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Alterations in the formation of brain networks are associated with
several neurodevelopmental disorders. Mutations in TBC1 domain
family member 24 (TBC1D24) are responsible for syndromes that
combine cortical malformations, intellectual disability, and epi-
lepsy, but the function of TBC1D24 in the brain remains unknown.
We report here that in utero TBC1D24 knockdown in the rat de-
veloping neocortex affects the multipolar-bipolar transition of
neurons leading to delayed radial migration. Furthermore, we find
that TBC1D24-knockdown neurons display an abnormal matura-
tion and retain immature morphofunctional properties. TBC1D24
interacts with ADP ribosylation factor (ARF)6, a small GTPase cru-
cial for membrane trafficking. We show that in vivo, overexpres-
sion of the dominant-negative form of ARF6 rescues the neuronal
migration and dendritic outgrowth defects induced by TBC1D24
knockdown, suggesting that TBC1D24 prevents ARF6 activation.
Overall, our findings demonstrate an essential role of TBC1D24
in neuronal migration and maturation and highlight the physio-
logical relevance of the ARF6-dependent membrane-trafficking
pathway in brain development.
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The mammalian cerebral cortex is a multilayered structure
derived from cells of the neural tube (1). Cortical projection

neurons are generated from proliferating progenitor cells lo-
cated in the ventricular zone (VZ) adjacent to the lateral ven-
tricle (2). After their final mitotic division, the majority of
neurons migrate radially, along radial glia fibers, from the VZ
toward the pial surface, where each successive generation passes
one another and settles in an inside-out pattern within the cor-
tical plate (CP) (3, 4). When neurons reach their final destina-
tion, they stop migrating and order themselves into specific
“architectonic” patterns, according to a complex signaling path-
way, guiding cells to the correct location in the brain (5). Overall,
these steps lead to the formation of a six-layered cortex that plays
a key role in cognitive processes. It is therefore not surprising that
disruption of early cortical development causes severe neurologi-
cal conditions usually featuring intellectual disabilities (IDs) and
epilepsy, which may be associated with brain malformations (6).
Over the past decades, advances in our understanding of the

genetics of ID and epilepsy have revolutionized the diagnostic and
the clinical approach to these disorders, and an increasing number
of pathogenic gene mutations have been identified. TBC1D24 is
a novel epilepsy-related gene mutated in different autosomal re-
cessive forms of early-onset epilepsy, which can be accompanied by
variable degrees of ID (7–11). The TBC1D24 gene encodes a pro-
tein of 553 aa that contains a Tre2/Bub2/Cdc16 (TBC) domain,
shared byRabGTPase-activating proteins (Rab-GAPs) and a TLDc
domain of unknown function (8). The TBC1D24 protein is ex-
pressed in the brain and interacts with the ADP ribosylation factor
(ARF) 6, a small GTP-binding protein implicated in membrane

exchange between the plasma membrane and the endocytic com-
partments (8, 12). In the brain, ARF6 is known to play various roles
including regulation of neurite outgrowth (13, 14) and maintenance
of apical adhesion of neural progenitors in the developing neocortex
(15). Interestingly, pathogenic mutations in TBC1D24 affect its
binding to ARF6 and result in a severe impairment of neuronal de-
velopment (7, 8, 10). Conversely, overexpression of TBC1D24 in-
creases neuronal differentiation in vitro (7, 8). These findings, along
with the subtle cortical malformation observed in some patients
carrying aTBC1D24mutation (7, 16), suggest that TBC1D24 is likely
to be involved in brain development and maturation.
To investigate TBC1D24 function in the developing neocortex,

