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VPS35 deficiency in the embryonic cortex leads to prenatal cell loss and 
abnormal development of axonal connectivity 
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A B S T R A C T   

VPS35 is a core component of the retromer complex involved in familial forms of neurodegenerative diseases 
such as Parkinson's and Alzheimer's disease. In mice, VPS35 is expressed during early brain development. 
However, previous studies have reported that VPS35 activity is largely dispensable for normal neuronal devel-
opment and initial elaboration of axonal projections. Here, we evaluated the role of VPS35 in the mouse em-
bryonic brain using two Cre-driver lines that remove Vps35 from the cortex at different prenatal stages. We found 
that Vps35 mutant mice displayed microcephaly and decreased cortical thickness from the embryonic stages to 
adulthood. VPS35 also regulates cortical development by affecting a subpopulation of neural progenitor cells and 
the survival of postmitotic neurons. In addition, we showed that a lack of VPS35 leads to hypoplasia and mis-
routing of several axonal projections, including the anterior commissure and fornix. Furthermore, VPS35 defi-
ciency impairs the non-autonomous development of thalamocortical axons (TCAs), which show severe disruption 
of innervation and terminal arborization in the cortex. Together, these data demonstrate that VPS35 plays a 
greater role in embryonic development of the mammalian brain than it was previously thought.   

1. Introduction 

Advances in the study of brain development have elucidated the 
mechanisms that guide neurogenesis and neuronal connection 
patterning. Alterations in these processes caused by genetic or envi-
ronmental perturbations are linked to the pathogenesis of various neu-
rodevelopmental disorders. Moreover, accumulating evidence suggests 
that early brain development is a critical period for the development of 
late-onset neurodegenerative disorders. Indeed, recent data have 
demonstrated aberrant neural development in human foetuses carrying 
the Huntington's disease mutation (Barnat et al., 2020), suggesting that 
events initiated before birth might enhance susceptibility to degenera-
tive diseases in later life. Thus, evaluating the function of genes asso-
ciated with age-related neurodegenerative pathologies during the early 
stages of brain development is of crucial importance. 

The VPS35 (vacuolar protein sorting-associated protein 35) gene is 
involved in several neurodegenerative pathologies. A pathogenic 

mutation in VPS35 has been identified in families with autosomal 
dominant forms of Parkinson's disease (PD) (Vilariño-Güell et al., 2011; 
Zimprich et al., 2011). In addition, mice hemizygous for Vps35 or with 
selective deletion of Vps35 in dopaminergic neurons exhibit age- 
dependent loss of dopaminergic neurons and accumulation of α-synu-
clein protein, two pathological hallmarks of the disease (Tang et al., 
2015). Moreover, downregulation of VPS35 expression has been re-
ported in brain regions affected by Alzheimer's disease (AD) (Small 
et al., 2005). More recently, VPS35 was also found to be reduced in the 
brains of patients with Down's syndrome (DS), indicating its possible 
involvement in the development of AD-like pathology in such patients 
(Curtis et al., 2020). 

These implications are explained by the fact that VPS35 is a core 
component of the retromer complex, a heteropentameric protein com-
plex found in all eukaryotic cells. The best-known activity of the retro-
mer is the retrieval and recycling of protein cargos from the endosome to 
the trans-Golgi network or the plasma membrane (Seaman, 2012). In 
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addition, the retromer is associated with the autophagy-lysosomal 
degradation pathway and mitochondrial functions (Chen et al., 2019). 
Thus, the retromer is a central actor in the maintenance of cellular 
proteostasis, and its impairment might trigger the accumulation of toxic 
proteins and damaged organelles, potentially causing neuronal cell 
death (Brodin and Shupliakov, 2018). 

During development, Vps35 is highly expressed in the pyramidal 
neurons of the mouse cortex (Wang et al., 2012; Wen et al., 2011). Se-
lective deletion of Vps35 in newly born pyramidal (post-mitotic) neurons 
(by Nex/Neurod6-Cre) leads to altered terminal differentiation of 
cortical axons and dendrites, together with early onset of degenerative- 
like pathology (Tang et al., 2020). Specifically, Vps35Nex cKO mice show 
increased neuronal apoptosis and progressive cortical atrophy beginning 
two weeks after birth (around postnatal day (P) 14). These data support 
the idea that Vps35 deficiency is a common pathological mechanism of 
neurodegenerative disorders and could represent a risk factor for fron-
totemporal dementia, in which pyramidal neurons are the most affected 
cells (Tang et al., 2020). 

Although Vps35 is expressed in the developing mouse cortex, there is 
no evidence for its role in embryonic brain development. Moreover, its 
role during corticogenesis remains unknown. However, in vivo studies 
in invertebrate species have reported important functions of Vps35 in 
several developmental processes. Notably, Vps35 regulates cell polarity 
in the Drosophila embryo and wing discs by recycling various cargos such 
as Crumbs and planar polarity proteins (Pocha et al., 2011; Strutt et al., 
2019; Zhou et al., 2011). In the Drosophila brain, Vps35 prevents the 
aberrant dedifferentiation of neural progenitors back into neuroblasts by 
trafficking Notch (Li et al., 2018), while in C. elegans, Vps35 establishes 
the anteroposterior polarity of mechanosensory neurons by regulating 
Wnt signaling (Prasad and Clark, 2006). These data suggest that Vps35 
could regulate neural progenitor cell proliferation and differentiation in 
the mammalian brain. A recent study used Emx1-Cre mice to delete the 
Vps35 gene in progenitor cells of the dorsal telencephalon (Wu et al., 
2020). The resulting Vps35Emx1 conditional knock-out (cKO) mice 
showed ventriculomegaly and severe cortical thickness decrease starting 
at P7, an age when brain development appears normal in Vps35Nex cKO 
mutants. This difference is partly due to an alteration in the differenti-
ation and survival of ependymal cells lining the cerebral ventricles, 
which are derived from radial glia progenitors, leading to the develop-
ment of hydrocephalus (Wu et al., 2020). However, it remains to be 
determined whether the marked thinning of the cerebral cortex in 
Vps35Emx1 cKO mice indicates additional functions of Vps35 in neural 
progenitor cells. 

Herein, we performed a detailed analysis of cortical development in 
Vps35Emx1 cKO mice and compared it to that in Vps35Nex cKO mice. 
Consequently, we demonstrated an early function of Vps35 in a sub-
population of progenitor cells in Vps35Emx1 cKO mice. In addition, 
contrary to the established idea of age-dependent neuronal loss, we also 
found that Vsp35 deficiency affects neuronal survival and cortex size 
before birth, not only in Vps35Emx1 cKO mice, but also in Vps35Nex cKO 
mice. This fining has not been reported to date. Finally, this analysis 
reported an important function of VPS35 in controlling axon guidance 
and targeting in both Vps35Emx1 cKO and Vps35Nex cKO mutants. We, 
therefore, found that the inability of thalamic axons to innervate the 
Vps35 deficient cortex leads to non-autonomous neuronal cell death in 
the thalamus. 

These data provide evidence that embryonic VPS35 is necessary for 
brain development and connectivity, thereby opening the possibility 
that VPS35-linked neurodegenerative disorders are associated with de-
fects already present in the early stages of development. 

