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Abstract

Complex nervous systems have a modular architecture, whereby reiterative groups of neurons 

(“modules”) that share certain structural and functional properties are integrated into large neural 

circuits. Neurons develop from proliferating progenitor cells that, based on their location and time 

of appearance, are defined by certain genetic programs. Given that genes expressed by a given 

progenitor play a fundamental role in determining the properties of its lineage (i.e., the neurons 

descended from that progenitor), one efficient developmental strategy would be to have lineages 

give rise to the structural modules of the mature nervous system. It is clear that this strategy plays 

an important role in neural development of many invertebrate animals, notably insects, where the 

availability of genetic techniques has made it possible to analyze the precise relationship between 

neuronal origin and differentiation since several decades. Similar techniques, developed more 

recently in the vertebrate field, reveal that functional modules of the mammalian cerebral cortex 

are also likely products of developmentally defined lineages. We will review studies that relate cell 

lineage to circuitry and function from a comparative developmental perspective, aiming at 

enhancing our understanding of neural progenitors and their lineages, and translating findings 

acquired in different model systems into a common conceptual framework.
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Introduction

Highly ordered connections of neurons represent the structural basis of the complex brain 

circuitry controlling animal behavior. Neurons are highly diverse, and a continual effort in 

the neuroscience community lies in further discerning individual neuronal classes based on a 

number of molecular, structural, and/or physiological criteria (Darmanis et al. 2015; Tasic et 
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al., 2016; Zhang et al., 2014). Aside from deepening our insight into the diversity of neural 

cell types, much effort is also directed to identify communalities between groups of neurons 

that form units of function. Thus, complex nervous systems of vertebrates and invertebrates 

alike can be subdivided into modules, defined as groups of neurons that share certain 

structural and functional properties. Modules, such as the anatomically distinct nuclei of the 

vertebrate brain stem, may differ from each other, each nucleus being defined by a specific 

population of afferent or efferent fibers. In other cases, modules can be reiterative, consisting 

of numerically and morphologically similar neuronal clusters, as for example the glomeruli 

of the olfactory system in vertebrate or insect brains, or the columns of the mammalian 

cerebral cortex (Chen and Shepherd, 2005; Harzsch and Krieger, 2018; Kaas, 2012).

An important question concerns the role of development during the formation of neuronal 

modules. Neurons develop from progenitor cells that, based on their location and time of 

appearance within the neural primordium, are defined by certain genetic programs. It stands 

to reason that the set of genes expressed by a given progenitor may play a fundamental role 

in determining the structural and functional phenotype of the neurons descended from that 

progenitor. Is it possible to relate a brain module, as defined structurally and functionally in 

the mature brain, to a specific genetically distinct neural progenitor?

In the insect brain, the question can be answered in the positive, as repeatedly reviewed in 

the recent literature (Boyan and Williams, 2011; Jiang and Reichert, 2014; Lin and Lee, 

2012; Spindler and Hartenstein, 2010), and summarized below. Most parts of the insect brain 

develop from a relatively small number of stem cell-like progenitors, called neuroblasts, 

which appear early in the embryo, and which each produce an invariant lineage of neurons 

and/or glia. Insect neural lineages represent structural modules, whereby neurons of a 

lineage stay in close contact, projecting their axons in one or two compact tracts, and 

typically forming terminal branches in common brain neuropil compartments (Hartenstein et 

al., 2008; Ito and Awasaki, 2008; Larsen et al., 2009). We know a lot about the relationship 

between lineage and brain module in the insect brain because genetic or cellular techniques 

that label lineages (i.e., “clones”) have been available since several decades (del Valle 

Rodriguez et al., 2011; Garcia-Bellido and Merriam, 1971; Griffin et al., 2014; Lee and Luo, 

2001). For the mammalian brain, clonal techniques that allow one to reconstruct the lineages 

of individual progenitors at high temporal and spatial resolution have recently been 

introduced (Bribian et al., 2016; Gao et al., 2014; Zong et al., 2005). As a result of these 

studies there is a renewed interest in the question of how the progeny of defined neural 

progenitors relates to modules of the brain. A growing body of evidence supports the notion 

that functional properties of neurons are dependent on their lineage relationships (He et al., 

2015; Li et al., 2012; Ohtsuki et al., 2012; Tarusawa et al., 2016; Yu et al., 2009; 2012).

In the present review we will address a number of questions that focus on the relationship 

between cell lineage and modular brain architecture in different model systems. How do 

progenitor cells in different vertebrates and invertebrates divide over the course of neural 

development? At what time point can we define, in vertebrates, progenitors that give rise to 

structurally or functionally defined brain modules? How do such progenitors compare to 

invertebrate neuroblasts? Answers to these questions will contribute to our understanding of 

how genetic information is able to shape neural circuits and, thereby, animal behavior.
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Neural progenitor proliferation and lineages: Drosophila and other 

invertebrate systems

Neuroblast specification and internalization

At an early stage of embryonic development, concomitant or even preceding gastrulation, a 

restricted domain within the ectodermal layer, the neuroectoderm, is endowed with the 

capability to generate neural progenitor cells. This step involves the function of maternal 

factors and conserved signaling pathways, including Wnt and BMP, which delineate the size 

and position of the neuroectoderm within the embryo (reviewed in Hartenstein and 

Stollewerk, 2015; Fig.1A). Subsequently, during the phase called neurulation, neural 

progenitors are specified within the neurectoderm and then become internalized. In 

Drosophila and other insects, neural progenitors (neuroblasts) delaminate to form a lose 

layer of cells in between the ectoderm and mesoderm (Fig.1B, C). Those cells of the 

neurectoderm that stay within the neuroectoderm maintain the potential to produce more 

neuroblasts at a later timepoint; once the full complement of neuroblast has become 

internalized, cells left behind at the surface give rise to part of the epidermis 

(epidermoblasts). The pattern of neuroblasts is invariant: each neuroblast forms a uniquely 

identifiable cell that appears at the same time and position in every individual of a given 

species (Fig.1D, top). Even comparing different insect species, such as Drosophila, 

grasshopper, and flour beetle, neuroblast patterns are almost identical (Bate, 1976; Biffar 

and Stollewerk, 2014; Thomas et al., 1984; Fig.1D).

The balance between how many neurectodermal cells delaminate at any given moment as 

neuroblasts, as well as the precise pattern of these cells, is determined by cell-cell signaling 

within the neuroectoderm. In the center of this complex genetic mechanism resides the 

Notch signaling pathway, which allocates the expression of proneural genes (bHLH 

transcription factors enabling cells to adopt a neural fate) to the delaminating neuroblasts 

(inset in Fig.1B; for review see Hartenstein and Wodarz, 2013; Huang et al., 2014; 

Kageyama et al., 2009; Quan and Hassan, 2005). Loss of Notch activity results in a large 

excess of delaminating neuroblasts at an early time point; activation of the pathway has the 

opposite effect. At later stages in neural development, the Notch pathway exerts additional 

effects. Well known among these are the differentiation between the two hemilineages 

generated by sequential division of neuroblast progeny, called ganglion mother cells 

(GMCs), and the promotion of self renewal in type 2 neuroblasts (Kumar et al., 2009; Lin et 

al., 2012; Truman et al., 2010; see below).

Neuroblasts appear in two broad regions of the embryo. The ventral neuroectoderm, 

stretching out along the trunk ectoderm and numbering approximately 3500 cells, produces 

the neuroblasts of the ventral nerve cord (Doe, 1992; Hartenstein and Campos-Ortega, 1984; 

1985; Hartenstein et al., 1987; Younossi-Hartenstein et al., 1996). The head (procephalic) 

neurectoderm, comprised of several hundred cells, located in the anterior-dorsal part of the 

ectoderm, gives rise to neuroblasts that form the brain (Fig.1A). Neuroblasts are organized 

segmentally, with each segment comprising a set of approximately 60 neuroblasts (30 on 

each side; Fig.1D). Overall, the ventral neurectoderm generates approximately 750 

neuroblasts, and the procephalic neurectoderm 200. Neuroblasts do not delaminate all at 
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once, but form several groups (“neuroblast waves”) which move in sequentially following a 

tightly controlled pattern.

Neuroblasts produce fixed lineages by asymmetric division

First defined by Whitman (1878, 1887) and described in detail by Wheeler (1891) in 

embryos of grasshoppers based on histological sections, neuroblasts appear as large pale 

cells which “bud off” smaller, more strongly labeled cells, the neurons and glia of the 

embryonic nervous system. The idea that a neuroblast produces a readily identifiable cluster 

of neurons through a series of asymmetric divisions was introduced through in vitro and in 

vivo studies (Poulson, 1950; Seecof et al.,1973). The fixed nature of insect neural lineages, 

i.e., the concept that neuroblasts organize into stereotypic arrays and undergo an invariant 

number of mitotic divisions, producing neurons with precisely predetermined fates, was 

demonstrated by later studies (Booker and Truman, 1987; Doe and Goodman, 1985; 

Goodman and Spitzer, 1979; Taghert et al., 1984).

