1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Behav Brain Res. Author manuscript; available in PMC 2020 November 18.

-, HHS Public Access
«

Published in final edited form as:
Behav Brain Res. 2019 November 18; 374: 112112. doi:10.1016/j.bbr.2019.112112.

Contributions of adult neurogenesis to dentate gyrus network
activity and computations

Sebnem Nur Tuncdemirl, Clay Orion Lacefield!, Rene Henl
1Department of Psychiatry, Division of Systems Neuroscience, Columbia University and the
Research Foundation for Mental Hygiene, New York State Psychiatric Institute, NY, USA

Abstract

Anatomical observations, theoretical work and lesion experiments have led to the idea that an
important function of the dentate gyrus of the mammalian hippocampus is pattern separation, a
neural computation that ensures new memories are encoded without interference from previously
stored memories that share similar features. The dentate gyrus also exhibits a unique form of
neural plasticity that results from the continuous integration of newly born excitatory granule cells,
termed adult hippocampal neurogenesis. However, the manner in which adult neurogenesis
contributes to dentate gyrus network activity and computations is incompletely understood. Here,
we first describe the prevailing models for the role of adult neurogenesis in dentate gyrus network
function and then re-evaluate these models in the light of recent findings regarding the /in vivo
activity of the dentate gyrus and synaptic interactions of adult born granule cells with local circuit
components, as well as, inputs, and outputs of the dentate gyrus. We propose that adult
neurogenesis provides flexibility for the dentate gyrus to rapidly generate a context specific,
distributed representation of important sensory stimuli such as spatial cues, which ultimately gives
rise to behavioral discrimination.

The dentate gyrus is one of the few areas in the mammalian brain in which new excitatory
neurons are continuously generated throughout life. In addition, the dentate gyrus is
characterized by largely unique neural circuitry and population activity. For instance, despite
containing multiple excitatory cell types (adult-born, mature granule cells and mossy cells),
its activity is dominated by inhibition, and therefore shows very low firing rates. It is
therefore tempting to think that the unique properties of the dentate network could not only
help to explain the reasons for adult neurogenesis in the region, but also that the study of the
effects of neurogenesis on the dentate network could be instrumental in helping to better
understand the distinct role for the dentate gyrus in hippocampal information processing.
Here we review recent findings related to the function of the dentate gyrus in rodent spatial
memory and the effects of adult-born granule cells on dentate network physiology with the
goal of beginning to unify these ideas and clarifying the function of adult neurogenesis in
the context of our evolving understanding of neural computations in the dentate gyrus. In
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doing so, we hope to answer the question of how such a small population of neurons can
mediate its observed substantial effects on animal behavior.

1. Therole of dentate gyrus and adult neurogenesis in spatial and
contextual discrimination behaviors

The mammalian hippocampus has been shown to be a key area of the brain necessary for the
encoding of spatial and episodic memories, however many questions remain unanswered
regarding its computational functions as well as the mechanisms by which these are
accomplished. The stimuli which comprise spatial and episodic memaories often have many
overlapping sensory features and consequently, making sense of the external world requires
continuous discrimination of features and configurations of stimuli in order to precisely
encode and recall experiences. Converging evidence across a number of species and
approaches indicates that the dentate gyrus (DG) of the hippocampus is essential for
contextual and spatial discrimination behaviors [1,2], suggesting that the region may play an
important role in this process. While the DG has remained a relatively underexplored
hippocampal sub-region with respect to patterns of /7 vivo activity due to its sparse neural
firing, its unique anatomy has yielded theories for a distinct role in hippocampal function
that mirror these behavioral findings [3]. This structure is densely packed with relatively
small granule cells (GCs) that outnumber their input and output populations and differ
markedly from the pyramidal neurons that make up the majority of excitatory neuronal
populations elsewhere in the hippocampus and cortex. Accordingly, theoretical studies have
proposed that the DG is involved in the formation of new memories protected from
interference from previously stored memories by generating highly distinctive hippocampal
representations of similar entorhinal inputs, through a neural computation known as pattern
separation [4,5].

Adult born granule cells develop over several weeks through a highly orchestrated, multi-
step neural differentiation and maturation process to reach a fully mature neuronal
phenotype. Most evidence indicates that the functional properties of these neurons ultimately
mirror those generated during development. However, at four to six weeks of age while still
immature they display increased excitability and enhanced long-term plasticity, leading to
theories about a distinct role for this developmental stage in DG function [6-9]. During this
period immature granule cells (iGCs) have been shown to be behaviorally important for the
encoding of new memories in the hippocampus, suggesting that they influence the function
of the DG-CA3 network in a manner critical for the overall role of this region [10-12].
Moreover, recent behavioral studies using cell type-specific optogenetic or chemogenetic
manipulations have suggested that iGCs transiently but distinctly contribute to encoding or
retrieval stages of DG-dependent contextual and spatial discrimination behaviors in an
experience dependent manner [11,13-16]. While measurement of activity within the iGC
population during individual stages of discrimination tasks remains uncharted territory, these
findings suggest that functionally integrated albeit synaptically immature iGCs play a
distinct role in DG network dynamics compared to their mature counterparts.
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Nonetheless compared with the large number of mature granule cells, it is still unknown how
such a small number of iGCs constituting less than 5% of all GCs [17] exert their influence
on DG circuit function. Based on anatomical, computational and behavioral studies,
conceptual models for the role of adult neurogenesis in DG network function generally fall
within two frameworks that describe the direct or indirect impact of iGCs on the DG
network [18]. The first model, “direct encoding”, suggests that owing to their enhanced
excitability as well as their functional inputs from the entorhinal cortex and outputs to the
CA3, 4-6 week old iGCs preferentially encode new information during novel environmental
exposure. Once mature, these GCs are thought to selectively represent the context in which
they matured, providing a cellular substrate by which non-overlapping immature and mature
iGCs may associate novel and familiar memory representations that occurred close together
in time [12,19,20]. The second model suggests that iGCs (4-6 weeks old) modulate the
activation of mature GCs (>8 weeks old) to increase the sparseness of DG representations
indirectly, either by recruiting inhibitory interneurons or by competing for synaptic
connections, and promote the formation of non-overlapping cell assemblies of mature GCs
representing each experience [13,21-23]. While /n vivo confirmation of these two models is
still lacking, recent advances in functional studies /7 vivo as well as optimized circuit
mapping technologies have revealed important functional components of the local DG
network, which necessitate an update in the simplified direct vs. indirect models of iGC
function. In the following sections we re-evaluate the classical concepts of iGC function in
light of recent discoveries regarding the /n vivo activity and network interactions of local DG
circuit components, as well as inputs and outputs of the DG. We will then explore how these
insights might be utilized to understand DG population encoding during behaviors in which
iGCs have been demonstrated to be critical [24].

