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During early development the structure and function of the cerebral cortex is critically organized by subplate neurons (SPNs), a mostly transient population of glutamatergic and GABAergic neurons located below the cortical plate. At the molecular and morphological level SPNs represent a rather diverse population of cells expressing a variety of genetic markers and revealing different axonal-dendritic morphologies. Electrophysiologically SPNs are characterized by their rather mature intrinsic membrane properties and firing patterns. They are connected via electrical and chemical synapses to local and remote neurons, e.g., thalamic relay neurons forming the first thalamocortical input to the cerebral cortex. Therefore SPNs are robustly activated at pre- and perinatal stages by the sensory periphery. Although SPNs play pivotal roles in early neocortical activity, development and plasticity, they mostly disappear by programmed cell death during further maturation. On the one hand, SPNs may be selectively vulnerable to hypoxia-ischemia contributing to brain damage, on the other hand there is some evidence that enhanced survival rates or alterations in SPN distribution may contribute to the etiology of neurological or psychiatric disorders. This review aims to give a comprehensive and up-to-date overview on the many functions of SPNs during early physiological and pathophysiological development of the cerebral cortex.
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INTRODUCTION

The subplate (SP) was first described in the human cerebral cortex (Kostovic and Molliver, 1974), 3 years later in the fetal macaque (Rakic, 1977) and in rats (Rickmann et al., 1977), and then in carnivores (Luskin and Shatz, 1985) (for an interesting review on the history of research on the SP, see Judas et al. (2010). The SP was defined as a transient layer located above the intermediate zone and below the cortical plate (sub-plate) in the developing cerebral cortex. The cortical plate later forms the neocortical layers 2–6 (for review, see Bystron et al., 2008). During mammalian evolution the SP became profoundly thicker and in human prenatal neocortex the SP is between 1.5 and 4 times thicker than the cortical plate (Figures 1A,B; Vasung et al., 2016; for review, see Judas et al., 2013; Hoerder-Suabedissen and Molnár, 2015). The SP is a transient structure being present only during early corticogenesis. However, depending on the mammalian species SP neurons (SPNs) may survive under physiological or pathophysiological conditions into adulthood.
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FIGURE 1. Appearance of the SP in developing human and mouse cerebral cortex. (A) Cresylviolet (left) and Nissl (right) stained sections from human fetal cortex at postconceptional weeks 18 and 22–24, respectively (modified with permission from Kostovic et al. (2002) and Judas et al. (2013). Note that the thickness of the SP exceeds that of the CP. (B) Nissl stained sections of the mouse cortex at E18.5 and P1 (modified with permission from Hayano et al., 2014). Note that SPNs represent a small band of neurons below the cortical plate/layer 6. (C) Immunhistochemical processed section of a P8 mouse cortex illustrating that Cplx3-positive Neurons are located exclusively in the SP (with permission from Hoerder-Suabedissen et al., 2009). (D) Nurr1 antibodies also stains exclusively SPNs (with permission from Hoerder-Suabedissen et al., 2009). Scale bars 1 mm in (A) and 100 μm in (B–D). MZ, marginal zone; CP, cortical plate; SP, subplate; IZ, intermediate zone; SVZ, subventricular zone; VZ, ventricular zone; V and VI, layer V and VI, respectively.



Over the last 40 years we gained more and more knowledge on the functional role of SPNs in neocortical development. The SP is the first cortical site receiving synaptic inputs from the thalamus, other cortical regions and from neuromodulatory nuclei (for review, see Kanold and Luhmann, 2010). It has been initially suggested that the SP serves as a transient “waiting zone” for the ingrowing thalamocortical axons (for review, see Allendoerfer and Shatz, 1994). Subsequently it became clear that the SP is more than a passive waiting station for ingrowing thalamocortical fibers and a number of experimental studies in different species demonstrated that the SP is an essential element in early cortical function and development, being critically involved in the formation of cortical columnar structure, the maturation of intracortical inhibition, and the occurrence of ocular dominance plasticity (for review, see Friedlander and Torres-Reveron, 2009; Luhmann et al., 2009; Kanold and Luhmann, 2010; Kostovic and Judas, 2010; Hoerder-Suabedissen and Molnár, 2015).

While various aspects of the SP function have been covered by previous review articles, recent reports provided additional information on the molecular diversity and fate of SPNs, revealed additional roles of SPNs in neocortical development (e.g., neuronal migration), and provided evidence for an involvement/alteration of SPNs in brain diseases. Therefore, this review article aims (i) to give a comprehensive overview of our current understanding on the origin, molecular heterogeneity, physiological properties and synaptic integration of SPNs, (ii) to integrate recent findings into a concept of the functional role of SPNs in the structural and functional maturation of the cerebral cortex, and (iii) to present hypotheses how impaired SP function may contribute to the etiology of neurological or neuropsychiatric disorders.

MORPHOLOGICAL AND MOLECULAR PROPERTIES

The SP contains in- and outgrowing axons, glial cells as well as migratory and postmigratory neurons, but only the postmigratory neurons in this layer are termed SPNs (Kostovic and Rakic, 1990). Histological and molecular studies have shown that SPNs consist of a variety of morphologically and biochemically distinct subpopulations. Early studies also demonstrated a large morphological variety of SPNs (Allendoerfer and Shatz, 1994). SPNs encompass pyramidal-like and inverted pyramidal-like (main dendrite with ventricular orientation) neurons, horizontally oriented neurons, neurogliaform cells as well as polymorphic neurons (Valverde et al., 1989; Kostovic and Rakic, 1990; Hanganu et al., 2002; Hoerder-Suabedissen and Molnár, 2012). Both, smooth and spiny dendrites have been described for SPNs (Mrzljak et al., 1988; Valverde et al., 1989; Hanganu et al., 2002). Because of the high morphological resemblance of SPNs to layer 6B (L6B) neurons, it has been recently suggested that L6B consists of persistent non-pyramidal neurons from the SP and neocortical L6B pyramidal neurons (Marx et al., 2017). Axonal collaterals of SPNs show a dense arborisation within the SP, but also project to the cortical plate and up to the marginal zone (Friauf et al., 1990; Clancy and Cauller, 1999; Myakhar et al., 2011). The intracortical axonal arborisation is, however, dynamic and influenced by sensory experience, as demonstrated in a subset of SPNs in the Golli-tau model (Pinon et al., 2009). In addition to intracortical targets, axons of SPNs also extend to subcortical regions (McConnell et al., 1989, 1994; De Carlos and O’Leary, 1992; Hoerder-Suabedissen and Molnár, 2012). In general, the somatic morphological appearance of SPNs could not be correlated with their axonal arborization pattern, with the exception that inversed pyramidal neurons seem to have only intracortical axonal projections (Hoerder-Suabedissen and Molnár, 2012).

The morphological heterogeneity of SPNs is accompanied by a variability in their molecular properties. Immunohistochemical studies, investigating the presence of GABA, GABA synthesizing enzymes or vesicular transporters, demonstrated that both GABAergic and glutamatergic neurons can be found in the SP (Chun et al., 1987; Wahle et al., 1987; Finney et al., 1998; Del Rio et al., 2000; Ina et al., 2007; Hackett et al., 2016). Recently it has been demonstrated that three persistent subpopulations of GABAergic SPNs could be separated by their exclusive expression of somatostatin (30% of total GABAergic SPNs), 5HT3A serotonin receptors (60%), and parvalbumin (10%) (Qu et al., 2016). The somatostatin subgroup coexpresses neuronal nitric oxide synthase (nNOS), calbindin (CB) and neuropeptide Y (NPY). The 5HT3A subgroup coexpresses calretinin (CR) and the GABAA receptor subunit delta, which is also coexpressed in the PV subgroup (Qu et al., 2016). At least a fraction of the GABAergic SPNs survive into adulthood and probably establish long-ranging GABAergic connections (Clancy et al., 2009). Although some studies indicate that dopaminergic neurons may exist in the SP, a recent report documents that the expression of dopa-decarboxylase in the mouse SP is limited to non-neuronal cells only (Hoerder-Suabedissen et al., 2009).

Several markers have been suggested to enable selective labeling of SPNs (see e.g., Table 2 in Kanold and Luhmann, 2010), but many of them are expressed initially only in the SP with a delayed expression in other cortical layers (Hoerder-Suabedissen et al., 2013) or are exclusively found in the SP at prenatal stages (Oeschger et al., 2012). Early attempts to find subtype specific markers also identified a monoclonal antibody against immunoglobulin motifs (SP1) that specifically labels SPNs in cats (Henschel and Wahle, 1994). However, which proteins express these immunoglobulin motifs in the SP is unknown and the specificity of this antibody in other species has not been further investigated. The neuropeptides somatostatin and NPY are present at perinatal stages and almost selectively expressed in SPNs (Robertson et al., 2000), while at later postnatal stages these neuropeptides are also expressed in other neurons. Similar findings have been made for progesterone receptors, which appear in rat SPNs at E18, while in more superficial layers their expression is delayed by several days (López and Wagner, 2009). Neurons expressing acetylcholine esterase are also enriched, but not exclusively located, in the SP (Robertson et al., 2000). In rodents kynurein aminotransferase is exclusively expressed in the SP during the first postnatal week, but only in a small subpopulation of SPNs (Csillik et al., 2002). Neurotrophin receptors have been documented in the human SP already in 1990 (Allendoerfer et al., 1990) and the neurotrophin receptor p75NTR has been subsequently been found in the rodent SP between E16 and P7 (McQuillen et al., 2002). In contrast the cortical plate and superficial cortical layers completely lack neurotrophin receptors with the exception of Cajal-Retzius neurons in the marginal zone (McQuillen et al., 2002; Blanquie et al., 2017b). However, no information is currently available whether all or just subpopulations of SPNs are positive for p75NTR.

Using expression profiling Hoerder-Suabedissen and coworkers identified an increased expression in a variety of genes in the mouse SP. However, only 68 of these genes show a SP-specific expression at least at a defined developmental stage (Hoerder-Suabedissen et al., 2013). Only seven of these genes are specifically expressed in the SP throughout development and may be useful as reliable, specific markers for SPNs. In particular, these genes are Nurr1, Ctgf, Cplx3, Nxph4, Inpp4b, Htr1d, and Tpd52l1 (see Table 1), with Nurr1, however, also labeling supragranular layers in lateral regions of the neocortex (Hoerder-Suabedissen et al., 2009, 2013). For Nurr1, Cplx3, CTGF and Tpd52l1 the translation of these genes into SP-specific proteins has also been demonstrated (Hoerder-Suabedissen et al., 2009, 2013) (Figures 1C,D). At least the markers Nurr1, Clpx3, Lpar1 and CTGF demonstrate a fairly overlapping expression in mice (Hoerder-Suabedissen and Molnár, 2013), indicating that they do not represent markers for molecular distinct subpopulations. However, as Nurr1 and Cplx3 are virtually absent in GABAergic SP cells, these markers most probably label a subpopulation of glutamatergic neurons (Hoerder-Suabedissen and Molnár, 2013). Nurr1 and CTGF have also been found in the SP of humans (Wang et al., 2010), indicating that the human SP shows some similarity in the gene expression pattern to the rodent SP. Interestingly, a significant fraction of SP specific genes has been associated to neurodevelopmental disorders, such as autism spectrum disorders and schizophrenia (Hoerder-Suabedissen et al., 2013).

