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The hippocampus is critically involved in both mapping space
as well as the formation of memories for events. Here, we
propose that common coding principles in the hippocampus
enable spatial, temporal and episodic representations. We
discuss recent studies employing novel cognitive tasks as well
as newly developed representational analysis techniques
which show that both spatial and mnemonic representations
can be thought of as networks of interlinked elements, be it
locations in space or events in memory. These mnemonic
networks share certain characteristics, such as plasticity and
hierarchical organisation, which enable structured
representation of information while also allowing simultaneous
assimilation of new elements. We conclude by outlining
possibilities of how neural mechanisms underlying the
formation of such networked representations can support the
organisation of interlinked information beyond time and space.
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Introduction

The hippocampal formation has a well-established role in
both episodic memory and internal representation of
space [1,2]. However, the exact nature of its involvement
is still under debate. At the heart of the debate is the type
of information represented by the hippocampal forma-
tion, and whether identical coding mechanisms underlie
the formation of these representations. According to one
influential theory, the hippocampal formation codes for a
detailed map-like representation of space, to which other
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non-spatial elements of episodic memories can be bound
during encoding [2,3]. Another prominent theory posits
that both spatial and non-spatial information is repre-
sented as networks of related events in the hippocampus
[4,5,6°], in a so-called memory space. In line with this
theoretical viewpoint, computational modelling [7] as
well as experimental evidence [8] suggests that the hip-
pocampus is involved in extracting and representing
regularities that hold across episodes. Besides this, mne-
monic networks may represent conceptual [9,10°11°12]
and temporal information [13°14-16] as well. We will
briefly outline commonalities in spatial and mnemonic
representations, and then discuss the mechanisms which
enable their formation. We conclude by proposing that
the representation of these networks is not restricted to
spatial, episodic and temporal information, but rather
reflects domain general computations.

Spatial representations in the hippocampal
formation

It is well established that the hippocampal formation,
which consists of the hippocampus and entorhinal cortex,
is involved in representing space [3]. More specifically,
the hippocampus contains so-called place cells, which fire
when an animal enters a particular location in the envi-
ronment [17]. On the other hand, the entorhinal cortex, a
cortical region one synapse away from the hippocampus,
contains cells that fire in response to multiple locations
which are arranged in a hexagonal pattern that tiles the
entire environment (the so-called ‘grid cells’) [1].

The same cells can represent different configurations of
locations within different environments through the pro-
cess of remapping [18,19]. Remapping can also be
induced through changes in the task or goals, and may
provide a link between coding of space and coding of
events. For example, Moita ¢ a/. showed that, after
conditioning, firing of hippocampal neurons became syn-
chronised to the onset of a conditioned stimulus, suggest-
ing that hippocampal neurons are also responsive to non-
spatial stimuli [20]. Additionally, this provides evidence
that hippocampal place cells are dynamic and can remap
due to changes in experience [18,21].

Intracranial recordings in pre-surgical epilepsy patients
exploring virtual reality (VR) environments, have con-
firmed that place [22] and grid cells [23] are also found in
human hippocampus and entorhinal cortex, respectively.
In addition to electrophysiological evidence, we have
reported systems-level fMRI responses in participants
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navigating in VR environments, which are consistent with
the population response of place cells [24] and grid cells
[25,26,27°,28°] in the rodent hippocampal formation.
Furthermore, connectivity studies in humans are indica-
tive of a highly similar subdivision of the entorhinal cortex
in rodents and humans [29,30]. These findings not only
indicate that spatial representations in humans are imple-
mented similarly to those of rats, but also that fMRI can
be a useful tool to probe such representations.

Together, the place- and grid-cell system forms the basis
of the brain’s navigation system [3]. This system seems to
be hierarchically organised with functional subdivision
along the hippocampus, corresponding to the posterior-
anterior axis in humans and dorsal-ventral axis in rodents,
respectively [31,32]. The size of place fields increases
along the long axis of the rodent hippocampus [33,34],
and the size of the grid fields, as well as the spacing
between the vertices of the grid, also increase along the
same axis of rodent mEC [1,35,36]. There are also differ-
ences in connectivity along the hippocampal long axis
[37,38]. There are several theories regarding the function
of multiple spatial scales in the hippocampal formation
[31,39]. This simultaneous representation of the same
location at multiple spatial resolutions may underlie our
ability to represent our environments along hierarchically
organised internal maps: ranging from smaller scales
[24,40,41], such as our homes, to progressively larger
scales [41,42], such as our neighbourhoods, and even
our cities (see part b of Figure 1).

