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Abstract

The adult mammalian brain is a dynamic structure, capable of remodeling in response to various
physiological and pathological stimuli. One dramatic example of brain plasticity is the birth and
subsequent integration of newborn neurons into the existing circuitry. This process, termed adult
neurogenesis, recapitulates neural developmental events in two specialized adult brain regions: the
lateral ventricles of the forebrain. Recent studies have begun to delineate how the existing

neuronal circuits influence the dynamic process of adult neurogenesis, from activation of quiescent
neural stem cells (NSCs) to the integration and survival of newborn neurons. Here, we review
recent progress toward understanding the circuit-based regulation of adult neurogenesis in the
hippocampus and olfactory bulb.

Neurogenesis occurs throughout life in discrete regions of the mammalian brain and
substantial evidence supports critical roles of adult-born neurons for specific brain functions,
such as learning, memory, and olfactory processing (Kempermann and Gage 1999; Temple
and Alvarez-Buylla 1999; Lledo et al. 2006; Zhao et al. 2008; Sahay et al. 2011). Under
normal physiological conditions, significant levels of adult neurogenesis are limited to two
brain regions in mammals: the olfactory bulb (OB), in which newborn neurons migrate from
the subventricular zone (SVZ) of the lateral ventricles, and the dentate granule cell (GC)
layer of the hippocampus, in which newborn neurons are generated locally within the
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subgranular zone (SGZ) (Ninkovic and Gotz 2007; Duan et al. 2008). Significant progress
has been made in understanding major steps underlying adult neurogenesis (Kempermann et
al. 2004; Ming and Song 2011). New neurons in these regions originate from a residential
population of adult neural precursor cells (Gage 2000; Alvarez-Buylla and Lim 2004; Ma et
al. 2009a). Neurons born in the adult SVZ migrate over a great distance through the rostral
migratory stream (RMS) and become mostly granule interneurons and periglomerular
interneurons in the OB, whereas neurons born in the adult SGZ migrate into the GC layer of
the dentate gyrus (DG) and become glutamatergic dentate GCs in the hippocampus.

Active adult neurogenesis occurs in a highly complex local environment, referred to as the
neurogenic niche, which supports neural precursor cells and their development (Zhao et al.
2008; Kriegstein and Alvarez-Buylla 2009; Ming and Song 2011). Neuronal activity and
experience, presumably acting on the local niche, regulate each step of the adult
neurogenesis progress, from neural progenitor proliferation to new neuron maturation,
synaptic integration, and survival (Zhao et al. 2008; Ming and Song 2011; Song et al.
2012b). Niche constituents that support adult SVZ or SGZ neurogenesis include endothelial
cells, ependymal cells, astrocytes, microglia, and mature neurons (Ma et al. 2005; Miller and
Gauthier-Fisher 2009; Siegenthaler and Pleasure 2010; Goldman and Chen 2011; Ihrie and
Alvarez-Buylla 2011). In contrast to embryonic neurogenesis, one hallmark of adult
neurogenesis is its dynamic regulation by neuronal activity at specific stages (Lledo et al.
2006; Zhao et al. 2008). For example, exposure to an enriched environment promotes adult
hippocampal neurogenesis by increasing new neuron survival (Kempermann et al. 1997).
The local circuitry mechanisms that mediate experience and activity-dependent regulation of
adult neurogenesis remain elusive, largely because of a lack of direct evidence linking
neuronal activity from specific niche components to the regulation of distinct stages of adult
neurogenesis. There is a large body of literature reporting critical roles of neurotransmitter
signaling, mostly via systemic manipulation, in regulating neurogenesis at various stages
(Jang et al. 2008; Masiulis et al. 2011; Young et al. 2011). For example, -y-aminobutyric acid
(GABA) depolarizes neural progenitors and postmitotic immature neurons in the adult DG
and promotes their maturation, differentiation, synaptic integration, and survival (Tozuka et
al. 2005; Ge et al. 2006; Jagasia et al. 2009; Li et al. 2009a; Sun et al. 2009; Duveau et al.
2011). However, the majority of early studies did not differentiate between a direct
regulation by neurotransmitters on adult precursor cells and indirect effects by less proximal
circuit activity on the neurogenic niche. Moreover, the source of this activity-driven
neurotransmission in the niche has been ambiguous. The organization of neuronal circuitry
that regulates neurogenesis, the presence of synaptic inputs from other brain regions, and the
expression of receptor populations within the SVZ and SGZ have not been extensively
examined. One major advance in recent years is the identification of functional inputs onto
newborn neurons and their synaptic partners during adult neurogenesis and illustration of the
functional impact of existing neural circuits on the neurogenesis process. Here, we review
recent progress to identify local circuit activity and long-distance projections that regulate
adult neurogenesis at various developmental stages in the adult mammalian SGZ/
hippocampus and SVZ/OB. Our goal is to provide an updated view of the current status of
this line of research, and discuss complex interactions between circuitries from various brain
regions, and how they impact adult neurogenesis regulation and function.
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CIRCUITRY REGULATION OF ADULT HIPPOCAMPAL NEUROGENESIS

Adult Hippocampal Circuitry and Neurogenesis

The hippocampal neural network is highly dynamic, with the capacity to modify its
connectivity by changing the number and strength of synaptic contacts in an activity-
dependent manner. Hippocampal principal neurons are located in three primary subregions:
GCs in the DG, and pyramidal neurons in CA1 and CA3. The principal neurons are
synaptically connected to form the “trisynaptic circuit” (Fig. 1A), representing the canonical
signaling network of the hippocampus. Within this circuit, information flows first through
the entorhinal cortex (EC), the afferent input to the DG through the medial and lateral
perforant pathways (MPPs and LPPs), then to CA3 pyramidal cells via mossy fibers (axons
of DG GCs), then to CA1 pyramidal cells via Schaffer collateral projections (axons of CA3
neurons), and finally to the subiculum and back to the EC (Claiborne et al. 1986; Kohler
1986). This primary hippocampal projection forms a closed loop wherein sensory
information from specific cortical areas converges onto the EC, is processed through the
hippocampal circuitry, and returns to the cortical region of origin (Li et al. 2009b). Besides
principal excitatory neurons that form the trisynaptic circuit, another major component in the
hippocampus is the diverse GABA-releasing interneurons that govern the generation of field
potential oscillations characteristic of the DG. Furthermore, adult hippocampal circuitry
shows significant regulation by multiple modulatory neurotransmitters, such as acetylcholine
(ACh) from septal nucleus and diagonal band of Broca, serotonin (5-HT) from dorsal (DRN)
and median raphe nucleus (MRN), and dopamine (DA) from ventral tegmental area (VTA)
(Fig. 1A,B).

