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Abstract

The subventricular zone (SVZ) provides a specialized neurogenic microenvironment for 

proliferation and aggregation of basal progenitors (BPs). Our study reveals a mechanism for the 

aggregation of BPs within the SVZ required for their proliferation and generation of cortical layer 

neurons. The Autism-related IgCAM, MDGA1 is locally expressed in the BP cell membrane 

where it co-localizes and complexes with the gap junction protein Connexin43. To address 

MDGA1 function, we created a floxed allele of MDGA1 and deleted it from BPs. MDGA1 

deletion results in reduced BP proliferation and size of the SVZ, with an aberrant population of 

BPs ectopically-positioned in the cortical plate. These defects are manifested in diminished 

production of cortical layer neurons and a significant reduction of the cortical layers. We conclude 

that MDGA1 functions to aggregate and maintain BPs within the SVZ providing the neurogenic 

niche required for their proliferation and generation of cortical layer neurons.
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INTRODUCTION

The neocortex is the center for sensory perception, motor control and cognition, with a 

complex structuring that features six primary layers (Angevine and Sidman, 1961). 

Glutamatergic neurons comprise approximately 80% of cortical neurons and are generated 

within two distinct proliferative zones, the ventricular zone (VZ) and the subventricular zone 

(SVZ) (Bayer and Altman, 1991).

Early in cortical development, the stem-like neuroepithelial cells population of VZ 

progenitors undergoes symmetric divisions to expand the pool of cortical progenitors. 

Neuroepithelial cells subsequently differentiate into neurogenic radial glia (RG), which 

undergo asymmetric divisions to generate deep layer neurons of the cortical plate (CP), as 

well as replenish themselves. They also generate a distinct progenitor population, the basal 

progenitors (BPs) that leave the VZ and aggregate with one another to establish the SVZ, 

where they then generate upper and deeper cortical layer neurons (Molyneaux et al., 2007, 

Noctor et al., 2004, Sessa et al., 2008, Kowalczyk et al., 2009). The SVZ in mice begins to 

form laterally around E12.5 (Vasistha et al., 2015), but it is not fully developed until E13.5 

(Kowalczyk et al., 2009, Tarabykin et al., 2001, Bayer and Altman, 1991). The SVZ 

undergoes a substantial increase in size and BPs number around E16.5, coincident with the 

peak of generation of upper layer neurons (Bayer and Altman, 1991, Molyneaux et al., 

2007).

BPs of the SVZ are characterized by their expression of the T-box transcription factor, Tbr2, 

which is not expressed by RG or any other cortical cells (Englund et al., 2005, Arnold et al., 

2008). Tbr2 is important for establishing the appropriate number of BPs, as shown by 

conditional deletion of Tbr2 that results in diminished number of BPs and the cortical 

neurons they produce (Sessa et al., 2008, Arnold et al., 2008). Little is known about the 

molecular mechanisms that aggregate BPs to form the SVZ and establish this progenitor 

niche required for the generation of cortical neurons (Javaherian and Kriegstein, 2009, 

Noctor et al., 2004, Molyneaux et al., 2007). Here we address this issue and show that the 
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IgCAM, MDGA1, functions as a gap junction-associated protein to mediate adhesive 

interactions between BPs required to aggregate them within the SVZ and establish their 

proliferative state necessary for corticogenesis.

MDGA1 is an immunoglobulin (Ig) superfamily (IgSF) protein with a structure composed of 

six Ig domains, a fibronectin type III (FnIII) domain, a highly conserved MAM (meprin, A5 

protein, receptor protein tyrosine phosphatase mu) domain, and a 

glycosylphosphatidylinositol (GPI) anchor domain (Litwack et al., 2004). The Ig and FnIII 

domains are characteristic of IgSF proteins that mediate cell adhesion, whereas the MAM 

motif is a specialized protein interaction domain. MDGA1 is exclusively associated with 

plasma membranes via its GPI anchor (Litwack et al., 2004) and is highly expressed in lipid 

rafts in carcinoma cell lines (Diaz-Lopez et al., 2005). MDGA2 is the only other known 

MDGA family member (Litwack et al., 2004). Membrane attachment via a GPI anchor 

makes MDGA proteins unique among all MAM containing proteins.

Expression of MDGA1 is restricted to the nervous system, with MDGA1 being robustly 

expressed in the upper cortical layers (Litwack et al., 2004, Takeuchi et al., 2007). MDGA1 

has been shown with in vitro assays to enhance cell adhesion (Diaz-Lopez et al., 2010), a 

finding consistent with its domain structure and expression patterns, and supporting its 

proposed function as an IgCAM that has a role in adhesion-based mechanisms of neural 

development (Litwack et al., 2004, Takeuchi et al., 2007). In vitro studies also indicate that 

MDGA1 suppresses inhibitory synapse development through its selective association with 

Neuroligin2 (Lee et al., 2013, Pettem et al., 2013). Interest in MDGAs has been further 

enhanced by their identification as high susceptibility genes for several neurological 

disorders, with intronic single nucleotide polymorphisms and exonic deletions resulting in 

truncated and non-functional MDGA protein and a high correlation with Autism Spectrum 

Disorders, Bipolar Disorders and Schizophrenia (Kahler et al., 2008, Bucan et al., 2009, Li 

et al., 2011).

We show here that MDGA1 is expressed by Tbr2-positive (Tbr2+) BPs within the cortical 

SVZ and is locally concentrated in cell membrane domains at appositions between BPs. We 

find that MDGA1 co-localizes at these sites with the gap junction protein Connexin43 

(Cx43) and, with biochemical assays, show that MDGA1 and Cx43 associate with one 

another. To address MDGA1 functions in corticogenesis, we created a floxed allele of 

MDGA1 and analyzed mice with conditional deletion of MDGA1 from BPs using a Nestin-

Cre line. We show that MDGA1 is required to aggregate Tbr2+ BPs within the SVZ and to 

establish proper SVZ size and proliferation. Disrupting these functions of MDGA1 results in 

a reduced number and proliferation of BPs in the SVZ, a substantial population of Tbr2+ 

BPs ectopically-positioned in the CP, and a diminished production of cortical neurons. We 

conclude that MDGA1 expressed by BPs functions to aggregate and maintain them within 

the cortical SVZ through an interaction of MDGA1 with Cx43 and possibly other proteins, 

providing BPs with the specific SVZ niche required for their proliferation and generation of 

cortical neurons.
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RESULTS

MDGA1 expression in the developing forebrain

MDGA1 is strongly expressed in the olfactory bulb (OB), rostral migratory stream (RMS), 

upper layer neurons and cortical niches (Figures S1, S2). In the OB, MDGA1 is expressed in 

the progenitor layer surrounding the olfactory ventricle and in the glomerular layer where it 

co-localizes with the gap junction protein Cx43 (Figure S1A-C’). In the RMS, MDGA1 co-

localizes with subpopulations of Doublecortin (DCX)+ neurons and Glial Fibrillary Acidic 

Protein (GFAP)+ cells (Figure S1D-I).

