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Abstract
The establishment of neural circuits depends on precise neuronal positioning in the cortex, which occurs via a tightly
coordinated process of neuronal differentiation, migration, and terminal localization. Deficits in this process have been
implicated in several psychiatric disorders. Here, we show that the transcription factor Tcf4 controls neuronal positioning
during brain development. Tcf4-deficient neurons become mispositioned in clusters when their migration to the cortical plate
is complete. We reveal that Tcf4 regulates the expression of cell adhesion molecules to control neuronal positioning.
Furthermore, through in vivo extracellular electrophysiology, we show that neuronal functions are disrupted after the loss of
Tcf4. TCF4 mutations are strongly associated with schizophrenia and cause Pitt-Hopkins syndrome, which is characterized
by severe intellectual disability. Thus, our results not only reveal the importance of neuronal positioning in brain
development but also provide new insights into the potential mechanisms underlying neurological defects linked to TCF4
mutations.

Introduction

The establishment of neuronal connections in the mammalian
cortex requires precise neuronal positioning, which is tightly
controlled during brain development. During cortical devel-
opment, projection neurons are generated from radial glial
progenitors (RGPs) of the dorsal ventricular zone (VZ) [1]
and migrate radially along with the basal processes of RGPs
toward the cortical plate (CP). During migration, differ-
entiating neurons transiently detach from the basal processes
of RGPs and become multipolar within the intermediate zone
(IZ) of the cortex prior to the acquisition of bipolar mor-
phology while entering the CP [2, 3]. Upon reaching the CP,
migrating neurons enter a “terminal translocation” mode, a

radial glial-independent process, to migrate to their final
destination [4]. At approximately embryonic day 17.5
(E17.5), shortly before birth, neurogenesis ends and neuronal
migration concludes [5, 6]. Precise positioning of neurons in
the CP is essential for the establishment of the highly orga-
nized six-layered cortical structure, which is fundamental for
higher brain functions [7]. Disruptions of any process,
including final positioning, during neuronal migration, con-
tribute to the etiology of many neurodevelopmental disorders
[8, 9]. Thus, an understanding of the signaling cascades
responsible for the regulation of neuronal positioning is
essential for defining pathogenic mechanisms.

Neuronal migration along the basal processes of RGPs is
tightly regulated by various molecular pathways. In parti-
cular, the interaction between RGPs and neurons mediated
by cell adhesion plays important role in regulating neuronal
migration toward the CP [10, 11]. Suppression of cell–cell
adhesion molecules disrupts the attachment of migrating
neurons to the basal processes of RGPs, which leads to
neuronal migration defects [12–14]. In addition, the Reelin
pathway plays an instructive role during neuronal migration
to establish the six-layered cortex in a birthdate-dependent
manner [7, 15, 16]. However, the molecular mechanisms
underlying precise neuronal positioning when neuronal
migration is complete remain unclear.
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Tcf4 (also known as E2-2 and ITF2), a basic helix-loop-
helix (bHLH) transcription factor, is highly expressed in the
nervous system [17, 18]. TCF4 mutations have been linked to
Pitt-Hopkins syndrome, a rare neurodevelopmental disorder
characterized by severe intellectual disability, speech limita-
tion, motor delay, and visual impairments [18–20]. In addi-
tion, single nucleotide polymorphisms in the introns of TCF4
have been associated with schizophrenia [21, 22]. Impairment
of Tcf4 function leads to deficits in spatial learning and social
activity in adult mice [23, 24]. However, the roles of TCF4 in
the developing brain are largely unknown. Here we con-
ditionally inactivated Tcf4 during brain development in mice
and found that Tcf4 is essential for neuronal positioning.
While Tcf4-deficient neurons migrated normally to the CP
during embryonic stages, unexpectedly, they became mis-
positioned into clusters postnatally when migration was
complete. Furthermore, we identified the cell adhesion
molecule fibronectin 1 (Fn1) as a key target of Tcf4 in reg-
ulating neuronal positioning and found that loss of Tcf4
results in neuronal function deficiency. These findings reveal
that the transcriptional regulation of cell adhesion is essential
for precise neuronal positioning, which in turn may play a
crucial role in circuit function. Therefore, these data provide
new insights into potential mechanisms underlying neurolo-
gical defects linked to TCF4 mutations.

Results

Tcf4 is required for the positioning of pyramidal
neurons

Tcf4 is highly expressed in the neocortex and hippocampus
during brain development in both neural progenitors and
neurons (Supplementary Fig. S1a, b) [17, 24]. The
expression of Tcf4 was dynamically regulated during neural
development. At the peak of neurogenesis around E14.5,
Tcf4 was expressed in neural progenitors of the VZ and
migrating neurons of the IZ (Supplementary Fig. S1c).
Interestingly, in the late stage of neurogenesis (E17.5), Tcf4
expression was downregulated in the migrating neurons in
the IZ with an increase in expression in neurons in the CP
(Supplementary Fig. S1d). The expression of Tcf4 in neu-
rons in the CP persisted in the postnatal stages after neu-
ronal migration was complete (Supplementary Fig. S1e–g).
The increased expression of Tcf4 in neurons suggests its
potential roles in neuronal development.

