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Abstract

Since Ramon y Cajal’s examination of the cellular makeup of the cerebral cortex, it has been 

appreciated that this tissue exhibits some of the greatest degrees of cellular heterogeneity in the 

entire nervous system. This intricate structure emerges during a well-choreographed 

developmental process. Here we review current classifications of the cellular constituents of the 

cerebral cortex and examine how these building blocks are forged during development. We also 

look at how basic developmental features underlying cortex formation in vivo have been applied to 

protocols aimed at generating cortical tissue in vitro.

Introduction

The neocortex is the most complex part of the brain with enormous diversity in cell type, 

morphology, connectivity and function and the region that has undergone the largest 

expansion in volume during mammalian evolution1, 2. This structure mediates high-level 

cognitive processing, including sensory perception and skilled motor planning, as well as 

attention, language, emotion and potentially even consciousness itself3. The neocortex 

develops from the prosencephalon (forebrain), which is derived from the anterior portion of 

the neural tube. The prosencephalon gives rise to the telencephalon (cerebrum) and 

diencephalon. The telencephalon develops into the neocortex (referred to as “cerebral 

cortex” from here on), the allocortex and the striatum, while the diencephalon develops into 

the thalamus and surrounding nuclei. The neocortex forms a bilaterally symmetric structure 

consisting of two hemispheres. In mammals, neocortical architecture is typically structured 

into six radial layers of cells, as opposed to the allocortex, which has fewer layers. 

Neocortical layers are functionally divided into supragranular layers (I-III) that process 

intracortical information, the granular layer (IV) that receives input from other brain regions, 

notably the thalamus, and the infragranular layers (V-VI) that are the primary output layers 

that send information to other brain regions. The neocortex is also divided tangentially into 

functionally defined regions called areas4, 5.

Cells of the mammalian cerebral cortex have classically been categorized using a wide range 

of functional, structural and molecular characteristics (Figure 1)6-9. However, it is important 

to consider that these classification schemes are somewhat artificially imposed on an 

underlying biological and functional reality that often does not strictly fit within categorical 
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subdivisions. In addition, it is clear that the field has just scratched the surface in defining 

the true cellular diversity of the cortex, and how this cellular diversity is manifested in 

different species. While still a work in progress, knowledge of the cellular composition of 

this tissue provides a fascinating window into the developmental processes that produce the 

cellular architecture underlying the very essence of human behavior. Moreover, such 

knowledge may inform future restorative strategies to repair cortical damage in vivo and to 

model cortical disease in the dish.

Here we will take a holistic approach and review the fundamental cellular building blocks of 

the cerebral cortex, describe their developmental origin and consider the progress made in 

recapitulating this cellular diversity in vitro by applying developmental principles to 

pluripotent stem cells.

Neurons of the mammalian cerebral cortex: cellular diversity at its best

Neurons of the cerebral cortex have been classified according to a large number of 

parameters including the anatomical location of the cell body, destination of axonal 

projections, somatodendritic morphology, electrophysiological characteristics, molecular 

signatures and developmental origin10, 11. At the highest level, cortical neurons are divided 

into glutamatergic, excitatory projection neurons (PNs), which make up approximately 80% 

of all cortical neurons and form long range connections, and inhibitory interneurons (INs), 

which comprise the remaining 20%12, form local connections within the cortical 

parenchyma and provide the inhibitory drive to the cortical network through gamma-

aminobutyric acid (GABA)-mediated neurotransmission (Figure 1A)13.

Projection neurons compose the entirety of the cortical output circuit

Historically, PNs have been categorized by the targets of their axonal projections and can be 

broadly divided into intracortical and corticofugal neurons (Figure 1A).

Intracortical projection neurons can be broken down into associative and commissural 

projection neurons. Associative PNs connect different cortical areas within the same 

hemisphere, or different layers within the same area (or even within the same cortical 

column)14. Commissural projection neurons connect the two cortical hemispheres by 

projecting axons through the dorsally located corpus callosum (CC), the major fiber 

commissure of the brain, or through the ventrally located anterior commissure (AC). Fiber 

commissures are bundles of axons that connect the two cerebral hemispheres. The CC is a 

relatively recent evolutionary invention, it is present only in placental mammals, and the 

majority of commissural neurons in rodents and primates send projections through the CC15. 