Episodic memory representations

The distinction between local and global is not only
relevant for representation of space, but also for episodic
memory because it is important to have detailed memo-
ries as well as memories at a coarser mnemonic resolution.
The range of mnemonic resolutions may serve to organise
memories into hierarchical memory networks. For such
memory networks to arise, incoming information needs to
be integrated with pre-existing knowledge [43,44], or
otherwise linked with other information, which can occur
through both shared spatial context [45°,46°], and shared
temporal context [13°,14,15,45°]. Additionally, episodic
memories can be linked through shared event context
[16,47] shared narrative context [48,49°,50°], or through
shared features (e.g. people involved, types of activities,
similar objects) [9,49°,51,52°,53] while being far apart in
space and time.

Even though we cannot visualise neural representations
of memories (i.e. ‘engrams’) using noninvasive neuroim-
aging in humans, we can visualise the organisational
structure of the relationships between different mne-
monic representations and a number of recent studies
have made large strides at mapping the structure of
emerging representations in both memory [48,50°,53—
57] and space [19,28°]. These studies have used

multivariate pattern-based analyses (such as representa-
tional similarity analysis [58] or pattern component
modelling [59]) or repetition suppression paradigms
[10°,25,57] to define the structure of internal representa-
tions of events and event elements. The analysis logic for
multivariate pattern analyses is based on the idea that
mnemonic elements which are closer together in the
memory ‘space’ would also evoke more similar patterns
of neural activity. Thus, by examining the patterns
evoked by different experimental conditions (e.g. differ-
ent events), we can visualise the distance between con-
ditions in an internal representational space.

The hypothesised memory networks are comprised of
partially overlapping events, where the nodes of the
networks consist of mnemonic elements, such as people,
objects, spatial or temporal contexts [4,6°,9,60]. In our
recent study, participants watched a movie with two
interleaved narratives in the MRI-scanner. We examined
whether overlapping event elements in those narratives
also evoke more similar internal representations of those
events. We showed that events which featured particular
characters or locations were associated with more similar
hippocampal activity patterns than other events. Those
results suggest that characters and locations in a movie
indeed form nodes of memory networks. In addition to
nodal representations, we also found evidence that hip-
pocampal representations of separate storylines from the
movie gradually diverge over time [49°]. These results
suggest that the hippocampus also represents larger
groupings of events, akin to narrative contexts, in separate
networks. These findings may relate to how different
hippocampal cell assemblies represent different spatial
contexts, whereas the process of remapping allows for
switches between the contexts as a consequence of pat-
tern separation processes [18,61].

We have also tracked the emergence of small-scale nar-
rative event networks in the posterior hippocampus in a
study where participants saw initially unrelated events
that, over the course of the experiment, became linked
through a new event. The formation of those networks of
events was triggered by insight into how previously
unrelated events fit together [48]. We showed that pat-
terns of hippocampal event representations became more
similar between non-overlapping events once they
became linked through a new event [48]. To investigate
more complex narratives, we presented participants with
multiple unrelated events which were linked into larger
narratives. Here we discovered that, in addition to the
small-scale networks in the posterior hippocampus, the
scale of these event networks increased along the long
axis of the hippocampus, with anterior hippocampus
providing coarser event representations corresponding
to the multi-event narratives. These results suggest that
memories may indeed be organised into networks of
related events, and follow a similar hierarchical
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Figure 1
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We propose that multiple cognitive domains rely on similar mechanisms for organising information in the brain. (a) Episodic memories can be
organised as a hierarchy with an entire experience as highest hierarchical level, and more specific events within these experiences as lower levels
of the hierarchy. (b) Space can be organised as a hierarchy, with large sections of the environment as highest hierarchical level, and more detailed
sections of the environment as lower levels of the hierarchy. (c) Also conceptual knowledge can be organised as a hierarchy, with an entire
concept as highest level of the hierarchy, and more specific facts related to this concept as lower levels of the hierarchy.

