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Abstract

In the cerebral cortex, GABAergic interneurons have evolved as a highly heterogeneous collection 

of cell types that are characterized by their unique spatial and temporal capabilities to influence 

neuronal circuits. Current estimates suggest that up to 50 different types of GABAergic neurons 

may populate the cerebral cortex, all derived from progenitor cells in the subpallium, the ventral 

aspect of the embryonic telencephalon. In this review, we provide an overview of the mechanisms 

underlying the generation of the distinct types of interneuron and their integration in cortical 

circuits. Interneuron diversity seems to emerge through the implementation of cell-intrinsic 

genetic programs in progenitor cells, which unfold over a protracted period of time until 

interneurons acquire mature characteristics. The developmental trajectory of interneurons is also 

modulated by activity-dependent, non-cell autonomous mechanisms that influence their ability to 

integrate in nascent circuits and sculpt their final distribution in the adult cerebral cortex.

Introduction

Thirty years is a long time in neuroscience research. At the time when the first issue of 

Neuron was published in 1988, we thought that excitatory and inhibitory neurons in the 

cerebral cortex originated from the same progenitor cells in the pallium (Rakic, 1988), the 

roof of the embryonic telencephalon. Almost ten years later, Anderson and colleagues 

provided the first direct evidence that, in fact, cortical γ-aminobutyric acid-containing 

(GABAergic) neurons are born in the same embryonic region of the telencephalon that 

generates the basal ganglia, the subpallium, from where they migrate tangentially to reach 

their final destination (Anderson et al., 1997a). Since then, our understanding of the 

development of cortical interneurons has expanded exponentially (Bartolini et al., 2013; Hu 

et al., 2017b; Marín and Rubenstein, 2001; Wonders and Anderson, 2006), notwithstanding 

the difficulties that continue to hamper our ability to classify the enormous diversity of cell 

types that fall under this umbrella (Ascoli et al., 2008; DeFelipe et al., 2013).
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The development of cortical interneurons involves a series of crucial milestones over a 

protracted period (Figure 1). Interneurons are generated from progenitor cells in the 

embryonic subpallium. Shortly after becoming postmitotic, they undergo a long tangential 

migration and reach the pallium via several stereotyped streams. Interneurons continue to 

disperse throughout the developing cortex using the same migratory routes until they 

abandon them to adopt their final position within a region and layer of the cortex. 

Interneurons gradually acquire their biochemical markers during this process, although quite 

often they do not exhibit their characteristic morphology and connections until relatively late 

postnatal developmental stages. The long delay that exist between the time when 

interneurons are born and when they begin to display their mature features has led to very 

diverging views on the mechanisms controlling the generation of their diversity (Wamsley 

and Fishell, 2017), although a clearer picture is beginning to emerge from recent studies.

The purpose of this review is to summarize our current understanding of the mechanisms 

underlying the generation of interneuron diversity in the cerebral cortex, using the mouse as 

a model. The emphasis is on those aspects related to the emergence of interneuron diversity 

in the embryo, and how the dynamic unfolding of transcriptional programs specified early 

during development leads to the functional diversification of GABAergic neurons during the 

first few weeks of postnatal development in the cerebral cortex. We also review recent 

advances on our understanding of non-cell autonomous processes that shape the final 

configuration of GABAergic interneurons in the adult cerebral cortex. We have purposely 

centered our attention in the diversity of GABAergic neurons in the isocortex (more 

commonly known as neocortex), although it is likely that similar principles underlie the 

generation of interneuron diversity in allocortical (e.g., hippocampus) and mesocortical 

regions (e.g., entorhinal cortex) of the cerebral cortex.

Interneuron diversity in the neocortex

Modular organization of interneuron features

Cortical interneurons are a highly heterogeneous group of neurons with very diverse 

morphologies, connectivity, biochemistry and physiological properties. These features are 

acquired during development through the implementation of specific transcriptional 

programs that are either intrinsically encoded or driven by interactions with the local 

microenvironment. Remarkably, each of the main defining features of interneurons seem to 

exist in a finite number of options (Figure 2A). For example, in spite of the inherently 

stochastic and noisy nature of developmental processes (Hassan and Hiesinger, 2015), 

interneurons do not exist as a continuum of neuronal morphologies. Researchers may 

struggle to consistently identify some of the less characteristic interneuron morphologies 

(DeFelipe et al., 2013), but each type of interneuron systematically adopts a relatively 

consistent morphology. Similarly, the different types of interneurons establish stereotyped 

connections and express specific combinations of channels that endow them with unique 

electrophysiological properties (Ascoli et al., 2008). It is therefore conceivable that each 

defining set of features is acquired through dedicated transcriptional programs. For example, 

recent work has identified transcriptional signatures defining the synaptic communication 

patterns of different classes of cortical interneurons (Paul et al., 2017), and it is likely that 
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parallel transcriptional programs underlie the acquisition of other defining properties. In this 

conceptual framework, interneuron diversity can be understood as the outcome of the 

combinatorial selection of different transcriptional modules during development (Figure 2B 

and 2C).

Transcriptional analysis of individual cells from different regions of the brain suggests that 

neuronal diversity is organized hierarchically, which has led to the suggestion that the 

relationships that exist among different neuronal types can be considered, in practical terms, 

analogous to those of species (Zeng and Sanes, 2017). From that perspective, it might be 

logical to consider the diversification of cortical interneurons as the result of the variation in 

the transcriptional programs that underlie their fundamental properties. Consistent with this 

idea, recent work has revealed that the reptilian cortex contains interneurons that exhibit 

transcriptional similarities with the major classes of cortical interneurons described 

mammals (Tosches et al., 2018), which suggest that at least these types of interneuron 

existed in the ancestor of reptiles and mammals. However, there is no evidence for further 

diversification among GABAergic interneurons in the reptilian cortex (Tosches et al., 2018), 

which indicates that the generation of new types of interneuron in mammals probably arise 

through the diversification of the ancestral generegulatory programs. This may explain why 

certain features are characteristic of certain classes of hierarchically related types of 

interneuron. For instance, fast-spiking firing properties are common to all cortical 

interneurons characterized by the expression of the calcium binding protein parvalbumin 

(PV), which otherwise diverge extensively in their morphology and synaptic connectivity 

(Tremblay et al., 2016).

A simplified account of the interneuron universe

The development of methods to examine gene expression in single cells on a large scale 

have revolutionized our ability to classify neuronal cell diversity (Zeng and Sanes, 2017). 

Currently available transcriptomic data suggests that up to 50 distinct transcriptional 

signatures (final number may vary as sequencing depth and analytical methods improve) can 

be distinguished among inhibitory neurons in the cerebral cortex (Harris et al., 2018; Tasic et 

al., 2016; Tasic et al., 2017; Zeisel et al., 2015). However, the identification on inhibitory 

neurons in the cerebral cortex should be based in a multidimensional space of cellular 

phenotypes, which requires not only the unequivocal identification of the transcriptional 

landscape of a cell type, but also its morphological, neurochemical and electrophysiological 

properties, along with its synaptic partners (Ascoli et al., 2008; DeFelipe et al., 2013). In this 

review, we refer to them as interneuron types. Over 20 different types of inhibitory neuron 

have been described in the neocortex and hippocampus with that level of resolution 

(Klausberger and Somogyi, 2008; Tremblay et al., 2016), most of which probably represent 

equivalent cell types. Cortical interneurons can be organized into several major classes based 

on their transcriptional similarities and the expression of selective markers (Figure 3), and 

some of these classes can also be broken down into subclasses containing similar types of 

interneuron.

The largest class of cortical interneuron is characterized by the expression of PV. Three 

major subclasses of PV+ interneurons can be distinguished, all of which exhibit 
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characteristic fast-spiking firing properties: chandelier cells, basket cells and translaminar 

interneurons. Chandelier or axo-axonic cells have the most stereotypic morphology of all 

interneurons, due to the characteristic shape of their elaborated axonal arbor that resembles a 

chandelier light fixture. Chandelier cells forms synapses onto the axon initial segment of 

pyramidal cells (Somogyi et al., 1982). They are particularly abundant at the border between 

layers 1 and 2 and in layer 6 (Taniguchi et al., 2013) and their regional distribution is very 

heterogeneous (Inda et al., 2009). A substantial fraction of chandelier cells in the mouse 

does not contain detectable levels of PV (Taniguchi et al., 2013). PV+ basket cells are the 

most abundant type of interneuron in the neocortex. They have highly torturous axons that 

form synapses on the soma and proximal dendrites of pyramidal cells and other interneurons 

(Hu et al., 2014). They are distributed through layers 2 to 6 in the neocortex and across all 

cortical regions. Finally, PV+ translaminar interneurons constitute a relatively rare type of 

fast-spiking interneurons that is particularly abundant in layers 5 and 6 (Bortone et al., 2014; 

Buchanan et al., 2012). Fitted with axons that span the thickness of the cortex, these 

interneurons target pyramidal cells across several layers (Bortone et al., 2014).

