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Abstract

The dentate gyrus (DG) has a key role in hippocampal memory formation. Intriguingly, DG 

lesions impair many, but not all hippocampus-dependent mnemonic functions, indicating that the 

rest of the hippocampus (CA1-CA3) can operate autonomously under certain conditions. An 

extensive body of theoretical work has proposed how the architectural elements and various cell 

types of the DG may underlie its function in cognition. Recent studies recorded and manipulated 

the activity of different neuron types in the DG during memory tasks and opened exciting new 

insights in the mechanisms of DG computational processes, particularly for encoding, retrieval and 

discrimination of similar memories. Here, we review these DG-dependent mnemonic functions in 

light of the new findings and explore mechanistic links between cellular and network properties 

and the computations performed by the DG.

Introduction

Memories about ourselves and our interactions with the environment are fundamental to our 

life. Conscious or ‘declarative’ memories come in two flavors1: semantic memories 

comprise factual knowledge about the world (for example, that Brooklyn is a borough of 

New York), whereas episodic memories depict unique experiences (for example, your first 

train ride to Brooklyn). Episodic memories associate items and events with the spatial and 

temporal context in which they were experienced2. Memories must first be encoded2 as a 

permanent trace or ‘engram’, maintained and ‘consolidated’ over time 3,4 and finally 

recalled to become accessible to other cognitive processes.

The hippocampus, located in the brain’s temporal lobes (FIG. 1a,b), is crucial for declarative 

memory functions. Patients with hippocampal lesions generally retain normal intelligence2,5 
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but show severe memory deficits, particularly in the episodic6 and spatial domain7. They 

become virtually unable to encode such memories5 and their recollections of past events or 

spatial sceneries are schematic and lack contextual details6–8. Hippocampal neuron activity 

in humans and animals represents distinct memory elements, such as individuals9,10, 

places11,12 and associations between them12,13. The hippocampus is critical for associating 

individual items or events with their ‘context’, which comprises the background settings of 

an experience, such as a spatial environment or task-related rules14–16. Most studies 

discussed in this review focus on memories whose elements are organized in space. 

However, we assume that the neuronal mechanisms underlying such spatial memories 

generally apply to conscious memories organized in other, non-spatial, e.g. social- or 

conceptual domains16–18.

The hippocampus is divided into the CA1, CA3, DG and CA2 subfields. The former three 

are interlinked by strong forward-connections forming the canonical ‘trisynaptic loop’ (FIG. 

1c). The DG is among the few brain areas showing adult neurogenesis in most19, but not all 

mammalian species20, though its extent in adult humans is still debated19,21. Several 

mnemonic functions have been proposed for the DG22–26, including pattern 

separation24,27–29, pattern completion30, novelty detection31, binding of information to 

spatial contexts32 and working memory26. Optogenetic activation of memory-specific 

neuronal ensembles or ‘engrams’ in the DG can produce artificial memory recall in mice33 

and fabricate mnemonic associations between separately encountered events34. The DG 

contains a diverse population of unique cell types (FIG. 1d; Table 1), which has been 

reviewed elsewhere35,36.

Recent studies used advanced electro- and optophysiological techniques to record for the 

first time activities of identified DG neuron classes37–43 and their synaptic connections44,45 

in rodents during memory-based behaviors. Contrary to simple ideas about DG-mediated 

pattern separation, these studies mostly found no complete ‘global’ remapping of DG 

granule cells (GCs) but rather gradual activity changes between similar environments42,43. 

Furthermore, recent data on DG activity during memory-based discrimination and 

planning26,46 and GC-mediated recruitment of feed-forward inhibition in CA345,47 suggest 

that the DG enhances precision during memory-recall. In this review, we propose that the 

DG may support multiple mnemonic functions, including contextual discrimination, binding 

of objects and events to spatial layouts and integrating individual episodes into a framework 

of prior experiences. We consolidate new knowledge about the functional characteristics of 

different DG neuron types and their synaptic inputs and outputs to form hypotheses on the 

neuronal mechanisms that may support such functions during memory encoding, 

consolidation and recall.

1 Major cell types and their functions

1.1 Mature granule cells

Granule cells (GCs) are the DG’s principal neurons, with unique anatomical-, biophysical48 

and cellular features, such as the dependence of their survival on circulating corticosteroid 

hormones49. GCs receive excitatory synaptic inputs from the medial and the lateral 

entorhinal cortex (MEC, LEC, respectively)50 via the perforant-path (PP; FIG. 1d). Mossy-
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cells (MCs) in the hilus, the region between the granule cell layer and CA3, form the 

associational-/commissural (A/C) pathway to contact GCs and hilar interneurons51,52. 

Furthermore, projections from CA3 pyramidal cells to GCs have been observed infrequently, 

mostly in the ventral DG53–55. GCs send a single mossy-fiber (MF) axon to CA3 targeting 

10-15 pyramidal cells with 'giant' MF-synapses. They further contact a similar number of 

MCs via hilar axon collaterals and ~100-150 GABAergic interneurons in the hilus and 

CA356 (FIG. 1d).

MF-synapses onto CA3 pyramidal cells show low initial transmission probability, but 

tremendous facilitation upon high-frequency activity57. In contrast, markedly smaller MF-

synapses targeting GABAergic interneurons show high initial release probability58,59 with 

little or no frequency-dependent facilitation. Therefore, presynaptic burst discharges >10 

Hz60–62 reliably recruit CA3 pyramidal cells60, whereas low-frequency presynaptic firing at 

<1 Hz mostly recruits interneurons, which in turn inhibit the CA3 network59–61. 

Intriguingly, a recent study63 found opposite activation patterns after optogenetic stimulation 

of 3-5% of DG-GCs. However, disynaptic effects may have played a role in this observation. 

Low-frequency MF-stimulation in vitro reduces CA3 pyramidal cell recruitment by 

simultaneous PP-stimulation64, whereas GC ablation with the neurotoxin colchicine 

increases CA3 pyramidal cell discharges during spatial exploration26,65. Thus, particularly 

low-frequency GC activity may exert a net-inhibitory effect on CA3 by recruiting feed-

forward interneurons.

Several earlier studies recorded DG neuron activity with extracellular electrodes28,66,67. 

However, only recently were reliable criteria defined to distinguish GC from MC discharges 

(FIG. 2a,d)37–43,68,69. GC activity is exceptionally sparse37,40–43 and less than 5% of a 

rodent’s GCs are active when it explores a given environment43,70. These cells usually 

discharge when the animal is in a singular location, called their place field (FIG. 2a,b). Many 

GC place fields show moderate activity changes, or ‘remapping’, between similar virtual 

environments or chambers in the same room (FIG. 2e)38,42,43. However, another subset of 

GCs becomes active when animals are transferred to a different chamber located in a 

different room41. Thus, the degree of remapping in GCs varies from moderate, gradual 

changes in firing rates to pronounced, ‘global’ remapping (see Box 2) depending on the 

experimental conditions. In partial contrast, GC ensembles characterized by expression of 

the immediate-early genes (IEGs) Fos or Arc show little overlap when animals are 

sequentially introduced to two similar enclosures in the same room71 or two different 

rooms70,71. These findings could be reconciled by the observation that Fos expression in 

GCs is not quantitatively correlated with their firing, but rather with NMDA receptor 

(NMDAR) activation72 and may therefore indicate recent induction of synaptic plasticity at 

PP-GC inputs73. The same may apply for Arc expression74. These data suggest that IEG-

expression may be more distinctive between two spatial contexts than action potentials. 