TABLE 1. SP-specific genes and their proposed cellular functions.
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In summary, these studies provide a set of molecular markers that are fairly specific for the SP during early developmental stages, but are most probably expressed only in subpopulations of SP neurons. Until now we lack a common molecular marker that unequivocally identifies all SPNs, emphasizing that the SP consists of a set of neuronal subpopulations with different molecular properties, distinct functions and diverse ontogenetic origins (Hoerder-Suabedissen and Molnár, 2015). On the other hand, no clear correlations between the expression profile of molecular markers and morphological patterns of SPNs have been obtained yet.

DEVELOPMENTAL ORIGIN OF SPNs

Birthdating studies revealed that most SPNs are generated between E11 and E13 in the mouse and between E13 and E15 in the rat (Wood et al., 1992; Valverde et al., 1995a; Price et al., 1997; Hoerder-Suabedissen and Molnár, 2013), thus belonging to the earliest generated neocortical neurons. Data obtained in rodents indicate that the SP in medial parts of the neocortex is populated by slightly earlier born (E12.5) neurons (Hoerder-Suabedissen and Molnár, 2013). In contrast, in primate neocortex the majority of SPNs are generated before the cortical plate has been formed and the generation of the SP continues until around mid-gestation (Molnár et al., 2006). In the primate fetal cortex, SPNs initially form a dense band, comparable to what has been shown in rodents (Figures 1A,B), which subsequently becomes dispersed through the thickening of the SP (Duque et al., 2016). It has been suggested that the invasion of monoamine, basal forebrain, thalamocortical and corticocortical axons may regulate this region-dependent dispersion of SPNs (Duque et al., 2016).

The majority of early born SPNs are generated in the ventricular zone. These neurons initially populate the preplate, which later is separated by subsequently born and outwardly migrating neurons into the superficial marginal zone (MZ) and the basal SP (Bystron et al., 2008). Recently a subpopulation of early born SPNs have been identified, which are generated in the rostromedial telencephalic wall, migrate tangentially to populate the preplate, and express the SP markers CTFG, Cplx3 or Nurr1 (Pedraza et al., 2014). Furthermore, GABAergic SPNs originate in the medial ganglionic eminence (Lavdas et al., 1999), the most important ontogenetic source of neocortical GABAergic neurons (Anderson et al., 1999), and reach the developing neocortex via tangential migration (Parnavelas, 2000).

To address the phylogenetic origin of the SP, Zoltan Molnár and coworkers used a set of SP specific markers, as identified from the murine SP, and studied their expression in the developing brain of several species (Wang et al., 2011). Interestingly, Moxd1, Ddc and Trh, all typical markers of mouse SPNs, are absent in the rat SP, illustrating a high variability of gene expression already at closely related species (Wang et al., 2011). In the short tailed opossum the SP markers Ctfg, Nurr1 and Moxd1 are expressed intermingled in neurons at the lower part of the developing cortex, suggesting that these neurons may represent the homologue of the SP in the marsupial brain. Expression of Ctfg and Nurr1 has also been found in the developing turtle brain in the so-called cell dense layer, which is probably homologous to the lower part of the neocortex. Moreover, in the pigeon brain Ctgf, Moxd1, and Nurr1 are expressed mainly in the developing hyperpallium, which probably represents a functional homologue of the neocortex. Thus neurons with molecular and functional properties corresponding to SPNs may have emerged early during amniote evolution (Wang et al., 2011). However, it has been suggested that the SP of mammals incorporates both, neuronal subpopulations that are homologous to sauropsidian ancestors as well as subpopulations that appeared later during mammal evolution (Montiel et al., 2011; Judas et al., 2013). This hypotheses is supported by the observation that the expression profile of SP specific genes in the human fetal brain is different from the rodent profile (Miller et al., 2014), which illustrates that the evolutionary achievement of the complex neocortex in humans is not only correlated to a thicker SP (Judas et al., 2013; Kostovic et al., 2014), but most probably by the addition of new molecular/functional distinct SPN populations.

INTRINSIC MEMBRANE PROPERTIES

Despite their diverse origins and large variety of morphological and molecular features, SPNs display rather similar electrophysiological properties. SPNs have a resting membrane potential of about -55 mV. Their membrane resistance is higher than 1 GΩ, indicating that even small postsynaptic currents in sparsely connected immature networks may be able to elicit action potentials (APs) in SPNs (Luhmann et al., 2000; Hanganu et al., 2001; Zhao et al., 2009; Liao and Lee, 2012; Unichenko et al., 2015). On the other hand the slow membrane time constant and low resonance frequency of SPNs (Sun et al., 2012) support the summation of recurrent subthreshold synaptic inputs occurring, e.g., during thalamic network bursts (Yang et al., 2013). In the prenatal rodent cortex most SPNs respond to sustained depolarizing current injection with overshooting APs and repetitive firing (Figure 2B). SPNs revealed APs with more mature properties, i.e., faster kinetics and larger amplitudes, as compared to APs of immature cortical neurons located in the marginal zone or in the cortical plate, due to the fact that they show largest amplitudes of voltage-dependent sodium currents (INa) (Luhmann et al., 2000), for review (see Luhmann et al., 2009; Kanold and Luhmann, 2010). Mean firing rate is about 10–20 Hz, but some SPNs can fire APs at frequencies up to 40 Hz (Hanganu et al., 2001; Unichenko et al., 2015). In the mouse auditory cortex SPNs appear to be capable of repetitive firing only from P5 on (Zhao et al., 2009). Similar properties of SPNs were observed in postmortem human fetal brain tissue within the second trimester of gestation (16–23 gestation weeks). Here, resting membrane potential is about -55 mV and input resistance amounts to ∼2 GΩ. Human SPNs display large INa (>500 pA) and are capable of firing repetitive APs in response to sustained depolarization (mean frequency ∼20 Hz) (Moore et al., 2009). Compared to other neurons in the developing neocortex, the mature APs of SPNs thus enable effective transmission of neuronal activity to cortical and subcortical target cells by means of AP burst firing.
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FIGURE 2. Synaptic connectivity of SPNs. (A) Intracellular biocytin staining of one SPN (arrow) in P3 mouse neocortex reveals columnar arrangement of several dye-coupled cells (with permission from Dupont et al., 2006). (B) Representative firing pattern induced by suprathreshold depolarization of SPN in P2 mouse cortex. SPNs were identified by their location, their appearance in differential interference contrast videomicroscopic image, and their electrophysiological properties. (C) Glutamatergic PSCs elicited by electrical stimulation in the thalamus. (D) GABAergic PSCs induced by electrical stimulation of the SP. (E) Schematic drawing illustrating SPN inputs (top) and outputs (bottom). CP, cortical plate; CR, Cajal-Retzius neuron in the marginal zone (MZ).



Interestingly, SPNs in vitro are spontaneously active in the immature human brain (16–23 gestation weeks) and can generate activity patterns similar to UP- and DOWN-states in adult rodent cortex. The typical shape of UP-states is a relatively long plateau depolarization with overshooting APs. Mean duration of Up-state amounts to ∼900 ms, but their occurrence do not show any temporal regularity (Moore et al., 2011). Although the density of connexin hemichannels in the SP is high, human SPNs appear to be only weakly coupled via gap junctions. However, spontaneous opening of connexin hemichannels leads to SPN depolarization and seems to underlie the spontaneous neuronal activity in the SP (Moore et al., 2014). In contrast to the human SP, SPNs in rodents demonstrate a strong gap-junction coupling not only between SPNs but also between SPNs and neurons of the cortical plate (Figure 2A) (Dupont et al., 2006). Rodent SPNs in acute brain slices display low level of spontaneous activity, but neuronal activity similar to that observed in human SPNs can be induced by activation of acetylcholine receptors (Dupont et al., 2006; Hanganu et al., 2009). Spontaneous neuronal activity of SPNs in combination with strong gap junction-mediated coupling between SPNs and cortical plate neurons may provide a prerequisite for the activity-dependent formation of the columnar organization of the cortex before coherent sensory information is transmitted from subcortical sources.

SYNAPTIC CONNECTIVITY (INPUTS AND OUTPUTS)

Results obtained by different experimental techniques and in various species confirm the hypothesis that SPNs are functionally well integrated in the developing cerebral cortex. SPNs play a central role in the establishment and functional maturation of thalamocortical connections and project to the growing cortical plate projections (McConnell et al., 1989; Ghosh et al., 1990). Ultrastructural studies of fixed brains revealed both symmetrical and asymetrical synapses in the SP, suggesting that SPNs receive both glutamatergic and GABAergic inputs (Kostovic and Rakic, 1990; Herrmann et al., 1994). In the visual cortex of perinatal kittens SPNs receive excitatory inputs via axons traversing the developing white matter (Friauf et al., 1990; Friauf and Shatz, 1991). In mice thalamocortical axons reach the SP at E15 and 1 day later begin to invade the upper cortical layers (Del Rio et al., 2000). In vivo electrophysiological recordings performed in young ferrets directly demonstrate that sound-evoked response in the auditory cortex emerge first in SPNs (Wess et al., 2017). Synaptic inputs to SPNs were investigated in detail in early postnatal neocortical brain slices of somatosensory and auditory cortex using local electrical and optical stimulation. Electrical activation of thalamocortical fibers reliably elicits AMPA and NMDA receptor-mediated excitatory postsynaptic currents (EPSCs) in SPNs already at P0 (Hanganu et al., 2002; Zhao et al., 2009). Similar results were obtained in prenatal rat slices using voltage-sensitive dye imaging (Higashi et al., 2002) and current source-density analyses in perinatal neocortical rat slices (Molnár et al., 2003), demonstrating a functional glutamatergic input from the thalamus (Figure 2C). In addition to thalamocortical inputs, SPNs also receive glutamatergic inputs from glutamatergic neurons in the SP (Hanganu et al., 2002; Zhao et al., 2009). Comparison of thalamocortical and intra-SP glutamatergic inputs in somatosensory cortex revealed significant differences in their short-termed synaptic plasticity (Hirsch and Luhmann, 2008). Intra-SP evoked EPSCs reveal strong paired-pulse facilitation, while thalamocortically evoked EPSCs demonstrate a slight paired-pulse depression, suggesting that the presynaptic release probability is higher at thalamocortical synapses as compared to intra-SP inputs. Indeed thalamocortically evoked EPSCs have larger amplitudes but they are exhausted already at relatively low (<40 Hz) stimulation frequencies, while intra-SP connections are capable to support information transfer even at 100 Hz (Hirsch and Luhmann, 2008). The last observation in combination with the strong gap junction-mediated coupling of SPNs favor the hypothesis that the SP during perinatal period functions as an amplifier of incoming thalamocortical activity (for review, see Kanold and Luhmann, 2010). A third excitatory synaptic input originates from the developing cortical plate. Both electrical and optical stimulation (using the glutamate uncaging approach) in the cortical plate elicits EPSCs both in somatosensory and auditory SPNs (Hanganu et al., 2002; Zhao et al., 2009). Interestingly in the auditory cortex at least some of these connections appear to be postsynaptically silent during the first postnatal week (Meng et al., 2014). In addition to these glutamatergic inputs, SPNs receive GABAergic inputs from neighboring GABAergic SPNs (Figure 2D) (Luhmann et al., 2009; Unichenko et al., 2015). Paired-pulse stimulation of GABAergic fibers reveal strong paired-pulse depression and a relatively high presynaptic release probability, suggesting that GABAergic SPNs can effectively control excitability and information transfer within the SP. It has been shown that the GABA transporter GAT-2/3 in SPNs operates in reverse mode and that GABA released via GAT-2/3 activates presynaptic GABA-B receptors on GABAergic synapses and tonically inhibits GABAergic inputs on SPNs (Unichenko et al., 2015). SPNs probably also receive corticocortical long-distance synaptic inputs, for example from callosal projections (Ivy and Killackey, 1981), but the functional properties of these projections are not characterized yet (Figure 2E). Using the in vitro photostimulation approach Patrick Kanold and coworkers identified in mouse auditory cortex two classes of SPNs with distinct spatial patterns of glutamatergic and GABAergic synaptic inputs (Viswanathan et al., 2012). The first class of SPNs receives inputs from only deep neocortical layers. The second class of SPNs is innervated from deep as well as superficial layers including layer 4 and is located more superficially in the SP as compared to the other class of SPNs.

