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Summary 

Undifferentiated neural stem and progenitor cells (NSPCs) encounter extracellular signals that 
bind plasma membrane proteins and impact differentiation. Membrane proteins are regulated by 
N-linked glycosylation, making it possible that glycosylation plays a critical role in cell 
differentiation. We assessed enzymes that control N-glycosylation in NSPCs and found loss of 

the enzyme responsible for generating β1,6 branched N-glycans, N-

acetylglucosaminyltransferase V (MGAT5), led to specific changes in NSPC differentiation in 
vitro and in vivo. Mgat5 homozygous null NSPCs in culture formed more neurons and fewer 
astrocytes compared to wild-type controls. In the brain cerebral cortex, loss of MGAT5 caused 
accelerated neuronal differentiation. Rapid neuronal differentiation led to depletion of cells in the 
NSPC niche, resulting in a shift in cortical neuron layers in Mgat5 null mice. Glycosylation 
enzyme MGAT5 plays a critical and previously unrecognized role in cell differentiation and early 
brain development. 
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Introduction 

In the central nervous system (CNS), neural stem and progenitor cells (NSPCs) differentiate into 
neurons at early stages and later form glia (astrocytes and oligodendrocytes) to construct the 
brain and spinal cord. Neural stem cells in the cerebral cortex of the developing brain occupy a 
niche next to the lateral ventricle termed the ventricular zone. During neurogenesis, neural stem 
cells produce progenitors that form newborn neurons that migrate away from the ventricular 
surface to construct the cortical plate. The earliest born neurons create the deep layers of the 
cortical plate and later born neurons migrate past the deep layers to make superficial neuronal 
layers near the pial surface. This wave of neurogenesis is followed by the formation of 
astrocytes. Cortical NSPCs can differentiate into oligodendrocytes, but most oligodendrocytes 
derive from the ganglionic eminence and migrate into the cortex (He et al. 2001). Identifying the 
cellular processes controlling NSPC differentiation into neurons and astrocytes is critical for 
understanding cortical development. 

Undifferentiated stem cells encounter myriad extracellular signals, such as cell adhesion 
molecules, growth factors and morphogens, that impact differentiation through binding to 
plasma membrane proteins (Taverna et al. 2014). Glycosylation is a major plasma membrane 
protein post-translational modification in which sugar molecules, known as glycans, are 
attached to asparagine (N-linked) or serine/threonine (O-linked) amino acids (Ohtsubo and 
Marth 2006). Most cell surface protein extracellular domains are N-link glycosylated, and the 
presence and type of glycans can regulate protein function, localization at the cell surface and 
ligand affinity (Ohtsubo and Marth 2006).  

Distinct patterns of plasma membrane N-glycans distinguish neuron- and astrocyte-biased 
NSPCs (Yale et al. 2018). Specifically, the N-glycan branching pathway that generates complex, 
highly branched sugars on plasma membrane proteins differs in these cells; branching is low on 
neuron-biased NSPCs and high on astrocyte-biased cells (Yale et al. 2018). Expression of 
branched N-glycans on NSPCs in the ventricular zone/subventricular zone (VZ/SVZ) of the 
developing embryonic cortex in vivo is low at early, neurogenic stages but high during later 
astrogenesis (Yale et al. 2018). Pharmacologically enhancing N-glycan branching on cultured 
NSPCs reduces neuron formation and stimulates differentiation into astrocytes without affecting 
cell viability or proliferation (Yale et al. 2018). Glycosylation thus regulates neural differentiation, 
and it will be important to identify enzymes in the branching pathway that impact NSPC 
differentiation and test whether they regulate NSPC function in vitro and in vivo. 

N-glycan branching is controlled by sequentially acting enzymes in the endoplasmic reticulum 
and Golgi apparatus. Particularly important are the mannosidase enzymes that remove 
mannose, freeing sites for attachment of N-acetylglucosamine (GlcNAc) residues, and the N-
acetylglucosaminyltransferases (MGATs) that add GlcNAc to available sites to create N-glycan 
branches. MGAT activity is essential for proper CNS development since reducing the expression 
of enzymes that generate branched N-glycans results in severe developmental abnormalities 
(Schachter 2001). For example, deficiency of MGAT1 causes failure in neural tube closure and 
is embryonic lethal (Ioffe and Stanley 1994, Metzler et al. 1994). Patients with mutations in the 
MGAT2 gene (congenital disorder CDG IIa) and mice with Mgat2 deletions exhibit CNS 
symptoms, including psychomotor retardation and cognitive deficits, and die prematurely 
(Schachter 2001, Wang et al. 2002).  

Despite the importance of glycosylation in CNS development, no links between specific 
glycosylation enzymes and NSPC differentiation have been described. Here, we use 
pharmacologic agents and knockout mice to determine whether enzymes of the N-glycan 
branching pathway impact NSPCs and serve as critical regulators of cell differentiation. 



Results 

Increasing N-glycan branching alters NSPC fate but blocking early branching enzymes 
does not 

We found previously that treating undifferentiated NSPCs with the substrate GlcNAc to stimulate 
N-glycan branching reduced neurogenesis and enhanced astrogenesis (Yale et al. 2018). We 
hypothesized that decreasing branched N-glycans would have the opposite effect and tested 
this by blocking enzymes early in the branching pathway. We used Kifunensine (Kif) to inhibit 
alpha-mannosidase 1 (MAN1) (Males et al. 2017), which cleaves excess mannose residues to 
enable addition of GlcNAc to initiate N-glycan branching (Figure 1A). We treated mouse 
embryonic day 12.5 (E12) cortical NSPCs with a Kif dose range, used L-PHA lectin to detect 
branched N-glycans, and determined that 0.5 µM Kif resulted in an almost complete reduction in 
L-PHA binding (Figure S1A, B). 

E12 NSPCs were treated with GlcNAc to increase or Kif to reduce N-glycan branching and 

lectin flow cytometry was used to compare cell surface N-glycans. GlcNAc-treated NSPCs had 
significantly increased β1,4 (MGAT4 product) and β1,6 (MGAT5 product) branched N-glycans 
detected by lectins DSL and L-PHA (Figure 1A-C). NSPCs treated with Kif had reduced levels of 
bisecting branches (E-PHA), β1,4 branches (DSL), β1,6 branches (L-PHA) and core fucose 
(LCA) and increased levels of high mannose (ConA) and LEA binding (Figure 1D). LEA detects 

N-acetyllactosamine but also binds high mannose structures, which LEA is likely detecting on 

Kif treated cells since they have increased ConA binding and reduced β1,4 and β1,6 branches 
from which N-acetyllactosamine extends (Oguri 2005). Hence, Kif treatment induced 
widespread changes to cell surface N-glycans that included, but were not limited to, branched 
N-glycans. 

We tested whether N-glycan branching affected differentiation by treating undifferentiated E12 
NSPCs with GlcNAc or Kif, differentiating the cells, and measuring the formation of neurons and 
astrocytes. As we found previously, NSPCs treated with GlcNAc differentiated into significantly 
fewer neurons and more astrocytes compared to untreated controls (Figures 1E, S1C) (Yale et 
al. 2018). In contrast, differentiation was not affected by Kif treatment (Figure 1E). NSPCs from 
later developmental stages (E16 and E18) express higher levels of branched N-glycans, so 
might be more affected by Kif (Yale et al. 2018). However, Kif treatment of E16 and E18 NSPCs 
did not significantly impact differentiation (Figure S1D, E). We also tested whether other agents 
that affect early enzymes in the branching pathway or treatment of NSPCs throughout 
differentiation would have an impact. We used deoxymannojirimycin (DMJ) to inhibit MAN1 or 
swainsonine (SW) to block MAN2 and treated E12 and E16 NSPCs for 3 days as 
undifferentiated cells and during 3 days of differentiation (Figure S1F). There was no significant 
difference in the differentiation of E12 or E16 NSPCs treated with DMJ or SW (Figure S1G). 
These data agree with the Kif data (Figure 1E, Figure S1D, E) and confirm that blocking early 
enzymes in the N-glycan branching pathway does not alter NSPC differentiation. Thus, NSPC 
neuronal and astrocytic differentiation is altered by GlcNAc treatment that enhances branching 
but not by disruption of MAN1 or MAN2. 

MGAT5 knockout blocks the production of β1,6 branched N-glycans and alters NSPC fate 
in vitro 

Since blocking mannosidase enzymes early in the N-glycan branching pathway did not alter 
differentiation, we hypothesized that later enzymes might be critical. We assessed N-
glycosylation enzyme expression in mouse NSPCs by RNAseq and identified those affecting 
mannose, branching, fucose, sialic acid, and polylactosamine (Figure S2) (Yale et al. 2018). 



Since GlcNAc treatment alters NSPC fate, we focused on MGATs that add GlcNAc to create 

branches (Figure 1A, E). NSPCs express MGAT5, which adds a β1,6 GlcNAc to the tri-
mannosyl core to produce branched N-glycans detected by L-PHA (Figures 1A, 2A). L-PHA 
binding is increased after GlcNAc treatment that affects NSPC differentiation (Figure 1C, E) and 
is higher at astrogenic compared to neurogenic stages of cortical development (Yale et al. 
2018). Additionally, astrocyte-biased NSPCs express higher levels of MGAT5 compared to 

neurogenic NSPCs (Yale et al. 2018). We therefore wondered whether disruption of MGAT5 

would decrease β1,6 branching and alter differentiation. 

We analyzed E12 NSPCs isolated from Mgat5 wild type (WT), heterozygous, and null animals 
(Granovsky et al. 2000). Comparison of WT and null NSPC glycosylation enzyme transcripts by 
qRT-PCR revealed the expected Mgat5 loss but no change in other enzymes (Figure 2B). Lectin 

flow cytometry showed that L-PHA binding (β1,6 branched N-glycans) was significantly reduced 

on Mgat5 heterozygous and virtually abolished on null NSPCs (Figure 2C). While null NSPCs 

did not have lower expression of the Mgat4a and 4b enzymes that generate the β1,4 branch, 

they showed reduced DSL binding (Figure 2B, C). This could be due to the fact that DSL has 

higher affinity for β1,4 branched glycans that also contain a β1,6 branch (Abbott and Pierce 
2010, Hirabayashi et al. 2015). 