Activity properties observed using calcium imaging38,39,43,68 and single unit recordings of 

identified GCs41,42 show overall very similar results. However, some types of rapid 

synchronous co-activation of GCs46 and very sparse single action potentials26 may be 

missed by imaging techniques.
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A recent study observed that the field location of most place-field bearing DG GCs is stable 

over multiple days in a virtual-environment discrimination task, while many pyramidal cells 

in CA1 and CA3 changed their place field locations considerably (FIG. 2f)43. In novel 

environments, a small majority of GCs is less active and their overall spatial tuning is 

reduced43,75. Furthermore, GCs are more prone to develop new place fields in novel 

environments76, presumably by NMDAR-dependent strengthening of their PP-input 

synapses73,77,78. Thus, novelty-enhanced plasticity at PP-synapses may support the 

emergence of long-term stable GC place fields43.

1.2 Adult-born granule cells

Although most GCs are born prenatally, they are continuously generated throughout 

adulthood in many mammalian species20. Adult-born GCs show enhanced intrinsic 

excitability, stronger responsiveness to external inputs79 and enhanced synaptic 

plasticity80,81 compared with mature GCs. Some mnemonic functions, such as the 

discrimination of similar memories, are impaired by ablation of 4-6 week-old but not mature 

(>8 weeks) GCs in mice82–84.

Between 4-6 weeks, newborn mouse GCs show a distinctive connectivity pattern. Early in 

development, newborn GCs are contacted by MCs and GABAergic interneurons, which 

promote their survival and functional maturation85,86. After ~3 weeks, they receive inputs 

from the LEC and transiently from mature GCs and CA3 pyramidal cells54. MEC inputs are 

formed around the same time50,87, but remain substantially weaker than LEC inputs over 

several months50,54,88. After ~2 weeks, newborn GCs form synapses onto CA3 pyramidal 

cells and hilar MCs81,83, which have mature characteristics at ~4 weeks. At this age, MF-

boutons show elevated densities of filopodial extensions, which recruit feed-forward 

inhibition onto CA3 pyramidal cells89. In contrast, embedding of newborn GCs into 

feedback-inhibitory circuits within the DG is delayed79,90,91. This creates a unique time 

window of enhanced excitability, plasticity and primarily feed-forward connectivity for 3-6 

weeks old GCs. These cells show elevated activity levels, but less spatial tuning than their 

mature counterparts38. In vivo population imaging revealed that spatial activity patterns of 

young GCs discriminate only moderately between similar environments38. Thus, a 

combination of distinct structural and functional properties, such as enhanced excitability 

and elevated recruitment of feed-forward inhibition, may support a specialized role of young 

adult-born GCs. However, mature GCs can develop similar properties after behaviorally 

induced, plastic changes of their excitability92 and could thus carry out some adult-born GC 

functions, for instance in mammals lacking hippocampal neurogenesis20.

1.3 Mossy cells

MCs are glutamatergic interneurons in the hilus52. Their dendrites spread in the hilus, but 

occasionally extend into the molecular layer93,94. They receive monosynaptic inputs from 

GCs95, other MCs, CA3 pyramidal cells51,55, hilar interneurons55, the medial septum and 

potentially from the entorhinal cortex55,93. MCs form excitatory synapses onto interneurons 

and GCs in the ipsi- and contralateral DG52. Although MC axon collaterals have been 

observed in CA394, synaptic connections onto CA3 pyramidal cells or interneurons have so 

far not been described. Individual MCs show multiple place fields in experimental arenas 
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(FIG. 2c), which display marked changes in firing rate and location upon modest 

environmental changes39,42, such as the introduction of novel objects96.

1.4 GABAergic inhibitory Interneurons

The DG houses several GABAergic inhibitory interneuron types35,97–99. The best 

investigated ones are parvalbumin-expressing interneurons (PVIs) comprising fast-spiking 

axo-axonic and basket-cells35. They inhibit the axon-initial segment of GCs and the 

perisomatic domain of GCs and interneurons, respectively100, and synchronize network 

activities during dentate spikes, theta- (4-10 Hz) and gamma-frequency (30-150 Hz) 

oscillations and sharp-wave ripples (SWRs)37,97,101.

The second major type are dendrite-targeting inhibitory cells comprising a variety of 

subtypes. The most prominent ones are somatostatin-expressing interneurons (SOMIs), 

which inhibit distal dendrites of GCs and other interneuron types near their PP-input 

synapses35,102. Other types of DG-SOMIs send long-range axonal projections, e.g. to the 

medial septum, subiculum, CA1, CA3 and the contralateral hippocampus103,104, which 

provide an additional output route to the MF pathway and may support information 

processing in neighboring hippocampal areas. Optogenetic inhibition of PVIs but not SOMIs 

in vitro profoundly increases GC firing-responses to PP-stimulation105. In contrast, 

optogenetic inhibition of SOMIs, but not PVIs strongly inhibits Fos expression in GCs in 

vivo106, indicating a potential role for SOMIs in controlling synaptic plasticity.

2 Synaptic inputs to the DG

2.1 Entorhinal inputs

The entorhinal cortex provides the major cortical input to the hippocampus. The MEC 

contains several spatially modulated cell types, such as border-, head-direction-, object-

vector- and grid-cells107–109. The latter show regular, hexagonal spatial activity patterns and 

may provide a metric organization to the neuronal representation of space (‘where’)107,108, 

but also non-spatial variables such as sound110 or time-intervals111. Hippocampal neurons 

can nevertheless retain context-specific spatial firing in the absence of MEC-input112–114, 

indicating that spatial maps can be constructed from diverse input streams. However, MEC 

inhibition reduces long-term stability of CA1 place-fields114,115, consistent with the high 

temporal stability of spatial representations in the MEC116. MEC inputs might promote the 

high place-field stability recently reported for GCs43. Visual cue-dependent MEC-input to 

the DG increases over the course of spatial memory tasks44 and could thus promote 

increasing activation and spatial tuning of GCs during learning43.

LEC neurons preferentially represent non-spatial information117, such as objects (‘what’)118 

and object-related spatial features such as egocentric bearing towards an object or previous 

object locations119,120. Furthermore, LEC neurons have an intrinsic code for time on scales 

of minutes to hours121, which is distinct from time representations in the MEC on the 

second-scale111. Such time-varying LEC input may give rise to the apparent instability of 

place fields observed in several hippocampal areas43,122,123.
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2.2 Intrahippocampal DG inputs

Selective feedback-connections from MCs51,55,124 and few CA3 pyramidal cells51,53–55,125 

project in the inner molecular layer and contact GCs. They can directly excite GCs126–128 

but predominantly recruit di-synaptic inhibition51,124,129. While this inhibitory action has 

been proposed to suppress recently active GCs for enhanced network sparsity130, excitatory 

recruitment of GCs by the A/C-pathway may support their synchronization with bursting of 

CA3 pyramidal cells during SWRs131.

