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Abstract

Neurogenesis is a powerful mechanism for structural and functional remodeling that occurs in 

restricted areas of the adult brain. While different neurotransmitters regulate various aspects of 

the progression from neural stem cell quiescence to neuronal maturation, GABA is the main 

player. The developmental switch from excitation to inhibition combined with a heterogeneous 

population of GABAergic interneurons that target different subcellular compartments provide 

multiple points for the regulation of development and function of new neurons. This complexity 

is enhanced by feedback and feedforward networks that act as sensors and controllers of circuit 

activity, impinging directly or indirectly onto developing granule cells and, subsequently, on 

mature neurons. Newly generated granule cells ultimately connect with input and output partners 

in a manner that is largely sculpted by the activity of local circuits.

INTRODUCTION

In the mammalian brain, principal cells that convey excitation to carry electrical signals 

from one relay station to the next are mostly glutamatergic, while interneurons that control 

rhythms and activity of principal cells through inhibition are primarily GABAergic. The 

interplay between glutamatergic and GABAergic networks is critical for brain function, 

and subtle abnormalities in this balance may derive in neurological disorders including 

schizophrenia, autism, epilepsy and depression [1–4]. There is an extensive variety 

of GABAergic interneurons with distinctive firing properties, regional distribution, and 

subcellular localization of synaptic contacts in the target cell, all of which define functional 

specializations [5]. In addition to the rich population of interneurons, there is a growing 

body of evidence revealing a remarkable diversity of GABAergic projection neurons that 

bring extrinsic inhibition that is driven by distant networks [6]. In the hippocampus, more 

than 70 % of the local inhibition is carried by two types of GABAergic interneurons: those 
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expressing the calcium buffer parvalbumin (PV-INs), and those releasing the neuropeptide 

somatostatin (SOM-INs) [7–9]. One distinctive feature of the dentate gyrus (DG) is that, 

at any given time, the majority of the GCs remain silent and information is encoded by a 

small fraction of active neurons [10]. The sparse activity of the granule cell layer (the region 

where somas of GCs are localized) is a direct result of a strong inhibitory tone exerted by 

GABAergic interneurons. Axons from PV-INs (fast-spiking) target the granule cell layer and 

provide perisomatic inhibition onto GCs, while SOM-INs (non fast spiking) extend their 

axons through the molecular layer and reach their dendrites. The spiking characteristics and 

targeting regions of these interneurons already highlight clear differences in the manner 

they control network activity [11]. Moreover, variations in their input connectivity confer 

additional alternatives to IN function, as discussed below.

Unlike most other brain regions, the DG holds the ability to generate principal cells 

throughout life. Neurogenesis endows the adult DG with a unique degree of circuit 

plasticity that is critical for its role in learning, memory and spatial navigation [10,12,13]. 

Initially, newborn GCs display properties that are typical of immature neurons such as 

high membrane resistance, weak connectivity and depolarizing responses to GABA. Once 

mature, they present very similar properties to those born during perinatal development. 

Their functional integration imposes a challenge for the regulation and control of input/

output synaptogenesis and circuit activity [14]. This concept is reinforced by the fact that 

alterations in adult neurogenesis may result in neurological and psychiatric disease [15]. 

Interestingly, development, integration and function of GCs is largely determined by their 

interaction with GABAergic circuits [16]. The role played by GABAergic interneurons 

changes dynamically as GCs walk the pathway from neural progenitor cell to mature GC. 

Thus, interneurons alternate from activity sensors that control neural stem cell differentiation 

to actuators that restrict firing of mature GCs.

GABAERGIC REGULATION OF ADULT NEURAL STEM CELLS

New GCs originate from radial glia-like neural stem cells (NSCs) that reside in the 

subgranular zone of the adult DG. NSCs may remain quiescent or divide and become 

active progenitor cells that give rise to neurons [13]. As most steps in the pathway from 

NSC to neuron, the decision to become active is greatly influenced by circuit activity. There 

are several components in the hippocampal neurogenic niche that act as activity sensors. 

PV-INs belong to a very active neuronal population that promote quiescence of NSCs 

through tonic inhibition, which is likely mediated by GABA spillover from synapses formed 

onto neighboring GCs [17]. PV-IN activity is also influenced by long-range GABAergic 

projections from the medial septum, and optogenetic stimulation of those projections 

depolarize PV-INs in the DG, promoting quiescence of NSCs [18].

