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Abstract

We describe an integrative model that encodes associations between related con-
cepts in the human hippocampal formation, constituting the skeleton of episodic
memories. The model, based on partially overlapping assemblies of “concept cells,”
contrast markedly with the well-established notion of pattern separation, which relies
on conjunctive, context dependent single neuron responses, instead of the invariant,
context independent responses found in the human hippocampus. We argue that the
model of partially overlapping assemblies is better suited to cope with memory
capacity limitations, that the finding of different types of neurons and functions in
this area is due to a flexible and temporary use of the extraordinary machinery of the
hippocampus to deal with the task at hand, and that only information that is relevant
and frequently revisited will consolidate into long-term hippocampal representations,
using partially overlapping assemblies. Finally, we propose that concept cells are

uniquely human and that they may constitute the neuronal underpinnings of cogni-
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1 | INTRODUCTION

Over the years, a vast number of studies provided evidence that the
human hippocampus is involved in declarative memory (Squire
et al., 2004; Squire & Zola-Morgan, 1991), working memory (Kaminski
et al., 2017; Kornblith et al., 2017), semantic (Reber et al., 2019) and
conceptual relationships (Bausch et al, 2021; Constantinescu
et al, 2016), the coding of associations (Ison et al., 2015; Reddy
et al, 2015) and spatial navigation (Ekstrom et al., 2003; Jacobs
et al.,, 2013; Moser et al., 2017), among others, and that, just focusing
on relatively recent works with human single cell recordings, it con-
tains a plethora of neuron types, going from place cells (Ekstrom
et al, 2003), grid cells (Jacobs et al., 2013), concept cells (Quian
Quiroga et al., 2005), mirror neurons (Mukamel et al., 2011), novelty
and familiarity cells (Rutishauser et al., 2006; Rutishauser et al., 2008;
Viskontas et al., 2006), category cells (Kreiman et al., 2000a; Mormann
et al., 2011; Mormann et al., 2017), number cells (Kutter et al., 2018),
cells encoding semantic relationships (Bausch et al., 2021; Reber

tive abilities that are much further developed in humans compared to other species.

concept cells, conjunctive coding, engram, episodic memory, human intelligence, neural coding

et al., 2019), time cells (Reddy et al., 2021; Umbach et al., 2020), neu-
rons detecting boundaries between episodes (Zheng et al., 2022), and
so on. But can a single area of the brain perform so many different
functions, especially considering that CA3—arguably the most critical
substructure of the hippocampus, with recurrent connections that
allow establishing associative networks—has only 2.8 million neurons
(Amaral & Lavenex, 2007)?

On top of that, it has long been argued that hippocampal neurons
show pattern separation—that means, an orthogonalization of the
neuronal representations of similar, overlapping memories, in order to
avoid interference (Yassa & Stark, 2011). According to this principle,
the hippocampal neuronal representation corresponding to the mem-
ory of, for example, meeting a colleague at a conference, involves a
different set of neurons compared to the one of meeting the same
colleague elsewhere. At the single neuron level, pattern separation is
implemented through conjunctive coding (Eichenbaum et al., 1999;
Eichenbaum & Cohen, 2014; Rolls & Wirth, 2018), with neurons
responding distinctively to different conjunction of features, in order
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to create unique assembly representations—following the previous
example, having neurons responding to the colleague in the context
of the conference but not in the other place and vice versa.

Pattern separation has been proposed to be a key process of
memory coding which is largely supported by theoretical and model-
ing studies, direct single neuron recordings in rats and monkeys, and
noninvasive recordings (fMRI, electroencephalography [EEG]) in
humans (Kesner & Rolls, 2015; Leal & Yassa, 2018; Rolls, 2016;
Yassa & Stark, 2011). However, pattern separation exacerbates the
capacity problem mentioned above. So, not only we have many differ-
ent types of neurons and functions in the human hippocampus, but
just focusing on memory processing, according to pattern separation,
distinct and largely orthogonal assemblies are assigned to memories
involving the same persons in different contexts.

In this opinion, | will describe an integrative model of hippocampal
function that explains the variety of responses observed in this area,
and that it is plausible when considering capacity limitations. For
this, | will first revisit memory capacity considerations, will then
describe single neuron recordings in the hippocampus and the
main properties of “concept cells” found in this area. Based on
these results, | will then propose a model of memory coding based
on partially overlapping assemblies, challenging the notion of pat-
tern separation, and stressing key differences with what has been
described in the hippocampus of other species. | will then revisit
memory consolidation and the distinction between episodic and
semantic memory, and | will finally argue that concept cells provide
the building blocks of episodic memory and that these neurons and
their coding mechanism is exclusively human and may be a corner-

stone of human cognitive abilities.

2 | CAPACITY CONSIDERATIONS

Episodic memory has been historically considered a mental time travel
in which past experiences are revisited (Tulving, 2002). We have the
feeling of recalling our past as in a movie, but how much do we actu-
ally remember? And related to this, how many memories can our brain
store? What is its capacity?

In spite of the fact that it is very difficult and subjective to esti-
mate memory capacity—for example, what constitutes a memory after
all?—these questions have attracted the attention of scientists for
long (for an excellent review, see Dudai, 1997). Toward the end of the
19th century, Francis Galton used introspection cued by specific
words, and estimated that he remembered hundreds, perhaps thou-
sands, but not tens of thousands memories (Galton, 1879). A few
years later, Ebbinghaus quantified how memories decay with time,
with his famous “forgetting curves” (Ebbinghauss, 1885), and at the
beginning of the 20th century, psychologist Gustav Spiller took the
monumental task of writing down all the events he recalled from dif-
ferent stages of his life, concluding he had about 10,000 memories in
35 years (Spiller, 1902). (Incidentally, the arguments of Spiller were a
source of inspiration for writer Jorge Luis Borges, who conceived

“Funes the memorious,” a man who remembered absolutely

everything and was, according to Borges, unable to think, generalize
or abstract; Quian Quiroga, 2012a.)

Nearly a century after Galton, Crovitz, and Schiffman refined the
cued introspection method and found a log-log relationship between
memory retention and the elapsed time (Crovitz & Schiffman, 1974),
which integrating over a period of 20 years gave a total estimate of
224 remembered memories (Crovitz et al., 1991). Dudai reviewed
estimations of remembered personal memories and, following
studies by Linton (1978) and later by Wagenaar (1986)—who used
the recollection of events they experienced written in personal
diaries—concluded that Crovitz and colleagues underestimated
autobiographical memory capacity and that a more accurate esti-
mation of memory recall is about thousands “core episodes”
(i.e., the minimal chunk of an episodic memory that characterizes
an episode and is enough for its retrieval) in a lifetime
(Dudai, 1997), which is consistent with the previous estimation by
Spiller (between about 10,000 and 20,000 for an adult person),
given that Spiller counted separately the main elements of each
episodic memory, whereas Linton, Wagenaar, and Dudai consid-
ered each episodic memory as one.

While the question of how much we remember has been the
realm of psychology and results should be taken order of magnitude
estimations, considerations about the brain's capacity to store and
retrieve memories have been mainly studied by physicists and compu-
tational neuroscientists. The seminal work of Hopfield showed how
memories can be stored by fully connected attractor networks (with
all neurons connected to each other and each memory pattern being
an attractor) and that the capacity of these networks scales as 0.14
the number of neurons (Hopfield, 1982). In the original Hopfield
model, memory patterns were distributed among the nodes of the
attractor network and later studies showed that the factor 0.14 could
be raised up to 2 when using sparse patterns (Gardner, 1987). Further
insights were given by Treves and Rolls (1991, 1994), who, using an
attractor network to model area CA3 of the hippocampus—an area
characterized for recurrent connections, which the authors proposed
to be the main substrate for the encoding and retrieval of episodic
memory—estimated the effect of diluted connectivity (i.e., considering
the physiological constraint that neurons are not all connected to each
other), to conclude that the network capacity is proportional to the
number of recurrent connections between the neurons, not to the
number of neurons itself, and inversely proportional to the sparsity of
the stored patterns. Then, considering a mean number of 12,000
recurrent synapses per neuron and a sparsity of 0.02 in the rat CA3,
they estimated that this area can store up to 36,000 patterns
(Treves & Rolls, 1991).

In conclusion, the theoretical calculations of memory storage
capacity of area CAS3, in the order of several tens of thousands or
more, seems largely sufficient to store the number of autobiographical
memories, of the order of thousands, estimated by introspection and
related methods used in the psychology literature (Dudai, 1997).
However, the theoretical calculations described above are not free of
assumptions (e.g., homogeneous connectivity) and, once we have pre-

sented evidence provided by single neuron recordings in humans, we
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will see that the actual storage capacity of area CA3 is more limited,
thus imposing a major challenge to understand how memories are

encoded in the hippocampus.

3 | HUMANSINGLE NEURON
RECORDINGS

Noninvasive recordings, such as EEG, magnetoencephalography
(MEG), and fMRI, are used with human subjects for obvious ethical
reasons, but, while these methods provide insights into the activation
of brain areas during different tasks, they can only offer an indirect
and vague measure of the activity of individual neurons
(Logothetis, 2008; Logothetis et al., 2001). In contrast, extracellular
recordings provide direct access to study the firing of multiple neu-
rons but, since they require the implantation of electrodes inside the
brain, they can usually be performed only in animals, and the lack of
direct verbal feedback limits our understanding of what is going on in
the animal's brain. Moreover, the types of experiments and questions
that can be addressed with animals are limited because they often
need extensive reward-driven training to perform different tasks, far
from the natural conditions of how these behaviors occur in real-life
and, furthermore, if the ultimate goal is to understand the human
brain (but this need not necessarily be the case), it is possible that
findings in other species may not apply to humans.

In very particular cases it is, however, possible to perform invasive
recordings of individual neurons in patients with epilepsy refractory
to medication, who are implanted with intracranial electrodes to
determine the location of the epileptic focus and then evaluate the
possibility of its surgical resection (Quian Quiroga, 2019; Rey
et al., 2015). These patients typically stay for several days at the hos-
pital ward, offering the extraordinary opportunity to record the activ-
ity of multiple single neurons while they perform different tasks.

Compared to noninvasive studies, the most obvious advantage of
single-neuron recordings is the possibility to measure directly the neu-
rons' responses and provide mechanistic evidence underpinning brain
functioning. This can validate or falsify theories that cannot be
resolved with noninvasive methods. For example, in line with the find-
ing of neurons responding to faces in the monkey temporal cortex
(Freiwald & Tsao, 2010; Gross, 2008; Gross et al., 1972; Tsao
et al., 2006) and human fMRI findings (Grill-Spector et al., 2017;
Kanwisher, 2017; Kanwisher et al., 1997), neurons in the human occi-
pitotemporal cortex showed strong responses to faces (Decramer
et al., 2021). Likewise, in the human parahippocampal cortex, neurons
were found to respond strongly to specific places (Mormann
et al., 2017), consistent with the fMRI responses observed in the
“parahippocampal place area” (Epstein & Kanwisher, 1998). On the
other end, human single neuron recordings can also challenge previ-
ous theories, as they have, for example, been argued not to show hip-
pocampal “pattern separation” (Quian Quiroga, 2020) (see below),
contrasting to what has been described in other species (Kesner &
Rolls, 2015; Knierim & Neunuebel, 2016; Rolls, 2013, 2016) and indi-
rect evidence obtained with EEG and fMRI in humans (Leal &

Yassa, 2018; Yassa & Stark, 2011). Moreover, single neuron record-
ings provide findings that cannot be observed at the population level
with EEG, MEG, and fMRI, both in humans and other species (Quian
Quiroga, 2019). In particular, single neuron recordings in the macaque
visual system have shown a microstructure of the neuronal responses
that could not be observed in the voxel activity (Issa et al., 2013), and
information about face identity given by neuronal responses in the
macaque face patches was not retriable from the fMRI data (Dubois
et al., 2015). Moreover, in the human medial temporal lobe (MTL), sin-
gle neuron recordings have shown the presence of neurons respond-
ing sparsely to very few pictures (Quian Quiroga et al., 2005; Quian
Quiroga et al., 2007), and due to the lack of spatially clustered
responses in the MTL (i.e., nearby neurons tend to respond to
completely different stimuli; De Falco et al., 2016), these findings
could not be observed with fMRI or noninvasive recordings, which
reflect coherent mass activations (Logothetis, 2008).

