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Short Communication
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Abstract

Background: The functional assembly of neural circuits during cortical development relies on the precise spatiotemporal coordination
of excitatory projection neurons and inhibitory interneurons. Here, we show that SMAD family member 4 (SMAD4) is required for
this developmental coordination. Methods: We performed conditional deletion of Smad4 in pallial progenitors and evaluated the spatial
distribution and number of Glutamic acid decarboxylase 67-green fluorescent protein positive (Gad67-GFP") interneurons in the embry-
onic and adult cortex. Single-cell RNA sequencing (scRNA-seq) was utilized to assess transcriptomic changes in the Smad4-deficient
cortex. Further in vivo expression validation and functional assessments were conducted using a C-X-C motif chemokine ligand 12
(Cxcli2)-Discosoma red fluorescent protein (DsRed) reporter line and Cxc/i2 loss-of-function mutants, respectively. Results: Condi-
tional deletion of Smad4 in pallial progenitors disrupts the spatial distribution and overall number of Gad67-GFP+ interneurons in both
the embryonic and adult cortex. scRNA-seq revealed a marked reduction in Cxc/12 expression within the mutant cortex, while its recep-
tor, C-X-C chemokine receptor type 4 (Cxcr4), remained normally expressed in interneurons. We confirmed this downregulation in vivo
using the Cxcll2-DsRed reporter line. Functionally, Cxcl]2 loss-of-function mutants phenocopy the interneuron migration deficits seen
in Smad4 mutants. Conclusions: Our results uncover a projection neuron-derived SMAD4-CXCL12 signaling cascade that regulates
CXCR4-dependent interneuron migration, providing a molecular basis for the cross-talk between these two distinct neuronal lineages.
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1. Introduction

Mammalian cerebral cortex development involves the
orchestrated integration of locally generated excitatory pro-
jection neurons (PNs) and inhibitory interneurons (INs),
which migrate long distances from the ganglionic emi-
nences [1,2,3]. The proper assembly of cortical circuits
depends heavily on the coordinated development of these
two distinct lineages [4,5]. While several extrinsic guid-
ance cues are known, the intrinsic mechanisms by which
PNs influence and coordinate IN migration are still not fully
understood. SMAD family member 4 (Smad4) serves as
a central intracellular mediator with critical roles in early
neurodevelopment [6,7,8]. Despite its broad developmen-
tal functions, the specific cell-autonomous and non-cell-
autonomous roles of Smad4 in organizing the interplay be-
tween PNs and INs remain largely unexplored [8,9]. In
this study, we report that deleting Smad4 specifically in
PNs severely impairs IN distribution. We further show that
this defect is driven by the targeted downregulation of the
chemokine C-X-C motif chemokine ligand 12 (CXCL12),
which disrupts the CXCL12-C-X-C chemokine receptor
type 4 (CXCR4) guidance axis.

2. Materials and Methods
2.1 Mice

The mouse lines (The Jackson Laboratory, Bar Har-
bor, ME, USA) used in this study, including Smad4 (JAX
no. 017462) [10], Emx1-Cre (JAX no. 005628) [11,12],
Gad67-GFP (JAX no. 003718) [13], and Cxcl12-DsRed
(JAX no. 022458) [14], have been described previ-
ously. Control mice consisted of both wild-type (WT) and
Cre-negative littermates from the same crosses, ensuring
an equivalent genetic background across all experimental
groups. The day a vaginal plug was detected was desig-
nated as embryonic day 0.5 (E0.5), and the day of birth was
designated as postnatal day 0 (P0). The sexes of the em-
bryonic and early postnatal mice were not distinguished for
these experiments.