Among hippocampal principal cells, only dentate GCs are continuously generated
throughout adulthood in the DG. Self-renewing and multipotent neural stem cells (NSCs)
residing in the SGZ, a narrow band of tissue lying between the GC layer and the hilus, give
rise to both neurons and astrocytes, but not oligodendrocytes (Bonaguidi et al. 2011). The
development of newborn neurons in the adult hippocampus can be divided into five distinct
phases: (1) stem-cell maintenance, activation, and fate specification; (2) proliferation of
intermediate neural progenitors and neuroblasts; (3) migration and initial pruning of
newborn GCs; (4) maturation and functional integration of newborn neurons; and (5) late-
phase maturation and maintenance of adult-born neurons (Fig. 1C). It is estimated that the
entire neurodevelopmental process takes ~7 to 8 wk in the young adult mouse brain,
although this pace is affected by a number of environmental and pathological conditions
(Zhao et al. 2006; Song et al. 2012a). Because of the dynamic circuit regulation of the adult
neurogenic niche by a diverse set of neuromodulatory networks, dissecting the consequences
of functional inputs in this multistep process is highly complicated (Kempermann et al.
2004; Ma et al. 2009c). In this section, we focus on the regulation of discrete stages of adult
hippocampal neurogenesis by local circuitry and long-distance projections.

Local Circuitry Regulation of Adult Hippocampal Neurogenesis

Local GABAergic Interneurons—In addition to excitatory principal cells, such as
dentate granule and EC pyramidal cells, hippocampal microcircuits recruit different types of
GABAergic interneurons, which exert inhibitory control at the soma, proximal dendrites,
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distal dendrites, and the axonal initial segment of the principal cells (Freund and Buzsaki
1996; Houser 2007). The hippocampal interneurons are remarkably diverse in their location,
morphology, targets, and expression of proteins, such as calcium-binding proteins (Freund
and Buzsaki 1996; Maccaferri and Lacaille 2003). A number of interneurons with their
axons in close proximity to the SGZ neurogenic niche can potentially exert functional
impact on adult neurogenesis. These interneurons include molecular layer perforant path
interneurons (MOPP), hilar commissural-associational pathway-related interneurons
(HICAP), hilar perforant path-associated interneurons (HIPP), stratum lacunosum-
moleculare (L-M) interneurons, and basket cells (BCs) (Fig. 1B,C) (Han et al. 1993; Freund
and Buzsaki 1996; Houser 2007).

Studies have just begun to characterize the interaction between local interneurons and adult
precursors and their progeny, ranging from radial glia-like NSCs, proliferating intermediate
neural progenitors and neuroblasts, and postmitotic immature neurons to mature neurons.
Previously, manipulations were mostly performed in a cell-autonomous fashion through the
“single-cell knockdown™ approach that uses a retrovirus expressing a short-hairpin RNA
(shRNA) to infect proliferating neural progenitors, sometimes in combination with
pharmacological manipulations. Moreover, because of the inability to use traditional
electrodes to stimulate specific neuronal populations in these experiments, precise analyses
of circuit function and dynamics were not feasible. With recent technical advancements in
circuitry manipulation via optogenetics, chemogenetics, DREADDs (designer receptors
exclusively activated by designer drugs), and cross-synaptic tracing technology, the field is
in a unique position to address fundamental questions underlying activity-dependent
regulation of adult neurogenesis.

Using rabies virus—mediated retrograde tracing in combination with retroviral approach to
label and birthdate newborn GCs, recent studies showed that adult-generated neurons receive
local connections from multiple types of GABAergic interneurons, including parvalbumin-
positive (PV*) BCs, somatostatin-positive (SST*) HIPP cells, HICAP cells, and MOPP cells,
such as neurogliaform cells/Ivy cells (Fig. 1C) (Vivar et al. 2012; Deshpande et al. 2013).
The rabies virus-based transsynaptic tracing tool used in these studies is very informative in
terms of defining both the organization of monosynaptic connections and how individual
connections are integrated into polysynaptic networks. However, to identify the circuit-based
regulation of early stages of adult neurogenesis (e.g., the NSC stage and early neural
progenitor/neuroblast stages), the cross-synaptic tracing approach is not feasible, as no or
very few immature synapses are present at those stages of development. Therefore,
electrophysiological characterization is necessary to define the nature of functional inputs
during initial phases of adult neurogenesis. A recent study using paired recording in acute
slices showed that interneurons of the neurogliaform cell family provide a source of GABA
for immature neurons labeled with proopiomelanocortin (POMC)-enhanced green
fluorescent protein (EGFP) that are ~11 to 12 d after birth (Overstreet et al. 2004) in the
adult mouse DG (Markwardt et al. 2011).

