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During mammalian neocortex development, nascent pyramidal neurons migrate along radial glial cells and overtake earlier-born neurons
to terminate at the front of the developing cortical plate (CP), leading to the outward expansion of the CP border. While much has
been learned about the cellular and molecular mechanisms that underlie the migration of pyramidal neurons, how migrating neurons
bypass the preceding neurons at the end of migration to reach their final positions remains poorly understood. Here, we report that
Down syndrome cell adhesion molecule (DSCAM) is required for migrating neurons to bypass their postmigratory predecessors during
the expansion of the upper cortical layers. DSCAM is a type I transmembrane cell adhesion molecule. It has been linked to Down syn-
drome through its location on Chromosome 21 trisomy and to autism spectrum disorders through loss-of-function mutations. Ex vivo
time-lapse imaging demonstrates that DSCAM is required for migrating neurons to bypass their postmigratory predecessors, crossing
the CP border to expand the upper cortical layers. In DSCAM-deficient cortices, migrating neurons stop prematurely under the CP bor-
der, leading to thinner upper cortical layers with higher neuronal density. We further show that DSCAM weakens cell adhesion medi-
ated by N-cadherin in the upper cortical plate, allowing migrating neurons to traverse the CP border and expand the CP. These
findings suggest that DSCAM is required for proper migratory termination and final positioning of nascent pyramidal neurons, which
may provide insight into brain disorders that exhibit thinner upper layers of the cerebral cortex without neuronal loss.
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Significance Statement

Newly born neurons in the developing mammalian neocortex migrate outward toward the cortical surface, bypassing earlier
born neurons to expand the developing cortex. How migrating neurons bypass the preceding neurons and terminate at the
front of the expanding cortex remains poorly understood. We demonstrate that Down syndrome cell adhesion molecule
(DSCAM), linked to Down syndrome and autism spectrum disorder, is required by migrating neurons to bypass their
postmigratory predecessors and terminate migration in the outwardly expanding cortical layer. Migrating neurons deficient
in DSCAM stop prematurely, failing to expand the cortex. We further show that DSCAM likely mediates migratory termina-
tion by weakening cell adhesion mediated by N-cadherin.

Introduction
During mammalian neocortical development, nascent pyramidal
neurons, born in the ventricular or subventricular zone (SVZ),
migrate along radial glial cells to generate cortical layers. As they
migrate, the later-born pyramidal neurons overtake earlier-born
neurons to terminate at the border of the cortical plate (CP), leading
to an “inside-out” pattern of cortical layer formation. Despite
intense interest in this important process of cortical development,
how migrating neurons bypass the preceding neurons at the end of
migration to locate their final positions remains poorly understood.

Neuronal migration defects in mutant mice have provided
insights into neuronal positioning during cortical genesis. In
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Reeler (reelin) and Scrambler [Disabled 1 (Dab1)] mice, migrating
neurons do not follow the inside-out layer formation, resulting in
an inverted cerebral cortex (Sheldon et al., 1997; D’Arcangelo,
2006). In reelin-deficient or Dab1-deficient mice, postmigratory
neurons remain attached to the radial glia. Cell adhesion mole-
cules regulate the neuronal detachment from radial glia (Anton
et al., 1996). For example, a3 integrin expression in the upper
CP differs in wild-type and Scramblermice, and Reelin blocks a3
integrin expression at the top of the CP to facilitate neuron
detachment (Sanada et al., 2004). SPARC-like 1 is also specifi-
cally expressed in the upper CP and may modulate neuronal
adhesion to promote detachment (Gongidi et al., 2004). While
these studies demonstrate that proper exit from radial migra-
tion is critical for the inside-out formation of cortical layers
(Pinto-Lord et al., 1982; Sanada et al., 2004), how later-born
neurons bypass the postmigratory preceding neurons at the
CP border has not been characterized.

Down syndrome cell adhesion molecule (DSCAM) is a type I
transmembrane cell adhesion molecule of the Ig superfamily
(Yamakawa et al., 1998; Agarwala et al., 2000). Loss-of-function
DSCAMmutations in human have been linked to neurobehavio-
ral conditions, such as autism spectrum disorder (Turner et al.,
2016; Wang et al., 2016; Narita et al., 2020), highlighting the
importance of DSCAM in neurodevelopment. The Drosophila
homolog of DSCAM, Dscam1, mediates dendrite or axon self-
avoidance (Hughes et al., 2007; Matthews et al., 2007; Soba et al.,
2007), a process that requires remarkable molecular diversity.
Alternative splicing of the extracellular ectodomain of Drosophila
Dscam1 can, in theory, generate .19,000 isoforms (Schmucker
et al., 2000; Hattori et al., 2009). Furthermore, Drosophila Dscam1
expression levels dictate neuronal axon terminal growth inde-
pendent of its ectodomain diversity (Kim et al., 2013).

Mammalian DSCAM does not possess ectodomain diversity
like its Drosophila homolog (Schmucker and Chen, 2009). Rather,
in mammals, neurite self-avoidance is mediated through proto-
cadherin diversity (Zipursky and Sanes, 2010; Lefebvre et al.,
2012). DSCAM also contributes to neurite self-avoidance in
mammals in a fashion that does not require large molecular
diversity. This is achieved by masking the cell adhesion medi-
ated by cadherins (Garrett et al., 2018). For instance, several
DSCAM�/� mutants exhibit retinal mosaic defects in mice,
with excessive soma adhesion and process fasciculation (Fuerst
et al., 2008, 2009, 2010). Intercellular DSCAM interaction decreases
cell adhesion through masking cadherins and consequently pro-
motes self-avoidance. DSCAM also regulates migrating neuron
detachment from the ventricular surface in the midbrain (Arimura
et al., 2020). Whether DSCAM is involved in cortical development
remains poorly unknown.

