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Subplate neurons (SpNs) are one of the earliest born and matured neurons in the developing cerebral cortex and play an important role in the early development of the neocortex. It has been known that SpNs have an essential role in thalamocortical axon (TCA) pathfinding and the establishment of the first neural circuit from the thalamus towards cortical layer IV. In addition to this function, it has recently been revealed in mouse corticogenesis that SpNs play an important role in the regulation of radial neuronal migration during the mid-embryonic stage. Moreover, accumulating studies throw light on the possible roles of SpNs in adult brain functions and also their involvement in psychiatric or other neurological disorders. As SpNs are unique to mammals, they may have contributed to the evolution of the mammalian neocortex by efficiently organizing cortical formation during the limited embryonic period of corticogenesis. By increasing our knowledge of the functions of SpNs, we will clarify how SpNs act as an organizer of mammalian neocortical formation.
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INTRODUCTION

The human brain is the most sophisticated organ in the body and carries out higher-order neural functions such as cognition, memory, and speech. The neocortex is unique to mammals and has a distinctive six-layer structure in which billions of neurons are arranged in a highly organized fashion. It is conceivable that the acquisition of this brain structure enabled the ancestral mammalian brain to evolve into the human brain, capable of highly elaborate creativity and information processing. How is this neocortex formed during embryogenesis? In order to complete the exquisite structure of the neocortex within the limited time period of embryogenesis, multiple processes, such as neurogenesis, migration, and axon targeting for early neural circuit formation, are synchronized and progress simultaneously. However, the mechanisms of this comprehensive regulation remain elusive. Subplate neurons (SpNs) are among the firstborn and matured neurons in the cerebral cortex during corticogenesis (McConnell et al., 1989; Antonini and Shatz, 1990; Ghosh et al., 1990; Kostović and Rakic, 1990; Allendoerfer and Shatz, 1994; Kanold and Luhmann, 2010; Hoerder-Suabedissen and Molnár, 2015; Duque et al., 2016). It has been reported that the number of SpNs sharply decreases in the neonatal stage in mice (Price et al., 1997; Torres-Reveron and Friedlander, 2007; Hoerder-Suabedissen et al., 2013). SpNs play a critical role in the establishment of the very first neural circuit formation between the thalamus and cortex in mid-embryonic and perinatal stages during neocortical development, suggesting their importance in the cortical formation period (McConnell et al., 1989; Ghosh et al., 1990; Kanold et al., 2003). In primates, it has been thought that SpNs remain as interstitial white matter neurons of which the cell density in human white matter shows a steep decline during the first year of life but remains relatively stable thereafter (Kostović and Rakic, 1980, 1990; Connor et al., 2009). In rodents, it has also been suggested from the morphological resemblance between SpNs and Layer 6b (L6b) neurons that SpNs survive as white matter neurons in L6b in the adult brain (Marx et al., 2017). These reports suggest that SpNs play a role not only in neocortical development but also in adult brain activity. Regarding the functions of SpNs in cortical development, it has recently been discovered that the neuronal activity of SpNs regulates the timing of the migration mode change of newborn migrating neurons (Ohtaka-Maruyama et al., 2018). Together with the known function of SpNs in thalamocortical axon (TCA) pathfinding (Ghosh et al., 1990; López-Bendito and Molnár, 2003; Hoerder-Suabedissen and Molnár, 2015), it is suggested that this cell population plays a crucial role as the metaphorical “control tower” of neocortical formation. Moreover, the subplate layer (SP layer) is abundant with extracellular matrices (ECMs) in which various signaling molecules are present (Bicknese et al., 1994; Miller et al., 1995; Maeda, 2015). This suggests that the SP layer acts as a signaling center for the formation of the cerebral cortex. The aim of this review is to summarize the known functions of SpNs to evaluate the possible role of SpNs in organizing the mammalian neocortex.



