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Perspective

M Check for updates

Assessments of dentate gyrus
function: discoveries and debates

Mia Borzello®', Steve Ramirez?, Alessandro Treves®°3, Inah Lee ® %, Helen Scharfman®¢, Craig Stark®’,

James J. Knierim®?° & Lara M. Rangel ©®"'

Abstract

Sections

There has been considerable speculation regarding the function of

the dentate gyrus (DG) — a subregion of the mammalian hippocampus —
inlearning and memory. In this Perspective article, we compare leading
theories of DG function. We note that these theories all critically rely
onthe generation of distinct patterns of activity in the region to signal
differences between experiences and to reduce interference between
memories. However, these theories are divided by the roles they
attribute to the DG during learning and recall and by the contributions
they ascribe to specificinputs or cell types within the DG. These
differencesinfluence the information that the DG is thought to impart
to downstream structures. We work towards a holistic view of the role
of DG inlearning and memory by first developing three critical questions
tofoster adialogue between the leading theories. We then evaluate

the extent to which previous studies address our questions, highlight
remaining areas of conflict, and suggest future experiments to bridge
these theories.
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Perspective

Introduction

The dentate gyrus (DG) sits at the gateway to the hippocampus as the
first stopalongatrisynaptic loop that receives inputs fromthe cortex'.
In mammals such as rodents, the DG has garnered substantial atten-
tion as a site of adult neurogenesis — the continuous birth of neurons
throughout adulthood —leading to exciting speculation asto therole
of new neurons in learning and memory* . The primary function of
the DG has been hotly debated, with numerous theories each differ-
entially incorporating findings from anatomical, physiological and
behavioural data. Research on DG functionis currently fragmented as
aconsequence of this multidisciplinary approach, and there have been
multiple major advances in the field that are challenging to integrate
intoacoherent theoretical framework. Surprisingly, few attempts have
been made to consider points of overlap and differentiation among the
leading theories of DG function. Can we leverage the distinguishing
details of each theory to develop a more complete understanding of
thefeatures unique tothe DG and amore holistic view of its cooperative
rolein larger medial temporal lobe networks?

Inthis Perspective article, we describe several of the leading theo-
ries of DG function (Fig.1and Table 1) and develop critical questions to
highlight the shared and divergent features of the theories. We examine
previous studies within the framework of these critical questions and
identify future steps for integrating the theories, enabling a more
cohesive view across approaches and facilitating more targeted tests
of DG function. Our overarching goal is to provide a framework for a
comprehensive view of DG function that bridges current theories.

DG anatomy

Beforeinitiating a description of several of the leading theories of DG
function, we first outline some key aspects of DG anatomy. The DG is
composed of three layers: amolecular layer, agranule cell layer (GCL)
and a polymorphic layer (also known as the hilus). In the trisynaptic
loop, strong excitatory inputs fromlayer Il of the entorhinal cortex (EC)
terminate onto granule cell (GC) dendrites in the outer two-thirds of
the molecularlayer, and GCs send excitatory projections to CA3, which
inturn sends excitatory projections to CAl (ref. 1) (Fig. 1a). CAl sends
projections back to the deep layers of the EC (both directly and indi-
rectly viathe subiculum), which send projections that carry the output
of hippocampal processing to the neocortex and back to the superficial
layers’. The projection from CAl thus completes a processing loop
whereby the hippocampal output to the EC can affect the processing of
the circuits that provide the input to the hippocampus. The hilus
of the DG contains multiple cell types, including mossy cells (MCs).
MCs receive input from GCs, backprojecting CA3 pyramidal cells and
EC cells, and send excitatory projections primarily to the inner one-
third of the molecular layer'. Multiple inhibitory interneuron types
canbe foundinall three DG layers. Adult neurogenesis occurs within
the subgranular zone at the base of the GCL, and the cell bodies of
adult-born GCs integrate into the GCL®. Adult-born GCs undergo a
transient developmental period in which they are more easily excited
compared with mature GCs, and the continual generation and inte-
gration of new GCs in the region introduce a high degree of plasticity
across the lifetime of the organism®.

Leading theories of DG function

Pattern separation by expansion recoding

Some of the first insights into possible roles for the DG were gleaned
from studies that focused on the cerebellar cortex. In1969, Marr® pro-
posed that the cerebellar GCL performs an expansion recoding (Fig. 1b)

of'its far fewer inputs from the pontine nuclei. Because each of the
enormous number of GCs received only a small number of synaptic
inputs (the input layer to GCL expansion ratio is approximately 1:600)"°,
Marr theorized that GCs would fire very sparsely and respond to an
extremely narrow range of inputs. As a result, overlapping represen-
tationsin the pontine nuclei would be transformed into independent
(orthogonal) representations in the GCL. This transformation would
resultinanincreasein the capacity of the GCs to learn and store, with
minimalinterference, the almost limitless contexts in whichindividual
movements are made.

Years later, several hippocampal investigators applied the same
idea to the GCL of the DG"°. The numerical expansion of major
excitatoryinputs fromthe EC to GCs in the hippocampusis not nearly
as strong as that of pontine inputs to GCs in the cerebellum (the
expansion ratio is approximately 1:5 in rats)", and there are a larger
number of synaptic connections between the EC and DG GCs than
betweenthe pontine nucleiand cerebellar GCs. Nevertheless, the idea
that the DG performs expansionrecodingisincorporatedinto several
computational theories.

Expansion recoding is but one mechanism by which the DG can
perform pattern separation, which is defined computationally as
a process by which different output representations are made less
similar (less correlated) than their input representations. Multiple
potential mechanisms (proposed by different theories subsequently)
can perform this transformation. Of note, although we define pattern
separation as an orthogonalization of activity at the cellular level,
other researchers have utilized this term to describe behaviours that
probably depend ondistinct cellular representationsin the hippocam-
pus, such as the ability to distinctly recall highly similar experiences
(explained thoroughly in previous reviews'). In this Perspective
article, we use the term pattern separation to describe the recruit-
ment of distinct patterns of activity across populations of GCs in the
DG, through expansion recoding or the other possible mechanisms
proposed subsequently.

Binding
The DG has also been cast as a site of convergence for separate infor-
mation processing streams, suggesting a role for the DG in associat-
ingincoming sensory information. Entorhinal inputs to the DG can be
divided into those from the medial EC (MEC) and thelateral EC (LEC) on
thebasis of differencesin their anatomical connections and cytoarchi-
tecture. Many researchers propose that these areas constitute anatomi-
cally segregated, parallel processing streams into the hippocampus® .
Although there is substantial opportunity for communication” between
the streams before reaching the DG***°, MEC and LEC activity in freely
moving animals suggests that these regions may process different types
of information®*?. Specifically, it is thought that LEC activity conveys
information about, in the words of O’Keefe and Nadel**?*, “the items and
events of an organism’s experience” — the content of an experience —
from the first-person viewpoint of the organism?*?, By contrast, the
MEC activity is thought to provide a framework for experience —
the context of an experience — ordering and relating experiential infor-
mation including (but not limited to) self-motion-based information
about location and information about environmental landmarks?**°.
The convergence of LEC and MEC inputs inthe DG provides alocus for
these streams to bind theirinformation, and the binding theory (Fig.1c)
proposes that this is a major function of the DG**".