Neuroblasts have two proliferative phases. The first takes place in the embryo, where most 

neuroblasts undergo 5–8 divisions, producing 10–16 neurons per lineage (Hartenstein et al., 

1987; Larsen et al., 2009). Division is asymmetric, following what has been termed a “stem 

cell mode” of mitosis. Here, as a result of the positioning and orientation of the mitotic 

spindle in the dividing cell, the two daughter cells are overtly different in size and location. 

In contrast, symmetric division refers to a process where the two daughter cells are of equal 

size, and obtain the same position in relation to the layer they form part of or are located 

next to. Note that in many cases, there is a third scenario where cell division can appear 

symmetric at the structural level, but where molecular factors (detectable only by special 

staining protocols) are distributed unevenly among the progeny. We will in the following 

refer to this type of division as “molecularly asymmetric”, to distinguish it from the 

(structurally) asymmetric type.

The asymmetric division of a neuroblast yields one daughter cell that is large and remains in 

contact with the overlying ectoderm, and a second one that is small, and obtains a position at 

the basal surface of its larger sibling (Fig.1E, E’). The large daughter cell resumes the 

proliferative fate of the mother neuroblast, and the other, small daughter cell differentiates as 

a neuron or glial cell, either following one more division, or directly. Recent works 

(Baumgardt et al., 2014) showed that the first one of these two modes of division (called 

“type I”) prevails only during the initial phase of neuroblast mitotic activity. During these 

type I divisions, the small daughter cell, which is called “ganglion mother cell”, undergoes 

one more molecularly asymmetric division, generating an “A” daughter neuron and a “B” 

daughter neuron (Truman et al. 2010; Fig.1E’, F). The cluster of sequentially produced “A” 

neurons and “B” neurons form their own “A” hemilineage and “B” hemilineage, 

respectively. After a certain number of divisions (typically 3–4), the neuroblast switches to a 

“type 0” mode, where the small daughter cell differentiates directly into a neuron 

(Baumgardt et al., 2014). Within a lineage or hemilineage, neurons are further divided 

according to birth date into smaller groups, called sublineages (Fig.1F).

In the late embryo, most neuroblasts enter a phase of mitotic quiescence that lasts for 

approximately 24 hours. Subsequently, they become active again, entering into their 
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secondary, larval phase of neuron/glia production. Over the course of approximately three 

days, they undergo an estimated 75 rounds of mitosis, generating 150 neurons per lineage 

(Bello et al., 2008; Larsen et al., 2009). As in the embryo, most larval neuroblast divisions 

follow the type I pattern, giving birth to series of ganglion mother cells that undergo one 

more division to produce two hemilineages. It is not known whether, at a late larval stage, 

neuroblasts enter a phase of type 0 proliferation that omits ganglion mother cells. Secondary 

hemilineages (and, probably, primary hemilineages as well) typically have different fates, 

and form their own tract and projection domain. As a result, most lineages described for the 

ventral nerve cord emit two fibre bundles with different trajectories, corresponding to the 

two hemilineages (Harris et al., 2015; Truman et al., 2004; see below). In many lineages, 

particularly those of the brain, one hemilineage undergoes apoptotic cell death, leaving the 

lineage with only one hemilineage, and one fibre bundle/projection domain.

A subset of 8 neuroblasts, all localized close to the dorso-medial rim of a brain hemisphere, 

show a mode of proliferation that has been called type II. Here, neuroblasts divide 

asymmetrically, but yield an intermediate progenitor cell (IMP) which continues to undergo 

several rounds of asymmetric divisions before generating neurons, akin to what a regular 

(type I) neuroblast does (Bello et al., 2008; Boone and Doe, 2008; Bowman et al., 2008; 

Kang and Reichert, 2015; Fig.1F). As a result, lineages of type II neuroblasts are larger than 

those of type I neuroblasts, numbering 400–500 neurons per lineage. The dichotomous 

choice of type II neuroblast progeny to self renew or become IPM is also controlled by 

Notch activity; loss of N causes premature stop in self renewal and conversion to IMPs in 

these cells (Bowman et al., 2008; Wang et al., 2006).

Early neurogenesis in other invertebrates

The formation of neuronal modules from indvidual, genetically unique stem cells that divide 

in a fixed pattern, as described for Drosophila above, is a derived feature encountered in only 

a few invertebrate clades. Among arthropods, it exists in insects and crustaceans (Fig.1E). In 

other, more basally branching arthropods, like chelicerates and myriapods, the nervous 

system arises from groups (“pits”) of contiguous neuroectodermal cells that invaginate or 

ingress (Hartenstein and Stollewerk, 2015; Stollewerk, 2016; Fig.1G). Proliferation occurs 

mainly prior to invagination of the pits, and there is currently no evidence that individual pits 

are formed from single (epithelial) cells in a fixed lineage mechanism. Interestingly, 

regarding their overall number and spatial distribution, the pits bear a striking resemblance 

to the neuroblasts of insects. Furthermore, the cassette of proneural genes in conjunction 

with the Notch signaling pathway control the size of pits and its neuronal descendants 

(Stollewerk, 2016). It is possible that individual pits also form distinct neuronal modules, but 

this remains to be shown using markers for specific neuronal types. Another open question is 

how the conceptual framework of sequentially expressed cell fate determinants (transcription 

factors), as established for Drosophila (see below), translates to the more basal arthropod 

scenario.

Outside the arthropods, stem-cell like neural progenitors generating fixed lineages have been 

observed in hirudinea (leeches; Zhang and Weisblat, 2005), and may well exist in other 

annelids as well. A number of clades, among them rotifers, tardigrades, and nematodes are 
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eutelic, which means that all cells of the body are generated in a fixed lineage pattern. For 

the nematode C. elegans, proliferation, cell movement and lineage relationships between 

cells have been reconstructed in detail (Hobert, 2010; Sulston et al., 1983; Wadsworth and 

Hedgecock, 1992). As described for Drosophila, neurogenesis in C. elegans is controlled by 

a great diversity of intrinsic determinants that are routed to specific neuronal precursors 

through asymmetric divisions. However, a mechanism by which the neuroectoderm forms 

“generic” neuroblasts that produce distinct neuronal modules does not exist. Instead, all the 

way towards a late stage of proliferation, individual cells generate quite distinct neural (or 

even non-neural) cell types. Neurons belonging to a functionally characterized class or 

circuit are not typically related by lineage (Hobert, 2010).

Interestingly, larval forms of urochordates (sea squirts), considered to be the sister group of 

vertebrates, also possess miniaturized nervous systems generated in a fixed lineage 

mechanism. The neurectoderm in these animals forms a dorsal neural plate that, similar to 

that of vertebrates described below, invaginates to form a neural tube (Fig.1H). Around the 

invagination process (“neurulation”) the neural plate possesses 40–60 cells arranged in a 

regular, symmetric pattern of orthogonal rows and columns (Nicol and Meinertzhagen, 

1988a, b). Following neurulation, cells undergo another 1–4 rounds of structurally 

symmetric division, forming small clones of neural cells that add up to a total of 

approximately 350. About half of these cells remain undifferentiated epithelial (ependymal) 

cells; the remainder differentiates into different types of neurons. Some cases are 

documented where individual neural progenitors of the neural plate generate clones of like 

cells; examples are the pressure receptors (“coronet cells”) derived from progenitors a9.33 

and a9.37 (Eakin and Kuda, 1971; Nicol and Meinertzhagen, 1991), or the ocellar 

photoreceptors that descend from the corresponding pair of progenitors (a9.33, a9.37) of the 

opposite side (Nicol and Meinertzhagen, 1991). However, it is not clear yet (and appears 

unlikely) if neural lineages of the urochordate tadpole represent structural or functional 

modules in general.