We then examined the potential functions of Tcf4 in
neuronal development by conditional inactivation of Tcf4 in
the developing neocortex through Emx1Cre mediated
recombination in RGPs and their neuronal progeny [25].
When analyzing the brains of Tcf4f/f; Emx1Cre mice (Tcf4
cKO) at postnatal day 7 (P7), we observed that neurons

were not positioned properly and formed clusters in the
superficial cortical layers which appeared in nearly all brain
regions without an obvious pattern (Fig. 1a, b and Sup-
plementary Fig. S2). To reveal the identity of these mis-
positioned neurons, we stained sections for Satb2, a marker
for superficial layer neurons. We found that neurons within
the clusters were positive for Satb2 in Tcf4 cKO brains,
indicating their superficial neuronal identity (Fig. 1c, d).
Distance-based clustering analysis showed that these Satb2-
positive neurons were highly clustered in Tcf4 cKO cortices
(Fig. 1e, f). Furthermore, we found that neurons within the
clusters in Tcf4 cKO brains were also positive for Brn2 and
Bhlhb5, markers expressed in superficial layer neurons
[26, 27] (Supplementary Fig. S3a, b). To analyze the dis-
tribution of Satb2-positive neurons in detail, we quantified
the distance from these neurons to the pial basal membrane.
In contrast to neurons in wild-type (WT) brains, Satb2-
positive neurons in Tcf4 cKO brains often extended to the
marginal zone and were close to the pial basal membrane
(Fig. 1h). When RGPs were labeled with green fluorescent
protein (GFP) through in utero electroporation, we found
that these late-born neurons were located in clusters and
were positive for Satb2 when analyzed at P7 in Tcf4 cKO
brains (Fig. 1g, i, j). Conditional removal of Tcf4 did not
produce gross defects in neural progenitor proliferation and
differentiation (Supplementary Fig. S3c–f). Compared to
WT brains, the number of Satb2-positive neurons in Tcf4
cKO brains was reduced (Supplementary Fig. S3g, h).
However, we did not detect a significant number of apop-
totic neurons at various developmental stages by examining
the expression of cleaved caspase 3 in Tcf4 cKO brains
(Supplementary Fig. S4) although we could not exclude the
immediate clearance of dead cells. To determine whether
deep-layer neurons were also affected in Tcf4 cKO brains,
we stained the sections for Ctip2, a marker for deep-layer
neurons [6]. We found that loss of Tcf4 did not alter the
differentiation of Ctip2-positive neurons (Supplementary
Fig. S3g, i). The width of the Ctip2-positive neuronal layer
became wider and the density of Ctip2-positive neurons was
reduced, while the total number of Ctip2-positive neurons
remained unchanged in this layer (Supplementary
Fig. S3j–l). During cortical development, inhibitory inter-
neurons generated from the medial and caudal ganglionic
eminences (MGE and CGE, respectively) follow the posi-
tion of their pyramidal counterparts in the cortex [28]. To
examine whether the distribution of interneurons was
altered, we stained the sections for Sox6 and Sp8, markers
for cortical inhibitory interneurons derived from the MGE
and the CGE respectively. We found that cortical inter-
neurons existed in the clusters of Tcf4-deficient cortices
with their excitatory counterparts; however, the total num-
ber and the distribution of Sp8-positive and Sox6-positive
neurons in different cortical layers were not altered
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(Supplementary Fig. S5). To further demonstrate that
depletion of Tcf4 in neurons can lead to their misposition-
ing, we electroporated plasmids expressing Cre in neurons
driven by the doublecortin (DCX) promoter into RGPs at
E14.5. At P7, we found that Tcf4-deficient neurons were
positioned close to the pial membrane and clustered

(Fig. 1k–m), suggesting a neuronal role of Tcf4 in reg-
ulating their positioning. Taken together, these data
demonstrate that loss of Tcf4 leads to the mispositioning of
cortical neurons.

Disruption of the basal membrane in the developing
neocortex results in neuronal ectopias, which are caused
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by over migration of neurons beyond the basal mem-
brane, a typical phenotype observed in cobblestone lis-
sencephaly [29]. In contrast, we observed that the basal
membrane in Tcf4 cKO brains was intact in both
embryonic and postnatal stages (Fig. 1n, o and Supple-
mentary Fig. S6a). After differentiation, neurons migrate
radially along with radial glial basal processes towards
the CP. By examining the expression of Nestin, a marker
for filaments of RGPs, we found that the basal processes
were not disrupted upon the loss of Tcf4 (Supplementary
Fig. S6a). Furthermore, we labeled the basal processes of
RGPs in both WT and Tcf4 cKO brains with a lipophilic
tracer, DiI (Supplementary Fig. S6b). After tracing the
basal processes, we found that the projection of basal
processes of RGPs was normal in Tcf4 cKO brains
compared to that of WT brains (Supplementary
Fig. S6c–e), suggesting that the phenotype we observed
in Tcf4 cKO brains is not due to abnormal basal processes
of RGCs and is distinct from cobblestone lissencephaly.
Collectively, these data suggest that Tcf4 is required for
proper neuronal positioning.

Tcf4 loss leads to neuronal mispositioning in the
early postnatal stage

To investigate whether neuronal mispositioning occurs
during the embryonic stage when neurons migrate to the CP
or postnatally after neuronal migration is complete in Tcf4
cKO brains, we examined the neuronal distribution at both
E17.5, when neurogenesis was complete, and P7, when

neurons had already reached their destination in the CP. We
found that neuronal clustering was not obvious during
embryonic development in Tcf4 cKO brains, with a few
cells occasionally entering the marginal zone (Supplemen-
tary Fig. S7a, b). However, distinct neuronal clusters
became visible at P7 when neuronal migration was com-
plete (Supplementary Fig. S7c, d). To further confirm that
the neuronal distribution was normal at the end of neuro-
genesis, we labeled RGPs via in utero electroporation at
E14.5 and analyzed cluster formation at P0. We found that
the distribution of GFP-positive neurons was normal in
Tcf4 cKO brains compared to WT brains (Supplementary
Fig. 7e–h), which was distinct from the neuronal organi-
zation observed at P7 (Fig. 1i, j). Taken together, these data
suggest that Tcf4 is required for neuronal positioning during
the early postnatal stages when neuron migration is
complete.

