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Abstract

The discoveries of “place cells” in the hippocampus and “grid cells” in the entorhinal cortex are
landmark achievements in relating behavior to neural activity, permitting analysis of a powerful
system for spatial representation in the brain. The contributions of this work include not only the
empirical findings but also the approach this work pioneered of examining neural activity in
complex behaviors with real ecological validity in freely moving animals, and of attempting to
place the findings in the larger context of how the neural representations of space are used in
service of real-world behavior, namely what the Nobel committee described as permitting us to
“navigate our way through a complex environment.” These discoveries and approaches have had
far-ranging impact on and implications for work in human cognitive neuroscience, where we see
(1) confirmation in humans that the hippocampus and overlying MTL cortex are critically engaged
in supporting a relational representation of space, and that it can be used for flexible spatial
navigation and (2) evidence that these regions are also critically involved in aspects of relational
memory not limited to space, and in the flexible use of hippocampal memory extending beyond
spatial navigation. Recent work, using tasks that emphasize the requirement for the active use of
memory in online processing, just as spatial navigation has long placed such a requirement on
rodents, suggests that the hippocampus and related MTL cortex can support the navigating of
environments even more complex than what is needed in spatial navigation. It allows us to use
memory in guiding upcoming actions and choices to act optimally in and on the world, permitting
us to navigate life in all its beautiful complexity.
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INTRODUCTION

This commentary, together with the others in this special issue of Hippocampus, celebrates
the awarding of the 2014 Nobel Prize in Physiology or Medicine to John O’Keefe, May-Britt
Moser, and Edvard Moser “for their discoveries of cells that constitute a positioning system
in the brain.” The charge for this brief commentary is to offer some observations about the
implications for work in human cognitive neuroscience of the discovery of “place cells” and
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“grid cells” in the hippocampus and entorhinal cortex, respectively, and the proposed roles
of these neurons and these brain regions in spatial mapping and navigation.

There is much to celebrate! The discovery of neurons in the hippocampus whose activity
was determined by the location of the animal moving freely in space, that is, neurons with
“place fields” (O’Keefe and Dostrovsky, 1971), was a landmark in relating behavior to
neural activity, and the conclusion that these neurons mediate the creation of cognitive maps
of the environment and the use of these maps to navigate through the environment
(articulated more fully in O’Keefe and Nadel, 1978) has and continues to have an enormous
impact on theoretical and empirical work in neuroscience. Its impact flows not just from the
basic empirical findings themselves, but from (1) the success of the paradigm of examining
neural activity in complex behaviors with real ecologically validity in freely moving
animals, and (2) the commitment to place the findings in the larger context of how the
proposed representations of space by the hippocampus are used in service of the real-world
behaviors being observed—navigating through space. The recording of neuronal activity in
animals moving freely in the course of navigating one or another spatial environment has
come to dominate research in this area of neuroscience, and has set the stage for numerous
theories and models of the brain mechanisms of spatial navigation. The subsequent
discovery and characterization of neurons in the neighboring entorhinal cortex that fired at
multiple locations arrayed in a hexagonal grid pattern (Hafting et al., 2005; Moser et al.,
2008) provided the necessary evidence concerning the mechanistic foundation for such
theories and models. It pointed to neural networks that, operating together with hippocampal
place cells and entorhinal head direction cells and boundary cells, can mediate the powerful
spatial representation system that the Nobel committee cited as “a comprehensive
positioning system, an inner GPS, in the brain” that permits us to “navigate our way through
a complex environment.”

RELATIONSHIP TO HUMAN COGNITIVE NEUROSCIENCE

One of the most powerful features of research on memory and the brain is that memory can
be studied in both humans and animals, and examined with a multitude of methods, aimed at
one or another of multiple levels of brain organization, from cellular and molecular
mechanisms, to single neurons, to circuits, networks, and systems. One of the great
challenges, of course, is to be able to bridge the levels, to connect the phenomena across
these various levels all the way to cognition and behavior. For the purposes of this
commentary, we consider the relationship and some implications of the above discoveries
specifically for human cognitive neuroscience, focusing particularly on the study of patients.