In the cortex, MDGA1 is expressed in layers 2-3, and in layer 4 and 6a of the primary 

somatosensory area (Takeuchi et al., 2007) (Figure S2A-C). During cortical development, 

MDGA1 is expressed in upper layer neurons migrating from the SVZ and localizes to the 

cell surface at apposition sites between upper layer neurons (Figure S2D).

Several upper layer markers such as Svet1, Cux1 and Cux2 are also expressed by the SVZ 

(Tarabykin et al., 2001, Nieto et al., 2004). To determine whether BPs of the SVZ also 

express MDGA1, we use in situ hybridization (ISH) at key stages during the generation and 

formation of the upper layers.

The SVZ expands in thickness and cell density between E13.5 to P0 (Molyneaux et al., 

2007). At E12.5, before SVZ emerges, MDGA1 starts to be observed in the VZ (Figure 

S2E), similarly to other genes such as Cux2 (Tarabykin et al., 2001, Nieto et al., 2004, 

Molyneaux et al., 2007). At E16.5, as the generation of upper layer neurons in the SVZ 

becomes prominent, MDGA1 is robustly expressed in the SVZ with some expression in the 

VZ (Figure S2A, A’). At P0, when the thickness of the SVZ and its cellular density peaks, 

MDGA1 remains strongly expressed in the SVZ (Figure S2B, B’). By P7, MDGA1 

expression is no longer detected in the depleted germinal zones with the exception of the 

septo-callosal region (Figure S2C). Over this time frame, MDGA1 expression in the upper 

layers gradually increases in laminar thickness and density as upper layer neurons are added 

(Takeuchi et al., 2007).

In the embryonic VZ, MDGA1 expression describes a low-dorsomedial to high-lateral 

gradient (Figure 1A), suggesting a regional-dependent expression of MDGA1 in the 

neurogenic niches. Thus, MDGA1 expression in the SVZ/VZ has a 1) dorsomedial domain 

high in the SVZ (0.845±0.08) and low in the VZ (0.154±0.07) and related to the generation 

of upper layer neurons; and 2) a lateral domain high in the VZ (0.68±0.01; compared to SVZ 

(0.32±0.03)) and likely related to the generation of MDGA1+ neurons for the RMS (Figure 

1A,S1). MDGA1+ cells in the lateral VZ co-localize with Nestin, which is consistent with 

MDGA1+ cells deriving from the Nestin progenitor lineage (Figure S2F-H).

To directly demonstrate that MDGA1 is expressed by BPs, we combined 

immunofluorescence for MDGA1 and the BP marker Tbr2 at E16.5 (Figure 1). Tbr2 is 

basically expressed in the SVZ labeling BPs, whereas MDGA1 is strongly expressed in the 

SVZ with some expression in the VZ (Figure 1B-D). Within the SVZ, the majority of cells 

that express Tbr2 also co-localize MDGA1 (Figure 1B-D). Within the VZ, MDGA1+ cells 
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located in the top of the VZ closer to the SVZ co-localize Tbr2, whereas some MDGA1+ 

cells in the bottom of the VZ are negative for Tbr2 (Figure 1A-B). A quantitative analysis to 

determine the Mander’s co-localization coefficient (tM) using the thresholding algorithm of 

Costes (Costes et al., 2004, Mander, 1993) indicates a tM=0.54±0.06 (means±SEM) for 

MDGA1 and Tbr2 in SVZ/VZ. In the present study, we will focus on the role of MDGA1 in 

the SVZ and in the generation of MDGA1-expressing upper layer neurons.

MDGA1 is concentrated in cell membrane domains at appositions between BPs

MDGA1 is a 140 KDa protein exclusively associated with plasma membranes and anchored 

to them by a GPI linkage (Litwack et al., 2004). We confirmed these findings using a 

differential centrifugation assay in cortical tissue and a mouse neuroblastoma cell line 

(Figure S3A-C). Next we showed that MDGA1 is preferentially localized to the cell 

membrane by immunostaining 293 cells transfected with full-length mouse MDGA1 using 

rabbit polyclonal antibodies specific for MDGA1 (Figure 2A). This localized expression 

pattern resembles the labeling we describe in the cortical SVZ (Figures 1B-D, S2F-H) and in 

the upper layer neurons (Figure S2D), suggesting a likely physical interaction between 

apposing cells mediated by MDGA1.

To obtain ultrastructural localization of MDGA1 in the SVZ, we used Electron Microscopy 

(EM) to analyze immunostained tissue from cortical levels where MDGA1 is mostly 

expressed in the SVZ. As described above, we find that MDGA1 is expressed in apposing 

cell membranes of adjacent BPs, with crisp expression focused on tightly apposed sections 

of BP cell membranes (Figure 2B-F). This localized MDGA1 expression is largely found in 

two distinct forms that relate to the separation between the apposing BP cell membranes: 

one where the apposing cell membranes are closely associated but a narrow space can be 

readily discriminated between them (Figure 2B-F), which resembles cell-cell contacts such 

as adherent junctions, and one where the apposing membranes come together in a very tight 

association that makes it difficult to distinguish a space between them, which resembles gap 

junctions (Figure 2E,F)(Brightman and Reese, 1969).

These findings show that within the SVZ, MDGA1 is preferentially localized at close 

appositions between BP cell membranes; a localization consistent with the domain structure 

of MDGA1 and is characteristic of many IgCAMs.