The cell bodies of intracortical PNs reside in all six layers, although they are present 

predominantly in the upper cortical layers (layers II/III)16 and can be recognized by the 

expression of Satb2 and Cux1, among other subtype-specific genes (Figure 1C)14.

Another category of PNs are corticofugal projection neurons (CFuPNs), which project to 

brain structures outside of the cortex, and which can be further classified into 

corticothalamic projection neurons (CThPNs) and subcerebral projection neurons (SCPNs). 

CThPNs connect the cortex to different thalamic nuclei, have their cell bodies primarily in 
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layer VI, the innermost cortical layer, and express high levels of Tbr1 and Tle4, among other 

genes14, 17, 18. In contrast, SCPNs include, among others, the corticotectal neurons that 

project to the superior colliculus, corticopontine neurons that project to the pons in the 

hindbrain and corticospinal motor neurons that project to the spinal cord8, 19. SCPN cell 

bodies are primarily located in layer V and these cells express high levels of Ctip2 and 

Fezf2, among other marker genes (Figure 1C)20-22.

Another class of cortical PNs are corticostriatal projection neurons (CStrPNs), which have 

projections to the striatum as well as contralateral cortex. Their cell bodies are found 

primarily in layers II-VI, although a large number is found in layer Va. These neurons are 

often referred to as intratelencephalic corticostriatal projection neurons (CStrPNi), since, 

like commissural neurons, they send projections to the contralateral cortex, although they 

also have collaterals innervating the ipsi- and contralateral striatum23.

Molecular profiling of purified populations of projection neurons has led to the 

identification of molecular signatures that define some of the classical subtypes8, 14, 21, 24. 

More recently, some of the classic projection neuron classes have been profiled, for the first 

time, over a critical window of early fate specification in the developing embryo, using 

high-throughput methods. Specifically, purified populations of CPNs, CthPNs and SCPNs 

were isolated from developing cortex and compared by RNA sequencing at several early 

time points immediately after fate specification25. The data generated a new database of 

early expressed transcripts with exquisite, early profiles of gene expression within distinct 

populations. In addition, the work provides evidence that beyond differential expression of 

coding genes, non-coding transcripts (e.g. lncRNAs) and a whole spectrum of transcriptional 

dynamics (e.g. alternative promoter, CDS and isoform usage etc.) are differentially used in 

the cortex during projection neuron lineage selection. The data and analysis is now publicly 

available through the newly created “Developing Cortical Neuron Transcriptome Resource” 

(DeCoN) (http://decon.fas.harvard.edu/) dataset. This tool facilitates integrated, 

multidimensional data mining and provides a powerful new resource to generate insights 

into the transcriptional regulation underlying projection neuron diversity in the developing 

cortex. A selection of markers from this and prior datasets is included in (Figure 1C).

It is now clear that only combinatorial gene expression, and not single molecules, can 

distinguish one population of projection neurons from another and that molecular signatures 

are dynamic (i.e. the same population expresses distinct combinations and levels of marker 

genes at distinct stages of development). Intriguingly, molecular analysis suggests the 

existence of many more classes of projection neurons than currently recognized. For 

example, while CPNs across multiple layers express certain genes (e.g. Satb2, Lpl and 

Hspb3) that distinguish them from corticofugal neurons (CThPNs and SCPNs) of the deep 

layers, other markers have been identified that are only expressed in defined subsets of 

CPNs24. For example, Cux2 and Inhba mostly label CPNs of the upper layers and, 

additionally, within the layer II/III CPN population there is remarkable sublaminar 

specificity of gene expression patterns24. EphA3 and Nnmt are expressed in CPNs within a 

thin superficial sublamina of layer II/III; Nectin-3 and Chn2 label a middle sublamina; and 

Ptn and Cav1 are expressed in the deepest portion of layer II/III24. Finally, there is regional 

molecular heterogeneity within defined populations, such that neurons in distinct cortical 
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areas have unique gene signatures. For example, Diap3 is expressed specifically in layer V 

SCPNs of the sensorimotor cortex, while Crim1 is highly expressed in the rostral motor 

cortex21. Thus it appears that overlapping and combinatorial patterns of gene expression 

define distinct neuronal subsets. With the advent of high throughput single cell methods26, 

we are bound to learn substantially more about the true molecular heterogeneity of these 

neuronal populations.