Migration of Tcf4-deficient neurons during
embryonic stages is largely unaffected

To examine whether neuronal mispositioning was due to
abnormal migration towards the CP after neuron differ-
entiation, we first labeled RGPs with GFP in WT and Tcf4
cKO brains at E14.5 through in utero electroporation and
analyzed the progeny 3 days later (Fig. 2a–d). When ana-
lyzing the distribution of differentiated neurons, we found
that neurons migrated normally to the CP in both WT and
Tcf4 cKO brains (Fig. 2a–c). The transition from multipolar
to bipolar morphology is a hallmark of migrating neurons
and is essential for neuronal migration [30]. We found no
obvious defects in the morphological transition upon Tcf4
depletion (Fig. 2d). These data indicate that neuronal
migration is not affected in Tcf4 cKO brains. This is con-
sistent with a recent study that used in utero electroporation
to show that neuronal migration was not affected when Tcf4
was acutely knocked down via RNA interference [31]. To
further confirm this observation, we performed time-lapse
imaging after in utero electroporation (Fig. 2e). We found
that both WT and Tcf4-deficient neurons migrated basally
to the CP with a largely normal migration behavior
(Fig. 2f–i). By analyzing the migration speed of these
neurons, we found that neurons in both WT and Tcf4 cKO
brains migrated similarly before they reached the pia, while
Tcf4-deficient neurons migrated at a higher speed within the
CP (Fig. 2j), which may explain that the marginal zone in
Tcf4 cKO brains extended basally towards the CP. Indeed,
we observed that some Tcf4-deficient neurons migrated
tangentially while WT neurons remained stationary when
they reached the pia (Fig. 2i, arrowheads). Taken together,
these data demonstrate that neuronal migration during early
embryonic brain development is largely unaffected by the
loss of Tcf4.

Fig. 1 Tcf4 is required for neuronal positioning. a, b Nissl staining
of brain sections from WT (a) and Tcf4 cKO (b) animals. The yellow
dashed line indicates the border of upper-layer neurons. Asterisks
indicate neuronal clusters. Scale bar: 200 µm. c, d Representative
images of WT (c) and Tcf4 cKO (d) brain sections stained for Satb2.
The red dashed line indicates the pia and the yellow dashed line
indicates the border of upper-layer neurons. Arrowheads indicate that
neurons of Tcf4 cKO brains are located close to the pia. e, f Distance-
based clustering analysis shows that Tcf4-deficient neurons are highly
clustered in Tcf4 cKO brains (f) compared to WT brains (e).
g Schematic of in utero electroporation approach. h Quantification of
the distance between the pia and the position of Satb2-positive neu-
rons. Student’s t-test, ***p < 0.001, Error bars show mean ± SEM. At
least three brains from each phenotype were analyzed. i, j Immunos-
taining of both WT (i) and Tcf4 cKO (j) brain sections for Satb2 and
GFP. Arrowheads indicate neurons positive for Satb2 and GFP. Scale
bar: 50 µm. k, l Representative images of brains electroporated with
plasmids expressing GFP (k) or Cre-GFP driven by the Dcx-promoter
(l). m Quantification of neuronal distribution. ***p < 0.001, Error bars
show mean ± SEM. Student t-test was performed to compare two
groups, At least three brains were analyzed from each genotype. Scale
bar: 50 µm. n, o The basal membrane revealed by the laminin staining
(red) is intact in both WT (n) and Tcf4 cKO (o) brains. Yellow dashed
line indicates the border of neuronal clusters in Tcf4 cKO brains (o)
and of the upper-layer neurons in WT brains (n). Scale bar: 50 µm.
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Tcf4 is required for the postnatal positioning of
neurons in the cortex

Given the normal migration of Tcf4-deficient neurons
during embryonic stages, we reasoned that Tcf4 may be
required for neuronal positioning when postnatal migra-
tion is complete. We utilized the birthdate-dependent

“inside-out” neuronal layering pattern and performed
sequential in utero electroporation to evaluate the posi-
tions of neurons produced at different developmental
stages (Fig. 3). We first electroporated plasmids expres-
sing Cre recombinase fused with GFP into cortical pro-
genitor cells of Tcf4f/f or WT brains in utero at E14.5.
Consequently, Cre recombinase-mediated recombination

Fig. 2 Tcf4-deficient neurons
migrate to the cortical plate.
a, b Representative images for
IUE experiments. Constructs
expressing GFP were
electroporated at E14.5 and
brains were analyzed at E17.5
from WT (a) and Tcf4 cKO (b)
mice. Scale bar: 50 µm.
c Quantification of the
distribution of GFP-positive
neurons, At least three brains
from each genotype were
analyzed. Student’s t test was
performed to compare two
groups, n.s. not significant. Error
bars show mean ± SEM.
d Quantification of the number
of multipolar and bipolar/
monopolar neurons. At least
three brains from each genotype
were analyzed. Student’s t test
was performed to compare two
groups, n.s. not significant. Error
bars show mean ± SEM.
e Schematic of time-lapse
imaging after IUE.
f Representative images of
migrating neurons in
organotypic cortical slice
cultures from WT brains.
g Representative images of
migrating neurons in
organotypic cortical slice
cultures from Tcf4 cKO brains.
h, i Representative neuronal
migration tracks in WT (h) and
Tcf4 cKO (i) brains.
j Quantification of neuronal
migration speed in the IZ and
CP respectively, Student’s t test
was performed to compare two
groups, **p < 0.01. Error bars
show mean ± s.e.m.
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would generate neurons lacking Tcf4 that are labeled by
GFP in Tcf4f/f brains. To label neurons born later, we
introduced a vector expressing red fluorescent protein
(RFP) 24 h after the first electroporation in both WT and
Tcf4f/f brains (Fig. 3a). At P7, early-born neurons labeled
with GFP and late-born neurons labeled with RFP were
clearly segregated into two layers in a birthdate-
dependent manner in WT brains (Fig. 3b, c). In con-
trast, early-born Tcf4-deficient neurons (GFP-positive)
did not localize normally to form a cohesive layer and
were positioned close to the basal membrane, although

