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The claustrum (CLA) is a cluster of neurons located between the insular cortex and striatum. Many studies have shown that
the CLA plays an important role in higher brain function. Additionally, growing evidence suggests that CLA dysfunction is
associated with neuropsychological symptoms. However, how the CLA is formed during development is not fully understood.
In the present study, we analyzed the development of the CLA, especially focusing on the migration profiles of CLA neurons
in mice of both sexes. First, we showed that CLA neurons were generated between embryonic day (E) 10.5 and E12.5, but
mostly at E11.5. Next, we labeled CLA neurons born at E11.5 using the FlashTag technology and revealed that most neurons
reached the brain surface by E13.5 but were distributed deep in the CLA 1 d later at E14.5. Time-lapse imaging of GFP-la-
beled cells revealed that some CLA neurons first migrated radially outward and then changed their direction inward after
reaching the surface. Moreover, we demonstrated that Reelin signal is necessary for the appropriate distribution of CLA neu-
rons. The switch from outward to “reversed” migration of developing CLA neurons is distinct from other migration modes,
in which neurons typically migrate in a certain direction, which is simply outward or inward. Future elucidation of the char-
acteristics and precise molecular mechanisms of CLA development may provide insights into the unique cognitive functions
of the CLA.

Key words: claustrum; development; migration; neuron.

Significance Statement

The claustrum (CLA) plays an important role in higher brain function, and its dysfunction is associated with neuropsycholog-
ical symptoms. Although psychiatric disorders are increasingly being understood as disorders of neurodevelopment, little is
known about CLA development, including its neuronal migration profiles and underlying molecular mechanisms. Here, we
investigated the migration profiles of CLA neurons during development and found that they migrated radially outward and
then inward after reaching the surface. This switch in the migratory direction from outward to inward may be one of the
brain’s fundamental mechanisms of nuclear formation. Our findings enable us to investigate the relationship between CLA
maldevelopment and dysfunction, which may facilitate understanding of the pathogenesis of some psychiatric disorders.

Introduction
The claustrum (CLA) is a thin gray matter structure located
beneath the insular cortex and above the striatum. It is recipro-
cally connected to most cortical areas. The extensive connectivity
of the CLA supports the notion that it plays an important role in
higher cognitive functions, including multimodal sensory inte-
gration, neural correlates of consciousness, sleep regulation, and
salience-guided attention (Crick and Koch, 2005; Goll et al.,
2015; Benarroch, 2019; Narikiyo et al., 2020; Smith et al., 2020;
Chevée et al., 2022). Recently, a growing body of evidence has
suggested that CLA dysfunction contributes to neuropsychologi-
cal symptoms (Sheerin et al., 2004; Goll et al., 2015; Patru and
Reser, 2015).

Neuropsychiatric diseases are increasingly understood as dis-
orders of brain development (Kamiya et al., 2005; Tomita et al.,
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2011; Ishii et al., 2015, 2016; Satterthwaite and Baker, 2015; Niwa
et al., 2016; Kubo et al., 2017) and clarifying normal brain devel-
opment is progressively needed. In particular, the investigation
of CLA development may advance our understanding of the
pathophysiology of psychiatric disorders. In the past few
decades, several studies have investigated the CLA from de-
velopmental and evolutionary perspectives. A putative CLA
has been described in mammals, birds, and reptiles, indicat-
ing the CLA to be an ancient structure in evolutionary terms
(Bruguier et al., 2020). Furthermore, developmental origins
have been well described by the concept of the pallium’s di-
vision into four distinct fundamental sectors, each of which
produces characteristic derivatives (Puelles et al., 1999,
2000, 2013). The latest pallial model proposed that the CLA
originates within the lateral pallium sector together with the
insular cortex (Puelles, 2014; Puelles et al., 2016; Bruguier et
al., 2020). Moreover, previous studies, solely based on the
expression pattern of a CLA marker, have hypothesized that
the CLA is transiently formed at the brain surface, and that
the insular cortex neurons later migrate radially through the
CLA anlage to reach the superficial region, while passively
displacing the CLA into the final deeper position (Puelles,
2014; Puelles et al., 2016, 2017; Watson and Puelles, 2017).
In addition, CLA development is thought to be closely related to
the development of the dorsal endopiriform nucleus (DEn),
which lies ventrally to the CLA. One genoarchitectonic observa-
tion suggested that the DEn neurons originate jointly with the
CLA within the lateral pallium sector, and soon tangentially
invade the ventral pallium to take up a final position deep to the
piriform cortex (Puelles, 2014; Bruguier et al., 2020).

However, the development of the CLA is not yet fully under-
stood. First, there are different hypotheses regarding the birth-
date of CLA neurons. Previous studies have shown that rat CLA
neurons are born mainly at E12.5 (Puelles, 2014). In contrast,
Fang (2021) and Bayer et al. (1991) reported that the CLA in rats
originates at later stages: E14.5-E15.5 and E15-E16, respectively.
Second, the migration mode of CLA neurons is unknown. While
the migration modes in the cerebral neocortex and the hippo-
campus during development have been well described, such as
“locomotion,” “somal translocation,” “terminal translocation,”
“multipolar migration,” and “climbing mode” (Rakic, 1972;
Nadarajah et al., 2001; Tabata and Nakajima, 2003; Kitazawa
et al., 2014), only a very few migration or lineage studies for
CLA (Bruguier et al., 2020) have been conducted; direct line-
age tracing methodologies to investigate how CLA neurons
migrate to form the nuclear structure are yet to be extensively an-
alyzed. Furthermore, the molecular mechanism underlying CLA
development remains unknown.

Here, we determined the birthdates of mouse CLA neurons
using BrdU labeling. In addition, we analyzed the migration pro-
files of CLA neurons by injecting FlashTag or a GFP expression
plasmid in combination with time-lapse imaging. We also exam-
ined whether Reelin is involved in CLA development.

Materials and Methods
Animals. Pregnant ICR mice were obtained from Japan SLC. To

maintain colonies of reeler mice (B6CFe a/a-Relnrl/J) purchased from
The Jackson Laboratory, heterozygous females were allowed to mate
with homozygous males. The method used to maintain the colonies of
Apoer2-KO mice and Vldlr-KO mice has been previously described
(Frykman et al., 1995; Hirota et al., 2015). The day females were sperm-
positive was designated as E0. Embryos of both sexes were used. All ani-
mal experiments were performed using protocols approved by the Keio

University Institutional Animal Care and Use Committee in accordance
with the Institutional Guidelines on Animal Experimentation at Keio
University, the Japanese Government Law Concerning the Protection
and Control of Animals, and the Japanese Government Notification of
Feeding and Safekeeping of Animals.

In vivo BrdU labeling. BrdU (Sigma) was dissolved in PBS at a con-
centration of 10 mg/ml. A bolus intraperitoneal injection of BrdU solu-
tion was administered at a dose of 50 mg/g body weight.

