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Abstract

First described by Ramon y Cajal as “short-axon” cells over a century ago, inhibitory interneurons 

in the cerebral cortex make up ~20–30% of the neuronal milieu. A key feature of these 

interneurons is the striking structural and functional diversity, which allows them to modulate 

neural activity in diverse ways and ultimately endow neural circuits with remarkable 

computational power. Here we review our current understanding of the generation of cortical 

interneurons, with a focus on recent efforts to bridge the gap between progenitor behavior and 

interneuron production, and how these aspects influence interneuron diversity and organization.

Graphical Abstract

Inhibitory interneurons in the cerebral cortex constitute ~20–30% of the neuronal population. The 

rich array of interneuron subtypes endows local circuits with a remarkable computational power. 

How do the developmental origins (i.e. time and place of birth, progenitor behavior, lineage, etc.) 

influence the production and diversification of cortical interneurons?

INTRODUCTION

Optimal information processing in the nervous system requires the proper balance of 

excitation and inhibition. Sensory inputs to the brain elicit an increase in excitatory activity 

with a coordinated change in inhibitory activity. As the levels of excitation change under 

various stimulus conditions, the inhibitory system responds by adjusting its output to match 
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the excitatory activity. This balance of excitation and inhibition in the brain is maintained by 

excitatory neurons and inhibitory interneurons, respectively.

Excitatory neurons in the mammalian central nervous system predominantly secrete the 

neurotransmitter glutamate, which binds to the glutamate receptors at the postsynaptic 

membrane and drives its depolarization, thereby promoting action potential generation in the 

target neuron. Inhibitory interneurons, on the other hand, use the neurotransmitter gamma 

aminobutyric acid (GABA), which binds to the GABA receptors at the post-synaptic 

membrane and under most circumstances causes hyperpolarization and thus inhibits the 

target neuron from firing. In the cerebral cortex, the latest evolved part of the mammalian 

brain, the bulk (~70–80%) of the neuronal population is comprised of glutamatergic 

excitatory neurons and the remaining (~20–30%) consists of GABAergic inhibitory 

interneurons.1–4 Glutamatergic excitatory neurons project their axons over long distances 

both within the cortex as well as to other brain regions and generate the main excitatory 

output of neural circuits. In comparison, GABAergic interneurons are predominantly locally 

projecting neurons that are responsible for the inhibitory transmission that refines and shapes 

circuit output.

INTERNEURON DIVERSITY

Inhibitory interneurons are incredibly diverse. Vastly outnumbered by excitatory projection 

neurons in the cortex, it is the rich variety of interneuron subtypes that endows the inhibitory 

system with the ability to sense the appropriate level of excitation across a broad dynamic 

range and under various stimulus conditions, and ultimately regulate circuit output using a 

wide range of inhibitory activity. The assortment of interneuron subtypes have been 

extensively characterized previously based on various criteria such as morphology, 

molecular marker expression, electrical properties, subcellular synaptic targeting, and 

connectivity patterns.2, 5–10 Each of these properties influences a given interneuron’s 

specific role within neural circuits.

Diversity in morphology and molecular marker expression

Based on their dendritic and axonal arborization, morphologically distinct subtypes of 

interneuron include: basket cells, chandelier cells, Martinotti cells, bipolar cells, double-

bouquet cells, bitufted cells, and neurogliaform cells (Figure 1A).2, 11 Interneuron subtypes 

can also be defined by their expression of various molecular markers. These include 1) 

calcium binding proteins such as parvalbumin (PV), calbindin (CB), and calretinin (CR), 2) 

neuropeptides such as somatostatin (SOM), vasointestinal protein (VIP), neuropeptide Y 

(NPY), and cholecystokinin (CCK), and 3) other biochemical markers such as reelin, 

neuronal nitric oxide synthase (nNOS), and serotonin receptor (5HTR)-3A (Figure 1B).2 

Notably, the expression of PV, SOM, or 5HTR-3A is largely found in three, non-overlapping 

populations of interneurons that account for nearly 100% of GABAergic neurons in the 

cortex.12, 13
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Diversity in electrical properties

Interneurons exhibit a broad spectrum of action potential thresholds and a variety of 

discharge rates and patterns. Based on the response of a given interneuron to electrical 

stimulation, it can be categorized as fast-spiking (FS), low threshold spiking (LTS), irregular 

spiking (IS), bursting (BST), or late-spiking (LS) (Figure 1C).2 This rich array of electrical 

properties supplies the inhibitory system with sufficient sensitivity, complexity, and dynamic 

range to regulate neural activity in the brain.

Diversity in subcellular connectivity

Interneurons can also be classified according to the subcellular compartment of the post-

synaptic neuron that they target, such as the dendrite (distal, proximal, or tuft), the soma, or 

the axon (Figure 1D).2, 11, 14 The variety of unique subcellular targeting sites endows 

interneurons with precise inhibitory control of activity within a single neuron. The most 

diverse of these is the dendrite-targeting population consisting of interneurons that monitor 

incoming activity in the dendritic regions of a given post-synaptic neuron. It includes 

double-bouquet cells, bitufted cells, bipolar cells, and neurogliaform cells, all of which 

target the distal regions of the dendrite, and Martinotti cells, which preferentially target 

dendritic tufts.15–17 Soma- (as well as proximal dendrite-) targeting cells consist of basket 

cells, which sense and regulate global excitatory input in the cell body vicinity of the post-

synaptic neuron. The axon-targeting subtype consists of chandelier cells, which synapse 

exclusively to the axon initial segment of excitatory neurons and modulate action potential 

generation.

