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A selective defect in the glial wedge as part of the neuroepithelium disruption in hydrocephalus development in the mouse hyh model is associated with complete corpus callosum dysgenesis
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A selective defect in the glial wedge as part of the neuroepithelium disruption in hydrocephalus development in the mouse hyh model is associated with complete corpus callosum dysgenesis
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Introduction: Dysgenesis of the corpus callosum is present in neurodevelopmental disorders and coexists with hydrocephalus in several human congenital syndromes. The mechanisms that underlie the etiology of congenital hydrocephalus and agenesis of the corpus callosum when they coappear during neurodevelopment persist unclear. In this work, the mechanistic relationship between both disorders is investigated in the hyh mouse model for congenital hydrocephalus, which also develops agenesis of the corpus callosum. In this model, hydrocephalus is generated by a defective program in the development of neuroepithelium during its differentiation into radial glial cells.

Methods: In this work, the populations implicated in the development of the corpus callosum (callosal neurons, pioneering axons, glial wedge cells, subcallosal sling and indusium griseum glial cells) were studied in wild-type and hyh mutant mice. Immunohistochemistry, mRNA in situ hybridization, axonal tracing experiments, and organotypic cultures from normal and hyh mouse embryos were used.

Results: Our results show that the defective program in the neuroepithelium/radial glial cell development in the hyh mutant mouse selectively affects the glial wedge cells. The glial wedge cells are necessary to guide the pioneering axons as they approach the corticoseptal boundary. Our results show that the pioneering callosal axons arising from neurons in the cingulate cortex can extend projections to the interhemispheric midline in normal and hyh mice. However, pioneering axons in the hyh mutant mouse, when approaching the area corresponding to the damaged glial wedge cell population, turned toward the ipsilateral lateral ventricle. This defect occurred before the appearance of ventriculomegaly.

Discussion: In conclusion, the abnormal development of the ventricular zone, which appears to be inherent to the etiology of several forms of congenital hydrocephalus, can explain, in some cases, the common association between hydrocephalus and corpus callosum dysgenesis. These results imply that further studies may be needed to understand the corpus callosum dysgenesis etiology when it concurs with hydrocephalus.

Keywords
dysgenesis of corpus callosum, agenesis of corpus callosum, hydrocephalus, glial wedge, indusium griseum glial cells, neuroepithelium, radial glial cells


1 Introduction

The corpus callosum is the major interhemispheric bundle of commissural fibers in the brain, connecting the two brain hemispheres and permitting communication between the right and left sides of the brain. Alteration in the development of this structure can give rise to partial or complete agenesis, one of the most common malformations in the central nervous system (Diogo et al., 2021), with a prevalence of 1.8–3.3 per 10,000 livebirths (Morris et al., 2019; Pânzaru et al., 2022). Corpus callosum agenesis commonly coexists with other central nervous system pathologies, including interhemispheric cyst (Krupa and Bekiesinska-Figatowska, 2013). The common causes of corpus callosum agenesis are gene mutations related to axon guidance, ciliary development, cell adhesion, proliferation, and differentiation (Hofman et al., 2020). Corpus callosum agenesis can be present with arrested or progressive ventriculomegaly (Edwards et al., 2014; Masmejan et al., 2020; Hernandez et al., 2022; Pânzaru et al., 2022; Ahmed et al., 2023). However, cases of agenesis of the corpus callosum with isolated congenital hydrocephalus are rare (Paul et al., 2007; Verhagen et al., 2011; Hernandez et al., 2022). The explanation for the association of corpus callosum agenesis with hydrocephalus in some human syndromes is unknown. For instance, in syndromes related to defects in the L1 cell adhesion molecule, hydrocephalus is almost always present in the cases (Adle-Biassette et al., 2013). However, mice with knockout of the L1 do not develop hydrocephalus (Demyanenko et al., 1999).

The correct corpus callosum development needs the birth and specification of commissural neurons and proper axon guidance across the midline toward their final target in the contralateral hemisphere (Paul et al., 2007). In these events, sets of neurons and midline cell populations are needed: midline zipper glia, the subcallosal sling, the glial wedge, and the indusium griseum glia (Koester and O’Leary, 1994; Rash and Richards, 2001; Lindwall et al., 2007; Nishikimi et al., 2013; Suárez et al., 2014; Gobius et al., 2016). These populations have been described in humans (Lent et al., 2005; Ren et al., 2006; Jovanov-Milošević et al., 2009) and mouse embryos (Silver and Ogawa, 1983; Silver et al., 1993; Shu and Richards, 2001), and they are located rostrally to the lamina terminalis, in the midline, in continuity with the dorsal interhemispheric fissure (Silver et al., 1993). During the development, the deepening of the interhemispheric fissure results in the clefting of the dorsal lamina reuniens and the formation of the sulcus medianus telencephali medii. The two lips of this sulcus come in close approximation at the edge of the cortical plate in the corticoseptal boundary, and the fusion above the septal area in the midline forms the massa commissuralis (Jovanov-Milošević et al., 2009; Raybaud, 2010). The subcallosal sling and the midline zipper glia are the most likely equivalent of the massa commissuralis in human development at the tenth week of gestation (Rakic and Yakovlev, 1968; Barkovich and Norman, 1988). Primary cilia play a role in the morphogenesis of the telencephalon dorsoventral patterning and, therefore, the corticoseptal boundary and malposition of the guidepost cells. Thus, corpus callosum agenesis is common in ciliopathies (Laclef et al., 2015; Thomas et al., 2019).

Pioneering axons located in the cingulate cortex and projecting toward the contralateral cortex (Koester and O’Leary, 1994; Rash and Richards, 2001) delineate a pathway that is used by neocortical callosal axons to cross the telencephalic midline (Rash and Richards, 2001). The pioneering axons cross the midline and enter the contralateral hemisphere at E15.5 in mice (E, embryonic day), and from E16.5, they guide the subsequent callosal projecting axons. In human embryos, the pioneering axons cross at 12–13th gestational week (GW) (Rakic and Yakovlev, 1968), and the corpus callosum is formed between GW 14–21st (Malinger and Zakut, 1993; Kier and Truwit, 1997; Achiron and Achiron, 2001; Ren et al., 2006).

Subcallosal sling was initially identified as a glial cell population that migrated from the ventricular zone, which would be implicated in developing the midline structures, including the corpus callosum (Silver and Ogawa, 1983; Silver et al., 1993). Later results proved that subcallosal sling is a migratory population of developing neurons (Shu et al., 2003a). The role of the subcallosal sling in axonal guidance and its role in dysgenesis of the corpus callosum has been demonstrated and described in mice and humans (Silver et al., 1982; Silver and Ogawa, 1983; Shu et al., 2003a; Ren et al., 2006). Neuron sling participates in the callosal axon guidance through the midline but does not participate in the pioneering axon guidance (Shu et al., 2003a).

