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Abstract

:

The apical dendrite of a cortical projection neuron (CPN) is generated from the leading process of the migrating neuron as the neuron completes migration. This transformation occurs in the cortical marginal zone (MZ), a layer that contains the Cajal-Retzius neurons and their axonal projections. Cajal-Retzius neurons (CRNs) are well known for their critical role in secreting Reelin, a glycoprotein that controls dendritogenesis and cell positioning in many regions of the developing brain. In this study, we examine the possibility that CRNs in the MZ may provide additional signals to arriving CPNs, that may promote the maturation of CPNs and thus shape the development of the cortex. We use whole embryonic hemisphere explants and multiphoton microscopy to confirm that CRNs display intracellular calcium transients of <1-min duration and high amplitude during early corticogenesis. In contrast, developing CPNs do not show high-amplitude calcium transients, but instead show a steady increase in intracellular calcium that begins at the time of dendritic initiation, when the leading process of the migrating CPN is encountering the MZ. The possible existence of CRN to CPN communication was revealed by the application of veratridine, a sodium channel activator, which has been shown to preferentially stimulate more mature cells in the MZ at an early developmental time. Surprisingly, veratridine application also triggers large calcium transients in CPNs, which can be partially blocked by a cocktail of antagonists that block glutamate and glycine receptor activation. These findings outline a model in which CRN spontaneous activity triggers the release of glutamate and glycine, neurotransmitters that can trigger intracellular calcium elevations in CPNs. These elevations begin as CPNs initiate dendritogenesis and continue as waves in the post-migratory cells. Moreover, we show that the pharmacological blockade of glutamatergic signaling disrupts migration, while forced expression of a bacterial voltage-gated calcium channel (CavMr) in the migrating neurons promotes dendritic growth and migration arrest. The identification of CRN to CPN signaling during early development provides insight into the observation that many autism-linked genes encode synaptic proteins that, paradoxically, are expressed in the developing cortex well before the appearance of synapses and the establishment of functional circuits.
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1. Introduction


The apical dendrite is initiated by the direct transformation of the leading process of the migrating neuron during the terminal phase of migration [1,2,3]. During this ~2 h period, the dendrite grows ~2.5-fold into the marginal zone (MZ), the cell sparse outer layer of the developing cortex that contains the Cajal-Retzius neurons (CRNs) and their axons [3,4,5]. Most, if not all, developing excitatory Cortical Projection Neurons (CPNs) encounter CRNs at the endpoint of their extended radial migration route from the subventricular zone (SVZ) through the intermediate zone (IZ), subplate (SP), and developing cortical plate (CP) [6]. Thus, CRNs located in the MZ are ideally posed to promote the transition from migration to differentiation status for these immature cortical neurons. CRNs secrete an essential glycoprotein called Reelin [7,8,9] that is required for both normal cellular positioning (layer formation) and normal dendritic initiation and growth [2,3,10]. In the absence of Reelin signaling, neurons can migrate, but will fail to migrate through existing layers of cortical neurons [11], and will later exhibit dysmorphic dendrites [1].



This observation that immature dendrites of excitatory neurons project into a plexus of axons in a highly regulated fashion raises the question of the purpose of this projection. CRNs are spontaneously active [12,13,14]; however, Reelin secretion does not appear to be activity-dependent [15,16,17], and current models suggest Reelin or its proteolytic fragments might diffuse from the MZ [18], implying that close dendrite axon proximity is not required for Reelin signaling itself. While it is appealing to think that this projection anticipates future synapse and circuit formation, it is important to recognize that cortical CRNs are a transient cell class that dies off postnatally [19] and most L6 neurons do not maintain an apical dendrite in the MZ. Thus, this rich interweaving of processes of the CP and CR neurons is transient and likely only maintained for days during mouse cortical development.



Neuronal activity is understood to be essential for the appropriate development of the nervous system [20], and multiple roles have been identified for amino acid neurotransmitters during development. Glutamatergic [21] and GABAergic [22,23] signaling can control neuronal migration and separately dendritic filopodia [24,25,26]. During the embryonic period, these neurotransmitters can elevate intracellular calcium levels depending on the expression of specific classes of receptors [20]. More recently, experimentally enhanced neuronal activation and elevation of intracellular calcium either by sodium channel misexpression [27] or Designer Receptors Activated by Designer Drugs (DREADDs) [28] have been shown to cause ectopic migration arrest and dendritic initiation. However, to our knowledge, it is not known whether intracellular calcium increases occur naturally during dendritic initiation, nor have the potential source of the triggering neurotransmitters been identified.



In this study, we examine the hypothesis that CRNs can communicate to migrating CPNs using amino acid neurotransmitters. Using whole hemisphere explants and genetically encoded calcium indicators, we provide several observations consistent with this hypothesis. First, we demonstrate that migrating CPNs show an increase in intracellular calcium levels as they approach the MZ, during the period of leading process branching. We also show that CRNs are spontaneously active from the earliest stages of cortical layer development when layer 6 is assembling. Moreover, stimulation of CRNs is known to cause the release of glutamate and glycine [29,30,31], and we find that glutamatergic and glycinergic antagonists block stimulated calcium elevations in CPNs. Significantly, the application of these same antagonists as well as tetrodotoxin (TTX) rapidly depresses intracellular calcium levels of CPNs. Lastly, we show that experimental manipulations that alter intracellular calcium levels in migrating neurons disrupt migration and cause excessive dendrite growth.




2. Results


2.1. Characterization of Intracellular Calcium Signals during Dendritic Initiation and Migration Arrest


To gain a better understanding of the calcium signal associated with apical dendrite initiation, a construct expressing the genetically encoded calcium indicator GCaMP6s [32] with a Ca2+ Kd of 110 nM, was co-electroporated with a construct expressing tdTomato [33] at E13 to sparsely label migrating and differentiating cortical neurons. Whole hemisphere explants were then prepared and allowed to develop for 2 days in vitro [34] and then imaged at E15, as the first groups of electroporated neurons had formed a layer underneath the CRNs and many neurons were still in the process of radial migration (Figure 1A). GCaMP6s (green ) signaling intensity was ratioed against tdTomato (red) signal intensity to control for variations in tissue depth and laser intensity.



We examined the calcium signal of the neurons as they transitioned from radial migration through translocation and early dendritogenesis. We have previously shown that migrating neurons undergo a consistent morphological transformation during dendritic initiation, in which the leading process of the migrating neuron branches and elaborates dendritic filopodia into the MZ during the final two hours of radial migration [3]. Multiphoton imaging of whole hemisphere explants revealed a low GCaMP6s/tdTomato ratio in migrating neurons. However, this ratio slowly increased during the 2 h translocation period (Figure 1B–E). Quantifying the soma, proximal dendrite, and distal dendrite revealed a similar slow increase in the GCaMP6s/tdTomato ratio (Figure 1F–H). This increase was confirmed by comparing the calcium signal of migrating, translocating, and post-migratory neurons at a single time point (Figure 1J). Post-migrating neurons showed the highest calcium signal compared to migrating and translocating neurons. This steady increase during translocation was observed regardless of sampling frequency from 1 z-stack per 10 min to 1 z-stack per 7 s. We did not observe rapid high amplitude signal (signal changes > 1.4 F/F0) in the migrating and translocating neurons. However, some spiking was seen in post-migrating neurons (Figure 1K). Only 4% of post-migrating neurons showed any spiking activity within a 20 min imaging period (n = 17). This ~2-fold increase in GCaMP6s signal raises the possibility that the rise in intracellular calcium may contribute to dendritic initiation and migration arrest.



Prior studies have revealed that CRNs in the superficial layer of the developing cortex are spontaneously active, showing intracellular calcium transients that last between 10–100 s [35,36]. At early time points in development, the activity is uncorrelated among CRNs, but as development proceeds, correlated activity increases, indicating the formation of a network among the CRNs. However, it is unclear whether CRN activity, at any time point, correlates with the activity of the CPNs in the underlying cortical plate. To examine the possibility of CRN to CPN communication, we crossed the Ai96 line, which conditionally expresses the calcium indicator, GCaMP6s [37,38], with a Nestin-Cre line that drives recombination in the mouse CNS starting at embryonic day 10.5 (E10.5) [39]. On E15, whole hemisphere explants were prepared (Figure 2A), a procedure that does not involve tissue slicing and keeps the meninges and underlying neural tissue intact [34]. This approach provided GCaMP6s expression in both the CRNs and the underlying CPNs.



Multiphoton imaging of Nestin-Cre: Ai96 hemispheres was performed through the intact meninges in a region of the dorsal medial cortex that includes primary and secondary motor cortex areas. In this configuration, the sparse, large, and horizontally oriented CRNs are at the top of the imaged field, and the densely packed, developing CPNs are vertically oriented below (Figure 2B). At this time in development, the CPNs in the imaged field correspond to presumptive deep-layer neurons, primarily L6 and L5 excitatory neurons [40]. z-stacks were collected at 9-s intervals for periods of up to 30 min. Neuronal calcium signals can be broadly characterized as spikes and waves by amplitude and kinetics [41]. In the present study, spikes were defined as changes in the F/F0 exceeding 1.4 and having a duration of less than 1 min, while waves were defined as exceeding 1.2 F/F0 and being longer than 1 min. CPNs exhibit calcium waves with an amplitude of 1.26 ± 0.06 F/F0 and a frequency of 14.8 ± 11.8 waves/h (mean ± s.d.), and a duration of 2.27 ± 1.2 min (Figure 2C,F). CRNs exhibit a form of calcium spiking with a mean amplitude of 1.82 ± 0.48 F/F0, frequency of 4.7 ± 4.8 spikes/h, and duration of 0.60 ± 0.09 min (Figure 2D,F). The 9-s z-stack intervals slightly under sample the shorter duration spike transients and make it likely the mean spike amplitude and the number of spikes were underestimated. As an internal fluorescent fluctuation control, the meninges fluorescence signal was also measured (Figure 2E,F). The meninges did not exhibit any spiking or wave activity as defined in this study. Although the spike amplitude and duration are approximately consistent with prior studies, the observed spike rate is higher than in previous reports. This difference may reflect the early time point (E15) examined in our study [12,35], the fact that the meninges are left intact in our whole hemisphere preparation [12], the use of isoflurane anesthesia for in utero imaging [36], or the presence of excitatory amino acids in the DMEM-F12 culture media employed in our study. There was no obvious temporally correlated spiking among the CRNs, which typically corresponded to ~15 CRNs per imaged field, although this issue was not investigated in depth. In contrast, the underlying CPNs showed very infrequent spiking behavior and instead exhibited smaller amplitude wave-like calcium transients consistent with previous descriptions of elicited transients in CPNs [42]. While these data did not identify correlated spiking between CRN and CPN during early cortical development, they leave open the possibility of correlated CRN spike to CPN wave activity.