MDGA1 co-localizes and associates with gap junction proteins

Our data is consistent with MDGA1 being expressed in gap junctions, which serve 

important adhesive functions between neural cells (Elias et al., 2007). To address this, we 

performed double immunostaining at E16.5 for MDGA1 and Cx43, a gap junction protein 

preferentially expressed in the SVZ. We find that MDGA1 and Cx43 extensively co-localize 

in the BP membranes within the SVZ (Figure 3A,B). Most of the MDGA1 expression 

domains within the BP cell membranes also express Cx43, whereas some Cx43 expression 

domains are MDGA1-negative. The co-localization of MDGA1 and Cx43 within the SVZ 

persists to P0 (Figure S3D). We extended these in vivo observations using 293 cells 

transfected with Myc-tagged MDGA1 and double immunostained with antibodies specific 

for Myc-tag to identify MDGA1 and for Cx43. Both the transfected MDGA1 and 
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endogenous Cx43 (Figure 3C) exhibited staining co-localized in the cell membrane in 

patterns similar to what we observed in vivo in the SVZ (Figure 3A,B).

To address the potential for direct associations between MDGA1 and Cx43, we performed 

co-immunoprecipitation (Co-IP) assays using protein extracts from WT cortex (E18, P7, 

Figure 3D) and transfected 293 cells (Figure 3E,F). As a positive control, we showed that 

extracts from both 293 cells transfected with Myc-tagged full length MDGA1 and WT 

cortex blotted with an MDGA1 antibody labeled the expected 140 KDa band (Figure 3D). 

We performed the immunoprecipitation (IP) on these extracts with a Myc-specific antibody 

to pull down MDGA1, and performed the immunoblot with an antibody specific for Cx43 

(Figure 3E) or for MDGA1 (Figure 3F). The IP using the Myc antibody pulled down both 

Cx43 and MDGA1, shown with the immunoblots using the Cx43 antibody labeling a 43 

KDa band (Figure 3E) or using an MDGA1 antibody labeling a 140 KDa band (Figure 3F) 

as expected. As a negative control, we used 293 cells transfected with Myc-NKB; IPs done 

on extracts from these cells with the Myc antibody and immunoblots done with either the 

Cx43 or MDGA1 antibodies did not label any bands at the expected sizes (Figure 3E,F) 

eliminating the potential for false interactions. These associations were confirmed for 

endogenous MDGA1 and Cx43 by performing Co-IPs using cortical extracts (E18, P7), with 

the IP done using a Cx43 antibody and the immunoblot with an MDGA1 antibody that 

labeled the expected 140 KDa band (Figure 3D). These findings show that MDGA1 and 

Cx43 are co-expressed by BPs in the cortical SVZ, and co-localize to discrete BP cell 

membrane domains, suggesting that they form complexes within the cell membrane.

MDGA1 deletion from progenitors reduces SVZ size and BPs proliferation

We hypothesized that MDGA1 functions to mediate adhesion among BPs to aggregate them 

within the SVZ and thereby establish and maintain the SVZ. By “aggregation” we refer to a 

group of cells from the same cell type (e.g. BPs), which are tightly associated through cell-

cell contacts (e.g. junctions). We predicted that MDGA1 function would also influence BPs 

proliferation. To address this, we generated a MDGA1 floxed allele (MDGA1fl) (Figure 

S4A, B) and used a Nestin-Cre line (Graus-Porta et al., 2001) to conditionally delete 

MDGA1 from cortical progenitors in the VZ, which generate BPs of the SVZ. The Nestin-

Cre line produces robust recombination throughout the cortex by E11.5 and deletes floxed 

alleles from essentially all cortical progenitors (Chou et al., 2009). Offspring of mice 

homozygous for MDGA1 floxed alleles crossed to the Nestin-Cre line (cKO) are viable and 

have no MDGA1 transcripts detectable by ISH nor is MDGA1 protein evident in 

immunoblots (Figure S4C, D).

We first addressed the impact of the conditional deletion of MDGA1 on the integrity of the 

SVZ. Nissl staining and immunostaining for the SVZ marker Cux1 (Nieto et al., 2004) of 

E16.5 (Figure 4) and P0 (Figure S5A) cortical sections revealed that the SVZ is significantly 

reduced in the cKO at both E16.5 (Figure 4, 0.53±0.01, p= 0.005***) and P0 (Figure S5B, 

0.682±0.03, p=0.003***) when compared to WT.

We next addressed the affect of the conditional deletion of MDGA1 on proliferation at 

E16.5, the peak of neurogenesis of upper layer neurons in the SVZ (Figure 4). To determine 

mitotic activity, we used immunostaining for Phospho-Histone 3 (PH3) and as a 
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complementary approach, BrdU injections to label proliferating cells (Figure 4). At E16.5, 

the number of BPs in M-phase identified by PH3 labeling was significantly reduced in the 

SVZ of the cKO by 45% (Figure 4, 0.559±0.03, p=0.0006***) and in the VZ by 21% 

(Figure 4, 0.789±0.06, p=0.005***) respect to WT. In addition, a 2-hour pulse of BrdU also 

showed that the number of BrdU+ cells was significantly decreased in the SVZ of the cKO 

by 35% (Figure 4, 0.71±0.076, p=0.04*) compared to WT. The overall proliferative activity 

in the cKO is reduced; however, it is particularly significant in the SVZ with a reduction in 

proliferation proportional to its reduction in thickness. In the VZ of the cKO, only the 

reduction in proliferation is noticeable, and it is consistent with subpopulations of Tbr2+ 

BPs that are present in the VZ. Our findings indicate that MDGA1 expression by BPs is 

required to establish their appropriate numbers in the SVZ.

MDGA1 deletion results in ectopic Tbr2+ cells

We hypothesized that the reduced number of BPs and proliferation in the cortical SVZ of the 

cKO is due to a proportion of BPs failing to aggregate within the SVZ after they are 

generated by RG and leave the VZ. To address this, we used Tbr2 to determine whether a 

subpopulation of BPs is found at ectopic positions within the developing cortex of cKO. In 

P0 WT, Tbr2+ cells were restricted to the SVZ (Figure 5A, SVZ: 0.877±0.03; IZ: 

0.122±0.06; CP: 0). In P0 cKO, Tbr2+ cells were also present in the SVZ (0.472±0.01, 

p=0.0048***); but in addition, we found a sizeable number of ectopic Tbr2+ cells 

positioned in the upper CP (Figure 5B, IZ: 0.076±0.007, p=0.05; CP: 0.472±0, 

p=0.0095***). Contrary to the normal nuclear distribution of Tbr2 protein in BPs of the 

SVZ, we found that Tbr2 protein was concentrated in the cell cytoplasm and in radially 

aligned apical processes in these ectopic Tbr2+ cells (Figure 5B,C).