we down-regulated its expression in neuronal progenitor cells of
the embryonic rat brain by in utero electroporation (IUE). We
found that silencing of TBC1D24 delays radial migration and
morphological maturation of pyramidal neurons. In addition, we
showed that concomitant expression of an inactive form of ARF6,
ARF6T27N, was able to rescue the TBC1D24-knockdown pheno-
type in vivo. Furthermore, overexpression of the constitutively
active ARF6Q67L mutant results in a significant delay of neuronal
migration. Overall, our findings suggest that TBC1D24, by reg-
ulating ARF6 activity in postmitotic neurons, controls radial
migration and neurite outgrowth during cortical development.
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The six-layered cerebral cortex forms through tightly regulated
steps including neuronal proliferation, migration, and circuitry
formation. Alterations of cortical development are associated
with several neurological conditions, but the underlying patho-
genetic mechanisms remain largely unknown. Here, we describe
the role of TBC1 domain family member 24 (TBC1D24), a gene
associated with syndromes combining epilepsy and cognitive
deficits, in cortical development. Using an in vivo approach, we
found that TBC1D24 regulates neuronal polarity, thus promoting
neuronal migration and maturation. We further show that
TBC1D24 exerts its function through the modulation of the ac-
tivity of ADP ribosylation factor 6, a GTPase involved in mem-
brane trafficking. Collectively, our data disclose a previously
uncharacterized molecular mechanism involved in cortical de-
velopment and underline how appropriate and timely neuronal
positioning is essential for brain function.
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Results
TBC1D24 Is Involved in Radial Migration of Cortical Neurons. To in-
vestigate the role of TBC1D24 in cerebral cortex development in
vivo, we used the in utero RNAi-mediated knockdown approach
(17) to silence its expression in rat embryonic neural progenitors.
We first examined the temporal expression profile of TBC1D24
in the developing rat neocortex from embryonic day (E) 14 to
postnatal day (P) 30 by Western blot (WB). TBC1D24 expres-
sion increased from E14 to E18 and remained stable at perinatal
and postnatal stages (E20 to P30) (Fig. 1A). We next generated
two small hairpin (sh) RNAs targeting either the coding se-
quence (CDShp) or the 3′-untranslated region (3′UTRhp) of
rat Tbc1d24 mRNA (Fig. 1B) and two corresponding negative
control shRNAs with four point mutations (CDSm4hp and
3′UTRm4hp). These shRNAs were transiently transfected into
primary cortical neurons prepared from E18 rat embryos, to
evaluate their ability to suppress endogenous TBC1D24 ex-
pression. We found that CDShp and 3′UTRhp, but not the two
negative control shRNAs, resulted in a significant and long-
lasting reduction of TBC1D24 protein expression, as assessed by
WB analysis performed 12 d after transfection (Fig. 1B). The
3′UTRhp or 3′UTRm4hp were then introduced in combination
with a green fluorescent protein (GFP)-encoding reporter con-
struct into neural progenitor cells by IUE at E15 and the distri-
bution of GFP-positive cells was analyzed 2 and 5 d later. At E17,
in both 3′UTRhp and 3′UTRm4hp brains, the majority of GFP-
positive cells were found in the intermediate zone (IZ), suggesting
that early silencing of TBC1D24 did not prevent radial migration