2.3 Subcortical inputs

While cortical and intra-hippocampal inputs convey information about discrete memory 

contents, subcortical inputs modulate how the DG processes this information depending on 

‘global’ behavioral states, such as locomotion, arousal or sleep. Cholinergic input from the 

medial septum is high during spatial learning, but low during awake inactivity and slow-

wave sleep132,133. Blocking acetylcholine receptors during encoding or raising acetylcholine 

levels during consolidation impairs spatial memory134, particularly when interfering 

memories require separation133. A high cholinergic tone during exploration132,133 may 

increase sparsity of GC firing by suppressing their recruitment through PP-inputs through 

cholinergic activation of hilar astrocytes which in turn release glutamate and thereby activate 

GABAergic interneurons133,135–137. However, acetylcholine promotes long-lasting 

potentiation of PP-synapses136 to prime the future recruitment of targeted GCs. Conversely, 

a physiological drop of cholinergic tone during non-REM sleep133 may increase GC 

activity42, presumably via disinhibition137.

Hippocampal dopaminergic inputs from the ventral tegmental area and the locus 

coeruleus138 facilitate memory acquisition and consolidation138,139, but are not required for 

rapid acquisition of episode-like memories138. However, locus coeruleus input enhances GC 

responses to PP-stimulation and promotes LTP at PP-GC synapses140. Thus, dopamine could 

support the slow, incremental formation of GC place fields that was observed in a 

longitudinal calcium-imaging study43.

3 Mnemonic operations in the DG

3.1 General considerations

For a long time it was thought that information flows unidirectionally through the 

hippocampus along the trisynaptic loop. However, theoretical27 and experimental 

data65,141–144 have later changed this view. First, individual CA3 pyramidal cells receive 

inputs from thousands of entorhinal- and CA3 pyramidal cells, but from only ~50 GCs145 

and many of these GCs are silent during exploratory behavior43,70. Although unitary MF-

synapses are stronger than PP- or recurrent-collateral inputs, only GC burst activity 

efficiently recruits CA3 pyramidal cells, while low-frequency firing primarily activates feed-

forward inhibition59–61. Thus, GC-input as the source of CA3 place cell firing has been 

questioned on theoretical grounds146. Second, CA3 pyramidal cells retain moderately 

distorted place fields after experimental ablation of GCs26,65. Conversely, a recent study 

found that presynaptic GC activity poorly predicts place fields of postsynaptic MCs42. Thus, 

the recruitment of CA3 place-cells with established place fields may dominantly derive from 
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PP- and recurrent CA3, rather than MF-inputs. However, MF-input could play a role in 

establishing novel place fields (see chapter 3.2). Finally, CA3 pyramidal cells respond to PP-

stimulation in vivo prior to GCs141,142, indicating that MF-inputs may support, but not 

initiate CA3 pyramidal cell discharges. Thus, rather than acting as a trisynaptic chain, the 

hippocampus may be arranged as a set of parallel loops, with each loop being formed by a 

hippocampal subfield receiving direct PP-synapses and inputs from upstream hippocampal 

areas (FIG. 1c)65,141–143. Hence, there are several instances, where correct memory storage 

and retrieval can be achieved based on the PP-CA1 or PP-CA3-CA1 loop alone 143,147.

3.2 Memory encoding and consolidation

Encoding—A leading hypothesis about GCs is that they recruit unique CA3 pyramidal cell 

ensembles during memory encoding, which then become associated with the entorhinal 

input pattern representing the new information27. Once synaptic plasticity has permanently 

strengthened the intrinsic and extrinsic connections of these ensembles64,142,148, PP-inputs 

may reactivate them to promote recall of the associated memory without the need for MF-

inputs149. Indeed, lesion studies suggest a functional dissociation between the PP-CA3 and 

the PP-DG-CA3 path. MF-afferents appear to be required for memory acquisition, but not 

retrieval, while PP-afferents appear to initiate memory retrieval from CA3 without the 

necessity of MF-input150. Acute experimental DG-inactivation impairs memory encoding, 

but not recall in most studies151–153, although two papers154,155 that specifically inhibited 

IEG-expressing GCs during recall found a moderate reduction in contextual fear memory 

retrieval (see also chapter 3.3). Notably, GC ensembles are re-activated during retrieval of 

recent, but not remote memories156. Thus, GC activity may be required during initial 

encoding and early, intra-hippocampal consolidation of a memory but dispensable for its 

recall.

MFs can induce heterosynaptic plasticity at PP- and recurrent-inputs onto CA3 pyramidal 

cells64,157–159 and may thereby promote later reactivation of CA3 cells by these inputs in the 

absence of MF-signaling. Several forms of hippocampus-dependent learning, for example by 

single-trial experience, require NMDARs in CA3 pyramidal cells160,161. Plasticity of 

recurrent CA3- and PP-64,162, but not MF-synapses159 requires NMDARs. This supports the 

hypothesis that memories in CA3 are ultimately stored at PP- and recurrent connections. 

Strong MF-synapses at proximal pyramidal-cell dendrites can elicit large dendritic 

depolarizations. Such active dendritic events can support the instantaneous reorganization of 

pyramidal-cell place fields in CA177,78 and CA3163. Thus, MF-mediated signaling may 

promote heterosynaptic plasticity at PP- and recurrent inputs via active dendritic events to 

enable associative encoding of information between CA3 and its PP-inputs (FIG. 

3a)64,157–159,164. However, MF input may not be irreplaceable in this process, as plasticity 

of PP- and recurrent inputs to CA3 cells can also emerge in the absence of MF input159. This 

could explain why under certain conditions, e.g. during contextual fear conditioning (CFC), 

memories can be acquired in the absence of functional GC-output15,30,144.

Consolidation—Synapses between GCs and CA3 pyramidal cells encoding the same 

spatial context are durably strengthened starting minutes to hours after CFC47,148,165,166 and 

PP-inputs to GCs encoding a spatial context are transiently strengthened for ~1 week167. 
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However, established CFC memories can be retrieved in the absence of GC-output30,144,168. 

MF-inputs to CA3 may hence be required for early memory consolidation. Furthermore, 

disruption of GC-output impairs the maturation of memory engrams in the prefrontal cortex 

during late- or ‘systems’ consolidation167. SWRs occur during consolidation and are 

required for hippocampal working-and reference memory169,170. GCs promote SWRs in 

CA3 during spatial working memory in an 8-arm radial maze and boost activation of CA3 

ensembles, which prospectively encode the animal’s planned trajectories26 (see also Box 1). 

