1' frontiers

in Cell and Developmental Biology

ORIGINAL RESEARCH
published: 28 January 2021
doi: 10.3389/fcell.2020.624181

OPEN ACCESS

Edited by:

Victor Borrell,

Instituto de Neurociencias de Alicante
(IN), Spain

Reviewed by:

Sergi Simé,

University of California, Davis,
United States

Hidenori Tabata,

Aichi Human Service Center, Japan

*Correspondence:

Manuela D. Mitsogiannis
manuela.mitsogiannis@kuleuven.be
Eve Seuntjens
eve.seuntiens@kuleuven.be

Specialty section:

This article was submitted to

Cell Adhesion and Migration,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 30 October 2020
Accepted: 22 December 2020
Published: 28 January 2021

Citation:

Mitsogiannis MD, Pancho A, Aerts T,
Sachse SM, Vanlaer R,

Noterdaeme L, Schmucker D and
Seuntjens E (2021) Subtle Roles of
Down Syndrome Cell Adhesion
Molecules in Embryonic Forebrain
Development and Neuronal Migration.
Front. Cell Dev. Biol. 8:624181.

doi: 10.3389/fcell.2020.624181

Check for
updates

Subtle Roles of Down Syndrome Cell
Adhesion Molecules in Embryonic
Forebrain Development and Neuronal
Migration

Manuela D. Mitsogiannis ™, Anna Pancho’, Tania Aerts’, Sonja M. Sachse?, Ria Vanlaer’,
Lut Noterdaeme', Dietmar Schmucker?® and Eve Seuntjens ™

" Developmental Neurobiology Group, Animal Physiology and Neurobiology Division, Department of Biology, Katholieke
Universiteit Leuven, Leuven, Belgium, 2 Neuronal Wiring Laboratory, Department of Neurosciences, VIB-KU Leuven Center
for Brain & Disease Research, Katholieke Universiteit Leuven, Leuven, Belgium, ° Neuronal Wiring Group, Life & Medical
Sciences Institute, University of Bonn, Bonn, Germany

Down Syndrome (DS) Cell Adhesion Molecules (DSCAMs) are transmembrane proteins
of the immunoglobulin superfamily. Human DSCAM is located within the DS critical
region of chromosome 21 (duplicated in Down Syndrome patients), and mutations or
copy-number variations of this gene have also been associated to Fragile X syndrome,
intellectual disability, autism, and bipolar disorder. The DSCAM paralogue DSCAM-like 1
(DSCAML1) maps to chromosome 1123, implicated in the development of Jacobsen
and Tourette syndromes. Additionally, a spontaneous mouse DSCAM deletion leads
to motor coordination defects and seizures. Previous research has revealed roles for
DSCAMs in several neurodevelopmental processes, including synaptogenesis, dendritic
self-avoidance, cell sorting, axon growth and branching. However, their functions in
embryonic mammalian forebrain development have yet to be completely elucidated. In
this study, we revealed highly dynamic spatiotemporal patterns of Dscam and Dscaml1
expression in definite cortical layers of the embryonic mouse brain, as well as in
structures and ganglionic eminence-derived neural populations within the embryonic
subpallium. However, an in-depth histological analysis of cortical development,
ventral forebrain morphogenesis, cortical interneuron migration, and cortical-subcortical
connectivity formation processes in Dscam and Dscaml1 knockout mice (Dscam?/!7
and Dscaml/1ST) at several embryonic stages indicated that constitutive loss of Dscam
and Dscaml1 does not affect these developmental events in a significant manner.
Given that several Dscam- and Dscaml1-linked neurodevelopmental disorders are
associated to chromosomal region duplication events, we furthermore sought to
examine the neurodevelopmental effects of Dscam and Dscamli1 gain of function (GOF).
In vitro, ex vivo, and in vivo GOF negatively impacted neural migration processes
important to cortical development, and affected the morphology of maturing neurons.
Overall, these findings contribute to existing knowledge on the molecular etiology of
human neurodevelopmental disorders by elucidating how dosage variations of genes
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DSCAM and DSCAML1 in Forebrain Development

VZ: ventricular zone. Scale: (A-D), 100 wm.

