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Abstract

While it has long been recognized that medial temporal lobe structures are important for memory
formation, studies in rodents have also identified exquisite spatial representations in these regions
in the form of place cells in the hippocampus and grid cells in the entorhinal cortex. Spatial
representations entail neural activity that is observed when the rat is in a given physical location,
and these representations are thought to form the basis of navigation via path integration. Recent
studies in nonhuman primates have suggested that similar kinds of spatial representations can be
identified, even in the absence of physical movement through an environment. Here, | will
highlight some recent work that addresses similarities and differences between spatial responses as
identified in rodents and primates. | will also discuss areas of opportunity for future research to
further our understanding of the function of the hippocampal formation.

Introduction

The ability of the mammalian brain to store and later retrieve information is remarkable.
Detailed, complex memories can be formed after as little as one exposure, and those
memories can be retained for decades. This ability is compromised following damage to
structures located in the medial temporal lobe, including the hippocampus and surrounding
cortical regions (Squire and Zola-Morgan, 1991). While it has long been recognized that
these structures are important for memory (Eichenbaum et al., 1996; Jutras and Buffalo,
2010; Jutras et al., 2009; Naya and Suzuki, 2011; Rutishauser et al., 2006; Rutishauser et al.,
2010; Suzuki and Eichenbaum, 2000; Suzuki et al., 1997; Wirth et al., 2003; Yanike et al.,
2009), a largely parallel line of research in rodents has highlighted the contribution of these
same structures to our sense of space (Doeller et al., 2010; Ekstrom et al., 2003; Fyhn et al.,
2008; Hafting et al., 2005; Moser et al., 2008; O'Keefe, 1976; O'Keefe and Dostrovsky,
1971; O'Keefe and Nadel, 1978; Rolls et al., 1989; Sargolini et al., 2006). While these two
perspectives on the function of the hippocampal formation, e.g., important for memory or
providing an internal map, have fueled research for decades, we are still in the early stages
of reconciling these two views. In that endeavor, studies with the nonhuman primate provide
an important opportunity to bridge the gap between neurophysiological studies of spatial
coding carried out largely in rodents and behavioral studies in human amnesic patients. In
this commentary, | will discuss some recent findings from nonhuman primates that were
inspired by the findings of robust spatial coding in the rodent hippocampal formation, and |
will describe future areas of opportunity to advance our understanding of the hippocampal
formation.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buffalo

Page 2

Are spatial representations in the hippocampal formation similar across

species?

The existence of spatial representations in the hippocampal formation has been appreciated
since the truly groundbreaking work of John O’Keefe in the early 1970’s. O’Keefe and
colleagues demonstrated the existence of place cells in the rodent hippocampus (O'Keefe,
1976; O'Keefe and Dostrovsky, 1971; O'Keefe and Nadel, 1978). Place cells are neurons
that fire action potentials whenever the rat is in a specific place in an environment, the
neuron’s place field. The combined activity of many of these neurons, with distinct place
fields, effectively provide a map of the environment and, in more recent research, it was
demonstrated that the rat’s trajectory through space can be accurately decoded by measuring
the activity of these neurons (Jensen and Lisman, 2000). Place cells with the sharpest and
most reliable place fields are found in the dorsal part of the rodent hippocampus
(McNaughton et al., 2006; O'Keefe and Nadel, 1978). In order to understand what gives rise
to these spatial representations, May-Britt and Edvard Moser began recording in the
dorsolateral band of the medial entorhinal cortex, the part of the rodent brain that provides
the strongest input to the dorsal hippocampus. Through this work, they identified periodic
spatial representations that they called entorhinal grid cells (Fyhn et al., 2004; Hafting et al.,
2005). Like place cells, grid cells represent the location of the rat, but each grid cell has
multiple place fields. The amazing thing about grid cells is that the multiple place fields lie
in precise geometric relation to each other and form a tessellated array of equilateral
triangles, a ‘grid’ that tiles the environment. Accordingly, a spatial autocorrelation of the
grid field map produces a hexagonal structure, with 60° rotational symmetry.