The glial wedge and the indusium griseum glial cells are ventral and dorsal to the corpus callosum, respectively (Shu and Richards, 2001). The glial wedge cell bodies are located in the ventricular zone of the lateral ventricles, at the corticoseptal boundary, and send long radial-glial-like processes toward the brain midline. The glial wedge and indusium griseum glial cells are guidepost cells that provide guidance cues that prevent axons from leaving the tract and entering adjacent structures (Richards et al., 2004; Lindwall et al., 2007). The glial wedge and the indusium griseum glial cells produce molecules such as the chemorepellents Slit2 (Silver and Ogawa, 1983; Booth et al., 2000; Hidalgo and Booth, 2000; Shu and Richards, 2001; Shu et al., 2003c; Lent et al., 2005; Ren et al., 2006; Lindwall et al., 2007; Unni et al., 2012), Wnt5a (Keeble et al., 2006), and Draxin (Islam et al., 2009), or chemoattrant Netrin1 (Fothergill et al., 2014; Ahmed and Shinmyo, 2021). Thus, these cells generate a path that is used by pioneering and callosal axons to cross the midline during corpus callosum development (Silver and Ogawa, 1983; Booth et al., 2000; Hidalgo and Booth, 2000; Shu et al., 2003c; Barresi et al., 2005; Lent et al., 2005; Ren et al., 2006). The corpus callosum is not fully developed when the glial wedge cells are experimentally excised (Shu and Richards, 2001). In the mouse, the glial wedge cells begin to be formed at E13 (Shu et al., 2003b), and it is fully developed at E15 (Shu and Richards, 2001), just before the projection of the pioneering and callosal axons (Shu et al., 2003c).

In conclusion, the ultimate cause of partial or complete corpus callosum dysgenesis is the alteration of the necessary cell populations derived from the neuroepithelium/radial glia (Gobius et al., 2016). However, the reason why these populations are defective may vary depending on the neurodevelopmental disorder. Fetal cerebral ventriculomegaly linked to neuroepithelium/radial glia disruption appears to be a relevant feature in the origin of some forms of congenital hydrocephalus (Jiménez et al., 2001; Domínguez-Pinos et al., 2005; Ferland et al., 2009; Sival et al., 2011; Rodríguez et al., 2012; Guerra et al., 2015; Duy et al., 2023). This study aims to investigate the defect that underlies the corpus callosum dysgenesis in a model of congenital hydrocephalus to discern if ventricular dilatation was the linking nexus between both pathologies. For this purpose, we have used the hyh mutant mouse (hydrocephalus with hop gait) (Bronson and Lane, 1990). In the hyh mouse, the Napa gene that encodes the soluble N-ethylmaleimide-Sensitive factor (NSF) Attachment Protein, alpha-SNAP, is mutated (Chae et al., 2004; Hong et al., 2004). Hyh mice carry a hypomorphic missense mutation in the Napa gen that encodes for protein αSNAP, which is involved in SNAP receptor (SNARE)-mediated vesicle fusion in many cellular contexts. The hypomorphic mutation of the Napa gene provokes an unstable mRNA and therefore low levels of protein αSNAP; however, it does not disrupt the protein per se (Chae et al., 2004). The residual protein in hyh mutants is partially functional, as a targeted null mutation of Napa is embryonically lethal (Chae et al., 2004). αSNAP regulates protein trafficking (Clary et al., 1990; Püschel et al., 1994; Yoon and Munson, 2018). It has been described that partial loss of αSNAP disrupts its ability to bind to its target, but does not disrupt its cellular functions, what suggests a dose-related role in apical trafficking (Chae et al., 2004). The exact molecular pathways by which this mutation operates in the defective neuroepithelium are not known.

However, the consequence of this mutation is well described: an alteration in neural cell fate (Chae et al., 2004) and an alteration of the neuroepithelium/ventricular epithelium following a well-defined program (Jiménez et al., 2001). After neuroepithelial cells transition to radial glial cells, as cells start to differentiate and mature, the denudation of the ventricular epithelium starts to be detected along the ventricular walls (Jiménez et al., 2001; Chae et al., 2004). The defective program of cell differentiation existing in the neuroepithelium/radial glial cells of the hyh mutant mouse has been profusely detailed (Jiménez et al., 2001; Wagner et al., 2003; Bátiz et al., 2006; Paez et al., 2007). This defective program of cell differentiation affecting ventricular epithelium follows a temporo-spatial pattern that progresses accordingly to the developmental patterning of the anterolateral neural plate (telencephalon) during prosencephalic regionalization: caudorostral linear axis, mediolateral linear axis and pallial-subpallial limit radial axis (Rubenstein et al., 1998; Puelles et al., 2000; Jiménez et al., 2001; Taverna et al., 2014; Puelles, 2017; Garcia-Calero and Puelles, 2020).

In the hyh mouse, hydrocephalus is mild during the development and postnatally becomes severe after obstruction of the cerebral aqueduct (Pérez-Fígares et al., 1998; Wagner et al., 2003; Bátiz et al., 2006; Paez et al., 2007). The hyh mouse exhibits dysgenesis of the corpus callosum (Bátiz et al., 2006; Paez et al., 2007) and develops hydrocephalus with an interhemispheric cyst (Bronson and Lane, 1990; Pérez-Fígares et al., 1998) which models human congenital hydrocephalus (Barkovich et al., 2001; Bátiz et al., 2006; Paez et al., 2007).

In the present work, we have found that the pioneering axons arose from cingulate neurons in the hyh mouse but failed to cross the midline. Instead of turning toward the contralateral hemisphere, the pioneering axons turned toward the ipsilateral ventricle. We have also found that glial wedge cells in the hyh mouse were selectively affected by the defective developmental program of the ventricular zone at the moment of the projection of the pioneering axons. We have finally found that these defects in the ventricular zone development occur before any ventricular dilatation. In this way, we have concluded that the corpus callosum dysgenesis in a model of congenital hydrocephalus is caused by a radial glial cell defect that induces a problem in axonal guidance during development. The radial glial cell defect also causes the hydrocephalus in this model of congenital hydrocephalus. Therefore, the defect in the radial glial cell population is the mechanism underlying these two key pathologies. Defects in the normal development of the neuroepithelium and radial glial cells integrating the ventricular zone are found in different cases of human congenital hydrocephalus with dysgenesis of the corpus callosum (Jin et al., 2020). The results presented in this work demonstrate the need to review the origin of the dysgenesis of the corpus callosum in cases of human congenital hydrocephalus with defects in the neuroepithelium/radial glial cells to obtain the correct prognosis and to determine appropriate therapy for the patient.



2 Materials and methods


2.1 Animals

Hyh mutant mice (B6C3Fe-a/a-hyh/J) were obtained from The Jackson Laboratory (Bar Harbor, ME) and bred into a colony at the University of Malaga, Spain. Housing, handling, care and processing of animals were carried out according to European and Spanish laws (DC 86/609/CEE and RD 1201/2005). According to current legislation, experimental procedures (protocol 28-08-15-302) were approved by the Institutional Animal Care and Use Committee of the University of Malaga (CEUMA, Spain 65-2019-A) and the Regional Government Council (Junta de Andalucía, Spain). Gestational day 0.5 (E0.5) was designated when a vaginal plug was evident in a pregnant female. Pregnant dams at gestational days between E15.5 and E18.5 were sacrificed, and the embryos were removed by laparotomy. All animals used in this work were genotyped as described by Bátiz et al. (2009). The double homozygous mice for the mutated Napa gene that codifies α-SNAP protein [Napa(-/-)] were assigned as hyh mice, and normal mice [Napa(+/+)] were set as wild-type (wt). Heterozygous mice for α -SNAP were used only to obtain homozygous hyh embryos.