In this study, we used ex vivo time-lapse imaging to demon-
strate at the single-neuron resolution that DSCAM is required
for migrating nascent neurons destined to upper cortical layers
to bypass their postmigratory predecessor and migrate across the
CP to expand the cortical layer. Migrating neurons deficient in
DSCAM prematurely stops at the CP border together with their
postmigratory predecessors. Thus, DSCAM-deficient neurons
fail to expand the upper cortical layers, leading to a thinner and
denser cortical layer. Our results show that DSCAM masks cell
adhesion mediated by N-cadherin in the upper cortical plate,
facilitating radial migrating neurons to bypass the border of the
developing CP. These findings suggest that DSCAM is required
for proper migratory termination and final positioning of nas-
cent pyramidal neurons, which may provide insight into brain

disorders that exhibit thinner upper layers of cerebral cortex
without neuronal loss (Arnold and Trojanowski, 1996).

Materials and Methods
Mice. In this study, we used DSCAM2j/2j mutant mice for DSCAM

loss-of-function studies because it does not produce a protein product
and mice survive postnatally on the inbred background that it arose on
(Fuerst et al., 2010). The DSCAM2J allele harbors a spontaneous 4 bp
duplication in exon 19, leading to a frameshift and loss of function. The
8-week-old DSCAM2j/1 mice (hereafter referred to as DSCAM1/�) were
crossed to generate DSCAM1/1, DSCAM1/�, and DSCAM�/� mice.
The nestin-CreERT2 mouse [C57BL/6-Tg(Nes-creERT2)KEisc/J; stock
#016261, The Jackson Laboratory; Lagace et al., 2007], under the nestin
promoter, expresses tamoxifen-induced Cre recombinase in adult and
developing mouse brains, including neural progenitor cells (NPCs). The
Ai14 mouse [GeneTrap B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J; stock
#007914, The Jackson Laboratory; Madisen et al., 2010] expresses the
red fluorescent protein (RFP) tdTomato in a Cre-dependent fashion.
DSCAM1/� animals were bred into nestin-CreERT2 and Ai14 mice to
generate DSCAM�/�/nestin-CreERT2/CAG-tdTomato progeny with
tamoxifen-inducible nestin-promoter-restricted tdTomato expression
in NPCs. tdTomato was induced by tamoxifen injection into dams
bearing embryonic day 14.5 (E14.5) embryos and was expressed by all
NPC progeny cells.

All mice were handled in accordance with a protocol approved by
the Institutional Animal Care and Use Committee at the University of
Michigan. The mice were housed in a dedicated temperature-controlled
(20°C) animal facility with a 12 h light/dark cycle maintained by the
Unit for Laboratory Animal Medicine at the University of Michigan.
The mice were housed in groups of no more than five per cage and were
provided regular chow and water ad libitum. Their health was monitored
onsite by a dedicated veterinarian staff.

In utero electroporation of mouse embryos. In utero electroporation
(IUE) was performed as previously described with some modifications
(Sun et al., 2010; Yang et al., 2012). Pregnant female mice (E14.5) were
anesthetized with isoflurane, and an incision was made to expose the
embryos while still within the uterus. A plasmid DNA solution (;2–
3mg/ml) containing 0.01% (w/v) Fast Green dye was injected (;1–2ml)
into the right side of the lateral ventricle of each embryo brain using a
glass micropipette. Each embryo head, still within the uterus, was placed
between the leads of a Tweezertrode Electrode system (diameter, 5 mm;
BTX, Harvard Bioscience) and administered five electrical pulses (50 V,
50ms duration, 950ms intervals) using an electroporator (ECM830,
Harvard Bioscience). Embryos were returned to the pregnant female,
and the muscle and skin were sutured, respectively. The pregnant female
was monitored until she revived and was administered carprofen (5mg/kg,
i.p.) for pain management.

Genotyping embryonic tissues. Embryo genomic DNA was purified
for genotyping by digesting tail tissue in 300ml of TES buffer (50 mM

Tris, pH 8.0, 0.5% SDS, 0.1 M EDTA, in 1� PBS) with proteinase K over-
night. Then, 5 M NaCl (160–200ml) was added before centrifugation to
remove precipitates. Next, isopropanol (180ml) was added to the 300ml
of supernatant to precipitate the DNA. The DNA pellets were washed
with 500ml of 70% ethanol before dissolving in 20ml of water. DNA
flanking the DSCAM2j mutation were amplified by PCR (forward
primer: 59-gccctgtggtatttgctggtgtg-39; reverse primer: 59-gatgggcaaatgt-
caaaggtcaaa-39). The PCR product was sequenced with either primer to
verify the presence of the mutation.

Live-cell time-lapse confocal microscopy of brain sections. Brain slice
culture and time-lapse confocal imaging were performed as previously
described (Yang et al., 2012). Brains of E19.5 embryos were coronally
sectioned in ice-cold artificial cortical spinal cord fluid on a vibratome
(Leica Microsystems) into 300mm slices. Brain slices were then immersed
in DMEM and continuously perfused with DMEM bubbled with 95% O2

and 5% CO2 at 37°C on the microscope stage. Time-lapse imaging was per-
formed using confocal microscopy (model TCS SP5, Leica) with an HC
Fluotar L 25�/0.95 W VISIR immersion objective lens at 5 min intervals
for a 15 h duration. The embryos were genotyped as described above.
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Fluorescence immunohistochemistry of brain sections. Brains were fixed
by 4% paraformaldehyde (PFA; in PBS) overnight. Then, brains were
immersed in 30% sucrose overnight, followed by embedding in optimal
cutting temperature (O.C.T.) media (Tissue-Tek, Sakura), and freezing
at �80°C. Brains were sectioned coronally at 100mm thickness, perme-
abilized with 0.1% Triton X-100 in PBS, blocked with 2% donkey serum
in PBS, and incubated overnight at 4°C with primary antibodies. The
antibodies used are as follows: (1) mouse anti-NeuN (1:1000; catalog
#ab104224, Abcam); (2) rabbit anti-Satb2 (1:1000; catalog #ab92446,
Abcam); (3) rabbit anti-Tbr1 (1:1000; catalog #ab31940, Abcam);
(4) rabbit anti-Ki67 (1:1000; catalog #ab15580, Abcam); (5) rabbit anti-
SOX2 (1:1000; catalog #ab5603, Chemicon); or (6) rabbit anti-Cleaved

Caspase-9 (1:500; catalog #PA5-17913, Thermo Fisher Scientific). Sections
were rinsed and probed with secondary antibodies against mouse or rabbit
(1:500; Jackson ImmunoResearch). The brain sections were then counter-
stained with DAPI, rinsed, and mounted in 50% glycerol before visual-
ization. Images were captured using an SP5 confocal microscope (Leica).