2. How do iGCs functionally interact with the local Dentate Gyrus

circuitry?

The DG is composed of a densely packed granule cell layer (GCL), the overlying molecular
layer, and the underlying polymorphic cell layer, the hilus. The molecular layer contains the
dendrites of granule cells where they receive excitatory inputs from the entorhinal cortex and
hilar mossy cells, as well as feedforward and feedback inhibition from local interneurons
(Figure 1). The hilus contains granule cell axons, termed the mossy fibers, which form
excitatory synapses on hilar mossy cells and inhibitory interneurons as they project to area
CA3, where they subsequently synapse onto pyramidal cells and CA3 interneurons. Adult-
born granule cell progenitors arise from the adult neural stem cell pool consisting of radial-
glia-like precursors in the subgranular zone lining the border between GCL and hilus, which
divide asymmetrically and migrate into the GCL in a series of activity-dependent steps [25].
Here they integrate into the existing local DG network where they acquire many of the long-
range connections typical of mature granule cells, and synapse locally upon inhibitory
interneurons as well as mossy cells. Activity patterns in the DG network /n vivo are
produced by an interplay between these populations of neurons, and thus the question of
how iGCs interact with these circuit elements is important for our understanding of their
utility in DG computations. Furthermore, recent work has begun to expand our
understanding of neural representations in mature and iGCs and how they are modulated
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locally by interneurons and mossy cells, which is likely to illuminate the function of iGCs in
the adult hippocampus.

2.1. Sparse neural representation by dentate GCs:

Granule cells are the principal excitatory cell type in the DG and provide its only known
outputs, to hippocampal area CA3. They display a number of features presumed to be
critical for generating sparse and distinct neural representations of new memories without
interference from previously stored memories. Strongly hyperpolarized resting membrane
potentials and robust dendritic voltage attenuation results in a high activation threshold,
which underlies low baseline activity levels in GCs in vivo [26,27]. Expansion of the number
of units from the entorhinal cortex (EC) to the DG, in which granule cells are ~5 times more
numerous than upstream EC pyramidal neurons [28], also contributes to a sparse encoding
scheme as projections from individual neurons in the EC network form only a small number
of synapses on each GC, yet diverge widely in the layer. Thus it is likely that a large number
of inputs from distinct afferent entorhinal cortical neurons must converge in order to fire a
single GC action potential. In addition, strong inhibition from local interneurons [29] and
lack of direct recurrent connections between GCs [30] ensures that the mean firing rate of
GCs, as well as the proportion of active cells, is low. Indeed, studies examining immediate
early gene expression (IEG, such as cFos or Arc) to visualize activated neural ensembles
have suggested that only a small subset of GCs (~2%), predominantly located in the outer
two-thirds of the GCL suggesting a mature granule cell (mGC) identity, display behaviorally
driven activation [31,32]. This is in contrast to IEG activation in ~18% and ~35% of CA3
and CA1 pyramidal neurons, respectively, in response to recent experience [33].

While IEG expression studies have been useful in mapping which cells are recruited during
different behavioral experiences, to understand how different populations of neurons
represent specific features of space and memories requires direct measurement of the
activity of GCs in behaving animals. In the rodent hippocampus, the most distinct correlate
of neural activity in all hippocampal subregions during behavior is the spatial selectivity of
‘place cells’, which collectively form a spatial map of distinct locations within the animal’s
environment [34]. One feature of hippocampal place cells is that they often change their
firing rate or preferred firing location in a discontinuous fashion when the environment
changes, known as rate or global remapping, respectively [35]. Both rate and global
remapping of spatial receptive fields are thought to support contextual discrimination
behaviors through unique representations of environments and behavioral experiences with
varying levels of overlap with previously stored ones. While remapping has been found in all
hippocampal subregions, this feature is most consistent with the proposed pattern separation
function of the DG. Similar to principal neurons in other regions of the hippocampus, GCs
display spatially selective firing. However, until recently there has been contradictory
physiological evidence regarding selectivity of spatial representations by GCs. While some
studies have reported sparse firing GCs with single place fields that are as selective as those
of CA3 place fields [36,37], other studies have reported multiple place fields in relatively
active GCs that change their firing fields with subtle environmental manipulations to a
greater degree than the CA3 pyramidal neurons [38]. These differences are likely because
these studies utilize /n vivo single-unit electrophysiological approaches, for which the yield
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and reliability in differentiating GCs from other cell types within the DG circuit is severely
limited due to the small, densely packed nature of GCs, which make them uniquely
recalcitrant to extracellular waveform clustering.