Diversity in cellular connectivity

An additional dimension of interneuron diversity is the variety of specific and 

complementary neuronal networks they engage in (Figure 1E). Recent studies have made 

some key observations into the neuronal subtype-specific synaptic connectivity logic of 

interneurons. First, PV-expressing basket and chandelier cells, which play an essential role 

in generating network oscillations, target excitatory neurons, and receive strong excitatory 

inputs from the thalamus and cortex, as well as inhibition from other PV-expressing cells.
18–20 Second, SOM-expressing Martinotti cells predominantly receive input from local 

excitatory cells and in turn inhibit the dendritic tufts of excitatory cells in the cortex.
18, 19, 21–23 Interestingly, SOM-expressing cells avoid inhibiting one another and instead 

strongly inhibit other populations of interneurons.18, 19, 21–23 Third, 5HTR-3A-expressing 

interneurons consist of two subgroups with distinct synapse connectivity; whereas reelin-

expressing, neurogliaform cells release GABA through volume transmission, VIP-

expressing cells preferentially form inhibitory synapses with SOM-expressing cells.19, 24 In 

addition, while some studies show a dense, non-specific inhibitory connectivity between 

interneurons and nearby excitatory neurons,25–28 others reveal a fine-scale specificity in 

inhibitory synaptic connections. For example, FS interneurons in layer 2/3 connect 

preferentially to neighboring excitatory neurons that form reciprocal connections with them.
29 Similarly, layer 5 inhibitory interneurons form distinct intralaminar and interlaminar 

subnetworks with excitatory neurons.30 CCK-expressing basket cells select their 

postsynaptic targets based on the long-range axonal projection pattern of the principal 
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excitatory neurons.31 Notably, inhibitory synaptic inputs to pyramidal neurons exhibit a 

broad stereotypical spatial pattern across different neocortical areas.32

A key feature of inhibitory interneurons is their ability to synchronize activity in neuronal 

networks, which is essential for information transmission across brain regions.33, 34 This 

feature depends on the unique capability of interneurons to form highly specific, gap-

junction mediated electrical synapses with each other. Remarkably, electrical coupling is 

found almost exclusively amongst interneurons of the same subtype (with the exception of 

LS neurogliaform cells) (Figure 1F).33–43 A clear example in this regard is PV-expressing 

FS interneurons which exhibit robust electrical coupling amongst each other to provide 

large, synchronous inhibition to local excitatory neurons sufficient to induce 20–80 Hz 

network oscillations.34, 40 To date, pair-wise electrophysiological studies have identified 

electrically-coupled networks of FS basket cells, FS chandelier cells, LTS Martinotti cells, 

and LS neurogliaform cells.33–40 The selective electrical coupling between distinct subtypes 

of interneurons likely promotes cooperative interneuron subnetworks in the cortex.20

Interneuron diversity in the evolution of higher mammals

Since Ramon y Cajal’s discovery of morphologically distinct subtypes of cortical 

interneurons, it is often argued that the number and diversity of this neuronal population 

have significantly increased over the course of mammalian evolution.44, 45 Quantitative 

immunohistochemical studies comparing the proportion of GABAergic neurons in the cortex 

of different mammals have shown that while inhibitory interneurons constitute ~15% of the 

total cells in the rat cortex,46–49 they make up ~20–25% of the cells in the visual cortex of 

macaque monkey, and can reach up to 34–44% of the cells in the supragranular layers of 

certain areas of the macaque monkey and human cortex.1, 50–52

Furthermore, higher mammals exhibit an increased variety of interneuron subtypes (Figure 

1G). For instance, whereas the double bouquet cells are scarce in the mouse or rat cortex, 

they are increasingly numerous, more elaborate morphologically, and distributed regularly in 

various areas of the monkey cortex as well as in the human temporal cortex.53–55 Interleaved 

with pyramidal cells, each double-bouquet cell exhibits a ‘horse-tail’-like long, vertically 

descending, tightly bundled axon that traverses several cortical layers forming hundreds of 

synapses onto the basal dendrites of pyramidal cells within a narrow column. This 

microcolumnar structure formed by double-bouquet cells appears to be a key element in the 

organization of the primate cortex, inhibiting groups of pyramidal cells located across 

different layers within the minicolumns.51, 53, 54, 56 Another example of an interneuron 

introduced during the evolution of higher mammals is a special subtype of small basket cell, 

namely the clutch cell, which surrounds the cell body of its target cells with large axonal 

terminals, in layer IV of the visual cortex of cat and monkey.57, 58 It has been suggested that 

these clutch cells exert their inhibitory effect in an area localized to a single ocular 

dominance column and may be associated with the afferent axon terminals of thalamic 

lateral geniculate nucleus cells, perhaps playing a role in the first stage of cortical processing 

of visual information in higher mammals.57, 58 Chandelier cells, each of which exhibits 

several hundred axon terminals, are the sole source of inhibitory synapses on the axon initial 

segment of pyramidal cells and as such play a key role in regulating cortical activity. 
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Interestingly, chandelier cells are morphologically more refined in higher species, with the 

greatest complexity and abundance found in primates.45, 59 Loss or impaired function of 

chandelier cells disrupts the inhibitory control of pyramidal cells, and is thought to be a key 

component in the etiology of temporal lope epilepsy in humans.59 Therefore, while some 

interneurons can be found across all species, others are characteristic of (or more specialized 

in) higher mammals, particularly human and non-human primates, and may underlie the 

increased complexity of cortical function that allows for enhanced cognitive abilities in these 

species.