This binding theory is distinct from (but not mutually exclusive
with) the aforementioned role of the DG in pattern separation via
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expansionrecoding, inthatit specifies theitem or event and contextual
information enteringthe DG. As a consequence, this theory proposes
that an additional function of the DG is to provide highly selective
responses to the co-occurrence of items or events in specific contexts,
termed conjunctive activity, which can be leveraged by downstream
networks to form distinct memories for similar experiences.

Novelty detection

The novelty detection theory, which has a long history*, posits
thatthe DG exerts a particularly stronginfluence on downstream net-
works when organisms encounter new experiences or need to incorpo-
rate new informationinto previous experiences (Fig. 1d).In addition to
alarge excitatory input fromthe EC, the DG also receives many neuro-
modulatory influences®**, which alter local responses to inputs under
certain conditions, such as a fearful experience (via norepinephrine)
ortheinitiation of rapid eye movement sleep (viaacetylcholine). Both
norepinephrine and acetylcholine have been shown to influence GCs
and MCs during new experiences, through mechanisms that include
enhancingexcitatory responses to entorhinal inputs, decreasing feed-
forward inhibition, raising the resting membrane potential of GCs
and enhancing long-term potentiation of EC-GC synapses® *°. The
enhanced excitability during new experiences****supports the theory
that DG has arole in novelty detection.

Gate or filter

Thegate or filter hypothesis proposes thatintricate connectivity among
GCs, MCs and interneurons restricts responses to entorhinal inputs
and prevents overactivation. Amajor mechanism for the gate or filter
function is inhibition of GCs by local interneurons that are engaged
through feedforward inputs from the EC and feedback inputs from
GCs and MCs*™* (Fig. 1e). In addition, GCs have an action potential
threshold greatly depolarized compared with the resting membrane
potential*®. Therefore, only the strongest entorhinal inputs activate
GCs. GCs that overcome this inhibition send excitatory inputs to
both local interneurons (contributing to the aforementioned feed-
backinhibition®) and MCs in addition to their long-range CA3 targets.
MCs send excitatory projections to a diverse array of local interneu-
ronal and GC targets, with ipsilateral and contralateral projections
that spread across the hippocampus such that they target GCs in
other planes throughout the septotemporal axis. In the gate or filter
theory, complex adjustments of EC (perforant path) and inhibitory
synaptic strength also arise depending on the pattern of presynap-
tic input®™. Strong, consistent activation of GCs leads to potentiation
of EC-GC synapses by several mechanisms, including MC excitatory
feedback onto the GCL. Relatively weaker inputs are scaled down as a
consequence of homeostatic synaptic plasticity observedin the region.
A consequence of these physiological features is that the history of
activity at perforant path synapses has the ability to both strengthen
and weaken future attempts to re-engage the network through the
sameinputsinamannerthatis dependent oninputtimingand strength
(metaplasticity).

A major distinguishing feature of the gate or filter theory is that
it provides an intrinsic mechanism for reactivating a specific subset
of GCs for revisited experiences or recruiting distinct populations of
active cells (that is, performing pattern separation) for similar or
repeated experiences. DG inputs to downstream networks thus have
the potential to flexibly shift between engaging an exact, previously
active network and providing an orthogonal code, perhaps to meet
different behavioural demands.

Engram

Someresearchers have focused on plasticity withinthe DG during learn-
ingand the ability to reliably engage populations of cellsin the region
upon the recurrence of an experience (Fig. 1f). One theory proposes
that the DG generates engrams, or enduring physical changes in the
brainthat supportrecall®’, through local biochemical and physiological
changes during learning. Several relatively recent studies have demon-
strated thatreactivation of subpopulations of GCsthat areactive during
aninitial experienceis sufficient tore-engage previously active down-
stream neuronal networks and to instigate behavioural expressions
of memory (for example, freezing in response to learned fear of an
environment)** .

A major distinguishing feature of this theory is the view that
learned experiences re-engage dedicated or previously active popu-
lations of cellsin the DG and that the DG exerts adomino effect or chain
reaction in the brain that can be powerfully leveraged for memory
recall’®. Similar to other theories, however, this theory proposes that
differentlearned experiences recruit distinct populations of DG GCs.

Indexing

Another major theory proposes that the hippocampus forms and
retains indices of neocortical representations activated by experi-
ences”. A recent variant of this theory®® proposed a unique role for
the DG thatincorporatesits ability to continually give rise to new neu-
rons throughout adulthood, termed adult neurogenesis. Immature
adult-born neurons undergo a period of higher intrinsic and synaptic
excitability as well as greater synaptic plasticity than their mature GC
counterparts® °*, Asaconsequence, adult-born neurons become poten-
tiated to inputs experienced during their development and exhibit
selective and dedicated activity to future instantiations of these experi-
ences® (Fig.1g). The dedicated activity or persistent activation of adult-
born cells across instantiations of specific experiences is thought to
index learned memories during recall, jumpstarting a chain reaction
of downstream networks upon their reactivation in a manner similar
to the proposed role of engrams in the DG°.

Amajor distinguishing feature of this theory is the incorporation
of adult-born neurons into engrams within the DG. This theory inte-
grates physiological properties of adult-born neuronsinto hypotheses
of DG function and, similar to other theories, proposes that a distinct
population-level code in DG for different experiences is leveraged by
downstream networks.

Temporal tagging

The DGisalso thought to incorporate temporal informationinto repre-
sentations of experience by demonstrating dynamic activity over time,
whether onthe order of hours, days or weeks. This activity is thought to
facilitate distinct representations of information occurring at different
times®*®” and possibly contribute to a driftin the active population of
cellsthatisideal for updating and forming new memories®®. One theory
proposes a short-term and long-term role for adult-born neurons in
temporally tagging new memories®®’°. This theory proposes that the
transiently hyperexcitable immature adult-born neurons are broadly
tuned to experiences during their development, resulting in acom-
monly active population of immature cells for temporally proximal
events. Over time, new populations ofimmature GCs arise and mature,
creating distinct populations of adult-born GCs that exhibit selective
and dedicated activity to experiences that occurred during their devel-
opment (Fig. 1h). The constant turnover and physiological develop-
mentof adult-bornneurons are thus thought to facilitate an enhanced
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Fig.1|Schematic of mechanisms driving each proposed theory of dentate
gyrus function. a, Schematic of anatomical connections and circuitry within
the dentate gyrus (DG). Layer Il of the entorhinal cortex (EC) sends excitatory
projections to the outer two-thirds of the DG molecular layer and directly

to CA3. Granule cells (GCs) in the DG GC layer send excitatory projections to
CA3.The GClayer of the DG encloses a polymorph layer that contains many
celltypes, including mossy cells (MCs) that send excitatory projections to the
inner one-third of the molecular layer. The subgranular zone is a site of adult
neurogenesis. Multiple interneuron types can be found throughout all layers of
the DG. b, Pattern separation by expansion recoding: similar patterns of activity
inthe EC (active pyramidal, stellate and fan cells in red) elicit distinct patterns of
activity among arelatively larger number of GCs, which in turn activate distinct
populations of cells in CA3. ¢, Binding: the convergence of inputs from the
lateral and medial EC upon DG GCs facilitates the binding of information carried
by each stream. d, Novelty detection: enhanced excitability in the DG during

novel experiences facilitates the encoding of new information. e, Gate or filter:
strong feedforward and feedback inhibition work together to filter inputs such
that only the strongest and most consistent inputs pass through the DG. MC
projections contribute to feedback inhibition and the potentiation of synapses
with coincident entorhinal and MCinput. f, Engram: representations of an
experience are maintained by a distinct population of GCs, and reactivation

of this population facilitates memory recall. g, Indexing (a recent variant that
incorporates adult neurogenesis): immature adult-born neurons (blue) maintain
activity thatis selective for experiences that occurred during their development,
and the reactivation of this unique population aids in indexing neocortical
representations of those experiences. h, Temporal tagging: the continuous
turnover ofimmature adult-born cells over time gives rise to distinct populations
of later mature adult-born cells with activity that is selective to (and re-engaged by)
experiences that occurred at a particular time point. LEC, lateral entorhinal
cortex; MEC, medial entorhinal cortex.

ability to engage distinct populations of GCs for experiences that occur
far apartin time. A major distinguishing feature of this theory is the
representation of separate temporal epochs by adult-born GC activity.