A second class of interneurons is characterized by the expression of the neuropeptide 

somatostatin (SST) and the preferential dendritic targeting of their synapses (Figure 3). 

There are two major types of SST+ interneurons: Martinotti cells and non-Martinotti cells. 

SST+ Martinotti cells constitute a transcriptionally heterogeneous group of interneurons 

characterized by an ascending axon that arborizes profusely in layer 1 (Hilscher et al., 2017; 

Wang et al., 2004; Xu et al., 2006). Martinotti cells are particularly abundant in layer 5, but 

they are also common in layers 2 and 3. These cells represent approximately 60% of the SST

+ neurons in these layers (Jiang et al., 2015; Nigro et al., 2018). Martinotti cells have 

relatively heterogenous firing patterns but they often mediate disynaptic inhibition 

(Silberberg and Markram, 2007). SST+ non-Martinotti cells are found throughout layers 2 to 

6 and characteristically lack axons in layer 1. They exhibit lower resting membrane potential 

and higher firing frequency than Martinotti cells but lower than PV+ basket cells (Nigro et 

al., 2018; Xu et al., 2006). Non-Martinotti cells are particularly abundant in layer 4 (Ma et 

al., 2006), where they primarily target PV+ basket cells (Xu et al., 2013). In addition to SST

+ interneurons, the neocortex contains a population of long-range GABAergic projection 

neuron that express SST. These cells are most abundant in deep layers and project to other 

regions of the neocortex. They have adapting and irregular spiking firing properties, 

frequently co-express nitric oxide synthase (NOS), chondrolectin (Chodl) and neuropeptide 

Y (NPY) (He et al., 2016), and active during sleep (Dittrich et al., 2012).

A third, very heterogeneous, class of cortical interneurons express the serotonin receptor 

5HT3aR (Rudy et al., 2011) (Figure 3). Among them, interneurons expressing vasoactive 

intestinal peptide (VIP) are one of the largest subclasses. They are mainly disinhibitory 

because they preferentially target SST+ and PV+ interneurons (Jiang et al., 2015). The most 

characteristic VIP+ interneurons are bipolar cells with vertically oriented axons. They are 

highly enriched in layers 2 and 3, and often display continuous adapting firing properties 

(Pronneke et al., 2015) and co-express the calcium binding protein calretinin (CR).

Multipolar VIP+ cells are transcriptionally very different from bipolar interneurons. Indeed, 

they are basket cells that co-express the neuropeptide cholecystokinin (CCK) and so they are 

Lim et al. Page 4

Neuron. Author manuscript; available in PMC 2019 April 24.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



transcriptionally more similar to other CCK+ basket cells that lack the expression of VIP 

(He et al., 2016; Tasic et al., 2017). CCK+ basket cells that co-express VIP have a small 

soma and are particularly abundant in supragranular layers of the cortex, whereas CCK+ 

basket cells lacking VIP are enriched in layers 5 and 6 (He et al., 2016). Both types of CCK

+ interneurons express 5HT3aR (Rudy et al., 2011). CCK+ basket cells make synapses on 

the soma of pyramidal cells and other interneurons and exhibit regular or burst spiking firing 

(Kawaguchi and Kubota, 1998).

Neurogliaform cells are the most abundant type of interneuron in layer 1, although they are 

also sparsely distributed through other layers. They have a very dense and characteristic 

axonal arbor and late spiking firing properties. Neurogliaform cells express 5HT3aR and 

very often co-express reelin and NPY (Lee et al., 2010). They have been proposed to 

mediate volumetric GABA transmission (Olah et al., 2007).

Single bouquet cells are also abundant in layer 1 and are transcriptionally similar to 

neurogliaform cells (Tasic et al., 2017), but in contrast to these they have axonal 

ramifications that extend to deep layers of the cortex (Jiang et al., 2015). Single bouquet 

cells express 5HT3aR and reelin. Two additional types of interneuron express 5HT3aR: 

NPY+ multipolar cells and Meis2+ interstitial GABAergic neurons. NPY+ multipolar 

interneurons exhibit irregular spiking properties and are particularly abundant at the 

boundary between layers 1 and 2 (Gelman et al., 2009; Miyoshi et al., 2010). Meis2+ 

neurons reside in the white matter and extend axons to deep layers of the cortex and striatum 

(Frazer et al., 2017; von Engelhardt et al., 2011).

Emergence of cortical interneuron diversity

The embryonic subpallium generates all GABAergic neurons in the telencephalon. 

GABAergic projection neurons are particularly abundant in the striatum, globus pallidus, 

central amygdala and septum, but long-range projection neurons such as the SST+/NOS+ 

neuron are also present in the neocortex (He et al., 2016; Tomioka et al., 2005) and other 

cortical regions (Jinno et al., 2007; Melzer et al., 2012). GABAergic interneurons are 

distributed through the amygdala, striatum and cerebral cortex. A regulatory network of 

genes encoding the transcription factors Dlx1, Dlx2, Ascl1, Gsx1 and Gsx2 is required for 

the specification of all GABAergic neurons in the subpallium (Long et al., 2009; Wang et 

al., 2013). The emergence of neuronal diversity from this region is linked to the spatial and 

temporal specification of progenitor cells by additional networks of transcription factors 

(Box 1), which restrict the potential of these cells to generate only certain classes of 

GABAergic neurons.

Spatial specification of interneuron progenitor cells

The subpallium of rodents and primates, including humans, can be subdivided into several 

progenitor domains each characterized by the expression of a specific combination of 

transcription factors (Flames et al., 2007; Hansen et al., 2013; Ma et al., 2013). These 

comprise the lateral, medial and caudal ganglionic eminences (LGE, MGE and CGE, 

respectively), the preoptic region, which includes the preoptic area (POA) and the adjacent 

preoptic-hypothalamic (POH) border domain, and the septum (Figure 4A). Cortical 
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interneurons seem to derive primarily from three of these progenitor regions: MGE, CGE 

and preoptic (Gelman and Marín, 2010).

The regional identity of the MGE and POA is specified by the homeobox transcription factor 

Nkx2-1, which is induced in the ventral subpallium prior to the onset of neurogenesis in this 

region. Expression of Nkx2-1 confers progenitor cells in the MGE and POA with unique 

properties that distinguish them from the adjacent LGE, CGE and POH regions. 

Consistently, MGE/POA progenitor cells take on properties of the LGE and CGE in mice 

lacking Nkx2-1 (Butt et al., 2008; Sussel et al., 1999). The LGE and CGE share many 

molecular markers, but the specific expression of transcription factors such as Nr2f2 bestow 

CGE progenitors with the ability to generate interneurons that migrate to the cerebral cortex 

(Kanatani et al., 2008; Tripodi et al., 2004). The POH, the most caudal progenitor domain in 

the preoptic region, lacks expression of Nkx2-1 and exhibit molecular similarities with the 

CGE (Flames et al., 2007). Thus, the preoptic region consists of two adjacent progenitor 

domains – POA and POH – that exhibit molecular similarities with the MGE and CGE, 

respectively.

Multiple lines of evidence indicate that the MGE, CGE and preoptic region generate 

different types of cortical interneuron (Figure 4B). The MGE and adjacent POA generate 

virtually all interneurons in the SST+ and PV+ classes (Gelman et al., 2011; Lavdas et al., 

1999; Wichterle et al., 2001; Xu et al., 2004; Xu et al., 2008), whereas the CGE produces all 

VIP+ and CCK+ cortical interneurons along with several other less abundant types of 

interneurons such as single bouquet cells (Nery et al., 2002)}(Butt et al., 2005; Niquille et 

al., 2018; Xu et al., 2004). Neurogliaform cells and multipolar NPY+ interneurons are born 

in the preoptic region (Gelman et al., 2009; Niquille et al., 2018). Most of these cells do not 

derive from Nkx2-1-expressing progenitor cells (Niquille et al., 2018; Torigoe et al., 2016), 

and so their most likely origin is the POH domain within the preoptic region. The small 

contingent of neurogliaform cells that derive from Nkx2-1+ progenitor cells, which is 

particularly abundant in the hippocampus (Tricoire et al., 2010), is probably generated 

within the adjacent POA (Niquille et al., 2018). These observations suggest that the potential 

neuronal fate of the progeny of progenitor cells in the subpallium is restricted by the 

expression of specific molecular programs. In other words, progenitor cell diversity is a 

major determinant of interneuron diversity.