Continuous versus categorical changes

Although interneurons are generally categorized based on their morphological, molecular, 

electrical, and synaptic properties, the extent to which interneuron diversity can be defined 

as discrete classes as opposed to a continuum of features, is debated.2 Whereas some 

features of interneuron diversity such as morphology may be classified, other features such 

as electrical properties are more arbitrary. Future efforts to systematically couple gene 

expression profiles with electrical and functional properties at the single neuron resolution 

may reveal more precise characterization of interneurons.60, 61

DEVELOPMENTAL ORIGINS

Early lineage tracing experiments at the population level established that excitatory principal 

neurons and inhibitory interneurons in the cortex are generated separately from each other 

during development and do not share a common origin.62–65 While excitatory neurons are 

generated in the dorsal telencephalon, most if not all inhibitory interneurons are born in the 

ventral telencephalon, in regions defined as the ganglionic eminence (GE) and the preoptic 

area (PoA). The GE is a transient structure during embryonic development that is further 

subdivided anatomically into lateral, medial, and caudal domains (LGE, MGE, and CGE, 

respectively). The PoA is situated ventral to the MGE in the telencephalic stalk. First 

apparent as protrusions into the lateral ventricles at E11 in the mouse, the morphological 

boundaries within the GE disappear as embryonic development concludes and are no longer 

visible in the postnatal brain. In the mouse, all inhibitory interneurons are derived from the 

MGE, CGE, and PoA (Figure 2A, B). The LGE generates GABAergic inhibitory projection 

neurons (also called medium spiny neurons) and interneurons destined for the striatum and 

olfactory bulb, respectively.66–70 Newborn interneurons undergo a long, tangential journey 

from their birthplace in the subpallium to reach their ultimate destination in the overlying 

cortex.71

Whereas in mice, all cortical interneurons originate in the GE, previous work has suggested 

that in primates, a significant portion of cortical interneurons are generated in the developing 

cortex itself.72–75 Based on these reports, some interneuron subtypes that are introduced 

later in mammalian evolution, such as the double-bouquet cells, may be derived from the 

unique dorsal niche of interneuron progenitors in primates.74, 75 Subsequent studies, 

however, re-examined these earlier reports, and found little evidence of interneuron 

progenitor markers in proliferating cells in the dorsal germinal zones.76, 77 Instead, these 

studies based on the expression patterns of several transcription factors known to be involved 
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in the specification of interneurons in the mouse suggested that cortical interneurons in the 

primate or human brain are also generated in the MGE and CGE, and that the ventral origins 

of interneurons are conserved over mammalian evolution (Figure 2C, D). In addition, using 

live imaging of fluorescently labeled GE cells in monkey brain slices, it was shown that, 

similar to the mouse, MGE- and CGE- derived interneurons migrate tangentially through the 

LGE and into the cortex.77 The spatial configuration of MGE and CGE in primates is also 

reminiscent of that in rodents. These studies suggest that the majority, if not all, of 

interneurons in primates are generated by progenitors in the MGE and CGE. Interestingly, 

however, some features of interneuron development are unique to primates; for instance, the 

subventricular zone (SVZ) in the subpallium is greatly expanded in the primate fetal brain, 

and the CGE appears to generate a much greater proportion (as much as half) of cortical 

interneurons compared to rodents. Future studies further probing the progenitor origins of 

interneurons in primates will help elucidate how the greatly expanded human cortex acquires 

the appropriate number and variety of interneurons.

The major source of cortical interneurons is the MGE, generating ~70% of all cortical 

interneurons in the mouse (Figure 2B). The two prominent non-overlapping populations of 

cortical interneurons originating in the MGE are the PV-expressing (basket and chandelier) 

cells, and the SOM-expressing (Martinotti and other) cells.12, 78 PV- and SOM-expressing 

cells are found throughout different layers of the cortex; in the somatosensory cortex, the 

ratio of PV- to SOM-expressing interneurons is ~1 to 1 (layer 5/6), ~3 to 1 (layer 4), and 

~2.5 to 1 (layer 2/3). Progenitors in the CGE, on the other hand, generate a distinct 

population of cells (~30% of cortical interneurons) that include bipolar cells, bitufted cells, 

double-bouquet cells, and neurogliaform cells, all of which express 5HTR-3A, as well as 

either VIP or reelin.12, 13, 79 The PoA is the source of ~10% of cortical interneurons that 

frequently express NPY.80, 81

Transcription factor control of interneuron generation

Mouse genetics studies have established the general genetic program of interneuron 

production. Within the MGE/PoA, the homeobox transcription factorNKX2-1 is critical for 

the establishment and maintenance of progenitors in the ventricular zone (VZ) and SVZ, as 

well as for the specification of MGE-derived cortical interneurons.8, 82–84 NKX2-1 is down 

regulated in post-mitotic interneurons prior to their entry into the cortical plate, but is 

maintained in cells destined for subpallial structures, such as the striatum. Downstream of 

NKX2-1, the transcription factor LHX6 is expressed in post-mitotic cells, and is required for 

the differentiation, migration, and correct laminar positioning of MGE-derived cortical 

interneurons.85, 86

The DLX family of homeobox transcription factors is broadly expressed in ventral 

progenitors and critical for the differentiation and migration of GABAergic interneurons.
82–84 Specifically, Dlx1 and Dlx2 are functionally redundant genes that repress the 

expression of Olig2, a transcription factor required for oligodendrocyte precursor (OPC) 

formation, and promote a GABAergic neuronal fate in a common progenitor. Dlx1/2-null 

mutants exhibit a severe deficit (~70%) in cortical interneurons. Working together with 

Dlx1/2, the proneural gene, Ascl1, is also expressed by subpallial progenitors and is required 
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for the production and differentiation of GABAergic interneurons.87, 88 Similar toDLX1/2, 

loss of ASCL1results in a significant reduction in cortical interneurons.