In addition to glutamate and GABA, other neurotransmitter systems also play an important role in the SP. SPNs express both functional nicotinic (Hanganu and Luhmann, 2004) and muscarinic acetylcholine receptors of m1/m5 subtype (Hanganu et al., 2009). The cholinergic modulation of SPNs plays an essential role in the activation of oscillatory network events in the superficial cortical plate of immature rodents (Dupont et al., 2006). Similarly SPN excitability can be modulated by ambient glycine and/or taurine via activation of glycine receptors (Kilb et al., 2008; Kilb, 2017; Kilb and Fukuda, 2017). In the mouse prefrontal cortex, SPN activity can be induced via activation of purinoreceptors, which in situ seems to occur by ATP release from astrocytes, indicating that astrocytes may modulate early neuronal activity in the SP (Beamer et al., 2017). Serotonin appears not to influence intrinsic properties of SPNs, but it presynaptically suppresses thalamo-SP afferents through 5HT1B receptors (Liao and Lee, 2014).

Subplate neurons not only contact local cells but also form long-distance projections. Using carbocyanine dye tracing three groups of SPNs with different projection targets have been demonstrated in the SP of the mouse somatosensory cortex during the first postnatal week (Hoerder-Suabedissen and Molnár, 2012). The first group of SPNs projects into the developing somatosensory cortex. At P2 their axons reach the marginal zone, while at P7 they end at or below layer 4. The existence of SPN projections to the marginal zone has been shown anatomically in kitten visual cortex (Friauf et al., 1990) and functionally in mouse somatosensory cortex (Myakhar et al., 2011). In mouse auditory cortex glutamate uncaging in the SP elicit an excitatory response in layer 4 neurons, confirming direct synaptic inputs from the SP (Zhao et al., 2009). The second SPN group projects via the internal capsule to the dorsal thalamus mediating a corticothalamic feedback loop. In the embryonic brains of the Golli-tau-eGFP mouse the growth of these projections has been shown to be interrupted by a transient pause before invading the thalamus (Jacobs et al., 2007). The third group of SPNs seems to project to the contralateral hemisphere. These SPNs can be back-labeled from dye placement in the corpus callosum or in the contralateral site of the stained cells. The existence of callosally projecting SPNs has been previously documented in cat and ferret visual cortex (Antonini and Shatz, 1990) and confirmed in embryonic Golli-tau-eGFP mice (Jacobs et al., 2007). SPN projections to the superior colliculus has been also reported in mice (Jacobs et al., 2007) and in cats and ferrets (Antonini and Shatz, 1990).

Interestingly there seems to be a tendency that glutamatergic SPNs projecting toward neocortical layers reside preferentially in the superficial SP (Finney et al., 1998), suggesting the existence of functional sublayers in the SP. The recent identification of genetic markers for SPN subpopulations (see above) allows the detailed characterization of the specific projection patterns (Hoerder-Suabedissen et al., 2018). It has been demonstrated that Cplx3 positive SPNs preferentially extend their axons to septal regions of the somatosensory cortex as well as to the medial posterior nucleus of the thalamus, suggesting that they are preferentially involved in paralemniscal pathways (Viswanathan et al., 2017). These results suggest that some SPNs can link thalamocortical and corticothalamic neuronal circuits both during early postnatal development and in adulthood (Figure 2E). New reporter mouse lines will help to further characterize the connectivity of distinct SPNs, while application of optogenetics will allow to unravel the development and function of SPN inputs and outputs during perinatal development.

FUNCTION IN EARLY NETWORK ACTIVITY

As discussed in the previous sections, SPNs are electrophysiologically characterized by their relative mature intrinsic membrane properties (e.g., firing pattern), their pronounced connectivity via chemical and electrical synapses, and their synaptic activation by neuromodulatory inputs (e.g., cholinergic). These functional properties place SPNs in an ideal position to serve as key elements in monitoring and controlling neuronal network activity during a critical period of early cortical development (for review, see Luhmann et al., 2009; Kanold and Luhmann, 2010; Colonnese and Phillips, 2018). It is therefore not surprising that SPNs play an important role in early neocortical activity, although they probably not generate, but rather transmit and amplify the activity patterns. The cerebral cortex of newborn rodents shows two distinct patterns of spontaneous and sensory evoked activity. (i) Spindle bursts with a frequency of 10–25 Hz, a duration of 0.5–3 s and occurring spontaneously every ∼10 s (for review, see Yang et al., 2016; Luhmann, 2017). (ii) Early gamma oscillations with a frequency of 30–50 Hz and a duration of 100–300 ms (for review, see Khazipov et al., 2013; Luhmann and Khazipov, 2017). Extracellular multi-electrode recordings in newborn rat barrel cortex in vivo demonstrated that the current sink of this early activity is located in the inner layer of the cortical plate (future layer 4) and in the SP (Yang et al., 2009; Mitrukhina et al., 2015). Spindle burst (delta brush) activity has been also recorded with advanced EEG recording techniques in preterm human babies at a developmental stage when the human neocortex resembles that of the newborn rodent (Milh et al., 2007; Tolonen et al., 2007; Stjerna et al., 2012) (for a remarkable demonstration of EEG activity in preterm human cortex and the role of the SP see https://www.jove.com/video/3774/preterm-eeg-a-multimodal-neurophysiological-protocol).

Interestingly, these early activity patterns are present in somatosensory (Khazipov et al., 2004; Minlebaev et al., 2011; Yang et al., 2013), visual (Hanganu et al., 2006), auditory (Chipaux et al., 2013) and motor (An et al., 2014) cortex and either occur spontaneously or can be elicited by mild sensory stimulation (for review, see Colonnese and Khazipov, 2012; Luhmann and Khazipov, 2017). Furthermore, they are modulated by the cholinergic system (Hanganu et al., 2007) acting on SPNs (Hanganu et al., 2009). Therefore oscillatory network activity in the frequency range of spindle bursts and gamma oscillations can be also elicited in thick neocortical slices or intact in vitro preparations of a whole cortical hemisphere by application of cholinergic (muscarinic) agonists, such as carbachol, and require an intact SP (Dupont et al., 2006). These in vitro observations are supported by in vivo experiments, which demonstrate that endogenous and sensory evoked spindle burst activity in the neonatal rat somatosensory cortex is largely abolished after removal of the SP (Tolner et al., 2012).

ROLE IN EARLY CORTICAL DEVELOPMENT

The seminal work of Carla Shatz and coworkers demonstrated in the visual system of cats and ferrets that the SP plays a pivotal role in the development of the thalamocortical connection (Shatz and Luskin, 1986; Friauf et al., 1990; Ghosh et al., 1990), the feedback projection from the SP to the thalamus (McConnell et al., 1989; McConnell et al., 1994), and the activity-dependent development of cortical columns and GABAergic inhibition (Ghosh and Shatz, 1992; Lein et al., 1999; Kanold et al., 2003; Kanold and Shatz, 2006). Recent evidence obtained in mouse auditory cortex indicates that SPNs regulate the maturation of intracortical inhibition by direct and indirect SP synaptic inputs to GABAergic interneurons (Deng et al., 2017).

In newborn (P0-P1) rodent cortex, spontaneous or sensory evoked activation of SPNs elicits a spatially confined spindle burst or gamma oscillation, which synchronizes a local columnar network via neuronal, connexin-36 containing gap junctions (Dupont et al., 2006; Hanganu et al., 2009). This SP-driven activity probably represents the functional blueprint for the development of columnar networks (Yang et al., 2013), since selective lesioning of the SP eliminates spindle burst activity and prevents the development of modular architecture in the barrel cortex (Tolner et al., 2012).

More recently another important role of SPNs has been demonstrated in mouse embryonic cerebral cortex, namely the control of radial neuronal migration (Ohtaka-Maruyama et al., 2018). SPNs form transient glutamatergic synapses with migrating excitatory neurons just below the SP and facilitate their multipolar-to-bipolar transition by NMDA receptor-mediated synaptic transmission. This causes a change in the migration mode from slow multipolar migration to faster radial glial-guided locomotion (Ohtaka-Maruyama et al., 2018). An involvement of the SP in the control of late neuronal migration and the potential relevance for pathogenesis of neuronal migration disorders has been previously proposed by Kostovic et al. (2015). It remains to be studied in more detail whether and to which extent neurological (e.g., epilepsy) and neuropsychiatric diseases (e.g., schizophrenia, autism spectrum disorder) may be related to a dysfunction of the SP in regulating this step in neuronal migration (see section below).

DEVELOPMENTAL DESTINY OF SPNs

The SP has been considered as a transient structure serving a transient function. However, species-dependent differences in the amount of death versus survival of SPNs have been documented (for review, see Friedlander and Torres-Reveron, 2009; Kanold and Luhmann, 2010; Hoerder-Suabedissen and Molnár, 2015). Kostovic and Rakic demonstrated in human and monkey cerebral cortex already four decades ago that so-called interstitial cells in the white matter (WM) remain in the adult brain and suggested that these ”interstitial cells represent a vestige of the transient embryonic subplate layer” (Kostovic and Rakic, 1980). Meanwhile there is compelling evidence that SPNs, identified by their early generation, genetic markers and/or morphological properties, persist into adulthood, either as WM neurons (Valverde and Facal-Valverde, 1988) or forming a dense band below layer 6, which is termed either layer 6b, layer 7 or subgriseal layer (Chun and Shatz, 1989; Valverde et al., 1989; Woo et al., 1991; Reep, 2000; Marx and Feldmeyer, 2013; Marx et al., 2017). In rodents many Clpx3-positive glutamatergic SPNs persist in layer 6b of the adult neocortex (Viswanathan et al., 2017), while virtually all somatostatin-positive and NPY-positive SPNs disappear between P7 and P14 (Arias et al., 2002). These observations suggest that subpopulations of SPNs most probably have different development fates.

