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Abstract

Of all brain regions, the 6-layered neocortex has undergone the most dramatic changes in size and
complexity during mammalian brain evolution. These changes, occurring in the context of a
conserved set of organizational features that emerge through stereotypical developmental
processes, are considered responsible for the cognitive capacities and sensory specializations
represented within the mammalian clade. The modern experimental era of developmental
neurobiology, spanning 6 decades, has deciphered a number of mechanisms responsible for
producing the diversity of cortical neuron types, their precise connectivity and the role of gene by
environment interactions. Here, experiments providing insight into the development of cortical
projection neuron differentiation and connectivity are reviewed. This current perspective integrates
discussion of classic studies and new findings, based on recent technical advances, to highlight an
improved understanding of the neuronal complexity and precise connectivity of cortical circuitry.
These descriptive advances bring new opportunities for studies related to the developmental
origins of cortical circuits that will, in turn, improve the prospects of identifying pathogenic targets
of neurodevelopmental disorders.

1. INTRODUCTION

The mammalian neocortex is responsible for a wide array of nervous system functions
spanning sensory, motor, cognitive and social-emotional domains. The complex cortical
circuits that evolved to support these functions have been a central subject of neuroscience
research for more than one hundred years and are currently being studied with an impressive
degree of precision. Recent studies have begun to reveal surprising levels of neuronal cell-
type diversity and specificity in the wiring of cortical circuits. These new findings raise
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intriguing questions about how such complexity and specificity emerge during the ontogeny
of the neocortex. While addressing such issues promises to fulfill an intellectual curiosity,
new studies using a combination of advanced technologies hold promise of identifying
critical points of vulnerability in the construction of neocortical architecture that may be
centrally involved in the pathogenesis of neurodevelopmental and psychiatric disorders.

The development of neocortical circuitry is rooted in evolutionarily conserved, stereotypical
histogenic processes that include cell proliferation, neuron and glial production, neuronal
migration, neuronal differentiation (molecular and structural), axon pathfinding and target
innervation, synaptogenesis and maturation, synaptic pruning and cell death. In humans,
cortical histogenesis is very protracted, beginning in the early first trimester and extending
through puberty. In rodents, from which much of our mechanistic understanding arises, the
process is much more rapid, as basic synaptic connectivity maps are established two to three
weeks into postnatal development, less than one month after the first neurons of the cortex
are produced during mid-gestation. This review focuses predominantly on aspects of cortical
development that are under genetic control, but the development of the cortex is sensitive to
environmental influences for periods that overlap with and extend beyond the initial aspects
of circuit formation. Experiments demonstrating the effects of environmental perturbations
on the developing cortex are lightly touched upon in this article, but we refer readers to
excellent reviews on cortical plasticity (Larsen and Krubitzer, 2008; Espinosa and Stryker,
2012; Levelt and Hibener, 2012), as in depth discussion of this topic is beyond the scope of
the present review. The goal here is to integrate current knowledge across interrelated epochs
of development to provide a synthesis that highlights experimental opportunities related to
genetic mechanisms of cortical circuit formation. Further, the article places an emphasis on
the increasingly precise descriptions of cortical neuron diversity provided by application of
advanced sequencing methods in the context of anatomically and electrophysiologically
defined cell types (Cadwell et al., 2016; Fuzik et al., 2016; Klingler et al., 2018), and across
the full range of connectivity discussed in the article (i.e. local and long-range cortical
circuits). The review includes the current understanding of histogenic events in rodents and
primates, though there is greater emphasis on the former. This is due to greatly improved
cellular resolution combined with recent advances in genetic engineering to create
opportunities for more detailed mechanistic studies of each of the four aspects of cortical
development discussed in this article.

This article mainly discusses the development of excitatory cortical projection neurons that
account for approximately 80% of all neurons in the cortex, and which interact in important
ways with the less numerous inhibitory cortical interneurons that are not discussed in detail
here. The paper delves into four key aspects of cortical ontogeny, the latter two being
relatively immature in terms of a mechanistic understanding compared to knowledge
regarding the earlier aspects of development. First, there is a brief review of the basic
mechanisms by which distinct functional areas of the cortex are produced. Second, the
mechanisms through which the diversity of cortical projection neurons is generated in
defined cortical areas are discussed. Third, the developmental emergence of local synaptic
connectivity is described and knowledge gaps noted. Lastly, current knowledge of long-
distance intracortical connectivity is presented, and potential mechanisms that might guide
its development are discussed.
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PATTERNING THE CORTICAL AREA MAP

The cerebral cortex can be subdivided into many functionally distinct regions that are
involved in processing specific forms of sensory information, generating motor output,
integrating information across sensory modalities, or enabling higher-order cognitive and
executive functions. This regionalization is reminiscent of the centuries old notion that
specific functions can be localized to discrete regions of the cerebrum. In the mid 1800s,
Paul Broca discovered a portion of the left frontal lobe critical to the production of language
as indicated by its consistent atrophy in aphasic individuals (Broca, 1865). This provided
some of the first scientific evidence for the localization of function within the brain. Half a
century later, in 1909, Korbinian Brodmann published his influential comparative
descriptions of cytoarchitectonic subdivisions of the cerebral cortices of humans, non-human
primates, and other mammalian species (Brodmann, 1909). Recent technical advances have
produced heightened efforts to refine the area maps; in both rodents and primates, a far more
complex parcellation is emerging through both non-invasive and invasive connectomics
studies in humans, monkeys and rodents (Gamanut et al., 2018; Somerville et al., 2018; Van
Essen and Glasser, 2018), with several hundred areas in the primate identified. However,
even in the context of this growing complexity, some organizational features, such as the
presence of six layers and the relative size and density of the cells in each layer, are shared
by most, but not all, subdivisions of the neocortex. Yet, the relative thickness and precise
cellular composition of each layer, as well as the primary source of afferent and efferent
axonal connectivity, varies across cortical areas. One commonly referenced area-specific
feature is the lack of a clear histologically-identifiable layer 4 in prefrontal and motor
cortices (but see (Yamawaki et al., 2014)). The developmental basis for the emergence of
shared and unique features of the diverse cortical areas has been a subject of intense research
over the past several decades.

The mechanisms responsible for the generation of the cortical area map were a major focus
of mammalian developmental neurobiology in the final decades of the 20t century. Studies
addressed two principle perspectives with contrasting mechanisms. One hypothesis held that
cortical areas are predefined as a “protomap” within progenitors of the cortical primordium,
which are then translated into the mature cortical area map through the prenatal migration of
area-specified neurons that assemble into ontogenic columns derived from radial units
(Rakic, 1988). The second hypothesis emphasized that equipotent cortical progenitors
remain naive to areal positioning in the form of a “protocortex”, and that arrival of area-
specific thalamic input, postnatally in the rodent and prenatally in primates, was responsible
for driving the parcellation of functional cortical subdivisions (O'Leary, 1989). Much
indirect, descriptive evidence bolstered the protomap hypothesis in the first decades of the
debate. For example, several molecules were found to exhibit gradients of expression within
the ventricular zone and cortical plate of the early cortical primordium prenatally, prior to
the arrival of thalamic afferents (Suzuki et al., 1997; Rubenstein et al., 1999). Additionally,
heterotopic cortical transplant experiments in rats demonstrated the persistence of a
molecular signature of limbic cortical neurons when progenitors and neurons from limbic
domains were transplanted into somatosensory cortex (Barbe and Levitt, 1991). Then, in the
late 1990s and early 2000s, several studies provided more direct evidence in support of the
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protomap hypothesis. First, Rubenstein and colleagues demonstrated that Gbx2 mutant mice
do not develop thalamocortical projections, yet develop normal patterns of cortical region-
specific gene expression (Rubenstein et al., 1999). This provided the first definitive evidence
that thalamic innervation was nonessential for generating the fundamental blueprint of the
cortical area map, and suggested that the process of cortical area formation must depend on
patterning mechanisms that operate within the telencephalon. This conclusion was supported
by similar observations in the Mash1 mutant mouse reported later the same year (Nakagawa
et al., 1999). Shortly thereafter, the experiments of Tomomi Shimogori and Elizabeth Grove
discovered that a patterning center intrinsic to the telencephalon controlled the size and
positioning of cortical areas. A secreted morphogen, fibroblast growth factor 8 (Fgf8),
released from the commissural plate at the rostromedial end of the telencephalon, was shown
to regulate cortical area size and position along the rostral-caudal axis (Figure 1) (Fukuchi-
Shimogori and Grove, 2001). Expression of Fgf8 in this region begins at the earliest stages
of mouse corticogenesis, around embryonic day 9 (Crossley and Martin, 1995). The
necessity of this rostral signal for proper areal patterning of the cortex garnered its name, the
rostral patterning center. Over-expression of Fgf8 from the rostral patterning center causes
an enlargement of rostral (e.g. motor cortex) cortical areas and a posterior shift and
shrinkage of caudal (e.g., somatosensory and visual cortex) territories (Fukuchi-Shimogori
and Grove, 2001). Conversely, inhibiting Fgf8 signaling causes shrinking of rostral cortical
domains and a rostral shift of caudal areas - all without changing the overall size of the
cortex. Moreover, introducing an ectopic source of Fgf8 at the caudal pole of the cortex
induces the formation of a second barrel field that is inverted relative to the primary map
(Fukuchi-Shimogori and Grove, 2001; Assimacopoulos et al., 2012).

Other morphogens have since been demonstrated to play complementary, yet distinct roles in
patterning the cortex. For example, Fgf17 is expressed in an overlapping, but slightly larger
area of the rostral patterning center (Cholfin and Rubenstein, 2007). Fgf17 mutant mice
display a similar rostral shift in sensory cortical area positioning as that displayed by Fgf8
mutants, but specific frontal cortical regions appear differentially influenced by Fgf8 and
Fgfl7 (Cholfin and Rubenstein, 2008). Additionally, BMPs and Whnts are secreted from the
cortical hem, another key patterning center that extends caudally along the midline of the
cortical primordium (Figure 1) (Grove et al., 1998; He" bert et al., 2002). In human, this
same region, which also serves as the primary source of superficial Cajal-Retzius cells, is
evident by 6.5-7 gestational weeks (Yoshida et al., 2006; Meyer, 2010; Van Essen and
Glasser, 2018). Genetic ablation of the cortical hem causes shrinkage of the neocortex that is
accompanied by rostral area expansion in a manner that resembles the phenotype induced by
rostral Fgf8 overexpression (Caronia-Brown et al., 2014). This phenotype appears to depend
on hem-derived Wnt3a, which antagonizes signaling downstream of Fgf8 (Caronia-Brown et
al., 2014). Together, these studies demonstrate that the induction of cortical fields begins
with the coordinated action of morphogens produced by patterning centers positioned at the
edges of the dorsal telencephalon, during early prenatal development.