Recent studies have begun to characterize spatial representation in unambiguously identified
GCs with more precise methods such as high channel density extracellular recording with
spike feature analysis validated by optogenetic identification [39,40], juxtacellular
recordings with morphological identification [41,42], as well as two-photon imaging of Ca2*
activity in genetically identified cell types [14,43-46]. These studies have shown that on
average GCs fire very sparsely during the spatial navigation tasks in which they are typically
measured. A fraction of GCs in all of these studies however were found to discharge
relatively more frequently and show single distinct place fields in particular environments,
comparable to place cells found in other hippocampal subregions. Despite such similarities,
these studies showed an apparent discrepancy in remapping of DG firing when animals were
exposed to different environments. In particular, Senzai and Buzsaki have found that in
freely moving mice the same population of GCs represents two arenas, each with different
visual cues on the walls but located in the same room, with small or no changes in their
spatial rate maps [39]. Similarly, Hainmueller and Bartos have found that head-fixed mice
exploring virtual environments with distinct visual cues have stable GC place firing [44],
and do not show significant remapping between these contexts. In contrast, Danielson, et al.,
found that two different virtual environments with distinct textures on a circular treadmill
belt and ambient multisensory stimuli (different olfactory, visual, and auditory stimuli) are
represented by changes in spatial rate maps in the same mGCs (rate remapping) [14].
Furthermore, Goodsmith, et al., found that different chambers in different rooms are
represented by unique populations of GCs with non-overlapping spatial rate maps (i.e.
global remapping) [41]. While these divergent findings may at first appear to be in direct
contrast (no remapping vs. rate remapping vs. global remapping), they could also tell us
something about the types of information encoded in the DG. For instance, it is possible they
reflect the distinct types and characteristics of sensory cues featured in the different ‘context’
discrimination tasks used by each study, such as global vs. local cues, or cues of different
sensory modalities. Indeed, fundamental components of a context include spatial location,
constellations of sensory cues as well as behavioral demands. But taken together, likely the
most parsimonious explanation to reconcile these findings is that significantly different
global cues lead to global remapping in GCs (non-overlapping populations of active
neurons), while more slight changes in proximal cues lead to rate remapping (changes in
spatial rate maps in the same neurons) or no remapping.

While position is the most distinct correlate of hippocampal neural activity, a parallel body
of work suggests that other perceptual and behavioral variables, such as sensory cues [47,48]
as well as goals [49,50], are encoded in addition to spatial location. Recent studies have
found that GCs are strongly driven by visual [44] and tactile [40] reference cues, even
though these neurons exhibit lower context specificity than neurons in CA3 or CAL.
Together with a recent study that has demonstrated reward-modulated activity within the
non-place coding population in the DG [51], new evidence suggests that sensory cues and
goal locations strongly modulate the activity of GCs during spatial navigation tasks
(Tuncdemir, Lacefield, Hen, unpublished observations). Thus, in order to understand the
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neural computations in the DG that organize contextual discrimination behaviors [52], it will
be critical to investigate how specific components of a context are represented by individual
GCs during these behaviors and to what extend individual GCs encode for similar
components across different contexts . Future studies examining whether the DG primarily
encodes fine-grained aspects of individual features of an environment, or whether it contains
more complex representations selective for conjunctions of contextual features will provide
important insights into how computations within the DG population support discrimination
behaviors.

2.2. Neural representations by iGCs:

Recent studies investigating the recruitment of young versus mature GCs during encoding of
contextual memories using IEG expression indicate that there is no preferential recruitment
of iGCs into hippocampal memory networks [53,54], suggesting that iGCs are not the sole
substrate for new memories. With the caveat that IEG induction in iGCs may not be coupled
to neural activity in the same way as in mGCs [55], these studies indicate that even in the
hyperplastic phase of young iGCs, the majority of neurons recruited into spatial memory
networks during specific behavioral experiences will be drawn from the mGC pool
[32,53,54]. Until recently, the functional contribution of iGCs to neural representations in
the DG has been elusive due to the paucity of studies examining the dynamic properties of
reliably identified iGCs /in vivo. Danielson, et al., recently used /n vivo 2-photon imaging to
compare Ca2* activity from genetically identified iGCs and mGCs in head-fixed mice
running along a treadmill [14]. This work revealed that despite low overall activity levels in
both populations, iGCs are more likely to be active and exhibit less selective spatial activity
compared to mGCs. Among the spatially selective iGCs, sequential exposure to distinct
treadmill environments (as described in the previous section) leads to similar levels of
remapping of iGC firing fields compared to that of mGCs. Although reduced spatial tuning
of the iGC population could in principle result from having multiple place fields[37], lower
mutual information between the mouse’s position and activity of the iGC population
suggests that the lower tuning specificity results from variable but not multipeaked tuning
[14].

This study was the first to examine the /n vivo activity of genetically identified iGCs [14]
and extended previous findings showing that iGCs are more excitable however may be less
suited for coding spatial information when compared to mGCs. However these findings have
inspired questions about the spatial tuning of the subpopulations of young neurons and how
these representations are used to guide behavior. For instance, this finding would seem to
contradict a proposed role for young neurons in directly encoding novel information as their
more promiscuous firing would likely decrease the network’s capacity for pattern separation,
in contrast with behavioral findings. Furthermore, questions remain about the approach used
in this study. First, since the activity of a mixed population of iGCs aged 6 weeks and
younger was monitored, precise characterization of neural responses in iGCs on the cusp of
maturity, or within their critical period during which they have been found to affect behavior,
was limited. Thus more temporally precise iGC labeling, e.g. using retroviral methods, is
needed to determine the changes in cellular and network dynamics of iGCs during the
critical period as they transition from their early maturation phase to the later stage in which
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they have been hypothesized to execute computations distinct from mGCs. Second, the
activity of iGCs during tasks that require memory discrimination will require further
investigation, as the treadmill task did not require explicit use of information specific to each
context. In particular, similar to their mature counterparts, investigating how iGCs represents
non-spatial components of a context such as sensory cues and goals will likely provide a
mechanistic link between /n vivo activity of iGCs and their role in discrimination behaviors.

Taken together, these recent results provide new insights into the function of mature and
adult born GCs through which to view the direct contributions of iGCs to the DG network
function, however the question remains as to how such a small number of these cells exert an
arguably outsized influence on behavior. In the following sections, we will highlight recent
studies that have examined the role of iGCs within the local DG network, their impact on the
CA3 outputs as well as on the inputs to the DG, which may serve to amplify their influence.

2.3. Contribution of iGCs to activity in the DG Network: monosynaptic and disynaptic

effects.