It remains to be clarified how interneuron diversity is generated within each of the main 

interneuron-producing regions of the subpallium, especially in the MGE and CGE. For 

example, the MGE is the origin of several types of cortical GABAergic neurons, including 

SST+ Martinotti cells, SST+ non-Martinotti cells, SST+ long-range neurons, PV+ basket 

cells, PV+ translaminar interneurons and chandelier cells. One possibility is that each of 

these regions contains several progenitor pools, each specialized in generating certain types 

of interneuron. In agreement with this idea, recent unbiased single-cell RNA sequencing 

(scRNA-seq) analyses that have identified heterogenous pools of progenitor cells in the 

MGE and CGE (Mi et al., 2018). The ventricular zone (VZ) of the MGE, CGE and preoptic 

region can be subdivided into multiple domains of progenitor cells that are uniquely defined 

by the combinatorial expression of several transcription factors (Flames et al., 2007). For 

instance, the MGE can be further subdivided into dorsal, intermediate and ventrocaudal 
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domains (Figure 5A), although progenitor pools in the subpallium do not seem to segregate 

as sharply as in the spinal cord (Jessell, 2000). The dorsal MGE is enriched in progenitor 

cells that express the homeodomain transcription factor Nkx6-2, whereas progenitor cells 

expressing the ETS transcription factor Etv1 are most abundant in the intermediate and 

ventrocaudal domains. Consistent with the relative spatial segregation of these progenitor 

pools, fate mapping and transplantation experiments have shown that the dorsal MGE has a 

strong bias toward the generation of SST+ interneurons, whereas the ventrocaudal domains 

produce a larger fraction of PV+ neurons (Flames et al., 2007; Fogarty et al., 2007; He et al., 

2016; Inan et al., 2012; Wonders et al., 2008). The intermediate MGE produces both PV+ 

and SST+ interneurons with a rostral (PV+) to caudal (SST+) bias (Hu et al., 2017a; Inan et 

al., 2012). Interestingly, the generation of cortical interneurons is largely limited to the 

dorsal and intermediate domains of the MGE, whereas the ventrocaudal domain specializes 

in the production of PV+ projection neurons for the globus pallidus (Flandin et al., 2010; 

Nóbrega-Pereira et al., 2010). These observations emphasize the relevance of the spatial 

organization of progenitor cells in the generation of cortical interneurons.

Temporal specification of interneuron progenitor cells

Each progenitor domain in the MGE generates multiple types of cortical interneurons 

(Flames et al., 2007; Fogarty et al., 2007; He et al., 2016; Inan et al., 2012; Wonders et al., 

2008), and this is not just due to the existence of a heterogenous pool of progenitor cells 

within each domain. Indeed, clonal studies have shown that individual progenitor cells in the 

MGE generate both SST+ and PV+ interneurons (Brown et al., 2011; Ciceri et al., 2013; 

Harwell et al., 2015; Mayer et al., 2015). Consistently, genetic fate mapping studies indicate 

that seemingly homogenous pools of progenitor cells generate distinct types of interneurons 

at different developmental stages. For example, Nkx6-2+ progenitor cells produce several 

types of SST+ neurons along with some PV+ basket cells and chandelier cells, and a mixed 

progeny of interneurons from the SST+ and PV+ classes has also been described for Etv1+ 

progenitor cells (He et al., 2016). These observations suggest that most (perhaps all) 

progenitor cells in the VZ of the MGE have the potential to generate distinct types of 

interneuron – within the limits imposed by the molecular specification of this region –, 

implying a temporal control of interneuron cell fate that is still poorly understood (Figure 

5B).

Temporally-restricted fate mapping experiments suggests that MGE progenitors generate 

most SST+ interneurons during the first half of the neurogenic period, whereas PV+ 

interneurons are produced at an almost constant rate throughout neurogenesis (Inan et al., 

2012; Miyoshi et al., 2007). This is consistent with the observation that MGE-derived 

interneurons adopt their laminar distribution following an ‘inside-out’ sequence that 

correlates with their birthdate, similar to pyramidal cells (Fairén et al., 1986; Miller, 1985; 

Pla et al., 2006; Rymar and Sadikot, 2007; Valcanis and Tan, 2003). Accordingly, SST+ 

interneurons are more abundant in infragranular than in supragranular layers of the 

neocortex, while PV+ basket cells – which constitute the majority of PV+ interneurons – are 

found throughout all layers with the exception of layer 1. Interestingly, chandelier cells are 

most frequent in layers 2 and 6 of neocortex although they are preferentially generated 

toward the end of neurogenesis (Inan et al., 2012; Taniguchi et al., 2013). This indicates that 
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the laminar allocation of cortical interneurons is not entirely dictated by the time of 

neurogenesis.

There are several additional aspects related to the temporal segregation of progenitor cells in 

the MGE that are worth considering. First, not all MGE lineages generate cortical 

interneurons simultaneously. For instance, VZ progenitor cells in the dorsal MGE are 

already generating supragranular interneurons at E13.5, while at the same stage lineages in 

the intermediate MGE are producing infragranular layer interneurons (He et al., 2016). 

Second, individual MGE lineages seem to be biased toward generating infra- or 

supragranular interneurons. Indeed, genetic labelling of VZ progenitor cells at early stages 

of neurogenesis identifies many more interneurons in infra- than supragranular layers of the 

neocortex (Ciceri et al., 2013). This would suggest that lineages might get exhausted after 

generating a certain number of cortical interneurons, whose laminar distribution would 

depend on their time of neurogenesis.

An integrated model of interneuron generation

Our current understanding of neurogenesis in the MGE suggests that multipotent progenitor 

cells in the VZ of this region are able to generate different types of SST+ and PV+ neurons 

in a temporal sequence. Consequently, an integrated model of interneuron generation should 

consider both the spatial segregation of progenitor cells and the temporal control of 

interneuron cell fates. One such a model is based on the idea that progenitor cells in the 

MGE would undergo progressive intrinsic changes in their competence to produce 

interneuron cell fates following a defined sequence (Figure 5C), similar to the generation of 

neuronal diversity in Drosophila (Doe, 2017). In this model, VZ progenitor cells in the MGE 

would divide to generate intermediate progenitor cells which would be committed to specific 

cell fates, with globus pallidus projection neurons generated before interneurons and, within 

the latter group, SST+ cell fates generated earlier than PV+ cell fates. The molecular 

specification of the VZ would endow progenitor cells with a certain probability to generate 

more or less neurons during each of the sequential competence states, therefore biasing their 

output toward the generation of pallidal neurons, PV+ and SST+ interneurons. This is 

consistent with the observation that molecularly distinct progenitor cells generate different 

proportions of the same types of interneuron.

Since VZ progenitor cells in the ganglionic eminences are multipotent, the proposed model 

implies that neuronal specification occurs primarily at the level of intermediate progenitor 

cells for all neurons generated in the MGE and CGE. This hypothesis is consistent with the 

observation that intermediate progenitor cells in the MGE and CGE are transcriptionally 

heterogeneous (Mi et al., 2018; Petryniak et al., 2007), but it contrasts with previous work 

suggesting that SST+ interneurons are preferentially generated from VZ progenitors through 

direct neurogenesis (Petros et al., 2015). Work in the LGE indicates that direct neurogenesis 

might be particularly important at early stages of neurogenesis (Anderson et al., 1997b; 

Kelly et al., 2018; Sheth and Bhide, 1997), but it is relatively rare after E12.5, when rapid 

proliferative divisions expanding the pool of intermediate progenitor cells are most 

characteristic (Pilz et al., 2013). It is presently unclear whether the VZ progenitor cell 

population previously identified to preferentially generate SST+ interneurons (short neural 
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precursors) corresponds to one of the sequential competence states of VZ progenitor cells in 

the MGE.

