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Abstract

Addition of new neurons and oligodendroglia in the postnatal/adult mammalian brain present 

distinct forms of grey and white matter plasticity. Substantial effort has been devoted to 

understanding the cellular and molecular mechanisms controlling postnatal neurogenesis and 

gliogenesis, revealing important parallels to principles governing the embryonic stages. While 

during CNS development, scripted temporal and spatial patterns of neural and glial progenitor 

proliferation/differentiation are necessary to create the nervous system architecture, it remains 

unclear what may be the driving forces that maintain and sustain postnatal neural stem cell (NSC) 

and oligodendrocyte precursor cell (OPC) production of new neurons and glia. In recent years, 

neuronal activity has been identified as an important modulator of these processes. Utilizing the 

distinct properties of neurotransmitter ionotropic and metabotropic channels to signal downstream 

cellular events, NSCs and OPCs share common features in their readout of neuronal activity 

patterns. Here we review the current evidence for neuronal activity-dependent control of 

NSC/OPC proliferation and differentiation in the postnatal brain, highlight some potential 

mechanisms used by the two progenitor populations, and discuss future studies that might advance 

these research areas further.
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INTRODUCTION

Resident progenitor cells in the postnatal brain that give rise to new neurons and glia present 

exciting possibilities for tissue regeneration and remodeling. Under physiological 

conditions, it is now well accepted that postnatal neural stem cells (NSCs) and ongoing 

neurogenesis are retained in two distinct mammalian brain regions: the hippocampal dentate 

gyrus (DG) and the subependymal zone (SEZ) region of the lateral ventricles (LV) (Ihrie & 

Alvarez-Buylla. 2011, Kempermann et al. 2015). Another class of proliferating progenitors, 

the oligodendrocyte progenitor cell (OPC) are widely distributed in the central nervous 

system (CNS) (Pringle et al. 1992), with significantly higher cellular density within the 

white matter (Dawson et al. 2003). Functionally, 1) newly generated neurons in the adult 

hippocampus contribute importantly to learning and memory (Goncalves et al. 2016, Kropff 

et al. 2015, Sahay et al. 2011); 2) LV neurogenesis and gliogenesis play critical roles in 

olfactory-based social learning (Mak et al. 2007, Mak & Weiss. 2010, Sakamoto et al. 2014), 

as well as post-injury tissue remodeling (Benner et al. 2013, Faiz et al. 2015, Kuo et al. 

2006); and 3) OPC activation/differentiation results in new myelination that is necessary for 

efficient neuronal activity propagation (Arancibia-Carcamo et al. 2017, Ford et al. 2015, 

Pajevic et al. 2014), and motor learning (McKenzie et al. 2014). These stem/progenitor cells 

found in the rodent brain are also present in the postnatal and adult human CNS (Bergmann 

et al. 2015, Sanai et al. 2011, Yeung et al. 2014). Thus, their study can help us better 

understand how control of progenitor cell proliferation/differentiation contributes to neural 

plasticity and pathologies.

Significant progress has been made in our understanding of the cellular and molecular 

processes regulating postnatal NSC and OPC development. In the hippocampal DG, GFAP+ 

astrocyte-like NSCs (also called type 1 cells) residing within the subgranular zone (SGZ) 

divide to give rise to transient proliferative progenitors (type 2 cells), which then produce 

DCX+ neuroblasts that mature into local glutamatergic DG granule neurons (Kempermann 

et al. 2015, Yu et al. 2014). Postnatal LV neurogenesis is initiated by cerebral spinal fluid 

(CSF)-contacting GFAP+ glia in the SEZ functioning as NSCs, producing Mash1+ 

transiently amplifying progenitors (also called C cells), which in turn differentiate into DCX
+ neuroblasts (also called A cells) that migrate via the rostral migratory stream to become 

predominantly inhibitory interneurons in the olfactory bulb (Ihrie & Alvarez-Buylla. 2011, 

Lledo et al. 2008). OPCs are NG2+ proliferating progenitors that reside in wide-ranging 

CNS areas, with roughly 50% higher cellular density in the white vs. gray matter (Dawson et 

al. 2003). Outside of established neurogenic regions, OPCs form the major population of 

actively dividing cells in the adult brain, with white matter OPCs having faster cell cycle 

times (Simon et al. 2011). OPC proliferation results in self-renewal as well as new progeny 

giving rise to myelinating oligodendrocytes (Young et al. 2013).

In adult tissues, retaining a dedicated stem cell population requires extra energy and 

resources, and when they acquire oncogenic mutations over time these proliferative cells can 

become tumorigenic (Alcantara Llaguno et al. 2009), leading to harmful sequelae to the host 

tissue (Tomasetti & Vogelstein. 2015). In other organ systems, stem/progenitor cells play an 

important role during normal cellular replacement, maintaining tissue homeostasis. 

Unsurprisingly, much like other stem cells, conserved, cell-intrinsic molecular pathways 
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control important steps in self-renewal and differentiation of postnatal NSCs and OPCs 

(Christian et al. 2014, Frisen. 2016, Kriegstein & Alvarez-Buylla. 2009, Lopez Juarez et al. 

2016). Extracellular factors and cell-cell interactions within the local microenvironmental 

niche also play critical roles (Bjornsson et al. 2015, Miller & Gauthier-Fisher. 2009, Paez-

Gonzalez et al. 2011, Zuchero & Barres. 2013). However, CNS cells generally have much 

lower turnover rates than those in tissues such as the skin or gut lining. The need for precise 

neurogenesis and gliogenesis during development is rather clear: the clockwork of neural 

progenitor proliferation and differentiation generates a full range of neurons/glia in the 

correct temporal and spatial patterns, enabling proper assembly of functional neural circuits 

(Gallo & Deneen. 2014, Kriegstein & Alvarez-Buylla. 2009, Mitew et al. 2014, Yu et al. 

2009). What are the organizing principles and factors sustaining postnatal NSC/OPC 

proliferation and regeneration through mammalian evolution (Figure 1)? We are just 

beginning to decipher the biological underpinning of these processes, and neuronal activity 

has emerged as a common driver to stimulate postnatal NSC as well as OPC proliferation.

