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Development/Plasticity/Repair

Impaired Neuronal Positioning and Dendritogenesis in the
Neocortex after Cell-Autonomous Dab1 Suppression

Eric C. Olson, Seonhee Kim, and Christopher A. Walsh

Howard Hughes Medical Institute, Beth Israel Deaconess Medical Center, Department of Neurology and Program in Neuroscience, Harvard Medical School,
Boston, Massachusetts 02115

Reelin and Disabled 1 (Dabl) are essential for positioning migrating neurons in the developing neocortex. Cell-autonomous RNA
interference-mediated suppression of Dabl in migrating neurons destined for layer 2/3 shifted the median position of these cells to
deeper positions within the cortex. At the time of migration arrest [embryonic day 20 (E20) to E21], Dabl-suppressed cells were under-
represented in the upper ~40 wm of the cortex compared with controls, suggesting that Dabl1 is essential for somal translocation through
the cell-dense cortical plate. Closer examination of the morphology of Dabl-suppressed neurons at E20 revealed simplified leading
processes that are less likely to contact the marginal zone (MZ), in which high levels of Reelin are expressed. Examination of Dab1-
suppressed cells 3 d later (postnatal day 2) revealed simplified dendrites that are also less likely to contact the MZ. These data reveal a
cell-autonomous role of Dab1 in dendritogenesis in the neocortex and suggest that remodeling of the leading process of a migrating
neuron into a nascent dendrite by Reelin/Dab1 signaling plays an important role in cell positioning.

Key words: Reelin; lamination; Dab1; migration; branching; dendrite

Introduction

The secreted protein Reelin initiates a signaling cascade that po-
sitions neurons in the developing mammalian brain
(D’Arcangelo et al., 1995). In human, absence of Reelin causes
lissencephaly (smooth brain) with cerebellar hypoplasia (Hong et
al., 2000), a recessive syndrome characterized by ataxia, mental
retardation, and mild epilepsy. The human syndrome parallels
the anatomical disruptions observed previously in the reeler
mouse (Falconer, 1951; Caviness and Sidman, 1973; Goffinet,
1980; Goffinet et al., 1984). The cellular architecture of the reeler
mouse brain is dramatically disrupted: the cellular layers of the
cerebral cortex are disorganized and approximately inverted
(Caviness and Sidman, 1973).

Reelin is highly expressed by Cajal-Retzius cells located in the
outermost layer of the developing cortex (D’Arcangelo et al.,
1995) in which Reelin could regulate the position of newly form-
ing cortical layers. Reelin binds the receptors VLDLR (very-low-
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density lipoprotein receptor) and ApoER2 (apolipoprotein E re-
ceptor 2) (D’Arcangelo et al., 1999; Hiesberger et al., 1999;
Trommsdorff et al., 1999), causing the tyrosine phosphorylation
of Disabled 1 (Dabl), a cytoplasmic adaptor protein (Howell et
al., 1997a, 1999). Mice lacking Dab1l (Gonzalez et al., 1997) or
Reelin (Caviness and Sidman, 1973) show essentially indistin-
guishable histological defects.

In one model of Reelin function, neocortical lamination is
produced by alteration of neuronal glial adhesion, such that mi-
grating neurons detach from the radial glial fiber substrate as they
reach the end of their migration route underneath the marginal
zone (MZ) (Pinto Lord et al., 1982). Subsequent in vitro analysis
of glial-directed neuronal migration showed that recombinant
Reelin inhibited migration and led to detachment of migrating
neurons from the glial fiber (Dulabon et al., 2000), a finding
supported by examination of migrating neurons in the scrambler
mouse, which is also deficient in Reelin signaling (Sanada et al.,
2004).

The model that Reelin-induced radial glial detachment leads
to neuronal lamination has been challenged by studies that em-
phasize the apparent ability of Reelin to act as diffusible stimulant
or cofactor for migration. For example, ablation of the Reelin-
producing cells (Cajal-Retzius cells) by domoic acid causes pre-
mature migration arrest of cells fated for layers 2/3 (Super et al.,
2000), and ectopic expression of Reelin in proliferative areas of
the developing brain is sufficient to rescue cerebellar develop-
ment and early, but not later, aspects of neocortical development
in reeler mice (Magdaleno et al., 2002). These findings are further
complicated by the observations that Reelin signaling can directly
stimulate radial glial cell growth and maturation (Hartfuss et al.,
2003; Luque et al., 2003).

To understand how Reelin signaling controls the positioning
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of neurons in vivo, we used RNA interference (RNAIi) to suppress
expression of Dab1 in a subset of migrating neurons destined for
cortical layer 2/3. We find that Dab1-suppressed cells are malpo-
sitioned ~40 um below the MZ border, apparently unable to
translocate normally through the cell-dense cortical plate (CP).
The leading process and postnatal dendrite of RNAi-treated cells
are also simplified and show less contact with their normal target
area, the MZ. These results suggest that Dab1-dependent elabo-
ration of the nascent dendrite is essential for both terminal trans-
location and cell positioning.

Materials and Methods

Mice. Mice were cared for according to animal protocols approved by the
Institutional Animal Care and Use Committees of the Beth Israel Dea-
coness Medical Center, Harvard Medical School, and Upstate Medical
University. Mice were housed in a virus-free colony according to stan-
dard methods. Timed-pregnant Swiss Webster mice were obtained from
Taconic Farms (Germantown, NY). scrambler mice were derived from
continued inbreeding of a previous outcross of scrambler mice obtained
from The Jackson Laboratory (Bar Harbor, ME) (Sweet et al., 1996) to
wild-type C57BL/6].