FlashTag technology. Pregnant mice were deeply anesthetized with
isoflurane (1.5 L/min), and their intrauterine embryos were manipulated
as described previously (Nakajima et al., 1997). FlashTag was performed
as previously described (Telley et al., 2016; Yoshinaga et al., 2021).
Briefly, 10 mM 5- or 6-(N-succinimidyloxycarbonyl) fluorescein 39,69-
diacetate (Cellstain CFSE, C309, Dojindo Molecular Technologies)
working stock was prepared by dissolving CFSE in DMSO (Hybri-
Max, Sigma-Aldrich). The working solution was further diluted with
1� HEPES-buffered saline to make a 1 mM solution just before sur-
gery. The solution was colored with Fast Green (final concentration
0.01%–0.05%) to monitor the successful injection. Approximately 0.5 ml
of the prepared FlashTag solution was injected into the lateral ventricle.

In utero electroporation. Pregnant ICR mice were deeply anesthe-
tized with isoflurane (1.5 L/min), and their intrauterine embryos were
surgically manipulated as described previously (Tabata and Nakajima,
2001; Kubo et al., 2010). A modified chicken b-actin promoter with cy-
tomegalovirus-immediate early enhancer (CAG) promoter (provided by
Dr. Junichi Miyazaki, Osaka University, Osaka, Japan) (Niwa et al.,
1991)-driven GFP expression vector (pEGFP-CAGGS1, a GFP-plasmid)
at a concentration of 1.0 mg/ml or a CAG promoter-driven tan-
dem-Tomato fluorescent protein (tdTomato) expression vector
(pCAG-tdTomato) (Kanatani et al., 2015) at a concentration of
0.5 mg/ml was injected into a lateral ventricle of the brain of each
embryo, and in utero electroporation was performed using a
1-mm-diameter electrode. The angle of inclination of the electrode
paddles with respect to the horizontal plane of the brain was zero.

Brain slice preparation. Coronal slices of developing brains were pre-
pared as described previously (Tabata and Nakajima, 2003). In brief, the
brains were fixed with 4% PFA and cut into 20-30 mm sections with a
cryostat.

Immunohistochemistry. Immunohistochemistry was performed as pre-
viously described (Inoue et al., 2019). The primary antibodies used were as
follows: anti-nuclear receptor related-1 protein (Nurr1) (goat anti-Nurr1,
1:500, R&D Systems), anti-BrdU (mouse anti-BrdU, 1:50, BD Biosciences),
anti-Fluorescein (rabbit anti- Fluorescein, 1:500, Invitrogen), anti-GFP
(rabbit anti-GFP, 1:1000, MBL), anti-RFP (rabbit anti-RFP, 1:200,
Rockland), anti-Nestin (mouse anti-Nestin, 1:250, BD Pharmingen),
anti-Reelin (mouse anti-Reelin, 1:500, Abcam), anti-Ctip2 (rat anti-
Ctip2, 1:500, Abcam), and anti-Apolipoprotein E receptor 2 (ApoER2,
rabbit anti-ApoER2, 1:500, Abcam). In some sections, nuclei were la-
beled with DAPI (1:2000, Invitrogen). Green fluorescein images were
captured without immunohistochemistry only in Figures 3A–D9, 4C, D
and Movies 1, 2, 3. Images were acquired using a confocal laser scanning
microscope (FV1000; Olympus).

Time-lapse imaging. Time-lapse imaging was performed, as previ-
ously described (Tabata and Nakajima, 2003). Briefly, coronal brain sli-
ces (200 mm thick) were placed on a Millicell-CM membrane (pore size,
0.4 mm; Millipore), mounted in low melting temperature agarose, and
cultured in Neurobasal medium containing B27 (Invitrogen). The dishes
were then mounted in a 40% O2 incubator chamber fitted onto a con-
focal laser scanning microscope (SP8; Leica). Approximately 10 optical
Z-section images were acquired at the indicated interval, and all focal
planes (� 200 mm thick) were merged.

Analysis of time-lapse imaging of the migrating CLA neurons. The
movement of each cell was analyzed using MtrackJ, an ImageJ plugin
(Meijering et al., 2012). The leading process directions were classified
into three categories: superficial, deep, or both. If cells directed their
processes toward both superficial and deep regions at the same time or
turned their process toward the superficial first and the deep region later,
the cell was judged to direct their leading process toward superficial and
deep regions.
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Immunoelectron microscopy. Immunoelectron microscopy was per-
formed as described previously (Shin et al., 2019). ICR mice were per-
fused with a fixative solution (4% PFA, 1% glutaraldehyde, and 0.1%
picric acid in 0.1 M PB). The brains were then removed and postfixed for
3-4 h at 4°C in the same fixative solution. After washing with 0.1 M PB,
100-mm-thick coronal brain sections were prepared using a vibratome.
The brain sections were incubated with blocking solution (5% normal
goat serum, 0.005% saponin in 0.1 M PB) for 30 min at room tempera-
ture (RT) and then with an anti-rabbit GFP antibody (FRL-GFP-Rb-
AF2020; Frontier Institute) overnight at RT. After washing with 0.005%
saponin in 0.1 M PB, the sections were incubated with a Nanogold Fab9

fragment of goat anti-rabbit IgG (N-24916; Fisher Scientific) in blocking
solution for 90 min at RT. After washing with 0.1 M PB, the sections
were incubated with 0.5% glutaraldehyde in 0.1 M PB for 10 min at RT.
After washing with 0.1 M PB, the immunoreactive nanogold particles on
the brain sections were enhanced using an HQ silver enhancement kit
(2012, Nanoprobes) and washed with distilled water under dark condi-
tions. The sections were then postfixed with 1% osmium tetroxide for 15
min at RT. After dehydration with a series of ethanol solutions and
replacement with QY-1, the sections were embedded in an epoxy resin.
Ultrathin sections were stained with 2% uranyl acetate for 14 minutes,
followed by lead citrate for 12 min at RT. The electron micrographs
were obtained using a JEM-1400 microscope (JEOL).

Statistical analysis of cell distribution. To quantitatively analyze the
cell distribution of cells in vivo (see Fig. 7), the nuclei of the Nurr1-posi-
tive cells were visualized by staining with DAPI. The relative distance of
each cell from the pial surface was determined by measuring the distance
(X) of the nucleus from the pial surface using the Fiji software (RRID:
SCR_002285) (Schindelin et al., 2012) and dividing it (X) by the distance
(Y) between the pial surface and the medial border of the cortical migra-
tory stream. The cell distribution was evaluated by dividing the areas
into 10 bins and counting the cells in each bin. The most superficial bin
was designed as Bin 1, and the deepest bin was Bin 10. The relative dis-
tance of each cell from the pial surface (X/Y) was used to assign the
cells to each of the 10 bins. For example, cells whose relative distance
was. 0.9, but � 1.0 were assigned to Bin 10 and those with distances of
0-0.1 were assigned to Bin 1. The ratio of cells in each bin was calculated
by dividing the number of cells in a bin by the total number of cells in all
bins.