THE EARLIEST BORN NEURONS AND RADIAL GLIAL FIBERS FUNCTION AS A SCAFFOLD IN CORTICAL FORMATION

In the same way that a scaffold is indispensable during the construction of a building and is removed upon completion, this is also, figuratively speaking, true for the brain. During neocortical formation in the embryonic stage, excitatory neurons are born from progenitors located in the ventricular zone and migrate continuously towards the pial surface, a process known as radial neuronal migration (Rakic, 1972; Tabata and Nakajima, 2003; Noctor et al., 2004; Ohtaka-Maruyama and Okado, 2015). Concurrently, mature neurons start projecting their axons to begin formation of initial neural circuits (Molnár et al., 2012). There are three cell architectures that substantially support neocortical formation: Cajal-Retzius (CR) cells, radial glial fibers, and SpNs (Luskin and Shatz, 1985; Price et al., 1997; Supèr et al., 1998). They are indispensable for neocortical formation but partly disappear due to programmed cell death after cortical formation is completed, suggesting that they function as a scaffold for mammalian brain construction. Then, how do they function to help neocortical formation? CR cells are located in the marginal zone (MZ)/layer I and secrete the extracellular protein reelin, which is involved in the regulation of radial neuronal migration (Supèr et al., 2000; Hirota et al., 2015; Frotscher et al., 2017). Radial glial fibers help the migrating neurons to move toward the pial surface (Rakic, 1972, 1988; Geschwind and Rakic, 2013). Although the role of SpNs in early cortical circuit formation, including TCA pathfinding (McConnell et al., 1989; Ghosh et al., 1990), has been reported, their other functions during the mid-embryonic stage, especially in radial neuronal migration, were still unclear.



KNOWN FUNCTIONS OF SUBPLATE NEURONS

The subplate is defined as a transient zone below the cortical plate and consists of the earliest born SpNs and abundant ECMs (Figure 1; Kostović and Rakic, 1980, 1990). A well-known function of SpNs is their involvement in TCA pathfinding (TCA; Allendoerfer and Shatz, 1994; Kanold and Luhmann, 2010; Hoerder-Suabedissen and Molnár, 2015). It has been demonstrated in carnivore (McConnell et al., 1989) and rat (De Carlos and O’leary, 1992) developing brains that SpNs are the first cortical neurons to send subcortical projections across the pallial-subpallial boundary. These projections function as pioneering axons help TCAs to navigate. The ablation of SpNs by kainic acid injections or an immunotoxin to p75 prevents thalamic axons from innervating the cortex and blocks the formation of ocular dominance and orientation columns (Ghosh et al., 1990; Kanold et al., 2003). It has also been reported that the ablation of SpNs in rodents abolishes the cholinergic oscillatory activity or prevents the development of the barrel field formation of the developing cerebral cortex (Dupont et al., 2006; Tolner et al., 2012). These findings demonstrated that SpNs play a key role in neural circuit formation and cortical self-organizing processes in early developmental stages. There is a cellular diversity of SpNs in terms of their morphologies and gene expressions (Kostović and Rakic, 1980, 1990; Wahle et al., 1987; Valverde et al., 1989; Hoerder-Suabedissen and Molnár, 2013; Hoerder-Suabedissen et al., 2013). Regarding the morphological diversity, pyramidal, inverted pyramidal, multipolar, fusiform and polymorphic cells co-exist in subplate layers of mice (Figure 1C), cats and primates. Regarding axonal projection, SpNs extend their axons not only to subcortical targets but also to contralateral and ipsilateral targets inside the cortical plates (McConnell et al., 1989; De Carlos and O’leary, 1992; Mcconnell et al., 1994; Hoerder-Suabedissen and Molnár, 2012). Moreover, axonal collaterals of SpNs have a variety of arborization patterns (Friauf and Shatz, 1991; Clancy and Cauller, 1999; Myakhar et al., 2011). Regarding their molecular properties, SpNs are heterogeneous cell populations with different expression patterns of molecular markers (Hoerder-Suabedissen and Molnár, 2013; Hoerder-Suabedissen et al., 2013). This suggests that each subpopulation of SpNs plays distinct functional roles in cortical development. Moreover, it is also possible that each subpopulation is originated from distinct developmental origins. In this regard, single-cell analysis of isolated SpNs will further our understanding of their distinct characteristics. Recently, it has been reported that the layered identity of SpNs in the human fetal cortex changes post-mitotically into deep layer neurons by WNT signaling (Ozair et al., 2018). This finding may explain why the subplate layer of primates is thick in the early fetal phase but decreases in size as corticogenesis progresses, suggesting the importance of SpNs in the evolution of cortical laminar structures in higher mammals.
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FIGURE 1. The subplate layer is rich in extracellular matrice (ECM). (A) Immunostaining revealed that the SP layer is rich in Neurocan (Neuronal CSPG). Subplate neurons (SpNs) were labeled with GFP (arrows) by in utero electroporation at E10.5 and fixed at E16. (B) Toluidine Blue staining, Lpar1-EGFP mouse and electron microscopic observation of the sections at E17 clearly indicate morphology of SpNs. White arrows indicate SpNs and yellow arrowheads indicate migrating neurons. (C) Higher magnification of SpNs of the Lpar1-EGFP mouse cortex at the E17 stage. Scale bars, 10 μm for EM image in (B), 20 μm for the rest of images.