THE HIPPOCAMPUS, SPATIAL MEMORY, AND NAVIGATION

The hippocampus has long enjoyed a special place within the field of cognitive
neuroscience, ever since the report of profound amnesia following bilateral medial temporal
lobe resection, including a large portion of the hippocampus, in the patient H.M. (Scoville
and Milner, 1957), who was the subject of intensive study for the ensuing five decades (see
Corkin, 1984, 2002). The body of work with this patient and others with amnesia resulting
from damage to the hippocampus has illuminated the critical role this structure plays in
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memory, and in turn has energized many lines of neuroscientific investigations into
hippocampus and memory.

With the discoveries relating hippocampal and entorhinal neuronal activity to spatial
representation and navigation, several lines of cognitive neuroscience research on memory
have focused on space. The memory deficits in hippocampal amnesia certainly include
spatial or topographical memory (Milner et al., 1968; Ryan et al., 2000; Hannula et al.,
2006, 2007; Maguire et al., 2006; Hartley et al., 2007; Konkel et al., 2008; Watson et al.,
2013). For patients with Alzheimer’s Disease, whose brain pathology includes entorhinal
cortex and hippocampus relatively early in the disease process, wandering and getting lost is
a well-known and particularly troublesome symptom, so much so that the Alzheimer’s
Association in collaboration with MedicAlert runs a 24-hour nationwide Safe Return
program. Finally, patients with damage to MTL cortical areas, including parahippocampal
and retrosplenial cortex, have deficits in topographic memory and/or spatial navigation
(Aguirre and D’Esposito, 1999; Epstein et al., 2001).

Neuroimaging work has also addressed the involvement of hippocampus and MTL cortex in
spatial memory and navigation. One particular well-known finding is that the volume of the
posterior hippocampus in London taxi drivers was greater the more years of experience they
had navigating through that large, very complex city, an effect not seen in London bus
drivers with similar years of service (Maguire et al., 2006), strongly consistent with the idea
that the hippocampus is involved in updating and using spatial representations for
navigation. Functional neuroimaging work, likewise, has demonstrated the engagement of
hippocampus and related areas of MTL cortex, as part of larger brain networks, in spatial
navigation in humans (e.g., Maguire et al., 1998; Spiers and Maguire, 2007, 2008; Epstein,
2008; Howard et al., 2014; Zhang and Ekstrom, 2013); other commentaries in this issue will
discuss such findings in more detail.

THE HIPPOCAMPUS AND MEMORY

An even more extensive literature in human cognitive neuroscience shows that spatial
memories are not the only ones supported by the hippocampus, and spatial navigation is not
the only application of memory dependent on hippocampal involvement. Patients with
hippocampal amnesia have well established deficits in memory that are domain- and
material-general, severely impairing declarative memory, the ability to learn and remember
everyday facts and events (Cohen and Squire, 1980; Cohen and Eichenbaum, 1993). With
regard to memory for events, or episodic memory (Tulving, 1972), such patients have
profound deficits, critically, not just with regard to the where of events, but also with regard
to the who, what, and when of events (e.g., Giovanello et al., 2003; Hannula et al., 2006;
Konkel et al., 2008). One view of this is of an impairment in the binding in memory of the
(spatial and non-spatial) relations among the constituent elements of events or of scenes, a
deficit in relational memory (Cohen and Eichenbaum, 1993; Eichenbaum and Cohen, 2001,
2014; Konkel and Cohen, 2009). For example, one study of amnesia documented impaired
memory not only for which objects had been studied where in space (spatial relations), but
also which objects went when (temporal or sequential relations), and which objects were
associated by having been studied together in the same trial, independent of spatial location
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or temporal position (associative relations), all tests sampling different aspects of memory
for the same complex study events (Konkel et al., 2008).