Low-level, sustained neuronal activity patterns that result in consistently low concentrations 

of neurotransmitter released are termed tonic firing patterns. On the other hand, more robust, 

synaptic, and temporally salient neuronal activities are referred to as phasic activity, 

occurring on much finer time-scales. While connected neurons in circuits have innate 

capacities to interpret and respond to distinct activity patterns from their synaptic partners, a 

key question has been whether NSCs and OPCs have similar abilities. Activity-dependent 

vesicular release from synaptic sites facilitate fast, high concentration neurotransmitter 

access to receptors, while bulk/volume neurotransmitter release that occurs at non-synaptic 

sites or from synaptic spillover nearby provide low concentrations to receptors via diffusion 

over larger areas. For neurotransmitters acetylcholine (ACh), γ-amino butyric acid (GABA), 

and glutamate, a common feature is their signaling through two receptor types on the target 

cells: 1) ionotropic receptors with fast kinetics (nicotinic, GABAA, AMPA/KA and NMDA 

receptors) (Fritschy & Panzanelli. 2014, Greger et al. 2017, Iacobucci & Popescu. 2017, 

Yakel. 2014), and 2) metabotropic GPCRs with slower kinetics (muscarinic receptor, 

GABAB, mGluRs) (Kruse et al. 2014, Niswender & Conn. 2010, Pin & Bettler. 2016). An 

important property of ionotropic receptors is their rapid desensitization following 

neurotransmitter-induced activation (Plested. 2016). This well-described channel property 

results in short bursts of neurotransmitter release having a qualitatively different effect on 

the target cell than having the neurotransmitter constantly present or absent. These principles 

of cellular signaling through two different receptors, plus temporal dynamics on receptor 

activation/desensitization, underlie ACh, GABA, and glutamate’s impacts on neural circuit 

activity. This context-dependent complexity in signaling capacity can provide a palette 

richness for NSCs and OPCs to functionally read-out subtle changes in local 

neurotransmitter availability as a function of neuronal activity patterns.

With recent advances in cutting-edge techniques applied to long standing questions about 

functional connections between neuronal activity and postnatal NSC/OPC proliferation, our 

goal in this review is to provide an up-to-date view in this field of research, and summarize 

general themes regulating NSC and OPC proliferation in the adult CNS, which may have 

been under appreciated previously. This review will focus particularly on the 

neurotransmitters acetylcholine, GABA, and glutamate; as vehicles used by progenitors to 
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readout neuronal activity patterns, as well as local circuit properties allowing for higher-level 

brain inputs that connect to behavioral paradigms/disease states. Due to space constraints, 

we apologize in advance for areas which we were unfortunately unable to cover.

Comparing neuronal activity-dependent control of NSC vs. OPC proliferation

There are some important parallels and potential differences underlying neuronal activity-

dependent control of postnatal/adult NSC and OPC proliferation. On the neurogenic side, 

there is a substantial body of literature supporting important roles for neurotransmitter 

signaling, mostly via experiments using systemic/pharmacological approaches (Berg et al. 

2013, Young et al. 2011). Postnatal/adult NSCs often proliferate in close proximity to 

neurons firing action potentials, but until recent years, experimental approaches were unable 

to pinpoint neurotransmitter signaling in postnatal NSCs as: 1) a byproduct of 

communications between nearby neurons (i.e. synaptic spillover effect); 2) feedback control 

of progenitor progeny by non-vesicular release; and/or 3) direct communication via neuronal 

activity from discrete circuits. The findings that GABA released from newborn DCX+ 

neuroblasts can feedback-modulate NSC proliferation (Liu et al. 2005), as well as GABA 

spill-over from local parvalbumin+ (PV+) interneuron regulating DG NSC proliferation/

differentiation have shown bulk release/non-synaptic mechanisms for neurotransmitter 

function in the postnatal/adult neurogenic niches (Song et al. 2012). In this fashion, they are 

growth factor or cytokine-like, controlling NSC properties in broad strokes that do not 

necessarily correspond to the precision of neuronal activity patterns. On the contrary, 

serotonergic neurons from the Raphe nuclei send their projections extensively in the brain, 

including the ventricular surfaces that contain the LV neurogenic niche (Mathew. 1999). 

Serotonin released from these axonal fibers on the ependymal surface may directly modulate 

NSC proliferation (Tong et al. 2014). And recently, proopiomelanocortin+ (POMC+) neurons 

from the hypothalamus were identified to project selectively to a regionally-specific 

population of postnatal LV NSCs (Paul et al. 2017). Pharmacogenetic manipulations of these 

POMC+ neurons showed that their activity can regulate the proliferation of NSC subtypes 

(Paul et al. 2017).

For postnatal oligodendrogenesis, seminal studies by Barres and Raff in 1993 showed that 

when postnatal retinal ganglion cell axons were either transected, or had their activity 

blocked by intravitreal injection of TTX, it lead to decreased OPC numbers in the optic 

nerve (Barres & Raff. 1993). This decrease in OPC numbers was rescued with application of 

PDGF, a potent mitogen for OPCs (Barres & Raff. 1993). Studies looking into potential 

cellular mechanisms regulating this process found that ATP, released from active axons, can 

increase intracellular Ca2+ in OPCs via P2X and P2Y receptors, mimicking the effects of 

neuronal firing (Matute. 2008, Stevens et al. 2002, Wigley et al. 2007). Following axonal 

activation, ATP is quickly degraded to ADP (which can bind P2Y receptors but not P2X 

receptors), AMP, and adenosine (specific for P1 type receptors) by membrane surface bound 

ectonucleotidases. Adenosine is then up taken by nucleoside transporters into neurons and 

glial cells (Noji et al. 2004), terminating the purinergic signaling process. Rather than acting 

as a mitogen, ATP release from active axons reduced PDGF-stimulated OPC proliferation. 

Similarly, adenosine was found to be a potent negative regulator of OPC proliferation. In the 

absence of PDGF however, P2Y receptor activation paradoxically led to increased OPC 
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migration and a mild increase in proliferation (Agresti et al. 2005, Stevens et al. 2002). 