2.2 Tissue Preparation

Embryos were isolated from pregnant mice deeply
anesthetized via intraperitoneal injection of pentobarbital
sodium (100 mg/kg, P3761, Sigma-Aldrich, Darmstadt,
Germany). Embryonic brains were dissected and fixed
overnight in 4% paraformaldehyde (PFA, A500684, San-
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gon Biotech, Shanghai, China) prepared in diethylpyrocar-
bonate (DEPC)-treated water (B600154, Sangon Biotech).
Postnatal mice were deeply anesthetized via intraperitoneal
injection of pentobarbital sodium and transcardially per-
fused with phosphate-buffered saline (PBS), followed by
4% PFA. All dissected brains were post-fixed overnight
in 4% PFA at 4 °C, then cryoprotected by dehydration in
30% sucrose for at least 24 hours. The tissues were embed-
ded in optimal cutting temperature (OCT) compound (4583,
Sakura Finetek, Tokyo, Japan), stored at—80 °C, and subse-
quently sectioned into 20-pm-thick coronal slices for anal-
ysis.

2.3 Euthanasia

Animals were deeply anesthetized by intraperitoneal
injection of pentobarbital sodium (100 mg/kg). After the
loss of consciousness and absence of pedal withdrawal re-
flex, euthanasia was confirmed by cervical dislocation. All
animal procedures were performed in accordance with the
institutional animal care and use committee guidelines.

2.4 Immunofluorescence

Immunofluorescence staining was conducted on 10-
pm or 20-um cryosections following standard laboratory
protocols [15]. Briefly, sections were rinsed in Tris-
buffered saline (TBS; 0.01 M Tris—HCI, 0.9% NaCl, pH
7.4) for 10 min and permeabilized with 0.5% Triton X-
100 in TBS for 30 min at room temperature (RT). The sec-
tions were then blocked in 5% donkey serum combined
with 0.5% Triton X-100 in TBS (pH 7.2) for 2 hours at
RT. Guinea pig anti-EOMES (TBR2, 1:500, Oasis Biofarm,
OBPGP022, Hangzhou, Zhejiang, China), diluted in the
blocking buffer, were applied overnight at 4 °C. The fol-
lowing day, sections were washed three times in TBS (10
min each) and incubated with species-matched fluorescent
secondary antibodies (Jackson ImmunoResearch; 1:500 di-
Iution) for 2 hours at RT in the dark. After three final TBS
washes, nuclei were counterstained with 4',6-diamidino-2-
phenylindole (DAPI; Sigma, 200 ng/mL in TBS) for 2 min,
and the sections were then cover-slipped with Gel/Mount
(Biomeda).

2.5 scRNA-seq Data Analysis

Raw sequencing reads were aligned to the mm10
mouse reference genome and quantified using the Cell
Ranger pipeline (v.7.1.0; 10x Genomics, Pleasanton, CA,
USA). The resulting count matrices were processed using
the ‘Seurat’ R package (v.5.1.0, Satija Lab, New York, NY,
USA; https://satijalab.org/seurat/). For each experimental
group (Control and Smad4-ECKO), cortical tissues from
two independent E14.5 embryos were pooled to generate
a single-cell library. This pooling strategy was utilized to
minimize inter-individual biological variation and ensure a
robust, representative transcriptional profile for each con-
dition. Batch-specific quality control (QC) thresholds were

applied to account for variations in sequencing depth. Low-
quality cells—defined as having an abnormally low number
of unique molecular identifiers (UMIs) or a high percent-
age of mitochondrial gene-derived UMIs—were filtered
out. Doublets were predicted and removed using the Dou-
bletFinder package (v2.0; https://github.com/chris-mcginni
s-ucsf/DoubletFinder).

Following QC, gene expression data were log-
normalized, and the top 3000 highly variable genes were
identified using the “vst” method. To mitigate technical
variations and effectively harmonize the datasets across
different conditions, we implemented the IntegrateLayers
function within the Seurat v5 framework. Principal com-
ponent analysis (PCA) was performed on the integrated
data, and the top 50 principal components were used for
neighborhood graph construction and unsupervised cluster-
ing. UMAP was utilized for low-dimensional visualization.
Differentially expressed genes (DEGs) across clusters were
identified via the Wilcoxon rank-sum test, with p values ad-
justed using the Benjamini—Hochberg false discovery rate
(FDR) correction.

