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The extracellular protein Reelin, expressed by Cajal–Retzius (CR) cells at early stages of
cortical development and at late stages by GABAergic interneurons, regulates radial
migration and the “inside-out” pattern of positioning. Current models of Reelin func-
tions in corticogenesis focus on early CR cell–derived Reelin in layer I. However, devel-
opmental disorders linked to Reelin deficits, such as schizophrenia and autism, are
related to GABAergic interneuron–derived Reelin, although its role in migration has
not been established. Here we selectively inactivated the Reln gene in CR cells or
GABAergic interneurons. We show that CR cells have a major role in the inside-out
order of migration, while CR and GABAergic cells sequentially cooperate to prevent
invasion of cortical neurons into layer I. Furthermore, GABAergic cell–derived Reelin
compensates some features of the reeler phenotype and is needed for the fine tuning of
the layer-specific distribution of cortical neurons. In the hippocampus, the inactivation
of Reelin in CR cells causes dramatic alterations in the dentate gyrus and mild defects
in the hippocampus proper. These findings lead to a model in which both CR and
GABAergic cell–derived Reelin cooperate to build the inside-out order of corticogenesis,
which might provide a better understanding of the mechanisms involved in the patho-
genesis of neuropsychiatric disorders linked to abnormal migration and Reelin deficits.
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Correct lamination of the cerebral cortex is essential for normal brain function. In this
regard, abnormal neuronal migration is common among many neurodevelopmental
and neuropsychiatric disorders linked to cognitive impairment (1). Since the discovery
that Reln is responsible for the reeler mutation (2), numerous studies support the idea
that the extracellular protein Reelin is essential for neuronal migration and the layering
of laminated structures, including the cerebral cortex and cerebellum (3–7). Inactiva-
tion of genes encoding for components of the Reelin pathway [e.g., the APOE2 and
VLDL receptors (8), the adaptor Dab1 (9, 10), and the proteasome component
Cullin-5 (11)] results in reeler-like phenotypes. These observations reinforce the rele-
vance of this pathway for these developmental processes. This gene is also essential for
the structural and functional organization of the blood–brain barrier (12).
In the developing cerebral cortex, Reelin is largely expressed by Cajal–Retzius (CR)

cells, an early pioneer neuronal population, which, because of its strategic location in
the marginal zone/layer I, Reelin secretion, morphogenetic-like functions, and transient
nature, are considered essential in corticogenesis (13–15). Current models of Reelin
action on migrating neurons, including Cadherin-mediated adhesion, Integrin-
regulated detachment of radial glia, long-range and contact attraction/stop signaling,
and Ephrin signaling, have mainly taken into consideration Reelin expressed by CR
cells at the cortical surface (16–25). However, several studies report that CR cell abla-
tion causes contradictory effects on corticogenesis (26–28). Reelin is also expressed by
cortical GABAergic interneurons in the cortical plate (CP), long before the completion
of cortical migration, persisting into adulthood (29). Recent studies have implicated
Reelin in adult plasticity (30–33), as well as in the pathogenesis of neurodevelopmen-
tal, neuropsychiatric, and neurodegenerative diseases, notably in Alzheimer’s disease,
schizophrenia/bipolar disorder, autism spectrum disorder, and epilepsy (34–41), at
stages when Reelin is mainly expressed by GABAergic neurons. Despite this, the contri-
bution of Reelin expressed by GABAergic interneurons in cortical development is
largely unknown and, consequently, the role of CR cell–derived Reelin might be over-
interpreted. Only one recent study reports very mild migration deficits in the hippo-
campus of mice lacking Reelin in GABAergic interneurons (42).
Here we selectively inactivated the Reln gene in CR cells or GABAergic interneurons.