As the intracellular calcium change that correlates with the period of dendritic initiation is relatively slow and steadily increasing, we initiated studies using the fixable calcium indicator CaMPARI2 F391W (Ca2+ Kd = 110 nM), which reports calcium levels at the time of photoconversion and fixation [43]. Calcium-bound CaMPARI2 fluoresces red after photoconversion, while in our experiments, total CaMPARI2 is detected by anti-HA-tag immunofluorescence (green). Thus, the CaMPARI2 Red/Green (R/G) ratio reflects intracellular calcium levels at the time of fixation. In this case, a construct expressing CaMPARI2 F391W was ex utero electroporated, and explants were prepared at E13. After 2 DIV, the explants were photoconverted and fixed for subsequent sectioning and analyses (Figure 3A). Consistent with our live imaging data, neurons with a migration morphology in the upper third of the cortical plate exhibited 1.34-fold higher CaMPARI2 signals than neurons at the lower third of the cortical plate (p < 0.001), and neurons with translocation morphology showed increasing CaMPARI2 signals as they neared the CRNs (Figure 3B–E). Moreover, the fraction of high R/G signal (R/G > 0.45) neurons was greater in the upper cortical plate (Figure 3F). Thus, the live and fixed approaches to calcium imaging confirm that intracellular calcium levels increase in CPNs as they approach the spontaneously active CRNs.




2.2. Veratridine Stimulation of CRNs Induces Rapid Calcium Transients in CPNs: Partial Block by Glutamatergic and Glycinergic Antagonists


To better understand the potential communication mechanism between CRNs and CPNs, including those CPNs undergoing dendritic initiation, we chemically stimulated explants with veratridine [44]. Veratridine (VRT) is a steroidal alkaloid that increases neuronal excitability by preventing the inactivation of voltage-gated sodium channels (VGSCs). Although this agonist is not selective for CRNs, at E15, CRNs express VGSCs and are excitable [45]. In contrast, CPNs at E14–E16 are inexcitable and show minimal voltage-dependent sodium currents compared to later development [46]. Importantly, VRT application has also been shown to trigger the release of glutamate and glycine (but not GABA), leading to calcium elevations in E13 neurons of the developing preplate (PP), including CRNs [29]. Thus, VRT stimulation likely triggers the release of neurotransmitters from CRNs that might elicit intracellular calcium elevations in CPNs.



To measure the spatial and temporal response to veratridine, we first performed E13 GCaMP6s EUEPs and prepared explants for E15 live imaging (Figure 4A). VRT treatment caused a rapid rise in calcium signal in both translocating and post-migratory CPNs (Figure 4B–D). The response occurred within 2 min of VRT application to the imaging bath and exceeded F/F0 values of 2. The calcium signal was detected throughout the dendritic arbor and soma in post-migratory neurons and migratory CPNs underneath the MZ. We next tested VRT application to E15 whole hemisphere explants electroporated with CaMPARI2 (Figure 5A). VRT increased the intracellular calcium signal in both post-migratory CPNs directly under the CRN and migratory CPNs approaching the CRN (Figure 5B,C). The R/G ratio of VRT-treated cells was 2.3-fold higher than control (1.0 ± 0.02 vs. control 0.43 ± 0.013, mean ± s.e.m., p < 0.0001) (Figure 5B,C,H). In addition, we observed significant calcium signal increases in multipolar neurons (MPNs) in the IZ and in the areas underlying the SP (Figure 5C).



In order to ascertain if the calcium increases in CPNs were a result of neurotransmitter (NT) release rather than direct VRT stimulation of CPNs and MPNs, we conducted a preincubation of the explant with a mixture of neurotransmission inhibitors (as described in the Methods section) before applying VRT. The pan-neuronal transmission cocktail targeted glutamatergic, GABAergic, and glycinergic receptors known to be expressed at the mRNA level by these neurons at this developmental time point [47]. While VRT produced 2.3-fold increase in CaMPARI2 signal (1.0 ± 0.02), compared to control (0.43 ± 0.013), preincubation with the pan-neuronal blockers reduced the VRT signal to 1.6-fold (0.70 ± 0.03), a value approximately midway between VRT and control values (p < 0.0001). Applying the glycinergic blocker strychnine also partially blocked the VRT response, but to a much lesser extent than the pan-NT blocker (0.84 ± 0.03, p < 0.0001). GABA has been shown to depolarize some classes of embryonic neurons; however, the GABAergic blocker (bicuculline) did not affect the VRT response (0.95 ± 0.03, p = 0.87). Significantly, the pan-glutamatergic block was as effective as the pan-neuronal block in suppressing the VRT response, reducing the VRT stimulation to 1.5-fold over control (0.65 ± 0.02, p < 0.0001) (Figure 5D–H). Thus, preincubation with the inhibitors partially blocked the response to VRT, suggesting that VRT triggers the release of NTs, including glutamate and glycine, that contribute to calcium elevations in the CPNs and MPNs.




2.3. Reduction of Baseline Intracellular Calcium Signal by Glutamatergic and Activity Blockade


To determine if VRT was specifically activating voltage-dependent sodium channels, we preincubated the explants with tetrodotoxin (TTX), a highly selective sodium channel blocker [48]. TTX preincubation completely blocked VRT-induced calcium increases, suggesting that VRT response is not generated by off-target effects (Figure 5I). TTX alone-treated (0.62 ± 0.03) were not different than TTX plus VRT-treated (0.63 ± 0.03), but both TTX groups were significantly lower than VRT stimulation alone (1.0 ± 0.02, p < 0.0001). We next asked if TTX, glycinergic, or pan-glutamatergic blocks alone would lower baseline CaMPARI2 signals, which would be expected if ongoing neurotransmitter signaling is required to maintain intracellular calcium levels observed in CPN. In comparison to untreated control R/G value (0.43 ± 0.013), 30 min TTX treatment reduced the signal to 39% of control (0.17 ± 0.01), 30 min treatment with glycinergic blocker reduced the signal to 48% of control (0.21 ± 0.01), and 30 min pan-glutamatergic block reduced the signal to 69% of control (0.30 ± 0.02) (Figure 5J). Multiphoton imaging was then conducted to examine the time course of the response in Nestin-Cre: Ai96 explants on E15 after applying pan-glutamatergic inhibitors (Figure 6A). Baseline GCaMP6s signal began to decline immediately in CPNs but not CRNs after bath application of the blockers, and CPN calcium signal stabilized at a lower level by approximately 10 min (Figure 6B–E). Collectively, the highly significant reduction of baseline intracellular calcium levels by these blockers indicates that ongoing neurotransmitter signaling is required to maintain intracellular calcium levels in CPNs. This is likely mediated by a combination of neurotransmitters, including glutamate and glycine released by CR neurons.




2.4. 24-h Pan-Glutamatergic and Activity Blockade Decreased Neuronal Migration into the CP


To assess the phenotypic consequences of glutamatergic and activity blockade, we performed EUEPs with CAG-GFP to label developing neurons. Then we exposed whole hemisphere explants to pan-glutamatergic blockers 24 h before fixation and analyses on E15 (Figure 7A). Chronic exposure to the blockers altered the distribution of labeled cells across the cerebral wall and reduced the fraction of GFP+ neurons found in the CP compared to the IZ (Figure 7B–E) [49]. In control explants, 40% of GFP+ neurons were found in the CP, whereas TTX caused a reduction to 22%, and pan-glutamatergic blockade caused a decrease to 25%. The result was confirmed by examining the immuno-distribution of Ctip1, a transcription factor that identifies early born neurons. Pan-glutamatergic blockers reduced the percentage of Ctip1+ neurons in the CP to 85% of control values (Figure 7E–G), as would be expected, since Ctip1+ represents the distribution of all CPNs rather than focusing on the migratory and immediate post-migratory populations identified by GFP+. These results suggest that migration is delayed or arrested in the presence of blockers. This finding is consistent with prior studies suggesting glutamatergic signaling modulates migration rate in the cerebral cortex [21].



Closer inspection of the migrating neurons did not reveal any obvious morphological distinctions between blocked and control conditions. To determine the consequence of glutamatergic blockade on dendritic growth in the MZ, we measured the above threshold GFP fluorescence pixel area in the MZ that represents the dendritic projection, and divided that value by the above threshold GFP fluorescence pixel area in the underlying CP, a proxy measurement for the number of neuronal soma [2,50]. However, quantifying dendrite projection into the MZ did not reveal a reduction with either blocker (Figure 7H).




2.5. Misexpression of Voltage-Dependent Sodium and Calcium Channels Reduced Migration into the CP and Enhances Dendritic Growth in the MZ


Prior studies showed that enhancing intracellular calcium transients in migrating cortical neurons by forced expression of a voltage-dependent sodium channel [27] or by activating DREADD (Designer Receptor Activated by Designer Drug) [28] led to migration arrest and ectopic dendritic initiation. These results raise the possibility that intracellular calcium elevation naturally triggers migration arrest and dendritogenesis at the end of the migration period. To directly test whether calcium elevations in migrating neurons are sufficient to trigger migration arrest and ectopic dendritogenesis, we misexpressed the prokaryotic voltage-dependent calcium channel CavMr [51] by EUEP at E13. As a positive control, we separately expressed the bacterial sodium channel mNaChBac (Figure 8D), which was shown to drive migration arrest and ectopic dendritogenesis [27]. We then examined the distribution of neurons at E15 (Figure 8A–C). In both cases, the forced expression of these channels altered neuronal distribution and reduced the CP/(CP + IZ) fraction, indicative of a migration delay or arrest (Figure 8H). In the deep areas, more neurons appeared to have elaborated neurites; however, it was impossible to determine whether the neurons had elaborated ectopic dendrites, given the high density of labeled cells. We measured the dendritic projection ratio (as above) to assess the consequence of ion channel expression on dendritic growth. Consistent with this interpretation, we found that chronic ion channel expression increased the dendrite projection ratio in the MZ by approximately >1.5-fold for both channels (Figure 8E–H). The ion channel findings suggest that intracellular calcium levels control migration speed and dendritic growth.