FIGURE 5 | Normal cortical development and lamination in embryonic Dscam and Dscaml1 null mutant mouse brains. (A-D) Triple immunostaining for the cortical
markers SATB2 [upper layer neurons, blue; (A)], CTIP2 [deep layer neurons, green; (B)], and TBR1 [deep layer and subplate neurons, red; (C)] in coronal sections of
wild-type (WT), Dscaml/19¢/17/9€N7 (Dscam KO), and Dscam!17/ST (Dscami1 KO) E17.5 mouse brains. Panels represent radial sectors of the dorso-lateral cortex. (E)
Histogram depicting average cortical thickness values measured across the rostro-caudal axis in wild-type, Dscam/19€/17/%€17 " and Dscami1¢7/GT E17.5 coronal
mouse brain sections. No significant differences are detected across genotypes (n = 3 brains/group, mixed ANOVA test). (F) Histogram representing average
numbers of SATB2+, CTIP2+, and TBR1+ cell measured in 100 wm-wide radial sectors of wild-type, Dscam/19€/17/9€17 "and Dscam/1¢7/ST E17.5 coronal mouse
brain sections across the rostro-caudal axis. No significant differences are detected across genotypes (n = 3 brains/group, mixed ANOVA test). (G) Histogram
illustrating average total numbers of SATB2, CTIP2, and TBR1 immunolabeled cells measured in 100 um radial sectors of wild-type, Dscam/19e/17/4e/17 and
Dscaml167/GT E17.5 coronal mouse brain sections across the rostro-caudal axis. No significant differences are detected across genotypes (n = 3 brains/group,
mixed ANOVA test). All graphs represent mean + S.E.M values. CP, cortical plate; IZ: intermediate zone; MZ: marginal zone; SP: subplate; SVZ: subventricular zone;

for 2 days before imaging and protein extraction. Inspection of
cellular resolution confocal images of successfully transfected
(i.e., tdTomato-labeled) cells confirmed the synthesis and
correct localization at cytoplasmic and membrane level of
EYFP-tagged proteins (Supplementary Figures 4A-D); further
investigation via Western Blot demonstrated the production
of full length, EYFP- and HA-tagged DSCAM and DSCAMLI
in the transfected Neuro 2a cells (Supplementary Figure 4E).
In utero electroporation was performed at E14.5, leading to
targeting of layer II/III and IV neurons (Takahashi et al.,
1999; Taniguchi et al, 2012). Layer II/IIl neurons were
reported to be the most affected around birth by DSCAM
and DSCAMLI loss-of-function in the work of Maynard
and Stein (2012) and Zhang et al. (2015), and layer II/III
and IV neurons also show abnormalities in DS (Ross et al.,
1984; Wisniewski and Rabe, 1986; Lott, 2012). Migration of
tdTomato+ neurons was assessed in dorso-lateral cortical
regions 4 days post-electroporation, at E18.5 (Figure 6A),

once electroporated neurons had reached the uppermost
regions of the CP in control conditions (Figures 6B,E).
To verify the production and localization of the tagged
DSCAM and DSCAMLI proteins in the transfected projection
neurons, immunolabeling of EYFP in tdTomato+ neurons
was examined in confocal images at cellular resolution. This
analysis demonstrated the synthesis of EYFP-labeled proteins
with both tagged DSCAM and DSCAMLI1 expression construct
transfection, and an accumulation of these two molecules
within cytoplasmic and plasma membrane compartments
of the immature neurons’ leading processes, particularly in
soma-proximal areas (Supplementary Figures 4E,G).

Compared to EYFP-HA and tdTomato expressing neurons,
which mostly accumulated in upper CP layers, cells expressing
DSCAM-EYFP-HA or DSCAMLI-EYFP-HA with tdTomato
seemed to distribute across the cortical radial extension
more sparsely (Figures 6B-G). To quantify this variation
in distribution of tdTomato+ cells, tdTomato fluorescence

Frontiers in Cell and Developmental Biology | www.frontiersin.org

14

January 2021 | Volume 8 | Article 624181



Mitsogiannis et al.