While there is a large body of literature describing spatial representations in the
hippocampal formation in rodents (Moser et al., 2008), relatively little is known about
similar representations in the nonhuman primate (Rolls et al., 1997). One striking difference
between rodents and primates is the way in which information about the external world is
obtained. Rodents typically gather information by moving to visit different locations in the
environment, sniffing and whisking. By contrast, primates chiefly use eye movements to
visually explore an environment, and our visual system allows for inspection of the
environment at a distance. Accordingly, a rodent’s exploration through space may use the
same neural coding mechanisms as a primate’s visual exploration. Indeed, while grid cells in
rodents and bats (Yartsev et al., 2011) have been identified as animals move about and
explore an environment, we recently identified entorhinal grid cells in primates that
represent space during visual exploration (Killian et al., 2012). As monkeys freely viewed
complex natural images on a computer monitor, these cells responded whenever the monkey
fixated specific regions of the monitor, independent of the stimulus content. The locations of
fixation that evoked activity in an individual neuron formed the nodes of equilateral
triangles that tiled the computer monitor, with hexagonal tiling in the autocorrelation. This
study provided the first direct evidence for the existence of grid cells in the primate, and,
importantly, suggested that grid cells may encode spatial locations even in a non-moving
animal. These data are consistent with early work demonstrating hippocampal ‘view cells’,
cells that responded whenever a monkey looked towards specific locations in the
environment (Rolls, 1999). Subsequent studies investigated spatial representations in the
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human hippocampal formation by recording from epilepsy patients with surgically
implanted electrodes as the patients navigated through virtual environments. These studies
revealed place cells in the human hippocampus (Miller et al., 2013) as well as grid cells in
the human entorhinal cortex (Jacobs et al., 2013).

Other key components of the rodent hippocampal navigation system include head direction
cells, cells with a heading preference when the rodent is within a particular environment
(Boccara et al., 2010; Sargolini et al., 2006; Taube, 1995; Taube et al., 1990), and border or
boundary vector cells, cells that are selectively active at specific distances from
environmental boundaries (Lever et al., 2009; Solstad et al., 2008). In the primate, putative
border cells have been identified, cells that are active whenever the monkey fixates one of
the edges of the visual image (Killian et al., 2012), along with ‘saccade direction’ cells, cells
that demonstrate selectivity for the angle of the upcoming or just-completed saccade (Killian
et al., 2013). Given the potential analogy between visual exploration in primates and spatial
exploration in rodents, saccade direction cells may provide directional information similar to
head direction cells. The direction of saccades carries important information about past and
future gaze locations. Notably, recent research in humans using virtual navigation has
identified novel spatial representations, not previously identified in the rodent. In particular,
neurons in the human entorhinal cortex have been identified that encode the direction of
heading in a circular environment, i.e., clockwise or counter-clockwise (Jacobs et al., 2010).
Taken together, these findings provide evidence that a full range of spatial representations
exist in the primate hippocampal formation. Through experiments with visual exploration
and virtual navigation, these studies present a new research avenue for understanding and
comparing neuronal representations across species. However, they also raise important
questions about the coordinate frame for these spatial representations, the extent to which
these representations reflect visuospatial versus environmental navigation, and the
interaction between spatial and mnemonic representations. These questions drive current and
future research in this area.

Does the hippocampal formation perform similar computations across

species?

The perspective that emphasizes the importance of medial temporal lobe structures to
memory began in the 1950’s with the report of the devastating memory impairment
observed in patient H.M. following medial temporal resection to relieve otherwise
intractable epilepsy (Scoville and Milner, 1957). This tradition continued through decades of
research with other amnesic patients (Squire and Wixted, 2011) along with work on the
nonhuman primate model of amnesia (Mishkin, 1982; Zola-Morgan et al., 1982). A
fundamental understanding derived from these studies is that damage to medial temporal
lobe structures produces impairment in long-term memory, but leaves short-term or working
memory intact. Working memory refers to memory that is short-lasting and typically
involves rehearsal; the content of working memory is information that is available to
conscious awareness as long as the subject continues to rehearse it. Working memory is
thought to be entirely independent of medial temporal lobe structures (Baddeley and
Warrington, 1970; Drachman and Arbit, 1966; Jeneson et al., 2012; Milner, 1972; Squire et
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al., 2004). In this regard, path integration provides an interesting point of comparison
between the spatial and memory perspectives of the hippocampal formation. Path integration
refers to the ability to keep track of one’s position in space and the ability to navigate
towards a reference location by way of self-motion cues. One strong hypothesis about the
function of spatial representations in the hippocampal formation is that the path integrator is
located within the entorhinal cortex (McNaughton et al., 2006). If that is true, then one
would predict that damage to the entorhinal cortex would produce an impairment in path
integration. However, path integration refers to an on-line computation of spatial position,
and as such, falls into the realm of working memory. This hypothesis is therefore
inconsistent with the distinction between short term and long term memory in terms of
reliance upon medial temporal lobe structures. According to the memory tradition, in the
presence of damage to the hippocampal formation, short-term memory is intact, and
performance should be intact as long as information is able to be held in mind, even if that
information is spatial. According to the spatial tradition, there might be an exception to this
idea because the entorhinal cortex is needed for on-line computations involved in path
integration.