PCR typing of mice. DNA was obtained from proteinase K digests of
mouse tail tips. scrambler mice are spontaneous mutants that are Dab1
null. Mice were typed using microsatellite markers D4Mit31 and
D4Mit331. As described previously (Ware et al., 1997), these markers
flank the scramblerlocus and can be used to determine the presence of the
scrambler mutation in the mixed B6/C3H background.

Explant cultures. Embryonic day 15 (E15) and E16 embryos were ob-
tained from Dabl ™/~ matings. The day of plug discovery was designated
EO. Pregnant females were killed with CO, narcosis, followed by cervical
dislocation. Embryonic brains were removed from the skull, and each
cerebral hemisphere was separated from the diencephalon and placed
medial side down on a floating 0.2 wm Nuclepore filter (Whatman,
Clifton, NJ). The filters were floated on Neurobasal media containing 2%
B27 neuronal supplement, 1X glutamax, 3 mg/ml additional glucose,
and 1X penicillin/streptomycin. All cell culture reagents were from In-
vitrogen (Carlsbad, CA). Explant cultures were maintained at 37°C at 5%
CO,, except for the brief viral labeling periods (<10 min), which were
performed at room temperature.

Labeling. Wiretrol 10 ul pipettes (Drummond Scientific, Broomall,
PA) were pulled to a fine point with a vertical electrode puller (Narishige,
Tokyo, Japan), and the tip was snapped off with jewelers forceps. One to
2 ul of 10 infectious particles/ml replication-incompetent Sindbis virus
(pSinRep5; catalog #K750-01; Invitrogen) expressing enhanced green
fluorescence protein (eGFP) from the subgenomic promoter (D’Apuzzo
et al., 2001) was injected into multiple lateral and dorsal points in each
explant. The explants were then cultured on floating filters for an addi-
tional period between 8 and 18 h, fixed in 4% paraformaldehyde/PBS,
and vibratome sectioned. The maximum total duration of all experi-
ments from dissection to fixation was 24 h.

Electroporations. In utero electroporations were performed as de-
scribed previously (Tabata and Nakajima, 2001) with minor modifica-
tion. Swiss Webster pregnant dams were deeply anesthetized by intra-
peritoneal Avertin injection at 0.02 ml/g body weight. A laparotomy was
performed to expose the uterine horns. The cerebral ventricles of indi-
vidual embryos were injected through the uterine wall using a Hamilton
syringe fitted with a 30 gauge needle (Hamilton, Reno, NV). The injec-
tion solution contained control or RNAi plasmids mixed with 0.2 mg/ml
pCAG-GFP (Matsuda and Cepko, 2004) to visualize transfected neurons
and ~0.01% fast green (Sigma, St. Louis, MO) to aid targeting. Tweezer-
trodes were placed on either side of the uterus at the level of the injected
embryo’s head, and five 50 ms square pulses at 50 V were administered at
950 ms intervals with BTX830 square-wave pulse generator (Harvard
Apparatus, Holliston, MA) to electroporate plasmid DNA. Three to four
embryos were typically electroporated per dam. Embryos were allowed to
develop after surgery for defined periods and then were killed and
screened for GFP expression.

RNA interference constructs. RNAi constructs were constructed by an-
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nealing 68-mer oligonucleotides containing 21-23 nt complementary
regions to Dabl, cloning these annealed oligomers first into the pSilencer
vector (Ambion, Austin, TX), and finally into pSuper.retro.neo (Oligo-
Engine, Seattle, WA). Oligomers were based on Dabl sequence (Gen-
Bank accession number Y08381). Oligomers A and C target isoforms
Dab1 555, Dabl 271, and Dab1 217, whereas oligomer D targets sequence
specific to Dab1 217. Oligomer A targets nucleotides 257-277, oligomer
C targets nucleotides 666—686, and oligomer D targets nucleotides 863—
885 (A1,5 -GATCCCAAGTAGGATGTCAACTGAGACTTCAAGAGA-
GTCTCAGTTGACATCCTACTTTTTTTTGGAAA; A2, AGCTTTTC-
CAAAAAAAAGTAGGATGTCAACTGAGACTCTCTTGAAGTCTCA-
GTTGACATCCTACTTGG-3';C1,5'-GATCCCAATCACAGATTTGT-
GGCCATCTTCAAGAGAGATGGCCACAAATCTGTGATT TTTTTT-
GGAAA-3"; C2, 5-AGCTTTTCCAAAAAAAATCACAGATTT-
GTGGCCATCTCTCTTGAAGATGGCCACAAATCTGTGATTGG-3';
D1, 5'-GATCCCAATTTCTGAACCACGTCAGGGTTCAAGAGA-
CCCTGACGTGGTTCAGAAATT TTTTTTGGAAA-3'; and D2, 5'-
AGCTTTTCCAAAAAAAATTTCTGAACCACGTCAGGGTCTCT-
TGAACCCTGACGTGGTTCAGAAATTGG-3").