Quantification and statistical analysis. Statistical parameters, includ-
ing the number of cells (n) and brains (N), are reported in Figures 1–5,
and 7 and the figure legends. Data are presented as mean6 SEM. All sta-
tistical analyses were performed using JMP statistical software version
16.0.0 (SAS Institute). For comparison of two groups of data, a two-tailed,
unpaired Student’s t test was used (see Fig. 3J,K). Some data were analyzed
by one-way ANOVA, followed by Turkey post hoc comparisons (see Fig.
2F,7B,7D). Differences were considered statistically significant at p, 0.05.

Results
Analysis of birthdates of the CLA neurons
The CLA lies dorsally to the endopiriform nucleus (En) and
beneath the insular cortex, whereas the En is deep to the piriform

Movie 1. Time-lapse imaging of migrating cells labeled with GFP by in utero electropora-
tion. Images were captured every 30 min. The video clip corresponds to Figure 3A,A9. Top,
Superficial (lateral) side. Bottom, Deep (medial) side. [View online]

Movie 2. Time-lapse imaging of migrating cells labeled with GFP by in utero electropora-
tion. Images were captured every 25 min. The video clip corresponds to Figure 4C. Top,
Superficial (lateral) side. Bottom, Deep (medial) side. [View online]

Movie 3. Time-lapse imaging of migrating cells labeled with GFP by in utero electropora-
tion. Images were captured every 8 min. The video clip corresponds to Figure 4D. Top,
Superficial (lateral) side. Bottom, Deep (medial) side. [View online]
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cortex (Smith et al., 2019). It is known that both the CLA and
DEn express Nurr1 (also known as Nuclear Receptor Subfamily
4 Group A Member 2 or Nr4a2), which is a nuclear orphan re-
ceptor (Puelles, 2014; Puelles et al., 2016; Bruguier et al., 2020).
To identify the CLA and the DEn, we performed immunohisto-
chemistry for Nurr1 on coronal sections at the level of the medial

telencephalon (Fig. 1A,B). Two populations of Nurr1-positive
cells were distinguished from each other by differences in their
cell densities. The population located dorsally and deep to the in-
sular cortex had a higher cell density, while the population posi-
tioned ventral and deep to the piriform cortex had a lower cell
density. Based on the previous findings (Smith et al., 2019), we

Figure 1. Mapping of the CLA and DEn cell birthdate analyzed by BrdU incorporation. BrdU was injected into pregnant mice at E8.5, 9.5, 10.5, 11.5, 12.5, 13.5, 14.5, or 15.5. The nuclei
were labeled with DAPI (blue in A, C–E; cyan in B). A, A coronal section at the medial level. In order to identify the CLA and DEn, we performed immunohistochemistry for Nurr1 (magenta), a
molecular marker of the CLA and DEn. IC, Insular cortex; PC, piriform cortex. B, Higher magnification of A. C, Representative images of the CLA and DEn slices showing BrdU-labeled cells (green)
generated between E10.5 and E13.5 and analyzed at P1.5. The CLA and DEn were labeled with Nurr1 (red). D, E, Higher magnification of the labeled-boxed areas in C and D, respectively.
BrdU-labeled cells of the CLA or DEn were indicated (white arrowheads). F, Ratios of BrdU-labeled Nurr1-positive cells among total Nurr1-positive cells in the CLA and DEn at P1.5. CLA was con-
sidered to be Nurr1-positive cells above the CLA/DEn dividing line and included both the ventral and dorsal CLA. Total numbers of cells counted: 9265. Data are mean 6 SE of the data
obtained in seven different brains from three litters (E8.5, E9.5, E13.5, E14.5, and E15.5) or nine brains derived from four litters (E10.5, E11.5, and E12.5). G, Cell density of BrdU-positive cells
in the insular cortex at P1.5. Total number of cells counted: 870. Data are mean6 SE of the data obtained from the seven different brains derived from three litters. Scale bars: A, 250 mm;
B, 125 mm; C, 200 mm; D, 100 mm; E, 20 mm. Top, Dorsal side. Bottom, Ventral side. Left, Superficial (lateral) side. Right, Deep (medial) side.
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concluded that the dorsal and dense population of Nurr1-posi-
tive cells was the CLA and that the ventral and sparse population
was the DEn; thus, the former (the CLA) would include both the
ventral and dorsal CLA as explicated by a previous study (Fang
et al., 2021).

Next, to determine the birthdates of the CLA and DEn neu-
rons, we intraperitoneally injected BrdU, which would label
newly born neurons (Kubo et al., 2010), into pregnant mice at

E8.5, E9.5, E10.5, E11.5, E12.5, E13.5, E14.5, or E15.5. On post-
natal day (P) 1.5, the majority of the Nurr1-positive cells in the
CLA were positive for BrdU when BrdU was injected at E11.5,
suggesting that CLA neurons were generated mainly at E11.5
(Fig. 1C–E). When the ratio of BrdU-positive cells among the
Nurr1-positive cells in the CLA and DEn was calculated, a peak
was at E11.5 and E10.5, respectively (Fig. 1F), indicating that most
CLA neurons were generated during E10.5-E12.5, especially

Figure 2. Migration profile of the CLA neurons at each stage of development. A–E, FlashTag was injected at E11.5, and the brains were fixed at E12.5 (A), E13.5 (B), E14.5 (C), E15.5 (D),
and E16.5 (E). B, White arrow indicates cortical migratory stream. A9–E9, A99, Higher magnifications of the boxed areas in A–E. B–E99, C999, Higher magnifications of the labeled-boxed areas
in B9–E9. FlashTag-labeled Nurr1-positive cells were rarely observed at E13.5, but they became visible clearly at E15.5 (cyan arrowheads in D99). F, The percentages of Nurr1-positive cells
among FlashTag-positive cells in the presumptive CLA and insular cortex were measured. Values shown are the mean6 SE (from four different slices at E13.5-E15.5 or three different slices at
E16.5). Total number of cells counted: 1169. **p, 0.01 (Tukey–Kramer test). Scale bars: A–D, 90 mm; A9-D9, 30 mm; A99-D99, C999, 20 mm. Left, Superficial (lateral) side. Right, Deep (medial)
side.
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around E11.5. In addition, Nurr1-positive cells had a gradient
along the ventrodorsal axis of the CLA and DEn, which is, ear-
lier-born and later-born Nurr1-positive cells tended to be dis-
tributed ventrally and dorsally, respectively (Fig. 1C–E). Thus,
neurons in the DEn were born earlier, mainly at E10.5, whereas
neurons in the CLA were born later, mainly at E11.5. Moreover,
BrdU-positive cells in the insular cortex were particularly abun-
dant in the embryos injected with BrdU at E11.5 and E12.5, indi-
cating that cells in the insular cortex were mainly born between
E11.5 and E12.5 (Fig. 1G).