Despite their diversity in morphological and molecular characteristics, SpNs have relatively mature action potential characteristics. Whole-cell patch-clamp recording of SpNs in neonatal rat neocortical slices revealed resting membrane potentials and membrane resistance of −55 mV and 1 GΩ, respectively (Luhmann et al., 2000; Hirsch and Luhmann, 2008; Hanganu et al., 2009). By responding to sustained depolarizing current injection, SpNs are firing overshooting and repetitive action potentials at frequencies up to 40 Hz in rodent cortex (Hanganu et al., 2001; Unichenko et al., 2015). Using human postmortem fetal brain tissue (16–22GW), similar properties have been found that SpNs are capable of firing repetitive action potentials in response to sustained depolarization (Moore et al., 2009). Moreover, human fetal SpNs have a propensity to generate spontaneous electrical activities such as plateau depolarizations and bursts of action potential firing in spite of synaptic inputs being scarce (Moore et al., 2011). In addition to chemical synaptic inputs, the gap-junctional coupling between SpNs or SpNs and cortical neurons have been reported (Dupont et al., 2006; Singh et al., 2018). The spontaneous neuronal activity in the subplate may be derived from the depolarization of SpNs by opening connexin hemichannels in the human fetal cortex (Moore et al., 2014). These observations indicate that the spontaneous electrical events of SpNs play critical roles in the activity-dependent organization of the cerebral cortex before coherent sensory stimuli (Luhmann et al., 2009; Kanold and Luhmann, 2010; Wess et al., 2017).



SUBPLATE NEURONS REGULATE NEURONAL MIGRATION

We have recently discovered that SpNs are also involved in the regulation of the radial neuronal migration process in mice (Ohtaka-Maruyama et al., 2018). One conventional method to examine the function of a gene is by introducing si-RNA or knockdown constructs into neural progenitor cells located in the ventricular zone using in utero electroporation (Tabata and Nakajima, 2001). Using this technique, we have found that knockout of the gene encoding for the transcriptional repressor RP58 resulted in impairment of radial migration and that the knockout neurons stopped migrating in the middle of the cortex (Ohtaka-Maruyama et al., 2013). Subsequently, we found that knockout or knockdown of many other different genes such as small G-protein regulators, microtubule-binding proteins or the modifying enzyme of the sugar chain, exhibit a similar phenotype (Ohtaka-Maruyama and Okado, 2015). Those migration-defective neurons often stop migrating in the middle of the cortex and remain just under a certain boundary. This led to the question “what is this boundary?” Various antibodies were used to immuno-stain different cortical layers, and MAP2 immunostaining revealed that the boundary is the SP layer. However, it is still not known why migration-defective neurons stop just under the SP.

We observed the behavior of migrating neurons labeled by in utero electroporation using time-lapse imaging of cultured cortical slices and found that migrating multipolar neurons of wild types also pause just under the SP after multipolar migration, followed by a shift into the locomotion mode. This suggests that the SP layer is the location for the conversion of migrating neurons from multipolar to bipolar as well as the change in their migration mode. The SP layer consists of SpNs and abundant ECMs (Hoerder-Suabedissen et al., 2013; Maeda, 2015). We hypothesized that SpNs send signals to neurons in multipolar migration mode to convert their morphology into bipolar shape and switch their migration mode into locomotion.