Under the influence of the morphogens secreted from the patterning centers at the rostral
and caudal ends of the cortical primordium, several transcription factors develop graded
expression patterns within the ventricular zone of the early cortical primordium, prior to the
arrival of thalamic afferents. Like early patterning of the neural tube accomplished through a
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cascade of mutual repression, factors that are expressed in opposing gradients often serve as
positive regulators of cell type-specific gene expression for the cells that have high
expression, and at the same time, antagonize the influence of the counter molecular gradient.
For example, Couptfl and Emx2 are expressed in caudal-high to rostral-low gradients,
whereas Pax6 and Sp8 are expressed in a reciprocal rostral-high to caudal-low counter-
gradient. Mutation of Couptfl causes dramatic expansion of rostral cortical territories and a
corresponding shrinkage of caudal sensory-related areas (Zhou et al., 2000; Armentano et
al., 2007), though the reduced sensory domains are positioned in the appropriate caudal
locations relative to the enlarged areas within the cerebral hemisphere. Mutation of £mxZ2 or
Pax6 causes reciprocal anterior-posterior shifts in the positioning of early markers of cortical
areas (Bishop et al., 2000; Mallamaci et al., 2000), which result from mutual cross-
repressive interactions between Emx2 and Pax6 (Hamasaki et al., 2004). Similarly, an
interaction between Fgf8 and Emx2 is key to establishing the rostral-caudal axis of the
cortical area map, as mutation of either gene results in the enlargement of the cortical
territory expressing the other gene (Fukuchi-Shimogori and Grove, 2003; Garel, 2003;
Cholfin and Rubenstein, 2008). Additionally, Emx2 appears to play an Fgf8-independent
role in the direct specification of areal identity in cortical progenitors in a dose-dependent
manner (Hamasaki et al., 2004). Importantly, recent studies of the transcription factor Pbx1
have shown that area identity is transcriptionally controled in dorsal pallial progenitors as
well as their post-mitotic neuronal progeny (Golonzhka et al., 2015).

Despite the dramatic changes in area sizes and positions caused by the manipulation of some
of these early patterning genes, the lamination and input-output connectivity of the resized
and repositioned cortical areas appear to develop normally (Bishop et al., 2000; Shimogori
and Grove, 2005; Armentano et al., 2007; Cholfin and Rubenstein, 2007). This suggests that
the mechanisms responsible for patterning the cytoarchitectonic subdivisions of the
neocortex also establish the guidance cues that attract proper area-specific thalamic input
(Leingartner et al., 2003; Shimogori and Grove, 2005). This conclusion is supported by early
heterotopic transplant studies, which demonstrated that neurons committed to a limbic
cortical fate attract thalamic inputs appropriate for the limbic cortex even when transplanted
into somatosensory cortex (Barbe and Levitt, 1992). Thus, the aggregate of two decades of
studies demonstrate that the initial establishment of a fundamental relationship between
cortical area fate and area-specific thalamic innervation depends primarily on mechanisms
intrinsic to the developing neocortex. Thus, there is conclusive support for the protomap
hypothesis, yet it is unlikely to be so simple. There is a large body of literature
demonstrating the capacity of afferent thalamic input to influence cortical cytoarchitecture
phenotypes on many levels. One example of a relatively small-scale change induced by
manipulations of peripheral sensory input comes from the classic studies of Van der Loos
and Woolsey. Their studies demonstrated that cauterization of whisker follicles on the snout
of neonatal mice dramatically alters the formation of the corresponding whisker barrels in
the primary somatosensory cortex (Van der Loos and Woolsey, 1973) - a process that Crair
and colleagues recently found to depend specifically on thalamocortical synaptic
transmission (Li et al., 2013). Additionally, thalamocortical interactions have been shown to
influence cortical organization more broadly. For example, prenatally, it has been shown that
calcium waves propagate across thalamic nuclei of different sensory modalities, and that
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these waves influence the size of specific cortical fields (Moreno-Juan et al., 2017). In
animals that undergo bilateral enucleation during development, primary visual cortical areas
are reduced in size and develop responses to alternate sensory modalities, whereas adjacent
cortical areas grow in surface area and may develop novel cytoarchitecture (Dehay et al.,
1989; Rakic et al., 1991; Kahn and Krubitzer, 2002). Recent studies involving genetic
ablation of specific thalamic nuclei in transgenic mice have further demonstrated that
thalamic input is required to establish the genetic and functional distinctions between
primary sensory cortex and adjacent higher order sensory cortex (Chou et al., 2013;
Pouchelon et al., 2014). The cumulative evidence supports the conclusion that
thalamocortical input provides an additional layer of mechanistic control over cortical area
formation. Importantly, it seems that this extra level of control operates later, in postnatal
development, after the prenatal, intrinsic prepatterning of the area blueprint, to define the
final size of specific cortical territories and the sharpness of their boundaries. In addition to
the robust effects that afferent thalamic innervation contribute to cortical organization, there
is substantial evidence that spontaneous electrical activity within the cortex, which matures
in the rodent from asynchronous, sparse patterns to synchronous, dense activity, contributes
to the formation of cortical columns, neuronal survival and overall cortical organization (for
reviews (Luhmann and Khazipov, 2018).

In summary, development of the mature cortical area map utilizes intrinsic and extrinsic
biological mechanisms. The earliest phases of the process are initiated within the progenitors
of the cortical primordium by morphogens that are secreted from patterning centers at the
edges of the cortical sheet during mid-embryogenesis. These morphogens establish the
anterior-posterior and mediolateral axes within the germinal zone of the prospective cortex
by inducing reciprocal and orthogonal transcription factor gradients that serve as a
coordinate system for progenitor cells. This early blueprint is then translated into distinct
areal boundaries marked by differences in post-mitotic gene expression, which include
guidance cues necessary for each cortical area to connect reciprocally with appropriate
thalamic nuclei. Thalamic innervation refines areal boundaries by influencing the expression
of some of the mature genetic, cytoarchitectural, and functional characteristics that
distinguish cortical subdivisions. These anatomical and molecular events occur in the
context of a dynamic landscape of electrical activity that progresses through phases of
differing neuronal synchrony and dependence on electrical or chemical synaptic
transmission.

3. CORTICAL NEURON SUBTYPE SPECIFICATION

The genetic and thalamic-input dependent processes that influence neocortical area
organization are paralleled by a set of similarly complex mechanisms that contribute to the
emergence of the remarkable diversity of cortical neuron types within each cortical area.
These diverse neuron types can be subcategorized based on several interrelated features,
including morphology, laminar position, input and output connectivity, membrane
biophysical properties, and transcriptomes. Knowledge of the diversity of cortical neurons
has improved dramatically in recent years, particularly due to technical advances that
integrate neuroanatomical, electrophysiological, and molecular profiling methods. This
section focuses primarily on mechanisms involved in the production and maturation of
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specific types of glutamatergic projection neurons, which outnumber inhibitory cortical
interneurons by approximately five to one. Substantial progress also has been made in
understanding the diversification and deployment of interneurons, which though smaller in
number, are arguably even more diverse than excitatory neurons (Bandler et al., 2017;
Wamsley and Fishell, 2017; Lim et al., 2018; Mayer et al., 2018).

In all mammals, excitatory pyramidal neurons are produced prenatally during a well-
delineated period of neurogenesis, followed immediately by a stereotypical “inside-out”
process of cell migration; the neurons that occupy the deep layers of cortex are born first,
thus requiring that later-born neurons migrate radially through the deep layers before settling
in more superficial positions (Angevine and Sidman, 1961; Rakic, 1974). Non-genetic
factors, such as prenatal exposure to drugs or normal neurotransmitter signaling (e.g.
GABA, 5-HT, glycine, glutamate, dopamine) prior to synaptogenesis emerged from
developmental studies in the late 1990s and early 2000s as factors in early cortical
histogenesis (LoTurco et al., 1995; Levitt, 1997; Behar et al., 1999; Owens and Kriegstein,
2002; Vitalis and Parnavelas, 2003; Wang et al., 2003; Rakic, 2006). Experiments in rodents
and non-human primates indicate that neurotransmitters can increase or decrease neuron
production and migration of excitatory neurons produced in the dorsal pallium and
inhibitory neurons produced in the ganglionic eminences. Downstream changes in calcium
and cyclic nucleotide signaling appear to be mechanisms through which the modulation of
these events can occur (Bando et al., 2016). There is renewed interest in this area of
investigation (Ascenzi and Bony, 2017), as most prior studies were performed before the
availability of new tools that enable monitoring neurotransmitter effects on specific neuronal
subtypes, including their molecular differentiation and connectivity.

Early in cortical neurogenesis, individual progenitor cells are multipotent and contribute
neurons to multiple laminar and projection neuron subtypes through successive cell divisions
(Luskin et al., 1988; Walsh and Cepko, 1988). As cortical development proceeds, cortical
progenitor pools undergo pyramidal neuron lineage progression, giving rise primarily to
neurons destined for superficial cortical layers late in development (McConnell, 1988;
McConnell and Kaznowski, 1991; Frantz and McConnell, 1996). The seminal isochronic
and heterochronic transplantation studies by McConnell and colleagues suggested a
progressive reduction in responsiveness of progenitors to environmental cues as
development proceeds (Desai and McConnell, 2000). However, a recent study revisited the
question of whether or not all cortical progenitors undergo progressive lineage potential
restriction. The study used a new tool, known as FlashTag, which enables the selective
labeling and isolation of M-phase apical progenitors (Oberst et al., 2018). Surprisingly, this
study found that heterochronic transplantation of late-stage (E15) apical progenitors into
earlier-stage (E12) developing cortex (akin to the classic experiments by McConnell and
colleagues) lead to reprogramming of the transplanted progenitors and the genesis of deep
layer neurons appropriate to the transplanted host cortical progenitor pool. Thus, it seems
that apical progenitors maintain responsivity to tissue environmental cues late into
development, whereas intermediate progenitors (labeled by BrdU injections, given that they
are in S-phase) lack this responsivity at late stages. Setting the lineage plasticity issue of
different progenitor cell types aside, a preponderance of evidence currently supports the
model that early neocortical progenitors are multipotent and that each generates a diverse
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population of neurons and glia, despite the heterogeneous expression of projection class-
specific markers among some radial glial cells (Luskin et al., 1988; Guo et al., 2013; Gao et
al., 2014; Eckler et al., 2015). It is noteworthy that there has been recent debate about the
possible existence of fate-restricted cortical progenitors (Franco et al., 2012; Guo et al.,
2013; Eckler et al., 2015; Gil-Sanz et al., 2015).

When and how are the many different subtypes of cortical projection neurons produced
during the process of molecular and architectural differentiation? Early isochronic and
heterochronic transplantation experiments demonstrated that a commitment to a deep or
superficial layer neuron fate is made prior to the final cell division (McConnell and
Kaznowski, 1991). However, several studies have identified genes first expressed post-
mitotically that play critical roles in the specification of various cortical projection neuron
subtypes (Arlotta et al., 2005; Alcamo et al., 2008; Britanova et al., 2008; Greig et al.,
2013). Thus, the specification of neuron identities is a multistep process. This process
requires coordination of intrinsic and extrinsic cues occurring at multiple stages as cortical
progenitors progress toward specific cortical neuron fates.