organisation like space (see part a of Figure 1) [5,50°,53].
This is consistent with a global versus local spatial dis-
tinction along the hippocampal long axis as proposed in
Poppenk er al. [39]. Thus, the same neural mechanisms
that create hierarchical representation of space may also
underlie our ability to think of past events at different
memory scales, ranging from the smallest meaningful
units — such as accidentally spilling coffee during break-
fast — through progressively coarser scales — such as
having breakfast, what we did in the morning, and how
we spent the day.

Memories in time

It is well established that the hippocampus represents
temporal context [13°,14,15], and since the discovery of
phase precession of place cells [62] and hippocampal time
cells [63], it has become clear that both the hippocampus
and medial entorhinal cortex code for time as well as
space [64]. Furthermore, representations of items pre-
sented close together in predictable temporal sequences
have more similar neural patterns than items presented in
unpredictable sequences [14], suggesting that known
temporal context binds those items together. The role
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of the hippocampus for integration of information across
time is also suggested by increased hippocampal activity,
positively correlated with subsequent memory, at event
offsets [65]. Interestingly, shared event context can over-
ride temporal context for item grouping [47]. Neverthe-
less, when the across-event items were judged to be closer
in time, their neural patterns were also more similar
[47,66°], perhaps suggesting that temporal and event
contexts are partially independent but can interact. Simi-
larly, we have shown that although items linked through
spatial or temporal context vary in representational simi-
larity as a function of spatial or temporal distance, these
two types of contexts also interact with each other [45°].
Comparable effects have been reported for real-life auto-
biographical memories [46°].

However, what remains to be seen is whether temporal
scales are also represented in a similar manner in the
hippocampal formation. One might predict that anterior
hippocampus in humans or the ventral hippocampus in
rodents may code for a global temporal context, while more
posterior/dorsal regions code for shorter time scales [63,64].
In the example above, we effectively described progres-
sively wider event contexts in the temporal domain, how-
ever, it is not clear whether these memory scales indeed
represent temporal context in the same way as narrative
context, the topic of the research reported in recent work
[49°,50°]. When it comes to sensory information, different
brain regions accumulate information differently across
time, with early visual cortex representing short time scales
while higher-order visual areas represented longer time
scales, while no variation with temporal scales was reported
in the hippocampus [13°]. However, even naturalistic sti-
muli used in an experimental setting do not match true
temporal scales, which leave the question about potential
hippocampal involvement in hierarchical temporal proces-
sing of episodic memory unanswered.

Networks beyond the memory domain

In this review we have discussed leading theories, compu-
tational modelling, and recent neuroimaging work that
suggest that the hippocampus does not only represent
memories of individual events but also represents mem-
ories as networks of related events [2,4,5,45°,48,49°,50°,
51,52°,67-69]. This suggests that spatial and episodic
memory rely on similar coding principles necessary for
the formation of hierarchical networks in the hippocam-
pus (Figure 1). We propose that these coding principles
may also support formation of networked representations
unrelated to events or space. A particularly interesting
question is whether these neural mechanisms, which lead
to hierarchically organised spatial and mnemonic repre-
sentations, also provide a neural metric for other types of
related information, for example the structure of concep-
tual knowledge in the brain (Figure 1). Research has
indeed shown critical involvement of the hippocampus
in the emergence of conceptual knowledge [10°,11°,12].

However, the exact structure of knowledge representa-
tions in the brain is still under debate. Some evidence
suggests that neural mechanisms underlying navigation
through space also underlie navigation through concep-
tual space (of bird stimuli) that are defined through two
continuous dimensions [10°].