In the CGE, the homeobox factor GSX2 appears to be at the top of the hierarchy of 

transcription factors involved in interneuron specification.89, 90 Enriched in the LGE/CGE 

neuroepithelium from early development, it controls the expression of genes such as Dlx2, 

Ascl2, and Olig2 and specifies the LGE/CGE identity. In addition, loss of Gsx2 was shown 

to cause a selective reduction in CR-expressing interneurons in the cortex.90 Other 

transcription factors involved in CGE-derived interneuron production include NR2F1, 

NR2F2, PROX1, and SP8.91–96

Spatial origins of diversity

Based on the combinatorial expression patterns of several transcription factors, it has been 

suggested that the MGE can be further subdivided into multiple domains, and that each of 

these spatial domains contains a pool of progenitors that generates distinct subtypes of 

cortical interneurons (Figure 3A).97, 98 The strongest case in this regard has been made for 

the dorsal-most region of the MGE, which co-expresses NKX2-1 and NKX6-2, as being the 

predominant source of SOM/CR-expressing Martinotti cells in the cortex.97–99 However, it 

is unclear if this domain represents a pure progenitor pool restricted in its potential to 

generate SOM/CR-expressing interneurons, since the fate-mapping of NKX6-2-expressing 

progenitors also identifies a significant number of cells expressing other interneuron markers 

such as PV and NPY.99 In addition, the number of SOM/CR-expressing interneurons is 

reduced in only a subset of Nkx6-2 null mutant mice (1 out of 4 litters),99 raising the 

possibility that the subtype specification of this population may not (or only partially) 

depend the expression of NKX6.2.

Previous fate-mapping and transplantation studies have shown that the dorsal and ventral 

regions of the MGE are biased towards generating SOM- and PV-expressing cortical 

interneurons, respectively, arguing for the presence of distinct pools of progenitors in the 

MGE.97, 100, 101 In particular, chandelier cells were suggested to originate in the ventral 

most-region of the MGE towards the end of embryonic development.100, 102 Yet, 

intersectional fate-mapping from dorsal versus ventral MGE progenitor pools defined by 

NKX2-1/NKX6-2 and NKX2-1/ER81, respectively, showed that both domains are capable 

of generating chandelier cells.103 Interestingly, however, whereas the dorsal progenitors 

produced a small number of chandelier cells in both superficial and deep layers, the ventral 

domain produced a greater number of chandelier cells that were almost exclusively located 

superficially, suggesting a certain degree of heterogeneity in the fate potential of MGE 

progenitors. Recently, enhancer-trap transgenic mouse lines were generated to conditionally 

express CreERT2-IRES-EGFP in different regions of the MGE/PoA for fate-mapping 

interneuron output.104 Notably, single-cell transcriptome analysis of the MGE failed to 

reveal the presence of any discrete subgroups of neural progenitors in the region.105 It 

remains to be determined if at a single cell level, spatially distinct pools of progenitors 

within the MGE may underlie the production of distinct subtypes of cortical interneurons.
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Temporal origins of diversity

In addition to the spatial bias in subtype specification, the time of origin is another important 

factor in diversifying the interneuron lineage (Figure 3B). MGE-derived interneurons 

consisting of SOM- and PV- expressing interneurons laminate the cortex in a birthdate-

dependent inside-out manner. CGE-derived interneurons are born in a later time window and 

preferentially occupy the more superficial layers of the cortex.9, 65, 103, 106–108 It has been 

proposed that distinct cohorts of interneurons are generated by progenitors at different time 

points of embryonic development. Specifically, the fate-mapping analysis of OLIG2-

expressing progenitors using the CreER mice (with tamoxifen induction at E9.5, E10.5, 

E12.5, and E15.5) showed that ~50% of the labeled cortical interneurons were PV-

expressing at any given time point from E9.5 to E15.5. On the other hand, SOM-expressing 

interneurons exhibited a decline in output; at E9.5, E10.5, and E12.5, ~30% of the labeled 

interneurons were SOM-expressing, however, by E15.5, only ~10% of the labeled 

interneurons expressed SOM. These results suggest that SOM-expressing interneurons are 

predominantly generated earlier whereas PV-expressing interneurons are generated at a 

relatively constant rate throughout the embryonic neurogenesis.9 Transplantation 

experiments comparing mitotic progenitors in E13.5 and E15.5 MGE showed a strong 

tendency for transplants at E15.5 to generate more PV- relative to SOM-expressing 

interneurons compared with those at E13.5, suggesting that the competence of progenitors to 

produce distinct subtypes of interneurons changes over the course of neurogenesis.100 

Chandelier cells, which often express PV and are located in both superficial and deep layers 

of the cortex, are preferentially generated at the very late stages of interneuron production by 

NKX2-1-expressing progenitors. Notably, it is unclear if the early- and late- born 

interneurons are derived from a common pool of progenitors that proliferates throughout the 

embryonic period of neurogenesis or from distinct pools of progenitors that enter 

neurogenesis at different time points.