Subsequent to the 1993 landmark paper, in vivo pharmacological, genetic, and lesion studies 

provided confounding results looking into the roles of neuronal activity on OPC 

proliferation. When neuronal activity was blocked in adult demyelinating lesions with focal 

TTX delivery in vivo (Gautier et al. 2015), or when whiskers were removed at birth leading 

to reduced barrel cortical inputs (Hill et al. 2014, Mangin et al. 2012) , these approaches 

resulted in increased numbers of OPCs. Likewise, when neuronal activity of DRGs was 

increased in vitro, OPC proliferation was significantly reduced (Stevens et al. 2002). But 

consistent with the notion that neuronal activity is a positive signal, electrical stimulation of 

adult cortical motor neurons increased OPC proliferation along the corticospinal tract and 

subcortical white matter (Gibson et al. 2014, Li et al. 2010). OPCs receive synaptic inputs 

from axons in both gray (Bergles et al. 2000, Jabs et al. 2005, Lin & Bergles. 2004) and 

white matter (Káradóttir et al. 2005, Káradóttir et al. 2008, Kukley et al. 2007, Ziskin et al. 

2007). These synaptic contacts appeared to occur predominantly on entirely unmyelinated 

axons or unmyelinated segments of the axon (Kukley et al. 2007, Tomassy et al. 2014, 

Ziskin et al. 2007). OPCs and their synaptic neurons showed synchronized spontaneous 

activity, indicating that OPCs have the capacity to sense the pattern of neural activity in 

circuits (Lin et al. 2005, Mangin et al. 2008, Muller et al. 2009). This notion is further 

supported by functional studies where environmental enrichment or motor training induced 

OPC cell cycle exit and differentiation (Simon et al. 2011), followed by increased numbers 

of BrdU+ or EdU+ OPCs (McKenzie et al. 2014, Okuda et al. 2009). The current view is that 

the increased OPC proliferation that occured during motor-learning is a response aiming to 

replensh the progenitor numbers to homeostatic levels after activity-induced differentiation 

(Hughes et al. 2013, Xiao et al. 2016).

Behavioral paradigms such as exposure to enriched environments can robustly promote adult 

hippocampal neurogenesis (Kempermann et al. 1997), strongly indicating further complexity 

in higher order neural circuitry control of NSC proliferation and differentiation. This 

functional influence parallels learning-induced OPC differentiation and oligodendrogenesis 

(Mount & Monje. 2017). It is interesting to note that while neurotransmitter modulation on 

postnatal/adult NSC proliferation has been acknowledged over the past decade, identifying 

neuronal activity as a direct control of this process is a relatively recent advance. In contrast, 

while there is strong evidence and appreciation that neuronal activity can regulate OPC 

proliferation, the widely accepted view was through an indirect effect via growth factors to 

active OPCs. Despite the fact that OPCs express plethora of neurotransmitter receptors 

(detailed in the following sections), the roles played by those neurotransmitters released 

following neuronal action potential in regulating OPC proliferation is just beginning to be 

understood.

Cholinergic regulation

The neurotransmitter ACh activates both nicotinic and muscarinic acetylcholine receptors 

(nAChR and mAChR, respectively) on target cells. nAChRs are pentameric, ionotropic 

channels consisting of several subunits: alpha, beta, gamma, delta, and epsilon. In the 

peripheral and central nervous system, nAChRs mediate fast cholinergic transmission, and 

the subunit compositions of the various nAChRs determine their ionic permeability (e.g. Na
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+, K+, Ca2+), ACh affinity, channel kinetics, and channel desensitization (Dani. 2001). 

mAChRs are metabotropic transmembrane proteins, coupled to G proteins, and activate 

downstream intracellular signaling pathways to provide sustained ACh-mediated responses 

(Caulfield. 1993, Dutar & Nicoll. 1988). Activity patterns of specific cholinergic neuronal 

populations can range from spontaneous, low frequency firing to those that fire irregularly or 

respond strongly to specific salient stimulation on much finer time-scales (Manns et al. 

2000, Parikh & Sarter. 2008). The types of cholinergic neuron activity patterns will 

influence local ACh concentration and temporal profiles of downstream ACh signaling in 

the target cells, as well as the speed of ACh breakdown by acetylcholinesterases, which are 

particularly efficient in synaptic clefts (Unal et al. 2012) (Figure 2). One notable feature 

about nAChRs is their rapid desensitization following ACh-induced activation (Giniatullin et 

al. 2005, Quick & Lester. 2002) (Figure 2b). This well-described channel property results in 

short bursts of ACh release having a qualitatively different effect on the target cell than ACh 

constantly being present or absent (Figure 2c,d). These principles of ACh neurotransmitter 

signaling through two receptors, plus temporal dynamics on nAChR activation/

desensitization, underlie the modulatory effects of ACh’s impact on neural circuit activity.

In the nervous system, mAChRs and nAChRs are present on neurons at both synaptic and 

extra-synaptic sites (Huh & Fuhrer. 2002, Mrzljak et al. 1993, Vizi & Lendvai. 1999), as 

well as on glial cells (De Angelis et al. 2012, Loreti et al. 2006). While characterization of 

ACh receptor expression in neurogenic niches has not been extensive, LV NSCs have been 

reported to express α3- and α4- subunit containing nAChRs (Paez-Gonzalez et al. 2014), 

similar to those residing in the rostral migratory stream showing α3β4 nAChR activity 

(Sharma. 2013). In contrast to NSCs and DCX+ neuroblasts, LV niche Mash1+ transiently 

amplifying progenitors did not appear to express functional ACh receptors (Paez-Gonzalez 

et al. 2014). In the DG niche, IHC and functional analyses have revealed the presence of M1 

and M4 subunit mAChRs (Kaneko et al. 2006), as well as α7 nAChR subunit expression in 

immature hippocampal neurons (John et al. 2015). BrdU-pulsed proliferating DG cells also 

express M1 and M4 subunit mAChRs (Mohapel et al. 2005). The availability of effective 

AChR agonists and antagonists have allowed pharmacological investigations into the roles 

for cholinergic signaling during neurogenic proliferation. mAChR agonists such as 

bethanechol, pilocarpine, and oxotremorine enhanced NSC proliferation when added to in 

vitro cultures (Calza et al. 2003), hippocampal slices (Itou et al. 2011), or in vivo (Ma et al. 