2. Results 

2.1. Autonomous and non-autonomous effect of Vps35 deletion on brain 
structure and connectivity 

In this study, we employed a conditional knockout approach by 
breeding Vps35 floxed mouse line (Vps35lox/lox) with the Emx1-Cre 
transgenic line that resulted in the ablation of Vps35 in progenitor cells 
and their progeny in the cortex and hippocampus, beginning around 
embryonic day (E) 9.5 (Guo et al., 2000). RT-qPCR analysis confirmed 
that Vps35 mRNA expression was significantly reduced in tissue 
expressing the cre-recombinase (supplemental Fig. 1A,B). Mutant em-
bryos exhibit grossly normal appearance and body weight (supple-
mental Fig. 1E), however, after birth, Vps35Emx1 cKOs display impaired 
growth rate compared to wild-type (WT) and heterozygous littermates, 
as evidenced by reduced body size and weight at postnatal day (P) 21 
(supplemental Fig. 1G,H). These observations were similar to Vps35Nex 

mice in which Vps35 is selectively deleted in newly born pyramidal 
neurons (supplemental Fig. 1C,D,F,I,J). The high lethality of Vps35Emx1 

cKO mice has been previously reported during weaning (P20-P25) (Wu 
et al., 2020). However, we found that in refined housing conditions, 
with access to hydrated food on the cage floor, viability was restored, 
and animals could reach adulthood (data not shown). Therefore, we 
used ex vivo magnetic resonance imaging (MRI) to inspect the brain 
anatomy of adult (10 weeks old) Vps35Emx1 cKO mice. Brain structures 
were segmented, and their volumes were quantified using three- 
dimensional (3D) reconstruction of MRI images. Compared to WT, 
Vps35Emx1 cKO animals showed severe microcephaly, which was asso-
ciated with cortical and hippocampal atrophy (Fig. 1A-D) as well as 
ventriculomegaly (Fig. 1G). In contrast, the brain structures not targeted 
by Emx1-Cre, such as the cerebellum, remained unaffected (Fig. 1A,E). A 
notable exception, however, was the thalamus, which has extensive 
connections with the entire cerebral cortex, and its volume was reduced 
by approximately 56% in Vps35Emx1 mutants compared to controls 
(Fig. 1A,F). 

Diffusion tensor imaging (DTI) was used to gain information about 
the connectivity of the Vps35Emx1 brains. The streamline fibre tracts 
were reconstructed for the major projection pathways into and out of the 
cortex and hippocampus (Fig. 1H). Vps35Emx1 cKO showed a strong 
reduction in inter-hemispheric projections, including the corpus cal-
losum, anterior commissure, and hippocampal commissure (Fig. 1I-K). 
Analysis also reported a significant reduction in the fornix, the main 
efferent pathway of the hippocampal formation, and of the internal 
capsule, that carries both afferent and efferent fibres of the cerebral 
cortex (Fig. 1L,M). In contrast, no significant differences were found in 
the number of streamlines passing through the fasciculus retroflexus, 
which originates from habenular neurons not targeted by Emx1-Cre 
(Fig. 1N). 

Thus, the selective suppression of Vps35 in progenitor cells and 
postmitotic neurons of the dorsal telencephalon leads to a reduction in 
the volume of the cerebral cortex and its connectivity in adults. It also 
resulted in non-autonomous atrophy of the thalamus. 

2.2. Prenatal onset of cortical atrophy in conditional VPS35 mutants 

To determine whether the reduced cortex in Vps35Emx1 cKOs results 
from age-related neuronal loss, hydrocephalus, and/or earlier develop-
mental defects, we measured changes in cortical thickness during em-
bryonic and early postnatal life (from E14.5 to P21) (Fig. 2A-C). At 
E14.5 there was no difference in cortical thickness between WT and 
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Vps35Emx1 cKO embryos. However, from E16.5, the mutant cortex was 
significantly thinner than normal (Fig. 2A-C). To confirm these data, we 
used whole brain light-sheet imaging to quantify brain volumes after 3D 
reconstruction of the autofluorescence signal. We found a significant 
reduction in total brain volume (− 8.4 ± 2.5 mm3) in E18.5 Vps35Emx1 

cKOs, which was largely due to a decrease in cortical volume (− 5.1 ±
0.87 mm3) and ventricles (− 0.02 ± 0.01 mm3) (Fig. 2D-F). Consistently, 
no difference was observed when measuring ‘total brain volume minus 
cortex volume’ or striatal volume (Fig. 2G,H). These data indicate an 
early effect of Vps35 deficiency on cortical development that occurs 
before hydrocephalus is established (~P7) in Vps35Emx1 cKO mice 
(Fig. S2A, Wu et al., 2020). Surprisingly, we also observed a prenatal 
onset at E18.5, in the reduction of cortical thickness in Vps35Nex cKO 
mice, although the decrease was less pronounced than in Vps35Emx1 cKO 
mice (supplemental Fig. 2B-J). These results are in contrast to previous 
reports wherein post-natal age-related thinning of the cortex was only 
seen in mutants from P7 onwards (Tang et al., 2020). 

We then examined the laminar cytoarchitecture of the Vps35 mutant 
cortices. First, we used in utero electroporation to deliver Cre recom-
binase plasmids in cortical progenitors of Vps35lox/lox embryos at E14.5. 
When analyzed at E17.5, before cortical defects appeared in both Vps35 
cKO embryos, migrating Cre-electroporated neurons showed a normal 
distribution throughout the developing cortex, including the ventricular 
zone, the intermediate zone, and the cortical plate (supplemental 
Fig. 3A-C). In addition, we labelled cohorts of neurons with EdU at E14.5 
and examined the number and localisation of labelled neurons at P3 
(supplemental Fig. 3D). In both WT and Vps35Emx1 cKO cortices, 
neuronal migration and proliferation were not affected (supplemental 
Fig. 3D,E), in line with previously reported results (Tang et al., 2020). 
Despite the overall reduction in cortex size, a normal distribution of the 
laminar markers, Cux1 (layers 2–4), Rorβ (layer 4), Er81 (layer 5), Ctip2 
(layer 5b), and Tbr1 (layer 6) was also observed in the mature cortex at 
P21 (Fig. 2I-R). Moreover, correct lamination was observed in the 
reduced brains of Vps35Nex mice (supplemental Fig. 3F-J). 

These data indicate an early role of Vps35 in neurodevelopment, 
which leads to prenatal atrophy of the cortex in both Vps35Emx1 and 

Vps35Nex, without cortical lamination defects. 

2.3. Reduced basal progenitor population in the Vps35Emx1 cortex 

We hypothesised that the greater reduction in cortical thickness 
observed in Vps35Emx1 embryos compared to Vps35Nex cKO mice could 
be due to defects in neural progenitors. Consequently, we performed 
immunostaining with the proliferation marker Ki67 (expressed in the 
entire proliferative zone by all cells going through division) and pHH3 
(phospho-histone H3, a marker for mitosis), which more specifically 
labels cells undergoing mitosis on the apical (ventricular) and basal 
(parenchymal) sides of the ventricular/subventricular zone (Florio and 
Huttner, 2014). At mid-corticogenesis (E14.5), we found a marked 
decrease in the number of Ki67+ cells in the cortex of Vps35Emx1 cKO 
mutants compared to controls (Fig. 3A,B). We also noticed a 52.5% 
reduction in basal pHH3+ cells, while the number of apical pHH3+ cells 
remained unchanged (Fig. 3C-E). This finding was further supported by 
staining basal progenitors with Tbr2 (Arnold et al., 2008), which 
revealed a 28% reduction in labelled cells in Vps35Emx1 cKO (Fig. 3F,G). 
However, no significant difference in the number of Pax6+ apical pro-
genitors (Gotz et al., 1998) was observed (Fig. 3H,I). Finally, as ex-
pected, analysis of Vps35Nex cKO mutants did not reveal any defects in 
progenitor cells (supplemental Fig. 4). Together, these results demon-
strate a specific alteration of the basal progenitor population in the 
embryonic Vps35Emx1 cKO cortex. 