The fate of NSCs is also shaped by glutamatergic activity. Hilar mossy cells (MCs) 

project ipsi- and contralaterally, establishing monosynaptic excitatory synapses and 

disynaptic inhibition onto GCs via local GABAergic interneurons. Interestingly, moderate 

chemogenetic activation of MCs can promote quiescence of NSCs through activation of 

PV-INs, while strong MC activation may trigger NSC differentiation through a direct 

action [19]. Moreover, GABAergic INs releasing cholecystokinin (CCK) can depolarize 
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NSCs indirectly, as CCK elicits glutamate release from astrocytes and, in turn, promotes 

proliferation [20]. Therefore, the decision of NSCs to maintain quiescence or enter a 

neurogenic differentiation pathway relies on the integration of glutamate- and GABA

mediated signals, with an outcome that can be influenced by the state of the niche, patterns 

of activity, relative position of NSCs, and their metabolic status (Fig. 1).

GABA ACTIONS ON DEVELOPING GCs

Newborn neurons in the adult mouse DG reach functional maturation about 8 weeks 

after differentiation (Fig1). Through this period, GCs undergo distinct phases presenting 

qualitative differences in terms of morphology, connectivity and function [14]. During the 

first phase (GC age < 1.5 weeks), neurons display active radial migration, as dendrites 

lacking spines extend towards the molecular layer. Initially, few or no synapses are present 

and GCs are sensitive to ambient GABA. Towards the end of the first week, axodendritic 

GABAergic contacts begin to assemble, eliciting slow responses that are depolarizing due 

to the reverse chloride gradient [21,22]. In agreement with this notion, initial functional 

contacts by PV-INs and SOM-INs become detected between the first and the second week of 

GC development, as revealed by optogenetic activation in slices [23].

Glutamatergic synaptogenesis begins at two weeks post-mitosis (phase II, >2 weeks), 

which results in dendritic spines forming along the molecular layer. GCs cease to migrate 

and dendrites continue to develop in extension and complexity (branching). GABAergic 

postsynaptic responses exhibit immature features such as small amplitude and slow kinetics. 

They display substantial developmental growth for both PV-INs and SOM-INs that relies 

on a time-dependent increase in quantal size and in the number of individual synapses 

[23,24]. An alternative mechanism for early GABAergic transmission has been proposed, 

whereby responses may arise from GABA spillover rather than direct synaptic contacts [25]. 

In this view, time-dependent growth of synaptic responses might be explained by changes 

in the density and subunit composition of extrasynaptic GABAA receptors. Interestingly, 

when coincident with subthreshold glutamatergic activity, slow depolarizing GABAergic 

transmission may elicit spiking of the postsynaptic GC, which might be critical for synapse 

formation and remodeling [26].

After ~3–4 weeks (phase III), GCs reach maximal levels of dendritic arborization, while 

the density of afferent glutamatergic inputs continue to increase rapidly. GABA has 

already switched from depolarizing to hyperpolarizing due to the delayed expression of 

the potassium-chloride cotransporter KCC2, which results in a decrease of the intracellular 

chloride concentration. Still, new GCs display a high excitation/inhibition balance due to 

the delayed maturation of inhibition. In particular, perisomatic inhibition by PV-INs displays 

slow kinetics and exerts poor control of GC firing at this time, as if synapses would be 

maintained functionally immature for prolonged periods [24,27]. Interestingly, voluntary 

running and exposure to an enriched environment were shown to accelerate the maturation 

of this synapse, which reveals a phase of adult GC development that is tailored by activity 

[23,24]. Even though mature morphological properties are reached during this phase, GCs 

remain functionally immature, exhibiting heightened excitability conferred by their weak 

coupling to inhibition, and enhanced synaptic plasticity.
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The inhibitory network is a key determinant for controlling development and activity of new 

GCs, but changes in intrinsic excitability also play a crucial role. Mechanisms that control 

excitability through G protein-activated inwardly rectifying potassium (GIRK) channels are 

absent in immature GCs, which contributes to both higher membrane resistance and weak 

responsiveness of GABAB signaling mediated by GIRK channels [28]. GIRK signaling 

becomes entirely functional after several weeks of maturation, decreasing GC excitability 

and allowing GABAB-mediated inhibition to take place. GABAB transmission is activated 

by SOM-INs and, most prominently, by interneurons expressing nNOS, both of them 

targeting the GC dendrites.

By 6–8 weeks, optogenetic activation of PV-INs and SOM-INs results in maximal levels of 

inhibition, with both fast kinetics and large conductance [24]. At this stage, input resistance 

decreases, GABAergic perisomatic inhibition becomes fast and strong, excitability is 

diminished, and synaptic plasticity is reduced [14]. This is the time at which adult-born 

GCs become physiologically indistinguishable from mature neurons born during perinatal 

development.