the late-born neurons (RFP-positive) were localized
normally (Fig. 3d, e). We observed that most RFP-
positive neurons were not positive for GFP in Tcf4f/f

brains (95.8 ± 1.16% in Tcf4 cKO brains compared to
92.44 ± 1.31% in WT brains), suggesting that most of
these neurons were WT neurons. We noticed that RFP-
positive cells in Tcf4f/f brains seemed to be located deeper
than in WT brains (Fig. 3c, e), likely due to a non-cell-
autonomous effect. Taken together, these data suggest
that Tcf4 loss leads to neuronal mispositioning in the
postnatal stage.

Fig. 3 Abnormal positioning of
Tcf4-deficient neurons.
a Schematic of sequential IUE.
b Representative image for the
sequential IUE in WT brains.
c Quantification of neuronal
positioning in WT brains, At
least three brains were analyzed.
d Representative image for the
sequential IUE in Tcf4f/f brains.
e Quantification of neuronal
positioning in Tcf4f/f brains. At
least three brains were analyzed.
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Abnormal orientation of Tcf4-deficient neurons

The formation of postnatal clusters in Tcf4 cKO brains
likely results from abnormal neuronal movement. There-
fore, we next characterized the orientation of Tcf4-deficient
neurons in the clusters. For this, we electroporated plasmids
expressing either GFP or Cre-GFP into the neural pro-
genitor cells of Tcf4f/f brains at E15.5 and analyzed them at
P7 (Supplementary Fig. S8). In WT brains, the neurons
were evenly distributed in the upper layer cortex and
oriented parallel to the apical-basal axis (Supplementary
Fig. S8a). However, Tcf4-deficient neurons were located
close to the pia and formed clusters (Supplementary
Fig. S8b). When we examined the orientation of these
neurons, we found that Tcf4-deficient neurons were ran-
domly positioned compared with neurons in WT brains.
Quantification of the angle between the apical-basal axis of
neurons and the pia showed that most of the Tcf4-deficient
neurons in the clusters were randomly oriented (Supple-
mentary Fig. S8c), likely impairing their subsequent posi-
tioning. In addition, we also observed that the dendritic
arbors of Tcf4-deficient neurons became abnormal (Sup-
plementary Fig. S8d, e). Taken together, these findings
show that neurons lacking Tcf4 could not position them-
selves properly after migration to the CP and displayed
abnormal orientation in the clusters.

Deficiency of Tcf4 leads to neuronal clustering with
enhanced movement

To examine the dynamic formation of neuronal clusters in
Tcf4-deficient brains, we performed time-lapse imaging of
brain slices to monitor neuronal movement directly in the
postnatal stages. Electroporation of a vector expressing GFP
into either WT or Tcf4 cKO cortices was performed at
E14.5 and sections were imaged at P2 for ~24 h (Fig. 4a). In
control brains, neurons did not undergo dramatic move-
ments, and most of the cells remained at the same position
over time (Fig. 4b). In contrast, we observed that neurons of
Tcf4 cKO brains moved closer to each other and ultimately
formed clusters (Fig. 4c). To further analyze the spatial
distribution of these GFP-positive neurons quantitatively,
we performed nearest-neighbor distance (NND) analysis
and found that the NNDs among the Tcf4-deficient neurons
were significantly shorter than those of WT neurons
(Fig. 4d). Analysis of neuronal movement showed that
Tcf4-deficient neurons moved over a long distance in var-
ious directions, while most WT neurons moved within a
short distance along the apical-basal axis (Fig. 4e–i). In
addition to abnormal movement, Tcf4-deficient neurons
also showed dynamic changes in their processes (Supple-
mentary Fig. S9), which could prevent them from anchoring
at the basal membrane. Therefore, these data demonstrate

that Tcf4-depleted neurons retain enhanced movement
activity and cluster together within the postnatal cortex.

Cell adhesion molecule expression is dysregulated
in Tcf4 cKO brains

To further investigate the mechanisms by which Tcf4 reg-
ulates neuronal positioning during brain development, we
performed global transcriptome analysis of cortical tissue
collected from both WT and Tcf4 cKO brains at P0 shortly
before obvious neuronal mispositioning occurred. RNA
sequencing (RNA-seq) revealed both up- and down-
regulated genes (1515 genes and 1439 genes, respectively)
in Tcf4 cKO brains compared to WT brains (FDR < 0.05)
(Fig. 5a). We then subjected the differentially expressed
genes to gene ontology (GO) analysis, which revealed
enrichment for genes involved in brain development
(Fig. 5b). Intriguingly, the category with the highest p-value
was cell adhesion (Fig. 5b). Cell adhesion has been
demonstrated to play essential roles in the regulation of
neuronal movement [14, 32, 33]. Thus, these data suggest
that Tcf4 controls neuronal positioning through the tran-
scriptional regulation of cell adhesion molecules.