2.4. Developmental neuronal loss in Vps35Emx1 and Vps35Nex mutants 

Defects in progenitor cells could lead to the generation of fewer 
neurons in the brain of Vps35Emx1 cKOs. Additional mechanisms such as 
the early loss of pyramidal neurons, might also contribute to cortical 
atrophy, particularly in Vps35Nex mutants. Indeed, immunostaining of 
brain sections with an antibody against active caspase-3 showed an in-
crease in apoptotic cell death in the neocortex at E14.5, for both 
Vps35Emx1 and Vps35Nex mutant genotypes (Fig. 4A-C and supplemental 
Fig.A-C). Interestingly, caspase-3+ cells are predominantly located in the 

Fig. 1. Autonomous and non-autonomous effect of embryonic Vps35 deletion on brain structure and connectivity. Selective suppression of Vps35 in progenitor cells 
of the dorsal telencephalon leads to a reduction in the volume of the cerebral cortex and its connectivity in adults, as well as non-autonomous atrophy of the 
thalamus. 
A. 3D reconstruction of brain structures upon ex vivo MRI of 10 weeks old mice showed that Vps35Emx1 cKO animals present severe microcephaly when compared to 
the wild-type (WT) mice. This is associated with cortical (light grey) and hippocampal (green) atrophy. Hindbrain is depicted in red, cerebellum in yellow, and 
thalamus in blue. 
B-F. Quantification of the volumes from the 3D reconstructions presented in A. Data represent the mean ± S.D. WT: n = 4 mice; Vps35Emx1 cKO: n = 4 mice. Mann- 
Whitney tests. 
B. Total brain volume average ± S.D. WT, 432.6 ± 16.65 mm3 versus Vps35Emx1 cKO, 264.7 ± 47.55 mm3 (*P = 0.0286). 
C. Cortex volume average ± S.D. WT, 128.5 ± 2.193 mm3 versus Vps35Emx1 cKO, 57.11 ± 7.331 mm3 (*P = 0.0286). 
D. Hippocampus volume average ± S.D. WT, 25.83 ± 1.098 mm3 versus Vps35Emx1 cKO, 7.468 ± 2.312 mm3 (*P = 0.0286). 
E. Cerebellum volume average ± S.D.: WT, 61.26 ± 3.905 mm3 versus Vps35Emx1 cKO, 49.39 ± 9.173 mm3 (n.s. P = 0.0571). 
F. Thalamus volume average ± S.D.: WT, 18.119 ± 1.812 mm3 versus Vps35Emx1 cKO, 7.950 ± 0.7276 mm3 (*P = 0.0286). 
G. Ex vivo MRI sections at the indicated distances from the bregma of WT and Vps35Emx1 cKO adult brains. The different sections reveal a reduction in cortex width 
from the anterior most to the posterior most regions (pink arrowheads), as well as a reduction in the hippocampus (green arrowheads). In contrast, the cerebellum 
(yellow arrowheads) was not significantly affected. A notable exception is the thalamus (blue arrowheads), which is also reduced. In addition, it is possible to observe 
ventriculomegaly (asterisks) in the mutant animals. 
H. DTI used to gain information on the connectivity of WT and Vps35Emx1 cKO brains. Streamline fibre tracts were reconstructed for the major projection pathways 
into and out of the cortex and hippocampus, as indicated in the figure. 
I-N. Graphs plotting the number of streamline fibres for the indicated tracts in WT and Vps35Emx1 cKO animals. The Vps35Emx1 cKO brains show a strong reduction in 
inter-hemispheric projections. Data represent the mean ± S.D. WT: n = 4 mice; Vps35Emx1 cKO: n = 4 mice. Mann-Whitney tests. 
I. Strong reduction of the corpus callosum (cc, 97%) [number of streamlines ± S.D. WT, 19464 ± 956.7 versus Vps35Emx1 cKO, 616.3 ± 732.3 (*P = 0.0286)]. 
J. Reduction of the anterior commissure (ac, 32%) [number of streamlines ± S.D. WT, 2158 ± 209.1 versus Vps35Emx1 cKO, 604.0 ± 338.5 (*P = 0.0286)]. 
K. Strong reduction of the hippocampal commissure (hc, 95%) [number of streamlines ± S.D. WT, 3971.0 ± 535.9 versus Vps35Emx1 cKO, 216.3 ± 66.56 (*P =
0.0286)]. 
L. Strong reduction of the fornix (f, 86%) [number of streamlines ± S.D. WT, 1011 ± 177.2 versus Vps35Emx1 cKO, 142.8 ± 82.26 (*P = 0.0286)]. 
M. Reduction of the internal capsule (ic, 60%) [number of streamlines ± S.D.: WT, 2035 ± 535.0 versus Vps35Emx1 cKO, 817.0 ± 447.6 (*P = 0.0286)]. 
N. No significant differences were found in the number of streamlines passing through the fasciculus retroflexus (fr) [number of streamlines ± S.D. WT, 682.5 ±
124.3 versus Vps35Emx1 cKO, 805.8 ± 201.1 (n.s. P = 0.4857)]. 
CTX, cortex; HC, hippocampus; TH, thalamus; CB, cerebellum; ccs, corpus callosum splenium; ccg, corpus callosum genu; aac, anterior commissure; pac, posterior 
anterior commissure. Scale bars: 2 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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proliferating area (ventricular/subventricular zone) of the Vps35Emx1 

cortex, while they are distributed in the postmitotic region (cortical 
plate) of Vps35Nex brains. Increased cell death in the cortical plate was 

also visible at E18.5 and P3, stages at which neuronal loss had not been 
previously documented in these two mutants (Fig. 4D-G and supple-
mental Fig. 5D,E). To test if VPS35 acts in a cell autonomous manner, we 

Fig. 2. Prenatal onset of cortical atrophy in conditional VPS35Emx1 mutants. The early role of Vps35 in neurodevelopment leads to prenatal atrophy of the cortex in 
Vps35Emx1 cKO, without cortical lamination defects. 
A-B. DAPI-staining of embryonic and postnatal cortical slices of WT and Vps35Emx1 cKO animals at the indicated ages. Cortical areas and layers are indicated. 
C. Graph showing the cortical thickness measured by DAPI staining on cortical sections from A and B. At E14.5 there is no difference in cortical thickness between WT 
and Vps35Emx1 cKO embryos [cortical thickness ± S.E.M. E14.5 WT, 194.9 ± 7.34 μm versus cKO, 172.8 ± 9.217 μm (n.s. P = 0.0672)]; while from E16.5 onwards, 
the mutant cortex is significantly smaller than normal [cortical thickness ± S.E.M E16.5 WT, 413.7 ± 18.7 μm versus cKO, 333.7 ± 12.6 μm (**P = 0.000701); E18.5 
WT, 513.3 ± 16.4 μm versus cKO, 338.2 ± 18.2 μm (****P < 0.000001); P0 WT, 558.7 ± 22.4 μm versus cKO, 439.6 ± 11.3 μm (****P < 0.0001); P3 WT, 930.6 ±
16.8 μm versus cKO, 599.4 ± 10.4 μm (****P < 0.0001); P7 WT, 1199 ± 33.5 μm versus cKO, 823.1 ± 35 μm (****P < 0.0001); P21 WT, 1452 ± 26.5 μm versus 
cKO, 874.5 ± 32.9 μm (****P < 0.0001)]. Mann-Whitney tests. 
D-H. Graph showing volumes of total brain (D), cortex (E), ventricules (F), brain volume minus cortex (G) or striatum (H), of WT and Vps35Emx1 cKO animals at 
E.18.5. Data represent the mean ± SEM (**P = 0.0023 (D), **P = 0.0082 (E), **P = 0.0022 (F), n.s. P = 0.097 (G), n.s. P = 0.0781 (H)). Mann-Whitney tests. 
I - M. Immunostaining for the laminar markers Cux1 (I), Ctip2 (J), and Tbr1 (K) and in situ hybridisation for the laminar markers Rorβ (L) and Er81 (M) in the 
somatosensory cortex of adult WT and Vps35Emx1 cKO mice. Cortical areas and layers are indicated. 
N – R. Graphs showing a normal distribution of the laminar markers from I-M between WT and Vps35Emx1 cKO mice (n.s. P > 0.05). Ten equal-sized bins were drawn 
over each image to quantify the distribution of the different markers. Data represent the mean ± SEM. Mann-Whitney tests. 
CP, cortical plate; SVZ, subventricular zone; VZ, ventricular zone; IZ, intermediate zone; wm, white matter. n = x,y where x indicates the number of mice and y the 
number of sections analyzed for each condition (C), n = x where x indicates the number of mice (D,E,G,H), n = x,y where x indicates the number of mice and y the 
number of ventricles analyzed for each condition (F). Scale bars: 100 μm (A) and 200 μm (B, I-M). 