The scRNA-seq libraries were sequenced on an Illu-
mina NovaSeq 6000 platform. For the Control group, se-
quencing yielded 344.5 million total reads, with a mean of
25,586 reads per cell. After quality control filtering, 13,311
cells were retained, featuring a median of 1990 genes de-
tected per cell. For the Smad4-ECKO group, sequencing
yielded 411.6 million total reads, with a mean of 29,808
reads per cell. After filtering, 13,647 cells were retained,
featuring a median of 2067 genes detected per cell.

It should be noted that cortical tissues from two em-
bryos were pooled to generate a single scRNA-seq li-
brary per condition; thus, the statistical significance de-
rived from cell-level transcriptomic comparisons primarily
reflects cellular-level variances and should be interpreted
with caution regarding biological replication.

2.6 Image Acquisition and Analysis

Fluorescence images were acquired using an ImageX-
press Micro 4 Automated Slide Scanner (at 10x or 20x mag-
nification). Images were processed using Adobe Photoshop
and Illustrator (Adobe Systems, San Jose, CA, USA) for
clarity, optimal contrast, and panel assembly, without alter-
ing the integrity of the original raw data.

2.7 Quantification and Statistical Analysis

Quantitative analyses of fluorescence images were
performed using Imagel software (National Institutes of
Health, Bethesda, MD, USA). Statistical analyses were ex-
ecuted utilizing GraphPad Prism 10 (Dotmatics, Boston,
MA, USA). For in vivo histological quantifications, the
biological replicate was strictly defined as an individual
animal (n = 4 independent mice per genotype, unless
otherwise specified). To ensure representative sampling
and account for intra-individual anatomical variance, four
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Fig. 1. Deletion of Smad4 disrupts the distribution and number of cortical interneurons. (A) Schematic illustration of the genetic
strategy used to generate the Emx1-Cre, Smad4™*, and Gad67-GFP mouse lines. (B) Representative immunofluorescence images show-
ing the distribution of Gad67-GFP" interneurons in the embryonic day 14.5 (E14.5) cortices of control (Gad67-GFP) and Smad4-ECKO
(Emx1-Cre; Smad4™"™; Gad67-GFP) mice. The dashed lines indicate the boundary between the LV and the cortex. Scale bar = 100 um.
(C) Quantification of the proportional distribution of Gad67-GFP™ cells across different cortical zones in control and Smad4-ECKO mice.
(D) Bar graph showing the total number of GFP" cells per defined area in the E14.5 cortices of control and Smad4-ECKO mice. (E)
Representative immunofluorescence images showing the distribution of Gad67-GFP" cells in the adult (postnatal day 90, P90) cortices of
control and Smad4-ECKO mice. Scale bar =200 pm. (F) Quantification of the total number of GFP" cells per defined area in the P90 cor-
tices. Data are presented as mean + SEM (n = 4 mice per group); unpaired Student’s 7-test. Abbreviations: IRES, internal ribosome entry
site; EGFP, enhanced green fluorescent protein; Smad4, SMAD family member 4; Emx1-Cre, Empty spiracles homeobox 1-Cre recom-
binase; Gad67-GFP, Glutamic acid decarboxylase 67-green fluorescent protein; ECKO, Emx1-Cre conditional knockout; P90, Postnatal
day 90; DAPI, 4’,6-diamidino-2-phenylindole; MZ, marginal zone; CP, cortical plate; IZ, intermediate zone; SVZ, subventricular zone;

LGE, lateral ganglionic eminence; LV, Lateral ventricle.
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matched coronal sections at identical rostro-caudal levels
were selected and analyzed per mouse. The cell counts or
fluorescence intensities from these four sections were aver-
aged to generate a single data point per biological replicate.