Tcf4 controls neuronal positioning through Fn1

Among the downregulated genes related to cell adhesion in
Tcf4 cKO cortices compared to WT cortices, one of the
most significantly dysregulated genes is Fn1, a cell adhesion
molecule highly expressed in the upper layer neurons [34].
In situ hybridization was performed to further confirm the
downregulation of Fn1 expression upon the loss of Tcf4
(Fig. 5c, d). We then asked whether Fn1 downregulation
could cause neuronal mispositioning, as we observed in
Tcf4 cKO brains. Indeed, when Fn1 was downregulated by
shRNA interference, we found that neurons were misposi-
tioned compared to those of control brains, which could be
rescued by restoring the expression of Fn1 (Fig. 5e–h).
Intriguingly, we found that some neurons formed clusters
close to the basal membrane when Fn1 was downregulated
(Fig. 5f, arrowheads). Downregulation of Fn1 did not result
in obvious defects in neural progenitor proliferation and
differentiation (Supplementary Fig. S10). To further
demonstrate that Fn1 is a key downstream effector of Tcf4,
we examined whether the forced expression of Fn1 in Tcf4-
deficient neurons could attenuate mispositioning. We then
electroporated constructs expressing Cre recombinase alone
or together with constructs expressing Fn1 into RGPs
in utero at E14.5. The electroporated brains were analyzed
at P7 (Fig. 5i–l). Compared to control brains, Tcf4 cKO
brains showed neuronal mispositioning (Fig. 5j). In addi-
tion, the expression of Fn1 in Tcf4-deficient neurons
resulted in a marked attenuation of the positioning defect
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Fig. 4 Neurons become clustered upon the loss of Tcf4. a Experi-
mental design for time-lapse imaging. b Representative images for the
movement of neurons in WT brains. c Representative images for the
movement of neurons in Tcf4 cKO brains. d Nearest-neighbor distance
(NND) analysis of neurons imaged in WT and Tcf4 cKO brains, two-
way ANOVA, *P < 0.05. e, f Neuronal migration tracks from WT (e)

and Tcf4 cKO (f) brains. g Quantification of the neuronal migration
distance within a time unit, Student t test was performed,
***p < 0.001. At least three brains were analyzed for each genotype.
h, i Distribution of angles between the line perpendicular to the pia and
the line connected the starting and the ending points of a neuronal
movement track.
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and migration speed (Fig. 5k, i, Supplementary Fig. S11).
The morphological defects in Tcf4-deficient neurons were
also largely rescued by the forced expression of Fn1
(Supplementary Fig. S12). Taken together, these data sug-
gest that Fn1 is an important downstream effector of Tcf4 in
the regulations of neuronal positioning.

Abnormal neuronal functions in Tcf4-deficient
brains

Neuronal mispositioning within the cortex could have
potential effects on the neuronal network. Pyramidal neu-
rons born at E14.5 and E16.5 migrate to cortical layers 4
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and 2/3, respectively. In the canonical cortical circuit, pyr-
amidal neurons in layer 4 send excitatory inputs to neurons
in layers 2/3, but not vice versa (Fig. 6a) [35]. We reasoned
that Tcf4-deficient neurons mispositioned in layers 2/3
might cause a change in cortical microcircuits. To test this
hypothesis, we electroporated plasmids expressing GFP or
CAG-Cre-GFP into cortical progenitor cells in utero at
E14.5 to label early-born layer 4 neurons. At E16.5, we then
electroporated the same embryos with plasmids expressing
ChR2-mCherry to label late-born layer 2/3 neurons. Short
blue light stimulation (5 ms) evoked action potentials in
mCherry-positive neurons (Fig. 6a). In GFP-electroporated
brains, all GFP-positive neurons did not respond to the light
stimulation. However, we observed that excitatory post-
synaptic potentials (EPSPs) were evoked in many Tcf4-
deficient neurons (CAG-Cre-GFP-positive neurons) in lay-
ers 2/3 by light stimulation (Fig. 6b, c). Interestingly, the
ratio of Tcf4-deficient neurons responding to light stimu-
lation decreased when mispositioning was rescued by the
expression of Fn1 (Fig. 6b, c). Taken together, these results
suggest that cortical microcircuits are disrupted when Tcf4-
deficient neurons are mispositioned.

To further test the effects of neuronal mispositioning on
the function of Tcf4-deficient neurons, we used the primary
visual cortex (V1) as a model system, as it is a well-
organized brain region where specific neuronal projections
and locations undergo precise arrangement and refinement
during development [36, 37]. Thus, visual functions such as
orientation tuning, retinotopy, and ocular dominance col-
umns are established based on the precise location and
connections between specific neurons [38, 39]. To examine
whether neuronal functions were disrupted in Tcf4-deficient
mice, we first examined V1 by measuring the expression of
c-fos, an immediate-early gene, triggered by light exposure

(Fig. 6d) [40]. While the expression level of c-fos remained
similarly low in the visual cortex of both WT and Tcf4 cKO
brains when the mice were kept in the dark (Fig. 6e, f), we
detected significantly lower expression of c-fos in the visual
cortex of Tcf4 cKO mice than in that of WT mice after
exposure to normal light for 1 h after 72 h of complete
darkness (Fig. 6g–i). To further confirm the deficiency of
visual responses in Tcf4 cKO mice, we performed in vivo
extracellular electrophysiology in the V1 neurons of both
WT and Tcf4 cKO mice. The drifting grating visual
stimulus-evoked robust spiking of the V1 neurons in WT
mice (Fig. 6j). However, we found that visually evoked
spiking of V1 neurons in Tcf4 cKO mice was significantly
reduced, while spontaneous activity was not affected, which
resulted in a significant reduction in the signal-to-noise ratio
in Tcf4 cKO mice (Fig. 6k, l). When examining the visually
evoked potentials (VEPs), which represent the synchronized
visual responses of a large number of neurons, we observed
that Tcf4 cKO mice showed a significant reduction in VEP
amplitudes in V1 compared to those of WT controls, indi-
cating that knocking out Tcf4 disrupted the synchronized
visual responses in mouse V1 neurons (Fig. 6m). Therefore,
these data suggest that neuronal mispositioning caused by
Tcf4-deficiency disrupts neuronal functions.