Moreover, optogenetic silencing of a subset of GCs that have been artificially incorporated 

into a spatial-context representation 5 minutes after CFC memory acquisition disrupts 

memory recall 24 hours later155. Taken together, transient increase of PP-input to, and MF-

output from GCs, plays a key role in memory maintenance during memory consolidation. 

During initial learning, rapid plasticity at MF-CA3 pyramidal-cell synapses may act as a 

‘seed’ to promote the establishment of stable CA3 assemblies, potentially even between 

learning trials, through the re-activation of these ensembles during SWRs26,164. Once CA3 

ensembles are stabilized, recall may become independent from MF-inputs.

3.3 Pattern separation and pattern completion

DG function is characterized by the expansion of relatively few entorhinal cortex neurons 

onto many more GCs23,145 and by its competitive network dynamics99,171, in which active 

GC ensembles may suppress the activation of competing ensembles by recruiting disynaptic 

inhibition. It is assumed that these factors help to separate overlapping PP-input patterns and 

promote representations of similar memories by distinct GC assemblies to provide unique 

input patterns to CA3 during memory encoding23,27,172. Conversely, CA3 is assumed to 

retrieve previously stored activation patterns from inputs representing parts (cues) of the 

initially stored experience via its numerous internal recurrent connections and their 

associated attractor dynamics22,23,27,173. This process may underlie memory retrieval. These 

computational functions, termed ‘pattern separation’ and ‘pattern completion’, respectively, 

together with experiments that explicitly probe pattern separation in the DG by comparing 

its input- and output patterns, are discussed in Box 2.

However, the attractor dynamics that promote CA3 pattern completion by retrieving 

identical activity patterns in response to similar inputs could also cause CA3 to rapidly fall 

into a different activity state or attractor, if synaptic input activity patterns are sufficiently 

different from each other173. This network behavior has been observed in response to rapid 

changes of cues defining spatial contexts174. As CA3 is the only known target area of the 

DG175, any pattern separation process in the DG that produces differential behavior 

ultimately has to promote distinctive neuronal representations in CA3. Below, we outline 

potential mechanisms for pattern separation in the DG and how they might support the 

discrimination of similar memories in two DG-dependent learning paradigms.

Contextual discrimination learning—The most common behavior to probe 

hippocampal pattern separation is discriminative CFC, where an animal has an aversive 

experience (e.g. a foot-shock) in one context, but never in a slightly different, ‘safe’ context 

(FIG. 4a). ‘Contexts’ are usually defined by the arrangement of visual cues and 

environmental boundaries, which is slightly different between the fear- and safe context. 
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Upon learning this task, animals show fear (‘freezing’) in the conditioned, but not in the safe 

context if they can discriminate them. The task is hippocampus-dependent176 and potentially 

requires separation of entorhinal input patterns encoding the similar contexts. Activity-

patterns of MEC neurons and PP-axons for similar spatial contexts appear to be highly 

overlapping28,144, while more distinct contexts are differentially encoded already by the 

MEC144,177,178. Discriminatory CFC-learning has two challenges. First, animals must 

acquire a fear memory for the conditioned context. Second, the animals should not 

generalize fear to the safe context but instead form a sufficiently unrelated representation of 

the latter.

Several studies found that contextual fear per se can be acquired without DG input to 

CA315,30,144. Layer II cells in the MEC represent spatial contexts and their output can evoke 

spatial-context representations in CA3144. Contextual fear can be acquired and retrieved by 

mice with genetically ablated PP-GC-15 or MF-plasticity47,179 and after complete blockade 

of MF-transmission with tetanus-toxin30. However, increasing the size of the context-

activated GC ensemble by experimental suppression of feedback inhibition enhances, 

whereas decreasing GC-ensemble size reduces the degree of freezing during memory recall, 

indicating that GC activity supports CFC encoding106. Studies in which different subsets of 

the GC population were acutely inhibited during contextual fear acquisition38,144,152,168 or 

retrieval83,152,154,155 had conflicting results. Some revealed memory impairments38,152,168, 

while others did not144. For example, optogenetic inhibition of GCs expressing IEGs during 

context-encoding154,155 or inhibition of 4-week old young GCs83, while leaving the 

remaining DG-output intact, impairs context-dependent memory expression. Moreover, 

contextual fear acquisition can be impaired by pharmacogenetically activating a random 

(false) GC ensemble, which may di-synaptically suppress the genuinely context-activated 

GCs via lateral feedback inhibition106 and could thereby impose an unrelated representation 

onto CA3. Unfortunately, none of the aforementioned studies simultaneously recorded 

neuronal firing activity during memory-affecting opto-/pharmacogenetic manipulations, 

which could reveal such indirect, network-mediated effects. The results above suggest that 

fear memories can in principle be acquired and retrieved based on the PP-CA3 loop 

alone30,46,144, but an erroneous output from the DG could be worse than none at all and may 

disrupt the residual function of the PP-CA3 loop168. Interestingly, in all mentioned 

studies15,30,38,47,144,168,179, mice excessively generalized fear towards a different, non-

conditioned context, suggesting that DG-output is necessary for context discrimination and 

promotes separation of context-encoding CA3 ensembles rather than establishing the 

context-fear association memory per se.

What are the cellular substrates of contextual discrimination? Impaired discrimination is 

accompanied by stronger overlap of CA3 pyramidal cell ensemble activity15,47,180 but not of 

Fos-expressing GC-ensembles47. In contrast, one study investigating differences between 

young and aged rats found that improved discrimination was accompanied by higher GC 

ensemble-overlap181. Furthermore, NMDAR-ablation in CA3 pyramidal cells, which 

disrupts plasticity at PP- and recurrent-, but not at MF-synapses, impairs rapid 

discrimination of similar contexts182. Thus, CA3 ensemble composition may be the relevant 

arbiter of subjective context memory discrimination173. Similarly, artificially enhancing the 

overlap of active CA1 ensembles increases contextual fear generalization183. Thus, context 
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discrimination may critically depend on independent, attractor-like contextual 

representations in CA3.

How could the DG promote establishment and stabilization of such discriminative CA3 

representations? Traditionally, context-specific, sparse GC populations have been proposed 

to recruit independent CA3 ensembles27. Intriguingly, however, the activity patterns of MCs 

and CA3 cells are often more distinct between similar environment than those of 

GCs38,42,43. Moreover, a recent study found no correlation between spatial remapping of DG 

cells and performance in a DG-dependent memory-discrimination task46. Thus, a substantial 

fraction of active mature GCs might encode common features of spatial contexts, and their 

activity would be more suitable to promote context generalization (FIG. 2e). It is therefore 

unsurprising that completely blocking mature GC-output improves contextual 

discrimination30.