All projection neurons of the cortex develop from progenitors located in the germinal zone 

of the dorsal telencephalon, within the anterior neural tube. Beginning at around embryonic 

day 9.5 (E9.5) in mice, neuroepithelial cells (NE) form a pseudostratified layer of early 

progenitors, that compose the entire thickness of the neural tube separating the inner 

ventricular lumen from the outer pial surface. Later, NE cells differentiate into more 

committed progenitors called radial glia cells (RGCs), whose cell bodies lie within the 

ventricular zone (VZ) (lining the ventricle) and which have processes extending radially to 

the pial surface (Figure 2)27. As in other structures of the body, early progenitors are 

progressively patterned during development by diffusible molecules that are secreted in 

gradients along the antero-posterior (AP) and dorsoventral (DV) axis of the telencephalic 

vesicles. Molecules such as bone morphogenetic proteins (BMPs), sonic hedgehog (SHH), 

fibroblast growth factor (FGF) 8, retinoic acid (RA) and members of the Wingless-Int 

(WNT) family28, 29 propagate from signaling centers located at the boundaries of the tissue 

and pattern the progenitors to express specific codes of transcription factors, which are 

themselves expressed in distinct DV and AP concentration gradients14. These transcription 

factors include LIM homeobox 2 (LHX2), empty spiracles homologue 2 (EMX2), paired 

box 6 (PAX6) and chicken ovalbumin upstream promoter (COUP-TFI)30. Collectively, 

these signals pattern the progenitors of the dorsal telencephalon towards a cortical fate. 

Cortical progenitors must then expand and begin to give rise to the heterogeneous panel of 

projection neurons present in the mature cortex and to some of its macroglia constituents 

(i.e. astrocytes and subsets of oligodendrocytes).

At mid-stages of corticogenesis, radial glia gives rise to a third type of progenitor cell called 

intermediate progenitors (IPs), which facilitate generation of large numbers of cells in a 

relatively short window of time (E10.5 to E18.5). IPs expand around E14.5 and form a 

second germinal zone, the subventricular zone (SVZ)31-33. The vast majority of cortical 

projection neurons are born either directly from radial glial cells or indirectly via 

intermediate progenitors in the dorsal pallium itself, the region of the telencephalon that 

gives rise to the neocortex (Figure 1B)27. Most projection neuron classes are born between 

E12.5 and E16.5, during a series of temporally restricted, but overlapping waves of 

neurogenesis33. Following their birth in the VZ and SVZ, these neurons migrate radially 

toward the pial surface along radial glial processes and seed a region called the cortical 

plate34, 35. CThPNs and deep layer commissural neurons arrive first, forming layer 

VI9, 34, 36. Layer V SCPNs and CPNs are among the neurons born next, followed by CPNs 

of the upper layers (II/III). These neurons migrate radially to the cortical plate, continue 

through the previously established deep layers, and seed the more superficial layers (“inside-

out” mode of migration; Figure 2)36. The molecular basis of the cell fate decisions that 

progenitors undergo to generate the different classes of projection neurons is only beginning 
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to be understood, and is an area of extensive investigation, which has been thoroughly 

reviewed elsewhere14.

Cortical interneurons modulate the function of projection neurons within 

the local microcircuit

While projection neurons communicate information between distant regions of the cortex 

and the CNS, interneurons typically modulate and coordinate delivery of this information by 

tuning the activity of projection neurons within the local microcircuitry37. Much work has 

been done attempting to classify the enormous heterogeneity of interneurons, however a 

universally accepted classification scheme has yet to emerge38. Here, we will briefly review 

a commonly used framework for classifying interneuron diversity.

While projection neurons have typically been categorized primarily based on hodology 

(connectivity), classification of interneurons has relied on a combination of molecular 

markers, electrophysiological properties and dendritic arbor morphologies, and attempts 

have been made to standardize these classifications39. Molecular markers can be used to 

divide GABAergic cortical interneurons into three comprehensive, non-overlapping groups, 

demarcated by expression of either parvalbumin (PV+), somatostatin (SST+) or the 

ionotropic serotonin receptor 5HT3a (5HT3aR) (Figure 1A)40. These interneuron subtypes 

are found in all cortical layers, although their relative proportions vary by layer. SST+ and 

PV+ interneurons are found primarily in the deep layers, while 5HT3aR+ interneurons are 

more abundant in the upper layers40-42.