PROGENITOR BEHAVIOR AND INTERNEURON PRODUCTION

Most of our understanding of cortical neurogenesis has come from studies on excitatory 

neuron generation. As the precursor to the nervous system, the neural tube begins to close 

around E8.5 in the mouse and is composed of a single layer of rapidly proliferating cells 

known as neuroepithelial (NE) cells.109 These cells subsequently transit into a more-fate 

restricted progenitor type called the radial glial progenitor (RGP) cell that further divides 

symmetrically to amplify the progenitor pool.110–113 RGPs are the neural progenitor cells in 

all regions of the central nervous system.114 These cells reside in the VZ that lines the 

surface of brain ventricles and have a characteristic bipolar morphology, with a short apical 

process that is anchored onto the ventricular surface and a longer basal radial glial fiber 

process that extends across the developing cortex to reach the pial surface. As RGPs 

transition from symmetric proliferative divisions to asymmetric neurogenic divisions (~E11–

12 in mice), they can give rise to neurons in two modes: direct or indirect neurogenesis. That 

is, a given RGP can divide asymmetrically at the VZ surface to generate a self-renewing 

daughter RGP as well as either 1) a post-mitotic neuron directly (i.e. direct neurogenesis) or 

2) an intermediate progenitor cell (IPC) that further divides symmetrically in the SVZ to 

produce neurons (i.e. indirect neurogenesis via IPC ).113, 115 The basal process of RGPs 
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provides a migration scaffold for the newly born excitatory neurons as they leave the 

germinal zone and invade the overlying cortical plate (i.e. the future cortex) to laminate it in 

an inside-out manner. As a result, the early born neurons occupy deep layers whereas the 

late-born cells migrate past the early-born cells to occupy more superficial layers of the 

cortex.116 The RGP is, therefore, a pivotal cell type in the developing brain, as it not only 

serves as the stem cell for the production of the correct number and types of neurons, it also 

provides a scaffold to guide the newly born neurons to the ultimate location that they are 

destined to inhabit.

Progenitor types

Using a combination of mouse genetics and in utero retroviral labeling to mark individual 

dividing progenitors and their progeny in the MGE and PoA, it has been shown that 

progenitors in the subpallium, similar to their pallial counterparts, are radial glial cell in 

nature.117 During the neurogenesis period, similar to dorsal RGPs, they undergo interkinetic 

nuclear migration and divide asymmetrically at the VZ surface to self-renew and produce 

either a post-mitotic daughter neuron or an IPC. The IPC migrates into the SVZ and 

undergoes further symmetric divisions before producing post-mitotic daughter neurons that 

migrate away. The progressively generated progeny of the dividing RGP closely associates 

with the basal radial glial fiber to form a radial clone in the embryonic MGE/PoA.117

Progenitor origin of neuronal diversity

Developmental studies probing the origins of the retina and the spinal cord have provided 

important insights into the mechanisms that allow for the generation of a rich array of cell 

types from a given progenitor population (Figure 4). The first possibility is of a common 

pool of progenitors that continuously undergoes asymmetric neurogenesis and becomes 

progressively fate-restricted over time, thereby generating distinct interneuron subtypes at 

different times. This is the case for the seven principal types of neurons found in the mature 

vertebrate retina as they are generated successively in a defined chronological order from a 

common population of multipotent retinal progenitor cells.118 The second possibility of 

generating a diverse output of neurons from progenitors is via the existence of multiple 

pools of fate-restricted progenitors that may be spatially, temporally, or molecularly 

segregated. This model is reminiscent of the spinal cord, where different populations of 

neurons arise from progenitor domains that are distinct from each other based on the 

restricted expression of transcription factors.119

In the case of excitatory neurons in the cortex, multiple lines of evidence suggest that 

diversity is established predominantly via the first model described above; that is, excitatory 

neurons are sequentially generated from a common pool of RGPs that undergoes progressive 

fate restriction. Classic transplantation experiments in the ferret showed that early 

progenitors in the dorsal VZ are multipotent as they can produce excitatory neurons destined 

to inhabit both deep and superficial layers of the cortex, when transplanted into older hosts.
120–122 On the other hand, late progenitors are only capable of generating neurons in the 

superficial layers (even when transplanted into younger hosts), suggesting a progressive 

restriction in potential of these progenitors. Consistent with these observations, lineage-

tracing experiments by genetically or virally labeling dividing RGPs and their progeny have 
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shown that early in neurogenesis, RGPs are capable of producing excitatory neurons that 

occupy all cortical layers, whereas at later embryonic stages the neuronal progeny are 

restricted to the superficial layers,123, 124 suggesting that excitatory neuron diversity is 

achieved at the progenitor level via progressive fate restriction of common (i.e. multipotent) 

RGPs.

A recent genetic fate-mapping study of cortical excitatory cells proposed that a 

subpopulation of dorsal RGPs in the VZ expressing CUX2, which is also expressed in 

superficial layer excitatory neurons, exclusively generates superficial layer excitatory 

neurons, raising the possibility of fate-restricted pallial progenitors.125 Subsequently, 

however, conflicting results were reported to show that CUX2-expressing progenitors 

generated excitatory neurons in all layers, suggesting CUX2-expressing RGPs are 

multipotent.126 In addition, lineage tracing of RGPs expressing FEZF2, a transcription factor 

also expressed in layer 5 excitatory neurons, revealed that these RGPs sequentially generate 

excitatory neurons in all layers (in a birthdate-dependent inside-out manner) as well as glia.
126 Related to this, using the mosaic analysis with double markers (MADM) that provides 

unprecedented resolution on progenitor division pattern and potential, it has been 

demonstrated that individual RGPs in the dorsal VZ of the mouse progress through a 

predictable and deterministic program during which their proliferative potential 

progressively diminishes, generating ~8–9 excitatory neurons that are vertically aligned 

spanning both the superficial and deep layers of the cortex.127

Interestingly, lineage (or the developmental origin) of excitatory neurons not only influences 

their structural organization, but also plays a fundamental role in the functional development 

of the cortex. During embryonic development, clonally related excitatory neurons arising 

from individual asymmetrically dividing RGPs preferentially form gap-junction mediated 

electrical coupling with each other compared to nearby non-clonally related excitatory 

neurons, a feature that is dependent on the birthdate-dependent inside-out migration of 

clonally related neurons along the basal radial glial fiber of their mother RGP.128, 129 This 

lineage-related preferential electrotonic communication promotes specific formation of 

chemical synapses between sister excitatory neurons as well as their functional similarities.
130, 131 Therefore, the sequential generation of excitatory neurons destined to inhabit diverse 

cortical layers from a common RGP pool is not only critical for laminar formation of the 

cortex, but also underlies the functional columnar circuit assembly of the cortex.