2.2 Hematoxylin-eosin staining, immunocytochemistry, and immunofluorescence

Brains of hyh and wt fetuses (E15.5 to E18.5) and mice at 1 to 4 postnatal days (P1 to P4) were processed for hematoxylin-eosin staining, immunocytochemistry, and immunofluorescence, using frontal and sagittal sections. Sampling was as follows: E14.5, 10 hyh and 13 wt; E15.5, 21 hyh and 21 wt; E16.5, 10 hyh and 10 wt; E17.5, 12 hyh and 12 wt; E18.5, 8 hyh and 8 wt; P1, 8 hyh and 8 wt; P2, 8 hyh and 8 wt; P3, 8 hyh and 8 wt; and P4, 19 hyh and 14 wt. Whenever possible, mice belonging to the same litter were processed simultaneously to compare hyh and wt mice at the same age. Embryos and early postnatal mice were euthanized by decapitation. Then, the brains were dissected and fixed for 2–4 days in Bouin fixative solution (room temperature) or 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (4°C). Bouin-fixed brains were embedded in paraffin, and sections (10 μm thick) were obtained. Paraformaldehyde-fixed brains were sliced with a vibratome (50 μm thick sections).

Paraffin and vibratome sections were processed for immunocytochemistry/immunofluorescence using the following primary antibodies: rabbit polyclonal anti-Calretinin (1:3000 dilution, 7699/4, Swant Antibodies, Bellinzona, Switzerland); mouse monoclonal anti-βIII Tubulin (1:500 dilution, G712A, PROMEGA. WI, USA); mouse monoclonal anti-GAP-43 (1:2000 dilution, G9264, Clone GAP-7B10, Sigma-Aldrich, St. Louis, MO, USA); rabbit polyclonal anti-GFAP (1:1000 dilution, Z0334, Agilent Dako, Santa Clara, CA, USA); mouse monoclonal anti-GFAP (1:1000 dilution, G-A-5, Sigma-Aldrich, St. Louis, MO, USA); mouse monoclonal anti-NCAM (undiluted, 5B8 clone, Developmental Studies Hybridoma Bank, DSHB, Iowa City, IA); rabbit monoclonal anti-NeuN (1:500 dilution, ab177487, Abcam, Cambridge, UK); mouse monoclonal anti-Nestin (1:200 dilution, clone Rat-401, DSHB); mouse monoclonal anti-PCNA (1:200 dilution, MAB424, Clone PC10, Sigma-Aldrich, St. Louis, MO, USA); and rabbit monoclonal anti-Slit2 (1:500 dilution, ab134166 Abcam, Cambridge, UK). Appropriate AlexaFluor (Molecular Probes, Carlsbad, CA) or biotin-labeled secondary antibodies (Dako, Glostrup, Denmark) were used for immunofluorescence/immunocytochemistry. Biotin-labeled secondary antibodies were detected using ExtrAvidin-peroxidase (Sigma-Aldrich). Histochemistry for peroxidase was developed using 3,3′-diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich) as the electron donor. Ammonium nickel sulfate was added to intensify the DAB reaction in some sections. The antibodies against Slit2 were used only in vibratome-sliced sections. In the paraffin sections, heat-induced antigen retrieval was performed in 50 mM citrate buffer at pH 6.0 before immunolabeling. The omission of the incubation in the primary antibody was used as a control of the immunoreaction.



2.3 In situ hybridization

Embryos at E14.5 to E18.5 and newborns at 1 to 7 days postnatal age (P1 to P7) were processed for non-radioactive in situ hybridization using digoxigenin-labeled riboprobes. Sampling was as follows: E14.5, 19 hyh and 20 wt; E15.5, 20 hyh and 20 wt; E16.5, 15 hyh and 15 wt; E17.5, 15 hyh and 15 wt; E18.5, 15 hyh and 15 wt; P1, 15 hyh and 15 wt; P4, 12 hyh and 12 wt; P7, 12 hyh and 12 wt. Mouse embryos were fixed by immersion or vascular perfusion with 4% buffered paraformaldehyde. Then, they were kept at 4°C until dehydration in methanol/PBT (PBS, 0.1% Tween-20). After rehydration, the telencephalon was dissected and immersed into a gelatin/albumin solution (30% albumin and 0.5% gelatin in 0.1 M phosphate buffer, pH 7.3) containing 1.25% glutaraldehyde. Vibratome sections (200 μm thickness) were obtained, dehydrated in methanol/PBT, and kept at −20°C overnight. Single in situ hybridization was performed for whole-mount preparations (Wilkinson, 1992). Probes were labeled with digoxigenin-UTP (Boehringer, Ingelheim, Germany) using the Riboprobe Gemini System II Kit (Promega, Madison, WI). Labeled probes were added to the hybridization buffer at 1–2 mg/ml concentration. Sections were hybridized at 70°C overnight. An anti-digoxigenin-alkaline phosphatase-coupled antibody was used to detect the probes (1:2,000; 11-093274916, Boehringer). Alkaline phosphatase activity was revealed using NBT/BCIP as a substratum. In all cases, the sense probes did not show an unspecific signal. Stained sections were flat-mounted on poly-L-Lysine-treated slides with 80% glycerol in PBT. Riboprobes for Netrin1 (de Diego et al., 2002), Tag1 (transient axonal glycoprotein) and Tbr1 (T-box, brain, 1) were produced as described by Bulfone et al. (1995) and Denaxa et al. (2001).



2.4 DiI-tracing of callosal axons in fixed brains

Brains of mice at P1 (3 wt and 3 hyh) were dissected out and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 at 4°C for 4 days. After fixation, brains were washed out in PBS 0,1 M pH 7,4. A small crystal of DiI (1,1-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate; D-3911, Molecular probes) was placed in the frontal cortex of both hemispheres of whole dissected brains, which were then put in an oven at 37°C for 3 weeks. After incubation, 300 μm thick slices with a vibratome and photographed under a fluorescence microscope.



2.5 DiI-tracing of the pioneering axons in organotypic culture of brain slices

Brains of embryos at E14.5 (9 wt and 9 hyh) and E15.5 (9 wt and 12 hyh) were dissected out under immersion into ice-cold L15/F12 medium, pH 7.4 (50% Leibovitz’s L15 medium, Life Technologies, Carlsbad, CA; 50% F12 nutrient mixture, Life Technologies). Then, they were immersed into 3% low-melting agarose (Gellyphor, Euroclone, Siziano, Italy) to obtain frontal 300 μm thick slices with a vibratome. Sections were collected in ice-cold L15/F12 medium and transferred onto filter inserts (31.5 μm diameter, 0.4 μm pore size; Merck Millipore, Billerica, MA) in dishes containing 1 ml of sterile-filtered medium with serum (DMEM containing 8% F12 nutrient, 1% N-2 supplement, 15% glucose, 1% penicillin-streptomycin P0781 Sigma-Aldrich, 0.5% L-glutamine, and 5% heat-inactivated fetal bovine serum (F7524, Sigma-Aldrich). After 1 h in a sterile incubator (37°C, 5% CO2), the medium was substituted for neurobasal medium, pH 7.4 (21103049, Gibco), containing 2% B27 supplement (17504044, Gibco), 15% glucose, 1% penicillin-streptomycin (P0781, Sigma-Aldrich), 0.5% L-glutamine (Sigma-Aldrich), and 2.5% heat-inactivated fetal bovine serum (F7524, Sigma-Aldrich). Immediately after this step, a tiny crystal of DiI was placed into the cingulate cortex of the brain slices, and they were incubated in sterile conditions (37°C, 5% CO2) for 48 h. Finally, slices were fixed in 4% buffered paraformaldehyde at 4°C for 24 h. Selected fixed slices were then processed for immunofluorescence using the anti-GFAP antibody.