SP NEURONS INTERACT WITH MIGRATING NEURONS VIA TRANSIENT SYNAPSE-LIKE CONTACTS

We first examined the possibility that Ca2+ signaling is involved in the conversion of the migration mode. A GCAMP3 construct was introduced into migrating neurons and time-lapse imaging of the cultured slices was performed. The calcium concentration of migrating neurons was transiently increased when they passed through the SP layer, followed by the conversion of their migration mode into the locomotion mode. This suggests that newborn neurons migrating in the multipolar migration mode receive signals at the SP layer and that their intracellular concentration of Ca2+ is increased. We hypothesized that SpNs are sending signals to migrating neurons causing the intracellular concentration of Ca2+ to transiently increase. We then examined if SpNs are neuronally active during the mid-embryonic stage using GCaMP plasmids, which were introduced into SpNs by in utero electroporation at E10.5. Time-lapse imaging of cultured slices prepared from electroporated mice revealed that SpNs are already neuronally active at E15, as evidenced by Ca2+ oscillations. We also examined and confirmed that SpNs release presynaptic vesicles using a synapto-pHluorin probe. Subsequently, the interaction between SpNs and migrating neurons was examined by time-lapse imaging and electron microscopy. Surprisingly, it was revealed that a synapse-like adhesive structure is formed between neurite of SpN (presynaptic-like) and cell body of migrating neuron (postsynaptic-like; Ohtaka-Maruyama et al., 2018; Figure 2A). Many synaptic boutons are formed by TCAs around SpN cell bodies (Herrmann et al., 1994). We could distinguish these synapses from the synaptic junctions formed on MpNs by electron microscopic images as the synapses around SpNs were characterized by more synaptic vesicles and pale postsynaptic cytoplasm with fewer ribosomes compared with those around MpNs (Ohtaka-Maruyama et al., 2018). Moreover, we confirmed that these synapses on MpNs are formed by presynaptic contacts from SpNs by performing double-label immunoelectron microscopy (Ohtaka-Maruyama et al., 2018). The next question was, “Is this synapse-like contact involved in the regulation of radial neuronal migration?” To answer this question, we suppressed the activity of SpNs to see the effect on radial migration and found that radial migration, especially into the CP, was impaired. This suggests that the neuronal activity of SpNs is critical for changing the migration mode. In support of this, knockdown of the post-synaptic proteins NR1 and PSD-95 also affected radial migration. Finally, we examined the effect of local application of glutamate on multipolar cells. Glutamate uncaging reagent was used to release glutamate locally in cultured slices prepared from mouse brains electroporated with Kik-GR plasmid. The switch to the locomotion mode was facilitated in multipolar cells with locally applied glutamate compared with controls. Based on these findings, we propose the following model. Newborn neurons migrating toward the SP layer receive signals from neurites of SpNs via transient synapse-like interactions. This induces Ca2+-influx into newborn neurons that drive intracellular signaling producing cytoskeletal remodeling. This leads to a transition to a bipolar shape and increases the adhesiveness to RG fibers, promoting switching to the locomotion mode (Ohtaka-Maruyama et al., 2018; Figure 2B). Synapses transmit electric signals among mature neurons. However, our results demonstrate that synaptic transmission occurs in the fetal brain and induces morphological and movement mode changes in young neurons in the mouse developing cortex.
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FIGURE 2. Synaptic interaction between SpNs and MpNs is found just below the subplate layer. (A) Electron microscopic images of synapses on MpNs in the E16 cortical section. The areas indicated by the rectangles and circles are enlarged in the right. Synapse located in 1-a is enlarged as an inset. Scale bars, 50 μm for the left image, 200 nm for a, 10 μm for 1–4. (B) Hypothetical model for the interaction between SpNs and multipolar neurons. SpNs form transient glutamatergic synapses on multipolar neurons, which induce a Ca2+ influx in multipolar neurons through the NMDA receptor. Calcium signaling may alter gene expressions involved in cytoskeletal remodeling and cell adhesiveness, leading to multipolar-to-bipolar transition (Ohtaka-Maruyama et al., 2018).





WHERE DO SUBPLATE NEURONS ORIGINATE?

SpNs are generated between E10.5 and E12.5 in mice (Price et al., 1997; Hoerder-Suabedissen and Molnár, 2013). Initially, it was thought that SpNs are derived from ventricular zone progenitors. However, it has since been revealed that SpNs are also generated from Tbr2-positive intermediate progenitors located in the subventricular zone (Vasistha et al., 2015). It has also been reported that a cohort of SpNs is migrating from the rostromedial telencephalic wall (Pedraza et al., 2014). These findings support the idea that SpNs contain heterogeneous subpopulations. Indeed, subpopulations of SpNs exhibit different expression patterns and that there is an overlapping pattern of four well-defined SpN markers, Complexin3, CTGF, Nurr1, and Lpar1 (Hoerder-Suabedissen et al., 2009; Hoerder-Suabedissen and Molnár, 2013). Subpopulations of SpNs expressing specific molecular markers exhibit specific projection patterns (Grant et al., 2012; Viswanathan et al., 2017; Hoerder-Suabedissen et al., 2018). Moreover, GABAergic interneurons also reside in the SP layer and are born in the medial ganglionic eminence and migrate into the SP layer by tangential migration. This suggests that the heterogeneity of SpNs supports their multiple functions and that they are derived from various evolutionary origins (Montiel et al., 2011).