Fig. 3. Specific reduction of the basal progenitor pool in the embryonic Vps35Emx1 cKO cortex. 
A,C,F,H. Immunostaining of WT and Vps35Emx1 cKO animals at E14.5 for the indicated markers. Cortical areas and layers are indicated. 
B,D,E,G,I. Quantification graphs for the respective immunostainings. Data represent the mean ± SEM. Mann-Whitney tests. 
A. Immunostaining for the proliferation marker Ki67. 
B. A 34% decrease in the number of Ki67+ cells in the neocortex of Vps35Emx1 cKO mutants compared to controls (****P < 0.0001). 
C. Immunostaining for the mitotic marker pHH3. 
D. A 52.5% specific reduction in basal pHH3+ cells in the neocortex of Vps35Emx1 cKO mutants compared to controls (****P < 0.0001). 
E. The number of apical pHH3+ cells remain unchanged between Vps35Emx1 cKO mutants and controls (n.s. P = 0.1627). 
F. Immunostaining of basal progenitors with Tbr2. 
G. A 28% reduction in the number of Tbr2+ basal progenitor cells in the neocortex of Vps35Emx1 cKO mutants compared to controls (**P = 0.0048). 
H. Immunostaining of apical progenitors with Pax6. 
I. No significant difference in the number of Pax6+ apical progenitors between Vps35Emx1 cKO mutants and controls (n.s. P = 0.0796). 
CP, cortical plate; IZ, intermediate zone; SVZ, subventricular zone; VZ, ventricular zone. n = x,y where x indicates the number of mice and y the number of sections 
analyzed for each condition. Scale bars: 50 μm. 
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used in utero electroporation to deliver Cre recombinase plasmids in 
cortical progenitors of Vps35lox/lox embryos at E14.5 and then analyzed 
cell death at E17.5. Results showed a clear increase of caspase-3+ cells in 
Vps35 knockout cells compared to control electroporated cells. (sup-
plemental Fig. 6). These results were extended with 3D imaging of E18.5 
brain sections stained for active caspase-3, followed by quantification of 
the total number of apoptotic cells in the entire cerebral cortex (Fig. 4H,I 
and supplemental Fig. 5F,G). As expected, no difference in cell death 
was observed in brain regions that were not targeted by Emx1-Cre or 
Nex-Cre, such as the striatum (Fig. 4J and supplemental Fig. 5H, L-O). 
The thalamic region was an exception where massive cell death was 
observed in the ventral posterior medial (VPM) nucleus (Fig. 4K and 
supplemental Fig. 5I). This result might explain the decrease in thalamus 
size as observed previously, although at the prenatal stage (E18.5), the 
volume of the VPM is not yet reduced (supplemental Fig. 5J,K). Taken 
together, these results indicate a developmental loss of Vps35 deficient 
pyramidal neurons accompanied by non-autonomous neuronal loss in 
the thalamus. 

2.5. Impaired thalamocortical development in Vps35 cKO mutants 

To understand how Vps35 deficiency in the cortex affects the survival 
of thalamic neurons, we investigated the development of reciprocal 
projections between the VPM thalamic nucleus and the primary so-
matosensory cortex (S1). We traced the thalamocortical axons (TCAs) 
and corticothalamic axons (CTAs) with lipophilic crystal dyes at E14.5, 
when these projections meet in the internal capsule (Deck et al., 2013). 
No defects were found in the initial extension and trajectory of TCAs and 
CTAs in either Vps35Emx1 or Vps35Nex cKO embryos (Fig. 5A and sup-
plemental Fig. 7A). In addition, the TCAs correctly reached the mutant 
S1 cortex at E16.5, as shown in Fig. 5B and S6B. At this stage, TCAs are 
restricted to the subplate layer in which normal differentiation and 
distribution of the complexin 3+ (Cplx3) subplate neurons is observed in 
both Vps35 cKOs, although their number is reduced by approximately 
36% in both models (supplemental Fig. 8A-D). 

At P0, TCAs in WT brains begin to invade the cortical plate and 
extend radially towards their target Rorβ+ neurons in layer 4 of the 
developing cortex. In Vps35 cKO mice, however, the ingrowth of TCAs 
into the cortical plate was strongly reduced despite the presence and 
correct positioning of their target cells (Fig. 5C, supplemental Fig. 7C, 
and supplemental Fig. 8E-J). In contrast, CTAs extending from S1 reach 
the thalamus and terminate correctly in the VPM and posterior thalamic 
nuclei (Fig. 5D and supplemental Fig. 7D), showing no impact of Vps35 
deficiency on the establishment of corticothalamic efferent projections. 
At P3 and P7, the extension and arborization of TCAs in layer 4 was 

strongly reduced in the thinner cortex of Vps35Emx1 and Vps35Nex cKO 
mice (Fig. 5E-F and supplemental Fig. 7E). Thus, both mutants failed to 
generate whisker-related barrels in the vibrissal area of S1, as revealed 
by cytochrome oxidase reactivity or by antibodies against vesicular 
glutamate-transporter-2 (vGluT2) (Fig. 5G and supplemental Fig. 7F). 
Whisker-related modules (barreloids) are present in the VPM thalamic 
nucleus, which show a reduction in size in both Vps35 cKO mutants 
(Fig. 5H,I and supplemental Fig. 7G). In contrast, the overall size and 
barrelette representations in the brainstem trigeminal sensory nucleus 
were indistinguishable between WT and cKO mice (Fig. 5H,J and sup-
plemental Fig. 7G). Finally, cortical barrels remained undetectable at 
P21 in both Vps35 cKO mutants (supplemental Fig. 7H), indicating that 
barrel formation was not delayed. Taken together, these results suggest 
that the selective loss of Vps35 in the developing cerebral cortex makes it 
a non-permissive environment for the innervation of TCAs. Moreover, 
the failure to establish proper connections might induce retrograde cell 
death in the developing thalamus. 

2.6. Cortical axon growth and guidance defects in Vps35 cKOs 

It has been reported that the initial growth of cortical projections is 
normal in Vps35Nex cKO mice, but an alteration in axonal terminal dif-
ferentiation is observed from P14 onwards, concomitant with the onset 
of neuronal degeneration (Tang et al., 2020). Since earlier onset of 
neuronal loss is observed in this study (E14.5), we decided to examine 
the effect of Vsp35 deletion on the formation of cortical fibre tracts in 
greater detail. To this end, whole brains from both cKOs at E18.5-P2 
were immunostained for PlexinD1 and Neuropilin1 (Nrp1), two axonal 
receptors for Semaphorin (Sema) guidance molecules that regulate the 
development of major cortical pathways (Burk et al., 2017; Gu et al., 
2003; Mann et al., 2007). 

The 3D whole-brain imaging revealed severe hypoplasia of several 
fibre tracts, including the Nrp1+ hippocampal commissure and corpus 
callosum (not shown). However, the paths of these commissures did not 
exhibit any misguidance defects. In particular, the few visible callosal 
axons extended correctly through the brain midline, and no Probst 
bundles- indicative of guidance defects in callosal agenesis- were found 
in Vps35Emx1 cKO (not shown). 

In contrast, major guidance defects were observed in the PlexinD1+

fibres of the anterior commissure. In Vps35Emx1 cKO, ectopic bundles 
arising from the anterior branch of the anterior commissure extended 
aberrantly in a caudal direction into the ipsilateral hemisphere (Fig. 6). 
In addition, some fibres of the stria terminalis failed to enter the anterior 
commissure to cross to the contralateral side (Fig. 6). These phenotypes 
are also present in Vps35Nex cKO brains, but with reduced penetrance 