Despite the observations summarized before, brief re-exposure to an originally fear-

conditioned context transiently increases excitability in a limited GC-ensemble that 

expressed IEGs during initial learning and this increase in excitability improves behavioral 

context-discrimination92. Thus, a small subset of IEG-expressing GCs may support 

contextual discrimination, potentially enabled through IEG-mediated structural- and 

functional plasticity45,92. Adult-born GCs (4-6 week old) appear to support context 

discrimination, too30,83,154. Genetic or chemical ablation of neurogenesis180,184 or inhibition 

of young GC-output30,38 has a disruptive effect on context discrimination similar to 

complete DG lesions. Conversely, discrimination is improved by genetic inhibition of 

apoptosis in newborn GCs to increase their survival185. Thus, highly excitable young 

GCs38,79,80 and recently active mature GCs92 may be important for the DG context-

discrimination mechanism, whereas a separate population of context invariant mature GCs 

seem to support context generalization30,42,43.

MF-synapses onto CA3 interneurons are rapidly strengthened after GC burst firing186 and 

show structural plasticity within hours after CFC, which is correlated with discrimination 

performance47. Moreover, genetically enhancing the stability of MF-to-CA3 interneuron 

synapses improves contextual discrimination and prolongs CFC memory retention45. 

Notably, 4-6 week-old GCs89 and GCs expressing IEGs during memory encoding45 make 

disproportionally more filopodial synapses onto CA3 interneurons45. Their recruitment of 

feed-forward inhibition47,59,60 may subsequently help to exclude pyramidal cells 

representing the initial context from encoding representations of similar contexts144 or 

suppress competing contextual representations during retrieval (FIG. 4b)168. Supporting this 

idea, disruption of MF-plasticity selectively onto GABAergic interneurons by knocking out 

adducin 2 increases CA3 ensemble-overlap during memory retrieval (FIG. 4c) and impairs 

contextual discrimination memory47.

Interestingly, spatial activity of MCs remaps strongly between similar contexts39,42,96 and is 

reminiscent of extracellular recordings which originally suggested context-discrimination 

via DG neurons28. ‘Backprojections’ from CA3 pyramidal cells51,130 to MCs could 

potentially support such context-selective activity. MC ablation causes a transient context-

discrimination deficit, which recovers after 5-6 weeks187. Thus, MCs support, but are not 
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mandatory for context discrimination memory. How could context selective MC activity be 

relayed to CA3? MC activity could be propagated di-synaptically via GCs, but the latter 

show on average less context-selective activity than MCs39. It is possible, however, that a 

specific subset of GCs with strong context-dependent remapping conveys contextual 

information from MCs to CA3. MC axons also directly extend to CA394, but monosynaptic 

MC-CA3 connections have so far not been described52,188. Alternatively, hippocampal 

interneurons might relay MC activity. They encode contextual variables, such as running, 

immobility189, or sensory cues190. Hilar interneurons receive MC input52,128 and project to 

hippocampal subfields outside the DG, including CA3103. Similar to the effect originally 

proposed for MF-mediated excitation27, putative context-specific inhibition from DG 

interneurons may suppress different parts of the CA3 pyramidal cell population and ensure 

that independent ensembles represent distinct contexts.

It has been proposed that DG-mediated pattern separation supports differential memory 

encoding27,191. However, discriminative CFC recall also requires DG activation168 and long-

term plasticity at MF-synapses onto CA3 interneurons45,47. Furthermore, transient 

enhancement of GC excitability by re-exposure to a spatial context improves subsequent 

behavioral context discrimination92. These facts strongly suggest that DG output is 

necessary for context-discrimination during both, memory encoding and recall.

Location discrimination learning—In addition to discriminating between different 

spatial contexts, the DG is also required to discriminate adjacent locations within the same 

spatial context24, for example to memorize one rewarded arm in several adjacent ones of an 

8-arm maze192 or locations of closely spaced objects24. These operations may require 

neuronal pattern separation processes, too, as animals must memorize and distinguish exact 

locations within an environment. However, unlike contextual discrimination, which involves 

discrete attractor-like remapping174, this type of pattern separation likely needs to be 

performed on a continuum of neuronal activity-patterns encoding adjacent locations. 

Intriguingly, both types of memory tasks are DG-dependent24,31,193 and their mechanisms 

share many common elements. Similar to contextual discrimination, structural MF-plasticity 

onto CA3 interneurons supports precise platform-location memory in the Morris water 

maze47. Furthermore, adult-born GCs are required for object-location memory192. Notably, 

their activity produces ipsi- and contralateral effects, indicating that their output may be 

relayed through an enhanced recruitment of CA3 pyramidal cells or contralaterally 

projecting MCs84. Notably, encoding, but not retrieval, of precise object locations is 

impaired by optogenetic MC inhibition188.

Formation and discrimination of precise location-bound memories requires binding of non-

spatial information, such as objects, visual cues or a hidden platform to a spatial map-like 

representation, which appears to be another cognitive functions supported by the DG32. To 

form associations between objects or events and their location, mature GCs may provide 

unique representations for individual locations of the spatial map by their singular sparse 

place-fields41,42 to recruit distinct CA3 ensembles at each location and facilitate the binding 

of objects or events to these ensembles32. A subgroup of GCs that has similar place fields in 

different contexts39,42,43 may form a ‘reference map’ of an environment and recruit CA3 
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cells to become parts of common assemblies representing identical locations over multiple 

experiences to support e.g. precise object-location memory43,149.

3.4 Memory retrieval

In contrast to memory encoding, the DG's role in memory retrieval is more controversial. 

Re-activation of GCs by re-exposure to a previously explored environment declines heavily 

over days after memory acquisition156,167 due to downscaling of synaptic inputs and cellular 

excitability4,92,167. However, artificial re-activation of context-encoding GC ensembles can 

trigger memory retrieval33 even after several weeks when the DG is not required for natural 

memory recall167,194. Furthermore, restoring GC recruitment by inducing artificial PP-LTP 

can rescue memory deficits in models of early stage Alzheimer disease195 and optogenetic 

reactivation of GC engrams can trigger recall of memories, which have become inaccessible 

to natural recall due to pharmacologically induced amnesia166, dementia195 or infantile 

amnesia194. The DG may furthermore support memory-recall for behavior-planning: A 

specific synchronous activation pattern of DG units that had place fields during encoding 

predicts successful avoidance during retrieval in a flexible spatial location-learning 

paradigm46. A recent study further indicates, that sparse, non place field bound activity of 

unidentified DG units promotes the recruitment of future-trajectory encoding CA3 cells26, 

indicating that distinct DG activity patterns may support retrieval specifically during 

memory-based behavior planning.

GC activity is often sufficient, but may not always be necessary to induce memory recall. By 

default, memory recall may be initiated by PP-inputs to CA3 without the necessity of MF-

input150,151,168. However, GC-output could provide a further partially redundant memory 

representation, particularly early after learning43,156, that promotes specificity of the CA3 

representation47. When limited cues are available to retrieve a spatial memory, inhibition of 

mature GC-output impairs recall30. Similarly, mature GC-output is required to recognize a 

familiar context rapidly within 10 seconds of exposure30. Thus, GC input to CA3 during 

recall may be necessary under conditions where a faithful memory representation for an 

environment cannot be established in the entorhinal cortex alone due to lack of cues144 or 

insufficient exploration time107.