Full-length Dab1 was PCR amplified and cloned in-frame into PCR4
TOPO CT-GFP (Invitrogen) to create a Dabl::GFP fusion, which was
then used as a target for the initial screen pSilencer-based (anti-Dab1)
RNAI plasmids. RNA interference plasmids were mixed at 2 mg/ml each,
combined with 0.2 mg/ml Dab1::GFP and 0.2 mg/ml pDsRed (Clontech,
Mountain View, CA), and lipofected using Lipofectamine2000 (Invitro-
gen) into human embryonic kidney HEK293 cells. Efficacy of the distinct
RNAI constructs (A-D) was determined by the amount of Dabl::GFP
suppression (green fluorescence) compared with control pDsRed (red
fluorescence). Difficulties in generating sufficient amounts of plasmid
DNA from maxipreps of pSilencer vectors led us to clone oligos C and D
into the vector (RV) (pSuper.retro.neo plasmid). Oligos C1 and C2 and
D1 and D2 were annealed and cloned into HindIII- and Bgl/II-digested
RV.RV+C (RVC) and RV+D (RVD) were combined at 0.3—0.5 mg/ml
each, with 0.2 mg/ml pCAG-GFP and 0.01% fast green for electropora-
tion. Constructs C and D were screened for activity, and construct C
showed consistent suppression of Dabl::GFP by fluorescence (n = 3
trials). Initial immunocytochemistry and in vivo electroporations sug-
gested that a combination of C plus D was more effective than C alone,
and therefore a mixture of these constructs was used in all additional
experiments. Control electroporations were performed with 0.6—1.0
mg/ml empty pSuper.retro.neo vector (RVN) with 0.2 mg/ml pCAG-
GFP and 0.01% fast green.

Histology/histochemistry. Embryonic brains that were E20 or older
were perfused with PBS and then with fresh 4% paraformaldehyde/PBS.
The brains were then removed and further fixed overnight in 4% para-
formaldehyde/PBS. Explants and brains to age E19 were drop fixed over-
night in 4% paraformaldehyde/PBS. The fixed tissue was then embedded
in 10% calf gelatin (Aldrich Chemical Company, Milwaukee, WI), post-
fixed for a minimum of 24 h, and then vibratome sectioned at 100 pwm.
Floating sections were immunostained overnight in primary antibody
diluted into PBST (PBS plus 0.1% Triton X-100) with 2% BSA. The
primary antibodies used were as follows: 1:40 dilution of monoclonal
antibody (mAb) CR50 anti-Reelin hybridoma supernatant (kindly pro-
vided by M. Ogawa, RIKEN Brain Science Institute, Wako, Japan), 1:50
dilution of mAb RC2 (Developmental Studies Hybridoma Bank, Univer-
sity of Iowa, Iowa City, IA), 1:500 DCX 88 anti-doublecortin polyclonal
sera (Gleeson et al., 1999), 1:250 dilution of Cux1 polyclonal sera (kindly
provided by J. Cunningham, Brigham and Women’s Hospital, Boston,
MA), 1:500 dilution of anti-Brnl polyclonal sera (Santa Cruz Biotech-
nology, Santa Cruz, CA), and 1:250 dilution of B3 anti-Dab1 polyclonal
sera (kindly provided by B. Howell, National Institute of Neurological
Disorders and Stroke, Bethesda, MD). Nuclear staining used propidium
iodide (2.5 mg/ml) or Hoechst 33258 (2 ug/ml), and sections were
mounted in Citifluor antifade (Ted Pella, Redding, CA). Explant sections
were examined with an Olympus Optical (Tokyo, Japan) AX70 micro-
scope fitted with a SPOT-RT CCD camera. Confocal images were re-
corded on either a Zeiss (Oberkochen, Germany) LSM 510 or Bio-Rad
(Hercules, CA) 1024 laser scanning confocal microscopes (State Univer-
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Figure 1.
pCAG-GFP electroporations show appropriate expression of layer-specific marker. GFP * cells in the PO cortex immunolocalize
with the POU domain transcription factor Brn1, a marker of layer 2—5 cells (4, B), and the Cut-related transcription factor Cux1, a
marker of layer 2— 4 cells (€, D) in the mouse cortex. In addition, GFP ™ cells are positive for DCX, a marker of immature postmitotic
neurons (E, F). B, D, and F are single confocal sections that have been digitally zoomed three times, whereas 4, C, and E are
flattened z-series through 10 wum of tissue. Scale bars: E, 50 wm; F, 20 pm.

sity of New York Upstate Medical University Center for Bioresearch
Imaging).

Neuronal morphology. To determine the structure of GFP-positive
(GFP ™) cells, z-series of RVN- and RVC+RVD-treated brains were ac-
quired at 1 wm intervals through 21 pwm of tissue using a Zeiss LSM510
confocal and a 63X, 1.4 numerical aperture objective. These z-series were
then reconstructed using LSM 510 software, and cell morphology was
examined. To quantify the relative amounts of GFP ™ neurites in the MZ,
single optical sections (optical depth of 2.5 um, full-width at half-
maximum) were acquired with constant laser intensity and photomulti-
plier settings. The images were then imported into NIH Image] (W.
Rasband, National Institutes of Health, Bethesda, MD) and thresholded
toavalue of 80 (~30% over baseline; full scale of 255). Regions of interest
corresponding to the MZ (containing the neurites) and subadjacent 70
pm of the CP (containing the cell bodies) were defined, and the above-
threshold pixels were measured. The ratio of the number of MZ GFP *
pixels to the number of CP GFP * pixels was taken for each image and
used for comparison between experimental conditions.