A number of predictions can be made with the proposed model. First and foremost, MGE 

progenitors should express a cascade transcription factors controlling the timing of the 

progression from one competence state to the next. These factors should be expressed 

transiently and influence neuronal identity, as shown for Drosophila neuroblasts (Doe, 

2017). Although additional work is required to identify the transcriptional network 

regulating temporal specification in the MGE, some of these factors have already been 

identified. For instance, genetic experiments have shown that Nr2f1 and Nr2f2 (Coup-TFI 

and Coup-TFII, respectively) have similar functions to their Drosophila homolog seven up 

(svp), which controls temporal specification in several neuroblast lineages (Mlodzik et al., 

1990). Loss of Nr2f1 and Nr2f2 in the MGE leads to an abnormal increase in the number of 

PV+ projection neurons and interneurons at the expense of SST+ neurons, which suggests 

that these transcription factors normally promote SST+ interneuron cell fates within the 

temporal sequence of these lineages (Hu et al., 2017a). Interestingly, Nr2f1 and Nr2f2 

influence neuronal specification by regulating cell cycle dynamics (Naka et al., 2008), which 

may explain why factors involved in the regulation of the cell cycle have also been involved 

in the regulation of interneuron diversity (Glickstein et al., 2007; Petros et al., 2015).

A second prediction from the proposed model is that the generation of neuronal diversity 

should follow similar temporal sequences of specific cell fates in individual MGE lineages. 

This sequence would probably involve the generation of projection neurons (e.g., PV+ 

globus pallidus neurons) followed by interneurons, with several SST+ and PV+ interneuron 

cell fates in a defined temporal sequence. Although recent clonal analyses have explored the 

origin of neuronal diversity in the MGE (Brown et al., 2011; Ciceri et al., 2013; Harwell et 

al., 2015; Mayer et al., 2015), additional work would be required with enhanced temporal 

resolution to verify this prediction.

Our current understanding of the generation of interneuron diversity in the CGE is more 

limited than in the MGE, but it is likely that the proposed model applies to progenitor cells 

in both eminences. Consistently, a temporal sequence has also been described for the 

generation of neuronal diversity in the CGE (Miyoshi et al., 2010). In sum, the generation of 

interneuron diversity in the embryonic subpallium seems to involve two patterning 

mechanisms: the spatial patterning of progenitor identities, which distinguishes VZ 

progenitor cells in the MGE, CGE, POA and POH, and the temporal patterning of progenitor 

lineages – at least in the MGE and CGE – to further expand neural diversity.

Timing of interneuron cell specification

Interneurons undergo a protracted period of migration before they reach their final position 

within the cortex (Bartolini et al., 2013; Marín and Rubenstein, 2001), and it is only at this 

point that the different types of cortical interneuron become distinguishable from each other. 

This had led to the suggestion that the fate of interneurons is only restricted into a general 

class as they become postmitotic (e.g., SST+ neurons), acquiring their definitive identity 

(e.g., SST+ Martinotti cell) at postnatal stages through activity-dependent interactions with 

the cortical microenvironment (Kepecs and Fishell, 2014; Wamsley and Fishell, 2017). In 
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other words, interneurons would remain relatively ‘plastic’ to adopt a particular cell fate 

(within a general class) during migration, as classically proposed for neural crest cells 

(Harris and Erickson, 2007). Several lines of evidence suggest that this might not be the case 

for cortical interneurons. First, a recent scRNA-seq study has shown that newborn 

interneurons are transcriptionally heterogeneous within a few hours of becoming postmitotic 

in the MGE and CGE (Mi et al., 2018). Some of these early transcriptional signatures seem 

to correlate with those found in specific types of interneuron in the mature cortex, which 

would indicate that cell specification in the ganglionic eminences transcend interneuron 

classes already at early stages. These results, however, should be considered with prudence, 

since a contemporaneous study based on a different scRNA-seq approach found no evidence 

for early embryonic specification of interneurons into specific cell types (Mayer et al., 

2018). Second, it has been recently shown that different types of interneuron use different 

migratory streams to reach the cortex (Lim et al., 2018). In the case of SST+ interneurons, 

SST+ Martinotti cells and SST+ non-Martinotti cells use different migratory routes to 

disperse through the cortex (Figure 1B). This suggests that cortical interneurons are already 

fated to become Martinotti or non-Martinotti cells in the embryonic subpallium prior to 

entering the cortex, and that the choice of a particular migratory route is part of the intrinsic 

program controlling the development of interneurons. An alternative interpretation of these 

results would be that SST+ interneurons become Martinotti cells because they interact with 

the specific microenvironment of their migratory route, and not because they were specified 

prior to arriving to the cortex. However, experimentally reducing the number of SST+ 

neurons migrating through their normal route does not affect the ratio between Martinotti 

and non-Martinotti cells in the mature cortex (although it affects specific features of these 

cells), which suggests that the specification of at least these two types of SST+ interneuron 

is independent of – and prior to – the selection of a migratory route (Lim et al., 2018). In 

sum, cell type-specific genetic programs seem to be established by the time interneurons 

become postmitotic, or at least by the time they reach the developing cortex.

It is presently unclear whether all defining features of cortical interneuron are specified 

during embryonic development. For instance, are layer 2/3 and layer 5 basket cells specified 

by the same genetic program? What about Martinotti cells in both of these layers? It is 

conceivable that the same transcriptional program specifies PV+ basket cells or SST+ 

Martinotti cells, independently of their final laminar allocation. Subsequently, the integration 

of these cells in specific layers of the neocortex would expose them to different influences, 

which would shape their final features, through activity-dependent mechanisms (Wamsley 

and Fishell, 2017).

Migration and integration into cortical circuits

Tangential migration and regional distribution

Interneurons from the MGE, CGE and preoptic region use essentially the same cellular 

mechanisms to translocate to the cortex (Marín et al., 2006; Martini et al., 2009; Yanagida et 

al., 2012), and it is therefore perhaps not surprising that they exhibit great transcriptional 

similarity at this stage (Mayer et al., 2018). Irrespectively of their identity, cortical 

interneurons avoid the striatum and other regions of the subpallium in their way towards the 
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cortex. In the case of MGE-derived interneurons, the molecular mechanisms controlling this 

process have been identified. Interneurons migrating to the cortex express receptors for 

chemorepulsive factors of the semaphorin family such as Sema3A and Sema3F, which are 

very abundant in the striatum (Marín et al., 2001). Interestingly, the expression of these 

receptors (Nrp1 and Nrp2) is repressed by Nkx2-1, and so the expression (Nkx2-1ON) or 

downregulation (Nkx2-1OFF) of this transcription factor in postmitotic interneurons born in 

the MGE determine whether they are targeted to the striatum or the cerebral cortex, 

respectively (Nóbrega-Pereira et al., 2008). Repression of Nkx2-1 in cortical interneurons 

derived from the MGE requires the function of the zinc-finger homeobox transcription factor 

Zfhx1b (McKinsey et al., 2013; van den Berghe et al., 2013).

Interneurons migrate toward the cortex following a gradient of increasing permissivity 

generated by chemoattractive cues produced in the developing LGE and pallium (Marín et 

al., 2003; Wichterle et al., 2003). One of such chemoattractive factors is Neuregulin1 (Nrg1), 

a member of a family of four structurally related proteins that are part of the epidermal 

growth factor superfamily (Mei and Nave, 2014). The function of Nrg1 is mediated by the 

tyrosine kinase receptor ErbB4, the main neuregulin receptor expressed by interneurons 

(Flames et al., 2004; Yau et al., 2003). In the absence of ErbB4, many interneurons fail to 

reach the cerebral cortex (Flames et al., 2004). Although the expression of ErbB4 is confined 

to specific types of interneuron in the adult cortex (Fazzari et al., 2010; Neddens and 

Buonanno, 2010; Vullhorst et al., 2009), ErbB4 is expressed in the majority of cortical 

interneurons at perinatal stages (Bean et al., 2014).

Interneurons disperse throughout the developing cortex via two large migratory streams, a 

superficial route that courses through the marginal zone (MZ), and a deep route that largely 

overlaps with the pallial subventricular zone (SVZ) (Lavdas et al., 1999; Wichterle et al., 

2001). A smaller fraction of interneurons migrates through the subplate. During this phase of 

their development interneurons colonize homogenously the entire cerebral cortex, including 

the hippocampus, piriform cortex and the neocortex (Marín and Rubenstein, 2001). This 

process requires that tangentially migrating interneurons actively avoid migrating into the 

cortical plate, where they will eventually settle. The confinement of interneurons to each of 

the three routes of tangential migration involves the chemokine Cxcl12, which is expressed 

by cells located in each of the routes (Li et al., 2008; López-Bendito et al., 2008; Sánchez-

Alcaniz et al., 2011; Stumm et al., 2007; Tiveron et al., 2006; Wang et al., 2011).