Historically, laminar position of cortical neurons served as a central phenotypic read-out of
cell fate. However, it is clear that the identity of a cortical projection neuron cannot be
defined solely by its laminar position because multiple projection neuron subtypes can
occupy the same cortical layer. Moreover, projection-based features of neuronal identity
appear to be determined independently from laminar identity. For example, neurons that
differentiate in ectopic laminar positions often develop projection phenotypes appropriate
for their date of birth (Caviness, 1980; Jensen and Killackey, 1984; Lodato et al., 2011),
rather than their new ectopic positions. Developmental studies have further demonstrated
that distinct projection neuron subpopulations destined to occupy the same cortical layer can
exhibit specific axonal projections at the earliest migratory stages, prior to neurons reaching
their final laminar positions (Schwartz et al., 1991; Koester and O'Leary, 1993; Hatanaka et
al., 2016). These observations place an emphasis on aspects of fate decisions that are made
at the earliest stages of the differentiation process, perhaps prior to or shortly after the final
cell division during initial neuronal migration. Experimental opportunities to investigate
mechanisms operating during these early windows are afforded by the recent development of
the FlashTag technique, which enables the capture and molecular profiling of isochronic
populations of newborn cortical neurons (Telley et al., 2016; Govindan et al., 2018). It
should be emphasized that early fate decisions are not final, but can be modified for an
extended period of perinatal development. This has been demonstrated by studies involving
reprogramming of cell identity through the ectopic overexpression of fate-specifying
transcriptional regulators (described in detail below) (De la Rossa et al., 2013; Rouaux and
Avrlotta, 2013). Thus, while evidence suggests that some projection neurons begin to
differentiate early along specific projection neuron lineages, the fate-selection process
appears flexible, and likely requires the integration of multiple signals at different points
during the development of projection neuron lineages.

At the lowest level of resolution, projection neurons (PNs) of the neocortex can be
subdivided into three broad classes that are intermixed to varying degrees within individual
cortical layers (Figure 2). The first class comprises the corticothalamic (CT) neurons, which
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are predominantly located within layer 6 and provide a feedback projection to the thalamus.
Second, the pyramidal tract (PT) neurons are located exclusively within layer 5B and are
named such because they extend axons toward the brainstem and spinal cord through the
pyramidal tract. The third, and arguably the most heterogeneous class, are the
intratelencephalic (IT) projection neurons that are present in layers 2-6, and extend axons
toward targets in the contralateral and ipsilateral cortex, striatum, nucleus accumbens, and
other dorsal pallium-derived structures, such as the septum and certain subnuclei of the
amygdala. The IT-type neurons of layer 4 (e.g. spiny stellate, pyramidal, and star pyramidal
neurons) are particularly unique within this class, as their synaptic outputs are confined to
the local cortical area in which the neurons reside and they receive the predominant synaptic
input from the thalamus. Importantly, IT-type neurons co-occupy the infragranular (below
granular layer 4) layers of cortex with neighboring PT and CT neurons (Baker et al., 2018).
Additionally, it is noteworthy that subsets of neurons within the primary classes can project
to multiple targets within their respective projection domains. For example, some IT neurons
send dual projections to two or more cortical areas and to the striatum (Mitchell and
Macklis, 2005; Cederquist et al., 2013; MacDonald et al., 2018), and some PT-neurons send
axon collaterals to higher-order nuclei in the thalamus as well as primary axons to the
brainstem (Deschenes, 1994; Economo et al., 2018). Some of these dual-projecting subsets
are marked by unique patterns of gene expression (Cederquist et al., 2013; MacDonald et al.,
2018). Thus, while it is clear that the three first-order classes can be further subdivided, they
are currently the most commonly referenced classes because of the unambiguous and
categorical differentiation between them based on the anatomical features outlined above, as
well as a number of class-specific electrophysiological, biochemical, and developmental
properties (Harris and Shepherd, 2015). Importantly, each of these three classes is
represented within each cortical area, but neuron number in each subclass, as well as specific
cortical and subcortical areas targeted by each class, vary depending on the
cytoarchitectonically-defined cortical area in which the neurons reside. For example, many
PT type neurons in the motor cortex target the spinal cord, whereas those in the visual cortex
instead target the superior colliculus (Harris and Shepherd, 2015). Additionally, it is
commonly believed that prefrontal and motor cortices do not contain layer 4, but see
(YYamawaki et al., 2014). There is a basic understanding of the developmental processes that
underlie the differentiation of the three major classes of PNs. The mechanisms that influence
the development of the array of PN subtypes that subdivide these major classes and that
comprise later-maturing, area-specific circuits that underlie specific functions remain to be
defined.

The molecular mechanisms governing the specification of the first-order classes of cortical
projection neurons have started to be revealed in recent years. For instance, several
transcription factors that function post-mitotically to regulate the specification of subtypes of
projection neurons have been identified (Figure 3) (reviewed in detail here (Greig et al.,
2013)). Some of the first major advances in this area came from a series of studies that
identified projection class-specific genes through RNA microarray profiling of retrogradely-
labeled and FACS-purified populations of discrete projection neuron subtypes (Arlotta et al.,
2005; Molyneaux et al., 2005). Two transcription factors identified in these seminal studies,
Ctip2 and Fezf2, are each required for the specification of PT-type corticospinal neurons
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(Arlotta et al., 2005; Chen et al., 2005a; Chen et al., 2005b; Molyneaux et al., 2005), with
Ctip2 acting downstream of Fezf2 (Chen et al., 2008). Loss of Fezf2 causes many neurons
originally destined for a PT-neuron fate to upregulate Satb2 and/or Tbrl, and to adopt the
connectivity and electrophysiological characteristics of IT-type or CT-type neurons (Chen et
al., 2008; McKenna et al., 2011; Srinivasana et al., 2012) (Figure 3). Similar cross-repressive
functions, which resemble the cross-repressive regulation of cortical area formation, have
been described for several other cell-class regulating transcription factors, such as Thrl,
Sox5, Ctip2 and Sath2, among others. Thrl and Sox5 enable layer 6 CT neuron development
by binding to regulatory DNA elements near the Fezf2 locus and repressing its high-level
expression to prevent CT and subplate neurons from sending inappropriate PT-like axonal
projections toward the brainstem (Kwan et al., 2008; Lai et al., 2008; Han et al., 2011,
McKenna et al., 2011). Likewise, direct repression of Ctip2 expression appears critical for
Sath2 to properly specify IT-type callosal neurons that project to the contralateral cerebral
hemisphere (Alcamo et al., 2008; Britanova et al., 2008; Srinivasana et al., 2012). Loss of
Sath2 causes ectopic expression of Ctip2 in superficial cortical projection neurons,
accompanied by the growth of their axons toward subcortical targets or through the anterior
commissure rather than the corpus callosum. Thus, antagonistic interactions between the
molecular determinants of alternate cortical projection neuron fates play an essential role in
driving the diversification of and quantitative relations between the variety of PNs.

Recent studies have begun to illuminate the interaction between transcriptional control of
cortical area formation and cell-type specification to evaluate how these developmental
processes relate to one another. A clear example comes from two studies investigating the
transcription factor, Ctipl (Greig et al., 2016; Woodworth et al., 2016). During postnatal
development, Ctip1 expression becomes enriched in sensory cortical domains, such as
somatosensory and visual cortex, compared to motor related areas. Removal of Ctipl
function leads to the “motorization” of sensory cortical areas as measured by connectivity
and molecular markers (Greig et al., 2016). Importantly, this arealization phenotype is
accompanied by an expansion of layer 5 (which is normally thicker in motor cortex than in
somatosensory cortex) and overproduction of PT type neurons at the expense of layer 6 CT
neurons (Woodworth et al., 2016). The balance between the normal production of PT and
CT neurons appears to depend on mutual transcriptional repression between Ctip2 expressed
in PT neurons, and Ctipl expressed in CT and IT neurons. Thus, Ctipl regulates both
arealization and cell-type specification. More mechanistic examples of the link between
cortical area formation and cell type production are likely to emerge and thus further
emphasize the need to recognize cortical area formation and the underlying processes of
cell-type production and maturation as interdependent, rather than entirely separate
developmental phenomena.

Beyond the cross-repressive transcriptional logic that is central to the balanced production of
neurons belonging to the three first-order classes (i.e. IT, PT, and CT neurons), downstream
effector molecules that instruct the development of certain class-specific phenotypes have
been identified. Fez2, which specifies PT-type corticospinal motor neurons, serves as a clear
example linking a master transcriptional regulator to several phenotypes of a specific class
of projection neurons. Fezf2 was found to bind directly to and activate the transcription of a
large group of PT-specific genes, while simultaneously repressing the expression of many
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IT-type genes (Lodato et al., 2014). As a demonstration of its key role in the development of
defining anatomical features of corticospinal motor neurons, Fezf2 was shown to directly
promote the expression of EphB1, which is critical for the proper extension of axons toward
the spinal cord. Additionally, Fezf2 was found to promote a glutamatergic identity and
inhibit GABAergic identity through direct activation or repression of Vg/utl and Gadl,
respectively (Rouaux and Arlotta, 2010; Lodato et al., 2014). Lastly, Fezf2 has been shown
to regulate the local input connectivity of cortical neurons (De la Rossa et al., 2013; Ye et
al., 2015) (discussed in the following section on development of local cortical
microcircuitry). A second example of the development of projection class-specific features is
the expression of axon guidance receptors that operate downstream of the repressive
interaction between Sath2 and Ctip2. The proper expression of the Netrinl receptors DCC
and Unc5C was found to depend on regulation by Satb2 and Ctip2, respectively. Aberrant
expression patterns of these receptors were shown to contribute to the atypical axonal
pathfinding of IT-type callosal neurons observed in Satb2 mutant mice (Srivatsa et al.,
2014). It is important to emphasize that while new details that link the activity of fate-
determining transcription factors to downstream molecular signaling processes are an
intense area of current research, there is presently little known mechanistically about how
class-defining characteristics (other than axon targeting), including morphology, membrane
properties, and afferent connectivity, develop within each cortical projection neuron class.