We found both overlapping and specific functions of Reelin expressed by these two cell
populations in distinct features of the reeler phenotype.
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Results

Loss of Reelin from CR Cells Leads to Major Lamination
Defects in the Neocortex. To study the role of Reelin expressed
by specific neuronal populations, we generated a floxed Reln
mouse line (ReelinF/F), where the first exon is deleted upon Cre
recombination. We validated the loss of Reelin in ReelinF/F

mice upon expression of Cre recombinase by crossing this line
with the ubiquitous inducible Ubi-CreERT2 mouse line. Tamox-
ifen treatment caused a complete loss of Reelin in Cre+ mice
(SI Appendix, Fig. S1 A–C). Further, double CR/GAD-ReelinF/F

mice (see below) showed a complete loss of Reelin expression
and exhibited a cortical layering phenotype stronger than that
in single mutants and reminiscent of the reeler phenotype, dem-
onstrating that Reln inactivation in both CR and GAD+ neu-
rons fully depletes cortical Reelin (SI Appendix, Fig. S1F).
To determine the specific role of Reelin expressed by CR cells,
we crossed the ReelinF/F mice with a line expressing Cre under
the control of the Calretinin promoter [CR-ReelinF/F mice;
Calb2tm1(cre)Zjh/J] (SI Appendix, Fig. S1D). Homozygous CR-
ReelinF/F mice survived well and did not exhibit any apparent
abnormal motor behavior. Western blot (WB) analysis demon-
strated a substantial decrease of Reelin in the cerebral cortex of
CR-ReelinF/F mice from embryonic day 16 (E16) to postnatal
day 1 (P1) and a slight reduction at P30, consistent with the
transient presence of CR cells during embryonic cortical devel-
opment (SI Appendix, Fig. S2A). To confirm the inactivation of
Reln in CR cells, we performed immunohistochemistry (IHC)
between E12 and E16 (Fig. 1 A and B), which revealed the
absence of Reelin in cortical CR cells from E12 onwards in
CR-ReelinF/F mice. To analyze the impact of CR cell–derived
Reelin on cortical lamination, layer-specific Cux1 and CTIP2
antibodies were used. In control E16 embryos, CTIP2+ and
Cux1+ neurons in the neocortex were concentrated mostly in
different bands at the CP, with Cux1+ neurons being in the
upper layers and CTIP2+ cells in the lower ones (Fig. 1D). In
contrast, in CR-ReelinF/F embryos, Cux1+ neurons were distrib-
uted almost homogeneously through all cortical layers, and
CTIP2+ neurons also had a wider distribution than in control
littermates, including the upper layers (Fig. 1E). The two dis-
tinctive features of CR-ReelinF/F embryos were the remarkable
invasion of Cux1+ neurons in the marginal zone (MZ) and the
presence of both Cux1+ and CTIP2+ neurons (to a lesser
extent) in the intermediate zone (IZ).
Analysis of Reelin expression at P1 further confirmed the

absence of Reelin from CR cells and provided evidence for the
presence of Calretinin�/Reelin+ neurons, corresponding to
GABAergic interneurons, scattered across the cortical layers,
including layer I, in both mutant and control animals (Fig. 1C).
Control animals showed two sharp, nonoverlapping bands labeled
by Cux1 and CTIP2 antibodies within the CP (Fig. 1 F and
H–J). However, in the neocortex of CR-ReelinF/F pups, Cux1+

and CTIP2+ neurons, despite being broadly separated in two
main bands, showed a wider distribution than controls, intermin-
gling with each other (Fig. 1 G–J). In addition, many Cux1+ and
CTIP2+ neurons were located ectopically in lower layer VI and
the IZ. Conversely, and coinciding with the expression of Reelin
from GABAergic interneurons, the invasion of Cux1+ neurons
into the MZ observed at E16 was no longer present at P1, sug-
gesting a correction of this migration defect at perinatal stages.
At P30, Reelin+ interneurons in cortical layers were observed

in both genotypes, including neurons in layer I. However,
Reelin expression in the CR-ReelinF/F mice was absent in the
subpopulation of Calretinin+ GABAergic interneurons, which

account for about 4 to 6% of Reelin+ cortical interneurons (43).
This observation thus further validates the specificity of the
CR-ReelinF/F mouse line for Calretinin+ cells (SI Appendix, Fig.
S2 B and C). The abnormal distribution of cortical neurons in
CR-ReelinF/F mice described at earlier stages persisted through-
out maturation. Whereas in control mice Cux1 and CTIP2
expression defined two bands of cells, corresponding to layers
II–IV and V–VI, respectively, this pattern was significantly
altered in CR-ReelinF/F mice. Substantial numbers of Cux1+ neu-
rons continued to be located ectopically in deep layers, and
CTIP2+ neurons concentrated narrowly in layer V and upper
layer VI. Similar to P1, layer I in CR-ReelinF/F mice was devoid of
ectopic Cux1+ neurons at P30 (Fig. 2 A–C).