An efficient representation of knowledge needs to be
dynamic to enable flexible switching between building
new entries and integrating information into existing
structures. Furthermore, knowledge should transfer to
new situations. Thus, knowledge systems need to rely
on efficient organisational principles. One such organisa-
tional principle could be hierarchical coding which use
the same underlying neural populations and can remap
between different contexts (or concepts). Future research
needs to focus on whether representing knowledge in
network structures, similarly to how the brain represents
spatial and event maps, reflects the actual mechanisms by
which the brain can efficiently store and update knowl-
edge. Additionally, future research should address
whether the hippocampus is primarily necessary for the
formation of conceptual knowledge as hierarchical net-
works, and which other brain regions play a role in the
retrieval and long-term storage of these hierarchical net-

works [70].

Concluding remarks

In this review, we discussed hippocampal computational
mechanisms that are known to be important for repre-
senting the environment as well as representing experi-
ences. Research on space and episodic memory indicates
that the hippocampus can represent small-scale, detailed
information, and larger-scale, more general information in
parallel. All available information about the environment,
as well as our experiences, is structured into dynamic
networks that can flexibly incorporate new information
through mechanisms such as remapping. We proposed
that these computational mechanisms are combined to
enable the brain to organise space as well as episodic
memories into dynamic hierarchical structures. We con-
cluded with reviewing recent literature on the emergence
of conceptual knowledge and proposed that these compu-
tational mechanisms might not only underlie spatial and
episodic representations, but could reflect neural mecha-
nisms for organisation of interlinked information more
generally. This has the potential to significantly increase
our understanding about the coding mechanisms of the
brain for cognition in general.

Conflict of interest statement
Nothing declared.

Acknowledgements

CFD’s research is funded by the Netherlands Organisation for Scientific

Research (NWO-Vidi 452-12-009; NWO-Gravitation 024-001-006; NWO-

MaGW 406-14-114; NWO-MaGW 406-15-291), the Kavli Foundation, the

Current Opinion in Behavioral Sciences 2017, 17:71-76

www.sciencedirect.com



Memory networks in space and time Collin, Milivojevic and Doeller 75

Centre of Excellence scheme of the Research Council of Norway — Centre
for Biology of Memory and Centre for Neural Computation, The Egil and
Pauline Braathen and Fred Kavli Centre for Cortical Microcircuits, the
National Infrastructure Scheme of the Research Council of Norway-
NORBRAIN, and the European Research Council (ERC-StG
RECONTEXT 261177; ERC-CoG GEOCOG 724836). Correspondence
should be addressed to SHPC (s.collin@donders.ru.nl), BM (b.
milivojevic@donders.ru.nl) or CFD (christian.doeller@donders.ru.nl).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

o of special interest
ee Of outstanding interest

1. Hafting T, Fyhn M, Molden S, Moser M-B, Moser El:
Microstructure of a spatial map in the entorhinal cortex. Nature
2005, 436:801-806.

2. Burgess N, Maguire E, O’Keefe J: The human hippocampus and
spatial and episodic memory. Neuron 2002, 35:625-641.

3. Moser MB, Rowland DC, Moser El: Place cells, grid cells, and
memory. Cold Spring Harb Perspect Biol 2015, 7:a021808.

4. Eichenbaum H, Dudchenko P, Wood E, Shapiro M, Tanila H: The
hippocampus, memory, and place cells: is it spatial memory or
a memory space? Neuron 1999, 23:209-226.

5. McKenzie S, Frank AJ, Kinsky NR, Porter B, Riviere PD,
Eichenbaum H: Hippocampal representation of related and
opposing memories develop within distinct, hierarchically
organized neural schemas. Neuron 2014, 83:215-302.

6. Howard MW, Eichenbaum H: Time and space in the

. hippocampus. Brain Res 2015, 1621:345-354.

A review that highlights recent evidence showing the existence of a place
and a time code in the hippocampus, suggesting the overarching hypoth-
esis that these properties lead to the construction of a memory space in
the hippocampus.

7. McClelland J, McNaughton BL, O’Reilly R: Why there are
complementary learning systems in the hippocampus and
neocortex: insights from the successes and failures of
connectionist models of learning and memory. Psychol Rev
1995, 102:419-457.

8. Doeller CF, Opitz B, Krick CM, Mecklinger A, Reith W: Prefrontal-
hippocampal dynamics involved in learning regularities
across episodes. Cereb Cortex 2005, 15:1123-1133.

