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The  hippocampus  is  essential  for  some  types  of  memory,  but  its  specific  role  remains  conjectural.  While
studies  on  place  cells  have  supported  the hypothesis  that the  hippocampus  provides  a spatial  substrate  for
episodic  memory,  recent  engram  studies  have  shown  that optogenetic  activation  of  a  subset  of hippocam-
pal  neurons  that  lack  a  temporal  structure  of  the  spike  sequences  can also  induce  memory-associated
behavior.  In  this  short  review,  I discuss  the various  lines  of  research  that have  led  to  different  views
of  the  role  of  the  hippocampus  in  memory  and  propose  a plausible  interpretation  of the findings  that
incorporates  two influential  theories.
ippocampus
emory engram

-Fos
ontextual memory
lace cell
emory trace

© 2020  The  Author.  Published  by  Elsevier  B.V. This  is an  open  access  article  under  the CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
mmediate early genes

The specific role of the hippocampus in memory is currently
nclear. In the human, damage to the medial temporal lobe (MTL)
auses a deficit in episodic memory (Scoville and Milner, 1957;
quire, 1992), and activity in the MTL  is associated with some
omponents of this type of memory (e.g., Yonelinas et al., 2001).
owever, past attempts to identify single shared feature of the tasks
ave failed, making it difficult to infer the specific contribution of
he hippocampus to memory (Squire et al., 2004). Recent advances
n physiological recordings, imaging, and genetic interventions,
ncluding optogenetics and chemogenetics, have significantly pro-
ressed our understanding of the hippocampal function through
tudies on rodents (e.g., Buzsáki, 2015; Colgin, 2016; Josselyn and
onegawa, 2020; Moser et al., 2015). For example, unit record-

ng has revealed that the activity of the hippocampal pyramidal
eurons is strongly modulated by spatial information (O’Keefe,
976). Some hippocampal neurons known as place cells increase
heir firing rates when an animal occupies a specific part of the
hysical environment, and orthogonal sets of place cells partici-
ate in this location-specific firing in different environments so
hat they collectively represent spaces (Fig. 1). Subsequent stud-
Please cite this article in press as: K.Z. Tanaka, Heterogeneous 
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es using electrical, pharmacological, or genetic intervention have
onfirmed the contribution of place cells to spatial memory (e.g.,
adhav et al., 2012; Kentros et al., 1998; McHugh et al., 1996), and
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O’Keefe and Nadel expanded on this by proposing that the hip-
pocampus provides an allocentric framework for experience that
serves as a substrate for episodic memory (the Cognitive Map  The-
ory) (O’Keefe and Nadel, 1978). However, while many studies have
supported this idea, it is not mutually exclusive or contradictory to
other theories.

Given its necessity for specific types of memory, anatomical
structure, and high degree of plasticity within the circuits, the hip-
pocampus has long been assumed to contain physical traces of
episodic memory (Neves et al., 2008). Recent engram studies have
provided direct tests of this assumption (Tonegawa et al., 2015)
by labeling the hippocampal neurons that undergo a form of plas-
tic changes with a probe for optogenetic manipulation and then
measuring whether activation or inactivation of the labeled neu-
rons results in the induction or suppression of memory-associated
behavior (e.g., Liu et al., 2012; Tanaka et al., 2014). In these studies,
immediate early genes (IEGs), such as c-Fos, are used as markers for
plastic changes during memory encoding because their activation is
triggered by increased (and patterned) neuronal activity and their
products play essential roles in plasticity (Okuno, 2011). Therefore,
IEG activation would help to determine the type of information
that is encoded within the hippocampal neurons. Past studies have
revealed patterns of IEG activation in the hippocampus after a
memory task and used this to infer the information that is encoded.
representations in the hippocampus. Neurosci. Res. (2020),