3 Results


3.1 The development of the corpus callosum is defective and precedes ventricular dilation

The corpus callosum development and the ventricular dilatation evolution from E14.5 to P2 were studied by Hematoxylin-Eosin staining (Figures 1A–F). In the wt mouse, the corpus callosum was detectable at E16.5 (Figure 1C) and appeared strongly developed at E17.5 (Figure 1E). The anterior commissure was present in the hyh mouse at these stages in 100% of the studied mice, but the corpus callosum fibers were not crossing the midline (Figures 1D, F).
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FIGURE 1
The corpus callosum development is affected in the hyh mouse. Frontal sections of the telencephalic lobes of the brain of wild-type (wt) (A,C,E) and hyh mutant (hyh) mice (B,D,F) at 15.5 (A,B), E16.5 (C,D), and E17.5 (E,F). (C–F) Midline sagittal sections are shown on the right. Hematoxylin-Eosin staining (HE). At E17,5, callosal projections can be observed in the normal mouse crossing the midline to form the corpus callosum (E). The callosal projections fail to cross the midline at E16.5 and E17.5 in the hyh mouse [asterisks in panels (D,F)]. In the hyh mutant mouse, from E15.5 to E17.5, lateral ventricles are not enlarged (B,D,F); in contrast, they appear collapsed by E17.5 (F). AC, Anterior Commissure; CC, Corpus Callosum, Fx, Fornix; HC, Hippocampal Commissure; LV, Lateral Ventricle; cLV, collapsed Lateral Ventricle; PB, Probst Bundles; 3V, Third Ventricle. Scale Bars: 200 μm.


In the hyh mouse, hydrocephalus was still mild between E14.5 and E16.5, when the corpus callosum should have been developed (Richards et al., 2004). Remarkably, the lateral ventricles were not enlarged, or even they collapsed during this period, and no cyst of the third ventricle between the telencephalic hemispheres was perceptible (Figures 1A–F). The most of the hyh mutant animals present hippocampal commissure defects, the fornix is formed but does not seem to cross (Figures 1A–F).

Analyzing the ventricular dilatation at the age at which development of the corpus callosum occurs, we could observe that brain ventricle dilatation could not be the reason for the lack of axonal projections of the corpus callosum in the midline (Figures 1A–F). The neurons involved in the growth and guidance of the callosal axons and the glial cell populations involved in the development of the corpus callosum were analyzed to understand what could be causing the dysgenesis of the corpus callosum in the hyh mouse.



3.2 The cortical regions implied in the corpus callosum development are developed in the hyh mutant mouse

First, we studied if the cortical regions where the callosal and pioneering neurons reside showed alterations that could explain the corpus callosum dysgenesis detected in the hyh mutant animals. The soma of the neurons that generate the pioneering axons are in the ipsilateral presumptive cingulate cortex at E14 (Koester and O’Leary, 1994; Rash and Richards, 2001). The soma of the neurons that project the callosal axons are located in the ipsilateral frontal cortex at E14 (Koester and O’Leary, 1994). We studied these cortical regions at E14.5 and E15.5.

Hematoxylin-Eosin staining at E15.5 shows a general size reduction in the mutant animal concerning the control but does not show any evident cortical alteration (Figure 1). Cortical structure was also studied with antibodies against Calretinin, a multifunctional protein expressed in the developing and adult cortex (González-Gómez and Meyer, 2014; Laclef and Métin, 2018; Ahmed and Shinmyo, 2021). Staining for Calretinin expression shows maintenance of the main cortical structure in the mutant animals at E15.5 (Figure 2A).
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FIGURE 2
The cortical regions of the corpus callosum development. (A) Immunostaining against Calretinin protein in frontal sections of the brain from wild-type (wt) (left) and hyh mutant (right) embryos at E15.5, at two different rostrocaudal levels (Level 1 and Level 2). In situ hybridization for Tbr1 (B) and Tag1 mRNA (C) in frontal sections of the telencephalic lobes from the brain of wild-type (wt) (left) and hyh mutant (right) mice at E14.5 and E15.5. Frames 1 and 2 and details from wt and hyh mice in panels (B,C) are shown at the bottom. CgC, Cingulate Cortex; CP, Cortical Plate; FC, Frontal Cortex; LV, Lateral Ventricle; MZ, Marginal Zone; SP, Subplate; VZ, Ventricular Zone. The asterisk shows the limit between septal pallial and subpallial areas. Scale Bars: (A), 200 μm; (B), 200 μm; [Frames 1 and 2 in panel (B)], 100 μm; (C), 200 μm; [Frames 1 and 2 in panel (C)], 100 μm.


Additionally, the cingulate and frontal cortices were studied by in situ hybridization for Tbr1 mRNA and Tag1 mRNA. Correct expression in cortical layers of Tbr1 is necessary for proper corpus callosum development (Bulfone et al., 1995; Crespo et al., 2022). Tag1 protein is an axonal adhesion molecule expressed in cortical neurons projecting efferent axons, both callosal and pioneering axons (Kastriti et al., 2019). Neurons located in the cingulate cortex and frontal cortex at E14.5 showed positive signals for Tbr1 mRNA probes in both wt and mutant animals (Figure 2B). Probes for Tag1 mRNA hybridized in both wt and hyh mice at E15.5 with the same pattern (Figure 2C).



