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Abstract The dentate gyrus is the entrance of the hippocampal formation and a primary target of excitatory afferents
from the entorhinal cortex that carry spatial and sensory information. Mounting evidence suggests that continual adult
neurogenesis contributes to appropriate processing of cortical information. The ongoing integration of adult born
neurons dynamically modulates connectivity of the network, potentially contributing to dentate cognitive function. Here
we review the current understanding of how glutamatergic innervation develops during the progression of adult-born
neuron maturation. Summarizing the developmental stages of dentate neurogenesis, we also demonstrate that new
neurons at an immature stage of maturation begin to process afferent activity from both medial and lateral entorhinal

cortices.

Keywords

Introduction

How adult generated neurons of the dentate gyrus (DG)
mature and integrate into the pre-existing hippocampal
network has been a subject of intense investigation over the
past decade (Zhao et al., 2008; Suh et al., 2009; Deng et al.,
2010; Ming and Song, 2011). The hippocampal neural
network is highly plastic, able to modify connectivity by
changing the strength of synaptic contacts in an activity-
dependent manner and able to maintain the integrity of the
existing circuitry while providing a niche to support the
synaptic integration of newborn dentate granule cells (GCs).
Using a variety of viral approaches and transgenic mouse
models that enable selective manipulation of neurogenesis,
many studies have provided functional information about the
involvement of neurogenesis in learning and memory
processes (Deng et al., 2010) as well as dentate specific
tasks, such as pattern separation (Gilbert et al., 2001; Leutgeb
et al., 2007; Deng et al., 2010; Sahay et al., 2011; Nakashiba
et al., 2012). This literature indicates that ongoing neurogen-
esis is important for normal dentate function, but little is
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known about how adult-born GCs contribute to network
activity. With the idea that synaptic connectivity is a crucial
component of neural function, here we review current
findings about the development of glutamatergic synaptic
connectivity to adult-born GCs.

Circuitry of the adult dentate gyrus

The dentate gyrus in rats and mice receives major afferent
projections from layer II of the entorhinal cortex via the
perforant pathway and minor projections from deep layers
(IV-V]) (Witter and Amaral, 1991; van Groen et al., 2003).
The rat entorhinal cortex projects to the ipsilateral dentate
gyrus and gives rise to a crossed projection to the contralateral
DG, CA3, CA1 and subiculum; this contralateral projection is
more prominent in dorsal regions (Goldowitz et al., 1975;
Steward, 1976; Steward and Scoville, 1976). In contrast, mice
have almost no contralateral projections to the DG (Steward
and Scoville, 1976; van Groen et al., 2003). Two components
of the entorhinal cortex provide laminar-specific projections.
Perforant path fibers originating in the lateral entorhinal
cortex (LEnt) form the lateral perforant path (LPP) that
terminates in the outer molecular layer (OML) of the dentate
gyrus. Fibers originating from the medial entorhinal cortex
(MEnt) comprise the medial perforant path (MPP) that
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terminates in the middle molecular layer (MML) of the
dentate gyrus (Witter, 2007). The MPP and LPP projections
form glutamatergic synapses on the dendritic spines of GCs as
well as on shafts of GABA-positive interneurons. Each
pathway transmits information that is integrated in the DG,
with the MPP providing spatial information and the LPP
providing sensory information (Witter et al., 1989; Hafting et
al., 2005; Hargreaves et al., 2005). Each pathway exhibits
distinct release properties, with paired-pulse stimulation of
the LPP producing paired-pulse facilitation and stimulation of
the MPP evoking paired-pulse depression (McNaughton,
1980; Abraham and McNaughton, 1984; Petersen et al.,
2013). There is also differential expression of mGIluR
autoreceptors at each pathway. Presynaptic mGluRs that
decrease release probability have Group-III-like pharmaco-
logy at LPP synapses and mGluRs with Group-Il-like
pharmacology serve as autoreceptors at MPP synapses
(Macek et al., 1996; Kilbride et al., 2001; Chiu and Castillo,
2008; Chancey et al., 2014).