SUBPLATE NEURONS FUNCTION AS AN ORGANIZER OF NEOCORTEX DEVELOPMENT

As described above, SpNs play multiple roles in a cortical formation. For example, Lpar1-EGFP-positive SpNs extend their neurites towards migrating neurons, but rarely extend subcortical projections during this embryonic stage (Grant et al., 2012; Ohtaka-Maruyama et al., 2018). This subpopulation participates in the regulation of radial migration. In contrast, in another subplate-specific transgenic mouse line, Golli-tau-eGFP-positive neurons project corticofugal fibers from the early embryonic stage at E13.5, suggesting that this subpopulation is involved in the establishment of thalamocortical connections (Jacobs et al., 2007; Grant et al., 2012). It has been known that a certain population of SpNs survive until adulthood. L6b neurons (white matter neurons), which are considered to be the remnants of SpNs, innervate higher-order thalamic nuclei in mice (Hoerder-Suabedissen et al., 2018). Moreover, L6b neurons are the only neuronal population responsive to orexin (hypocretin), a key molecule in regulating the sleep-wake cycle (Lin et al., 1999; Bayer et al., 2004). These findings suggest that SpNs are not just remnants, but play a role in the modulation of neural circuits in the adult brain. Taken together, these studies indicate that SpNs act as an organizer of cortical development by orchestrating neocortical formation, cell migration, and the initial wiring and modulation of neural circuits during cerebral cortical development.



EVOLUTION OF THE CEREBRAL CORTEX AND THE SUBPLATE

Although the SP layer is unique to mammals, the expression of molecular markers for SpNs is observed in sauropsid brains (Montiel et al., 2011; Wang et al., 2011). This suggests a subpopulation of SpNs in the ancestral amniote cortex (Marín-Padilla, 1971; Montiel et al., 2011), which evolved in the mammalian cortex by adding new populations that exhibit a layer structure. In this context, the layer structure of the mammalian subplate may have been important for the evolution of an elaborate neocortex containing more complex wiring. Comparison of the thalamic projections toward the dorsal cortex between turtles and evolutionary primitive mammals (opossums, hedgehogs) revealed greater thalamic projections to the dorsal cortex than the SP layer compared with the MZ during evolution (Hall and Ebner, 1970; Supèr et al., 1998). As there is no subplate as a layer in the turtle cortex, this finding suggests that the SP layer played an important role in TCA guidance during the evolution of the mammalian neocortex.

The SP layer is much thicker in primates than in mice (Kostović and Rakic, 1990). This suggests that the SP layer has more functions in higher-order animal brains. In human brain development, histological and MRI studies of post-mortem brain samples or MRI images obtained from either in utero scanned fetuses or prematurely born infants revealed that the SP layer expands from 13 to17 PCW, to become the most prominent layer in the telencephalon (the peak of SP development is between 26–31 PCW; Kostović et al., 2002, 2014; Bayatti et al., 2008). After 35 PCW, the volume of the SP layer decreases and a distinct SP layer cannot be identified by around 6 months after birth, although remnants of SpNs are thought to remain as interstitial white matter cells (Kostović and Rakic, 1990; Hoerder-Suabedissen and Molnár, 2015; Kostović et al., 2018). Together with the finding that there are subpopulations of SpNs in mice, additional novel subpopulations of SpNs may have developed in higher-order mammals and primates with gyrencephalic brains. These novel cohorts of SpNs may have contributed to the elaborate wiring of gyrification. Further investigation, such as identification of primate-specific cell populations or genetic markers for SpNs, would help to reveal the role of SpNs in cortical organization and their contribution to evolution in higher-order mammals and humans. Moreover, it will clarify the functional differences of subpopulations of SpNs, increasing our understanding of the importance of SpNs and revealing the precise mechanisms of neocortical development and evolution.