Several lines of evidence suggest that interneurons do not distribute randomly across the MZ 

and SVZ streams. For example, the transcriptional profile of interneurons migrating through 

the MZ and SVZ is not equivalent (Antypa et al., 2011), as it would be expected for a 

random distribution of interneurons in both routes. In addition, it has been suggested that 

interneurons generated in the preoptic region – most notably neurogliaform cells (Niquille et 

al., 2018) – preferentially reach the cortex through the MZ (Zimmer et al., 2011). Recent 

work has added further support to this idea by showing that SST+ Martinotti and PV+ 

translaminar interneurons migrate preferentially through the MZ, while non-Martinotti cells 

disperse via the SVZ (Lim et al., 2018). These findings suggest that at least some 

components of the transcriptional module controlling the migration of cortical interneurons 

are not universal, although they might be shared by certain types (e.g., SST+ Martinotti cells 
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and PV+ translaminar interneurons). Interestingly, the migration of SST+ Martinotti cells 

through the MZ seems to be part of a wider developmental program that controls the 

development of their axonal arborization in layer 1. SST+ Martinotti cells begin to develop 

their profuse layer 1 axons at the time they migrate into the cortical plate; preventing the 

migration of these cells through the MZ perturbs the growth of their axons in layer 1 without 

apparently affecting any other aspect of their identity (Lim et al., 2018). This indicates that 

the development of layer 1 axons by SST+ Martinotti cells is facilitated by their interactions 

with components of the MZ at early neonatal stages, which demonstrates that the cortical 

microenvironment is crucial for the acquisition of specific features in specific types of 

interneuron. The fact that not all interneurons migrating through the MZ acquire the 

morphology of SST+ Martinotti cells reinforces the idea that these features are intrinsically-

encoded, although they require the correct local environment – in this case, the MZ – to 

unfold appropriately.

Increasing evidence indicates that the same types of interneuron are found in neocortical 

areas (Tasic et al., 2017). Indeed, lineage analysis studies have shown that the same 

progenitor cell can generate interneurons populating different regions of the telencephalon 

(Harwell et al., 2015; Mayer et al., 2015). These studies seem to contradict earlier work, 

which concluded that clonally-related interneurons have a strong tendency to cluster in the 

mouse neocortex (Brown et al., 2011; Ciceri et al., 2013). These apparently conflicting 

conclusions might nevertheless be compatible, because the methods used for the detection of 

clonally-related interneuron clusters did not allow the identification of entire lineages. 

Consequently, clusters of interneurons found across different regions of the neocortex might 

derive from the same progenitor cell, with each cluster representing the outcome of one or 

several intermediate progenitor cells dividing concurrently in the subpallium.

Laminar allocation

The mechanisms that triggers the tangential-to-radial switch in the migration of cortical 

interneurons and mediates their invasion of the developing cortical plate are likely linked to 

a loss of responsiveness to Cxcl12 (Li et al., 2008). In addition, recent work suggests that 

pyramidal cells in the cortical plate express a different member of the neuregulin family, 

Nrg3, and this molecule facilitates the dispersion of cortical interneurons in the laminar 

dimension of the cortex (Bartolini et al., 2017). The subsequent sorting of interneurons into 

specific layers occurs at later stages and depends on largely unidentified factors.

Several lines of evidence suggest that the interneurons adopt their laminar distribution in 

response to cues provided by pyramidal cells. First, interneurons systematically acquire their 

laminar position after the corresponding pyramidal cells have begun to differentiate into a 

particular cortical layer (Hevner et al., 2004; Miyoshi and Fishell, 2011; Pla et al., 2006). 

Second, disruption of the normal layering of pyramidal cells modifies the normal laminar 

distribution of interneurons (Lodato et al., 2011; Pla et al., 2006). Importantly, interneurons 

seem to interact with specific classes of pyramidal cells when acquiring their laminar 

position (Lodato et al., 2011), which suggests that this interaction may actually predate the 

formation of specific connections between excitatory and inhibitory neurons in the 

developing cerebral cortex, at least for certain classes on interneurons (Ye et al., 2015).
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Neuronal activity is important for the normal laminar distribution of cortical interneurons. 

The termination of cortical interneuron migration is linked to the upregulation of the 

potassium/chloride exchanger KCC2 in interneurons, which halts the motility of 

interneurons by reducing the frequency of spontaneous intracellular calcium transients in 

response to GABA (Bortone and Polleux, 2009). Consistently, reducing the neuronal 

excitability of interneurons during the first week of postnatal development is sufficient to 

modify their laminar distribution (De Marco García et al., 2011). Upregulation of KCC2 

seems to be part of an intrinsic program of maturation that might be common to all classes 

of interneurons (Inamura et al., 2012). However, the precise laminar distribution of each type 

of interneuron likely emerge from the interaction of their normal program of maturation with 

specific signals provided by distinct classes of pyramidal cells.

Integration in transient circuits

Recent work has shown that the integration of interneurons in cortical microcircuits shapes 

the maturation of the columnar organization of the neocortex. While the connectivity motifs 

of some types of interneuron remain relatively constant in the juvenile and mature brain, 

others are recruited during early postnatal development into transient microcircuits that 

modulate the emergence of functional topography. For example, transient networks 

involving specific types of interneuron have been described in deep and superficial layers of 

the barrel cortex, a region of the somatosensory cortex that contains a topographic 

representation of the whiskers (Petersen, 2007). As discussed earlier, this illustrates how 

some the most critical features of a particular type of interneuron – for example, its 

connectivity – evolve during development and consequently can only be used as definitory 

except in a particular temporal context.

Layer 4 receives the vast majority of thalamocortical input, and so it plays a prominent role 

in the initial processing of sensory information (Douglas and Martin, 2004). Feedforward 

inhibition is critical in this process, as it sharpens receptive fields and regulates temporal 

integration and timing (Gabernet et al., 2005; Wehr and Zador, 2003). In the mature brain, 

feedforward inhibition in layer 4 is provided by PV+ basket cells. However, the connectivity 

between these interneurons and excitatory neurons in layer 4 remains relatively weak until 

the second postnatal week, when PV+ basket cells begin receiving direct inputs from 

thalamic neurons (Chittajallu and Isaac, 2010; Daw et al., 2007). Interestingly, layer 5 SST+ 

interneurons receive dense transient thalamic inputs during the first week of postnatal 

development and innervate both layer 4 excitatory neurons and layer 5 pyramidal cells and 

immature PV+ interneurons (Marques-Smith et al., 2016; Tuncdemir et al., 2016). This 

suggests that layer 5 SST+ interneurons transiently control early sensory-evoked activity in 

layer 4 prior to the emergence of the canonical feedforward inhibitory circuit mediated by 

PV+ interneurons (Marques-Smith et al., 2016). In addition, the transient connections 

established by early-born SST+ interneurons are also required for the maturation of PV+ 

basket cells in deep layers (Tuncdemir et al., 2016). SST+ interneurons therefore emerge as 

a critical population in the maturation of deep layer intracortical circuits during early 

postnatal development.
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The connectivity of superficial layers of the neocortex is also transiently shaped by 

interneurons during early postnatal development. The organization of the barrel cortex relies 

on the segregation of layer 4 to layer 2/3 excitatory connections in distinct barrel and septal 

circuits. Specifically, layer 2/3 neurons above barrels receive stronger inputs than those 

immediately above the septa separating the barrels (Shepherd et al., 2003). Columnar 

refinement begins at the end of the first postnatal week and requires thalamocortical inputs. 

In sensory deprived mice, layer 2/3 neurons receive stronger inputs from layer 4 neurons in 

septal regions altered, which suggests that the normal maturation of the columnar 

organization requires competitive interactions among layer 4 neurons (Shepherd et al., 

2003). While experience-dependent plasticity at excitatory synapses is known to contribute 

to the maturation of neuronal circuits in superficial layers of the cortex (Bender et al., 2006), 

recent work suggests that a specific population of interneurons is also involved in this 

process. During the first week of postnatal development, the activity of layer 1 5HT3aR+ 

interneurons (mostly neurogliaform cells) in the barrel field is highly synchronized by inputs 

from the somatosensory thalamus (ventroposteromedial thalamic nucleus, VPM), a process 

that requires NMDAR function (Che et al., 2018). The activity of neurogliaform cells during 

this period inhibits the response of layer 2/3 pyramidal cells during whisker stimulation. 

Inhibition is likely more prominent on weakly activated layer 2/3 pyramidal cells 

immediately above septal regions than in layer 2/3 pyramidal cells above the barrels (where 

VPM axons concentrate), which would contribute to the formation of barrel columns tuned 

to individual whiskers (Che et al., 2018). Intriguingly, the activation of layer 1 

neurogliaform cells by thalamic input is transient, much like the temporary recruitment of 

deep layer SST+ interneurons (Che et al., 2018). Consequently, the transient recruitment of 

specific populations of interneurons by thalamic axons seems to be critical for the 

maturation of cortical microcircuits during early postnatal development.