In summary, comparative embryological and genetic studies suggest that the last common 

ancestor of bilaterian animals (“Urbilateria”) possessed a proliferative neuroectoderm 

formed by neural progenitor cells that give rise to the nervous system. Becoming 

postmitotic, cells delaminate from the neuroepithelium and differentiate into neurons. With 

increasing complexity animals evolved mechanisms to increase neuron numbers. One 

mechanism has delaminating cells maintain their mitotic activity, thereby functioning as 

neural progenitors (neuroblasts, IMPs). Another device serving the same purpose is to 

invaginate the neuroectoderm, whereby either small domains (“pits”) move inside one by 

one, or, as seen in the case of chordates, the entire neuroectoderm folds inside the body to 

become a neural tube. In some instances, the proliferation pattern of neural progenitors 

within the neurectoderm becomes highly invariant, leading to the production of fixed 

lineages that form distinct structural/functional modules of the nervous system. Such a 

mechanism probably evolved multiple times independently; so far it has been described for 

subclades of arthropods and annelids. To what extent invariant lineages act as structural 

modules in vertebrates will be discussed below.
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Neural progenitor proliferation and lineages: Vertebrates

Formation and growth of the neuroectoderm

The neuroectoderm of vertebrates forms a morphologically distinct domain, called neural 

plate, in the dorsal ectoderm of the embryo (Fig.2A). In the amphibian Xenopus laevis, 

direct cell counts yielded approximately 2900 cells (Hartenstein, 1989) for the neural plate, 

visible in the stage 13 embryo, which puts it in a similar range as Drosophila. For zebrafish, 

a similar number can be estimated for the neural plate of the two somite-stage embryo, 

based upon the analysis of cell proliferation by Kimmel and colleagues (Kane and Kimmel, 

1993; Kimmel et al., 1994). Interestingly, the neural plate of the E7.5 mouse embryo, despite 

of the much larger number of neurons eventually produced, may start out with a similar 

number of cells: cell counts of the E7.5 embryo yielded approximately 8,000 cells for the 

ectoderm as a whole (Snow, 1977), of which the neuroectoderm can be assumed to account 

for less than half. As the neural plate invaginates to form the neural tube (Fig.2B, C), its 

neuroepithelial cells (“neuroepithelial progenitors”) continue to divide symmetrically, 

resulting in an overall increase in surface area (Fig.2D1). This expansion phase differs 

significantly among anamniotes (fishes, amphibians) and amniotes (birds, reptiles, 

mammals). The former hatch as motile larvae at an early, “premature” stage. The first 

neurons, called primary neurons, are born as early as the neural plate stage, following only a 

few rounds of mitoses of neuroepithelial progenitors (Hartenstein, 1989; Papan and Campos-

Ortega, 1997; 1999; Fig.2D–G). In contrast, in mouse or chicken, the neural primordium 

increases at a least a thousand fold, to several hundred thousand cells or more, before 

neurons are born. Thus, in mouse, neuroepithelial progenitors continue to divide 

symmetrically until stage E10.5 (Fig.2H2) with a cell cycle length of approximately 4–8 hrs 

(Jiang and Nardelli, 2016; McShane et al., 2015), leaving time for >10 symmetric cell 

cycles.

Neural proliferation

Neuronal birth (exit from the cell cycle) and cell cycle dynamics in vertebrates are 

interrelated in a complex pattern. It appears that neuronal birth is generally coupled to the 

occurrence of asymmetric divisions, which has been studied in detail for zebrafish and 

mouse. In the former, proliferation and cell fate could be studied directly by live imaging. 

Studies on spinal cord (Alexandre et al., 2010), forebrain (Dong et al., 2011) and retina 

(Baye and Link, 2007; Das et al., 2003; Poggi et al., 2005) over the period from 20h after 

fertilization to hatching (48–72h) demonstrated that individual neuroepithelial progenitors 

underwent 1–3 rounds of asymmetric divisions, whereby the mitotic spindle is directed 

perpendicular or at least at a significant tilt to the apical surface (Fig.2D). Accordingly, 

clones derived from individual neuroepithelial progenitors contained 2–8 cells, which 

represented a mixture of neurons and progenitors (Fig.2E–G). For spinal cord and forebrain 

it could be established that the daughter cell that ended up more apically exited the cell cycle 

and became a neuron, and the more basal cell continued to cycle as a neuroepithelial 

progenitor (Alexandre et al., 2010; Fig.2D2). This finding was surprising (and may differ 

from what happens in other vertebrates, including mouse), since it implies that the 

presumptive neuroepithelial progenitor has to reintegrate into the epithelium, and the cell 

fated as neuron has to actively exit (delaminate from) the epithelium.
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In the developing telencephalon of the mouse (Florio and Huttner, 2014; Gao et al., 2013; 

Hartfuss et al., 2001; Jiang and Nardelli, 2016; Kriegstein et al., 2006; Noctor et al., 2004; 

Sun and Hevner, 2014), asymmetric mitotic activity sets in around E10.5 (Fig.2H3). At this 

stage, neuroepithelial progenitors start expressing some glial-specific proteins and other 

molecular markers (e.g., Pax 6; Asami et al., 2011), and are called “apical radial glia” 

(aRG). Clonal analysis performed on the dorsal telencephalon, which gives rise to the 

excitatory neurons of the cerebral cortex, indicates that there is a transitory phase between 

E10 and E12 where symmetric (“proliferative”) and asymmetric (“neurogenic”) divisions 

occur together. During symmetric division, an aRG generates two daughter aRGs; during 

asymmetric divisions, only one of the two aRG daughter cells maintains its proliferative fate, 

whereas the other one loses contact to the apical surface and either exits the cell cycle right 

away, or continues to divide symmetrically into several neurons. This second type of 

dividing progenitor (“intermediate progenitor”) no longer forms part of the neuroepithelium, 

but builds up its own proliferative layer, called the subventricular zone (Fig.2H4). The data 

for mouse suggest that symmetric versus neurogenic divisions of aRGs are mutually 

exclusive: once an aRG has entered the asymmetric, neurogenic phase, it continues with this 

mode of divisions for multiple rounds, generating a progeny of 8–9 cells (Gao et al., 2014). 

These cells remain in close contact, forming an “ontogenetic column”, a term and concept 

introduced several decades ago for primate cerebral cortex by Rakic and collaborators 

(Rakic, 1988; see below).

Proliferation of intermediate progenitors in the developing mouse telencephalon is limited to 

a single mitosis before exiting the cell cycle; in larger species of mammals, including 

primates, an extended phase of proliferation of intermediate progenitors is thought to 

account for the large increase in cortical thickness and cell number (Betizeau et al., 2013; 

Fietz et al., 2010; Martinez-Cerdeno et al., 2012). Correspondingly, the ontogenetic column 

in these larger mammals can be expected to be much bigger than the 8–9 cells established 

for mouse. Aside from the increased number of divisions of intermediate progenitors, 

another layer of complexity is added to the process of corticogenesis in larger mammals 

which, typically, have a folded (gyrencephalic) cerebral cortex: the subventricular zone splits 

into two, an inner and outer subventricular zone (iSVZ, oSVZ). The oSVZ is populated by 

former apical radial glial cells that have lost contact to the ventricular surface, but still 

project a long process towards the basal (pial) surface (“basal radial glia”; Fig.2I). At the 

same time, the apical radial glia of the ventricular layer becomes “truncated”, losing contact 

to the pial surface (Fig.2I). Subsequently, radial glia of the oSVZ proliferate actively, 

increasing their own number and generating cortical neurons predominantly destined to 

populate the superficial cortical layers. Formation of the oSVZ is thought to be essential for 

the tangential spread of cortical neurons underlying the formation of gyri (Kriegstein et al., 

2006; Nowakowski et al., 2016; Reillo et al., 2011).

The evolution of corticogenesis among vertebrates is depicted in a way, illustrated in Fig.2J 

(from Cardenas and Borrell, 2019), that assumes as a starting point a scenario where 

postmitotic neural precursor cells move out of the ventricular layer and differentiate as 

neurons (“direct neurogenesis”; Fig.2J1). A subventricular zone, consisting of proliferating 

intermediate progenitors, is absent. This mode of neurogenesis in general, and of 

corticogenesis in particular, is encountered in fishes, amphibians, and reptiles. It is thought 
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that neurons populating the simple telencephalic cortex in these animals show characteristics 

of the deep layer neurons of the mammalian neocortex (Cardenas and Borrell, 2019). 

Beginnning with birds one encounters subventricular intermediate progenitors that form 

neurons after a few rounds of division (“indirect neurogenesis”; Fig.2J2). The same mode of 

cortex formation persists in many mammalian taxa, including rodents (Fig.2J3). Here, apical 

radial glia and intermediate progenitors undergo a prolonged phase of proliferation, giving 

rise to neurons that assemble into multiple layers. In larger mammals there appears a second 

stratum of intermediate progenitors, constituting the outer subventricular zone, which allows 

for the generation of much larger numbers of neurons of preferentially outer layer identity, 

and the folding of the cortex into gyri and sulci (Fig.2J4).

Proneural genes and Notch signaling in vertebrate neurogenesis

The pattern of asymmetric divisions in vertebrate neurogenesis, that is, the timing and 

spatial distribution of cells that withdraw from the cell cycle and differentiate, is controlled 

by similar molecular mechanisms as those discovered in Drosophila. Homologs of the 

bHLH proneural genes, as well as components of the Notch signaling pathway, appear in a 

complex pattern in the proliferating neuroepithelium of the brain and spinal cord. Proneural 

genes are among the first in a long cascade of determinants that provide cells with the 

potential to express particular neural or glial fates (Bertrand et al., 2002; Castro and 

Guillemot, 2011; Chitnis, 1999; Huang et al., 2014; Kageyama et al., 1995). Notch signaling 

becomes active in the course of asymmetric divisions, when the fate switch of either 

remaining a neuroepithelial progenitor (radial glia) or becoming a postmitotic neuron/glia is 

executed (Dong et al., 2012; Gaiano and Fishell, 2002; Yoon and Gaiano, 2005; Yoon et al., 

2008). As a result of the asymmetric division, Notch activity becomes concentrated in one of 

the daughters, which remains the epithelial progenitor (Fig.2H2/3, inset). Lowering of Notch 

activity in the sibling cell (the postmitotic neuron, or the delaminated intermediate 

progenitor) is accompanied by neural differentiation. Inhibition of the Notch pathway at any 

stage in neurogenesis results in an increased number of neurons produced at that stage, and 

concomitant loss of neuroepithelial progenitors, with the effect that later formed neurons are 

decreased in number.