We assessed differentiation and found Mgat5 heterozygous and null E12 NSPCs formed 
significantly more neurons compared to WT cells (Figure 2D), while Mgat5 null NSPCs 
generated significantly fewer astrocytes (Figure 2E). Although E12 cortical NSPCs generate 
relatively few oligodendrocytes, we measured oligodendrocyte differentiation and found no 
difference among Mgat5 WT, heterozygous and null NSPCs (Figure S2B). These experiments 
demonstrate that MGAT5 loss enhances neuron differentiation and reduces astrocyte formation 
in vitro. Increasing branching with GlcNAc treatment (Figure 1) and decreasing branching with 
targeted disruption of MGAT5 (Figure 2) produce opposite effects on NSPC differentiation, 
showing that N-glycan branching regulates NSPC differentiation and fate. 

Altered NSPC proliferation or viability could impact differentiation, so we tested whether Mgat5 
WT and mutant NSPCs differed in these parameters. NSPC proliferation was analyzed by 
multiple assays. Ki67 detects cycling cells and we found no difference among Mgat5 WT and 
mutant NSPCs (Figure 2F). EdU incorporation measures cells in S-phase and there was a 
significant increase in Mgat5 null compared to WT or heterozygous NSPCs (Figure 2F). 
Phosphorylated histone H3 labels cells in M-phase and there was no difference among Mgat5 
WT, heterozygous and null cells (Figure 2F). Thus, the only difference between WT and mutant 
cells was in EdU incorporation, which reflects new DNA synthesis. Since DNA synthesis can 
occur independently of cell division, as happens during gene duplication, repair, or apoptosis 
(Breunig et al. 2007), we used an additional assay to detect dividing cells. Flow cytometry with 
propidium iodide labeling of nuclear content to measure all cell cycle stages in the same 
population of cells showed no significant differences in the percentages of cells in G0/G1, S, or 
G2/M phases across genotype (Figure 2G). Cell viability did not differ for Mgat5 WT and mutant 
NSPCs (Figure 2H). Taken together, these data suggest that WT and Mgat5 null NSPCs are 
similar in proliferative ability and viability. 

MGAT5 loss in vivo increases neuronal differentiation 

We assessed the role of MGAT5 in cell differentiation during development by analyzing WT and 

mutant brains. We measured L-PHA binding to E16 mouse brain sections and found β1,6 

branched N-glycans were somewhat reduced in the Mgat5 heterozygous brain and absent in 
the null brain (Figure S3A). These data, coupled with the flow cytometry analysis of WT and 



Mgat5 mutant NSPCs (Figure 2C), confirm that loss of MGAT5 significantly decreases β1,6 

branched N-glycans in the brain. 

We assessed NSPC differentiation in vivo by staining E16 brain sections with antibodies for 

neurons: class III β tubulin (TuJ1 antibody, detects neuronal processes) or RBFOX3 (NeuN 
antibody, detects fully differentiated neuron nuclei). There was a notable increase in TuJ1 and 
NeuN staining in the E16 Mgat5 null cortex compared to WT (Figure 3A, B). We found a 
significant increase in the percentage of NeuN-positive cells in Mgat5 null cortical plate (CP) at 
3 spatially distinct regions of the cortex: medial (toward the midline), dorsal (at the apex of the 
cortex), and lateral (near the junction with the ganglionic eminence) (Figure 3C). Similarly, there 
was a significant increase in the number of NeuN-positive cells per mm2 in the dorsal CP 
(Figure 3C). These data show that Mgat5 null mice have a higher proportion of fully 
differentiated NeuN-positive neurons compared to WT at E16. 

We tested whether Mgat5 null mice have defects in the localization of differentiated neurons by 
analyzing NeuN in the intermediate zone (IZ), which contains newly born and migrating 
neurons, and the VZ/SVZ, which is the NSPC niche. Very few NeuN-positive cells were 
detected in the E16 IZ and VZ/SVZ and there was no difference across genotype (Figure S3B-
D), indicating that MGAT5 depletion did not alter the spatial distribution of differentiated neurons 
or their migration to the CP. 

Since neurogenesis is still underway at E16, we analyzed WT and Mgat5 null brains at postnatal 
day 7 (P7) when neurogenesis is complete. By P7, the increase in fully differentiated neurons in 
Mgat5 null compared to WT was dampened (Figure 3D, E). These data suggest that neuronal 
differentiation in WT animals caught up to that of Mgat5 nulls by postnatal stages. 

Enhancing branched N-glycans on NSPCs with GlcNAc treatment increased generation of 
GFAP-positive astrocytes, and NSPCs lacking MGAT5 form fewer astrocytes in vitro (Figures 
1E, 2E)(Yale et al. 2018). We therefore assessed GFAP-positive astrocytes in Mgat5 WT and 
null brains. In the brain, GFAP expression is high in fibrous astrocytes (Rowitch and Kriegstein 
2010). GFAP-positive astrocytes were not detected in E16 or P1 brains (data not shown). By 
P7, GFAP-positive astrocytes were apparent and primarily restricted to regions near the pial 
surface of the medial cingulate cortex and the white matter tracts of the external capsule, 
cingulum, and corpus callosum (Figure S4A, B). We quantified GFAP labeling and found a 
slight, but not statistically significant, reduction in GFAP staining in the Mgat5 null brain (Figure 
S4C). A caveat for comparing the GFAP in vitro and in vivo findings is that GFAP is not a nuclear 
marker, making it difficult to determine the percentage of GFAP-positive cells in vivo. 

We assessed cell proliferation and death in Mgat5 WT and null brains since these could affect 
neuronal differentiation in vivo. We found no difference in Ki67-positive cycling cells in the E16 
WT and Mgat5 null VZ/SVZ (Figure 3F, S4D). Neuronal number in the cortex is impacted by 
both generation of neurons and later pruning mechanisms in which unnecessary neurons 
undergo apoptosis. We stained for cleaved Caspase-3, a marker of apoptotic cells, and found 
no staining at E16 in WT or Mgat5 null brains (data not shown). At P7, there was no difference 
in the number of cells labeled with cleaved Caspase-3 between WT and null brains (Figure 3G, 
S4E) and the distribution of labeled cells across the neocortex was similar across genotype. Our 
data indicate that cell proliferation and viability are not substantially altered in the absence of 
MGAT5 (Figures 2, 3). 

Decreased cell numbers and thickness of Mgat5 null brains 

The increase in NeuN-positive differentiated neurons in Mgat5 null animals could cause an 
overall increase in cell number or CP thickness if excess neurons are generated. However, 



analysis of the E16 CP showed that loss of MGAT5 caused significant decreases in cell density 
(cells/mm2) in medial and lateral CP, the thickness of dorsal and lateral CP, and the total number 
of cells in medial, dorsal, and lateral CP (Figure 4A). The entire E16 cortex, which includes the 
CP, IZ, and VZ/SVZ, showed significant decreases in cell density in lateral cortex, thickness of 
dorsal and lateral cortex, and total number of cells in dorsal and lateral cortex in Mgat5 null 
animals compared to WT (Figure 4A). Overall, these data show that the E16 Mgat5 null brain 
has significantly decreased numbers of cells and thickness compared to the WT brain. 

We analyzed P7 WT and Mgat5 null neocortex to determine whether MGAT5 loss impacted the 
total number of cells or cortical architecture at postnatal stages. The cell density in upper layers 
2/3 and deep layers 5/6 was significantly lower in Mgat5 null compared to WT (Figure 4B). We 
analyzed the neocortex from the pial surface to the top of the corpus callosum and found 
significantly reduced thickness in Mgat5 null brains (Figure 4C). Layer analysis revealed that 
layer 2/3 thickness did not differ between WT and null but there was a significant decrease in 
the thickness of layers 4 and 5/6 in the Mgat5 null brain compared to WT (Figure 4C). 

Mgat5 null animals have an increase in NeuN-positive fully differentiated neurons but a 
decrease in cell number, suggesting that the NeuN findings are not due to an increase in neuron 
number. Further, we did not observe shifts in cell proliferation, migration or death that could 
account for the lower cell numbers in Mgat5 nulls. These data raise the possibility that MGAT5 
loss could lead to an acceleration of neuronal differentiation, causing depletion of progenitors 
and subsequent reduction in the total number of cells. We therefore analyzed progenitors in the 
VZ/SVZ at E16. 

MGAT5 deficiency depletes a subset of neural progenitors in the embryonic VZ/SVZ 

To assess progenitors, we focused on the VZ/SVZ stem and progenitor cell niche. There was a 
significant decrease in both cell density and total cell number in the Mgat5 null dorsal and lateral 
E16 VZ/SVZ compared to WT but no change in thickness (Figure 5A). These data indicate 
reduced numbers of stem and progenitor cells in Mgat5 nulls that is not due to an overt change 
in the number of proliferating or viable cells (Figures 2, 3). We stained the VZ/SVZ with BRN2, 
which is expressed by upper layer neuron progenitors at E16 and is critical for instructing upper 
layer neuron identity (Sugitani et al. 2002, Dominguez et al. 2013). There was a significant 
decrease in the percentage and total number of BRN2-positive progenitors in the VZ/SVZ of 
Mgat5 null mice compared to WT (Figure 5B, S5A). We analyzed SOX2, a general progenitor 
marker, and TBR2, a neuron progenitor marker. SOX2 primarily labeled cells along the ventricle 
and showed no significant difference between WT and Mgat5 nulls (Figure S5B). There was no 
difference in TBR2-positive cells between WT and Mgat5 null brains (Figure S5C). These data 
indicate that some, but not all, progenitors are decreased in the Mgat5 null VZ/SVZ, suggesting 
a partial depletion of the progenitor pool that could lead to a reduction in neuron numbers in the 
cortex.  

The E16 IZ contains cells migrating from the VZ/SVZ to the CP. We assessed cell number and 
thickness of the E16 IZ and found Mgat5 null animals had significant decreases in the number 
of cells in lateral regions and decreased IZ thickness in dorsal and lateral regions (Figure S5D). 
In contrast, there was an increase in cells/mm2 in the Mgat5 null medial region (Figure S5D). 
Since there was a decrease in VZ/SVZ and IZ cells and fewer upper layer neuron progenitors in 
Mgat5 nulls at E16, we analyzed cortical layer formation. 