It has been estimated that only 10–20% of SPNs persist until adulthood (Friedlander and Torres-Reveron, 2009), although some studies assume in rodents a higher portion of surviving SPNs (Woo et al., 1991; Valverde et al., 1995b; Robertson et al., 2000). Clearly the majority of SPNs must disappear during early development by programmed cell death. In rodents most SPNs disappear during the first postnatal week and the rate of cell death is reduced in subsequent stages (Price et al., 1997). Interestingly the fraction of SPN loss depends critically on their birthday. While virtually all SPNs born at E11 disappear during the first postnatal week, a substantial fraction of E12 and E13 born SPNs persists until at least P21 (Price et al., 1997). These surviving SPNs persist in the WM and layer 6B, show mature electrophysiological properties and are integrated into the synaptic network via glutamate and GABA receptors (Torres-Reveron and Friedlander, 2007).

Subplate neurons disappear by programmed cell death, as apoptotic neurons have been identified in the SP by TUNEL assay, electron microscopy or the appearance of pyknotic nuclei (Spreafico et al., 1995; Rakic and Zecevic, 2000; Robertson et al., 2000). In the postnatal rodent neocortex an obvious increase of apoptotic cells can be observed in the SP between P5 and P8, when apoptotic SPNs outnumber apoptotic cells in all other layers (Spreafico et al., 1995), but see Valverde et al. (1995b), thus supporting the observation that a substantial fraction of SPNs disappear during early postnatal development. Different mechanisms have been suggested that drive SPNs into apoptosis. The down regulation of kynurenic aminotransferase, an enzyme that catalyzes the formation of the endogenous NMDA receptor blocker kynurenic acid, in SPNs after P7 has been suggested to boost excitotoxicity in SPNs (Csillik et al., 2002). In addition, the down regulation of the neurotrophin receptor p75NTR after P7 (McQuillen et al., 2002) may also trigger cell death. In SPNs this receptor supports neuronal survival (DeFreitas et al., 2001), in contrast to its classical contribution in proapoptotic signaling in most other cells (Nykjaer et al., 2005). Finally, the elimination of thalamic inputs during functional maturation of the neocortex (Friauf and Shatz, 1991; Kanold et al., 2003) deplete SPNs from their essential trophic support by these axons (Price and Lotto, 1996). This synaptic deprivation may also reduce the activity of SPNs, which can trigger neuronal apoptosis (for review, see Blanquie et al., 2017a).

PATHO(PHYSIO)LOGY OF SPNs

A central role of the SP in structural and functional plasticity of the human cerebral cortex after perinatal brain damage has been proposed three decades ago by Kostovic et al. (1989). It has been further suggested that SPNs and early neocortical circuits may be preserved following genetic or pathophysiological disturbances causing long-term neurological and psychiatric disorders (for review, see Luhmann et al., 2003). This hypothesis is of clinical relevance since in human early (preterm) development hypoxia-ischemia or infection may cause damage to the WM and the SP leading to periventricular leukomalacia (PVL). Transient hypoxia-ischemia in the neonatal rat reveals a selective vulnerability of SPNs and reproduces the WM injury and deficits in motor function observed in human PVL (McQuillen et al., 2003). This in vivo study is supported by in vitro data demonstrating a higher susceptibility of SPNs to oxygen-glucose deprivation when compared to other neocortical neurons, which may result from differences in the expression of glutamate receptors (Nguyen and McQuillen, 2010). In particular calcium-permeable AMPA receptors may contribute to this selective vulnerability (Hsu et al., 2010). Combined oxygen and glucose deprivation in vitro causes a prominent ischemic membrane depolarization in SPNs, which can be significantly delayed and reduced by blockade of NMDA receptors with MK-801 (Albrecht et al., 2005). However, the question whether SPNs reveal a selective vulnerability to hypoxia-ischemia is controversial (for review, see Millar et al., 2017). A recent in vivo study using the neonatal rat model of hypoxia-ischemia could not confirm previous reports (Okusa et al., 2014). In the fetal sheep SPNs even show a prominent resistance to early hypoxia-ischemia and survive, but dendritic arborization and functional maturation of SPNs is impaired (McClendon et al., 2017). Another approach addressing changes in the synaptic connectivity of SPNs following a mild or a more severe hypoxic-ischemic insult in newborn rats has been used by Patrick Kanold and coworkers (Sheikh et al., 2018). Histological damage to the SP could be observed only in the severe model. However in vitro laser-scanning photostimulation revealed a hyperconnectivity of excitatory and inhibitory synaptic inputs onto SPNs in both models, indicating that immature circuits involving SPNs are highly susceptible to early hypoxia-ischemia. In line with this, hypoxia-ischemia in newborn rats causes a reduction in spindle burst activity, deficits in dendrite and spine formation in neocortical pyramidal neurons and a delayed expression of glutamate receptor subunits and transporters (Ranasinghe et al., 2015). These hypoxia-ischemia induced modifications in synaptic connectivity to SPNs may contribute to an impairment of activity-dependent synaptic plasticity during further development (Failor et al., 2010).

On the other hand, altered connectivity is a key observation in patients with neuropsychiatric disorders, including autistic spectrum disorder and schizophrenia (Kostovic et al., 2010; Itahashi et al., 2014; Kambeitz et al., 2016), indicating that dysfunction of SPNs during development may be involved in the etiology of such disorders. In line with this, using a pharmacological animal model of autism spectrum disorder (prenatal valproic acid exposure) Kanold and colleagues demonstrated in the mouse auditory cortex in vitro an increased excitatory and inhibitory connection probability or strength during the first postnatal week, which during this period critically depends on SPNs, which progress into a general hyperconnectivity after P10 (Nagode et al., 2017). Finally, an increased number of interstitial cells has been reported in patients with schizophrenia (Eastwood and Harrison, 2005), indicating that an enhanced number of surviving SPNs may also be involved in the etiology of this disease. These data further support the hypothesis that SPNs do not only fulfill an important role in the physiological development of the neocortex, but also indicate that disturbances in the activity of SPNs may contribute to the manifestation of long-term neurological or psychiatric disorders (for review, see Hutsler and Casanova, 2016; Hadders-Algra, 2018).

In recent years the role of SPNs in neocortical development of humans suffering from pre- or neonatal hypoxia-ischemia has been studied to some extent. Preterm infants with PVL show neuronal cell loss in the SP and WM indicating a vulnerability of these neurons in humans (Kinney et al., 2012). This conclusion is supported by immunohistochemical studies in post-mortem neocortical tissue from very preterm and preterm infants (postconceptional week 24–29 and 30–34, respectively) with periventricular white matter injury showing activated microglial cells in the SP (Pogledic et al., 2014). As discussed above, SPNs are required for spindle burst activity in the newborn rodent cortex. EEG recordings from premature infants with white matter and/or SP injury shows a depressed background activity and a loss of burst activity in the spindle frequency band (Ranasinghe et al., 2015), which is comparable to alterations in the spindle-burst activity observed in a rat model of prenatal hypoxia-ischemia observed in the same study.

Rodent studies have shown that the SP influences neuronal migration (see above). Therefore a similar function can be also postulated for the SP in primates (for review, see Kostovic et al., 2015). Migratory neurons may become misplaced within the SP resulting in migration disorders and cortical dysplasia. Neuronal migration disorders are often associated with pharmaco-resistant epilepsies (for review, see Guerrini et al., 2008). A large number of WM neurons, resembling SPNs, have been detected in surgically removed neocortical tissues of medically refractory temporal lobe epilepsy patients (Richter et al., 2016). Since all these patients were adult (up to 74 years of age) it can be assumed that SPNs survived in the cases. Neurosurgical removal of this focal cortical malformation generally results in a significant improvement or patients may become even seizure free, suggesting that the local neuronal circuits containing surviving SPNs are actually the epileptic focus (for review, see Luhmann et al., 2003). A similar hypothesis has been put forward by Kostovic and colleagues for the human prefrontal cortex (for review, see Kostovic et al., 2010). They propose that surviving SPNs and interstitial GABAergic neurons may cause an increased inhibition of prefrontal cortical neurons and circuits, which may be one mechanism underlying schizophrenia. These observations also indicate that structural and functional changes in the SP occur very early and clearly before the cerebral cortex has gained its typical six-layered architecture (for review, see Hutsler and Casanova, 2016).

CONCLUSION AND FUTURE PERSPECTIVES

Over the last four decades we have gained a large amount experimental and clinical data demonstrating that SPNs play a fundamental role in early cortical development. For further understanding of the SP function we propose the following to-do-list:

(1) Classify different SPN populations on the basis of their molecular, morphological and electrophysiological properties.

(2) Identify the physiological, pathophysiological and genetic factors which control the death versus survival of SPNs or SPN subpopulations.

(3) Manipulate on a short-term (minutes to hours) and long-term (days to weeks) time-scale the function and activity of distinct SPN populations (e.g., by optogenetics) and analyze short- and long-term consequences.

(4) Characterize the functional role of SPNs in developing human cortex (e.g., in human brain organoids).

(5) Elucidate the transient and permanent role of SPNs in human neurological and psychiatric disorders.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

We thank all colleagues, who contributed with their work to a better understanding of the function of subplate neurons. We apologize that not all relevant publications on this topic could be cited in this review due to space limitations. We thank our coworkers and the funding agencies, especially the Deutsche Forschungsgemeinschaft (DFG), for continuous support. We confirm that we read the Journal’s position on issues involved in ethical publication and affirm that this report is consistent with those guidelines.