Neural progenitor proliferation and the specification of neuronal fate

Drosophila neuroblasts express intrinsic determinants of cell fate in spatially and 
temporally restricted manner

Vertebrates and invertebrates alike express systems of intrinsic determinants that influence 

profoundly the development of neural progenitors forming at different positions within the 

neuroectoderm. These determinants (which molecularly, for the most part, represent 

transcriptional regulators) subdivide the neuroectoderm into a “mosaic” with many different 

domains, each one characterized by a unique genetic identity. In Drosophila, beginning at 

the blastoderm stage, members of different classes of homeobox transcription factors are 

expressed within the neuroectoderm in discrete transverse and longitudinal zones (Akam, 

1987; Harding et al., 1985; Urbach and Technau, 2004; Fig.3A, B). Expression continues in 

the neuroblasts that delaminate from within these zones, and the progeny (lineage) of the 

neuroblasts. For example, neuroblasts delaminating from within a medial neurectodermal 
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domain that expresses the homeobox gene ventral nerve cord defective (vnd), or an anterior 

domain defined by orthodenticle (otd), will continue to express these and many other genes 

once inside the embryo (Hirth et al., 1995; Zhao et al., 2007; Younossi-Hartenstein et al., 

1997; Fig.3A, B). In this manner, the neuroectodermal mosaic of expression domains of 

transcription factors results in a pattern of genetically uniquely specified neuroblasts. With 

the advance of molecular techniques it was possible to identify a host of transcription factors 

whose differential expression provides each neuroblast and their progeny with a unique 

genetic code (Doe, 1992; Skeath and Thor, 2003; Urbach and Technau, 2004). The early 

expressed code of transcription factors specifies lineage identity; modifying this code by 

genetic means transforms the fate of the entire lineage (Sen et al., 2014; see below).

The phenotypic differences among different sublineages that are born during specific time 

intervals are also likely based on genetic factors activated sequentially as neuroblasts 

undergo asymmetric cell divisions. For example, during their primary phase of proliferation, 

Drosophila neuroblasts sequentially express the factors Hunchback (Hb), Kruppel (Kr), 

Nubbin (Nub), Castor (Cas) and Grainyhead (Grh; Brody and Odenwald, 2005; Pearson and 

Doe, 2004; Fig.3C). The secondary phase of proliferation that takes place in the larva is 

divided into an early period, characterized by the expression of the transcription factor 

Chinmo, from a late period where neuroblast switch to the expression of the Broad protein 

(Doe, 2006; Syed et al., 2017). Numerous additional transcription factors, as well as RNA-

binding proteins have been identified which are expressed in distinct temporal patterns 

during the larval (secondary) phase of neuroblast proliferation (Doe, 2017; Sullivan et al., 

2019; Syed et al., 2017). It is thought that the transcriptional code manifested during a 

certain time window of neuroblast proliferation endows the sublineage produced during this 

phase with its own characteristic structural and functional characteristics (Kao and Lee, 

2010; Kohwi and Doe, 2013; Li et al., 2013).

Intrinsic determinants of neural fate in vertebrates

As described for Drosophila, the vertebrate neuroectoderm (i.e., the neural plate followed by 

the neural tube) is divided by the expression of intrinsic determinants of specific neural fates 

into distinct transverse and longitudinal domains. Expression domains are delineated by 

global and local signaling events, involving, among others, the Shh, BMP, Wnt pathways. By 

the time when neurogenic divisions start to occur (e.g., around stage E10 in mouse 

embryos), these signals have specified within the neural tube a stable pattern of expression 

domains of numerous transcription factors, many of which have homologies to factors 

expressed in a similar pattern in Drosophila (Briscoe et al., 2000; Dessaud et al., 2008; 

Graham et al., 1989; Jessell, 2000; Fig.3D). For example, the homeobox genes Nkx2.2 

(homolog of the Drosophila gene vnd; see above) and Nkx6.1 are expressed close to the 

ventral midline under the influence of high levels of the Shh morphogen (Briscoe et al., 

1999; Sander et al., 2000; Fig.3D, E). Further laterally, other transcription factors, including 

Irx3, Gsh1/2 (homologs of Drosophila ind), and Msx1/2 (homologs of Drosophila msh) are 

activated under the input of BMP signaling (Illes et al., 2009; Ramos and Robert, 2005; 

Winterbottom et al., 2010). Inhibitory interactions between these factors delineate small 

columnar expression domains with different progenitor fates. For example, domain MN, 

generating progenitors of motor neurons and oligodendrocytes, is defined by high levels of 

Hartenstein et al. Page 10

Dev Biol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Nkx6.1 and low levels of Nkx2.2 and Irx3 (Fig.3E). In vitro culture of individual Nkx6.1-

positive progenitors taken at E9.5 or E10 produced clones of less than 20 to several hundred 

cells that, in many cases, maintained expression of individual intrinsic markers (Agalliu and 

Schieren, 2009). This finding and many other studies indicate that at the time point when 

progenitors enter the phase of neurogenic divisions, the expression of intrinsic determinants 

sets the fate of the lineage these cells give rise to.

Research on the anterior neural tube, in particular the forebrain vesicle that gives rise to the 

cerebral cortex, also documented the role of early expressed transcriptional regulators in 

later neural fate. Morphogen gradients (e.g. BMP, EGF, FGF, and Wnt), followed by 

regional expression of various transcription factors (e.g. COUP-TF1, Emx2), pattern the 

anterior neuroectoderm into a “mosaic” where contiguous aRGCs express distinct 

combinations of fate determinants, and genes specific to distinct pools of aRGCs have been 

linked to the types of neurons these progenitors give rise to (Azzarelli et al., 2015; 

Rubenstein et al., 1999; Takahashi and Liu, 2006). There is also mounting evidence to 

suggest that cortical neurons with different structural fates (e.g., projections to different 

cortical or subcortical target regions) are generated in a sequential manner under the control 

of transcription factors regulated by intrinsic programs within the progenitors (Britanova et 

al., 2008; Chen et al., 2005a, b; Hanashima et al., 2004; Molyneaux et al., 2005; 2007; 

Okano and Temple, 2009; Shen et al., 2006). Similar to the Drosophila Hb-Kr-Nub-Cas-Grh 

cassette, these factors control the fate of neuron populations born during these different time 

periods. For example, the factors Fezf1 and Fezf2 are expressed at an early stage in 

progenitors and remain on in deep layer corticofugal neurons (Chen et al., 2005a; Eckler and 

Chen, 2014; Greig et al., 2013; Molyneaux et al., 2005). By contrast, Cut-like homeobox 1 

and 2 (Cux1 and Cux2), as well as Satb2, appear at later stages and specify cells of 

superficial layers, including the callosal neurons (Britanova et al., 2008; Weiss and Nieto, 

2019).

Lineages as structural and functional units: Drosophila

Neuroblasts generate lineages with discrete anatomical features

Neural lineages in Drosophila form highly stereotyped anatomical units, such that neurons 

which derive from a single neuroblast remain in close proximity, with their axons and 

dendrites forming coherent bundles that innervate discrete neuropil domains. Most lineages 

have been mapped anatomically at a high level of resolution (Cardona et al., 2010; Ito et al., 

2013; Lovick et al., 2013; Pereanu and Hartenstein, 2006; Truman et al., 2004; Wong et al., 

2013; Yu et al., 2013). One can picture the fly brain as a mosaic of structural/functional 

modules (the lineages) which, in large part, are genetically specified at an early stage of 

development (Fig.4A). Some of the well-studied examples of neural lineages in the 

Drosophila brain briefly discussed in the following include those which form the olfactory 

center, called antennal lobe, the central complex, and the ventral nerve cord.