SUBPLATE FUNCTION AND BRAIN DEVELOPMENTAL DISORDERS

As described above, the human fetal SpNs are spontaneously active at midgestation which is earlier than sensory input from the thalamus has reached the cortex (Moore et al., 2011). These early activities before birth are thought to be critical for fundamental processes of brain development including neurogenesis, neuronal migration, axon pathfinding, dendrite patterning, transmitter selection and ion channel development (Moody and Bosma, 2005; Spitzer, 2006). In rodents, SpNs promote spindle bursts and thalamocortical patterning in the neonatal rat somatosensory cortex (Dupont et al., 2006; Tolner et al., 2012). These findings again suggest that SpNs act as an organizer to influence the following developmental events during cortical formation in human cortical development. Fetuses and newborn babies exhibit spontaneous involuntary body movement called “General movement” that is likely derived from spontaneous activity in the developing neocortex (Prechtl, 2001). The voluntary movement gradually supersedes general movement after 3 months of age, which corresponds with the decrease of the SP layer, suggesting that general movement is a reflection of spontaneous activity in early-born neurons including SpNs (Bayatti et al., 2008; Hadders-Algra, 2018). Many studies have reported that observation of general movement could be useful to predict developmental delay or autism that may occur at later ages (Zuk, 2011; Kanemaru et al., 2013; So et al., 2016; Gima et al., 2018). Moreover, the finding that genes expressed in a subplate-specific manner in mice are significantly associated with autism spectrum disorders and schizophrenia (Hoerder-Suabedissen et al., 2013) supports the notion that general movement in fetuses and neonatal human babies is a reflection of the spontaneous activity of SpNs.



CONCLUDING REMARKS

Recent advances have revealed crucial roles for SpNs in brain formation and function during cortical development, including in neuronal migration and axon wiring involved in sleep-wake cycles. Future clarification of SpN subpopulations at the single-cell level may identify subplate-specific molecular markers at early stages. This would make it possible to establish better SpN-specific Cre mouse lines and to explore the developmental and evolutionary origins of subplate cells in more detail. Moreover, future cooperative projects incorporating basic research using experimental animals and clinical research during child development will advance our understanding of how SpN activity affects the development of neurodevelopmental and psychiatric disorders during corticogenesis.



AUTHOR CONTRIBUTIONS

CO-M wrote the manuscript.



FUNDING

This work was supported by the grants from the Japan Society for the Promotion of Science (JSPS) KAKENHI Grant Number 17K07428, Grant-in-Aid for Scientific Research on Innovative Areas “Interplay of the developmental clock and extracellular environment in brain formation” Grant Number 19H04795, a life science grant from Takeda Science Foundation and a research grant from The Naito Foundation.



ACKNOWLEDGMENTS

I am grateful to Dr. Nobuaki Maeda and members of Neural Network Project for valuable discussions.



REFERENCES

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

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

Bayatti, N., Moss, J. A., Sun, L., Ambrose, P., Ward, J. F., Lindsay, S., et al. (2008). A molecular neuroanatomical study of the developing human neocortex from 8 to 17 postconceptional weeks revealing the early differentiation of the subplate and subventricular zone. Cereb. Cortex 18, 1536–1548. doi: 10.1093/cercor/bhm184

Bayer, L., Serafin, M., Eggermann, E., Saint-Mleux, B., Machard, D., Jones, B. E., et al. (2004). Exclusive postsynaptic action of hypocretin-orexin on sublayer 6b cortical neurons. J. Neurosci. 24, 6760–6764. doi: 10.1523/jneurosci.1783-04.2004

Bicknese, A. R., Sheppard, A. M., O’leary, D. D., and Pearlman, A. L. (1994). Thalamocortical axons extend along a chondroitin sulfate proteoglycan-enriched pathway coincident with the neocortical subplate and distinct from the efferent path. J. Neurosci. 14, 3500–3510. doi: 10.1523/jneurosci.14-06-03500.1994

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

Connor, C. M., Guo, Y., and Akbarian, S. (2009). Cingulate white matter neurons in schizophrenia and bipolar disorder. Biol. Psychiatry 66, 486–493. doi: 10.1016/j.biopsych.2009.04.032

De Carlos, J. A., and O’leary, D. D. (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

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

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

Frotscher, M., Zhao, S., Wang, S., and Chai, X. (2017). Reelin signaling inactivates cofilin to stabilize the cytoskeleton of migrating cortical neurons. Front. Cell. Neurosci. 11:148. doi: 10.3389/fncel.2017.00148

Geschwind, D. H., and Rakic, P. (2013). Cortical evolution: judge the brain by its cover. Neuron 80, 633–647. doi: 10.1016/j.neuron.2013.10.045

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

Gima, H., Kihara, H., Watanabe, H., Nakano, H., Nakano, J., Konishi, Y., et al. (2018). Early motor signs of autism spectrum disorder in spontaneous position and movement of the head. Exp. Brain Res. 236, 1139–1148. doi: 10.1007/s00221-018-5202-x

Grant, E., Hoerder-Suabedissen, A., and Molnár, Z. (2012). Development of the corticothalamic projections. Front. Neurosci. 6:53. doi: 10.3389/fnins.2012.00053