While significant progress has been made in the field of excitatory cortical neurogenesis, our 

understanding of interneuron neurogenesis and, more specifically, how progenitor behavior 

influences interneuron diversity in the cortex, has really lagged.

Unique RGP-vessel interaction in the ventral telencephalon

It has recently been shown that RGPs in the MGE come in two varieties with distinct basal 

radial glial fiber characteristics.132 While the apical fiber of both populations is anchored 

onto the VZ surface, one population of RGPs projects a long basal radial glial fiber all the 

way to the pial surface whereas the other exhibits a relatively shorter basal radial glial fiber 

that is anchored onto the blood vessels in the periventricular region. The relative proportion 

of the two types of RGPs depends on the embryonic time point examined. At the early 
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stages (<E12.5), a majority of the RGPs extend to the pial surface, very similar to those in 

the dorsal telencephalon responsible for generating excitatory neurons. However, as 

development proceeds, unlike dorsal RGPs whose basal fibers remain attached to the pial 

surface throughout neurogenesis, in the MGE there is a progressive decrease in the relative 

fraction of pial surface-anchored RGPs with a concomitant increase in the fraction of blood 

vessel-anchored RGPs. By E16.5, vessel-anchored RGPs are the predominant population of 

dividing RGPs in this region. Notably, this vascular-progenitor interaction is actively 

maintained even as RGPs undergo interkinetic nuclear migration to divide at the VZ surface.

The timing of this pial- to vessel-anchorage switch of RGP fibers appears to coincide with 

the change in migration routes of cortical interneurons. Born in the ventral telencephalon, 

interneurons destined for the cortex undergo a lengthy tangential migration which is 

segregated into two main routes: a superficial route along the marginal zone (MZ) close to 

the pial surface, and a deep route along the SVZ and the intermediate zone (IZ) of the GE 

region.133 While the majority of early born interneurons (<E12.5) take the superficial route, 

interneurons born later (>E12.5) transition to taking the deep route until it becomes the main 

route after ~E14.5. It is possible that due to the relatively short glial fiber of vessel-anchored 

RGPs, there is a lack of scaffold available for the newborn interneurons to reach the pial 

surface, and so they take the deep route to the cortex upon detaching from the RGP fiber. 

This also raises the possibility that the switch in RGP fiber anchorage influences the 

progenitors to transition from generating interneuron subtypes that are early-born to late-

born populations. Consistent with this, disruption of RGP fiber anchorage onto 

periventricular vasculature in the MGE leads to a decrease in the progenitor divisions during 

the late embryonic stages, as well as a substantial loss of PV-expressing and, to a lesser 

extent, of SOM-expressing interneurons in the adult cortex.132 Progenitor behavior, in terms 

of RGP interaction with pial surface versus periventricular vasculature, therefore affects the 

production of different subtypes of interneurons. Notably, this progenitor-vessel interaction 

is highly reminiscent of the vascular niche of adult neurogenesis in the subependymal zone 

(SEZ).134–137 The similar organization between stem/progenitor cells and vessels in the 

embryonic and adult stages raises the possibility that a majority of adult SEZ stem cells may 

originate from the vessel-anchored RGPs in the ventral, but not dorsal, telencephalon.

Interestingly, several studies suggest that the microenvironment during embryonic 

neurogenesis, such as the vasculature, plays a crucial role in the expansion of the 

proliferative capacity in higher mammals.138–140 It has also been observed that the 

progenitors in the outer SVZ in the human MGE lack a prominent long radial glial fiber.76 It 

is thus tempting to think that RGP-vessel interaction observed in the mouse ventral 

telencephalon may be another conserved feature of interneuron progenitors during 

mammalian evolution.

Robust IPC divisions in the ventral telencephalon

Live imaging and clonal labeling showed that IPCs generated from RGPs in the MGE via 

asymmetric divisions frequently undergo multiple rounds of symmetric divisions in the 

SVZ.117 This is different from the dorsal IPCs, which mostly undergo a single round of 

symmetric terminal division in the SVZ.141, 142 Notably, the number of RGPs in the dorsal 

Sultan and Shi Page 11

Wiley Interdiscip Rev Dev Biol. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



developing cortex remains largely constant throughout embryonic neurogenesis, indicating 

that a majority of RGPs sustain the entire neurogenesis program. On the other hand, the 

number of RGPs in the MGE appears to progressively decrease as development proceeds, 

suggesting a gradual cell cycle exit and depletion of RGPs. Accompanying this, the SVZ in 

the MGE is greatly expanded. In line with these differences, the developing dorsal cortex 

contains significantly more RGP divisions at the VZ surface than IPC divisions in the SVZ, 

whereas the MGE contains a much greater number of dividing cells in the SVZ compared to 

the VZ surface. The robust amplification of SVZ divisions in the ventral relative to dorsal 

region of the telencephalon may reflect an increased influence of IPCs in the generation of 

the appropriate numbers and diversity of cortical interneurons. The coupling between RGP 

depletion and IPC amplification raises an intriguing possibility of a brief and rapid (i.e. 

burst) production of certain interneuron subtypes. Notably, the ganglionic eminences of 

human and non-human primates exhibit a massive expansion in the area occupied by the 

SVZ with cells outside the VZ generating large numbers of inhibitory interneurons,76 

suggesting an ever-increasing role of IPCs in the production of interneurons in the evolution 

of higher mammals.