Despite recent progress in identifying afferent inputs to immature neurons, the evidence for
local interneuron regulation of NSCs and precursor cells is still limited, largely because of
the distinct properties of those cell populations, which prevent effective functional
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characterization. Furthermore, in vivo functional studies of those local interneurons in
regulation of adult neurogenesis are still lacking. Using the combination of optogenetics and
lineage tracing to target the quiescent radial glia-like NSCs, we have identified PV*
interneurons as a cellular niche component that signals to quiescent NSCs through -
containing y-aminobutyric acid type A receptors (GABAARS) in an activity-dependent
fashion in the adult mouse DG. Moreover, optogenetic control of dentate PV* neuron
activity, but not SST™* or vasoactive intestinal polypeptide (VIP*) interneurons, dictates the
radial glia-like neural-stem-cell decision between quiescence and activation (Song et al.
2012b). In contrast to the direct synaptic inputs onto immature neurons in POMC-EGFP
mice (Markwardt et al. 2009), no apparent functional GABAergic synaptic responses were
detected when radial glia-like NSCs were recorded in this and previous studies (Wang et al.
2005), suggesting that GABA spillover from activated PV* interneuron-mature GC synapses
indirectly regulates nearby radial stem cells. More recently, we showed that PV*
interneurons make direct synaptic contacts with proliferating neuroblasts and regulate their
survival and development in the adult DG (Song et al. 2012b, 2013). Together, these results
reveal a striking diametric regulation of two early critical steps of adult neurogenesis via
PV* neuron activity. In the DG with heightened activity, activation of PV* neurons inhibits
quiescent neural-stem-cell activation while promoting the survival of proliferating neuronal
progenitors already born. Conversely, when the activity in the DG is low, decreased PV*
neuron activation promotes expansion of the quiescent neural-stem-cell pool via symmetric
cell division and simultaneously suppresses the survival of proliferating neuronal
progenitors. Therefore, these studies provide a point of entry for understanding how circuit
dynamics impacts different phases of adult neurogenesis. Future studies with detailed
characterization of various synaptic inputs onto adult-born neurons at different
developmental stages will provide insights into spatial and temporal organization of various
local circuitry niche components in relation to sequential stages of adult neurogenesis.

Local Glutamatergic Neurons, Including Mossy Cells and Mature GCs—Mossy
cells are enriched in the hilar region of the hippocampal formation, and thought to be the
principal cells of the hilus, copopulating along with hilar interneurons (Buckmaster and
Jongen-Relo 1999). Mossy cells project widely through the septotemporal axis of the
hippocampus, with potentially highly complex local networks because of the contralateral
projections from those cells (Buckmaster et al. 1996). Using rabies virus-mediated
retrograde-tracing, recent studies showed that newborn GCs receive afferent inputs from
mossy cells starting from 5 to 10 d after their birth (Vivar et al. 2012; Deshpande et al.
2013). Furthermore, electrophysiological recording of newborn neurons at various cell
stages on stimulation of contralateral hilar mossy cells supports the early mossy cell
innervation of newborn neurons before 14 d of cell age (Kumamoto et al. 2012). The finding
that mossy cells form synapses onto new neurons at this early stage is surprising as it has
been previously thought that excitatory glutamatergic input to new neurons occurs initially
by EC projections through the perforant path and that such excitatory synapse formation
takes place at a much later stage (Schmidt-Hieber et al. 2004; Ge et al. 2006). However, the
functional role of mossy cells in regulation of adult neurogenesis is still unknown. Previous
studies have shown that glutamatergic signaling through A~methyl-D-aspartate receptors
(NMDARS) is critical for competitive survival and integration of newborn neurons ~ 2 wk
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after they are born (Tashiro et al. 2006). Therefore, it is conceivable that innervation of new
neurons from both contralateral mossy cells and EC represent the major glutamatergic inputs
critical for newborn neuron survival.

One surprising finding from the retrograde tracing study is the possibility of massive but
transient glutamatergic inputs from mature GCs to newborn GCs at immature stages (Vivar
et al. 2012). Such intragranular connections have been previously observed after denervation
of EC inputs to the DG, seizures, and brain injuries (Buckmaster et al. 2002; Marques-Mari
et al. 2007; Murphy and Danzer 2011). However, such intragranular connections were only
reported as a minority of the total connections by another study using a similar retrograde
tracing approach (Deshpande et al. 2013). The discrepancy may lie in the use of different
mouse lines and viral vectors between these studies. Furthermore, it cannot be ruled out that
the observed mature newborn GC connections were a consequence of pseudo transduction
(Deshpande et al. 2013). Therefore, further studies will be required to confirm the
connection from a functional aspect using electrophysiology.

Other Local Neurons—In addition to the major DG cellular niche components discussed
above, there is a small population of cholinergic interneurons in the DG. How these
cholinergic interneurons might influence the process of adult neurogenesis remains largely
unknown, because the major cholinergic input into the hippocampus is believed to come
from the basal forebrain (Bartus et al. 1982; Frotscher et al. 2000).