Critical questions
Thetheories discussed earlier all have features that render them unique
from the others, with some aspects that render them at least partially
incompatible with other theories and other components that are highly
synergistic. Here, we identify three critical questions that tackle key
points of convergence and divergence across these theories. Address-
ing these questions will allow researchers to determine the extent to
which combinations of theories are mutually exclusive or synergistic.
We recognize that our consideration of seven of the current leading
theories of DG function does not fully capture the wide range of per-
spectives on the topic (for example, sequence generation’, memory
resolution’?and other proposed DG functions” 7). However, we present
the following critical questionsin the hope of providing aframework for
collaborative dialogue across different perspectives moving forward:

1. How does therole of the DG differ between learning and recall?

2. How do specific cell types and connectivity within the DG shape

its processing?
3. Whatinformationdoesthe DGimparttodownstreamstructures?

The role of the DG in memory recall is a major point of contro-
versy across the theories. Although the theories all propose that the
DG minimizes interference by recruiting distinct populations of GCs
across experiences during learning, this role potentially hinders the
re-engagement of populations across experiences during recall.
Asubset of the theories (binding, gate or filter, engram, indexing and
temporal tagging) propose that plasticity in the DG during an initial
experience facilitates the recruitment of the same unique population
of GCs during subsequent recurrences, which can be leveraged for
re-engaging the initially active downstream networks to jumpstart
recollection. Although there are theoretical advantages to engaging
distinct populations of GCs duringlearning and re-engaging dedicated
populations of GCs during recall, the extent to which (and behavioural
circumstances determining when) the DG flexibly engages one, the
other or bothis currently unknown and a subject of debate.

The specific contributions of interneurons, MCs and adult-born
GCs to DG function are a major focus of several theories. In particu-
lar, the gate or filter hypothesis suggests that inhibitory interneuron
and MC feedback shape GC responses to current and future inputs.

Other theories such asindexing or temporal tagging suggest that the
heightened plasticity of adult-born neurons during their immature
state shapes their long-term responsiveness toinputs. The short-term
andlong-term contributions of these different cells to the DG network
are not currently well understood.

Eachtheory suggests different mechanisms for recruiting distinct
populations of GC across experiences (Fig. 1), changing the information
thatthe DGisthought toimpartto downstreamstructures. Thetheory
of pattern separation by expansionrecoding focuses primarily uponthe
fact that dentate GCs outnumber entorhinal projection neurons by a
ratio of 5:1(refs. 17,76), resulting in the engagement of non-overlapping
populations of GCs and orthogonalized outputs from DG, given similar
inputs from EC. The theory of binding also adds that the DGisinanideal
location for integrating item or event and contextual information, as
information processed by parallel input streams undergoes a major
point of convergence in the DG. Thus, the mechanistic focus of the
latter theory specifies that the DG provides unique conjunctive infor-
mation to downstream structures. Theories regarding the role of the
DGinnovelty detection, indexing and temporal tagging note enhanced
excitability in the region as a potential mechanism for recruiting dis-
tinct populations of cells for new experiences. In the case of novelty
detection, this enhanced excitability occurs specifically during novel
or changing experiences, constraining the DG to the processing of new
information. By contrast, indexing and temporal tagging theories posit
that this enhanced excitability results from the continuous recruitment
of transiently hyperexcitable adult-born cells over time, allowing the DG
toincorporate the passage of timeinits code. The gate or filter theory
suggests that the connectivity withinthe DGfilters out weak orincon-
sistentinput patterns, allowing only strong or persistent input patterns
to pass through and highlighting arole for DG in conveying information
aboutrepetition or consistency. Although the engram theory does not
currently subscribe to a particular mechanism, it requires mechanisms
for maintaining and re-engaging stable representations of experience
inthe DG for long periods of time to supportits proposed roleinjump-
starting recall downstream. Of note, although each theory proposes
different mechanisms for recruiting distinct populations of GC across
experiences, itis possible for allmechanisms to coexist harmoniously.
Together, they highlight the many possible routes for achieving distinct
population-level codes across experiences and potential functions of
the DG. The extent to which any of the aforementioned mechanisms are
atplay in the mammalian DG (or innon-mammalian species to achieve
asimilar function (Box 1)) is not yet known.

Nature Reviews Neuroscience



Perspective

Table 1| Leading theories of dentate gyrus function

Theory Proposed function Distinctive features Mechanisms Involvement during Refs.
encoding and/or recall

Pattern separation by ~ Creates distinct population-level code Orthogonalization of inputs Expansion recoding Both or just encoding 9,76

expansion recoding for similar inputs

Binding Creates highly selective conjunctions by  Conjunctive information Convergence of MECand  Both 21,31
binding incoming sensory information in spiking activity LEC inputs

Novelty detection Creates distinct population-level activity Enhanced responses Neuromodulatory inputs ~ Encoding 32,38,42
for new features of an experience to novelty

Gate or filter Permits selective information to pass Contribution of interneurons ~ Strong, inhibition, Both 52
given input strength, persistence and and mossy cells within DG Hebbian or homeostatic
temporal coordination with other inputs synaptic plasticity

Engram Provides dedicated, distinct population-  Contribution of a stable, Strong, long-lasting Both 53,58
level cell activity for all experiences dedicated cell population synaptic modifications

Indexing Provides unique indices (for example, Long-term contribution Long-term integrationof ~ Both 60
engrams) for memories stored in the of adult-born neurons adult-born neurons
cortex

Temporal tagging Provides new, distinct and dedicated Short-term and long-term Maturation and long-term  Both 65,66,69

population-level code for temporally

contribution of adult-born

integration of adult-born

proximal experiences neurons

neurons

DG, dentate gyrus; LEC, lateral entorhinal cortex; MEC, medial entorhinal cortex.

Although supportingevidence for eachtheoryis often considered
inisolation, here we discuss how previous modelling, behavioural,
lesion, physiology and imaging studies address the critical questions
we have identified as central to all theories.

Critical question 1: how does the role of the DG differ between
learning and recall?

Both network modelling and experimental results have provided strong
evidence that the DG contributes greatly to learning, but there is cur-
rently a lack of consensus as to its involvement in recall (Fig. 2). This
creates conflict between theories that propose that the DG exerts its
greatest impact only during learning (novelty detection; Fig. 1d) and
those that propose a strong influence during both learning and recall
(engram, indexing and temporal tagging; Fig. 1f-h). For thisreason, we
subsequently focus our coverage on evidence that suggests aminimal
or strong DG influence on memory recall.