2.6. Ethanol Exposure Did Not Alter the Baseline CaMPARI2 Signal or Disrupt the Response to Veratridine


Cortical neuron development is disrupted by ethanol exposure [52,53,54], in part due to its ability to inhibit glutamatergic neurotransmission [55,56,57]. Moreover, CRN physiology is sensitive to ethanol exposure later in development [58]. In parallel, we have found that acute exposure to ethanol rapidly disrupts dendritic outgrowth [59,60]. To determine if acute ethanol exposure disrupts CRN to CPN signaling, CaMPARI2-expressing explants were preincubated for 30 min with ethanol (400 mg/dL) or control media before VRT stimulation on E15 (Figure 9A). However, no difference in the amplitude of the VRT response was observed between control 1.02 ± 0.05 and ethanol 1.01 ± 0.05 pretreated cells (p > 0.99) (Figure 9B). Moreover, there was no significant difference in baseline R/G levels between control (0.69 ± 0.03) and ethanol-treated (0.60 ± 0.02) cells (p = 0.64). Although preliminary, this finding suggests that acute disruption of CRN to CPN signaling is not the primary mode of action for this neurodevelopmental toxin.





3. Discussion


The initial step in dendritic development is the establishment of cellular polarization [61]. In the developing rodent cortex, this polarization occurs underneath the subplate as multipolar neurons [62] initiate axonal development and attach to the radial glial process. Several cues have been identified that contribute to this polarization, including TgfB [63], radial glial contact [64], and glutamatergic signaling [49]. The next step in cortical migration is canonical radial glial-guided migration, in which CPNs migrate along radial glial processes [65] in a saltatory fashion [66]. During this period, the prospective dendrite is called the leading process and remains simplified and attached to the radial glial fiber. Migrating neurons can show calcium elevations that, in some cells, modulate migration rate [67] and that increase in frequency and amplitude in post-migratory neurons [27,28]. The post-migratory calcium signals likely regulate both neurite outgrowth [26] and patterns of gene expression [68,69,70].



Our study investigated calcium signaling during dendrite initiation, the period between migration and post-migration (Figure 10). At the end of radial migration, the leading process transforms into a branched dendrite that extends into the MZ [3]. The soma translocates and then arrests underneath the first stable branch point of the nascent dendritic arbor. In prior imaging studies and this study, the elaboration of the branched leading process always preceded migration arrest, suggesting dendritic elaboration may serve as a stop signal for radial migration by preventing further nucleokinesis [2,3]. The combined dendritic deployment and migration arrest is a critical period in the development of a cortical neuron, as it coincides with the expression of hundreds of genes, many of them disease-linked [47,71,72]. While several cues have been identified that are required for apical dendrite development [73,74], the natural trigger for dendritic initiation and migration arrest is unclear.



In developing neurons, intracellular calcium signals in the soma, dendrites, and axons can show independent subthreshold activity reflecting both compartmentalization and diffusion limitation and buffering in the cytoplasm of the neurites. In this study, intracellular calcium levels gradually rise in both the dendrite and soma as migrating CPNs approach CRNs (Figure 10). Consistent with prior studies that enhanced activity in migrating neurons [27,28], we demonstrate that migration arrest can be obtained by forced expression of a voltage-gated calcium channel (Figure 10). Using VRT stimulation, we identify glutamate and glycine as critical amino acid neurotransmitters mediating CRN to CPN signaling (Figure 10), and we show that glutamatergic antagonists cause a rapid drop of intracellular calcium levels in CPNs. Lastly, we and others have found that glutamatergic blockade disrupts migration and dendritogenesis, underscoring glutamate’s importance to these events.



The calcium set point hypothesis proposes that intermediate levels of intracellular calcium support neurite outgrowth, while low levels or high levels of intracellular calcium inhibit growth [75]. While calcium signaling is active during migration, it is still being determined whether the same set point rules govern the process of radial migration. For example, migrating cerebellar granule cells express N-type calcium channels and NMDA receptors [76,77] that contribute to calcium transients that modulate migration [67]. While migrating cortical neurons in acute slice preparations also exhibit calcium elevations, these elevations are small (less than 1.1 F/F0) and infrequent (~1/10 min) [27], and these elevations increase in elevation and frequency in post-migratory neurons. In contrast to previous findings, glutamatergic blockade did not alter dendritic growth into the MZ; however, this may be due to the fact that glutamatergic blockade also disrupted migration into the cortical plate, thus eliminating or reducing the number of cells undergoing dendritic initiation during the period of agonist application. However, we confirmed that forced mNaChBac expression drives migration arrest [27] and found that forced expression of CavMr, a voltage-dependent calcium channel, also causes premature migration arrest. Additional evidence for calcium signaling driving migration arrest was obtained using Designer Receptors Activated by Designer Drugs (DREADDs) [78]. Forced expression of the hM3Dq-activating DREADD, which drives IP3-mediated intracellular calcium elevations, caused premature migration arrest and ectopic dendritogenesis [28]. Prior work and our findings suggest that very low levels of intracellular calcium support migration, while higher levels promote dendritic deployment and migration arrest (Figure 10). Critically, our study shows that calcium levels naturally rise during dendritic deployment and migration arrest, and thus, may indeed be triggering dendritic initiation, as would be predicted from these prior studies [28].



It is unclear from existing studies whether external cues trigger the calcium increase, or it is intrinsic, driven by a completely cell-autonomous program. In this work, we present evidence that CRNs are a likely source of the NTs driving dendritic elaboration and migration arrest. The spontaneous activity of CRNs is well established [12]; however, the functional purpose of this activity during early development is unclear. Reelin secretion does not appear to be activity-dependent [15,16,17]; thus, the spontaneous activity observed with CRNs may have other functional importance. During early cortical development, CRNs secrete the neurotransmitters glutamate and glycine, but not GABA, in response to VRT [29]. Although subplate neurons also likely secrete glutamate [49], the proximity of dendrites and axons, as well as the likely activity-dependent secretion of glutamate and glycine, highlight CRNs as the most likely source of the glutamate that is driving calcium elevations during dendritic elaboration and migration arrest.



Glutamate activation of NMDAR is allosterically increased by glycine [79] and NMDAR-mediated glutamate responses have been proposed to control cortical migration, with NMDA antagonist blocking migration in slice culture [21,80] and NMDAR activation causing migratory arrest [81]. Sustained treatment with the NMDAR antagonist MK801 also produces cortical lamination defects in vivo as well [82]. In contrast, genetic studies using global and conditional knockouts of NR1, an essential subunit of the NMDA receptor, did not show disruptions of cortical lamination [83,84,85]. These genetic results suggest that NMDAR deficiency has no impact on cortical migration. Although the reconciliation of these findings will require further work, we have found that both glutamatergic and glycinergic neurotransmitter signaling systems may be involved in establishing cortical neuron calcium levels, suggesting some form of redundancy may be involved.



Moreover, blockade of both glutamatergic and glycinergic signaling did not completely block CRN to CPN signaling, suggesting additional signals contribute to CPN intracellular calcium. Consistent with this multiple signal model, CPNs express mRNAs for other neurotransmitter receptors, including cholinergic receptors, in addition to expressing subunits of NMDA, AMPA, kainate, and metabotropic glutamate receptors, as well as glycine and GABA receptors [28,47]. While glycine is a co-agonist for NMDA receptors [79], like GABA, it can also be depolarizing in the embryonic period after binding glycine receptors [86]. Moreover, applying the glycinergic antagonist strychnine lowered baseline intracellular calcium levels in CPNs, and strychnine is highly selective for the glycine receptors over NMDA receptors. Thus, the observed effects of strychnine are likely due to direct interactions with glycine receptors expressed by CRNs and CPNs [87] rather than NMDA receptors. It is also important to note that CPNs do not show spontaneous action potentials during early development, and only about 1/3 of neurons show an active response to depolarization at this time [46]. This lack of activity in CPNs suggests that the observed calcium fluctuations are primarily due to ligand-gated receptor activity, possibly amplified by release from internal calcium stores.



Glutamate is a critical amino acid for developing neurons, contributing to cell proliferation, cell migration, cell differentiation, and cell survival in the developing cortex [88]. Separating the multiple functional roles of glutamatergic signaling during cortical development is challenging. In this study, the media employed is DMEM-F12, a formulation used extensively in embryonic neuronal explant and culture studies [34,89,90,91], but which also includes glutamate as well as other excitatory amino acids to enhance cell viability. Indeed, we have found that whole hemisphere explants cultured in neurobasal media, which lacks added excitatory amino acids, show thinner cortical plates and more cell death. However, the presence of amino acid neurotransmitters in the media adds complexity to the results interpretation and further implicates additional factors that may trigger the observed calcium elevations. These additional factors could depolarize the CPN sufficiently to relieve the Mg2+ blockade of the NMDA receptor that would then admit calcium.



Collectively, the findings outline a model in which calcium transients are infrequent and intracellular calcium levels are kept low in migrating neurons. During the combined process of dendritic deployment and migration arrest, intracellular calcium levels increase, driven by non-synaptic neurotransmitters released from CRNs. The observed, naturally occurring calcium elevation helps drive dendritic deployment and migration arrest by first increasing growth and branching of the leading process, which prevents further nucleokinesis and soma migration. The rising calcium levels occurring during deployment may contribute to actin cytoskeletal stabilization and enhanced secretory pathway activity that underlies membrane addition for the growing dendrite. In the post-migratory period, baseline calcium levels continue to rise as the nascent dendrite grows into the axonal plexus to receive additional non-synaptic neurotransmitter signaling that drives higher frequency calcium wave activity and further dendritic growth and remodeling. While we did not identify ethanol sensitivity in the CR neuron to CP neuron signaling, it is increasingly evident that many intellectual disabilities [72] and autism-linked genes [92] are expressed during late migration and the early period of dendritic development. Included in this group of risk-alleles that are expressed before synapse formation are genes encoding NMDA receptor subunits, a glycine receptor subunit, and voltage-dependent sodium channels, all proteins which appear to be required for this novel form of CRN to CPN communication.




4. Materials and Methods


4.1. Mice


Animals were used in compliance with approved protocols by the Institutional Animal Care and Use Committee of SUNY Upstate Medical University. Timed pregnant Swiss Webster (CFW strain from Charles River, Wilmington, MA, USA) were used for these studies, with the day of plug discovery considered E0.




4.2. Plasmids


Plasmids containing GCaMP6s (#40753), his-CaMPARI2-F391W-WPRE-SV40 (#101061), and mNaChBac (#60650) were purchased from Addgene (Watertown, MA, USA). These were cloned into a plasmid containing the pCAG promoter [93]. The pCAG- tdTomato encoding plasmid [33] was described previously [3]. The mNaChBac was cloned with a C-terminal FLAG tag. CavMr was generously gifted to us from Dr. Katsumasa Irie (Wakayama Medical University). The CavMr gene was cloned into the pCAG promoter plasmid with an additional C-terminal 6×His tag.