Long-Distance Circuitry Regulation of Adult Hippocampal Neurogenesis

EC Projection—The EC provides the major excitatory input to the dentate GCs through
the MPP and LPP, coursing through the medial and outer molecular layer (Witter 2007).
Glutamate signaling has long been implicated in regulating adult hippocampal neurogenesis
at multiple stages (reviewed in Ge et al. 2008). On stimulation of the EC-perforant path,
patch-clamp recording analyses suggest that robust glutamatergic synaptic development
between newborn dentate GCs and EC projections occurs 14 to age (Ge et al. 2006). Similar
findings were described in a cross-synaptic tracing study (Vivar et al. 2012). Because inputs
from EC to newborn neurons only start to appear when newborn neurons reach 3 wk of cell
age and gradually mature after 4 wk of cell age (Vivar et al. 2012), the direct contribution of
EC inputs to adult neurogenesis regulation is more likely to be at the neuronal maturation
stages. For instance, direct manipulation of glutamatergic synaptic inputs by stimulating
perforant path has identified a critical period during which newborn neurons show enhanced
long-term potentiation (LTP) (Schmidt-Hieber et al. 2004; Ge et al. 2007). Within 4-6 wk
after they are born, new neurons show both a lower induction threshold and increased
amplitude of LTP in response to a physiological pattern of stimulation. However, there could
be indirect regulation through a non-cell-autonomous mechanism by modulating existing
neuronal circuits. For instance, induction of LTP at the MPP-GC synapses promotes the
proliferation of adult neural progenitors and survival of newborn neurons in an NMDAR-
dependent fashion (Bruel-Jungerman et al. 2006; Chun et al. 2006). In addition, Gadd45b,
via active DNA demethylation, promotes brain-derived neurotrophic factor (BDNF) and
fibroblast growth factor (FGF)-1 expression in mature dentate GCs in response to neuronal
activation, and deletion of Gadd45b reduces activity-induced proliferation of neural
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precursors and dendritic growth of newborn neurons in the adult hippocampus (Ma et al.
2009b). sFRP3, a naturally secreted Wnt inhibitor expressed by local mature dentate GCs,
serves as an inhibitory niche factor to suppress multiple phases of adult neurogenesis,
including quiescent neural-stem-cell activation, maturation, and dendritic growth of newborn
neurons (Jang et al. 2013). In these cases, existing circuitry modulates properties of mature
dentate GCs, which in turn affects adult neurogenesis at distinct stages via growth factors
and morphogen signaling. Despite the recent progress in identifying glutamatergic signaling
to the newborn neurons, it remains to be determined whether quiescent NSCs and
intermediate neural progenitors possess functional glutamatergic inputs and, if so, what
receptor subtypes may be involved and whether the effect is through synaptic or tonic
signaling.

Basal Forebrain GABAergic and Cholinergic Projections—The DG receives
cholinergic and GABAergic inputs from the septum, including the medial septum and
diagonal band of Broca (MSDB), via the fimbria—fornix pathway (Fig. 1A,B) (Amaral et al.
2007). Interestingly, the cholinergic and GABAergic components target different cell types.
Fibers of the septal GABAergic projections terminate preferentially on other GABAergic
interneurons, such as the DG BCs, in which they form inhibitory contacts. In contrast, the
cholinergic septal projection to the DG terminates mainly on GCs, and makes excitatory
contacts on dendritic spines (Lubke et al. 1997). This unique anatomical feature of septal
projections from two distinct populations of neurons may provide a differentially regulated
influence on adult neurogenesis at distinct stages in an activity-dependent fashion. Indeed,
the hippocampal 6 rhythm is regulated by both cholinergic and GABAergic systems of the
septal nuclei. Therefore, it is possible that adult neurogenesis is directly regulated through
distal cholinergic or GABAergic neurons, or indirectly regulated through the interaction
between distal cholinergic or GABAergic neurons and local GABAergic interneurons.

To date, little is known about the role of septal GABAergic projects on adult neurogenesis,
largely because of the confound of pharmacological manipulation of GABA signaling,
which has global and local consequences, through GABAergic interneurons and projection
GABAergic neurons. Accumulating evidence, although not through specific manipulation of
the cholinergic-hippocampal circuit, suggests that cholinergic signaling is involved in the
regulation of adult hippocampal neurogenesis (Fig. 1C). For example, selective lesion of the
medial septum system negatively affects the proliferation of neural precursor cells (Cooper-
Kuhn et al. 2004; Van der Borght et al. 2005) and the administration of ACh esterase
inhibitors promotes NSC/neuronal progenitor cell proliferation and leads to a rapid calcium
rise in the NSCs (Kaneko et al. 2006; Itou et al. 2011). Newborn neurons in nicotinic
receptor a.; knockout mice showed delayed dendritic development and functional maturation
(Campbell et al. 2010). These studies indicate that neural precursors and their progeny are
stimulated by cholinergic activation; however, direct evidence of how cholinergic activity
regulates distinct stages of adult neurogenesis is still lacking. In addition, it remains unclear
how various ACh receptor subtypes in neural precursor cells and their progeny work
together to coordinate their responses to cholinergic signaling. Future studies utilizing
targeted manipulations of components of this circuit will be required to elucidate the true
nature of cholinergic signaling on neurogenic circuitry of the hippocampus.
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Brainstem Serotonergic and Dopaminergic Projections—Serotonergic fibers
projecting to DG are thought to originate from brain stem raphe nuclei (Fig. 1A,B). The DG
receives dense serotonergic projections in the molecular layer and hilus, and especially in
the SGZ, in which synapses are thought preferentially formed on interneurons (Halasy and
Somogyi 1993; Djavadian 2004). The targeted interneurons from these studies were
primarily DG BCs and neurons expressing calcium-binding protein calbindin, suggesting
that the effect serotonin (5-HT) exerts on adult neurogenesis may be indirect. It remains
unclear how serotonin modulates the activity of these local GABAergic interneurons to
influence adult hippocampal neurogenesis.

Studies of raphe innervation of DG have been limited and conflicting (Moore and Halaris
1975; Vertes et al. 1999; Bjarkam et al. 2003), probably because of the diversity and
complexity of differential expression of 5-HT receptors in the DG. The serotonin receptor
families are extremely diverse (Barnes and Sharp 1999), and they act on 15 different
receptor subtypes and almost all of these receptors are expressed in the DG (el Mestikawy et
al. 1989; Tecott et al. 1993; Vilaro et al. 1996; Djavadian et al. 1999; Clemett et al. 2000;
Kinsey et al. 2001). Depending on what subsets of the serotonergic receptors are activated,
DG neurons may be either depolarized or hyperpolarized by 5-HT and therefore increase or
decrease their excitability, respectively. The opposing effects from different subsets of 5-HT
receptor activation may explain conflicting results in some studies. For example, selective 5-
HT depletion was reported to have no effects on proliferation, survival, and differentiation of
SGZ neuronal progenitors in the adult hippocampus (Jha et al. 2006). Despite various
manipulations leading to inconsistent results, it has been shown that an increase in the level
of serotonin via various means enhances the proliferation and differentiation of neural
progenitor cells (NPCs) (Malberg et al. 2000), whereas depletion of 5-HT results in reduced
NPC proliferation and differentiation (Radley and Jacobs 2002). Future studies targeting the
serotonergic-hippocampal circuitry in combination with genetic manipulations will help to
tease out the complicated mechanisms associated with serotonergic circuitry and relevant
receptor subtypes.