In rodents, several studies have demonstrated impairment in path integration following
lesions of the hippocampus or entorhinal cortex (Kim et al., 2013; Maaswinkel et al., 1999;
Parron and Save, 2004), but see (Alyan and McNaughton, 1999). By contrast, amnesic
patients with bilateral damage restricted to the hippocampus or involving the hippocampus
plus adjacent cortical structures showed completely intact path integration relative to control
subjects (Kim et al., 2013; Shrager et al., 2008). Notably, patients with medial temporal lobe
damage performed worse when demands on long-term memory were increased by
introducing distraction (Shrager et al., 2008). Together, these data suggest that in humans,
the hippocampus and entorhinal cortex are not unique sites that are essential for path
integration because patients perform normally as long as the route is fairly simple and can be
held in working memory. It is possible that the computations needed for spatial navigation
are accomplished in regions upstream from the medial temporal lobe, and that these
computations arrive from cortex just as information from other modalities reaches the
medial temporal lobe (Suzuki and Amaral, 1994). By this view, the critical role of the
medial temporal lobe is in carrying out the operation of transforming online perceptual
information into long-term memory. By contrast, rodents with damage to the hippocampal
formation are impaired, even on very short paths, i.e., traveling less than 1 m and within 3
turns (Kim et al., 2013), suggesting that spatial computations that support path integration
are carried out online in the hippocampal formation. There are several ways to understand
these inconsistencies across species. It is possible that rodents and humans use different
strategies when solving these tasks, with humans relying more on visual imagery rather than
self-motion cues. It is also possible that the capacity of working memory is different for
humans and rodents (Kim et al., 2013). Finally, it is possible that the hippocampal formation
has evolved to perform different computations in humans from rodents. While it is currently
technically challenging to perform studies of path integration in freely-moving monkeys, it
is possible that future experiments combining targeted lesions in monkeys with path
integration performed in virtual reality (Sherrill et al., 2013; Tcheang et al., 2011) could
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advance our understanding of similarity of function between the rodent and primate
hippocampal formation.

Future areas of opportunity

The demonstration of exquisite spatial representations in the form of place cells and grid
cells have spawned decades of research that has advanced our understanding of the
development of these representations (Langston et al., 2010; Tan et al., 2015; Wills et al.,
2010) and potential mechanisms for their generation (Burgess, 2008; McNaughton et al.,
2006; Welinder et al., 2008). However, what is clearly a significant gap in our understanding
concerns their function. The original idea, as put forward by O’Keefe and Nadel in 1978, is
that these kinds of spatial representations serve as a ‘cognitive map’, an internal metric for
our location, derived from the integration of environmental sensory information with self-
motion information. As discussed above, the idea of a ‘cognitive map’ leans heavily on the
notion of performing spatial computations as the critical function of the hippocampus, and
the idea of the entorhinal cortex as an odometer has followed from this perspective (Jeffery,
2013). In contrast, even the first report of grid cells raised the suggestion that spatial
representations may provide an important substrate for memory formation:

“... the well-established role of the hippocampus in spatial navigation may reflect
the essential nature of spatial input as an element of most episodic memories rather
than a specific role in computing the animal's location within a given context.
Rather than calculating location per se, hippocampal networks may transform
spatial and nonspatial sensory signals into distinguishable representations that can
be retrieved despite noisy changes in background context.”(Fyhn et al., 2004).