4.3. Explants


Whole hemisphere explants were set up as previously described [34,90]. E13 embryos are injected with 2–3 μL of DNA at 0.3–1 mg/mL and electroporated. Explants are cultured medial side down on collagen-coated PTFE filters with 3 μm pores from Corning (Corning, NY, USA), #3494) in DMEM-F12, GlutaMAX (#10565018). The media is supplemented with 1% G5 (#17503012), 1× Penicillin-Streptomycin (#15070063), and 2% B27+ (#A3582801), all from ThermoFisher (Waltham, MA, USA). Explants were maintained in a high oxygen environment (95% O2/5% CO2) at 37 °C for ~48 h before imaging, experimentation, or fixation.




4.4. Calcium Imaging and Analysis


All electroporations were performed with a mix of CAG-GCaMP6s (0.6 mg/mL) and CAG-tdTomato (0.6 mg/mL) on E13. On E15, explants were transferred to the imaging chamber and allowed to thermostabilize under perfusion with warmed, oxygenated media for 10–15 min before imaging (SH7B inline heater, Warner Instruments (Hamden, CT, USA). Calcium imaging was performed using a Thorlabs (Newton, NJ, USA) Accera Series 2-channel multiphoton microscope. A tunable Insight Deep See Multiphoton Ti:Sapphire laser (Spectra Physics, Milpitas, CA, USA) was used to excite GCaMP6s and tdTomato at 930 nm. Two ultrasensitive GaAsP PMTs (Hamamatsu, Bridgewater, NJ, USA) with bandpass 525/50 nm and 605/70 nm filter cubes (Chroma Technology, Bellows Falls, VT, USA) were used for collecting red/green signal. An Olympus XLUMPlanFLN 20×/1.0 water objective (WD = 2 mm) was used for image collection. Timed z-series (2–4 μm z-steps) were collected at intervals varying between 7 s to 10 min for durations between 30 min to 4 h, depending on the experiment.



To quantify GCaMP6s calcium signal, ROIs were placed within the cell of interest on a single z-slice, and the mean pixel intensity was measured on the green (GCaMP6s) and red (td-Tomato) channels, which were individually background corrected and then ratioed. The soma ROI was entirely contained within the cell boundary; the proximal neurite ROI was placed within one cell diameter of the soma, typically at a thick area of the proximal neurite. Neurite tips were measured at or near the end of the leading process of migrating/translocating neurons or the most distal tip of the nascent dendrite in the post-migratory neurons. In most cases, the actual measurement was taken 1–2 μm proximal from the distal tip to measure a thicker portion of the neurite and provide more signal. Distances from the pial surface in this study were measured as a straight line and are, therefore, approximate for cells migrating out of the x, y plane. All measurements were performed in FIJI [94] and the ANOVA analysis was performed between cell types within each ROI category (e.g., soma).




4.5. Pharmacology


For GCaMP6s studies, a baseline set of images was collected as discussed. A glutamatergic antagonist cocktail was then added to the perfusion media and allowed to circulate for ~10 min before image collection. For CaMPARI2 studies, explants were incubated with a glutamatergic antagonist cocktail, TTX, environmental insult (ethanol, 400 mg/dL), or control media for 30 min before being challenged with veratridine (100 μM) or control media. All groups were photoconverted and processed for histology, as discussed below.



The antagonist and concentrations employed were: 40 μM bicuculline methochloride (GABAA receptors), 100 μM MK-801 (NMDA receptors), 5 μM MTEP hydrochloride (mGluR5 receptors), 25 μM LY367385 (mGluR1 receptor), 10 μM CNQX (AMPA receptors), 100 μM AP-5 (NMDA receptors), 30 μM strychnine (glycine receptor), and 2 μM tetrodotoxin (voltage-gated sodium channel antagonist). The pan-glutamatergic blockade included: MK-801, LY367385, CNQX, MTEP, and AP-5. The pan-neurotransmitter blockade included: Bicuculline, strychnine, and the pan-glutamatergic cocktail. Veratridine, a voltage-gated sodium channel agonist, was used at 100 μM. Veratridine and all antagonists were from Bio-techne/Tocris Bioscience (Minneapolis, MN, USA). The control media was prepared using the same solvents that were used to dissolve or dilute the various drugs. Specifically, water was used as the solvent for bicuculline methochloride, MTEP hydrochloride, CNQX disodium salt, AP-5, and EtOH. For LY 367385, a solution of 55 mM NaOH was used. DMSO was the solvent for MK-801 and veratridine, while CHCl3 was used for strychnine. In each case, the control media contained an equivalent amount of the respective solvent without the drug.




4.6. CaMPARI2 Photoconversion and Immunohistochemistry


Photoconversion (PC) was accomplished using a Tresbro UV Resin Curing Light (Tresbro, Seattle, WA, USA) light (20 W output). Explants were exposed to a cycle of 405 nm light consisting of 8 s on and 3 s off for 27 cycles. After photoconversion, explants were screened under a fluorescent dissecting scope. After confirmation of successful photoconversion, explants were fixed and processed as previously described [3]. Briefly, explants were drop-fixed in 4% paraformaldehyde (PFA) for 60 min before being embedded in 10% gelatin. Gelatin blocks containing the explants were then post-fixed in 4% PFA overnight at 4 °C. Blocks were stored in PBS until sectioning.



Explants were sectioned at 100 μm by vibratome and sections were then stored in PBS containing 0.02% sodium azide. Individual sections were then incubated in 200 μL blocking buffer composed of PBS with 0.5% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA), and 2% Bovine Serum Albumin, (also Sigma-Aldrich). Primary antibodies were made up in blocking buffer at 1:1000 Rat anti-HA (3F10) (SKU #11867423001, Millipore-Sigma, St. Louis, MO, USA) and 1:1,000 Rabbit anti-CaMPARI-Red (4F6) (#Ab01649-23.0, Absolute Antibody, Boston, MA, USA) and 1:500 mouse anti-Ctip1 (#19489, Abcam, Boston, MA, USA). Sections were incubated in primary antibodies overnight at 4 °C.



Sections were washed in PBS for 3 × 15 min before being incubated in secondary antibody solution (AlexaFluor goat anti-rat 555 (#A21434, ThermoFisher), AlexaFluor donkey anti-rabbit (#A31573, Thermofisher), AlexaFluor donkey anti-mouse 647 (#A31571, ThermoFisher). Secondary antibodies were diluted 1:500 in blocking buffer. The nuclear stain Hoechst 33342 (stock 10 mg/mL, Millipore-Sigma) was added to the secondary solution at 1:500. Sections were incubated in the secondary solution for 4 h at RT before being washed 3 × 15 min in PBS. Finally, sections were mounted in Fluoromount-G (#0100-01, SouthernBiotech, Birmingham, AL, USA) on standard slides or 24 well Greiner-Bio One (Kremsmünster, Austria) imaging plates (#662892).




4.7. Imaging and Data Analysis


The CaMPARI2 characterization of native calcium signal was performed with a Leica SP8 confocal system in the SUNY Upstate Neuroscience Microscopy Core. Images were collected using the HC PL APO CS2 20×/0.75 objective and with a digital zoom of 2.25, and ~15 μm stacks were acquired at a z-step of 0.65 μm. Images were z-projected and analyzed in FIJI. For these studies, the ROI was placed in the proximal dendrite. The mean intensities of the red and green signals were background corrected and ratioed. Two sections from 5 explants with an average of 48 neurons per explant were analyzed. Sections from CaMPARI2 pharmacology experiments were imaged using a Zeiss (Wetzlar, Germany) LSM 780 laser scanning confocal microscope in the SUNY Upstate Neuroscience Microscopy Core (Syracuse, NY, USA). Images were collected using EC Plan-Neofluar 10×/0.30 objective and a 2.0 digital zoom. Data analysis was done as described above, with an exception: the red and green signal were only collected from neurons in the upper cortical plate, 20 μm below the marginal zone. At least 6 explants and an average of 287 neurons were analyzed for each condition. Higher magnification imaging for morphologic analyses in the ion channel, pan-glutamatergic blockade, and activity block studies was performed using the Zeiss LSM 780 with a C-Apochromatic 40×/1.20 W Korr objective.




4.8. Statistics


GraphPad Prism 9.5.1 was used for all statistical analyses. For primarily descriptive statistics (e.g., mean spike amplitude), the mean ± standard deviations (s.d.) are reported. For statistical comparisons, the mean ± standard error of the mean (s.e.m.) is reported. For multiple comparison analysis, we used ordinary one-way ANOVA and Šidák’s multiple comparisons test with a single pooled variance and significance at p < 0.05. For pairwise comparison, a one-tailed t-test was employed where a clear predicted direction of change was available (e.g., dendrite growth or calcium signal reduction). Alternatively, a two-tailed t-test was used for comparisons where the change was not predicted (e.g., calcium dynamics quantification). Significance was set at p < 0.05.








Author Contributions


Conceptualization, methodology, formal analysis, investigation, J.R.E. and E.C.O.; Resources, E.C.O.; Writing, review and editing, J.R.E. and E.C.O.; visualization, J.R.E.; project administration, E.C.O.; funding acquisition, E.C.O. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Institute on Alcohol Abuse and Alcoholism (AA R01AA029114 to E.C.O.). Additional support was provided by a Clark Pediatric Pilot Award, a Hendricks Foundation Pilot Grant, and the Hendrick’s Fund (SUNY Upstate Medical University).




Institutional Review Board Statement


The animal study was approved by the Institutional Animal Care and Use Committee of SUNY Upstate Medical University.




Data Availability Statement


The data presented in this study are available upon request to the corresponding author.