Another important glutamatergic pathway in the DG is the
associational/commissural (A/C) pathway that arises from
mossy cells in the ipsi- or contralateral hilus (Amaral, 1978;
Laurberg and Serensen, 1981; Frotscher, 1991; Buckmaster et
al., 1992). Mossy cells form a complementary longitudinal
axon system that innervates the inner molecular layer (IML)
of distant segments of the DG along the septo-temporal axis
(Jinde et al., 2013; Amaral and Witter, 1989; Soltesz et al.,
1993; Buckmaster et al., 1996; Sloviter and Lemo, 2012).
Paired-pulse stimulation of the A/C pathway produces paired-
pulse depression of glutamate release, and unlike the
perforant path terminals, mossy cell axons do not have
presynaptic mGluR autoreceptors but rather express pre-
synaptic cannabinoid type 1 receptors (CB1Rs) that can
reduce release probability (Chiu and Castillo, 2008; Chancey
et al., 2014).

The DG also receives sparse innervation from several other
brain regions. The septal nuclei have a cholinergic projection
that terminate mainly onto GCs, making asymmetric
excitatory contacts on dendritic spines in the inner third of
the molecular layer (Mosko et al., 1973; Amaral and Kurz,
1985), while other fibers terminate on dentate interneurons
and large mossy cells of the hilus (Liibke et al., 1997).
Moreover, a hypothalamic projection from the supramam-
millary nucleus sends projections to the border of the inner
molecular layer and granule cell layer (Dent et al., 1983;
Magloczky et al., 1994). These projections likely use
glutamate as a primary neurotransmitter (Kiss et al., 2000),
but little is known about the function of these excitatory
connections. The DG also receives a minor and diffusely
distributed dopaminergic projection that terminates mainly in
the hilus from cells in the ventral tegmental area. Dopami-
nergic neurites contact progenitor cells in the subgranular
zone (SGZ) (Hoglinger et al., 2004) and form symmetric
synapses with dendrites and perikarya of GCs (Milner and
Bacon, 1989). It has been proposed that release of dopamine

(DA) and the expression of DA receptors on neural precursor
cells in SGZ could control aspects of neurogenesis (Diaz et
al., 1997; Hoglinger et al., 2004; Berg et al., 2013), although
conflicting results have been reported (Dominguez-Escriba et
al., 2006; Park and Enikolopov, 2010). Furthermore, DA
differentionally modulates excitatory synaptic transmission
from the perforant path to GCs depending on developmental
stage. DA suppresses glutamate release to mature GCs via
D2-like receptors while suppresses transmission to immature
GCs via D1-like receptors (Mu et al., 2011). These authors
also showed that dopamine modulates perforant path synaptic
plasticity to immature GCs but not mature GCs. A deeper
understanding of how these various brain regions exert
distinct modulatory control of cortical synaptic transmission
and plasticity to GCs is an important avenue for future
studies.

Rate of neural maturation is variable

New neurons originate from a residential population of
multiple types of adult neural stem cells (NSCs), radial and
non-radial precursors, in the subgranule zone (Gage, 2000;
Alvarez-Buylla and Lim, 2004; Ma et al., 2009; Lugert et al.,
2010). Radial glial NSCs, also named Type 1 cells, become
activated and begin asymmetric cell division to generate the
intermediate neuronal progenitor cells, Type 2 cells. After ~2
rounds of symmetric division Type 2 cells exit the cell cycle
and become neuroblast Type 1 cells (NB1), a majority of
which do not survive. The surviving NB1 cells mature into
NB2 cells also known as newborn neurons. These newborn
neurons then mature into immature neurons and finally into
mature GCs (Encinas et al., 2011).

It is estimated that the complete progression of maturation
requires at least 7-8 weeks in a young adult mouse brain with
the rate of maturation depending on many factors, including
age and hippocampal region. Age-dependent maturation has
been examined by comparing newborn neurons in adult and
neonatal brains. Morphological maturation of spines, den-
dritic and axonal growths are slower in adult generated GCs
compared to neonatal-generated GCs (Zhao et al., 2006).
Newborn neurons in neonates reside in a network with a
characteristic pattern of spontaneous depolarizing activity,
absent in adults, that accelerates functional GC development
(Overstreet-Wadiche and Westbrook, 2006; Overstreet-
Wadiche et al., 2006). Although the rate of granule cell
maturation does not differ between the suprapyramidal and
infrapyramidal blades, Snyder et al. (2012) showed the timing
of maturation differs along the septotemporal axis with slower
maturation of new GCs occurring in the temporal DG. The
regional difference in maturation along the septotemporal
axis results from different levels of activity; increased
network activity in the temporal DG accelerates maturation
(Piatti et al., 2011).