In contrast to dense cholinergic and serotonergic projections from septal and raphe nuclei,
the DG receives diffusely distributed dopaminergic projections that originate mainly from
cells located in the VTA (Fig. 1A,B) (Gasbarri et al. 1997). These dopaminergic fibers
terminate mainly in the hilus. Dopaminergic axons contact progenitor cells in the DG SGZ
(Hoglinger et al. 2004) and form inhibitory synapses with dendrites and soma of dentate
GCs. It has been proposed that DA plays a role in regulating the proliferation of neural
precursor cells in the SGZ, although conflicting results have been reported (Hoglinger et al.
2004; Park and Enikolopov 2010). Despite emerging studies that enhance our understanding
of the role of DA during adult neurogenesis, the circuitry studies targeting dopaminergic
regulation of distinct stages of adult neurogenesis are still largely lacking. Recently, a study
using patch-clamp recording suggested that DA exerts distinct modulatory effects on dentate
GCs at different developmental stages through different receptor subtypes. DA modulates
the strength of cortical inputs that newborn neurons receive from MPP through D1-like
receptors, whereas D2-like receptors mediate the modulation of MPP synapses on mature
adult-born neurons (Mu et al. 2011). Future studies that examine the regulatory effects of
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DA neurons on local GABAergic interneurons will be important, as the excitation/inhibition
balance critical for adult-born neuron development is likely to be differentially regulated by
the same type of neurons.

CIRCUIT REGULATION OF ADULT OB NEUROGENESIS

Adult Olfactory Circuitry and Neurogenesis

Although neurogenic niches for hippocampal and OB neurogenesis show many similarities,
there are important differences. For instance, the whole process of adult hippocampal
neurogenesis is physically restricted in the DG, with axons of newborn neurons reaching the
CA3 region, whereas the SVZ neurogenesis is physically segregated from the OB, in which
integration of new neurons occurs. In addition, the SGZ is enriched in terminal projections
from diverse brain regions and subjected to dynamic circuit activity-dependent regulation
via many different neurotransmitters. In contrast, the adult SVZ does not reside within such
a dense neuronal network, and the projections to SVZ from other brain regions are not well
established.

In the adult SVZ, proliferating radial glia-like precursor cells give rise to transient
amplifying cells, which in turn generate neuroblasts (Fig. 2C). Neuroblasts form a chain and
migrate through the RMS toward the OB through a tube formed by astrocytes (Lois et al.
1996). After reaching the core of the OB, immature neurons detach from the RMS and
migrate radially toward glomeruli, in which they differentiate into different subtypes of
interneurons (reviewed in Lledo et al. 2006). The physical separation between their
birthplace and final destination establishes two distinct compartments for potentially
different modes of extrinsic regulation. Highly specialized niche structures, such as the
RMS, may function to segregate the earlier stages of neurogenesis from influences of
olfactory circuit activity. After neuroblasts migrate through the RMS and reach the OB, in
which olfactory information processing takes place, the newly generated neurons begin to
migrate radially to their final positions and start to receive synaptic inputs. Thereafter, they
are subject to activity-dependent survival processes and finally integrate into the preexisting
circuitry. The circuitry organization and functional regulation of adult SVZ neurogenesis is
not well understood, partly because of many different types of interneurons located in
different portions of the granule cell layer (GCL) and glomerular layer (GL). This fact
complicates assigning a specific population of presynaptic neurons to its postsynaptic
newborn neuron population. Nevertheless, significant progress has been made through the
advent of recent tools, including transsynaptic tracing, optogenetics, pharmacogenetics
based on DREADDs, immunoelectron microscopy, and electro-physiology (Bardy et al.
2010; Arenkiel et al. 2011; Katagiri et al. 2011; Ferguson and Neumaier 2012; Deshpande et
al. 2013). Because of the physical distance between SVZ and the OB, it is difficult to define
the local and long-distance circuitries relative to adult-born cells at various spatiotemporal
and developmental stages throughout the timeline of SVZ neurogenesis. Instead, we review
the contribution of specific circuit inputs to the SVZ/OB region, and how they regulate adult
olfactory neurogenesis (Fig. 2B).
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GABAergic-SVZ/OB Circuit

The SVZ is located alongside the striatum, which comprises predominately GABAergic
neurons. The striatal GABAergic neurons project to the SVZ (Moreno-Lopez et al. 2000),
thus, may provide activity-dependent GABAergic influence over SVZ neurogenesis. In
addition, vesicular GABA transporter expression has been reported in the SVZ, indicative of
the presence of GABAergic inputs from the striatum (Platel et al. 2007). The function of
GABAergic signaling on SVZ neurogenesis has been previously reviewed (Bordey 2006,
2007; Platel et al. 2008). Despite the fact that most functional studies thus far have been
performed in vitro, recent evidence suggests that GABA exerts significant influence at
several phases of SVZ/OB neurogenesis, including proliferation of the astrocyte-like stem
cells and neuroblasts (Nguyen et al. 2003; Liu et al. 2005), as well as neuroblast migration
and differentiation (Bolteus and Bordey 2004; Gascon et al. 2006). Interestingly, neuroblasts
have been shown to synthesize and release GABA in a calcium-dependent but non-vesicular
manner (Nguyen et al. 2003; Wang et al. 2003; De Marchis et al. 2004; Liu et al. 2005;
Gascon et al. 2006), which suggests that they may contribute to GABAergic control of early
progenitor stages. Recently, a rabies-based transsynaptic tracing study showed that migrating
neuroblasts are transiently contacted by some mature neurons (presumably GABAergic)
located in the immediate vicinity of the SVZ/RMS, suggesting that newborn neurons in the
olfactory system first receive direct inputs from local GABAergic neurons (Fig. 2C), similar
to the innervation pattern of new neurons in adult SGZ. Soon after new neurons reach the
OB (~ 3 wk of cell age), they become targets for the olfactory cortex controlled by
corticofugal inputs. Newborn neurons in the OB become first innervated by a wide spectrum
of local interneurons residing in the GCL (deep short-axon and Blanes cells), followed by
interneurons (superficial short-axon cells) in the external plexiform layer (EPL) (Fig. 2C)
(Deshpande et al. 2013). Future studies targeting specific circuit components, both locally
and distally, will address whether neuronal activity through distinct populations of
GABAergic neurons can control SVZ neurogenesis, either directly or indirectly.