REFERENCES

Agoulnik, I. U., Hodgson, M. C., Bowden, W. A., and Ittmann, M. M. (2011). INPP4B: the New Kid on the PI3K Block. Oncotarget 2, 321–328. doi: 10.18632/oncotarget.260

Albrecht, J., Hanganu, I. L., Heck, N., and Luhmann, H. J. (2005). In vitro ischemia induced dysfunction in the somatosensory cortex of the newborn rat. Eur. J. Neurosci. 22, 2295–2305. doi: 10.1111/j.1460-9568.2005.04398.x

Allendoerfer, K. L., and Shatz, C. J. (1994). The subplate, a transient neocortical structure: Its role in the development of connections between thalamus and cortex. Annu. Rev. Neurosci. 17, 185–218. doi: 10.1146/annurev.ne.17.030194.001153

Allendoerfer, K. L., Shelton, D. L., Shooter, E. M., and Shatz, C. J. (1990). Nerve growth factor receptor immunoreactivity is transiently associated with the subplate neurons of the mammalian cerebral cortex. Proc. Natl. Acad. Sci. U.S.A. 87, 187–190. doi: 10.1073/pnas.87.1.187

An, S., Kilb, W., and Luhmann, H. J. (2014). Sensory-evoked and spontaneous gamma and spindle bursts in neonatal rat motor cortex. J. Neurosci. 34, 10870–10883. doi: 10.1523/JNEUROSCI.4539-13.2014

Anderson, S., Mione, M., Yun, K., and Rubenstein, J. L. R. (1999). Differential origins of neocortical projection and local circuit neurons: Role of Dlx genes in neocortical interneuronogenesis. Cereb. Cortex 9, 646–654. doi: 10.1093/cercor/9.6.646

Antonini, A., and Shatz, C. J. (1990). Relation between putative transmitter phenotypes and connectivity of subplate neurons during cerebral cortical development. Eur. J. Neurosci. 2, 744–761. doi: 10.1111/j.1460-9568.1990.tb00465.x

Arias, M. S., Baratta, J., Yu, J., and Robertson, R. T. (2002). Absence of selectivity in the loss of neurons from the developing cortical subplate of the rat. Dev. Brain Res. 139, 331–335. doi: 10.1016/S0165-3806(02)00582-5

Arimatsu, Y., Ishida, M., Kaneko, T., Ichinose, S., and Omori, A. (2003). Organization and development of corticocortical associative neurons expressing the orphan nuclear receptor Nurr1. J. Comp. Neurol. 466, 180–196. doi: 10.1002/cne.10875

Beamer, E., Kovacs, G., and Sperlagh, B. (2017). ATP released from astrocytes modulates action potential threshold and spontaneous excitatory postsynaptic currents in the neonatal rat prefrontal cortex. Brain Res. Bull. 135, 129–142. doi: 10.1016/j.brainresbull.2017.10.006

Blanquie, O., Kilb, W., Sinning, A., and Luhmann, H. J. (2017a). Homeostatic interplay between electrical activity and neuronal apoptosis in the developing neocortex. Neuroscience 358, 190–200. doi: 10.1016/j.neuroscience.2017.06.030

Blanquie, O., Liebmann, L., Hübner, C. A., Luhmann, H. J., and Sinning, A. (2017b). NKCC1-mediated GABAergic signaling promotes postnatal cell death in neocortical Cajal-Retzius cells. Cereb. Cortex 27, 1644–1659.

Bystron, I., Blakemore, C., and Rakic, P. (2008). Development of the human cerebral cortex: Boulder Committee revisited. Nat. Rev. Neurosci. 9, 110–122. doi: 10.1038/nrn2252

Chipaux, M., Colonnese, M. T., Mauguen, A., Fellous, L., Mokhtari, M., Lezcano, O., et al. (2013). Auditory stimuli mimicking ambient sounds drive temporal “Delta-Brushes” in premature infants. PLoS One 8:e79028. doi: 10.1371/journal.pone.0079028

Chun, J. J., Nakamura, M. J., and Shatz, C. J. (1987). Transient cells of the developing mammalian telencephalon are peptide-immunoreactive neurons. Nature 325, 617–620. doi: 10.1038/325617a0

Chun, J. J. M., and Shatz, C. J. (1989). Interstitial cells of the adult neocortical white matter are remnant of the early generated subplate neuron population. J. Comp. Neurol. 282, 555–569. doi: 10.1002/cne.902820407

Clancy, B., and Cauller, L. J. (1999). Widespread projections from subgriseal neurons (Layer VII) to layer I in adult rat cortex. J. Comp. Neurol. 407, 275–286. doi: 10.1002/(SICI)1096-9861(19990503)407:2<275::AID-CNE8>3.0.CO;2-0

Clancy, B., Teague-Ross, T. J., and Nagarajan, R. (2009). Cross-species analyses of the cortical GABAergic and subplate neural populations. Front. Neuroanat. 3:20. doi: 10.3389/neuro.05.020.2009

Colonnese, M., and Khazipov, R. (2012). Spontaneous activity in developing sensory circuits: implications for resting state fMRI. Neuroimage 62, 2212–2221. doi: 10.1016/j.neuroimage.2012.02.046

Colonnese, M. T., and Phillips, M. A. (2018). Thalamocortical function in developing sensory circuits. Curr. Opin. Neurobiol. 52, 72–79. doi: 10.1016/j.conb.2018.04.019

Csillik, A. E., Okuno, E., Csillik, B., Knyihar, E., and Vecsei, L. (2002). Expression of kynurenine aminotransferase in the subplate of the rat and its possible role in the regulation of programmed cell death. Cereb. Cortex 12, 1193–1201. doi: 10.1093/cercor/12.11.1193

De Carlos, J. A., and O’Leary, D. D. M. (1992). Growth and targeting of subplate axons and establishment of major cortical pathways. J. Neurosci. 12, 1194–1211. doi: 10.1523/JNEUROSCI.12-04-01194.1992

DeFreitas, M. F., McQuillen, P. S., and Shatz, C. J. (2001). A novel p75NTR signaling pathway promotes survival, not death, of immunopurified neocortical subplate neurons. J. Neurosci. 21, 5121–5129. doi: 10.1523/JNEUROSCI.21-14-05121.2001

Del Rio, J. A., Martinez, A., Auladell, C., and Soriano, E. (2000). Developmental history of the subplate and developing white matter in the murine neocortex. Neuronal organization and relationship with the main afferent systems at embryonic and perinatal stages. Cereb. Cortex 10, 784–801. doi: 10.1093/cercor/10.8.784

Deng, R., Kao, J. P. Y., and Kanold, P. O. (2017). Distinct translaminar glutamatergic circuits to GABAergic interneurons in the neonatal auditory cortex. Cell Rep. 19, 1141–1150. doi: 10.1016/j.celrep.2017.04.044

Dupont, E., Hanganu, I. L., Kilb, W., Hirsch, S., and Luhmann, H. J. (2006). Rapid developmental switch in the mechanisms driving early cortical columnar networks. Nature 439, 79–83. doi: 10.1038/nature04264

Duque, A., Krsnik, Z., Kostovic, I., and Rakic, P. (2016). Secondary expansion of the transient subplate zone in the developing cerebrum of human and nonhuman primates. Proc. Natl. Acad. Sci. U.S.A. 113, 9892–9897. doi: 10.1073/pnas.1610078113

Eastwood, S. L., and Harrison, P. J. (2005). Interstitial white matter neuron density in the dorsolateral prefrontal cortex and parahippocampal gyrus in schizophrenia. Schizophr. Res. 79, 181–188. doi: 10.1016/j.schres.2005.07.001

Failor, S., Nguyen, V., Darcy, D. P., Cang, J., Wendland, M. F., Stryker, M. P., et al. (2010). Neonatal cerebral hypoxia-ischemia impairs plasticity in rat visual cortex. J. Neurosci. 30, 81–92. doi: 10.1523/JNEUROSCI.5656-08.2010

Finney, E. M., Stone, J. R., and Shatz, C. J. (1998). Major glutamatergic projection from subplate into visual cortex during development. J. Comp. Neurol. 398, 105–118. doi: 10.1002/(SICI)1096-9861(19980817)398:1<105::AID-CNE7>3.0.CO;2-5

Friauf, E., McConnell, S. K., and Shatz, C. J. (1990). Functional synaptic circuits in the subplate during fetal and early postnatal development of cat visual cortex. J. Neurosci. 10, 2601–2613. doi: 10.1523/JNEUROSCI.10-08-02601.1990

Friauf, E., and Shatz, C. J. (1991). Changing patterns of synaptic input to subplate and cortical plate during development of visual cortex. J. Neurophysiol. 66, 2059–2071. doi: 10.1152/jn.1991.66.6.2059

Friedlander, M. J., and Torres-Reveron, J. (2009). The changing roles of neurons in the cortical subplate. Front. Neuroanat. 3:15. doi: 10.3389/neuro.05.015.2009

Ghosh, A., Antonini, A., McConnell, S. K., and Shatz, C. J. (1990). Requirements of subplate neurons in the formation of thalamocortical connections. Nature 347, 179–181. doi: 10.1038/347179a0

Ghosh, A., and Shatz, C. J. (1992). Involvement of subplate neurons in the formation of ocular dominance columns. Science 255, 1441–1443. doi: 10.1126/science.1542795

Guerrini, R., Dobyns, W. B., and Barkovich, A. J. (2008). Abnormal development of the human cerebral cortex: genetics, functional consequences and treatment options. Trends Neurosci. 31, 154–162. doi: 10.1016/j.tins.2007.12.004

Hackett, T. A., Clause, A. R., Takahata, T., Hackett, N. J., and Polley, D. B. (2016). Differential maturation of vesicular glutamate and GABA transporter expression in the mouse auditory forebrain during the first weeks of hearing. Brain Struct. Funct. 221, 2619–2673. doi: 10.1007/s00429-015-1062-3

Hadders-Algra, M. (2018). Early human brain development: starring the subplate. Neurosci. Biobehav. Rev. 92, 276–290. doi: 10.1016/j.neubiorev.2018.06.017

Hanganu, I. L., Ben-Ari, Y., and Khazipov, R. (2006). Retinal waves trigger spindle bursts in the neonatal rat visual cortex. J. Neurosci. 26, 6728–6736. doi: 10.1523/JNEUROSCI.0752-06.2006

Hanganu, I. L., Kilb, W., and Luhmann, H. J. (2001). Spontaneous synaptic activity of subplate neurons in neonatal rat somatosensory cortex. Cereb. Cortex 11, 400–410. doi: 10.1093/cercor/11.5.400

Hanganu, I. L., Kilb, W., and Luhmann, H. J. (2002). Functional synaptic projections onto subplate neurons in neonatal rat somatosensory cortex. J. Neurosci. 22, 7165–7176. doi: 10.1523/JNEUROSCI.22-16-07165.2002

Hanganu, I. L., and Luhmann, H. J. (2004). Functional nicotinic acetylcholine receptors on subplate neurons in neonatal rat somatosensory cortex. J. Neurophysiol. 92, 189–198. doi: 10.1152/jn.00010.2004

Hanganu, I. L., Okabe, A., Lessmann, V., and Luhmann, H. J. (2009). Cellular mechanisms of subplate-driven and cholinergic input-dependent network activity in the neonatal rat somatosensory cortex. Cereb. Cortex 19, 89–105. doi: 10.1093/cercor/bhn061

Hanganu, I. L., Staiger, J. F., Ben-Ari, Y., and Khazipov, R. (2007). Cholinergic modulation of spindle bursts in the neonatal rat visual cortex in vivo. J. Neurosci. 27, 5694–5705. doi: 10.1523/JNEUROSCI.5233-06.2007

Hayano, Y., Zhao, H., Kobayashi, H., Takeuchi, K., Norioka, S., and Yamamoto, N. (2014). The role of T-cadherin in axonal pathway formation in neocortical circuits. Development 141, 4784–4793. doi: 10.1242/dev.108290

Henschel, R., and Wahle, P. (1994). The SP1 antigen in subplate neurons of the developing cat cortex is an immunoglobulin-like molecule. Eur. J. Neurosci. 6, 1239–1246. doi: 10.1111/j.1460-9568.1994.tb00313.x

Herrmann, K., Antonini, A., and Shatz, C. J. (1994). Ultrastructural evidence for synaptic interactions between thalamocortical axons and subplate neurons. Eur. J. Neurosci. 6, 1729–1742. doi: 10.1111/j.1460-9568.1994.tb00565.x