RNA in situ hybridization of brain sections. DSCAM mRNA in situ
hybridization (ISH) was conducted using previously published probe
sequences (Fuerst et al., 2009) and from the Genepaint website. Probe
sequences were amplified from DSCAM cDNA (catalog #18737, Addgene;
Yamagata and Sanes, 2008) and cloned into a pTOPO vector. DIG-labeled
cRNA probes were generated using a DIG RNA labeling kit (Roche), as
previously described (Lin et al., 2017). Briefly, DIG-labeled cRNA probes

Figure 1. DSCAM is required for expanding the developing upper cortical layers. A, Immunostaining of NeuN (green channel) in wild-type (WT) and DSCAM�/� cortex at P21 counterstained
with DAPI (blue channel). B, Quantification of the thickness of cortical layers in WT, DSCAM1/�, and DSCAM�/� at P21. Top, Upper cortical layers. Bottom, Deeper cortical layers. One-way
ANOVA followed by post hoc Student’s t test. NS, Not significant. p. 0.05; **p, 0.01. C, E, Immunostaining of Satb2 (red channel) in WT and DSCAM�/� cortices counterstained with DAPI
(blue) at E17.5 (C) and P5 (E). D, F, Quantification of the thickness of developing cortices in WT, DSCAM1/�, and DSCAM�/� at E17.5 (D) and P5 (F). One-way ANOVA followed by post hoc
Student’s t test. NSp. 0.05; ***p, 0.001. G, H, Quantification of Satb21 cell densities (G) and total number (H) in upper cortical layers (II–IV) at P5. Mann–Whitney U test. NSp. 0.05;
*p, 0.05. I, tdTomato1 pyramidal neurons (red) labeled by in utero electroporation at E14.5 locate in the upper cortical layers (labeled by DAPI staining, blue) at P5. J, Quantification of the
percentage of tdTomato1 neurons in upper cortical layers in WT and DSCAM�/� at P5. Fisher’s exact test. NSp. 0.05. K–N, Quantification of cell densities in upper cortical layers (II–IV), layer
V, layer VI at P21, and upper cortical layers at P5. One-way ANOVA followed by post hoc Student’s t test. NSp. 0.05; **p, 0.01; ***p, 0.0001. Scale bar, 50mm.
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were generated by in vitro transcription from the DSCAM cDNA tem-
plate. ISH was performed on fresh-frozen mouse brain sections mounted
on microscope slides, which were fixed, permeabilized by proteinase K,
incubated with DIG-labeled cRNA probes, rinsed, and incubated with
anti-DIG-AP (alkaline phosphatase) antibody (Roche). The signal was
visualized by an AP substrate NBT (nitro-blue tetrazolium chloride)/
BCIP (5-bromo-4-chloro-39-indolyphosphate p-toluidine salt; Roche).

Cell brain slice adhesion test. HEK293NC (no N-cadherin expressed)
and TA (with N-cadherin expressed) cells (Yamagata and Sanes, 2018)
were cultured in DMEM with 10% FBS in a humidified cell culture hood
at 37°C and 5% CO2. N-cadherin (1.5mg plasmid; catalog #18870,
Addgene; Nechiporuk et al., 2007) or N-cadherin (1.5 mg plasmid)/
DSCAM (0.5mg plasmid) were transfected respectively with Lipofectamine
(Thermo Fisher Scientific) into HEK293NC and TA cells (Yamagata and
Sanes, 2018). Transfected HEK293 cells were incubated in a humidified
cell culture hood at 37°C and 5% CO2 for 2 d. E19.5/postnatal day 0 (P0)
brains were dissected and sectioned into 300mm brain slices. To neutral-
ize N-cadherin-mediated cell adhesion in HEK293NC cells expressing
N-cadherin, 50ml mouse anti-N-cadherin antibody (GC-4 clone; C3865,
Sigma-Aldrich; RRID:AB_262097; Wallerand et al., 2010) was added to
the isolated HEK293 cells for 10min before they were added to cort-
ical slices. The cortical slices were attached to the bottom of wells of
a 24-well plate. Isolated HEK293 cells were incubated with the corti-
cal slices for 2 h. After that, the brain slices were rinsed three times
with 1� PBS to remove unattached cells and debris. Then, the brain
slices and attached HEK293 cells were fixed with 4% PFA. Cell num-
bers were counted within each layer, the marginal zone (MZ), upper
CP, and lower CP. The percentage of cells in each layer of the total
cell number was calculated to represent the attaching ability intro-
duced by N-cadherin.

To test the adhesion of primary neurons to the cortical plate, neurons
were labeled with RFP expressed by PBCAG-mRFP (catalog #40996,
Addgene) by IUE at E14.5. Then, at E19.5 the transfected cortices were
dissected and triturated to dissociate the neurons. The neurons were
incubated on wild-type cortical slices for 2 h. The remaining steps are
the same as those for the HEK293 cortical slice adhesion assay.

Western blotting.HEK293 cells were lysed in 2� sample buffer, soni-
cated, and boiled at 95°C for 5min. Samples were then loaded onto 4–
20% SDS-PAGE gels (catalog #4561093, BIO-RAD) for electrophoresis
and transferred to nitrocellulose membrane (Novex). The membranes
were blocked in 10% milk in 1� PBS (with 0.1% Triton X-100), then
incubated overnight at 4°C with the following primary antibodies: (1) goat
anti-DSCAM antibody (1:100; catalog #AF3666, R&D Systems); (2) rabbit
anti-N-cadherin (1:2000; catalog #ab18203, Abcam); or (3) mouse anti-
b -actin (1:10,000; catalog #AM4302, Thermo Fisher Scientific). After
washes, the membranes were incubated with blocking buffer containing
HRP-conjugated secondary antibodies (BIO-RAD) for 2 h at room tem-
perature. The signal was developed in ChemiDoc MP imager and quanti-
fied using ImageJ software. The signal of N-cadherin bands, b -actin
bands, and background were measured with ImageJ.