These examples highlight some of the major progress that has been made toward the
identification of the transcriptional programs responsible for the diversification of IT, PT,
and CT neurons. Yet, recent molecular analyses of cortical projection neurons highlight what
may be vast diversity among these first-order neurons, with an absence of a basic
understanding of how subclasses emerge developmentally (Molyneaux et al., 2009; Zeisel et
al., 2015). To emphasize this point, a recent single-cell RNA-sequencing study identified 19
distinct transcriptomic signatures for glutamatergic cortical neurons in the visual cortex of
adult mice (Tasic et al., 2016), and data generated from more recent single cell sequencing
studies suggest that the transcriptomic signatures of glutamatergic neurons varies
substantially across cortical areas (Tasic et al., 2017). An open question relating to these data
is whether each of these transcriptomic signatures represents a unique cell type, or reflects
heterogeneous transcriptional states within an individual projection neuron class that could
be driven by a range of neural activity, among other factors (Chen and Arlotta, 2016; Chevee
et al., 2018); a definitive answer will likely require more cohesive definitions of cell types,
through linking transcriptomic profiles with additional phenotypes, including morphology,
electrophysiolgical properties, and function (Zeng and Sanes, 2017). Indeed, this type of
poly-phenotypic approach has been critical to achieving accuracy and completeness in the
identification of retinal neuron types (Seung and Sumbul, 2014).

Assuming that specific subtypes of IT, PT or CT neurons will be identified (such as the two
distinct types of PT neurons recently identified in motor cortex (Economo et al., 2018),
efforts to determine how these new subtypes emerge during development could be facilitated
by investigating the transcriptomes of cortical projection neurons at single-cell resolution
during the period of neuronal differentiation. Progressive refinement of cortical neuron
identity appears to continue at least through the first week of postnatal development for
some projection neuron classes (Azim et al., 2009). Single cell transcriptomic data that
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could address heterogeneity within the three first-order classes of projection neurons during
this postnatal window of development are currently limited, which may complicate the
identification of key phenotypically-related molecules because of the dynamic nature of
gene expression over this period (Arlotta et al., 2005; Molyneaux et al., 2005; Judson et al.,
2009). Filling this void should be a top priority, as identifying genes expressed in specific
cell-types during the rodent postnatal period and primate mid-late prenatal period will
inform hypotheses about how cortical circuits form (discussed in following section).

To emphasize the point of continued developmental refinement of projection neuron
phenotypes postnatally, a recent set of studies focusing on the connectivity and molecular
phenotypes of neurons that express the MET receptor tyrosine kinase during postnatal
development revealed that, in the somatosensory cortex, only subsets of IT and PT neurons
express Met (Kast et al., 2017). Such heterogeneity has implications for cortical neuron
subtype refinement, as exemplified by the role that MET signaling plays in the
differentiation of specific subtypes of nociceptive sensory neurons in the dorsal root
ganglion (DRG) (Gascon et al., 2010). This study showed that MET receptor signaling
drives the downregulation of Runx1 expression that is required for the relatively late
differentiation of peptidergic nociceptive neurons from the nonpeptidergic lineage within the
DRG. During normal development of the DRG, TrkA and Runx1 are initially co-expressed
in a population of immature cells, but these markers segregate as development proceeds and
become mutually exclusive phenotypes of peptidergic and non-peptidergic neurons,
respectively. Loss of MET signaling in this context causes incomplete segregation of TrkA
and Runx1 expression and a concomitant reduction in the number of CGRP+ peptidergic
neurons, all without influencing the total number of sensory neurons. Thus, MET signaling
has the capacity to influence important cell fate decisions in the peripheral nervous system.
It is possible that heterogeneous MET signaling operates in a similar manner to influence the
differentiation of subsets of IT or PT neurons in the cerebral cortex. Such a role could be
assessed by determining whether the typical diversity of IT and PT neuron subtypes is
present in Met mutant cortices, by methods such as single-cell RNA-sequencing or more
targeted evaluation of specific molecular markers. It is important to note that there also may
be more complex non-cell autonomous influences of MET receptor signaling on cortical
cell-type differentiation, similar to what has been shown for medium spiny neurons in the
striatum and in pools of branchial motor neurons (Helmbacher et al., 2003; Judson et al.,
2010). In the spinal cord, MET signaling is critical for the proper expansion of specific
motor neuron subpopulations that don’t normally express the gene but which may be
influenced through an intermediary effector. With single cell RNA sequencing providing a
transcriptomic inventory, it should be possible to determine how MET signaling, and
presumably signaling through other receptors, influence cellular differentiation in subsets of
neurons that express the receptor as well as those that do not.

In summary, cortical projection neurons appear to be far more diverse than expected.
Substantial progress has been made in our understanding of the mechanisms by which some
core phenotypes of primary projection neuron classes emerge during development. Ongoing
efforts to generate an accurate and complete catalog of mature cortical projection neurons
will inform questions regarding the mechanisms through which these neurons further
diversify. Additionally, descriptions of the transcriptional profiles of single neurons during
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the period that projection neurons undergo lineage bifurcations will illuminate the dynamic
developmental infrastructure of the cortex as initial microcircuit assembly occurs, which
ultimately underlie cortical computations. These later aspects of cortical circuit development
are the focus of the following sections. These maturation processes begin to elaborate late
prenatally (in human) and continue postnatally (in both rodent and human), over a very
extended period of time in primates (Kostovic et al., 2014). The relationship between
microcircuit development and cell-type specification should be recognized as
interdependent, given that the processes share some temporal overlap, and there are now
mechanistic examples linking cell-fate specification and re-programming to specific
microcircuit patterns of connectivity.

4. DEVELOPMENT OF LOCAL EXCITATORY CORTICAL MICROCIRCUITRY

The many molecules that regulate the early diversification of cortical neuron subtypes
function within the nucleus of the developing cell to drive transcriptional programs that lead
to the differentiation of specific neuronal classes (Greig et al., 2013). However, the
mechanisms responsible for the highly-stereotyped local and long-range connectivity that
forms between these diverse neuron classes must involve cell-cell interactions occurring at
the surface of the developing neurons (de Wit and Ghosh, 2016). A modest number of
molecules, such as certain receptor tyrosine kinases, are known to play important roles in
some aspects of class-specific axon guidance (Torii and Levitt, 2005; Torii et al., 2013a;
Fothergill et al., 2014; Lodato et al., 2014; Srivatsa et al., 2014). However, there are likely
additional molecules that regulate the development of other key aspects of synaptic
specificity, which remain to be discovered. Recent progress has been made in defining
details of mature local synaptic connectivity in specific cortical areas at higher resolution
(Harris and Shepherd, 2015). This has created opportunities to investigate developmental
mechanisms in a more systematic fashion (Huang, 2014). Novel and unexpected details
regarding intracortical synaptic organization and cell-type characteristics have emerged with
new levels of resolution. The newest findings in this research area continue to highlight a
theme of this review — the diversity of cortical neurons extends far beyond our current
classification scheme. Given that there is still much to be learned about more discrete
cortical neuron subtypes, this section focuses on what is known about the development of
canonical cortical circuits. We emphasize that these circuit motifs are described in terms of
cell classes that will likely be parsed further, leading to more precise understanding of
cortical development and function.

The canonical diagram of the cortical microcircuit is characterized by sensory-specific
thalamocortical neurons terminating densely in layer 4 of their appropriate partner primary
sensory cortical region. The axons of core-type thalamic neurons make monosynaptic
connections with excitatory (and inhibitory) neurons within layer 4 of primary sensory
cortices (Figure 4). These layer 4 neurons then provide parallel input to layer 2/3 pyramidal
neurons. Layer 2/3 then provides dense output to layer 5 via collateralization of axons
targeting the contralateral hemisphere. The layer 5 PT neurons are the final node in the
cerebral cortical microcircuit as these neurons serve as the principle output conduit for
information transmitted to subcortical targets. Yet this microcircuit wiring diagram has
become significantly more complicated over the years. For example, layer 4 is no longer
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considered the sole target of core-type thalamocortical input. Layer 5B and 6A also receive
dense projections from core-type thalamus and are activated /7 vivo on a similar timescale
and with a similar response magnitude as layer 4 neurons (Constantinople, 2013). Moreover,
second-order thalamic nuclei project to primary sensory cortex, but mostly target layer 5a
and layer 1 (Petreanu et al., 2009; Wimmer et al., 2010). Thus, there are multiple input and
output channels to a single cortical column. In this section, descriptions focus on
summarizing some of the recent progress toward mapping the developmental emergence of
the cortical wiring diagram. A recent observation is that substantial remodeling of
connectivity patterns between specific cell populations, such as subplate neurons (see
below), of the immature cortex is a core feature of microcircuit development. Thus,
perturbation of normally transient connections can have long-lasting effects on features of
cortical microcircuitry, including thalamocortical connectivity (Marques-Smith et al., 2016;
Tuncdemir et al., 2016). In this section, the few molecular mechanisms contributing to
synaptic maturation discovered to date are discussed, accompanied by the presentation of
some current opportunities for exploring neuron class-specific mechanisms that may
contribute to the maturation of stereotyped cortical circuitry.

The concept of the cortical column has existed for approximately 80 years since the
histological studies of Lorente de No in the 1930s (Lorente de No, 1933, 1938). Vernon
Mountcastle followed roughly 20 years later with the physiological description of the shared
response properties of vertically aligned neurons observed in extracellular recordings of the
cat somatosensory cortex (Mountcastle, 1957). The associated “canonical microcircuit” of
cortical columns is typically defined as comprising an intermingled set of mini-columns, of
unspecified number, which are thought to be elementary units of cortical development,
organization and information processing (Mountcastle, 1997; Mountcastle, 2003). It is
important to note that while the defining anatomical representation of the ‘minicolumn’ may
be recognizable across species (Geschwind and Rakic, 2013; Harris and Shepherd, 2015),
there remains disagreement regarding i) a precise definition, ii) its presence across all of the
cerebral cortex (da Costa and Martin, 2010; Rockland, 2010; Defelipe et al., 2012), and iii)
evidence for it being the smallest functional unit of the canonical column (Horton and
Adams, 2005). Irrespective of the reasonable debates related to a single defining concept,
columnar organization of the neocortex exists, and neuroscientists have sought a detailed
account of the synaptic organization of neurons that make up the cortical minicolumn
(Douglas et al., 1989; Harris and Mrsic-Flogel, 2013; Harris and Shepherd, 2015). Efforts to
define this local circuitry have employed diverse methods, including three-dimensional
anatomical reconstruction of individual neurons and their relation to thalamic afferents, /n
vivo and ex vivo electrophysiological recordings, and most recently, channel-rhodopsin
assisted circuit mapping (CRACM), among others (Petreanu et al., 2007; Petreanu et al.,
2009; Ko et al., 2011; Oberlaender et al., 2012). These efforts provide a detailed map of the
remarkably consistent and highly precise wiring of cortical neuron subtypes that are
vertically aligned across the six layers of the neocortex. The translation of how this
microcircuitry is established during development may be relevant for understanding the
hypothesized disease vulnerabilities of minicolumn organization and glutamatergic neuron
subtypes based on their molecular and microcircuit identities (Parikshak et al., 2013; Willsey
et al., 2013; Hutsler and Casanova, 2016).
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The precise synaptic connections of the cortex are established during the first weeks of
postnatal development (in rodents), as reflected at a coarse level by the dramatic increase in
cortical synapse density during the second postnatal week of life (Micheva and Beaulieu,
1996). Details regarding the timing and progression of the development of specific
connections have started to be characterized. Beginning with thalamocortical innervation,
these details are described here in the serial order of the sequential pathways (“hodology”)
underlying common descriptions of the canonical microcircuit (Figure 4) (Harris and
Shepherd, 2015).