Fig. 4. Neurodevelopmental loss of Vps35-deficient pyramidal neurons accompanied by a non-autonomous neuronal loss in the thalamus of Vps35Emx1 mutants. 
A,D,F. Immunostaining of cortical brain sections for activated caspase-3 to mark apoptotic cells of WT and Vps35Emx1 cKO animals at indicated ages. Images in yellow 
boxes are amplified in the upper right panels. 
B,C,E,G. Quantification graphs for activated caspase-3 staining. Data represent the mean ± SEM. Mann-Whitney tests. 
B. No differences in cell death between cKOs and control animals were noticed in the cortical plate region at E14.5 (n.s. P = 0.1682). 
C. An 84% increase in cell death at E14.5 in the proliferative region of Vps35Emx1 cKO mutants (****P < 0.0001). 
E, G. Increase in apoptotic cell death is also visible at E18.5, 453% (****P < 0.0001), and P3, 66,2% (***P < 0.0001), respectively. 
H. 3D imaging of E18.5 whole brains from WT and Vps35Emx1 cKO animals stained for active caspase-3. Immunostaining is presented as a 3D dorsal view in coronal 
sections, and as in Imaris-based automatic quantification of apoptotic cells. 
I-K. Imaris-based automatic quantification graphs for active caspase-3 staining in H for the indicated brain structures. Data represent the mean ± SEM. Mann- 
Whitney tests. 
I. Increase in the total number of apoptotic cells in the entire cerebral cortex [number of caspase-3 positive cells / volume of the neocortex (μm3) ± S.E.M.: WT, 
1.396e-007 ± 1.892e-008 versus cKO, 9.965e-007 ± 3.528e-007 (**P = 0.0022). 
J. No differences in cell death between cKOs and control animals were observed in the striatum [number of caspase-3 positive cells / volume of the striatum (μm3) ±
S.E.M.: WT, 3.005e-007 ± 1.168e-007 versus cKO, 2.677e-007 ± 6.392e-008 (n.s. P = 0.5887)]. 
K. Massive cell death in the VPM of the thalamus for cKOs when compared to control animals [number of caspase-3 positive cells / volume of the VPM (μm3) ± S.E. 
M.: WT, 9.611e-007 ± 2.187e-007 versus cKO, 6.133e-006 ± 7.909e-007 (**P = 0.0022). 
CP, cortical plate; SVZ, subventricular zone; VZ, ventricular zone; CTX, cortex; OB, olfactory bulb; CB, cerebellum; STR, striatum; HC, hippocampus; VPM, ventral 
posterior nucleus. n = x,y where x indicates the number of mice and y the number of sections analyzed for each condition. Scale bars: 50 μm (A and insets in A, D, F), 
200 μm (D, F), 500 μm (H, 3D dorsal view; inset on 3D frontal view), 400 μm (H, coronal sections), 300 μm (H, 3D frontal view). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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(supplemental Fig. 9). Finally, malformations of the fornix pathway 
were evident in Vps35Emx1 cKO mice. The WT fornix displayed pre- 
commissural (PlexinD1− , Nrp1− ) and post-commissural (PlexinD1+, 
Nrp1+) branches in relation to the anterior commissure (Fig. 6). How-
ever, in Vps35Emx1 cKO, the PlexinD1+ / Nrp1+ fibres project aberrantly 
both anteriorly and posteriorly to the anterior commissure, and the 
caudal extension of the post-commissural fornix towards its target, the 
mammary bodies of the hypothalamus, was reduced (Fig. 6, Table S1). 
In contrast, fornix development appeared normal in Vps35Nex cKO mice 
(supplemental Fig. 9). The cortico-fugal projections did not seem to be 

affected in either mutant (Fig. 6 and supplemental Fig. 9). All the 
observed phenotypes are summarised in Table S1. 

Taken together, these results provide evidence that Vps35 expression 
in cortical and hippocampal neurons is necessary during embryonic 
development to direct the initial growth of axonal projections towards 
their bona fide targets. 

3. Discussion 

Although dysfunction of the retromer complex is a risk factor for 

Fig. 5. Impaired thalamocortical development in cortex-specific Vps35Emx1 cKOs. Selective loss of Vps35 in the developing cerebral cortex leads to the failure in 
establishing proper connections with TCAs. 
A-F. Retrograde labelling of thalamocortical axons (TCAs) after DiI injection in the VPM region of the thalamus, and corticothalamic axons (CTAs) after DiA/DiI 
injection in the primary somatosensory region (S1) of the cortex of WT and Vps35Emx1 cKO animals at indicated ages. Cortical areas and layers are indicated. 
A. At E14.5, no defect was found in the initial extension and trajectory of TCAs and CTAs (WT, n = 4/4 and cKO, n = 6/6). 
B. TCAs correctly reached the mutant S1 cortex at E16.5 (WT, n = 5/5 and cKO, n = 3/3). 
C. At P0, the ingrowth of TCAs into the cortical plate is strongly reduced, and there are fewer DiI-labelled TCA fibres which extend to the cortical plate, while TCAs in 
the WT start invading the cortex and extend through the upper layers in the cortical plate (WT, n = 2/2 and cKO, n = 0/3). 
D. At P0, CTAs extending from S1 were directed downward from the cortex through the internal capsule, reaching the thalamus and terminating correctly in the VPM 
and PO (WT, n = 2/2 and cKO, n = 2/2). 
E, F. At P3 and P7, respectively, the extension and arborization of TCAs in layer 4 is strongly reduced in the cortex of Vps35Emx1 cKO mice (WT, n = 4/4 and cKO, n =
0/4, at P3; WT, n = 2/2 and cKO, n = 0/2, at P7). 
G. Immunostaining against vGluT2, DAPI-staining and CO staining (Cytochrome Oxidase) on tangential sections of flattened cortices of WT and Vps35Emx1 cKO 
animals at P7. Failure to generate whisker-related barrels in the vibrissal area of S1. Nearly complete loss of TCA inputs, although WT mice had detectable vGluT2- 
positive and CO-positive S1 areas (n = 3/3). There were no barrel-forming fibres in the cortex of Vps35 mutants or cell-wall clustering of layer 4 neurons around these 
barrels enclosing TCA patches (n = 3/3). 
H. CO staining at P7 of WT and Vps35Emx1 cKO animals, showing whisker-related modules are present and correctly organised in the brainstem (barrelettes) and a 
general reduction in the size of the VPM thalamic nucleus (barreloids). 
I. Decrease in the area of the VPM (area [μm2] ± SEM: WT, 676051 ± 25,027 versus cKO, 408,680 ± 19,688 (****P < 0.0001). 
J. No differences in the area of the PrV between cKOs and control animals [area (μm2) ± S.E.M.: WT, 49978 ± 13,660 versus cKO, 454,855 ± 15,372 (n.s. P =
0.0766). 
CTX, cortex; TH, thalamus; IC, internal capsule; CP, cortical plate; SP, subplate; IZ, intermediate zone; VPM, ventral posterior nucleus; PO, posterior thalamic nuclei; 
wm, white matter; HC, hippocampus; STR, striatum; PrV, principal sensory trigeminal nucleus. n = x,y where x indicates the number of mice and y the number of 
sections analyzed for each condition. Scale bars: 200 μm (A, E, F, G and H (Thalamus and Hindbrain)), 50 μm (B), 100 μm (C), 500 μm (D, H (cortex)). 
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Fig. 6. Cortical axon growth and guidance defects in cortex-specific Vps35Emx1 cKOs. 
Whole brains from E18.5 embryos of WT and Vps35Emx1 cKO mice were immuno-stained for PlexinD1, followed by 3D reconstructions of light-sheet microscopy 
images. PlexinD1 labels axons in the post-commissural fornix (pf) (blue), the two branches of the AC, the anterior limb (aac) and the posterior limb (pac) (red), the 
commissural component of the stria terminalis (st) (white), and the cortico-fugal (cf) plus the striato-nigral (sn) tract projections (yellow) in the mouse brain. 3D 
whole brain imaging revealed severe hypoplasia of several fibre tracts. Major guidance defects were observed for the PlexinD1+ fibres of the anterior commissure, 
with ectopic bundles arising from the anterior branch of the ac extending aberrantly in a caudal direction into the ipsilateral hemisphere (n = 4/4). In addition, some 
fibres of the st failed to enter the ac to cross to the contralateral side (n = 4/4). Malformations of the fornix pathway are also evident (n = 4/4). The PlexinD1+ fibres 
project aberrantly both anteriorly and posteriorly to the ac, and the caudal extension of the pf towards its target is reduced. The cf. projections did not seem to be 
affected and were without any misrouted fibres. All the observed phenotypes are summarised in Table S1. 
Scale bars: 500 μm (Immunostaining, 3D Reconstruction), 200 μm (A. Commissure, Stria Terminalis, Fornix). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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neurodegenerative disorders, its role in mammalian brain development 
remains poorly understood. The present results reveal that Emx1-Cre and 
Nex-Cre deletion of the Vps35 retromer component leads to enhanced 
apoptosis in the embryonic/neonatal cortex and to microcephaly. These 
results are in contrast to previous studies that showed embryonic dele-
tion of Vps35 had no impact on early corticogenesis, but induced 
neuronal apoptosis and progressive cortical atrophy from P14 onwards 
(Tang et al., 2020; Wu et al., 2020). These discrepancies might be 
explained by the use of two distinct strains of Vps35 cKO mice, with loxP 
sites flanking either exon 4 (this study; de Groot et al., 2013) or exon 6 of 
Vps35 (Tang et al., 2020; Wu et al., 2020). If transcripts are produced 
from the cKO alleles, both would code for the same functional domain of 
the VPS35 protein (i.e. the sorting nexin-3 interaction domain) and 
should be degraded, as are most of the alternatively spliced transcript 
variants of Vps35 (https://www.ncbi.nlm.nih.gov/ieb/research/acem 
bly/av.cgi?db=mouse&term=vps35&submit=Go). Therefore, differ-
ences in phenotypes are most likely due to distinct efficiencies of Cre 
recombination, which can vary according to the genomic position of the 
loxP sequences and the distance between them in the two Vps35 cKO 
lines. A higher gene deletion efficiency could explain the earlier onset of 
apoptosis observed in the present study. 