out of the VZ and subventricular zone (SVZ) (Fig. S1 A and B).
We also found that TBC1D24 knockdown did not affect the po-
larized organization (Fig. S1 C and D), the cell cycle progression,
or survival of UTRhp-transfected neural progenitors (Fig. S2). In
contrast, at E20, we found that 3′UTRhp led to a significant arrest
of transfected cells in the IZ with only 20.1 ± 5.7% (n = 12 em-
bryos; P < 0.0001) of GFP-positive cells reaching the CP, whereas
the majority of 3′UTRm4hp-transfected cells (77.3 ± 10.5%; n =
10 embryos) correctly reached the CP (Fig. 1 C and D). In addi-
tion, we found no cell death induced by TBC1D24 knockdown at
E20 or P0 (Fig. S3). To further validate the specificity of our
results, we conducted in utero knockdown experiments with the
CDShp construct and found that it led to the same migration
defect, with only 31.3 ± 11.9% (n = 8 embryos) of GFP-positive
cells reaching the CP (Fig. S4). Next, we performed a rescue ex-
periment in which we cotransfected the 3′UTRhp along with
a TBC1D24-IRES-GFP construct (TBC1D24wt) driving the ex-
pression of the full-length human TBC1D24 coding sequence
(GenBank accession no. NM_001199107.1) and GFP as a re-
porter. Although the overexpression of this construct per se did
not impair radial migration (Fig. S5), TBC1D24wt in combination
with 3′UTRhp significantly reduced the migration arrest of
transfected cells in the IZ at E20 (Fig. 1 C and D), demonstrating
the target specificity of the shRNA effect. To determine whether
silencing of TBC1D24 caused a permanent migration arrest in the
IZ or a transient delay in migration, we examined the positions of
3′UTRhp-transfected neurons at later developmental stages. At
P7, the majority of TBC1D24-knockdown neurons were able to
reach the CP and extend apical dendrites toward the pial surface.

Fig. 1. Neuronal migration following embryonic TBC1D24 knockdown. (A) WB analysis of TBC1D24 protein expression from rat cortical lysates during development.
(B, Left) Diagram showing the position of shRNAs targeting the coding sequence (CDShp) and the 3′UTR (3′UTRhp) of rat Tbc1d24mRNA. (B, Right) TBC1D24 protein
expression in rat primary neurons transfected at the day of plating with the indicated plasmids and analyzed after 12 d byWB. (C) Representative neocortical coronal
sections showing migration of transfected cells 5 d after electroporation at E15 with pCAGGs-IRES-EGFP (GFP) construct combined with the indicated plasmids
(3′UTRm4hp, n = 10; 3′UTRhp, n = 12; 3′UTRhp + TBC1D24wt, n = 9). (Scale bar: 200 μm.) (D) Quantification of GFP-positive cell distribution 5 d after transfection
at E15 expressed as a percentage of total transfected cells. Data, expressed as means ± SEM, were compared via one-way ANOVA for repeated measures, followed
by the Bonferroni’s multiple comparison test. ***P < 0.0001 and **P < 0.005 vs. 3′UTRm4hp; °°°P < 0.0001 and °°P < 0.005 vs. 3′UTRhp + TBC1D24wt. (E) Repre-
sentative P7 neocortical sections showing the laminar position of GFP cells in rats electroporated at E15 with the indicated plasmids and immunostained with the
neuronal marker NeuN, cortical II–IV layers marker CDP and the V–VI layers marker FoxP2. (Scale bar: 500 μm.) (F) Quantification of GFP cells in cortical upper layers
(II–IV) and the cortical deep layers (V–VI) and expressed as a percentage of the total number of transfected cells (n = 7 for each condition).
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These observations were confirmed by immunohistochemical anal-
ysis using a neuronal marker (NeuN), a marker of cortical upper
layers (II/III; CDP) and a marker of the deep layers (V/VI; FoxP2),
none of which revealed any obvious alterations in the cortical
layering of 3′UTRhp-transfected brains (n = 7) compared with
controls (n = 7; Fig. 1 E and F). Overall, our findings establish an
important role for TBC1D24 in radial migration toward the CP.

Multipolar–Bipolar Transition Is Impaired in a TBC1D24-Knockdown
Model. During the process of neuronal migration, future pyramidal
cells initially move radially from the VZ/SVZ into the lower part of
the IZ, where they pause and acquire a multipolar morphology
(18, 19). At this stage, neurons rapidly extend and retract pro-
cesses until they acquire the bipolar shape in the upper part of
the IZ (uIZ), which allows them to undergo glia-guided loco-
motion toward the CP (20). To determine whether the persistence