More recently, a specific evolutionary theory has been put forward regarding the
relationship between space and memory in the hippocampal formation (Buzsaki and Moser,
2013). While spatial contextual information has always been considered a critical
component of episodic memory, or memory for past events in one’s life (Tulving et al.,
1972), this theory suggests that spatial and mnemonic representations co-exist in medial
temporal lobe structures because the mechanisms of memory evolved from mechanisms of
navigation (Buzsaki and Moser, 2013). The suggestion is that travel through mental space as
one recalls information and previous experiences may recruit the same neural circuitry as
navigation through real space. A critical prerequisite for this idea is that spatial
representations may reflect locations that the animal is holding in mind, without actually
being in that location. This prerequisite has been fulfilled through recordings in the rodent
hippocampus which demonstrate that ensembles of hippocampal place cells fire in
sequences that can represent places in front of and behind the animal (Diba and Buzsaki,
2007), providing representations of future possible paths (Johnson and Redish, 2007; Singer
et al., 2013) and behavioral trajectories towards a remembered goal (Pfeiffer and Foster,
2013). However, it is as yet unknown whether entorhinal grid cells can similarly represent
positions apart from the animal’s current location. Our work demonstrated that overt
attention in the form of eye movements is sufficient to activate the grid cell network in
monkeys (Killian et al., 2012), which suggests that grid cells may be able to support other
cognitive functions besides spatial navigation. Accordingly, it is possible that spatial
representations in place and grid cells may reflect the location of attention, rather than the
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location of the animal (Wilming et al., 2014), and importantly, that activation of spatial
representations by attention can be directed either externally, to the environment or
internally, through mental travel. Further experiments with monkeys, which can be trained
to attend to peripheral locations while maintaining fixation on a different location will be
informative in distinguishing representations of current body position from representations
of mental space.

As mentioned above, research in nonhuman primates presents an opportunity to bridge the
gap between the more invasive research of cells and circuits that have been investigated in
rodents and complex behaviors that can be measured in humans. In particular, | see three
areas in which research in monkeys may be able to take advantage of newly available
technical developments to significantly advance our understanding of hippocampal
formation function. First, studies with rodents navigating virtual reality environments have
identified spatial responses, similar to navigation through real space (Dombeck et al., 2010;
Harvey et al., 2009). Monkeys can also be trained to navigate through virtual space via a
joystick (Jutras et al., 2014), and the development of novel behavioral tasks, including tasks
of spatial memory, coupled with neurophysiological recordings and eye tracking will allow
for further identification of spatial representations in the primate as well as what functions
these representations might serve.

Second, in order to determine the relationship between ensembles of neurons in the
hippocampal formation, either with respect to modules in the entorhinal cortex or sequences
of place cells in the hippocampus, one has to be able to record from large numbers of
neurons simultaneously. Primate neurophysiologists have to date been limited by the size
and quality of chronically implanted devices, as well as the electronics necessary to connect
implanted arrays to recording hardware. More pressing, even though there are some methods
available for recording from large numbers of neurons on the cortical surface, there are
currently no commercially available techniques for recording from large numbers of single
neurons in deep brain structures, structures that lie 3-4 cm below the dorsal surface in the
monkey brain. However, developing technologies in the fabrication of multi-electrode arrays
provide great promise in this regard. Fabrication techniques that involve the application of
Micro-Electro-Mechanical Systems (MEMS) lithographic processes to produce dense arrays
with arbitrary geometries on flexible polyimide-based films hold particular promise for
recording from a large number of channels deep in the nonhuman primate brain (Lewis et
al., 2014). Finally, telemetric recording systems have seen a great deal of development over
the past decade, and newer systems are capable of transmitting or recording onboard
wideband signal from a large number of channels (Maurer et al., 2013). Chronic arrays with
hundreds of recording channels along with telemetric recordings provide the potential to
examine memory consolidation by recording from the same neural ensembles during sleep
and waking periods, implement full body and head movements into virtual reality settings,
and even record neural activity from fully freely moving monkeys. Together, these
experiments have the potential to dramatically increase our understanding of the primate
hippocampal formation and the extent to which similarities of function and representation
exist across species.
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A Map of Cognition