Consistent with our established laboratory protocols
for developmental studies, statistical significance between
the Control and mutant groups was determined using an un-
paired Student’s #-test. All quantitative data are presented
as mean = SEM (standard error of the mean). Exact p-
values are explicitly reported in the corresponding results
text and figure legends. A p < 0.05 was considered statis-
tically significant. The specific quantification criteria were
as follows:

2.7.1. Cell Counting

Quantification of GFP* interneurons was performed in
the putative somatosensory and motor cortices of E14.5 and
P90 mice across Control and Smad4-ECKO groups. High-
resolution images of coronal sections were acquired using
an Olympus VS120 Automated Slide Scanner (10x objec-
tive, Olympus, Tokyo, Japan). For each biological repli-
cate (n = 4 mice per genotype), four anatomically matched
sections at identical rostro-caudal levels were analyzed.
Within each section, GFP* cells were quantified using a
standardized radial column (1000-pixel bin width) span-
ning the entire neuroepithelial thickness from the ventric-
ular zone (VZ) to the marginal zone (MZ) or pial surface
(Fig. 1C,D,F). Identical standardized counting procedures
were applied to the Cxcl12 loss-of-function model (Cxcl12-
DsRed/DsRed; Gad67-GFP) at E15.5 (Fig. 3E).

2.7.2. Fluorescence Intensity and Normalization

To assess CXCL12 protein levels, DsRed immunoflu-
orescence intensity was measured in the E14.5 cortices of
Control and Smad4-ECKO; Cxcl12-DsRed mice. For each
animal, 4 matched coronal sections were processed, and the
raw signal intensities were normalized to the mean of the
Control group to account for inter-individual variation (Fig.
3C). Statistical significance was determined using the un-
paired Student’s ¢-test. All quantitative data are presented
as mean = SEM, with a p < 0.05 considered statistically sig-
nificant. Due to the variability in fluorescence intensity, 6
mice were analyzed for the control group and 8 mice for the
experimental group.

3. Results

3.1 Smad4 Deficiency in Projection Neurons Disrupts
Interneuron Coordination

To investigate the role of Smad4 in cortical devel-
opment, we generated conditional knockout mice (Smad4-
Emx1-Cre recombinase [Emx1-Cre] conditional knockout
[ECKO]) by crossing Smad4"™F with Emx1-Cre, which
specifically targets dorsal telencephalic progenitors (Fig.
1A). We introduced the Glutamic acid decarboxylase 67-
green fluorescent protein positive (Gad67-GFP) allele to

trace interneurons. At embryonic day 14.5 (E14.5), Smad4-
ECKO mice exhibited a profoundly altered spatial distribu-
tion of Gad67-GFP* interneurons across the cortical zones
compared to control littermates (Fig. 1B). The proportional
distribution of interneurons across the marginal zone (MZ),
cortical plate (CP), intermediate zone (IZ), and subventricu-
lar zone (SVZ) was significantly skewed, accompanied by
a marked reduction in the total number of GFP* cells per
defined area (Fig. 1C,D). Importantly, this cortical reduc-
tion was accompanied by a striking ectopic accumulation
of interneurons at the pallial-subpallial boundary within the
lateral ganglionic eminence (LGE), indicating a primary
defect in directed migration. This numerical and spatial
deficit persisted into adulthood (postnatal day 90, P90), in-
dicating a permanent disruption of cortical circuit assem-
bly (Fig. 1E,F). Because Emx1-Cre does not directly tar-
get interneurons, this non-cell-autonomous defect strongly
suggests that Smad4 expression in PNs is fundamentally re-
quired to coordinate IN migration.