DSCAM and DSCAMLT1 in Forebrain Development

A

E18.5
dorso-lateral cortex

rostral

EYFP-HA

caudal

25 4

20 4

DAPI tdTomato

E F
EYFP-HA DSCAM-EYFP-HA
|

% bin / total tdTomato fluorescence

DSCAM-EYFP-HA DSCAML1-EYFP-HA

DSCAML1-EYFP-HA

=EYFP-HA
~DSCAM-EYFP-HA
DSCAML1-EYFP-HA

zone; MZ: marginal zone. Scale: (B-G), 200 um.

FIGURE 6 | Effect of DSCAM and DSCAML1 in vivo gain of function in cortical projection neurons transfected with EYFP- and HA-tag labeled protein expression
constructs. (A-G) Radial migration of cortical neuron electroporated with EYFP-HA (control) (B,E), DSCAM-EYFP-HA (C,F), or DSCAML1-EYFP-HA (D,G) expression
constructs at E14.5. Electroporated cells are detected by co-expression of tdTomato in coronal sections of electroporated E18.5 mouse brains. Section are
immunostained for tdTomato before analysis for signal enhancement. (A) Schematic representation of the dorso-lateral cortical region targeted via IUEP and
represented in panels (B-G), at two positions of the rostro-caudal axis. Radial distributions of tdTomato+ cells show mild differences between control and
DSCAM/DSCAML1 expression construct-transfected specimens: tdTomato+ cells accumulate at the uppermost cortical layers in control conditions, whereas
DSCAM and DSCAML1-overexpressing neurons spread more evenly across cortical zones. (H,l) Analysis of electroporated neurons’ migration in E18.5 coronal brain
sections. (H) tdTomato fluorescence intensity after immunostaining is measured in 200 pm-wide columns from the upper IZ to the MZ, subdivided radially in ten
equally-sized bins. (I) Graph depicting average tdTomato fluorescence intensity levels per radial bin, expressed as percentages of total fluorescence intensity
quantified over all ten bins, measured from brains electroporated with EYFP-HA (control), DSCAM-EYFP-HA, or DSCAML1-EYFP-HA expression constructs. A
comparison of fluorescence distribution profiles highlights subtle, non-statistically significant differences in radial migration between control and tagged
DSCAM/DSCAML1 expression conditions (n = 5-6 brains/group, mixed ANOVA test). Graph data represent mean + S.E.M values. CP, cortical plate; IZ: intermediate

was measured in columnar sectors, divided radially in 10
equal bins, of the electroporated cortices from the upper
IZ to the MZ, and expressed for each bin as a percentage
of total fluorescence (EYFP-HA group: n = 6; DSCAM-
EYFP-HA group: n = 5; DSCAMLI-EYFP-HA group: n
= 5) (Figure 6H). While overall the tdTomato fluorescence
distribution profiles across bins reflected the observed differences
between control and DSCAM/DSCAMLI overexpression vector-
transfected neurons (Figure 6I), statistical analysis indicated
these profiles to non-significantly differ across electroporation
groups over all bins (Fexpression construct(2,13) = 0.518, p = 0.608;
Fbinxexpression construct(4.222,27.443) = 1.423, p = 0.252). Our data

suggest that DSCAML1 and DSCAM overexpression only has
a mild effect on radial migration of projection neurons in the
cortex during late embryonic development.

Dscam or Dscaml1 Gain of Function
Impairs Migration and Process
Development of Cortical Interneurons in
vitro

In DS, defects in cortical layers II and III are associated to
a striking reduction in the number of small granular cells,