Network models have been used to test the hypothesis that the
architecture of the DG minimizes interference between memories
specifically during learning. A few key aspects of DG inputs and outputs
were considered inthese models. The major excitatory inputtothe DG
originates from layer Il of the EC, which also projects to the CA3 sub-
region of the hippocampus'. GCsin the rat DG form powerful synapses
onto the proximal dendrites of an estimated 15 pyramidal cellsin CA3,
its primary outputstructure™”” ", These synapses have been described
asdetonators, adescription supported by the massive boutons of the
GCsobservedinitially in the1960s®, the ability of GCs to reliably induce
spiking in downstream neurons in vivo® and the glutamate toxicity
produced by excessive GC firing in seizures®. Conceptually, the nature
of their effect was captured with the simplified notion of all-or-none
detonator synapses by McNaughton and Morris*? and then quantita-
tively assessed by Treves and Rolls®* within the framework laid out by
Marretal.®*. Inthese models, CA3 receives two distinct input streams:
directly through associatively modifiable (the so-called Hebbian)
synapses from layer Il of the EC and indirectly through strong synapses
fromthe DG. Thelack of associative modificationsin the latter stream

(but see the ‘Gate or filter’ section and ref. 71) makes it unsuitable to
relay a partial cue®, but it can induce relatively different patterns of
activity in CA3 across experiences. The direct perforant path input
re-engages previously stored patterns through CA3 recurrent collateral
activity. Whether the direct input expresses plasticity (possibly non-
associative®) has been argued® not to significantly impact CA3 func-
tion, asits DG inputs would tend to beirrelevant during retrieval, when
long-term plasticity would eventually be expressed. The DG would
thus afford downstream CA3 with a quantitatively enhanced ability
to distinctly represent new information, contrasting its tendency to
reinstate previously acquired information. The information-theoretic
analysis was later extended to spatial representations®, leading to
the same prediction that dentate activity should not be required for the
reactivation of memories already stored in CA3.

Other models such as the complementary learning systems (CLS)
model®® characterize the effects of the DG and downstream circuits
on larger networks outside the hippocampus. Specifically, the CLS
model proposes that the hippocampus rapidly stores memories as
highly segregated representations of experience and allows for aslow
integration with representations stored in neocortical systemsin a
manner that minimizes interference. Later reflections on this model
also posited a specific role for the DG in recruiting unique represen-
tations of experience specifically during learning®, again arguing
along with Marr®* that recall would require overcoming the sparse
and non-overlapping patterns imposed by the DG in a cascade effect
jumpstarted by recurrent collateral activity in CA3. This notion s in
conflict with engram, indexing and temporal tagging theories (Figs. 1
and 2). Future modelling could explicitly test the effect of recruiting
a dedicated population of GCs during recall, although such a role
would arguably interfere with its ability to provide information about
the distinct aspects of arecurring experience (but some studies have
suggested that this can be accomplished by distinct portions of CA3
along the transverse axis®®).

Behavioural, lesion and inactivation studies provide insights
into when and how selective damage to the DG affects memory.
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These studies parameterize aspects of memory processes (for example,
learning versus recall), testing for specific deficits that arise when
the integrity of the DG has been compromised. Testing the specific
function of the DG had not been possible until a neurotoxin called
colchicine was introduced to allow selective lesions in the DG while
leaving other subfields of the hippocampus such as the CAl and CA3
relatively unaffected®'°*. Since then, additional methods for selec-
tively and reversibly inactivating the DG, or GCs specifically'*'®,
have been developed. Several studies in both rats and mice have used
these methods to explicitly test whether the integrity of the DG is
required during learning versus recall, with some studies observing
deficits only during learning®®'°*' and others observing deficits dur-
ing both learning and recall'®*. The mixed results in the literature for
theinvolvement of the DG in recall of hippocampal memory mightbe
attributable to different training protocols and environmental settings
among different studies. The necessity of thisinput from the DG during
bothencoding and recall may increase with higher similarity between
cuesorenvironments'”. Duringrecall, the DG may still be required if the
original cues or environments are similar to each other or modified to
become more similar to each other'°'**, Other conditions such as the
amount of training, the nature of task demands (especially regarding
whetherit canbelearned with non-hippocampal strategies) and work-
ing memory requirements may determine the involvement of the DG
inthe encoding and/or recall of memory.

Several theories (engram, indexing and temporal tagging theo-
ries; Fig. 1f-h) explicitly predict that (at least a subset of) the same
cells that are active during the encoding of an experience should be
active when recalling a memory. This notion would predict that GCs
fire similarly during initial exposures to novel cues or environments
(when encoding is presumably prioritized) and during subsequent
re-exposure to those cues or environments (when recall processes
may be enhanced). The DG contains place cells'”® — neurons that
exhibit activity when an animal is in a particular region of a spatial
environment — and their activity is thought to help map both absolute
andrelative spatial relationships®*'®°. Many research groups investigate
how spatial representations in the rodent hippocampus transform
across experiences to gain insight into the larger contributions of the
hippocampus to human episodic memory?. For example, the cogni-
tive map theory suggests that place cells form a spatial framework
thatisusedtoorganize andinterrelate the items and events of experi-
ence to allow storage and subsequent recall of an episodic memory®.
Relational learning theory suggests a similar role for place cells but
regards the spatial tuning of these cells as areflection of more general,
not necessarily spatial, relational mapping functions of the hippocam-
pus'?”. Several studies have shown that at least a subset of GCs show
similar place field representations across repeated exposures to the
same environment**"'*"", showing that the DG is capable of re-engaging
stable representations of space beyond initial encoding (see discussion
of ‘Critical question 3’ for a review of responses across changing or
different environments). Other studies have shown that DG activity is
dynamic across time and with increasing experience. Multiple imag-
ing and physiological recording studies have indicated heightened GC
and MC responses upon the introduction of novel stimuli*>"'®7% In a
paradigminwhich head-fixed mice traverse along atreadmill, theintro-
duction of new objects by affixing them to a point along the treadmill
causes a reconfiguration of GC and MC spatial representations, with
MCs exhibiting earlier and larger changesin response to the introduc-
tion of novel cues™. These studies provide support for the novelty
detectiontheory (Fig.1d), which predictsastrong DG influence during

learning and exposure to novelty. Exposing mice repeatedly (over
27 days) to the same sequence of objects on a treadmill belt results in
arefinement of GC (but not MC) spatial (including landmark vector)
representations over time, resulting in more single-fielded place cells'.
This refinement of activity with increased experience also occurs in
response to odours in odour-reward association tasks'”. GCs (but
not LEC neurons) initially exhibit responses to multiple odours before
developing more selective responses to single odours (more often
rewarded odours) over the course of learning, resulting in the evolution
of minimally overlapping representations between odours. Thus, the
DG may require time or experience to establish refined representa-
tions for complex stimuli or environments. Together, these findings
suggest that neurons in the DG show spatial responses, with evidence
of conjunctive representations among multiple cell typesin the DG that
evolves with time or experience. The exact influence of time or expe-
rience on the ability of DG neurons to re-engage initial (as proposed

Box 1

How might other species
accomplish similar functions
with dissimilar structures?