9. Milivojevic B, Doeller CF: Mnemonic networks in the
hippocampal formation: from spatial maps to temporal and
conceptual codes. J Exp Psychol 2013, 142:1231-1241.

10. Constantinescu AO, O’Reilly JX, Behrens TEJ: Organizing

e conceptual knowledge in humans with a gridlike code. Science
2016, 352:1464-1468.

This study is among the first to investigate whether the neural represen-

tation of concepts follows a structure similar to the representation of

space in the entorhinal cortex.

11. Mack ML, Love BC, Preston AR: Dynamic updating of

e hippocampal object representations reflects new conceptual
knowledge. Proc Natl Acad Sci U S A 2016, 113:13203-13208.

Using MVPA this study revealed that object representations in the

hippocampus are dynamically updated with concept-relevant information

during learning, suggesting that the brain reorganizes when concepts

change.

12. Kumaran D, Summerfield JJ, Hassabis D, Maguire E: Tracking the
emergence of conceptual knowledge during human decision
making. Neuron 2009, 63:889-901.

13. Hasson U, Chen J, Honey CJ: Hierarchical process memory:

e memory as an integral component of information processing.
Trends Cogn Sci 2015, 19:304-313.

A review describing a novel theory of how timescales are hierarchically

organised in the brain, with short timescales in early sensory areas and

long timescales in higher-order areas.

14. Hsieh L-T, Gruber M, Jenkins L, Ranganath C: Hippocampal
activity patterns carry information about objects in temporal
context. Neuron 2014, 81:1165-1178.

15. Howard MW, Kahana MJ: A distributed representation of
temporal context. J Math Psychol 2002, 46:269-299.

16. Davachil, DuBrow S: How the hippocampus preserves order: the
role of prediction and context. Trends Cogn Sci 2015, 19:92-99.

17. O’Keefe J, Dostrovsky J: The hippocampus as a spatial map:
preliminary evidence from unit activity in the freely-moving rat.
Brain Res 1971, 34:171-175.

18. Colgin LL, Moser El, Moser M-B: Understanding memory
through hippocampal remapping. Trends Neurosci 2008,
31:469-477.

19. Steemers B, Vicente-Grabovetsky A, Barry C, Smulders P, Navarro
Schroeder T, Burgess N, Doeller CF: Hippocampal attractor
dynamics predict memory-based decision making. Curr Biol
2016, 26:1750-1757.

20. Moita MAP, Rosis S, Zhou Y, LeDoux JE, Blair HT: Hippocampal
place cells acquire location-specific responses to the
conditioned stimulus during auditory fear conditioning.
Neuron 2003, 37:485-497.

21. Anderson Ml, Jeffery KJ: Heterogeneous modulation of place
cell firing by changes in context. J Neurosci 2003, 23:8827-
8835.

22. Ekstrom A, Kahana MJ, Caplan JB, Fields TA, Isham EA,
Newman EL, Fried I: Cellular networks underlying human
spatial navigation. Nature 2003, 425:184-188.

23. Jacobs J, Weidemann CT, Miller JF, Solway A, Burke JF, Wei XX,
Suthana N, Sperling MR, Sharan AD, Fried | et al.: Direct
recordings of grid-like neuronal activity in human spatial
navigation. Nat Neurosci 2013, 16:1188-1190.

24. Doeller CF, King JA, Burgess N: Parallel striatal and
hippocampal systems for landmarks and boundaries in spatial
memory. Proc Nat/ Acad Sci U S A 2008, 105:5915-5920.

25. Doeller CF, Barry C, Burgess N: Evidence for grid cells in a
human memory network. Nature 2010, 463:657-661.

26. Kunz L, Navarro Schroeder T, Lee H, Montag C, Lachmann B,
Sariyska R, Reuter M, Stirnberg R, Stocker T, Messing-Floeter P
etal.: Reduced grid-cell-like representations in adults at genetic
risk for Alzheimer’s disease. Science 2015, 350:430-433.