2004, Veena et al. 2011), while muscarinic antagonists had the opposite effect (Kotani et al. 

2006). M1/M4 mAChR agonists have been shown to control DG neurogenic proliferation 

and differentiation (Van Kampen & Eckman. 2010), and mAChR activation was similarly 

effective in enhancing cortical progenitor proliferation (Ma et al. 2000). In the DG niche, 

pharmacological activation of the α7-subunit containing nAChRs can increase cellular 

proliferation (Narla et al. 2013), and α4 nAChR agonists have also been shown to control 

DG neurogenic proliferation and differentiation (Takarada et al. 2012). β2-subunit nAChR 

mutant mice have reduced DG proliferation over the life of the animal (Harrist et al. 2004). 

In the LV niche, nicotinic stimulation appears to increase neurogenesis, as direct nicotine 

application in vivo increased Nestin+ cellular proliferation, resulting in subsequent BrdU-

labeled NeuN+ granule neurons in the olfactory bulb (Mudo et al. 2007). Interestingly, high 

doses of nicotine delivered chronically in vivo have an opposite effect in decreasing DG 
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neurogenesis (Abrous et al. 2002), potentially as a result of receptor desensitization. 

Together these pharmacological results showed that postnatal NSCs are sensitive to the 

timing and local concentrations of ACh released, and that cholinergic receptor subtypes may 

mediate differential effects on cellular proliferation.

To understand the specific cholinergic circuits involved in controlling NSC proliferation, 

experimental attempts targeting cholinergic neuron subpopulations have been utilized to 

determine the sources of ACh acting on NSCs. Genetically, expression of Cre recombinase 

from the choline acetyltransferase (ChAT, required for acetylcholine synthesis) gene 

regulatory element is an efficient method to target cholinergic neurons, although this 

approach does not distinguish neuronal subtypes. In fact, there are a few approaches that can 

distinguish distinct subpopulations of cholinergic neurons. While less elegant, one such 

approach is anatomic lesions, which do allow for some regional specificity to assess 

cholinergic influences on NSC proliferation/differentiation. Transection of the fimbria-

fornix, which disrupts basal forebrain cholinergic projections to the hippocampus 

(Rosenberg et al. 1988), resulted in a concurrent decrease in DG BrdU incorporation 

(Fontana et al. 2006), consistent with decreased SGZ neurogenesis . N-methyl-d-aspartate 

(NMDA) injection to the medial septal cholinergic nuclei, creating a local excitotoxic lesion, 

also reduced SGZ neurogenesis (Van der Borght et al. 2005). Cholinergic neurons in the 

basal forebrain, medial septum, nucleus basalis of Meynert, and diagonal band of Broca 

specifically express the p75 neurotrophin receptor (p75NTR). This allowed for their specific 

cellular elimination by stereotaxic injection of 192-IgG-SAP (192-Saporin), a chemical 

conjugate of p75NTR mouse clonal antibody to the ribosome-inactivating protein saporin. 

192-Saporin-mediated removal of medial septal cholinergic neurons resulted in decreased 

SGZ neurogenesis (Itou et al. 2011), as well as decreased cellular proliferation within the LV 

niche (Cooper-Kuhn et al. 2004).

To determine whether activity patterns from cholinergic neurons can differentially modulate 

NSC proliferation, another approach is to alter intrinsic excitability of these neurons. Ank3 

is a large adapter protein localized to neuronal axon initial segment, important for clustering 

voltage-gated ion channels required to generate precise action potentials (Jenkins & Bennett. 

2001). Conditional Ank3 deletion in ChAT+ neurons resulted in their inability to precisely 

initiate and scale action potentials to electrical stimulation, which resulted in marked 

reduction in DCX+ neuroblasts and NSC proliferation in the LV niche (Paez-Gonzalez et al. 

2014). These results revealed that cholinergic circuit activity and precision are required to 

sustain the robustness of postnatal neurogenesis. Examining cholinergic sources along the 

LV wall, a ChAT+ neuronal population with distinct morphology and activity to those from 

the striatum were identified in the subependymal space (subep-ChAT neurons) (Paez-

Gonzalez et al. 2014) (Figure 2a). In vivo optogenetic stimulation of subep-ChAT neurons 

significantly increased the numbers of Ki67+ proliferating cells and neurogenic progenitors 

in the LV niche, as well as frequency-dependent inward nAChR and mAChR currents in 

NSCs (Paez-Gonzalez et al. 2014). These findings revealed subep-ChAT neurons as integral 

components of the cholinergic circuit controlling postnatal LV neurogenesis.

Unlike neighboring striatal cholinergic neurons which are spontaneously active, the subep-

ChAT neurons (normally active in vivo) did not exhibit basal-level spontaneous activity in 
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acute brain slice preparation (Paez-Gonzalez et al. 2014). The sources for excitatory/

inhibitory inputs onto subep-ChAT neurons are currently unclear, although CNS cholinergic 

neurons such as those found in the striatum, basal forebrain nuclei, hypothalamus, medial 

habenula, pontomesencephalic tegmentum, and medullary tegmentum, tend to have highly 

stereotyped patterns of afferent connectivity, serving as potential blueprints for subep-ChAT 

neuron connectivity. Conceptually, since CNS cholinergic neurons groups are broadly 

interconnected, it is an intriguing possibility that subep-ChAT neurons participate in and 

sample the cholinergic plexus to transform cascades of activity within the cholinergic system 

into functional neurogenesis. As the cholinergic circuit is complex, it remains likely that 

there are other cholinergic neurons whose activity contributes to postnatal LV neurogenesis 

control.

Characterization of AChR expression and function in OPCs has not been extensive, but 

transcriptional and IHC analysis indicate that OPCs express transcript for nAChR subunits: 

α3, α4, α5, α7, β2 and to a lesser extent β4 (Rogers et al. 2001, Zhang et al. 2014) and 

mAChRs subunits: M1, M2, M3 and M4 (Abiraman et al. 2015, Cohen & Almazan. 1994, 

Ragheb et al. 2001, Zhang et al. 2014), with most reports indicating that M3 is the most 

prominent subunit of mAChRs (Abiraman et al. 2015, De Angelis et al. 2012, Ragheb et al. 