The main disadvantage of human single-neuron recordings com-
pared to noninvasive methods is the fact that the recordings are done
in a clinical setting, with a relatively limited time to perform experi-
ments and a sparse coverage of the areas involved in the specific
function under study, given that the number and location of the
implanted electrodes is determined exclusively by clinical criteria
(Quian Quiroga, 2019; Rey et al., 2015). Moreover, the sparsity of the
responses (Mormann et al., 2008; Quian Quiroga et al., 2007) makes it
very difficult to simultaneously record neurons belonging to the same
assembly (e.g., encoding a particular person) and, therefore, assembly
properties have to be inferred based on statistical considerations
(Quian Quiroga, Kreiman, et al., 2008; Waydo et al., 2006). In addition,
human single-neuron recordings are performed in epileptic patients
and findings could in principle be attributed to this pathology or an
effect of the medication. However, this is unlikely because similar
types of responses are found in recordings close to the epileptic focus
and in more distant areas (Mormann et al., 2008), and results are also
similar for patients with different types of epilepsy, involving different
pathophysiological mechanisms (Niedermeyer, 1993). Effects of the
medication can be also ruled out because similar results are obtained
in patients with different medications and dosages, and at different
days of the intervention, considering that the medication is gradually
tapered down during the time the patient is in the hospital, to increase

the chances of recording seizures.

4 | CONCEPTCELLS

Single neuron recordings in the human MTL have shown the presence
of strong and very selective responses. For example, Figure 1a shows
the responses of two neurons recorded in the hippocampus of a
patient, while he passively looked at 150 pictures, presented 15 times
each, in pseudorandom order. Both neurons responded only to one of
the 150 pictures, thus showing very high selectivity. In fact, even if
pictures of persons or items familiar to the patients were used in
these experiments to maximize the chances of getting responses
(Viskontas et al., 2009), it has been shown that human MTL neurons

850807 SUOWIWOD A0 3|cedl|dde ays Aq peusenob afe saoiie YO ‘8Sn JO SaINJ 10§ Akeid 18Ul UQ AB|IA UO (SUORIPUOD-PUR-SWBIW0D A8 | 1M AleIq | Ul JUO//:SdNY) SUOIPUOD pue swie | 81 88S *[£202/20/92] Uo AReiqiTaulluo A8|IMm Hin'des|@equis-<yre|oqqius> Ad 225z 0d1U/Z00T 0T/I0p/Wo0" A3 1M ARe.d 1 pul|uo//sdiy Wwoiy papeojumod ‘0 ‘€90T860T



COMMENTARY

Time (sec)

| @ @

13 17 Audio

Jackie

Chan

: Lf\k‘/\'w Lyv\/\)‘—'\n
Time (sec)
12 13 ﬁ 14 M 11 19| |, Auo
= B 4 0 1 2

Time (sec)

FIGURE 1 (a)) Responses of two hippocampal neurons during a screening session. The neuron on top responds to a picture of actor Jackie
Chan and the one on the bottom to a picture of Argentinean TV host “Topa.” In both cases, the largest 10 out of 150 responses are shown (there
were no significant responses for the other 140 pictures presented). For each response, the stimuli presented are shown on top, the raster plots
(first trial on top) in the middle, and the peristimulus time histograms on the bottom. (b) Responses of the same two hippocampal neurons in a
follow-up session, in which different pictures and the written and spoken names of the individuals were shown. The neuron on top respond to all
three pictures of Jackie Chan and his name and, likewise the one below responded to the pictures of Topa and his name. Despite their differences
(shown in different postures, with different expressions, etc.), the responses to the pictures of Jackie Chan were indistinguishable from each other
in terms of both their strength and their latency (same for the pictures of Topa). For both neurons, there were no significant responses to the
other 15 stimuli (pictures and names of other persons) presented in the same experiment.
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typically respond to a very small fraction of the presented stimuli
(Quian Quiroga, 2012b; Quian Quiroga et al., 2007). In the examples
of Figure 1a, it can also be observed a very long latency of the
responses, at about 300 ms, which is typically the case for human
MTL neurons (Mormann et al., 2008; Quian Quiroga et al., 2005), and
it is much later than the latencies expected for visual perception pro-
cesses (Kirchner & Thorpe, 2006; Mormann et al., 2008; Thorpe
et al., 1996; Thorpe & Fabre-Thorpe, 2001).

The results of “screening sessions,” as the one in Figure 1a, in
which subjects just viewed a large number of pictures, have been used
in follow-up paradigms performed shortly after (trying to maximize
the chance of recording from the same neurons), using the pictures
that triggered responses in any of the recorded neurons (Quian
Quiroga, 2019; Rey et al., 2015). In these follow-up experiments, it
has been shown that hippocampal neurons do not just respond to the
details of the pictures presented, but rather to the person (or item)
featured in the pictures (Quian Quiroga et al., 2005). Figure 1b shows
the result of one of these follow-up experiments, using the screening
results obtained with the neurons of Figure 1a. We observe a similar
response for the 3 pictures of the persons eliciting the neurons'

responses (there were no responses for 15 pictures and names of
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FIGURE 2

other people) and to the persons' written and pronounced names,
thus showing that the MTL neuronal responses go beyond a specific
sensory modality, as they can be triggered both by visual and auditory
stimuli (Quian Quiroga et al., 2009).

41 |
stimulus

Concept cells represent the meaning of the

Using the pictures eliciting responses in screening sessions, other
experiments explored how MTL neurons respond in conditions of dif-
ficult or ambiguous perception. In one of these studies, pictures were
presented very briefly, at the threshold of conscious perception, and
it was found that the responses of MTL neurons were mostly all-or-
none, in the sense that a neuron fired whenever the picture eliciting
its response was recognized and remained at baseline levels
(or completely silent) when it was not, even if the stimulus presenta-
tion was exactly the same in both cases (Quian Quiroga, Mukamel,
et al., 2008). Figure 2a shows two of these neurons. The neuron on
the left panel was nearly silent during baseline (or the presentation of

other pictures), it responded only when the picture of the World
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(a)) Raster plots and peristimulus time histograms of a neuron in the entorhinal cortex that responded to a picture of the World

Trade Center (left) and another neuron in the hippocampus that responded to a picture of actress Whoopi Goldberg (right). Both neurons did not
respond to any of the other 15 pictures presented in the experiments (not shown for space reasons). The different presentation durations are
shown at the left of each plot. Trials where the pictures were (were not) recognized are displayed with a blue (red) mark at time 0. For the neuron
responding to the World Trade Center, there is a marked difference in the responses when the picture was recognized compared to when it was
not (66 ms being at the threshold of recognition). For the neuron responding to Goldberg, the patient reported recognizing her in every trial (likely
using visual cues for very short durations) and the neuron responded similarly in all cases. (b) Raster plots and peristimulus time histograms of a
neuron in the hippocampus that responded to a picture of actress Jodie Foster (right), but not to one of Nicole Kidman (left). The response to the
ambiguous morphed image (center plots) was larger when the subject recognized it as Foster compared to when the subject recognized it as

Kidman.
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Trade Center was recognized by the subject and remained silent
when it was not (red and blue markers at time zero, respectively).
The neuron on the right, was also nearly silent during baseline and
responded to actress Whoopi Goldberg. In this case, the patient
reported recognizing her in all trials. Given the limited set of pic-
tures used in these experiments (16 per session), the fact that the
patient could recognize the picture of Goldberg even with 33 ms
presentations, which is too short for face recognition, can be
attributed to the use of basic cues such as the overall yellow tone
compared to the other pictures. Using these cues and the recogni-
tion of the face at longer durations, it is striking that the neuron
responded similarly at all presentation durations (Quian Quiroga,
Mukamel, et al., 2008).

In another study, the images of persons that gave neuronal
responses in the screening sessions were morphed with the images of
other persons that did not (Quian Quiroga et al., 2014). Figure 2b
shows the responses of a neuron in the hippocampus tested with
these stimuli, which fired to a picture of Jodie Foster, but not to one
of Nicole Kidman. When the morphed image between Foster and Kid-
man was presented, the neuron responded only when the subject rec-
ognized the ambiguous picture as Foster and remained nearly silent
when he recognized it as Kidman. Note also that the response was
similar to the original picture of Foster and to the morphed one
(as long as the subject recognized it as Foster). In fact, considering the
whole pool of neurons analyzed in this study, there was not a signifi-
cant difference between the responses to the pictures of the persons
triggering the neurons' responses and the morphed pictures, when
recognized as the response-eliciting person (Quian Quiroga
et al, 2014), which contrast to the graded responses to morphed
faces reported in monkey IT cortex (Leopold et al., 2006) (see also
(Chang & Tsao, 2017)).

Summarizing, MTL neurons represent the meaning of the stimu-
lus, rather than the stimulus itself, irrespective of its specific sensory
features. This attribution of meaning is subjective and can dramatically
vary together with the MTL neuronal responses, depending on how
the subject perceives the stimulus. In other words, what matters is
not the stimulus but how the subject perceives it—that is, how it will
be remembered (see next sections). So strong is the detachment from
the details of the sensory inputs, that the firing of these neurons can
not only be triggered by completely different pictures of the same
person, but also by the person's written and pronounced name (Quian
Quiroga et al., 2009), and even during free (Gelbard-Sagiv et al., 2008)

or cued recall (Ison et al., 2015), in the absence of sensory inputs.

4.2 | Concept cells encode associations

Episodic memory relies on establishing associations between concepts
(persons, places, items) (Eichenbaum, 2004; Quian Quiroga, 2012b;
Wallenstein et al., 1998). Several works on humans and other animals
have shown the involvement of the MTL in coding associations
(Berger et al., 1976; Day et al., 2003; Eichenbaum, 2004; Graf &
Schacter, 1985; Mayes et al., 2007; Quian Quiroga, 2012b; Rolls &

Wirth, 2018; Wallenstein et al., 1998; Wirth et al., 2003; Wirth
et al., 2009; Yanike et al., 2004). In line with this evidence, concept
cells represent familiar concepts (Viskontas et al., 2009), that
means, the type of persons and other things we form memories
about. Furthermore, we tend to forget irrelevant details and
remember concepts, which is exactly the type of information
encoded by these neurons. In addition to this, it has been shown
that concept cells respond to associated concepts. For example,
Figure 3a shows a neuron in the hippocampus that responded to
actor Leslie Nielsen and to two pictures of an airplane. In terms of
visual features, these images are very dissimilar, but at the concep-
tual level, they are related due to the movie Airplane! (which was
known to the patient), featuring Nielsen. The responses of the
neuron to the pictures of Nielsen and the two airplanes were indis-
tinguishable from each other, both in terms of their strength and
latency, as it was the case for most (~80%) MTL neurons that
responded to more than one concept (Rey et al., 2018). This shows
a binary coding not only for the responses to different pictures of
the same person, as shown above (Figure 1b), but also for the asso-
ciated persons or items that each neuron responds to (Rey
et al., 2020).

To quantify the observation that MTL neurons tend to respond to
associated concepts, two metrics were used: first, subjects were
asked to rank how much pairs of pictures were related to each
other (including those that gave responses in the same neurons
and others as control), and second, an “association score” was
defined from the number of hits obtained when doing an internet
search of two concepts together, normalized by the product of the
number of hits given by each concept separately (De Falco
et al., 2016). The left and middle columns of Figure 3b depict the
results of these two metrics, both showing that the association
scores between the pictures to which a neuron responded to were
significantly higher than those between other picture pairs. More-
over, this difference was significantly higher for the metric given
by the patients' responses, because the patients established sub-
jective relationships based on their own episodic memories that
are not necessarily shared by other internet users. In fact, MTL
neurons represented idiosyncratic associations between specific
concepts (e.g., responding to a particular actor and a particular
place but not to other actors and other places) that could not be
explained by the familiarity of the stimuli, visual similarities
between the pictures, or broad semantic categorizations
(e.g., actors, musicians) (De Falco et al., 2016).

Exploiting the fact that nearby neurons recorded from the same
electrode can be separated after spike sorting (Quian Quiroga, 2019;
Rey et al., 2015), the left bars of Figure 3b show that items to which
nearby neurons responded to did not tend to be associated. This dem-
onstrates a lack of topographic organization in the MTL, which is ideal
to rapidly establish relationships between any arbitrary items, as it is
expected for episodic memory, and that contrasts with the topograph-
ically organized information in primate visual neocortical areas
(Tanaka, 1996). Moreover, Figure 3c shows the probability of finding
responses to two given concepts as a function of the association
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(a)) Responses of a neuron in the hippocampus that responded to actor Leslie Nielsen and to two pictures of an airplane. The

neuron encodes the association between Nielsen and the airplane pictures due to the movie Airplane!, featuring the actor, and did not respond to
any of the other stimuli presented (for space reasons, 5 out of 20 responses are shown and there were no significant responses to the other
pictures). As in Figure 1, the responses to Nielsen and the airplane pictures were indistinguishable from each other, both in terms of their strength
and latency. (b) Mean association score for pairs of pictures to which individual neurons responded to, and other picture pairs, based on the
patients' scores (left) and on an internet search association metric (middle), and mean association score between pictures eliciting responses in
nearby neurons, showing a non-topographic organization (right). Values are normalized using a Z score. (c) Probability of responses to pairs of
pictures as a function of their degree of association using the internet search metric. Error bars denote SEM.

between them, which increases monotonically, until reaching an
asymptote of about 4% for highly associated concepts (De Falco
etal, 2016).