3.5 Modification of pre-existing memories

As outlined above, GCs store long-term stable mnemonic representations of spatial 

environments43,167 which get rapidly disconnected from experience-driven re-activation due 

to a degradation of PP-inputs92,156,167, thus falling into a ‘stand-by’ mode. However, brief 

re-exposure to the original environment can restore their intrinsic and synaptic excitability 

during subsequent exposures to the same environment92. What role could such ‘stand-by’ 

representations play? Notably, optogenetic DG inactivation impairs the ability to learn 

changed contingencies in a previously encountered environment46,152,168. For example, 

when mice must avoid an invisible ‘shock-zone’ in a circular arena, optogenetic inhibition of 

GCs does not impair initial learning of the shock-zone location, but when the zone is 

relocated, mice are impaired in learning the changed location152. Ablation of neurogenesis 

produces the same learning deficit, and increases the size of Arc-expressing GC ensembles 

after the relocation but not after the initial learning condition196. Thus, neurogenesis may 

Hainmueller and Bartos Page 12

Nat Rev Neurosci. Author manuscript; available in PMC 2020 September 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



help to restrict the recall-activated GC ensemble to those neurons active during the initial 

experience197. Furthermore, optogenetic inhibition of DG-output168 or genetic ablation of 

MF-plasticity179 impairs contextual fear extinction induced by re-exposure of mice to the 

previously fear-associated context, presumably because the novel experience of safety is not 

associated with the original context representation.

Taken together, GCs may support the integration of distinct, potentially interfering 

experiences into the same general framework or environmental representation32. This 

integrative function of the DG may further support the binding of episode-like 

representations in downstream hippocampal areas19,43,122,198,199 to a common reference. 

GCs which encode the same location over multiple spatial contexts or temporal 

instances38,39,42,43 in a ‘semantic-like’ manner could promote synaptic plasticity in CA3 

cells that were part of the ensemble encoding the previous episode, to efficiently incorporate 

them into a new ensemble encoding the most recent encounter of the same environment. 

Such a mechanism could induce interference between conflicting memory representations in 

CA3 and allow a more recent experience to efficiently suppress the re-instantiation of an 

‘outdated’, related memory (for example, the parking spot today versus the parking spot 

yesterday).

A new, distinct CA3 ensemble for the most recent experience could also be established by 

suppressing the previously active CA3 ensemble via MF-recruited feed-forward inhibition47. 

In this alternative scenario, the DG pattern-separation mechanism that likely supports 

spatial-context discrimination might also support the discrimination of separate temporal 

instances. Pattern separation would be required to generate independent CA3 ensembles 

based on completely overlapping MEC inputs representing the same environment116 (the 

parking lot) and temporally varying LEC inputs121 (the most recent parking position).

4 Conclusions and Perspectives

Above, we summarize recent advances in understanding mnemonic functions supported by 

the DG and their neuronal implementation26,43,46,92. Theoretical27 and experimental150,151 

studies proposed a role for the DG in memory encoding. However, recent data indicate that 

GC-output is also required for short-term memory retention and consolidation26,155 and for 

specificity during memory retrieval26,46,47. The precise effects of DG output during memory 

consolidation, however, are still largely unexplored. Memory recall can often be initiated 

without GC-output30,168, but GCs can enhance its precision30,47,92,168. The DG may thus 

modify computational processes in the PP-CA3-CA1 loop (FIG. 1c) instead of merely 

driving CA3 activity. Future experiments will have to determine how GCs exert such 

modifying effects and whether they can permanently alter information processing in CA3, 

for example through heterosynaptic plasticity64,158. DG output appears to be important for a 

variety of cognitive functions, including discrimination of similar contexts15,24,30,193, 

binding of objects or events to locations32 and integration of new experiences (chapter 3.5).

A tentative circuit mechanism for the discrimination of memory contents, such as similar 

spatial contexts or individual episodes in the same environment, involves highly excitable 

4-6 week-old-30,38,82,83,180,184,185 and recently Fos expressing GCs92. MFs from these types 
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of GCs preferentially contact feed-forward inhibitory CA3 interneurons45,89, and plasticity 

at these synapses is critical for discriminative contextual learning45,47. MF-recruited feed-

forward inhibition may suppress activation of CA3 cells that would otherwise be recruited 

by overlapping PP-inputs in similar contexts144 or during repeated encounters of the same 

environment116. This could spare unique sets of context- and episode-specific CA3 

pyramidal cells to represent the distinctive elements of each memory. An open question is, 

whether IEG-expressing GCs show different context-dependent firing patterns than non-

IEG-expressing ones, as recently observed in CA1 pyramidal cells200. Furthermore, given 

their role in constraining the overlap of CA3 ensembles47, future experiments are necessary 

to investigate the precise recruitment of feed-forward interneurons in CA3 and their effect 

on CA3 pyramidal cell activity during encoding and recall of hippocampal memories.

In addition to similar-content discrimination, the DG appears to support integrative memory 

operations, such as binding of objects and events to spatial contexts32 and integrating new 

experiences into existing frameworks (chapter 3.5). Several recent publications investigated 

the activity and function of identified DG neuron types37,38,40,41,43,46,69 and the results 

question particularly models of pattern separation that propose a complete orthogonalization 

of entorhinal inputs by GCs.27,70,201. Indeed, the assumption that similar experiences are 

represented by distinct, non-overlapping GC ensembles70,71, seems inconsistent with the 

electro- and optophysiologically measured activity of many GCs38,39,42,43. While some of 

them have distinctive activity profiles in different environments41, other GCs have similar 

place fields over distinct contexts or time points42,43. Such GCs might therefore rather 

support integrative- or binding-functions by recruiting overlapping CA3 ensembles to create 

links between shared elements of distinct memories149.

It will be important to determine the exact neuronal processes underlying these potentially 

distinct functions of the DG network. These functions may be executed in parallel by 

independent GC subpopulations, as outlined above, but could also be serially performed by 

the same microcircuits if behavior-dependent neuromodulation132 or differential functional 

dominance of synaptic input streams197 modify the relative contributions of individual 

circuit elements, such as young- and mature GCs, MCs and interneurons.
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Glossary

Declarative memory: A memory of facts and events that can be consciously recollected 
and reported to others. In contrast, implicit- or procedural knowledge is hard to put into 
words.

Semantic memory: A form of declarative memory that comprises general knowledge (e.g. 
facts, concepts) about the world, which is not bound to a distinct personal experience.

Episodic memory: Declarative memories, which depict unique, personal experiences 
made in a distinct spatial and temporal context.

Engram: An experience-driven change to the brain that is stored and reactivated during 
memory recall. It may be a distinct neuronal ensemble, a sequential co-activation pattern 
of several neurons or a set of synaptic weights in a neuronal network.

Trisynaptic loop: Canonical set of forward synaptic connections from the entorhinal 
cortex to the dentate gyrus via the perforant-path, further to CA3 via the mossy-fibers and 
from there to CA1 via the Schaffer-collaterals.