The fly olfactory system is formed by olfactory receptor neurons (ORNs) whose somata and 

dendrites are located in sensilla that are subjected to chemical stimuli from the external 

world, and whose axons terminate in the antennal lobe, the primary olfactory processing 

compartment in the central brain. Each ORN expresses a single odorant receptor gene (out 
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of approximately 50), and neurons which share a given receptor converge onto a single 

glomerulus in the antennal lobe (Wilson, 2013). Information is received from ORNs by an 

anatomically stereotyped population of olfactory projection neurons, which exhibit dendrites 

in the antennal lobe and axonal outputs in the mushroom body calyx and/or the lateral horn, 

two higher-order brain structures (Fig.4A). Projection neurons are members of four paired 

lineages, generated from neuroblasts BAlc/ALl1, BAmv3/ALad1, BAla1/ALv, and lastly, 

BAlp4/ALlv1 (Das et al., 2008; 2010; 2013; Lai et al., 2008; Lin et al., 2010; 2012; Yu et al., 

2010). (Note that for the adult Drosophila brain, two different designations (e.g., “BAlc” and 

“ALl1”) exist for many lineages; the first is based on the analysis of Wong et al., 2013, 

which uses the nomenclature introduced for brain lineages identified by their characteristic 

axon tracts that remain detectable throughout development (Cardona et al., 2009; 

Hartenstein et al., 2015; Lovick et al., 2013; Pereanu and Hartenstein, 2006). The second 

system of lineage designations was launched by Ito et al. (2013) and Yu et al. (2013) 

specifically for the lineages (“clonal units”) of the adult brain, based on their relationship to 

neuropil compartments). Antennal lobe projection neurons belonging to different lineages 

form discrete classes in terms of dendritic arborization and axonal projection. For example, 

the lineage BAmv3/ALad1 includes uni-glomerular neurons, whose dendrites are restricted 

to a single glomerulus, and project via the medial antennal lobe tract to the mushroom body 

calyx and the lateral horn (Fig.4A, inset; B). Lineage BAla1/ALv generates neurons with 

widely branching multiglomerular dendrites, and axons that exclusively target the lateral 

horn via a different tract, the medio-lateral antennal lobe tract (Fig.4A, inset).

Experimental evidence supports the idea that intrinsic genetic programs act at an early stage 

to establish the type of neuron a given neuroblast will generate. For example, the homeobox 

gene orthodenticle (otd) is normally expressed in a pair of adjacent progenitors, those of 

lineage BAmv3/ALad1 and its neighbor, BAmv1/LALv1, whose neurons innervate the 

central complex (Fig.4A–C). If otd is specifically eliminated in BAmv1/LALv1, the fate of 

the entire lineage (in the order of 100 neurons) of this neuroblast is homeotically 

transformed into that of the neighboring BAmv3/ALad1; Sen et al., 2014). Thus, in these 

mutant brains, dendritic and axonal arborization, as well as transmitter phenotype of 

BAmv1/LALv1 neurons are absent, and replaced by supernumerary axons/dendrites of the 

BAmv3/ALad1 class.

Lineages or hemilineages can be divided into smaller building blocks

The above discussed studies clearly demonstrate that neurons forming part of lineages share 

certain fundamental functional and anatomical characters. In addition, within a given 

lineage, smaller sets of neurons defined by different birth date (sublineages) frequently differ 

in detail. For example, the lineage BAmv3/ALad1 introduced above includes uni-glomerular 

neurons, whose dendrites are restricted to a single glomerulus. Within this overall pattern, 

neurons born at different time points target different glomeruli. In other words, BAmv3/

ALad1, as a whole lineage, innervates the neuropil volume constituting the antennal lobe; 

individual neurons of BAmv3/ALad1 subdivide this volume into smaller units, the glomeruli 

(Berck et al., 2017; Jefferis et al., 2001; 2004; Ramaekers et al., 2005; Yu et al., 2010).
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A similar “tiling” behavior has been demonstrated for neurons of lineage DALv2/EBa1, 

which forms the ring (R-) neurons of the central complex (Fig.4D–G). The central complex, 

a higher order brain center important for visually-guided behaviors, has become a heavily 

studied brain structure with the lineage concept in mind (Boyan and Liu, 2014; Boyan and 

Reichert, 2011; Boyan and Williams, 2011; Boyan et al., 2017; Omoto et al., 2017; 2018; 

Lovick et al., 2017; Sullivan et al., 2019; Yang et al., 2013). It consists of four 

compartments, the protocerebral bridge (PB), fan-shaped body (FB), noduli (NO), and 

ellipsoid body (EB; Fig.4A). Lineage DALv2 R-neurons have a circular axon that branches 

within the torus-shaped ellipsoid body (Fig.4D–G). Individual R-neurons differ in regard to 

the position of their axon within the ellipsoid body. Early born R-neurons have axons 

located closer to the periphery (outer ring neurons, OR), and receive input from DALcl1/

AOTUv3 d in the superior bulb (Fig.4D, F); later born R neurons are targeted by DALcl2/

AOTUv4 d in the inferior bulb, and extend axons towards the center of the ellipsoid body 

(inner ring neurons, IR; Omoto et al., 2017; 2018; Fig.4D, G).

Four type II lineages, DM1–4, generate the large number of so-called columnar neurons that 

interconnect the neuropils of the central complex in a topologically highly ordered manner. 

More than 10 subclasses of columnar neurons have been distinguished (Hanesch et al., 1989; 

Wolff and Rubin, 2015). Among these are the P-EG neurons (connect the protocerebral 

bridge with the ellipsoid body and the gall, a major output domain of the central complex), 

the P-FR neurons (protocerebral bridege, fan-shaped body, rubus), P-EN neurons 

(protocerebral bridge, ellipsoid body, noduli) and P-FN neurons (protocerebral bridge, fan-

shaped body, noduli; Fig.4I). The four classes represent sublineages of the DM1–4 Type II 

neuroblasts. P-FR and E-PG are the descendants of intermediate progenitors born around 

24h and 32h after larval hatching, respectively; P-EN and P-FN are formed by one 

progenitor born at around 42h (Sullivan et al., 2019; Fig.4J). As explained above (see 

Fig.1F), intermediate progenitors, just like regular Type I neuroblasts, generate series of 

neurons in a strict temporal order, and different transcription factors, expressed during 

different time windows, specify neuronal fate. P-FR and E-PG are born during late divisions 

of their respective progenitors, defined by the expression of Eyeless (Ey); by contrast P-EN 

and P-FN descend from early progenitor divisions, which express Dichaete (D; Fig.4J). Ey is 

absolutely required to promote the P-FR anf E-PG, and at the same time inhibit P-EN and P-

FN (Sullivan et al., 2019). Loss of ey results in the absence of E-PG neurons and ectopic P-

EN cells.

Hemilineages and sublineages as functional modules

The significance of clonal relationships in the construction of functional circuitry has been 

assessed in different regions of the Drosophila CNS. Two lineages forming part of a pathway 

(the anterior visual pathway or AVP) that conducts visual input from the optic lobe to the 

central complex illustrate the principle that many lineages form functional neuronal classes 

defined by discrete response properties. The AVP begins with neurons located in the medulla 

of the optic lobe; from here, visual information reaches the anterior optic tubercle (AOTU), 

followed by the bulb (BU) and, finally, the ellipsoid body (EB) of the central complex 

(Fig.4D). Two discrete hemilineages, DALcl1/AOTUv3 d and DALcl2/AOTUv4 d, produce 

the neurons that connect the anterior optic tubercle with the bulb (Fig.4D, H). 
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Neuroanatomical analysis and two-photon calcium imaging revealed that DALcl1 d and 

DALcl2 d form two parallel channels with different functional properties. DALcl1 d neurons 

possess small, retinotopically ordered receptive fields, and preferentially respond to bright 

objects presented to the ipsilateral eye. In contrast, DALcl2 d neurons possess, large 

overlapping receptive fields; they are excited by bright objects presented to the contralateral 

eye, and inhibited as the stimulus moves into the ipsilateral field (Fig.4D’). In a similar 

manner, the previously mentioned sublineages of neuroblasts DM1–4, including PF-R, E-

PG, P-EN, and P-FN, also subserve distinct functions. For example, E-PGs are required in 

navigation behavior (Giraldo et al., 2018; Green et al., 2017); elimination of these cells, 

resulting from a loss of ey-expression, abolishes the flies’ ability to orient relative to bright 

focal stimuli (“virtual sun”), leaving other aspects of motor control intact (Sullivan et al., 

2019).

Another prominent example of hemilineages representing functional modules is that of the 

ventral nerve cord (VNC), the analog of the vertebrate spinal cord. Like the brain, the VNC 

is comprised of neurons that for the most part arise during the secondary phase of neuroblast 

proliferation. Secondary neuroblasts and their lineages have been mapped from the larval to 

adult stage (Shepherd et al., 2016; Truman et al., 2004). As they form the majority of VNC 

interneurons, interacting with sensory afferents from the body and motorneuron efferents 

controling the muscles, Harris et al. (2015) hypothesized that lineally organized neuronal 

ensembles would also be functionally organized to somehow coordinate locomotor 

behaviors. Utilizing a novel suite of genetic tools, they were able to stably and specifically 

label individual hemilineages in the fly VNC and document their anatomical characteristics 

(Fig.4K). In addition to simple labeling, they expressed a heat-sensitive ion channel in 

specific hemilineages and assessed the behavioral consequence of targeted activation of 

these neurons. Interestingly, hemilineage-specific activation led to a stereotyped behavioral 

response, the type and complexity of which correlated with the projection location and 

spatial distribution of hemilineage neurites (Harris et al., 2015; Fig.4K–M).

Lineages as structural and functional modules: Vertebrates

What role, if any, do developmentally defined lineages play in defining anatomical modules 

in the mature brain of vertebrates? Neural progenitors of vertebrates remain part of the 

neurectoderm throughout their proliferatory history. For a long period, their mode of 

division is symmetric, resulting in an exponential growth of the size of the neurectoderm 

(see above). The number of neural progenitors is not invariant and, at least in the 

mammalian system, very large. The first question that arises when studying clones of cells 

derived from individual neural progenitors is at what stage the given progenitor was labeled. 