2001). Functional analysis of nAChRs, using whole-cell patch clamping and calcium 

imaging, have reported that hippocampal OPCs express α7-subunit containing nAChRs, but 

not α4β2 nAChR (Vélez-Fort et al. 2009), whereas white matter OPCs express α4β2 

nAChR and not α7-subunit containing nAChRs (Rogers et al. 2001). Functional analyses 

using calcium imaging and real-time biochemical measurements of intracellular signaling, 

have revealed the presence of functional muscarinic receptors in OPCs (Cohen & Almazan. 

1994, Kastritsis & McCarthy. 1993). Pharmacological investigations into the roles of ACh 

signaling have shown that cholinergic stimulation via nAChRs increases OPC differentiation 

with no effect on proliferation (Imamura et al. 2015). Whereas muscarinic stimulation, when 

applied in vitro, provides a potent proliferative signal to OPCs, by upregulating PDGFRα 
(Cohen & Almazan. 1994, De Angelis et al. 2012), but not in vivo (Abiraman et al. 2015). In 

recent years, a number of high-throughput screenings for novel myelin regenerative 

therapies have revealed muscarinic signaling as a strong negative regulator of OPC 

differentiation, particularly via M1 and M3 receptor activation, highlighting the importance 

of cholinergic signaling. A number of anti-muscarinic compounds, such as benztropine, 

clemastine and solifenacin, have been identified as potential therapeutic agents for myelin 

regenerative therapies for multiple sclerosis, and clinical trials for some of these compounds 

are ongoing (Abiraman et al. 2015, Deshmukh et al. 2013, Mei et al. 2014, Mei et al. 2016).

GABAergic regulation

GABA is a key excitatory neurotransmitter in the developing brain, as well as the main 

inhibitory neurotransmitter in the adult CNS, whose functional activity depends on 

intracellular chloride concentrations of the target cells, set by transporters that either 

accumulate intracellular chloride (NKCC1) or extrude chloride (KCC2) (Delpire. 2000) 

(Figure 3a). GABA is synthesized mainly from glutamate by glutamate decarboxylases 

(GAD65 and GAD67) and is degraded by GABA-transaminase. Extracellular GABA levels 

are tightly regulated by high-affinity sodium- and chloride-dependent GABA transporters 
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(Borden. 1996), which efficiently remove GABA from synaptic clefts. GABA binds to its 

ionotropic receptors GABAA and GABAC, which are ligand-gated chloride channels, and its 

metabotropic receptor GABAB, to trigger downstream signaling events (Figure 3b–d). 

GABAA receptors are hetero-pentamers primarily composed of α1–6, β1–3, and γ1–3 

subunits (other subunits include δ, ε, π, ρ, τ) (Fritschy & Panzanelli. 2014), and are the 

more frequently investigated GABA receptor in the context of postnatal NSC proliferation/

differentiation. GABAB receptors are G-protein couple receptors linked to potassium 

channels, and thus far few studies have examined their potential roles in the context of 

postnatal NSC and OPC proliferation.

GABA receptors are widely expressed in the CNS. Within the LV neurogenic niche, 

functional GABAA receptors have been identified in NSCs/SEZ astrocytes (Liu et al. 2005, 

Wang et al. 2003a), as well as migrating DCX+ neuroblasts (Nguyen et al. 2003). Upon 

release in the LV niche, GABA activates GABAA receptors present on GFAP+ cells and 

newborn neuroblasts, limiting their proliferation (Liu et al. 2005). In addition, GABA 

signaling can influence other phases of postnatal LV neurogenesis, including neuroblast 

migration and terminal differentiation in the olfactory bulb (Bolteus & Bordey. 2004, 

Gascon et al. 2006). Within the hippocampus, birth and development of newborn 

hippocampal granule neurons can be categorized into distinct steps: a) NSC quiescence vs. 

activation and fate determination; b) intermediate progenitor proliferation; c) migration and 

removal of excessive newborn neuroblasts; d) initiation of newborn neuron integration; and 

e) functional maturation and maintenance of adult-born granule neurons. GABA signaling 

through the GABAA receptor depolarizes NSCs and immature neurons in the DG, and 

promotes new neuron maturation (Tozuka et al. 2005), integration into local circuitry (Ge et 

al. 2006), and survival (Jagasia et al. 2009).

Within the LV niche, newborn DCX+ neuroblasts have been shown to synthesize and release 

GABA in a calcium-dependent, non-vesicular manner (De Marchis et al. 2004, Liu et al. 

2005, Nguyen et al. 2003). The numerous neuroblasts releasing GABA has complicated 

experimental efforts looking into neuronal/vesicular sources of GABA in the LV niche. 

Striatal GABAergic neurons are in close proximity to the LV niche. Quinolinic acid, an 

excitatory amino acid that induces cell death, was used in chemical lesion studies to 

interrogate striatal GABAergic interneuron function. Following quinolinic acid injection into 

the striatum there was an increased cellular proliferation in the LV niche, and potential 

rerouting of newborn cells to the striatal-injured areas (Tattersfield et al. 2004), suggesting 

that striatal GABAergic neurons may contribute to LV neurogenesis control. In support, 

vesicular GABA transporter expression has been detected in the LV niche, and nitric oxide-

containing GABAergic striatal neurons extend processes to the LV niche (Young et al. 

2014). Future studies targeting specific circuit components, both locally and distally to the 

LV niche, will be needed to address whether neuronal activity through distinct populations 

of GABAergic neurons can control postnatal NSC proliferation and/or differentiation.

The hippocampal neural circuitry is complex and tightly integrated, thus anatomical/

chemical lesions to target its GABAergic components specifically for studying neurogenic 

control have been technically challenging to perform. Within the DG niche, local 

GABAergic interneurons and their axons are situated in close proximity to NSCs and their 
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progeny. The neurogliaform POMC+ GABAergic interneurons been shown to provide 

functionally important synaptic inputs onto newborn DG granule neurons (Markwardt et al. 