To further test whether concept cells are involved in episodic
memory, a pair association task was used where, for each person to
whom a neuron initially responded to (as determined from previous
screening sessions), an association with an arbitrary place was created
by showing an artificial image created with Photoshop of the person
in the place. Neurons initially firing to a person showed a significant
increase in firing to the presentation of the associated place (without
the person) but not to other places that were associated with other
persons (the associations also worked the other way around; neurons
initially firing to a place started firing to the person associated with it
and not to other persons) (Ison et al., 2015). As an example, Figure 4a
shows a response of a hippocampal neuron that (before learning) ini-
tially responded to actor Josh Brolin and not to the Eiffel Tower. After
seeing the image of Brolin by the Eiffel Tower, the subject learnt the
association between the two stimuli and the neuron continued

responding to Brolin, also responded to the Photoshop image of

Brolin by the Eiffel Tower (which is not surprising since Brolin was in
the picture), but also started responding to the Eiffel Tower without
Brolin (Ison et al., 2015). The normalized population responses of
these neurons are shown in Figure 4b, where we observe a small
decrease of the responses to the preferred stimulus after learning,
due to repetition suppression, as described in previous studies
(Pedreira et al., 2010; Rey et al., 2015). In contrast, for the non-
preferred associated stimulus there was a clear increase of the neu-
rons' responses after learning. Figure 4c shows the normalized aver-
age responses to the associated stimulus as a function of the relative
trial number, aligned to the time of learning (trial 0). As seen in this
plot, the increase in the response to the associated stimuli was abrupt
and happened at the exact time of learning the associations, some-
times after a single presentation (Ison et al., 2015). This is in line with
an involvement of these neurons in the encoding of new episodic
memories, which are typically formed after single, unique experiences.
Finally, Figure 4d shows that after learning the responses to the asso-
ciated stimuli were similar in the different tasks and conditions of the

experiment.
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FIGURE 4

(a)) Responses of a neuron in the hippocampus that initially responded to actor Josh Brolin (preferred picture [P]) and not to the

Eiffel Tower (non-preferred picture [NP]) before (top) and after learning (bottom). After learning, the neuron continued responding to Brolin,
responded to Brolin in the Eiffel Tower, and also responded to the Eiffel Tower without Brolin. (b) Normalized grand average responses to the P
and NP pictures. The responses to the P pictures decreased due to repetition suppression, whereas those to the NP pictures showed an increase
after learning, encoding the new associations. Shaded areas denote SEM. (c) Normalized behavioral and neuronal responses to the NP pictures,
aligned to the time of learning (trial 0). Note the step increase of the neuronal responses at the precise time of learning the associations.

(d) Differential activity index (difference between P and NP responses) before (BL; task 1) and after learning (AL; tasks 2-5). The difference
observed before learning was reduced after learning due to the increase of the NP associated responses. No significant differences were present
after learning, suggesting that the responses were not task dependent. Task 1/2, picture presentations before/after learning; task 3, testing of the

associations; task 4, recall; task 5, passive viewing of the pictures.

5 | MEMORY CODING WITH PARTIALLY
OVERLAPPING ASSEMBLIES

The evidence presented in the previous section suggests that con-
cept cells encode associations using partially overlapping assemblies.
Figure 5 illustrates the idea. Suppose that you have fortuitously
encountered Jennifer Aniston in two different occasions: one time
by the Eiffel Tower, and another time by the Tower of Pisa. The first
“core episode” (using Dudai's terminology mentioned above) is given
by the association between Aniston and the Eiffel Tower (and per-
haps other associated items that were part of this experience),
which at the neuronal level is encoded by having some of the neu-
rons responding both to Aniston and the Eiffel Tower, whereas the
second core episode is given by the association of Aniston with the
Tower of Pisa, which, likewise, is encoded by having some neurons
encoding both concepts. If you later see Aniston on TV, you will
have an activation of the cell assembly representing her and you

may evoke the memory of Paris, by coactivating the Eiffel Tower

assembly, or the memory of Italy, by coactivating the assembly
representing the Tower of Pisa.

The key parameter determining how associations are coded with
this model is the degree of overlap between the assemblies, which
was estimated to be about 4% for associated concepts (Figure 3c)
(De Falco et al., 2016). This value is consistent with the one obtained
modeling partially overlapping assemblies using an attractor network,
showing that there are two critical values of the overlap, C_min and
C_max, that determine whether associations can be successfully
retrieved (above C_min) but without merging the attractors and having
a unitized representation (above C_max) (Gastaldi et al., 2021).

Episodic memories go way beyond the encoding of a few associa-
tions and the coactivation of one or the other group of hippocampal
assemblies will also coactivate neocortical representations linked to
one or the other memory. The hippocampal representations of con-
cepts, and associations between them, provide a basic sketch of epi-
sodic memories—that is, the neuronal substrate of the “core

episodes”—which is given by the coactivation of a set of associated
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FIGURE 5 Top: encoding of associations in the hippocampus with
partially overlapping assemblies. An assembly of concept cells responding
to Jennifer Aniston (marked with blue lines) shares neurons with other
one representing the Eiffel Tower (in orange/blue) and with another one
representing the Tower of Pisa (in pink/blue). A first function of concept
cells is to encode the associations between concepts (with shared
neurons), representing the core episodes of episodic memories; in this
case, a memory of Aniston in the Eiffel Tower and another one of
Aniston in the Tower of Pisa. The core episodes can then be reactivated
with the coactivation of associated assemblies. A second function of
concept cells is to link and also coactivate different neocortical
representations related to the specific core episode that is evoked.

assemblies that distinguishes the different memories involving a par-
ticular person, or different memories occurring at a particular place
(other things you may have experienced in Paris or Pisa), and so on.
Within this framework, | postulate that concept cells have two
main functions: first, to provide the neuronal substrate for the activa-
tion of associated hippocampal assemblies that represent specific epi-
sodic memories (and also allow the flow of consciousness going from
one associated concept to the other), and second, to coactivate dis-
tant neocortical representations associated to the particular memory,
in line with the view of the hippocampus as a pointer to neocortex,
linking distant representations (e.g., the face and written or spoken

name of a person, etc.) (Teyler & Discenna, 1986).

6 | DIFFERENCES WITH OTHER SPECIES

In comparison to the responses in the hippocampus of other species
(studied mainly in macaques and rats), the human hippocampal
responses show three key distinctive features: (i) a very late response

latency, (ii) multimodal invariance, and (iii) no context modulation.

6.1 | Lateresponse latency

While the response latencies to picture presentations are at about

150 ms in the macaque hippocampus (Jutras & Buffalo, 2010; Rolls

et al, 1989; Rolls et al., 2005; Yanike et al., 2004), the latency in
humans is double, about 300 ms (Mormann et al, 2008; Rey
et al.,, 2018). It could in principle be argued that this difference is due
to a slower visual processing in humans compared to monkeys. How-
ever, responses in high level visual areas are at about 100-150 ms
both in monkeys (for a summary, see table 1 in Mormann et al., 2008)
and humans (Davidesco et al., 2014; Decramer et al., 2021; Jacques
et al,, 2016; Liu et al., 2009). Therefore, while in the monkey visual
system the response onsets are dictated by a cascade of feedforward
activations (Thorpe & Fabre-Thorpe, 2001) that from high level visual
areas send the information directly to the hippocampus (n.b.: we refer
to response onsets, which does not mean that there is not feedback
processing the monkey visual system), visual information in humans is
much further processed before reaching the hippocampal memory
system.

But what determines when exactly the human hippocampal neu-
rons should start firing? The long latency of the single neuron
responses were shown to be shortly preceded by a local field poten-
tial (LFP) deflection in the theta range (Rey et al., 2014), with an onset
that covaries with the one of the single neurons (Rey et al., 2018).
This LFP deflection thus opens a temporal window for MTL neurons
to fire and also provides a mechanism to synchronize inputs from dif-
ferent sensory systems, which take different times to process the
stimulus (Rey et al., 2014). It is currently unknown whether such LFP
evoked response is present in monkey hippocampal recordings.

6.2 | Multimodal invariance
Human hippocampal neurons show a very high degree of visual and
multimodal invariance (Quian Quiroga, 2012b; Quian Quiroga
et al., 2005; Quian Quiroga et al., 2009). To be more specific, in most
cases (about 80%), and as shown in Figure 1b, the responses to differ-
ent pictures of the same concept are indistinguishable from each
other, both in terms or response strength and latency (Rey
et al., 2020). This binary coding contrast to the typical finding of
graded responses in the neocortex (Logothetis & Sheinberg, 1996;
Tanaka, 1996). In particular, neurons in the monkey inferotemporal
(IT) cortex respond to complex visual features, such as specific objects
or faces, and show some degree of invariance to changes in size, posi-
tion, and 2D rotations (Gross, 2008; Logothetis & Sheinberg, 1996;
Rolls, 2000; Tanaka, 1996). However, in this context invariance is
taken as a preserved selectivity with different variations of the
stimuli—that is, the neuron continues to have a stronger response to a
particular face or item, but without necessarily implying the same neu-
ronal response across variations, as found with the human MTL
recordings. In monkey IT, it is indeed typical to observe a clear tuning
with graded responses (Logothetis & Sheinberg, 1996; Tanaka, 1996),
which can be used to distinguish the presented stimuli (Gross, 2008;
Hung et al., 2005; Kiani et al., 2007).

The responses to the written and spoken names are also very
strong and to the same persons (concepts) whose pictures elicit the

firing of the neurons. However, they are only present in 40% of the
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cases (Rey et al., 2020), which means that the patients may not be
familiar with the names of some persons (although they may know
who they are and have recollections related to them), may call them
differently, or the fact that names involve a completely different neo-
cortical processing that might be less effective in triggering the activa-
tion of the corresponding MTL assemblies.

The degree of abstraction of the human single cell responses
increases along the hierarchical structure of the MTL, reaching its pin-
nacle in the hippocampus (Quian Quiroga, 2012b). In monkeys, there is
also an increase of abstraction along the ventral visual pathway, with neu-
rons in high level visual areas maintaining a preserved selectivity to simple
image transformations, such as changes in size, position, or 2D rotations
(Logothetis & Sheinberg, 1996; Tanaka, 1996). However, as mentioned
above, preserved selectively is not the same as invariance—that is, neu-
rons in IT visual cortex show a graded coding to image transformations, in
contrast to the binary coding observed in humans (Rey et al., 2020).
Moreover, in monkeys the response selectivity is not preserved with 3D
picture rotations (e.g., a front and profile view of a face) or when using
different pictures of the same individual or object (Logothetis &
Sheinberg, 1996; Tanaka, 1996).

The findings in monkeys mentioned in the previous paragraph are
in high level visual areas and one wonders if abstract responses, as
those found in humans, can be encountered in the monkey (or rat)
hippocampus. A study in the monkey hippocampus replicated the pro-
tocol used to find concept cells (Quian Quiroga et al., 2005), analyzing
single neuron responses to pictures of very familiar individuals (other
monkeys in the colony, pictures of researchers interacting with the
animals, etc.) and their voices. However, no neurons with such a
degree of selectivity and visual or multimodal invariance were found
(Sliwa et al., 2016). Moreover, the responses to the voices were not
correlated to the ones of the pictures of the same individuals
(i.e., they were in different neurons, which was never the case in
humans), as it was also shown by another study in the monkey face
patches (Khandhadia et al., 2021).

6.3 | No context modulation

The responses of human hippocampal neurons to specific persons
(or items or places) are basically the same in different contexts and
tasks (Quian Quiroga, 2019, 2020). This is actually the reason why
screening sessions are performed to identify what the neurons
respond to: because the responses observed during passive viewing in
the screening sessions (Figure 1a) (Quian Quiroga et al., 2005) are
maintained in follow-up experiments, in which, among others, similar
responses were observed to various pictures of the same persons
(Figure 1b) (Rey et al., 2020), or in visual perception tasks using back-
ward masking (Quian Quiroga, Mukamel, et al., 2008) and morphed
pictures (Quian Quiroga et al., 2014) (Figure 2), or in working memory
tasks (Kaminski et al., 2017; Kornblith et al., 2017), during free recall
(Gelbard-Sagiv et al., 2008), when subjects were asked to just think
about the person triggering the neuron's responses (Cerf et al., 2010;

Kreiman et al., 2000b), or performed a pair association task (Figure 4)

(Ison et al., 2015) that gave similar neuronal activations when the sub-
jects saw the persons triggering the responses on their own or in spe-
cific locations (Figure 4a), learned and recalled the associations (tasks
2 and 4 in Figure 4d), or passively viewed the pictures (task 5 in
Figure 4d). In line with this evidence, it was also found that the
responses of MTL neurons were similar in a recognition memory and
a categorization task, contrasting with task modulations observed in
frontal lobe neurons (Minxha et al., 2020).