The precise mechanisms by which loss of retromer function promotes 
neuronal cell death during development are not yet known. During 
cortical development, a substantial proportion of neurons are selectively 
eliminated during a period of cell death, culminating during the first 
week of postnatal development (Wong and Marín, 2019). This elimi-
nation of young postmitotic neurons involves the intrinsic (also referred 
to as the mitochondrial) apoptotic pathway. Nonetheless, the signals 
that govern the initial loss of apoptosis repression and/or activation are 
poorly defined. Vps35 knockdown has been associated with mitochon-
drial alterations manifested by a fragmented phenotype, which could 
contribute to the induction of intrinsic apoptosis in young cortical 
neurons (Suen et al., 2008; Tang et al., 2015). Recently, it was found that 
Vps35 knockdown affects the transport of the anti-apoptotic protein Bcl- 
xL (extra-large B-cell lymphoma) to the mitochondrial membrane, 
resulting in an increased apoptosis rate (Farmer et al., 2019). Interest-
ingly, Bcl-xL;Emx1-Cre and Bcl-xL;Nex-Cre mutant mice show a prenatal 
onset of enhanced cortical neuron death and a small cortex (Nakamura 
et al., 2016), a phenotype similar to that observed in Vps35Emx1 and 
Vps35Nex mice. 

Our data showed a more severe cortical atrophy in Vps35Emx1 mice 
than in Vps35Nex mice, suggesting an additional function of VPS35 in 
embryonic neural progenitor cells. Indeed, we found a selective reduc-
tion in the number of basal progenitors (also known as intermediate 
progenitors), which could lead to a lower rate of neurogenesis than in 
Vps35Nex mice. Cell death is a recently identified mechanism involved in 
the regulation of basal progenitor cell numbers in vivo (Mihalas and 
Hevner, 2018). Indeed, a substantial proportion of early basal pro-
genitors divide asymmetrically to generate a basal progenitor and a 
sister cell that is specified to undergo apoptosis (Mihalas and Hevner, 
2018). In the nervous system of the Drosophila embryos, such binary cell 
death is regulated by the unequal partitioning of Numb and inhibition of 
the pro-apoptotic function of Notch (Orgogozo et al., 2002). Interest-
ingly, the Notch receptor is a cargo protein of the retromer complex, and 
loss of Vps35 in Drosophila leads to endosomal retention of Notch and 
ectopic ligand-independent signaling activity (Li et al., 2018). Thus, the 
question of aberrant Notch activation being responsible for the apoptosis 
of basal progenitors in the Vps35Emx1 cortex is an interesting avenue for 
further study. 

The current study revealed that although Vps35 is not suppressed in 
the diencephalon, many molecularly normal thalamic neurons undergo 
apoptosis at a later stage of gestation. This reduced the thalamic volume 
in Vps35 cKO brains. One hypothesis is that such cell death represents an 
adaptive adjustment mechanism by which the initially normal size of the 
thalamus is matched to that of the atrophied Vps35 deficient cortex. 
Indeed, such a top-down plasticity effect has been observed in the VPM 

of mice with reduced S1 target area (Eagleson et al., 2007; Zembrzycki 
et al., 2013). In these animals, competition for cortical space between 
thalamocortical axons leads to the formation of a miniaturised and 
incomplete barrel map in S1, while selectively eliminating thalamic 
neurons that represent the missing body parts (Zembrzycki et al., 2013). 
However, in Vps35 cKOs, a clear barrel pattern failed to form in the S1 
cortex, suggesting that factors other than a small target size contribute to 
the observed phenotype. 

Tracing experiments have revealed that thalamocortical projections 
develop normally in embryonic Vps35 cKO brains but around birth fail to 
innervate and arborize in S1. At the time of target innervation, thalamic 
neurons become dependent on cortical-derived trophic signals for their 
survival (Lotto et al., 2001). One component of this change is the 
increased expression of brain-derived neurotrophic factor (BDNF) in 
cortical neurons (Lotto et al., 2001). Thus, the inability to develop an 
ordered whisker map in the Vps35 cKO cortex could result from faulty 
expression of cortical growth and/or trophic factors. In this context, a 
well-studied cargo of the retromer is the sortilin 1 receptor (Sort1), 
which binds to and directs numerous ligands, including unprocessed 
pro-BDNF, to secretion pathways (Kim et al., 2010; Nykjaer and Will-
now, 2012). Previous studies have revealed an abnormal lysosomal 
targeting of Sort1 in Vps35 deficient cortical neurons (Tang et al., 2020), 
potentially leading to a decrease in the bioavailability of trophic factors 
in thalamic neurons. An intriguing and possibly related observation is 
that apoptosis of thalamic neurons seems to selectively affect the VPM, 
since little caspase-3 staining was observed in the surrounding thalamic 
nuclei at E18.5. One explanation might be the higher expression of Trk 
and p75 neurotrophic receptors in this nucleus (Mooney and Miller, 
2007; Tessarollo et al., 1993), thereby rendering these neurons partic-
ularly sensitive to modulations by trophic factors. 

It has been reported that the retromer plays little role in the early 
development of axonal projections (Liu et al., 2014; Tang et al., 2020; 
Wang et al., 2012). Notably, Vps35-deficient callosal and hippocampal 
commissural neurons have been found to normally extend their axons 
across the brain midline (Tang et al., 2020; Wang et al., 2012). Later, 
during postnatal maturation and refinement of these projections, Vps35- 
deficient axons begin to show swelling (or spheroids), indicative of 
axonal damage and degeneration. These have been partly attributed to 
an alteration in retromer-mediated retrograde transport of BACE1 (β-site 
amyloid precursor protein (APP) cleaving enzyme 1) (Tang et al., 2020; 
Wang et al., 2012). This important function of Vps35 in terminal 
maturation and maintenance of axonal projections might explain the 
strong reduction of interhemispheric tracts in adult Vps35Emx1 mice. 

However, in contrast to these previous studies, the present work 
revealed that cell-autonomous loss of Vps35 could cause axons to stall or 
form aberrant fibre bundles in the prenatal brain, underscoring a pre-
viously unknown role of Vps35 in the growth and guidance of devel-
oping axons. Accumulating evidence indicates that endocytic membrane 
trafficking plays an important role in organising the subcellular distri-
bution of membrane molecules, including receptors for guidance mol-
ecules and cell adhesion molecules, to control axon guidance decisions 
(Pasterkamp and Burk, 2021). Earlier, we had found that the active 
PlexinD1 receptor, used here as a marker to visualise misguided pro-
jections in Vps35 cKOs, undergoes endocytosis and sorting to recycling 
endosomes which function as platforms for signal transduction (Burk 
et al., 2017). Interestingly, a study of the surface proteome of Vps35 
depleted cells has revealed that PlexinD1, among other guidance re-
ceptors, is a cargo of the retromer (Steinberg et al., 2013). Since the 
retromer is involved in the recycling of different membrane receptors, it 
is possible that the loss of Vps35 could affect the reinsertion of guidance 
receptors to the plasma membrane after endocytosis, and thus their 
ability to be reactivated, as well as access to downstream signaling 
proteins. 