Heuer, H., Christ, S., Friedrichsen, S., Brauer, D., Winckler, M., Bauer, K., et al. (2003). Connective tissue growth factor: a novel marker of layer VII neurons in the rat cerebral cortex. Neuroscience 119, 43–52. doi: 10.1016/S0306-4522(03)00100-3

Higashi, S., Molnár, Z., Kurotani, T., and Toyama, K. (2002). Prenatal development of neural excitation in rat thalamocortical projections studied by optical recording. Neuroscience 115, 1231–1246. doi: 10.1016/S0306-4522(02)00418-9

Hirsch, S., and Luhmann, H. J. (2008). Pathway-specificity in N-methyl-d-aspartate receptor-mediated synaptic inputs onto subplate neurons. Neuroscience 153, 1092–1102. doi: 10.1016/j.neuroscience.2008.01.068

Hoerder-Suabedissen, A., Hayashi, S., Upton, L., Nolan, Z., Casas-Torremocha, D., Grant, E., et al. (2018). Subset of cortical layer 6b neurons selectively innervates higher order thalamic nuclei in mice. Cereb. Cortex 28, 1882–1897. doi: 10.1093/cercor/bhy036

Hoerder-Suabedissen, A., and Molnár, Z. (2012). Morphology of mouse subplate cells with identified projection targets changes with age. J. Comp. Neurol. 520, 174–185. doi: 10.1002/cne.22725

Hoerder-Suabedissen, A., and Molnár, Z. (2013). Molecular diversity of early-born subplate neurons. Cereb. Cortex 23, 1473–1483. doi: 10.1093/cercor/bhs137

Hoerder-Suabedissen, A., and Molnár, Z. (2015). Development, evolution and pathology of neocortical subplate neurons. Nat. Rev. Neurosci. 16, 133–146. doi: 10.1038/nrn3915

Hoerder-Suabedissen, A., Oeschger, F. M., Krishnan, M. L., Belgard, T. G., Wang, W. Z., Lee, S., et al. (2013). Expression profiling of mouse subplate reveals a dynamic gene network and disease association with autism and schizophrenia. Proc. Natl. Acad. Sci. U.S.A. 110, 3555–3560. doi: 10.1073/pnas.1218510110

Hoerder-Suabedissen, A., Wang, W. Z., Lee, S., Davies, K. E., Goffinet, A., Rakic, S., et al. (2009). Novel markers reveal subpopulations of subplate neurons in the murine cerebral cortex. Cereb. Cortex 19, 1738–1750. doi: 10.1093/cercor/bhn195

Hsu, C. I., Wang, T. C., Hou, S. Y., Chin, T. Y., and Chang, Y. C. (2010). Quantitative study of the developmental changes in calcium-permeable AMPA receptor-expressing neurons in the rat somatosensory cortex. J. Comp. Neurol. 518, 75–91. doi: 10.1002/cne.22211

Hutsler, J. J., and Casanova, M. F. (2016). Review: cortical construction in autism spectrum disorder: columns, connectivity and the subplate. Neuropathol. Appl. Neurobiol. 42, 115–134. doi: 10.1111/nan.12227

Ina, A., Sugiyama, M., Konno, J., Yoshida, S., Ohmomo, H., Nogami, H., et al. (2007). Cajal-Retzius cells and subplate neurons differentially express vesicular glutamate transporters 1 and 2 during development of mouse cortex. Eur. J. Neurosci. 26, 615–623. doi: 10.1111/j.1460-9568.2007.05703.x

Itahashi, T., Yamada, T., Watanabe, H., Nakamura, M., Jimbo, D., Shioda, S., et al. (2014). Altered network topologies and hub organization in adults with autism: a resting-state fMRI study. PLoS One 9:e94115. doi: 10.1371/journal.pone.0094115

Ivy, G. O., and Killackey, H. P. (1981). The ontogeny of the distribution of callosal projection neurons in the rat parietal cortex. J. Comp. Neurol. 195, 367–389. doi: 10.1002/cne.901950302

Jacobs, E. C., Campagnoni, C., Kampf, K., Reyes, S. D., Kalra, V., Handley, V., et al. (2007). Visualization of corticofugal projections during early cortical development in a tau-GFP-transgenic mouse. Eur. J. Neurosci. 25, 17–30. doi: 10.1111/j.1460-9568.2006.05258.x

Judas, M., Sedmak, G., and Kostovic, I. (2013). The significance of the subplate for evolution and developmental plasticity of the human brain. Front. Hum. Neurosci. 7:423. doi: 10.3389/fnhum.2013.00423

Judas, M., Sedmak, G., and Pletikos, M. (2010). Early history of subplate and interstitial neurons: from Theodor Meynert (1867) to the discovery of the subplate zone (1974). J. Anat. 217, 344–367. doi: 10.1111/j.1469-7580.2010.01283.x

Kambeitz, J., Kambeitz-Ilankovic, L., Cabral, C., Dwyer, D. B., Calhoun, V. D., van den Heuvel, M. P., et al. (2016). Aberrant functional whole-brain network architecture in patients with schizophrenia: a meta-analysis. Schizophr. Bull. 42(Suppl. 1), S13–S21. doi: 10.1093/schbul/sbv174

Kamili, A., Roslan, N., Frost, S., Cantrill, L. C., Wang, D. W., Della-Franca, A., et al. (2015). TPD52 expression increases neutral lipid storage within cultured cells. J. Cell Sci. 128, 3223–3238. doi: 10.1242/jcs.167692

Kanold, P. O., Kara, P., Reid, R. C., and Shatz, C. J. (2003). Role of subplate neurons in functional maturation of visual cortical columns. Science 301, 521–525. doi: 10.1126/science.1084152

Kanold, P. O., and Luhmann, H. J. (2010). The subplate and early cortical circuits. Annu. Rev. Neurosci. 33, 23–48. doi: 10.1146/annurev-neuro-060909-153244

Kanold, P. O., and Shatz, C. J. (2006). Subplate neurons regulate maturation of cortical inhibition and outcome of ocular dominance plasticity. Neuron 51, 627–638. doi: 10.1016/j.neuron.2006.07.008

Khazipov, R., Minlebaev, M., and Valeeva, G. (2013). Early gamma oscillations. Neuroscience 250, 240–252. doi: 10.1016/j.neuroscience.2013.07.019

Khazipov, R., Sirota, A., Leinekugel, X., Holmes, G. L., Ben-Ari, Y., and Buzsáki, G. (2004). Early motor activity drives spindle bursts in the developing somatosensory cortex. Nature 432, 758–761. doi: 10.1038/nature03132

Kilb, W. (2017). Putative role of taurine as neurotransmitter during perinatal cortical development. Adv. Exp. Med. Biol. 975, 281–292. doi: 10.1007/978-94-024-1079-2_25

Kilb, W., and Fukuda, A. (2017). Taurine as an essential neuromodulator during perinatal cortical development. Front. Cell Neurosci. 11:328. doi: 10.3389/fncel.2017.00328

Kilb, W., Hanganu, I. L., Okabe, A., Sava, B. A., Shimizu-Okabe, C., Fukuda, A., et al. (2008). Glycine receptors mediate excitation of subplate neurons in neonatal rat cerebral cortex. J. Neurophysiol. 100, 698–707. doi: 10.1152/jn.00657.2007

Kinney, H. C., Haynes, R. L., Xu, G., Andiman, S. E., Folkerth, R. D., Sleeper, L. A., et al. (2012). Neuron deficit in the white matter and subplate in periventricular leukomalacia. Ann. Neurol. 71, 397–406. doi: 10.1002/ana.22612

Kostovic, I., Jovanov-Milosevic, N., Rados, M., Sedmak, G., Benjak, V., Kostovic-Srzentic, M., et al. (2014). Perinatal and early postnatal reorganization of the subplate and related cellular compartments in the human cerebral wall as revealed by histological and MRI approaches. Brain Struct. Funct. 219, 231–253. doi: 10.1007/s00429-012-0496-0

Kostovic, I., and Judas, M. (2010). The development of the subplate and thalamocortical connections in the human foetal brain. Acta Paediatr. 99, 1119–1127. doi: 10.1111/j.1651-2227.2010.01811.x

Kostovic, I., Judas, M., Rados, M., and Hrabac, P. (2002). Laminar organization of the human fetal cerebrum revealed by histochemical markers and magnetic resonance imaging. Cereb. Cortex 12, 536–544. doi: 10.1093/cercor/12.5.536

Kostovic, I., Judas, M., and Sedmak, G. (2010). Developmental history of the subplate zone, subplate neurons and interstitial white matter neurons: relevance for schizophrenia. Int. J. Dev. Neurosci. 29, 193–205. doi: 10.1016/j.ijdevneu.2010.09.005

Kostovic, I., Lukinovic, N., Judas, M., Bogdanovic, N., Mrzljak, L., Zecevic, N., et al. (1989). Structural basis of the developmental plasticity in the human cerebral cortex: the role of the transient subplate zone. Metab. Brain Dis. 4, 17–23. doi: 10.1007/BF00999489

Kostovic, I., and Molliver, M. E. (1974). A new interpretation of the laminar development of cerebral cortex: synaptogenesis in different layers of neopallium in the human fetus. Anat. Rec. 178:395.

Kostovic, I., and Rakic, P. (1980). Cytology and time of origin of interstitial neurons in the white matter in infant and adult human and monkey telencephalon. J. Neurocytol. 9, 219–242. doi: 10.1007/BF01205159

Kostovic, I., and Rakic, P. (1990). Developmental history of the transient subplate zone in the visual and somatosensory cortex of the macaque monkey and human brain. J. Comp. Neurol. 297, 441–470. doi: 10.1002/cne.902970309

Kostovic, I., Sedmak, G., Vuksic, M., and Judas, M. (2015). The relevance of human fetal subplate zone for developmental neuropathology of neuronal migration disorders and cortical dysplasia. CNS Neurosci. Therap. 21, 74–82. doi: 10.1111/cns.12333

Lavdas, A. A., Grigoriou, M., Pachnis, V., and Parnavelas, J. G. (1999). The medial ganglionic eminence gives rise to a population of early neurons in the developing cerebral cortex. J. Neurosci. 19, 7881–7888. doi: 10.1523/JNEUROSCI.19-18-07881.1999

Lein, E. S., Finney, E. M., McQuillen, P. S., and Shatz, C. J. (1999). Subplate neuron ablation alters neurotrophin expression and ocular dominance column formation. Proc. Natl. Acad. Sci. U.S.A. 96, 13491–13495. doi: 10.1073/pnas.96.23.13491

Liao, C. C., and Lee, L. J. (2012). Evidence for structural and functional changes of subplate neurons in developing rat barrel cortex. Brain Struct. Funct. 217, 275–292. doi: 10.1007/s00429-011-0354-5

Liao, C. C., and Lee, L. J. (2014). Presynaptic 5-HT1B receptor-mediated synaptic suppression to the subplate neurons in the somatosensory cortex of neonatal rats. Neuropharmacology 77, 81–89. doi: 10.1016/j.neuropharm.2013.08.040