2011). PV+ interneurons are another component from the local inhibitory circuit whose 

activity-dependent released of GABA can activate GABAA receptors on NSCs. Optogenetic 

control of DG PV+ neuron activity in vivo has been shown to regulate quiescence vs. 

activation of resident adult NSCs (Song et al. 2012). This process appeared to be indirect, 

through GABA spillover from nearby PV+ neuron synaptic activity (Song et al. 2012) 

(Figure 3c). In contrast, PV+ interneurons can provide direct synaptic contacts with newborn 

DG neuroblasts, which regulate their subsequent development into granule neurons (Song et 

al. 2013).

On a functional level, the hippocampal GABAergic interneurons provide tight local 

inhibitory control of the principal cells, regulating DG field potential oscillations (Engel et 

al. 2009). These hippocampal interneurons show diversity in physical location, morphology, 

synaptic targets, and protein marker expression (Freund & Buzsaki. 1996, Maccaferri & 

Lacaille. 2003). In a heightened state of activity, for example, PV+ interneurons’ increased 

firing can inhibit quiescent NSC proliferation and concurrently enhance the survival of NSC 

progeny (Song et al. 2012), modulating new neuron addition and future circuitry wiring 

within the DG. Identifying relevant functional inputs onto hippocampal GABAergic 

interneurons will be important next steps in deciphering neuronal activity-dependent control 

of adult hippocampal neurogenesis.

OPCs express the NKCC1 transporter (Figure 3a), therefore activation of ionotropic GABAA 

receptors expressed by OPCs will lead to membrane depolarization and intracellular calcium 

rise (Gilbert et al. 1984, Hoppe & Kettenmann. 1989, Kirchhoff & Kettenmann. 1992, Wang 

et al. 2003b). RNA transcripts for GABAA subunits α1–5, β1 – 3, and γ1−3 have been 

detected from isolated OPCs (Zhang et al. 2014). Similarly, transcriptional, IHC analysis 

and biochemical measurements of intracellular signaling have revealed the presence of 

functional GABAB receptors in OPCs, mainly expressing GABAB1 subunits (Luyt et al. 

2007, Zhang et al. 2014). In the hippocampus, somatosensory cortex, and the cerebellar 

white matter OPCs have been shown to receive GABAergic synaptic inputs (Káradóttir et al. 

2008, Lin & Bergles. 2004, Vélez-Fort et al. 2010). In the somatosensory cortex OPCs 

receive inputs from multiple interneurons, but on average only one input from each 

interneuron. After postnatal development, these GABAergic inputs change from being 

synaptic to being extra-synaptic (Balia et al. 2013, Vélez-Fort et al. 2010). Within the 

cerebellar white matter migratory neuroblasts release GABA, via vesicular release, and 

generate transient synapses onto white matter OPCs and via this mechanism negatively 

regulate OPC proliferation (Zonouzi et al. 2015). Although when post-synaptic GABAA are 

reduced in OPC, by conditionally knocking out the post-synaptic specific γ2 subunit in 

OPCs, no apparent effect on OPC proliferation or differentiation was detected in the 

somatosensory cortex (Balia et al. 2017), presumably as GABA acting on extra-synaptic 

receptors can still regulate proliferation. Overall, it seems that GABA acting on GABAA 

receptors is a negative regulator of OPC proliferation, whereas when acting on GABAB 

receptors it augments OPC migration and proliferation, in vitro. However, when GABA 

concentrations are raised, either in vivo or in organotypic brain slices, OPC proliferation is 

dramatically reduced, indicating that the proliferative brake delivered by activation of 
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GABAA receptors prevails over the proliferative potentiation mediated by GABAB 

receptors.

Glutamatergic regulation

Near 90% of all projection neurons in the brain are glutamatergic (Schmidt & Pierce. 2010), 

and glutamate can be released from these neurons along their axons in both gray and white 

matter. Glutamate activates both ionotropic and metabotropic glutamate receptors on 

receiving cells. Ionotropic glutamate receptors are divided into AMPA (α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid), NMDA (N-methyl-D-aspartate) and kainate 

(KA) receptors, all of which are selective cation channels, made of four subunits, with 

approximately equal permeability to Na+ and K+, but a differing permeability to Ca2+ ions. 

AMPA and kainate receptors containing subunits that have undergone RNA Q to R editing, 

or AMPA receptors that contain the GluA2 subunit, are calcium impermeable. Whereas, all 

NMDA receptor subunits are permeable to Ca2+ ions, although the permeability differs 

between subunits (Dingledine et al. 1999). Glutamate signaling is terminated by a family of 

high-affinity glutamate-sodium co-transporters, these transporters have been shown to be 

capable of rapidly removing glutamate released at synapses (Attwell & Gibb. 2005). The 

encoding of glutamate signaling is determined by specific subunits that make up the channel. 

In general NMDA receptors have a much lower EC50 for glutamate than AMPA receptors, 

around 1μM for prolonged exposure to glutamate, versus tens of μM for AMPA receptors 

(Patneau & Mayer. 1990) and more than 100 fold longer deactivation time and channel 

desensitization compared to AMPA and KA receptors, and a much lower dissociation 

constant (Attwell & Gibb. 2005). NMDAR, in contrast to AMPAR and KAR, need glycine 

as a co-agonist alongside glutamate to become activated and, at the resting membrane 

potential the pore of the NMDA receptor is almost completely blocked by Mg2+, and only 

upon membrane depolarization is the Mg2+ block removed enabling the channel to conduct 

ions (Dingledine et al. 1999). Metabotropic glutamate receptors, like other G protein 

coupled receptors, activate various downstream enzyme systems including adenylate cyclase 

and phospholipase C (Conn & Pin. 1997). These receptors have lower affinity for glutamate 

than NMDAR but higher than AMPA receptors, but also have long activation desensitization 

kinetics, needing prolonged glutamate concentration for activation, as could occur with high 

neuronal firing for an extended period or phasic release of glutamate. Thus, each glutamate 

receptor encodes glutamatergic neuronal firing at different timescales (Figure 4). The unique 

features of the NMDA receptor distinguish them from other ionotropic neurotransmitters. At 

low frequency synaptic transmission, AMPA receptors will be activated, due to their fast on 

and off kinetics, whereas NMDA receptors due to their long activation time and voltage-

dependence (depolarization needed to repel the Mg2+ from the pore) the receptor has not 

been fully activated by the time glutamate transporters have removed glutamate from the 

synapse (~1–3ms) (Figure 4a). However, if a second input occurs (release of glutamate) 

within the timeframe of glutamate unbinding from the NMDAR that is sufficiently large to 

depolarize the membrane (via activation on AMPA and KAR) to repel the Mg2+ ion, 

NMDAR then becomes fully activated. This feature of slow unbinding of glutamate (~100 

ms), and slow activation rate, high glutamate affinity, and the magnesium block and 

membrane potential, allow the NMDAR to act as an input coincidence detector (Figure 4a). 