Discussion

Precise positioning of cortical neurons is essential for
proper functioning. Here, we revealed an essential role for
Tcf4 in regulating neuronal positioning during cortical
development. Depletion of Tcf4 leads to neuronal mis-
positioning, while the migration of neurons towards the CP
is largely unaffected. Neuronal mispositioning in Tcf4-
deficient brains is achieved through the downregulation of
cell adhesion molecules. In particular, we identified Fn1 as
a key downstream effector of Tcf4 in the regulation of
neuronal positioning. Furthermore, we found that depletion
of Tcf4 leads to the disruption of neuronal function. Our
findings reveal the importance of neuronal positioning in
brain development. Interestingly, the phenotype of neuronal
clusters in the Tcf4 cKO neocortex is reminiscent of the
entorhinal cortex [41, 42]. When examining the expression
of Tcf4 in the embryonic entorhinal cortex (the Allen
Developmental Mouse Brain Atlas), we found the expres-
sion of Tcf4 is low in these areas compared to the other
brain regions. It is possible that the formation of clusters in
these areas is correlated with the Tcf4 expression. However,
the entorhinal cortex has a different developmental process
and the existence of cell clusters in the entorhinal cortex
could occur with other mechanisms.

Disruption of birthdate-dependent neuronal positioning
in the neocortex has been linked to many brain disorders

Fig. 5 Tcf4 acts through Fn1 to regulate neuronal positioning.
a Heatmap of the genes expressed differentially between Tcf4 cKO
and WT cortices. 1515 genes are upregulated and 1439 genes are
downregulated. padj < 0.05. b Gene ontology (GO) analysis of the
differentially expressed genes. c, d Expression of Fn1 was examined
by in situ hybridization in WT (c) and Tcf4 cKO (d) brains at P7.
Enlarged images are shown in c′ and d′. Arrowheads in c′ and d′
indicate the blood vessels. Scale bar: 200 µm. e–g Downregulation of
Fn1 (f) leads to neuronal mispositioning compared to scramble elec-
troporated brains (e), which is rescued by the expression of Fn1 (g)
Arrowheads show a neuronal cluster. Scale bar: 50 µm. h Quantifi-
cation of the distribution of GFP-positive neurons and the cortex is
evenly divided as six bins. One-way ANOVA and Turkey’s multiple
comparisons test was performed. Error bars show mean ± SEM.
**p < 0.01, ***p < 0.001. i–k Overexpression of Fn1 attenuates the
abnormal positioning caused by the loss of Tcf4 (k) compared to Cre
electroporated brains (j). Constructs expressing GFP were electro-
porated as control (i). Scale bar: 50 µm. l Quantification of the dis-
tribution of GFP-positive neurons and the cortex is evenly divided as
six bins. One-way ANOVA and Turkey’s multiple comparisons test
was performed. Error bars show mean ± SEM.**p < 0.01, ***p <
0.001, n.s. not significant.
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Fig. 6 Disruption of the neuronal function upon the loss of Tcf4.
a Left: the representative image showing neurons expressing ChR2-
mCherry and GFP in layers 2/3 and layer 4 cortex in the normal
condition. Right: schematic showing neuronal connections between
layers 2/3 and layer 4. b Response traces of neurons labeled with GFP
when activating ChR2-mCherry-positive neurons by blue light sti-
mulation in WT, Tcf4 cKO, and Rescue slices. c Quantification of
responsive neurons. 14 neurons from 2 WT mice, 25 neurons from 4
Tcf4 cKO mice, and 32 neurons from 5 mice in rescue group were
used. d Experimental design for visual response. e–h Representative
images of sections stained for c-fos. i Quantification of the density of
c-fos-positive cells. At least three brains were analyzed in each

genotype. Student t test was performed, error bars show mean ± SEM.
**p < 0.01. j, k Examples of raster plots and peristimulus time histo-
gram showing spiking activities during sinusoidal drifting gratings
stimulation in WT (j) and Tcf4 cKO (k) mice, respectively. Blue bar
represented visual stimulation. l The average ratio of evoked to
spontaneous activities in the V1 of WT and Tcf4 cKO mice during
visual stimulation. 117 units from 4 WT mice and 150 units from 3
Tcf4 cKO mice were analyzed, Student’s t test was performed, **p <
0.01. m Average VEP amplitudes to visual stimuli presented to the
WT and Tcf4 cKO mice. 64 VEPs from 4 WT mice and 49 VEPs from
3 Tcf4 cKO mice were analyzed, Student’s t test was performed,
**p < 0.01.
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[43–47], indicating the importance of proper neuronal
positioning. However, little is known regarding how neu-
rons maintain their positions within the cortex after migra-
tion, as prior analyses of neuronal mispositioning have
largely focused on the consequence of defects in the
migration of neurons to their destinations. Here, we found
that the depletion of Tcf4 leads to neuronal clustering when
neuron migration concludes in the early postnatal stages,
while the migration of neurons towards the CP in
embryonic stages is largely unaffected, suggesting that Tcf4
is required for neuronal rearrangement after migration.
These findings reveal the importance of Tcf4 in early
developmental stages of the brain, which could contribute to
neuronal functions in the adult brain.