A substantial number of ectopic Tbr2+ cells were observed in the cKO cortex at E16.5 

(Figure 5E), but were not observed at any age in WT cortex (Figure 5A,D). In E16.5 WT 

and cKO, Tbr2+ cells were aggregated in the SVZ (WT: 0.856±0.02; cKO: 0.408±0.06, 

p=0.0008***) with a small proportion scattered in the intermediate zone (IZ, Figure 5D-E, 

WT: 0.144±0.03; cKO: 0.282±0.05, p=0.1721). However, in contrast to WT, the E16.5 cKO 

also had a high density of Tbr2+ cells ectopically positioned at the top of the CP (Figure 5E, 

WT: 0; cKO: 0.314±0, p=0.0029***). Tbr2 protein was localized to the nucleus in many of 

the ectopic Tbr2+ cells (Figure 5F-I), as it is in BPs normally positioned in the SVZ. In 

many others, Tbr2 protein was distributed throughout the cell body and the major processes 

extending from it (Figure 5F-I), revealing that the ectopic Tbr2+ cells have a multipolar-like 

morphology resembling that typical for Tbr2+ BPs in the SVZ of WT (Kowalczyk et al., 

2009).

Our quantification analysis indicates that the overall amount of Tbr2+ cells is not changed 

between WT and cKO at P0 (1±0.01, p=0.8075) or at E16.5 (1±0.02, p=0.4051) (Figure 

5J,L). However, the laminar distribution of the Tbr2+ cells is disrupted in the cortex of the 

cKO (Figure 5J-M): 1) in the SVZ, Tbr2+ cells are reduced by 46% at E16.5 and by 55% at 

P0, which is consistent with the reduction in thickness and proliferation observed in the SVZ 

(Figures 4, 5, S5A-B, S7); and 2) the CP does not express Tbr2 in WT, but Tbr2+ cells are 
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represented by 31% at E16.5 and by 46% at P0 in the cKO, which is consistent with Tbr2+ 

BPs migrating out of the SVZ to occupy ectopic positions in the CP (Figures 5A-I, 6, S7).

We do not find ectopic Tbr2+ cells in the developing cortex of mice created by crossing 

MDGA1fl/fl mice to a Nex-Cre line (Figure S5C), which produces Cre-mediated 

recombination in newly generated cortical neurons prior to their migration (Goebbels et al., 

2006). Our findings indicate that the ectopic Tbr2+ cells are aberrant BPs that failed to 

aggregate within the SVZ and migrate radially from the VZ to the top of the developing CP.

Ectopic Tbr2+ cells exhibit defective differentiation

To assess whether the ectopic Tbr2+ cells retain their proliferative state like Tbr2+ BPs that 

remain in their natural SVZ niche, we combined a 2-hour pulse of BrdU with PH3 

immunostaining at E16.5 (Figure S6A). We found that a substantial number of SVZ cells 

were BrdU+ and a smaller number were PH3+ in both WT and cKO. However, both WT 

and cKO had very few BrdU+ cells and virtually no PH3+ cells superficial to the SVZ 

particularly at the top of the CP where the ectopic Tbr2+ cells are positioned in cKO 

(Figures 4, S6A). Thus, the distribution of proliferating cells is very similar in the cortex of 

E16.5 WT and cKO. These findings show that, unlike their Tbr2+ BPs counterparts in the 

SVZ, the ectopic Tbr2+ cells are in a non-proliferative state, consistent with recent reports 

that the SVZ provides a niche environment critical for BPs proliferation (Javaherian and 

Kriegstein, 2009, Ihrie and Alvarez-Buylla, 2011).

To determine whether the ectopic Tbr2+ cells have properties that define CP neurons and 

glia, we focused on P0 when the ectopic Tbr2+ cells are integrated into the upper layers of 

the CP and have acquired their radial morphology (Figure 6). Special attention was given to 

the Tbr2+ radial processes extended toward the pial surface by the ectopic Tbr2+ cells, 

which resemble the primary apical dendrite of cortical projection neurons and the radial 

processes of RG. We used confocal imaging co-immunostained with antibodies against Tbr2 

combined with either the RG marker Nestin or the neuron-specific markers NeuN and Satb2. 

Robust Nestin immunolabeling of radial processes was observed in the CP of both WT 

(Figure 6A,B) and cKO (Figure 6C-F), but exhibited no overlap with the Tbr2 labeled radial 

processes of the ectopic Tbr2+ cells evident exclusively in the cKO (Figure 6C-F). We 

performed similar imaging using antibodies against Tbr2 and either NeuN, a pan-neuronal 

marker (Figure 6G-L), or Satb2, a cortical projection neurons marker (Figure 6M-T). Each 

neuronal marker produced robust immunolabeling in the CP of both WT (Figure 6G,H, M-

O) and cKO (Figure 6I-L,P-T), but as with Nestin, we observed no co-localization between 

the Tbr2 immunolabeled cells and processes with neither NeuN (Figure 6I-L) or Satb2 

(Figure 6P-T) in the cKO. Thus, the Tbr2+ cells in the CP of the cKO do not exhibit 

defining characteristics of either CP neurons or RG, consistent with their identification as 

ectopic BPs.