Pattern separation: A network computation that generates more dissimilar output patterns 
in response to similar input patterns. It is hypothesized to support the cognitive 
discrimination of similar representations in the brain.

Pattern completion: A computation in which slightly different input patterns activate a 
common, stored output pattern. This could promote retrieval of a complete stored 
memory from inputs representing partial cues or support generalization between similar 
memory contents.

Place-field: The spatial location in which a hippocampal neuron called a ‘place cell’ fires 
action potentials.

Remapping: The process of changing place-field locations or the firing rate of neurons in 
a place field in response to contextual factors, such as environmental changes or altered 
behavioral demands.

Immediate early gene (IEGs): Genes that usually encode transcription factors (such as 
Fos or Arc), which are induced immediately within minutes after strong neuronal 
activation. High expression of immediate-early genes in a neuron is commonly used as a 
readout for recently elevated activity or synaptic plasticity.

NMDA Receptor: Ionotropic glutamate receptors highly prevalent at excitatory synapses 
in the central nervous system. They are activated by coincident presynaptic glutamate 
release and postsynaptic neuronal depolarization and are critical for many forms of 
synaptic plasticity.

Dentate spike: A brief (20-80 ms) large amplitude (1-3 mV) local-field potential activity 
pattern characteristic of the DG, elicited by synchronous activation of a larger group of 
GCs and other dentate neurons.

Sharp-wave-ripples (SWRs): Brief (40-150 ms) large-amplitude deflection of the local 
field potential associated with synchronous high-frequency (110-200 Hz) network 
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oscillations that originate in CA3 and propagate into many other brain areas. SWRs occur 
during immobility and sleep and play an important role in memory consolidation and 
other cognitive processes.

Contextual fear conditioning (CFC): A behavioral paradigm in which an aversive 
stimulus (for example, a foot shock) is given in a defined experimental chamber. Fear 
memories are assessed by the amount of fear-related behavior (for example, freezing) that 
an animal shows after re-exposure to the same chamber.

Attractor dynamics: Tendency of a process or neuronal network to fall into a continuous 
or discrete set of stable states (attractors) which are relatively resistant to external 
perturbations. Activity states outside of these attractors are unstable and the network 
rapidly falls back into the nearest attractor state from them.

Morris water maze: Behavioral paradigm where an animal swims through a water basin 
to find a hidden platform under the water surface. Visual cues around the maze allow 
animals to navigate directly to the platform once they have learned the platform-location 
over repeated trials.

T-maze: Binary spatial decision task where an animal can go into the left or right arm of a 
T-shaped arena. Often used as working memory paradigm, in which the animal must 
choose either the same, or opposite arm to the one that was chosen on the previous trial.
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Box 1

The functions of the dentate gyrus in working memory

Aside of its function in long-term memory storage4, the hippocampus is also required for 

short-term retention of spatial information, better known as ‘spatial working memory’ 

(SWM). SWM is most commonly probed in the delayed match-to-place task, in which an 

animal must re-visit a previously encountered location after a delay of seconds to 

minutes, and the non-match-to-place tasks, where the animal has to choose the alternative 

of two spatial choices after the delay. Furthermore, the radial 8-arm maze, in which 

animals must subsequently visit all arms of the maze, has a SWM component, as the 

animals have to remember which arms they have not yet visited in the same run. 

Blockade of MF-output by zinc-chelator infusion202 as well as GC-ablation25 cause 

impairments in these tasks. Furthermore, exercise-induced improvement of SWM is 

mediated by increased neurogenesis in the DG203.

Decision-specific, non-overlapping CA3 pyramidal cell ensemble sequences are activated 

at the choice point of a T-maze based SWM paradigm204. Whether the instantiation of 

such choice-specific ensemble sequences depends on DG-input remains an open 

question. Recordings of CA3 cells in DG lesioned animals performing an 8-arm maze 

working-memory task indicate that MF-input promotes the activation of working-

memory-related neuronal ensembles in CA3 during synchronous, high-frequency (SWR) 

network oscillations26. In line with this observation, disrupting the output from DG-PVIs, 

which prominently support fast network oscillations97,99, impairs SWM205. Working 

memory maintenance and choices based on it are challenging, as the underlying neuronal 

representations need to be sustained internally in the absence of supporting sensory input. 

If stored ensemble sequences in the CA3 network are critical for SWM, it is conceivable 

that DG-output is necessary to promote their establishment or re-instantiation.
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Box 2

Pattern separation, remapping and their relation to discriminatory 
behaviors.

‘Pattern separation’ describes a network’s response to similar input activity patterns with 

more distinct output patterns. The opposite process, ‘pattern completion’ means 

retrieving a common output pattern from two similar, but distinct or degraded input 

patterns. These computational phenomena must be disambiguated from behaviors that 

require discrimination or generalization between similar stimuli201. Behavioral 

discrimination of similar contents very likely requires neuronal pattern separation that 

leads to distinctive neuronal representations in some part of the brain, but whether and 

where two apparently similar experiences generate a similar neuronal code that is 

separated by a neuronal process must always be tested experimentally. Specifically, to 

assess whether the DG is involved in presumed pattern-separation processes, the 

similarity of the PP-mediated input patterns needs to be known. Pattern separation in the 

hippocampus that could support contextual discrimination may be supported by multiple 

mechanisms: Two memories acquired in an environment could be encoded by statistically 

independent populations of neurons, with independent firing locations in each of the 

memorized experiences. Such a behaviour, termed ‘global remapping’206, may be 

implemented by independent attractor-states in CA3, which are classically thought to be 

supported by orthogonalized DG inputs22,23,172. Alternatively, a fixed set of neurons with 

constant firing locations can encode both memories, but change the rate within their 

firing fields independently between the two representations, a phenomenon termed ‘rate 

remapping’28,206.

A few studies have attempted to probe DG pattern separation by directly comparing the 

entorhinal input with DG output activity. Functional magnetic-resonance-imaging in 

humans discriminating similar pictures from memory shows more similar activation 

patterns in the entorhinal cortex than in DG and CA3, indicating that the DG-CA3 

network may perform pattern separation in this task207. A patient with isolated, bilateral 

DG lesions, had deficits in a similar paradigm191. A series of studies in rats attempted to 

probe pattern separation in a graded set of growingly dissimilar spatial contexts, where 

local and distal cues were gradually rotated relative to each other173. Neuronal activity in 

the entorhinal cortex and hippocampus was recorded to determine the relative similarity 

of hippocampal input and output activity patterns as the contexts became more distinct. 