With regard to the output from GCs onto GABAergic interneurons, axons begin to establish 

functional connections by the 4th week and reach mature connectivity by 6 weeks (onto 

PV-INs) and 11 weeks (SOM-INs) [24]. Thus, new GCs become able to recruit feedback 

inhibition rather late in development.

NEURONAL MATURATION AND SURVIVAL

In addition to the complex regulation of NSCs, depolarizing GABA shapes neuronal 

maturation during the early phases of GC development. GABA signaling controls 

growth and integration of new GCs at several levels, promoting synapse formation for 

both GABAergic and glutamatergic afferents as well as dendritic growth [29]. Initially, 

glutamatergic synapses do not participate in basal synaptic transmission because they lack 

AMPA receptors and require depolarization to release the Mg2+ block of NMDA receptors. 

GABA can provide this depolarization, resulting in the incorporation of AMPA receptors 

(synapse unsilencing) and subsequent spine formation [21]. In addition, other mechanisms 

triggered by GABA are thought to involve Ca2+ influx through voltage-dependent 

Ca2+ channels, which activates the mTOR pathway to stimulate cell growth [30,31]. 

Overactivation of mTOR signaling may result in abnormal development. Downregulation of 

the disrupted-in-schizophrenia 1 (DISC1) gene, a negative modulator of mTOR, accelerates 

growth, synaptogenesis and migration, resulting in abnormal neuronal size and ectopic 

localization. Chronic activation of PV-INs in a context of DISC1 downregulation results in 

an excessive density of both GABAergic and glutamatergic synapses within the depolarizing 

phase of GABA [32]. In the hyperpolarizing phase of GABA, PV-IN activity renders 

excessive inhibition and loss of glutamatergic synapses, resulting in a marked imbalance 

between excitation and inhibition.

Activity of PV-INs is also relevant for mediating network remodeling triggered by certain 

behaviors. For example, a brief exposure to enriched environment (EE) was found to 

accelerate growth and integration of immature GCs [33]. In this paradigm, PV-INs transduce 
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exploratory behavior into local changes in the neurogenic niche, to a point in which 

silencing PV-INs can completely abolish circuit remodeling. PV networks can also regulate 

the survival of new GCs. EE exposure was found to increase blood flow in the DG 

microvasculature [34]. Pharmacological blockade of nitric oxide (NO) synthase prevented 

hyperemia and abolished the EE-induced increase in neurogenesis. NO production by PV

INs was both necessary and sufficient to increase blood flow and promote neurogenesis. In a 

different study, exploration of an EE was shown to reduce spiking of GCs while increasing 

the firing rate of fast-spiking interneurons, producing an overall reduction in the excitation/

inhibition ratio in the DG [35]. This effect was mediated by hippocampal sphingolipids, 

whose production was promoted by EE. Sphingolipids increased IN spiking, reduced overall 

DG activity, and increased survival of adult-born neurons. Together, these studies offered a 

novel view on the complexity of the pathways involved in bridging behavioral inputs with 

local changes in the neurogenic niche, with direct actions in new GCs.

GABA SIGNALING IN MATURE GCs

Mature GCs integrate excitation from different cortical and subcortical areas, including 

glutamatergic inputs from the medial and lateral entorhinal cortex, commissural fibers from 

mossy cells, cholinergic projections from the medial septum, and the supramammilary 

nucleus that releases both GABA and glutamate resulting in a net excitatory effect [7,36,37]. 

GABAergic interneurons participate in feedback and feedforward loops that control activity 

in the granule cell layer [38]. Action potentials reaching the DG through the perforant path 

produce direct activation of mature GCs but also recruit fast feedforward loops that attenuate 

or preclude GC spiking [27]. These loops are predominantly driven by PV-INs that extend 

dendrites over the molecular layer and project their axons back to the GC somas, providing 

substantial inhibition to the layer (Fig. 2) [24,39,40]. PV-INs also extend dendrites to the 

hilus, where they become targets of GCs. Interestingly, the same individual feedforward PV

INs recruited by entorhinal axons are also activated by GCs to create a feedback loop [24]. 

As a result, PV-INs integrate excitatory dentate inputs and GC activity generated by those 

same inputs. In contrast, SOM-INs extend dendrites to the hilus and are poorly recruited by 

entorhinal axons. While they do not participate in feedforward loops, they become important 

players in feedback circuits that limit activity of the granule cell layer through dendritic 

inhibition of the GCs. In addition, recent evidence suggested that contralateral projections 

from SOM-INs might contribute to some extent to dendritic inhibition in the dentate gyrus, 

building a loop that might synchronize activity over both hemispheres [41]. Mossy fibers 

can activate SOM-INs that target GC dendrites and PV-INs that impinge on their soma, 

constituting two parallel feedback pathways that set the brake in the activity of the granule 

cell layer. In addition, the PV-IN loop might be strengthened by semilunar GCs, multipolar 

neurons located within the inner molecular layer that were shown to contact PV-INs through 

perisomatic excitatory synapses [42]. These multiple loops of inhibition result in sparse 

activation of the granule cell layer, with PV-INs dominating inhibition at a global level. 