27. Horner AJ, Bisby JA, Zotow E, Bush D, Burgess N: Grid-like

processing of imagined navigation. Curr Biol 2016, 26:842-847.
Th|s study and Ref. [28°] show evidence for a role of the entorhinal grid-
system in mental simulation, which implies a role of spatial coding
principles beyond spatial navigation.

28. Bellmund JLS, Deuker L, Schroder TN, Doeller CF: Grid-cell

. representations in mental simulation. Elife 2016, 5:e17089.

This study and Ref. [27°] show evidence for a role of the entorhinal grid-
system in mental simulation, which implies a role of spatial coding
principles beyond spatial navigation.

29. Navarro Schréder T, Haak KV, Zaragoza Jimenez NI,
Beckmann CF, Doeller CF: Functional topography of the human
entorhinal cortex. Elife 2015, 4:e06738.

30. Maass A, Berron D, Libby L, Ranganath C, Duzel E: Functional
subregions of the human entorhinal cortex. Elife 2015, 4:
e06426.

31. Strange BA, Witter MP, Lein ES, Moser El: Functional
organization of the hippocampal longitudinal axis. Nat Rev
Neurosci 2014, 15:655-669.

32. Fanselow M, Dong H: Are the dorsal and ventral hippocampus
functionally distinct structures? Neuron 2010, 65:1-25.

33. Kjelstrup KB, Solstad T, Brun VH, Hafting T, Leutgeb S, Witter MP,
Moser El, Moser M-B: Finite scale of spatial representation in
the hippocampus. Science 2008, 321:140-143.

34. Jung MW, Wiener |, McNaughton BL: Comparison of spatial
firing characteristics ventral hippocampus of the rat.
J Neurosci 1994, 14:7347-7356.

www.sciencedirect.com

Current Opinion in Behavioral Sciences 2017, 17:71-76


http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0355
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0355
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0355
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0360
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0360
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0365
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0365
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0370
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0370
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0370
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0375
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0375
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0375
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0375
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0380
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0380
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0385
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0385
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0385
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0385
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0385
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0390
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0390
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0390
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0395
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0395
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0395
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0400
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0400
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0400
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0405
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0405
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0405
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0410
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0410
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0410
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0415
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0415
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0415
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0420
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0420
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0420
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0425
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0425
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0430
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0430
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0435
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0435
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0435
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0440
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0440
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0440
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0445
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0445
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0445
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0445
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0450
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0450
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0450
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0450
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0455
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0455
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0455
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0460
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0460
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0460
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0465
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0465
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0465
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0465
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0470
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0470
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0470
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0475
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0475
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0480
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0480
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0480
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0480
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0485
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0485
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0490
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0490
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0495
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0495
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0495
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0500
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0500
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0500
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0505
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0505
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0505
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0510
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0510
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0515
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0515
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0515
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0520
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0520
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0520

76 Memory in time and space

35. Barry C, Hayman R, Burgess N, Jeffery KJ: Experience-
dependent rescaling of entorhinal grids. Nat Neurosci 2007,
10:682-684.

36. Stensola H, Stensola T, Solstad T, Freland K, Moser M-B,
Moser El: The entorhinal grid map is discretized. Nature 2012,
492:72-78.

37. Ranganath C, Ritchey M: Two cortical systems for memory-
guided behaviour. Nat Rev Neurosci 2012, 13:713-726.

38. Libby LA, Ekstrom AD, Ragland JD, Ranganath C: Differential
connectivity of perirhinal and parahippocampal cortices
within human hippocampal subregions revealed by high-
resolution functional imaging. J Neurosci 2012, 32:6550-6560.

39. Poppenk J, Evensmoen HR, Moscovitch M, Nadel L: Long-axis
specialization of the human hippocampus. Trends Cogn Sci
2013, 17:230-240.

40. Komorowski RW, Manns JR, Eichenbaum H: Robust conjunctive
item-place coding by hippocampal neurons parallels learning
what happens where. J Neurosci 2009, 29:9918-9929.

41. Xu J, Evensmoen HR, Lehn H, Pintzka CWS, Haberg AK:
Persistent posterior and transient anterior medial temporal
lobe activity during navigation. Neuroimage 2010, 52:1654-
1666.