Direct versus indirect neurogenesis

In the MGE, there is some evidence to suggest that direct and indirect neurogenesis play a 

role in interneuron fate specification. First, cyclin D1 (CCND1) and cyclin D2 (CCND2) are 

two cell cycle regulators that are expressed in distinct progenitor niches, with CCND1 

predominating in the VZ and CCND2 in the SVZ of cerebral cortex and GE.143, 144 

Ccnd2null mice exhibit a significant reduction in the density of PV-expressing interneurons 

in the cortex, while the density of SOM-expressing interneurons is less affected, suggesting 

a role of CCND2 in promoting indirect neurogenesis in the SVZ to generate the appropriate 

number of PV-expressing interneurons.144 Second, forcing asymmetrically dividing RGPs at 

the VZ surface of the MGE to relocate to the SVZ and undergo symmetric divisions alters 

the output of the interneurons from SOM- to PV-expressing.145 Together, these results 

suggest that SOM-expressing cells are predominantly generated through direct neurogenesis 

at the VZ surface, whereas production of the correct number of PV-expressing neurons may 

largely occur via indirect neurogenesis in the SVZ of the MGE.

CLONAL PRODUCTION AND ORGANIZATION

An ultimate resolution of understanding the developmental origin of cortical interneuron 

diversity and functionality is to decipher the interneuron output and organization at the 

single RGP level. Labeling individual RGPs in the MGE and PoA using EGFP-expressing 

retroviruses showed that dividing RGPs undergo asymmetric neurogenesis to generate a self-

renewing RGP and simultaneously a post-mitotic interneuron or an IPC which further 

divides to produce post-mitotic interneurons. The newly born daughter IPCs/neurons 

associate with the mother RGP fiber and form a clonal unit in the embryonic MGE/PoA 

before embarking on tangential migration (Figure 5A).117, 146–148

In the mature cortex, interneurons derived from dividing RGPs in the MGE/PoA labeled at a 

clonal density were shown to frequently form spatially isolated intra- and inter-laminar 
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clusters 117, 146. These observations of the clustering of clonally related cortical interneurons 

were challenged in two subsequent studies where barcoded retrovirus libraries were used to 

provide single cell resolution of clonal identity.147, 148 Notwithstanding the over-

representation of certain barcodes and ~54% failure rate in barcode recovery, it was 

concluded that interneuron clones randomly disperse across the forebrain. Further systematic 

and in-depth analysis of the original barcoded datasets, however, revealed that spatial 

clustering is in fact a reliable feature of clonally related interneurons in the forebrain or only 

the cortex, supporting the contribution of lineage relationship in spatial distribution and 

organization of interneurons in the forebrain as well as in the cortex.

Notably, the analysis of the subtype composition of interneurons within individual clonal 

clusters can provide important insights into the potential of individual RGPs to generate 

interneuron diversity. The two prominent and distinct classes of interneurons generated by 

the NKX2-1-expressing progenitors in the MGE/PoA are the PV- and SOM-expressing cells. 

For cortical clusters that contained at least three interneurons, a majority was composed of 

mixed subtypes of PV- and SOM-expressing cells. Based on the electrophysiological 

properties and neurochemical marker expression, at least 50% of the clonally labeled 

interneuron clusters in the cortex were comprised of cells of mixed subtypes (i.e. FS and 

non-FS, or PV+ and SOM+). Similar observations were also reported in the barcoded 

datasets.147, 148 These results clearly suggest that individual RGPs in the MGE/PoA are 

capable of producing distinct subtypes of interneurons, and that interneuron diversity in the 

cortex may be generated via the progressive fate-restriction of a common (i.e. multipotent) 

pool of dividing RGPs. Nonetheless, a fraction of the clonally labeled interneuron clusters 

were of a relatively pure subtype (either SOM or PV only), leaving open the possibility that 

some RGPs may be more limited than others in their interneuron subtype output potential. In 

comparison to dorsal RGPs which predominantly undergo a progressively deterministic 

program to produce excitatory neurons that laminate different layers of the cortex, it is 

possible that the RGP population in the ventral telencephalon responsible for generating 

interneurons is more heterogenous in mitotic behaviors that diversify the interneuron 

lineage.

Interestingly, it has recently been discovered that clonally labeled interneuron clusters in the 

cortex derived from the MGE/PoA exhibit remarkable functional organization (Figure 5B). 

They preferentially form electrical, but not chemical, synapses with each other compared to 

nearby non-clonally related interneurons. This lineage-related electrical coupling facilitates 

action potential generation and synchronous firing. Moreover, it promotes correlated 

inhibitory synapse formation between interneurons and the same nearby excitatory neurons. 

These results suggest that progenitor origin and lineage relationship influence microcircuit 

assembly of inhibitory interneurons in the cortex.