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

Hall, W. C., and Ebner, F. F. (1970). Thalamotelencephalic projections in the turtle (Pseudemys scripta). J. Comp. Neurol. 140, 101–122. doi: 10.1002/cne.901400107

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., 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

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

Hirota, Y., Kubo, K., Katayama, K., Honda, T., Fujino, T., Yamamoto, T. T., et al. (2015). Reelin receptors ApoER2 and VLDLR are expressed in distinct spatiotemporal patterns in developing mouse cerebral cortex. J. Comp. Neurol. 523, 463–478. doi: 10.1002/cne.23691

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., 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., 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., 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. M., 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

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

Kanemaru, N., Watanabe, H., Kihara, H., Nakano, H., Takaya, R., Nakamura, T., et al. (2013). Specific characteristics of spontaneous movements in preterm infants at term age are associated with developmental delays at age 3 years. Dev. Med. Child Neurol. 55, 713–721. doi: 10.1111/dmcn.12156

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., 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

Kostović, 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

Kostović, 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

Kostović, 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

Kostović, 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

Kostović, I., Sedmak, G., and Judas, M. (2018). Neural histology and neurogenesis of the human fetal and infant brain. NeuroImage 188, 743–773. doi: 10.1016/j.neuroimage.2018.12.043

Lin, L., Faraco, J., Li, R., Kadotani, H., Rogers, W., Lin, X., et al. (1999). The sleep disorder canine narcolepsy is caused by a mutation in the hypocretin (orexin) receptor 2 gene. Cell 98, 365–376. doi: 10.1016/s0092-8674(00)81965-0

López-Bendito, G., and Molnár, Z. (2003). Thalamocortical development: how are we going to get there? Nat. Rev. Neurosci. 4, 276–289. doi: 10.1038/nrn1075

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., 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

Maeda, N. (2015). Proteoglycans and neuronal migration in the cerebral cortex during development and disease. Front. Neurosci. 9:98. doi: 10.3389/fnins.2015.00098

Marín-Padilla, M. (1971). Early prenatal ontogenesis of the cerebral cortex (neocortex) of the cat (Felis domestica). A golgi study. I. The primordial neocortical organization. Z. Anat. Entwicklungsgesch 134, 117–145. doi: 10.1007/bf00519296

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. doi: 10.1093/cercor/bhv279

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

Miller, B., Sheppard, A. M., Bicknese, A. R., and Pearlman, A. L. (1995). Chondroitin sulfate proteoglycans in the developing cerebral cortex: the distribution of neurocan distinguishes forming afferent and efferent axonal pathways. J. Comp. Neurol. 355, 615–628. doi: 10.1002/cne.903550410

Molnár, Z., Garel, S., Lopez-Bendito, G., Maness, P., and Price, D. J. (2012). Mechanisms controlling the guidance of thalamocortical axons through the embryonic forebrain. Eur. J. Neurosci. 35, 1573–1585. doi: 10.1111/j.1460-9568.2012.08119.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

Moody, W. J., and Bosma, M. M. (2005). Ion channel development, spontaneous activity and activity-dependent development in nerve and muscle cells. Physiol. Rev. 85, 883–941. doi: 10.1152/physrev.00017.2004

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

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

Noctor, S. C., Martinez-Cerdeno, V., Ivic, L., and Kriegstein, A. R. (2004). Cortical neurons arise in symmetric and asymmetric division zones and migrate through specific phases. Nat. Neurosci. 7, 136–144. doi: 10.1038/nn1172

Ohtaka-Maruyama, C., and Okado, H. (2015). Molecular pathways underlying projection neuron production and migration during cerebral cortical development. Front. Neurosci. 9:447. doi: 10.3389/fnins.2015.00447

Ohtaka-Maruyama, C., Hirai, S., Miwa, A., Heng, J. I., Shitara, H., Ishii, R., et al. (2013). RP58 regulates the multipolar-bipolar transition of newborn neurons in the developing cerebral cortex. Cell Rep. 3, 458–471. doi: 10.1016/j.celrep.2013.01.012

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

Ozair, M. Z., Kirst, C., Van Den Berg, B. L., Ruzo, A., Rito, T., and Brivanlou, A. H. (2018). hPSC modeling reveals that fate selection of cortical deep projection neurons occurs in the subplate. Cell Stem Cell 23, 60.e66–73.e66. doi: 10.1016/j.stem.2018.05.024