Migration profiles of the CLA neurons were elucidated by
FlashTag labeling
Next, to examine the process of CLA formation, we used
FlashTag labeling, which is a fluorescence birthdating tech-
nique to label and track isochronic cohorts of newborn cells in
the embryonic CNS in vivo (Govindan et al., 2018; Yoshinaga et
al., 2021). To perform FlashTag labeling, we injected carboxy-
fluorescein esters (CFSEs) into the lateral ventricle at E11.5,
fixed the brains at E12.5, E13.5, E14.5, E15.5, or E16.5, and ana-
lyzed them at the level of the foramen of Monro.

At E12.5, 1 d after the injection of FlashTag, most FlashTag-
positive cells had already left the ventricular surface and were
distributed in the middle of the brain surface and ventricle.
FlashTag-positive cells showed multipolar morphologies with
multiple and complex processes (Fig. 2A,A9). At this stage,
weakly Nurr1-positive cells were aligned near the brain surface
to form a cellular band of ;30 mm thickness (Fig. 2A,A99).
Radially oriented thin processes, which presumably extended
from the FlashTag-labeled radial glial cells in the ventricular
zone, ran between the weakly Nurr1-positive cells toward the
brain surface. These radially oriented thin processes are
thought to function as scaffolds for the migration of FlashTag-
positive cells at later stages.

At E13.5, 2 d after the injection of FlashTag, a small cluster of
Nurr1-positive cells was formed near the brain surface (Fig. 2B,
B9). At this stage, the insular cortex was not formed because the
majority of cells in the insular cortex were negative for BrdU
when it was injected at E10.5 and earlier (Fig. 1C–E). Nurr1-
positive cells near the brain surface were rarely labeled with
FlashTag (Fig. 2B99) and were considered CLA or DEn neu-
rons born earlier than E11.5. In contrast, we observed many
FlashTag-positive cells in the cortical migratory stream (Fig.
2B, white arrow), which is consistent with the previous finding
that CLA neurons first migrate in the cortical migratory
stream (Puelles, 2014). Several FlashTag-labeled cells left the
stream and oriented their leading processes radially outward
(Fig. 2B9, white arrowhead). Some FlashTag-positive cells arrived
at the outermost region and were located superficially to the clus-
ter of Nurr1-positive cells (Fig. 2B9, cyan arrowhead), whereas
other FlashTag-positive cells were aligned between the Nurr1-
positive cells (Fig. 2B9,B99, cyan arrows). The latter cells are
thought to migrate radially outward.

At E14.5, 3 d after injection of FlashTag, the cluster of
Nurr1-positive cells became larger. Most FlashTag-labeled cells
were located superficially to the Nurr1-positive cells, indicating
that they had already arrived at the surface, whereas a few
FlashTag-labeled cells with a major process directed outward
were observed between the Nurr1-positive cells (Fig. 2C9, white
arrowheads). Interestingly, we also found some FlashTag-posi-
tive cells that oriented their processes inward and were negative
(Fig. 2C99, cyan arrowhead) or positive for Nurr1 (Fig. 2C999,

cyan arrowhead), suggesting the possibility that they migrated
inward.

At E15.5, 4 d after injection of FlashTag, a substantial number
of neurons labeled with FlashTag at E11.5 reached near the brain
surface, settling in the insular cortex that lay superficially to the
CLA. In addition, a large number of FlashTag-labeled cells were
located deep in the presumptive CLA region and were positive
for Nurr1. Some of them directed their process towards the deep
regions (Fig. 2D–D99, cyan arrowheads). These results suggest
that it took 4 d for CLA neurons labeled with FlashTag at E11.5
to reach their final destination (the CLA region) and become
positive for Nurr1. At E16.5, 5 d after injection of FlashTag,
FlashTag-positive cells in the CLA region developed variously
directed processes, suggesting that most CLA neurons had com-
pleted their migration by this stage (Fig. 2E-E99, cyan arrowheads).
The percentage of Nurr1-positive cells among FlashTag-positive
cells in the presumptive CLA and insular cortex significantly
increased from E14.5 to E15.5 but stabilized at E15.5 and E16.5,
suggesting that CLA neurons expressed Nurr1 at the end of migra-
tion (Fig. 2F; N = 4 at E13.5-E15.5, and N = 3 at E16.5; E13.5 vs
E14.5, p = 0.184; E14.5 vs E15.5, p = 0.008; E15.5 vs E16.5, p =
0.786; Tukey’s test).

Together, these findings raise the possibility that at least some
CLA neurons move superficially past the presumptive CLA
region, turn near the brain surface, and then move in the reverse
direction, inwardly, toward the CLA region. Another possibility
is that, although less likely, some Nurr1-positive future CLA neu-
rons might halt their outward migration when they reach the
presumptive CLA region and turn their process toward the deep
regions.

Time-lapse imaging revealed that some CLA neurons
migrate inward before they settle
To distinguish between these two possibilities and elucidate how
neurons migrate toward the presumptive CLA region, we intro-
duced a GFP-expressing plasmid at E11.5 with in utero electro-
poration at the approximate locus of the ventral and lateral
pallium, to successfully label CLA and insular neurons, as was
done in previous studies (Rueda-Alaña et al., 2018; Bruguier et
al., 2020). Thereon, we prepared coronal slices containing the
presumptive CLA region 3 d after electroporation and acquired
time-lapse images every 30 min for 48 h (Fig. 3A, only data
every 4 h are shown; Movie 1).

After the GFP-labeled cells migrated in the cortical mi-
gratory stream, some cells changed their direction radially
outward. They moved toward the brain surface (presumptive
insular cortex) radially passing through the presumptive CLA
region. A portion of the neurons that had reached the brain sur-
face migrated inward toward the deep region (Fig. 3A, arrow-
heads; Fig. 3A9, trajectory shown by cyan lines; Movie 1). In
addition, some outward-migrating neurons initially directed
their leading process toward the brain surface (Fig. 3A, 4:00; Fig.
3B); then they changed the direction of their processes toward
the deep region and migrated inward (Fig. 3A, 16:00 and 24:00;
Fig. 3C; the arrowheads of Fig. 3B and 3C indicate the same neu-
ron). Other examples of cells that showed a reversal of the direc-
tion of their leading processes and migrated inward are shown in
Movies 1, 2, 3 (cells tracked with lines).