Within these three broad classes, there is tremendous diversity of cell types. PV+ 

interneurons make up about 40% of cortical interneurons40, 41, are fast spiking and can be 

morphologically divided into basket and chandelier cells39, 43. SST+ cells represent about 

30% of cortical interneurons40, 41, and are primarily Martinotti cells, although several 

groups have reported one to two additional subtypes of SST+ cells44, 45. 5HT3aR+ 

interneurons comprise the remaining 30% of cortical interneurons and due to the recent 

identification of this population, the classification of the relevant subtypes is still 

ongoing40, 41, 46. While the vast majority GABAergic neurons form local connections47, 

GABA expressing neurons with long-range projections have been identified and have a wide 

diversity of targets including distant regions of ipsi-48-52 and contralateral51, 53-56 cortex and 

striatum57, 58. It has been speculated that long-range GABAergic projections synchronize 

activity across remote networks59.

As with projection neurons, there are numerous molecular markers that are expressed in 

overlapping, often functionally-distinct, subsets of these broad groups of interneurons 

(Figure 1C)60. For instance, vasoactive intestinal protein (VIP+) interneurons comprise a 

subset of 5HT3aR+ interneurons40 that are thought to play an important role in disinhibition 

of cortical circuits61. SST+ Martinotti cells can be divided into calretinin (CR)+ vs CR− 

cells62. Compared to CR− Martinotti cells, CR+ interneurons are located in more superficial 

layers, have larger and broader dendritic trees and fire wider action potentials62. Many other 

molecular markers including neuropeptide Y, nNOS, reelin and cholesystokinin can be 
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similarly used to label distinct interneuron subsets37, 60. For a more in depth description of 

cortical interneuron classification we refer the readers to excellent prior review articles38, 39.

As a more definitive framework for interneuron types emerges, our understanding of their 

developmental origins improves as well63-65. While projection neurons are born along the 

dorsolateral wall of the early telencephalon, interneurons are derived from a transient 

outpouching of the ventral telencephalon, named the ganglionic eminence, which is divided 

into medial, lateral and caudal regions (Figure 1B)66. PV+ and SST+ interneurons originate 

primarily from Nkx2.1+ progenitors in the medial ganglionic eminence (MGE)67-69. In 

contrast, 5HT3aR+ interneurons arise from progenitors expressing COUP-TFII in the caudal 

ganglionic eminence (CGE)41. From their place of birth in the ventral telencephalon, cortical 

interneurons migrate tangentially to the dorsal telencephalon where they then radially invade 

the developing cortical layers70. Like projection neurons, early born interneurons tend to 

seed the deep cortical layers, while later born neurons tend to populate the upper layers 

(Figure 2)71-74. Interestingly, laminar positioning of interneurons is altered by changes in 

projection neuron identity and location, suggesting that projection neurons play an important 

role in guiding interneurons to their appropriate radial destinations42.

Glial cells: much more than just “glue”

The critical role of glial cells in supporting and complementing neuronal function has been 

increasingly recognized. Indeed, the proportion of glial cells has increased tremendously in 

the nervous system during evolution, paralleling increased brain size75. As in other regions 

of the CNS, cortical glial cells are divided into astrocytes, oligodendrocytes and microglia 

(Figure 1A)76.

Astrocytes contribute to a wide range of cortical homeostatic functions including 

establishment of the blood brain barrier, regulation of ionic and water content and mediation 

of cell-cell calcium signaling. Most notably, these cells also play important roles in 

information processing by influencing neuronal activity directly through secretion of 

neuromodulatory molecules and regulation of synaptic transmission and plasticity76, 77. 

Astrocytes have been broadly broken down into two categories based on morphology and 

location (Figure 1A). Fibrous astrocytes are located in the white matter and are characterized 

by a uniform shape reminiscent of a star (thus the name “astrocytes”). They express high 

levels of glial fibrilary acidic protein (GFAP). Protoplasmic astrocytes are found in the grey 

matter, contact blood capillaries and ensheath synapses with more irregular processes76, 78.

Our understanding of astrocyte development has been limited by an inability to specifically 

define stages of astrocyte differentiation. Astrocytes can be distinguished by their 

characteristic morphologies only upon maturation, and studies typically rely solely on a 

limited number of molecular markers to track astrocyte development79. However, fate 

mapping experiments have shown that cortical astrocytes are born from radial glia and their 

progenitors, primarily after the completion of neurogenesis (Figure 2)27, 76. Classification of 

astrocyte diversity is just beginning, but there is general consensus that many distinct classes 

likely exist, which remain to be characterized.
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Oligodendrocytes (OLs) can be distinguished from astrocytes morphologically and on the 

basis of cytological and molecular features80. While the cellular heterogeneity of 

oligodendrocytes has also not been fully investigated81, two types of functionally distinct 

OLs have been identified: myelinating and satellite oligodendrocytes (Figure 1A). 