3.2 Single-cell RNA Sequencing (scRNA-seq) Reveals
CXCL12 as a Primary Downstream Target of Smad4

To elucidate the molecular basis of this coordination
failure, we performed scRNA-seq on E14.5 cortices from
control and Smad4-ECKO mice (Fig. 2A). Unsupervised
Uniform Manifold Approximation and Projection (UMAP)
clustering resolved 12 distinct transcriptomic populations,
each defined by established marker gene signatures (Fig.
2B,C and Supplementary Table 1). Specifically, Clus-
ter 4 was annotated as the migrating interneuron popula-
tion, a classification strictly validated by the robust enrich-
ment of pan-gamma-aminobutyric acid-ergic (GABAer-
gic) markers (Gadl, Gad2) and lineage-determining genes
(Specificity protein 9 [Sp9], LIM homeobox 6 [Lhx6])
[16,17,18,19]. Within the pallial germinal zones, the
overall transcriptomic distribution and population sizes
of Paired box 6 (Pax6)" radial glia and Eomesodermin
(Eomes)* intermediate progenitor cells (IPCs) remained un-
perturbed between the two genotypes (Fig. 2D). To further
validate these transcriptomic findings in vivo, we performed
immunofluorescence staining for EOMES/T-box brain pro-
tein 2 (TBR2). Consistent with our scRNA-seq data, the
spatial distribution and laminar arrangement of these pro-
genitor populations showed no apparent differences be-
tween Control and Smad4-ECKO cortices (Supplementary
Fig. 2), confirming that the glutamatergic progenitor scaf-
fold remains architecturally intact.

It is well established that cortical interneurons, which
primarily originate from the medial ganglionic eminence
(MGE), express the CXCR4 [20,21] and rely on the IPC-
secreted chemokine CXCL12 for directed migration into
the pallium [4,22,23]. Strikingly, our data revealed a pro-
found uncoupling of this guidance axis in the mutant cortex:
while the Eomes® IPC pool itself remained quantitatively
and structurally intact, its expression of Cxcl12 was drasti-
cally and specifically downregulated (Fig. 2E,F).
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Fig. 2. scRNA-seq reveals downregulation of Cxcl12 in the Smad4-deficient cortex. (A) Schematic representation of the scRNA-seq
experimental design for control (Smad4™") and Smad4-ECKO (Emx1-Cre; Smad4™™) cortices. (B) Uniform Manifold Approximation
and Projection (UMAP) plots showing the clustering of distinct cell populations (clusters 0—11) from both groups. (C) Violin plots dis-
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showing the distribution and expression of the radial glial cell (RGC) marker Pax6 and the intermediate progenitor cell (IPC) marker
Eomes in control and Smad4-ECKO groups. (E) UMAP plots reveal that Cxcr4 is predominantly expressed in cortical interneurons, with
no significant change in expression between the control and Smad4-ECKO groups. In contrast, the expression of Cxcl12 is markedly
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Conversely, the transcription of the cognate receptor,
Cxcr4, was completely preserved within the migrating in-
terneuron population (Fig. 2E,F).

3.3 The Smad4-CXCL12 Axis Regulates Interneuron
Positioning

To validate our scRNA-seq results in vivo, we used a
Cxcl12-Discosoma red fluorescent protein (DsRed) knock-
in reporter line generated via recombineering (Fig. 3A). At
E14.5, Smad4-ECKO; Cxcl12-DsRed mice showed a clear
reduction in cortical DsRed fluorescence, confirming that
the loss of Smad4 leads to a profound decrease in Cxcl12
expression at the proteidirectsn level (Fig. 3B,C). Next,
we asked whether this reduction in CXCL12 is the primary
driver of the observed interneuron phenotype. By exam-
ining Cxcl12-DsRed/DsRed homozygous mice (which act
as a Cxcl12 loss-of-function model), we found a similar,
significant reduction in cortical Gad67-GFP™ interneurons,
essentially phenocopying the Smad4-ECKO mutants (Fig.
3D,E). Together, these results indicate that Smad4 partici-
pates in the regulation of cortical interneuron migration and
distribution by controlling Cxcl12 expression.

4. Discussion

The precise assembly of cortical circuits requires intri-
cate coordination between locally generated projection neu-
rons (PNs) and tangentially migrating interneurons (INs).
Emerging evidence indicates that pyramidal neuron iden-
tity is instructive for the subtype composition and inte-
gration of cortical interneurons [24]. Building upon this
paradigm, our findings reveal that pallial progenitor func-
tion extends beyond mere structural scaffolds; they actively
regulate the local chemotactic microenvironment. Specifi-
cally, we demonstrate that PN-derived Smad4 dictates the
intracortical progression of CXCR4-dependent INs by sus-
taining targeted CXCL12 secretion from intermediate pro-
genitor cells (IPCs).