Results

To label migrating neurons in vivo, neuronal precursors in the
mouse cortical ventricular zone were transfected with a GFP ex-
pression vector (pCAG-GFP) on E16. The expression vector was
introduced by in utero electroporation immediately after DNA
injection into the embryonic cerebral ventricle (Tabata and Na-

Expression of layer-appropriate markers in electroporated cells. PO coronal sections of cerebral cortex 5 d after E16
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kajima, 2001). Neurons born on E16 mi-
grate into the CP and populate layers 2/3
and a small population in layer 4 in the
cortical plate (Takahashi et al., 1999). To
confirm that electroporated cells adopted
layer-appropriate identity, embryos were
electroporated at E16 and examined at PO
after fixation and vibratome sectioning.
Consistent with previous birthdating
studies, the majority of GFP ™ cells were
found in the upper layers of the develop-
ing cortex (Fig. 1). Immunostaining with
antiserum directed against Brnl, a POU
domain transcription factor expressed in
layers 2—5 (McEvilly et al., 2002) indicates
that GFP ™ cells have adopted appropriate
layer 2/3 neuronal identity (Fig. 1A,B).
Similar results were obtained with Cux1, a
Cut-related transcription factor (Neufeld
etal., 1992) expressed in layers 2—4 (Nieto
et al., 2004) (Fig. 1C,D). In addition,
GFP 7 cells in the CP were positive for the
early neuronal markers DCX ™ (Gleeson et
al., 1999) (Fig. 1 E,F) and Tujl * (data not
shown), but GFP ™" cells in the cortical
plate were negative for the neuronal pre-
cursor marker RC2 (Misson et al., 1988)
and Nestin (Hockfield and McKay, 1985)
(data not shown). These electroporation
conditions appear to permit normal dif-
ferentiation and positioning of layer 2/3
fated neurons.

Morphological changes in processes at
the CP-MZ junction

During normal cortical development, mi-
grating neurons arrest at the top of the CP
just below the MZ (His, 1904; Ramoén y
Cajal, 1995; Marin-Padilla, 1978). To ex-
amine the morphological transformation
that neurons undergo as they contact the MZ in vivo, electropo-
rations with pCAG-GFP were performed at E16 and analyzed at
E17, E19, E20, and PO in fixed and sectioned tissue (Fig. 2A-D).
This analysis allows us to examine the leading population of
GFP ™" migrating neurons contacting the MZ. Optical z-series
through 40 wm were taken and then projected into a single plane
(flattened) using the maximum pixel intensity algorithm (Bio-
Rad Lasersharp 2000 software) to capture GFP * cell morphology
(Fig. 2 E-G). Our analysis focused on two populations: migrating
cells with their cell body and leading process in the CP, and mi-
grating cells with their cell body in the CP but their leading pro-
cess in the MZ.

In the leading cell population, a difference in branching is
observed between cells with their leading process in the MZ com-
pared with cells with their leading process in the CP. A greater
percentage of the leading processes in the MZ are branched com-
pared with leading processes still in the CP (Fig. 2 H) (80 vs 37%;
p < 0.001, x* test). In addition, the majority of primary branch
points in these processes is found within the first 14 wm (two cell
diameters) of the MZ—CP boundary (Fig. 21) regardless of the
position of the cell body, suggesting that the branch point is
relatively stable despite somal translocation. Similar branched
structures were observed in explant studies of migrating neurons
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coincident with cell-body terminal trans-
location along the leading process (Na-
darajah et al.,, 2001), confirming that the
leading process contacts the MZ and can
be transformed into a branched leading
process before final somal positioning.
These findings suggest that the leading
process of migrating neurons is rapidly
transformed into a branched process on
contact with the MZ, in some cases before
the soma has stopped translocation.

Normal neurite targeting requires
Reelin signaling

Previous work demonstrated that the
leading process of migrating neurons is
blunted as a result of cellular obstruction
in the developing reeler cortex (Pinto Lord
et al,, 1982). We undertook an analysis of
the morphology of neurons in explants of
the developing scrambler mouse cortex.
scrambler mice (Sweet et al., 1996) lack the
cytoplasmic adaptor protein Dabl that is
essential for Reelin signaling (Howell et
al., 1997b; Sheldon et al., 1997; Ware et al.,

1997) vet still express Reelin. Thus, the Figure2.
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Invivo morphological changes in migrating neurons in contact with the marginal zone. Time course of cell migration

scrambler cortex presents the opportunity
to determine the morphology of Reelin-
insensitive cells in the presence of Reelin.
Examination of apical (pial-directed) pro-
cesses of viral GFP-labeled cells in explants
of scrambler (—/—) or control (+/+ or
+/—) embryonic cortex confirmed previ-
ous findings from the reeler mouse (Pinto
Lord etal., 1982): namely, that apical pro-
cesses in the —/— explants appear disor-
ganized and imprecisely targeted. Al-

after E16 electroporation. 4, At E17, 1 d after electroporation, GFP ™ cells in sections of the neocortex are found primarily in the
ventricular zone (VZ). By E19 (B) and E20 (C), GFP ™ cells have entered the cortex and are approaching the MZ. D, By PO, typically
5 d after electroporation, GFP * cells are found in a tight layer underneath the MZ. E, F, Examples of the first group of GFP ™ cells
contacting the MZ from an E19 section of E16 pCAG-GFP-electroporated (green) and E16 bromodeoxyuridine (BrdU)-labeled (red)
cortex. E, The white box identifies the migrating cells at the leading edge of the GFP ™ cells that are examined at higher magni-
fication in F. The cell on the left has a clear branch (yellow arrow) approximately two cell diameters above the CP, but the cell on
the right is not branched. G, Arrows identify the BrdU ™ nudlei from the cells shown in F. H, A higher percentage of cells show
leading process branching if the process was in the MZ as opposed to the cortex (CP) (***p << 0.001, x* test; n = 30 leading
processes in MZ; n = 25 leading processes in CP). /, Histogram of the location of the principal branch point with respect to the
(P—MZ boundary (red line, x = 0). The x-axis is in nuclear diameters (7 m). A majority of branch points in MZ-contacting cells
were found in the first two cell diameters above the C(P—MZ boundary. The leading cell population (n = 55 cells) was derived from
z-series from four E16 electroporated brains fixed at E19 (n = 1) or E20 (n = 3). Scale bars: D, 500 um; G, 25 wm.

though the majority (87%) of cells in

control explants contact the Reelin ex-

pression domain (MZ), only 43% of cells in —/— explants con-
tact the Reelin expression domain (p = 0.03, Student’s ¢ test,
single tailed; df = 4) (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). These results establish
that Dab1 deficiency results in altered neurite morphology and
targeting in the presence of Reelin but do not distinguish between
the cell-autonomous and non-cell-autonomous effects of Dab1
deficiency.