To determine whether the mispositioning of Cux1+ and
CTIP2+ cells was due to defects in cell migration or molecular
identity, we performed 5-Bromodeoxyuridine (BrdU)-birthdating
studies. Neurons were labeled with BrdU at E12 or E15, and
their final location was assessed at P30 (Fig. 2 D–G). In control
mice, E12-labeled neurons occupied layers V-VI, and E15-
labeled neurons were found in layers II–III. In CR-ReelinF/F

mice, E12-born neuron distribution was similar to controls,
whereas many E15-born neurons were located ectopically in
layers V–VI. Together, these findings indicate that the lack of
Reelin in CR cells leads to the permanent mispositioning of cor-
tical neurons, with a large number of upper layer–fated neurons
located in deep layers. The absence of CR cell–derived Reelin
also caused a transient mislocation of Cux1+ neurons in layer I
at E16, which was corrected at later stages.

Loss of Reelin from GABAergic Interneurons Leads to
Permanent Neuronal Ectopias in Layer I. To study the role of
Reelin expressed by GABAergic interneurons, we crossed ReelinF/F

mice with Gad2tm2(cre)Zjh/J counterparts expressing Cre under the
control of the Gad2 promoter (GAD-ReelinF/F mice) (SI
Appendix, Fig. S1E). GAD-ReelinF/F mice survived well and
showed no signs of abnormal motor behavior. WB analysis
confirmed a reduction of Reelin protein in GAD-ReelinF/F

mice, which was conspicuous at P30 (SI Appendix, Fig. S3A).
GAD-ReelinF/F embryos showed normal expression of Reelin in
CR cells at E16, before the onset of Reelin expression in
GAD+ neurons (SI Appendix, Fig. S3B). No differences were
found in the distribution of Cux1+ and CTIP2+ neurons
between control and GAD-ReelinF/F embryos at E16, with
Cux1+ neurons being correctly positioned in the upper CP and
CTIP2+ neurons in the deepest region of the CP (Fig. 3A).

At P1, Reelin expression by CR cells persisted in both geno-
types, but while control mice exhibited scattered Reelin+ neu-
rons in the CP corresponding to GABAergic interneurons, the
expression of this protein in these layers was absent in GAD-
ReelinF/F mice (SI Appendix, Fig. S3C). These expression data
agree with studies reporting that Reelin is already expressed in
CP GABAergic neurons by E17–E18, whereas in the MZ,
Reelin is exclusively expressed by CR cells at E12–E19, with
expression starting in layer I interneurons by P0–P1 (18, 29).

The distribution of Cux1+ and CTIP2+ neurons into two
separate layers was evident in both genotypes at this stage.
However, we already noted a few Cux1+ neurons located
ectopically in layer I in GAD-ReelinF/F mice and accumulation
of these neurons at the top of layer II (Fig. 3 B–E). At later
developmental stages (P30), Reelin was expressed in GABAergic
interneurons and was widely distributed throughout cortical
layers, including layer I in control mice. In contrast, the cortex of
GAD-ReelinF/F mice was virtually devoid of Reelin expression
(SI Appendix, Fig. S3 D and E). The distribution of Cux1+ and
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CTIP2+ neurons in the upper and lower cortical layers, respec-
tively, differed slightly in the two genotypes, with Cux1+

cells scattered in lower cortical layers of GAD-ReelinF/F mice (Fig.
3 F–H). Remarkably, at both P15 and P30, there was a massive

invasion of ectopic Cux1+ neurons in layer I of GAD-ReelinF/F

mice (Fig. 3 F and I). To substantiate these defects, E12 and E15
embryos were pulse labeled with BrdU and analyzed at P30.
The distribution of E12-born neurons was similar between