42. Nadel L, Hoscheidt S, Ryan LR: Spatial cognition and the
hippocampus: the anterior-posterior axis. J Cogn Neurosci
2013, 25:22-28.

43. van Buuren M, Kroes MCW, Wagner IC, Genzel L, Morris RGM,
Fernandez G: Initial investigation of the effects of an
experimentally learned schema on spatial associative memory
in humans. J Neurosci 2014, 34:16662-16670.

44. Tse D, Langston RF, Kakeyama M, Bethus |, Spooner PA,
Wood ER, Witter MP, Morris RGM: Schemas and memory
consolidation. Science 2007, 316:76-82.

45. Deuker L, Bellmund JLS, Schroéder TN, Doeller CF: An event map
e of memory space in the hippocampus. Elife 2016, 5:e16534.
This study and Ref. [46°] provide evidence for a common coding mechan-
ism in the hippocampus for space and time.

46. Nielson DM, Smith TA, Sreekumar V, Dennis S, Sederberg PB:

¢ Human hippocampus represents space and time during
retrieval of real-world memories. Proc Nat/ Acad Sci U S A 2015,
112:11078-11083.

This study and Ref. [45°] provide evidence for acommon coding mechan-

ism in the hippocampus for space and time.

47. Ezzyat Y, Davachi L: Similarity breeds proximity: pattern
similarity within and across contexts is related to later
mnemonic judgments of temporal proximity. Neuron 2014,
81:1179-1189.

48. Milivojevic B, Vicente-Grabovetsky A, Doeller CF: Insight
reconfigures hippocampal-prefrontal memories. Curr Biol
2015, 25:1-10.

49. Milivojevic B, Varadinov M, Vicente-Grabovetsky A, Collin SHP,

e Doeller CF: Coding of event nodes and narrative context in the
hippocampus. J Neurosci 2016, 36:12412-12424.

This study revealed that, while participant are watching a movie with two

interleaved narratives, the representation of these two narrative contexts

gradually diverge over time.

50. Collin SHP, Milivojevic B, Doeller CF: Memory hierarchies map

e onto the hippocampal long axis in humans. Nat Neurosci 2015,
18:1562-1564.

Using MVPA, this study showed how memory representations system-

atically vary in scale along the hippocampal long axis in human episodic

memory, which suggests the formation of mnemonic hierarchies in the

human hippocampus.

51. Backus AR, Bosch SE, Ekman M, Grabovetsky AV, Doeller CF:
Mnemonic convergence in the human hippocampus. Nat
Commun 2016, 7:11991.

52. Backus AR, Schoffelen JM, Szebényi S, Hanslmayr S, Doeller CF:
e Hippocampal-prefrontal theta oscillations support memory
integration. Curr Biol 2016, 26:450-457.

Amplitude and coupling strength of theta oscillations in hippocampal and
medial prefrontal sources predict succesful integration of memories,
revealing an important physiological mechanism underlying inferential
reasoning, decision making, and knowledge acquisition.

53. Schlichting ML, Mumford JA, Preston AR: Learning-related
representational changes reveal dissociable integration and
separation signatures in the hippocampus and prefrontal
cortex. Nat Commun 2015, 6:1-10.

54. Schapiro AC, Rogers TT, Cordova NI, Turk-Browne NB,
Botvinick MM: Neural representations of events arise from
temporal community structure. Nat Neurosci 2013, 16:486-492.

55. Shohamy D, Wagner A: Integrating memories in the human
brain: hippocampal-midbrain encoding of overlapping events.
Neuron 2008, 60:378-389.

56. Zeithamova D, Dominick AL, Preston AR: Hippocampal and
ventral medial prefrontal activation during retrieval-mediated
learning supports novel inference. Neuron 2012, 75:168-179.

57. Barron HC, Dolan RJ, Behrens TEJ: Online evaluation of novel
choices by simultaneous representation of multiple
memories. Nat Neurosci 2013, 16:1492-1498.