An elegant study using multiple simultaneous whole-cell recoding in slices has measured 

the probability of direct connections between GCs, PV-INs, SOM-INs and CCK-INs [43]. 

This work showed that PV-INs project onto GCs with much higher probability than CCK- 

or SST-INs and, in turn, GCs contact PV-INs with much higher frequency than any other 
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interneuron. GCs are 10 times more likely to recruit PV-IN-mediated lateral inhibition onto 

neighboring GCs than recurrent inhibition onto itself. Finally, GABAergic projections from 

the medial septum were shown to depolarize PV-INs in the DG [18]. This finding opens 

the intriguing possibility that PV-INs may be in general depolarized rather than inhibited 

by GABA. If this were the case, then most inputs (GABA and glutamate) would tend to 

increment the activity of PV-INs, resulting in a continuous brake on the activity of the 

dentate gyrus.

CONCLUSIONS

In adult neurogenesis, new excitatory neurons incorporate in a working circuit without 

altering its function, responding to cellular and molecular signals that follow intrinsic and 

extrinsic homeostatic rules. New neurons and their host network combine strategies that 

are shared with brain development and circuit plasticity in the adult brain. GABAergic 

interneurons play fundamental roles along this pathway, and PV-INs appear to be central 

to convey GABA signals onto the different cellular stages from NSCs to mature GCs. 

The developmental switch of GABA from excitation to inhibition is central to this self

regulated process; the postsynaptic effect of GABAergic transmission is determined by the 

intracellular chloride concentration that decreases with time and, when hyperpolarizing, 

it limits neuronal activity. This negative loop is reinforced because the GABA switch is 

accelerated by depolarizing GABAergic transmission [44]. Hence, GABA excitation drives 

neuronal and synapse formation during early development, while GABA inhibition controls 

the activity of large groups of principal neurons and the transition is driven by activity. 

Mature GCs become strongly coupled to dendritic and somatic inhibition that restrict 

neuronal excitability and synaptic plasticity, contributing to sparse coding in the DG. The 

interplay between adult neurogenesis and GABA interneurons emerges as a robust candidate 

to confer processing flexibility to the DG network. Why PV-INs seem more efficient in 

driving developmental and plasticity programs than other GABAergic interneurons, and how 

new neurons integrate a space of complementary signals to decide how far to grow, how to 

connect, and when to fire, remains poorly understood. Those fundamental rules are there, 

waiting to be revealed.
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HIGHLIGHTS

• Neural stem cells integrate glutamate- and GABA-mediated signals to define 

their fate

• GABAergic networks control development and function of adult-born granule 

cells

• The GABA switch from excitation to inhibition is crucial to adult 

neurogenesis

• PV interneurons convert behavioral inputs into trophic signals for new 

neurons
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Figure 1. Timeline of integration of newborn GCs in the adult dentate gyrus.
NSCs integrate inputs from PV-INs (depolarizing GABA), mossy cells (glutamate) 

and CCK-INs (indirect via astrocytic glutamate release) to determine quiescence vs. 

neurogenic activation. Neuronal maturation requires 8 weeks (w), that we propose to be 

divided in 4 phases. Phase I: GCs receive depolarizing GABA through spillover from 

PV-INs. Phase II: SOM-INs (blue) establish depolarizing dendritic inputs, glutamatergic 

synaptogenesis begins. Phase III: increased density of glutamatergic synapses, onset of 

direct PV-IN inhibition, and high excitation/inhibition ratio. GABA becomes inhibitory. 

Phase IV: all synaptic inputs already mature. There is also a time-dependent maturation 

of GABAB-mediated inhibition through GIRK channels that reduces intrinsic excitability. 

Synaptogenesis of PV- and SOM-INs is accelerated by activity, such as exposure to an 

enriched environment or voluntary running.
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Figure 2. Local networks of the dentate gyrus.
Mature GCs (black) residing the granule cell layer (GCL) receive glutamatergic inputs 

from the perforant path through dendritic spines in the molecular layer (ML). Axons 

from GCs project through the hilus toward CA3 pyramidal cells. Entorhinal axons from 

the performant path also activate PV-INs (red) that control the activity of GCs through 

feedforward inhibition (FFI). GCs recruit feedback inhibition (FBI) by activating PV and 

SOM-INs (blue) and also generate FFI onto pyramidal cells (PC) in CA3.
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