Fig. 1. Cortical neuronal distribution at E16 and
P1 in the absence of Reelin from CR cells. (A–C)
Double IHC of Reelin+ (green) and Calretinin+ cells
(magenta) at E12 (A) E16 (B), and P1 (C) in the pres-
ence (ReelinF/F, Left) and absence (CR-ReelinF/F, Right)
of Reelin from CR cells. Magnification of MZ cells
(A, B, C, Bottom). Note the colocalization of Reelin
and Calretinin staining in the ReelinF/F but not in
the CR-ReelinF/F brain. Reelin+ interneurons start to
be present in the ReelinF/F and the CR-ReelinF/F corti-
ces, including the CP and MZ, from P1 onwards
(arrows). (D and E) Confocal images depicting the
cortical distribution of Cux1+ (green, upper layers)
and CTIP2+ cells (magenta, lower layers) at E16 in
the presence (ReelinF/F; D) and absence of Reelin
from CR cells (CR-ReelinF/F; E). Note the presence of
Cux1+ cells located ectopically in the MZ (arrowheads)
and the wider distribution of Cux1+ and to a
lesser extent CTIP2+ cells throughout the cortical
layers in the CR-ReelinF/F but not in the ReelinF/F

mice. (F and G) Cortical distribution of Cux1+ and
CTIP2+ cells at P1 in ReelinF/F (F) and CR-ReelinF/F

(G) mice evidencing clusters of ectopic Cux1+ and
CTIP2+ cells in lower layer VI and the IZ of CR-ReelinF/F

mice. (H) Representative profile of Cux1 intensity
(gray value) over distance (from MZ to layer VI)
in P1 ReelinF/F (black) and CR-ReelinF/F (red) mice.
(I) Quantification of the number of Cux1+ cells
per bin at P1. Note the absence of ectopic Cux1+

cells in the MZ at this stage in CR-ReelinF/F mice.
(J) Quantification of the percentage of CTIP2+ cells
per bin at P1. Data represent mean±SEM. Statistical
analysis: (I) bin × genotype interaction F(6, 42) =
3.108 P = 0.0131; two-way ANOVA with Bonferroni
post hoc test; *P<0.05, ****P<0.0001, n = 4 mice
per genotype. (J) Bin × genotype interaction
F(9, 60) = 16.54 P < 0.0001; two-way ANOVA with
Bonferroni post hoc test; *P<0.05, **P<0.01,
****P<0.0001, n = 4 mice per genotype. (Scale
bar in A, 15 μm; B and C, 20 μm; D and E, 25 μm;
and F and G, 50 μm.) Pre-plate (PP), Ventricular
Zone (VZ), Marginal zone (MZ), cortical plate (CP),
intermediate zone (IZ), and layer VI (VI).
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control and GAD-ReelinF/F mice, with most BrdU+ cells in
layers V and VI. In contrast, E15-born neurons, which in con-
trol mice were concentrated mostly in layers II–III, were found
ectopically invading layers I and VI in GAD-ReelinF/F mice
(SI Appendix, Fig. S4 A–D). Double staining of BrdU with

Cux1 confirmed that in GAD-ReelinF/F mice most Cux1+ neu-
rons ectopically located either in layer I or VI were born at E15,
and hence destined to layers II–III (Fig. 3 J and K). These find-
ings suggest that expression of Reelin by GABAergic interneurons
is largely dispensable for early cortical migration and the overall