The dual input requirement, along with its unique kinetics allows NMDARs to integrate 
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incoming activity. Thus, signals at fast rates are encoded by AMPA, followed by NMDA 

receptors that can keep information regarding glutamate release for up to 100ms, and 

mGluRs can mediate information in the presence of glutamate for up to 20s (Attwell & 

Gibb. 2005, Blanke & VanDongen. 2009) (Figure 4b,c). The different timescale these 

receptors operate on, and different features, will determine the outcome of how 

glutamatergic signaling regulates progenitor cell proliferation. While very little is 

understood about glutamatergic signaling during postnatal NSC proliferation, NMDA 

receptor activity has been shown to be a critical regulator of newborn neuron survival and 

integration in both the adult DG and OB (Lin et al. 2010, Platel et al. 2010, Tashiro et al. 

2006).

OPC glutamate receptor expression has been relatively well characterized when compared to 

other neurotransmitter receptor expression analyzed in OPCs. Transcriptional, protein, IHC 

and functional analysis have identified that OPCs express ionotropic glutamate receptors 

(AMPA, KAR, and NMDAR) and mGluRs (please see (Spitzer et al. 2016) for more detailed 

information). Moreover, OPCs receive glutamatergic inputs from unmyelinated axons in 

both white and gray matter, thus are capable of sensing and decoding glutamatergic activity 

(Kukley et al. 2007, Tomassy et al. 2014, Ziskin et al. 2007). The availability of specific 

antagonists and agonist for different glutamate receptor subtypes have allowed 

pharmacological investigations into the roles for glutamate on OPCs proliferation. When 

specific agonists for AMPA/KA receptors were added to the culture medium of isolated 

OPCs or cultured brain slices (mimicking tonic stimulation) OPC proliferation was reduced, 

and increased when antagonists for AMPA/KA receptors were added to the culture medium 

(Fannon et al. 2015, Gallo et al. 1996, Yuan et al. 1998), indicating that some endogenous 

glutamate release in the culture was regulating basal OPC proliferation. Conversely, 

increasing glutamatergic activity in the adult mouse brain, either through optogenetic 

stimulation or electrical stimulation of glutamatergic cortical neurons (Gibson et al. 2014, Li 

et al. 2010), or through the acquisition of new motor skills (McKenzie et al. 2014) which 

arguably increases neuronal glutamate release, OPC proliferation was enhanced, not 

decreased (but see above section on neuronal activity where activity increasing OPCs 

proliferation could be due to a secondary homeostatic response). Similar to the in vitro 

studies, when glutamate activity was blocked in the regenerating white matter in vivo, or 

reduced by sensory deprivation leading to reduction in glutamatergic inputs to the mouse 

barrel cortex, OPC proliferation increased (Gautier et al. 2015, Hill et al. 2014, Mangin et al. 

2012). The differences between these studies might be due to different secondary effects, 

such as homeostatic control of the OPC pool, stimulation of neighboring cells, or release of 

growth factors from stimulated axons, such as PDGF (Barres & Raff. 1993) or neuroligin-3 

(Venkatesh et al. 2015). Genetic approaches can circumvent these secondary effects, and 

these studies have found that when deleting the AMPAR subunits GluR2, 3 & 4 (GluR1 is 

not expressed) in OPCs or reducing the vesicular release of glutamate from axons there was 

little to no effect on OPC proliferation (Etxeberria et al. 2016, Hines et al. 2015, 

Kougioumtzidou et al. 2017, Mensch et al. 2015). However, studies using pharmacological 

or genetic approaches to understand the function of the NMDAR, have synonymously 

reported that NMDA receptor signaling has no detectable effect on OPC proliferation (De 

Biase et al. 2011, Fannon et al. 2015, Guo et al. 2012, Li et al. 2013, Lundgaard et al. 2013), 
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but NMDAR function have been implicated to have a role in activity dependent myelination 

(Li et al. 2013, Lundgaard et al. 2013), and myelin basic protein synthesis (Wake et al. 

2011). The differential effects of AMPA, NMDA or glutamate signaling on OPCs either in 

vivo or in vitro could indicate the differences in signal encoding. Glutamatergic pre-

synapses signal to OPCs via temporally fast kinetics, which were altered by most in vivo 

stimulation and genetic studies, but glutamate also signals by phasic tonic release, 

comparable to the prolonged applications that in vitro studies inevitably mimic. The recent 

advances in temporal and defined local control of neuronal activity will allow dissecting the 

differential role of glutamate signaling on OPC proliferation.

DISCUSSION

The preceding sections of this review focused on our current understanding of neuronal 

activity-dependent control of NSC and OPC proliferation in the postnatal/adult CNS. 