Progenitor depletion in mice lacking MGAT5 alters neuronal layers 

The cortex is composed of 6 layers and deep layer neurons form first and upper layers follow 
during development. We stained E16 brains with TBR1 (for earlier born deep layer 6 neurons), 
CTIP2 (deep layers 5/6), and BRN2 (upper layers 2/3). Since the medial region includes the 



newly developing hippocampus, we focused analyses on dorsal and lateral cortical regions. 
There was a significant decrease in TBR1-positive deep layer neurons in the Mgat5 null lateral 
CP and cortex at E16 (Figure 6A, S6A). CTIP2-positive deep layer neurons showed a slight but 
not significant decrease in the null dorsal CP and cortex and no difference between WT and 
nulls in the lateral CP and cortex at E16 (Figure S6B). There was a modest and not significant 
decrease in the number of BRN2-positive upper layer neurons in the Mgat5 null dorsal CP 
compared to WT at E16 (Figure S6C). These data suggest that at E16, when cortical layers are 
still developing, the only detectable difference between WT and null is the earlier born deep 
layer 6 neurons. 

We analyzed cortical layers at P7, when neurogenesis is complete and all layers are fully 
formed. Mgat5 null animals have a significant reduction in the number of BRN2-positive upper 
layer neurons at P7 (Figure 6B, C). These data are consistent with the observed decrease in 
BRN2-positive progenitors in the VZ/SVZ at E16 in Mgat5 nulls compared to WT (Figure 5B). 
There was a significant decrease in CTIP2-positive deep layer neurons in Mgat5 null animals 
compared to WT at P7 (Figure 6B, D). Progenitor depletion would be expected to affect upper 
layers more profoundly than deep since fewer progenitors would be present at later 
developmental stages when upper layers are formed. We generated a ratio of the number of 
upper to deep layer neurons (BRN2:CTIP2) for WT and Mgat5 null brains and found a 
significant decrease in the ratio in null animals compared to WT, suggesting that later born 
upper layer neurons were disproportionately affected during Mgat5 null brain development 
(Figure 6E). Collectively, our data are consistent with accelerated neuronal differentiation and 
depletion of progenitors in the Mgat5 null brain, leading to fewer cells in the cortex and a greater 
impact on later born upper layer neurons since the effect of progenitor depletion is more 
profound at later stages. 

Discussion 

Glycosylation, cell differentiation, and brain development 

Extracellular cues impact differentiation, but how cells regulate the plasma membrane to 
modulate responses to these cues is not well understood. N-glycan branching affects cell 
surface residence time, ligand affinity and function of many plasma membrane proteins, directly 
transforming the ability of receptors to bind extracellular cues and stimulate intracellular 
cascades. Cell surface proteins regulated by N-glycan branching include cell adhesion 
molecules, growth factor receptors, and ion channels that could affect cell differentiation (Zhao 
et al. 2008, Dennis et al. 2009, Scott and Panin 2014). Our data now show that cells can alter 

the plasma membrane glycome via the enzyme MGAT5 to impact cell differentiation.	MGAT5 

affects NSPC differentiation in several key ways. Loss of MGAT5 decreases β1,6 branched N-
glycans and accelerates neuronal differentiation in vitro and in vivo, leading to a depletion of 
progenitors in vivo that alters layer formation (Figure 7). 

Mgat5 null NSPCs in vitro lack β1,6 branches and form more neurons compared to WT cells. 

This is consistent with our finding that increasing β1,6 branches on NSPCs in vitro with GlcNAc 
treatment decreases neuronal differentiation (Yale et al. 2018). In vivo, rapid neuron generation 
leads to more fully differentiated neurons in the Mgat5 null E16 CP compared to WT. Our data 
do not suggest that MGAT5 alters neuronal migration since there is no increase in NeuN 
positive neurons in the E16 VZ/SVZ or IZ of Mgat5 null animals, which would be expected if 
neurons were stuck in those regions instead of migrating properly to the CP. 

Rapid neuronal differentiation decreases progenitors in the Mgat5 null NSPC niche, shown by 
cell reduction in the VZ/SVZ and fewer BRN2-positive upper layer neuron progenitors at E16 in 



Mgat5 nulls compared to WT. Since there was no clear difference in proliferation between WT 
and Mgat5 null cells in vitro and in vivo, reduced cells in the Mgat5 null VZ/SVZ is not caused by 
a proliferation defect. Cell death is also not a likely cause since there was no difference in either 
the live cell percentage between Mgat5 null and WT NSPCs in vitro or the cleaved Caspase-3 
apoptotic cells in vivo between null and WT. Coupled with the NeuN data, the reduced numbers 
of progenitors is likely due to their rapid progression from progenitor cells to fully differentiated 
neurons in Mgat5 null brains. 

As progenitors decrease during Mgat5 null brain development, there are fewer left to generate 
neurons. This can be seen with analysis of layer specific markers at different developmental 
stages. At 16, early born TBR1-positive deep layer neurons are decreased in Mgat5 nulls, but it 
is too early to see a clear effect on upper layer neurons. By P7, both deep and upper layers are 
reduced in Mgat5 nulls, but the effect is more profound for the later born upper layer neurons. 
This is consistent with the observed reduction in BRN2-positive upper layer neuron progenitors 
in the Mgat5 null VZ-SVZ at E16 and indicates gradual progenitor depletion over time that 
leaves fewer progenitors at later stages to form upper layer neurons. 

The data lead to a model in which MGAT5 activity during normal cortical development increases 

cell surface β1,6 branched N-glycans that in turn prevent precocious neuronal differentiation. 

These findings identify a new role for glycosylation in neural development and show the enzyme 
MGAT5 and the production of β1,6 branched N-glycans are critical determinants of cell 
differentiation. 

Rapid neuronal differentiation in MGAT5 deficient mice could impact brain function. Mgat5 null 
mice appear grossly normal, but exhibit behavioral abnormalities including failure to nurture 
pups and decreased depressive-like behaviors (Granovsky et al. 2000, Soleimani et al. 2008, 
Feldcamp et al. 2016). A human genome-wide association study found a link between 
symptoms of depression and a site in the genome near Mgat5 (Luciano et al. 2012). Early, 
subtle or transient abnormalities during brain development can have long lasting impacts on 

adult behavior. For example, mutations in disheveled, which is important in the Wnt/β-catenin 

pathway, cause abnormal expansion of deep layer neurons due to rampant neuron progenitor 
expansion and early neuronal differentiation (Belinson et al. 2016). The effects are transient, 
however, and the adult brain appears normal. Despite normal brain morphology, adult mutant 
mice display a number of behavioral deficits including abnormal social interactions and 
repetitive behaviors (Belinson et al. 2016). Transient pharmacological activation of the Wnt 
pathway during embryonic stages revived signaling, reversed the developmental abnormality in 
neuron production, and corrected the adult behavioral phenotype (Belinson et al. 2016). Thus, 
events occurring early in development can have profound effects on later brain function, even if 
the adult brain morphology is grossly normal. 

A concern for any transgenic or knockout mouse experiment is whether genetic background 
influences the phenotype. For example, gene loss may be lethal in an inbred mouse strain but 
not in an outbred strain. Ideally, phenotype would be assessed across multiple strains in any 
knockout mouse experiment, but this is not always feasible. We suspect our Mgat5 null mice 
findings are not purely strain dependent since we see consistent effects of branched N-glycans 

on NSPC fate across mouse strains and in multiple species. Loss of β1,6 branched N-glycans in 

C57BL/6 Mgat5 nulls increased neuron differentiation (Figures 2, 3) whereas GlcNAc treatment 

to increase β1,6 branched N-glycans on CD1 mouse NSPCs (Figure 1 and (Yale et al. 2018)) 

and human NSPCs (our unpublished data) had the opposite effect. Thus, the effects of β1,6 

branched N-glycans on cell differentiation are not limited to a single mouse strain. 

Regulation of glycosylation and cell differentiation 



We identify here the importance of MGAT5 in NSPC differentiation, but an outstanding question 
is whether other enzymes such as MGAT3 and MGAT4 also play a role. Mouse NSPCs express 

MGAT3, which adds a bisecting GlcNAc that prevents further branching by MGAT5; MGAT3 

thus antagonizes MGAT5 function and high MGAT3 activity would reduce β1,6 branches and 
mimic loss of MGAT5 (Brockhausen et al. 1988, Zhao et al. 2006). We previously reported that 
astrocyte-biased NSPCs expressed higher levels of Mgat5 RNA, whereas neuron-biased 
NSPCs express more Mgat3 (Yale et al. 2018). Neurons differentiated from pluripotent stem 
cells upregulate MGAT3 and have high cell surface bisecting N-glycans compared to 
differentiated astrocytes (Terashima et al. 2014). The balance of MGAT5 and MGAT3 activity 
regulates several cell surface proteins impacting cell function, particularly integrins and 
cadherins (Zhao et al. 2006, Pinho et al. 2009). Mouse NSPCs express Mgat4a and Mgat4b but 

little to no Mgat4c. MGAT4 adds a β1,4 branch (detected by DSL) to contribute to N-glycan 

branching. The loss of Mgat5 did not affect expression of Mgat4a and Mgat4b, but DSL binding 
was increased on NSPCs after GlcNAc treatment and decreased on Mgat5 null NSPCs (Figures 
1, 2). This could be due to several factors, including the higher affinity of DSL for glycans 

containing both β1,4 and β1,6 branches (Abbott and Pierce 2010, Hirabayashi et al. 2015). 

MGAT4 expression did not prevent the functional consequences of MGAT5 loss in NPSCs, but 
analysis of cells and tissue lacking MGAT4 will be important for determining the importance of 
the β1,4 branch in cell differentiation and neural development. Of note, MGAT3 activity also 
blocks further branching by MGAT4 (Brockhausen et al. 1988). Future studies of MGAT3, 
MGAT4 and MGAT5 will investigate their interconnected roles in NSPC differentiation and map 
which N-glycans are altered on cells that differ in fate. 