At early postnatal stages, we observed clusters of Caspase-3 immunolabeling in the upper 

layers of the cKO that are not present in WT, suggesting that the final fate of the ectopic 

Tbr2+ cells is presumably apoptosis (Figure S6B).
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Cortical layers are diminished in MDGA1 cKO mice

Tbr2+ BPs of the cortical SVZ contribute to all cortical layers, but their major contribution 

is to cell lineages that form upper layers (Sessa et al., 2008, Arnold et al., 2008, Vasistha et 

al., 2015). To address this, we used immunostaining for upper layer neurons marker Cux1 

(Nieto et al., 2004). At P0 WT, Cux1+ upper layer neurons are evident, although they are 

still differentiating and a proportion of Cux1+ neurons are migrating to the upper layers 

(Figure 7A-B). In cKO, the density of Cux1+ upper layer neurons is substantially decreased 

and the upper layers width is significantly reduced by 16% compared to WT (Figure 7A-C, 

0.830±0.02, p=0.021**). In adjacent Nissl sections, we measured the width of deeper layers 

and found a reduction by 6% (Figure 7D, 0.946±0.009, p=0.01**).

By P4, migration is essentially complete and virtually all Cux1+ neurons are localized to the 

upper layers with only a few scattered Cux1+ neurons still migrating (Figure 7E). The 

thickness and density of Cux1+ upper layers are markedly reduced in cKO compared to WT 

(Figure 7E-G). Quantitation shows that thickness and density are significantly reduced by 

22% (Figure 7F, 0.781±0.05, p=0.0096***) and by 39% (Figure 7G, 0.611±0.02, 

0.0013***), respectively. At P4, the thickness of deeper layers was reduced by 6% (Figure 

7H, 0.943±0.01, p=0.006***). The significant reduction in upper layers in the cKO is 

consistent with a larger contribution of Tbr2+ BPs to upper layer neurons (Kowalczyk et al., 

2009, Sessa et al., 2008, Vasistha et al., 2015). The similarity in the overall distribution of 

Cux1+ neurons between WT and cKO cortex indicates that the reduction in the upper layers 

in the cKO is not due to a migration defect. We conclude that the reduced BPs population 

and proliferation in the SVZ is manifested by both a reduced thickness and neuronal density 

in upper layers, with a minor reduction in deeper layers, and an overall loss of 

approximately half of the normal population of upper layer neurons in the cKO compared to 

WT.

DISCUSSION

We demonstrate a molecular mechanism required to properly establish and maintain the 

cortical SVZ, the consequences of deficiencies in this mechanism for the integrity of the 

SVZ and its proliferative capacity, the fate of BPs that normally populate the SVZ, and the 

production of cortical layer neurons. We present evidence that MDGA1 is a required 

component of this mechanism and mediates cellular interactions between BPs. We show that 

MDGA1 is expressed by cortical BPs, is localized to discrete membrane domains at 

appositions between BPs, co-localizes and associates with the gap junction protein Cx43 in 

the BP cell membranes. We propose that MDGA1 forms protein complexes with Cx43 and 

promotes adhesion among BPs to aggregate them in the SVZ, which is supported by our Co-

IP assays and analyses of mice with a conditional deletion of MDGA1 from progenitors. We 

show that SVZ thickness and proliferation is significantly reduced in cKO, and we find an 

aberrant population of cells expressing Tbr2, a selective BP marker, ectopically positioned 

in the upper part of the developing CP. Concomitantly, we observe a substantial reduction in 

the number of cortical layer neurons produced by BPs of the SVZ.

Our findings indicate that MDGA1 functions as a gap junction-associated protein and 

interacts with other membrane-associated proteins expressed by BPs, such as Cx43, to 
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mediate the adhesion required for proper aggregation of newly generated BPs within the 

SVZ, a mechanism necessary for BP proliferation and their generation of the appropriate 

population of cortical layer neurons. When BPs do not express MDGA1, the adhesion 

among BPs is diminished and a significant proportion of BPs exhibit an aberrant migration 

to the top of the CP, along the radial migratory path and following the “inside-out” gradient, 

with the most recently generated cells migrating to the top of the developing CP (Angevine 

and Sidman, 1961). As the remaining cortical layer neurons are generated, they in turn 

migrate past the ectopic BPs to the top of the CP, differentiate and in the process displace 

the ectopic Tbr2+ BPs to the upper layers of the CP. Coincident with this displacement 

process and the normal laminar differentiation of the CP, the morphology of the ectopic 

Tbr2+ BPs transitions from their initial multipolar morphology, similar to that of BPs in the 

SVZ, to their radial morphology, similar to that exhibited by differentiating CP neurons. The 

ultimate consequence of the conditional deletion of MDGA1 is a significant reduction in the 

generation of cortical layer neurons, mainly upper layer neurons (Figure S7).

MDGA1 adhesive mechanisms to aggregate BPs in the SVZ

IgCAMs interact both homophilically and heterophilically to mediate adhesion 

(Brummendorf and Rathjen, 1996). However, a recent study only showed heterophilic 

binding of MDGA1 to either MDGA1-expressing neurons or axons (Fujimura et al., 2006). 

Thus, MDGA1 likely mediates adhesion between BPs through heterophilic binding. One 

possibility is “in trans” binding of MDGA1 to other adhesion proteins of apposing BPs or to 

components of the extracellular matrix (ECM). Consistent with that, MDGA1 enhances 

heterophilic cell adhesion to non-MDGA1 expressing cells, as well as to the ECM (Diaz-

Lopez et al., 2010). Another possibility is an “in cis” association of MDGA1 with other 

membrane proteins (Lee et al., 2013, Pettem et al., 2013) to form complexes that generate 

adhesion between BPs.

MDGA1 and Cx43 are largely expressed by BPs in the neocortical SVZ and both co-localize 

in discrete membrane domains at appositions between cells. Cx43-mediated adhesion 

between migrating cortical neurons and RG fibers is due to Cx43 forming gap junction 

hemichannels in the membrane that interact heterophilically with other proteins in adjacent 

membranes to provide adhesive contacts (Elias et al., 2007). Because MDGA1 is an 

extracellular protein anchored to the cell membrane by a GPI-linkage, the association of 

MDGA1 with Cx43 is likely through the extracellular domains of Cx43.