Acknowledgments


We thank the Department of Laboratory Animal Resources (DLAR) at SUNY Upstate Medical University for expert animal care.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pinto Lord, M.C.; Caviness, V.S., Jr. Determinants of cell shape and orientation: A comparative Golgi analysis of cell-axon interrelationships in the developing neocortex of normal and reeler mice. J. Comp. Neurol. 1979, 187, 49–69. [Google Scholar] [CrossRef] [PubMed]

	



Olson, E.C.; Kim, S.; Walsh, C.A. Impaired neuronal positioning and dendritogenesis in the neocortex after cell-autonomous Dab1 suppression. J. Neurosci. 2006, 26, 1767–1775. [Google Scholar] [CrossRef]

	



O’Dell, R.S.; Cameron, D.A.; Zipfel, W.R.; Olson, E.C. Reelin Prevents Apical Neurite Retraction during Terminal Translocation and Dendrite Initiation. J. Neurosci. 2015, 35, 10659–10674. [Google Scholar] [CrossRef]

	



Marin-Padilla, M. Human cerebral cortex Cajal-Retzius neuron: Development, structure and function. A Golgi study. Front. Neuroanat. 2015, 9, 21. [Google Scholar] [CrossRef] [PubMed]

	



Elorriaga, V.; Pierani, A.; Causeret, F. Cajal-retzius cells: Recent advances in identity and function. Curr. Opin. Neurobiol. 2023, 79, 102686. [Google Scholar] [CrossRef]

	



Boulder-Committee. Embryonic vertebrate central nervous system: Revised terminology. The Boulder Committee. Anat. Rec. 1970, 166, 257–261. [Google Scholar] [CrossRef] [PubMed]

	



D’Arcangelo, G.; Miao, G.G.; Chen, S.C.; Soares, H.D.; Morgan, J.I.; Curran, T. A protein related to extracellular matrix proteins deleted in the mouse mutant reeler. Nature 1995, 374, 719–723. [Google Scholar] [CrossRef] [PubMed]

	



Hirotsune, S.; Takahara, T.; Sasaki, N.; Hirose, K.; Yoshiki, A.; Ohashi, T.; Kusakabe, M.; Murakami, Y.; Muramatsu, M.; Watanabe, S.; et al. The reeler gene encodes a protein with an EGF-like motif expressed by pioneer neurons. Nat. Genet. 1995, 10, 77–83. [Google Scholar] [CrossRef]

	



Ogawa, M.; Miyata, T.; Nakajima, K.; Yagyu, K.; Seike, M.; Ikenaka, K.; Yamamoto, H.; Mikoshiba, K. The reeler gene-associated antigen on Cajal-Retzius neurons is a crucial molecule for laminar organization of cortical neurons. Neuron 1995, 14, 899–912. [Google Scholar] [CrossRef]

	



Niu, S.; Renfro, A.; Quattrocchi, C.C.; Sheldon, M.; D’Arcangelo, G. Reelin Promotes Hippocampal Dendrite Development through the VLDLR/ApoER2-Dab1 Pathway. Neuron 2004, 41, 71–84. [Google Scholar] [CrossRef]

	



Pinto Lord, M.C.; Evrard, P.; Caviness, V.S., Jr. Obstructed neuronal migration along radial glial fibers in the neocortex of the reeler mouse: A Golgi-EM analysis. Brain Res. 1982, 256, 379–393. [Google Scholar] [CrossRef] [PubMed]

	



Aguilo, A.; Schwartz, T.H.; Kumar, V.S.; Peterlin, Z.A.; Tsiola, A.; Soriano, E.; Yuste, R. Involvement of cajal-retzius neurons in spontaneous correlated activity of embryonic and postnatal layer 1 from wild-type and reeler mice. J. Neurosci. 1999, 19, 10856–10868. [Google Scholar] [CrossRef] [PubMed]

	



Sava, B.A.; David, C.S.; Teissier, A.; Pierani, A.; Staiger, J.F.; Luhmann, H.J.; Kilb, W. Electrophysiological and morphological properties of Cajal-Retzius cells with different ontogenetic origins. Neuroscience 2010, 167, 724–734. [Google Scholar] [CrossRef]

	



Riva, M.; Moriceau, S.; Morabito, A.; Dossi, E.; Sanchez-Bellot, C.; Azzam, P.; Navas-Olive, A.; Gal, B.; Dori, F.; Cid, E.; et al. Aberrant survival of hippocampal Cajal-Retzius cells leads to memory deficits, gamma rhythmopathies and susceptibility to seizures in adult mice. Nat. Commun. 2023, 14, 1531. [Google Scholar] [CrossRef] [PubMed]

	



Lacor, P.N.; Grayson, D.R.; Auta, J.; Sugaya, I.; Costa, E.; Guidotti, A. Reelin secretion from glutamatergic neurons in culture is independent from neurotransmitter regulation. Proc. Natl. Acad. Sci. USA 2000, 97, 3556–3561. [Google Scholar] [CrossRef]

	



Nakao, Y.; Yokawa, S.; Kohno, T.; Suzuki, T.; Hattori, M. Visualization of Reelin Secretion from Primary Cultured Neurons by Bioluminescence Imaging. J. Biochem. 2022, 171, 591–598. [Google Scholar] [CrossRef]

	



Engeroff, K.; Warm, D.; Bittner, S.; Blanquie, O. Different activity patterns control various stages of Reelin synthesis in the developing neocortex. Cereb. Cortex 2023, 33, 9376–9386. [Google Scholar] [CrossRef]

	



Jossin, Y.; Gui, L.; Goffinet, A.M. Processing of Reelin by embryonic neurons is important for function in tissue but not in dissociated cultured neurons. J. Neurosci. 2007, 27, 4243–4252. [Google Scholar] [CrossRef]

	



Derer, P.; Derer, M. Cajal-Retzius cell ontogenesis and death in mouse brain visualized with horseradish peroxidase and electron microscopy. Neuroscience 1990, 36, 839–856. [Google Scholar] [CrossRef]

	



Spitzer, N.C. Electrical activity in early neuronal development. Nature 2006, 444, 707–712. [Google Scholar] [CrossRef]

	



Behar, T.N.; Scott, C.A.; Greene, C.L.; Wen, X.; Smith, S.V.; Maric, D.; Liu, Q.Y.; Colton, C.A.; Barker, J.L. Glutamate acting at NMDA receptors stimulates embryonic cortical neuronal migration. J. Neurosci. 1999, 19, 4449–4461. [Google Scholar] [CrossRef]

	



Behar, T.N.; Schaffner, A.E.; Scott, C.A.; O’Connell, C.; Barker, J.L. Differential response of cortical plate and ventricular zone cells to GABA as a migration stimulus. J. Neurosci. 1998, 18, 6378–6387. [Google Scholar] [CrossRef] [PubMed]

	



Luhmann, H.J.; Fukuda, A.; Kilb, W. Control of cortical neuronal migration by glutamate and GABA. Front. Cell Neurosci. 2015, 9, 4. [Google Scholar] [CrossRef]

	



Cornell-Bell, A.H.; Thomas, P.G.; Smith, S.J. The excitatory neurotransmitter glutamate causes filopodia formation in cultured hippocampal astrocytes. Glia 1990, 3, 322–334. [Google Scholar] [CrossRef]

	



Heinen, K.; Baker, R.E.; Spijker, S.; Rosahl, T.; van Pelt, J.; Brussaard, A.B. Impaired dendritic spine maturation in GABAA receptor alpha1 subunit knock out mice. Neuroscience 2003, 122, 699–705. [Google Scholar] [CrossRef] [PubMed]

	



Portera-Cailliau, C.; Pan, D.T.; Yuste, R. Activity-regulated dynamic behavior of early dendritic protrusions: Evidence for different types of dendritic filopodia. J. Neurosci. 2003, 23, 7129–7142. [Google Scholar] [CrossRef] [PubMed]

	



Bando, Y.; Irie, K.; Shimomura, T.; Umeshima, H.; Kushida, Y.; Kengaku, M.; Fujiyoshi, Y.; Hirano, T.; Tagawa, Y. Control of Spontaneous Ca2+ Transients Is Critical for Neuronal Maturation in the Developing Neocortex. Cereb. Cortex 2016, 26, 106–117. [Google Scholar] [CrossRef]

	



Hurni, N.; Kolodziejczak, M.; Tomasello, U.; Badia, J.; Jacobshagen, M.; Prados, J.; Dayer, A. Transient Cell-intrinsic Activity Regulates the Migration and Laminar Positioning of Cortical Projection Neurons. Cereb. Cortex 2017, 27, 3052–3063. [Google Scholar] [CrossRef]

	



Platel, J.C.; Boisseau, S.; Dupuis, A.; Brocard, J.; Poupard, A.; Savasta, M.; Villaz, M.; Albrieux, M. Na+ channel-mediated Ca2+ entry leads to glutamate secretion in mouse neocortical preplate. Proc. Natl. Acad. Sci. USA 2005, 102, 19174–19179. [Google Scholar] [CrossRef]

	



Quattrocolo, G.; Maccaferri, G. Optogenetic activation of cajal-retzius cells reveals their glutamatergic output and a novel feedforward circuit in the developing mouse hippocampus. J. Neurosci. 2014, 34, 13018–13032. [Google Scholar] [CrossRef]

	



Anstotz, M.; Lee, S.K.; Maccaferri, G. Glutamate released by Cajal-Retzius cells impacts specific hippocampal circuits and behaviors. Cell Rep. 2022, 39, 110822. [Google Scholar] [CrossRef] [PubMed]

	



Chen, T.W.; Wardill, T.J.; Sun, Y.; Pulver, S.R.; Renninger, S.L.; Baohan, A.; Schreiter, E.R.; Kerr, R.A.; Orger, M.B.; Jayaraman, V.; et al. Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature 2013, 499, 295–300. [Google Scholar] [CrossRef] [PubMed]

	



Shaner, N.C.; Campbell, R.E.; Steinbach, P.A.; Giepmans, B.N.; Palmer, A.E.; Tsien, R.Y. Improved monomeric red, orange and yellow fluorescent proteins derived from Discosoma sp. red fluorescent protein. Nat. Biotechnol. 2004, 22, 1567–1572. [Google Scholar] [CrossRef] [PubMed]

	



Nichols, A.J.; O’Dell, R.S.; Powrozek, T.A.; Olson, E.C. Ex utero electroporation and whole hemisphere explants: A simple experimental method for studies of early cortical development. J. Vis. Exp. JoVE 2013, 3, e50271. [Google Scholar]

	



Schwartz, T.H.; Rabinowitz, D.; Unni, V.; Kumar, V.S.; Smetters, D.K.; Tsiola, A.; Yuste, R. Networks of coactive neurons in developing layer 1. Neuron 1998, 20, 541–552. [Google Scholar] [CrossRef]

	



Yuryev, M.; Andriichuk, L.; Leiwe, M.; Jokinen, V.; Carabalona, A.; Rivera, C. In vivo two-photon imaging of the embryonic cortex reveals spontaneous ketamine-sensitive calcium activity. Sci. Rep. 2018, 8, 16059. [Google Scholar] [CrossRef]

	



Akerboom, J.; Carreras Calderon, N.; Tian, L.; Wabnig, S.; Prigge, M.; Tolo, J.; Gordus, A.; Orger, M.B.; Severi, K.E.; Macklin, J.J.; et al. Genetically encoded calcium indicators for multi-color neural activity imaging and combination with optogenetics. Front. Mol. Neurosci. 2013, 6, 2. [Google Scholar] [CrossRef]

	