The ontogeny and specialized functions of the transient subplate neurons, which are among
the first neurons to be generated in the developing cortex, have been realized through four
decades of studies in many mammalian species (Kostovic and Rakic, 1990; Kanold and
Luhmann, 2009; Kostovic and Judas, 2010; Hoerder-Suabedissen and Molnar, 2015; Duque
et al., 2016). Subplate neurons reside at the interface between the deepest layers of the
cortical plate and the subcortical white matter during development, but undergo programmed
cell death in early postnatal development to a variable extent across species (Hoerder-
Suabedissen and Molnar, 2015). In rodents, thalamic axons reach the subplate in the final
days of prenatal development and invade the cortical plate approximately at the time of birth
(Agmon et al., 1993; Lopez-Bendito and Molnar, 2003) (In humans, this occurs much
earlier, approximately at the end of the first trimester (Krsnik et al., 2017)). The earliest
synapses formed in the developing cortex are transient synapses between thalamocortical
axons and subplate neurons, which appear critical to subsequent formation of connectivity
between the thalamus and cortex, as ablation of subplate neurons early in development
impairs thalamocortical innervation patterns and the maturation of thalamus to layer 4
synapses (Ghosh et al., 1990; Ghosh and Schatz, 1994; Kanold et al., 2006a). The
importance of the transient thalamus to subplate synapses is partly emphasized by the fact
that, in ferrets, subplate neurons are the first cortical neurons to respond to peripheral
sensory input (Wess et al., 2017). Additionally, glutamatergic synaptic connections between
subplate neurons and cortical plate neurons undergo dynamic remodeling during early
postnatal development in rodents (in humans, during the third trimester) that contributes to
the later maturation of functional connections between thalamus and layer 4 (Friauf and
Shatz, 1991; Hanganu et al., 2002; Kanold et al., 2006b; Tolner et al., 2012; Viswanathan et
al., 2012; Nagode et al., 2017). In neonates, subplate cells are coupled by gap junctions with
other neurons in the same cortical columns and are required for the acetylcholinegenerated
oscillations in the beta frequency range that precede NMDA receptor-driven columnar
activity (Dupont et al., 2006; Hanganu et al., 2009). In rodents, many subplate neurons
undergo a process of programmed cell death during early postnatal development leaving a
very sparse population of cells at the interface between layer 6 and the subcortical white
matter (Price et al., 1997; Hoerder-Suabedissen and Molnar, 2013; Marx et al., 2017),
sometimes referred to as layer 6B. In primates, a larger population survives as superficial
and deep interstitial neurons that are situated in subcortical white matter (Kostovic and
Rakic, 1980; Judas et al., 2010; Judas et al., 2013; Mortazavi et al., 2017). As some rodent
subplate/layer 6B neurons project axons tangentially over long intracortical distances
(Mitchell and Macklis, 2005; Kast et al., 2017), the process of subplate programmed cell
death may contribute to remodeling of long-distance intra-areal connectivity that is
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discussed in the following section on the development of long-range intracortical
connectivity.

The thalamocortical axons continue their growth past the subplate and into the cortical plate
forming a two-tiered innervation pattern, with arborizations at the interface between layers 5
and 6 (lower tier), and a prominent arborization within layer 4 (upper tier) (Agmon et al.,
1993). The thalamocortical axons branch extensively in the lower tier between postnatal (P)
1 and P5, while the arborization in the upper tier starts to form around P3 and continues to
expand through axon branching until at least P12 (Agmon et al., 1993). Early layer 4
thalamocortical connections are characterized as “silent synapses”, containing NMDA
receptors, but not AMPA receptors (Isaac et al., 1997). These thalamocortical synapses in
layer 4 mature through a long term potentiation (LTP)-like process involving postsynaptic
AMPA receptor insertion and alteration of NMDA receptor kinetics until P8, when their
strength plateaus and becomes insensitive to experimentally-induced LTP (Crair and
Malenka, 1995; Isaac et al., 1997). In mice, it has been shown that the connection between
thalamus and layer 4 neurons strengthens during the second postnatal week relative to
thalamic inputs to layer 6, as individual layer 4 neurons begin to receive convergent input
from multiple thalamocortical axons (Crocker-Buque et al., 2015). Additionally, recent
studies in the mouse suggest that the typical maturation of thalamic input to layer 4 neurons
requires remodeling of transient patterns of connectivity involving infragranular
somatostatin-positive (SST) interneurons (Marques-Smith et al., 2016; Tuncdemir et al.,
2016). Strong, but transient, thalamic input to these SST interneurons in the first postnatal
week (Tuncdemir et al., 2016) and the formation and subsequent disassembly of reciprocal
connections between layer 4 neurons and the infragranular SST interneurons (Marques-
Smith et al., 2016) appear critical to the typical maturation of thalamic input to parvalbumin-
positive interneurons and glutamatergic layer 4 neurons. Thus, integration of thalamic inputs
by cortical microcircuits is a complex process that undergoes substantial synaptic
remodeling. In mice, this remodeling takes place primarily in the first 10 days of postnatal
development. Importantly, it appears that specific cell types, such as subplate neurons and
infragranular SST+ neurons, provide transient synaptic scaffolds that guide the later
development of stable thalamocortical circuits. Thus, improper specification of these
important neuron types would likely impact the formation of later developing
thalamocortical circuits in a lasting manner, which further highlights the complex,
interdependent link between cell-type specification and local circuit wiring.

The development of the unidirectional layer 4 to layer 2/3 pathway is best understood in
rodents, and occurs in an overlapping, but slightly later time window compared to the
thalamocortical connection. Specifically, laser-scanning photostimulation (LSPS)
experiments in the rat barrel cortex demonstrated that the strength of layer 4 to layer 2/3
connectivity increases dramatically between P8 and P16 (Bureau et al., 2004). This increase
in synaptic input is paralleled by a major increase in arborization of layer 4 axons in layer
2/3 over the same period (Bender et al., 2003; Bureau et al., 2004). The strength of layer 4
input to layer 2/3 neurons varies as a function of layer 2/3 neuron depth, with neurons in
lower layer 2/3 receiving relatively stronger input from layer 4 than neurons in the upper
portion of layer 2/3 (Bureau et al., 2004; Staiger et al., 2015). As with the thalamocortical
synapses described in layer 4, synapses onto layer 2/3 neurons gradually transition from a
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silent state to their mature form through postsynaptic AMPA receptor insertion and NMDA
receptor subunit switching, with silent synapses largely absent by P12 in rats and mice
(Mierau et al., 2004; Busetto et al., 2008). Interestingly, layer 2/3 synapses exhibit a unique
developmental trajectory in maturation compared to deeper layer neurons (Rumpel et al.,
2004). Specifically, layer 2/3 neurons in rat visual cortex have been shown to form
functionally active synapses early postnatally, and only form silent synapses later, which
eventually transition to maturity through AMPA receptor insertion. The functional
implications of this pattern are unknown.

The development of connectivity between layer 2/3 and layer 5 occurs concurrent with the
formation of the layer 4 to layer 2/3 pathway. The patterns of maturation after initial
synaptogenesis are complex, with differences defined by sub-laminar location of layer 5
target neurons. Initially, weak, yet functional, AMPA receptor-containing synapses connect
layer 2/3 and layer 5 neurons as early as P5 in mice (Anastasiades and Butt, 2012). These
observations are consistent with the robust collateralization of descending layer 2/3 axons
within layer 5, which begins around P3 and is nearly complete by P7 (Srivatsa et al., 2015).
However, the local input connectivity of layer 5 neurons appears diffuse, with equivalent
input coming from layer 5 and layer 2/3 during the first postnatal week. Moreover, many of
the synapses between layer 2/3 and layer 5 neurons are functionally silent, consisting mostly
of NMDA receptors at P5 (Anastasiades and Butt, 2012). Input from layer 2/3 strengthens
during the second postnatal week to become the predominant intracortical excitatory drive to
layer 5 neurons by P13, thus resembling the mature circuit. The strength of layer 2/3 input
also has been reported to depend on the identity of the postsynaptic layer 5 neuron in terms
of both sublaminar position and projection identity (Anderson et al., 2010). Specifically,
corticostriatal neurons positioned in the lower half of layer 5A, and corticospinal neurons
positioned in upper layer 5B, receive strong inputs from layer 2/3. In contrast, retrogradely-
labeled corticostriatal and corticospinal neurons located in other subcompartments of layer 5
received almost no layer 2/3 input. Thus, the local wiring of cortical projection neuron
subtypes is highly complex, with pairing of pre- and post-synaptic partners relating to
multiple features of cell identity, including, at least, laminar position and efferent
projections.

There is compelling evidence that the development of differences in the local connectivity of
cortical neuron subtypes is under molecular control. This evidence comes from studies
involving the reprogramming of cortical neuron identity by ectopic expression of the
corticospinal selector gene, Fezf2 (De la Rossa et al., 2013; Rouaux and Arlotta, 2013; Ye et
al., 2015). High-level Fezf2 expression is normally restricted to PT-type neurons of layer 5B,
and regulates the proper development of their efferent axonal development (Molyneaux et
al., 2005). These layer 5 neurons receive strong local synaptic input from layer 2/3, whereas
layer 4 neurons do not (Petreanu et al., 2007). Remarkably, overexpression of Fezf2 in
postnatal layer 4 IT neurons, well after their generation prenatally, results in the acquisition
of many phenotypes of PT-type neurons (Figure 3, see preceding text on cell-type
specification). This includes the receipt of synaptic inputs from layer 2/3 (De la Rossa et al.,
2013). The recruitment of layer 2/3 synapses by Fezf2-expressing neurons (either in layer
5B, or ectopically in layer 4) is likely mediated by cell-cell interactions occurring between
layer 2/3 axons and the dendrites of Fezf2-positive neurons. Thus, one potentially fruitful
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avenue for identifying the mechanism responsible for the formation of this circuit motif may
involve identifying cell surface proteins that are normally enriched in layer 5 neurons, are
induced by Fezf2-overexpression in layer 4, and that are capable of recruiting layer 2/3
synaptic input when ectopically expressed in layer 4.