Myelinating oligodendrocytes ensheath cortical axons, giving rise to myelin, an “insulating” 

lining made of tightly juxtaposed sheets of oligodendrocyte membranes. Myelin is well 

known to increase the efficiency and speed of action potential conduction and is a distinctive 

structural feature of the vertebrate nervous system80. Interestingly, while it is generally 

accepted that myelin has played a central role in allowing the evolution of increasingly 

complex brains, it is intriguing that the cerebral cortex is not uniformly myelinated (upper 

layers are less myelinated than deep layers)82. Recent work has demonstrated that 

oligodendrocyte progenitor cells (OPCs) are distributed in all cortical layers, while mature, 

myelinating OLs are present in higher numbers within the deep layers82. This results in 

uneven myelination of the layers, an observation that has led to the discovery that projection 

neurons in different layers have distinct profiles of distribution of myelin along their axons, 

with layer II/III projection neurons presenting the most heterogeneous profiles of 

myelination82.

Another type of oligodendrocytes, known as satellite oligodendrocytes, appears to be 

functionally distinct from the myelinating population. These are located in the grey matter, 

closely juxtaposed to neuronal cell bodies, and are more common in deep cortical layers83. 

They do not produce myelin, but rather are believed to regulate the levels of metabolites 

present in the local environment surrounding projection neuron cell bodies83, 84. Much of 

their functional roles remains a mystery83.

Whether oligodendrocytes are derived from dorsal or ventral telencephalic progenitors has 

been the subject of much debate85. Kessaris and colleagues used Cre-lox mediated fate 

mapping to demonstrate that cortical oligodendrocytes are generated in three consecutive 

waves, and belong to at least three different lineages86. The first wave originates in the 

MGE (Nkx2.1 lineage), followed by a second wave born in the LGE (Gsh2 lineage) and 

finally the third wave originates dorsally within the cortical wall (Emx1 lineage) (Figure 

2)86. Interestingly, MGE-derived oligodendrocytes are completely lost at around postnatal 

day 10 (P10) in mice and the OLs myelinating the adult cortex belong exclusively to the 

Gsh2 and the Emx1 lineages86. The difference, if any, between these three lineages of 

cortical oligodendrocytes is unknown. They may, however, provide a mechanism for 

ensuring sufficient oligodendrocyte production, since ablation of any one of the three OL 

sources does not result in observable deficits in myelination, suggesting that the other 

progenitor populations can compensate86.

In addition to astrocytes and oligodendrocytes, which constitute the macroglia, microglia 

also have important roles in cortical function. Microglia are the resident tissue macrophages 

of the brain and have adapted accordingly. Microglia performs an astonishing range of 

functions in the cortex, including initiating defensive responses to injury or infection87-89, 

and regulating homeostatic mechanisms of neuronal migration, survival and death90-92 as 

well as important roles in synaptic pruning93-95. While traditionally thought of as a 

homogenous population, microglia have begun to be classified by differential responses to 
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stimuli and diverse molecular profiles96. For instance, lineage tracing from the Hoxb8 locus 

labels 40% of brain microglia, suggesting that it may define a developmentally distinct 

microglial subtype96.

Unlike the neurons and macroglia discussed above, microglia are not born within the 

nervous system97, 98. Instead, they are derived from hematopoietic progenitors located in the 

embryonic yolk sac (Figure 1B)98, 99. These progenitors line the outer surface of the 

primitive neuroepithelium and invade the cortical wall at very early stages of development 

(E10.5)100. These cells mature in the VZ/SVZ101 before migrating into the deep layers first 

(at E18.5) and into the upper layers later (Figure 2)91, 100.

Glial cells perform a wide array of functions required for both cortical information 

processing and homeostatic maintenance of the cortical tissue77, 102. Glia have been 

understudied compared to neurons, and we are only just beginning to understand the extent 

of the glial cellular diversity required to perform all of their duties. If glia are more 

specialized than previously appreciated, it is likely that understanding of glial diversity will 

highlight new and fundamental organizing principles of cortical structure and function.