of the multipolar phase in TBC1D24-knockdown neurons un-
derlie their transient arrest in migration, we analyzed the mor-
phology of 3′UTRhp- and 3′UTRm4hp-transfected cells in the
uIZ at E20. In 3′UTRhp brains (n = 9), a significant percentage of
IZ-trapped neurons (22.9 ± 4.3%) exhibited a multipolar mor-
phology characterized by multiple minor processes or showing
a rounded morphology with no evident processes, whereas the
small portion of TBC1D24-knockdown neurons that could reach
the CP displayed a normal bipolar morphology with a leading
process extended normally toward the pial surface (Fig. 2). By
comparison, in age-matched control brains (n = 7), only a few
neurons were still present in the uIZ, and those cells displayed the
typical unipolar or bipolar shape with one prominent leading process
orienting toward the marginal zone (Fig. 2). These data indicate that
cortical neurons require TBC1D24 for a timely multipolar-to-bipolar
transition in the uIZ, because loss of TBC1D24 leads to a delay in
both acquisition of bipolar morphology and radial migration.

TBC1D24 Knockdown Alters Dendritic Arborization and Glutamatergic
Synapse Formation. It has been shown that the inability of cortical
neurons to exit from the multipolar phase of radial migration
results in abnormal dendritic development of pyramidal neurons
in the postnatal cerebral cortex (21, 22). Interestingly, previous
studies revealed a role for TBC1D24 in neurite outgrowth in
vitro (7, 8, 10), and we found that TBC1D24 expression also
increased during postnatal development (Fig. 1A). These obser-
vations led us to investigate whether TBC1D24 also plays a role in
the morphological maturation of pyramidal neurons, in addition
to its function in radial migration. We found that in utero silencing
of TBC1D24 significantly impairs the formation of apical and
basal dendrites at P7 (Fig. 3). Remarkably, coexpression of
TBC1D24wt in combination with 3′UTRhp restored dendritic
outgrowth (Fig. 3). A similar alteration in neurite formation was
also observed in TBC1D24-knockdown cortical primary neurons
in vitro (Fig. 4 A–C), consistent with a cell-autonomous function of
TBC1D24 in regulating neurite length. We therefore investigated
whether this protein was also involved in the maturation/function
of excitatory synapses at the single-cell level. Using rat primary
cortical neurons transfected at 14 d in vitro (DIV), a stage at which
neuronal maturation and the initial wave of synaptogenesis has
occurred, we analyzed spontaneous excitatory transmission in
TBC1D24-knockdown neurons by recording miniature excitatory

Fig. 2. TBC1D24 knockdown impairs multipolar/bipolar transition in uIZ. (A)
E20 rat cortices electroporated at E15 with 3′UTRhp or 3′UTRm4hp in the
indicated regions. (Scale bar: 20 μm.) In the TBC1D24-knockdown model, a high
percentage of migrating neurons persisted at the multipolar stage (arrow-
head). (B) Histograms showing the average percentages (means ± SEM) of the
polarity in the uIZ from similar sections as in A (3′UTRm4hp, n = 7; 3′UTRhp,
n = 9). One-way ANOVA for repeated measures: ***P < 0.0001; **P < 0.001.