Cell-autonomous function of Dab1 in neuronal migration
and neurite formation

To determine the cell-autonomous function of Dab1l, an RNAi
protocol was used. Four RNAI constructs were initially screened,
and a combination two, RVC and RVD, was identified that sup-
pressed a Dab1::GFP fusion in HEK293 cells (Fig. 3A). Western
blot analysis (Fig. 3B) showed that the Dab1::GFP fusion protein
was undetectable by anti-GFP immunoprobe and faintly detectable
by probing with an affinity-purified anti-Dab1 antiserum B3 (How-
ell et al., 1997a). The RVC+RVD mixture was combined with
PCAG-GFP and then tested for suppression of endogenous Dab1 in
cortical tissue, as assayed by immunocytochemistry with the B3 anti-
Dabl1 antiserum (Fig. 3C). An examination of randomly selected
GFP * population of cells in the RVC+RVD cultures at 20, 4 d after
electroporation, showed significantly lower levels of Dabl immuno-

reactivity compared with the RVN control cultures, indicating the
effectiveness of RVC+RVD constructs in downregulation of endog-
enous Dab1 protein levels over a 4 d period (Fig. 3C).

Cell-autonomous function of Dab]l in cell positioning

Reelin signaling is essential for appropriate positioning of mi-
grating neurons in the developing cortex. Embryos electropo-
rated in wutero at E16 with CAG-GFP in combination with
RVC+RVD or control RVN vectors were examined at E20. The
position of GFP * cells in RVC+RVD-treated brains was com-
pared with RVN controls in two areas, cingulate cortex (Fig. 4A)
and lateral neocortex (Fig. 4 B). Cell position was measured from
the CP-MZ boundary to the cell somata of the GFP ™ labeled
cells. Cells within 320 wm of the CP-MZ boundary were included
in this analysis. We examined cells in the lateral neocortex, mea-
suring the soma position of ~60 GFP ™ cells per brain. At E20, the
median position of cell somata in control RVN-treated brains
was 32 um below the CP-MZ boundary (average = SD of median
positions, 32 * 12.5 wm; n = § brains). In contrast, the median
position of cell somata in RVC+RVD-treated embryos was sig-
nificantly different (mean = SD, 113 * 38 wm; n = 9 brains; p <
0.0001, unpaired t test; df = 15). Examination of a smaller num-
ber of brains, in which the electroporation was targeted toward
the cingulate cortex, confirmed that RVC+RVD treatment al-
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Figure 3.  Suppression of Dab1 protein expression by RNAi directed against Dab1 mRNA. A, HEK293 cells cotransfected with
pSuper.retro.neo plasmids directed against Dab1 (RVC+RVD) and with a plasmid encoding Dab1::GFP show reduced the amount
of Dab1::GFP expression compared with control transfection (RVN with Dab1::GFP). A plasmid encoding the red fluorescent protein
DsRed (pDsRed) was included in all transfections as a transfection efficiency control. Three independent transfections of HEK293
cell cultures were performed to test Dab1::GFP suppression by RVN, RVC, and RVD. Green to red fluorescence ratios within regions
of interest was 1.05 == 0.25 for RVN-treated cultures (n = 3) compared with 0.20 == 0.23 for RVC+RVD-treated cultures (n = 3)
(means == SD; unpaired t test, p = 0.012; df = 4). B, Western blot analysis of whole-cell lysates from HEK293 cell transfections
confirms Dab1::GFP suppression after probing with anti-Dab1 antisera (B3) or with an anti-GFP antibody. Reprobing the immu-
noblot with an anti-c-tubulin antibody confirms approximately equal loading of whole-cell lysates into each lane. C, Suppression
of endogenous Dab1 in primary cortical cultures after electroporation of RNAi constructs with pCAG-GFP. Quantification of Dab1
immunostaining in the GFP ™ populations in control (RVN) and (RVC+RVD) electroporated cell cultures. Mean pixel intensities of
the cell soma are expressed in arbitrary units (au) after background correction (subtraction of the mean pixel intensity from a
cell-free region of the same culture). A difference in mean pixel intensity is observed between RVN- and RVC+RVD-treated
neuronal cultures ( p = 0.001, unpaired ¢ test; df = 58;n = 30 GFP ™ cells in each condition). Neurons derived from three
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pCAG-Dabl expression vector was in-
cluded in the RVC+RVD electroporation
(Fig. 4D). The median position of CAG-
Dab1-rescued cells in the lateral neocortex
on E21 was 54.2 = 28.9 wum, an interme-
diate value between RVN-treated (34 um)
and RVC+RVD-treated (93 wm) cells and
not significantly different from RVN-
treated cells (p = 0.112, unpaired ¢ test;
df = 11). The ability of exogenous Dab1 to
partially rescue the RNAIi effect suggests
that the RVC+RVD effect on cell posi-
tioning occurs primarily through down-
regulation of endogenous Dabl mRNA
and not by interference with other mR-
NAs within the migrating neuron.
RVC+RVD-treated cells appeared to
arrest underneath the cell-dense CP,
~30-50 wm below the CP-MZ boundary
in both lateral neocortex and cingulate
cortex (Fig. 4A, B). This qualitative assess-
ment was further explored by binning cell
positions in 20-um-wide bins relative to
the CP-MZ boundary (Fig. 4C,D). We
then compared the percentage of cells in
the uppermost two bins (40 wm) of cortex
in both conditions. At E20, 60.3% of con-
trol cells but only 16.9% of RVC+RVD-
treated cells are found in the upper 40 wm
oflateral neocortex ( p < 0.0001, unpaired
t test; df = 15). One day later, 57.7% of
control cells and 30.3% of RVC+RVD-

electroporated and pooled brains were quantified in each condition in C. Scale bar, 230 pm.

tered the median position of migrating cells in other areas of
developing cortex. Whereas control RVN-treated cells in the cin-
gulate showed a median position of 22 * 3 um (n = 3 brains)
below the CP—MZ, RVC+RVD-treated brains showed a median
position of 64 = 5 um (n = 3 brains; p < 0.0001, unpaired ¢ test;
df = 4).