Fig. 2. Cortical neuronal distribution at P30 in
the absence of Reelin from CR cells. (A) Confocal
images at P30 illustrating the cortical distribution
of Cux1+ (green, upper layers) and CTIP2+ cells
(magenta, lower layers) in ReelinF/F (Top) and
CR-ReelinF/F mice (Bottom). (B and C) Quantification
of the percentage of Cux1+ (B) and CTIP2+ (C) cells
per bin at P30 confirming the persistence of
ectopic clusters of Cux1+ cells in the lower layers
of CR-ReelinF/F mice. Note the absence of ectopic
Cux1+ cells invading layer I also at this stage.
(D and F) BrdU immunohistochemistry of P30
mice injected with BrdU at E12 (D) and E15 (F).
(E and G) Quantification of the percentage of
BrdU+ cells per bin in mice injected either at E12
(E) or E15 (G), further demonstrating the lamina-
tion abnormalities in CR-ReelinF/F mice. Data repre-
sent mean±SEM. Statistical analysis: (B) bin ×
genotype interaction F(9, 60) = 29.96 P < 0.0001;
two-way ANOVA with Bonferroni post hoc test;
****P<0.0001, n = 4 mice per genotype. (C) Bin ×
genotype interaction F(9, 60) = 64.53 P < 0.0001;
two-way ANOVA with Bonferroni post hoc test;
****P<0.0001, n = 4 mice per genotype. (E) Bin ×
genotype interaction F(9, 60) = 1.503 P = 0.1677
n.s.; n = 4 mice per genotype. (G) Bin × genotype
interaction F(9, 60) = 18.29 P < 0.0001; two-way
ANOVA with Bonferroni post hoc test; *P<0.05,
***P<0.001, ****P<0.0001, n = 4 mice per geno-
type. (Scale bar, 100 μm.) Cortical layer in roman
numerals.
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Fig. 3. Distribution of cortical neurons in the absence of Reelin from GABAergic interneurons. (A, B, and F) Confocal images showing the cortical distribution
of Cux1+ (green, upper layers) and CTIP2+ cells (magenta, lower layers) in ReelinF/F (Left) and GAD-ReelinF/F (Right) at E16 (A), P1 (B), and P30 (F). (C) Representative
profile of Cux1 intensity (gray value) over distance (from MZ to layer VI) in P1 ReelinF/F (black) and GAD-ReelinF/F (red) mice. (D and E) Quantification of the
number of Cux1+ (D) and the percentage of CTIP2+ (E) cells per bin at P1. (G and H) Quantification of the percentage of Cux1+ (G) and CTIP2+ (H) cells per
bin at P30. (I) Cux1 IHC illustrating the time course of layer I invasion in GAD-ReelinF/F mice. Note that at embryonic stages, when CR cells are the main source
of Reelin, ReelinF/F and GAD-ReelinF/F mice are virtually indistinguishable. Notably, at later stages Cux1+ cells start to ectopically accumulate at lower cortical
layers and at the top of layer II and to progressively and massively invade layer I. (J and K) Double staining of BrdU+ (green) and Cux1+ cells (magenta) from
P30 mice injected with BrdU at E15, (J) layer I, and (K) layer VI. Arrowheads indicate double-labeled cells. Data represent mean± SEM. Statistical analysis:
(D) bin F(6, 35) = 3.373 P = 0.0099; two-way ANOVA with Bonferroni post hoc test; n.s., nonsignificant; ReelinF/F n = 4; and GAD-ReelinF/F n = 3. (E) Bin × genotype
interaction F(9, 50) = 0.2055 P = 0.9924, n.s.; ReelinF/F n = 4 and GAD-ReelinF/F n = 3. (G) Bin × genotype interaction F(9, 80) = 13.9 P < 0.0001; two-way ANOVA
with Bonferroni post hoc test; **P<0.01, ****P<0.0001, n = 5 mice per genotype. (H) Bin × genotype interaction F(9, 70) = 2.717 P = 0.0089; two-way ANOVA
with Bonferroni post hoc test; **P<0.01, ReelinF/F n = 4 and GAD-ReelinF/F n = 5. (Scale bar in A, 25 μm; B, J, and K, 50 μm; F, 100 μm; I, 15 μm for E16; 25 μm for
P1, and 50 μm for P15.)
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formation of layers, as long as Reelin is supplied by CR cells.
However, at later stages, the absence of GABAergic interneuron–
derived Reelin allowed the ectopic invasion of layer I by Cux1+

neurons otherwise fated for layers II–III. Further, the lack of
GABAergic interneuron–derived Reelin resulted in the appear-
ance of ectopic layer II–III neurons in deep layers and in subtle
laminar alterations in the remaining layers.