Statistical analysis. Data were analyzed using GraphPad Prism 8.
The types of statistical tests are shown in figure legends. All experiments
were quantified in double-blind fashion so that the person who quanti-
fied the images did not know the genotypes or transfection plasmids.

Results
DSCAM is required for expanding upper cortical layers
To examine the contribution of DSCAM to cortical development,
we compared the cortical histology of homozygous DSCAM2J/2J

Figure 2. Loss of DSCAM does not affect the number of neural progenitors and that of cells undergoing programmed cell death in the neocortex. A, B, Immunostaining of the proliferation
marker Ki67 (A) and the marker Sox2 of the neural progenitor cell (B, red channel) in wild-type (WT) and DSCAM�/� cortices at E17.5. The cortical slices were counterstained with DAPI (blue
channel). Scale bar, 50mm. C, D, Quantification of the total number of neural progenitors in the ventricular zone in WT and DSCAM�/� at E17.5. Student’s t test. NSp. 0.05. E, Immunostaining
of cleaved Caspase-9 (red channel)—which indicates activated Caspase-9—in WT and DSCAM�/� cortical slices counterstained with DAPI (blue) at E19.5. Upper cortical neurons were labeled by
transfecting an EGFP-expressing plasmid (pCAGGS-IRES-EGFP) via IUE at E14.5. The programmed cell death in the positive controls was caused by MUNC18-1 knockout (Verhage et al., 2000). F,
Quantification of the cells positive for cleaved Caspase-9 in upper cortical layers of WT, DSCAM�/�, and the positive control in 100-mm-wide cerebral cortices at E19.5. Shown are the percentage
of GFP1 neurons that were also positive for cleaved Caspase-9 in the total number of GFP1 neurons. One-way ANOVA followed by post hoc Mann–Whitney U test. NSp. 0.05, ***p, 0.0001.
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mice (referred to as DSCAM�/� here on) and
their wild-type and heterozygous littermates.
Previous studies have shown that DSCAM2j

is a protein-null allele (Schramm et al., 2012;
de Andrade et al., 2014). Fluorescence
immunohistochemistry was performed on
coronal brain sections from young adult
mice at P21 using an antibody against NeuN, a
pan-neuronal marker. The upper cortical layers
(II–IV) were 21% thinner in DSCAM�/� corti-
ces compared with wild-type or heterozygous
cortex (Fig. 1A,B, top panels). Surprisingly, the
deeper cortical layers (V–VI) were unaffected
(Fig. 1A,B, bottom panels). These results suggest
that DSCAM is required for expanding the
thickness of upper cortical layers. Formation of
the upper cortical layers begins after E18.5
through radial migration of pyramidal neurons
(Molyneaux et al., 2007) and approaches com-
pletion at approximately P5 (Caviness, 1982;
Supèr et al., 2000). Therefore, we determined
whether DSCAM was required for proper
cortical thickness during this developmen-
tal window. At E17.5, the CP thickness in
DSCAM�/� cortex was comparable to wild-
type or DSCAM1/� cortex (Fig. 1C,D), whereas
at P5, DSCAM�/� upper cortex was 25% thin-
ner than wild-type or heterozygous cortex
(Fig. 1E,F). These findings were further con-
firmed by immunostaining with an antibody
against Satb2, a marker for neurons in corti-
cal layers II–IV (Britanova et al., 2008). The
density of Satb21 neurons in DSCAM�/� cor-
tex was 26% higher than in wild-type cortex
(Fig. 1G). However, the total number of Satb21

neurons were similar between DSCAM�/� and
wild-type cortices (Fig. 1H). Thus, examining a
wider developmental window further confirms
that DSCAM is required for expanding the upper
cortical layers.

DSCAM is required for neuronal dispersion
in developing upper cortical layers
Defective radial migration distributes neurons
to the incorrect layer, which could cause a
thinner cortex (Rakic, 1988; Dobyns and Truwit,
1995). The thinner cortical layers that we
observed in DSCAM�/� mice could similarly
arise from defective radial migration that mis-
takenly redirects neurons destined to the upper
cortical layers to the deep cortical layers. To
test this possibility, we used IUE in E14.5
embryos to introduce a tdTomato expression
vector into dorsal NPCs, which give rise to pyramidal neurons
(Ayala et al., 2007). The progeny neurons of these NPCs radially
migrate and differentiate into pyramidal neurons in the upper
cortical layers during E17.5 to P5 (Molyneaux et al., 2007).
We examined the cortices at P5, after radial migration had
occurred, and only detected tdTomato neurons in the upper
cortical layers in both wild-type and DSCAM�/� cortex (Fig. 1I,
J). This result demonstrates that lack of DSCAM does not pre-
vent pyramidal neurons from migrating to the upper cortical
layers through radial migration.