The lack of context modulations observed in the human hippo-
campal neurons contrasts markedly with findings in the monkey and
rat hippocampus. In fact, the responses of neurons in the monkey hip-
pocampus are, to a large extent, modulated by the task performed by
the animals and tend to respond to specific conjunctions of objects,
viewpoints, positions, reward locations, contexts, tasks, and so forth
(Baraduc et al., 2019; Cahusac et al., 1989; Gulli et al., 2020;
Miyashita et al., 1989; Rolls et al., 2005; Rolls & Wirth, 2018; Wirth
et al.,, 2017). The object-view cells, as well as the cells responding
according to a particular location in a state space comprising the ani-
mal's position, view and task context, are indeed excellent examples
of the conjunctive coding observed in the monkey hippocampus
(Rolls & Wirth, 2018).

In the rodent hippocampal formation, neurons respond to the
spatial location of the animals—particularly, place cells in the hippo-
campus and grid cells in entorhinal cortex (Moser et al., 2017). As in
the human hippocampus, place cells also show some degree of
abstraction because, in open arenas, they fire to specific locations irre-
spective of the trajectory of the animal. However, a key difference
with the human hippocampal responses is that these neurons tend to
remap and change their responses according to the task and context—
that is, the firing of the neurons changes when altering the environ-
ment (Alme et al., 2014; Colgin et al., 2008; Fyhn et al., 2007; Moser
et al.,, 2017), the task performed by the animal (Bower et al., 2005;
Markus et al., 1995; Smith & Mizumori, 2006), when introducing asso-
ciations with odors or items at specific locations (Komorowski
et al., 2009; McKenzie et al., 2014; Wood et al., 1999), and when
changing, among other factors, the animal's overall trajectory (Frank
et al, 2000; Wood et al, 2000), trajectory planning (Pastalkova
et al., 2008), reward location (Lee et al., 2006) or motivational state
(Kennedy & Shapiro, 2009) (for reviews, see Eichenbaum &
Cohen, 2014; Eichenbaum et al., 1999; Moser et al., 2017; Shapiro
et al., 2006). In contrast to place cells, grid cells show regular geomet-
rical patterns of activations that have been thought to provide a more
stable representation (Fyhn et al., 2007; Moser et al., 2017). However,
these neurons were also later found to change their firing patterns fol-
lowing physical changes in the environment (Krupic et al., 2015;
Krupic et al., 2018) and other cognitive factors, such as the reward
location (Boccara et al., 2019; Butler et al., 2019).

7 | CHALLENGING PATTERN SEPARATION

Human hippocampal neurons provide a more abstract, context inde-

pendent representation, compared to what is found in the same area
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in rats and monkeys. On a more theoretical basis, the context modula-
tion (or conjunctive coding) observed in the rat and monkey hippo-
campal responses, at the assembly level gives rise to pattern
separation—that is, the neuronal representation of overlapping inputs
tends to be orthogonalized, creating nonoverlapping assemblies in
order to avoid interference (Leal & Yassa, 2018; Rolls, 2016; Yassa &
Stark, 2011). The notion of pattern separation has been supported by
modeling studies (Kesner & Rolls, 2015; Kumaran et al., 2016;
Marr, 1971; Rolls, 2016; Treves & Rolls, 1994), direct single neuron
recordings in the rat and monkey hippocampus (Colgin et al., 2008;
Fyhn et al., 2007; Kesner & Rolls, 2015; Knierim &
Neunuebel, 2016; Leutgeb et al., 2007; Neunuebel & Knierim, 2014;
Rolls, 2016; Rolls & Wirth, 2018; Vazdarjanova & Guzowski, 2004)
and indirect evidence provided by fMRI and EEG recordings in
humans (Leal & Yassa, 2018; Yassa & Stark, 2011). However, based
on the evidence of context-independent representations in the
human hippocampus described above, it has been argued that, in
contrast to findings in rats and monkeys, hippocampal pattern sepa-
ration may not be present in humans (Quian Quiroga, 2020). To clar-
ify, the argument is that the human hippocampus should
differentiate overlapping memories (such as the ones with a particu-
lar person in different situations/contexts) and fMRI data demon-
strate that this is the case. However, such differentiation is not
achieved through an orthogonalization of memory representations
via pattern separation, but rather by the coactivation of distinct par-
tially overlapping assemblies, each of them being context indepen-
dent, as illustrated in Figure 5.

The encoding of memories via partially overlapping assemblies of
Figure 5 is very different to pattern separation because each assembly
encodes a specific concept (e.g., Jennifer Aniston, the Eiffel Tower,
the Tower of Pisa) and not conjunctions of concepts (Jennifer Aniston
at the Eiffel Tower, or Jennifer Aniston at the Tower of Pisa). This
way, associations are encoded through overlaps between the context
independent assemblies (that facilitate their coactivation), rather than
by dedicated assemblies representing each specific memory sepa-
rately. In other words, the model of Figure 5 does not tend to orthog-
onalize overlapping memories, as with pattern separation, because
different memories involving, for example, Jennifer Aniston, share the
activation of the same “Jennifer Aniston assembly” (Quian
Quiroga, 2020).

A lack of hippocampal pattern separation in humans has interest-
ing behavioral consequences. In fact, context independent representa-
tions may be optimal in terms of memory capacity (see below), a
trade-off between pattern completion and memory distinction (but
not through pattern separation), and to support cognitive abilities that
are uniquely developed in humans, such as our power of inferential
reasoning, generalization, metacognition and creative, abstract think-
ing (Quian Quiroga, 2020). The tradeoff is that such representation
leaves details aside (at least in the hippocampus) and it seems more
prone to errors and the creation of false memories, mixing information
from different contexts, compared to having dedicated, largely nono-
verlapping representations with pattern separation. With the model of

partially overlapping assemblies it is also computationally more

difficult to conceive precise sequences of activations supporting the
“mental time travel” on which episodic memory is believed to rely on
(Tulving, 2002). But on the other hand, with largely orthogonal, pat-
tern separated assemblies, although it is very straightforward to
implement a replay of chains of activations, as has been described in
the rat hippocampus (Buzsaki, 2005; Diba & Buzsaki, 2007;
Pastalkova et al., 2008), it is difficult to resolve sequence crossings
(i.e., the same event shared between memories) or have generaliza-
tions and inferences (i.e., establishing relationships between different
memories).

Summarizing, the absence of pattern separation in the human hip-
pocampus suggests that episodic memory, lacking details and encoded
with context independent assembilies, is more a reconstruction rather
than a replay and, more generally, that the human hippocampal mem-
ory system is tuned to encode high-level relationships to achieve
understanding (involving inferences, generalizations, etc.), instead of

an accurate recollection.

8 | MEMORY CAPACITY REVISITED

In the previous sections, we saw that area CA3 of the hippocampus is
modeled as an autoassociative network supporting episodic memory,
and that the theoretical capacity for encoding memories in this area is
of about 36,000 different patterns in rats (probably more in humans)
(Treves & Rolls, 1991, 1994), which is much larger than the actual
number of core episodes we remember from our lifetime experiences
(Dudai, 1997). However, these theoretical calculations are not free of
assumptions. In particular, they consider a homogeneous connectivity
(and independent synaptic inputs to each neuron), something that
does not seem to apply to the case of having assemblies of neurons
strongly connected to each other, and with a relatively lower effective
connectivity to neurons outside the assembly.

Based on results with human single neuron recordings, a Bayesian
probabilistic argument that considered the number of responsive units
in the screening sessions (Figure 1a), the number of stimuli presented
and the total number of recorded units, it was estimated that about
1 in a thousand neurons represent a given concept (Waydo
et al., 2006). Therefore, taking an estimate of 2.8 million neurons in
the human CA3 (Amaral & Lavenex, 2007), this means that about
1000 different assemblies, each of them with a couple thousand neu-
rons, could be stored in this area. However, this estimation should be
taken as a lower limit because: first, it is difficult to detect very selec-
tive neurons, which results in a bias toward finding broadly tuned
responses (Quian Quiroga, 2019; Rey et al., 2015); second, the selec-
tivity values obtained in these experiments are bounded by the num-
ber of pictures presented (e.g., with 100 pictures, it is not possible to
find a selectivity of less than 1%); and third, in the screening sessions,
images of very familiar concepts were used to maximize the chances
of getting responses (as hippocampal neurons respond predominantly
to concepts that are familiar to the patients (Viskontas et al., 2009))
and a larger selectivity is expected for a more unbiased set of

pictures.
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Real life memory capacity estimations—perhaps about thousands
(Dudai, 1997)—should be taken as order of magnitude, and are just
about the number of things that cell assemblies in CA3 can encode.
The capacity of CA3 seems, however, quite tight when considering
pattern separation and that each episodic memory should be stored
as a separate, largely nonoverlapping assemblies. This is exacerbated
when considering that core episodic memories might be composed of
a series of linked events, each event requiring a separate assembly to
store it. Think of all the memories you have with your parents, close
family members and friends; think also of all the distinct experiences
you have at your house, your office, or the local pub you use to go
with different people. Instead, the model of partially overlapping
assemblies (Figure 5), which is a direct consequence of the responses
observed in the human recordings (and not based on capacity or theo-
retical considerations), seems to allow a much larger capacity because
distinct memories are encoded as overlaps between assemblies repre-
senting familiar concepts. This way, to encode, for example, the mem-
ories of N persons in M distinct contexts, instead of N x M assemblies
needed with pattern separation, only N + M assemblies are required—
that is, the required number of neurons increases arithmetically, rather

than geometrically.

9 | MEMORY CONSOLIDATION

The encoding of memories originally stored in the hippocampus may
consolidate with time in the neocortex, thus alleviating the memory
capacity limitations discussed in the previous section. Findings with
patient H.M. and lesion studies in monkeys led to the proposal of the
standard consolidation model, which states that declarative memory
(comprising semantic and episodic memory, namely, the memory of
facts and of personal experiences, respectively) are initially encoded in
the MTL but then consolidate in the neocortex and, once consolida-
tion has taken place, the MTL is no longer necessary for their retrieval
(Squire et al., 2004; Squire & Zola-Morgan, 1991). Later works have
offered an alternative view, named multiple trace theory, claiming that
only semantic memory consolidates in the neocortex, whereas epi-
sodic memory always relies on the hippocampus (Moscovitch
et al., 2005; Nadel & Moscovitch, 1997; Sekeres et al., 2018). In other
words, both models agree that semantic memory consolidates with
time in the neocortex, but whereas for the standard consolidation
model episodic memory also consolidates in the neocortex, for the
multiple trace theory the hippocampus provides a long-term represen-
tation that remains critical for episodic memory, which means that,
after a hippocampal lesion, all the episodic memories, and not just the
ones of recent years, are lost into oblivion.

Evidence supporting one or the other theory comes mainly from
behavioral studies in patients with MTL lesions and fMRI studies
(Moscovitch et al.,, 2005; Sekeres et al., 2018), which have, however,
provided mixed results due to the variability of the precise location
and extent of the lesions in the first case, and the fact that with fMRI
is not possible to assess, at the single-cell level, the stability and plas-

ticity of neuronal representations. The evidence provided by human

single neuron recordings is also relatively limited because it is difficult
to track the responses of the neurons across days and patients are
typically implanted with intracranial electrodes for no longer than 1 or
2 weeks. However, evidence supporting a long-term role of the hippo-
campus in (episodic) memory is given by the fact that the neuronal
responses obtained in the screening sessions are already obtained the
very first time the patients see the picture eliciting the responses,
meaning that the neuron was already encoding the concept before
the experiment took place (Pedreira et al., 2010; Rey et al., 2015). This
was also the case for the responses to associated concepts (obtained
during passive viewing), reflecting the patients' own personal, episodic
experiences (De Falco et al., 2016).

In the pair association task described in Figure 4, about 40% of
the neurons initially responding to a particular concept, started firing
to the associated one, whereas only 4% of the neurons fired to associ-
ated concepts during passive viewing (Figure 3c). This means that only
about 1 out of 10 neurons initially encoding an association during the
memory task may consolidate this information into a long-term repre-
sentation, if the association is further revisited and will be remem-
bered by the subject. Moreover, the largest proportion of MTL
responses during the screening sessions was to experimenters that
were initially unknown to the patients and performed experiments
with them (Viskontas et al., 2009). In fact, the number of responses to
the experimenters was even higher than the ones to well-known fam-
ily members, thus showing that a large number of neurons encode
novel, personally relevant persons and, as with the pair association
paradigm, only few of these neurons may continue to encode these

persons in the long term, if they are going to be remembered.

