-cell representation of 18(9):2192-2207, 2008.
environmental geometry. Nature,
116:90-94, 2002, [153] S. Negash, D. Kliot, D. V. Howard, J. H.
Howard, S. R. Das, P. A. Yushkevich, J. B.
[144] E. Bostock, R. U. Muller, and J. L. Kubie. Pluta, S. E. Arnold, and D. A. Wolk.
Experience-dependent modifications of Relationship of contextual cueing and
hippocampal place cell firing. hippocampal volume in amnestic mild
Hippocampus, 1:193-205, 1991. cognitive impairment patients and
[145] C.Kentros, E. Hargreaves, R. D. Hawkins, cognitively nprmal older adults. jqumal of
E. R. Kandel, M. Shapiro, and R. V. Muller. the !nternatlonal Neuropsychological
Abolition of long-term stability of new Society, 21(4):285-296, 2015.
hippocampal place cell maps by NMDA [154] ). R. Brockmole, D. Z. Hambrick, D. J.
receptor blockade. Science, 280:2121-2126, Windisch, and J. M. Henderson. The role of
1998. meaning in contextual cueing; Evidence
[146] M. M. Chun and Y. Jiang. Contextual cueing: from chess expertise. Quarterly journal of
Implicit learning and memory of visual experimental psychology, 61(12):1886-1896,
context guides spatial attention. Cognitive 2008.
psychology, 36(1):28-71, 1998. [155] T. Beesley, M. A. Vadillo, D. Pearson, and
[147] B. Colagiuri and E. ). Livesey. Contextual D. R. Shanks. Pre-exposure of repeated
cuing as a form of nonconscious learning: search configurations facilitates
Theoretical and empirical analysis in large subsequent contextual cuing of visual
and very large samples. Psychonomic search. Journal of Experimental
bulletin & review, 23(6):1996-2009, 2016. Psychology: Learning, Memory, and
] Cognition, £1(2):348, 2015.
[148] A. ). Greene, W. L. Gross, C. L. Elsinger, and
S. M. Rao. Hippocampal differentiation [156] T.J. Preston, F. Guo, K. Das, B. Giesbrecht,
without recognition: an fMRI analysis of and M. P. Eckstein. Neural representations
the contextual cueing task. Learning & of contextual guidance in visual search of
memory, 14(8):548-553, 2007. real-world scenes. Journal of
[149] E.V. Goldfarb, M. M. Chun, and E. A. Phelps. Neuroscience, 33(18);7846-7855, 2013.
Memory-guided attention: Independent [157] M. Geva-Sagiv, S. Romani, L. Las, and
contributions of the hippocampus and N. Ulanovsky. Hippocampal global
striatum. Neuron, 89(2):317-324, 2016. remapping for different sensory
[150] M. M. Chun and E. A. Phelps. Memory modalities in flying bats. Nature
deficits for implicit contextual information Neuroscience, 19(7):952-958, 2016.
in human amnesics. Nature Neuroscience, [158] S.Wirth, P. Baraduc, A. Plant. Pin, and J. R.
2(9):844-847,1999. Duhamel. Gaze-informed, task-situated
[151] J. R. Manns and L. R. Squire. Perceptual representation of space in primate
learning, awareness, and the hippocampus during virtual navigation.
hippocampus. Hippocampus, 11(6):776-782, PLoS biology, 15(2):€2001045, 2017.
2001 [159] S.Wirth and P. Baraduc. Spatial
[152] A.R. Preston and J. D. E. Gabrieli. orientation in the primate: | see, there i

Dissociation between explicit memory and

am. mcine/sciences, 34(1):33-36, 2018-01.



References

31

[160]

[161]

K. Jezek, E. ). Henriksen, A. Treves, E. I.
Moser, and M. B. Moser. Theta-paced
flickering between place-cell maps in the
hippocampus. Nature, 478(7368):246, 2011.

A. D. Ekstrom, M. ). Kahana, J. B. Caplan,

T. A. Fields, E. A. Isham, E. L. Newman, and
. Fried. Cellular networks underlying
human spatial navigation. Nature,
£425:184—188, 2003.

[162]

[163]

[164]

A. D. Ekstrom. Why vision is important to
how we navigate. Hippocampus,
25(6):731-735, 2015-06.

D. Aronov, R. Nevers, and D. W. Tank.
Mapping of a non-spatial dimension by
the hippocampal-entorhinal circuit.
Nature, 543:719-722, 2017.

E. C. Tolman. Cognitive maps in rats and
men. Psychological review, 55:189, 1948.



	Abstract
	All eyes on the hippocampal formation
	Medial temporal codes support navigation and vision
	Reference frame transformations
	Recall and planning
	Context specificity
	Concluding remarks
	Bibliography