The molecular mechanisms downstream of Fezf2 responsible for local circuit wiring remain
unclear, but one study identified a pair of proteins critical to the formation of the layer 2/3 to
layer 5 connections. Specifically, the complementary expression of the secreted protein,
Sonic hedgehog (Shh), and its membrane-bound receptor, Boc, are important for
establishing this circuit (Harwell et al., 2012). Shh is expressed selectively by corticofugal
neurons in layer 5B, whereas Boc is expressed in neurons of layers 2/3, 4, and 5a. Deletion
of either molecule causes a selective and marked reduction in the strength of connectivity
between layer 2/3 and layer 5, whereas intralaminar connectivity between layer 2/3 neurons
is unaffected. The impaired connectivity appears to involve a reduction in the number of
presynaptic specializations formed by descending layer 2/3 axons, as well as reduced
dendritic arborization and spine formation by layer 5 neurons. It unknown whether the Shh
and Boc interaction in this circuit operates directly downstream of Fezf2, or if separate
Fezf2-dependent mechanisms operate in parallel to control formation of this local circuit
motif. As proposed for the identification of molecules downstream of Fezf2 that mediate
circuit wiring, a clear next step is to determine whether ectopic expression of Shh in layer 4
neurons can induce the formation of atypical layer 2/3 to layer 4 synaptic connectivity.

The genetic mechanisms regulating other components of the canonical microcircuit are less
well understood. However, some genes that regulate the formation of synapses onto specific
classes of cortical neurons have been identified, with the clearest examples involving cortical
inhibitory interneurons. One well-characterized case involves Neuregulin-1 (Nrg-1)
signaling through its tyrosine kinase receptor, Erbb4. Erbb4 is selectively expressed by
parvalbumin (PV)-positive interneurons in the neocortex and hippocampus (Fazzari et al.,
2010). Mutation of £rbb4 leads to reduced excitatory input onto PV-positive interneurons
through a cell-intrinsic mechanism. Additionally, £rbb4 mutation causes reduced axo-axonic
GABAergic synapses formed by PV* chandelier cells at the axon initial segment of
pyramidal neurons (Fazzari et al., 2010; Del Pino et al., 2013). The phenotypes involving PV
* interneurons of Erbb4 mutant mice occur in the absence of altered excitatory connectivity
between neighboring pyramidal neurons. Therefore, this ligand-receptor pair influences
specific sets of synapses formed by a discrete class of cortical neurons, while sparing
connectivity between other classes of neurons.

Selective genetic control over the development of specific cortical synapses also occurs via
the interaction of the cytokine Cxcl12 with its receptors Cxcr4 and Cxcr7. Cxcl12
expression is highly enriched in layer 5 neurons during postnatal development, and becomes
almost completely restricted to layer 5 of medial prefrontal cortex after P14 (Wu et al.,
2016). The cytokine receptors Cxcr4 and Cxcr7 are expressed by PV interneurons.
Conditional deletion of Cxc/12from layer 5 neurons leads to a selective reduction of
perisomatic inhibitory synapses onto layer 5 neurons. This selective deficit was apparent as a
reduction in PV* and Gad65™ terminals around the somata of layer 5 neurons, a decrease in
the probability of connectivity (measured in paired recordings) between pairs of PV*
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interneurons and layer 5 pyramidal cells, and reduced inhibitory postsynaptic potentials
recorded in layer 5 neurons (Wu et al., 2016). It remains to be determined whether this
mechanism regulates the formation of the same layer 5 inhibitory microcircuit motif in other
cortical areas, but this is plausible given that Cxcl12 is broadly expressed in layer 5 neurons
in other regions of the cortex during postnatal development.

While there is an assumption that different PN subclasses exist in all cortical areas,
discoveries relating to the mechanisms that drive the formation of the highly-stereotyped
circuitry within each cortical area will be facilitated by achieving consensus regarding the
classification of discrete projection neuron classes based on multiple phenotypic criteria
(Tasic et al., 2016; Kast et al., 2017; Zeng and Sanes, 2017). Despite the current lack of a
mechanistic understanding, developmental studies suggest that molecules implicated in late
aspects of neuronal maturation (e.g. cell-type differentiation, dendritic elaboration, and
synaptogenesis) are, in some cases, expressed heterogeneously within current subclasses of
projection neurons during the period of circuit formation, as recently demonstrated (Kast et
al., 2017). Recent studies that defined the developmental expression patterns of the MET
receptor tyrosine kinase reveal the potential complexity of heterogeneous expression of a
maturation-related gene in cortical projection neurons. MET is expressed by limited subsets
of IT and PT projection neurons during postnatal development (Kast et al., 2017). There is
mounting evidence that cortical neurons in Met mutant mice display atypical dendritic and
synaptic phenotypes (Eagleson et al., 2017). Biochemical and immunohistological analyses
indicate that expression of MET protein in the neocortex is highly dynamic, beginning late
prenatally, rising dramatically to its peak between P7-10, and then decline over the next
week (Judson et al., 2009; Eagleson et al., 2016; Peng et al., 2016). Ultrastructural studies
further indicate that MET protein is enriched in developing cortical neuropil, particularly
axons and immature pre- and postsynaptic elements (Eagleson et al., 2013). Because MET
appears to function locally within nascent synapses of specific subtypes of IT and PT
cortical neurons, it is positioned to directly regulate the stabilization and strengthening of
their synaptic contacts (Qiu et al., 2014; Eagleson et al., 2016; Peng et al., 2016; Xie et al.,
2016). It is also possible that signaling through the MET receptor influences the
differentiation of specific IT and PT neuron subtypes, in a similar way to Fezf2 mutants,
which could be accompanied by shifts in cell-type specific dendritic and synaptic
phenotypes. Consistent with such a cell-type differentiation function, MET signaling is
critical to relatively late stages of cell fate determination in neurons of the dorsal root
ganglion (Gascon et al., 2010). Efficient means of teasing apart such mechanisms in the
cortex would be made clearer by working toward an accurate and complete categorization of
subtypes of IT, PT and CT neurons both in maturity and during development, and thereafter
defining expression of genes of interest within more refined categories. This categorization
would provide new opportunities to determine whether the appropriate projection neuron
subtypes develop in mutant mice (such as Metand other mutants), and provide opportunities
to apply advanced targeting strategies for these same neuron types to be investigated
electrophysiologically across genotypes. This is particularly important to interpreting the
function of genes such as Met, for which non-cell-autonomous effects are apparent in mutant
mice, which may obscure primary cellular gene functions (Helmbacher et al., 2003; Judson
et al., 2010).
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The neuronal heterogeneity described by these studies underscores the importance of future
efforts to define the developmental diversity of projection neuron phenotypes and the
mechanisms responsible for influencing expression of uniquely combined structural,
electrophysiological and molecular features. These data will be particularly important to
understand the substantial heterogeneity reported in the mature cortex (Harris and Shepherd,
2015; Zeisel et al., 2015; Tasic et al., 2018), which appears to subdivide the three distinct
classes of projection neurons that have been the primary focus of developmental studies
(Greig et al., 2013). As more detailed descriptions of cortical neuron types begin to provide
clearer means of targeting specific cortical neuron types in a consistent manner, it will be
important to re-evaluate current concepts about the organization of cortical microcircuits as
exemplified by new insights regarding infragranular SST+ neurons (Naka et al., 2018).
Moreover, this information will provide new opportunities to explore how the fine-grained
details of local and long-range circuits emerge developmentally and become disrupted in
disease states.

5. DEVELOPMENT OF LONG-RANGE CORTICAL CONNECTIVITY

So far, the development of the neocortex has been described at several levels of resolution,
ranging from macro-level cortical area production to cell fate specification and wiring of
cortical neuron subtypes. An equally impressive and functionally important level of cortical
organization is the highly-stereotyped pattern of connectivity that forms between
tangentially distributed cortical areas. Comprehensive characterization of such
corticocortical connectivity has been generated in rats and mice (Oh et al., 2014; Zingg et
al., 2014; Bota et al., 2015; Swanson et al., 2017; Gamanut et al., 2018), contributing to a
well-defined macro-level “cortical connectome”. Despite the substantial improvements in
the resolution and completeness of intracortical connectivity maps, knowledge regarding the
mechanisms by which these maps emerge during development remains very limited. Much
of the literature describing the developmental progression of intracortical connectivity
focuses on a small number of cortical areas, such as the visual cortex, and primarily involves
the interhemispheric connections formed through the corpus callosum. But, in fact, the
number of distinct association connections formed between ipsilateral cortical areas (on the
order of two thousand distinct connections) outnumber those formed between areas in
contralateral hemispheres approximately four to one (Swanson et al., 2017). Nonetheless,
studies of callosal development and of corticofugal projections have begun to reveal
mechanisms that regulate development of cortical projection topography, and thus may
provide insight into how cortical networks emerge. This section reflects on these topics, with
a focus on rodent data, and highlights some investigative opportunities that could be
addressed by integrating concepts from the developmental literature with recent data
describing mature cortical connectivity. It should be noted that in humans, the expansion of
association areas and the concomitant connectivity, for which emergence is evident by the
end of the second trimester and continues postnatally (Kostovic et al., 2014), also reflects the
importance of investing more effort to gain a more detailed understanding of the
mechanisms that build cortical networks (Raznahan et al., 2012; Geschwind and Rakic,
2013).
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In rodents, the connectivity that forms between tangentially separated cortical areas develops
over the first two to three weeks of postnatal life (Ivy and Killackey, 1982; Ozaki and
Wahlsten, 1998; Mitchell and Macklis, 2005; Berezovskii et al., 2011). Within specific
strains of rats and mice, patterns of connectivity are highly consistent across individuals. To
what degree such stereotyped connectivity is genetically constrained or sensitive to
experience is unclear. At present, there are examples that provide evidence to support
contributions of both intrinsic genetic programming and extrinsic influences (Innocenti and
Frost, 1979; Huffman et al., 2004; Karlen et al., 2006; Larsen et al., 2009), but mechanistic
details remain sparse. One potential approach to address the genetic mechanisms is to
interrogate the cortical area and cell-type specific expression of genes with demonstrated
importance in axon guidance, dendritic development, and synapse formation (Sanes and
Yamagata, 2009; de Wit and Ghosh, 2016). For example, the classic cadherins and non-
clustered protocadherins are known to exhibit region- and cell-type specific expression in the
developing and mature cortex (Suzuki et al., 1997; Krishna et al., 2011). The important role
that these proteins can play in the development of stereotyped connectivity is exemplified by
recent studies of retinal circuit wiring (Duan et al., 2014). Thus, investigating these, and
other cell adhesion molecules in developing cortical circuitry ought to be a priority.

To provide a framework for understanding how this connectivity might develop and to
contextualize the limited, but relevant mechanistic examples, it is useful to outline some
basic phenomena that have been observed during cerebral cortical development. First, it
should be acknowledged that there are several strategies through which stereotyped patterns
of intracortical connectivity could form. One possibility is that, during development,
exuberant axonal projections from each cortical area develop in a diffuse and non-specific
manner to many cortical areas, but only a subset of the initially promiscuous projections
stabilizes to form the persistent connections observed in the mature cortical connectome.
Alternatively, there could be pre-determined and highly directed growth of axons from
cortical regions to only those specific areas that will maintain their inputs in the mature map.
These scenarios represent the extremes of possible developmental mechanisms, and the
current lack of comprehensive developmental analysis during the period of formation of
these connections limits research-supported conclusions. However, evidence from a select
number of cortical areas exists to support the involvement of some aspects of both
developmental exuberance and selective growth, suggesting that intracortical connectivity
develops through a combination of strategies.