Regulation of cortical interneuron numbers

Similar to other neurons in the nervous system, a surplus of GABAergic interneurons is 

generated during development. In mice, more than 30% of the interneurons generated 

embryonically in the subpallium are eliminated through programmed cell death between the 

end of the first and the second postnatal week (Southwell et al., 2012). This process seems to 

impact all classes of interneurons (Denaxa et al., 2018; Priya et al., 2018; Wong et al., 2018) 

(Figure 6A). While much emphasis has been made on the mechanisms underlying the 

generation of cortical interneuron diversity, programmed cell death – particularly if it affects 

interneurons in different ways across regions and layers – may have very important 

implications for our understanding of the very diverse patterns of distribution adopted by 

interneurons in the cerebral cortex.

Activity-dependent regulation of interneuron programmed cell death

Experiments in vitro suggest that cortical interneurons are intrinsically programmed to die in 

the absence of external influences (Xu et al., 2004), and that they undergo apoptosis when 

they reach a predetermined cellular age – roughly 12 days after being born in the subpallium 

(Southwell et al., 2012). This is consistent with the observation that interneuron cell death 

occurs progressively in vivo, with early-born infragranular layer interneurons disappearing 
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before late-born supragranular layer interneurons (Wong et al., 2018). Consequently, 

interneurons seem to be programmed to die when reaching a certain stage of maturation. The 

intriguing question is why then not all interneurons die during normal development. 

Multiple lines of evidence suggest that the process of programmed cell death is linked to the 

integration of interneurons into nascent cortical circuits. First, long-term Ca2+ imaging 

experiments in vivo indicate that activity levels at the onset of the cell death period predict 

the fate of interneurons (Wong et al., 2018). In other words, interneurons with relatively low 

levels of activity immediately before the period of interneuron cell death have an increased 

probability of undergoing apoptosis. Second, cell-autonomous manipulation of the 

excitability of cortical interneurons influence their survival. For example, increasing the 

excitability of interneurons expressing depolarizing designer receptors exclusively activated 

by designer drugs (DREADDs) or the bacterial voltage-gated sodium channel NaChBac 

cell-autonomously enhance interneuron survival (Denaxa et al., 2018; Priya et al., 2018), 

while decreasing the excitability of interneurons through the overexpression of the inward-

rectifying potassium channel Kir2.1 cell-autonomously diminishes their survival (Close et 

al., 2012; Priya et al., 2018) (Figure 6B).

Previous studies have shown that the morphological maturation of interneurons depends of 

their functional integration into nascent cortical circuits. For instance, experimental 

reduction of the excitability of interneurons leads to a severe reduction in the complexity of 

their dendritic and axonal arbors (De Marco García et al., 2011). These observations indicate 

that interneurons require excitatory inputs to mature normally during the first week of 

postnatal development, and that their ability to integrate into functional circuits influence 

their probability of survival. The role of activity in interneuron maturation is mediated, at 

least in part, by transcriptional mechanisms. For instance, the expression of Dlx1, a 

transcription factor that is critically required for the maturation of some classes of cortical 

interneurons (Cobos et al., 2005), is modulated by neuronal activity (De Marco García et al., 

2011). Dlx1 is in turn required for expression of Elmo1 (Cobos et al., 2007), a gene 

encoding a Rac activator protein that regulates the migration of some types of interneuron 

(De Marco García et al., 2011).

Since interneurons receive most of their inputs from local pyramidal cells during the first 

postnatal week (Anastasiades et al., 2016), it is perhaps not surprising that these cells play a 

critical role in the survival of cortical interneurons (Figure 6B). Consistent with this idea, 

increasing or decreasing the excitability of pyramidal cells using DREADDs during the 

period of interneuron programmed cell death respectively enhances or diminishes the 

survival of cortical interneurons (Wong et al., 2018). Moreover, preventing programmed cell 

death in pyramidal cells by genetically ablating the proapoptotic Bcl-2 family members Bax 

and Bak (Lindsten et al., 2000) from these cells is sufficient to abolish the programmed cell 

death of cortical interneurons (Wong et al., 2018). Interestingly, the functional maturation of 

some types of cortical interneurons such as neurogliaform cells seems to be particularly 

dependent on excitatory inputs from the thalamus (De Marco García et al., 2015). 

Consequently, it is likely that afferent connections other than those provided by local 

pyramidal cells influence the survival of cortical interneurons during the normal period of 

programmed cell death.
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The molecular mechanisms regulating programmed cell death in cortical interneuron are 

only beginning to be elucidated. One of the factors that seem to mediate the intrinsic 

program of cell death in cortical interneurons is the phosphatase and tensin homologue 

PTEN. This protein antagonizes the activity of the serine-threonine kinase AKT (Stambolic 

et al., 1998), which is a critical mediator of neuronal survival (Datta et al., 1997; Dudek et 

al., 1997). Interestingly, PTEN levels rise in cortical interneurons during the period of 

programmed cell death in a temporal pattern that coincides with the normal development of 

interneurons, transiently increasing first in infragranular layer interneurons and, 

subsequently, in superficial layer interneurons (Wong et al., 2018). Two lines of evidence 

indicate that PTEN plays an important role in this process. First, genetic deletion of PTEN 

from postmitotic MGE-derived interneurons dramatically increases their survival (Wong et 

al., 2018). Second, experimentally increasing the activity of pyramidal cells (which increases 

interneuron survival) non-cell autonomously represses the expression of PTEN in 

interneurons (Wong et al., 2018). In sum, one of the possible signaling pathways increasing 

the survival of interneurons involves the transient repression of PTEN during the period of 

programmed cell death.

Functional implications

Inhibitory circuits share general organization principles across cortical areas, but increasing 

evidence suggests that the abundance of specific inhibitory connectivity motifs varies 

between regions (Katzel et al., 2011), probably reflecting different computational 

requirements. Recent scRNA-seq studies have shown that specific types of interneurons 

populating different regions of the neocortex are virtually identical, at least at the 

transcriptional level (Tasic et al., 2017). However, the density of specific types of 

interneuron varies substantially across cortical areas (DeFelipe, 1997; He et al., 2016; 

Whissell et al., 2015). How do these heterogeneous patterns of distribution emerge during 

development? One possibility would be that cortical interneurons are instructed to settle in 

specific patterns in each cortical region. Alternatively, interneurons would initially distribute 

homogeneously, but the process of programmed cell death would then sculpt the various 

patterns of interneuron distribution that exist across the cerebral cortex. Indeed, the rate of 

apoptosis in pyramidal cells varies among functionally different neocortical areas and even 

across layers within the same cortical area (Blanquie et al., 2017). Consequently, the 

regulation of programmed cell death in interneurons by pyramidal cells (and perhaps also 

thalamic inputs) might be an important regulator of the functional specialization of cortical 

areas.

It is presently unclear whether the overproduction of GABAergic interneurons has any 

functional relevance during the development and assembly of cortical circuits. Are some of 

the transient interneurons important for shaping early neuronal networks, similar to Cajal-

Retzius cells? GABA has been shown to influence neuronal migration in the embryonic 

cortex (Behar et al., 2000; López-Bendito et al., 2003), the settlement of interneurons in the 

cortical plate (Bortone and Polleux, 2009), and the formation on inhibitory synapses (Oh et 

al., 2016), and may also influence the neurogenesis of pyramidal cells (Silva et al., 2018). 

Consequently, it is possible that developmental processes have adapted to greater numbers of 

interneurons during embryonic and early postnatal development. In addition, it is 
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conceivable that some of the transient inhibitory connections that have been described in the 

early postnatal cortex are established by interneurons that are subsequently eliminated by 

programmed cell death. Although this remains to be investigated thoroughly, interneurons 

that engage in transient connections during the first week of postnatal development do not 

seem to be selectively eliminated through programmed cell death (Tuncdemir et al., 2016).

Dynamic tuning of interneuron features

It is generally accepted that neuronal fate is maintained throughout life once the identity of a 

neuron has been established. However, some of the defining features of interneurons, such as 

their synaptic connections and intrinsic properties, are known to change reversibly in the 

adult brain to mediate the adaptation of neural circuits to experience. For example, PV+ 

basket cells seem to dynamically oscillate between different “states” in response to neuronal 

activity, a process that is required for learning and memory in the adult brain (Donato et al., 

2013; Lagler et al., 2016). These cell states are characterized by specific ratios of synaptic 

connections and distinctive intrinsic properties, and they are differentially modulated by 

experience. More generally, the identification of continuous gene expression variation within 

discrete types of cortical interneurons (Harris et al., 2018; Tasic et al., 2017) suggests that a 

certain degree of cellular heterogeneity might be relatively common for some interneuron 

types.