CONCLUDING REMARKS

Mounting evidence has shown that the developmental (i.e. time and place of birth, 

progenitor behavior, lineage, etc.) and genetic (i.e. transcription factors, signaling pathways, 

etc.) programs control the production and diversification of cortical interneurons. Despite 

such progress, the fundamental molecular and cellular framework of the generation of 
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diverse interneurons with distinct and defined properties, localizations, and functions is still 

largely missing. The rapid advances in single cell analysis techniques open the possibility of 

dissecting progenitor behavior and interneuron development systematically at the single cell 

resolution. These efforts will provide unprecedented insights into the production and 

specification of cortical interneurons. It is worth mentioning that interneuron development 

can also be influenced by various environmental factors such as local and distant chemical 

signals as well as synaptic inputs. Therefore, it will be interesting to explore the active 

interplay between the cell intrinsic program and local environment in the generation and 

maintenance of the remarkably diverse interneurons in the cortex.
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Figure 1. Multiple dimensions of cortical interneuron diversity
(A) Morphologically defined subtypes of interneurons. Black and colored lines represent 

dendritic and axonal processes, respectively. Inspired from Schmolesky, M. 1995.149 (B) 
Classification of subtypes based on molecular marker expression. PV, parvalbumin; SOM, 
somatostatin; VIP, vasointestinal peptide; CR, calretinin; CCK, cholecystokinin; NPY, 
neuropeptide Y; 5HTR-3A, serotonin receptor 3A. (C) Electrophysiological classification of 

interneurons based on the action potential response pattern upon electrical stimulation. 

Adapted from Markram, H. et al., 2004.2 FS, fast spiking; LS, late spiking; IS, irregular 
spiking; LTS, low-threshold spiking; BST, bursting. (D) Diversity in subcellular targeting. 

(E) Diversity in cellular targeting. E, excitatory neuron. (F) Patterns of electrical synapse 

formation in different interneuron subtypes. (G) Morphologically-defined subtypes that are 

particularly numerous and refined in primates.
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Figure 2. Developmental origins and diversity of cortical interneurons
(A) Cortical interneurons in mouse are derived from progenitor cells located in the 

proliferative zones of the ventral telencephalon, specifically in the MGE (medial ganglionic 

eminence), CGE (caudal ganglionic eminence) and PoA (preoptic area). LGE, lateral 
ganglionic eminence; Ctx, cortex; OB, olfactory bulb. (B) The major source of interneurons 

is the MGE, generating ~70% of cortical interneurons comprised of two non-overlapping 

populations expressing PV (parvalbumin) and SOM (somatostatin). ~30% of cortical 

interneurons are a heterogenous group of cells generated by the CGE, all of which express 

5HTR (serotonin receptor)-3A as well as either VIP (vasointestinal peptide) or reelin. In 

addition, CGE is the main source of CR (calretinin) and CCK (cholecystokinin)-expressing 

cells. The PoA generates ~10% of interneurons a fraction of which express NPY 

(neuropeptide Y), nNOS (neuronal nitric oxide synthase), and SOM. (C) Evolution of the 

mammalian brain from lower mammals such as mouse to primates such as macaque monkey 

and human. Mouse and macaque monkey diverged from human ~100 and ~25 m.y.a. 

(million years ago), respectively. Modified from Rakic, P. 2009.150 (D) Developmental 

origins of cortical interneurons across mammalian species. Inspired from Molnar, Z. et al., 

2013.151 E, embryonic day; GW, gestation week.
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Figure 3. Spatial and temporal origins of MGE-derived interneurons
(A) Spatial bias of progenitors to generate SOM (somatostatin)- and PV (parvalbumin)- 

expressing cells in the dorsal and ventral regions of the MGE (medial ganglionic eminence), 

respectively. SOM/CR (calretinin)- expressing cells have been suggested to originate in the 

dorsal-most tip of the MGE, where as ChCs (chandelier cells) are enriched in ventral MGE. 

LGE, lateral ganglionic eminence; PoA, preoptic area; Ctx, cortex. (B) Temporal bias in 

MGE fate-specification. Whereas the production of SOM+ cells peaks early and 

subsequently declines, PV+ cells are continuously generated throughout embryonic 
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neurogenesis. ChCs are preferentially born at the very late embryonic stage. Adapted from 

Bandler, R.C. et al., 2017.152
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Figure 4. Two models of generating diversity from RGPs
A rich variety of neuronal subtypes can arise from either temporal fate restriction of a 

common pool of dividing RGPs (radial glial progenitors, Model 1) or via multiple distinct 

pools of fate-restricted RGPs that are spatially segregated or enter mitosis at different times 

during embryonic neurogenesis (Model 2). The changes in neuronal progeny density may 

arise from the depletion of RGPs (dotted line). IPC, intermediate progenitor cell; L, layer.
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Figure 5. Lineage related production, organization and functional development of cortical 
interneurons
(A) RGPs (radial glial progenitors) at the ventricular surface of the MGE (medial ganglionic 

eminence) and PoA (preoptic area) undergo asymmetric divisions (A.D.) to self-renew and 

simultaneously generate a post-mitotic IN (interneuron) or an IPC (intermediate progenitor 

cell), which can further undergo symmetric divisions (S.D.) in the subventricular zone to 

produce differentiating interneurons. In the mature cortex, clonally-related interneurons do 

not randomly disperse, but are frequently organized in spatially isolated intra- or inter-

laminar clusters. Adapted from Sultan, K.T. et al., 2013 and 2014.153, 154 LGE, lateral 
ganglionic eminence; Ctx, cortex. (B) Clonally-labeled interneurons in clusters (green) 

preferentially form electrical, but not chemical, synapses with each other compared to 

nearby, non-clonally related interneurons (red). This lineage-related preferential electrical 

coupling promotes the coordinated formation of inhibitory synapses between clonally-

labeled interneurons and the same nearby excitatory cells in the cortex.
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