3.3 The ability of the neurons to produce the callosal axonal projections is not lost in the mutant hydrocephalic animals

Knowing that cortical areas involved in corpus callosum development were not disrupted in the hyh mutant animals, the neurons involved in the generation and guidance of the callosal axons, as well as the glial cell populations necessary for the correct development of the corpus callosum, were analyzed: callosal neurons, pioneering axons, subcallosal sling, indusium griseum glial cells, and glial wedge cells (Figure 3A). The elongation the callosal and pioneering axons were first studied (Figures 3B–D).
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FIGURE 3
Callosal axonal projections. (A) Scheme of a frontal section of the brain from a normal mouse embryo at E16.5 representing the populations implicated in the correct corpus callosum development. (B) DiI-tracing experiment to label the callosal fibers in fixed mouse brains at P1. The positions where the DiI crystals were placed are shown (asterisks). The callosal fibers can be detected crossing the midline in the wild-type (wt) mouse (Top). However, in the hyh mutant mouse (Bottom), callosal axons do not cross the midline and form Probst Bundles (PB). Schemes on the right depict where DiI crystals were placed and the path that callosal axons follow. (C) Frontal sections of wt (Left) and hyh (Right) mutant mice brain at E15.5 showing GAP-43 immunostaining. The main anatomical structures detected in the pictures are depicted in schemes on the bottom. In wt and hyh mutant mice, pioneering axons are GAP43-positive (arrows) and do not show any anatomical alteration in the hyh mouse. (D) Frontal sections of mice brains at P1 showing NCAM immunolabeling. In wt (Top) and hyh mutant (Bottom) mice, callosal axons are NCAM positive (arrows). Frames 1 and 2 are shown in detail. AC, Anterior Commissure; CC, Corpus Callosum; CgC, Cingulate Cortex; IF, Interhemispheric Fissure; LV, Lateral Ventricle; cLV, collapsed Lateral Ventricle. Scale Bars: (B), 200 μm; (C), 100 μm; (D), Panoramic, 100 μm; Frame 1 and Frame 2, 50 μm.


The tissue was analyzed with Hematoxylin-Eosin staining from 16.5 to P1. The axonal projections incapable of crossing the midline were detected from 16.5. These axonal projections were accumulated in the midline area, generating the Probst bundles (Figures 1E, F).

To verify that the Probst bundles were generated by callosal axons from the frontal cortex in the mutant animals and not from hippocampal cortical neurons, we used the DiI-axonal trace labeling technique at P1. In both wt and mutant hyh mice, DiI crystals were placed in the frontal cortex of fixed brains, in the cortical region where the callosal neurons are located (Figure 3B). DiI was allowed to diffuse by the axons for 2 weeks, and the axonal projections were studied. Results showed that the Probst bundles existing at P1 were generated by the axonal projections emerging from the callosal neurons from the frontal cortex (Figure 3B).

Then, we analyzed if the pioneering axons from the cingulate cortex could elongate projections to help guide the callosal axons through the midline during the interhemispheric cross. For this purpose, we studied the midline area with GAP-43 (growth-associated protein), a marker for growing axons (Oestreicher et al., 1997). At E15.5 and in this specific area of the cortex, this marker should only label pioneering axons as the callosal axons have not yet arrived at the cingulate cortex (Rash and Richards, 2001; Suárez et al., 2014). Results showed that pioneering axons are present in both wt and hyh mutant mice in the cingulate cortex at 15.5, and no differences were detected between mutant and normal mice (Figure 3C).

Finally, NCAM expression was studied. NCAM is one of the main proteins involved in the ability of the neurons to generate cell-to-cell interactions and cell-matrix interactions that allow axons and neurons to properly elongate or migrate (Seki and Arai, 1993). NCAM expression from 16.5 to P1 did not show differences between normal and mutant animals (Figure 3D). Therefore, even if the axons were not able to cross the midline, the ability of these axons to establish cell-to-cell interactions as well as cell-matrix interactions appeared not to be defective in the hyh mutant mouse.



3.4 The subcallosal sling neurons are present in the mutant animals

Subcallosal sling cells are neurons involved in correct corpus callosum development (Shu et al., 2003a). No specific marker is available for this population (Shu et al., 2003a); thus, its presence was studied with NeuN, a specific marker for neurons.

In the wt mouse at E16.5, the neurons of the subcallosal sling were detected with NeuN immunolabeling (Figures 4A–C). In the hyh mouse, these NeuN positive cells were also present and located correctly under the callosal fibers, which in this case are generating the uncrossing Probst bundles (Figures 4D–F). However, the subcallosal sling is not occupying the midline as the corpus callosum never cross the midline bundles (Figures 4D–F).
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FIGURE 4
Subcallosal sling. (A) Frontal section of the wild-type mouse (wt) brain at E16.5 with a frame detailed in panel (B). (B) The subcallosal sling cells positive to NeuN (arrows) are located ventrally to the callosal axons crossing the midline. (C) Scheme depicting the position of the callosal axons and subcallosal sling (arrowheads) in the wt mouse at E16.5. (D) Frontal section of the hyh mutant mouse brain at E16.5 with a frame detailed in panel (E). (E) A group of NeuN positive cells (arrows) ventral to the Probst Bundles (PB) can correspond to the subcallosal sling in the hyh mouse. (F) Scheme depicting the displaced position with respect to the control of the callosal axons forming the PB and subcallosal sling (arrowheads) in the hyh mutant mouse. CC. Corpus Callosum, IF, Interhemispheric Fissure; LV, Lateral Ventricle. Scale Bars: (A,C), 350 μm; (B,D), 90 μm.




3.5 The glial wedge cells are not developed in the hyh mutant mouse

We next analyzed the glial populations responsible for the guidance of callosal axons in their midline cross, the indusium griseum glial cells and glial wedge cells. These cells were studied at E17.5 by GFAP immunostaining. The indusium griseum glial cells were present in wt and hyh mice (Figures 5A, B). In contrast, glial wedge cells were not detected in the hyh mice (Figures 5A, B).


[image: image]

FIGURE 5
Indusium griseum glial and glial wedge cells. Frontal sections of wild-type (wt) (A) and hyh (B) mice brain at E17.5 with GFAP immunolabeling. On the top are panoramic views and schemes depicting the position of relevant anatomical structures. On the bottom the framed areas on the top are shown in detail. The Glial Wedge cells (GW), including their basal projections, can be detected as GFAP-positive in the wt mouse (arrowheads) but absent (asterisk) in the wall of the collapsed lateral ventricle (cLV, dashed line) of the hyh mouse. Midline zipper glia (MZG) is detected under the Probst Bundles (PB). CC, Corpus Callosum; IG, Indusium Griseum Glial Cells; LV, Lateral Ventricle. Scale Bars: (A,B), 250 μm; (Frames 1, 2, 3), 65 μm.




3.6 There is a disruption of the ventricular zone development that affects the glial wedge cells in the hyh mutant mouse

The absence of glial wedge cells in the hyh mutant mouse made it necessary to investigate the development of the ventricular zone region corresponding to glial wedge cells. The ventricular zone area containing the glial wedge cells was examined from E14.5 to E18.5 with Hematoxylin-Eosin staining. Results showed that, at E15.5, the ventricular zone region corresponding to glial wedge cells was disrupted in the hyh mutant mouse (Figures 6A, B).
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FIGURE 6
Disruption on the glial wedge cells area in the hyh mouse. Frontal sections of wild-type (wt) (A) and hyh mutant (B) mice brain at E15.5 stained with Hematoxylin-Eosin (HE). Details of framed areas 1 and 2 are shown at the bottom. In the hyh mutant mouse, detaching cells can be observed in the area of the glial wedge cells (arrowheads). LV, Lateral Ventricle. Scale Bars: (A,B), 200 μm; (Frames 1, 2), 10 μm.