Conditional deletion of Cx43 from progenitors using a Nestin-Cre line results in a reduction 

in thickness in upper layers (Cina et al., 2009). This is consistent with MDGA1 cooperating 

with Cx43 to influence the aggregation of BPs and proliferation in the cortical SVZ. We 

suggest that Cx43 hemi-junctions form adhesive contacts among BPs, and that MDGA1 

facilitates or enhances this gap junction adhesion by “in cis” or “in trans” heterophilic 

binding to Cx43. Other GPI-anchored proteins have been shown to participate in junction 

formation between cells of the vertebrate nervous system, including Contactin in myelinated 

peripheral nerves (Boyle et al., 2001) and Nogo66 in the cerebellum (Liu et al., 2005).
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Characteristics of ectopic BPs and contributing mechanisms

BPs are generated within the VZ by RG, and migrate superficially from the VZ to aggregate 

on top of it to form the SVZ (Molyneaux et al., 2007). BPs undergo a single terminal 

division in the SVZ to generate two postmitotic neurons; a small proportion of BPs generate 

additional BPs prior to their terminal division (Miyata et al., 2004, Noctor et al., 2004, 

Molyneaux et al., 2007). Coincident with their terminal division, their progeny fated to 

become neurons down-regulate Tbr2, a process required for activation of their neuronal 

differentiation program (Englund et al., 2005, Alcamo et al., 2008, Tsui et al., 2013). 

Consistent with their failure to down-regulate Tbr2, the ectopic Tbr2+ cells in cKO do not 

express markers for cortical neurons, nor for other components of the CP and remain in an 

undifferentiated state to presumably undergo apoptosis. Our findings indicate that the 

ectopic Tbr2+ cells are aberrant BPs, and that their defective undifferentiated state is due to 

their ectopic position and failure to execute their normal sequence of proliferation and 

differentiation that occurs in their SVZ niche, particularly the absence of their normal 

terminal division that leads to down-regulation of Tbr2 and the engagement of a neuronal 

differentiation program. Analyses of mice with an early conditional deletion of Tbr2 show 

that the proliferation and number of BPs in the SVZ is reduced by ~ 25% (Arnold et al., 

2008, Sessa et al., 2008). It is likely that the aberrant cellular localization of Tbr2 in the 

ectopic Tbr2+ BPs in the cKO cortex might affect Tbr2 function and regulation, and 

contributes to the abnormal characteristics of the ectopic Tbr2+ BPs.

Several studies have shown that the cortical SVZ provides a neurogenic niche for BPs, and 

contains neurotransmitters, growth factors, morphogens, ECM, vasculature 

microenvironment, as well as cell-cell interactions that function in a non-cell autonomous 

fashion to regulate progenitor fate and proliferation (Javaherian and Kriegstein, 2009, Ihrie 

and Alvarez-Buylla, 2011, Stubbs et al., 2009). The deletion of the centrosome protein Sas-4 

from progenitors leads to ectopic populations of Pax6+ RG and their Tbr2+ BP progeny in 

the CP that are eliminated by cell death (Insolera et al., 2014), similarly to the data we report 

here in cKO. Our complementary findings reinforce the importance of the molecular and 

genetic mechanisms that operate in the neurogenic niches to properly establish the fate of 

cortical progenitors.

Consequence of reduced SVZ for cortical layers

The significant reduction in BPs and proliferation in the SVZ of the cKO results in a 

reduction of the number of cortical layer neurons, which is particularly significant for upper 

layer neurons. Interestingly, our findings in the cKO show that upper layer neurons, which 

normally express MDGA1 (Takeuchi et al., 2007), are able to migrate to their appropriate 

CP positions, with Cux1+ neurons normally positioned within the cortex and their overall 

distribution is similar to WT. This differs from our previous finding that acute down-

regulation of MDGA1 in migrating upper layer neurons results in their aberrant migration 

with few of them reaching the upper layers (Takeuchi and O'Leary, 2006). Our findings in 

the cKO are consistent with a recent study of MDGA1 null mice that finds only a transient 

slowing in the migration of a small subset of upper layer neurons that ultimately reach their 

appropriate laminar destinations (Ishikawa et al., 2011).
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None-the-less, inconsistencies between the effects of acute RNA knockdowns and gene 

knockouts on cortical neuronal migration, with knockdowns leading to substantial defects 

not replicated by knockouts, have been reported for components of the DCX signaling 

pathway (Bai et al., 2003). The complete deficiency of the protein at earlier stages may 

induce compensatory mechanisms that reduce the severity of the phenotype. In our cKO, the 

significant reduction in upper layer neurons remains evident after their migration is 

complete, with no evidence of ectopic upper layer neurons indicative of a migration defect, 

confirming that it is due to the corresponding reduction in the population of BPs and their 

proliferation in the SVZ rather than a migration defect.

In the present study, we describe an MDGA1-dependent mechanism that serves to aggregate 

newly generated BPs and form the SVZ, a prominent proliferative zone responsible for 

producing cortical layer neurons. From an evolutionary perspective, it would be interesting 

to determine if genes such as MDGA1 and Cux2 might be related with the expansion of the 

SVZ and subsequently increase in upper layers size in the mammalian cortex. MDGA1 also 

functions in synapse formation, repressing the formation of inhibitory synapses through 

selective binding to Neuroligin2 (Lee et al., 2013, Pettem et al., 2013). Based on its 

expression patterns in brain and spinal cord (Litwack et al., 2004, Takeuchi et al., 2007), it is 

likely MDGA1 will be found to have other critical functions in neural development and 

plasticity, and will likely underlie the neurological disorders that are tightly linked to 

defined mutations in human MDGA genes, including Autism Spectrum Disorders, 

Schizophrenia and Bipolar Disorders (Kahler et al., 2008, Bucan et al., 2009, Li et al., 

2011).

EXPERIMENTAL PROCEDURES

Animals

Analyses were done blind to genotype. For in vivo analyses, we used C57/B6 mice, 

including MDGA1fl/fl mice created for this study, which were used to generate a conditional 

knockout of MDGA1 by crossing to Nestin-Cre mice (MDGA1fl/fl;NestinCre/Cre, or 

MDGA1fl/fl;Nestin+/Cre)(Graus-Porta et al., 2001) or Nex-Cre mice (MDGA1fl/fl;NexCre/Cre, 

or MDGA1fl/fl;Nex+/Cre)(Goebbels et al., 2006). The wild type mice used in this study were 

MDGA1fl/fl and MDGA1fl/+ mice, both negative for Cre.