The earliest examples of large scale exuberance in the developing cortex came from studies
that identified an abundance of callosal projection neurons located in cortical regions during
development that contain little to no callosal projections in the adult (Innocenti, 1981; vy
and Killackey, 1981; O'Leary et al., 1981). These early studies, and those that followed,
demonstrated that the “dropping out” of callosal neurons from these cortical areas during
development is due to the selective elimination of callosal axons, rather than the death of the
neurons that had formed the transient callosal projections (O'Leary et al., 1981).
Interestingly, some of these transient callosal neurons maintain an ipsilateral projection to
the frontal cortex (lvy and Killackey, 1982), suggesting that the pruning process involves the
selective deletion of a subset of axon collaterals. Whereas substantial programmed cell death
of postmitotic projection neurons has not been reported in the developing cortical plate,
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programmed cell death of subplate neurons is prominent, particularly in primates, and could
contribute to developmental refinement of cortical connectivity [Figure 5C; (Kostovic and
Rakic, 1990; Hoerder-Suabedissen and Molnar, 2015)]. The developmental principle of
selective pruning of collateral axons has been shown in many brain circuits, including
ipsilateral corticocortical as well as corticofugal projections (Stanfield et al., 1982; Price and
Blakemore, 1985; Callaway and Katz, 1990; O'Leary, 1992). Thus, there appears to be some
degree of “non-specific”, exuberant projections that forms during the elaboration of cortical
connections, which is later refined to produce the mature pattern of connectivity (Figure 5C)
(Price and Blakemore, 1985; Innocenti and Price, 2005).

Despite these clear examples of developmentally exuberant projection patterns, there is
evidence to suggest that restricted and selective axonal growth also plays a role in the
development of intracortical circuitry (Figure 5B). For example, early anterograde labeling
studies demonstrated that callosal axons densely innervate only the areas of the developing
cortex that will retain callosal innervation in the adult (Innocenti, 1981; Ivy and Killackey,
1981). These studies demonstrated that transient axonal projections branch extensively
within the subplate and white matter in a less specific manner, but axonal projections that
will persist innervate appropriate layers of the cortex proper in areas that will receive
persistent afferent projections in the adult (Innocenti and Price, 2005). This phenomenon of
selective axonal growth into specific gray matter territories of the contralateral cortex also
has been observed in more recent studies employing /n utero electroporation of fluorescent
protein reporters (Fenlon et al., 2017). Additionally, one study in the developing primate
found that association projections between ipsilateral area V2 and V4 form through a
process of directed axonal growth and target selection (Barone et al., 1996). In this study,
projections from V2 to V4 were shown to arise from clusters of neurons located in
acetylcholinesterase (AChE) dense bands within area V2, and that these clusters could be
observed from very early stages of development. There were only very modest V2 to V4
transient projections arising from the AChE-negative “interbands”, and these interband
neurons were primarily observed in early development in injection cases that involved tracer
penetration of the white matter. Together, these observations were interpreted as an
accumulation of developmentally transient axons in the white matter beneath V4, followed
by target selection and selective growth of axons derived from neurons clustered in the
AChE-dense bands and retraction of axons derived from the AChE-negative interband
neurons. The factors that drive the competence of specific axons to grow into select gray
matter regions, such as axons from the neurons of the AChE-dense bands into V4, and other
axons less able to do so, are unknown. Yet these data suggest that molecular interactions
between the axons and the recipient cortical area may be involved.

Although there are currently few examples of molecular mechanisms guiding the
development of specific patterns of intracortical connectivity, studies of thalamocortical and
corticothalamic projections have identified specific membrane-bound receptors and their
ligands that are required to establish proper patterns of afferent and efferent cortical
connectivity with subcortical structures (Vanderhaeghen et al., 2000; Dufour et al., 2003;
Lopez-Bendito and Molnar, 2003; Torii and Levitt, 2005). Some of the most striking
examples come from early work on Eph receptor tyrosine kinases and their ephrin ligands in
instructing reciprocal wiring between the cortex and thalamus. Ephs and ephrins are
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expressed in complementary gradients within the cortex and thalamus (Vanderhaeghen et al.,
2000; Sestan et al., 2001). These gradients are critical for the proper topography of
connections from thalamic nuclei to their target cortical areas (Dufour et al., 2003; Cang et
al., 2005), as well as the reciprocal topography of the feedback projections from cortex to
thalamus (Torii and Levitt, 2005; Torii et al., 2013a). In most cases, perturbations of the
normal EphA or ephrin-A expression gradients cause expansion or compression of the
topographic representation of axonal inputs within otherwise appropriate cortical or thalamic
areas (Cang et al., 2005; Torii and Levitt, 2005; Torii et al., 2013a). However, ectopic wiring
of thalamocortical projections to distinct cortical areas (rather than topographic intra-areal
remapping) also has been observed in some Eph and ephrin mutant mice (Uziel et al., 2002;
Dufour et al., 2003). Together, these studies emphasize at least two distinct roles for Eph/
ephrin signaling in the development of extrinsic cortical connections. One mechanism
involves directed growth of axon pathways at intermediate stages, and a second mechanism
involves instructing the topographic innervation by incoming axons during the final stage of
target selection. Whether Ephs and ephrins play a similar role in instructing intracortical
connectivity (within the developing cortex proper) is unclear. It is highly plausible, however,
given the differential expression of these molecules across the cortical mantle and the role of
these molecules in instructing many CNS circuit maps beyond those described here
(Flanagan, 2006; Torii et al., 2013b).

Together, the examples described above illustrate several processes that should be
considered in formulating models of how intracortical connectivity develops (Figure 5).
First, a certain degree of exuberance in the connectivity of cortical neurons seems to occur,
with transient projections reaching, at least, the white matter and subplate of non-target
cortical areas (Figure 5C). These transient projections are eventually eliminated,
contributing to the well-known refinement of intracortical connectivity postnatally. Second,
an interaction between growing axons and potential cortical targets seems to mediate a target
selection process in which axons penetrate primarily those cortical areas in which
innervation will persist in the adult (Figure 5B). Third, evidence suggests that a final phase
of selective axonal elaboration and stabilization within specific layers of cortical target areas
is dissociable from each of the first two phases described (Fenlon et al., 2017). These final
stages of corticocortical axon elaboration and stabilization within proper targets uniquely
depend on spontaneous, and sensory-evoked, electrical activity of developing cortical
projection neurons (Mizuno et al., 2007; Wang et al., 2007; Suarez et al., 2014; Fenlon et al.,
2017). Changes in electrical activity underlie plasticity of cortical wiring in the context of
altered sensory experience (Suarez et al., 2014) and are under transcriptional control during
normal cortical development (Rodriguez-Tornos et al., 2016). Experiments that highlight the
experience-dependent malleability of cortical wiring demonstrate the capacity of experience
(with major contributions from altered patterns of neural activity) to epigenetically modulate
circuit phenotypes that are encoded in the genome. Such epigentic flexibility has been
proposed to provide adaptability of developing cortical circuits that may serve to maximize
the computational capacities that are specifically relevant to the environment in which an
organism develops (Krubitzer and Prescott, 2018). However, even in the context of a clear
capacity for experience-dependent change, significant constriants on cortical phenotypes are
imposed by genetically encoded developmental processes (Krubitzer and Prescott, 2018).
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Although the mechanisms that control each of the foundational phases of long-distance
cortical wiring have yet to be fully elucidated, the concepts outlined here provide a
framework for designing experiments to probe such mechanisms.

Each mature cortical area has efferent projections that reach a larger number of multiple
cortical target areas than previously appreciated (Figure 5A) (Zingg et al., 2014; Swanson et
al., 2017). Few studies, however, have addressed the degree to which divergent output
projections arise from distinct neurons projecting to distinct subsets of downstream cortical
areas, or divergent collateral axon projections arising from a common population of cortical
neurons residing in a specific cortical area. There are examples demonstrating the former
scenario of parallel cortical output channels arising from distinct neuron populations
(Berezovskii et al., 2011; Yamashita et al., 2013; Fenlon et al., 2017). However, there are
also examples of projection neurons forming collaterals to multiple cortical areas (Schwartz
and Goldman-Rakic, 1982; Bai et al., 2004; Mitchell and Macklis, 2005; Cederquist et al.,
2013). Traditionally, comprehensive evaluation of the degree to which individual cortical
neurons send outputs to single versus multiple cortical target areas was labor intensive and
technically very challenging. However, the recent development of a method known as
multiplexed analysis of projections by sequencing (MAPseq) has enabled high-throughput
analysis of single-cell projection phenotypes (Kebschull et al., 2016). Application of
MAPseq to primary visual cortex revealed that most layer 2/3 cortical projection neurons
target multiple cortical areas, and that there is non-random organization of the outputs to
these divergent cortical targets (Han et al., 2018). The data from this study support the
conclusion that there is substantial diversity of IT-type cortical projection neurons that
selectively innervate subsets of interconnected cortical areas. From this example, it seems
that most cortical projection neurons target multiple areas, but do so with some degree of
selectivity. Thus, a critical next step will involve defining the molecules that specific
subtypes of IT-type projection neurons express during the period when selective innervation
patterns are established, as well as the intrinsic and experience-dependent mechanisms that
drive the complexity of IT axon targeting. Toward this end, a recent study combined single
cell RNA-sequencing and MAPseq analysis of developing intracortical projection neurons to
integrate cellular resolution gene expression to emerging connectivity motifs (Klingler et al.,
2018). This type of approach promises to inform hypothesis-driven experiments regarding
the genetic mechanisms that regulate the development of intracortical networks.

Finally, recent analysis of intracortical connectivity in the rat identified a network topology
consisting of three modules in each cerebral hemisphere that are organized in a core-shell
arrangement (Bota et al., 2015; Swanson et al., 2017). Each module is composed of cortical
areas that are more densely interconnected with one another than they are with cortical areas
in the other modules, but interconnections between modules also are an important feature
that tends to route through highly-connected “hub” regions (Figure 5). Remarkably, although
the modules were identified in a manner naive to topographical relationships between
cortical areas, each module was found to consist of cortical areas that were topographically
continuous across the cortical mantle. The first module forms the core of the core-shell
arrangement and includes many cortical areas that are dedicated to processing sensory
information and producing motor output, such as somatosensory, visual, auditory, and motor
cortices as well as the posterior parietal and temporal association cortices. The second
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module forms the lateral aspect of the shell and comprises cortical areas that are centrally
involved in interoceptive processing and short-term memory, among other functions. Some
of the cortical areas in module 2 include gustatory, visceral, agranular insula and medial
prefrontal cortex, as well as most of the hippocampal formation. The third module forms the
medial bank of the shell component of the core-shell arrangement, and comprises a network
that overlaps in many ways with the default mode network (Raichle et al., 2001). The
cortical areas in module 3 include orbital and premotor areas, retrosplenial and anterior
cingulate cortex, and the pre-, post-, and parasubiculum (Swanson et al., 2017). It is
noteworthy that a similar network topology has been described in the mouse neocortex
(Zingg et al., 2014), with some differences that might be attributable to the stricter focus on
isocortical areas, in contrast to the inclusion of allocortical regions in the analysis of the rat
connectome.