Considering the reconciliation of theories regarding the spatial and mnemonic functions of
the hippocampal formation, two related ideas have emerged. One idea holds that spatial
representations, along with representations of time, provide the organizing structure for
experience, and in that vein engender the necessary conditions for memory formation
(Eichenbaum, 2014). Experiential content that is encountered close by within the structures
of time or space would become associated, consistent with the idea of the hippocampal
formation as being predominantly involved in relational learning, i.e., the binding or
associating, of representations of multiple distinct elements into a coherent representation in
memory (Cohen and Eichenbaum, 1993; O'Keefe and Nadel, 1978). A second, closely
related idea is that the mechanisms of memory evolved from mechanisms of navigation in
the physical world (Buzsaki and Moser, 2013). According to this idea, path integration-
based mechanisms that rely on computations of self-motion relative to environmental
landmarks may utilize the same mechanisms as episodic memory formation, the formation
of memories that are self-referential. Engaging in mental time travel during the retrieval of
episodic memories uses the same neural algorithms as navigating through space via path
integration. In contrast, mechanisms that support allocentric or map-based navigation may
be similar to mechanisms of semantic memory formation. According to this idea, items that
have become associated through the formation of memories may lie in close proximity
within some mapping of semantic relatedness. It seems that the field is converging on a
reconsideration of the spatial responses in the hippocampus and entorhinal cortex as
reflecting one piece of what might be called a “Map of Cognition”. Rather than envisioning
these neurons as providing a ‘GPS’ for the brain, or a map of only our spatial environment,
instead these responses may be seen as contributing to a general organization of cognition.
Apart from time and space, there are likely other dimensions along which cognition may be
organized. Time and space present easily quantifiable continuous variables, and neural
responses in the hippocampal formation have shown striking representations within these
dimensions. In order to probe the extent to which neurons in the hippocampal formation may
show discrete (hippocampus) or periodic/multi-bumped (entorhinal cortex) representations
of cognition in general, we need to come up with clever ways to dimensionalize other
aspects of the content of our experiences.

Acknowledgements

This work was supported by National Institutes of Health Grants MH080007, MH 093807, and the Office of
Infrastructure Programs (ORIP) Grant P510D010425.

References

Alyan S, McNaughton BL. Hippocampectomized rats are capable of homing by path integration.
Behav Neurosci. 1999; 113(1):19-31. [PubMed: 10197903]

Baddeley AD, Warrington EK. Amnesia and the Distinction between Long-and Short-Term Memory.
Journal of Verbal Learning and Verbal Behavior. 1970; 9(2):176-189.

Boccara CN, Sargolini F, Thoresen VH, Solstad T, Witter MP, Moser EI, Moser MB. Grid cells in pre-
and parasubiculum. Nat Neurosci. 2010; 13(8):987-994. [PubMed: 20657591]

Burgess N. Grid cells and theta as oscillatory interference: theory and predictions. Hippocampus.
2008; 18(12):1157-1174. [PubMed: 19021256]

Hippocampus. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buffalo

Page 8

Buzsaki G, Moser EI. Memory, navigation and theta rhythm in the hippocampal-entorhinal system.
Nat Neurosci. 2013; 16(2):130-138. [PubMed: 23354386]

Cohen, NJ.; Eichenbaum, H. Memory, Amnesia and the Hippocampal System. Cambridge,
Massachusetts: The MIT Press; 1993.

Diba K, Buzsaki G. Forward and reverse hippocampal place-cell sequences during ripples. Nat
Neurosci. 2007; 10(10):1241-1242. [PubMed: 17828259]

Doeller CF, Barry C, Burgess N. Evidence for grid cells in a human memory network. Nature. 2010;
463(7281):657-661. [PubMed: 20090680]

Dombeck DA, Harvey CD, Tian L, Looger LL, Tank DW. Functional imaging of hippocampal place
cells at cellular resolution during virtual navigation. Nat Neurosci. 2010; 13(11):1433-1440.
[PubMed: 20890294]

Drachman DA, Arbit J. Memory and the hippocampal complex. Il. Is memory a multiple process?