Madisen, L.; Garner, A.R.; Shimaoka, D.; Chuong, A.S.; Klapoetke, N.C.; Li, L.; van der Bourg, A.; Niino, Y.; Egolf, L.; Monetti, C.; et al. Transgenic mice for intersectional targeting of neural sensors and effectors with high specificity and performance. Neuron 2015, 85, 942–958. [Google Scholar] [CrossRef]

	



Zimmerman, L.; Parr, B.; Lendahl, U.; Cunningham, M.; McKay, R.; Gavin, B.; Mann, J.; Vassileva, G.; McMahon, A. Independent regulatory elements in the nestin gene direct transgene expression to neural stem cells or muscle precursors. Neuron 1994, 12, 11–24. [Google Scholar] [CrossRef]

	



Takahashi, T.; Goto, T.; Miyama, S.; Nowakowski, R.S.; Caviness, V.S., Jr. Sequence of neuron origin and neocortical laminar fate: Relation to cell cycle of origin in the developing murine cerebral wall. J. Neurosci. 1999, 19, 10357–10371. [Google Scholar] [CrossRef]

	



Gu, X.; Olson, E.C.; Spitzer, N.C. Spontaneous neuronal calcium spikes and waves during early differentiation. J. Neurosci. 1994, 14, 6325–6335. [Google Scholar] [CrossRef] [PubMed]

	



Yuryev, M.; Pellegrino, C.; Jokinen, V.; Andriichuk, L.; Khirug, S.; Khiroug, L.; Rivera, C. In vivo Calcium Imaging of Evoked Calcium Waves in the Embryonic Cortex. Front. Cell Neurosci. 2015, 9, 500. [Google Scholar] [CrossRef] [PubMed]

	



Moeyaert, B.; Holt, G.; Madangopal, R.; Perez-Alvarez, A.; Fearey, B.C.; Trojanowski, N.F.; Ledderose, J.; Zolnik, T.A.; Das, A.; Patel, D.; et al. Improved methods for marking active neuron populations. Nat. Commun. 2018, 9, 4440. [Google Scholar] [CrossRef]

	



Fekete, A.; Franklin, L.; Ikemoto, T.; Rozsa, B.; Lendvai, B.; Sylvester Vizi, E.; Zelles, T. Mechanism of the persistent sodium current activator veratridine-evoked Ca elevation: Implication for epilepsy. J. Neurochem. 2009, 111, 745–756. [Google Scholar] [CrossRef] [PubMed]

	



Albrieux, M.; Platel, J.C.; Dupuis, A.; Villaz, M.; Moody, W.J. Early expression of sodium channel transcripts and sodium current by cajal-retzius cells in the preplate of the embryonic mouse neocortex. J. Neurosci. Off. J. Soc. Neurosci. 2004, 24, 1719–1725. [Google Scholar] [CrossRef]

	



Picken Bahrey, H.L.; Moody, W.J. Early development of voltage-gated ion currents and firing properties in neurons of the mouse cerebral cortex. J. Neurophysiol. 2003, 89, 1761–1773. [Google Scholar] [CrossRef]

	



Cameron, D.A.; Middleton, F.A.; Chenn, A.; Olson, E.C. Hierarchical clustering of gene expression patterns in the Eomes + lineage of excitatory neurons during early neocortical development. BMC Neurosci. 2012, 13, 90. [Google Scholar] [CrossRef]

	



Narahashi, T. Tetrodotoxin: A brief history. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2008, 84, 147–154. [Google Scholar] [CrossRef]

	



Ohtaka-Maruyama, C.; Okamoto, M.; Endo, K.; Oshima, M.; Kaneko, N.; Yura, K.; Okado, H.; Miyata, T.; Maeda, N. Synaptic transmission from subplate neurons controls radial migration of neocortical neurons. Science 2018, 360, 313–317. [Google Scholar] [CrossRef]

	



O’Dell, R.S.; Ustine, C.J.; Cameron, D.A.; Lawless, S.M.; Williams, R.R.; Zipfel, W.R.; Olson, E.C. Layer 6 cortical neurons require Reelin-Dab1 signaling for cellular orientation, Golgi deployment, and directed neurite growth into the marginal zone. Neural Dev. 2012, 7, 25. [Google Scholar] [CrossRef]

	



Shimomura, T.; Yonekawa, Y.; Nagura, H.; Tateyama, M.; Fujiyoshi, Y.; Irie, K. A native prokaryotic voltage-dependent calcium channel with a novel selectivity filter sequence. eLife 2020, 9, e52828. [Google Scholar] [CrossRef] [PubMed]

	



Fabregues, I.; Ferrer, I.; Gairi, J.M.; Cahuana, A.; Giner, P. Effects of prenatal exposure to ethanol on the maturation of the pyramidal neurons in the cerebral cortex of the guinea-pig: A quantitative Golgi study. Neuropathol. Appl. Neurobiol. 1985, 11, 291–298. [Google Scholar] [CrossRef] [PubMed]

	



Kotkoskie, L.A.; Norton, S. Prenatal brain malformations following acute ethanol exposure in the rat. Alcohol. Clin. Exp. Res. 1988, 12, 831–836. [Google Scholar] [CrossRef] [PubMed]

	



Miller, M.W.; Dow-Edwards, D.L. Structural and metabolic alterations in rat cerebral cortex induced by prenatal exposure to ethanol. Brain Res. 1988, 474, 316–326. [Google Scholar]

	



Lovinger, D.M.; White, G.; Weight, F.F. Ethanol inhibits NMDA-activated ion current in hippocampal neurons. Science 1989, 243, 1721–1724. [Google Scholar] [CrossRef]

	



Olney, J.W.; Tenkova, T.; Dikranian, K.; Qin, Y.Q.; Labruyere, J.; Ikonomidou, C. Ethanol-induced apoptotic neurodegeneration in the developing C57BL/6 mouse brain. Brain Res. Dev. Brain Res. 2002, 133, 115–126. [Google Scholar] [CrossRef]

	



White, G.; Lovinger, D.M.; Weight, F.F. Ethanol inhibits NMDA-activated current but does not alter GABA-activated current in an isolated adult mammalian neuron. Brain Res. 1990, 507, 332–336. [Google Scholar] [CrossRef]

	



Skorput, A.G.; Yeh, H.H. Effects of ethanol exposure in utero on Cajal-Retzius cells in the developing cortex. Alcohol. Clin. Exp. Res. 2015, 39, 853–862. [Google Scholar] [CrossRef]

	



Powrozek, T.A.; Olson, E.C. Ethanol-induced disruption of Golgi apparatus morphology, primary neurite number and cellular orientation in developing cortical neurons. Alcohol 2012, 46, 619–627. [Google Scholar] [CrossRef]

	



Wang, D.; Enck, J.; Howell, B.W.; Olson, E.C. Ethanol Exposure Transiently Elevates but Persistently Inhibits Tyrosine Kinase Activity and Impairs the Growth of the Nascent Apical Dendrite. Mol. Neurobiol. 2019, 56, 5749–5762. [Google Scholar] [CrossRef]

	



Dotti, C.G.; Sullivan, C.A.; Banker, G.A. The establishment of polarity by hippocampal neurons in culture. J. Neurosci. 1988, 8, 1454–1468. [Google Scholar] [CrossRef] [PubMed]

	



Tabata, H.; Nakajima, K. Multipolar migration: The third mode of radial neuronal migration in the developing cerebral cortex. J. Neurosci. 2003, 23, 9996–10001. [Google Scholar] [CrossRef] [PubMed]

	



Yi, J.J.; Barnes, A.P.; Hand, R.; Polleux, F.; Ehlers, M.D. TGF-beta signaling specifies axons during brain development. Cell 2010, 142, 144–157. [Google Scholar] [CrossRef]

	



Xu, C.; Funahashi, Y.; Watanabe, T.; Takano, T.; Nakamuta, S.; Namba, T.; Kaibuchi, K. Radial Glial Cell-Neuron Interaction Directs Axon Formation at the Opposite Side of the Neuron from the Contact Site. J. Neurosci. 2015, 35, 14517–14532. [Google Scholar] [CrossRef] [PubMed]

	



Rakic, P. Mode of cell migration to the superficial layers of fetal monkey neocortex. J. Comp. Neurol. 1972, 145, 61–83. [Google Scholar] [CrossRef] [PubMed]

	



Nadarajah, B.; Brunstrom, J.E.; Grutzendler, J.; Wong, R.O.; Pearlman, A.L. Two modes of radial migration in early development of the cerebral cortex. Nat. Neurosci. 2001, 4, 143–150. [Google Scholar] [CrossRef]

	



Komuro, H.; Rakic, P. Intracellular Ca2+ fluctuations modulate the rate of neuronal migration. Neuron 1996, 17, 275–285. [Google Scholar] [CrossRef]

	



Sheng, M.; McFadden, G.; Greenberg, M.E. Membrane depolarization and calcium induce c-fos transcription via phosphorylation of transcription factor CREB. Neuron 1990, 4, 571–582. [Google Scholar] [CrossRef]

	



West, A.E.; Chen, W.G.; Dalva, M.B.; Dolmetsch, R.E.; Kornhauser, J.M.; Shaywitz, A.J.; Takasu, M.A.; Tao, X.; Greenberg, M.E. Calcium regulation of neuronal gene expression. Proc. Natl. Acad. Sci. USA 2001, 98, 11024–11031. [Google Scholar] [CrossRef]

	



Aizawa, H.; Hu, S.C.; Bobb, K.; Balakrishnan, K.; Ince, G.; Gurevich, I.; Cowan, M.; Ghosh, A. Dendrite development regulated by CREST, a calcium-regulated transcriptional activator. Science 2004, 303, 197–202. [Google Scholar] [CrossRef]

	



Willsey, A.J.; Sanders, S.J.; Li, M.; Dong, S.; Tebbenkamp, A.T.; Muhle, R.A.; Reilly, S.K.; Lin, L.; Fertuzinhos, S.; Miller, J.A.; et al. Coexpression networks implicate human midfetal deep cortical projection neurons in the pathogenesis of autism. Cell 2013, 155, 997–1007. [Google Scholar] [CrossRef] [PubMed]

	



Olson, E.C. Analysis of preplate splitting and early cortical development illuminates the biology of neurological disease. Front. Pediatr. 2014, 2, 121. [Google Scholar] [CrossRef] [PubMed]

	



Polleux, F.; Morrow, T.; Ghosh, A. Semaphorin 3A is a chemoattractant for cortical apical dendrites. Nature 2000, 404, 567–573. [Google Scholar] [CrossRef] [PubMed]

	