Alternatively, a thinner neocortex may also arise from the
birth of fewer neurons. To assess whether this occurs in
DSCAM�/� cortex, we quantified the neuronal density from im-
munoreactivity to NeuN in the upper cortical layers at P5 and
P21. The density of neurons in layers II–IV was .30% higher in
DSCAM�/� cortex compared with wild-type and heterozygous
cortex (Fig. 1K,N; also see Fig. 1G). On the other hand, the neu-
ronal density in deeper layers in DSCAM�/� cortex was compa-
rable to wild-type and heterozygotes cortex (Fig. 1L,M). The
number of neural progenitors in the ventricular zone did not differ
between DSCAM�/� and wild-type at E17.5, as suggested by

Figure 3. DSCAM is preferentially expressed in radial migrating neurons in the upper cortical plate. A, DSCAM
mRNA in situ hybridization in developing WT cortices at E14.5 (left), E16.5 (middle), and E19.5 (right). IZ, Intermediate
zone; LCP, lower cortical plate; UCP, upper cortical plate; MZ, marginal zone. Scale bar, 100mm. B, DSCAM mRNA is
expressed in all tdTomato1 neurons, which are destined to the upper cortical layers in WT cortices at E19.5. Scale bar,
50mm. B9, Enlarged image of the boxed area in B; green arrowheads point to individual neurons. Left, DSCAM mRNA
ISH. Middle, tdTomato. Right, Merge.
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Figure 4. DSCAM is required for migrating neurons to bypass the CP border. A, A9, Cellular behaviors at the termination phase of radially migrating neurons. Representative time-lapse
images of tdTomato1 neurons in WT cortices at E19.5. The images show several stages of migration. Neurons with a bipolar morphology and a thick leading process migrate radially to the CP
border. They then extend multiple dynamic processes and, as migration terminates, retract the thick leading process. A, A representative neuron migrates laterally after radial migration. A9, A
representative neuron stops immediately after radial migration. One hour per frame. The temporary CP border at the beginning of time-lapse imaging represented by a green horizontal line.
Green arrowheads point to the soma of migrating neurons. Scale bar, 50mm. B, B9, Representative time-lapse images of tdTomato1 neurons in DSCAM�/� cortices at E19.5. B, A representa-
tive neuron migrates laterally after radial migration. One hour per frame. B9, A representative neuron stops immediately after radial migration; 0.5 h/frame. C, D, The wild-type, but not
DSCAM�/�, cortices (P0) expanded during the course of the time-lapse imaging. C, Representative images. Left panels, The start point of the time lapse (E19.5/P0). Right panels, The same
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immunostaining with the neural progenitor cell marker SOX2 and
cell proliferation marker Ki67 (Graham et al., 2003; Tsai et al.,
2005; Fig. 2A–D). Moreover, immunostaining with the marker for
active caspase signaling suggests that programmed cell death was
not altered at E19.5/P0 in the DSCAM�/� cortex (Zou et al., 1999;
Fig. 2E,F). These results demonstrate that the thinner upper corti-
cal layers II–IV in DSCAM�/� cortex does not result from
fewer neurons. Rather, a similar number of pyramidal neurons
are generated in DSCAM�/� versus wild-type cortex, but these
DSCAM�/� neurons fail to disperse, leading to a thinner but
denser upper cortical layer.

DSCAM is expressed in radially migrating neurons targeting
the upper cortical layers
Since DSCAM is required for neuronal dispersion to the upper
cortical layer, we sought to determine whether DSCAM was
expressed in neurons that were destined to cortical layers II–IV.
Since there are no reliable antibodies against mouse DSCAM for
immunohistochemistry, we used RNA ISH to investigate DSCAM
mRNA expression in the developing cortex. The upper cortical
layer begins to develop at approximately E18.5; therefore, we per-
formed RNA ISH on wild-type cortex at earlier time points, E14.5
and E16.5, and at a later time point, E19.5/P0. We found that
DSCAM mRNA levels were low in the CP at E14.5 and E16.5
(Fig. 3A) but increased significantly in the upper CP at E19.5/P0
(Fig. 3A). These results indicate that increased DSCAM expres-
sion coincides with the formation of the upper cortical layers.

A salient difference between the later (E19.5/P0; high DSCAM
expression) and earlier (E14.5 and E16.5; low DSCAM expression)
time points that we examined is that nascent pyramidal neurons of
upper cortical layers will have radially migrated and accumulated in
the upper CP by the E19.5/P0 but not E14.5 and E 16.5 time points,
since the upper cortical layer forms at approximately E18 onward.
Therefore, we further examined whether DSCAM mRNA was
expressed in these nascent neurons. We achieved this by genetically
labeling NPCs at E14.5, which gives rise to the pyramidal neurons
of the upper cortical layers, with tdTomato, and performing
DSCAM mRNA ISH. We observed that DSCAM mRNA was
expressed in all tdTomato1 neurons at E19.5/P0 (Fig. 3B,B9),
which suggests that DSCAM is expressed in those nascent py-
ramidal neurons destined to the upper cortical layers.

DSCAM is required for newly incoming neurons to bypass
their postmigratory predecessors at the CP border
Since DSCAM is expressed by radially migrating neurons but its
deficiency does not cause defective radial migration, we sought
to determine whether DSCAMwas instead involved in the termi-
nation of migration. We used time-lapse live imaging to investi-
gate this possibility. We fluorescently labeled radially migrating
neurons in wild-type and DSCAM�/� cortex by transfecting NPCs
with a tdTomato expression vector by IUE at E14.5. In mice, neu-
rons born at E14.5 establish the cortical layer IV at E19/P0 (Kwan
et al., 2012); therefore, we performed time-lapse imaging around
the CP border at E19.5/P0.

In wild-type cortex, neurons migrated across the CP with a
bipolar morphology and a leading process oriented radially
(Fig. 4A, 1:00–4:00 h, A9, 1:00–8:00 h). After crossing the orig-
inal CP boundary, which is delineated by the lower cell density
in MZ, the neurons ceased migrating radially. At this stage,
neurons either continued migrating nonradially a short dis-
tance to their final stopping position (Fig. 4A) or immediately
halted without further migration (Fig. 4A9). Once terminated,
the neurons sent out a new prominent process to replace the
leading process used during radial migration (Fig. 4A, 3:00–
7:00 h), and then extended and retracted several highly dynamic
processes (Figs. 4A, 7:00–15:00 h, A9, 9:00–15:00 h, B, 10:00–
15:00 h, and B9, 5:00–9:00 h, 5). Tracking several neurons in
wild-type cortices revealed that most neurons stopped their
radial migration after crossing the original CP border. The neu-
rons transitioned from a bipolar to multipolar shape and termi-
nated at 36.86 22.3mm above the original CP border (Fig. 4D,E).