In conclusion, the present results implicate the retromer as a key 
regulator of corticogenesis and neural circuit formation during embry-
onic life. As dysfunction of the Vps35/retromer is a risk factor for 
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neurodegenerative diseases, it will be interesting to study carefully 
whether early neurodevelopmental defects caused by mutations or 
decreased expression of Vps35 could predispose the brain to neuro-
degeneration in later life. 

4. Materials and methods 

References of the utilised products are provided in the Table S2. 

4.1. Generation and maintenance of mice 

All animal procedures were conducted in accordance with the 
guidelines of the European Community (EU Directive 2010/63/EU for 
animal experiments) and from the French Ministry of Agriculture 
(agreement number F1305521). Besides, appropriate approval was ob-
tained from the local ethics committee (C2EA-14 agreement 
2,015,060,510,102,024-V7 #1186). All mice were housed under stan-
dard conditions and maintained at a 12 h dark/light cycle. Hydrated 
food was provided to the mutant animals from weaning onwards. The 
background strain of all the mice was C57BL/6. Cortex-specific Vps35 
cKO transgenic mice were generated by crossing Vps35lox/lox mice (de 
Groot et al., 2013) with Emx1-Cre expressing mice (Guo et al., 2000) 
(referred to as Vps35Emx1 cKO), or with Nex-Cre expressing mice 
(Goebbels et al., 2006) (referred to as Vps35Nex cKO). The morning 
wherein the vaginal plug was observed was considered as embryonic 
day (E) 0.5, and birth was considered as postnatal day (P) 0. All analyses 
were performed irrespective of the sex of the animals throughout the 
study, and for all experiments, littermates were used as controls. 

4.2. Tissue preparation and MRI acquisition 

For ex vivo MRI acquisitions, skulls containing intact brains were 
prepared as previously described (Gimenez et al., 2017). Briefly, mice 
were transcardially perfused with a 4% paraformaldehyde (PFA) solu-
tion in phosphate buffered saline (PBS), together with an MRI contrast 
agent, 6.25 mM gadolinium (Dotarem). The latter is used to improve the 
visibility of the internal structures and reduce acquisition time. Skulls 
containing intact brains were dissected and immersed in the same fixing 
solution for four days, and then transferred to a Fomblin bath for at least 
seven days to provide a homogeneous distribution of the contrast agent 
throughout the whole brain (Gimenez et al., 2016). The 3D MRI ac-
quisitions were performed at 9.4 T (Bruker Biospec Avance III). A 3D 
T1W gradient-echo MRI sequence was used for brain segmentation and 
volumetric analysis, as previously described (Pagnamenta et al., 2019). 
Diffusion-weighted images (DWI) were acquired using a 3D spin-echo 
echo-planar imaging (SE-EPI) sequence with isotropic spatial resolu-
tion (80 μm): TE = 17.74 ms; TR = 120 ms, δ = 9 ms, Δ = 13 ms, four 
signal accumulations, yielding a scan time of approximately 20 h per 
brain. With these parameters, 16 separate volumes were acquired: 1 T2- 
weighted volume acquired without diffusion weighting (b = 0 mm2/s 
baseline image) and 15 different diffusion-sensitizing gradient di-
rections (b = 2000 s/mm2). MRI acquisition and reconstruction were 
performed using Paravision v6.0.1 (Bruker, Ettlingen, Germany). 

4.3. Quantitative analysis of brain volumes after MRI acquisitions 

Brain regions were defined by MRI segmentation on the 3D T1W MR 
images. Each cerebral structure was manually segmented using Fiji 
software and using the Segmentation editor plug-in (http://fiji.sc/ 
Segmentation_Editor) as described (Pagnamenta et al., 2019). 

4.4. Tractography after MRI acquisitions 

An in-house pipeline based on MRtrix (v3.0_RC3–137, https://www. 
mrtrix.org/) was used to obtain whole-brain tractograms. After image 
denoising, unringing, and brain masking, the fibre orientation 

distributions (FOD; Tournier et al., 2004; Tournier et al., 2007)) were 
calculated. FODs were generated by performing constrained spherical 
deconvolution (CSD) and keeping default parameters (for instance, the 
maximum harmonic order lmax = 4 (Tournier et al., 2013)). Using a 
probabilistic (Behrens et al., 2003; Parker et al., 2003) streamline 
tracking approach, whole-brain tractograms were created by seeding 
every voxel three times. Subsequent to empirical optimisation, the 
following tracking parameters were applied optimised for the mouse 
brain: step size = 0.01 mm, radius of curvature = 0.07 mm (Moldrich 
et al., 2010), min length = 0.1 mm, max length = 50 mm (Aydogan 
et al., 2018) and cut-off = 0.2, after normalisation of FOD. The major 
tracts were then isolated from the whole brain tractogram as follows. For 
each tract, several regions of interest (ROIs) were defined as per the 
mouse brain atlas (Paxinos and Franklin, 2008). The supplementary 
Table S3 shows the list of ROIs, with their labels and the orientation in 
which they were considered, for each tract evaluated in this study. 

4.5. Immunolabelling 

Fixed brains were sectioned into 50–100-μm thick sections using a 
Leica Vibratome VT1000S. For flat-mount preparations, cortical hemi-
spheres were dissected and flattened prior to fixation and sectioned 
tangentially. Immunostaining was performed according to the standard 
procedures. Tissue sections were incubated in permeabilization buffer 
(0.3% Triton X-100 in PBS) for 1 h at room temperature (RT), followed 
by incubation in blocking buffer (0.3% Triton X-100 and 10% donkey 
serum in PBS) for 1.5 h at RT. Thereafter, the sections were incubated 
with primary antibodies diluted in blocking buffer overnight at 4 ◦C, 
followed by incubation with fluorescent secondary antibodies in per-
meabilization buffer for 2 h at RT. While using the Rorβ antibody, sec-
tions were directly incubated in the blocking buffer overnight at RT after 
sectioning, and then incubated with the primary antibody diluted in 
0.3% Triton X-100 and 1% donkey serum in PBS for three nights at 4 ◦C, 
followed by secondary antibodies in 0.3% Triton X-100 and 1% donkey 
serum in PBS, overnight at RT. All sections were incubated with DAPI 
(1/2000) in PBS for 20 min at RT to stain the cell nuclei. 

4.6. Whole-mount immunostaining and tissue clearing 

Whole-mount immunostaining was performed as previously 
described (Belle et al., 2014), and tissue clearing was done using the 
iDISCO+ protocol (Renier et al., 2016). Briefly, the brains were 
dissected and directly fixed by immersion in 4% PFA/PBS for 30 min at 
RT, followed by 3.5 h at 4 ◦C. Fixed brains were dehydrated in successive 
solutions of methanol/PBS and bleached in H2O2/methanol overnight at 
4 ◦C. The brains were then rehydrated in methanol/PBS, followed by 
washes in the blocking solution, PBSGT (0.2% gelatin, 0.1% saponin, 
0.5% Triton X-100, and 0.01% Thimerosal in PBS). Thereafter, the 
brains were incubated for two days in blocking solution at 37 ◦C. Pri-
mary antibodies were diluted in PBSGT and incubated for one week at 
37 ◦C, followed by washes in PBSGT at RT, and secondary antibodies in 
the same buffer for three days at 37 ◦C. This was followed by washes in 
PBSGT at RT. For tissue clearing, brains were dehydrated in methanol/ 
PBS and then delipidated by incubation in dichloromethane (DCM)/ 
methanol for three hours at RT. Finally, the brains were cleared by 
immersion in dibenzyl ether (DBE) overnight at RT. 