To confirm that the inward-migrating neurons that we
observed were CLA neurons, we fixed the slices after time-lapse
imaging and performed immunohistochemistry for Nurr1. Cells
with a deeply oriented process were considered inward-migrat-
ing neurons, as shown by time-lapse imaging. The results

698 • J. Neurosci., February 1, 2023 • 43(5):693–708 Oshima et al. · “Reversed”Migration in the Developing Claustrum

https://doi.org/10.1523/JNEUROSCI.0704-22.2022.video.1
https://doi.org/10.1523/JNEUROSCI.0704-22.2022.video.1
https://doi.org/10.1523/JNEUROSCI.0704-22.2022.video.1
https://doi.org/10.1523/JNEUROSCI.0704-22.2022.video.2
https://doi.org/10.1523/JNEUROSCI.0704-22.2022.video.3


Figure 3. Time-lapse imaging of migrating CLA neurons. A, A9, Time-lapse images were captured from the CLA slices prepared 3 d after electroporation of the GFP-plasmid at E11.5. The
time displayed above each panel indicates the elapsed time since the beginning of the observation. The two-way arrow on the right of the panel indicates that the top is the lateral (superficial)
side, and the bottom is the medial (deep) side. The orientation is consistent with B–E. The trajectories of representative cells were shown in cyan (A9), and the cell bodies were indicated by
white arrowheads (A, A9). Some cells migrated from the superficial region toward the deep region. B, C, Higher magnifications of the cell shown in A9. The representative cell turned its leading
process toward the superficial region at first (B, 4:00, arrowhead) and then turned it into the deep direction (C, 24:00, arrowhead). D, Immunohistochemistry for Nurr1 indicated that some
GFP-labeled cells were Nurr1-positive. D9, High magnification of the labeled-boxed area in D. E, The angle of migration was defined as u . The orientation is consistent with A–D9. F, The distri-
bution of migration direction was bimodal:;100° (toward the superficial region) and –100° (toward the deep region). G, The maximum migration speeds of cells migrating inward (n = 28)
and outward (n = 26) were measured. Each data point represents a different cell in a representative brain. H, I, The trajectories of migrating cells moving inward and outward were traced,

Oshima et al. · “Reversed”Migration in the Developing Claustrum J. Neurosci., February 1, 2023 • 43(5):693–708 • 699



revealed that some GFP-positive cells with a major process
directed inward expressed Nurr1, indicating that some neurons
migrating inward were CLA neurons (Fig. 3D,D9, white arrow-
heads). These results demonstrate that at least some CLA neu-
rons initially migrate outward and then move inward, namely,
“reversely.”

We then quantitatively analyzed cell movement by tracing the
trajectories of GFP-positive cells and measuring their speed and

angle of migration during each observation period. The angle of
migration (Fig. 3E) had a roughly symmetrical bimodal distribu-
tion, ;100° (toward the lateral/superficial regions) and –100°
(toward the medial/deep regions), indicating that some neurons
migrated outward toward the brain surface, whereas others
migrated in the opposite direction toward deep regions. The
former was thought to be a migration toward the insular cortex
and the latter toward the presumptive CLA region (Fig. 3F).
Analyses of inward and outward migration speeds showed that
both migrations alternated fast and slow movements. However,
the peak of fast movement of neurons migrating outward was
higher than that of neurons migrating inward (Fig. 3H,I). In
addition, the overall migration speed of the two populations
was different from each other: those migrating inward (5.2 6
0.6 mm/h, N = 4) were significantly slower than those migrating
outward (14.5 6 0.6 mm/h, N = 4, p , 0.001, Student’s t test;

Figure 4. Detailed analysis of time-lapse images of migrating CLA neurons. A, The radial speed of representative actively inward-migrating cells relative to the LCS was measured. Error bar
indicates mean6 SE (n = 6, 6, 8, and 11 from four different slices). B, The ratios of the number of cells which extended their leading process toward superficial, deep, or both directions to
the total number of analyzed GFP-positive cells were measured. Values shown are the mean6 SE (n = 16, 18, 19, and 31, from four different slices). C, D, Time-lapse images were captured
from the CLA slices prepared 3 d after electroporation of the GFP-plasmid at E11.5. The time displayed above each panel indicates the elapsed time since the beginning of the observation.
Scale bars, 15 mm. Top, Superficial (lateral) side. Bottom, Deep (medial) side.

/

and the speeds of the cells in each period were measured. The speed of representative cells
migrating inward (H) and outward (I). J, K, Mean of the average migration speeds (J)
and mean of the maximum migration speeds (K) of the cells migrating inward and outward.
**p , 0.01 (Student’s t test). F, J, K, Values are the mean 6 SE of four different brains
(n = 54, 61, 70, and 77). Scale bars: A-A9, 25 mm; B, C, 15 mm; D, 50 mm; D9, 25 mm.
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Figure 5. Sparse-cell labeling of migrating neurons. tdTomato plasmid was transfected into the embryos at E11.5, and the brains were fixed 3.5 d later. A–C, Immunostaining for RFP (ma-
genta) and Nurr1 (green). Representative cells with the major process directed toward the superficial region (A), the deep region (B), or both directions (C) are shown (white arrowheads). The
nuclei were labeled with DAPI (blue). Top, Superficial side. Right, Dorsal side. D–F, Higher magnifications of the labeled-boxed areas in A–C are shown, respectively. Some tdTomato-labeled
cells directed their leading process toward the deep region (a white arrowhead), and they also oriented a thin process toward the superficial region (a cyan arrowhead). G, The mean6 SE of
cells extending their process toward the deep region as a proportion of the tdTomato-labeled cells in the Nurr1-negative superficial area and the Nurr1-positive deep area in four different
brains (n = 19, 24, 44, and 45) were calculated. H, Immunostaining for RFP (magenta) and Nestin (green). Top, Superficial side. Right, Ventral side. I–I99, Higher magnifications of the boxed
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Fig. 3J). Similarly, the maximum migrating speed of the neu-
rons that move inward (15.7 6 1.0 mm/h, N = 4) was signifi-
cantly slower than that of those migrating outward (38.1 6 0.4
mm/h, N = 4, p , 0.001, Student’s t test; Fig. 3K). Although the
maximum migration speed of the inward-migrating neurons
was relatively slow (;16 mm/h), some inward-migrating neu-
rons moved at a speed of .40 mm/h, which was as fast as out-
ward migration (Fig. 3G).

Furthermore, to exclude the possibility that the inward migra-
tion of CLA neurons was caused by brain expansion, we meas-
ured the relative distance from the inward-migrating neurons to
the outermost margin of the cortical migratory stream in the
radial direction. The quantitative analysis indicated that the
distance was shortened at 4.2 mm/h (95% CI, 2.1–6.2 mm/h;
Fig. 4A), which was equivalent to the above-mentioned aver-
age migration speed of the neurons migrating inward (Fig. 3J),
supporting that the CLA neurons indeed migrated toward the
deep regions.

Next, we focused on neurons migrating medially inward and
quantified the orientation of their major processes during time-
lapse imaging (Fig. 4B, N = 4). The results showed that 49.7 6
5.8% of the neurons directed their major process toward the
brain surface, while 35.9 6 7.4% of the neurons directed their
major process toward the deep regions. Interestingly, 14.4 6
3.5% of the neurons directed their major process toward the
brain surface at first, whereas they extended a new major process
toward the deep regions later during the time-lapse observations.