Fig. 3. TBC1D24 is required for dendritic arbori-
zation in vivo. (A) Representative coronal sections
of P7 rat brains transfected with the indicated
constructs by IUE at E15. (Scale bar, 50 μm.) (B)
Representative reconstructed layers II/III pyramidal
neurons showing dendritic arborization patterns
from the same experimental conditions shown in A.
(C) Quantitative analysis (means ± SEM) of total
dendritic length revealed that TBC1D24 knockdown
significantly impairs neuronal morphological mat-
uration affecting both apical and basal dendrites
(n = 130–140 in each group). Two-tailed t test: ***P <
0.0005 and *P < 0.05 vs. 3′UTRm4hp; °°°P < 0.0005,
°°P < 0.005, and °P < 0.05 vs. 3′UTRhp + TBC1D24wt.
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postsynaptic currents (mEPSCs) (Fig. 4D). Loss of TBC1D24
strongly decreased the frequency and, to a lesser extent, the
amplitude of mEPSCs. The effect on the mEPSC frequency was
virtually restored in TBC1D24-knockdown neurons by the con-
comitant expression of a TBC1D24wt construct (Fig. 4D). Changes
in mEPSC frequency can be attributable to a change in the
probability of spontaneous synaptic vesicle fusion at presynaptic
sites or to a change in the number of synaptic contacts onto the
patched neurons. Importantly, because of the low efficiency of the
transfection (less than 2% of neurons were transfected per cov-
erslip), we recorded TBC1D24-knockdown neurons receiving in-
puts from nontransfected neurons expressing physiological levels
of TBC1D24, ruling out a defect in the presynaptic release ma-
chinery. In contrast, the reduction in the frequency and amplitude
of the mEPSC could be mainly related to a reduction in the ex-
citatory synaptic contacts attributable to the impaired maturation
of postsynaptic TBC1D24-knockdown neurons and a decreased
density/function of glutamatergic synapses. Indeed, we showed
that the density of VGLUT1-positive puncta identifying axoden-
dritic and axosomatic excitatory presynaptic boutons was signifi-
cantly lower in 3′UTRhp-transfected neurons than in control
neurons (Fig. S6). Altogether, these findings suggest that TBC1D24
is crucial for the morphofunctional maturation of developing glu-
tamatergic neurons in a cell-autonomous manner.

TBC1D24 Regulates Neuronal Migration and Maturation Through the
ARF6 Pathway. Most reported TBC1D24 pathogenic variants
identified in patients are located in the ARF6-binding domain

(7, 8, 10), suggesting that TBC1D24 function is dependent on its
interaction with ARF6, a key regulator in cell motility. To in-
vestigate whether the TBC1D24-ARF6 association is critical for
normal cortical development, we tested in vivo the ability of two
distinct ARF6-binding defective mutants (TBC1D24F251L and
TBC1D24D147H; Fig. S7 A–C) to rescue the radial migration
defect caused by TBC1D24 knockdown. We electroporated the
TBC1D24F251L or TBC1D24D147H constructs either alone or in
combination with 3′UTRhp in E15.5 rat brains and analyzed
the position of GFP-positive cells within the cortex 5 d later.
We found that expression of either the TBC1D24F251L or the
TBC1D24D147H constructs in 3′UTRhp-transfected neurons failed
to rescue the migration delay (Fig. S7 D and E), whereas neural
progenitors transfected with either mutant reached the CP as
expected (Fig. S7F). These results support the hypothesis that
TBC1D24 regulates neuronal migration through its interaction
with ARF6, and so we would expect that ARF6 would rescue the
TBC1D24-knockdown phenotype. Exogenous expression of wild-
type ARF6 (in the absence of either GDP or GTP) has no dis-
cernible effects on cells in most cases (23). ARF6 exists in two
forms in vivo: an inactive GDP-bound form and an active GTP-
bound form (24). Hence, to investigate this issue, we used two
constructs that mimic either the ARF6-GDP inactive form
(ARF6T27N) or ARF6-GTP active form (ARFQ67L) (24). We
found that overexpression of ARF6T27N rescues the effect of
TBC1D24 knockdown on radial migration, whereas coexpression
of ARF6Q67L and 3′UTRhp was not able to restore the mi-
gratory phenotype (Fig. 5 A and B). As previously reported,
expression of dominant negative ARF6T27N resulted in enhanced
axodendritic outgrowth in vitro (13, 14). This led us to test
whether increased ARF6-GDP levels might also restore the den-
dritic outgrowth defects observed in TBC1D24-knockdown neu-
rons at P7. Indeed, we found that in vivo overexpression of
ARF6T27N restored both apical and basal dendrite development in
TBC1D24-knockdown cerebral cortex (Fig. 6). Altogether, these
findings suggest that TBC1D24 function relies on its ability to
prevent ARF6 activation (ARF6-GTP) and that this regulation is
critical in cortical development. In agreement with this hypothesis,
we found that numerous cortical progenitor cells transfected at
E15 with ARF6Q67L were located in the IZ at E20, phenoco-
pying the migratory phenotype observed in TBC1D24-knockdown
brains at the same developmental stage (Fig. 7). Furthermore, IZ-