Whitford, K.L.; Marillat, V.; Stein, E.; Goodman, C.S.; Tessier-Lavigne, M.; Chedotal, A.; Ghosh, A. Regulation of cortical dendrite development by Slit-Robo interactions. Neuron 2002, 33, 47–61. [Google Scholar] [CrossRef]

	



Kater, S.B.; Mills, L.R. Regulation of growth cone behavior by calcium. J. Neurosci. 1991, 11, 891–899. [Google Scholar] [CrossRef]

	



Komuro, H.; Rakic, P. Selective role of N-type calcium channels in neuronal migration. Science 1992, 257, 806–809. [Google Scholar] [CrossRef]

	



Komuro, H.; Rakic, P. Modulation of neuronal migration by NMDA receptors. Science 1993, 260, 95–97. [Google Scholar] [CrossRef]

	



Roth, B.L. DREADDs for Neuroscientists. Neuron 2016, 89, 683–694. [Google Scholar] [CrossRef] [PubMed]

	



Bonhaus, D.W.; Yeh, G.C.; Skaryak, L.; McNamara, J.O. Glycine regulation of the N-methyl-D-aspartate receptor-gated ion channel in hippocampal membranes. Mol. Pharmacol. 1989, 36, 273–279. [Google Scholar]

	



Hirai, K.; Yoshioka, H.; Kihara, M.; Hasegawa, K.; Sakamoto, T.; Sawada, T.; Fushiki, S. Inhibiting neuronal migration by blocking NMDA receptors in the embryonic rat cerebral cortex: A tissue culture study. Brain Res. Dev. Brain Res. 1999, 114, 63–67. [Google Scholar] [CrossRef]

	



Kihara, M.; Yoshioka, H.; Hirai, K.; Hasegawa, K.; Kizaki, Z.; Sawada, T. Stimulation of N-methyl-D-aspartate (NMDA) receptors inhibits neuronal migration in embryonic cerebral cortex: A tissue culture study. Brain Res. Dev. Brain Res. 2002, 138, 195–198. [Google Scholar] [CrossRef] [PubMed]

	



Reiprich, P.; Kilb, W.; Luhmann, H.J. Neonatal NMDA receptor blockade disturbs neuronal migration in rat somatosensory cortex in vivo. Cereb. Cortex 2005, 15, 349–358. [Google Scholar] [CrossRef] [PubMed]

	



Messersmith, E.K.; Feller, M.B.; Zhang, H.; Shatz, C.J. Migration of neocortical neurons in the absence of functional NMDA receptors. Mol. Cell. Neurosci. 1997, 9, 347–357. [Google Scholar] [CrossRef]

	



Iwasato, T.; Datwani, A.; Wolf, A.M.; Nishiyama, H.; Taguchi, Y.; Tonegawa, S.; Knopfel, T.; Erzurumlu, R.S.; Itohara, S. Cortex-restricted disruption of NMDAR1 impairs neuronal patterns in the barrel cortex. Nature 2000, 406, 726–731. [Google Scholar] [CrossRef]

	



Maskos, U.; Brustle, O.; McKay, R.D. Long-term survival, migration, and differentiation of neural cells without functional NMDA receptors in vivo. Dev. Biol. 2001, 231, 103–112. [Google Scholar] [CrossRef] [PubMed]

	



Branchereau, P.; Cattaert, D.; Delpy, A.; Allain, A.E.; Martin, E.; Meyrand, P. Depolarizing GABA/glycine synaptic events switch from excitation to inhibition during frequency increases. Sci. Rep. 2016, 6, 21753. [Google Scholar] [CrossRef]

	



Okabe, A.; Kilb, W.; Shimizu-Okabe, C.; Hanganu, I.L.; Fukuda, A.; Luhmann, H.J. Homogenous glycine receptor expression in cortical plate neurons and Cajal-Retzius cells of neonatal rat cerebral cortex. Neuroscience 2004, 123, 715–724. [Google Scholar] [CrossRef]

	



Jansson, L.C.; Akerman, K.E. The role of glutamate and its receptors in the proliferation, migration, differentiation and survival of neural progenitor cells. J. Neural. Transm. 2014, 121, 819–836. [Google Scholar] [CrossRef]

	



Bock, H.H.; Herz, J. Reelin activates SRC family tyrosine kinases in neurons. Curr. Biol. 2003, 13, 18–26. [Google Scholar] [CrossRef]

	



Nichols, A.J.; Olson, E.C. Reelin promotes neuronal orientation and dendritogenesis during preplate splitting. Cerebral. Cortex 2010, 20, 2213–2223. [Google Scholar] [CrossRef]

	



Choi, S.H.; Kim, Y.H.; Hebisch, M.; Sliwinski, C.; Lee, S.; D’Avanzo, C.; Chen, H.; Hooli, B.; Asselin, C.; Muffat, J.; et al. A three-dimensional human neural cell culture model of Alzheimer’s disease. Nature 2014, 515, 274–278. [Google Scholar] [CrossRef] [PubMed]

	



Fu, J.M.; Satterstrom, F.K.; Peng, M.; Brand, H.; Collins, R.L.; Dong, S.; Wamsley, B.; Klei, L.; Wang, L.; Hao, S.P.; et al. Rare coding variation provides insight into the genetic architecture and phenotypic context of autism. Nat. Genet. 2022, 54, 1320–1331. [Google Scholar] [CrossRef] [PubMed]

	



Matsuda, T.; Cepko, C.L. Electroporation and RNA interference in the rodent retina in vivo and in vitro. Proc. Natl. Acad. Sci. USA 2004, 101, 16–22. [Google Scholar] [CrossRef] [PubMed]

	



Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 12965 g001] 





Figure 1. Intracellular calcium signals (GCaMP6s) during migration arrest and dendritic initiation. (A) Experimental design: CAG-GCaMP6s and CAG-tdTomato plasmids were co-electroporated into ventricular progenitors of the developing cortex on E13. Whole hemispheres were cultured for 2 days before 2-photon live imaging. (B–E) Live imaging of dendritic initiation (1 z-stack/10 min) for a 3 h period. Arrows identify CPNs transitioning from migratory to post-migratory stages. (F–H) Quantified GCaMP6s/tdTomato signals derived from regions of interest (ROI) in the (F) soma (blue), (G) proximal dendrite (green), and (H) distal dendrite (red) as neurons (I) translocate and begin dendritogenesis, MZ: Marginal zone (dotted line). (J) Comparison of the calcium signal at successive stages of CPN development: migrating (M), translocating (T), and post-migratory (PM). M and T neurons had similar proximal GCaMP6s signals of 0.24 ± 0.05 and 0.28 ± 0.08, respectively. In contrast, PM neurons revealed a significantly higher GCaMP6s signal of 0.37 ± 0.11. PM vs. T (p = 0.04), PM vs. M (p = 0.003), M vs. T (p = 0.74). In the proximal neurite, GCaMP6s was 0.60 ± 0.19 in PM vs. 0.35 ± 0.08 and 0.38 ± 0.12 in M and T neurons, respectively. PM vs. T (p = 0.002), PM vs. M (p = 0.0006), M vs. T (p = 0.96). Finally, in the distal neurite GCaMP6s signal of PM neurons were 0.73 ± 0.42 vs. 0.38 ± 0.17 and 0.43 ± 0.18 in M and T neurons, respectively, with significance of PM vs. T (p = 0.08), PM vs. M (p = 0.03), and M vs. T (p = 0.98). (K–M) High-frequency sampling (1 z-stack/7 s) in GCaMP6s expressing PM CPNs. Only 3.9 ± 1.7% of PM CPNs showed spiking activity during 20 min of imaging (n = 4 explants). (L) translocating and (M) migrating neurons showed no spiking activity. All comparisons were made using ordinary one-way ANOVA and Šidák’s multiple comparisons. Significance: ns p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Scalebar: 10 μm. 
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Figure 2. Spontaneous calcium transients during early cortical development. (A) Experimental design: embryonic hemispheres from a Nestin-Cre X Ai96 (GCaMP6s) transgenics are imaged using 2-photon microscopy on E15 at one z-stack per 9 s intervals. (B) CRN (black outline) and CPN (white outline) are identified in the imaged field by their morphology and respective positions in the MZ and CP. (C–E) GCaMP6s calcium activity in CPNs, CRNs, and control signal (auto-fluorescence) in the meninges. (F) Quantitative characterization of intracellular calcium waves and spikes. CPNs exclusively exhibit calcium waves with an amplitude of 1.26 ± 0.06 F/F0 (mean ± s.d.), frequency of 14.8 ± 11.8 waves/h, and duration of 2.27 ± 1.2 min. CRNs exhibit calcium spiking with a mean amplitude of 1.82 ± 0.48 F/F0, frequency of 4.73 ± 4.8 spikes/h, and duration of 0.60 ± 0.09 min. CRN F/F0 had an average coefficient of variation (CV) of 16.9 ± 9.4 compared to CPN of 8.4 ± 1.4. Autofluorescence in the meninges was measured to assess internal fluorescent fluctuation. The autofluorescence did not exhibit any spiking or wave activity and had an average CV of 4.01 ± 1.4, which is significantly lower than the fluorescence fluctuations observed with CPN signal. Significance: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. Unpaired two-tailed t-tests were used for comparing duration, frequency, amplitude. Coefficient of variation comparisons were made using ordinary one-way ANOVA and Šidák’s multiple comparisons n = 2 explants, and at least seven neurons from each class. Scale bar: 20 μm. 
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Figure 3. Fixed calcium signal confirms intracellular calcium signals (CaMPARI2 R/G ratio) are higher in neurons located in the upper cortical plate (UCP) compared to neurons in the lower cortical plate (LCP). Middle cortical plate (MCP) quantification is not shown. (A) Experimental design: CAG-CaMPARI2 plasmid was electroporated into the developing cortex on E13. Whole hemispheres were cultured for 2 days before photoconversion and paraformaldehyde fixation of the CaMPARI2 signal. (B) Calcium-bound CaMPARI2 is shown in red. Total CaMPARI2 is revealed by antibody detection of the HA tag on the CaMPARI2 protein (green). (C) Inset shows a higher magnification view of neurons in the UCP and LCP. The red channel is shown using the Fire lookup table to emphasize intracellular calcium differences. (D) Quantification of R/G ratio across the cortical plate (CP). The horizontal dashed line is the average of the CP R/G ratios. The solid line shows a simple linear regression line of the R/G ratios across the CP and reveals an elevated R/G ratio in the UCP compared to LCP. (E) R/G ratios from neurons in the UCP (0.82 ± 0.50, mean ± s.d.) vs. in the neurons in the LCP (0.61 ± 0.27), p = 0.0002. Black bars represent the mean. (F) Percent of active cells (R/G > 0.45) in the UCP (6.33 ± 8.3) compared to the LCP (2.19 ± 4.2), p = 0.049. Unpaired one-tailed t-tests were used for comparing the R/G ratio and % active cells. Significance: * p ≤ 0.05, *** p ≤ 0.001. n = 5 explants. Scale bar: 10 μm. 