Fundamental differences in the time course of neuronal
maturation has also been demonstrated between rodents,
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sheep and primates. In particular, Snyder et al. (2012)
described that new GC maturation is delayed significantly in
mice compared to rats, while Brus et al. (2013) showed there
is a longer duration of differentiation in sheep and non-human
primates. The differential timing of neuronal maturation
could have a potential role in memory encoding. The long cell
cycle together with long maturation of adult generated GCs
results in a substrate for memory formation that may be
appropriate for preservation of neural plasticity over the
longer life span of primates, including humans.

In humans, direct evidence for adult neurogenesis was
initially provided by a study with BrdU in postmortem tissue
(Eriksson et al., 1998). In 2005, Frisen and colleagues
introduced a new strategy using radiocarbon-dating for birth-
dating cells from postmortem tissue (Spalding et al., 2005).
Using this approach they found that neurogenesis occurs at
significant levels through adulthood and until old age
suggesting that neurogenesis might contribute to human
brain function (Spalding et al., 2013).

Progenitor cells do not receive
glutamatergic innervation

New neurons continuously generated from NSCs follow a
precise developmental pathway with distinct intrinsic and
synaptic characteristics compared to the surrounding mature
GCs. Type 1 cells exhibit a radial process extending through
the granule cell layer that branches within the IML. Type 1
cells express glial fibrillary acidic protein (GFAP), the
intermediated filament protein Nestin, a radial glia marker
BLBP, and the sry-related HMG-box transcription factor
Sox2 (Mignone et al., 2004; Suh et al., 2007; Encinas et al.,
2011). Although studies have indicated that Type 1 cells do
not receive glutamateric innervation (Tozuka et al., 2005;
Wang et al., 2005), recordings from patches excised from the
soma and main process of Type 1 cells show functional
glutamate transporters with AMPA receptors on their
processes (Renzel et al., 2013). The presence of AMPARs
may be important for responding to local activity-driven
glutamate release and it has been proposed that glutamate
transporters in Type 1 cells contribute to transmitter clearance
(Regan and Smalley, 2007; Regan et al., 2007). However the
functional impact of AMPARs and glutamate transporters in
the absence of synaptic innervation needs further clarification
since the ambient extracellular concentration of glutamate is
extremely low (Herman and Jahr, 2007).

GCs receive cholinergic projections that make asymmetric
excitatory contacts on dendritic spines (Leranth and Hajszan,
2007). Selective lesioning of the cholinergic system in the
basal forebrain reduces proliferation of neuronal progenitor
cells (Ma et al., 2000; Zhou et al., 2004; Mohapel et al.,
2005). In both young and aged mice, focal application of ACh
induces rapid calcium responses in Type 1 and Type 2 cells,
suggesting that endogenous ACh might regulate stem cell

activity by acting directly on proliferating cells (Itou et al.,
2011). As mentioned above,Type 1 cells give rise to Type 2
cells that lack dendritic and axonal processes but may have
short plump horizontal processes of unknown function. Wang
et al. (2005) showed that the earliest signs of neuronal
function could be detected in these Type 2 progenitor cell
populations, such as voltage gated ion channels. Some of
these cells exhibited GABA, receptor-mediated synaptic
currents, suggesting that within a short period, neurons
mature to a stage where they receive GABAergic synapses.
Together these results suggest that the earliest neural
progenitors exhibit little, if any, ionotropic glutamate receptor
signaling. However, evidence for metabotropic glutamate
receptor-mediated regulation of proliferation has been
suggested by Nochi et al. (2012).

Initial silent synapses of newborn granule
cells arise from hilar mossy cells

The post-mitotic newborn stage starts once the progenitor
cells exit the cell cycle. During this period newly generated
GCs develop spineless dendrites that reach the IML and
receive synapses from local GABAergic interneurons (Espo-
sito et al., 2005; Overstreet Wadiche et al., 2005; Ge et al.,
2006; Markwardt et al., 2011; Song et al., 2013). Newborn
GCs express functional AMPA and NMDA receptors that can
be activated by exogenous agonists prior to synapse
formation (Markwardt and Overstreet-Wadiche, 2008;
Schmidt-Salzmann et al., 2014). During the second and
third post-mitotic week adult-born neurons start to develop
spines that receive glutamatergic synapses from the perforant
path (Esposito et al., 2005; Ge et al., 2006; Zhao et al., 2006;
Mongiat et al., 2009).