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

Prechtl, H. F. (2001). General movement assessment as a method of developmental neurology: new paradigms and their consequences. The 1999 Ronnie MacKeith lecture. Dev. Med. Child Neurol. 43, 836–842. doi: 10.1017/s0012162201001529

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

Rakic, P. (1972). Mode of cell migration to the superficial layers of fetal monkey neocortex. J. Comp. Neurol. 145, 61–83. doi: 10.1002/cne.901450105

Rakic, P. (1988). Specification of cerebral cortical areas. Science 241, 170–176. doi: 10.1126/science.3291116

Singh, M. B., White, J. A., Mckimm, E. J., Milosevic, M. M., and Antic, S. D. (2018). Mechanisms of spontaneous electrical activity in the developing cerebral cortex-mouse subplate zone. Cereb. Cortex 29, 3363–3379. doi: 10.1093/cercor/bhy205

So, S., Patterson, C., Gold, A., Rogers, A., Kosar, C., De Silva, N., et al. (2016). Early neurodevelopmental outcomes of infants with intestinal failure. Early Hum. Dev. 101, 11–16. doi: 10.1016/j.earlhumdev.2016.05.012

Spitzer, N. C. (2006). Electrical activity in early neuronal development. Nature 444, 707–712. doi: 10.1038/nature05300

Supèr, H., Del Rio, J. A., Martinez, A., Perez-Sust, P., and Soriano, E. (2000). Disruption of neuronal migration and radial glia in the developing cerebral cortex following ablation of Cajal-Retzius cells. Cereb. Cortex 10, 602–613. doi: 10.1093/cercor/10.6.602

Supèr, H., Soriano, E., and Uylings, H. B. (1998). The functions of the preplate in development and evolution of the neocortex and hippocampus. Brain Res. Brain Res. Rev. 27, 40–64. doi: 10.1016/s0165-0173(98)00005-8

Tabata, H., and Nakajima, K. (2001). Efficient in utero gene transfer system to the developing mouse brain using electroporation: visualization of neuronal migration in the developing cortex. Neuroscience 103, 865–872. doi: 10.1016/s0306-4522(01)00016-1

Tabata, H., and Nakajima, K. (2003). Multipolar migration: the third mode of radial neuronal migration in the developing cerebral cortex. J. Neurosci. 23, 9996–10001. doi: 10.1523/jneurosci.23-31-09996.2003

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

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., 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

Vasistha, N. A., Garcia-Moreno, F., Arora, S., Cheung, A. F., Arnold, S. J., Robertson, E. J., et al. (2015). Cortical and clonal contribution of Tbr2 expressing progenitors in the developing mouse brain. Cereb. Cortex 25, 3290–3302. doi: 10.1093/cercor/bhu125

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. doi: 10.1093/cercor/bhw271

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., 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

Zuk, L. (2011). Fetal and infant spontaneous general movements as predictors of developmental disabilities. Dev. Disabil. Res. Rev. 17, 93–101. doi: 10.1002/ddrr.1104

Conflict of Interest: The author declares 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 © 2020 Ohtaka-Maruyama. 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-14-00008-g002.gif
MP-BP transition

8P neuron|

LG Ea R FM remgamzz(mn
Avon o halamus (SpN)_
Axon from thalamus

MP neuron G expressi 7

W @Warate receptor(NMDAR)
——% Adnesivenoss o RG fbers 7





OPS/xhtml/Nav.xhtml


Contents





		Cover



		Subplate Neurons as an Organizer of Mammalian Neocortical Development



		Introduction



		The Earliest Born Neurons And Radial Glial Fibers Function As A Scaffold In Cortical Formation



		Known Functions Of Subplate Neurons



		Subplate Neurons Regulate Neuronal Migration



		Sp Neurons Interact With Migrating Neurons via Transient Synapse-Like Contacts



		Where Do Subplate Neurons Originate?



		Subplate Neurons Function As An Organizer Of Neocortex Development



		Evolution Of The Cerebral Cortex And The Subplate



		Subplate Function And Brain Developmental Disorders



		Concluding Remarks



		Author Contributions



		Funding



		Acknowledgments

















OPS/images/crossmark.jpg





OPS/images/fnana-14-00008-g001.gif
@l Neurocan Subplate neurons
(E10EP)

/Totidne Bl (arLEG>

LparL-EGFP.






OPS/images/cover.jpg
’ frontiers

In Neurocanatomy

Subplate Neurons as an Organizer
of Mammalian Neocortical
Development









OPS/images/logo.jpg
, frontiers
in Neuroanatomy