Glycosylation could affect differentiation of many cell types. An electrophysiological measure, 
whole cell membrane capacitance, reflects cell surface glycosylation and distinguishes NSPCs 
on the basis of neuron or astrocyte fate bias (Labeed et al. 2011, Nourse et al. 2014, Yale et al. 
2018, Adams et al. 2020). Treatment of NSPCs with GlcNAc increases membrane capacitance 
and shifts differentiation (Yale et al. 2018). Membrane capacitance is also linked to 
differentiation in the mesenchymal/adipose-derived, hematopoietic, and embryonic stem cell 
lineages (Lee et al. 2018). Mesenchymal stem cell differentiation to adipose vs osteogenic 
lineages is accompanied by differences in both membrane capacitance (Hildebrandt et al. 2010, 
Bagnaninchi and Drummond 2011) and glycosylation (Heiskanen et al. 2009, Hamouda et al. 
2013). Ties between glycosylation, membrane capacitance, and cell differentiation are evident in 
multiple stem cell lineages and should be explored further. 

Experimental Procedures 

Resource availability 
Corresponding author 
Further information and requests for resources and reagents should be directed to and will be 
fulfilled by the corresponding author, Lisa Flanagan (lisa.flanagan@uci.edu). 
Materials availability 
This study did not generate new unique reagents. 
Data and code availability 
Data will be shared with the research community upon request to the authors. No code or 
standardized datasets were generated. 

Animals  
All animal procedures were in accordance with protocols approved by the University of 
California, Irvine Institutional Animal Care and Use Committee and adhered to National 



Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Mice were CD1 
(Charles River) or Mgat5 C57BL/6 nulls (Lee et al. 2007). Genotyping was as described in 
Supplemental Information. 

Cell culture, treatment, and analysis 
NSPCs were isolated from E12 mouse dorsal forebrain cortical tissue and grown in culture and 
differentiated as described in (Yale et al. 2018) and Supplemental Information. For CD1 mice, 
tissue from multiple embryos in the same litter was pooled, and the culture from a single litter 
was considered a biological repeat. For Mgat5 mice, tissue from each embryo was kept 
separate for genotyping and culture and considered a biological repeat. Comparisons across 
genotype utilized at least 3 embryos per genotype from separate litters (not littermates). NSPCs 
were treated with 80 mM GlcNAc and 0.5 µM Kif as described in (Yale et al. 2018) and 
Supplemental Information. Live E12 NSPCs were dissociated for flow cytometry and RNA 
isolation or fixed, immunostained, and quantified as described in (Yale et al. 2018) and 
Supplemental Information (Tables S1 for qRT-PCR primers and S2 for antibodies and lectins). 
RNAseq data was from E12 CD1 mouse NSPCs from three separate litters as described in 
Supplemental. 

Preparation, staining and analysis of brain sections 
Whole brains were dissected from Mgat5 mice, fixed in paraformaldehyde, frozen, and 12 µm 
coronal sections prepared as described in Supplemental Information. Brain sections were 
stained as described in (Yale et al. 2018) and Supplemental Information.  

Locations along the rostral-caudal axis of the E16 brain were matched as described in 
Supplemental Information to account for gradients in the developing brain. Boxes for 
quantitation of the E16 brain were drawn to encompass the entire layer within the region (for 
example, lateral CP, IZ and VZ/SVZ) and the summation of CP, IZ, and VZ/SVZ boxes 
corresponded to the total cortex. For P7, images were taken of coronal sections from lateral 
regions of the somatosensory cortex of the anterior forebrain as described in Supplemental 
Information. Quantitation focused on the P7 neocortex (defined as the region above the corpus 
callosum white matter tracts). Boxes were drawn from the upper edge of the white matter tracts 
to the pial surface for analysis. For analysis of layers 2/3, 4, and 5/6, nuclei patterns were used 
to discern the layers and 3 boxes (200x100 µm) were drawn within the layer, enabling analysis 
in the middle of each layer to avoid boundaries. 
  
Data were analyzed from 3 or more brains per genotype. Antibody and Hoechst staining were 
used to quantify the following: the percentage of positively stained cells (number positively 
stained/total number Hoechst stained cells), cells/mm2 (number positively stained per unit area), 
total cell number (total number positively stained in the region). The thickness of regions or 
layers was measured using Hoechst staining to define architectural boundaries and ImageJ to 
determine distance between boundaries. 

Graphs and statistical analysis 
Lines in dot plots show mean and the bars show standard error of the mean. For box plots, the 
box extends from the 25th to 75th percentiles, the line in the middle of the box is the median, 
and the boxes have Tukey whiskers. Comparison of two samples utilized two-tailed unpaired 
Student’s t-tests. Datasets containing more than two samples were analyzed by one-way 
ANOVA with Tukey’s post hoc correction for multiple samples. 
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Figures and Legends 

Figure 1. Kifunensine treatment alters multiple N-glycan species and does not affect 
neuron and astrocyte differentiation 



(A) Schematic of N-glycans formed by glycosylation enzymes, culminating in highly branched N-
glycans with β1-6 branches recognized by L-PHA. Kif blocks MAN1 while GlcNAc provides 
substrate that enhances branched N-glycan formation. 
(B) N-glycans, symbols denote particular sugar moieties. Boxed regions indicate structures 
recognized by lectins ConA, E-PHA, DSL, L-PHA, LCA, SNA, LEA. 
(C) E12 NSPCs treated with GlcNAc had significantly more branched N-glycans detected by 
DSL (p=0.0001) and L-PHA (p=0.015) compared to untreated (Untr) controls. 
(D) Kif treated E12 NSPCs had higher levels of N-glycans detected by ConA (p=0.0025) and 
LEA (p=0.04), but lower levels of those that bind E-PHA (p=0.0002), DSL (p<0.0001), L-PHA 
(p<0.0001), and LCA (p=0.001). 
(E) E12 NSPCs treated with GlcNAc, Kif or untreated controls were differentiated and 
immunostained to detect neurons (microtubule associated protein 2, MAP2, and TuJ1) or 
astrocytes (glial fibrillary acidic protein, GFAP). GlcNAc treatment reduced neuron formation 
(p<0.0001) and increased generation of astrocytes (p=0.0014) while Kif had no effect. All nuclei 

were stained with Hoechst. Analyses used unpaired two-tailed Student’s t-test, N≥3 independent 
biological repeats. Box plots show median with Tukey whiskers, *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 



Figure 2. E12 NSPCs lacking MGAT5 have reduced branched N-glycans and generate 



more neurons and fewer astrocytes in vitro.  
(A) RNAseq analysis of E12 NSPCs shows expression levels of N-
acetylglucosaminyltransferases. Data are from 3 independent biological repeats and the 
scatterplot displays average RPKM values for each enzyme (error is SEM). Genes are clustered 
into high (>10 RPKM), moderate (1–10 RPKM), and low to no (<1 RPKM) expression. For 
comparison, beta-actin and the stem cell marker Prominin 1 (CD133) are highly expressed, the 
gamma secretase involved in Notch signaling is moderately expressed, and the muscle marker 
MyoD shows low to no expression. 
(B) Comparison of glycosylation enzyme transcripts by qRT-PCR shows loss of Mgat5 in null 
NSPCs (p<0.0001). Expression is relative to control total cortex, error bars show standard 

deviation, and WT and null were compared by unpaired two-tailed Student’s t-test. 

(C) Analysis of E12 NSPCs from Mgat5 WT, heterozygous (het) and null mice showed that het 

(p=0.0004) and null (p<0.0001) NSPCs exhibited lower levels of β1-6 branched N-glycans 

detected by L-PHA compared to WT cells. Null cells had lower levels of β1-4 branched N-

glycans detected by DSL compared to WT (p=0.0001) and het (p<0.0001). Het NSPCs showed 
a slight increase in polylactosamine detected by LEA (p=0.019). 
(D) Compared to WT, Mgat5 het (p=0.008) and null (p=0.00009) E12 NSPCs differentiated into 
more neurons. All nuclei were stained with Hoechst in D and E. 
(E) The percentage of GFAP-positive astrocytes formed by null E12 NSPCs was significantly 
reduced compared to WT (p=0.027). 
(F) No difference in Ki67 or phosphorylated histone H3 labeling was observed. However, Mgat5 
E12 null NSPCs had significantly increased EdU incorporation compared to WT (p=0.002) and 
heterozygous (p=0.006).  
(G) Cell cycle analysis by propidium iodide labeling and flow cytometry revealed no significant 
difference in the proportion of cells in G0/G1, S, or G2/M phase among WT, heterozygous, and 
null E12 NSPCs.  
(H) The percentage of live cells was assessed by co-staining with propidium iodide and calcein-
AM. No difference in cell viability was detected between the Mgat5 WT, het and null NSPCs. 

Analyses used one-way ANOVA, Tukey’s post hoc, N≥3 independent biological repeats. Box 
plots show median with Tukey whiskers, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 



Figure 3. Mgat5 null mice have more differentiated neurons in the developing embryonic 



cortex but no change in cell proliferation or death. 
(A) Greater TuJ1 neuronal staining is evident in coronal sections of E16 null brain compared to 
WT. Sections show medial (M), dorsal (D), and lateral (L) regions and CP, IZ, VZ/SVZ, and 
lateral ventricle (LV). 
(B) Coronal sections show enhanced NeuN in the Mgat5 null brain CP at E16.  
(C) Quantification shows a significant increase in the percentage of NeuN positive cells in the 
Mgat5 null brain CP compared to WT in medial (p=0.027), dorsal (p=0.029), and lateral 
(p=0.049) regions. There was a significant increase in the number of NeuN positive cells per 
area (cells/ mm2) in the Mgat5 null dorsal CP compared to WT (p=0.031). 
(D) P7 coronal sections of WT and Mgat5 null brains were immunostained to detect NeuN. 
Images show the neocortex (Ncx) and corpus callosum (CC) in lateral cortical regions.  
(E) There was a non-significant increase in the percentage and number per mm2  of NeuN 
positive cells in Mgat5 null neocortex compared to WT at P7. 
(F) Staining with Ki67 in the E16 lateral VZ/SVZ showed no difference between WT and null 
brains. 
(G) There was no difference in the number of cleaved Caspase-3 positive cells per mm2 in the 
P7 neocortex between WT and Mgat5 null brains. The lateral ventricle is toward the bottom of 
images, analyses used unpaired two-tailed Student’s t-test WT vs. null, N=3-4 mice per 
genotype and for Caspase-3 staining multiple fields per animal. Lines and error bars in dot plots 
show mean with SEM, respectively, *p<0.05. 