Building cortex in the dish

Recently, the ability to manipulate embryonic and induced pluripotent stem cells has led to a 

large body of work aimed at creating cells of the central nervous system in vitro. These 

directed differentiation strategies allow for the generation of large numbers of disease-

relevant cell types from a variety of cellular sources, including both healthy and patient-

specific somatic cells, and thus provide a powerful strategy for modeling human CNS 

development and disease in the dish. Given the large number of cells that can be potentially 

generated, this approach can be applied to high-throughput drug screening and may in 

theory provide a source of specific cell types for autologous transplantation. Can the cellular 

diversity of the mammalian cerebral cortex be recreated in the dish?

Directed differentiation strategies for cell types of the cerebral cortex have taken many 

forms and have been met with varied degrees of success. Here we will discuss some of the 

progress made in generating different classes of cortical glia and neurons from pluripotent 

cells, highlighting how developmental strategies and signals that shape these cellular 

identities during corticogenesis in the embryo have informed protocols to recapitulate the 

process in the dish.

Pluripotent stem cells have the potential to generate a plethora of cell fates, although it 

appears that when cultured as single cells without exogenous patterning signals they choose 

to default to a neural fate103-105. In intact embryos, specification to a neural fate is permitted 

through inhibition of morphogens, including bone morphogenic proteins (BMPs)106. Similar 

strategies have been successfully reproduced in vitro to pattern pluripotent stem cells to a 

neural fate by inhibition of BMP and TGF-β signaling, a treatment known as Dual SMAD 

inhibition (Figure 3)107.

Later in development, a process of regional patterning by morphogens leads to the 

parcellation of neural progenitors into distinct domains fated to form different parts of the 
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central nervous system108-110. The AP axis of the neural tube is patterned by a gradient of 

retinoic acid, which specifies a posterior (hindbrain/spinal cord) fate, while FGF8, released 

by the commissural plate, reinforces the anterior (forebrain) fate108, 109, 111, 112. Within the 

rostral neural tube, the DV axis is patterned ventrally by sonic hedgehog (SHH) released 

from the ventral telencephalon113, 114, and dorsal identity is mediated by FGFs and WNT 

signaling (Figure 3)115. This knowledge has informed strategies to pattern progenitors in the 

dish to either an anterior dorsal fate (primed to generate cortical projection neurons and 

astrocytes) or an anterior ventral fate (primed to form cortical interneurons and 

oligodendrocytes) (reviewed in Hansen et al. 2011116).

It is striking that neural progenitors that are patterned by these methods to a dorsal, 

“cortical”, fate in the dish subsequently execute a program of neuronal differentiation such 

that different classes of projection neurons are produced following a similar temporal order 

as observed in the intact developing cortex. Generation of neurons expressing deep layer 

markers occurs first, followed by generation of neurons with molecular features of upper 

layers (albeit not all these cellular identities are generated in each protocol)117-123. As in 

development, newly generated neurons appear able to migrate along the processes of the 

radial glia and build layer-like structures populated by different neurons120, 121, 123. These 

data demonstrate the impressive self-specifying capacity of pluripotent stem cell-derived 

neural progenitors, which are intrinsically primed to recapitulate critical aspects of cortical 

neurogenesis in the dish.

It is also notable that cortical projection neurons generated through such directed 

differentiation protocols survive upon transplantation in the early postnatal mouse cortex, 

send projections to multiple distal targets and form functional synapses119.

This shows that at least some basic aspects of early cortical development and generation of 

projection neuron diversity can be achieved. Questions of course remain about whether these 

neurons truly reflect specific endogenous classes or whether they could be functionally 

equivalent to their endogenous counterparts. In addition, the generation of one specific class 

of neurons by biasing progenitors to one or a limited set of neuronal identities remains an 

unmet challenge in the field. It is likely that this task will require a deeper understanding of 

how progenitor lineage-bifurcation decisions that shape individual projection neuron 

identities are orchestrated in the first place, in the embryo.