López, V., and Wagner, C. K. (2009). Progestin receptor is transiently expressed perinatally in neurons of the rat isocortex. J. Comp. Neurol. 512, 124–139. doi: 10.1002/cne.21883

Luhmann, H. J. (2017). Review of imaging network activities in developing rodent cerebral cortex in vivo. Neurophotonics 4:031202. doi: 10.1117/1.NPh.4.3.031202

Luhmann, H. J., Hanganu, I. L., and Kilb, W. (2003). Cellular physiology of the neonatal rat cerebral cortex. Brain Res. Bull. 60, 345–353. doi: 10.1016/S0361-9230(03)00059-5

Luhmann, H. J., and Khazipov, R. (2017). Neuronal activity patterns in the developing barrel cortex. Neuroscience 368, 256–267. doi: 10.1016/j.neuroscience.2017.05.025

Luhmann, H. J., Kilb, W., and Hanganu-Opatz, I. L. (2009). Subplate cells: amplifiers of neuronal activity in the developing cerebral cortex. Front. Neuroanat. 3:19. doi: 10.3389/neuro.05.019.2009

Luhmann, H. J., Reiprich, R. A., Hanganu, I. L., and Kilb, W. (2000). Cellular physiology of the neonatal rat cerebral cortex: Intrinsic membrane properties, sodium and calcium currents. J. Neurosci. Res. 62, 574–584. doi: 10.1002/1097-4547(20001115)62:4<574::AID-JNR12>3.0.CO;2-0

Luskin, M. B., and Shatz, C. J. (1985). Studies of the earliest generated cells of the cat’s visual cortex: cogeneration of subplate and marginal zones. J. Neurosci. 5, 1062–1075. doi: 10.1523/JNEUROSCI.05-04-01062.1985

Marx, M., and Feldmeyer, D. (2013). Morphology and physiology of excitatory neurons in layer 6b of the somatosensory rat barrel cortex. Cereb. Cortex 23, 2803–2817. doi: 10.1093/cercor/bhs254

Marx, M., Qi, G., Hanganu-Opatz, I. L., Kilb, W., Luhmann, H. J., and Feldmeyer, D. (2017). Neocortical layer 6B as a remnant of the subplate - a morphological comparison. Cereb. Cortex 27, 1011–1026.

McClendon, E., Shaver, D. C., Degener-O’Brien, K., Gong, X., Nguyen, T., Hoerder-Suabedissen, A., et al. (2017). Transient hypoxemia chronically disrupts maturation of preterm fetal ovine subplate neuron arborization and activity. J. Neurosci. 37, 11912–11929. doi: 10.1523/JNEUROSCI.2396-17.2017

McConnell, S. K., Ghosh, A., and Shatz, C. J. (1989). Subplate neurons pioneer the first axon pathway from the cerebral cortex. Science 245, 978–982. doi: 10.1126/science.2475909

McConnell, S. K., Ghosh, A., and Shatz, C. J. (1994). Subplate pioneers and the formation of descending connections from cerebral cortex. J. Neurosci. 14, 1892–1907. doi: 10.1523/JNEUROSCI.14-04-01892.1994

McQuillen, P. S., DeFreitas, M. F., Zada, G., and Shatz, C. J. (2002). A novel role for p75NTR in subplate growth cone complexity and visual thalamocortical innervation. J. Neurosci. 22, 3580–3593. doi: 10.1523/JNEUROSCI.22-09-03580.2002

McQuillen, P. S., Sheldon, R. A., Shatz, C. J., and Ferriero, D. M. (2003). Selective vulnerability of subplate neurons after early neonatal hypoxia-ischemia. J. Neurosci. 23, 3308–3315. doi: 10.1523/JNEUROSCI.23-08-03308.2003

Meng, X., Kao, J. P. Y., and Kanold, P. O. (2014). Differential signaling to subplate neurons by spatially specific silent synapses in developing auditory cortex. J. Neurosci. 34, 8855–8864. doi: 10.1523/JNEUROSCI.0233-14.2014

Milh, M., Kaminska, A., Huon, C., Lapillonne, A., Ben-Ari, Y., and Khazipov, R. (2007). Rapid cortical oscillations and early motor activity in premature human neonate. Cereb. Cortex 17, 1582–1594. doi: 10.1093/cercor/bhl069

Millar, L. J., Shi, L., Hoerder-Suabedissen, A., and Molnár, Z. (2017). Neonatal Hypoxia ischaemia: mechanisms, models, and therapeutic challenges. Front. Cell Neurosci. 11:78. doi: 10.3389/fncel.2017.00078

Miller, J. A., Ding, S. L., Sunkin, S. M., Smith, K. A., Ng, L., Szafer, A., et al. (2014). Transcriptional landscape of the prenatal human brain. Nature 508, 199–206. doi: 10.1038/nature13185

Minlebaev, M., Colonnese, M., Tsintsadze, T., Sirota, A., and Khazipov, R. (2011). Early gamma oscillations synchronize developing thalamus and cortex. Science 334, 226–229. doi: 10.1126/science.1210574

Mitrukhina, O., Suchkov, D., Khazipov, R., and Minlebaev, M. (2015). Imprecise whisker map in the neonatal rat barrel cortex. Cereb. Cortex 25, 3458–3467. doi: 10.1093/cercor/bhu169

Molnár, Z., Kurotani, T., Higashi, S., Yamamoto, N., and Toyama, K. (2003). Development of functional thalamocortical synapses studied with current source-density analysis in whole forebrain slices in the rat. Brain Res. Bull. 60, 355–371. doi: 10.1016/S0361-9230(03)00061-3

Molnár, Z., Metin, C., Stoykova, A., Tarabykin, V., Price, D. J., Francis, F., et al. (2006). Comparative aspects of cerebral cortical development. Eur. J. Neurosci. 23, 921–934. doi: 10.1111/j.1460-9568.2006.04611.x

Montiel, J. F., Wang, W. Z., Oeschger, F. M., Hoerder-Suabedissen, A., Tung, W. L., Garcia-Moreno, F., et al. (2011). Hypothesis on the dual origin of the mammalian subplate. Front. Neuroanat. 5:25. doi: 10.3389/fnana.2011.00025

Moore, A. R., Filipovic, R., Mo, Z., Rasband, M. N., Zecevic, N., and Antic, S. D. (2009). Electrical excitability of early neurons in the human cerebral cortex during the second trimester of gestation. Cereb. Cortex 19, 1795–1805. doi: 10.1093/cercor/bhn206

Moore, A. R., Zhou, W. L., Jakovcevski, I., Zecevic, N., and Antic, S. D. (2011). Spontaneous electrical activity in the human fetal cortex in vitro. J. Neurosci. 31, 2391–2398. doi: 10.1523/JNEUROSCI.3886-10.2011

Moore, A. R., Zhou, W. L., Sirois, C. L., Belinsky, G. S., Zecevic, N., and Antic, S. D. (2014). Connexin hemichannels contribute to spontaneous electrical activity in the human fetal cortex. Proc. Natl. Acad. Sci. U.S.A. 111, E3919–E3928. doi: 10.1073/pnas.1405253111

Mortensen, L. S., Park, S. J. H., Ke, J. B., Cooper, B. H., Zhang, L., Imig, C., et al. (2016). Complexin 3 increases the fidelity of signaling in a retinal circuit by regulating exocytosis at ribbon synapses. Cell Rep. 15, 2239–2250. doi: 10.1016/j.celrep.2016.05.012

Mrzljak, L., Uylings, H. B., Kostovic, I., and Van Eden, C. G. (1988). Prenatal development of neurons in the human prefrontal cortex: I. A qualitative Golgi study. J. Comp. Neurol. 271, 355–386. doi: 10.1002/cne.902710306

Myakhar, O., Unichenko, P., and Kirischuk, S. (2011). GABAergic projections from the subplate to Cajal-Retzius cells in the neocortex. Neuroreport 22, 525–529. doi: 10.1097/WNR.0b013e32834888a4

Nagode, D. A., Meng, X., Winkowski, D. E., Smith, E., Khan-Tareen, H., Kareddy, V., et al. (2017). Abnormal development of the earliest cortical circuits in a mouse model of autism spectrum disorder. Cell Rep. 18, 1100–1108. doi: 10.1016/j.celrep.2017.01.006

Nguyen, V., and McQuillen, P. S. (2010). AMPA and metabotropic excitoxicity explain subplate neuron vulnerability. Neurobiol. Dis. 37, 195–207. doi: 10.1016/j.nbd.2009.10.002

Nykjaer, A., Willnow, T. E., and Petersen, C. M. (2005). p75(NTR) - live or let die. Curr. Opin. Neurobiol. 15, 49–57. doi: 10.1016/j.conb.2005.01.004

Oeschger, F. M., Wang, W. Z., Lee, S., Garcia-Moreno, F., Goffinet, A. M., Arbones, M. L., et al. (2012). Gene expression analysis of the embryonic subplate. Cereb. Cortex 22, 1343–1359. doi: 10.1093/cercor/bhr197

Ohtaka-Maruyama, C., Okamoto, M., Endo, K., Oshima, M., Kaneko, N., Yura, K., et al. (2018). Synaptic transmission from subplate neurons controls radial migration of neocortical neurons. Science 360, 313–317. doi: 10.1126/science.aar2866

Okusa, C., Oeschger, F., Ginet, V., Wang, W. Z., Hoerder-Suabedissen, A., Matsuyama, T., et al. (2014). Subplate in a rat model of preterm hypoxia–ischemia. Ann. Clin. Transl. Neurol. 1, 679–691. doi: 10.1002/acn3.97

Parnavelas, J. G. (2000). The origin and migration of cortical neurones: new vistas. Trends Neurosci. 23, 126–131. doi: 10.1016/S0166-2236(00)01553-8

Pedraza, M., Hoerder-Suabedissen, A., Albert-Maestro, M. A., Molnár, Z., and De Carlos, J. A. (2014). Extracortical origin of some murine subplate cell populations. Proc. Natl. Acad. Sci. U.S.A. 111, 8613–8618. doi: 10.1073/pnas.1323816111

Pinon, M. C., Jethwa, A., Jacobs, E., Campagnoni, A., and Molnár, Z. (2009). Dynamic integration of subplate neurons into the cortical barrel field circuitry during postnatal development in the Golli-tau-eGFP (GTE) mouse. J. Physiol. 587, 1903–1915. doi: 10.1113/jphysiol.2008.167767

Pogledic, I., Kostovic, I., Fallet-Bianco, C., Adle-Biassette, H., Gressens, P., and Verney, C. (2014). Involvement of the subplate zone in preterm infants with periventricular white matter injury. Brain Pathol. 24, 128–141. doi: 10.1111/bpa.12096

Price, D. J., Aslam, S., Tasker, L., and Gillies, K. (1997). Fates of the earliest generated cells in the developing murine neocortex. J. Comp. Neurol. 377, 414–422. doi: 10.1002/(SICI)1096-9861(19970120)377:3<414::AID-CNE8>3.0.CO;2-5