Figure 4. Mgat5 null brains display decreased cell numbers and thickness.  
(A) At E16, cell density (cells/mm2) was significantly decreased in the medial (p=0.0009) and 
lateral (p=0.032) null CP and in the null lateral cortex (p=0.003) compared to WT. In Mgat5 null 
brains, the thickness of the CP and cortex were reduced compared to WT:  CP dorsal 
(p=0.0001), CP lateral (p=0.017), cortex dorsal (p=0.011), cortex lateral (p=0.006). The total 
number of cells was reduced in the medial (p=0.025), dorsal (p=0.008), and lateral (p=0.0005) 
null CP and in the null dorsal (p=0.008) and lateral (p=0.0004) cortex compared to WT.  
(B) At P7, the number of cells per mm2 in Mgat5 null was significantly reduced in layers 2/3 
(p=0.0004) and layers 5/6 (p=0.007) compared to WT.  
(C) Thickness of the neocortex was significantly reduced in the Mgat5 null brain compared to 
WT at P7 (p=0.018). The thickness of layer 4 (p=0.0496) and layers 5/6 (p=0.01) was 
significantly reduced in the Mgat5 null brain compared to WT. Analyses used unpaired two-tailed 

Student’s t-test WT vs. null, N=3-5 mice per genotype and, for P7, 3 regions per animal. Lines 
and error bars in dot plots show mean with SEM, respectively, *p<0.05, **p<0.01, ***p<0.001. 



Figure 5. MGAT5 deficiency causes depletion of embryonic VZ/SVZ cells and upper layer 
neuron progenitors. 
(A) Number of Hoechst-stained cells per mm2 was significantly decreased in the E16 Mgat5 null 
dorsal (p=0.034) and lateral (p=0.012) VZ/SVZ compared to WT. The total number of Hoechst-
stained cells was significantly reduced in the Mgat5 null dorsal (p=0.037) and lateral (p=0.0009) 
VZ/SVZ compared to WT. The thickness of the VZ/SVZ did not differ between WT and null 
brains.  
(B) The percentage (p=0.004) and total number (p=0.002) of BRN2-positive upper layer neuron 
progenitors in the dorsal VZ/SVZ was reduced in E16 Mgat5 nulls compared to WT. 
All nuclei were stained with Hoechst, the ventricle is toward the bottom of the images. Analyses 

used unpaired two-tailed Student’s t-test WT vs. null, N=3-5 mice per genotype. Lines and error 
bars in dot plots show mean with SEM, respectively, *p<0.05, **p<0.01, ***p<0.001. 



Figure 6. Progenitor depletion in the absence of MGAT5 causes greater effects on later 



born upper layer neurons. 
(A) Coronal sections of E16 brain were immunostained to detect deep layer 6 neuron marker 
TBR1. The ventricle is toward the bottom left corner of the image. TBR1-positive neurons were 
significantly reduced (p=0.007) in the Mgat5 null lateral CP compared to WT.  
(B) Coronal sections of P7 WT and Mgat5 null brains were immunostained to detect the upper 
layer neuron marker BRN2 (red) and the deep layer 5/6 neuron marker CTIP2 (green). The 
ventricle is toward the bottom left corners of the images.  
(C) BRN2-positive upper layer 2/3 neurons were significantly reduced in Mgat5 null neocortex 
compared to WT at P7 (p=0.0001).  
(D) Deep layer 5/6 neurons detected by CTIP2 were significantly reduced in the Mgat5 null brain 
compared to WT (p=0.02).  
(E) There was a significant decrease in the ratio of BRN2:CTIP2 neurons in the Mgat5 null brain 
compared to WT (p=0.003) at P7. All nuclei were stained with Hoechst and analyses used 

unpaired two-tailed Student’s t-test WT vs. null, N=3-5 mice per genotype and 3 regions per 
animal for P7. Lines and error bars in dot plots show mean with SEM, respectively, *p<0.05, 
**p<0.01, ***p<0.001. 



Figure 7. Model: accelerated neuronal differentiation and progenitor depletion during 
cortical development in the Mgat5 null brain. 
Our data suggest a model in which Mgat5 null NSPCs rapidly form fully differentiated neurons, 
leading to an increase in NeuN-expressing cells (purple nuclei) in the Mgat5 null CP at E16. 
Rapid neuronal differentiation in Mgat5 nulls leads to progenitor depletion, reducing VZ/SVZ cell 
numbers and upper layer neuron progenitors. Progenitor reduction leads to a decrease in deep 
layer neurons and cortical thickness at E16 in Mgat5 nulls. By P7, the Mgat5 null brain has 
decreased cortical cell numbers and thickness and a more profound reduction in later born 
upper layer neurons compared to earlier born deep layers. Thus, loss of MGAT5 leads to a more 
rapid production of differentiated neurons that depletes progenitors, causing reduced cell 
numbers and cortical thickness and more severe reductions in neurons formed later in 
development. 
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Supplemental Figures 
 

Figure S1. Blocking enzymes early in the branching pathway does not alter NSPC 
differentiation (related to Figure 1).  
(A) E12 NSPCs were treated for 4 days with varying doses of Kifunensine (Kif) (µM: 0.001, 0.01, 
0.02, 0.05, 0.1, 0.2, 0.3, 0.5, 1, 2, 5, 10). At the conclusion of Kif treatment, NSPCs were labeled 
with L-PHA to detect highly branched N-glycans and analyzed by flow cytometry. The 0.5 µM Kif 
dose effectively disrupted formation of highly branched N-glycans and was used in subsequent 
experiments. N=3 independent biological repeats and error bars indicate SEM.  
(B) E12 NSPCs were treated with 0.5 µM Kif for 1 or 4 days and highly branched N-glycans 
analyzed by flow cytometry with L-PHA. Treatment for 4 days resulted in a greater decrease in 
L-PHA staining compared to treatment for 1 day. N=1 and error bars indicate SEM of technical 
replicates.  
(C) E12 NSPCs were differentiated for 3 days and co-immunostained to detect neuronal 
markers MAP2 (green) and TuJ1 (red). All nuclei were stained with Hoechst (blue). Quantitation 
of neurons in culture was based on co-labeling with both markers.  
(D, E) NSPCs isolated from E12, E16, and E18 embryonic cortices were treated with 0.5 µM Kif 
for 4 days then differentiated for 3 days and immunostained for markers of neurons in D (MAP2, 
TuJ1) or astrocytes in E (GFAP). There was no significant difference in the generation of MAP2/



TuJ1-positive neurons or GFAP-positive astrocytes between untreated control (Untr) and Kif 
treated NSPCs from any of the embryonic ages. The E12 data are as shown in Figure 1. 
(F) Schematic representing the design for experiments using the mannosidase inhibitors 
deoxymannojirimycin (DMJ) and swainsonine (SW). E12 or E16 NSPCs were treated with 1 µM 
DMJ or 500 nM SW for 3 days in growth medium as undifferentiated cells and 3 days in 
differentiation medium. After differentiation, the cells were analyzed by immunocytochemistry to 
detect neurons and astrocytes.  
(G) There was no significant difference in the generation of MAP2-positive neurons or GFAP-
positive astrocytes from E12 or E16 NSPCs when treated with either DMJ or SW. All analyses 
used one-way ANOVA, Tukey’s post hoc, N=3 independent biological repeats. Box plots show 
median with Tukey whiskers. 



 
Figure S2. Mouse NSPCs express key glycosylation enzymes and oligodendrocyte 
differentiation is not significantly affected by loss of MGAT5 (related to Figure 2).  
(A) RNAseq analysis of E12 mouse NSPCs reveals expression levels of glycosylation enzymes 
affecting cell surface N-glycans detected by ConA (high mannose, relates to Mannosidases), E-
PHA (MGAT3), DSL (MGAT4A-C), L-PHA (MGAT5), LCA (FUT8), SNA (ST6GAL1-2), and LEA 



(polylactosamine, B3GNT1-8, B3GALT1-6, B4GALT1-7). Data are from 3 independent biological 
repeats and the scatterplot displays average RPKM values for each enzyme (error is SEM). 
Genes are clustered into three categories: high (>10 RPKM), moderate (1–10 RPKM), and low 
to no (<1 RPKM) expression. Dotted lines indicate 10 RPKM and 1 RPKM boundaries. For 
comparison, beta-actin and the stem cell marker Prominin 1 (CD133) fall in the highly expressed 
category, the gamma secretase involved in Notch signaling is moderately expressed, and the 
muscle marker MyoD shows low to no expression. 
(B) Mgat5 WT, heterozygous, and null E12 NSPCs were differentiated for 7 days in vitro and 
immunostained to detect the oligodendrocyte marker O4 (green).  Quantitation of cells 
expressing O4 indicates no difference in the formation of oligodendrocytes from WT, 
heterozygous, and null NSPCs. Analysis used one-way ANOVA, Tukey’s post hoc, N≥3 
independent biological repeats. Box plots show median with Tukey whiskers. 



 
Figure S3. Mgat5 null brains have reduced L-PHA binding and no difference in NeuN-
positive cells in the intermediate zone or ventricular/subventricular zone compared to WT  
(related to Figure 3). 
(A) Coronal sections of E16 brain cerebral cortices were labeled with L-PHA, a lectin that binds 
β1-6 branched N-glycans generated by MGAT5. Compared to WT, L-PHA signal intensity is 
somewhat reduced in the Mgat5 heterozygous knockout brain and abolished in the Mgat5 
homozygous null brain. All nuclei were stained with Hoechst and the ventricle is toward the 
bottom of the images. N=1 mouse per genotype, 5 fields analyzed each genotype. 
(B) Regions for quantitation are schematized on a WT E16 coronal section of dorsal forebrain 
stained with Hoechst. Yellow lines indicate the boundaries of the cortical plate (CP), 
intermediate zone (IZ), and ventricular zone/subventricular zone (VZ/SVZ). Red boxes indicate 
representative medial, dorsal, and lateral regions used for quantitation. 
(C) NeuN immunostaining was quantified as either the percentage of positive cells or the 
number of positive cells per area (cells/ mm2) in the E16 intermediate zone (IZ). Very few NeuN 
positive cells were present in the IZ, and there was no difference between WT and null brains.  
(D) There were very few NeuN positive cells in the E16 VZ/SVZ and there was no significant 
difference across genotype in the percentage or number of NeuN positive cells in this region. 