Previous loss- and gain-of-function studies examining the impact of iGCs on local networks
have suggested that manipulations of neurogenesis inversely correlate with the activity levels
in the DG. /n vivo recordings in anesthetized mice have shown that while eliminating adult
neurogenesis leads to a decrease in afferent drive to the DG it also produces an increase in
the amplitude of network oscillations, with an associated increase in synchronization of DG
firing to these oscillatory bursts. Subsequent studies have provided evidence in support of
the modulatory role of iGCs in regulating the neuronal activity of the larger population of
mGCs [13,56,57] and in facilitating the recruitment of non-overlapping DG ensembles in
response to distinct contexts [20]. These studies, along with the findings that chronically
ablating neurogenesis results in decreased expression of vesicular GABA transporter VGAT
[58] as well as increased IEG induction in mGCs [59], have led to the notion that the iGCs
modulate the activity of the mGCs by recruiting feed-back inhibition via DG interneurons
[22,23]. Nevertheless, whether di-synaptic inhibition of mGCs by iGCs influences the
balance of excitation to inhibition within the network in a manner different than typical
lateral inhibition among mGCs [29,60] remains elusive. Recent /in vitro physiology studies
in which iGCs were labelled at different stages of maturation with channelrhodopsin have
shown that at 4 weeks of age iGCs poorly activate parvalbumin and somatostatin expressing
interneurons [61,62], while recruiting increased levels of feedback inhibition onto mGCs
after 6 to 8 weeks [21,61], /nn vivo confirmation of monosynaptic inputs from 4-6 week old
iGCs onto diverse interneuron subtypes or extrasynaptic influences of young iGCs onto
mGC-to-interneuron inhibitory circuits awaits further investigation, however a number of
studies have highlighted the fact that the circuit interactions of iGCs with mGCs as well as
DG interneurons are tightly coupled to behavioral experience. For example, ablation of
neurogenesis increases IEG expression [59] and synaptic responses [63] in the DG
specifically during the neurogenesis-dependent conflict condition of an active place
avoidance task. In addition, optogenetic activation of iGCs decreases the size of the activated
GC population only in conditions of novelty and anxiety [21]. Conversely a genetic
manipulation that increases neurogenesis or a pharmacogenetic activation of iGCs results in
a decrease in overall mGC activity after a chronic stress paradigm [13]. Furthermore,
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exposure to an enriched environment during their critical period produces a transient
enhancement of innervation from DG interneurons onto iGCs [64]. Although further studies
are necessary to determine whether the functional output from iGCs to inhibitory
interneurons undergoes a similar activity dependent enhancement, cell-type selective
connectivity mapping strategies together with task specific manipulation of iGC activity
within the intact brain could shed light on this question. Taken together, these studies
suggest that rather than broadly modulating sparse network coding in a uniform fashion,
iGCs have a dynamic interaction with inhibitory networks such that, depending on their
maturation stage and task demands, activation of iGCs shifts the excitation-inhibitory
balance differentially to organize DG network activity during different behavioral contexts.

Recently, we discovered that iGCs can also influence the activity of mature GCs by direct
monosynaptic inputs onto these GCs [65].These direct monosynaptic contacts which are
reminiscent of the mossy fiber sprouting that both mGCs and iGCs display in response to
seizures [66] are transient and disappear when iGCs reach maturity. Interestingly the impact
of these monosynaptic connections is either excitatory (mediated by NMDA receptors) or
inhibitory (mediated by mGIuR2 receptors) depending on whether iGCs are receiving inputs
rom the medial or the lateral entorhinal cortex. Together with a recent study demonstrating
that blocking adult neurogenesis can reduce DG activity in response to an ambiguously cued
fear conditioning task [66] , these studies reinforce the notion that the modulatory impact of
iGCs on the DG may vary under different cortical inputs as engaged by distinct cognitive
demands. However it is still unclear how relative contributions of direct, monosynaptic
versus disynaptic pathways engaged by iGCs act to modulate mGCs.

2.4. Contribution of iGCs to DG network activity via competition with existing excitatory

synapses

Another mechanism by which iGCs could impact activity levels in the DG local network is
via synaptic competition between the nascent dendritic spines of newborn neurons and those
of mature neurons [67]. Thus the presence of highly plastic young neurons may modulate
mature granule cells by titrating away strong or inefficient connections from the entorhinal
cortex onto mature neurons in the layer, decreasing their activity and increasing the
sparseness of their activation and therefore enhancing their pattern separation function.
Consistent with a redistribution of synapses between old and new neurons, it has been
proposed that immature filopodial-like spines from young neurons invade, and may replace
pre-existing afferent connections onto mature dendritic spines of mGCs [68]. By selectively
manipulating the number of iGCs, recent studies lend further support to an inverse
relationship between the number of iGCs and strength of synaptic inputs to the mGCs,
which may occur through adjustment of the number of functional excitatory synapses on
mature neurons [69,70]. Conversely, reversibly decreasing dendritic spine density of mGCs
leads to an expanded population of age-matched iGCs [71], suggesting that synaptic
competition dynamics are strongly coupled to network integration of iGCs. In turn,
expansion of the cohort of iGCs at their critical period specifically decreases the overlap
between ensembles of mGCs activated in response to temporally separated exposures to
similar but not to distinct contexts, resulting in increased contextual memory precision [71].
Notably, redistribution of active synapses away from mGCs by integration of a larger
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number of iGCs will qualitatively have the same outcome as modulating the activity levels in
the DG network via network inhibition [20,22,56], albeit on a slower temporal scale than the
presumed interactions with inhibitory networks [21]. Indeed, increasing adult neurogenesis
accelerates the gradual decay of long-term potentiation (LTP) in perforant path-to-DG
synapses [72], while decreasing neurogenesis prolongs this type of LTP [73], indicating that
neurogenic remodeling may impact the plasticity of the DG afferent circuit on a longer time
scale. Moreover, environmental features and cognitive demands present during their
maturation can alter iGC- dependent circuit reorganization of the DG. In addition to
expanding the iGC population, environmental enrichment during their maturation changes
the functional connectivity [64,74] as well as the timing of the integration of iGCs into
hippocampal networks [75,76]. To dissociate the contribution of iGCs to DG network
activity and computations future studies should investigate the impact of transient
manipulations of iGCs activity on the mGC network over multiple temporal scales during
behaviors that are dependent on neurogenesis. As such, these studies will help determine
whether iGCs exert their actions through competition with excitatory synapses, disynaptic
recruitment of inhibitory networks or monosynaptic activation of mGCs.