4.7. In situ hybridisation 

Fixed brains were cryoprotected in two successive baths of 15% su-
crose/PBS for 20 min, embedded in Tissue-Tek Optimal Cutting Tem-
perature (OCT) compound at − 80 ◦C, and sectioned at 20 μm in a 
cryostat (Leica CM3050S). The following RNA probes were used: Cux1 
(Gift from M. Nieto lab), Rorβ (Becker-André et al., 1994), and Er81 
(Arber et al., 2000). Slides were incubated two times in RIPA buffer 
(150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM 
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EDTA, 50 mM Tris-HCL, pH 8.0) for 10 min, then treated for three min 
with proteinase K (0.008 mg/mL diluted in 50 mM Tris-HCl pH 7.5), and 
post-fixed for 10 min in 4% PFA/PBS at RT. Sections were treated for 15 
min with triethanolamine buffer, equilibrated to a pH of 8 with acetic 
anhydride, and then washed in 0.1% Tween-20 in PBS. The sections 
were pre-hybridised for two h at 65 ◦C with hybridisation buffer (50% 
formamide, 5× saline‑sodium citrate (SSC), 5× Denhardt’s solution, 
500 μg/mL salmon sperm DNA, and 250 μg/mL yeast RNA). Subse-
quently, the samples were incubated overnight in a humidified chamber 
at 65 ◦C with the probes diluted in the hybridisation buffer at a con-
centration of 40 μL DNA/mL. The following day, sections were washed 
twice for one h at 65 ◦C with the post-hybridisation buffer (50% form-
amide, 2× SSC, 0.1% Tween-20), and then hybridised and washed, 
equilibrated in an equilibration buffer B1 (100 mM maleic acid pH 7.5, 
150 mM NaCl, 0.1% Tween-20). Thereafter, the sections were blocked in 
buffer B1 completed with goat serum (10%) for 2 h at RT, and incubated 
with anti-DIG antibody coupled to alkaline phosphatase, diluted at 1/ 
2000 in the blocking buffer, overnight at 4 ◦C. After washing with buffer 
B1, sections were equilibrated in equilibration buffer B2 (100 mM Tris- 
HCL pH 9.5, 50 mM MgCl2, 100 mM NaCl, 0.1% Tween-20) for 30 min at 
RT. Colorimetric examination was performed with NBT-BCIP 10×
diluted to 1× in buffer B2. The reaction took between two h to one d at 
RT and was stopped with successive washes with 0.1% Tween-20/PBS. 
Cryosections were then post-fixed for 15 min in 4% PFA/PBS at room 
temperature. 

4.8. Retrograde labelling with DiI and DiA 

Brains were fixed in 4% PFA/PBS overnight at 4 ◦C and kept in this 
solution until processing. For E14.5, a small lipophilic crystal dye of DiA 
(4-(4-dihexadecyl-aminostyryl)-N-methyl-pyridinium iodide) was 
inserted at the surface of the S1 region of the neocortex to label 
neocortical axons, and then brains were sectioned sagitally to expose the 
thalamus. The DiI (1,1′-dioctadecyl 3,3,3′,3′-tetramethylindocarbo- 
cyanine perchlorate) was injected in the VPM to label thalamic axons. 
The brains were incubated for 7–10 days in 4% PFA/PBS at 37 ◦C. E16.5 
brains were sectioned sagitally to expose the thalamus, then trans-
versally at the thalamic level to expose the VPM, and DiI crystals were 
inserted in the VPM to label thalamic axons, followed by two weeks 
incubation in 4% PFA/PBS at 37 ◦C. At P0, DiI was inserted into the S1 to 
label neocortical axons, and for thalamic axons from P0 to P7, brains 
were sectioned using a vibratome in a caudal to rostral direction to 
reveal the VPM. DiI was then inserted into the VPM, followed by 5–8 
weeks of incubation in 4% PFA/PBS at 37 ◦C. Brains were cut into 80-μm 
thick vibratome sections (coronal or 45◦ sections) and incubated with 
DAPI for 20 min at RT. The sections were directly imaged to minimise 
dye diffusion. 

4.9. Cytochrome oxidase 

After post-fixation, brains were sectioned into 50–100-μm thick 
sections using a Leica Vibratome. Sections were pre-incubated in 10% 
sucrose/PBS for 1 h at RT, followed by the revelation solution (10% 
sucrose, 0.03% cytochrome C, 0.02% catalase, and 0.05% dia-
minobenzidine (DAB) in PBS) overnight at 37 ◦C. The following day, the 
reaction was stopped by washing with PBS. 

4.10. Gene expression analysis 

E14.5 brains were used to dissect cortex and thalamus from 
Vps35Emx1 cKO or Vps35Nex1 cKO, and Vps35lox/lox littermates as controls. 
Total RNA was extracted using RNeasy micro kit and cDNA was syn-
thetized using SuperScript™ IV First-Strand Synthesis kit following 
manufacturer's instructions. Vps35 expression was analyzed by qPCR 
using StepOnePlus Real-Time PCR Systems and PowerUp™ SYBR™ 
Green Master Mix. The expression of Vps35 was normalized against the 

housekeeping gene beta-actin. 

4.11. Imaging acquisition and processing 

Data collection and analyses were performed in a blinded manner to 
genotype when possible, and the conditions of the experiments as well as 
data collection and processing were performed randomly. Brain sections 
were imaged using an AxioImager M2 Apotome (Zeiss) equipped with a 
digital camera (Hamamatsu C11440) or a confocal microscope (Zeiss 
LSM 780 and LSM 880) for fluorescence. For colorimetric reactions, an 
AxioImager M2 (Zeiss) equipped with a CamColor camera, or with a 
Stereoscopic Lumar V12 (Zeiss) was used. 

Image processing was performed in Photoshop 2020 for cell counting 
in 2D sections. To quantify the layer position of the labelled cells, we 
divided the cortical thickness into 10 bins. In S1, bins 2–3 represent 
layers 2/3, bin 4–5 represent layer 4, bin 6 represents layer 5a, bin 7 
represents layer 5b, and bins 8–10 represent layer 6. For cell number 
quantification, the number of positive cells in the cortex was counted in 
a rectangle adapted to the size of the cortex at each stage of develop-
ment. Caspase-3+ cells were counted in the entire region corresponding 
to the structure was analyzed. To determine cortical thickness during 
development, DAPI sections were measured in the same rostro-caudal 
region of the S1 area using ImageJ. For each animal, a minimum of 
three images were quantified (total number of pictures displayed in the 
graphs for each genotype), and an average was obtained. 

3D imaging of cleared brains was performed on a light-sheet fluo-
rescence Ultramicroscope (LaVision BioTec Ultramicroscope II) using 
the ImspectorPro software. 3D volume images were generated using 
Imaris software. Volumes were determined based on the auto-
fluorescence of the tissue, created manually with the ‘Surface’ tool in 
Imaris. Caspase-3+ cells were counted automatically using the ‘Spots’ 
tool in a volume of the neocortex, and for both the striatum and VPM, 
the caspase-3+ cells were counted in the entire volume of the structure. 
In each case, counting in the neocortex or cortex was performed at the 
same rostro-caudal level. Cell counts were normalized to the entire 
volume of each structure analyzed. 

Segmentation of distinct axonal tracts was performed manually using 
the ‘Surface’ tool by creating a mask around each volume, followed by 
‘Surface’ performed automatically on the segmentation. 

4.12. Statistical analyses 

No statistical methods were used to predetermine sample sizes, but 
our sample sizes were similar to those generally employed in the field. 
Statistical analyses and graphs were performed using the GraphPad 
Prism version 8. The data met the assumptions of each statistical test 
used, so that for each experiment, the normal distribution of the data 
was examined using the D'Agostino–Pearson omnibus test. n numbers 
are indicated in the corresponding figures and figure legends. Statistical 
analyses are performed either on n number of mice, or on n number of 
sections or ventricles when indicated. The estimate of variance is indi-
cated in the figure graphs and was determined by the SEM of each group. 
Thus, the results are displayed as mean ± SEM, except for Fig. 1, where 
the results are displayed as mean ± S.D. The Mann–Whitney test was 
used to compare the means of two groups of nonparametric data, and the 
Student’s t-test and one- or two-way ANOVA followed by the Sidak 
multiple comparisons test was used to compare differences between 
more than two groups. Statistical significance was set at p < 0.05 (*), p 
< 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). Statistical details (p 
value, statistical test used) have been included in the figure legends. 
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