Arch Neurol. 1966; 15(1):52-61. [PubMed: 5937496]

Eichenbaum H. Time cells in the hippocampus: a new dimension for mapping memories. Nat Rev
Neurosci. 2014; 15(11):732-744. [PubMed: 25269553]

Eichenbaum H, Dusek J, Young B, Bunsey M. Neural mechanisms of declarative memory. Cold
Spring Harb Symp Quant Biol. 1996; 61:197-206. [PubMed: 9246448]

Ekstrom AD, Kahana MJ, Caplan JB, Fields TA, Isham EA, Newman EL, Fried I. Cellular networks
underlying human spatial navigation. Nature. 2003; 425(6954):184-188. [PubMed: 12968182]
Fyhn M, Hafting T, Witter MP, Moser EI, Moser MB. Grid cells in mice. Hippocampus. 2008; 18(12):

1230-1238. [PubMed: 18683845]

Fyhn M, Molden S, Witter MP, Moser EI, Moser MB. Spatial representation in the entorhinal cortex.
Science. 2004; 305(5688):1258-1264. [PubMed: 15333832]

Hafting T, Fyhn M, Molden S, Moser MB, Moser EIl. Microstructure of a spatial map in the entorhinal
cortex. Nature. 2005; 436(7052):801-806. [PubMed: 15965463]

Harvey CD, Collman F, Dombeck DA, Tank DW. Intracellular dynamics of hippocampal place cells
during virtual navigation. Nature. 2009; 461(7266):941-946. [PubMed: 19829374]

Jacobs J, Kahana MJ, Ekstrom AD, Mollison MV, Fried I. A sense of direction in human entorhinal
cortex. Proc Natl Acad Sci U S A. 2010; 107(14):6487-6492. [PubMed: 20308554]

Jacobs J, Weidemann CT, Miller JF, Solway A, Burke JF, Wei XX, Suthana N, Sperling MR, Sharan
AD, Fried I, et al. Direct recordings of grid-like neuronal activity in human spatial navigation. Nat
Neurosci. 2013; 16(9):1188-1190. [PubMed: 23912946]

Jeffery KJ. Neural odometry: the discrete charm of the entorhinal cortex. Curr Biol. 2013;
23(5):R204-R206. [PubMed: 23473564]

Jeneson A, Wixted JT, Hopkins RO, Squire LR. Visual working memory capacity and the medial
temporal lobe. J Neurosci. 2012; 32(10):3584-3589. [PubMed: 22399780]

Jensen O, Lisman JE. Position reconstruction from an ensemble of hippocampal place cells:
contribution of theta phase coding. J Neurophysiol. 2000; 83(5):2602—2609. [PubMed: 10805660]

Johnson A, Redish AD. Neural ensembles in CA3 transiently encode paths forward of the animal at a
decision point. J Neurosci. 2007; 27(45):12176-12189. [PubMed: 17989284]

Jutras MJ, Buffalo EA. Recognition memory signals in the macaque hippocampus. Proc Natl Acad Sci
U S A. 2010; 107(1):401-406. [PubMed: 20018683]

Jutras MJ, Fries P, Buffalo EA. Gamma-band synchronization in the macaque hippocampus and
memory formation. J Neurosci. 2009; 29(40):12521-12531. [PubMed: 19812327]

Jutras MJ, Solyst JA, Buffalo EA. Theta activity in the monkey hippocampus during virtual
navigation. Society for Neuroscience Abstracts 2014. 2014

Killian NJ, Jutras MJ, Buffalo EA. A map of visual space in the primate entorhinal cortex. Nature.
2012

Killian NJ, Potter SM, Buffalo EA. Encoding of saccade direction in the primate entorhinal cortex.
Society for Neuroscience Abstracts, 2013. 2013

Kim S, Sapiurka M, Clark RE, Squire LR. Contrasting effects on path integration after hippocampal
damage in humans and rats. Proc Natl Acad Sci U S A. 2013; 110(12):4732-4737. [PubMed:
23404706]

Hippocampus. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buffalo

Page 9

Langston RF, Ainge JA, Couey JJ, Canto CB, Bjerknes TL, Witter MP, Moser El, Moser MB.
Development of the spatial representation system in the rat. Science. 2010; 328(5985):1576-1580.
[PubMed: 20558721]

Lever C, Burton S, Jeewajee A, O'Keefe J, Burgess N. Boundary vector cells in the subiculum of the
hippocampal formation. J Neurosci. 2009; 29(31):9771-9777. [PubMed: 19657030]

Lewis CM, Fiedler E, Stieglitz T, Fries P. Flexible multi-electrode arrays for acute and chronic
recordings. Society for Neuroscience Abstracts 2014. 2014