To visualize the cell morphology and movement of CLA neu-
rons in more detail, time-lapse images were acquired at higher
frequencies and magnifications (Fig. 4C,D; Movies 2, 3). The
result (Movie 2) showed that the representative migrating neu-
ron directed its leading (major) process toward the brain surface
at first (Fig. 4C, 3:00), then extended a novel leading (major) pro-
cess toward the deep regions (Fig. 4C, 6:00, white arrowhead),
while the original leading process remained thinner (Fig. 4C,
18:00, white arrowhead). Another time-lapse observation (Movie
3) confirmed that the migrating neurons oriented their leading
processes toward deep regions at least transiently. The repre-
sentative neuron initially moved slowly (Fig. 4D, 0:00–6:00).
However, at the end of the observation period, the cell body
moved rapidly while the tip of its leading process seemed to
remain mostly at the same position (Fig. 4D, 7:00-9:00).

Neurons migrating inward had contacts with radial glial
fibers
To analyze the morphology of the migrating CLA neurons in
detail, we transfected a tdTomato-expressing plasmid into the

/

area in H are shown. J, Immunoelectron microscopic analysis of an inward-migrating neuron.
The embryos at E11.5 were transfected with GFP-expressing plasmid, fixed 3.5 d later, and
observed through an immunoelectron microscope. Migrating neurons were immunolabeled
with an anti-GFP antibody (visualized with nanogold, black spots). A representative immuno-
stained cell that turned its major process toward the deep region (cyan arrow) was shown.
Its cell body was indicated by a white arrow. K–M, Higher magnifications of the labeled-
boxed areas in J. The cell had contact with multiple fibers (cyan arrowheads). Top,
Superficial side. Bottom, Deep side. Scale bars: A–C, 50 mm; D–F, 25 mm; H, 100 mm; I–I99,
50 mm; J, 2 mm; K–M, 500 nm.

Figure 6. The CLA expressed ApoER2 during development. A–C, Brains were immunostained with anti-ApoER2 (green) and anti-Reelin (magenta) antibodies at E13.5 (A), E14.5 (B), and
E15.5 (C). White arrows indicate cortical migratory stream. The nuclei were labeled with DAPI (blue). A9–C9, Higher magnifications of the labeled-boxed area in A–C, respectively. Scale bars:
A–C, 200 mm; A9–C9, 100 mm. Left, Deep (medial) side. Right, Superficial (lateral) side. Top, Dorsal side. Bottom, Ventral side.
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embryos at E11.5 using in utero electroporation and fixed them
3.5 d later. The results showed that tdTomato-labeled neurons
were distributed both in the Nurr1-positive region and the su-
perficial Nurr1-negative region, the latter corresponding to the
insular cortex (Fig. 5A–C). Most tdTomato-positive neurons
directed their major and thin processes to superficial and deep
regions, respectively (Fig. 5A, arrowhead; Fig. 5D). In contrast,

some tdTomato-labeled neurons directed their major processes
toward the deep regions, most of which were Nurr1-positive
(Fig. 5B, arrowhead; Fig. 5E, white arrowhead) and had a thin
process oriented toward the superficial regions, resembling a
trailing process (Fig. 5E, cyan arrowhead). Interestingly, a
small number of neurons had two major processes oriented
toward both deep and superficial regions (Fig. 5C,F), which

Figure 7. Reelin mutation or KO of Apoer2 resulted in malposition of CLA neurons. A, Immunostaining for Nurr1 (magenta) and Ctip2 (green) was performed in reeler (Reelin-deficient) mice
and heterozygous reeler mice at E18.5. C, Immunostaining for Nurr1 (magenta) and Reelin (green) was performed in Apoer2 homozygous and heterozygous KO mice. B, D, A bin analysis was
performed to evaluate cell distribution by dividing the space between the pial surface and the medial border of LCS into 10 equal areas (10 bins), and the number of Nurr1-positive cells in
each bin was calculated as a percentage of the total number in all 10 bins (B and D correspond to A and C, respectively). Mean6 SE of data obtained from four different brains in rl/1, rl/rl,
and Apoer21/�, and three different brains in Apoer2�/� are shown. The ratio of each corresponding bin was statistically compared between homozygous and heterozygous mutant/KO mice.
*p, 0.05; **p, 0.01; Tukey–Kramer test. Scale bars: A, C, 100 mm. Top, Dorsal side. Bottom, Ventral side. Left, Superficial (lateral) side. Right, Deep (medial) side.
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may correspond to neurons that extended a new process
directed toward deep regions during time-lapse imaging
(Movies 1, 2, 3). The quantitative analysis indicated that 1.9 6
1.9% of tdTomato-positive cells in the superficial Nurr1-nega-
tive region and 34.3 6 6.6% of tdTomato-positive cells in the
deep Nurr1-positive region directed their major process to-
ward the deep/medial regions (Fig. 5G, N = 4, respectively, for
the superficial and deep regions). These results confirmed that
a substantial number of neurons in the deep Nurr1-positive
region directed their processes toward the deep regions, sug-
gesting that these neurons had migrated inward.

In the embryonic neocortex, newly generated neurons use ra-
dial glial fibers as a scaffold for migration (Rakic et al., 1974).
However, it remains unknown whether the radial glial fibers also

function as a scaffold for the migration of CLA neurons. To
examine this issue, we performed immunohistochemistry for
nestin, a marker of radial glial fibers, in addition to the cell label-
ing described above. The results showed that some neurons had
their processes directed toward the deeper regions that were in
line with the radial glial fibers. Interestingly, the tip of the process
occasionally seemed to have contact with a radial glial fiber dif-
ferent from the one with which the rest of the process and the
cell body had contact (Fig. 5H,I–I99).

To further investigate the interaction between CLA neurons
and radial glial fibers, we performed immune electron micros-
copy analysis. We transfected a GFP-expressing plasmid into the
embryos at E11.5, fixed the mice 3.5 d later, and observed them
using an anti-GFP antibody with an electron microscope. The
results indicated that the deeply/inward-directed process had
direct contact with fibers (Fig. 5J–M), suggesting that radial glial
fibers act as a scaffold for CLA migration.

The CLA expresses ApoER2 during development
Reelin is an essential molecule for the development of the cere-
bral neocortex. Previous studies have proposed that Reelin has
several functions (Hirota and Nakajima, 2017), such as inducing
neuronal aggregation (Kubo et al., 2010), stopping signals for
migration (Sekine et al., 2014; Hirota et al., 2018; Hirota and
Nakajima, 2020), regulation of the multipolar-bipolar transition
(Franco et al., 2011; Jossin and Cooper 2011; Sekine et al., 2011,
2012; Gil-Sanz et al., 2013), terminal translocation (Sekine et al.,
2011, 2012), and radial migration in the intermediate zone (Hack
et al., 2007; Britto et al., 2011; Hirota et al., 2018). Reelin binds to
two receptors: ApoER2 and very-low-density lipoprotein recep-
tor (VLDLR). We hypothesized that Reelin may also play a role
in the development of CLA. To test this hypothesis, we performed
immunohistochemistry for ApoER2 and Reelin at E13.5, E14.5,
and E15.5.