Likewise, functional neuroimaging studies implicate the hippocampus not only in spatial but
also non-spatial memory (e.g., Davachi, 2006; Staresina and Davachi, 2009), with one
particularly interesting line of work showing hippocampal activity related to temporal
memory, paralleling work on hippocampal neuron coding of temporal relations in rats (see
Eichenbaum, 2013; Eichenbaum and Cohen, 2014). Finally, while the volume of the
hippocampus has been shown to be related to years of spatial navigation through the streets
of London (Maguire et al., 2006), it has also been shown to related to performance on a set
of relational memory tasks differing in response modalities, stimulus modalities or cognitive
domains (verbal, visual, and spatial), and delay intervals (from 4 s to 30 min; Monti et al.,
2015).

Critically, while these findings from human cognitive neuroscience emphasize aspects of
memory that extend beyond space and spatial navigation, the view that the hippocampus
supports a fundamentally relational system (Cohen and Eichenbaum, 1993; Eichenbaum and
Cohen, 2001, 2014; Eichenbaum, 2004) is also a central feature of the cognitive mapping
view of hippocampus, albeit there specific to spatial relations (O’Keefe and Nadel, 1978).
Thus, it was shown early on by O’Keefe (O’Keefe and Conway, 1978) and others (e.g.,
Muller and Kubie, 1987) that the place fields of hippocampal neurons were sensitive to,
indeed controlled by, the relations among the set of environmental cues, just as those cues
collectively define for the animal where it is in space (O’Keefe and Speakman, 1987;
Shapiro et al., 1997). The cognitive mapping view holds that the hippocampus constructs
representations of the topographic relations among elements of the environment, and the
resulting allocentric representation of space—the cognitive map—can be thought of as a
spatial relational system that can be used to provide the animal with information about its
location in space and to guide the animal’s behavior. This provides a strong connection
between the earlier work on space and the more recent cognitive neuroscience literature.

THE FLEXIBILITY AND FLEXIBLE USE OF HIPPOCAMPAL MEMORY

A central aspect of the cognitive mapping view is that the “map” supported by place cells,
grid cells, and related brain mechanisms is a flexible representation of space, which, as
pointed out by the Nobel committee in their citation for the 2014 Nobel Prize in Physiology
or Medicine, can be used to “navigate our way through a complex environment.” It can used
not merely to retrace earlier steps but, more powerfully, to generate or derive novel paths or
trajectories through the environment. This is demonstrated nicely in findings from the
Morris water maze in which animals are placed into a circular pool filled with milky water,
with a platform hidden below the surface onto which they can climb to escape (Morris et al.,
1982). Intact animals could learn the location of the hidden platform across trials with
variable start locations, generating short swimming paths even from novel start locations, but
animals with hippocampal damage could not do so; animals with hippocampal damage
approximated the performance of intact animals only on a variant of the task where all they
needed to learn were inflexible routes from a constant start location to a constant hidden
platform location (Morris et al., 1982; Eichenbaum et al., 1990).
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The idea that hippocampal memory can be used flexibly so as to be useful even in novel
situations is also seen clearly in the human cognitive neuroscience literature (see Cohen,
1984; Graf and Schacter, 1989; Tulving and Schacter, 1990; Cohen et al., 1997; Eichenbaum
and Cohen, 2014; Rubin et al., 2014). Several examples using spatial memory or navigation
nicely illustrate the flexibility that hippocampal memory affords. Following hippocampal
damage, a marked impairment was seen in testing in a 3D virtual environment when
successful performance in recognizing scenes required the patient to flexibly vary their
viewpoint (King et al., 2002). Another amnesic patient was able to learn to drive a small
number of routes from her home to each of a few destinations; but she could only navigate to
each of these locations from her home-she could not flexibly navigate among these few
destinations, and on any of the home-to-destination routes, if there was road construction or
a detour she would turn around and go home (Duff et al., 2008). A related finding from
neuroimaging comes from the work mentioned earlier, contrasting London taxi drivers and
bus drivers (Maguire et al., 2006), in which the relationship between size of hippocampus
and years of driving in London was seen for the taxi drivers but not the bus drivers. This
result was obtained presumably because while taxi drivers were constantly being challenged
to flexibly generate routes between many different start locations and destinations, bus
drivers instead drove fixed routes.