For example, it is well known that exposure to a novel environment
or learning a new spatial task induces greater IEG activation in the
hippocampus than exploration in a habituated environment or per-
forming a well-learned spatial task (Hess et al., 1995; Milanovic

der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. Distinct subsets of place cells represent different contexts. Some neurons have different firing locations in different contexts, while others show location-specific
firing  in only one of the environments. In the diagram, pyramidal neurons place cells (middle) are color-coded for their firing locations in the environment (bottom).
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t al., 1998). It has also been shown that hippocampal IEGs do
ot respond to unimodal sensory stimuli presented in a familiar
nvironment (Zhu et al., 1995), supporting the view that the hip-
ocampus encodes contextual and spatial information. Behavioral
tudies have also shown that the hippocampus contains a conjunc-
ive representation of multimodal information (Rudy and O’Reilly,
001). For example, in one study, the fear response after an imme-
iate shock in rats increased when the rats were pre-exposed to
he context but not when they were pre-exposed to the individual
eatures that made up that context (Fanselow, 1986), and this so-
alled context pre-exposure facilitation effect (CPFE) is mediated
y the hippocampus (Matus-Amat et al., 2004, 2007). These lines
f study suggest that the primary role of the hippocampus is to
ncode multimodal information presented simultaneously, which
rovides a substrate for the episodic experience. Importantly, this
ippocampal representation is not necessarily spatial but rather a
ontextual representation in a broader sense and cannot be fully
xplained by the Cognitive Map  Theory (discussed below).

The Memory Index Theory explains the hippocampal contri-
ution to memory from a different perspective. It posits that the
ippocampal neurons have a unique and continuous interaction
ith other areas in the brain (Teyler and DiScenna, 1986; Teyler and
udy, 2007), and that the primary role of the hippocampal memory
race is to index a neocortical representation of the episodic experi-
nce so that the trace can (even from a partial input) reactivate the
Please cite this article in press as: K.Z. Tanaka, Heterogeneous 
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eocortical neurons during memory recall at a later date. A recent
xperiment suggested that the context representation (or memory
ngram) in the hippocampus serves as this index. Using c-Fos-tTA
ice and optogenetics, Tanaka and colleagues showed that a subset
of CA1 neurons that are c-Fos-tagged during contextual fear condi-
tioning are indispensable for later memory recall and, importantly,
that the inactivation of these labeled cells also compromises neu-
ronal reactivation in the downstream neocortical areas, suggesting
that their activity during recall reinstates the pattern of activity that
was present during the original experience (Tanaka et al., 2014).
A critical distinction between this theory and the Cognitive Map
Theory is that the Memory Index Theory is agnostic to the content
of memory encoded in the hippocampal neurons (Teyler and Rudy,
2007). The hippocampal neurons encode a map  for the internal rep-
resentation of experience but not for the external world. Therefore,
the Memory Index Theory provides a more convincing explanation
of the findings of the CPFE experiment described above because
the animal rapidly recalls contextual memory within a short time
period without any physical exploration. However, this theory does
not provide any explanation on how place cells function as the
memory index in the hippocampus.

To reconcile these two theories, Tanaka and colleagues exam-
ined the activity of c-Fos-labeled neurons in the CA1 region of the
dorsal hippocampus of mice during encoding and recall (Tanaka
et al., 2018). In their study, the mice were first allowed to explore
a novel context and the activity of the CA1 pyramidal neurons was
recorded. A subset of the neurons that expressed c-Fos during this
novel experience were then labeled with channelrhodopsin (ChR2)
for later optogenetic identification (Cardin et al., 2010). During this
representations in the hippocampus. Neurosci. Res. (2020),

contextual encoding, it was found that only a fraction of the place
cells were labeled, with more than half of the place cells in the envi-
ronment failing to express c-Fos. The c-Fos-positive place cells were
found to be physiologically distinct from these c-Fos-negative place

https://doi.org/10.1016/j.neures.2020.05.002
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ig. 2. Different responses of c-Fos-positive and -negative place cells to the encod
ocations even when the animal returns to Context A but mostly become silent whe

ap  in Context A and remap in Context B, where they remain active.