The ventricular zone was then analyzed by immunostaining with anti-βIII-tubulin to check the distribution of the neuroblasts; anti-PCNA to identify proliferating cells in this area; and anti-Nestin to identify if radial glial cells were properly located (Figure 7 and Supplementary Figure 1). In the hyh mutant mouse, immunostaining with βIII-Tubulin in the region corresponding to the glial wedge cells showed invasion of cellular projections into the ventricular zone (Figure 7A). The immunolabeling with PCNA corroborated the alteration of the ventricular zone function in mutant animals (Figure 7B). Finally, the Nestin immunostaining revealed evident disorganization of this radial glial cell type in the hyh mutant mouse in the region where glial wedge cells should develop (Figure 7C). These results suggest that alteration of the radial glial cells in the ventricular zone corresponding to the glial wedge area could be responsible for the failure in the callosal axons independently of the ventricular dilatation.
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FIGURE 7
Ventricular zone alteration of the glial wedge area in the hyh mouse. (A) Frontal sections of wild-type (wt) (top) and hyh (bottom) mice brain at E15.5 immunostained with anti-βIII-Tubulin. Framed areas 1 and 2 are shown in detail on the right. This area corresponds to the region where the glial wedge cells will appear. In the wt mouse, the βIII-Tubulin-positive reaction appears under the ventricular zone (Frame 1). The ventricular zone is negative to βIII-Tubulin and presents well-defined borders (arrows). In the hyh mutant mouse (Frame 2), the βIII-Tubulin-positive reaction appears to reach the ventricular surface, invading the ventricular zone (asterisks). (B) Frontal sections of the wt and hyh mutant (hyh) mice brain at E15.5 stained with anti-PCNA. Proliferation in the ventricular zone area (PCNA-positive cells) is observed. Frame 1 shows a detail corresponding to the region where the glial wedge cells will appear. The ventricular zone in this area of the wt mouse is highly positive for PCNA antigen (asterisks). In frame 2, the ventricular zone is negative for PCNA in the hyh mouse (arrows). (C) Frontal sections of the wt and hyh mutant mice brain at E15.5 stained with anti-Nestin to label the radial glial cells of the ventricular zone in the region where the glial wedge cells will appear. Frame 1 shows the ventricular zone radial glial cells and their basal projections labeled with anti-Nestin in the wt mouse. Frame 2 shows the cell bodies of the radial glial cells in the hyh mouse with a disrupted organization (asterisks). LV, Lateral Ventricle. Scale Bars: (A), 200 μm; [Frames 1 and 2 from panel (A)], 90 μm; (B), 120 μm; [Frames 1 and 2 from panel (B)], 40 μm; (C), 200 μm; [Frames 1 and 2 from panel (C)], 20 μm.




3.7 Glial wedge signaling is altered in the hyh mutant mouse

The Slit2 protein has been described to be secreted by indusium griseum glial cells and glial wedge cells for guiding the callosal pioneering axons (Shu et al., 2003c). This protein was examined in wt and hyh mice at E16.5. Results showed that the protein in the wt mouse was present in glial wedge cells (Figures 8A, B). However, in the hyh mouse, no Slit2 immunolabeling was detected where the glial wedge should be present, according to their selective disruption during the development (Figures 8A, B). Additionally, the expression of attractive signal Netrin1 involved in the attraction of callosal and pioneering axons from the indusium griseum glial cells and medial septum areas (Fothergill et al., 2014; Ahmed and Shinmyo, 2021) was studied and found with the same pattern in the wt and hyh mutant mice (Figure 8C).


[image: image]

FIGURE 8
Slit2 and Netrin1 signaling. (A) Wild-type (wt) and hyh mutant mice brain frontal sections immunostained with anti-Slit2 antibody. Framed areas 1 (wt) and 2 (hyh) show the ventricular region where glial wedge cells should be. In the wt mouse (Frame 1), the Glial Wedge area (GW) is Slit2-positive (arrows). In the hyh mutant mouse (Frame 2), the ventricular region does not show positive immunolabeling (arrowheads). (B) Frontal brain sections of wt and hyh mutant mice immunostained with anti-Slit2 antibody. Framed areas 1 (wt) and 2 (hyh) show the immunolabeling in the indusium griseum glial cells (arrows). (C) In situ hybridization for Netrin1 in frontal sections of wt (left) and hyh mutant (right) mice brains. At E15.5, framed areas 1 (wt) and 2 (hyh) show the presence of Netrin1 mRNA in the indusium griseum glial cells and medial septum. The dashed line shows the approximated limit between pallial and subpallial areas. CgC, Cingulate Cortex; FC, Frontal Cortex; IG, Indusium Griseum; LV, Lateral Ventricle; cLV, collapsed Lateral Ventricle; Sp, Septum. Scale Bars: (A), 50 μm; [Frames 1 and 2 in panel (A)], 15 μm; (B), 100 μm; [Frames 1 and 2 in panel (B)], 40 μm; (C), 200 μm [Frames 1 and 2 in panel (C)], 70 μm.




3.8 Interhemispheric midline crossing of the pioneering axons

Knowing that glial wedge cells were necessary to guide the pioneering axons by E15.5 (Shu and Richards, 2001) and with evidence that at E15.5 glial wedge is altered or missing in the hyh mutant mouse, we decided to study the behavior of the pioneering axons at the corticoseptal boundary level. For this purpose, we analyzed the elongation of the pioneering axons in an organotypic culture system at E15.5. This experimental system also allowed us to exclude the possible contribution of environmental factors to the phenotype. DiI was applied into the cingulate cortex of brain slices from wt and hyh mice, obtained at E14.5 and E15.5 and maintained under organotypic culture conditions for 48 h in vitro. Results showed that in wt animals, pioneering axons are produced, and they started to cross the interhemispheric midline (Figures 9A, B). In contrast, in brain slices from hyh mice, it was observed that although those pioneering axons were elongating, at the level of the corticoseptal boundary, they were turning toward the ipsilateral lateral ventricle, thus failing to cross the midline (Figures 9A, B). The direction displayed by the pioneering axons toward the lateral ventricle in the absence of glial wedge cells supports the hypothesis that the lack of signaling molecules from the missing glial wedge cells is causing the dysgenesis of the corpus callosum.
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FIGURE 9
DiI-Tracing experiment in organotypic slice culture at E14.5 analyzed after 48 h in vitro (iv). DiI was applied to label the pioneering axons in organotypic mouse brain slices from wild-type [wt, (A)] and hyh mutant (B) mice. Top schemes show the location of detailed framed areas 1–4. Framed areas 1 and 3 show the DiI crystal position in the cingulate cortex and pioneering axons labeled fibers with DiI fluorescence (arrows). Framed areas 2 and 4 show the DiI fluorescence (red) overlapped with GFAP immunolabeling (green). Indusium Griseum (IG) glial cells and Glial Wedge (GW) cells are GFAP-positive in Frame 2. IG glial cells are GFAP positive in Frame 4. The GW cells are absent in the hyh mouse (asterisk) in Frame 4. Dashed lines in Frames 2 and 4 show the direction of elongation of the pioneering axons (PA). Schemes on the bottom show the differences in the pioneering axon routes. In the hyh mutant mouse, pioneering axons turn toward the lateral ventricle (LV). Scale Bars: 1 and 3, 100 μm; 2 and 4, 50 μm.