likely related to the GABAergic aspinous stellate cell type
(Ross et al., 1984). Indeed, GABA neurotransmitter levels are
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FIGURE 7 | Effect of DSCAM and DSCAML1 in vitro gain of function in MGE-derived interneurons transfected with EYFP- and HA-tag labeled protein expression
constructs. (A) Schematic illustration of the ex vivo MGE explant electroporation model used to study DSCAM and DSCAML1 overexpression effects on IN migration.
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FIGURE 7 | E13.5 DIx5/6-Cre-IRES-EGFP whole brains maintained in culture medium are injected at MGE level with expression constructs, electroporated, and
dissected 3 h later to obtain MGE explants. The explants are embedded in Matrigel, supplemented with culture medium, and cultured for 48 h before analysis. (B)
Analysis of IN migration in DIx5/6-Cre-IRES-EGFP MGE explants 48 h post-electroporation with constructs driving co-expression of tagged proteins and tdTomato.
The minimum distance from explant edge “d” is used as an indirect measure of migration capabilities of transfected (tdTomato+, red) INs, identifiable by EGFP
expression (green). (C-E) Example images of cultured explants 48 h after electroporation of EYFP-HA (control) (C), DSCAM-EYFP-HA (D), or DSCAML1-EYFP-HA (E)
expression constructs. (F) Boxplot chart depicting tdTomato+ neuron-associated “distance from explant edge” values measured in EYFP-HA (control),
DSCAM-EYFP-HA (DSCAM), or DSCAML1-EYFP-HA (DSCAMLT1) expression constructs-transfected MGE explants. Comparisons across experimental groups reveal
significantly shorter distances measured in either DSCAM or DSCAML1 expression construct-transfected vs. control construct-transfected explants, and in DSCAM
vs. DSCAML1 expression construct-transfected explants (Kruskal-Wallis test with Dunn-Bonferroni pairwise comparisons, **p < 0.001). (G) Histogram representing
percentages of INs classified in one of four morphological categories, calculated on total number of INs analyzed per experimental group, in EYFP-HA (control),
DSCAM-EYFP-HA (DSCAM), or DSCAML1-EYFP-HA (DSCAMLT1) expression constructs-transfected MGE explants. IN categories based on the type of leading
process presented are illustrated on the x axis. Comparisons across experimental groups highlight a significantly lower percentage of cells possessing multi-branched
processes in DSCAML1 expression construct-transfected vs. control or DSCAM expression construct-transfected explants (Pearson’s Chi-square test and residuals
analysis with Bonferroni correction; **p < 0.001). (H-J) Boxplot chart illustrating tdTomato+ neuron-associated “total process length” (H), “average branch length”
(1), and “primary branch length” (J) values measured in EYFP-HA (control), DSCAM-EYFP-HA (DSCAM), or DSCAML1-EYFP-HA (DSCAML1) expression
constructs-transfected MGE explants. While no significant differences in average and primary branch length variables are detected across experimental groups,
significantly shorter total process length are measured in DSCAML1 expression construct-transfected vs. either control or DSCAM expression construct-transfected
explants (Kruskal-Wallis test with Dunn-Bonferroni pairwise comparisons, “**p < 0.001). In boxplot charts, numbers within boxes represent the total number of cells
analyzed per experimental group; horizontal black lines within boxes denote median values; box edges indicate the 25th and 75th percentile of each group’s
distribution of values; whiskers represent highest and lowest values within 1.5 interquartile range measures per group; dots denote outliers. DIV, days in vitro. Scale:

(B), 500 wm; (C-E), 200 um.

decreased in DS brains at fetal developmental stages (Whittle
et al., 2007). Moreover, in DIx1/2 double knockout mutant
mice, in which immature INs migrating to the neocortex show
an abnormal morphology in correspondence to an impaired
tangential migration ability, embryonic subpallial Dscarm mRNA
levels are increased (Cobos et al, 2007). These findings
suggest the possibility that overexpression of DSCAM proteins
during embryonic development might impact the tangential
migration or laminar positioning of cortical INs. We therefore
modeled Dscam and Dscamll GOF in mouse INs via ex vivo
E13.5 MGE-targeted electroporation of C-terminally tagged
DSCAM/DSCAMLLI expression constructs (see section Dscam or
Dscamll Gain of Function Affects the Embryonic Migration of
Cortical Projection Neurons in vivo); subsequently, transfected
IN migration was examined in Matrigel-embedded MGE explant
cultures maintained in vitro for 2 days (Figure 7A). To easily
identify MGE-derived INs, electroporation was performed in
brains from DIx5/6-Cre-IRES-EGFP mutant embryos, in which
all postmitotic neurons express EGFP throughout embryonic
development (Stenman et al., 2003). Migration was quantified
by measuring distances traveled by transfected (i.e., tdTomato+)
neurons from the edge of the explants (Figure 7B) in EYFP-
HA (control; n = 306), DSCAM-EYFP-HA (DSCAM; n = 324),
and DSCAMLI1-EYFP-HA (DSCAMLI1; n 341) expression
conditions. Example images of resulting explants are depicted in
Figures 7C-E.