The median cell somata position differences observed be-
tween RVN- and RVC+RVD-treated cells might be attributable
to a general developmental delay rather than a specific migration
defect through the cortex. To distinguish between these possibil-
ities, the experiment was repeated, but, in this case, the embryos
were allowed to develop 1 additional day to E21. Estimates of the
rate of migration in the developing cerebral cortex vary between
10 and 35 pm/h (O’Rourke et al., 1992; Nadarajah et al., 2001;
Sanada et al., 2004). We reasoned that an additional 24 h of
development should allow ample time for the RVC+RVD-
treated cells to “catch up” the 81 wm difference in their median
position compared with control. Examination of lateral neocor-
tex at E21 suggests that the differences in RVN- vs RVC+RVD-
treated cells are persistent (Fig. 4A, B). At E21, RVN-treated cells
had a median position of 34 = 14 um (n = 9 brains) compared
with a median position of 93 = 59 um (n = 6 brains; p = 0.012,
unpaired t test; df = 13). This is a shift of 20 um during 1 d in the
RVC+RVD population but is not significantly different from the
median position of the RVC+RVD on the preceding day (113
pm; p = 0.42, unpaired ¢ test; df = 13). This suggests that the
RNAI effect is persistent and cellular malpositioning does not
recover with an additional day of development.

To control for potential “off-target” effects of the RNA, a

treated cells are found in the upper 40 um

(p = 0.003, unpaired ¢ test; df = 13). Sim-
ilarly, in the cingulate cortex, the percentage of cells in the upper
40 pm is significantly different between control and RVC+RVD-
treated cells at E20 (71.1 vs 24.2%; p = 0.001, unpaired ¢ test; df =
4) and at E21 (51.2 vs 30.1%; p = 0.002, unpaired ¢ test; df = 4).
This result suggests that migration through the cell-dense CP
may require Dab1 and Reelin signaling.

RVC+RVD treatment also lowers the amount of GFP * pro-
cesses in the MZ (Fig. 4 A, B). To quantify the amount of neurite
growth in the MZ, we measured the number of above-threshold
GFP " pixels in the MZ and normalized that value to the number
of GFP * pixels in the underlying CP in which the cell bodies are
located (see Materials and Methods). At E20 and P2, RVN control
sections showed an approximately twofold higher ratio of MZ
GFP * pixel area/CP GFP ™ pixel area than RVC+RVD sections
at both E20 ( p = 0.014, unpaired t test; df = 6) and P2 (p =
0.025, unpaired t test; df = 7) (Fig. 5I). These finding suggest that
aDabl deficiency leads to neurite deficiency in the MZ and raises
the possibility that Reelin signaling is required for the initiation
and/or promotion of neurite growth in the MZ.