We observed strong signals for ApoER2 in the cortical migra-
tory stream (Fig. 6A–C, arrows), indicating that cells migrating
in the stream or fibers running through the stream strongly
expressed ApoER2. In contrast, although the signals in the future
CLA regions were weak to moderate at E14.5, we observed a
small cluster of ApoER2-positive cells in the presumptive CLA
region (Fig. 6B,B9). At E15.5, the number of cells that had
reached the presumptive CLA region increased and moderately
expressed ApoER2 (Fig. 6C,C9).

Reelin is necessary for the development of the CLA
Next, to investigate whether Reelin signaling is necessary for
the development of the CLA, we performed immunohisto-
chemical analyses on E18.5 reeler (Reelin-deficient) brains at
the level of the foramen of Monro. Immunohistochemistry
for Nurr1 revealed that the distribution of Nurr1-positive
cells in heterozygous mice was similar to that in the WT
mice. In contrast, immunohistochemistry for Nurr1 in reeler
mouse brains showed that the distribution of Nurr1-positive cells
at the level of the CLA and DEn in the dorsoventral axis
extended more superficially (and widely) in reeler mice than in
heterozygous mice (Fig. 7A). Quantitative bin analysis showed
that a significantly larger percentage of Nurr1-positive cells in
the CLA was distributed in the superficial bins (Bins 3-5) in
reelermice than in heterozygous mice (see Fig. 7B, N = 4, respec-
tively; Bin 3, p = 0.007; Bin 4, p, 0.001; Bin 5, p, 0.001; Bin 7,
p , 0.001; Bin 8, p , 0.001; Tukey’s test). The abnormal distri-
bution of Nurr1-positive cells in reelermice indicated that Reelin
is necessary for the normal development of the CLA and DEn.

Figure 8. Vldlr KO resulted in no remarkable difference in the alignment of CLA neurons.
Immunostaining for Nurr1 (magenta) and Reelin (green) was performed in Vlder homozygous
and heterozygous KO mice at E18.5. The nuclei were labeled with DAPI (cyan). Scale bars,
100 mm. Top, Dorsal side. Bottom, Ventral side. Left, Superficial (lateral) side. Right, Deep
(medial) side.
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Reelin signaling pathway through ApoER2 is involved in the
development of the CLA
Next, to further investigate whether Reelin signaling is required
for CLA development, we examined the brains of Apoer2 or
Vldlr KO mice at E18.5. Immunohistochemistry for Nurr1,
which is a marker for the CLA and DEn, and immunohisto-
chemistry for Reelin, which itself could label the DEn at stages
later than E15.5, showed that the Nurr1-positive cells in the CLA
in Apoer2 KO mice were separated into two parts: the superficial
and deep parts (Fig. 7C). The distribution of Nurr1-positive cells
in the CLA was evaluated by quantitative bin analysis. Although
the distribution of Nurr1-positive cells in Apoer2 heterozygous
mice showed a peak in Bin 8, a significantly smaller percentage
of the Nurr1-positive cells was distributed in Bin 8 in Apoer2 KO
mice (p = 0.017; Tukey’s test), indicating that Nurr1-positive cells
in Apoer2 KO mice were more evenly distributed than those in
heterozygous mice (Fig. 7D; Apoer2�/�, N = 3; Apoer21/�, N =
4). In addition, the Nurr1-positive cells in the DEn seemed to be
sparsely distributed, which was also observed in reelermice. Thus,
in Apoer2 homozygous KO mice, some Nurr1-positive cells in the
CLA might be located more superficially, like those in the reeler,
and others might be located deeper compared with those in
Apoer2 heterozygous mice, resulting in a more flattened distribu-
tion of the Nurr1-positive cells in the Apoer2 KOmice.

In contrast, immunohistochemistry for Nurr1 and Reelin
showed no remarkable difference between Vldlr KO mice and
heterozygous mice (Fig. 8). Therefore, ApoER2 is thought to
play a more important role than very-low-density lipoprotein re-
ceptor (VLDLR) in the CLA and DEn formation.

Discussion
In the present study, BrdU analysis revealed that CLA and DEn
neurons were mainly born between E10.5 and E12.5 (Fig. 1F). It

was previously reported that rat CLA
neurons were generated between E15
and E16, and the DEn neurons were
generated between E14 and E15, when
the day the females became sperm pos-
itive was designated as El (Bayer and
Altman, 1991). Another rat study showed
the similar results: CLA neurons were pro-
duced at E14.5-E15.5 and DEn neurons
were produced at E13.5-E14.5 (Fang et al.,
2021). Other studies have reported that
CLA neurons were born earlier, between
E11 and E12 in mice (Smart and Smart,
1977, 1982), and mainly at E12.5, in rats
(Bisconte and Marty, 1975). Considering
the 1-3 d variation in embryonic brain de-
velopment between rats and mice (Clancy
et al., 2001), our data are considerably con-
sistent with these previous studies. In addi-
tion, our results suggested that early-born
neurons in the insular cortex were mainly
generated at the same time as CLA neu-
rons (Fig. 1G), which is also consistent
with the previous findings in rats (Fang et
al., 2021). In a previous study, both CLA
and insular neurons were labeled when in
utero electroporation of EGFP was per-
formed at E11 and E12 (Bruguier et al.,
2020), supporting the idea that the birth-
dates of CLA and insular neurons overlap.

Next, we showed that the Nurr1-positive cluster was origi-
nally formed beneath the surface (Fig. 2B), suggesting that the
CLA neurons transiently reached the surface but then shifted to
a deeper position. In addition, at E13.5, 2 d after injection of
FlashTag, we observed that most FlashTag-labeled cells were dis-
tributed superficially to the Nurr1-positive cluster (more mature
CLA neurons), also supporting that the migrating CLA neurons
once reached the surface. At E14.5, 1 d later, we found a few
FlashTag-positive cells that oriented their processes inward and
were positive for Nurr1 (Fig. 2C,C9,C999), further supporting the
possibility that some CLA neurons moved superficially past the
presumptive CLA region and migrated inward to their final
destination.