Cortical astrocytes have also been generated from dorsally patterned neural progenitors that 

are prevented from differentiating during an early neurogenic window of time causing them 

to “skip” neuron generation and acquire a gliogenic identity (Figure 3)124. These methods 

are effective to produce cultures in which more than 90% of the differentiated cells express 

the astrocytic markers GFAP and S100β125. Functionally, these cells can perform many 

astrocyte-specific functions in vitro, including glutamate uptake, propagation of calcium 

waves and facilitation of synapse formation125. Furthermore, intraventricular transplantation 

of these cells resulted in engraftment, association with blood vessels and maintenance of an 

astrocytic identity in the corpus callosum of mouse125. Interestingly, regional identity could 

be imposed as cells with features of astrocytes of the cortex or astrocytes of the spinal cord 
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could be generated using the same morphogens that normally specify these regional 

identities in vivo125.

Unlike projection neurons or astrocytes, cortical interneurons arise from the ventral 

telencephalon, within the ganglionic eminences66. Thus, to create interneurons in vitro, 

progenitors have been first patterned to a ventral fate by SHH signaling and to an anterior 

fate by different methods, before allowing neurogenesis126-129. This approach can generate 

cultures enriched for GABA+ cells (Figure 3)126. These cells include a highly heterogeneous 

assortment of neuronal subtypes, characterized by the expression of distinct markers 

including SST and, to a lesser extent PV126-129. Interneurons generated by these methods 

developed appropriate electrophysiological traits and GABAergic synapses emerged when 

co-cultured with human or mouse fetal cortical neurons126, 128. Interneurons with features 

resembling those of CGE origin (i.e. Calretinin+ and COUP-TFII+) could also be derived 

from ventralized progenitors exposed to activin130. In the future it will be exciting to explore 

ways to expand the repertoire of interneuron subtypes that are produced and to fully define 

their functional properties in vivo.

Generation of oligodendrocytes in vitro has been highly sought after, given their great 

clinical impact in prominent diseases of the white matter (e.g. multiple sclerosis). 

Embryonically, cortical oligodendrocytes first arise in the ganglionic eminences and a 

second wave is born later from progenitors of the dorsal pallium. So far, protocols have 

specified progenitors to a ventral fate and, using a strategy similar to that used to produce 

astrocytes, neural progenitors are kept from differentiation during the neurogenic period by 

addition of mitogenic growth factors (Figure 3)131. Once mitogens are removed 

oligodendroglia differentiation is facilitated by culturing cells for extended periods of time 

in the presence of thyroid hormone or platelet derived growth factor (PDGF), which 

promote the differentiation of immature oligodendrocyte precursors into mature 

oligodendrocytes132, 133. These methods produce mostly immature oligodendrocytes, but a 

smaller subset of cells express more mature markers, exhibit a multibranched morphology 

and are capable of myelinating axons in vitro131. It is important to note that despite being 

distinct from spinal cord oligodendrocytes, these cells share features of oligodendrocytes 

found in both the dorsal and ventral forebrain.

All together these experiments indicate that in their simplest incarnation, components of the 

cellular diversity found in the cerebral cortex can be generated in the dish starting from 

pluripotent stem cells of both murine and human origin. Although much work remains to be 

done, this paves the way for the exciting opportunity to model cortical development and 

disease in vitro.

Concluding remarks and perspective

The cerebral cortex is one of the most extraordinarily complex structures of the nervous 

system. Presumably, its cellular diversity evolved to obtain great specialization to execute 

the unmatched functional capacities of the cortex. Defining and classifying the basic cellular 

components of the cortex is fundamental to understanding how this tissue is made, how it 

functions, and how it succumbs to disease. While the process of cell classification remains a 
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daunting task, the past decade has seen a surge of molecular studies that integrate 

combinatorial marker expression with analysis of more classical traits (i.e. connectivity, 

electrophysiological properties etc.) to better resolve individual cell identities. While still 

incomplete, it is fair to say that classification of cortical neuron subtypes is more advanced 

than that of glia, and it is likely that the next few years will see a surge in studies revealing 

the true diversity of both oligodendrocytes and astrocytes.

A better understanding of normal embryonic development of the cortex is clearly facilitating 

a large range of studies aimed at “programming” pluripotent stem cells to generate this 

cellular diversity in the dish. Developmental signals have informed these directed 

differentiation protocols and knowledge of endogenous cellular diversity has helped 

understand the identity of the cell produced in vitro, even if several questions remain. The 

field has so far failed to produce individual classes of cortical neurons (and glia), as single 

pure populations. In addition, in most cases it is unclear to what extent cells obtained by 

these methods resemble their endogenous counterparts134. Finally, as it is the case for other 

types of cells made in the dish, pluripotent stem cell-derived neurons and glia appear 

immature.