Antibodies

The following primary antibodies were used: mouse anti-Satb2 (1:250, Abcam), rabbit anti-

Doublecortin (1:500, Cell Signaling), rabbit-anti GFAP (1:500, Abcam), rabbit anti-Tbr2 

(1:250. Abcam), mouse anti-NeuN (1:500, Millipore), rat anti-Nestin (1:500, BD 

Pharmingen), rabbit anti-PH3 (1:250, Millipore), rat anti-BrdU (1:500, Abcam), rabbit anti-

Cux1 (1:300, Santa Cruz), goat anti-MDGA1 (1:750, Santa Cruz), rabbit anti-MDGA1 

(1:750, Millipore), rabbit anti-Connexin43 (1:400, kindly provided by T. Hunter) and mouse 

anti-Myc antibody (1:500, kindly provided by T. Hunter).
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Immunohistochemistry

For immunostaining, 10-20 μm thick sections (cryostat and paraffin) were developed for 

DAB (Di-Amino-Benzidine) colorimetric reactions or for immunofluorescence following 

standard protocols (Chou et al., 2009).

In situ hybridization

An antisense RNA probe for MDGA1 was labeled using a DIG-RNA labeling kit (Roche). 

Standard methods for in situ hybridization on 20 μm cryostat sections and 10 μm paraffin 

sections were used (Chou et al., 2009).

Additional Experimental Procedures can be found in the Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MDGA1 is expressed by basal progenitors of the subventricular zone
Shown is immunolocalization of MDGA1 protein (red) and Tbr2 protein (green), a marker 

selective for basal progenitors of the subventricular zone (SVZ), on the same coronal 

cortical sections at E16.5. DAPI (blue) is shown as counterstaining. The C-D sets of photos 

are higher power views of SVZ cells from the A-B sets. Merged images of MDGA1 and 

Tbr2 are also shown. The majority of MDGA1+ cells in the SVZ (DM: 0.845±0.08; L: 

0.32±0.01) co-localize with Tbr2 (tM: 0.54±0.06) and only a small fraction is negative for 

Tbr2. MDGA1 expression in the VZ describes a low-DM (0.154±0.07) to high-L 

(0.68±0.01) gradient. Abbreviations: CP: cortical plate; DM: dorsomedial; IZ: intermediate 

zone; L: lateral; VZ: ventricular zone. Scale bars: A (0.2 mm), B (100 μm) and C-D (50 μm).
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Figure 2. MDGA1 protein is localized in discrete cell membrane domains
A: Immunolocalization of MDGA1 in vitro using 293 cells transfected with full-length 

MDGA1 and revealed using an antibody against MDGA1. MDGA1 is localized in discrete 

membrane domains (arrowheads). DAPI staining and GFP labeling confirming the 

transfections are also shown. B-F: Electron microscopy of ultrathin cortical sections at the 

level of the SVZ at E16.5. Arrowheads show MDGA1 immunolabeling of plasma 

membranes of adjacent BPs where an intermembrane space is observed. Arrows in E-F 

show MDGA1 expressed in tightly associated plasma membranes of adjacent BPs, in a gap 

junction-like manner. Abbreviations: m: mitochondria; n: nuclei of BP cell. Scale bars: A 

(10 μm), B (500 nm), C (100 nm), D (300 nm) and E-F (200 nm).
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Figure 3. MDGA1 co-localizes and associates with the gap junction protein Connexin43
Shown is co-localization of MDGA1 with Connexin43 (Cx43) in vivo in BPs of the SVZ 

(A-B) and in vitro in 293 cells transfected with Myc-MDGA1 (C), and the association of 

MDGA1 with Cx43 shown using co-immunoprecipitation (Co-IP) and immunoblotting (D-

F). A-B: Immunofluorescence of MDGA1 (red) and Cx43 (green) on cortical sections at 

E16.5. Both MDGA1 and Cx43 show robust protein expression in the SVZ that is frequently 

co-localized in the plasma membrane of BPs in the SVZ. Arrowheads point to same cells in 

the respective series. C: 293 cells transfected with Myc-MDGA1 and immunostained for 

MDGA1 using a Myc antibody and for endogenous Cx43. Myc-MDGA1 (red) and the 

endogenous Cx43 (green) co-localize in discrete membrane domains. Arrowheads mark 

protein co-localization in the same domains in the series. Merged images are also shown. 

DAPI (blue) is used as counterstaining. D-F: Co-IP assays using protein extracts from WT 

cortex (E18, P7, D) or protein extracts of 293 cells transfected with Myc-MDGA1 (293 Myc 

MDGA1, E-F). D: Co-IP using WT cortical extracts (Ctx) and a Cx43 antibody, 

immunoblotted using an antibody specific for MDGA1 reveals a 140 KDa band as expected 

for MDGA1. E: Co-IP done with Myc antibody and immunoblot done with Cx43 antibody 

reveals a 43 KDa band as expected for Cx43. F: In a similar Co-IP, an immunoblot using an 

antibody specific for MDGA1 recognizes a 140 KDa band as expected for MDGA1. 

Abbreviations: 293E: whole extracts from 293 cells transfected with Myc-MDGA1; 293 

Myc Ctrl: Myc negative control in 293 cells, no bands are labeled in the immunoblots; CtxE: 

whole cortex extract; IB: immunoblot; IP: immunoprecipitation. Scale bars: A-B (20 μm) 

and C (8 μm).
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Figure 4. Conditional deletion of MDGA1 from cortical progenitors results in significant 
reduction of thickness and proliferation in the neurogenic niches
Shown are coronal sections of E16.5 cortex from wild type (WT) and mice with a 

conditional deletion of MDGA1 using Nestin-Cre (cKO), demonstrating that both the 

thickness of the subventricular zone (SVZ, Nissl, Cux1) and proliferation in the SVZ (PH3, 

BrdU) are significantly reduced in the cKO. Nissl staining and immunofluorescence for the 

SVZ marker Cux1 shows a significant reduction in the thickness of the SVZ in the cKO 

versus WT (0.53±0.01, p= 0.005***, N=4). The number of PH3+ cells is also significantly 

reduced by 45% in the SVZ (0.559±0.03, p=0.0006***, N=4), and by 21% in the VZ 

(0.789±0.06, p=0.005***, N=4) in the cKO compared to WT. A 2-hour pulse of BrdU 

shows a reduction in BrdU incorporation by 35% in the SVZ of the cKO compared to WT 

(0.71±0.076, p=0.04*, N=4). Abbreviations: DL: deeper layers; IZ: intermediate zone; UL: 

upper layers; VZ: ventricular zone. Scale bars: Nissl and Cux1 panels (50 μm) and PH3 and 

BrdU panels (100 μm).