9.1 | Episodic and semantic memory

From the arguments in the previous section, it seems clear that the
hippocampus keeps a long-term representation of concepts and asso-
ciations between them, in line with the multiple trace theory. In other
words, episodic memory is always dependent on the hippocampus
whereas semantic memory relies on the neocortex. Later versions of
this theory emphasized the dynamic evolution of memories, which led
to the trace transformation theory, postulating that, in time, detailed
episodic memories are transformed into variants that retain the gist of
the memory (Dudai's “core episode”) in the hippocampus, as well as
schematic, semantic and perceptual representations in the neocortex,
and that both hippocampal and neocortical systems interact in the
retrieval of episodic memories (Gilboa & Moscovitch, 2021; Renoult
et al.,, 2019; Sekeres et al., 2018).

The responses with human single neuron recordings described in
the previous sections are consistent with this view, in which the
hippocampus acts as a hub, encoding concepts and associations
that constitute the gist of episodic memories, and that link to
related representations in the neocortex (Figure 5). Making a dis-
tinction between episodic and semantic memory is, however, not
always straightforward. In particular, the factual information

related to a person's own past, what is known as “personal
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semantics,” may sometimes be considered episodic and sometimes
semantic memory (Renoult et al., 2012). Taking the example of
Figure 3a, does the response to actor Leslie Nielsen and the pic-
tures of an airplane encode an episodic recall of the movie Air-
plane! or the semantic knowledge that Nielsen is the main actor of
this movie?

Given the difficulty in making a clear-cut distinction between epi-
sodic and semantic memory, we propose that it might be more appro-
priate to focus on key differences between the hippocampal and
neocortical representations, and then evaluate how these provide the
neural underpinnings supporting the distinction between episodic and
semantic memory. In particular, the associations encoded by human
hippocampal neurons represent arbitrary relationships that are mean-
ingful to the subjects, based on their own experiences, rather than
semantic relationships (De Falco et al., 2016). Moreover, the lack of
topographic organization in the human hippocampus (Figure 3b) is
ideal for the fast formation of associations that underlie episodic
memory, because it facilitates rapidly establishing associations
between arbitrary concepts, and not just those corresponding to the
same category, which is in line with the very rapid encoding of associ-
ations shown by these neurons (Figure 4c). This contrasts with the
topographic and columnar organization observed in the neocortex
(Mountcastle, 1957; Tanaka, 1996), which together with a more dis-
tributed population coding, is better suited to encode organized infor-
mation and hierarchical structures that are characteristic of semantic
memory and that can typically support relatively slow learning, so that
the encoding of new associations does not disrupt established hierar-
chies and the organization of semantic information (McClelland
et al., 1995). But even with a slow learning rate, some arbitrary associ-
ations may not fit within such hierarchical organization, and, as pro-
posed by the multiple memory trace theory and trace transformation
theory, this information will not consolidate in the neocortex and,
therefore, there is a complementary hippocampal system to encode
it. These arbitrary associations constitute the gist or core episode that
allow making jumps in a memory narrative, which is in line with evi-
dence showing the role of this area in coding associations between
discontiguous, incongruent events (Staresina & Davachi, 2009; van
Kesteren et al., 2013; Wallenstein et al., 1998), and the fact that
patients with MTL lesions have a very limited recall and imagination,
being able to provide only fractional accounts that are supported by
neocortical structures (Hassabis et al., 2007), as when remembering a
few isolated scenes from a movie but not the movie plot.

10 | ANINTEGRATIVE VIEW OF
HIPPOCAMPAL FUNCTION

There has been a long ongoing discussion about the function of the
hippocampus, mainly following two seminal and, in principle, disparate
findings: first, the realization of the critical role of the hippocampus in
declarative memory after its surgical removal in patient
H.M. (Corkin, 2002; Squire & Zola-Morgan, 1991), and second, the
finding of neurons encoding spatial locations, namely place cells (and

later, entorhinal grid cells) in rodents (Moser et al., 2017). To reconcile
these views, and following Tolman's earlier ideas (Tolman, 1948), it
has been proposed that the hippocampus may have a more general
role of organizing experiences according to multidimensional cognitive
maps involving spatial, temporal and associational contexts (Schiller
et al., 2015), and many authors have provided related theoretical
frameworks linking the memory and spatial representation functions
of the hippocampus (Bird & Burgess, 2008; Burgess et al., 2002;
Buzsaki, 2005; Buzsaki & Moser, 2013; Maguire & Mullally, 2013;
Rolls & Wirth, 2018; Wittington et al., 2020).

As discussed above, several studies have shown that the firing of
place cells in rodents tend to change following physical alterations in
the environment, as well as the context and task performed by the
animals (Eichenbaum et al., 1999; Eichenbaum & Cohen, 2014; Moser
et al., 2017; Shapiro et al., 2006). Such modulations provide contex-
tual information related to the experience of the animal in the envi-
ronment and it has therefore been argued that the hippocampus has a
relational memory role, linking together the different elements consti-
tuting an experience (Eichenbaum et al., 1999; Eichenbaum &
Cohen, 2014). Within this framework, the representation of spatial
locations is one of many components of a memory, which is particu-
larly prevalent in rodents, due to the importance of knowing their sur-
roundings for their behavior, and the fact that rodents acquire
information about the environment through exploration, whereas pri-
mates rely mainly on vision and eye movements to explore their sur-
roundings (Rolls & Wirth, 2018).

Even if not as critical as in rodents, humans have also representa-
tions of specific locations that enrich their memories. In this respect,
particular locations can be seen as concepts that are associated to dif-
ferent experiences, which are also encoded by partial overlapping
assemblies—see the examples of the Tower of Pisa and the Eiffel
Tower in Figure 5. But what about all the other functions attributed
to the hippocampus described in the introduction? How can the same
area be involved in so many disparate functions, going from memory
coding, spatial representations, semantic relationships, working mem-
ory, or the coding of time, novelty and even numbers?

We have previously seen that hippocampal neurons encode new
persons and associations, which may later consolidate into long-term
representations, if they are relevant enough and are often revisited by
the subject (see consolidation section). More in general, we can argue
that the hippocampus provides a flexible machinery that temporarily
processes different types of inputs, involving temporal, spatial, con-
ceptual, memory relationships, and so on. Then, what appear to be dif-
ferent types of hippocampal cells and processes are just
manifestations of the same general function, in line with Eichenbaum's
relational theory (Eichenbaum & Cohen, 2014). However, the repre-
sentation of the stimuli in temporary tasks is labile and the involved
neurons could soon be recruited to encode something else after the
experiment is done, unless the stimuli is rehearsed over and over
again, becoming familiar and triggering specific memories (e.g., the
memory of doing the experiment). This simple mechanism can then
offer an adaptive and temporary code that is able to deal with differ-

ent hippocampus dependent tasks, which may lead to representations
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with partially overlapping assemblies for those items that are further

rehearsed and continue to be relevant to the subject.

11 |
CELLS?

WHY ONLY HUMANS HAVE CONCEPT

Although the structure of the hippocampus is preserved across
species—particularly in rodents, monkeys and humans (Clark &
Squire, 2013)—1 postulate that its coding principles and precise func-
tioning is different in humans because it receives and processes differ-
ent types of inputs compared to other species. In particular, the
latency of human hippocampal responses is very late and, although
there are direct feedforward connections from high level visual areas
to the hippocampal system, the large latency gap between these
structures indicates much further neocortical processing (at least com-
pared to monkeys and possibly involving the prefrontal cortex
(Eichenbaum, 2017)), in order to extract the meaning of the stimulus
before the information reaches the hippocampus. This way, it is the
meaning of the stimulus, rather than the stimulus itself, what it is pro-
cessed by the human hippocampal memory system and it, therefore,
makes sense to find the invariant and context independent represen-
tation by concept cells in the human hippocampus, because different
pictures of the same person or the person's name have the same
meaning for memory functions (since we tend to remember concepts
and forget details).

Concept cells then represent the meaning of the stimulus for
memory functions. They tend to respond to things (persons, places,
items) that are very familiar to the subjects—that is, those that we
form memories about. To be more precise and in order to compare
across species, let us give an operational definition of concept cells.
First of all, by concept we mean specific persons, places, objects, and
not other more abstract notions, such as, reward, attention, and so
forth (i.e., | will not argue that other species do not have neurons that
could respond, for example, to reward in different conditions). In this
sense, concept refers to a particular person (or place or item) irrespec-
tive of the sensory features of the stimuli (e.g., how exactly a person
looks like in different pictures).

There are three main characteristics that define concept cells:
(1) they show very selective responses, responding to very few of the
presented stimuli (Mormann et al., 2008; Quian Quiroga, 2012b;
Quian Quiroga et al., 2007); (2) they show a very high degree of (mul-
timodal) invariance, mostly responding equally to different pictures
and even the written and spoken names of specific persons, places,
and so forth (Quian Quiroga, 2012b; Quian Quiroga et al., 2005;
Quian Quiroga et al., 2009); and (3) they do not show context modula-
tions, responding similarly in different tasks and conditions (Quian
Quiroga, 2019, 2020).

Neurons with these characteristics are so far exclusively human.
In rats, it was shown that while the animals interacted with other rats,
although the presence of conspecifics altered the firing of hippocam-
pal neurons, no cell responded selectively to individual rats (von

Heimendahl et al.,, 2012). Further studies have shown a coding of

“social memory” (i.e.,, a neuronal representation of conspecifics) in
rodent hippocampal neurons (Hitti & Siegelbaum, 2014; Okuyama
et al., 2016). However, these neurons were shown to represent the
degree of familiarity with other conspecific, but without the degree of
selectivity and invariance of concept cells—that is, it was not shown
that these neurons respond selectively to a specific familiar conspe-
cific (and not to other ones with a similar degree of familiarity), and
with a response that is invariant to different views or presentations of
the particular conspecific.

Arguably, the closest to concept cells are neurons in the monkey
face patches that respond selectively to relatively few faces
(Freiwald & Tsao, 2010; Tsao et al., 2006), apparently showing a cod-
ing similar to the one by concept cells. However, it was later demon-
strated that these neurons actually respond to complex visual
features, and not to specific individuals, according to the projection of
the faces onto specific feature axes (Chang & Tsao, 2017). Absence of
evidence is not evidence of absence, and it is still possible that in the
future neurons similar to concept cells will be found in the hippocam-
pus of other animals. However, it is remarkable that hippocampal
responses in rats and monkeys show a completely different type of
coding, relying on conjunctive coding and pattern separation, instead
of the invariant and context independent representations found in
humans.

But why only humans have concept cells? A major difference with
other species is that humans have a refined use of language. Language
allows exchanging information to communicate and teach elaborated
thoughts, not only about the immediate circumstances of our sur-
roundings, but also about past experiences and future plans (some-
thing that it is not possible without language). This way, language
facilitates shared knowledge and the development of an incredibly
complex culture. However, it is another, perhaps less noticed key
advantage of language what makes concept cells unique to our spe-
cies. This is the fact that language reinforces abstractions, to think
about concepts detached of details and circumstances. Every noun,
every verb, and every adjective is in itself an abstraction that provides
a representation of meaning upon which we construct our high-level
thoughts (Quian Quiroga, 2012a). Therefore, | postulate that, after
tens and perhaps hundred thousand years of evolution, concept
cells—and the mechanism of further neocortical processing that gives
rise to extracting the meaning of the stimulus that is send to the hip-
pocampal memory system—may have developed together with lan-
guage, reinforcing abstractions and the machinery to facilitate unique
cognitive abilities, including our capacity of generalization, imagina-

tion, metacognition and creative, abstract thinking.

12 | CONCLUSIONS

Single neuron recordings in the hippocampus performed for clinical
reasons have provided new insights onto how memories are stored in
the human brain. In particular, we have seen that concept cells encode
concepts and associations between them, which are the building

blocks of episodic memory. These neurons have two key functions:
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first to link arbitrary concepts using partially overlapping assemblies
and then provide a sketch representation of “core episodes,” and sec-
ond, to coactivate related sensory and semantic representations in the
neocortex. We have also highlighted the main differences between
the hippocampal and neocortical representations, particularly focusing
on the fact that the hippocampus encodes arbitrary associations,
which are the basis of episodic memory, whereas the neocortex
encodes more ordered associations and hierarchies, which are the
basis of semantic memory.

There are three defining features of concept cells, which up to
now have not been found in other animals: high selectivity, multi-
modal invariance and no context modulation. The lack of context
modulation gives rise to a completely different memory coding
compared to other species, with partially overlapping assemblies,
instead of pattern separation. This means that instead of forming
dedicated assemblies representing new associations and memo-
ries, the neurons expand their tuning, representing the associa-
tions with overlaps between the context independent assemblies.
We have also seen that the model of partially overlapping assem-
blies alleviates memory capacity limitations compared to pattern
separation. In addition, we have proposed a unified view of hippo-
campal function, by which neurons in this area provide a flexible
and temporary coding that can be used in various tasks and
conditions—thus the finding of completely different types of hip-
pocampal responses—and that, if the information is further revis-
ited and consolidated, it will tend to form invariant and context
independent hippocampal assemblies, representing those things
that are relevant to the subject.