Nascent synapses on developing neurons lack AMPARs
but have NMDARs that are functionally silent at normal
resting potential due to Mg®" block (Kullmann, 1994; Isaac et
al.,, 1995; Liao et al.,, 1995; Durand et al., 1996). The
conversion of these “silent synapses” to functional synapses
involves activity-dependent incorporation of AMPARs
(“synapse unsilencing”), a process that requires depolariza-
tion to relieve the Mg®" block of NMDARs (Isaac et al.,
1995; Liao et al., 1995; Durand et al., 1996; Wu et al., 1996;
Isaac et al., 1997). Depolarization can be generated by
AMPARs at neighboring functional synapses, or at the
earliest developmental stages when immature neurons lack
functional synaptic AMPARs, it was proposed that depolar-
ization could be provided by GABAergic synaptic activity
(Ben-Ari et al.,, 1997). Synapse unsilencing at the first
synapses on adult-born neurons was recently described by
Chancey et al. (2013). These authors first identified a
developmental stage when adult-generated GCs have gluta-
matergic synaptic transmission mediated solely by NMDARs,
representing the initial silent synapses before AMPAR-
mediated functional transmission. This developmental stage
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occurs when newborn GCs are approximately 10-12 days
after mitosis and can be identified in POMC-GFP reporter
mice. Synaptic GABA depolarization of newborn GCs
enabled activation of NMDARs in the absence of AMPAR-
mediated transmission. Synapse unsilencing could be
achieved either by a conventional pairing protocol using
synaptic stimulation with direct postsynaptic depolarization
(Fig. 1A), or by glutamatergic and GABAergic synaptic
activity in vitro. Brief exploration of an enriched environment
also triggered synapse unsilencing in vivo that required
GABAergic depolarization (Chancey et al., 2013). These
results demonstrated that GABAergic depolarization is
needed to rapidly initiate functional glutamate-mediated
transmission in response to experience.

Following these results, Chancey et al. (2014) also
investigated the cellular source of the initial glutamatergic
synapses on newborn GCs. Newborn GCs have dendrites
mainly restricted to the IML, suggesting that presynaptic

glutamatergic terminals arise from hilar mossy cells (MC) that
form the A/C pathway located in the IML. Since MC
terminals contain presynaptic CBI1Rs, the authors first
showed that NMDAR-mediated exitatory postsynaptic cur-
rents (EPSCs) evoked in newborn cells were reduced by
a CBIR agonist but not the Group II mGluR agonist
(2S,20R,30R)-2-[20,30-dicarboxycyclopropyl] glycine
(DCG-1V) (Chancey et al., 2014). This result excluded the
possibility that the EPSC arises from the medial perforant
path or from neighboring mature GCs (Vivar et al., 2012),
since MPP terminals and mossy fiber terminals express Group
II mGluRs (Manzoni and Bockaert, 1995; Manzoni et al.,
1995; Kwon and Castillo, 2008).

Moreover, using optogenetics to selectively activate
excitatory MC axons Chancey et al. (2014) found that the
majority of newborn GCs responded to MC activation with an
NMDAR EPSC (Fig. 1B). To exclude the possibility that the
glutamatergic inputs arose from the perforant path, they also
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Initial silent synapses on adult born GCs arise from hilar mossy cells. (A) Left, diagram of recording from newborn GCs

expressing POMC-GFP. Stimulation in the IML evokes NMDAR-only EPSCs (top right, pre-pairing) that undergo rapid incorporation of
AMPARSs after pairing synaptic stimulation with postsynaptic depolarization (top right, post-pairing). Ten traces overlaid (gray) with
averages (black). Right bottom, plot of EPSC amplitude versus time at —70 mV (black) and + 40 mV (blue). Adapted from Chancey et al.,
2013. (B) Left, a mossy cell filled with biocytin (white) in a DG injected with ChR2-mCherry (red). /nsets, mossy cell spiking in response
to 455 nm light (blue bars). Scale bar, 100 pm. GCL, granule cell layer. Right, ChR2-mCherry-labeled commissural axons in the hilus and
IML of the contralateral DG. Inset, example of light-evoked NMDAR EPSC in a POMC-GFP newborn GC that is blocked by CBIR
agonist WIN 55 212-2. Scale bar, 100 um. Adapted from Chancey et al., 2014.
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expressed channelrhodopsin in the entorhinal cortex. At this
early developmental stage synaptic connectivity from the
entorhinal cortex is not yet established since no responses
were detected in newborn GCs following light-activation of
either the medial or lateral perforant path. In addition, to
evoking NMDAR EPSCs, MC activation generated disynap-
tic GABA release onto newborn GCs, presumably resulting
from recruitment of local inhibitory interneurons. Thus, MCs
provide the circuitry to synchronize glutamate and GABA
release for activity-dependent synapse unsilencing (Chancey
et al., 2013). In addition to promoting initial synaptogenesis,
MC innervation is likely to contribute to GC function in other
ways. For example, MC excitation of adult-generated neurons
could promote their participation in DG network activity.
Early innervation from MCs that elicits prominent NMDAR-
mediated signaling also suggests that MCs are important for
controlling cell survival, since ablation of NMDARs
promotes cell death of newly generated cells between the
2nd and 3rd postmitotic week (Tashiro et al., 2006).