Statistical analysis indicated an overall difference in “distance
from explant’s edge” measures across treatment groups [H(y)
= 130.194, P < 0.001; mean distance rank scores: control =
612.49; DSCAM = 357,75; DSCAML1 = 488,96]. Pairwise
post-hoc tests revealed that both overexpression of tagged
DSCAM and DSCAMLI induced a significant reduction in
IN spreading (p < 0.001 vs. control for both comparisons),
with  DSCAM overexpression leading to a more severe
phenotype than DSCAMLI1 overexpression (p < 0.001)
(Figure 7F).

Directed IN migration relies on the extension of a leading
process (LP), which undergoes branching as the neuron explores
the surrounding environment, paired with nucleokinesis; in
turn, these processes are dependent on dynamic, extracellular
cue-modulated microtubule and actin cytoskeleton remodeling
events (Métin et al, 2006; Guo and Anton, 2014). Proper
morphological development of the LP is thus essential for
correct IN navigation, and interestingly several studies have
provided a link between DSCAM-dependent intracellular
signaling pathways or interactors and molecular networks
controlling cytoskeletal remodeling (Liu et al., 2009; Purohit
et al, 2012; Kamiyama et al, 2015; Okumura et al, 2015;
Pérez-Nuifiez et al., 2016; Huo et al., 2018; Sachse et al., 2019).
Thus, to gain insight into potential mechanisms underlying the
migration defect observed in the explant EP assay previously
described, we performed a morphological analysis of MGE-
derived INs transfected with either control, tagged DSCAM,
or tagged DSCAMLI expression constructs (n = 255, 153,
147). In particular, total LP length, average branch length,
and primary branch length were measured for all neurons
(Figures 7H-J), and each cell was categorized according to
the morphology of the LP as “no process, “unbranched
process,” “single-branch process,” and “multi-branch process”
(Figure 7G). This analysis overall revealed a significant effect of
tagged DSCAMLI1 overexpression on IN morphology ex vivo.
First, compared to control and DSCAM expression construct-
transfected neurons, a significantly smaller percentage of INs
transfected with DSCAMLI1 expression constructs represented
“multi-branch process” cells [X2(6,N=616) = 12.895757, p <
0.004]. Secondly, total LP length was found to be affected
by the type of construct transfected [H(; = 40.467, P <
0.001]; post-hoc pairwise comparisons revealed this measure to
be significantly reduced in DSCAMLI vs. control or DSCAM
expression construct-transfected INs (p < 0.001), whereas no
differences could be detected between DSCAM and control
transfection groups (p = 0.380). However, no effect of expression
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construct transfected was observed on either average branch
length [H(;) = 1.436, P = 0.488] or primary branch length [H ;)
= 1.286, P = 0.526] measures.

In summary, while increased DSCAM levels significantly
reduced IN spreading, we could not link this phenotype to
obvious neurite growth or morphology defects. In contrast,
we found the impaired migration resulting from DSCAMLI
overexpression to be associated with a lower IN neurite
branching complexity, suggesting different, yet related
mechanisms of action of these molecules in INs.