Finally, the claim that concept cells are unique to humans is, no
doubt, very bold and intriguing. In this respect, a main goal of this arti-
cle is to foster comparative studies across species in order to validate
or falsify this observation and explore if, and to what extent, the prop-
erties of such neurons may explain the unique neuronal underpinnings

of our memories, thoughts and intelligence.

ACKNOWLEDGMENT
The author thanks funding from BBSRC (RM56G0209).

CONFLICT OF INTEREST

The author declares no conflict of interests.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were cre-

ated or analyzed in this study.

ORCID
Rodrigo Quian Quiroga ‘= https://orcid.org/0000-0001-6534-3993
REFERENCES

Alme, C., Miao, C., Jezek, K., Treves, A., Moser, E., & Moser, M.-B. (2014).
Place cells in the hippocampus: Eleven maps for eleven rooms. Pro-
ceedings of the National Academy of Sciences of the United States of
America, 111, 18428-18435.

Amaral, D., & Lavenex, P. (2007). In R. M. P. Andersen, D. Amaral, T. Bliss, &
J. O'Keefe (Eds.), Hippocampal neuroanatomy. In the hippocampus book.
Oxford University Press.

Baraduc, P., Duhamel, J. R, & Wirth, S. (2019). Schema cells in the
macaque hippocampus. Science, 363, 635-639.

Bausch, M., Niediek, J., Reber, T., Mackay, S., Bostrom, J., Elger, C., &
Mormann, F. (2021). Concept neurons in the human medial temporal
lobe flexibly represent abstract relations between concepts. Nature
Communications, 12, 6164.

Berger, T. W., Alger, B., & Thompson, R. F. (1976). Neuronal substrate of
classical conditioning in the hippocampus. Science, 192, 483-485.

Bird, C. M., & Burgess, N. (2008). The hippocampus and memory: Insights
from spatial processing. Nature Reviews. Neuroscience, 9, 182-194.
Boccara, C., Nardin, M,, Stella, F., O'Neill, J., & Csicsvari, J. (2019). The
entorhinal cognitive map is attracted to goals. Science, 363, 1443-

1447.

Bower, M., Euston, D., & McNaughton, B. (2005). Sequential-context-
dependent hippocampal activity is not necessary to learn sequences
with repeated elements. The Journal of Neuroscience, 25, 1313-1323.

Burgess, N., Maguire, E. A., & O'Keefe, J. (2002). The human hippocampus
and spatial and episodic memory. Neuron, 35, 625-641.

Butler, W., Hardcastle, K., & Giocomo, L. (2019). Remembered reward
locations restructure entorhinal spatial maps. Science, 363, 1447-
1452.

Buzsaki, G. (2005). Theta rhythm of navigation: Link between path integra-
tion and landmark navigation, episodic and semantic memory. Hippo-
campus, 15, 827-840.

Buzsaki, G., & Moser, E. (2013). Memory, navigation and theta rhythm in
the hippocampal-entorhinal system. Nature Neuroscience, 16,
130-138.

Cahusac, P. M. B., Miyashita, Y., & Rolls, E. T. (1989). Responses of hippo-
campal formation neurons in the monkey related to delayed spatial
response and object-place memory tasks. Behavioural Brain Research,
33, 229-240.

Cerf, M., Thiruvengadam, N., Mormann, F., Kraskov, A., Quian Quiroga, R.,
Koch, C., & Fried, I. (2010). On-line, voluntary control of human tem-
poral lobe neurons. Nature, 467, 1104-1108.

Chang, L., & Tsao, D. (2017). The code for facial identity in the primate
brain. Cell, 169, 1013-1028.

Clark, R. E., & Squire, L. (2013). Similarity in form and function of the hip-
pocampus in rodents, monkeys, and humans. Proceedings of the
National Academy of Sciences of the United States of America, 110,
10365-10370.

Colgin, L., Moser, E., & Moser, M.-B. (2008). Understanding memory through
hippocampal remapping. Trends in Neurosciences, 31, 469-477.

Constantinescu, A., O'Reilly, J., & Behrens, T. (2016). Organizing concep-
tual knowledge in humans with a gridlike code. Science, 352, 1464-
1468.

Corkin, S. (2002). What's new with the amnesic patient H.M.? Nature
Reviews. Neuroscience, 3, 153-160.

Crovitz, H., & Schiffman, H. (1974). Frequency of episodic memories as a
function of their age. Bulletin of the Psychonomic Society, 4, 517-518.

Crovitz, H., Schiffman, H., & Apter, A. (1991). Galton's number. Bulletin of
the Psychonomic Society, 29, 331-332.

Davidesco, ., Zion-Golumbic, E., Bickel, S., Harel, M., Groppe, D.,
Keller, C. J., Schevon, C., McKhann, G., Goodman, R., Goelman, G.,
Schroeder, C. E., Mehta, A. D., & Malach, R. (2014). Exemplar selectiv-
ity reflects perceptual similarities in the human fusiform cortex. Cere-
bral Cortex, 24, 1879-1893.

Day, M., Langston, R., & Morris, R. G. (2003). Glutamate-receptor-
mediated encoding and retrieval of paired-associate learening. Nature,
424,205-209.

De Falco, E., Ison, M., Fried, I., & Quian Quiroga, R. (2016). Long-term cod-
ing of personal and universal associations underlying the memory web
in the human brain. Nature Communications, 7, 13408.

850807 SUOWIWOD A0 3|cedl|dde ays Aq peusenob afe saoiie YO ‘8Sn JO SaINJ 10§ Akeid 18Ul UQ AB|IA UO (SUORIPUOD-PUR-SWBIW0D A8 | 1M AleIq | Ul JUO//:SdNY) SUOIPUOD pue swie | 81 88S *[£202/20/92] Uo AReiqiTaulluo A8|IMm Hin'des|@equis-<yre|oqqius> Ad 225z 0d1U/Z00T 0T/I0p/Wo0" A3 1M ARe.d 1 pul|uo//sdiy Wwoiy papeojumod ‘0 ‘€90T860T


https://orcid.org/0000-0001-6534-3993
https://orcid.org/0000-0001-6534-3993

| WILEY

COMMENTARY

Decramer, T., Premereur, E., Zhu, Q., Van Paesschen, W., van Loon, J.,
Vanduffel, W., Taubert, J., Janssen, P., & Theys, T. (2021). Single-unit
recordings reveal the selectivity of a human face area. The Journal of
Neuroscience, 41, 9340-9349.

Diba, K., & Buzsaki, G. (2007). Forward and reverse hippocampal place-cell
sequences during ripples. Nature Neuroscience, 10, 1241-1242.

Dubois, J., Otto de Berker, A., & Tsao, D. (2015). Single-unit recordings in
the macaque face patch system reveal limitations of fMRI MVPA. The
Journal of Neuroscience, 35, 2791-2802.

Dudai, Y. (1997). How big is human memory, or on being just useful
enough. Learning and Memory, 3, 341-365.

Ebbinghauss, H. (1885). Uber das Geddchtnis: Untersuchungen zur experi-
mentellen Psychologie. Duncker & Humblot.

Eichenbaum, H. (2004). Hippocampus: Cognitive processes and neural
representations that underlie declarative memory. Neuron, 44,
109-120.

Eichenbaum, H. (2017). Prefrontal-hippocapal interactions in episodic
memory. Nature Reviews. Neuroscience, 18, 547-558.

Eichenbaum, H., & Cohen, N. (2014). Can we reconcile the declarative
memory and spatial navigation views on hippocampal function? Neu-
ron, 83, 764-770.

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

Ekstrom, A. D., Kahana, M. J,, Caplan, J. B., Fields, T. A, Isham, E. A,,
Newman, E., & Fried, I. (2003). Cellular networks underlying human
spatial navigation. Nature, 425, 184-187.

Epstein, R., & Kanwisher, N. (1998). A cortical representation of the local
visual environment. Nature, 362, 598-601.

Frank, L., Brown, E., & Wilson, M. (2000). Trajectory encoding in the hip-
pocampus and entorhinal cortex. Neuron, 27, 169-178.

Freiwald, F. A., & Tsao, D. Y. (2010). Functional compartmentalization and
viewpoint generalization within the macaque face-processing system.
Science, 330, 845-851.

Fyhn, M., Hafting, T., Treves, A., Moser, M.-B., & Moser, E. (2007). Hippo-
campal remapping and grid realignment in entorhinal cortex. Nature,
446,190-194.

Galton, F. (1879). Psychometric experiments. Brain, 2, 149-162.

Gardner, E. (1987). Maximum storage capacity in neural networks. Euro-
physics Letters, 4, 481-485.

Gastaldi, C., Schwalger, T., De Falco, E., Quian Quiroga, R., & Gerstner, W.
(2021). When shared concept cells support associations: Theory of
overlapping memory engrams. PLoS Computational Biology, 17,
€1009691.

Gelbard-Sagiv, H., Mukamel, R., Harel, M., Malach, R., & Fried, I. (2008).
Internally generated reactivation of single neurons in human hippo-
campus during free recall. Science, 322, 96-101.

Gilboa, A., & Moscovitch, M. (2021). No consolidation without representa-
tion: Correspondence between neural and psychological representa-
tions in recent and remote memory. Neuron, 109, 2239-2255.

Graf, P., & Schacter, D. (1985). Implicit and explicit memory for new asso-
ciations in normal and amnesic subjects. Journal of Experimental Psy-
chology, 11, 501-518.

Grill-Spector, K., Weiner, K. S., Kay, K., & Gomez, J. (2017). The functional
neuroanatomy of human face perception. Annual Review of Vision Sci-
ence, 3, 167-196.

Gross, C. (2008). Single neuron studies of inferior temporal cortex. Neurop-
sychologia, 46, 841-852.

Gross, C. G., Rocha-Miranda, C. E., & Bender, D. B. (1972). Visual proper-
ties of neurons in inferotemporal cortex of the macaque. Journal of
Physiology, 35, 96-111.

Gulli, R., Duong, L., Corrigan, B., Doucet, G., Williams, S., Fusi, S., &
Martinez-Trujillo, J. (2020). Context-dependent representations of
objects and space in the primate hippocampus during virtual naviga-
tion. Nature Neuroscience, 23, 103-112.

Hassabis, D., Kumaran, D., Vann, S., & Maguire, E. A. (2007). Patients with
hippocampal amnesia cannot imagine new experiences. Proceedings of
the National Academy of Sciences of the United States of America, 104,
1726-1731.

Hitti, F., & Siegelbaum, S. (2014). The hippocampal CA2 region is essential
for social memory. Nature, 508, 88-92.

Hopfield, J. J. (1982). Neural networks and physical systems with emer-
gent collective computational abilities. Proceedings of the National
Academy of Sciences of the United States of America, 79, 2554-2558.

Hung, C., Kreiman, G., Poggio, T., & DiCarlo, J. (2005). Fast read-out of
object information in inferior temporal cortex. Science, 310, 863-866.

Ison, M., Quian Quiroga, R., & Fried, I. (2015). Rapid encoding of new
memories by individual neurons in the human brain. Neuron, 87,
220-230.

Issa, E., Papanastassiou, A., & Di Carlo, J. J. (2013). Large-scale, high-
resolution neruophysiological maps underlying fMRI of macaque tem-
poral lobe. The Journal of Neuroscience, 33, 15207-15219.

Jacobs, J., Weidemann, C., Miller, J. P, Slolway, A., Burke, J., Wei, X.-X.,
Suthana, N., Sperling, M. R, Sharan, A., Fried, I., et al. (2013). Direct
recordings of grid-like neuronal activity in human spatial navigation.
Nature Neuroscience, 16, 1188-1190.

Jacques, C., Witthoft, N., Weiner, K. S., Foster, B. L., Rangarajan, V.,
Hermes, D., Miller, K. J., Parvizi, J., & Grill-Spector, K. (2016). Corre-
sponding ECoG and fMRI category-selective signals in human ventral
temporal cortex. Neuropsychologia, 83, 14-28.

Jutras, M., & Buffalo, E. A. (2010). Recognition memory signals in the
macaque hippocampus. Proceedings of the National Academy of Sci-
ences of the United States of America, 107, 401-406.

Kaminski, J., Sullivan, S., Chung, J., Ross, |, Mamelak, A. N, &
Rutishauser, U. (2017). Persistently active neurons in human medial
frontal and medial temporal lobe support working memory. Nature
Neuroscience, 20, 590-601.

Kanwisher, N. (2017). The quest for the FFA and where it led. The Journal
of Neuroscience, 37, 1056-1061.

Kanwisher, N., McDermott, J., & Chun, M. M. (1997). The fusiform face
area: A module in human extrastriate cortex specialized for face per-
ception. The Journal of Neuroscience, 17, 4302-4311.