Conceptually, similar to a computer needing hardware upgrades to keep up with increasingly 

complex software, postnatal neurogenesis and gliogenesis may endow particular neural 

circuits with such capacity. Neuronal activity patterns directing NSCs and OPCs 

proliferation takes this idea one step further, and proposes that perhaps neural circuits may 

functionally instruct progenitors for their own neuron/oligodendrocyte additions over time, 

inducing a potentially powerful form of gray and white matter plasticity distinct from 

strengthening/weakening of existing neuronal connections. The parallels between NSC and 

OPC, where ACh increases but GABA decreases cellular proliferation, present several future 

experimental possibilities. Going forward, on the neurogenic side, an important task will be 

to clearly map neural circuits whose activity patterns can control NSC proliferation. The first 

challenge is to decipher neuronal projections contacting NSCs and/or their 

microenvironment that can modulate cellular proliferation and differentiation. Some 

advances have already been made in this important line of inquiry, but much more work 

remains to be done. Understanding how neuronal inputs can instruct NSC proliferation/

differentiation involves more than just identifying anatomical projections, and will likely 

require further experimentation to decipher local modulators of neural transmitter signaling, 

as the microenvironmental niche plays critical roles. Further challenges are to understand 

how neural circuits identified in these contexts are linked to behavioral inputs that can alter 

their activity states, understand whether neural plasticity in these circuits can result in long 

lasting changes in NSC proliferation/differentiation, and how newborn neurons integrating 

into the olfactory bulb and hippocampus may influence the connectivity and output of these 

circuits. For both NSCs and OPCs, environmental enrichment and learning can stimulate 

progenitor proliferation as well as the subsequent addition of new neuron/oligodendrocyte 

progeny. It is also clear that neurotransmitters and growth factors act in concert to control 

NSC and OPC proliferation decisions. With multiple extracellular factors present, likely 

some concurrently, it is unclear how the receptor signaling pathways downstream of ligand 

binding converge, or interfere with one another, to execute progenitor fate decisions. 

Because neurodevelopmental programs demand a precise progenitor proliferation/

differentiation timetable independent of neuronal activity inputs, it remains rather 

mysterious how the postnatal/adult NSCs and OPCs come to detect and be regulated by 

neuronal activity. Was the capacity always there during embryonic development; maybe it is 
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acquired over time; or perhaps postnatal/adult progenitors represent distinct lineages? Future 

studies that address these issues will be highly informative for the field.
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Figure 1. 
Comparing rules governing embryonic vs. postnatal neurogenesis and gliogenesis.

Schematics representing progenitor proliferation concepts during embryonic development 

and in the postnatal CNS. Embryonic development and progenitor proliferation take place 

over defined/short time scale (left panel), where choreographed generation of neurons and 

glia in time-dependent fashion (timer, green dashed arrow) results in proper neural circuit 

assembly. In the postnatal/adult CNS, NSC and OPC sustain their proliferation capacity for 

much longer time scale (right panel), requiring a different conceptual framework for 

neurogenesis and gliogenesis. A cyclical stimulus (need/drive, green box) -based feedback 

promotes continued NSC/OPC proliferation and differentiation.
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Figure 2. 
Neurogenic niche ChAT neuron and ACh receptor dynamics conveying activity patterns.

(a) Schematic representation of ChAT neuron residing in the postnatal LV neurogenic niche, 

a source of ACh acting on NSCs to produce migrating neuroblasts. (b) nAChR in resting, 

open, and desensitized states (t = receptor subtype specific cycle time). (c) Patterns of ACh 

release will desensitize nAChR when neuronal inter-stimulus intervals (ISI) < t, but promote 

nAChR recovery for reactivation when ISI > t, giving rise to distinct nAChR activation 

dynamics in the target cells. (d) With a high density of local nAChR and mAChR receptors, 

synaptic ACh release results in rapid and fast-inactivating nicotinic currents, and slower, 

longer-lasting muscarinic currents. Upon release ACh is quickly degraded by extracellular 

acetylcholinesterase. Tonic release of ACh will result in nAChR desensitization. Bulk/

volume ACh stimulates larger fields of receptors at low density, and may generate small and 

prolonged cholinergic currents.
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Figure 3. 
GABAergic signalling in progenitor cells.

(a) The Na+- K+- 2Cl– cotransporter 1 (NKCC1) and K+- Cl– cotransporter 2 (KCC2) 

determine the intracellular Cl– concentration ([Cl−]i). It is the intracellular Cl− concentration 

that dictates whether GABA is inhibitory (low [Cl−]i – leading to Cl− influx, when GABAA 

receptors are activated), like it is in mature neurons, or excitatory (high [Cl−]i - leading to Cl
− outflux, when GABAA receptors are activated) as for adult NPCs and OPCs. (b) 

Depending on the equilibrium potential of chloride (ECl
−), whether it is above or below 

membrane potential, activation of GABAA receptors will either be a net outward current 

(hyperpolarizing; green line) or a net inward current (depolarizing; green dotted line). 

GABAAR currents, are fast and have multiple desensitization kinetics (depending on 

subunits), but most show incomplete desensitization (tonic current); activation of GABAB 

receptors (purple line) is slower compared to GABAAR and long lasting. (c) Volume release 

of GABA stimulates GABAA receptors that have incomplete desensitization and GABAB 

receptors, often for prolonged periods. (d) The encoding of GABA signaling is determined 

by the subunits expressed. In general GABA receptors containing γ subunits desensitize 

faster than α&β containing receptors, whereas δ containing receptors have the longest 

desensitization time constant. The GABAA receptors, that incompletely desensitize, such as 

δ containing GABAA receptors, along with GABAB receptors mediate tonic GABA 

stimulation.
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Figure 4. 
Differential glutamate receptor activation dynamics encode neuronal activity patterns

Schematic diagram depicting the differential kinetics of glutamate receptors that dictates 

their decoding of neuronal firing patterns. (a) AMPAR mediate low firing rates activity 

pattern where ISI is longer than the dissociation of glutamate from NMDAR. At firing rates 

where ISI is shorter than the dissociation time of glutamate from NMDAR, the NMDARs 

will become active along with AMPARs and KARs. (b,c) At high neuronal activity, or 

during burst firing, a large amount of glutamate is released and for sufficiently long time to 

activate metabotropic receptors, which can stay active ~20s after the activity has ceased. (d) 

During bulk or tonic/volume release of glutamate, which occurs over a longer time scale 

than synaptic transmission, AMPA receptor quickly, ~ 3ms, and near completely desensitize 

(in general >99%, but depending on subunit expression some AMPAR desensitize less or 

<90%). Whereas NMDA receptors incompletely desensitize (after ~100ms) and thus remain 

tonically active, similarly mGluRs become active, few milliseconds after AMPAR and 

NMDAR activation and remain active.
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