DISCUSSION

This study first aimed to survey potential effects of generalized
loss of DSCAM or DSCAMLI on cortical development, including
lamination, patterning, and connectivity. The impact of such a
loss seemed to be rather minimal. The absence of significant
defects in forebrain patterning in DSCAM and DSCAMLI1
knockout mice was quite unexpected. Studying the cortical
morphology of Dscam®'7 mice, Maynard and Stein observed
that homozygous mutant neonates exhibit an early post-natal
(P1 to P10) reduction in cortical thickness attributable to a
thinning of Cux1+ layers II and III, suggesting a specific role of
DSCAM in the development of pyramidal neurons born around
and after E14. This cortical phenotype was not accompanied
by either an embryonic decrease in cell proliferation, tested via
the administration of a BrdU pulse at E16.5, or an increased
programmed cell death rate, assessed with a TUNEL assay
at E16.5 and P1 (Maynard and Stein, 2012). As this reduced
thickness was transient, it might have been caused by a delayed
radial migration of the upper cortical layers. In a study where
cortical expression of either Dscam or Dscamll was suppressed
in vivo via RNA interference, knockdown at E15.5 was found
to impair radial migration of projection neurons at early post-
natal stages, leading to a partial mispositioning of presumptive
layer II/III neurons in layers IV/V observable for more than
2 weeks after birth (Zhang et al, 2015). Our data however
could not substantiate a reduced thickness of upper cortical
layers in the absence of DSCAM/DSCAMLI, nor a significant
defect in radial migration of late-born cortical neurons upon
DSCAM/DSCAMLI overproduction, ruling out a major early
role for DSCAMs in this process. The seeming discrepancy with
the study of Maynard and Stein that detected reduced upper layer
thickness at P1 might root in the different mouse background
used, or in a specific defect in neurons populating the upper
layers between E17.5 and P1. Whether DSCAMs might have a
role in radial migration of a specific subpopulation of neurons,
labeled by Cux1 but not Satb2 (Leone et al., 2015), needs further
investigation. Considering the subtlety of the radial migration-
related phenotypes examined, it is also possible that significant
effects of a neuronal positioning delay/impairment due to
Dscam/Dscaml] acute dosage variations embryonically might be
detectable only at later developmental stages. Data relative to our
TUEP-induced DSCAM/DSCAMLI overexpression experiments
in particular suggest small, but evident changes in cortical
migration dynamics being present 4 days after transfection with

expression constructs. The high variability in results obtained
via targeted electroporation, coupled with the limited time-
frame within which additional DSCAM/DSCAMLI molecules
were active, could have masked the impact of our genetic
manipulations. Thus, it would be important to analyze the
migration of transfected neurons during the first post-natal week
in future research.

In the study by Zhang et al. (2015), acute downregulation
of DSCAM or DSCAMLI1 during embryonic development also
negatively affected callosal axonal outgrowth. Our findings
indicate that loss of DSCAMs does not affect development of
thalamocortical connectivity, suggesting that the negative impact
of Dscam LOF on callosal connectivity might be a specific defect
related to upper layer cortical neurons, rather than a general
axonal outgrowth problem emerging in the absence of DSCAMs.

Absence of DSCAMs (particularly DSCAM) in vertebrates
has been linked to either increased or decreased neurite
outgrowth and branching, depending on the cellular context.
Loss of DSCAM function in pyramidal cortical neurons drives
a transient post-natal apical dendrite-associated branching
and overall length increase, but a basal dendrite-associated
branching and overall length decrease, in vivo (Maynard
and Stein, 2012). Moreover, Dscam or Dscamll knockdown
results in an impaired axonal growth in cultured cortical
neurons (Zhang et al., 2015). In retinal ganglion cells (RGCs),
DSCAM downregulation leads to reduced axon extension and
complexity levels in Xenopus (Santos et al., 2018), and delayed
optic nerve outgrowth and thalamic targeting, accompanied
by axonal fasciculation impairments, in mice (Bruce et al,
2017). Likewise, chick spinal cord interneurons present reduced
axonal fasciculation levels upon DSCAM knockdown (Cohen
et al.,, 2017). On the other hand, DSCAM knockout in Xenopus
tectal neurons in vivo is associated with increased dendritic
growth and branching rates. Interestingly, disruptive effects
on axonal/dendritic growth and branching have been also
observed upon DSCAM GOF. In mouse cortical neurons, in
vitro overexpression of full-length DSCAM also impairs axonal
outgrowth and branching dose-dependently, and increased
expression of the DSCAM intracellular domain alone also results
in a reduced overall neurite growth (Jain and Welshhans,
2016; Sachse et al., 2019). DSCAM overexpression additionally
impairs dendritic branching and extension in mouse cultured
hippocampal neurons (Alves-Sampaio et al., 2010) and in tectal
neurons of Xenopus tadpoles (Santos et al., 2018). However,
Dscam GOF is associated to RGC axonal overgrowth in
mouse (Bruce et al., 2017). Overall, research on vertebrate
development indicates that DSCAMs play important roles in
outgrowth and branching of both dendrites and axons, and
influence these processes in a markedly cell type-specific, and
sometimes cellular structure-specific, manner. In our study,
genetic manipulation of immature cortical inhibitory neurons
in vitro resulted in a significant reduction of total LP length
only upon DSCAMLI overexpression, an effect likely related to
a concomitant impairment of LP branching. Nevertheless, both
Dscam and Dscamll GOF negatively impacted the migration
process of post-mitotic INs away from progenitor cell territories
in our explant model. The reduction of distances observed from
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neurons to explant edges with DSCAMLI1 overexpression could
be directly due to the lower complexity and extension of the
LP. Since this structure serves, similarly to the axonal growth
cone, as an extracellular cue sensor that primarily orients the
movement of migrating INs, defects in LP growth and branching
can perturb the probing function of the LP, and lead to delayed
and/or disorganized migration (Kappeler et al., 2006; Métin et al.,
2006; Nasrallah et al., 2006; Martini et al., 2009; Valiente and
Martini, 2009).