More recent work in human cognitive neuroscience further extends these findings on the
flexible use of memory. In the Introduction, we noted that one of the very significant
contributions of the work by John O’Keefe and Ervard and May-Britt Moser was the
commitment to understand how hippocampal and entorhinal representations of space are
actually used in service of real-world behaviors, in this case navigating through space.
Several recent threads in human cognitive neuroscience likewise has investigated which
other real-world behaviors might depend upon hippocampal memory. This work has
benefited from the use of tasks that emphasize the requirement for the active use of memory
in online processing, just as spatial navigation has long placed such a requirement on
rodents. What we find in reviewing this new literature is that just as the involvement of
hippocampus in human memory is not limited to space, so too the flexible use of
hippocampal memory extends beyond spatial navigation.

The hippocampus, interconnected with MTL cortices and a host of neocortical networks,
seems to play a critical role in the generation, recombination, and flexible use of information
of all kinds, as revealed by deficits in patients with damage to the hippocampus in tests
sampling various domains, including memory-guided behavioral choice, future imagining
and projection, creativity, advantageous decision making, social evaluation and social
discourse, and language use (see Rubin et al., 2014). For example, patients with
hippocampal amnesia were impaired at generating rich descriptions of imaginary and future
events (Hassabis et al., 2007; Kwan et al., 2010; Race et al., 2013), findings supported by
functional neuroimaging studies showing hippocampal activation in tasks requiring
participants to create fictional mental scenarios (Buckner and Carroll, 2007; Hassabis et al.,
2007; Schacter and Addis, 2007; Schacter et al., 2007; Addis and Schacter, 2012). Patients
with hippocampal amnesia were impaired on well-validated, standardized measures
(Torrance Tests of Creative Thinking) of verbal and figural creativity, failing to generate the
quantity or quality of creative responses generated by comparison participants (Duff et al.,
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2013). On a widely used decision-making task, the lowa Gambling Task, patients with
hippocampal amnesia failed to develop a preference for advantageous over disadvantageous
decks of cards across trials, responding only to the most current outcome and employing the
most simplistic ‘lose-shift’ strategy (Gupta et al., 2009). In a task encouraging active
volitional control of what and how long to study various items in a to-be-remembered set of
items, patients with hippocampal amnesia made less advantageous search/study choices and
failed to benefit at all in the active condition over passive viewing of the stimuli; in
comparison participants, active volitional control engaged the hippocampus as part of a
larger brain network, the activity of which predicted the magnitude of the benefit of the
active over the passive condition (Moss et al., 2011, 2012). Finally, damage to the
hippocampus impaired aspects of social communication that require creative and flexible
uses of language, for example, producing less, and less creative, reported speech
(representing or reenacting words or thoughts from other times and/or places into current
speech output) and verbal play (in which speakers play with the sounds and meanings of
words) in their social interactions with others (Duff et al., 2007, 2009; Duff and Brown-
Schmidt, 2012).

NAVIGATING LIFE

We join with the Nobel Committee in recognizing the achievements of John O’Keefe and
May-Britt and Edvard Moser, in their discoveries of place cells and grid cells, and in their
contribution to illuminating how we “navigate our way through a complex environment.” In
this final section of the commentary, we note that the recent developments in the human
cognitive neuroscience literature discussed in the previous section may suggest an even more
ambitious agenda for the hippocampus and related MTL structures. That is, in concert with
the larger brain networks of which they are part, the hippocampus and related MTL cortices
might actually help us navigate environments even more complex than what is needed in
spatial navigation.

Humans are active agents, engaging with the world, actively acquiring and representing
information about the environment and people, and manipulating, updating, and using those
acquired representations flexibly to meet current situational demands. We use hippocampal
memory to guide upcoming actions and choices in order to optimally act in and on the world
(Rubin et al., 2014; Eichenbaum and Cohen, 2014; Wang et al., 2015). Accordingly, the
discoveries we honor in this special issue help move us on the path toward an understanding
of how the hippocampus and the memory system of which it is a key part, are capable of
helping us to navigate life in all its beautiful complexity.
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