The complex, network level organization described above has yet to be explored in a
developmental context, but this must form rapidly in the rodent, given our understanding of
the timing of the onset and completion of intracortical connectivity formation. There has
been some speculation about distinct classes of intracortical neurons potentially contributing
to a modular developmental process that could underlie the assembly of intracortical
connectivity motifs, with an emphasis on sensory cortical hierarchies (Harris and Shepherd,
2015; Han et al., 2018). However, more detailed consideration of the macro-level cortical
connectivity described in recent network analysis may reveal additional entry points for
identifying how cortical networks are produced during development. For example, do
neurons that project to cortical areas outside of their home module also send collateral axons
to other cortical areas within their own module? Or, are there distinct populations of neurons
that route information across module “boundaries” and others that project strictly to other
areas within the same module? Are there distinct sets of neurons that project to specific
subsets of areas within the same network module? This last question has been partially
addressed in some cortical areas. For example, in primary visual cortex it appears that most
IT type neurons project to multiple higher visual areas (Han et al., 2018). In primary
somatosensory cortex, distinct projection neuron subtypes have been identified that project
to secondary somatosensory cortex or primary motor cortex (Yamashita et al., 2013).
Similarly, in higher visual areas, distinct projection neurons send feedforward or feedback
projections, but not both (Berezovskii et al., 2011). This level of detail is important because
the role of genetics in establishing connectivity likely operates at the level of individual
cortical neurons, in which molecules can dictate the responsivity of genetically-defined
axons to cues in potential target areas. Thus, a focused analysis of intracortical connectivity
at the single neuron level, bearing in mind the organization of the macro-level network
modules, may provide novel insights regarding the construction of cortical networks.
Additionally, mapping gene expression onto the network module framework during the
period of circuit formation could provide additional insight. In this regard, it seems
important to determine whether there are molecular signatures unique to each module. Such
signatures could function to restrict the growth of most axons to territories within the home
module, or to promote the cross-module growth or stabilization of axons that project in such
a manner. Once the degree of selectivity and divergence of efferent projections has been
established, correlating gene expression with unique neuronal projection patterns through
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retrograde tracing and molecular profiling would further inform hypotheses regarding the
mechanisms underlying intracortical development.

6. CONCLUDING REMARKS

From the initial neuron birthdating reports in the early 1960s, approximately sixty years of
modern studies on cerebral cortical development have led to a remarkable accumulation of
descriptions, in many mammalian species, that have focused on neuron production and
migration. These descriptions naturally led to mechanistic studies identifying the genes that
underlie the regulation of neuronal specification regarding their laminar fate and general
projection classes. Factors have been discovered that regulate cell migration behavior during
the very important period of neuronal deployment to their final position in the developing
cerebral cortex. The general rules that govern neuronal targeting, through the establishment
of major axon pathways and innervation patterns has been established. Yet, as this review
has highlighted, the diversity of mature projection neuron types appears to far exceed the
original taxonomy, based on two types of evidence — large-scale connectomics analyses and
transcriptomics with single cell resolution. Selective disruption of distinct cortical circuits
due to genetic or environmental insults may contribute to the unique pathophysiological
processes that distinguish various neurodevelopmental disorders, but hope of identifying
selective phenotypes in various disease states will depend on more detailed descriptions of
cortical neurons and the circuits in which they are embedded. New methods, such as
MAPseq, are being used to provide high-throughput targeted analysis of connectivity of
single projection neurons. These data will help determine the connectivity rules. Efforts in
mapping gene expression onto a cortical network module framework will yield important
information that will help determine relationships between a cell’s connectome and
transcriptome. Yet, these efforts must be applied ultimately during the period of circuit
formation to understand heterogeneity, the degree of selectivity and divergence of efferent
and afferent cortical projections and addressing hypotheses regarding the mechanisms
underlying development and maturation of circuits that ultimately underlie complex
cognitive, social and emotional functions. The developmental details are particularly
important given the growing application of model systems such as brain organoids generated
from iPS cells produced from cells harvested from typical, neurologic and psychiatric
patients (Quadrato and Arlotta, 2017; Marsoner et al., 2018; Pasca, 2018). Both the promise
and limitations of the models will emerge from understanding the details of cortical
networks and the neurons from which they arise.
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ABBREVIATIONS

PN Projection Neuron

CT Corticothalamic Neuron
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PT Pyramidal Tract Neuron

IT Intratelencephalic Neuron

DRG Dorsal Root Ganglion

LTP Long Term Potentiation

LSPS Laser Scanning Photostimulation
SST Somatostatin

PV Parvalbumin

AChE Acetylcholinesterase
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Figure 1. Patterning the cortical area map.
Ilustrations of the dorsal surface of the developing mouse brain at different pre and

postnatal stages. The first stage depicts the morphogen signals arising from the rostral
patterning center (purple, Fgf8 and Fgf17) and cortical hem (green, Bmp and Wnt)
beginning around embryonic day 9 in mice (corresponds approximately to human
gestational week 6 or 7). These morphogens induce gradients of transcription factor (TF)
expression, including Sp8, Pax6, Emx2 and Couptfl. The transcriptional programs regulated
by these transcription factors establish cortical fields and the guidance cues that attract area-
specific thalamic innervation. The innervation of cortex by thalamic axons, which happens
postnatally in rodents (this occurs in the second and third trimester of human pregnancy),
drives the sharpening of molecular and cytoarchitectural boundaries between primary
sensory cortex (e.g. V1, dark blue) and adjacent higher order cortical areas (e.g. VHO, light
blue).
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Figure 2. Cortical projection neuron diversity.
There are three primary classes of glutamatergic projection neurons in the cerebral cortex.

Each class has a unique laminar distribution pattern. The corticothalamic neurons (CT,
magenta) are located mostly within layer 6 and send axons to the thalamus and a narrow
radial domain of the cortical column proximal to their cell bodies. The pyramidal tract
neurons (PT, yellow) are positioned almost exclusively within layer 5B. These neurons
project to the brainstem and spinal cord, and many issue colateral axons to other subcortical
targets such as the thalamus. In contrast to the restricted laminar distribution of the first two
classes, the intratelencephalic neurons (IT, green), which project axons only within the
telecephalon, are distributed throughout all six layers. As noted in the text, these primary
classes are divisible into secondary taxa, but consensus regarding more refined cell classes
awaits further multi-dimensional, integrative analysis.
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Figure 3. Transcriptional control of cortical projection neuron specification and wiring.
Several transcription factors that contribute to the differentiation of the three first-order

classes of cortical projection neurons (CT, PT, and IT neurons) have been identified.
Connections made by these cortical neurons are depicted in the context of the wild-type
(WT) mouse cortex, along with the associated connectivity changes caused by the mutation
(or ectopic overexpression) of these developmentally important transcription factors (please
see text for references; knockout mutations are denoted by the gene symbol followed by —/-,
e.g. Fezf2—/-). Fezf2 is a PT neuron selector gene that regulates the expression of many
functionally important genes. When Fezf2 is deleted, the cortex no longer sends projections
to the spinal cord, but, instead, the PT neurons upregulate genes that promote CT and IT
neuron phenotypes. Accordingly, these mutant PT neurons send ectopic projections to the
thalamus or across the corpus callosum. Ctip2 also contributes to the development of PT-
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type neurons, as projections from the cortex to the spinal cord are disrupted in Ctip2—/-
mice. Tbrl promotes the development of CT neurons, as evidenced by the fate-conversion of
CT neurons into PT neurons in Thrl-/- mice. In Tbrl-/- mutant mice, CT neurons
upregulate Fezf2 and project toward the brainstem and spinal cord. Sath2 is a critical
regulator of IT neurons, as Sath2—/- mice do not send axons through the corpus callosum to
the contralateral hemisphere. Instead, upper layer neurons upregulate Ctip2 and project
subcortically. When Fezf2 is ectopically expressed in layer IV IT neurons, these neurons are
reprogrammed into PT neurons; they adopt several molecular and connectivity phenotypes
that are characteristic of PT neurons, but normally excluded from layer IV IT neurons. Red,
strikethrough font indicates the loss of projections from the cortex to the indicated structure
(e.g. Fezf2—/- mice lose projects from cortex to spinal cord).
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Figure 4. The temporal development of local coritcal microcircuity.
In mice, thalamocortical (TC) axons (orange) begin to innervate the developing cortex

around birth (P0) before superficial layer neurons (blue and green) have finished migrating
(this begins around the 12" week of gestation in humans). Radial migration concludes
around P4, in mice (in humans the six layers of cortex are fully distinguishable by the 28t
week of gestation), a timepoint at which immature synapses between TC axons and layer IV
neurons are present. These TC to layer 1V synapses mature through AMPA-receptor
insertion between P4 and P8 (denoted by thickening of orange lines, and appearance of
arrowheads at P8; increases in TC innervation of the human cortical plate continues between
the 24™ and 30t week of gestation). Meanwhile immature connections between layer 1V
and layer I1/111, and between layer I1/111 and layer V begin to develop. These later developing
synapsese mature between P8 and P16 (denoted by thickening of green and blue lines, and
appearance of arrowheads; in humans, these later processes occur from approximately the
32nd week of gestation through several months of postnatal development). MZ, marginal
zone; CP, cortical plate; WM, white matter.
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Selective developmental growth of axons into specific efferent targets
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Figure 5. Development of intracortical association networks of the rodent neocortex.
Recent graph-theoretical meta-analyses of cortical association connections in rats (Swanson

et al., 2017) and comprehensive tracing of homologous connecitons in mice (Zingg et al.,
2014) suggest a core-shell arrangement of cortical connections that consists of at least 3
networks distinguished by increased within network interconnectivity (white arrows). The
core (orange) is surrounded by the shell, which is comprised of medial (blue) and lateral
portions (green). Importantly, connections between the three distinct networks are common,
but tend to be less pronounced, with the exception of those relayed through hub regions such
as the entorhinal, temporal association, and posterior parietal cortices (between network
connections denoted by black arrows). B) Restricted and selective axonal growth of
developing intracortical neurons into the cortical targets that receive input from those
neurons in adulthood. The green circles (green light beneath dimmed yellow and red circles)
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represent the presence of growth permissive or growth promoting signals for appropriate
axons, whereas the red octagons (stop signs) indicate the absence of growth promoting
signals for some axons or potential presence of axonal growth inhibiting signals. C)
Widespread developmental axon outgrowth of intracortical projection neurons, followed by
refinement of connectivity maps through selective axonal pruning.
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