Figure 3. Fixed calcium signal confirms intracellular calcium signals (CaMPARI2 R/G ratio) are higher in neurons located in the upper cortical plate (UCP) compared to neurons in the lower cortical plate (LCP). Middle cortical plate (MCP) quantification is not shown. (A) Experimental design: CAG-CaMPARI2 plasmid was electroporated into the developing cortex on E13. Whole hemispheres were cultured for 2 days before photoconversion and paraformaldehyde fixation of the CaMPARI2 signal. (B) Calcium-bound CaMPARI2 is shown in red. Total CaMPARI2 is revealed by antibody detection of the HA tag on the CaMPARI2 protein (green). (C) Inset shows a higher magnification view of neurons in the UCP and LCP. The red channel is shown using the Fire lookup table to emphasize intracellular calcium differences. (D) Quantification of R/G ratio across the cortical plate (CP). The horizontal dashed line is the average of the CP R/G ratios. The solid line shows a simple linear regression line of the R/G ratios across the CP and reveals an elevated R/G ratio in the UCP compared to LCP. (E) R/G ratios from neurons in the UCP (0.82 ± 0.50, mean ± s.d.) vs. in the neurons in the LCP (0.61 ± 0.27), p = 0.0002. Black bars represent the mean. (F) Percent of active cells (R/G > 0.45) in the UCP (6.33 ± 8.3) compared to the LCP (2.19 ± 4.2), p = 0.049. Unpaired one-tailed t-tests were used for comparing the R/G ratio and % active cells. Significance: * p ≤ 0.05, *** p ≤ 0.001. n = 5 explants. Scale bar: 10 μm.



[image: Ijms 24 12965 g003]







[image: Ijms 24 12965 g004] 





Figure 4. Veratridine (VRT) stimulation targeting CRNs induces a rapid calcium (GCaMP6s) signal transient in CPNs. (A) Experimental design: CAG-GCaMP6s plasmid was electroporated into the developing cortex on E13. Whole hemisphere explants were cultured for 2 days before 2-photon live imaging. (B) Example field of neurons imaged during live GCaMP6s imaging (CP: Cortical plate, IZ: Intermediate zone). Cells were analyzed in two areas (Field 1 and Field 2) and revealed a calcium transient approximately 2 min after bath application of VRT at 12 min. (C,D) Quantification of the VRT response in (C) post-migratory and (D) translocating neurons revealed a 2–3-fold increase in calcium signal (F/F0) from both populations. Gray lines are individual traces, red and green lines are the average. Scale bar: 15 μm. 
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Figure 5. Veratridine (VRT) stimulation targeting CRNs elevated the intracellular calcium signal (CaMPARI2 R/G) in CPNs, and glutamatergic and glycinergic antagonists partially block the response. (A) Experimental design: CAG-CaMPARI2 plasmid was electroporated on E13 and whole hemisphere explants were cultured for 2 days prior to pharmacological challenge on E15. (B,C) VRT caused an increase in the R/G ratio in post-migratory CPN in the UCP (MZ: Marginal zone, CP: Cortical plate). (D–G) CaMPARI2-expressing explants were incubated for 30 min with antagonists before VRT stimulation. (H) The highlighted region in (B) shows the area of neuronal quantification in the UCP. Bars indicate the mean value. VRT caused a 2.3-fold increase in R/G ratio compared to control (1.0 ± 0.02 vs. 0.43 ± 0.013, respectively, p < 0.0001). Pan-neuronal block reduced the VRT to 1.63-fold of control (0.70 ± 0.03), p < 0.0001). Glycinergic block reduced the VRT 1.95-fold of control (0.84 ± 0.03, p < 0.0001). GABAergic block did not significantly affect the VRT response (0.95 ± 0.03, p = 0.87). Pan-glutamatergic block reduced the VRT response to 1.51-fold over control (0.65 ± 0.02, p < 0.0001). (I) TTX (tetrodotoxin) pretreatment reduced VRT response to 1.44-fold over control (0.63 ± 0.03 vs. 1.0 ± 0.02, p < 0.0001) (J) In the absence of VRT stimulation, 30 min pretreatment with a glycinergic antagonist (0.21 ± 0.01, p<0.0001), pan-glutamatergic antagonists (0.3 ± 0.02, p < 0.0001), or TTX (0.17 ± 0.01, p < 0.0001) reduced calcium (CaMPARI2 ratio) compared to control (0.43 ± 0.013), indicating baseline intracellular calcium levels are maintained by ongoing NT signaling. Comparisons were made using ordinary one-way ANOVA and Šidák’s multiple comparisons. Data from a minimum of five explants in each condition. Significance: ns p > 0.05, **** p ≤ 0.0001 (Labels in red are a comparison to VRT, labels in green are a comparison to Control). Scale bar: 30 μm. Outset scalebar: 10 μm. 
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Figure 6. Glutamatergic antagonists rapidly lower baseline intracellular calcium (GCaMP6s) signal in CPN. (A) Experimental design: Nestin-Cre X Ai96 (GCaMP6s) hemispheres were cultured on E15, and antagonists were applied at Time = 0 while imaging. (B) Baseline intracellular calcium (GCaMP6s) levels and (C) calcium levels 10 min after glutamatergic antagonist application. (Shown in the Fire lookup table, MZ: Marginal zone, CP: Cortical plate) (D) Traces of somal signal in both CRNs and CPNs during imaging. (E) Glutamatergic antagonists did not alter GCaMP6s signal in CRNs (52.6 ± 2.1, mean ± s.e.m.) vs. baseline (60.1 ± 3.8, p = 0.70). Glutamatergic blockade did disrupt GCaMP6s signal in the CPNs (48.4 ± 4.0) relative to baseline (68.5 ± 4.8, p = 0.001). There was no significant difference between the treatment groups in the meninges (baseline 24.3 ± 1.1 vs. block 40.7 ± 4.0, p = 0.42). Comparisons were made using ordinary one-way ANOVA and Šidák’s multiple comparisons. n = 2 explant, at least 7 neurons of each class. Significance: ns p > 0.05, ** p ≤ 0.01. Scale bar: 20 μm. 
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Figure 7. Pan-glutamatergic blockade and activity blockade for 24 h reduces the number of neurons migrating into the CP. (A) Experimental design: CAG-GFP plasmid was electroporated into the developing cortex on E13. Whole hemisphere explants were cultured for 1 day before being incubated with either pan-glutamatergic blockers or activity or TTX for an additional 24 h. (B,C,E) Pan-glutamatergic blockade reduces the percent of GFP+ neurons in the CP (38% reduction, p = 0.001) (MZ: Marginal zone, CP: Cortical plate, IZ: Intermediate zone). (D,E) Activity blockade by TTX also caused a 42% reduction of GFP+ neurons in the CP (p = 0.003). (E–G) Similarly, a 15% reduction of CTIP1 immunopositive neurons in the CP was found with pan-glutamatergic blockade (p = 0.014). (H) No differences were seen in dendritic growth into the MZ in either pan-glutamatergic blockade or activity blockade groups. Unpaired one-tailed t-tests were used to compare the MZ/CP dendrite growth ratios and the CP/(CP + IZ) migration ratios. Data from a minimum of three explants in each condition. Significance: ns p > 0.05, * p ≤ 0.05, ** p ≤ 0.01. Scale bar: 10 μm. 
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Figure 8. Misexpression of a voltage-dependent sodium channel (bacterial mNaChBac) or a voltage-dependent calcium channel (bacterial CavMr) inhibited migration into the CP and increased dendritic growth into MZ. (A) Experimental design: Control CAG-GFP or ion channel expressing plasmids were co-electroporated with CAG-tdTomato plasmid on E13. Whole hemispheres were cultured for 2 days before being processed for histology. (B) Control section compared with (MZ: Marginal zone, CP: Cortical plate, IZ: Intermediate zone) (C) CavMr and (D) mNaChBac misexpression sections and immunostained for 6×His and FLAG tags, respectively. Greater fractions of neurons were found below the CP in the ion channel misexpressing explants compared to control (E–G). Higher magnification image of the upper CP/MZ showing increased dendritic growth into the MZ in explants expressing CavMr and mNaChBac. (H) CavMr misexpression caused a 42% decrease in the CP/(CP + IZ) migration ratio compared to control (p = 0.029). mNaChBac misexpression caused a 40% decrease in CP migration ratio compared to control (p = 0.035). However, compared to control (0.53 ± 0.06), dendritic projection in the MZ was increased by 74% after CavMr misexpression (0.92 ± 0.14, p = 0.034) and increased 91% by mNaChBac (1.01 ± 0.13, p = 0.009). Comparisons were made using ordinary one-way ANOVA and Šidák’s multiple comparisons. Data from a minimum of four explants in each condition. Significance: * p ≤ 0.05, ** p ≤ 0.01. Scale bars: (B–D), 50 μm (E–G), 20 μm. 
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Figure 9. Ethanol exposure does not acutely alter baseline CaMPARI2 signal or disrupt the VRT response. (A) Experimental design: CAG-CaMPARI2 plasmid was electroporated into ventricular progenitors of the developing cortex on E13. Whole hemispheres were cultured for 2 days before ethanol (EtOH) treatment and processing for histology. (B) There was no significant difference in CaMPARI2 signal between EtOH-treated (400 mg/dL, 30 min) explants and control (0.69 ± 0.03 vs. 0.60 ± 0.02, p = 0.64). EtOH pretreatment also failed to block the VRT response (1.02 ± 0.05 vs. 1.01 ± 0.05, p > 0.99). Black bar represents the mean. Comparisons were made using ordinary one-way ANOVA and Šidák’s multiple comparisons. Significance: ns p > 0.05, **** p ≤ 0.0001. Data from a minimum of three explants in each condition. 
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Figure 10. Model of Cajal-Retzius neuron to Cortical Projection Neuron signaling. Intrinsic properties of CRNs generate (1) spontaneous activity in CRNs. Spontaneous activity in the Cajal-Retzius neurons leads to (2) glutamate and glycine secretion. (3) Secreted glutamate and glycine cause additional Cajal-Retzius neuron activity and intracellular calcium elevations, and dendritic growth in Cortical Projection Neurons. (4) Misexpression of bacterial ion channels (CavMr and mNaChBac) prematurely enhances calcium signaling, causing dendritic elaboration and migration arrest. 
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