By contrast, in DSCAM�/� cortices, radially migrating neu-
rons had a bipolar morphology and came to a halt within the CP
(Fig. 4B, 1:00–5:00 h, B9, 1:00–5:00 h). After radial migration, the
neurons in DSCAM�/� cortices might also start a nonradial
migration (Fig. 4B, 6:00–9:00 h) while they transitioned from
a bipolar to a multipolar shape and came to a full rest at
3.56 14.8mm below the original CP border, almost at the origi-
nal CP–MZ interface (Fig. 4B, 10:00–15:00 h, B9, 5:30–9:00 h, D,
E). During the course of the time-lapse imaging, the wild-type
cortices expanded significantly, while the DSCAM�/� cortices
did not (Fig. 4C). Loss of DSCAM did not significantly alter the
morphology of neurons that were terminating their radial migra-
tion (Fig. 5). These observations suggest that the positioning of
nascent pyramidal neurons relative to the original CP border
directly impacts the expansion of the cerebral cortex.

The developing CP border constantly moves outward during
the formation of the upper cortical layer, rendering it imprecise
to estimate the relative position of the expanding CP border to
individually migrating neurons. Therefore, we applied a more
precise method of evaluating CP outward expansion at the sin-
gle-neuron resolution. This technique takes advantage of neuron
pairs that migrate along the same radial axis, which enables pre-
cise measurement of the relative positions of the trailing migrat-
ing neurons to the leading migrating neurons. We fluorescently
labeled pyramidal neurons using a tamoxifen-induced Nestin-
Cre to drive tdTomato expression in NPCs in DSCAM1/� and
DSCAM�/� mice. tdTomato expression was induced by a tamox-
ifen injection at E14.5, labeling all the nascent neurons born after
E14.5, which were imaged by time-lapse microscopy.

We evaluated CP outward expansion using this system at sin-
gle-neuron resolution by monitoring neuron pairs migrating
along the same radial path. Under this experimental paradigm,
the termination position of the leading neuron defines the outer-
most position of the expanding CP. The position of the trailing
neuron was then measured relative to the termination position
of the leading neuron to track the progress of the trailing neuron
to its destination. This setup allowed us to determine at single-
neuron resolution whether the trailing neuron terminates at a
position before (i.e., still within the CP) or past the leading neu-
ron (i.e., reaches the new CP to expand the upper cortical layers).

In DSCAM1/� cortex, 67% of trailing neurons bypassed their
paired leading neurons to occupy their final position beyond the
original CP border (Fig. 6A,A9,C,E). In contrast, in DSCAM�/�

cortex, only 11% of trailing neurons bypassed their paired lead-
ing predecessors, which instead terminated their migration adja-
cent to their paired leading neurons or deeper within the cortical

/

cortical regions 15 h later. The CP expanded in WT (top) but not in DSCAM�/� (bottom).
The original cortical border is indicated by a green line, and the new CP border 15 h later is
indicated by a magenta line. Scale bar, 100mm. D, Quantification of the final positions of the
migrating neurons. “0” is the CP border at the beginning of the time-lapse imaging. Student’s t
test, ***p, 0.0001. E, Schematic of the termination stage of neuronal migration.
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layer (Fig. 6B,D,E). Furthermore, trailing neurons in DSCAM1/�

cortex terminated migration at a position further past their
paired leading neurons (14.76 13.6mm) compared with trailing
neurons in DSCAM�/� cortex (�1.56 7.1mm; Fig. 6F). These
results suggest that DSCAM is required by migrating pyramidal
neurons to bypass their postmigratory predecessors to expand upper
cortical layers.

DSCAMdecreases N-cadherin-mediated adhesion in developing
upper CP
How might DSCAM, as a homophilic cell adhesion molecule,
facilitate the migration of pyramidal neurons to bypass their post-
migratory predecessors? A previous study showed that in the
mouse retina DSCAM masks cadherin-mediated cell adhesion
(Garrett et al., 2018). We thus tested the possibility that
DSCAM may mask or weaken adhesion from other cell adhe-
sion molecules and therefore decrease the total cell adhesion
strength in the upper CP. In this manner, DSCAM may facilitate
the entry of migrating neurons into the MZ. N-cadherin is
expressed throughout the CP and MZ and plays key roles in
radial migration (Lai et al., 2015). To investigate the function
of DSCAM in cell adhesion in the CP, we developed a
HEK293T cortical slice adhesion assay. HEK293T cells express a
low level of N-cadherin (Yamagata et al., 2018), which is not suf-
ficient for mediating robust cell adhesion to brain slices (Fig.

7A,C,D). Nevertheless, to completely
avoid a potential complication from
the low level of endogenous N-cad-
herin in HEK293T cells, we used the
HEK293NC cell line with N-cadherin
knocked out, which was developed from
a cloned HEK293T cell line called
HEK293TA (Yamagata et al., 2018;
Fig. 7A). Overexpressing N-cadherin in
HEK293NC cells significantly increased
their attachment to cortical slices (Fig.
7C,D). Furthermore, the adhesion of
HEK293NC cells overexpressing N-cad-
herin to cortical slices was blocked
when the cells were preincubated with a
monoclonal anti-N-cadherin antibody
(clone GC-4), which is known to neu-
tralize N-cadherin function (Wallerand
et al., 2010). These results suggest that
the N-cadherin in HEK293NC cells and
cortical slice specifically mediates the
cell–cortical plate attachment.

With this test, we examined the adhe-
sion of N-cadherin-expressing HEK293NC
cells, with or without DSCAM coexpres-
sion, to cortical slices (Fig. 7E,G–I).
HEK293NC cells expressed comparable
levels of N-cadherin with or without
DSCAM coexpression (Fig. 7F). After
incubating these HEK293NC cells on
wild-type brain slices, we quantified the
percentages of cells attached to the MZ,
upper CP, and lower CP. We found a
dramatic decrease in the percentage
of HEK293NC with N-cadherin and
DSCAM coexpression in the upper
CP (Figs. 7E,G), whereas the percent-
age of HEK293NC cells in the lower

CP and MZ were similar with or without DSCAM coexpres-
sion (Fig. 7H,I). These results suggest that DSCAM weak-
ens N-cadherin-mediated cell adhesion in the developing
upper CP.