Closer examination of the morphology of RVC+RVD-treated
cells showed two types of apical (pial-directed) process abnor-
malities that contribute to the lower amount of GFP * processes
observed in the MZ (Fig. 5A-H). A lower percentage of
RVC+RVD-treated cells contacted the MZ with their apical pro-
cess, and the processes were themselves less branched (Fig. 5], K).
At E20, 6.7% of control RVN cells did not contact the MZ (n = 24
cells in 3 brains) compared 43.3% of the RVC+RVD-treated cells
(n = 26 cells in 3 brains; p = 0.012, unpaired ¢ test; df = 4).
Similarly, at P2, an average of 1.0% of the control RVN cells (n =
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Figure4. Dispersed cellular layering after treatment with RNAi directed against Dab1. Sections stained with the nucleic acid dye propidium iodide (red) from embryos electroporated on E16 and
examined on E20 or E21 in the cingulate (A) or lateral neocortex (B). RVN control electroporated brains show precise layering by E20 and E21. B, Embryos electroporated with RNAi plasmids
(RVC+RVD) directed against Dab1 show more cellular dispersion and fewer cells at the CP—MZ boundary. Scale bars: low-magnification images, 250 .m; high-magnification images, 50 um. C, D,
Binned histogram of the distribution of GFP * cell bodies in the upper 320 wum of the cingulate cortex (€) and lateral neocortex (D). Control RVN electroporations (black bars) show more cells in the
upper bins (bins 1-2) than RVC+RVD (white bars). Coelectroporation of a (DNA encoding full-length Dab1 (cross-hatched bars) partially rescues RVC+RVD malpositioning. A total of 48
electroporated brains were examined, six to nine brains for each condition at each time point n the lateral neocortex, two to four brains for each condition at each time point in the cingulate cortex,
and four brains for the Dab1 rescue in the lateral neocortex at E21. The soma positions for a total of 2792 cells or an average of 58 cells per brain were measured. (TX, Cortex.
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Figure 5.  Alterations of leading process and apical dendrite morphology after treatment with RNAi directed against Dab1.
Sections stained with the nucleicacid dye propidium iodide (red) from embryos electroporated at E16 and examined at E20 and P2.
A, Control (RVN) neurons electroporated at E16 show branched neurites at E20. B, RVC+ RVD-treated neurons show less branching
in the apical process contacting the MZ. C, D, Low-magnification images of layer 2/3 cortical neurons on P2, 7 d after in utero
electroporation on E16. Control RVN electroporated neurons show precise lamination and exuberant dendritic growth in the MZ on
P2 (C), whereas Dab1-suppressed cells (RVC+RVD) show disrupted lamination with occasional ectopic deep cells (arrow) and
sparse dendrites in the MZ (D). (—F, Flattened z-series of P2 layer 2/3 neurons revealing extensive dendrites in the RVN-treated
cells (E) and stunted dendrites that either do not penetrate the MZ (cells 2 and 3) (F-H ) or stunted dendrites that do not show
extensive secondary and tertiary branching in the MZ (H). G, A 90° rotation of D reveals that cells 1-3 are entirely contained in the
optical section and that the stunted dendrites are not attributable to sectioning artifact. Scale bars: B, D, 50 pum; H, 20 wm. I,
Quantification of GFP ™ pixels in the MZ at E20 and P2, after normalization (see Materials and Methods). Control (RVN) embryos
showed approximately twofold more neurites in the MZ compared with RVC+RVD-treated embryos at both E20 (p = 0.014,
unpaired t test; df = 6) and P2 ( p = 0.025, unpaired ¢ test; df = 7). Single sections from nine RVC+RVD embryos (n = 4at E20;
n=>5atP2)and eight RVN embryos (n = 4at E20; n = 4at P2) were analyzed.J, Quantification of noncontacting apical processes
after RVC+RVD treatment shows RNAi-mediated difference at both E20 ( p = 0.012, unpaired t test; df = 4) and P2 ( p = 0.001,
unpaired t test; df = 6). K, Quantification of apical process branching complexity from unbranched (0th order) to second-order and
above (2+) branching in RVN- and RVC+RVD-treated cells at E20 and P2. RVC+RVD-treated cells showed less branching than
RVN-treated cells at both time points. At E20, morphological analysis was performed on 24 cells in three RVN-treated brains and 26
cellsin three RVC+RVD-treated brains. At P2, morphological analysis was performed on 47 cells in five RVN-treated brains and 44
cells in three RVC+RVD-treated brains. Values in /and J are means == SD. CTX, Cortex.
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47 cells in 5 brains) did not contact the MZ
compared with 22.9% of the RVC+RVD-
treated cells (n = 44 cells in 3 brains; p =
0.001, unpaired ¢ test; df = 6). Differences
between control and experimental mor-
phologies are probably not attributable to
a general developmental delay caused by
RNAi treatment because the RNAi-treated
cells are not morphologically similar to
less mature control cells, which over-
whelmingly (>98%) contact the MZ with
their apical processes at P2. The 43.3%
(E20) and 22.9% (P2) values for the per-
centage of noncontacting RVC+RVD-
treated cells are different from the 57.0%
of noncontacting cells in the cortical ex-
plants from the scrambler (Dabl-
deficient) embryos (supplemental Fig. 1,
available at www.jneurosci.org as supple-
mental material). This difference may re-
flect (1) the incomplete suppression of
Dabl by RNAi and (2) possible non-cell-
autonomous effects attributable to the sig-
nificant cortical disorganization of the
scrambler mouse explants compared with
the minor disorganization of the
RVC+RVD-treated cortices.

Asmentioned, the branching complex-
ity of RNAi-treated cells appeared re-
duced. Although it was usually not possi-
ble to unambiguously identify all of the
dendritic arbors of individual cells be-
cause of the density of labeled cells, it was
possible to trace the apical arbor to the
first branch point and often to the second.
Therefore, we quantified the neurite
branching in the same sets of z-series by
determining the percentage of apical pro-
cesses without detectable branching (0th
order), those with detectable single branch
point (first order), and those with detect-
able higher-order branching (second or-
der and above). At E20, RVC+RVD-
treated cells showed an approximate
fivefold higher percentage of 0™-order
apical processes (no branch detected)
(Fig. 5K) compared with control cells (46
vs 8.3%, respectively). By P2, all cells
showed at least one apical branch, but only
50% of the RVC+RVD-treated cells
showed higher-order branching (second
order and above) compared with the ma-
jority (83%) of RVN-treated cells. The ob-
servation that many of the RNAi-treated
cells had simplified dendrites that did not
enter the MZ suggests that Reelin signal-
ing may be specifically required for nor-
mal dendritic elaboration in the MZ.

Discussion

Our finding of the arrest of Dab1-deficient
cells ~40 wm beneath normal cells is con-
sistent with the previous observation that
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mutant cortical cells arrest beneath wild-type cortical cells in chi-
meric animals composed of Dabl (—/—) and wild-type (+/+)
cells (Hammond et al., 2001). If the cell-dense CP represents a
physical barrier to terminal translocation, this might contribute
to the approximate inversion of cortical layers observed in the
scrambler and reeler mice. In the absence of Reelin signaling, suc-
cessively generated neurons may accrete beneath cell-dense lay-
ers, resulting in a cellular “traffic jam” similar to that proposed
for reeler mice (Pinto Lord et al., 1982). In both models, cells that
are superficial to migrating neurons obstruct further migration,
but the obstructing cells need not be mutant because the wild-
type CP appears to also provide an obstructive layer that can be
surmounted only with appropriate levels of Reelin signaling.