Perez-Garcia and O’Leary Page 19

Cell Rep. Author manuscript; available in PMC 2016 March 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Tbr2-positive cells are ectopically located in the upper layers of the developing cortex 
in MDGA1 cKO mice
A-I: Shown are coronal sections of the cortex from P0 (A-C) and E16.5 (D-I). WT and cKO 

immunostaining for Tbr2 reveals an ectopic population of Tbr2+ cells in the upper layers 

(UL) of the cKO cortex. A-C: At P0, Tbr2+ cells in WT cortex are limited to the SVZ (SVZ: 

0.877±0.03; IZ: 0.122±0.06); whereas in cKO cortex, they are present in the SVZ (SVZ: 

0.472±0.01, p=0.0048***; IZ: 0.076±0.007, p=0.05) and a substantial number of Tbr2+ 

cells are ectopically positioned in the upper layers of the cortical plate (CP, 0.472±0, 

p=0.0095***). Tbr2 protein is normally localized to the nucleus, as it is in basal progenitors 

of the SVZ in both WT and cKO cortex (A, B); but at P0 in the cKO (B, C), the ectopic 

Tbr2+ cells (arrowheads in C, which is a higher power of the boxed area in B) have aberrant 

Tbr2 protein localization to the apical process and a thin rim of cytoplasm surrounding the 

nucleus. D-I: At E16.5, Tbr2+ cells in WT cortex (D) are largely limited to the SVZ (SVZ: 

0.856±0.02; IZ: 0.144±0.03). In cKO cortex (E), Tbr2+ cells are present in the SVZ (SVZ: 

0.408±0.06, p=0.0008***; IZ: 0.282±0.05, p=0.1721), and a substantial number of Tbr2+ 

cells are ectopically positioned at the top of the CP (0.314±0, p=0.0029***). Tbr2 protein 

shows a variable localization (F-I), from being preferentially in the nucleus (arrows in F-I) 

to throughout the cell including multiple short processes extending from the cell body 

(arrowheads in F and G, and in the higher power panels H and I). J-M: quantification for 

Tbr2+ cells at E16.5 (J-K) and P0 (L-M) shows that the overall amount of Tbr2+ cells is not 

changed (P0: 1±0.01, p=0.8075; E16: 1±0.02, p=0.4051, J, L) but the laminar distribution is 

severely altered in the cKO (J-M). Tbr2+ cells in the SVZ are reduced in the cKO by 46% 

(E16.5) and by 55% (P0); whereas the CP, which does not express Tbr2 in WT, represents a 
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31% (E16.5) and a 46% (P0) of the Tbr2+ cells in the cKO. Abbreviation: DL: deeper 

layers; IZ: intermediate zone; MZ: marginal zone. Scale bars: A-B (100 μm), C (20 μm), D-

E (100 μm) and F-I (20 μm).
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Figure 6. Ectopic Tbr2-positive cells in MDGA1 cKO cortex do not express neuronal or glial 
markers
Shown are confocal images of sections from P0 WT and MDGA1 cKO cortex double 

immunostained with antibodies for Tbr2 (red), which in WT cortex is a marker specific for 

basal progenitors of the subventricular zone, and markers of radial glia (Nestin, green) and 

differentiated neurons (NeuN and Satb2, green), to determine possible cellular 

differentiation of the ectopic Tbr2+ cells found in the cortical plate (CP) of the cKO. The 

genotype and immunostaining for each panel is as indicated. Each panel shows only the 

upper layers (UL) of the CP and marginal zone (MZ). Ectopic Tbr2+ cells are found in the 

cKO cortex, but not in WT cortex; at this age (P0), they have a radial morphology and 

immunolocalization of Tbr2 protein (red) is confined to the apical process and cytoplasm of 

the cell body. The other markers (Nestin, NeuN and Satb2; green) are found in both WT and 

cKO cortex: in both, Nestin is localized to the radial processes of radial glia, which extend 

through the CP, whereas the transcription factors NeuN and Satb2 are localized to neuronal 

nuclei. Tbr2 immunostaining does not co-localize with immunostaining for any of the other 

three markers, as evident in the merged images from cKO cortex at low power (D) and high 

power (E,F) for Tbr2 and Nestin, at low power (J) and high power (K,L) for Tbr2 and NeuN, 

or at low power (R) and high power (S,T) for Tbr2 and Satb2. Scale bars: A-D (50 μm), E-F 

(20 μm), G-J (50 μm), K-L (20 μm), M-R (50 μm) and S-T (20 μm).
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Figure 7. Thickness and neuronal density of cortical layers are significantly reduced in MDGA1 
cKO mice
Shown are coronal sections of the cortex of WT and cKO at P0 (A-B) and P4 (E) 

immunostained for the transcription factor Cux1 (A,B,E). Histograms quantifying the 

significant reduction in thickness (C: P0, 0.830±0.02, p=0.021**, N=4; F: P4, 0.781±0.05, 

p=0.0096***, N=4) and neuronal density (G: P4, 0.611±0.02, p=0.0013***, N=4) of the 

upper layers (UL), and quantification of the thickness (D: P0, 0.946±0.009, p=0.01**, N=4; 

H: P4, 0.943±0.01, p=0.006***, N=4) of the deeper layers (DL) are also shown. At P0, 

upper layers are reduced in thickness by 16% (C) and deeper layers by 6% (D). At P4, upper 

layers are reduced in thickness by 22% (F) and in cell density by 39% (G), while deeper 

layers are reduced in thickness by 6% (H). In E, brackets indicate comparisons of the 

thickness of Cux1-positive (+) upper layers in the cKO (green) and WT (white) cortex. At 

P4, in both WT and cKO, essentially all Cux1+ neurons are located in the upper layers with 

very few found in the deeper layers of the cortex, indicating that essentially all Cux1+ 

neurons complete this migration by P4. Scale bars in A (100μm), B (200 μm) and E (100 

μm).
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