All nuclei were stained with Hoechst, the lateral ventricle is toward the bottom of the images, 
and analyses used unpaired two-tailed Student’s t-test WT vs. null, N=3-4 mice per genotype. 
Lines and error bars in dot plots show mean with SEM, respectively. (CP: cortical plate, IZ: 
intermediate zone, VZ/SVZ: ventricular/subventricular zone, LV: lateral ventricle). 



 
Figure S4. GFAP, Ki67 and Caspase-3 labeling do not differ between WT and Mgat5 null 
brains (related to Figure 3). 
(A) Coronal sections from P7 WT and Mgat5 null brains were immunostained to detect GFAP. At 
P7, GFAP labeling was primarily restricted to white matter tracts and cortical areas along the 
pial surface at the midline. Dashed green boxes indicate areas magnified in B.  
(B) Magnified images of the midline region show further detail of GFAP-positive cells in WT and 
Mgat5 null brains. Dashed red boxes indicate areas further magnified in the lower panel red-
bordered boxes.  
(C) GFAP expression was quantified near the pial surface of the cingulate cortex along the 
midline as the percent GFAP-positive area, such as shown by the dotted red boxes indicated in 
B. There was a non-significant decrease in GFAP-positive area in Mgat5 null cortex compared 
to WT. 



(D) Ki67 staining to mark proliferating cells in the E16 VZ/SVZ of the lateral cortical region show 
no difference between WT and null brains. Lateral ventricle is toward the bottom of each image. 
Quantitation is shown in Figure 3F. 
(E) P7 brain cortices were immunostained to detect cleaved Caspase-3 (red) to assess 
apoptotic cell death. Representative images from WT brain show Caspase-3 positive cells in 
deep (top panels) and upper (bottom panels) layers of the neocortex. Blood vessels display 
non-specific autofluorescence shown in green. White arrowheads denote locations of positively 
stained cells. Quantitation from WT and null brain is shown in Figure 3G. 
Analyses used unpaired two-tailed Student’s t-test WT vs. null, N=3-4 mice per genotype. Lines 
and error bars in dot plots show mean with SEM, respectively. 



 
Figure S5. BRN2 immunostaining labels nuclei, MGAT5 deficiency does not alter SOX2 
and TBR2 positive cells in the VZ/SVZ but does reduce cell number and thickness of the 
intermediate zone  (related to Figure 5). 
(A) BRN2 immunostaining detects upper layer neuron progenitor cell nuclei in the E16 dorsal 
VZ/SVZ of WT and null brains. All nuclei were stained with Hoechst, the ventricle is toward the 
bottom of the images, and arrows provide reference for nuclear staining. Images are grayscale 
versions of those in Figure 5B. 



(B) Immunostaining to detect SOX2 in E16 WT and Mgat5 null VZ/SVZ showed a slight but 
nonsignificant decrease in SOX2-positive cells per mm2 and no difference in the percentage or 
total number of SOX2-positive cells between the samples. 
(C) Analysis of TBR2, an intermediate progenitor marker, indicated no difference in TBR2-
positive cells between WT and Mgat5 null VZ/SVZ regions. 
(D) The number of Hoechst-stained cells per mm2 was significantly decreased in the Mgat5 null 
lateral intermediate zone (IZ) compared to WT at E16 (p=0.0442). In contrast, Mgat5 null medial 
IZ shows higher cell density than WT (p=0.0009). The thickness of the Mgat5 null IZ was 
significantly reduced in dorsal (p=0.0300) and lateral (p=0.0286) regions compared to WT. The 
total number of Hoechst-stained cells was significantly reduced in the Mgat5 null lateral IZ 
compared to WT (p=0.0058).  
All nuclei were stained with Hoechst, the ventricle is toward the bottom of the images, and 
analyses used unpaired two-tailed Student’s t-test WT vs. null, N=3-5 mice per genotype. Lines 
and error bars in dot plots show mean with SEM, respectively, *p<0.05, **p<0.01, ***p<0.001. 





Figure S6. TBR1-positive deep layer neurons are reduced in Mgat5 null brains at E16 
while CTIP2-positive layer 5 and BRN2-positive upper layer neurons do not differ (related 
to Figure 6). 
(A) Coronal sections of E16 brain were immunostained to detect deep layer neuron marker 
TBR1 (layer 6) in the lateral CP and cortex. The ventricle is toward the bottom left corner of the 
image. TBR1-positive neurons were significantly reduced in the Mgat5 null lateral CP 
(p=0.0065) and cortex (p=0.0091) compared to WT. Images and CP data are as shown in 
Figure 6A and included for comparison. 
(B) Coronal sections of E16 brain were immunostained to detect deep layer neuron marker 
CTIP2 (layers 5/6) in the dorsal and lateral CP and cortex (combined CP, IZ, and VZ/SVZ). The 
ventricle is toward the bottom left corner of the image. There was no significant difference in 
CTIP2 in the dorsal or lateral CP or cortex between WT and Mgat5 null. 
(C) Coronal sections of E16 brain were immunostained to detect upper layer neuron marker 
BRN2 (layers 2/3) in the dorsal cortical plate (CP). The ventricle is toward the bottom of the 
image. There was no significant difference in BRN2 between E16 WT and null brains. 
All nuclei were stained with Hoechst and analyses used unpaired two-tailed Student’s t-test WT 
vs. null, N=3-5 mice per genotype. Lines and error bars in dot plots show mean with SEM, 
respectively, **p<0.01. 



Supplemental Experimental Procedures 

Animals and genotyping 
All animal procedures were in accordance with protocols approved by the University of 
California, Irvine Institutional Animal Care and Use Committee and adhered to National 
Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Mice were CD1 
(Charles River) or Mgat5 C57BL/6 knockouts containing a lacZ gene insert in the Mgat5 coding 
region that inactivates the enzyme (provided by Dr. Michael Demetriou) (Granovsky et al. 2000, 
Lee et al. 2007). Heterozygous Mgat5 knockout mice (Mgat5 +/-) were bred to generate pups 
with wild type (Mgat5 +/+), heterozygous (Mgat5 +/-), or homozygous (Mgat5-/-) null alleles. 
Mice pups were genotyped to detect a lacZ gene insertion in Mgat5 null alleles that disrupts the 
coding portion of exon 1 (Granovsky et al. 2000). Genotyping was done in house using standard 
PCR with the following primers for Mgat5 (forward: 5' - GCC AAG GGA ATG GTA CAT TGC – 3’; 
reverse: 5' - GGA GTC GAC ACT CAG GAA TG – 3’) and LacZ (forward: 5' - CCC ATC TAC 
ACC AAC GTA ACC – 3’; reverse: 5' - CCT TCT AGT CCT ATA CAC CGC – 3’) or by 
Transnetyx. The wild type Mgat5 allele is detected as an ~400 base pair amplicon while the 
Mgat5 null allele generates an ~300 base pair product. 

Cell culture and differentiation 
NSPCs were collected from dorsal forebrain cortical tissue that was dissected from the cerebral 
cortices of embryonic day 12.5 (E12), 16.5 (E16), or 18.5 (E18) mice and placed in dissection 
buffer: PBS, 0.6% glucose, 50 U/mL Pen/Strep (Yale et al. 2018). Cortical tissue was 
dissociated using 0.05% Trypsin-EDTA at 37º C for 10 min. Afterward, trypsin was inhibited 
using soybean trypsin inhibitor (Life Technologies) and dissociated cells were re-suspended in 
proliferation medium containing DMEM, 1x B27, 1x N2, 1 mM sodium pyruvate, 2 mM L-
glutamine, 1 mM N-acetylcysteine, 20 ng/mL EGF, 10 ng/mL bFGF, and 2 µg/mL heparin. Cells 
were seeded at 150,000 cells/mL into non-tissue culture treated plastic plates and grown as 
non-adherent spheres. NSPC cultures were passaged approximately every 3 days using 
enzyme-free NeuroCult Chemical Dissociation Kit (Mouse) (StemCell Technologies). All NSPC 
cultures were passaged at least once after dissection prior to experimental use. For CD1 mice, 
cortical tissue from multiple embryos within the same litter was pooled, and a subsequent 
culture from a single litter was considered a biological repeat. For Mgat5 mutant mice, NSPCs 
derived from each embryo were kept separate and genotyped. Each NSPC culture from a single 
embryo was maintained separately and considered a biological repeat. Comparisons across 
genotype utilized at least 3 embryos per genotype from separate litters (not littermates).  

NSPCs were plated as adherent cultures for differentiation (Yale et al. 2018). HCl-washed 
German glass coverslips (Assistant/Carolina Biological Supply, Burlington, NC) were pretreated 
with poly-D-lysine (40 µg/mL in milliQ H2O) for 5 minutes then coated with laminin (20 µg/mL in 
EMEM) at 37º C for 24 hours prior to cell adhesion. Whole neurospheres were seeded onto the 
laminin-coated coverslips in proliferation medium. After 24 hours, proliferation medium was 
removed and replaced with differentiation medium (same components as proliferation medium 
but excluding EGF, bFGF, and heparin) to induce differentiation. NSPCs were differentiated into 
neurons and astrocytes in these conditions for 3 days and oligodendrocytes for 7 days. For 7 
day differentiated samples, differentiation medium was replaced after 3 days. 

Cell treatment 
A stock solution of 800 mM N-acetylglucosamine (GlcNAc,Thermo Fisher Scientific, 10-792) 
was prepared in proliferation medium and diluted to a final concentration of 80 mM in 
proliferation medium for treatment (Yale et al. 2018). NSPCs were treated for 3 days, with fresh 
GlcNAc added every 24 hours since GlcNAc breaks down over time in aqueous solutions. 
GlcNAc was not added during differentiation.  