4 Discussion

The present investigation has been performed with the hyh mutant mouse model presenting congenital hydrocephalus with an interhemispheric cyst and dysgenesis of the corpus callosum. During development, the hyh mouse presents a moderate communicating hydrocephalus (Jiménez et al., 2001). Over time, the hyh mouse develops an interhemispheric cyst covered with ependyma from the dorsal third ventricle (Pérez-Fígares et al., 1998). Hydrocephalus aggravation occurs during the first postnatal week when hydrocephalus in the hyh mouse became non-communicating (Wagner et al., 2003; Bátiz et al., 2006). Barkovich et al. (2001) have developed a classification of human cases with callosal dysgenesis of the corpus callosum. The present results show that the interhemispheric cyst in the hydrocephalic hyh mouse is not present at the developmental stages in which the corpus callosum is being generated. Moreover, in the collapsed lateral ventricles ventriculomegaly does not occur until postnatal ages in the hyh mouse. Collapse of the ventricles can be explained in base to the disruption of the neuroepithelium/differentiating ependyma in opposed ventricle walls, in the same way as happens in other parts of the lateral ventricle and cerebral aqueduct (Jiménez et al., 2001; Wagner et al., 2003). Therefore, the dysgenesis of the corpus callosum in the hyh mutant mouse model cannot be interpreted as a malformation due to the presence of an interhemispheric cyst or ventriculomegaly. It is plausible that the intrinsic defective program mechanism in the neuroepithelium leads to the genesis of the hydrocephalus and is also involved in the dysgenesis of the corpus callosum in the hyh mouse. This possibility must be investigated for its implications in similar human cases and the clinic.

Hyh mutants, due to the αSNAP mutation, present a defect in vesicle trafficking that seems to produce marked abnormalities in the location of F-Actin, α-Catenin, β-Catenin, E-Cadherin (Chae et al., 2004). These disturbances of junctional complexes are presumed to lead to an altered control of cell fate (Chae et al., 2004) and to a denudation of ventricular epithelium/radial glial cells in specific regions (Jiménez et al., 2001). The αSNAP defect produces an early differentiation of the neural progenitors by alteration of the decision between forming proliferative and postmitotic daughter cells, but without alteration in cell cycle kinetics (Chae et al., 2004). Early overproduction of neurons is done at the expense of progenitor cells (Chae et al., 2004). The denudation of the ventricular epithelium/radial glial cells progresses following a temporo-spatial pattern according to central nervous system development in the caudorostral and mediolateral axes (Jiménez et al., 2001). It irradiates from the pallial-subpallial limits in the telencephalon (Jiménez et al., 2001). The denudation of the neuroepithelial cells and the cell fate defect of neural progenitors could affect the normal development of the cells and structures involved in the corpus callosum formation. In this way, previous results have shown that the hyh mutant mice, even having a smaller cortex, present a normal forebrain patterning and laminar organization of the cortex by E14.5 (Chae et al., 2004). In the developed brain, the callosal projecting neurons are located in layers II-III and V (Fame et al., 2011). These cortical layers correspond to the cortical plate and intermediate zone in the embryonic cortical structure (Kolk and Rakic, 2022). These layers are mainly formed by glutamatergic neurons produced by the ventricular zone of the local pallium (Noctor et al., 2004; Rock et al., 2018) and with a small contribution of GABAergic interneurons generated from the subpallium, which reach the cerebral cortex via tangential migration (Ma et al., 2013; Hu et al., 2017; Puelles, 2017). In the hyh mouse, cell denudation does not affect the dorsal pallium until the postnatal stages (Jiménez et al., 2001). Therefore, most callosal projecting neurons should not be affected by denudation of the ventricular epithelium at E15.5 nor by the cell fate defect, which is corroborated by the presence of Probst bundles at E16.5 and by cortical structure analysis in the hyh mutant animals at E15.5 (Hematoxylin-Eosin, Calretinin, and Tbr1). The Tbr1 transcription factor has been described to be expressed in callosal neurons and pioneering axons and is needed for normal function (Koester and O’Leary, 1994). Tbr1 transcription factor has been detected in wt and hyh mice in the same cortical location, revealing the existence of the neurons responsible for generating the primary projecting axons of the callosal fibers (Bulfone et al., 1995; Hevner et al., 2001). In the mouse, GABAergic neurons migrate tangentially from the pallial-subpallial border through the intermedia and subventricular zones to the cortical plate at E12.5. Additionally, GABAergic interneurons from the subpallium migrate tangentially into the marginal and intermedia zones from E12.5 but do not enter the cortical plate until E14.5-E15.5 (Griveau et al., 2013; Laclef and Métin, 2018; Ahmed and Shinmyo, 2021). Neuroepithelium alteration in the subpallial area is not detected until E15.5 in the hyh mouse (Jiménez et al., 2001), thus suggesting that the presence of callosal projecting neurons should not be affected by the neuroepithelium defect of the hyh mutant mouse. Additionally, our results do not show any significant difference in the hyh mutant mouse for the Tag1 adhesion molecule, which mediates the migration of cortical interneurons from the ganglionic eminence (Denaxa et al., 2001).

In addition to the presence of the callosal projecting neurons, the proper balance between attractive and repellent cues in the callosal axon growth cone is fundamental. Different molecules and receptors have been reported as a determinant for the appropriate behavior of the growth cone, such as Nogo receptors (Yoo et al., 2017), Robo receptors, Slit molecules (Unni et al., 2012 w12), or Tag1 (Wolman et al., 2008). The protein Tag1 plays a critical role in the initial phase of the growth of the neurites (Furley et al., 1990). Tag1 is a member of the immunoglobulin superfamily that, in addition to axon outgrowth, also plays a role in migration and fasciculation during development (Karagogeos, 2003). Tag1 has been described as present in the fibers forming the corpus callosum (Fujimori et al., 2000; Savvaki et al., 2008). Interestingly, in both wt and hyh mice, the Tag1 molecule is expressed in the cortical layer where callosal neurons and pioneering axons reside. In the same way, tracing axonal growth with DiI at P1 showed that the axons from callosal neurons could grow toward the midline, indicating no presumable defects in the ability of the neurons to extend their projections and possible failure in the structures implicated in their guidance.

Axonal guidance during corpus callosum development is possible by cingulate pioneering axons, subcallosal sling, glial wedge, indusium griseum glial cells (Richards et al., 2004). The cingulate pioneering axons guide the callosal axons during the first stage of the midline crossing (Rash and Richards, 2001; Shu et al., 2003b). By using GAP-43 immunofluorescence, we have found that pioneering axons are present in the cingulate cortex at E15.5 in both hydrocephalic hyh and wt mice, indicating the neuroepithelial cell alteration existing in the hyh mutant mice is not affecting the pioneering axons. The neuron sling does not participate in the guidance of pioneering axons (Shu et al., 2003a) but could also be involved in the guidance of callosal axons. However, the neuron sling is present in the hyh mouse when the corpus callosum develops, indicating that the responsible defect should be in one of the glial cell populations.