Neuronal activity modulates the connectivity and intrinsic properties of cortical interneurons 

through several distinct mechanisms, including cell type-specific transcriptional regulation. 

For instance, neuronal activity induces the expression of the early-response transcription 

factor Npas4 in SST+ interneurons to regulate the formation of excitatory synapses onto 

these cells (Figure 7A). Npas4 regulates excitatory synapse formation through the induction 

of a transcriptional program in SST+ interneurons that involves the expression of several 

synaptic scaffolding proteins and the shaker-like potassium channel Kv1.1 (Spiegel et al., 

2014). In contrast, neuronal activity induces a completely different transcriptional response 

in VIP+ interneurons, promoting the formation of inhibitory synapses on these cells 

(Mardinly et al., 2016).

Transcriptional regulation is not the only mechanism through which neuronal activity 

regulates the specification of neuronal properties. In supragranular PV+ basket cells, 

neuronal activity modulates the expression and subcellular location (cytoplasmic or nuclear) 

of the transcription factor Etv1 (Dehorter et al., 2015), which in turn induces the expression 

of Kv1.1. Since this channel is critical for delayed firing in these cells (Goldberg et al., 

2008), this mechanism allows PV+ basket cells to reversibly adapt to changing levels of 

activity by dynamically tuning their excitability (Figure 7B).

Activity seems to modify the synaptic connections of PV+ basket cells by modulating 

specific components of the perineuronal net, a specialization of the extracellular matrix that 

enfold most of these cells and is perfectly placed for gating synaptic modifications. Recent 

work has revealed that Brevican, one of the most abundant chondroitin sulfate proteoglycans 

in perineuronal nets, regulates the synaptic connections of PV+ basket cells in response to 

changes in network activity (Favuzzi et al., 2017) (Figure 7B). The observation that 
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Brevican is required for spatial working and short-term memories (Favuzzi et al., 2017) 

reinforces the view that the dynamic transition of interneurons through different cell states in 

the adult brain is one of the mechanisms used by neuronal networks to adapt in response to 

experience.

A look ahead

It is evident that we have made very significant advances in our understanding of functional 

diversification of cortical interneurons over the last 30 years. However, multiple aspects of 

the genetic, epigenetic, biochemical and cellular mechanisms underlying the emergence of 

this diversity remain unclear. For instance, the precise mechanisms that control the 

specification of different types of interneurons generated from the same progenitor cells, 

such as SST+ Martinotti cells and PV+ basket cells, have not been identified. This process 

may rely on transcription factors yet to be identified, homologous to Drosophila temporal 

transcription factors (Doe, 2017). Alternatively, transcription factors that are known to 

influence the development of both types of interneuron may do so by driving different 

genetic programs due to the unique chromatin landscape of each cell type, as shown for 

Nkx2-1 in MGE progenitor cells (Sandberg et al., 2016). Consequently, identifying 

additional sources of variation (epigenetic regulation, long non-coding RNAs, alternative 

splicing, etc.) in progenitor cells and immature neurons will be necessary to decipher the 

molecular mechanisms underlying the generation of cortical interneuron diversity.

Development adds a temporal dimension to the classification of cortical interneurons. The 

developmental trajectory of cortical interneurons might not be currently perceived as an 

essential dimension in the definition of these cells, but it certainly helps us to understand the 

mechanisms driving their diversification. In this context, the limited availability of genetic 

drivers to label cortical interneurons has led to an era of ‘lumping’ in the study of 

interneurons. Overcoming this limitation would undoubtedly contribute to clarify the role of 

the specific types of interneuron in cortical circuits. The design of novel tools to identify and 

modify the activity of specific types of cortical interneuron directly profits from our 

understanding of the development of these cells (He et al., 2016; Taniguchi et al., 2013).

Most of our knowledge of the development and functional diversification of cortical 

interneurons derives primarily from studies in mice. The cellular organization of interneuron 

diversity is remarkably similar between mouse and human, but there are important 

differences in the morphology, gene expression, laminar distribution and proportions of 

certain types of interneurons (Boldog et al., 2018; DeFelipe, 1997; Hodge et al., 2018). 

Recent work has begun to shed light into human cortical interneuron diversity and their 

developmental origin (Arshad et al., 2016; Hansen et al., 2013; Ma et al., 2013; Paredes et 

al., 2016), but we are still far from understanding the developmental and evolutionary 

processes leading to the emergence of species-specific features in cortical interneurons 

(Sousa et al., 2017).

Characterizing the developmental trajectories of distinct types of cortical interneurons in 

humans seems increasingly important, especially considering the involvement of interneuron 

dysfunction in neurodevelopmental disorders (Marín, 2012). In this context, linking genomic 
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findings associated with neuropsychiatric disorders to specific brain cell types is a powerful 

strategy to identifying the most likely cellular substrates in these conditions (Skene et al., 

2018). However, since genomic variation associated to neuropsychiatric disorders such as 

autism and schizophrenia affects the developing brain, the relevant transcriptional 

information for this type of analyses would likely need to be developmental.
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Box 1

Transcriptional regulation of cortical interneuron development

Our understanding of the molecular mechanisms regulating cortical interneuron 

specification in the subpallium is still very limited, but details on the genetic cascade of 

transcription factors controlling the development of interneurons in the MGE have begun 

to emerge (Figure inset). Two largely parallel gene regulatory networks, with several 

points of intersection, regulate the development of SST+ and PV+ interneurons.

The DLX family of homeodomain transcription factors is at the core on the gene 

regulatory network that control general aspects in the development of GABAergic 

interneurons, not unique to MGE-derived cells. Dlx1 and Dlx2 are initially expressed by 

VZ progenitor cells, in which they promote the specification of GABAergic lineages by 

repressing Olig2, a transcription factor required for oligodendrocyte fate specification 

(Petryniak et al., 2007). As interneurons become postmitotic, Dlx1 and Dlx2 in promote 

neural differentiation towards a GABAergic fate by inducing the expression of Gad1 and 

Gad2, which encode the enzymes that convert glutamate to GABA (Le et al., 2017; 

Stühmer et al., 2002). Dlx1 and Dlx2 function is also required to induce Dlx5 and Dlx6 
(Pla et al., 2017), which are in turn important for the migration and differentiation of 

cortical interneurons (Wang et al., 2010). DLX proteins coordinate the programs of 

migration and neuronal differentiation. During early interneuron development, Dlx1 and 

Dlx2 promote migration by restraining neurite growth through the repression of PAK3, a 

downstream effector of the Rho family of GTPases (Cobos et al., 2007), and by inducing 

the expression of factors that are essential for the tangential migration of cortical 

interneurons, such as Arx (Bonneau et al., 2002; Colasante et al., 2008; Kitamura et al., 

2002). Subsequently, the same genes are critical for the integration of MGE-derived 

interneurons in developing cortex, as they generally promote the development of 

dendrites and axons in these cells (Pla et al., 2017). In the absence of these factors, 

interneurons struggle to integrate into nascent neural circuits and many of them undergo 

programed cell death during the critical window of postnatal development in which 

interneuron numbers are adjusted (see ‘Regulation on interneuron numbers’ for details). 

Interestingly, Dlx1 and Dlx2 are differentially expressed in postnatal MGE-derived 

interneurons. Early postmitotic cells that are fated to become PV+ interneurons express 

both Dlx1 and Dlx2, but postnatal PV+ interneurons only maintain the expression of 

Dlx2 (Pla et al., 2017). In contrast, SST+ interneurons rely primarily on the function of 

Dlx1 (Cobos et al., 2005). Consequently, loss of Dlx1 only perturb the survival of SST+ 

interneurons (Cobos et al., 2005), whereas loss of both Dlx1 and Dlx2 increase cell death 

in both SST+ and PV+ interneurons (Pla et al., 2017).

The second gene regulatory network is commanded by transcription factor Nkx2-1, 

which is essential for the specification of SST+ and PV+ interneurons in the MGE 

(Sussel et al., 1999). Nkx2-1 is required for the initiation of Lhx6 expression (Sandberg 

et al., 2016; Sussel et al., 1999), a LIM-homeodomain transcription factor critical for the 

maturation cortical GABAergic interneurons derived from the MGE (Liodis et al., 2007; 

Vogt et al., 2014). Combinatorial binding of Nkx2-1 and Lhx6 promotes a 

transcriptionally permissive chromatin state and activates genes required for the 
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migration of interneurons. Downregulation of Nkx2-1 is subsequently required for the 

migration of MGE-derived interneurons toward the cortex (Nóbrega-Pereira et al., 2008). 