Interestingly, the expression of Fn1 is high in the CP
during the early postnatal stages and is nearly undetectable
in cortical neurons during the embryonic stages (the Allen
Developmental Mouse Brain Atlas, data not shown),
potentially explaining why Tcf4 regulates neuronal posi-
tioning acting via Fn1 in the early postanal stages. Fibro-
nectin plays essential roles in cell adhesion through
interactions with the extracellular matrix [48]. Thus, the
abolishment of Fn1 expression in Tcf4 mutant cells could
reduce the adhesion of neurons to the extracellular matrix or
neighboring cells. During mesenchymal-ameboid transition,
slow mesenchymal cells can switch to fast ameboid
migration under the condition of low adhesion [33], sug-
gesting that a well-controlled level of adhesion is important
for cell movement. The increase in the migration speed of
cells under low adhesion could lead to clustering. Indeed,
when cells are plated on nonadhesive substrates, they
become aggregated over time [49]. In migrating neurons,
disruption of adhesion molecules leads to an imbalance in
the attraction and repulsion between cells and leads to an
increase in migration speed [14]. Therefore, it is likely that
the reduction of Fn1 mediated by the loss of Tcf4 leads to
the reduction of cell adhesion and thereby causes increased
cell movement (Fig. 4), ultimately leading to the formation
of neuronal clusters. When analyzing the dysregulated
genes in the RNAseq results, particularly, cell adhesion
molecules, we found that several genes involved in the
repulsive guidance of neuronal migration were down-
regulated. For example, Flrt3, a fibronectin leucine-rich
transmembrane protein, functions as a heterophilic che-
morepellent [14] and is downregulated in Tcf4 cKO brains.
Therefore, it is likely that the balance between attraction and
repulsion is affected in Tcf4 cKO brains. However, the
details of the underlying mechanisms require further
investigation in the future. Thus, the transcriptional reg-
ulation of cell adhesion molecules is essential for neuronal
positioning in the cortex.

Taken together, these results reveal a crucial role for
Tcf4 in controlling neuronal positioning after migration is

finalized during brain development and highlight the
importance of proper neuronal positioning for the estab-
lishment of functional neuronal circuits. Positional strate-
gies are important for specific neuronal connections [50],
and neuronal mispositioning could lead to the disruption of
neuronal function. Intriguingly, patches of neuronal dis-
organization in the neocortex have been found in patients
with autism [51]. Therefore, our results not only provide
novel insights into the basis of neurological defects linked
to TCF4 mutations but also provide a potential link between
neuronal disorganization and psychiatric disorders.

Material and methods

Experimental animals

Homozygous Tcf4f/f mice in which the fragments containing
the bHLH exons and the 3′ exons are flanked by loxP sites
were crossed with Emx1-Cre mice [24, 25] to generate Tcf4f/+;
Emx1Cre mice, which were further crossed with Tcf4f/f mice to
generate Tcf4f/f; Emx1Cre mice (Tcf4 cKO). All animal work
was approved by Animal Care and Use Committee of
Shanghai Medical College of Fudan University.

Immunohistochemistry

Embryonic brains were harvested and then fixed in 4%
Paraformaldehyde (PFA) overnight except the brains stained
for Tbr2, which was fixed for 5 h. Then fixed brains were
dehydrated in 30% sucrose dissolved in PBS solution until
the sample sunk to the bottom at 4 °C. For postnatal brain
samples, pups were anesthetized on ice, and cardiac perfu-
sion was performed with 4% PFA before overnight fixation
with 4% PFA followed by dehydration in 30% sucrose.
Frozen sections were prepared for immunostaining and were
first permeabilized in 0.5% Triton-X in PBS for 30 min
followed by the incubation of desired primary antibody at 4 °
C for overnight. After washing, the secondary antibody was
incubated in darkness for 2 h at room temperature. DAPI
staining was performed before mounting.

Sequential in utero electroporation

Timed pregnant mice were anesthetized and embryos were
electroporated according to an established protocol pub-
lished before [52]. Embryos were electroporated with
plasmids expressing Cre and GFP both driven by the CAG
promoter to generated mutant neurons in Tcf4f/f back-
ground. 24 h later at E15.5, electroporated embryos were
given a second electroporation with constructs expressing
RFP driven by the CAG promoter to label WT neurons.
Electroporated brains were harvested to analyze at P7.
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Time-lapse imaging

Time-lapse imaging was performed according to a protocol
published recently [52]. Electroporated brains were
embedded in 4% low-melting agarose (Fisher Scientific,
BP165-25) in artificial cerebrospinal fluid (ACSF, 125 mM
NaCl, 2 mM CaCl2, 2.5 mM KCl, 1 mM MgCl, 1.25 mM
NaH2PO4, 25 mM NaHCO3, and 25 mM Glucose) and
sectioned into 300 µm slices using a vibratome (LEICA
VT1200S). After transferred onto a cell culture insert
(Millicell PIMORG50) in a glass-bottom dish (Thermo
Scientific, 150682), brain slices were cultured in the culture
medium (25% HBSS, 66% BEM, 5% FBS, 1% penicillin/
streptomycin, N2 supplements (all from Thermo Scientific),
and 6% Glucose (Sigma)). After overnight culture, brain
slices containing GFP-expressing cells were imaged using
an inverted confocal microscope (Nikon ECLIPSE Ti) for
about 24 h.

In situ hybridization

In situ hybridization was performed according to a recent
published protocol [53]. The following primers were used to
generate Fn1 probes:

Fwd: 5′- GACGCACCATCCAACCTGCGG
Rew: 5′- CCTCCTCATCTACATTCGGCA

In vitro electrophysiology

Mouse brain slices were prepared according to the published
procedures [54]. Mice were anesthetized by isoflurane, and
brains were rapidly removed and immersed into ice-cold,
oxygenated (95% O2/5% CO2) artificial cerebrospinal fluid
(ACSF) containing 140mM NaCl, 5 mM KCl, 15 mM
Glucose, 10 mM HEPES and 2 mM CaCl2. Tissues were
blocked and supported by a small block of 4% agar, and
transferred to a slicing chamber containing ice-cold ACSF.
Coronal slices of 250 μm thickness were cut on a vibratome
(Series1000, Tissue Sectioning System, Natural Genetic
Ltd., USA) in a rostral/caudal direction and transferred into a
holding chamber with ACSF, equilibrated with 95% O2/5%
CO2. Slices were incubated at 34 °C for ~30min before
recording. Brain slices were transferred to a recording
chamber perfused with oxygenated ACSF at room tem-
perature. Neurons expressing GFP in the cortex were located
and recorded using patch pipettes of ~4–7MΩ resistance.
The solution in recording pipettes consisted of (in mM): 135
K-gluconate, 4 KCl, 5 MgCl2, 20 HEPES, 2 MgATP, 0.2
Na2GTP, and 1 EGTA (pH 7.2, ∼295mOsm/L). Whole-cell
recordings were made using an 700B amplifier and Digidata
1440 A interface (Axon Instruments, Union City, CA).
Signals were filtered at 4 kHz, sampled at 10 kHz, and
analyzed using Clampex 10.7. To activate ChR2-expressing