Previous studies have identified elements of continuity between
presumed quasi-reptilian ancestors and the mammalian
hippocampus?*°. Importantly, innovations in mammals appear
different from those introduced in its avian homologue (reviewed
elsewhere®). In particular, the bird hippocampus lacks a clear
trisynaptic circuit and an obvious dentate gyrus (DG) equivalent.
This suggests, in combination with the spectacular spatial

memory abilities of other species, that we should stop seeing the
mammalian phenotype as the unique solution, or even the best

one, to a predefined computational challenge. Evolution is blind

and proceeds mainly by mistake. Yet, despite this mistake-studded
history, the key traits of the mammalian DG are clear, such as its
relation to CA3 (despite substantial species-to-species variability in
the quantitative proportions of the components) and its preserved
capacity for adult neurogenesis?*?*, The critical questions identified
in this Perspective can provide a framework for integrating work
conducted across species into research on mammalian hippocampal
function?” and on any particular DG role in it. To what extent do other
species use alternative mechanisms to recruit distinct populations
of hippocampal cells to encode different experiences and re-engage
the same population during recall? Are subsets or combinations

of elements in the mammalian DG (for example, converging input
streams, vast inhibitory inputs and the continuous addition of
neurons in adulthood) leveraged by hippocampal homologues in
other species? Why is adult hippocampal neurogenesis restricted to
the mammalian DG and widespread in other lineages®*? What can
we learn from fish that lack a cortex and wear their hippocampal
homologue laterally not medially, but still use it to remember the
spatial location of an exit route?*? Addressing these questions in
other species will help to identify the design elements that support
hypothesized functions of the mammalian DG.
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by the engram, indexing and temporal tagging theories; Fig. 1f-h) or
refined patterns of activity during recall is not well understood.
Studies using genetic methodsto label active neurons during cir-
cumscribed periods of time suggest that largely different populations
of neurons are active during the initial and subsequent exposures to
stimuli or environments. These studies suggest that approximately
6% of GCs are active during a single exposure to an environment or
memory encoding'®*. On the timescale of days, although 6% of the
neurons appear to be active during memory formation and 6% of
the neurons are active during subsequent re-exposure to an environ-
ment (which may be considered as a new encoding event or recall),
thereisonlyapartial re-engagement of the 6% of initially active neurons
(approximately 2%; that is, one-third of the initially active neurons are
reactivated)?* %, This suggests that although approximately one-third
of the 6% of the initially active neurons appear to be stably involved
in encoding and recall, the remaining two-thirds of these neurons
are active during either encoding or recall. Notably, if the timescale
between the initial contextual fear conditioning and re-exposure is
stretched to a month, the populations of neurons labelled as active
at each time point appear not to overlap''*, Nevertheless, optoge-
netic stimulation of either the population of neurons active during
encoding or the population of cells active during recall (after days or
months) elicits freezing responses, suggesting that both populations
have the ability to drive context-specific behavioural responses'*#" 1%,
The original population of tagged cells maintains this ability even
under circumstances in which anisomycin is administered to block
learning-related protein synthesis*’. Even after multiple bouts of learn-
ing (for example, fear conditioning and extinction, which elicit activ-
ity in two non-overlapping DG ensembles), the original ensemble
maintains its capacity to modulate contextual fear behaviour®.
Of note, optogenetic silencing of the population of cells active dur-
inginitial contextual fear encoding disrupts context-selective freezing

responses 2 weeks later™, implying some degree of necessity for
observing contextual fear behaviour on the scale of weeks. The func-
tion of this persistentinfluence upon contextual fear behaviourin the
face of alarge natural turnover of the active population across experi-
encesis stillbeing investigated. Taken together, these results suggest
that there are both enduring changes in the DG that provide a stable
population of GCs withalong-term ability to jumpstart memory recall
and a continually evolving landscape of connections that can recruit
new populations of GCs and imbue them with this same capability.
Although the existence of astable population of cells with along-term
influence on contextual fear behaviour supports the engram, indexing
and temporal tagging theories (Fig. 1f-h), the large turnover of cells
with this influence supports more recent notions of memory storage
in supple synapses or ephemeral networks®>'*>,

There are several remaining areas of ambiguity regarding the role
ofthe DG duringrecall. Specifically, the degree towhich the cells active
during learning are naturally reactivated and necessary during suc-
cessful recall is still unknown. Future studies will need to address this
issue toresolve conflicts across subsets of leading theories (Figs. 1d,f~h
and?2).Ourreview of previous literature suggests thatimportant strides
canbe made towards this goal by redeploying different methodological
approachesto furtherinsight gained by asingle method. For example,
previous network modelling studies have explicitly tested the effect
of an orthogonalized code in the DG upon CA3, but mechanisms for
reinstating representations in CA3 using a stable, reactivated popu-
lation or newly recruited population of cells can also be explored in
greater detail using this method. Studies in humans have the ability
to explicitly prompt encoding and recall during specificintervals and
even probe memory for recall events to examine the extent to which
encodingand recall functions co-occur during repeated exposures™*.
Behavioural studies inrodents indicate that the DG may contribute to
successful memory recall when organisms are tasked with discerning
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relationships between cues or environments and initial experiences.
The thoughtful design of these behavioural studies can be leveraged
by physiology and imaging experiments to characterize the nature of
DG activity under such circumstances and specifically during isolated
learning and recall phases. Together, these studies can help to unify
the theories regarding the contributions of the DG to memory recall.

Critical question 2: how do specific cell types and connectivity
within the DG shape its processing?

Several network models have tested the role that specific DG cell
subtypes may have in recruiting distinct populations of GCs across
experiences. Of these, a network model that includes CA3 projec-
tions back to the DG suggests that this recurrent connectivity recruits
feedback inhibition that is necessary for sparse coding in the DG".
In this network model, CA3 projections to MCs also have an impor-
tant role in exciting GCs in distant lamellae, describing a mechanism
for “inhibition of recently active GCs while depolarizing a different
subset of GCs — making the latter more likely to respond to the next
entorhinal input”®. In addition, network models that incorporate
extrinsic y-rhythmic inhibitory inputs and lateral inhibition through
parvalbumin-expressinginterneuronsin the DG reveal that both con-
tribute substantially to the generation of distinct DG output patterns
givensimilar ECinputs™. These studies augment and update the theory
of pattern separation by expansion recoding, providing additional
mechanisms for pattern separation that rely heavily on cells intrinsic
to the DG in ways similar to the gate or filter hypothesis (Fig. 1b,e).
Several network models that incorporate adult neurogenesis have
noted that an increased number of neurons in the DG enhances its
capacity to storeinformation about new experiences in synaptic modi-
fications across non-overlapping populations of cells**'*¢, although
some models note that this comes at the expense of accelerating
the forgetting of old experiences”*"*°"*!, In networks of DG neurons
that have already undergone some degree of learning, the ability to
eliminate cells in the network through simulated apoptosis and add
new GCs with random connectivity additionally enhanced the ability
toseparate new representations™***’. Other models have emphasized
the transient high excitability or enhanced plasticity of adult-born
GCs relative to mature GCs during their development®*’*%, In these
network models, mature GCs are able to maintain their responsiveness
to old experiences, whereas young GCs contribute a distinct output
for new experiences. Of note, one network model predicted that the
transient window of elevated excitability and plasticity in adult-born
GCswould allow them not only to bind experiences that occur closein
time but also to enhance the separation of events that occur far apart
intime through the constant turnover of new GCs entering and matur-
ing out of this transient stage’’. In this case, different subpopulations
of adult-born GCs would contribute distinct outputs for new experi-
ences that occurred far apart in time. Together, the network models
incorporating adult neurogenesis suggest that new GCs enhance the
coding capacity of the DG, in many instances by distinctly representing
new experiences inamanner that supports the indexing and temporal
tagging theories and to some extent the novelty detection theory'*
(Fig.1d,g,h). Overall, network models that incorporate multiple cell
types within the DG suggest that they strongly support the pattern
separation abilities of the DG for new experiences.