Nkx2-1 is directly repressed by Zfhx1b and Sp9, two transcription factors that are 

induced by Dlx1 and Dlx2 and whose expression is maintained in migrating cortical 

interneurons (Liu et al., 2018; Long et al., 2009; McKinsey et al., 2013). In addition, Sp9 

contributes to maintain the expression of Lhx6 independently of Nkx2-1 (Liu et al., 

2018), which is no longer required to activate Lhx6 after its initial onset (Sandberg et al., 

2016). Lhx6 and Sp9 promote the expression of multiple genes that are subsequently 

required in the migration and maturation of cortical interneurons, including Arx, Cxcr7, 

Maf, Mafb, Satb1, Sox6 and St18 (Azim et al., 2009; Batista-Brito et al., 2009; Close et 

al., 2012; Denaxa et al., 2012; Liu et al., 2018; Sandberg et al., 2016; Vogt et al., 2014).
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Figure 1. Milestones in the development of cortical interneurons
(A) Timeline of the development of cortical interneurons in the mouse. The main events 

have been highlighted in corresponding temporal periods: neurogenesis, tangential 

migration, laminar allocation (which involves radial migration), wiring (dendritic and axonal 

morphogenesis and establishment of synapses), programmed cell death and circuit 

refinement. Interneuron identity is specified at neuronal birth, but it unfolds over a 

protracted period of time through which the final characteristics of each type of interneuron 

are acquired.
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(B) The development of layer 2/3 SST+ Martinotti cells is used here as an example to 

illustrate the main developmental milestones in the generation of cortical interneurons in 

mice. At least a population of SST+ Martinotti cells is generated from progenitor cells in the 

dorsal aspect of the MGE. SST+ Martinotti cells preferentially migrate to the embryonic 

cortex through the marginal zone (MZ) stream. During radial migration into the cortical 

plate (CP), SST+ Martinotti cells leave their trailing neurite in the MZ, which will 

eventually develop into a characteristic axonal arborization in layer 1. By the end of the first 

postnatal week, about 30% of interneurons undergo program cell death, including SST+ 

Martinotti cells. This process depends on the integration of these cells into cortical circuits. 

The surviving SST+ Martinotti cells remodel their synaptic connections during the second 

and third week of postnatal development. For example, layer 2/3 SST+ Martinotti cells end 

up establishing preferential connections with the apical dendrites of pyramidal cells also 

located in layer 2/3. The yellow thunderbolt symbol indicates processes that depend on 

neuronal activity.

MGE, medial ganglionic eminence; NCx, neocortex; SVZ, subventricular zone; VZ, 

ventricular zone.
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Figure 2. Modular organization of cortical interneuron features
(A) Cortical interneurons are characterized by a combination of morphological, biochemical, 

intrinsic and connectivity properties. The most prominent morphological characteristics of 

cortical interneurons are the shape and orientation of dendrites and axons. Biochemical 

properties define important aspects of synaptic communication, including the co-release of 

neuropeptides along with GABA. Intrinsic electrophysiological properties are largely 

determined by the combination of ionic channels they express. Interneurons establish 

synapses on different subcellular compartments of their targets, which impact their role in 

neural circuits. (B) The combinatorial organization of cortical interneurons is illustrated for 

PV+ basket cells (green) and CCK+ basket cells (orange). Both cell types share similar 
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morphology and connectivity principles, but they differ in their intrinsic and biochemical 

properties. (C) The schema depicts how each set of defining features might be acquired 

through a combination of partially shared transcriptional programs.
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Figure 3. Diversity of GABAergic neurons in the neocortex
(A) Schemas depicting the main classes of cortical interneuron in the mouse neocortex. 

Interneurons can be organized into three large classes based on the expression of PV, SST 

and the serotonin receptor 3A (Htr3a). A small fraction of PV+ basket cells also express 

SST.

(B) Schematic depicting the general laminar distribution of interneuron types in the 

neocortex. Some cell types are found in most layers of the cortex (e.g., PV+ basket cells), 
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whereas others seem to have a much more restricted laminar distribution (e.g., Meis2+ 

cells).

(C) The schematic illustrates the approximate relative frequency of each type of interneuron, 

color-coded as in (A). It should be noted here are no direct estimates of the frequency of 

chandelier cells and many other classes of interneuron. In addition, the relative proportion of 

interneurons likely varies across different cortical areas.

cc, corpus callosum; wm, white matter.
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Figure 4. Developmental origin of cortical interneurons
(A) Regional organization of the embryonic subpallium. The schematic on the left depicts a 

telencephalic hemisphere viewed from the midline and from which medial structures have 

been removed. The drawings on the right illustrate the organization of the subpallium in 

three coronal sections through the telencephalon. The medial ganglionic eminence (MGE) 

consists of several progenitor domains (numbered 1 to 5) as described by Flames and 

colleagues (2007) and can be broadly subdivided in dorsal (dMGE), intermediate (iMGE) 

and caudoventral (cvMGE) regions.
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(B) Regional origin of the main types of cortical interneurons. The preoptic region (PO) 

comprise two progenitor domains, the preoptic area (POA) and the preoptic-hypothalamic 

(POH) border domain. The precise origin of neurogliaform and multipolar cells within these 

domains remain uncertain. The origin of interstitial Meis2+ cells also remains unclear.

CGE, caudal ganglionic eminence; LGE, lateral ganglionic eminence; NCx, neocortex, PO, 

preoptic region.
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Figure 5. Spatiotemporal patterning of interneuron neurogenesis
(A) Schematic representation of a coronal section through the anterior aspect of the medial 

ganglionic eminence (MGE). Several transcription factors contribute to the spatial patterning 

of MGE into different domains: dorsal (dMGE), intermediate (iMGE) and caudoventral 

(cvMGE).

(B) Spatio-temporal specification of cortical interneurons. Progenitor pools within the MGE 

generate different numbers of neurons following a temporal sequence. All domains generate 

an early cohort of projection neurons for the globus pallidus (GP), followed by SST+ and 

PV+ interneurons in different ratios. The area under each curve represents relative numbers 

of neurons arising from each MGE domain.

(C) An integrated model of interneuron generation. In this model, MGE progenitors undergo 

progressive intrinsic changes in their competence to generate different types of neuron 

during development. For any MGE progenitor, the generation of more or less neurons of a 

specific class is determined by the probability to generate cells during a given competence 

state. Color gradients represent progression of a single progenitor cells across different 

competency states, while the curves represent the probability of cell generation in each state. 

Progenitors in each MGE region would have different probabilistic rules, which would lead 

to the differences in the relative number of interneurons of each type generated in each 

region.
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Figure 6. Activity dependent regulation of interneuron assembly
(A) Postnatal maturation and assembly of interneurons into cortical circuits. During the first 

postnatal week, cortical interneurons invade the cortical plate and begin to interact with 

surrounding pyramidal neurons as well as other local interneurons and thalamic afferents. At 

early postnatal stages (P0 to P5) these interactions are required for the correct morphological 

maturation of most types of interneuron. Following that period, about a third of cortical 

interneurons undergo programmed cell death. Activity-dependent mechanisms are critical 

for the survival of the remaining cortical interneurons.
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(B) Activity dependent regulation of interneuron numbers. Cortical interneurons are 

programmed to die in the absence of external signals, most of which are likely provided by 

pyramidal cells. Consistently, reduction of interneuron or pyramidal cell activity decreases 

interneuron survival, while increase in the number or activity of excitatory neurons promotes 

the survival of a larger fraction of interneurons.
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Figure 7. Dynamic regulation of interneuron properties
(A) The expression of the transcription factor Npas4 is regulated by activity in SST+ 

interneurons. Increased network activity, for example through sensory stimulation, leads to 

increased levels of Npas4, which in turn regulates the transcription of genes encoding 

proteins that increase the number of excitatory synapses SST+ interneurons receive.

(B) Activity negatively regulates the expression of the transcription factor Etv1 and the 

perineuronal net protein Brevican (Bcan) in PV+ basket cells. Etv1 regulates the expression 

of genes encoding proteins that regulate the intrinsic properties of PV+ basket cells (e.g., 

Lim et al. Page 44

Neuron. Author manuscript; available in PMC 2019 April 24.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Kv1.1) and the number of excitatory synapses these interneurons receive. Bcan levels are 

also linked to the expression of proteins regulating the intrinsic properties of PV+ basket 

cells (e.g., Kv3.1) and their synaptic inputs (e.g., AMPAR).
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