We further tested this notion by replacing HEK293NC cells
with pyramidal neurons dissociated from developing cortical
plates. Pyramidal neurons destined to the upper cortical layers
were labeled with red fluorescent protein by IUE in either
DSCAM�/� embryos or their wild-type littermates at E14.5.
Then, at E19.5, dissociated neurons from transfected cortical
plates were incubated with wild-type cortical slices for 2 h before
fixation. DSCAM�/� neurons attached to the upper CP signifi-
cantly more than wild-type neurons (Fig. 7J,K). By contrast,
there was no difference between DSCAM�/� and wild-type neu-
rons in their attachment to the lower CP and MZ (Fig. 7L,M).
Overall, these results suggest that DSCAM weakens the attach-
ment of migrating pyramidal neurons to the upper CP.

Discussion
The termination of neuronal radial migration is critical for cortex
formation (Ohtaka-Maruyama and Okado, 2015). In this study,
we found that DSCAM is involved in the termination of neuro-
nal migration in upper cortical layers. DSCAM allows incoming
nascent pyramidal neurons to bypass their predecessors at the

Figure 5. The morphology of neurons during the termination of radial migration. A, B, Time-lapse imaging shows the mor-
phology of neurons that are terminating their radial migration in wild-type (A) and DSCAM�/� (B) cortices at E19.5/P0. The
neuron morphology was traced in black. C, D, Quantifications of the percentage of pyramidal neurons extending two or more
highly dynamic neurites (C) and the average number of highly dynamic neurites (D) during the termination of radial migration
in wild-type and DSCAM�/� cortices at E19.5/P0. Student’s t test. NSp. 0.05.
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CP border to expand the developing cerebral cortex. Therefore,
the loss of DSCAM reduces the thickness of the upper cortical
layers while increasing their neuronal density. Consistent with
the selective effect on upper cortical layers inDscam�/� mutants,
Dscam mRNA expression is preferentially elevated in the upper
CP during upper cortical layer formation. We used the time-
lapse imaging technique to demonstrate that DSCAM is required
for the termination of neuronal radial migration and the deter-
mination of their final position at the CP border of the develop-
ing cortex. Through a cell adhesion assay on cortical slices, we
found that DSCAM masks or weakens N-cadherin-mediated cell
adhesion in the upper CP, therefore decreasing the affinity
between neurons. These findings suggest that DSCAM allows the
migrating neurons to bypass the CP border by masking the high-
affinity cell adhesion of N-cadherin.

Radial migration of nascent pyramidal neurons in the devel-
oping cortex involves several steps. The process begins with nas-
cent pyramidal neurons arising from NPCs in the subventricular
zones, transitioning from a multipolar to a bipolar morphology
before initiating the migration along radial glia. Migrating py-
ramidal neurons cross the SVZ, intermediate zone, and CP to
terminate at the front of the developing CP, where they lose their

leading process as they come to their final position (Gongidi et al.,
2004; Sanada et al., 2004; Ohtaka-Maruyama and Okado, 2015).
Of all these steps, migration termination is the least understood
process (Rakic, 1988; Rakic and Caviness, 1995; Gongidi et al.,
2004; Ohtaka-Maruyama and Okado, 2015), despite its critical im-
portance in cortical layer formation. The cellular and molecular
underpinning of neuronal migration termination remain unknown.

We noted upper cortical layer thickness defects in the
DSCAM�/� mice. To investigate more closely, we tagged migrat-
ing pyramidal neurons with tdTomato by IUE and used ex vivo
time-lapse imaging to monitor migration in real time. Through a
quantitative analysis that we developed (Fig. 4), we found that the
ability of migrating pyramidal neurons to overtake their postmigra-
tory predecessors was impaired in DSCAM�/� cortex. Instead, we
found that DSCAM-deficient migrating neurons abruptly halted just
at or beneath the CP border. We refined our analysis by examining
neuron pairs (Fig. 6) to track relative positions more accurately. This
experiment confirmed that migratingDSCAM�/� neurons are defec-
tive in their ability to overtake the postmigratory predecessors.
Importantly, our time-lapse imaging approach resolved the question
of how new incoming pyramidal neurons bypass their postmigratory
predecessors. Although it has been previously assumed that new

Figure 6. DSCAM is required for the trailing neurons to bypass their postmigratory predecessor neurons at the CP border. A–B, Representative time-lapse imaging of a pair of tdTomato1

migrating neurons (1 h/frame) in DSCAM1/� (A, A9) and DSCAM�/� (B) cortices in which the trailing neuron (green dots) bypasses the leading neuron (magenta dots) and attains the CP bor-
der. The green and magenta dots label the cell body positions and show the relative positions of leading and trailing neurons during the termination phase of neuronal migration. C, D,
Schematics of the relative position of individual neurons of in the migrating pairs. E, Quantification of neuron pairs in which the trailing neuron bypasses the leading neuron in DSCAM1/�

(n= 3 animals) and DSCAM�/� (n= 4 animals) cortex. Mann–Whitney U test, **p, 0.01. F, Quantification of the distance between the trailing and leading neurons in DSCAM1/� (n= 30
neurons pairs) and DSCAM�/� (n= 32 neuron pairs). Student’s t test, ***p, 0.0001.
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incoming pyramidal neurons bypass postmigratory neurons to tra-
verse the developing CP border, this study provides evidence demon-
strating the role of DSCAM in this process.