Several more recent studies have attempted to selectively lesion
orinhibitspecific cell types within the DG and ascertain their contribu-
tions to behavioural performance in learning and memory tasks. One
such study selectively lesioned MCs within the DG, with the lesioned

animals having an impaired ability to exhibit appropriate context-
specific behavioural responses in non-fearful environments following
fear conditioning training'*’. This behavioural finding combined with
evidence from the same study and many others*”** that MCs substan-
tially recruit local inhibitory interneuron activity in the DG provide
support for the gate or filter hypothesis (Fig. 1e). Other studies that
selectively inhibited MCs also found effects on context-specific mem-
ory'®. Generally, tasks thatinvolve disambiguating similar experiences
areimpaired without adult-born GCs'**'*, the ability to disambiguate
experiencesis supported when adult neurogenesis is increased'*®, and
the age of adult-born cells at the time of an experience influences their
contribution®'*’, These studies supportindexing and temporal tagging
theories, both of which propose animportantrole for the adult-born GC
populationin DG function (Fig.1g,h). One notable exceptionincludes
a study in which ablating adult neurogenesis in rats improved their
performance in a spatial working memory task that required them
toignore conflicting non-relevantinformation from previous trials™°,
potentially supporting the hypotheses that adult-born neuronsintro-
duce memory interference (or temporally integrate) in theirimmature
stage of development (Fig. 1h). Amore explicit test of therole of the DG
intemporal tagging found that the DG is necessary to link spatial events
that are presented close in time™’. This finding supports the indexing
and temporal tagging theories and, to some extent, the binding theory
(Fig. 1c,g,h). Of note, multiple studies suggest that increasing adult
neurogenesis facilitates forgetting>> %, whereas decreasing the levels
of such neurogenesis promotes retention*>"** (reviewed elsewhere').
These studies once again challenge the proposed existence and useful-
ness of stable and enduring engramsinthe DG, creating areas of conflict
fortheengramtheory (particularly in the case of older memories) while
partially supporting the indexing and temporal tagging theories in
relation to newly formed memories (Fig. 1f-h).

The intrinsic properties of neurons within the DG and their physi-
ological responses during behaviour reveal multiple potential mecha-
nisms for generating distinct patterns of activity or sparse firing in
the DG. Several physiological recording studies indicate that mature
GCs are hard to activate. One reason is that their resting potential is
more hyperpolarized than other hippocampal neurons®. GCs also
have strong spike frequency adaptation, such that given persistent
excitatory input, they fire initially and then cease'* %, GCs also receive
strong inhibition***!. Together, these studies provide a strong founda-
tion for the gate or filter hypothesis (Fig. 1e), indicating that intrinsic
GC properties and strong synaptic inhibition combine to allow only
the strongest excitatory inputs from the EC to be sent through the
DGto CA3.MCsarealso thought to supportagating function of the DG
through the activation of DG interneurons that inhibit GCs'*. The
broader spatial tuning of MCs relative to GCs""**'** could provide them
with a profound inhibitory impact. However, MCs can excite the GCs
strongly, depending on the temporal pattern of inputs to the region'**.
MCs also show a strong response to novelty**>. To date, few studies
have examined the spiking dynamics of DG interneurons in behaving
rats, with one showing that DG interneurons have highly dynamic
responses during exposure to novelty that are well coordinated with
shifts in principal cell activity'®. This suggests that interneurons
have a powerful role in dynamically sculpting principal cell activity
in response to novelty, partially supporting both the novelty detec-
tion and gate or filter theories (Fig. 1d,e). Another study found that
changing spatial avoidance task contingencies results in changing
subsecond (within 133 ms) patterns of activity between pairs of DG
neurons, including increased co-firing of excitatory place cell and
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interneuron pairs, inarenalocations with higher memory discrimina-
tiondemand"’. This study suggests a strong or more consistent inhib-
itory influence of interneurons upon GC activity when mice perform
spatial discriminations that rely upon the DG, which again supports
the gate or filter theory (Fig. 1e). The hippocampus, and the DG in
particular, also exhibits rich local oscillatory activity'*®'*°, which can
provide a powerful mechanism for selectively engaging interactions
between excitatory and inhibitory cells. The extent to which rhythmic
coordination in the DG facilitates its distinct population-level code,
changing subsecond interactions among DG ensembles or interactions
with other structures, is largely theoretical.

The physiological contributions of adult-born GCs are still under
investigation, but several lines of evidence suggest that their influence
upon the local DG network and downstream CA3 is unique from their
mature counterparts. Early in development, they have direct excitatory
orinhibitoryinfluences on mature GCs, depending onthe origin and tim-
ing ofinputs”°. Adult-born GCs additionally innervate local GABAergic
interneurons, whichin turn hyperpolarize GCs, placing themin apower-
ful position toinfluence the inhibitory tone and sparse firing in the net-
work”"inamanner that provides some degree of support to the gate or
filter theory (Fig. 1e). Of note, adult-born GC proliferation, development
andintegrationinto existing networks are highly regulated by their local
environment and experience®>**?3%173178 with evidence indicating that
mature adult-born GC activation is shaped by experiences occurring
duringtheir development.In particular,imaging evidence suggests that
re-exposure to environments experienced duringimmature adult-born
GC development reactivates the same adult-born GCs in their mature
state®, providing strong support for both the indexing and temporal
taggingtheories (Fig. 1g,h). In addition, the activation of distinct popula-
tions of cells across environmentsisinfluenced by temporal separation
and adult-neurogenesis levels. Environmentsintroduced at largely differ-
enttimes (2 or 3weeks apart) engage largely distinct populations of GCs
inamanner dependent on adult neurogenesis, whereas environments
introduced at the same time recruitsimilar populations®. Such activity
might be necessary to encode similar, yet temporally distinct, episodes
as proposed by thetemporal tagging theory (Fig. 1h). Of note, the exist-
ence of adult-born neurons is not always beneficial, as ectopic popula-
tions of adult-born neurons develop abnormally in cases of epilepsy, and
promote chronic seizure development in amanner that provides some
support to the gate or filter theory”*'* (Fig. 1e).

Fromthe many studies discussed in this section, it seems clear that
there are multiple complementary mechanisms for generating distinct
spatiotemporal patterns of activity in the DG across experiences, many
of which involve specific contributions from MCs, interneurons or
adult-born neurons (or all three). To further our understanding of
the interactions within the DG that support its proposed functions,
itisimperative to develop more methods for identifying and charac-
terizing distinct cell types of the DG in electrophysiological record-
ing experiments (for example, see refs. 111,112,181). Such methods
allow explicit tests of hypotheses regarding the roles of GCs, MCs,
interneurons and adult-born GCs in dentate network operations by
characterizing their potentially unique physiological contributions
during the parameterized experiments described earlier.

Critical question 3: whatinformation does the DG impart

to downstream structures?