To test this possibility, we performed time-lapse imaging and
observed that some cells moved inward from the surface toward
the deeper positions. This change in the migratory direction
from outward to “inward” is a unique type of neuronal migra-
tion mode as opposed to conventional ones, such as “locomo-
tion,” “somal translocation,” “terminal translocation,” “multipolar
migration,” and “climbing mode” (Rakic, 1972; Nadarajah et al.,
2001; Tabata and Nakajima, 2003; Noctor et al., 2004; Cooper,
2008; Tabata et al., 2009; Sekine et al., 2011, 2012; Yoshinaga et al.,
2012; Kitazawa et al., 2014). Interestingly, although the CLA and
insular cortex are close to each other in terms of location and
birthdate, the migration profiles of CLA neurons were distinct
from those of neurons in the insular cortex, which seemed to
migrate only outward (Movie 1; Fig. 9). However, in time-lapse
imaging studies, we observed that some cells born at E11.5 left the
cortical migratory stream and wandered around the presumptive
CLA region, which suggests that a certain population of CLA neu-
rons might migrate radially outward and “directly join” the CLA
without reversed migration. Further studies are necessary to
uncover what proportions of the CLA neurons are supplied

Figure 9. A schematic representation of the migratory behavior of neurons in the insular cortex and the CLA. A, They are generated
in the ventricular zone and migrate tangentially via cortical migratory stream at first. Next, they migrate radially outward to reach the
surface. Cortical neurons in the insular cortex complete the migration after they reach the superficial region. However, some CLA neu-
rons migrate inward to take a position in the deep region after they reach the superficial region. B, The CLA neuron (magenta cell)
reaches brain surface around E13.5 and moves inward probably via Reelin signaling secreted from Cajal-Retzius cells. The insular neu-
ron (green cell) migrates toward the brain surface presumably via Reelin signaling. However, in reeler mice, those migrations are dis-
rupted and CLA neurons are located in the superficial region. IC, Insular cortex; Pir, piriform cortex; LV, lateral ventricle; DPall, dorsal
pallium; LPall, lateral pallium; VPall, ventral pallium; MZ, marginal zone; CR cell, Cajal-Retzius cell.
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through the radial “reversed” migration or only the outward
migration.

Furthermore, labeling of the migrating CLA neurons showed
that some migrating CLA neurons had one main leading process
as seen during neuronal migration by the “locomotion” mode in
the neocortex. This process was directed toward the deep region
(Fig. 5B,E), suggesting that the neurons were moving toward the
deep region. Additionally, most neurons with a deeply directed
process were located in the Nurr1-positive deep region, support-
ing the possibility that neurons that had reached the presumptive
CLA region elongated a deeply oriented process during their
inward migrations. Moreover, some CLA neurons contacted
the radial glial fibers via a deeply oriented process. Interestingly,
the tip of the process seemed to come into contact with a differ-
ent fiber from the one that the cell body had contact with, raising
the hypothesis that the CLA neurons depend on multiple radial
glial fibers during inward migration, which is similar to the hip-
pocampal neurons during their migration using the “climbing
mode” (Kitazawa et al., 2014).

In addition, we found that Reelin was necessary for the migra-
tion of CLA neurons. However, the role of Reelin in CLA devel-
opment remains unclear. We propose the following three
hypotheses: First, Reelin plays a role rather in the migration of
the insular neurons. Late-born insular neurons migrate radially
through the developing CLA region and reach the superficial
region. If the insular neurons were not able to migrate past the
developing CLA region in the reeler, they might have been stuck
beneath the CLA region and pushed it up to shift them more
superficially. However, this non–cell-autonomous mechanism
does not seem to be consistent with the extended distribution of
the insular cortex of reeler mice. Ctip2-positive insular cortical
neurons were not trapped on the deeper side of the CLA (Fig.
7A), reducing the possibility that Reelin acts only on the outward
migration of insular neurons, although a possible secondary
effect of Reelin deficiency on CLA distribution cannot be
ruled out. The second hypothesis is that defects in Reelin sig-
naling alter the adhesion properties of CLA neurons, causing
migrating insular neurons to adhere to CLA neurons. In the
cerebral neocortex, a sensu lato non–cell-autonomous func-
tion of Reelin downstream signaling has been proposed. A
previous study suggested that Dab1�/� deep layer neurons,
when present in high cell density below the subplate, became
impermissible to the migration of Dab1�/� superficial layer
neurons, which otherwise had the potential to migrate past
the subplate (Yoshinaga et al., 2022). Similarly, it is likely
that Reelin acts on the interaction between the CLA and in-
sular neurons. On the other hand, the third hypothesis is that
the Reelin signaling is necessary for cell-autonomous inward
migration of CLA neurons. The superficially distributed
population in reeler and Apoer2 KO mice might be CLA neu-
rons that could not completely migrate inward. To test these
hypotheses, it is necessary to disrupt the Reelin signaling
pathway exclusively in cells that migrate inward in a future
study.

The reversed migration mode of CLA neurons has not been
reported previously. A study by [3H]thymidine injection dem-
onstrated that CLA neurons left the cortical migratory stream
and migrated outward to settle in the final position (Bayer and
Altman, 1991), whereas the migration direction could not be
determined by [3H]thymidine autoradiography. Another study
using the CLA marker Nurr1 suggested that the insular neurons
migrated radially across the developing CLA region and pas-
sively displaced it into its final deep position (in an inside-out

pattern) (Puelles, 2014), which is partly consistent with our ob-
servation that the FlashTag-positive cells migrate through the
Nurr1-positive cells in the presumptive CLA region (Fig. 2).
The results of the present study indicate that CLA neurons may
actively migrate inward and take a deep position. We labeled
CLA neurons and analyzed their migratory profiles of CLA
neurons with in utero electroporation or FlashTag technology.
These approaches revealed the distinct migratory behaviors of
CLA neurons, such as migrating inward relatively slowly and
using multiple radial glial fibers as a scaffold for inward migra-
tion. Time-lapse imaging of migrating neurons supports the hy-
pothesis of inward CLA migration. Apoer2 KO also suggested
that CLA neurons migrated toward the deep region because the
superficial distribution of Nurr1-positive cells in Apoer2 KO
mice is consistent with the hypothesis of inward migration of
CLA neurons. The spindle shape with one main leading process
of migrating CLA neurons is similar to that of cortical neurons
migrating by the “locomotion” mode. However, reversed migra-
tion is distinct from the conventional migration modes of neo-
cortical neurons in terms of migration direction.

Proper neuronal migration is a critical step in the formation
of a highly organized mammalian brain structure and is essential
for normal brain function. Disruption of this developmental pro-
cess causes cytoarchitectural deficits, including mildly altered cell
positioning and is related to altered axonal projections and
pathogenesis of some neuropsychiatric disorders (Ishii et al.,
2016; Kubo et al., 2017). For instance, previous studies have
suggested that mispositioning of serotonergic neurons in the
dorsal raphe nucleus is associated with reduced serotonergic
projections to rostral brain areas (Tikker et al., 2020). Moreover,
abnormal neuronal alignments have been reported in neuro-
psychiatric disorders associated with cognitive impairment, such
as schizophrenia (Casanova et al., 2008) and autism (Bailey et al.,
1998). Therefore, migration defects in CLA neurons are likely to
be associated with disruption of their extensive connectivity with
cortical areas and their unique cognitive functions. Future eluci-
dation of the characteristics and precise molecular mechanisms
of CLA neuronal migration may provide insights into the patho-
genesis of neuropsychiatric symptoms.
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