Kifunensine was used to inhibit mannosidase I. A 1 mg/ml (4.3 mM) stock solution of 
Kifunensine (Sigma-Aldrich, K1140) in H2O was diluted in proliferation medium to generate 
concentrations of 0.001, 0.01, 0.02, 0.05, 0.1, 0.2, 0.3, 0.5, 1, 2, 5, 10 µM. NSPCs were treated 
for 1 day (0.5 µM concentration, E12 NSPCs) or 4 days (all concentrations for E12 NSPCs, 0.5 
µM concentration for E16 and E18 NSPCs) in proliferation medium and Kifunensine was not 
added during differentiation. 

E12 and E16 NSPCs were treated with either 1 µM deoxymannojirimycin (DMJ, EMD Millipore, 
260575) to inhibit mannosidase I or 500 nM swainsonine (SW, Sigma Aldrich, S8195) to block 
mannosidase II during growth in proliferation medium for 3 days and as the cells were 
differentiating for 3-5 days (Nourse et al. 2014).  

Flow cytometry to assess lectin binding and cell viability 
For flow cytometry, live E12 mouse NSPCs were dissociated using the NeuroCult dissociation 
kit and re-suspended in 1x PBS with 5% BSA. Cells were incubated with various fluorescein-
conjugated lectins for 1 hour on ice in the dark. See Table S2 for lectins and concentrations. All 
cells were counter-stained with 50 µg/ml propidium iodide (Thermo Fisher, P3566) for 5 minutes 
prior to flow cytometry to exclude dead cells from analysis. Cell viability was assessed using the 
LIVE/DEAD Viability/Cytotoxicity Kit (for mammalian cells) (Thermo Fisher Scientific, L3224). 
Briefly, E12 mouse NSPCs dissociated using the NeuroCult dissociation kit were re-suspended 
in 1 mL proliferation medium containing 100 nM calcein-AM to label live cells and 8 µM ethidium 
homodimer-1 to label dead cells. The cell suspension was incubated for 15-20 min at room 
temperature, protected from the light. Cell samples were analyzed on a BD LSR II flow 
cytometer, and the data was collected using BD FACSDIVA software. All data analysis was 
performed using FlowJo v10.1. 

Immunocytochemistry and quantitation of cultured cells 
Cell culture samples were fixed with 4% paraformaldehyde (4% paraformaldehyde, 5 mM 
MgCl2, 10 mM EGTA, 4% sucrose in PBS) for 10 min, and cell membranes were permeabilized 
with 0.3% Triton X-100 in PBS for 5 min. Cells immunostained to detect O4 were not 
permeabilized with Triton X-100 since O4 is a cell surface antigen. Non-specific binding was 
blocked using 5% BSA in PBS for 1 hour then incubated with the primary antibody for 
approximately 18 hours at 4º C and the secondary antibody for 2 hours at room temperature in 
the dark. Primary and secondary antibodies were diluted in 1% BSA in 1x PBS. All cells were 
counterstained with Hoechst 33342 nuclear dye (Life Technologies, H1399) and coverslips were 
mounted onto glass slides using ProLong Diamond Antifade Mountant medium (Thermo Fisher 
Scientific, P36970). Cells were visualized using a Nikon Eclipse Ti-E fluorescence microscope 
at 20x magnification, and all images were acquired using NIS Elements AR 4.51 image 
capturing and analysis software. See Table S2 for antibodies and concentrations. 

For analysis, at least 3 independent sets of NSPCs derived from 3 different litters were analyzed 
using manual counting software built into ImageJ. Positively labeled cells were counted as a 
percentage of all Hoechst-stained cells in 5 randomly selected fields. The percentage of cells 
that differentiated into double-positive MAP2/TUJ1 neurons with neurite lengths of at least 3 
times the length of the soma was calculated from more than 1000 cells counted per 
experimental group in each of the 3 independent experiments, so over 3000 cells per group. 
The percentages of GFAP-positive astrocytes were calculated from randomly selected fields of 
cells adjacent to the sphere attachment site but not from the dense cells within the sphere since 
cell density and cell death affect astrocyte GFAP reactivity. Cells expressing GFAP in a 
filamentous cytoskeletal pattern were counted as astrocytes and 3000 or more cells per 
experimental group were analyzed. Cells expressing O4 on the cell surface and extending 
ramified processes at least 2 times the length of the cell body were counted as 
oligodendrocytes. 



Proliferation assays of cultured cells 
E12 mouse NSPCs were plated as neurospheres on laminin-coated coverslips in proliferation 
medium for 24 hours. After fixation, cells were immunostained to detect Ki67 as a marker of 
actively cycling cells or phospho-histone H3 to detect cells undergoing mitosis. All cells were 
counterstained with Hoechst 33342 nuclear dye. See Table S2 for antibodies and 
concentrations. To visualize cells in S-phase, adherent E12 mouse NSPCs were treated with 10 
µM 5-ethynyl-2´-deoxyuridine (EdU, Click-iT EdU Alexa Fluor 555 Imaging Kit, Thermo Fisher 
Scientific, C10338) in proliferation medium at 37º C for 4 hours. Cells were fixed and 
permeabilized as described above then incubated with the EdU Click-iT reaction cocktail for 30 
min at room temperature in the dark and counterstained with Hoechst 33342 nuclear dye. 
Quantitation of positively-labeled cells was as described above. 

Flow cytometry cell cycle analysis was performed by dissociating NSPCs and fixing suspended 
cells using cold 70% ethanol for 30 min at 4º C. Fixed cells were incubated with DNAse-free 
ribonuclease (Thermo Fisher, EN0531) for 45 min at 37º C to remove RNA. Cells were then 
incubated in 2.5 µg/mL propidium iodide for 30 min on ice and each sample volume was 
increased to 500 µL using PBS. All cells were analyzed on a BD LSR II flow cytometer, and the 
data was collected using the BD FACSDIVA software. Cell cycle data analysis was performed 
using the built-in program in FlowJo v10.1. 

RNA sequencing and analysis 
RNA sequencing and analysis for mNSPCs was as previously described (Yale et al. 2018). RNA 
was isolated from suspended E12 CD1 mouse NSPC cultures from three separate litters using 
the Bio-Rad RNA Isolation Kit (Genicity, Irvine, CA, USA; G00065). Genomic DNA 
contamination of all RNA samples was assessed by using qRT-PCR for mouse 18S and Gapdh 
with and without reverse transcriptase and found to be insignificant. cDNA for qRT-PCR was 
synthesized using M-MLV reverse transcriptase (Promega). Total RNA was further monitored for 
quality control using the Agilent Bioanalyzer Nano RNA chip and Nanodrop absorbance ratios 
for 260/280 nm and 260/230 nm. 

RNA library preparation and sequencing was performed at the UCI Genomics Core as 
previously described (Arulmoli et al. 2016). Library construction was performed according to the 
Illumina TruSeq mRNA stranded protocol.  The input quantity for total RNA was 250 ng and 
mRNA was enriched using oligo dT magnetic beads.  The enriched mRNA was chemically 
fragmented for five minutes. First strand synthesis used random primers and reverse 
transcriptase to make cDNA. After second strand synthesis the double-stranded cDNA was 
cleaned using AMPure XP beads and the cDNA was end repaired and the 3’ ends were 
adenylated.  Illumina barcoded adapters were ligated on the ends and the adapter ligated 
fragments were enriched by nine cycles of PCR. The resulting libraries were validated by qPCR 
and sized by Agilent Bioanalyzer DNA high sensitivity chip. The concentrations for the libraries 
were normalized and the libraries were multiplexed together. The concentration for clustering on 
the flowcell was 12.5 pM. The multiplexed libraries were sequenced on one lane using single 
read 100 cycles chemistry for the HiSeq 2500. The version of HiSeq control software was HCS 
2.2.58 with real time analysis software, RTA 1.18.64. 

For sequence mapping and bioinformatic analysis, RNA-Seq data was processed as described 
previously (Lissner et al. 2015). All bioinformatics analyses were conducted using the Galaxy 
platform (Goecks et al. 2010). Reads were aligned to the mouse NCBI37/mm9 reference 
genome with the TopHat program (Trapnell et al. 2010) using most default parameters. 
Alignments were restricted to uniquely mapping reads with two possible mismatches permitted. 
RPKM (reads per kilobase pair per million mapped reads) were calculated as described 
(Mortazavi et al. 2008) for mm9 RefSeq genes using the SeqMonk program (http://
www.bioinformatics.babraham.ac.uk/projects/seqmonk/). mRNA RPKMs were derived by 
counting exonic reads and dividing by mRNA length. 



Analysis of glycosylation enzyme expression was performed using qRT-PCR. RNA was isolated 
from E12 Mgat5 WT and null mouse NSPCs using Aurum Total RNA Mini Kit (Bio-Rad 
Laboratories) and qRT-PCR was performed using PowerUp™ SYBR® Green Master Mix 
(Thermo Fisher Scientific). Short oligonucleotide DNA primers were customized through NCBI’s 
Primer-BLAST or used sequences from the MGH PrimerBank (Mgat1 ID: 31981620a1 and Mgat 
4b ID: 253683469c3) (Spandidos et al. 2010) and primers were ordered from IDT (Table S1). 
Primers were used at an annealing temperature of 65º C and all qRT-PCR experiments were 
performed using Applied Biosystems QuantStudio 6 or 7 RT-PCR systems. Samples lacking 
either reverse transcriptase or cDNA were used for quality control. Data was analyzed by the 
comparative cycle (Ct) method (Cheng et al. 2006) using the housekeeping gene cyclophilin A 
(CypA, PPIA) for normalization. Gene expression was further normalized to RNA isolated from 
whole E16 cerebral cortex to obtain relative expression values.  

Table S1: DNA primers for qRT-PCR.  

*MGH PrimerBank 

Preparation of brain sections 
Whole brains were dissected from Mgat5 WT, heterozygous, and null animals at E16 and P7. 
Brains were drop fixed in 4% paraformaldehyde for approximately 18 hours at 4º C then 
transferred to 30% sucrose in 1x PBS. Brains were incubated in the sucrose solution until the 
tissue was no longer floating. Sucrose-permeated brains were quickly frozen in Optimal Cutting 
Temperature (OCT) compound (Tissue-Tek, VWR 25608-930) and stored at -80° C prior to 
sectioning. All brains were cut on a Leica research cryostat (Leica CM3050 S) into 12 µm thick 
coronal sections mounted on SuperFrost glass slides. OCT was dissolved by submerging slides 
in 1x PBS for 5 min. 