Maaswinkel H, Jarrard LE, Whishaw Q. Hippocampectomized rats are impaired in homing by path
integration. Hippocampus. 1999; 9(5):553-561. [PubMed: 10560926]

Maurer AP, Thome A, Bohne M, Archibeque MJ, Permenter MR, Vogt JA, Sprawka K, Engle JR,
Barnes CA. Telemetric recordings from temporal lobe of a freely moving primate. Society for
Neuroscience Abstracts, 2013. 2013

McNaughton BL, Battaglia FP, Jensen O, Moser El, Moser MB. Path integration and the neural basis
of the 'cognitive map'. Nat Rev Neurosci. 2006; 7(8):663-678. [PubMed: 16858394]

Miller JF, Neufang M, Solway A, Brandt A, Trippel M, Mader I, Hefft S, Merkow M, Polyn SM,
Jacobs J, et al. Neural activity in human hippocampal formation reveals the spatial context of
retrieved memories. Science. 2013; 342(6162):1111-1114. [PubMed: 24288336]

Milner B. Disorders of learning and memory after temporal lobe lesions in man. Clin Neurosurg. 1972;
19:421-446. [PubMed: 4637561]

Mishkin M. A Memory System in the Monkey. Philosophical Transactions of the Royal Society of
London Series B-Biological Sciences. 1982; 298(1089):85-95.

Moser El, Kropff E, Moser MB. Place cells, grid cells, and the brain's spatial representation system.
Annu Rev Neurosci. 2008; 31:69-89. [PubMed: 18284371]

Naya Y, Suzuki WA. Integrating what and when across the primate medial temporal lobe. Science.
2011; 333(6043):773-776. [PubMed: 21817056]

O'Keefe J. Place units in the hippocampus of the freely moving rat. Exp Neurol. 1976; 51(1):78-109.
[PubMed: 1261644]

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(1):171-175. [PubMed: 5124915]

O'Keefe, J.; Nadel, L. The Hippocampus as a Cognitive Map. Oxford: Oxford University Press; 1978.

Parron C, Save E. Evidence for entorhinal and parietal cortices involvement in path integration in the
rat. Exp Brain Res. 2004; 159(3):349-359. [PubMed: 15526193]

Pfeiffer BE, Foster DJ. Hippocampal place-cell sequences depict future paths to remembered goals.
Nature. 2013; 497(7447):74-79. [PubMed: 23594744]

Rolls ET. Spatial view cells and the representation of place in the primate hippocampus.
Hippocampus. 1999; 9(4):467-480. [PubMed: 10495028]

Rolls ET, Miyashita Y, Cahusac PM, Kesner RP, Niki H, Feigenbaum JD, Bach L. Hippocampal
neurons in the monkey with activity related to the place in which a stimulus is shown. J Neurosci.
1989; 9(6):1835-1845. [PubMed: 2723752]

Rolls ET, Robertson RG, Georges-Francois P. Spatial view cells in the primate hippocampus. Eur J
Neurosci. 1997; 9(8):1789-1794. [PubMed: 9283835]

Rutishauser U, Mamelak AN, Schuman EM. Single-trial learning of novel stimuli by individual
neurons of the human hippocampus-amygdala complex. Neuron. 2006; 49(6):805-813. [PubMed:
16543129]

Rutishauser U, Ross 1B, Mamelak AN, Schuman EM. Human memory strength is predicted by theta-
frequency phase-locking of single neurons. Nature. 2010; 464(7290):903-907. [PubMed:
20336071]

Sargolini F, Fyhn M, Hafting T, McNaughton BL, Witter MP, Moser MB, Moser El. Conjunctive
representation of position, direction, and velocity in entorhinal cortex. Science. 2006; 312(5774):
758-762. [PubMed: 16675704]

Sherrill KR, Erdem UM, Ross RS, Brown TI, Hasselmo ME, Stern CE. Hippocampus and retrosplenial
cortex combine path integration signals for successful navigation. J Neurosci. 2013; 33(49):
19304-19313. [PubMed: 24305826]