Fig. 4. TBC1D24 regulates neuronal morphogenesis and maturation in vitro.
(A) Representative images of 7 DIV cultured cortical neurons transfected at the
time of plating with the indicated plasmids. (Scale bar: 50 μm.) (B) Represen-
tative traces of 7 DIV cortical neurons treated as in A. (C) Histogram showing
quantitative analysis of total neurite length (three independent preparations;
90–100 cells for each group). Data are means ± SEM and were analyzed by
paired two-tailed t test. **P < 0.001 vs. 3′UTRm4hp; °P < 0.05 vs. 3′UTRhp +
TBC1D24wt. (D, Left) Representative traces of mEPSCs recorded at −70mV in 18
DIV cortical neurons transfected at 13 DIV with the indicated constructs. (D,
Right) Histograms showing average amplitude and frequency of mEPSCs. Data
are expressed as means ± SEM from 30 to 35 neurons per experimental con-
dition obtained from three independent preparations. Two-tailed t test: **P <
0.01 and ***P < 0.0005 vs. 3′UTRm4hp; °°P < 0.01 vs. 3′UTRhp + TBC1D24wt.

Fig. 5. TBC1D24 regulates neuronal migration through ARF6. (A) Represen-
tative coronal sections of E20 rat brains 5 d after electroporation with indicated
plasmids. (Scale bar: 200 μm.) (B) Quantification of GFP-positive cell distribution
in the cortex expressed as a percentage of total transfected cells (3′UTRhp, n =
12; 3′UTRhp + ARF6T27N, n = 7; 3′UTRhp + ARF6Q67L, n = 4). Data, expressed as
means ± SEM, were compared using one-way ANOVA for repeated measure,
followed by the Bonferroni’s multiple comparison test. ***P < 0.0001 and *P <
0.05 vs. 3′UTRhp + ARF6T27N; °°°P < 0.0001 vs. 3′UTRhp + ARF6Q67L.
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trapped ARF6Q67L-overexpressing neurons displayed a multipolar
morphology, highly reminiscent of that observed in TBC1D24-
silenced neurons (Fig. S8). In contrast, in age-matched brains,
the majority of neurons expressing the constitutively inactive ARF6
form (ARF6T27N) reached the CP (Fig. 7). Moreover, biochemical
investigations showed that TBC1D24 inhibits the formation of
ARF6-GTP in HeLa cells (Fig. S9). Overall, these data indicate
that TBC1D24 regulates ARF6 activity and suggest that ARF6-
GTP levels could be a critical effector of TBC1D24 in cortical
network formation in vivo.

Discussion
The formation of the six-layered cerebral cortex requires a
complex spatiotemporal coordination of different cellular and
intracellular processes, such as neuronal proliferation, migration,
differentiation, and circuitry formation (25, 26). Newborn neu-
rons must reach their final laminar positions at the established
time to undergo morphofunctional changes enabling them to
integrate intracortical inputs (27). The morphological transition
from a multipolar to a bipolar shape represents a critical event
allowing immature neurons to migrate from the VZ to the CP by
glial-guided locomotion (18, 19, 28). Although this transitional
phase requires a reorganization of the cytoskeleton, the molec-
ular mechanism regulating this process has just begun to be
dissected. Several microtubule regulators, such as LIS1, DCX,
and CDK5, are essential for the exit of neurons from the multipolar
stage (17, 22, 29), and accumulating evidence now indicates that
membrane trafficking can also play a role in the morphological
changes underlying radial migration of newborn neurons (30).
Notably, Rab5- and Rab11-dependent endocytic pathways con-
trol multipolar transition and final CP positioning by regulating
the surface expression of N-Cadherin in migrating neurons (30).
Our findings also support the physiological importance of
monomeric G proteins regulating endocytic pathways in neuronal
migration. Indeed, using IUE, we demonstrate that TBC1D24