Lectin staining of brain sections 
Brain sections were washed with PBS and blocked for 20 min at room temperature with 3% BSA 
in PBS with 0.1% Triton X-100. Sections were incubated with FITC-conjugated lectin Phaseolus 
vulgaris leukagglutinin (L-PHA) at 20 µg/mL (Vector Labs, FL-1111) in blocking solution for 1 
hour at room temperature in a humidified chamber. Sections were counterstained with Hoechst 
33342 nuclear dye (Thermo Fisher Scientific, 62249) and mounted with ProLong Gold Antifade 
Mountant medium (Thermo Fisher Scientific, P36934).  

Gene Forward Primer (5’ 3’) Reverse Primer (5’  3’) Expected 
length (bp)

Mgat1* TTGTGCTTTGGGGTGCTATCA CCACAGTGGGAACTCTCCA 249

Mgat2 GTGGATTTCTGCCCGGTTCT AGGAGTCAGGGTATTCGGCA 157

Mgat3 CCAGCGGACGATGGGATGAA GGTGTCCGCAATAGGTCGGG 233

Mgat4a TTTGTTCCACAGCGGCAATC GGCCCAAACAGCTGAGTTCT 244

Mgat4b* GGACCAAACAGAACCTCGATT CAACTGCGAGAACTCCAGGAT 176

Mgat5 TAGGTCATCAGAATGGAAGCCCA GCCCAGCTTCTGAGAGGACA 195

Fut8 TCTATGGGGAGGAAGCATGTAG CAGTCCATGCCCGCATTTTC 262

St6gal1 GGCACCTTTAACCTTGAGCC GGACGCTTGGTCTCCGTTAT 124

CypA GAGCTGTTTGCAGACAAAGTTC CCCTGGCACATGAATCCTGG 213



Immunohistochemistry and quantitation of brain sections 
Brain sections were immunostained to detect NeuN, TuJ1, BRN2, CTIP2, TBR1, Ki67, SOX2, 
TBR2, cleaved Caspase-3, and GFAP. See Table S2 for antibodies and concentrations. For 
staining with antibodies for BRN2, CTIP2, TBR1, Ki67, TBR2, and cleaved Caspase-3, sections 
were subjected to antigen retrieval in a sodium citrate buffer (10 mM sodium citrate, 0.05% 
Tween 20, pH 6.0) for 1 hour in a pressure cooker prior to blocking. Sections were blocked for 
20 min in 1x PBS with 0.1% Triton X-100 (PBST) and 5% donkey serum (DS). Primary 
antibodies were diluted in PBST with 5% DS and the sections were incubated with the primary 
antibody overnight at 4º C in a humidified chamber. After washing, sections were incubated with 
secondary antibody diluted in PBST with 5% DS for 1 hour at room temperature. All sections 
were counter-stained with Hoechst 33342 and mounted with ProLong Gold or Diamond Antifade 
Mountant medium. Sections were visualized using a Nikon Eclipse Ti-E fluorescence 
microscope, and all images were acquired using NIS Elements AR 4.51 image capturing and 
analysis software. 

Overlapping gradients control differentiation temporally and spatially in the developing mouse 
brain. Morphogen and growth factor gradients in the developing telencephalon are critical for the 
formation of specific cortical regions at precise locations during development (Sansom and 
Livesey 2009). The cell composition and developmental “stage” of the cortex vary significantly 
across location due to these gradients, which extend in both rostral-caudal and medial-lateral 
directions. Thus, when comparing developing cerebral cortex sections across animals it is 
important to match the location of each section for analysis. In order to match locations along 
the brain rostral-caudal axis of the E16 brain, images were taken of coronal sections ranging 
from the anterior horn of the lateral ventricle when the medial septal nucleus is visible to more 
posterior regions where the midline begins to enlarge and fold to form the hippocampus. Layers 
of the E16 brain (CP, IZ, VZ/SVZ) were defined by patterns of Hoechst-stained nuclei. To match 
locations along the medial-lateral axis we defined medial, dorsal, and lateral regions for 
analysis, which were located medially (across the ventricle from the ganglionic eminence fold), 
dorsally (from the most dorsal aspect), and laterally (adjacent to the ganglionic eminence fold) in 
each section. Boxes for quantitation were drawn to encompass the entire layer within the region 
(for example, lateral CP, IZ and VZ/SVZ) and the summation of CP, IZ, and VZ/SVZ boxes 
corresponded to the total cortex. 

For P7 brain, images were taken of coronal sections from lateral regions of the somatosensory 
cortex of the anterior forebrain starting where the genu of the corpus callosum crosses both 
hemispheres and continuing caudally until the anterior commissure visibly forms an 
interhemispheric junction. Quantitation of cleaved Caspase 3 in the P7 brain focused on the 
cortical plate (defined as the region above the white matter tracts). Boxes were drawn from the 
edge of the white matter tracts to the pial surface to define the region of analysis for the cortical 
plate. Images of P7 brain sections to assess GFAP staining were taken of coronal sections from 
lateral regions of the somatosensory cortex of the anterior forebrain starting where the genu of 
the corpus callosum crosses both hemispheres and continuing caudally until the anterior 
commissure visibly forms an interhemispheric junction to provide matched samples across 
genotype. Quantitation of GFAP at P7 focused on staining in the medial regions of the cortex 
since GFAP labeling was primarily restricted to cortical areas along the pial surface at the 
midline and white matter tracts at this stage. A box (300x300 µm) was drawn along the medial 
pial surface and the percentage of the area with positive GFAP staining was quantified for each 
brain section. For analysis of layers 2/3, 4, and 5/6, nuclei patterns were used to discern the 
layers and 3 boxes (200x100 µm) were drawn within the layer. This approach made it possible 
to focus analysis in the middle of each layer to avoid layer boundaries. 
  
For both E16 and P7, data were analyzed from 3 or more brains per genotype. Antibody and 
Hoechst staining were used to quantify the following: the percentage of positively stained cells 



(number positively stained/total number Hoechst stained cells), cells/mm2 (number positively 
stained per unit area), total cell number (total number positively stained in the region). The 
thickness of regions or layers was measured using images of Hoechst stained sections to define 
architectural boundaries and ImageJ to determine distance between boundaries. 

Graphs and statistical analysis 
Graphing and statistical analysis used Prism v.6 software (GraphPad). Lines in dot plots show 
mean and the bars show standard error of the mean. For box plots, the box extends from the 
25th to 75th percentiles, the line in the middle of the box is the median, and the boxes have 
Tukey whiskers. Comparison of two samples utilized two-tailed unpaired Student’s t-tests. 
Datasets containing more than two samples were analyzed by one-way ANOVA with Tukey’s 
post hoc correction for multiple samples. 

Table S2: Antibody and lectin reagents and concentrations. 

Item Vendor Catalogue # Antibody dilution 

or lectin final 

concentration

Anti-BRN2 (B-2), mouse IgG Santa Cruz 

Biotechnology

SC-393324 IHC: 1:1000

Anti-Caspase-3, rabbit IgG Cell Signaling 

Technologies

9661S IHC: 1:1000

Anti-CTIP2 (25B6), rat IgG Abcam Ab18465 IHC: 1:1000

Anti-GFAP, rabbit IgG Sigma G9269 ICC: 1:200

IHC: 1:200

Anti-Ki67, rabbit IgG Leica Biosystems KI67P-CE ICC: 1:200

IHC: 1:500

Anti-MAP2, mouse IgG Sigma M9942 ICC: 1:200

Anti-NeuN, rabbit IgG EMD Millipore ABN78 IHC: 1:100

Anti-O4, mouse IgM R&D Systems MAB1326 ICC: 1:100

Anti-Phospho-histone H3 

(Ser10) (6G3), mouse IgG

Cell Signaling 

Technology

9706S ICC: 1:200

Anti-SOX2, goat IgG Santa Cruz 

Biotechnology

SC-17320 IHC: 1:200

Anti-TBR1, rabbit IgG Abcam Ab31940 IHC: 1:500

Anti-TBR2, rabbit IgG Abcam Ab23345 IHC: 1:500

TuJ1, anti-class III β tubulin, 

rabbit IgG

Sigma T2200 ICC: 1:100

IHC: 1:200

Alexa Fluor 594 donkey anti-

goat IgG

Jackson 

ImmunoResearch

705-585-147 IHC: 1:200

Alexa Fluor 488 donkey anti-

mouse IgG

Jackson 

ImmunoResearch

715-545-151 ICC: 1:200

IHC: 1:200



Alexa Fluor 555 goat anti-

mouse IgM

Invitrogen A21426 ICC: 1:200

Alexa Fluor 594 donkey anti-

rabbit IgG

Jackson 

ImmunoResearch

711-585-152 ICC: 1:200

IHC: 1:200

Alexa Fluor 594 donkey anti-

rat IgG

Jackson 

ImmunoResearch

712-585-153 IHC: 1:500

Canavalia ensiformis 

concanavalin A (ConA), 

Fluorescein labeled

Vector Labs FL-1001 Flow: 20 µg/ml

Datura stramonium lectin 

(DSL), Fluorescein labeled

Vector Labs FL-1181 Flow: 20 µg/ml

Lycopersicon esculentum 

agglutinin (LEA, LEL), 

Fluorescein labeled

Vector Labs FL-1171 Flow: 50 µg/ml

Lens culinaris agglutinin 

(LCA), Fluorescein labeled

Vector Labs FL-1041 Flow: 20 µg/ml

Phaseolus vulgaris 

erythroagglutinin (E-PHA), 

Fluorescein labeled

Vector Labs FL-1121 Flow: 20 µg/ml

Phaseus vulgaris 

leucoagglutinin (L-PHA), 

Fluorescein labeled

Vector Labs FL-1111 Flow: 20 µg/ml  

IHC: 1:100

Sambucus nigra agglutinin 

(SNA), Fluorescein labeled

Vector Labs FL-1301 Flow: 40 µg/ml
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