Glutamatergic-SVZ/OB Circuit

In the adult OB, nearly all newly recruited neurons become local interneurons (Lledo et al.
2008). The majority of the new cells differentiate into GCs (Luskin et al. 1993; Lois and
Alvarez-Buylla 1994). Therefore, GCs are the largest population of interneurons in the bulb
(Cheng et al. 2004; Shepherd 2004), and they are also the most abundant subtype of neurons
added to the adult OB (Lledo et al. 2006). So far, the glutamatergic inputs to the granule
interneurons are best characterized because of their abundance and physical location
(Katagiri et al. 2011). Using patch-clamp recordings and electron microscopy (EM), it has
been shown that proximal excitatory inputs are the first synaptic contacts formed on
developing new GCs within a few days after they reach the OB. The origin of these early
glutamatergic inputs remains to be elucidated. Recent rabies virus-based retrograde synaptic
tracing shows that new neurons within the anterior olfactory nucleus (AON) and the piriform
cortex (PCTX) form axodendritic synapses onto the basolateral dendrites of GCs by the third
week after retroviral labeling (Fig. 2C) (Deshpande et al. 2013).

Although adult-born periglomular cells (PGCs) represent a minority of adult-neurons
generated from SVZ neuroblasts, they similarly show sequential and timed synaptic inputs.
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Briefly, PGCs receive early GABAergic inputs, followed by glutamatergic innervation from
olfactory sensory neurons (OSNS) as early as 1 wk after retroviral injection (Grubb et al.
2008). Other glutamatergic inputs found on immature PGCs are presumably formed between
this time point and the mature state. These glutamatergic inputs include those from external
tufted cells and mitral/tufted cells (Panzanelli et al. 2009). Future studies on the functional
contribution of these distinct inputs will add to our knowledge of how they shape the
functional impact of adult neurogenesis and, as a consequence, proper circuit function.

Serotonergic-SVZ/OB Circuit

In addition to sending projections to the SGZ of the DG, serotonergic neurons from raphe
nuclei also project to SVZ via the supraependymal nerve plexus (Fig. 2A) (Lorez and
Richards 1982; Brezun and Daszuta 1999). It is generally thought that 5-HT has a
proneurogenic effect on SVZ neurogenesis. Indeed, the in vivo application of 5-HT results in
increased SVZ neurogenesis (Hitoshi et al. 2007). Agonists of 5-HT1 and 5-HTy¢ receptors
increase NPC proliferation (Banasr et al. 2004; Soumier et al. 2010), whereas 5-HT1g
receptor activation decreases NPC proliferation (Banasr et al. 2004). They likely act at
different points of the local circuit, as 5-HT 4 receptors are auto-inhibitory, whereas 5-HT,¢
receptors contribute to membrane depolarization and subsequent excitation of the
postsynaptic neuron. Additionally, as in the SGZ, 5HT; 5 antagonizing antidepressants are
proneurogenic (Ohira et al. 2013). Taken together, these findings emphasize the complex
nature of serotonergic signaling in neurogenesis. It is yet to be determined whether these
effects are mediated through direct activation of 5-HT receptors on NSC and their progeny
or indirectly through receptor activation on cells in the adjacent area to the SVZ in the lateral
ventricle (Soumier et al. 2010). In addition, ablation of raphe nuclei results in decreased
NPC proliferation (Brezun and Daszuta 1999; Banasr et al. 2004). Whether 5-HT regulates
later stages of adult neurogenesis, such as synaptic integration, still awaits further
investigation.

Dopaminergic-SVZ/OB Circuit

Dopaminergic neurons from the substantia nigra have been shown to project to the SVZ
region (Baker et al. 2004; Hoglinger et al. 2004; Freundlieb et al. 2006; Winner et al. 2006).
In addition, postmortem studies in humans have identified dopaminergic fibers in contact
with epidermal growth factor receptor positive cells in the SVZ, which are presumably
proliferating progenitors (Hoglinger et al. 2004). Accumulating evidence suggests that DA
signaling has an impact on SVZ neurogenesis at several developmental stages.
Pharmacological manipulations using agonists or antagonists of selective DA receptors have
led to significant increases and decreases in the number of proliferating progenitors in the
SVZ (Van Kampen et al. 2004; Kippin et al. 2005; Kim et al. 2010). Furthermore, activation
of D2 or D3 receptors has been shown to enhance the maturation and differentiation of
neural progenitors into neurons in the SVZ/OB (Feron et al. 1999; Van Kampen et al. 2004).
In contrast, ablation of dopaminergic inputs from substantia nigra resulted in decreased
neural progenitor proliferation, neuroblast migration and the number of differentiated new
neurons in the OB (Baker et al. 2004; Hoglinger et al. 2004; Freundlieb et al. 2006;
O’Keeffe et al. 2009a,b; Cova et al. 2010). Furthermore, activation of D2 or D3 receptors
has been shown to enhance the maturation and differentiation of neural progenitors into
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neurons in the SVZ/OB. Like other neuromodulators, the regulatory influence on the
neurogenic niche of the SVZ by subcortical dopaminergic nuclei is in need of extensive
investigation.