Immature GCs process cortical afferent
activity

As newborn GCs continue to mature, the dendrites reach the
outer molecular layer, spines grow and increase in size and
their axons extend through the hilus toward CA3 (Zhao et al.,
2006). These cells also start to receive axosomatic,
axodendritic and axospinous synapses (Zhao et al., 2006;
Toni et al., 2007; Toni et al., 2008). Between 2 and 4 weeks
postmitosis, the GABA 4 receptor reversal potential shifts in
the hyperpolarizing direction, presumably in response to
significant maturation of excitatory glutamatergic inputs
arising from the MEnt and LEnt (Espésito et al., 2005; Ge
et al., 2006; Ming and Song, 2011; Vivar et al., 2012). During
this phase, developing GCs are morphologically and
functionally immature displaying a high intrinsic excitability
resulting from regenerative T-type Ca®" currents and high
input resistance (Schmidt-Hieber et al., 2004; Brunner et al.,
2014). They also display a high propensity for long-term
plasticity of peforant path synapses, including a low threshold
for induction of long-term potentiation (LTP) and a greater
magnitude of LTP than mature GCs that results from high
expression of NMDA2BRs receptors (Ge et al., 2007).
Moreover immature GCs integrate synaptic inputs, resulting
in action potentials and release of glutamate onto target cells
(Wang et al., 2000; Schmidt-Hieber et al., 2004; Ge et al.,
2007; Mongiat et al., 2009; Stone et al., 2011; Gu et al., 2012;
Marin-Burgin et al., 2012).

Recently van Praag and colleagues (Vivar et al., 2012,
2013) used trans-synaptic retrograde tracing to illustrate that
the source of synaptic inputs to 3 week-old GCs arises from
mature GCs, hilar mossy cells, a direct back projection from
area CA3 pyramidal cells and sparse input from the LEnt and

perirhinal cortex (PRH). The authors interpreted a lack of
labeling in the MEnt to indicate that immature GCs were not
innervated by MPP fibers, raising the question of when
excitatory innervation from the MPP is established. Dentate
GCs integrate spatial-specific information from the MEnt
with sensory information from the LEnt, thus understanding
the timing of innervation is important to determine when and
how developing GCs participate in DG information proces-
sing, including the transformation of synaptic inputs into
place cell firing and the orthogonalization of context-specific
stimuli.

Abundant results from in vitro slice studies have shown a
time-dependent increase in excitatory innervation from the
perforant path that tracks the synaptic integration of adult-
generated GCs into the DG circuit (Esposito et al., 2005; Ge
et al., 2006; Mongiat et al., 2009; Marin-Burgin et al., 2012;
Dieni et al., 2013). Using transgenic mice to identify GCs of
differing postmitotic ages, we showed that focal stimulation
of the MPP and LPP evoked larger synaptic currents in 4
week-old GCs compared to 3 week-old GCs, and all
immature GC responses were smaller than those evoked in
mature GCs (Dieni et al., 2013). Selective activation of the
MPP and LPP achieved by viral-mediated expression of
channelrhodopsin also illustrates the timing of perforant-path
innervation of retroviral-labeled developing GCs (Kumamoto
et al., 2012). A low percentage of immature GCs at 14 days
post-infection (dpi) responded to MEnt and LEnt optogenetic
stimulation whereas nearly all 21 and 28 dpi GCs responded
to both MEnt and LEnt stimulation (Fig. 2A; Kumamoto et
al., 2012). We also demonstrated that focal stimulation of the
MEnt and LEnt generated EPSCs in 4 week-old GCs that
showed paired pulse depression, an indicator of the MPP, and
paired pulse facilitation, an indicator of the LPP, respectively
(Fig. 2B). Together these results suggest that innervation of
immature GCs from the MEnt and LEnt is gradually
established between 2 and 3 weeks after cell birth, and that
innervation of 4 week-old GCs does not achieve mature
values but rather continues to increase over time.