58. Kriegeskorte N, Mur M, Ruff DA, Kiani R, Bodurka J, Esteky H,
Tanaka K, Bandettini PA: Matching categorical object
representations in inferior temporal cortex of man and
monkey. Neuron 2008, 60:1126-1141.

59. Diedrichsen J, Kriegeskorte N: Representational models: a
common framework for understanding encoding, pattern-
component, and representational-similarity analysis. bioRxiv
2016.

60. Eichenbaum H: Still searching for the engram. Learn Behav
2016, 44:209-222.

61. Wills TJ, Lever C, Cacucci F, Burgess N, O’Keefe J: Attractor
dynamics in the hippocampal representation of the local
environment. Science 2005, 308:873-876.

62. Keefe JO, Recce ML: Phase relationship between hippocampal
place units and the EEG theta rhythm. Hippocampus 1993,
3:317-330.

63. MacDonald CJ, Lepage KQ, Eden UT, Eichenbaum H:
Hippocampal “time cells” bridge the gap in memory for
discontiguous events. Neuron 2011, 71:737-749.

64. Kraus BJ, Brandon MP, Robinson RJ, Connerney MA,
Hasselmo ME, Eichenbaum H: During running in place, grid cells
integrate elapsed time and distance run. Neuron 2015, 88:578-
589

65. Ben-Yakov A, Dudai Y: Constructing realistic engrams:
poststimulus activity of hippocampus and dorsal striatum
predicts subsequent episodic memory. J Neurosci 2011,
31:9032-9042.

66. Lositsky O, Chen J, Toker D, Honey CJ, Poppenk JL, Hasson U,

e Norman KA: Neural pattern change during encoding of a
narrative predicts retrospective duration estimates. Elife 2016,
5:e16070.

This recent study shows evidence for how neural pattern change in

entorhinal cortex and anterior temporal lobe predicts retrospective dura-

tion judgments.

67. Horner AJ, Bisby J, Bush D, Lin W-J, Burgess N: Evidence for
holistic episodic recollection via hippocampal pattern
completion. Nat Commun 2015, 6:1-11.

68. Brod G, Lindenberger U, Werkle-Bergner M, Shing YL:
Differences in the neural signature of remembering schema-
congruent and schema-incongruent events. Neuroimage 2015,
117:358-366.

69. Kumaran D, McClelland JL: Generalization through the
recurrent interaction of episodic memories: a model of the
hippocampal system. Psychol Rev 2012, 119:573-616.

70. Patterson K, Nestor PJ, Rogers TT: Where do you know what you
know? The representation of semantic knowledge in the
human brain. Nat Rev Neurosci 2007, 8:976-988.

Current Opinion in Behavioral Sciences 2017, 17:71-76

www.sciencedirect.com


http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0525
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0525
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0525
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0530
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0530
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0530
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0535
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0535
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0540
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0540
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0540
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0540
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0545
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0545
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0545
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0550
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0550
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0550
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0555
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0555
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0555
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0555
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0560
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0560
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0560
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0565
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0565
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0565
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0565
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0570
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0570
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0570
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0575
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0575
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0580
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0580
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0580
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0580
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0585
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0585
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0585
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0585
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0590
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0590
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0590
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0595
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0595
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0595
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0600
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0600
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0600
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0605
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0605
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0605
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0610
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0610
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0610
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0615
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0615
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0615
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0615
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0620
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0620
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0620
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0625
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0625
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0625
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0630
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0630
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0630
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0635
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0635
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0635
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0640
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0640
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0640
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0640
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0645
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0645
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0645
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0645
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0650
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0650
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0655
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0655
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0655
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0660
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0660
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0660
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0665
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0665
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0665
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0670
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0670
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0670
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0670
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0675
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0675
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0675
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0675
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0680
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0680
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0680
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0680
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0685
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0685
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0685
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0690
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0690
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0690
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0690
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0695
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0695
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0695
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0700
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0700
http://refhub.elsevier.com/S2352-1546(17)30023-2/sbref0700

	Hippocampal hierarchical networks for space, time, and memory
	Introduction
	Spatial representations in the hippocampal formation
	Episodic memory representations
	Memories in time
	Networks beyond the memory domain
	Concluding remarks
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