CIRCUITRY INTERACTION IN REGULATION OF ADULT NEUROGENESIS

Adult neurogenesis is subject to complex extrinsic regulation. From many of the
aforementioned studies, a picture starts to emerge that neural precursor cells and their
progeny can be directly influenced by both local and distal circuitry, or indirectly influenced
by interactions of such networks. Systems outside of the neurogenic microenvironment that
are connected to circuitries within the neurogenic niche are known to extensively interact.
The influence of neuromodulatory systems may not be direct, and the extensive innervation
of other brain regions further complicates the consequences of specific activity by these
systems. Because of the flexibility and apparent precision with which neurogenesis is
regulated by particular environmental influence and experience, layers of regulation are
likely. Here, we discuss some of the complex interactions of different neuromodulatory
systems from, and how such complex and dynamic interactions could potentially impact
adult neurogenesis.

In the SGZ/hippocampus, GABA release from local hippocampal GABAergic interneurons
can be regulated by a wide variety of neurotransmitters and neuromodulators, including
glutamate from the EC, serotonin from the raphe nuclei (Matsuyama et al. 1997), and ACh
from the MSDB (Tozuka et al. 2005; Griguoli and Cherubini 2012; Teles-Grilo Ruivo and
Mellor 2013). The excitatory glutamatergic inputs from EC forms synapses with GCs as
well as local interneurons in the molecular layer of the DG. For example, in the adult DG,
PV* interneurons receive their major excitatory inputs from dentate GCs and, to a lesser
extent, from EC inputs (Seress et al. 2001). Therefore, it is conceivable that local
interneuron activity may be regulated by both local GC inputs and distal EC inputs in
response to network activity. Similarly, serotonergic and cholinergic projections can directly
innervate distinct local interneurons and also indirectly regulate local interneuron activity
through GCs. Given that local interneurons can regulate quiescent neural-stem-cell
activation and fate decision as well as proliferating neural progenitor survival (Song et al.
2012b, 2013), altering neuronal activity of those projection neurons that interact with local
interneurons is likely to play a critical role in regulating adult hippocampal neurogenesis.

Interestingly, some cells of the raphe nuclei send collateral projections to both the septal
nuclei and the DG (McKenna and Vertes 2001). Serotonin application onto slices from the
MSDB exerts inhibitory effects on both cholinergic and noncholinergic neurons. Serotonin
was found to directly excite GABAergic cells of these nuclei (Alreja 1996), presumably via
action on 5HTyp, and 5HT3y4 type receptors. Because the septum sends both cholinergic and
GABAergic projections to the DG, serotonergic signaling may directly influence the activity
of the cholinergic system itself. The interaction of these two systems, involved in modulating
adult neurogenesis through poorly understood mechanisms, provides another layer of
complexity in establishing the influence of long-range projections on local hippocampal
circuitry.
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For the SVZ region, although there are no direct cholinergic inputs reported in the SVZ,
lesions of forebrain cholinergic inputs decrease the number of newly born neurons in the
OB, suggesting the indirect action of the cholinergic system on SVZ neurogenic processes.
In addition, ACh is known to regulate DA release in the striatum by regulating the firing of
dopaminergic neurons in the substantia nigra (Aosaki et al. 2009; Lester et al. 2010). It is
thus conceivable that ACh could indirectly regulate SVZ NPC proliferation through the
modulation of DA release, given that DA is proposed to exert a direct effect on SVZ
neurogenesis.

In summary, neuronal circuits that regulate distinct stages of adult neurogenesis are dynamic
and complex. Building on the exciting recent progress and development of new tools to
study neuronal circuits, the field is poised to make major breakthroughs in understanding
activity-dependent regulation of distinct adult neurogenesis processes. A number of genetic
models have been developed that allow targeting of specific subtypes of neural progenitors
or newborn neurons at specific maturation stages. Optogenetic approaches permit
manipulating the activity of adult-born neurons with exquisite spatial and temporal precision
and without the complication of injury responses and homeostatic compensation associated
with the physical elimination of adult neurogenesis. The cross-synaptic tracing approach
provides precise mapping of the circuitry from the neuron type of interest. With a
combination of these approaches, future studies will clarify how adult neurogenesis is
directly and indirectly regulated by local and distal circuits.

CONCLUSION

Significant progress has been made over the past decade in the study of almost every aspect
of adult neurogenesis in the mammalian central nervous system. Aided by methodological
advancements, studies have started to extensively investigate circuit-based regulation of
adult neurogenesis. Building or altering a circuit requires the orchestration of processes that
control the activation of NSCs, the number of neurons being produced, their migration, and
their morphogenesis to form proper synaptic connections. A unique feature of this circuit is
the large-scale structural modification via the addition of newborn neurons arising from
ongoing neurogenesis. The entire milieu must preserve the functional integrity of the
existing circuitry, and, at the same time, it needs to provide a niche to support the
development of adult-born neurons and allow these cells to modify the local neuronal
network. Defects in one or several of these mechanisms will lead to circuit abnormalities,
such as those associated with altered excitability and behavioral defects (Zhou et al. 2013).