3. How do iGCs functionally interact with the CA3 network?

Mossy fibers, the axons of GCs, contact CA3 pyramidal neurons via the distinctly large and
specialized mossy fiber terminals (MFTs), while filopodial extensions of these terminals
selectively innervate nearby GABAergic interneurons in area CA3 [77] . Despite the sparse
activation of the GCs, the large number of presynaptic release sites and active properties of
the large MFT core facilitates reliable synaptic transmission from GCs to CA3 neurons [78].
Indeed, burst firing of a single GC [79] or, under some conditions, a single presynaptic MFT
action potential [80] can reliably trigger spiking and cause synchronous co-activation among
the downstream CA3 pyramidal neurons [39], supporting the idea that MFTs act as
“detonator” synapses to these cells. On the other hand, small MFT filopodia that target CA3
interneurons far outnumber their larger counterparts [77] but have lower potency of synaptic
transmission[81]. Hence, synchronous activation of a number of GCs /n vivo [82], for
example during a form of synchronous activity called “dentate spikes”, results in feed-
forward inhibition of CA3 pyramidal neurons [83]. Taken together, findings of the target
specificity and differential activity of the core and filopodia components of MFTs suggest
that if iGC and mGCs fire at different frequencies they may differentially impact the CA3
network function.

Recent studies have begun expanding our understanding of the functional connectivity of
iGCs with CA3 and are likely to illuminate how adult born GCs affect the CA3 network
during discrimination behaviors. Optogenetic stimulation of 4 week old iGCs /n vitro
activates both excitatory and inhibitory synaptic responses in CA3 pyramidal neurons, with
amplitudes similar to those of their mature counterparts [11,61]. Although these studies have
suggested that iGCs are capable of relaying neural representations to downstream areas, the
net impact of iGCs on the activity of CA3 network during their critical period may in fact be
inhibitory. Structural analyses of presynaptic terminals suggest that morphological
maturation of large MFT core targeting pyramidal neurons proceeds at a slower pace
compared to those of small MFT filopodia contacting interneurons. For instance, 4 week old
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iGCs contact fewer CA3 pyramidal neuron spines, and with smaller synaptic vesicles and
active zones [68,84], while they at the same time have a greater density of small MFT
filopodia in the CA3 when compared to presynaptic terminals of both 6-8 week old iGCs as
well as mGCs [85]. Consistent with these findings, optogenetic stimulation of 4 week old
iGCs induces c-fos expression primarily in GAD67* CA3 interneurons with an opposite
pattern of activation in GAD67~, presumed pyramidal neurons upon stimulation of older
iGCs [85]. By driving feed-forward inhibition in the CA3, iGCs may decrease the overlap
between ensembles of CA3 activated by two similar but distinct environments associated
with fear memories, resulting in increased contextual behavioral discrimination[53,86].

These studies are consistent with recent work suggesting that DG-CA3 inhibitory
connections play critical roles in memory processing. Spatial and contextual discrimination
learning leads to an increase in the number of MFT filopodial contacts with parvalbumin
expressing CA3 interneurons with no discernible changes in the density of MFT core
contacts onto CA3 pyramidal neurons [87,88]. Learning induced recruitment of feed-
forward inhibition in CA3 is decreased over time in parallel to the generalization of remote
contextual and spatial memories [87], and both connectivity and memory precision could be
augmented by manipulating MFT cytoskeletal protein expression [87,88]. Taken together,
these findings provide strong support for a relationship between learning associated changes
in feed-forward inhibition of CA3 by GCs and discrimination behavior. However,
determining whether MFTSs arising from iGCs or mGCs differentially impact CA3 network
function [12] will require cell-type specific manipulation of their activity or expression of
MFT cytoskeletal factors, such as B-adducin [88] or ABLIM3 [87], and testing the resulting
connectivity profiles and behavioral outcomes.

4. How do iGCs functionally interact with the inputs to the DG?

Understanding the computations involved in contextual and spatial representations by GCs
requires a detailed analysis of the information encoded by its input structures. Afferent
innervation to the GCs is highly segregated, with different inputs targeting distinct zones
within the molecular layer of the DG [3]. The primary long-range inputs to the GCs are the
glutamatergic projections from the entorhinal cortex, and the two major divisions of the
entorhinal cortex synapse in largely non-overlapping regions of GC dendrites. Lateral
entorhinal cortex (LEC) axons terminate in the outer one-third of the molecular layer while
the medial entorhinal cortex (MEC) axons terminate in the middle one-third of the molecular
layer. Glutamatergic projections from distally located mossy cells within the contra-and ipsi-
lateral DG and hypothalamic supramammillary nucleus terminate in the inner one-third of
the molecular layer, while neuromodulatory projections from other subcortical regions
terminate in the hilus as well as the molecular layer.

The entorhinal cortex is the main interface between sensory cortical areas and the
hippocampus, and its two major divisions are thought to form two functionally distinct
processing streams in the DG. In particular, the MEC contains spatially modulated neurons
(such as grid or border cells) and conveys movement related spatial inputs supporting
hippocampus dependent spatial memory and the precision and stability of spatial firing
patterns of place cells [89,90]. Recent optogenetic and imaging studies suggests that MEC

Behav Brain Res. Author manuscript; available in PMC 2020 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tuncdemir et al.