Hippocampus. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buffalo

Page 10

Shrager Y, Kirwan CB, Squire LR. Neural basis of the cognitive map: path integration does not require
hippocampus or entorhinal cortex. Proc Natl Acad Sci U S A. 2008; 105(33):12034-12038.
[PubMed: 18687893]

Singer AC, Carr MF, Karlsson MP, Frank LM. Hippocampal SWR activity predicts correct decisions
during the initial learning of an alternation task. Neuron. 2013; 77(6):1163-1173. [PubMed:
23522050]

Solstad T, Boccara CN, Kropff E, Moser MB, Moser El. Representation of geometric borders in the
entorhinal cortex. Science. 2008; 322(5909):1865-1868. [PubMed: 19095945]

Squire LR, Stark CE, Clark RE. The medial temporal lobe. Annu Rev Neurosci. 2004; 27:279-306.
[PubMed: 15217334]

Squire LR, Wixted JT. The cognitive neuroscience of human memory since H.M. HMAnnu Rev
Neurosci. 2011; 34:259-288.

Squire LR, Zola-Morgan S. The medial temporal lobe memory system. Science. 1991; 253(5026):
1380-1386. [PubMed: 1896849]

Suzuki WA, Amaral DG. Perirhinal and parahippocampal cortices of the macaque monkey: cortical
afferents. J Comp Neurol. 1994; 350(4):497-533. [PubMed: 7890828]

Suzuki WA, Eichenbaum H. The neurophysiology of memory. Ann N Y Acad Sci. 2000; 911:175-
191. [PubMed: 10911874]

Suzuki WA, Miller EK, Desimone R. Object and place memory in the macaque entorhinal cortex. J
Neurophysiol. 1997; 78(2):1062-1081. [PubMed: 9307135]

Tan HM, Bassett JP, O'Keefe J, Cacucci F, Wills TJ. The Development of the Head Direction System
before Eye Opening in the Rat. Curr Biol. 2015; 25(4):479-483. [PubMed: 25660541]

Taube JS. Head direction cells recorded in the anterior thalamic nuclei of freely moving rats. J
Neurosci. 1995; 15(1 Pt 1):70-86. [PubMed: 7823153]

Taube JS, Muller RU, Ranck JB Jr. Head-direction cells recorded from the postsubiculum in freely
moving ratslDescription and quantitative analysis. J Neurosci. 1990; 10(2):420-435. [PubMed:
2303851]

Tcheang L, Bulthoff HH, Burgess N. Visual influence on path integration in darkness indicates a
multimodal representation of large-scale space. Proc Natl Acad Sci U S A. 2011; 108(3):1152—
1157. [PubMed: 21199934]

Tulving, E.; Donaldson, W.; Bower, GH. United States. Office of Naval Research. Organization of
memory. Vol. xiii. New York: Academic Press; 1972. p. 423

Welinder PE, Burak Y, Fiete IR. Grid cells: the position code, neural network models of activity, and
the problem of learning. Hippocampus. 2008; 18(12):1283-1300. [PubMed: 19021263]

Wills TJ, Cacucci F, Burgess N, O'Keefe J. Development of the hippocampal cognitive map in
preweanling rats. Science. 2010; 328(5985):1573-1576. [PubMed: 20558720]

Wilming N, Konig P, Buffalo EA. Grid cells reflect the locus of attention, even the absence of
movement. Society for Neuroscience Abstracts 2014. 2014

Wirth S, Yanike M, Frank LM, Smith AC, Brown EN, Suzuki WA. Single Neurons in the Monkey
Hippocampus and Learning of New Associations. Science. 2003; 300(5625):1578-1581.
[PubMed: 12791995]

Yanike M, Wirth S, Smith AC, Brown EN, Suzuki WA. Comparison of associative learning-related
signals in the macaque perirhinal cortex and hippocampus. Cereb Cortex. 2009; 19(5):1064-1078.
[PubMed: 18936274]

Yartsev MM, Witter MP, Ulanovsky N. Grid cells without theta oscillations in the entorhinal cortex of
bats. Nature. 2011; 479(7371):103-107. [PubMed: 22051680]

Zola-Morgan S, Squire LR, Mishkin M. The neuroanatomy of amnesia: amygdala-hippocampus versus
temporal stem. Science. 1982; 218(4579):1337. [PubMed: 6890713]

Hippocampus. Author manuscript; available in PMC 2016 June 01.