Interestingly, cortical INs derived from DS patient induced
pluripotent stem cells (iPSC) have been reported to display
smaller sizes, less complex neurite morphologies, and migration
deficits in vitro as well as in vivo after transplantation in the
mouse medial septum. Analysis of molecular pathways in these
DS iPSC-derived GABAergic INS has revealed upregulation
of PAKI, leading to increased phosphorylated cofilin levels.
Pharmacological inhibition of this pathway restored DS iPSC-
derived IN migration in vitro, suggesting a causal relation
between PAK1 pathway dysregulation and migration defects
(Huo et al, 2018). However, our explant EP results exclude
significant morphological differences being determined by
DSCAM overexpression in migrating INs. The different cell-
autonomous effects observed upon DSCAM vs. DSCAMLI1
overexpression are consistent with the divergence of their
intracellular domains, which are estimated to be only 45%
identical at protein level and present unique interaction
motifs (Agarwala et al, 2001; Fuerst et al., 2009; Cui et al,
2013; Pérez-Nunez et al, 2016). Indeed, the PAK1 binding
domain located at the DSCAM C-terminal is one of the
most divergent regions between DSCAM and DSCAMLI
(Agarwala et al, 2001), thus it is unlikely that DSCAMLI1
would too activate this signaling pathway. Reduced distance
of transfected INs from the explant core could derive from
issues in cell-environment or cell-cell interactions. Imbalances
in DSCAM-modulated signaling or adhesion might translate
in an uncoordinated, non-linear IN migration away from
the explant. Furthermore, Dscam GOF might affect other
intracellular aspects of the migration process. Additional
research is needed to investigate whether, for instance, IN
nucleokinesis, saltatory motion dynamics, and centrosome
positioning (Polleux et al., 2002; Bellion et al., 2005; Yanagida
et al., 2012; Silva et al., 2018) are affected by dosage increases of
both DSCAMs.

A general discrepancy in results between our experiments
using constitutive LOF and transient, local overexpression
models, as well as between our study and previous research,
might point toward a mechanistic difference due to the nature
of the models themselves, rather than the induced molecular
dosage changes. Acute up- or downregulation via electroporation
of specifically designed constructs creates a mosaic situation in
which some cells have lost or gained DSCAM/DSCAMLI, while
untargeted cells in the local environment have not. Considering
that DSCAMs interact homophilically, such a situation creates
a transmembrane signaling protein-related imbalance across
neurons that might exacerbate some phenotypes, as a complete
LOF/GOF would not affect local cell-cell or cell-environment

interaction dynamics, or might be compensated for by other
membrane-bound molecules. In addition, electroporation
of knockdown or overexpression constructs might induce
undesirable toxicity effects on the targeted cells that need to be
carefully controlled for.

Taken together, our findings suggest that DSCAM/DSCAMLI1
are rather dispensable in embryonic cortical development
processes. Nevertheless, it is conceivable that dosage levels of a
given cell might need to be in balance with those of neighboring
cells to allow cell type-specific homophilic interactions. Future
research will elucidate the molecular downstream effectors
determining the subtle phenotypes observed in this study.
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