Development of the cerebral cortex is a choreographed interplay of multiple cell types born 

in specific temporal order, from often-distant germinal zones, and that ultimately migrate to 

very precise relative locations to build the 3D tissue architecture of the adult. Will the field 

ever be able to mimic such grace and complexity in the dish? A mere few years ago the 

answer would have been “likely not”. But last year Lancaster and colleagues showed the 

world a tiny piece of cerebral tissue completely produced from human pluripotent stem cells 

and looking strikingly similar to early fetal human brain (Figure 3)121. Forebrain, midbrain 

and hindbrain structures were all present and the forebrain showed regionalization121. 

Interneurons were born in regions expressing ventral forebrain markers and migrated to 

regions expressing dorsal markers121. Within the cortex, appropriate lamination patterns 

were observed121. Progenitors lined a central cavity, in a region reminiscent of the 

ventricular zone, and newly born neurons migrated radially along glial processes121. 

Building on seminal prior demonstrations of the extensive self-organizing capabilities of 

neural progenitors when culture in the absence of specific extrinsic cues120, 123, 135, this 

work offered a glimpse of what is possible. Much work remains to be done to improve these 

cerebral organoids so that they include cell types born late during cortical development (i.e. 

upper layer neurons, astrocytes and oligodendrocytes), as well as cells that originate outside 

of the nervous system (i.e. microglia). It is our opinion however, that these in vitro 

approaches will grow into valuable, realistic models to study human cortical development 

and complex disease.
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Figure 1. Cells of the Cerebral Cortex
(A) Classification of established cell types in the cerebral cortex. These cells are broadly 

divided into neurons and glia. Neurons can be classified into glutamatergic projection 

neurons and GABAergic interneurons, each of which is highly heterogeneous and can be 

subdivided into many different subtypes, according to morphological, molecular and 

functional features. Glia can be divided into astrocytes, oligodendrocytes and microglia, 

which can also be categorized into several subtypes. (B) Developmental origin of the 

various cortical cell types. (C) Selected cell type markers of projection neurons21, 24, 25, 136, 

interneurons40, 41, 137, 138 and glia139-142. * indicates markers labeling a subset of the 

respective cell type. Abbreviations: CFuPN, corticofugal projection neuron; CThPN, 

corticothalamic projection neuron; SCPN, subcerebral projection neuron; CPN, callosal 

projection neuron; DVZ, dorsal ventricular zone; GE, ganglionic eminences.
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Figure 2. Schematic Timeline of Arrival of All Major Cell Types in the Cerebral Cortex
The cortex is built through an intricately choreographed process that involves the integration 

of many different cell types. The cortex begins as a layer of neuroepithelial cells. Microglia 

from the yolk sac arrive early in development and invade the developing cortical plate. 

Projection neurons are generated in an inside out fashion beginning at E12.5. Interneurons 

migrate to the cortex from the ventral forebrain. Oligodendrocyte precursors arrive in the 

cortex in three waves from the MGE, LGE/CGE and from within the cortex itself. Later in 

corticogenesis, progenitors initiate production of astrocytes. Abbreviations: IP, intermediate 

progenitor; NE, neuroepithelial cell; OL, oligodendrocyte; OPC, oligodendrocyte precursor 

cell; PV, parvalbumin; RG, radial glia; SST, somatostatin; 5HT3aR, serotonin receptor 3a.
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Figure 3. In vitro Generation of Cortical Cells
Strategies to differentiate cortical cell types in vitro follow similar developmentally inspired 

trajectories. Pluripotent cells, either embryonic or induced, form forebrain neuroepithelial 

cells even in the absence of factors. This default fate decision can be reinforced with FGF8 

or dual SMAD/WNT inhibition. For directed differentiation of interneurons and 

oligodendrocytes, progenitors are ventrally patterned, while for astrocytes and projection 

neurons, progenitors are dorsally patterned. Once this regional specification is established, 

developmental programs unfold in typical order such that neurons are generated first, 

followed by astrocytes and oligodendrocytes. Different culture conditions and durations 

allow for enrichment of the desired population, although all strategies give rise to mixtures 

of neurons, glia and progenitors. For cerebral organoids, pluripotent stem cells are grown in 

spinning bioreactors to allow natural developmental programs to unfold.
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