Price, D. J., and Lotto, R. B. (1996). Influences of the thalamus on the survival of subplate and cortical plate cells in cultured embryonic mouse brain. J. Neurosci. 16, 3247–3255. doi: 10.1523/JNEUROSCI.16-10-03247.1996

Qu, G. J., Ma, J., Yu, Y. C., and Fu, Y. (2016). Postnatal development of gabaergic interneurons in the neocortical subplate of mice. Neuroscience 322, 78–93. doi: 10.1016/j.neuroscience.2016.02.023

Rakic, P. (1977). Prenatal development of the visual system in rhesus monkey. Philos. Trans. R. Soc. Lond. B Biol. Sci. 278, 245–260. doi: 10.1098/rstb.1977.0040

Rakic, S., and Zecevic, N. (2000). Programmed cell death in the developing human telencephalon. Eur. J. Neurosci. 12, 2721–2734. doi: 10.1046/j.1460-9568.2000.00153.x

Ranasinghe, S., Or, G., Wang, E. Y., Ievins, A., McLean, M. A., Niell, C. M., et al. (2015). Reduced cortical activity impairs development and plasticity after neonatal hypoxia ischemia. J. Neurosci. 35, 11946–11959. doi: 10.1523/JNEUROSCI.2682-14.2015

Reep, R. L. (2000). Cortical layer VII and persistent subplate cells in mammalian brains. Brain Behav. Evol. 56, 212–234. doi: 10.1159/000047206

Richter, Z., Janszky, J., Setalo, G. Jr., Horvath, R., Horvath, Z., Doczi, T., et al. (2016). Characterization of neurons in the cortical white matter in human temporal lobe epilepsy. Neuroscience 333, 140–150. doi: 10.1016/j.neuroscience.2016.07.011

Rickmann, M., Chronwall, B. M., annd Wolff, J. R. (1977). On the development of non-pyramidal neurons and axons outside the cortical plate: the early marginal zone as a pallial anlage. Anat. Embryol. (Berl) 151, 285–307. doi: 10.1007/BF00318931

Robertson, R. T., Annis, C. M., Baratta, J., Haraldson, S., Ingeman, J., Kageya, G. H., et al. (2000). Do subplate neurons comprise a transient population of cells in developing neocortex of rats? J. Comp. Neurol. 426, 632–650. doi: 10.1002/1096-9861(20001030)426:4<632::AID-CNE10>3.0.CO;2-4

Shatz, C. J., and Luskin, M. B. (1986). The relationship between the geniculocortical afferents and their cortical target cells during development of the cat’s primary visual cortex. J. Neurosci. 6, 3655–3668. doi: 10.1523/JNEUROSCI.06-12-03655.1986

Sheikh, A., Meng, X., Liu, J., Mikhailova, A., Kao, J. P. Y., McQuillen, P. S., et al. (2018). Neonatal hypoxia-ischemia causes functional circuit changes in subplate neurons. Cereb Cortex doi: 10.1093/cercor/bhx358 [Epub ahead of print].

Spreafico, R., Frassoni, C., Arcelli, P., Selvaggio, M., and De Biasi, S. (1995). In situ labeling of apoptotic cell death in the cerebral cortex and thalamus of rats during development. J. Comp. Neurol. 363, 281–295. doi: 10.1002/cne.903630209

Stjerna, S., Voipio, J., Metsaranta, M., Kaila, K., and Vanhatalo, S. (2012). Preterm EEG: a multimodal neurophysiological protocol. Jove J. Vis. Exp. 18:3774. doi: 10.3791/3774

Sun, H. Y., Luhmann, H. J., and Kilb, W. (2012). Resonance properties of different neuronal populations in the immature mouse neocortex. Eur. J. Neurosci. 36, 2753–2762. doi: 10.1111/j.1460-9568.2012.08196.x

Tolner, E. A., Sheikh, A., Yukin, A. Y., Kaila, K., and Kanold, P. O. (2012). Subplate neurons promote spindle bursts and thalamocortical patterning in the neonatal rat somatosensory cortex. J. Neurosci. 32, 692–702. doi: 10.1523/JNEUROSCI.1538-11.2012

Tolonen, M., Palva, J. M., Andersson, S., and Vanhatalo, S. (2007). Development of the spontaneous activity transients and ongoing cortical activity in human preterm babies. Neuroscience 145, 997–1006. doi: 10.1016/j.neuroscience.2006.12.070

Torres-Reveron, J., and Friedlander, M. J. (2007). Properties of persistent postnatal cortical subplate neurons. J. Neurosci. 27, 9962–9974. doi: 10.1523/JNEUROSCI.1536-07.2007

Unichenko, P., Kirischuk, S., and Luhmann, H. J. (2015). GABA transporters control GABAergic neurotransmission in the mouse subplate. Neuroscience 304, 217–227. doi: 10.1016/j.neuroscience.2015.07.067

Valverde, F., De Carlos, J. A., and López-Mascaraque, L. (1995a). Time of origin and early fate of preplate cells in the cerebral cortex of the rat. Cereb. Cortex 5, 483–493. doi: 10.1093/cercor/5.6.483

Valverde, F., and Facal-Valverde, M. V. (1988). Postnatal development of interstitial (subplate) cells in the white matter of the temporal cortex of kittens: a correlated Golgi and electron microscopic study. J. Comp. Neurol. 269, 168–192. doi: 10.1002/cne.902690203

Valverde, F., Facal Valverde, M. V., Santacana, M., and Heredia, M. (1989). Development and differentiation of early generated cells of sublayer VIb in the somatosensory cortex of the rat: a correlated Golgi and autoradiographic study. J. Comp. Neurol. 290, 118–140. doi: 10.1002/cne.902900108

Valverde, F., López-Mascaraque, L., Santacana, M., and De Carlos, J. A. (1995b). Persistence of early-generated neurons in the rodent subplate: Assessment of cell death in neocortex during the early postnatal period. J. Neurosci. 15, 5014–5024. doi: 10.1523/JNEUROSCI.15-07-05014.1995

Vasung, L., Lepage, C., Rados, M., Pletikos, M., Goldman, J. S., Richiardi, J., et al. (2016). Quantitative and qualitative analysis of transient fetal compartments during prenatal human brain development. Front. Neuroanat. 10:11. doi: 10.3389/fnana.2016.00011

Viswanathan, S., Bandyopadhyay, S., Kao, J. P. Y., and Kanold, P. O. (2012). Changing microcircuits in the subplate of the developing cortex. J. Neurosci. 32, 1589–1601. doi: 10.1523/JNEUROSCI.4748-11.2012

Viswanathan, S., Sheikh, A., Looger, L. L., and Kanold, P. O. (2017). Molecularly defined subplate neurons project both to thalamocortical recipient layers and thalamus. Cereb. Cortex 27, 4759–4768.

Wahle, P., Meyer, G., Wu, J. Y., and Albus, K. (1987). Morphology and axon terminal pattern of glutamate decarboxylase- immunoreactive cell types in the white matter of the cat occipital cortex during early postnatal development. Brain Res. 433, 53–61. doi: 10.1016/0165-3806(87)90064-2

Wang, W. Z., Hoerder-Suabedissen, A., Oeschger, F. M., Bayatti, N., Ip, B. K., Lindsay, S., et al. (2010). Subplate in the developing cortex of mouse and human. J. Anat. 217, 368–380. doi: 10.1111/j.1469-7580.2010.01274.x

Wang, W. Z., Oeschger, F. M., Montiel, J. F., Garcia-Moreno, F., Hoerder-Suabedissen, A., Krubitzer, L., et al. (2011). Comparative aspects of subplate zone studied with gene expression in sauropsids and mammals. Cereb. Cortex 21, 2187–2203. doi: 10.1093/cercor/bhq278

Wess, J. M., Isaiah, A., Watkins, P. V., and Kanold, P. O. (2017). Subplate neurons are the first cortical neurons to respond to sensory stimuli. Proc. Natl. Acad. Sci. U.S.A. 114, 12602–12607. doi: 10.1073/pnas.1710793114

Woo, T. U., Beale, J. M., and Finlay, B. L. (1991). Dual fate of subplate neurons in a rodent. Cereb. Cortex 1, 433–443. doi: 10.1093/cercor/1.5.433

Wood, J. G., Martin, S., and Price, D. J. (1992). Evidence that the earliest generated cells of the murine cerebral cortex form a transient population in the subplate and marginal zone. Dev. Brain Res. 66, 137–140. doi: 10.1016/0165-3806(92)90150-U

Yang, J. W., An, S., Sun, J. J., Reyes-Puerta, V., Kindler, J., Berger, T., et al. (2013). Thalamic network oscillations synchronize ontogenetic columns in the newborn rat barrel cortex. Cereb. Cortex 23, 1299–1316. doi: 10.1093/cercor/bhs103

Yang, J. W., Hanganu-Opatz, I. L., Sun, J. J., and Luhmann, H. J. (2009). Three patterns of oscillatory activity differentially synchronize developing neocortical networks in vivo. J. Neurosci. 29, 9011–9025. doi: 10.1523/JNEUROSCI.5646-08.2009

Yang, J. W., Reyes-Puerta, V., Kilb, W., and Luhmann, H. J. (2016). Spindle bursts in neonatal rat cerebral cortex. Neural Plasticity 2016:3467832. doi: 10.1155/2016/3467832

Zhao, C., Kao, J. P., and Kanold, P. O. (2009). Functional excitatory microcircuits in neonatal cortex connect thalamus and layer 4. J. Neurosci. 29, 15479–15488. doi: 10.1523/JNEUROSCI.4471-09.2009

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Luhmann, Kirischuk and Kilb. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnana-12-00097-g001.jpg





OPS/images/fnana-12-00097-g002.jpg
c

Thalamo-SP (glutamatergic)

k3
50 ms 3

SP-SP (GABAergic)

100 pA

150 ms

E SPN inputs

Mz
CcP

SP.—.O—O

Thalamus

0—O glutamatergic
o—@ GABAergic
SPN outputs

LT
®‘

CR neuron

—)
Thalamus O ?
Corpus
callosum





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers

in Neuroanatomy

The Superior Function of the
Subplate in Early Neocortical
Development





OPS/images/fnana-12-00097-t001.jpg
Gene

Nxph4
Nurr1

CpIx3

Inpp4b

Ctgf

Htr1d

Tpd5211

Full Name

Neurexophilin 4
Nuclear
receptor
related 1

Complexin 3

Inositol
phosphate 4
phospatase
Connective
tissue growth
factor

5HT 1D
receptor
Tumor protein
D52-like 1

Function

Unknown

Orphan nuclear
hormone receptor

Vesicular release

Phosphatidylinositol
signaling

Growth factor

Metabotropic
serotonin receptor

Lipid metabolism

Reference

Arimatsu et al., 2003

Hoerder-Suabedissen
et al., 2013;
Mortensen et al.,
2016

Agoulnik et al., 2011;
Hoerder-Suabedissen
etal., 2013

Heuer et al., 2003

Hoerder-Suabedissen
etal.,, 2013
Hoerder-Suabedissen
et al., 2013; Kamili
etal.,, 2015









OPS/images/logo.jpg
, frontiers
in Neuroanatomy