Critically, the pronounced reduction of cortical INs in
Smad4-deficient mice reflects a primary failure in spatial re-
cruitment rather than a depletion of the neurogenic lineage.
Morphological assessments demonstrate an ectopic accu-
mulation of mutant INs at the pallial-subpallial boundary
(LGE), indicative of a developmental arrest prior to pallial
entry. Meanwhile, both histological and scRNA-seq anal-
yses confirm that the structural and transcriptomic fidelity
of the glutamatergic progenitor pools (Pax6™ radial glia and
Eomes™ IPCs) remains robustly preserved. These observa-
tions collectively confirm that interneuron generation and
survival are intact, yet their migratory trajectory is funda-
mentally disrupted.

Mechanistically, this migratory arrest originates from
a profound state of “ligand deprivation”. While migrating
INs maintain stable Cxcr4 expression, the drastic down-
regulation of IPC-derived CXCL12 precludes adequate re-
ceptor activation. This deficiency likely attenuates criti-
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cal downstream effector cascades, including the phospho-
inositide 3-kinase (PI3K)/protein kinase B(AKT) and Rho
GTPase (e.g., Ras-related C3 botulinum toxin substrate 1
(Racl)/cell division cycle 42 (Cdc42)) pathways, which are
strictly required for cytoskeletal remodeling and directional
motility [25]. The subset of INs that successfully pop-
ulate the mutant cortex suggests the involvement of par-
allel compensatory mechanisms, potentially mediated by
the atypical receptor CXCR7 [1,23,26,27,28] or redundant
morphogenic cues such as neuregulin 1 (NRG1) [29] and
hepatocyte growth factor (HGF) [30].

Beyond intracortical guidance, the Smad4-CXCL12
signaling cascade contributes to the macroscopic archi-
tecture of the developing brain. Ependymal cells line
the brain ventricles and play important roles in maintain-
ing cerebrospinal fluid homeostasis and barrier functions
[31]. Given that Cxcl12 is endogenously expressed in the
ependymal lining of the ventricles [32], its systemic deple-
tion likely compromises the physical and functional bound-
aries of the neurogenic niche. This structural vulnerabil-
ity provides a mechanistic basis for the ventriculomegaly
observed in both Smad4-ECKO and Cxcl12 mutant brains,
underscoring the dual requirement of the Smad4-CXCL12
axis in mediating both targeted cellular migration and over-
all cortical morphogenesis.

5. Limitations

Despite these insights, our study has several lim-
itations that warrant future investigation. First, while
we demonstrate that SMAD4 is essential for Cxc/l2 ex-
pression in intermediate progenitors, the exact molecular
mechanism—whether SMAD4 directly binds to the Cxcl12
regulatory elements or acts indirectly through intermedi-
ate transcription factors—remains to be elucidated. Sec-
ond, our scRNA-seq analysis was conducted at a single em-
bryonic stage (E14.5). Given the highly dynamic nature
of cortical development, longitudinal transcriptomic pro-
filing across multiple developmental time points is needed
to fully capture the temporal evolution of these signaling
landscapes. Finally, although a subset of interneurons suc-
cessfully populated the mutant cortex, leading us to postu-
late the involvement of compensatory cues such as CXCR7
or NRGI, the exact functional redundancy of these par-
allel pathways requires further functional validation using
double-knockout models in the future.

6. Conclusion

In conclusion, our study reveals a critical role for
SMAD4 in orchestrating cortical development through the
regulation of intermediate progenitor-derived CXCLI12.
We demonstrate that this SMAD4-CXCL12 signaling axis
is essential for guiding the directed migration of interneu-
rons into the developing mammalian cortex. By uncover-
ing this specific molecular mechanism, our findings pro-
vide new insights into the dynamic interplay between pro-
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jection neuron precursors and invading interneurons. To-
gether, these results establish SMAD4 as a key regulator of
cortical cytoarchitecture and cellular migration, offering a
valuable framework for understanding the complex signal-
ing landscapes that govern brain development and morpho-
genesis.
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