Focal and optogenetic activation may not fully distinguish
the MPP and LPP, therefore we also used a pharmacological
approach to assess innervation of immature GCs by the MPP,
taking advantage of the differential expression of Group II
mGluR autoreceptors (Fig. 3A) (Macek et al., 1996; Kilbride
et al., 2001; Chiu and Castillo, 2008; Chancey et al., 2014).
To identify approximately 3 week-old immature GCs, when
the absence of innervation by the MPP was proposed (Vivar
et al., 2012, 2013), we used transgenic GAD67-GFP reporter
mice that express GFP in GCs that are just beginning to
extend dendrites through the molecular layer (Zhao et al.,
2010; Dieni et al., 2013). Stimulation in the MML generated
EPSCs in all mature and GAD67-labeled immature GCs
while OML stimulation failed to evoke EPSCs in 53% of
immature cells (Fig. 3B). We confirmed that stimulation in the
MML generated EPSCs arising from MPP terminals by
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Figure 2 Immature GCs are innervated by medial and lateral enthorinal cortex. (A) Left, cartoon showing AAV-ChR2-EGFP injection
sites in LEnt or MEnt. Right, the MEnt injection site results in axonal projections expressing ChR2-GFP in the MML of the DG. (B) Left,
confocal image showing ChR2-EGFP expression in the MPP and a recorded GC (white) in acute slice. Right, blue light pulses evoke
AMPAR-mediated EPSCs that are blocked by CNQX (gray trace). Approximately 80% of 21-day old retroviral labeled immature GCs
exhibit EPSCs evoked by selective MEnt or LEnt optogenetic stimulation. Adapted from Kumamoto et al. (2012) with permission from
Nature Publishing Group. (C) Left, focal stimulation in the MEnt and LEnt also evokes AMPAR EPSCs in dentate GCs. Right, confocal
image of TdTomato-labeled immature GCs in Nestin-CreER mice at 4 weeks post-tamoxifen injection (PTI). (D) Example of EPSCs in
mature (left) and immature (right) GCs in response to paired-pulse stimulation of the MEnt (top) or LEnt (bottom) pathways. Adapted

from Dieni et al., 2013.

testing their sensitivity to the Group II mGluR agonist DCG-
IV. In mature GCs, EPSCs evoked by stimulation in the MML
were blocked by DCG-IV to a greater extent than EPSCs
evoked by stimulation in the OML (Fig. 3C), confirming the
pharmacological signature of each pathway. Importantly,
EPSCs in immature GCs evoked by MML stimulation were
likewise reduced by DCG-IV (Fig. 3D), confirming that
EPSCs arise from MPP terminals even if there is anatomical
intermingling of the two pathways. Together with prior
studies, these results support a sequence of synaptic
integration where MPP innervation is established upon the
extension of immature dendrites within the MML with LPP
innervation being established upon dendritic extension into
the OML.

The balance of excitatory and inhibitory
innervation

Between 4 and 6 weeks after cell birth, excitatory innervation
of immature GCs continues to expand and during this period
inhibitory innervation from local GABAergic interneurons is
likewise increasing. GABAergic synaptogenesis is thought to
follow a stereotypic pattern with dendritic-projecting inter-
neurons that generate inhibitory postsynaptic currents
(IPSCs) with slow kinetics establishing synapses prior to
synaptic formation from perisomatic projecting interneurons
that generate IPSCs with fast kinetics (Esposito et al., 2005;

Markwardt and Overstreet-Wadiche, 2008; Markwardt et al.,
2011; Marin-Burgin et al., 2012; Dieni et al., 2013). Although
GABAergic signaling precedes glutamatergic synaptogenesis
at the earliest stages of GC maturation, by 4 weeks immature
GCs exhibit a lower ratio of inhibitory to excitatory synaptic
strength compared to mature GCs (Dieni et al., 2013). The
low I/E ratio and the slow rise times of inhibitory synaptic
currents result in less functional inhibition of immature GCs
relative to mature GCs, contributing to greater activation in
response to molecular layer stimulation (Marin-Burgin et al.,
2012; Li et al., 2013; Dieni et al., 2013).