Kennedy, P., & Shapiro, M. (2009). Motivational states activate distinct
hippocampal representations to guide goal-directed behaviors. Pro-
ceedings of the National Academy of Sciences of the United States of
America, 106, 10805-10810.

Kesner, R., & Rolls, E. T. (2015). A computational theory of hippocampal
function, and tests of the theory: New developments. Neuroscience
and Biobehavioral Reviews, 48, 92-147.

Khandhadia, A., Murphy, A., Romanski, L., Bizley, J., & Leopold, D. A.
(2021). Audiovisual integration in macaque face patch neurons. Current
Biology, 31, 1826-1835.

Kiani, R., Esteky, H., Mirpour, K., & Tanaka, K. (2007). Object category
structure in response patterns of neuronal population in monkey infe-
rior temporal cortex. Journal of Neurophysiology, 97, 4296-4309.

Kirchner, H., & Thorpe, S. (2006). Ultra-rapid object detection with sac-
cadic eye-movements: Visual processing speed revisited. Vision
Research, 46, 1762-1776.

Knierim, J., & Neunuebel, J. (2016). Tracking the flow of hippocampal com-
putation: Pattern separation, pattern completion, and attractor dynam-
ics. Neurobiology of Learning and Memory, 129, 38-49.

Komorowski, R., Manns, J., & Eichenbaum, H. (2009). Robust conjunctive
item-place coding by hippocampal neurons parallels learning what
happens where. The Journal of Neuroscience, 29, 9918-9929.

Kornblith, S., Quian Quiroga, R., Koch, C., Fried, I., & Mormann, F. (2017).
Persistent single neuron activity during working memory in the human
medial temporal lobe. Current Biology, 27, 1026-1032.

Kreiman, G., Koch, C., & Fried, I. (2000a). Category-specific visual
responses of single neurons in the human medial temporal lobe.
Nature Neuroscience, 3, 946-953.

85US0|] SUOWILLID @A 181D 3[ea1|dde &) A PauLBA0B e SapILe O 88N J0 SB[ 0y AReIqIT2UIIUO AB]1A UO (SUOTIPUOD-PUR-SLLLBH W00 A3 1M AZRJq[ou U0//'SA1L) SUORIPUOD PLEE SUL L 83 39S *[£202/60/92] U0 ATIqIT BUIIUO A31IM “In'de'd|@)equislu-<Ui|0dqus> A £25eZ'0dIU/Z00T 0T/10pL0Y" 3| 1 ATRIgIRUIUO//'SANY W01 Popeojumod ‘0 ‘§90T860T



COMMENTARY

WILEY_L ¥

Kreiman, G., Koch, C., & Fried, I. (2000b). Imagery neurons in the human
brain. Nature, 408, 357-361.

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

Krupic, J., Bauza, M., Burton, S., & O'Keefe, J. (2018). Local transforma-
tions of the hippocampal cognitive map. Science, 359, 1143-1146.
Kumaran, D., Hassabis, D., & McClelland, J. (2016). What learning systems
do intelligent agents need? Complementary learning systems theory

updated. Trends in Cognitive Science, 20, 512-534.

Kutter, E., Bostroem, J., Elger, C., Mormann, F., & Nieder, A. (2018). Single
neurons in the human brain encode numbers. Neuron, 100, 753-761.

Leal, S., & Yassa, M. (2018). Integrating new findings and examining clinical
applications of pattern separation. Nature Neuroscience, 21, 163-173.

Lee, I., Griffin, A, Zilli, E., Eichenbaum, H., & Hasselmo, M. E. (2006). Grad-
ual translocation of spatial correlates of neuronal firing in the hippo-
campus toward prospective reward locations. Neuron, 51, 639-650.

Leopold, D. A., Bondar, 1. V., & Giese, M. A. (2006). Norm-based face
encoding by single neurons in the monkey inferotemporal cortex.
Nature, 442, 572-575.

Leutgeb, J., Leutgeb, S., Moser, M.-B., & Moser, E. (2007). Pattern separa-
tion in the dentate gyrus and CA3 of the hippocampus. Science, 315,
961-966.

Linton, M. (1978). Real world memory after six years: An in vivo study of
very long term memory. In M. Gruneber, P. Morris, & R. Sykes (Eds.),
Practical aspects of memory. Academic Press.

Liu, H., Agam, Y., Madsen, J., & Kreiman, G. (2009). Timing, timing, timing:
Fast decoding of object information from intracranial field potentials
in human visual cortex. Neuron, 62, 281-290.

Logothetis, N. K. (2008). What we can do and what we cannot do with
fMRI. Nature, 453, 869-878.

Logothetis, N. K., Pauls, J., Augath, M., Trinath, T., & Oeltermann, A.
(2001). Neurophysiological investigation of the basis of the fMRI sig-
nal. Nature, 412, 150-157.

Logothetis, N. K., & Sheinberg, D. L. (1996). Visual object recognition.
Annual Review of Neuroscience, 19, 577-621.

Maguire, E. A., & Mullally, S. L. (2013). The hippocampus: A manifesto for
change. Journal of Experimental Psychology: General, 142, 1180-1189.

Markus, E. J.,, Qin, Y.-L., Leonard, B., Skaggs, W. E., McNaughton, B., &
Barnes, C. A. (1995). Interactions between location and task affect the
spatial and directional firing of hippocampal neurons. The Journal of
Neuroscience, 15, 7079-7094.

Marr, D. (1971). Simple memory: A theory for archicortex. Proceedings of
the Royal Society of London. Series B, Biological Sciences, 262, 23-81.
Mayes, A., Montaldi, D., & Migo, E. (2007). Associative memory and the

medial temporal lobes. Trends in Cognitive Science, 11, 126-135.

McClelland, J. L., McNaughton, B. L., & O'Reilly, R. C. (1995). Why there
are complementary learning systems in the hippocampus and neocor-
tex: Insights from the successes and failures of connectionist models
of learning and memory. Psychological Review, 102, 419-457.

McKenzie, S., Frank, A., Kinsky, N., Porter, B., Riviere, P., & Eichenbaum, H.
(2014). Hippocampal representation of related and opposing memories
develop within distinct, hierarchically-organized neural schemas. Neu-
ron, 83, 202-215.

Minxha, J., Adolphs, R., Fusi, S., Mamelak, A. N., & Rutishauser, U. (2020).
Flexible recruitment of memory-based choice representations by the
human medial frontal cortex. Science, 368, eaba3313.

Miyashita, Y., Rolls, E. T., Cahusac, P. M. B., Niki, H., & Feigenbaum, J. D.
(1989). Activity of hippocampal formation neurons in the monkey
related to a conditional spatial response task. Journal of Neurophysiol-
ogy, 61, 669-678.

Mormann, F., Dubois, J., Kornblith, S., Milosavljevic, M., Cerf, M., Ison, M.,
Tsuchiya, M., Kraskov, A., Quian Quiroga, R., Adolphs, R,, et al. (2011).
A category-specific response to animals in the right human amygdala.
Nature Neuroscience, 14, 1247-1249.

Mormann, F., Kornblith, S., Cerf, M., Ison, M., Kraskov, A., Tran, M.,
Knieling, S., Quian Quiroga, R., Koch, C., & Fried, I. (2017). Scene-
selective coding by single neurons in the human parahippocampal cor-
tex. Proceedings of the National Academy of Sciences of the
United States of America, 114, 1153-1158.

Mormann, F., Kornblith, S., Quian Quiroga, R., Kraskov, A., Cerf, M,
Fried, I., & Koch, C. (2008). Latency and selectivity of single neurons
indicate hierarchical processing in the human medial temporal lobe.
The Journal of Neuroscience, 28, 8865-8872.

Moscovitch, M., Rosenbaum, R. S., Gillboa, A, Addis, D. R,
Westmacott, R., Grady, C., McAndrews, M. P., Levine, B., Black, S.,
Winocur, G., et al. (2005). Functional neuroanatomy of remote epi-
sodic, semantic and spatial memory: A unified account based on multi-
ple trace theory. Journal of Anatomy, 207, 35-66.

Moser, E., Moser, M.-B., & McNaughton, B. (2017). Spatial representation
in the hippocampal formation: A history. Nature Neuroscience, 20,
1448-1464.

Mountcastle, V. B. (1957). Modality and topographic properties of single
neurons of cat's somatic sensory cortex. Journal of Neurophysiology,
20, 408-434.

Mukamel, R., Ekstrom, A., Kaplan, J., lacoboni, M., & Fried, I. (2011). Single
neuron responses in humans during execution and observation of
actions. Current Biology, 20, 750-756.

Nadel, L., & Moscovitch, M. (1997). Memory consolidation, retrograde
amnesia and the hippocampal complex. Current Opinion in Neurobiol-
ogy, 7,217-227.

Neunuebel, J., & Knierim, J. (2014). CA3 retrieves coherent representa-
tions from degraded input: Direct evidence for CA3 pattern comple-
tion and dentate gyrus pattern separation. Neuron, 81, 416-427.

Niedermeyer, E. (1993). Epileptic seizure disorders. In Electroencephalogra-
phy: Basic principles, clinical applications and related Fields (3rd ed.). Wil-
liams and Wilkins.

Okuyama, T., Kitamura, T., Roy, D., Itohara, S., & Tonegawa, S. (2016). Ven-
tral CA1 neurons store social memory. Science, 353, 1536-1541.

Pastalkova, E., Itskov, V., Amarasingham, A., & Buzsaki, G. (2008). Inter-
nally generated cell assembly sequences in the rat hippocampus. Sci-
ence, 321, 1322-1327.

Pedreira, C., Mormann, F., Kraskov, A, Cerf, M., Fried, I, Koch, C., & Quian
Quiroga, R. (2010). Responses of human medial temporal lobe neurons are
modulated by stimulus repetition. Journal of Neurophysiology, 103, 97-107.

Quian Quiroga, R. (2012a). Borges and memory: Encounters with the human
brain. MIT Press.

Quian Quiroga, R. (2012b). Concept cells: The building blocks of declara-
tive memory functions. Nature Reviews. Neuroscience, 13, 587-597.
Quian Quiroga, R. (2019). Plugging in to human memory: Advantages, chal-
lenges and insights from human single neuron recordings. Cell, 179,

1015-1032.

Quian Quiroga, R. (2020). No pattern separation in the human hippocam-
pus. Trends in Cognitive Sciences, 24, 994-1007.

Quian Quiroga, R., Kraskov, A., Koch, C., & Fried, 1. (2009). Explicit encod-
ing of multimodal percepts by single neurons in the human brain. Cur-
rent Biology, 19, 1308-1313.

Quian Quiroga, R., Kraskov, A., Mormann, F., Fried, I., & Koch, C. (2014).
Single-cell responses to face adaptation in the human medial temporal
lobe. Neuron, 84, 363-369.

Quian Quiroga, R., Kreiman, G., Koch, C., & Fried, I. (2008). Sparse but not
“grandmother-cell” coding in the medial temporal lobe. Trends in Cog-
nitive Sciences, 12, 87-91.

Quian Quiroga, R., Mukamel, R., Isham, E. A., Malach, R., & Fried, I. (2008).
Human single-neuron responses at the threshold of conscious recogni-
tion. Proceedings of the National Academy of Sciences of the
United States of America, 105, 3599-3604.

Quian Quiroga, R., Reddy, L., Koch, C., & Fried, I. (2007). Decoding visual
inputs from multiple neurons in the human temporal lobe. Journal of
Neurophysiology, 98, 1997-2007.

850807 SUOWIWOD A0 3|cedl|dde ays Aq peusenob afe saoiie YO ‘8Sn JO SaINJ 10§ Akeid 18Ul UQ AB|IA UO (SUORIPUOD-PUR-SWBIW0D A8 | 1M AleIq | Ul JUO//:SdNY) SUOIPUOD pue swie | 81 88S *[£202/20/92] Uo AReiqiTaulluo A8|IMm Hin'des|@equis-<yre|oqqius> Ad 225z 0d1U/Z00T 0T/I0p/Wo0" A3 1M ARe.d 1 pul|uo//sdiy Wwoiy papeojumod ‘0 ‘€90T860T



5 | WILEY

COMMENTARY

Quian Quiroga, R., Reddy, L., Kreiman, G., Koch, C., & Fried, . (2005).
Invariant visual representation by single neurons in the human brain.
Nature, 435, 1102-1107.

Reber, T., Bausch, M., Mackay, S., Bostrom, J., Elger, C., & Mormann, F.
(2019). Representation of abstract semantic knowledge in populations
of human single neurons in the medial temporal lobe. PLoS Biology, 17,
€3000290.

Reddy, L., Poncet, M,, Self, M., Peters, J., Douw, L., vanDellen, E., Claus, S.,
Reijneveld, J., Baayen, J., & Roelfsema, P. (2015). Learning of anticipa-
tory responses in single neurons of the human medial temporal lobe.
Nature Communications, 6, 8556.