Early induction, during the phase of symmetric division of neural progenitors, must 

invariably lead to large, heterogenous clones distributed widely over the brain (McCarthy et 

al., 2001; Price and Thurlow, 1988; Walsh and Cepko, 1988; 1992). But at what time point 

in the life of a neural progenitor does it make sense to expect this cell to constitute a discrete 

founder of a structural or functional module, akin to a neuroblast in the fly? Recent work 

focusing on mouse cerebral cortex development has brought us closer to address this 

question (Gao et al., 2014). Thus, as described above, clones of cells generated during the 

neurogenic phase of proliferation form radial columns of contiguous cells, called 
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“ontogenetic columns”. Experimental data support the idea that neurons belonging to such 

ontogenetic columns become indeed anatomically and functionally closely connected in the 

mature cortex. Before reviewing these data, a brief discussion of the term and concept of a 

“cortical column” will be helpful.

Anatomically and functionally defined columns in the mammalian cortex

Quite different entities within the mammalian cerebral cortex have been called columns. In 

the anatomical sense, the term can refer to “microcolumns”, which are visible on 

histological stains of mammalian brain slices as radially oriented, linear arrays of 50–80μm 

diameter. Quantitative studies of human brain estimated that microcolumns contain an 

average of 11 neurons (Jones, 2000; Rockland, 2010; Fig.5A). On the other hand, much 

larger groupings of cortical neurons are referred to as columns, including the ocular 

dominance columns in the visual cortex, or the whisker-specific barrels in the somatosensory 

cortex (Feldmeyer et al., 2013; Lang et al., 2011; Lübke and Feldmeyer, 2007; Fig.5B). 

These “macrocolumns”, which are almost ten times larger in diameter than the 

microcolumns, often correspond to physiologically detectable modules in the cortex. As 

early as the 1950’s, Vernon Mountcastle suggested that the mammalian cortex exhibits a 

columnar organization; these so-called “cortical columns” were proposed to behave as the 

elementary computational unit of the brain (Mountcastle et al., 1955). Evidence that cortical 

columns operate as functional units were supported by the studies of Hubel and Wiesel in 

the cat visual cortex, who observed that neurons located within a given column were 

similarly tuned, that is, responded to the same or similar stimulus (Hubel and Wiesel, 1962; 

1968).

Anatomically, macrocolumns are not as clearly defined as microcolumns. Typically, adjacent 

macrocolumns are not rigidly separated, but interdigitate, or blend into each other. Dendritic 

arborizations of a neuron located within a given, functionally defined macrocolumn cross 

column boundaries into neigboring territories (Fig.5B). Also axonal input may cross column 

boundaries. Significantly, as in the case of the well studied somatosensory columns in the 

rodent or primate cortex, one type of input (e.g., thalamocortical afferents) may be highly 

localized and confined to a column (Fig.5B, arrow), whereas a second type maybe much 

more divergent, crossing column boundaries (Lang et al., 2010; Lübke and Feldmeyer, 2007; 

Fig.5B, arrowheads). These complications have led to numerous ongoing debates concerning 

the question “what is a column” [see, for discussion, previous reviews by Herculano-Houzel 

et al. (2008), Rakic (2008), Rockland (2010), among others].

Microcolumns as developmentally defined ontogenetic columns

The studies of mammalian brain development discussed in the previous section 

demonstrated that progenitors of the neocortex located in the ventricular zone divide 

asymmetrically and “bud” off cells which migrate apically or vertically along long processes 

made by the radial glial cells to their final destination where they differentiate, eventually 

distributing into the six cortical layers (Rakic 1971, 1972). Neurons which derive from a 

single progenitor appear to form vertical columns, called ontogenetic column, which could 

be retained even into the adult (Rakic, 1988). This concept is referred to as the radial unit 

hypothesis; it posits that a radial glial cell (neural progenitor) not only sequentially generates 
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neurons, but also serves to guide neurons out of the VZ along long processes. Neurons 

migrate radially and minimally laterally, forming vertical columns extending the depth of the 

cortex and its six layers. Neurons end up in cortical layers in an inside-out fashion, with cells 

born first lying in deeper layers, and neurons born later in more superficial layers (reviewed 

in McConnell, 1988; Rakic, 1974; 1978, 1988).

Early attempts of experimental clonal analysis, mainly based on retroviral labeling of 

random, sparse assemblies of individual progenitor cells contributed numerous new insights 

into the gradual acquisition of cell fate, but were not able to provide support for the concept 

of ontogenetic columns or the radial unit hypothesis. These studies (e.g., Luskin et al., 1988; 

Price and Thurlow, 1988; Walsh and Cepko, 1992; Tan et al., 1998) yielded clones of 

different cell numbers and distributions; in many cases, neurons were distributed widely 

along the horizontal plane, casting doubt on the idea that progeny of an individual radial 

glial progenitor should remain together. However, early studies lacked in spatial and 

temporal resolution, and did not conceptually distinguish between pyramidal neurons and 

local interneurons that, as we know now, originate from completely different locations and 

follow different proliferatory and migratory patterns (Fig.2H1; see also below). Only more 

recently developed techniques, among them MADM (Mosaic Analysis with Double 

Markers; Hippenmeyer et al., 2010; Zong et al., 2005; Gao et al., 2014), were able to 

precisely define the time point and type of progenitor in which the genetic label was 

activated, and visualized for the first time the ontogenetic column in mouse cortex. These 

studies confirmed the earlier radial unit hypothesis, showing that radial glial progenitors 

from E10.5 onward generated clones of neurons that initially migrated along the glial 

process of origin, and then stayed together as a radial column (Fig5.C, D).

Ontogenetic columns as functional units

When combining single progenitor lineage tracing with physiological characterization of 

clonally-related sister neurons the functional role of lineage, at least for excitatory cortical 

neurons, become apparent. Li et al. (2012) turned to the mouse visual cortex; their method 

allowed them to identify GFP-labelled, clonally-related sister neuron pairs. Injection of 

calcium indicator dye near the labeled pair allowed them to optically record the activity of 

this pair, along with unlabeled, presumably non-sister neighboring neurons, using two-

photon excitation microscopy. By presenting the mice with a wide-field grating visual 

stimulus with different orientations, they found that clonally-related sister neurons prefer 

similarly oriented visual stimuli, a correlation that was not observed between clonally-

related and unrelated neurons (Li et al., 2012; Fig.5E). Similarly, Kondo et al. (2016) noted 

that neurons with similar orientation preference were clustered vertically in a volume that 

corresponded to part of a microcolumn.

The similar tuning properties of sister cortical neurons makes sense considering the results 

of other studies, showing that clonally-related neurons exhibit preferential chemical synaptic 

interactions (Yu et al., 2009), a property dependent upon transient electrical coupling via gap 

junctions during early development (Li et al., 2012; Yu et al., 2012). Lineage-specific 

electrical communication enhances the synchronous firing of these neurons, which is 

thought to underlie the preferential synaptic wiring observed later in development (Fig.5F). 
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Transcriptional regulation of cell adhesion genes, or birthdate-dependent migration and 

“inside-out” patterning, may also contribute to connectivity between clonally-related 

neurons (He et al., 2015; Lv et al., 2019; Tarusawa et al., 2016). Thus, a framework for the 

role of lineage in sculpting vertebrate brain circuits has emerged; clonally-related sister 

neurons from a given progenitor talk to each other early and often, growing radially into a 

column to process information as a group.

Does lineage play a role in sculpting every neural circuit? In the case of GABAergic 

interneurons of the cortex, the answer seems debatable. Most cortical interneurons derive 

from the medial ganglion eminence and preoptic area, which migrate tangentially to 

populate multiple laminae of the cortex (reviewed in Batista-Brito and Fishell, 2009; 

Fig.2H1). Brown et al. (2011) and Ciceri et al. (2013) suggested that clonally-related 

interneurons tend to form non-random, spatially-discrete clusters, with both intralaminar and 

interlaminar distributions. Clonally related interneurons are electrically coupled, but show 

no preferential connections via chemical synapses (Zhang et al., 2017; Fig.5G). However, 

related interneurons do establish chemical synapses to shared sets of pyramidal neurons 

(Fig.5H). Other studies challenged the assertion of clustering, suggesting that there does not 

seem to be a clear relationship between lineage and the spatial distribution of cortical 

interneurons (Harwell et al., 2015; Mayer et al., 2015). The discrepancy may lie in the 

methodology; the former utilized selective and stable fluorescent labeling of individual 

progenitors and their progeny, whereas the latter utilized retrovirus-based barcoded libraries 

as a readout. Although follow up rebuttals from each group acknowledge certain shared 

conclusions and advantages and/or disadvantages of their respective approaches (Mayer et 

al., 2016; Sultan et al., 2016), the debate seemingly continues.