One of the fundamental questions facing those who study the DG is why
the hippocampus needsit. Many leading theories suggest that the DG
contributes computations that are not unique to the DG. For example,

multiple areas in the brain are capable of performing pattern separa-
tion by expansion recoding®’®, and engrams have been shown to exist
in many brain regions®. Features such as pattern separation may be
importantin different structures for different reasons (reviewed else-
where'®). In this section, we consider the proposed computations of
the DG in the context of its input and output structures and review
whatis known or highlight areas of ambiguity regarding itsimpact on
the hippocampal network and hippocampal-dependent behaviours.

Alimited number of network models aim tounderstand how repre-
sentations of experience specific to the EC are transformed by the DG.
The CLS model emphasized the convergence of object category and
identity information from the ventral visual stream and spatial infor-
mation from the dorsal visual streamin the hippocampus, outlining a
mechanism for the formation of highly specific conjunctions in DG.
It argued that unique representations for different combinations of
co-occurring stimuli across distinct populations of GCs can be lever-
aged by downstream networks to minimize interference®*¥. This model
thus supportsaspects of the binding theory well (Fig. 1c), particularly
duringlearning. Another model specifically incorporated the conver-
gence of spatial and nonspatial inputs in the DG and predicted that
strong LEC inputs would boost existing spatial firing preferences of
GCs and thus reduce the multiplicity of fields'. This model also sup-
ports the binding theory well (Fig. 1c), as this boost is specific to GCs
that receive a convergence of MEC and LEC input. Notably, findings
from subsequent experimental studies suggest that such multifielded
activity ismore oftena property of MCs rather than GCs"*"'>'*>, Another
model incorporated adult neurogenesis into a DG network receiving
bothMECand LECinputs and predicted thatimmature adult-born GCs
would yield similar activity for events that occur close in time (within
atransient window in their development when they exhibit high excit-
ability and high degrees of plasticity), but separate subpopulations of
adult-born GCswould be active for events that occur far apart in time’.
This model supports some aspects of the binding theory (Fig. 1c), as
adult-born cells combine information from both input streams. It also
supports engram, indexing and temporal tagging theories (Fig.1f-h),
proposing that enduring changes across the adult-born GC population
allow their re-engagement during subsequent exposures to environ-
ments experienced duringa critical periodin their development. In this
case, themodel outlines amechanismthrough which adult neurogene-
sis contributes to the formation of temporal associations in DG, linking
events that occur close in time®. Advances in our understanding of the
specificinputs that the DG receives from the MEC and LEC willinform
future modelling work. For example, recent work suggests that the LEC
and MEC encode informationin egocentric and allocentric coordinate
frames, respectively’*, calling for modelling work to investigate how
these fundamentally different ways of representing the world can be
bound into a coherent representation of experience.

The theories all suggest that distinct spatiotemporal patterns of
activity in the DG should minimize interference between memories
and support disambiguation between similar experiences. Of note,
rats with DG lesions can successfully discriminate between odours
and environmental contexts, but they demonstrate an impaired abil-
ity to associate odours or object cues with the contexts in which they
arerewarded™, This suggests that the DG is notimportant for sensory
discrimination per se, but is involved in linking specific sensory cues
with distinct outcomes. Many studies suggest that the integrity of the
DG is necessary for learning or retrieving associations among exact
spatial locations, environments or contexts with different objects or
outcomes’*?77100192197 These behavioural and lesion studies support
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aspects of the binding theory well (Fig. 1c) and generally support all
theories to some extent. In addition, a few studies have shown that
lesions of the DG resultin animpaired ability to link temporally proxi-
malevents, providing support for the temporal tagging theory (Fig. 1h).
Taken together, these studies suggest that the pattern separation abili-
ties of the DG may be necessary when behaviours depend on learning or
recalling distinct associations between complex stimuli (for example,
scenes and objects) and spatiotemporal contexts.

Many physiological recording and imaging studies have reported
distinct activity patterns in GCs under conditions in which there
aresubtle changes or even no change to an environment across multiple
exposures. These distinct activity patterns can manifest as changes
to the firing rate and spatial preferences of GCs with place fields'****
and as the recruitment of activity across distinct populations of
cells®*>117188 Some of these studies contrast activity patterns in the
GCs with those in CA3 pyramidal cells, noting that the GCs exhibit
representations of different experiences according to both metrics
thatare farless similar than thosein CA3 (refs.115,186). These findings
support the unified argument across theories that the DG conveys
distinct representations of experience (Fig.1and Table1). This contri-
bution may be particularly important when there is a high similarity
between experiences, as increasing the ambiguity of different visual
patternslinked to spatial choices elicits orthogonal place cell firing pat-
terns in CA3 when the DG is intact but fails to do so in CA3 place cells
when there is a lesion in the DG'?°. Notably, one study found that 10%
of GCs fire in both familiar and novel virtual environments, with simi-
lar place fields in each that remain relatively more stable across days
than spatial representations in CA3 and CAl (ref. 117). This finding
suggests that a small minority of GCs exhibit stable representations
thatgeneralize across different virtual environments, even as the large
majority of such cells discriminates the environments. The authors of
this study suggested that this subpopulation of cells conveys stable
engrams to downstream networks'” (see also ref. 189). These results
provide some support to the engram theory and, to some extent, the
indexing and temporal tagging theories (Fig. 1f-h). The extent towhich
both changing and stable patterns of activity are leveraged by down-
stream networks across experiences is not yet known (see discussion
of ‘Critical question1’).

To fully understand the computational capabilities of a region,
future studies will need to better characterize its firing properties
within the context of its inputs. With this knowledge, it is possible to
quantify input-output transformations and deduce the computational
processing behind those transformations. For the DG, its main excita-
tory inputs are the MEC and LEC. Although much is known about the
physiological properties of the MEC, based on a huge amount of effort
inspired by the discovery of the remarkable grid cellsin 2005 (ref.190),
much lessis known about the properties of the LEC. Recent work sug-
gests that the LEC may be critically involved in representing the ego-
centric bearing of the rat (and perhaps distance) towards specific
landmarks, boundaries or other locations in an environment'****+%2,
Other findings suggest that the LEC and fasciola cinereum (a region
thatreceives LECinputand projects exclusively to the crest of the DG)
convey information about the temporal duration or order of an exper-
ience, over a wide range of timescales, which might allow different
memories to be segregated over time®'®, To date, few studies have
performed simultaneous recordings inthe DG and its upstream struc-
tures'*”**!%>, These studies have provided insight into the behavioural
circumstances surrounding strong influences from the MEC or LEC
as well as oscillatory mechanisms for coordinating the integration

of information in the DG from multiple sources. In future studies,
computational models of the DG (whether they be models of pattern
separation or other hypothesized functions) can incorporate the dif-
ferent types of information conveyed to the DG from its major inputs
and provide further explanations for how these two sets of input may
be combined and transformed in the DG to support both the spa-
tial mapping functions of the hippocampus and its role in episodic
memory'®,