Reddy, L., Zoefel, B., Possel, J., Peters, J., Dijksterhuis, D., Poncet, M., van
Straaten, E., Baayen, J., Idema, S., & Self, M. (2021). Human hippocam-
pal neurons track moments in a sequence of events. The Journal of
Neuroscience, 41, 6714-6725.

Renoult, L., Davidson, P., Palombo, D., Moscovitch, M., & Levine, B.
(2012). Personal semantics: At the crossroads of semantic and episodic
memory. Trends in Cognitive Sciences, 16, 550-558.

Renoult, L., Irish, M., Moscovitch, M., & Rugg, M. (2019). From knowing to
remembering: The semantic-episodic distinction. Trends in Cognitive
Sciences, 23, 1041-1057.

Rey, H., De Falco, E., Ison, M., Valentin, A, Alarcon, G., Selway, R,
Richardson, M., & Quian Quiroga, R. (2018). Encoding of long-term
associations through neural unitization in the human medial temporal
lobe. Nature Communications, 9, 4372.

Rey, H., Fried, I., & Quian Quiroga, R. (2014). Timing of single neuron and
local field potential responses in the human medial temporal lobe. Cur-
rent Biology, 24, 299-304.

Rey, H., Gori, B., Chaure, F., Collavini, S., Blenkmann, A., Seoane, P.,
Seoane, E., Kochen, S., & Quian Quiroga, R. (2020). Single neuron cod-
ing of identity in the human hippocampal formation. Current Biology,
30, 1-8.

Rey, H., Ison, M., Pedreira, C., Valentin, A, Alarcon, G., Selway, R,
Richardson, M., & Quian Quiroga, R. (2015). Single cell recordings in
the human medial temporal lobe. Journal of Anatomy, 227, 394-408.

Rolls, E. T. (2000). Functions of the primate temporal lobe cortical visual
areas in invariant visual object and face recognition. Neuron, 27,
205-218.

Rolls, E. T. (2013). The mechanisms for pattern completion and pattern
separation in the hippocampus. Frontiers in Systems Neuroscience,
7,74.

Rolls, E. T. (2016). Pattern separation, completion, and categorisation in
the hippocampus and neocortex. Neurobiology of Learning and Memory,
129, 4-28.

Rolls, E. T., Miyashita, Y., Cahusac, P. M. B., Kesner, R., Niki, H.,
Feigenbaum, J. D., & Bach, L. (1989). Hippocampal neurons in the
monkey with activity related ot the place in which a stimulus is shown.
The Journal of Neuroscience, 9, 1835-1845.

Rolls, E. T., & Wirth, S. (2018). Spatial representations in the primate hip-
pocampus, and their functions in memory and navigation. Progress in
Neurobiology, 171, 90-113.

Rolls, E. T., Xiang, J., & Franco, L. (2005). Object, space, and object-space
representations in the primate hippocampus. Journal of Neurophysiol-
ogy, 94, 833-844.

Rutishauser, U., Mamelak, A. N., & Schuman, E. M. (2006). Single-trial
learning of novel stimuli by individual neurons of the human
hippocampus-amygdala complex. Neuron, 49, 805-813.

Rutishauser, U., Schuman, E. M., & Mamelak, A. N. (2008). Activity of
human hippocampal and amygdala neurons during retrieval of declara-
tive memories. Proceedings of the National Academy of Sciences of the
United States of America, 105, 329-334.

Schiller, D., Eichenbaum, H., Buffalo, E. A., Davachi, L., Foster, D. J,,
Leutgeb, S., & Ranganath, C. (2015). Memory and space: Towards an
understanding of the cognitive map. The Journal of Neuroscience, 14,
13904-13911.

Sekeres, M., Winocur, G., & Moscovitch, M. (2018). The hippocampus and
related neocortical structures in memory transformation. Neuroscience
Letters, 680, 39-53.

Shapiro, M., Kennedy, P., & Ferbinteanu, J. (2006). Representing episodes
in the mammalian brain. Current Opinion in Neurobiology, 16, 701-709.

Sliwa, J., Plante, A., Duhamel, J. R., & Wirth, S. (2016). Independent neuro-
nal representation of facial and vocal identity in the monkey hippo-
campus and inferotemporal cortex. Cerebral Cortex, 26, 950-966.

Smith, D., & Mizumori, S. (2006). Learning-related development of
context-specific neuronal responses to places and events: The hippo-
campal role in context processing. The Journal of Neuroscience, 26,
3154-3163.

Spiller, G. (1902). The mind of man: A textbook of psychology. Son-
nenschein & Co.

Squire, L., & Zola-Morgan, S. (1991). The medial temporal lobe memory
system. Science, 253, 1380-1386.

Squire, L. R, Stark, C. E. L., & Clark, R. E. (2004). The medial temporal lobe.
Annual Review of Neuroscience, 27, 279-306.

Staresina, B., & Davachi, L. (2009). Mind the gap: Binding experiences
across space and time in the human hippocampus. Neuron, 63,
267-276.

Tanaka, K. (1996). Inferotemporal cortex and object vision. Annual Review
on Neuroscience, 19, 109-139.

Teyler, T. J., & Discenna, P. (1986). The hippocampal memory indexing the-
ory. Behavioral Neuroscience, 100, 147-154.

Thorpe, S., & Fabre-Thorpe, M. (2001). Seeking categories in the brain. Sci-
ence, 291, 260-263.

Thorpe, S., Fize, D., & Marlot, C. (1996). Speed of processing in the human
visual system. Nature, 381, 520-522.

Tolman, E. (1948). Cognitive maps in rats and men. The Psychological
Review, 55, 189-208.

Treves, A, & Rolls, E. T. (1991). What determines the capacity of autoasso-
ciative memories in the brain? Network, 2, 371-397.

Treves, A., & Rolls, E. T. (1994). Computational analysis of the role of the
hippocampus in memory. Hippocampus, 4, 374-391.

Tsao, D. Y., Freiwald, W. A,, Tootell, R. B., & Livingstone, M. (2006). A cor-
tical region consisting entirely of face-selective cells. Science, 311,
670-674.

Tulving, E. (2002). Episodic memory: From mind to brain. Annual Review of
Psychology, 53, 1-25.

Umbach, G., Kantak, P., Jacobs, J., Kahana, M., Pfeiffer, B., Sperling, M., &
Lega, B. (2020). Time cells in the human hippocampus and entorhinal
cortex support episodic memory. Proceedings of the National Academy
of Sciences of the United States of America, 117, 28463-28474.

van Kesteren, M., Beul, S., Takashima, A., Henson, R. Ruiter, D., &
Fernandez, G. (2013). Differential roles for medial prefrontal and
medial temporal cortices in schema-dependent encoding: From con-
gruent to incongruent. Neuropsychologia, 51, 2352-2359.

Vazdarjanova, A., & Guzowski, J. (2004). Differences in hippocampal neu-
ronal population responses to modifications of an environmental con-
text: Evidence for distinct, yet complementary, functions of CA3 and
CA1 ensembles. The Journal of Neuroscience, 24, 6489-6496.

Viskontas, I., Knowlton, B. J., Steinmetz, P. N., & Fried, I. (2006). Differ-
ences in mnemonic processing by neurons in the human hippocampus
and parahippocampal regions. Journal of Cognitive Neuroscience, 18,
1654-1662.

Viskontas, I., Quian Quiroga, R., & Fried, I. (2009). Human medial temporal
lobe neurons respond preferentially to personally-relevant images.
Proceedings of the National Academy of Sciences of the United States of
America, 106, 21329-21334.

von Heimendahl, M., Rao, R., & Brecht, M. (2012). Weak and nondiscrimi-
native responses to conspecifics in the rat hippocampus. The Journal of
Neuroscience, 32, 2129-2141.

Wagenaar, W. (1986). My memory: A study of autobiographical memory
over six years. Cognitive Psychology, 18, 225-252.

85US0|] SUOWILLID @A 181D 3[ea1|dde &) A PauLBA0B e SapILe O 88N J0 SB[ 0y AReIqIT2UIIUO AB]1A UO (SUOTIPUOD-PUR-SLLLBH W00 A3 1M AZRJq[ou U0//'SA1L) SUORIPUOD PLEE SUL L 83 39S *[£202/60/92] U0 ATIqIT BUIIUO A31IM “In'de'd|@)equislu-<Ui|0dqus> A £25eZ'0dIU/Z00T 0T/10pL0Y" 3| 1 ATRIgIRUIUO//'SANY W01 Popeojumod ‘0 ‘§90T860T



COMMENTARY

WILEY_L_®

Wallenstein, G., Eichenbaum, H., & Hasselmo, M. E. (1998). The hippocam-
pus as an associator of discontiguous events. Trends in Neuroscience,
21,317-323.

Waydo, S., Kraskov, A., Quian Quiroga, R., Fried, I., & Koch, C. (2006).
Sparse representation in the human medial temporal lobe. The Journal
of Neuroscience, 26, 10232-10234.

Wirth, S., Avsar, E., Chiu, C. C,, Sharma, V., Smith, A. C., Brown, E., &
Suzuki, W. A. (2009). Trial outcome and associative learning signals in
the monkey hippocampus. Neuron, 61, 930-940.

Wirth, S., Baraduc, P., Plante, A., Pinede, S., & Duhamel, J. R. (2017). Gaze-
informed, task-situated representation of space in primate hippocam-
pus during virtual navigation. PLoS Biology, 15, e2001045.

Wirth, S., Yanike, M., Frank, L. M., Smith, A. C., Brown, E. N, &
Suzuki, W. A. (2003). Single neurons in the monkey hippocampus and
learning of new associations. Science, 300, 1578-1581.

Wittington, J., Muller, T., Mark, S., Chen, G., Barry, C., Burgess, N., &
Behrens, T. (2020). The Tolman-Eichenbaum machine: Unifying space
and relational memory through generalization in the hippocampal for-
mation. Cell, 183, 1249-1263.

Wood, E., Dudchenko, P., & Eichenbaum, H. (1999). The global record of
memory in hippocampal neuronal activity. Nature, 397, 613-616.

Wood, E., Dudchenko, P., Robitsek, J., & Eichenbaum, H. (2000). Hippo-
campal neurons encode information about different types of memory
episodes occurring in the same location. Neuron, 27, 623-633.

Yanike, M., Wirth, S., & Suzuki, W. A. (2004). Representation of well-
learned information in the monkey hippocampus. Neuron, 42,
477-487.

Yassa, M., & Stark, C. (2011). Pattern separation in the hippocampus.
Trends in Neurosciences, 34, 515-525.

Zheng, J., Schjetnan, A., Yebra, M., Gomes, B., Mosher, C., Kalia, S.,
Valiante, T., Mamelak, A. N., Kreiman, G., & Rutishauser, U. (2022).
Neuron detect cognitive boundaries to structure episodic memories in
humans. Nature Neuroscience, 25, 358-368.

How to cite this article: Quian Quiroga, R. (2023). An
integrative view of human hippocampal function: Differences
with other species and capacity considerations. Hippocampus,
1-19. https://doi.org/10.1002/hipo.23527

850807 SUOWIWOD A0 3|cedl|dde ays Aq peusenob afe saoiie YO ‘8Sn JO SaINJ 10§ Akeid 18Ul UQ AB|IA UO (SUORIPUOD-PUR-SWBIW0D A8 | 1M AleIq | Ul JUO//:SdNY) SUOIPUOD pue swie | 81 88S *[£202/20/92] Uo AReiqiTaulluo A8|IMm Hin'des|@equis-<yre|oqqius> Ad 225z 0d1U/Z00T 0T/I0p/Wo0" A3 1M ARe.d 1 pul|uo//sdiy Wwoiy papeojumod ‘0 ‘€90T860T


https://doi.org/10.1002/hipo.23527

	An integrative view of human hippocampal function: Differences with other species and capacity considerations
	1  INTRODUCTION
	2  CAPACITY CONSIDERATIONS
	3  HUMAN SINGLE NEURON RECORDINGS
	4  CONCEPT CELLS
	4.1  Concept cells represent the meaning of the stimulus
	4.2  Concept cells encode associations

	5  MEMORY CODING WITH PARTIALLY OVERLAPPING ASSEMBLIES
	6  DIFFERENCES WITH OTHER SPECIES
	6.1  Late response latency
	6.2  Multimodal invariance
	6.3  No context modulation

	7  CHALLENGING PATTERN SEPARATION
	8  MEMORY CAPACITY REVISITED
	9  MEMORY CONSOLIDATION
	9.1  Episodic and semantic memory

	10  AN INTEGRATIVE VIEW OF HIPPOCAMPAL FUNCTION
	11  WHY ONLY HUMANS HAVE CONCEPT CELLS?
	12  CONCLUSIONS
	ACKNOWLEDGMENT
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