Strong inhibitory circuitry is a hallmark of the DG (Coulter
and Carlson, 2007). Not only are GCs subjected to strong
feedforward inhibition, they are also known to recruit
feedback inhibition to the granule cell layer by their
innervation of inhibitory interneurons in the hilus. Interest-
ingly, not only do immature GCs receive weak inhibitory
synaptic innervation, they also generate little feedback
inhibition to neighboring GCs (Temprana et al., 2015).
Thus, immature GCs may function relatively independently
of the strong inhibitory circuits established by interneurons of
the DG. By 8 weeks after cell birth, adult born GCs appear
fully mature (Laplagne et al., 2006; Mongiat et al., 2009),
they have low input resistance and large dendritic arborization
with prolific synaptic connections compared to the younger
GCs. At this stage, excitatory function is strongly regulated
by feedforward and feedback inhibition that has been
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Figure 3 EPSCs in ~3 week-old GCs show pharmacology of
medial perforant path. (A) Immunostaining for mGIluR2/3 shows
selective expression in axons of MPP. (B) Percentage of GCs
exhibiting EPSCs during focal MPP and LPP stimulation (*
0.045 Fisher’s exact test). Immature GCs were identified in
GADG67-GFP reporter mice. The total number of cells recorded is
indicated in the bars. (C) Left, DCG-IV (1uM) decreased EPSCs
in mature GCs during MPP and LPP stimulation by 73% and 27%
respectively (n = 6 each pathway, p = 0.0004 unpaired ¢-test).
Right, examples of EPSCs recorded in mature GCs in the absence
and presence of DCG-IV. (D) Left, DCG-IV decreased EPSCs in
GADG67-GFP labeled immature GCs by 56% (n = 5, p = 0.0035,
paired #-test). A representative time plot of EPSCs in an immature
GC (left) and representative EPSCs (right).

suggested to be necessary in maintaining the DG’s sparse
patterns of neural activity (Coulter and Carlson, 2007; Ewell
and Jones, 2010; Temprana et al., 2015). The eventual
convergence of functional properties with neonatal GCs
suggests that immature GCs make a unique contribute to DG
function during the transient immature period when their
distinct intrinsic and synaptic characteristics distinguish them
from the much larger population of mature GCs.

Conclusions

Mapping synaptic connectivity is essential for understanding
the physiological function of neural networks. Here we
review how the excitatory connectivity changes during
maturation of hippocampal adult-born neurons, focusing on

the main glutamatergic afferents that project from the
entorhinal cortex and hilar mossy cells. We showed that the
first glutamatergic innervation to newborn GCs is from hilar
mossy cells (Chancey et al., 2013, 2014). We also illustrated
results using optogenetic, electrical stimulation and pharma-
cology that indicate immature GCs receive glutamatergic
innervation from both the MEnt and LEnt, despite failures of
trans-synaptic labeling to identify sources of innervation from
the MEnt (Kumamoto et al., 2012; Dieni et al., 2013; Vivar
and van Praag, 2013).

Many questions remain unanswered about synaptic func-
tion in the DG. Studies support a role of the cholinergic
system in the regulation of newborn neuron maturation and
survival (Kaneko et al., 2006; Campbell et al., 2010) and
modulation of their excitability that may facilitate information
output to the CA3 (Vogt and Regehr, 2001). Likewise studies
over the last decade suggest that dopamine contributes to
proliferation of neural precursor cells in the subgranular zone
(Hoglinger et al., 2004; Dominguez-Escriba et al., 2006; Park
and Enikolopov, 2010), and modulates synaptic transmission
and plasticity of GCs (Mu et al., 2011). Further investigation
is necessary to understand the role of cholinergic and
dopaminergic inputs during GC maturation.

Finally, the last decade has witnessed a profound increase
in our understanding of spatial processing in the MEnt (Moser
et al., 2014). Many unanswered questions remain about the
function of the downstream EC-DG circuit. Understanding
how spatial and sensory information is mapped to the DG and
how GCs potentially transform disparate information into
place codes will be important to address in future studies
(Neunuebel and Knierim, 2012; Lisman and Jensen, 2013).
Overall, the development of afferent innervation during adult-
born GCs maturation suggest that immature and mature GCs
may be recruited by network activity in distinct ways to
provide complementary integration of new information with
previous experience.
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