Page 11

neurons that project to DG contribute to context-dependent processing of fear memories [91]
and navigation to a learned place [92] by drastically altering their firing rates between
distinct environments or through a visual-cue-dependent sustained elevation in activity of
DG specific projections, respectively. Despite the extensive body of knowledge regarding the
dynamics of MEC, only a handful of studies have monitored or manipulated LEC activity.
These studies have shown that neurons in the LEC show weak spatial modulation [93,94] but
are more highly tuned to sensory inputs [95,96], supporting association of objects with
environments [97] as well as neurogenesis dependent spatial discrimination [98]. Together,
these data suggest that each of the entorhinal areas may support complementary modes of
processing important for navigation, MEC for self-motion based navigation, or “path
integration”, and LEC for sensory cue based navigation [99], and that these two channels of
information are combined in the dendrites of individual granule cells. While the impact of
MEC or LEC-specific projections on the activity of mGCs during spatial and contextual
discrimination behaviors remains to be determined, cortical inputs to the mGCs can also be
modulated by intrahippocampal or subcortical inputs depending on behavioral experience in
order to integrate information about, e.g., behavioral state.

Located in the DG hilus region, mossy cells have extensive projections extending to the
ipsilateral and contralateral DG [100]. Recent /n7 vivo studies have shown that mossy cells
fire frequently and have multiple place fields that strongly remap in different environments
[39,41,43]. Precise behavioral impact of the pronounced differences in the spatial
representations by mossy cells and mGCs awaits further investigation, but a number of
studies have suggested that a major effect of mossy cells is to inhibit mGC network activity
(Bui et al. 2018; reviewed in Scharfman 2016). In particular, a recent study demonstrated
that optogenetic stimulation of mossy cell projections from contralateral DG reduces mGC
firing when the stimulus precedes stimulation of MEC or LEC inputs [102]. Conversely,
ascending projections from the supramammillary nucleus of the hypothalamus (SuM), long
considered a key structure in the integration of cognitive and emotional aspects of goal-
directed spatial learning behavior [103], potentiates mGC firing evoked by cortical inputs
when temporally associated with MEC and LEC inputs [104,105]. Uniquely both mossy
cells and SuM projections preferentially target the DG compared to CA3, unlike projections
from the entorhinal cortex which similarly target both regions [3,104]. Since area CA3
receives the same direct cortical input from MEC and LEC as does the DG [3], modulatory
control of the cortical inputs to the mGCs through selective SuM and mossy cell innervation
may be critical for changing the activity patterns in the DG based upon an animal’s
behavioral state.

An additional way that the cortical inputs onto the DG can alter the activity patterns in CA3
during discrimination behaviors is functional integration of iGCs into DG afferents. As such,
recent work has begun to expand our understanding of differences in the long-range inputs
to the iGCs compared to those of mGCs, which may help explain the effects of adult
neurogenesis on behavior. Studies using the rabies virus-based monosynaptic retrograde
tracing method in conjunction with retroviral or genetic labeling of iGCs [98,106] or mGCs
[107], respectively, to map brain-wide monosynaptic inputs to these subtypes have revealed
that 4 week old iGCs receive input from largely similar regions compared to mGCs. Despite
their common input sources, recent evidence indicates that iGCs receive preferential inputs
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from the LEC compared to the relatively balanced inputs from LEC and MEC to mGCs
[98,108]. In addition, a recent study from our group has shown that iGCs reduce the activity
of mGCs in response to LEC inputs but increase the activity of mGCs in response to MEC
inputs [65], providing a crucial insight into the mechanisms by which differential afferent
wiring of iGCs functionally regulates the activity of mGCs. Furthermore, differential input
from LEC vs. MEC populations onto iGCs may indicate a selective involvement of adult-
born neurons in the encoding of sensory cues by the DG. While future studies will be
necessary to elucidate whether behavioral experience differentially modulates afferent
connectivity of young [64,74] and mature GCs, a unique function of iGCs may be to
increase the dynamic range of cortical and/or subcortical inputs to the local mGC network in
response to different behavioral stimuli. Selective recruitment of iGCs by different
entorhinal inputs or other afferents might provide additional flexibility to the DG to
modulate the encoding of sequences of important behavioral events in the downstream CA3
recurrent network.

5. An updated mechanistic view of adult neurogenesis in DG circuit

function: focus on CA3

Ultimately, the behaviorally relevant effects of iGCs on the DG network are contingent upon
outputs of the DG to CA3. As we have summarized in Section 2.1, the main DG outputs to
CA3 include a relatively active subpopulation of GCs which are highly tuned to discrete
features within an environment such as sensory cues (sensory stimuli or objects encountered
during navigation) despite appearing to have lower context selectivity than mossy cells, or
neurons in CA3 and CA1 [39-41,43,44]. These representations are putatively supported by
the multisensory inputs from LEC and MEC, which send parallel projections to both DG and
the CA3. Taking the recent studies into consideration, we propose an updated hypothetical
dual circuit model by which iGCs can directly and/or indirectly alter the activity patterns in
the DG-CA3 network. As a consequence of the stronger inputs from LEC than MEC onto
iGCs compared to the more balanced inputs onto mGCs, iGCs may differentially gate cue-
associated activity from LEC when engaged by distinct cognitive demands (Figure 2A,1).
Selective modification of the inhibitory/excitatory balance in CA3 by iGCs might further
increase the flexibility of the DG to alter the downstream CAS3 activity (Figure 2A,2).
Integration of iGCs into DG-CA3 network may also indirectly modify the activity levels by
competing with the existing synaptic innervation from EC afferents onto the DG (Figure 2B,
1) as well as mossy fiber innervation onto CA3 (Figure 2B,2). Alternatively, iGCs may
modify the local DG network activity by monosynaptically recruiting mGCs (Figure 2B, 3a)
or disynaptically affecting them via inhibitory networks (Figure 2B, 3b). Hence, due to their
differential functional input and output connectivity, as well as their ability to modulate the
activity levels in the DG, iGCs may provide additional processing pathways by which
upstream EC inputs may change the activity patterns in the downstream CA3 recurrent
network.
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6. 1GCs impact sparseness of representations in the DG and enforce a
distributed code for landmarks

Taking these ideas together, an updated systems-level model of the effects of adult
neurogenesis in neural computations performed within the DG emerges. The key feature of
our model is that new neurons integrate into networks carrying unique information with
relation to the DG function, particularly the representations of landmarks [48] (sensory cues
at particular places that an animal encounters during navigation that it and can use to direct
its behavior or discriminate one environment from another), potentially giving the new
neurons an outsized influence on behavior. While the general mechanisms predicted below
are generally similar to ones we and others have previously proposed [19,22,23], these
mechanisms have specific implications due to this interpretation.