Conclusion: Ontogenetic modules in vertebrates and Drosophila

The picture that emerges in vertebrate brain development is that cortical macrocolumns are 

composite structures that contain hundreds of ontogenetically specified microcolumns 

(Fig.5I). The defining feature of a macrocolumn is functional and anatomical, but not 

lineage-related. Considering the example of the macrocolumns outlined by the barrels in the 

rodent somatosensory cortex, it is the pool of trigeminal and thalamic afferents innervated 

by one whisker that determines the size/cell number of one cortical barrel, and not a 

predetermined set of lineages within the cortex (Jhaveri et al., 1991; Killackey and Belford, 

1979; Schlaggar and O’Leary, 1993; 1994; Senft and Woolsey, 1991; Fig.4E). Likewise, the 

size of visual cortical columns depends on afferents from the geniculate nucleus 

(Hubermann, 2007; Penn and Shatz, 1999). The macrocolumn (in sensory cortical domains) 

could be considered then as a functional module, comprising the circuitry required to 

process the sensory input from a discrete set of spatially or functionally related afferents. 

Towards this end, afferents invading the developing cortex recruit a relatively large number 

of small, contiguous ontogenetic modules to become part of the macrocolumn. Ontogenetic 

columns may provide “conveniently sized” packages of highly interconnected neurons, 

which may subserve discrete subroutines within the overall operation of the macrocolumn.

In contrast, ontogenetic modules formed by lineages in the Drosophila brain are much larger, 

relative to overall brain size, compared to vertebrate microcolumns. The entire (central) 
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brain of Drosophila is formed by lineages/sublineages that number in the hundreds, rather 

than the millions or even billions that stand for microcolumns of the mammalian cortex. 

Drosophila lineages/sublineages are also much more different from each other anatomically 

and functionally than the relatively homogenous microcolumns, as discussed for DALcl1 

and DALcl2 (see section 3 above) which innervate largely non-overlapping dendritic and 

axonal territories, and include neurons that are tuned to completely different visual stimuli 

(Omoto et al., 2017). It should be noted that modular structures that are not controlled by 

lineage descent also exist in invertebrates; a notable example is the Drosophila compound 

eye, which is formed by strictly invariant units (ommatidia) whose cellular components are 

assembled by a cascade of cell-cell interactions (Treisman, 2013).

The comparison between the vertebrate and insect mode of building ontogenetic modules 

reveals several fundamental differences, one of them being the time point in development at 

which a genetic switch seals the fate of neurons generated by a given progenitor cell, 

molding these neurons into a coherent structural/functional module. In Drosophila, this time 

point is early, occurring right with the birth of the progenitor (neuroblast) from the 

neurectoderm, thus giving the progenitor many divisions to produce a relatively large 

module. In vertebrate (considering mouse cortical development) the corresponding time 

point is much later. Initially, neural progenitors within the neurectoderm undergo many 

rounds of symmetric divisions, in which progeny does not appear to be bound together by 

intrinsically expressed genetic factors. Only following the onset of asymmetric, neurogenic 

divisions does the formation of ontogenetic modules set in, and that stage the progenitor 

produces only a small number of neurons, from 8 or so in mouse to possibly a few hundreds 

in larger mammals, where intermediate progenitors multiply the progeny of an 

asymmetrically dividing progenitor (Gao et al., 2013). Once more detail has come to light, it 

will be informative to compare the principles of how brain circuits are wired, and how they 

function, under the conditions exemplified by mammalian cortex and Drosophila central 

brain.
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Highlights

• Cell lineages are developmentally-genetically and anatomically-functionally 

defined modules of the brain

• Progenitors of lineages (neuroblasts) in insects are formed at an early stage

• Insect neuroblasts produce a relative small number of large, diverse lineages

• Progenitors of lineages (radial glia) in vertebrates are formed late after a 

phase of symmetric amplifying divisions

• Vertebrate neural progenitors generate a large number of small lineages
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Figure 1. 
Structure and origin of neural lineages in Drosophila. (A) Lateral surface view of Drosophila 
embryo at a stage shortly after gastrulation. Large ectodermal domain forming part of the 

head (procephalic neuroectoderm; origin of the brain) and the trunk (ventral neuroectoderm; 

origin of ventral nerve cord) gives rise to neural lineages. White lines and lettering delineate 

segmental units (An antennal segment; Ic intercalary segment; C2–3 gnathal segments; T1-

T3 thoracic segments; A1–8 abdominal segments). (B, C) Cross sections of ventral 

neuroectoderm before (B) and after (C) neuroblast segregation. Expression of bHLH genes 

of the Achaete-Scute-Complex divide the neuroectoderm into an orthogonal pattern of 

proneural clusters (dark lilac). Notch-Delta signaling within proneural clusters (inset) selects 

one cell that delaminates as a neuroblast (C). (D) Top: Pattern of neuroblasts of one 

Drosophila abdominal hemisegment. Each neuroblast is a unique cell (1–1 to 7–4), defined 

by its time of delamination, position, and combinatorial expression of transcription factors 

and signaling molecules (see key to color code on the left of panel; after Doe, 1992, with 
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permission). The neuroblast pattern is highly conserved among different insect taxa, as 

exemplified by the coleopteran Tribolium castaneum (bottom of panel; after Biffar and 

Stollewerk, 2014, with permission). (E, E’) Schematic cross-sections of insect embryo at 

sequential stages of development, illustrating characteristics of neural progenitors in insects. 

Top panel depicts epithelial neuroectoderm (blue) from which neural progenitors (lilac) 

originate. Insect neural progenitors (neuroblasts) delaminate and initiate a series of 

determinate, asymmetric divisions, giving rise to intermediate progenitors (magenta) called 

ganglion mother cells (GMCs). GMCs typically undergo one more mitosis into two neuronal 

(or glial) precursors (orange) which subsequently differentiate into neurons (red). Inset (E’) 

shows details of neuroblast division. Freshly delaminated neuroblast (N0) divides 

asymmetrically into apical second generation neuroblast (N1,2…) and basal ganglion 

mother cell (GMC1,2…). Ganglion mother cells undergo one terminal mitosis into 

molecularly different neurons (1A, 1B). (F) Structure of neural lineages in insects. 

Canonical proliferation pattern, delineated in panel (E), results in a type I lineage. Neurons 

born as “A” daughter cells and “B” daughter cells of ganglion mother cells represent the A 

and B hemilineages. Neurons born sequentially in a defined time window define a 

sublineage. Certain subsets of neuroblasts of the brain generate type II lineages, whereby 

neuroblasts produce intermediate progenitors, which, in turn, each behave like a type I 

neuroblasts, generating neurons via ganglion mother cells. (G, H) Generation and 

proliferation of neural progenitors in chelicerates (spiders; G) and urochordates (sea squirts; 

H). In these phyla, parts of the neuroectderm invaginate as multiple small “neurogenic pits” 

(in chelicerates, as well as other arthropod taxa) or single large neural tube (in urochordates, 

as well as the closely related vertebrates). Prior to the birth of neural precursors or 

intermediate progenitors, the neuroepithelium (blue) undergoes a phase of abundant 

symmetric divisions.
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Figure 2. 
Early neurogenesis in the vertebrate embryo. (A) Lateral surface view of amphibian embryo 

after gastrulation. Dorsal neuroectoderm (neural plate; purple) gives rise to the brain 

(anterior neural plate, left) and spinal cord (posterior neural plate, right). (B-D) Cross 

section of neural plate (B) and neural tube (C). (D1, D2) depict enlarged subsections of 

neuroepithelium at an early phase (D1) and later phase (D2) of progenitor cell proliferation. 

The vertebrate neuroectoderm remains configured as a layer of neuroepithelial progenitors 

surrounding an inner lumen (ventricle). Progenitors initially divide symmetrically, resulting 
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in an expansion of the neuroepithelium (D1). During a later phase, asymmetric (neurogenic) 

divisions generate primary neurons which delaminate from the ventricular layer (D2), 

whereas other daughter cells remain at the ventricular surface to continue dividing. (E-G) 

Small clones of primary neurons (E, F) and neuroepithelial progenitors (G) in Xenopus (E, 

G; from Hartenstein, 1989, with permission) and zebrafish (F; from Papan and Campos-

Ortega, 1997, with permission) labeled by dye injection into individual cells at neural plate 

stage. (H1–4) Neural proliferation in mouse. Schematic cross sections of neuroepithelium at 

different stages of development. Early divisions of neural progenitors are symmetric, 

resulting in a great expansion of the neural tube (H2; prior to E10.5). Between E10.5 and 

E12.5, neurogenic mitotic activity commences (H3). Individual progenitors, now called 

apical radial glia (aRG), undergo a series of asymmetric divisions that give rise to 8–9 neural 

precursors and/or intermediate progenitors (H4; around E16.5). These cells remain in close 

contact and form an ontogenetic column (see also Fig.5C, D). Intermediate progenitors form 

the subventricular zone (SVZ). In mouse, these cells typically undergo only one more 

terminal division. Notch/Delta signaling promotes the fate of ventricular epithelial 

progenitors, as opposed to neural precursors or intermediate progenitors (inset in H2/3). (I1–