ells, on average having higher firing rates and smaller amounts of
patial information, burst spikes paced at a theta frequency; theta
ursts that are entrained by a different phase of theta oscillation and
ore likely to occur during fast gamma  events. The entrainment to

he fast gamma  may  reflect the involvement of entorhinal inputs
nd a specific type of synaptic plasticity for the engram formation
Please cite this article in press as: K.Z. Tanaka, Heterogeneous 
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Colgin, 2015). Contrary to the expectation that the hippocampal
ngram stores spatial memory, the spatial map  represented by the
-Fos-positive place cells was unstable (Fig. 2). Thus, when mice
ere returned to the encoding context, the c-Fos-positive place
ontext (A) and a new context (B). (Top) c-Fos-positive place cells fire at different
nimal explores Context B. (Bottom) c-Fos-negative place cells show a stable spatial

cells changed their firing locations while the c-Fos-negative place
cells maintained their original locations. Importantly, these two
types of place cells also showed different responses when the mice
were placed in a context that differed from the encoding con-
text – while the c-Fos-negative place cells changed their firing
locations in this new environment and stayed active, the c-Fos-
representations in the hippocampus. Neurosci. Res. (2020),

positive place cells changed their firing rates and in many cases
became silent. Finally, context-specific activity occurred in the c-
Fos-positive place cells immediately after the animal was placed
back in the encoding context, providing a possible substrate for

https://doi.org/10.1016/j.neures.2020.05.002
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he rapid recall of contextual memory. These observations indicate
hat the hippocampal CA1 region forms two distinct representa-
ions during contextual encoding: c-Fos-positive cells that index
he contextual identity through their activity and c-Fos-negative
ells that stably represent the allocentric frame in the environment.
iven these physiological properties, it is plausible to interpret the
-Fos positive and negative representations serve as neuronal sub-
trates for the Memory Index and Cognitive Map, respectively. The
-Fos positive neurons would be able to efficiently select the down-
tream neurons to be reactivated through its ON/OFF-like activity,
nd the c-Fos negative place cells would define the relational struc-
ure of receptive fields within the cognitive space, which can be
eliably retrieved later. Regarding the relation to the downstream
eocortical areas, inactivation of c-Fos positive CA1 neurons dis-
upts neuronal reactivation in the retrosplenial cortex, where is
eciprocally connected to numerous neocortical areas (Tanaka et al.,
014; Cowansage et al., 2014). During memory retrieval, c-Fos posi-
ive CA1 neurons might reinstate neocortical activities through this
ub-like area. Importantly, previous studies have shown that N-
ethyl-d-aspartate receptor activation during encoding is required

o obtain a stable spatial representation (Kentros et al., 1998;
cHugh et al., 1996), suggesting that c-Fos-negative place cells are

lso memory engrams.
Together, these findings suggest that memory trace in the hip-

ocampus, and hence the hippocampal role in memory, is not
nitary but rather heterogeneous. Indeed, anatomical, physiolog-

cal and functional heterogeneities have been reported across the
roximal-distal, dorsal-ventral, and anterior-posterior axes of the
ippocampal CA1 (i.e., Nakazawa et al., 2016; Fanselow and Dong,
010; Mizuseki et al., 2011). Soltesz and Losonczy explain the
omputational advantage of this heterogeneity by their parallel
nformation processing model (Soltesz and Losonczy, 2018). In this

odel, parallel heterogeneous circuits enable different forms of
ippocampal learning, such as goal-directed, trace fear, or con-
extual fear learning, depending on the task condition. However,

 recent study provides an opposite view of these two  memory
races (Trouche et al., 2016). It suggests that a stable spatial map
epresented by c-Fos negatives are tightly linked to a correspond-
ng c-Fos positive index, rather than one of the two  being more
ngaged than the other depending on the cognitive demand dur-
ng learning. This concomitant nature of the hippocampal memory
races sacrifices its flexibility of information processing. For a more
n-depth understanding of this problem, further studies are needed
o reveal the functional advantages of having two types of memory
races allocated to discrete groups of CA1 neurons, and their func-
ional interactions between the two and also with other areas in
he brain.
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