During spatial experience, the DG forms a sparse representation of sensory cues within an
environment, promoted by inherently strong inhibition and high spiking thresholds in mGCs,
which require a massive convergence of inputs in order to discharge. Based upon the fact
that GC dendrites receive inputs from the MEC as well as the LEC, we propose that GC
activity is preferentially recruited by sensory cues (LEC input) with a consistent relationship
to space (and/or time, e.g. grid-cell inputs from MEC) thus selectively encoding sensory
cues that happen at particular places, e.g. landmarks (Fig. 3A). We hypothesize that
landmark representation may be important for spatial map formation in the DG and that the
specificity of cell firing to sensory cues may be modulated by the spatial location of the cue.
Indeed, this might underlie “pattern separation” at the level of the GC population activity,
where similar cues that appear in different contexts (conjunctions of spatial and sensory
information within an environment) are represented by a similar population of neurons, but
where the firing of some neurons is stronger or weaker at some locations. This is also
consistent with new evidence about the remapping strength GC spatial representations
during context encoding [39,41,43,44].

New neurons are generated and integrated into the DG network in an activity-dependent
fashion [64,71,74], which likely involves the neurons that are relatively active within the GC
population. By integrating into DG networks specifically representing these “landmarks”,
iGCs help to form a more distributed representation of important cues within the
environment, which has a special impact on behavior. Although there may be other possible
roles for iGCs in the DG network, below we examine how adult neurogenesis may influence
the distributed code for landmarks in three major ways. These mechanisms are generally
similar to those proposed in our earlier work; however, we will explore their implications on
the computational function of the dentate relative to this idea.

First, iGCs as a population may redundantly encode information about landmarks as well as
other salient contextual features (“direct encoding”, Fig. 3B, 1). The major inputs of these
new neurons are largely similar to the highly tuned mGCs whose connections they invade
through their activity-dependent wiring process, thus tending to recapitulate the firing
selectivity of relatively active mGCs. Yet, owing to their elevated excitability and lower
selectivity [6-9,14] , iGCs may potentially also integrate diverse sets of additional co-active
inputs encoding features of the context distinct from mGC landmark representations. As
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iGCs mature, integration of other inputs to which the mature neurons may have not shown
responses could help build a more context-selective representations of sensory cues within
the overall population of GCs. For example, two iGCs that respond to a similar sensory cue
might fire differentially when the cue is presented in different contexts by virtue of their
putatively distinct unique additional inputs, further specifying their activity. This model thus
predicts that thanks to the increased degree convergence of inputs unto new neurons, they
may be more highly tuned for context than for individual discrete cues or positions
independent of context.

Second, a modulatory role of iGCs on mGC encoding may occur as integration of new
neurons into the DG network enforces a distributed representation by competing for afferent
connections onto mGCs carrying landmark information (Fig. 3B, 2). This competition has
the effect of selectively diffusing the influence of strong inputs that drive activity in mGCs
and therefore diversifying the inputs required to fire them. Similar to the above mechanisms
for integration of contextual information, the mGC whose inputs the new neuron partially
replaces still fires in response to similar sensory cues, however it does so in a manner that
depends on a wider variety of associated stimuli/inputs and therefore will tend to fire in
response to the more restricted set of stimuli in which these inputs are co-active.

Finally, the bidirectional modulatory influence of iGCs on the DG depending on their
activation by MEC or LEC inputs, may regulate the size of the mGC population recruited to
represent features of a context [65] . Activation of a larger population of mGCs via
monosynaptic excitation from iGCs upon MEC activation (Fig. 3B, 3a) would shift the
balance in the mode of processing towards self-motion based navigation, which in effect
ensures landmark representations rely less on sensory LEC input. On the other hand, the
recruitment of iGCs when the network is dominated by LEC inputs may increase the
sparseness of mature neuron populations activated in response to these cues by causing
increased surround inhibition (Fig. 3B, 3b). In this latter case, iGC-mediated recruitment of
inhibition may moderate the influence of small numbers of strong inputs carrying cue
information regardless of context, therefore enhancing the requirement for summation with
associated contextual information. The context-specific effect of iGCs might be further
modulated by the activity of mossy cells, which pool information from multiple granule
neurons and feed back onto both granule cells and interneurons, further sculpting the
selectivity of important cue representations.

Together these three features enable the dentate to build representations of important sensory
stimuli in an animal’s environment such as landmarks based on a more equally distributed
set of inputs (Fig. 3C.), thus integrating a more varied set of associated sensory stimuli
and/or spatial inputs (i.e. a “context”). This representation based on a more diffuse set of
inputs may in turn lead to lower peak firing rates and enhanced context selectivity observed
in the neurogenic DG. Furthermore the increased stimulus/context selectivity of this
distributed code could promote the emergence of distinct population activity in area CA3
(i.e. global remapping) in response to different behavioral or spatial contexts. This could in
turn affect spatial discrimination behaviors and the specificity of memory encoding and
retrieval, which depend upon sequential encoding of behavioral events within the CA3
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recurrent auto-associative network, based upon context-dependent landmark information
encoded in the DG.