Adult neurogenesis occurs throughout life in the DG of the hippocampus and contributes to
specific brain functions. Different from other somatic stem-cell compartments, in which
morphogens and growth factors generally serve as niche signals, adult neurogenesis is well
known to be dynamically regulated by neuronal activity and experience. Adult-born GCs in
the adult hippocampus receive major synaptic inputs from the EC and local inhibitory
interneurons (van Praag et al. 2002; Overstreet Wadiche et al. 2005; Laplagne et al. 2006)
and form functional synapses with interneurons and CA3 pyramidal cells (Toni et al. 2008).
The integration of new neurons into the existing neural circuitry endowsthemwith the
capacity to impact hippocampal function. A strong correlation between adult neurogenesis
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and performance in hippocampus-dependent learning tasks suggests that the occurrence of
neurogenesis requires exquisite regulatory control and mechanisms for intervention by
multiple neuromodulatory systems (Saxe et al. 2006; Dupret et al. 2008; Imayoshi et al.
2008; Clelland et al. 2009; Shors et al. 2012). The differential modulation by various types
of local and distal circuits thus may provide the fine control of synaptic integration of adult-
born neurons required for specific neurogenic events in response to experiences,
environmental influence, and pathological conditions. A recent study showed that PV*
interneurons contribute to social isolation-induced activation and symmetric cell division of
quiescent NSCs, and the long-term consequences of such experience contribute to decreased
adult neurogenesis (Song et al. 2012b). Although the causal link between decreased
neurogenesis and animal behaviors has not been established, it is likely that decreased adult
neurogenesis partially contributes to animals’ affective behaviors. Thus, this study presents
an example that decreased local interneuron activity results in decreased neuronal
production, which could, in turn, contribute to abnormal behaviors linked to aberrant
circuitry activity. Another example is that dysfunctional neurogenesis resulting from
GABAergic interneuron pathology in mice models of Alzheimer’s disease may in turn
exacerbate neuronal vulnerability to the disease and contribute to memory impairment (Li et
al. 2009a; Sun et al. 2009).

Currently, our understanding of what makes the two neurogenic regions receptive to the
integration of de novo neuronal populations in the adult brain is very limited. For example,
brain injuries, such as stroke or ischemia, can induce adult neural progenitor proliferation
and new neuron migration to distal injury sites; however, the majority of these new neurons
fails to integrate into the local circuitry and do not survive over the long term (Parent 2003).
Similarly, transplanted neural progenitors or immature neurons in the adult brain rarely
functionally integrate and often die (Herrera et al. 1999; Isacson 2003). Therefore,
identifying critical features of the neurogenic niche that foster integration and survival of
newborn progeny may lead to novel strategies to enhance functional repair from endogenous
or transplanted neurons after injury or degenerative neurological disorders.
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Figure 1.
Circuitry regulation of adult neurogenesis in the dentate gyrus (DG). (A) A sagittal section

view of an adult rodent brain highlighting the DG that shows active adult neurogenesis and
the potential axonal projections into this region. (B) Local and long-distance axonal
projections inputs to the DG. Color boxes indicate the laminar distribution of axon terminals
of these inputs. ML, Molecular layer; GCL, granule cell layer; MOPP, molecular layer
perforant path interneurons; HIPP, hilar perforant path-associated interneurons; HICAP, hilar
commissural-associational pathway-related interneurons; BCs, basket cells; LPP, lateral
perforant pathway; MPP, medial perforant pathway. (C) Integration of newborn neurons in
the DG during adult hippocampal neurogenesis. Shown is the summary of various inputs
that appear at distinct stages of adult neurogenesis. MSDB, Medial septum and diagonal
band of Broca; EC, entorhinal cortex; M/DRN, median and dorsal raphe nucleus; VTA,
ventral tegmental area.

Cold Spring Harb Perspect Biol. Author manuscript; available in PMC 2017 October 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Song et al. Page 23

GL

EPL

MCL

GCL

GL

EPL

MCL

GCL

Time course 0-1 wk 1-2 wk 2=4 wk
OSNs
Glutamatergic ETCs
inputs onto PGC|  Syperficial SACs
Mitral/tufted cells
" Mitral/tufted cells
Glutamatergic
inputs onto GC LA
AON
GABAergic
inputs onto GG Deep SACs
Figure 2.

Circuitry regulation of adult neurogenesis in the lateral ventricles and olfactory bulb (OB).
(A) A sagittal section view of an adult rodent brain highlighting the lateral ventricles and
OB. Also shown are the potential axonal projection to the OB. AON, anterior olfactory
nucleus; PCTX, piriform cortex; hDB, horizontal limb of the diagonal band of Broca; RN,
raphe nucleus; LC, locus coeruleus. (B) Potential inputs to subventricular zone/rostral
migratory stream (SVZ/RMS) progenitors and OB interneurons. Color boxes indicate the
laminar distribution of the axon terminals of these inputs. GL, glomerular layer; EPL,
external plexiform layer; MCL, mitral cell layer; GCL, granule cell layer. (C) Integration of
newborn neurons during adult OB neurogenesis. Shown is the summary of various inputs
that appear in granule cells (GCs) and periglomular cells (PGCs) in the OB during adult
neurogenesis at distinct developmental stages. OSN, olfactory sensory neuron; ETC,
external tufted cells; SAC, short-axon cells.

Cold Spring Harb Perspect Biol. Author manuscript; available in PMC 2017 October 31.



	Abstract
	CIRCUITRY REGULATION OF ADULT HIPPOCAMPAL NEUROGENESIS
	Adult Hippocampal Circuitry and Neurogenesis
	Local Circuitry Regulation of Adult Hippocampal Neurogenesis
	Local GABAergic Interneurons
	Local Glutamatergic Neurons, Including Mossy Cells and Mature GCs
	Other Local Neurons

	Long-Distance Circuitry Regulation of Adult Hippocampal Neurogenesis
	EC Projection
	Basal Forebrain GABAergic and Cholinergic Projections
	Brainstem Serotonergic and Dopaminergic Projections


	CIRCUIT REGULATION OF ADULT OB NEUROGENESIS
	Adult Olfactory Circuitry and Neurogenesis
	GABAergic-SVZ/OB Circuit
	Glutamatergic-SVZ/OB Circuit
	Serotonergic-SVZ/OB Circuit
	Dopaminergic-SVZ/OB Circuit

	CIRCUITRY INTERACTION IN REGULATION OF ADULT NEUROGENESIS
	CONCLUSION
	References
	Figure 1
	Figure 2