promotes the multipolar-to-bipolar transition occurring during
glial-dependent migration in the rat neocortex through its func-
tional interaction with ARF6. ARF6 is involved in membrane
trafficking, actin remodeling, and plasma membrane endocytosis
(12). In neurons, the ARF6 protein has been reported to act di-
rectly through PIP5KI (14) or indirectly through Rac1, a member
of the Rho-GTPase family, to control dendritic dynamics and
growth (13). PIP5KI catalyzes the formation of phosphatidylino-
sitol 4,5-bisphosphate, which acts as a negative regulator of neurite
elongation by promoting microtubule depolymerization (31). Rac1
plays a crucial role in several aspects of neural development in-
cluding neuronal migration, axon formation, and neural progenitor
proliferation and survival by coordinating both actin and micro-
tubule remodeling (32, 33). However, although a direct role for
ARF6 in neuronal migration and cortical layering has not yet
been reported, we find that the fine-tuning of ARF6 activity by
TBC1D24 is important for radial migration. Indeed, increasing
levels of active GTP-bound ARF6 phenocopies the neuronal
polarity and migration defects caused by in utero silencing of
TBC1D24, whereas inactive GDP-bound ARF6 rescues the
TBC1D24 knockdown-induced migration phenotype. These
observations suggest that TBC1D24 regulates radial neuronal
migration by maintaining ARF6 in the inactive GDP-bound
state. In fact, a recent report showed that low ARF6-GTP levels
are also necessary in the early stages of corticogenesis to maintain
the apical localization of integrin β1 receptor in neuronal pro-
genitors, a process crucial for apical adhesion and, therefore, for
neuroepithelium integrity (15). Furthermore, the combination of
TBC1D24 knockdown and overexpression of the constitutively
active form of ARF6 displayed no synergistic effect on neuronal
migration, leading us to hypothesize that TBC1D24 may act up-
stream to ARF6 pathway to control the turnover of adhesion
molecules and/or the remodeling of the cytoskeleton.
Besides this important role in neuronal migration, our data

strongly indicate that TBC1D24 also promotes cortical matura-
tion. The transition of migrating neurons into a bipolar shape is
emerging as a fundamental requirement for pyramidal neurons
to obtain their correct morphology (18, 34). The inability to
acquire a bipolar morphology during migration, resulting in ab-
normal dendrite development in TBC1D24-knockdown pyramidal
neurons, provides additional evidence that supports this hypothesis.

Fig. 6. In vivo down-regulation of ARF6 restores dendritic outgrowth in
TBC1D24-knockdown model. (A) Representative images of coronal slices of P7
rat brains transfected with indicated constructs by IUE at E15. (Scale bar: 50 μm.)
(B) Representative dendritic arborization patterns in cortical neurons from the
same experimental conditions shown in A. (C) Concomitant expression of
ARF6T27N in TBC1D24-knockdown neurons restores both apical and basal den-
dritic outgrowth. Data are expressed as means ± SEM and analyzed by two-
tailed t test. ***P < 0.0001 and *P < 0.05 vs. 3′UTRm4hp; °°°P < 0.0001, °°P <
0.0005, and °P < 0.005 vs. 3′UTRhp + ARF6T27N (3′UTRm4hp, n = 130 from six
rats; 3′UTRhp, n = 140 from six rats; 3′UTRhp +ARF6T27N, n = 81 from four rats).