In this paradigm, MEC representations changed consistently with distal cues, whereas 

LEC activity was more aligned to local cues in the arena. The fact that distal CA3a 

activity was strongly anchored to local cues has been interpreted as pattern completion 

based on weakly local-cue anchored LEC inputs29,208. In contrast, activity of proximal 

CA3c and DG neurons displayed signs of pattern separation and did not change 

coherently with MEC or LEC-inputs29,173,209. A similar study reported related behaviors 

for DG and CA3 principal cells in a set of spatial enclosures with gradually dissimilar 

geometrical shapes28. These studies support the hypothesis that DG neurons perform 

pattern separation by transforming similar entorhinal inputs into more distinct output 

patterns. Future studies that disambiguate between the recorded DG neuron types could 
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help to clarify potentially distinct contributions of GC and MC activity to this pattern 

separation mechanism.
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Fig. 1. Anatomical organization of the hippocampus.
a | Human brain and Nissl-stained section through the hippocampus. b | Same as in a for a 

mouse brain. c | Schematic of the mouse hippocampal formation and its main synaptic 

connections. d| Illustration of the DG microcircuitry, its intrinsic connections and outputs to 

CA3. A/C, associational-/commissural pathway; DG, dentate gyrus; EC, entorhinal cortex; 

GC, granule cell; GCL, granule cell layer; MC, mossy cell; MF, mossy fiber; ML, molecular 

layer; PP, perforant-path; PVI, parvalbumin-expressing interneuron; SC, schaffer-collateral; 

SOMI, somatostatin-positive interneuron. Photographs in a and b are derived from 

www.brainmaps.org and Franklin, K. B. J. & Paxinos, G., ‘The mouse brain in stereotaxic 

coordinates’, 3rd edition (Elsevier, New York, 2007), respectively.
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Fig. 2. Spatial, contextual and temporal firing characteristics of identified dentate gyrus neurons.
a | Schematic of juxtacellular recordings in freely moving rats and recorded signals (right). b 
| Left, Spikes of a granule cells (GC; red dots) plotted over the rat’s trajectory (grey line). 

Middle, heat-map plotting the firing frequency of this GC. Number indicates the maximum 

firing rate. Right, The GC was filled with neurobiotin after the recording to reconstruct the 

depicted morphology. c | As in b, but for a mossy cell. d | Schematic of a two-photon 

imaging setup for calcium imaging of DG neurons in head-fixed mice. The mice run on a 

treadmill to navigate along a virtual linear track displayed on monitors around them. Right, 
Fluorescence of a genetically encoded calcium indicator (GCaMP6f) expressed in GCs 

acquired in vivo. e | Mean activity (color-coded) of individual hippocampal place-cells 

(rows) plotted over distance on two visually different virtual linear tracks (context A and 

context B, respectively). The sorting of neurons is the same in both columns. A shift of place 

fields away from the central diagonal in the right plot signifies global remapping of the 

respective neuron. f | The same place cells were imaged over multiple days while the mouse 

ran on the same linear track on each day. Neurons were sorted by their place-fields on day 0 

and this sorting is maintained for the other days shown. Note, GC place fields remain in the 

same location, whereas those of CA3 and CA1 cells change between days. GCL, Granule 

cell layer. Parts a-c are adapted from REF.41. Parts d-f are adapted from REF. 43.
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Fig. 3. DG functions in memory encoding and recall.
a | Schematic of memory encoding. Mossy-fiber (MF) input to a CA3 pyramidal cell 

dendrite can elicit dendritic spikes which may promote heterosynaptic potentiation of 

perforant-path (PP) and recurrent-collateral inputs. This process may potentially underlie the 

formation of new place-fields (lower row). b | Left, Rapid strengthening of PP-GC and MF-

CA3 synapses may support the re-activation of CA3 pyramidal cells during memory recall 

minutes to hours after the original experience. Right, Once CA3 ensembles have been 

permanently established by durable plasticity of PP-CA3 and recurrent-synapses, the 

memory can be reliably recalled without MF input, which is reduced at this stage due to 

depotentiation of PP-GC synapses167.
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Fig. 4. DG function in discriminatory contextual fear conditioning (CFC).
a | Schematic of discriminative CFC. b | Illustration of the physiological DG and CA3 

activation patterns evoked by overlapping PP-inputs encoding similar contexts. Young and 

mature GC show similar activity patterns in both contexts. Young- and recently-active GCs 

potently recruit feed-forward inhibition45,89 and may thus suppress firing of CA3 pyramidal 

cells with overlapping synaptic input-patterns between the two contexts. This could spare 

less overlapping CA3 ensembles forming context-unique representations. c | Activation 

pattern as in b in a mouse model where MF-plasticity onto CA3 feed-forward interneurons 

was disrupted genetically by knocking out the gene encoding adducin 2 (Add2)47. Releasing 

CA3 from MF-recruited feed-forward inhibition unmasks the activation of larger CA3 

ensembles with more overlapping activity between the two contexts.
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Table 1

Summary of cell types of the dentate gyrus including the main synaptic input and output pathways (some 

subcortical input-projections were omitted for clarity) and the in vivo activity patterns.

Cell Synaptic inputs from Synaptic output to Activity in vivo Refs.

Mature granule 
cell (GC)

- Medial- and lateral 
entorhinal cortex (via 
perforant path)
- MCs (via A/C-pathway)
- CA3 pyramidal cells (in 
the ventral DG)
- medial septum

- CA3 pyramidal cells
- MCs
- hilar interneurons
- CA3 interneurons

- Mean firing rate ~0.2 Hz
- Strong firing-increase during non-
REM sleep
- Firing increase during dentate 
spikes and SWRs
- Modulated by theta- and gamma 
oscillations
- Long-term stable, singular place-
fields
- Separate populations active in 
completely different environments

36,37,40–43,50,56

Adult-born GC - MCs and hilar 
interneurons within first 
week
- LEC after ~3 weeks, rapid 
maturation
- MEC beginning ~3 weeks 
– slow maturation until ~6 
months

- MCs and CA3 
pyramidal cells after ~2 
weeks
- CA3 interneurons 
after ~2 weeks, peak at 
4 weeks
- Hilar interneurons 
delayed after >7 weeks

- More active than mature GCs, but 
less spatial tuning

38,54,81,83,87–89,91

Mossy-cell 
(MC)

- GCs
- other MCs
- CA3 pyramidal cells
- hilar interneurons
- Potentially entorhinal 
cortex

- GCs
- MCs
- hilar interneurons

- Mean firing rate ~1 Hz
- Modulated by theta- and gamma 
oscillations
- Multiple place-fields per arena
- Overlapping populations active in 
completely different environments

39,41,42,51,52,55,93,95

Parvalbumin-
expressing 
interneuron

- GCs
- MCs
- hilar interneurons
- entorhinal cortex
- medial septum

- GCs
- MCs
- hilar interneurons

- Mean firing rate 10-20 Hz
- No apparent spatial tuning
- Modulated by running speed
- Theta- and gamma-modulated
- Strongly activated during dentate 
spikes and SWRs

35,43,58,98,101,102

Somatostatin- 
expressing 
interneuron

- GCs
- MCs
- hilar interneurons
- medial septum

- GCs
- MCs
- hilar interneurons
- medial septum

- Mean firing rate ~ 5 Hz
- Moderate rate-increase during 
dentate spikes and SWR

35,69,98,101–104
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