A unified theory of DG function will need to include information
about different connectivities and activities along the longitudinal
axis (the septal, dorsal, or posterior hippocampus compared with
temporal, ventral, or anterior hippocampus)'®, the upper versus lower
blades of the DG'”, and the proximal (closest to the DG) versus distal
regions of CA3 (refs. 88,198). In rodents, septal DG (also called dorsal
DG inrodents and posterior DG in primates) receives input from the
lateralband of the MEC and LEC, and temporal DG (also called ventral
DG in rodents and anterior DG in primates) receives input from the
medial band of the MEC and LEC"”’. In the MEC, the gradient from
the lateral to medial band is associated with anincreasing scale of the
spacing of firing fields of grid cells, with a corresponding increase in
the size of place fields in the topographic projections to the dorsal
and ventral hippocampus?*°°2, The authors have suggested that
the dorsal hippocampus encodes spatial maps at a higher resolution
thanthe ventral hippocampus®”°~2%, although the population decod-
ing of ventral hippocampus place fields can track the position of an
animal as accurately as decoding of the dorsal place fields***. Septal and
temporal GCs also differ in expression of GluR2-GIluR3 AMPA-type glu-
tamatereceptors and glutamate decarboxylase 67 (ref.204), serotonin
receptor subtype HTR1A’® and other gene expression patterns?°**?,
The temporal hippocampusis more associated with areas such as the
amygdala and prefrontal cortex than the septal hippocampus?*%2%,
These connectivity patterns suggest a functional dissociation along
the longitudinal axis®”, although complex associational pathways
along this axis suggest that there is more functional crosstalk”’. The
upper (or enclosed) blade of the DG expresses a greater proportion
of ARC-expressing neurons following open-field foraging tasks than
the lower (exposed) blade'”’. Little is known about the functional dif-
ferences between the upper and lower blades of the DG*”*", and this
isanarearipe for investigation. Proximal CA3 receivesinput fromthe
upper and lower blades of the DG, receives relatively little directinput
from the EC, sends the majority of backprojections to DG MCs and is
similar to the DG in the remapping properties of its place fields®**?,
Proximal CA3 cells are also similar to MCs in several ways”"*. Distal CA3
differs from proximal CA3 because it receives input primarily from
the upper blade*>%, has more inputs from the EC and has a higher
density of recurrent collaterals®*?'*?", and its place fields are more
likely to show pattern completion, generalization or error correction
functions than proximal CA3 and the DG®*. More generally, little is
knownregarding how CA3 operates asit combines input from the DG,
the EC and its own recurrent connections. Future studies will need to
target understanding the information that is processed across these
multiple regions.

Concluding remarks

In this Perspective article, we have harnessed insights from the mod-
elling, lesion, behavioural, physiology and imaging literature to
address critical questions central to multiple theories of DG function.
In doing so, we have identified several points of continued ambiguity
astothedistinct phases of memory that may engage DG function, the
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Box 2

Current challenges in studying and understanding DG function

Research investigating dentate gyrus (DG) function must overcome
several major challenges. It is often acknowledged that large-scale
electrophysiological recordings of neural activity in the DG are
technically challenging. The extreme sparsity of granule cell (GC)
firing in freely moving animals presents a major impediment to
studying the properties of these cells as part of the hippocampal
place cell or episodic memory network. On the basis of estimates that
only 2-10% (more likely the lower end) of GCs have a place field in a
given environment>*, on average, one must record between 10 and
50 well-isolated GCs to record the spatial firing properties of a single
one of them. The remaining 9-49 of the cells will be mostly silent in
that environment.

Additional challenges are faced when attempting to characterize
cell-type-specific activity. It is essential that researchers adopt
methods to properly characterize cells as GCs or mossy cells from
single-unit electrophysiology"". One study estimates that the large
majority of recordings purported to be of GCs in the literature were
really recordings from mossy cells™. Large-scale Ca?" imaging may
help in this regard'?%16322%228 't one must be on guard against the
possibility (especially with one-photon miniscopes implanted on
freely behaving animals) of substantial damage to the perforant path
inputs to the DG and to the distal-most part of the GC dendritic arbor
caused by the need to implant a lens close enough to the GC layer
to observe the optical signals. Furthermore, Ca? imaging has limited
temporal resolution, and it is not clear whether it can always capture
the activity of single spikes®*°.

Another area of research that has been technically challenging
to investigate and thus largely unexplored surrounds the continual

mechanisms withinthe DG thatenableit to performits many likely func-
tions and the information it relays to downstream structures. In par-
ticular, although all theories can agree that distinct spatiotemporal
patterns of activity across experiences are probable and highly useful
inthe DG, thereis minimal agreement on when and how these patterns
mightbeleveraged, which hasimplications for whatis thought tobeits
primaryrole. Although there are numerous challenges currently faced
by DG researchers (Box 2), we encourage future research to include
the following to help resolve identified areas of conflict between theo-
ries: systematic parameterization and manipulation of experiencesin
DG-dependentbehavioural paradigms, considerations of the compu-
tations performed by its intricate microcircuitry, and comparisons of
DG activity with the activity within its input and output structures.
Future behavioural paradigms will need to provide a framework
for comparing the degree of change to a sensory stimulus or envi-
ronment (inputs to the DG) with the magnitude of activity changes
across DG neuronal populations. This requires the parametrization
and systematic change of primary variables such as the geometry
of the recording arena'®®, the spatial relationships between distal
and local cue sets™>"*?® or the level of noise in visual contexts'**'°%,
The combined use of in vivo electrophysiology or imaging methods
with novel behavioural designs that systematically parameterize and

birth of new cells in DG throughout the lifetime of an organism,
called adult neurogenesis. Although there have been computational
models and experimental evidence suggesting that newborn

GCs link experiences that occur close in time and afford a distinct
population-level code for experiences that occur at distant time
points®’°, much is still unknown regarding their transient and long-
term influences on the larger DG circuit®*°. Another challenge comes
from distinguishing adult-born GCs from developmentally born GCs;
of the former, it is also critical to identify whether adult-born GCs are
immature or have reached full maturity. Currently, there are no
methods to distinguish these cell types using extracellular unit
recordings alone, yet studying the behavioural correlates of their
firing is critical for understanding the computational importance of
adult neurogenesis in the DG. Do newborn GCs have place fields,
and if so, when do they show such firing? Are they more active than
the sparsely active developmentally born GCs? If so, their effect on
downstream CA3 cells may be disproportionate to their numbers.
When adult-born GCs become mature, do they have the same
physiological properties as developmentally born GCs, or do they
maintain a distinct physiological signature that suggests a different
computational function®'? Some work has been performed on these
questions using Ca*" imaging in head-fixed animals®*>. However,
recordings from extracellular electrodes of identified adult-born
GCs are extremely difficult, given that they are a small percentage

of the total GC population, recordings must be performed within
specific maturation windows, and their maturation is regulated by
experience®?*,

manipulate aspects of natural experience will provide aclearer under-
standing of the range of circumstances that critically engage the DG,
while also allowing quantification of its physiological responses given
systematic change.

The most impactful research moving forward will probably be
interdisciplinary, leveraging findings and tools across methodological
approachestotackle the central questions and bridge findings across
communities. Many of these approaches have worked synergistically in
the past, withexamples of physiological recording studies designed to
explicitly test specific modelling predictions®®. Research that combines
multiple techniques can also in some cases overcome the shortcom-
ings of a single method of investigation and place researchersin a
pivotal positionto address discrepancies across different approaches.
The pursuit of interdisciplinary approaches, but more importantly
anincreased dialogue between researchers across modalities, will
hopefully expedite amore holistic understanding of DG function. The
combined efforts will markedly improve knowledge of when the DG
has the largest influence on learning and memory systems, how the
DG performsits proposed functions and what information DG conveys
todownstream structures.
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