Fig. 7. Dysregulation of ARF6 activity impairs neuronal migration. (A)
Representative coronal sections of E20 rat brains 5 d after electroporation
with indicated plasmids. (Scale bar: 200 μm.) (B) Quantification of GFP-positive
cell distribution in the cortex expressed as a percentage of the total (GFP, n =
10; ARF6T27N, n = 6; ARF6Q67L, n = 7). Data, expressed as means ± SEM, were
compared via one-way ANOVA for repeated measure, followed by the Bon-
ferroni’s multiple comparison test. ***P < 0.0001 and *P < 0.05 vs. GFP; °°°P <
0.0001 and °P < 0.05 vs. ARF6T27N.
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Moreover, we found that these defects in neuronal branching were
not associated with abnormal positioning of TBC1D24-silenced
neurons in the neocortex consistent with a cell-autonomous effect
on dendrite development. Indeed, the migration delay induced by
in utero knockdown of TBC1D24 is temporary and no longer
visible in rat brains at P7. Interestingly, these morphological
alterations are rescued by the in vivo expression of dominant
negative ARF6, further supporting the idea that the modulation
of ARF6 activity by TBC1D24 is critical for neurite outgrowth.
We propose that the control of ARF6-GTP levels by TBC1D24
may be responsible for the precise developmental control of ARF6
downstream effectors in neurons. This developmental regulation
could influence the synaptic integration and information process-
ing of neurons in the cortex and, when absent, result in abnormal
excitability and/or impaired cognitive function. Further studies
will be necessary to investigate whether downstream effectors
are involved in the molecular mechanism underlying TBC1D24-
dependent ARF6 regulation.
In summary, we show that TBC1D24 regulates cortical de-

velopment because its silencing in neural progenitors results in
delays in radial migration and defective terminal branching of
projection neurons. We also establish a functional link between
TBC1D24 and the ARF6-dependent endocytic pathway and dem-
onstrate that the modulation of ARF6 activity by TBC1D24 is
critical for appropriate corticogenesis (Fig. S10). Altogether, these
findings provide further evidence that membrane trafficking and
intercellular signaling play an important role in cortical network
formation. In this context, further studies on the molecular and
cellular events mediated by TBC1D24 may provide insights into the
pathogenesis of brain disorders linked to mutations of this gene.

Materials and Methods
Plasmids, antibodies, WB, and immunostaining procedures used in this study
are described in the SI Materials and Methods.

Rats. Breeding and experimental procedures were carried out in accordance
with European and the local ethical committee guidelines for animal

research. IUE and neuronal migration analysis were performed as described
previously (35). For more details, see SI Materials and Methods.

Morphological Analysis. Morphology of migrating neurons was analyzed on
cortical slices at E20. Dendritic length analysis was performed after neuronal
reconstructions with the ImageJ plug-in NeuronJ 1.2 software. See SI
Materials and Methods for details.

Neuronal Cultures and Excitatory Synapse Analysis. Rat primary cortical neu-
rons were prepared as described (36). Neurons were transfected at the time
of plating by Nucleofection (Amaxa) and for later transfection using Lipo-
fectamine 2000 (Life Technologies). To measure excitatory synapses, neurons
transfected at 13 DIV and fixed 48–72 h posttransfection were labeled for
VGLUT1. See SI Materials and Methods for details

Electrophysiological Recordings. mEPSC recordings were performed on 17–18
DIV neurons. Details are provided in SI Materials and Methods.

Statistical Analysis. Data are given as means ± SEM for n sample size. The
normal distribution of experimental data were assessed using D’Agostino–
Pearson’s normality test. To compare two normally distributed sample
groups, the two-tailed Student’s t test was used. To compare more than two
normally distributed sample groups, one-way ANOVA, followed by the
Bonferroni’s post hoc test, was used. When more than one parameter was
analyzed per group, ANOVA for repeated measures was performed. Analysis
was carried out by using SPSS software.
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