fibers of pyramidal neurons in the cortex, light stimulation
(470 nm, ~5–10mW) was delivered at the recording site
through a ×40 water-immersion objective (Olympus, Tokyo,
Japan) using the Polygon 400 system (Mightex, USA).

In vivo recording

Mice were sedated with chlorprothixene (1.25 mg/kg in
DMSO, i.m.) and then anesthetized with urethane (1.25 g/kg
in 10% saline solution, i.p.). Atropine (0.3 mg/kg, in 10 %
saline) and dexamethasone (2mg/kg, in 10% saline) were
administrated subcutaneously, as described before [55]. The
skin covering the scalp was removed to expose the skull. A
metalhead plate was implanted on top of the skull with
Super-Bond (C&B, Japan), and the plate was then mounted
to a stand on the vibration isolation table. A thin layer of
silicone oil was applied to both eyes to prevent drying. A
small craniotomy (~1.5 mm2) was made on the skull to
expose binocular V1. The center of the craniotomy was 3.0
mm lateral and 0.5 mm anterior from the Lambda point. The
exposed brain was kept moist with ACSF. Throughout
recordings, toe-pinch reflex was monitored and additional
urethane (0.2–0.3 g/kg) was supplemented as needed. The
animals’ temperature was monitored with a rectal thermop-
robe and maintained at 37 °C through a feedback heater
(Harvard Apparatus, USA).

For in vivo recording, Tungsten electrodes (5–10MΩ,
FHC, Bowdoinham, ME) were inserted perpendicular to the
pial surface. Recording sites were 200–600 µm below the
pial surface, spanning all the layers of the visual cortex.
Electrical signals were filtered between 0.3 and 8.0 kHz for
single-unit spiking, and between 0.05 and 200 Hz for VEPs
and sampled at 40 kHz using an OmniPlex-D System
(Plexon, Dallas, USA). The spike waveforms were sorted
offline with Offline Sorter (v3.0) (Plexon Inc, USA) to
isolate single units as described before [55].

Stimuli were presented using a LCD monitor (40 × 30 cm,
60 Hz refresh rate, 100% contrast, ~30 cd/m2 luminance)
placed 20 cm in front of the animal. For orientation selec-
tivity, sinusoidal gratings drifting perpendicular to their
orientations were generated with the PsychoPy (v3.00)
package. The direction of the gratings varied between 0° and
330° (12 steps at 30° spacing) in a pseudorandom sequence.
Spatial frequency of the stimuli was set at 0.04 cycle/degree.
Temporal frequency was set at 2 Hz. Each stimulus was
presented for 1.5 s (three cycles), with 1.5 s inter-stimulus
interval. For spatial frequency preference, square gratings
reversing at 1 Hz were used. Spatial frequency of the grat-
ings was pseudo-randomized among 0.04, 0.08, 0.16, 0.32,
0.64 cycle/degree, as described before [56].

To calculate the visually-evoked spiking response (R),
spontaneous spiking rate was subtracted from the total rate
at each stimulus condition. To determine the preferred
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orientation and degree of selectivity, we calculated
P

R θð Þe2iθP
R θð Þ , where R(θ) is the evoked spiking responses at θ

direction of gratings. Its amplitude was used as a global
orientation-selective index. Half of its complex phase was
calculated [57] and then converted to the preferred orien-
tation (pref_O) by subtracting 90°, to confine pref_O
between −90° to 90°.

RNAseq and analysis

Total RNA was isolated from both WT and Tcf4 cKO
cerebral cortices at P0 using TRIzol reagent (Thermo-
Scientific). RNAseq was performed at Genomics Core
Facility of Shanghai Center for Plant Stress Biology, CAS.
Sequencing raw reads were applied quality and adapter
trimming using trim_galore with a quality cutoff of 30.
Cleaned reads were mapped to the mouse reference genome
UCSC mm10. Differential expression analysis was per-
formed using DESeq2 with a cutoff of FDR < 0.05. RNA
sequencing data was deposited as GEO accession:
GSE166412.

DiI labeling

To label the radial glia processes, embryonic brains from
both WT and Tcf4 cKO mice were fixed with 1% PFA at
4 °C for 4 h and then DiI (1ug/ul dissolved in DMSO,
ThermoScientific) was injected into the ventricular using a
glass pipet. After incubation at 37 °C in 4% PFA for 2 days,
brains were embedded with 2% agarose and cut into 70 µm
slices using a vibratome.

Image acquiring and analysis

Images were acquired using Nikon A1R microscopy. Ima-
ges were processed using NIS-Elements AR (Nikon) or
Adobe Photoshop CC. For data analysis, Prism 6 or Excel
was used. Data collection and analysis were performed
without blindness to the conditions of the experiments due
to the obvious phenotype in mutants. Data are presented as
mean ± SEM. P < 0.05 was considered significant. Sig-
nificance is marked as *p < 0.05; **p < 0.01 and ***p <
0.001. At least three brains were used for each phenotype
analyzed.
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