The inversion and malpositioning of cells in the reeler mouse
cortex is likely exacerbated by fascicles of thalamocortical affer-
ents, termed the internal plexiform zone (IPZ) (Pinto Lord and
Caviness, 1979). In reeler mice, the IPZ fibers inappropriately
pass through the cortex, targeting the superficially displaced sub-
plate. These IPZ fibers may obstruct radially migrating neurons
and thus effectively “trap” a subset of migrating neurons at ab-
normally deep positions within the cortex (Tabata and Nakajima,
2002). Because IPZ fibers are not observed in our electroporation
experiments that targeted layer 2/3-fated cells, they are unlikely to
contribute to the cellular malpositioning reported here.

Previous analysis of the modes of neuronal migration in slices
of embryonic cortex suggested that the terminal 30-50 um of
migration displays kinetic properties that are distinct from the
intermittent (saltatory) soma movement observed in the deeper
cortex (Nadarajah et al., 2001). On leading process (mean length
of 30-50 uwm) contact with the MZ, soma movement switches
from saltatory to translocative (continuous), and the mean soma
migration rate increases from 35 to 60 um/h (Nadarajah et al.,
2001). Our study identifies the final stage of migration through
the upper ~40 um of cortex, or the approximate length of the
leading process, as a critical Dab1-dependent event. This obser-
vation is consistent with a previous study of the scrambler mutant,
in which inappropriate glial attachment of the migrating neuron
was observed in the upper CP (Sanada et al., 2004). It is therefore
possible that Reelin signaling stimulates the transition from sal-
tatory migration to terminal translocation through the CP and
that this transition in the mode of migration is required for cells
to penetrate the cell-dense CP.

In addition to forming layers underneath the Reelin-
expressing cells, the dendritic arbors of Dab1-expressing cells are
often localized to the layer of cells containing Reelin-expressing
cells. In reeler mice, these dendritic arbors are substantially
stunted and disorganized (Pinto Lord et al., 1982; Tabata and
Nakajima, 2002; Niu et al., 2004). The functional correlation be-
tween Reelin signaling and dendritic arborization was established
in studies of cultured hippocampal neurons, in which Reelin ap-
plication caused an approximate fourfold enhancement of den-
dritic length and an approximate threefold enhancement in den-
dritic branching (Niu et al., 2004). Reelin signaling also is known
to affect neuronal precursor cells (Hartfuss et al., 2003; Luque et
al., 2003) and radial glial cells, which in reeler mice possess short
processes (Hartfuss et al., 2003) and display less branching at the
pial surface (Pinto Lord et al., 1982; Hunter-Schaedle, 1997).
These observations point to a common function of Reelin signal-
ing in the establishment and/or elaboration of processes in both
the neuronal precursor and the postmigratory neuron.

In our study, we present evidence that Reelin signaling has an
important function in the establishment or elaboration of neu-
rites in the intervening, developmental stage between neuronal
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precursor and postmigratory neurons. The simplest interpreta-
tion is that the abnormalities associated with the leading process
and dendrites are secondary to a migration defect and the result-
ant malpositioning of the neuronal soma. Within the context of
the previously mentioned cell culture studies that reported a di-
rect effect of Reelin on radial glial processes and cultured hip-
pocampal dendrites, a direct Reelin-dependent effect on the lead-
ing process and dendrite formation is also possible. Dendrites
form preferentially in axon-rich strata such as the MZ (Pinto
Lord and Caviness, 1979), and Cajal-Retzius cells display ex-
tensive axonal ramifications primarily in the MZ (Marin-
Padilla, 1990). The observation that Reelin is axonally trans-
ported and secreted by the Cajal-Retzius cells (Derer et al.,
2001) makes Reelin a logical candidate for an axon-derived
factor that stimulates early dendritogenesis of neocortical py-
ramidal neurons.

The idea that the leading process is an immature dendrite
finds support in previous studies of the developing cortex and
cerebellum. Golgi analysis of developing neocortex suggested to
Pinto Lord and Caviness (1979) that the apical dendrite of a
cortical pyramidal cell may represent “a transformation of the
leading migratory process of the cell.” Evidence for leading pro-
cess transformation is found also in time-lapse analysis of neo-
cortical explants; somal translocation (migration) is observed in
some cells that possess a branched apical process projecting into
the MZ (Nadarajah et al., 2001). Similarly, cerebellar granule cells
are also thought to translocate from the external granule layer to
the internal granule layer using a leading, unbranched dendrite
(Ramoén y Cajal, 1995; Rivas and Hatten, 1995). If the leading
process is dendritic in character and responsive to dendritic
growth and remodeling cues, this observation provides a poten-
tial mechanistic link between the processes of migration, lamina-
tion, and dendritogenesis. The specific actions of Reelin during
migration and dendritogenesis, however, remain somewhat
unclear. The leading process may respond to Reelin by detach-
ing from its radial glial substrate, as has been previously sug-
gested (Pinto Lord et al., 1982; Dulabon et al., 2000; Sanada et
al., 2004), a phenomenon that would permit subsequent sig-
naling events to stimulate dendritogenesis. Alternatively, Ree-
lin signaling might stimulate dendritogenesis directly (Niu et
al., 2004) or coordinate both glial de-adhesion and dendrito-
genesis simultaneously.

One of the most striking observations in these studies is the
precision of branching in the MZ. In our analysis, the majority of
principal branch points of the leading process occurred within
the first 14 wm, or approximately two somata diameters, of the
MZ. Cells with branched trailing processes were rarely observed,
suggesting that cell bodies do not translocate or migrate through
branch points and that the cell body would stop at a stabilized
leading branch point. The location of the branch point one to two
cell diameters above the CP may position the newly arrived cell
body in a manner that is consistent with an inside-out pattern of
neocortical development. These results outline a model in which
the nascent dendrite has a critical role both in terminal translo-
cation and in migration arrest (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material).
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