2) In large mammals (e.g., primates) with folded cortex the subventricular zone splits into an 

inner and outer subventricular zone (iSVZ and oSVZ), respectively. Neural progenitors of 

the ventricular layer lose contact to the pial surface (“truncated radial glia”, tRG); 

progenitors of the oVZ (“basal radial glia”, bRG) continue to divide for an extended period, 

producing predominantly neurons of superficial cortical layers (from Nowakowski et al., 

2016, with permission). (J1–4) Neurogenesis in the dorsal forebrain of different vertebrate 

clades (J1: reptiles, amphibians, fishes; J2: birds; J3: rodents; J4: primates; from Cardenas 

and Borrell, 2019, with permission). In anamniotes and reptiles, epithelial progenitors of the 

ventricular layer (apical radial glia; blue) directly give rise to postmitotic neural precursors 

(red) which form a basal neural layer (NL; “direct neurogenesis”). In birds, apical radial glia 

not only give rise to neural precursors, but also to mitotically active intermediate progenitors 

(magenta) which populate a subventricular zone (SVZ; “indirect neurogenesis”). This mode 

of indirect neurogenesis accounts for an increased number of neurons generated from the 

neuroepithelium. Indirect neurogenesis is even more pronounced in mammals, where 

neurons form a multilayered cortical plate (CP). Large mammals with a gryrated cortex 

show a dramatic expansion of intermediate neural progenitors, forming an inner and inner 

(iSVZ) and outer subventricular zone (oSVZ).
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Figure 3. 
Neural proliferation and specification of neural fate. (A, B) Transcriptional regulators 

determining neural fate subdivide the neuroectoderm into discrete domains. (A) depicts 

schematic cross section of Drosophila ventral neuroectoderm following neuroblast 

delamination; the genes vnd, ind and msh are expressed in longitudinal columns of 

neuroectoderm and resulting neuroblasts. (B) shows expression pattern of Hox genes (lab, 
pb, Dfd, Scr, Antp, Ubx, abdA, abdB) and head gap genes (otd, ems) in discrete domains of 

neuroectoderm and neuroblast layer along the antero-posterior axis. (C) A cassette of 

sequentially expressed transcription factors, conisting of Hunchback (Hb), Kruppel (Kr), 

Nubbin (Nub), Castor (Cas) and Grainyhead (Grh), specifies the fate of embryonic 

Drosophila neuroblasts. Direct interactions between these factors orchestrate the temporal 

dynamics of their expression (from Allan and Thor, 2015, with permission). (D, E) The 

expression pattern of transcriptional regulators, many of them homologous to those 

discovered in Drosophila (see conserved color coding between panels A and D), divide the 

neural tube into longitudinal columns. The vnd homolog Nkx2.2, as well as Nkx6.1, 

activated by high levels of the signal Sonic hedgehog (Shh), are expressed in nested columns 

adjacent to the floor plate (E). Other transcription factors (e.g., Pax6, Dbx2, Irx3, Msx1/2, 

Gsx1/2) are activated by a dorsally originating BMP signal. Inhibitory interactions among 

the transcription factors delineate subdomains, as exemplified by the MN domain that gives 

rise to motor neurons and oligodendrocytes (E).
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Figure 4. 
Lineage-based architecture of the Drosophila brain. (A) Schematic of the Drosophila brain, 

illustrating representative lineages (BAla1/ALv, BAmv3/ALad1, BAmv1/LALv1, DALv2/

EBa1, DALcl1/2/AOTUv3, MB1–4, DM1–4) and the compartments innervated by them. 

BAla1 and BAmv3 both form projection neurons connecting the antennal lobe (olfactory 

center) with the mushroom body; however, they differ in dendritic geometry (inset at lower 

left), with BAla1 forming wide-spread multiglomerular branches, and BAmv3 narrow, uni- 

or bi-glomerular branches. (B, C) Z-projections of frontal confocal sections of adult fly 
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brain, illustrating GFP-labeled clones of lineages BAmv3/ALad1 and BAmv1/LALv1, 

respectively. (D-H) Lineage-based composition of the anterior visual pathway (AVP), which 

conducts visual information from the optic lobe via anterior optic tubercle and bulb to the 

ellipsoid body, as shown schematically in (D). Two hemilineages, DALcl1/AOTUv3 d and 

DALcl2/AOTUv4 d [inset at upper left of (D); GFP-labeled in confocal image shown in (H)] 

form parallel pathways between discrete subdomains of the tubercle and bulb. Based on 

Calcium-imaging of these neuron populations, DALcl1 d neurons react in a retinotopic 

manner to small stimuli in the ipsilateral visual field; DALcl2 d neurons do not show any 

retinotopy, and are active when stimulated contralaterally, as well as after cessation of the 

stimulus [inset at bottom left of (D)]. Lineage DALv2/EBa1 generates neurons that continue 

the parallel visual pathways from bulb to ellipsoid body (inset at bottom right of D). Early 

born (outer ring) neurons connect the superior bulb to the periphery of the ellipsoid body 

(OR); later born (inner ring) neurons project from inferior bulb to ellipsoid body center [IR; 

panels (F, G) and inset at bottom right of (D)]. (I, J) Sublineages of the type II neuroblasts 

DM1–4 form discrete classes of columnar neurons of the central complex (P-FR, E-PG, P-

EN, P-FN), born during different time intervals from different intermediate progenitors 

(INPs; panel J). Early INP offspring are specified by expression of Dichaete; late offspring 

by Eyeless (from Sullivan et al., 2019; with permission). (K-M) Hemilineages form spatially 

and functionally discrete populations of interneurons in the ventral nerve cord. (K, Left) 

Schematic frontal sections of ventral nerve cord with domains innervated by lineages 

indicated (10B, 6A, 3B, 23B, 12B, 13B, 5B, 20A/22A) rendered in colors. (K, right) Types 

of behaviors preferentially elicited by stimulating hemilineage indicated. (L, M) Z-

projections of frontal confocal sections of ventral nerve cord, showing GFP-labeled 

hemilineages 10B (elicits walking and wing beat) and 20A (involved in leg posture; from 

Harris et al., 2015, with permission).

Hartenstein et al. Page 36

Dev Biol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Significance of cell lineage in the mammalian cerebral cortex. (A) Nissl-stained frontal 

section of the human cerebral cortex, showing columnar arrangement of neuronal cell bodies 

(from Jones, 2000, with permission). (B) Digital 3D reconstruction of five neighboring 

barrel columns in rat somatosensory cortex. Branched neurite trees of different types of 

neurons are rendered in different colors (after Egger et al., 2014; with permission by Dr. 

Marcel Oberlaender). Macrocolumns are spatially well separated in cortical layer IV 

(arrow), but not in deep or superficial layers (arrowhead). (C) Neurons derived from one 
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apical radial glia progenitor at the onset of neurogenic divisions form a coherent ontogenetic 

column (GFP-labeled; from Gao et al., 2014, with permission). (D) Sibling neurons forming 

part of one ontogenetic column have direction preference. Shown at the left are tangential 

confocal sections of the visual cortex at two different depths. Sibling neurons appear in 

magenta, general neurons in green. To the right are polar plots of orientation tuning of 

neurons #1–8. Note similar tuning of siblings #1 and 5 (from Li et al., 2012, with 

permission). (E) Sibling neurons are strongly electrically coupled by gap junctions (purple) 

during the first postnatal weeks (P1-P6). At a later stage, the same neurons form 

preferentially chemical synapses (orange) among themselves (from Gao et al., 2013, with 

permission). (F) Schematic representation of relationship between microcolumn and 

macrocolumn. Numerous adjacent microcolumns, representing developmentally based 

ontogenetic columns, are bundled into larger units (macrocolumns) by shared thalamic input 

(e.g., afferents from a single vibrissa) or other connections.

Hartenstein et al. Page 38

Dev Biol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Neural progenitor proliferation and lineages: Drosophila and other invertebrate systems
	Neuroblast specification and internalization
	Neuroblasts produce fixed lineages by asymmetric division
	Early neurogenesis in other invertebrates

	Neural progenitor proliferation and lineages: Vertebrates
	Formation and growth of the neuroectoderm
	Neural proliferation
	Proneural genes and Notch signaling in vertebrate neurogenesis

	Neural progenitor proliferation and the specification of neuronal fate
	Drosophila neuroblasts express intrinsic determinants of cell fate in spatially and temporally restricted manner
	Intrinsic determinants of neural fate in vertebrates

	Lineages as structural and functional units: Drosophila
	Neuroblasts generate lineages with discrete anatomical features
	Lineages or hemilineages can be divided into smaller building blocks
	Hemilineages and sublineages as functional modules

	Lineages as structural and functional modules: Vertebrates
	Anatomically and functionally defined columns in the mammalian cortex
	Microcolumns as developmentally defined ontogenetic columns
	Ontogenetic columns as functional units

	Conclusion: Ontogenetic modules in vertebrates and Drosophila
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