Several of our observations suggest that DSCAM is required
for the termination phase of radial migration but not earlier
phases. First, the loss ofDscam reduces the thickness of upper corti-
cal layers (layers II/III/IV) without affecting deeper cortical layer
thickness (layers V/VI). Importantly, the reduction in thickness
coincides with an increase in neuron density in the same layers,

suggesting a defect in neuron positioning on completing migration.
Second, defects in thickness occur during upper cortical layer for-
mation, when neurons terminate migration. Third, DSCAM expres-
sion increases at E19.5/P0, when upper cortical histogenesis begins,
and especially in the nascent migrating neurons destined to form
the upper cortical layer over the existing CP. On the other hand, ra-
dial migration itself was not compromised in DSCAM�/� neurons,
leaving a termination defect the likeliest explanation. This possibility
motivated us to study the defect in migratory termination by ex vivo

Figure 7. DSCAM decreases N-cadherin-mediated adhesion in developing upper CP. A, Expression of N-cadherin in HEK293TA and NC cells. B, Levels of N-cadherin in HEK293TA and NC cells with
or without N-cadherin-GFP overexpression. C, D, While neither HEK293TA nor NC cells attach to cortical slices efficiently, overexpressing N-cadherin significantly enhances the attachment of
HEK293NC to cortical slices. The attachment depends on N-cadherin because it is diminished by incubation of the HEK293 cells with an anti-N-cadherin antibody (C, right panel). Quantification of cells
attached to E19.5 cortical slices (width, 1.5 mm) is show in D. One-way ANOVA followed by post hoc Mann–Whitney U test: NSp. 0.05; *p, 0.05. Scale bar, 100mm. E, The distributions of
HEK293NC cells overexpressing N-cadherin (N-Cad OE; red) on wild-type cortical slices (blue). Left, without DSCAM coexpression; right, with DSCAM coexpression. IZ, Intermediate zone; LCP, lower
cortical plate; UCP, upper cortical plate; MZ, marginal zone. F, Western blots (left) and quantification (right) showing that overexpressing (OE) DSCAM does not affect the level of cotransfected N-cad-
herin. b -Actin is used as an internal control. The y-axis shows the ratio of N-cadherin signals to b -actin signals after background subtraction of both. Mann–Whitney U test. NSp. 0.05. G–I,
Quantification of the percentage of HEK293NC cells adhered to the UCP (G), the LCP (H), and the MZ (I). Mann–Whitney U test: NSp. 0.05; **p, 0.01. J, The distributions of primary neurons
(red) on wild-type cortical slices (blue). Left, The distribution of wild-type primary neurons, which expresses DSCAM. Right, The distribution of primary neurons from DSCAM�/� mice. K–M,
Quantification of the percentage of primary neurons adhered to the UCP (K), LCP (L), and the MZ (M). Mann–Whitney U test: NSp. 0.05; ***p, 0.001.
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time-lapse imaging, which showed significantly fewer new incoming
nascent neurons bypassing their predecessors to expand the CP in
DSCAM�/� mutant.

Previous studies have shown that extracellular matrix compo-
nents, such as a3 integrins, guide nascent pyramidal neurons as
they migrate along radial glia across the entire developing cortex
to the CP–MZ interface. Reelin from Cajal-Retzius cells inhibits
a3 integrin expression to facilitate the detachment of migrating
pyramidal neurons from radial glial cells (Sanada et al., 2004).
Plexin A2/A4 (PlxnA2/A4) or Semaphorin 6A (Sema6A) has
been proposed to play a similar role as Reelin signaling in the
detachment of migrating neurons from radial glia. Sema6A and
PlxnA2/A4 are hypothesized to mediate a repulsive interaction
between migrating neurons and radial glial cells (Hatanaka et al.,
2019). Loss of PlxnA2/A4 or Sema6A leads to a phenotype that
resembles the Cobblestone lissencephaly (Olson and Walsh, 2002;
Hatanaka et al., 2019). We found that the loss of DSCAM causes
migrating neurons to fail to traverse the CP border, suggesting that
Reelin–Dab1 and PlxnA2/A4–Sema6A signaling probably
function before neurons reach the CP border. However, it is
also possible that DSCAM functionally interacts with these
signaling pathways. Clarifying these is an interesting future
research direction.

DSCAM is a cell adhesion molecule primarily involved in
homophilic cell adhesion (Yamakawa et al., 1998; Agarwala et al.,
2000). We found that DSCAM is highly expressed in the devel-
oping upper CP and, surprisingly, is required by nascent pyrami-
dal neurons to bypass the preceding neurons. This is in apparent
conflict with the homophilic cell adhesion function of DSCAM.
However, in mammals, DSCAM may function in concert with
protocadherins (Zipursky and Sanes, 2010; Lefebvre et al., 2012)
or cadherins (Garrett et al., 2018). In the mouse retina, DSCAM�/�

mutants exhibit neurite fasciculation mediated by classical cad-
herins (Garrett et al., 2018), suggesting a function in masking
cadherin-mediated cell adhesion. DSCAM prevents fasciculation
in a homotypic fashion, being present on both neurons. Here, we
found that coexpressing DSCAM with N-cadherin rendered
HEK293NC cells less adhesive to the upper CP of brain slices,
but not the lower CP or MZ regions. These results suggest that
DSCAM masks N-cadherin, specifically in the upper CP, allow-
ing migrating neurons to enter the MZ. Therefore, our findings
support the notion that DSCAMmodulates adhesion strength by
blocking strong cell adhesion mediated by cadherins (Garrett
et al., 2018).

Previous studies have shown that the Drosophila homolog of
DSCAM, Dscam1, mediates neurite avoidance. Whether DSCAM
plays a similar role in migrating neurons is unknown. In the live-
imaging experiments, we found that the trailing neuron bypasses
the leading neuron right along each other—in some cases even
contacting each other (Fig. 6A9, arrowheads). This finding indi-
cates the absence of repulsion between the migrating neurons.
Moreover, although DSCAM/Dscam1 regulates the dendrite and
axon morphology of neurons, it does not seem to be required for
the proper morphology of migrating neurons (Fig. 5).

In summary, we report that DSCAM is required for migrating
neurons to bypass their postmigratory predecessors during the
expansion of the upper cortical layers. This study provides insights
into the proper termination of neuronal migration at the expand-
ing border of the cortical plate. The knowledge might also help us
to understand the brain disorders, which exhibit thinner cortical
layers of the cerebral cortex without neuronal loss, as well as
Down syndrome and autism spectrum disorders, to which
DSCAM has been linked.
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