7. Conclusions and perspectives

Previous studies have tried to achieve a unifying model for iGCs through competing models
of their direct and indirect impact on encoding within the neural circuit of the DG
[23,24,109]. Yet, emerging evidence reveals that iGC modulation of the DG network is
diverse, operate at multiple temporal scales and is engaged by a diverse set of inputs
according to behavioral task demands. Due to these features, adult neurogenesis provides
additional flexibility for DG to support temporally diverse events ranging from milliseconds
to days, by generating a more distributed representation of important sensory stimuli in an
animal’s environment given different behavioral contexts, which ultimately gives rise to
behavioral discrimination. Here we focused on recent studies to highlight the essential nodes
within the DG circuit along its input and output domains that could be monitored and
manipulated in future studies to interrogate and interpret the contributions of adult
neurogenesis to DG network activity and behavior. Of particular interest is whether well-
defined principal neurons of the DG (adult born immature and mature GCs) represent
behavioral experiences as complex contextual representations that include behavioral drives
or as piecemeal representations of discrete and neutral sensory cues that acquire valence
downstream of the hippocampus. We have also discussed a series of recent findings
indicating that iGCs can modulate the activity of mGCs and CA3 via both monosynaptic and
disynaptic pathways that are differentially recruited depending on environmental conditions,
ultimately resulting in improved contextual discrimination. Since hippocampal dysfunction
has been implicated in the cognitive discrimination impairments associated with
Alzheimer’s disease and PTSD [110,111], constructing a dynamic picture of the DG, an
often overlooked hippocampal region, at cellular and circuit resolutions during the formation
of episodic memories may have an important clinical relevance.
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@ mGC - mature granule cell
@ iGC - immature granule cell
M IN - GABAergic interneuron
MC — mossy cell
A PC - pyramidal cell
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Figure 1. The extended dentate gyrus circuit.
A. The mammalian hippocampus is typically divided into areas CA1, CA2, CA3, and the

dentate gyrus (DG). B. Schematic shows the laminar organization of the DG composed of
the molecular layer (ML), granule cell layer (GCL) and hilus. The GCL contains the mature
and adult born granule cells while the hilus contains the mossy cells and interneurons. The
lateral entorhinal cortex (LEC) and the medial entorhinal cortex (MEC) innervate the outer
(OML) and middle (MML) sections of the ML respectively. Mossy cells (MC),
supramammillary nucleus (SuM) and medial septum innervate the inner (IML) portion of the
ML. The hilus receives diverse inputs including axons of the granule cells as well as
neuromodulatory inputs such noradrenergic (NA), 5-hydroxytryptamine (5-HT,
serotonergic), dopaminergic (DA) and cholinergic (ACh) inputs. The outputs from the DG
arise from GCs that project to the mossy cells (MC) and interneurons (IN) in the hilus and
pyramidal cells (PC) and IN in the CA3. IN and MC in the hilus receive backprojections
from CA3 PCs.
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A. Direct impact of iGCs on DG-CA3 network

B . Indirect impact of iGCs on DG-CA3 network

Figure 2. The role of adult neurogenesis in DG circuit function.
A. Adult born, immature granule cells (iGCs) directly impact the activity of DG-CA3

network. IGCs receive stronger inputs from lateral entorhinal cortex (LEC) than medial
entorhinal cortex (MEC) compared to more similar strength inputs onto mGCs, while
innervation from mossy cells (MC) and ascending inputs from areas such as
supramammmillary nucleus (SuM) and medial septum (MS) onto iGCs increase as they
mature (1). Both MC and SuM projections preferentially target the DG compared to CA3,
unlike projections from LEC and MEC, which may be critical for changing the activity
patterns in the downstream CA3 recurrent network. Maturation of large mossy fiber
terminals of iGCs targeting pyramidal neurons proceeds at a slower pace compared to those
of filopodia contacting interneurons (2), suggesting that the net impact of iGCs on the
activity of CA3 network during their critical period may in fact be inhibitory. B. IGCs
indirectly modify the activity of DG-CA3 network. IGCs can modulate the local DG
network activity through competition with the existing excitatory synapses from afferents
onto mGCs (1) or mossy fiber innervation onto CA3 (2). Alternatively, iGCs may
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monosynaptically activate mGCs (3a) or disynaptically recruit inhibitory interneurons (3b)
to modulate the outputs of the DG to CA3.
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A. Encoding of landmark cues by DG
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Figure 3. Model of the effects of adult neurogenesis in neural computations performed within the
DG.

A. We hypothesize that the DG encodes landmarks within an environment. Sensory cue
input from the lateral entorhinal cortex (LEC) and self-motion/grid cell input from the
medial entorhinal cortex (MEC) travel via the lateral and medial perforant path (LPP, MPP),
which synapse onto granule cell dendrites within the outer and inner molecular layer,
respectively. Repeated coincident cue and spatial input from these two pathways during
exploration engage plasticity to encode specific sensory cues in specific locations, i.e.
landmarks. B. Adult-born, immature granule cells suppress dominant GC inputs and
increase context integration. A small number of potentiated inputs, for instance ones
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associated with invariant landmark cues, may come to dominate GC firing which might lead
to activity with respect to similar cues but in different environments, and compromise
pattern separation and contextual discrimination. The integration of new neurons into this
niche diffuses the dominance of these inputs and encourages the integration of additional
associated, “contextual” inputs. Three mechanisms by which they might do this are: 1)
Direct encoding of cue information along with other associated inputs, 2) Indirect actions on
mature granule cell encoding by competing away excessively strong inputs from entorhinal
cortex, or 3) Modulation of landmark-cue encoding by mature granule cells through
monosynaptic excitation (a) or disynaptic inhibition (b). The next effect is to expand the
input space of important cue input by integrating surrounding associated inputs (bottom). C.
Immature granule cells enforce the distributed code for important landmark cues in the DG.
Removal of adult-born neurons (left) leads to a code dominated by a relatively small number
of highly active cells which are active regardless of context. Conditions of enhanced
neurogenesis (right) lead to a more highly distributed code, where there are more weakly
active cells that are more sensitive to cue-associated or contextual inputs. Note that overall
this notion predicts the involvement of a larger number of neurons in encoding a cue,
however most of these may fall below a threshold for IEG induction.
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