The glial wedge cells are considered part of the radial glial cells scaffold of the cerebral cortex, expressing some markers such as GFAP or Nestin (Shu et al., 2003b), which are developed directly from the neuroepithelium. Neuroepithelial cells and radial glia cells include mixture of subpopulations with differential cell markers and a variable extent of fate restriction (Kriegstein and Alvarez-Buylla, 2009; Taverna et al., 2014; Garcia-Calero and Puelles, 2020). Hyh mutant mice present low levels of protein αSNAP that can be detected after the transition from neuroepithelial cell into radial glial cells (Chae et al., 2004). These alteration leads to abnormal cell junctions in the cell membrane of ventricular epithelium and seems to cause detachment of affected cells (Chae et al., 2004; Rodríguez et al., 2012) in a well-defined program (Jiménez et al., 2001). Each subpopulation of radial glial cell could be also analyzed as radial histogenetic unit that share the same molecular profile (Garcia-Calero and Puelles, 2020) and that differentiates at different moments during brain development depending on the specific location (Tramontin et al., 2003; Taverna et al., 2014; Garcia-Calero and Puelles, 2020). Consequently, the αSNAP mutation starts to cause cell adhesion defects in the radial glial cells as they differentiate and mature, and the detachment of affected radial glial cells is detected as patches that extend over time. In this regard, the cells of the glial wedge are located in the limit pallium-subpallium at the septal level (Puelles et al., 2000; Puelles, 2017), differentiate earlier than the neighbor neuroepithelium and express GFAP before other regions of the dorsal telencephalon (Shu and Richards, 2001; Shu et al., 2003b). In the hyh mutant mouse, this subpopulation of glial cells is specifically affected at E15.5, a critical moment for corpus callosum development. Both glial wedge cells and indusium griseum cells are formed from radial glia at the cortico-septal boundary (Shu et al., 2003b; Smith et al., 2006). At E14.5, radial glial in such region detach from the ventricular zone, migrate to the pial surface and differentiate into indusium griseum glial cells (Smith et al., 2006); special astrocytes placed underneath the medial pial membrane (Shu et al., 2003b). Most indusium griseum glial cells are born at E14.5 and E15.5, with only a few generated at E17 (Shu et al., 2003b). Neuroepithelium/radial glial alteration in the region corresponding to the glial wedge (corticoseptal boundary) is detected from E15.5 (Jiménez et al., 2001). Therefore, when pioneering axons must cross the midline, the indusium griseum glial cells generated between E14-E15.5 should be present. We have proved their presence with GFAP at E17.5. Finally, with GFAP labeling we have also detected the presence of midline zipper glia (MZG) under the Probst bundles indicating that the absence of the glial wedge population is specific.

Midline zipper glia mature between E14 and E17 and regulate interhemispheric remodeling through multiple molecular mechanisms, including Draxin-signaling (Gobius et al., 2016; Morcom et al., 2021). A lack of interhemispheric fusion is a major cause of corpus callosum dysgenesis (Gobius et al., 2016). In the hyh mouse, MZG still forms, but in some animals, interhemispheric fusion failed to occur fully by E17, which may contribute to the phenotype. When the pioneering axons are elongating to cross the midline, E15.5, no defects at the interhemispheric fusion are detected. A defect in the MZG could affect the posterior phases of the callosal projection axons crossing. Although MZG developed, their maturation could be delayed or affected by the defects in glial wedge development or directly through genetic mutations in the hyh mouse.

The indusium griseum cortical area is specified between E13.5 and E15.5 from the corticoseptal boundary area that delimits pallial and subpallial telencephalic regions. Molecular subdivisions postulated in the tetrapartite pallial model of Puelles et al. (2000) are defined through the expression of different genes such as Pax6, Emx1, Dlx2, Nkk2.1, and Tbr1. Tbr1 and Emx1 are differentially expressed in the pallium, and Dlx2 and Nkk2.1 in the subpallium (Puelles et al., 2000; Puelles, 2017). Tbr1 is especially interesting as it defines the limit pallium-subpallium at the corticoseptal boundary. Tbr1 is expressed in the pallial region, including the indusium griseum cortical area at E15.5. Our analysis of Tbr1 shows no significant differences in the cingular cortex of the hyh mouse at E14.5, a critical time in which the indusium griseum glial cells are developing. Even if the hyh mutant mouse brain has a reduced size, no alteration in the telencephalic embryonic regionalization that could be related to the alteration of the corpus callosum formation has been detected.

The populations participating in the guidance of the callosal axons during the corpus callosum formation exert their function through secreted molecules, including extracellular matrix components and different soluble molecules like Slits, Netrins, Wnt family, and FGF and their receptors (Lindwall et al., 2007). The glial wedge and indusium griseum glial cells are known sources of chemorepellent molecules such as Slit2 (Shu et al., 2003c) and attractive cues like Draxin-Netrin1 system (Fothergill et al., 2014; Ahmed and Shinmyo, 2021). Both populations create a pathway for the callosal axons to cross the midline. If repellant and attractive signaling fails from both cell populations in the hyh mutant mouse, pioneering axons should be projecting in all directions. However, in our study, Slit2 and Netrin1 signal are present in the mutant animals. Additionally, the organotypic culture at E15.5 has shown that the pioneering axons in the hyh mutant animals elongate toward the septum (probably attracted by Netrin1) but turned toward the lateral ventricle in the region corresponding to the missing glial wedge cells. This defective direction can be explained by the presence of the repellant cues effect from the indusium griseum cells and their absence from the glial wedge cells.

For the normal functioning and development of the brain, homeostasis must be maintained (Castells et al., 2012; Rasmussen et al., 2022). Defects in neuroepithelium development can affect brain homeostasis differently, such as the barrier between the cerebrospinal fluid (CSF) and the brain parenchyma (Jiménez et al., 2014; Duy et al., 2023). Then, the correct axonal guidance microenvironment is modified, and the different soluble molecules acting as repellent cues may not function correctly (Jiménez et al., 2014; Duy et al., 2023). Additionally, altering the ventricular zone may alter the normal CSF circulation (Jiménez et al., 2014) and produce an accumulation of toxins in the parenchyma (Owen-Lynch et al., 2003; Lubinsky, 2022). CSF composition influences normal brain development (Mashayekhi and Salehi, 2006; Castells et al., 2012; Rasmussen et al., 2022). In the case of hydrocephalic H-Tx rats, it has been shown that the cerebrospinal fluid negatively influences cortical development (Mashayekhi et al., 2002; Owen-Lynch et al., 2003). Therefore, the alteration of neuroepithelium could affect not only the populations involved in corpus callosum development but also the signaling of these populations indirectly by disrupting the local microenvironment. We cannot discard the possibility that other signaling molecules from cell populations involved in the corpus callosum development and still present in the hyh mutant mice could be altered in the disrupted ventricular areas.

In conclusion, the present investigation shows a direct link between neuroepithelium/radial glial cell damage, congenital hydrocephalus and the dysgenesis of the corpus callosum. This link is, additionally, independent of the ventriculomegaly. Some studies have previously reported that congenital hydrocephalus may be the result of developmental neuroepithelial disorders associated with impaired cellular development and signaling (Domínguez-Pinos et al., 2005; Jiménez et al., 2014; Guerra et al., 2015; Hochstetler et al., 2022). Considering the present results, in cases of congenital hydrocephalus concurring with neuroepithelial cell alteration, an early analysis of callosal failures is needed to predict the prognosis and decide the appropriate therapy.
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