Reelin from Interneurons Is Sufficient for the Gross Formation
of CA1 in the Absence of Reelin from CR Cells. We next exam-
ined cell-specific Reelin inactivation in another key layered struc-
ture, the hippocampus. In contrast to the neocortex, Reelin
expression in the hippocampus persists in some CR cells through
adulthood (44) and coexists with the expression of this protein by
GABAergic interneurons. At E16/P1, hippocampal CR cells iden-
tified by Calretinin immunostaining coexpressed Reelin in control
samples. Reelin+ CR cells were densely packed at the stratum
lacunosum-moleculare/molecular layer (SLM/ML) interphase,
near the hippocampal fissure. In CR-ReelinF/F animals, the dense
band of Reelin+ CR cells located at the SLM/ML interphase were
absent, whereas Reelin expression persisted in presumed GABAergic
neurons (SI Appendix, Fig. S5A). The general organization of
the hippocampal fields of control and CR-ReelinF/F mice
appeared to be similar, with the main subdivisions being recog-
nizable (SI Appendix, Fig. S6). However, at P1, the cornu
ammonis (CA)1 pyramidal layer (PL) tended to be thicker in the
latter (ReelinF/F: 90.48 ± 0.71 μm; CR-ReelinF/F: 113 ± 14.83 μm,
P = 0.1347 t = 2.035 df = 3), and the sharp border with the
stratum radiatum (SR) was irregular and discontinuous in mutant
mice, suggesting migration abnormalities (Fig. 4A). At P30 in
control mice, Reelin was expressed by the remnants of hippo-
campal CR cells in the SLM/ML and by a large number of
GABAergic neurons in the different layers of the hippocampus.
In CR-ReelinF/F mice, Reelin expression was absent specifically
in CR cells, while it was widely expressed in GABAergic neu-
rons (SI Appendix, Fig. S5B). Calretinin+/Reelin+ interneurons
accounted for only about 3% of Reelin+ interneurons. As at
previous ages, the PL was slightly thicker in CR-ReelinF/F mice
compared to controls and the sharp border between this layer
and the SR was disturbed in CR-ReelinF/F mice, with ectopic
pyramidal neurons in the SR (Fig. 4 B–D). To analyze migra-
tory deficits in the pyramidal neurons, we performed analyses
of BrdU pulse labeling at E12 and E15. At both ages, pyrami-
dal neurons in CR-ReelinF/F mice tended to display a wider dis-
tribution within the PL than controls (Fig. 4 E and F). Taken
together, our results suggest that Reelin from interneurons is
sufficient for the gross formation of layers in CA1.
We next examined the CA1 region of GAD-ReelinF/F mutant

embryos and postnatal mice, which exhibited strong Reelin
expression around the SLM/ML interphase, corresponding to CR
cells. In contrast, in these mutants, Reelin expression was absent
from hippocampal GABAergic interneurons, which were scat-
tered across the different layers (SI Appendix, Fig. S7 A and B).
Of note, the CA1 laminar organization and inside-out migration
pattern were not altered in this model, as evidenced by BrdU-
birthdating studies (SI Appendix, Fig. S8 A, B, E, and F). We
thus conclude that the expression of Reelin by either CR cells or
GABAergic interneurons in the hippocampus proper is sufficient
to maintain the laminar organization in this region, with minor
alterations in the PL.

Lack of Reelin in CR Cells Results in Dramatic Anatomical and
Migration Alterations in the Dentate Gyrus. We next studied
the lamination and migration pattern of the dentate gyrus (DG),
a region with long-lasting postnatal neurogenesis. As described

above, both Reelin+ CR cells and GABAergic neurons coexisted
at the SLM/ML interphase at E16/P1 stages. Reelin was absent
in CR cells in CR-ReelinF/F mice (SI Appendix, Fig. S5). Interest-
ingly, at E16/P1, the emerging granule layer (GL) in the DG of
CR-ReelinF/F mutants was less delineated, with widespread distri-
bution of granule cells (GCs) in the hilus, in contrast to the
densely packed GL of controls (Fig. 5A). At P15/P30, the DG
of CR-ReelinF/F mice showed severe abnormalities. First, the GL
was considerably thicker in these mutants, often showing accu-
mulation of GCs in large patches that ectopically invaded the
ML. Second, most CR-ReelinF/F mice (12 of 18) virtually lacked
an infrapyramidal blade in the DG, or it was extremely short
(<350 μm; 2 of 18 animals) (Fig. 5 B–D). BrdU pulses at E15
or P10–11 revealed the widespread laminar distribution of GC
in the DG of CR-ReelinF/F mice (Fig. 5 E and F). In contrast,
the laminar organization and outside-in migration pattern in
the GAD-ReelinF/F mice, which have Reelin expression in large
numbers of surviving CR cells, remained unaltered throughout
development (SI Appendix, Figs. S7 and S8 C, D, G, and H).
Together, these findings suggest that the lack of Reelin expres-
sion by hippocampal CR cells results in morphogenetic malfor-
mations and aberrant migration in the DG and that GABAergic
neuron–derived Reelin is largely dispensable for the correct layer-
ing of the DG when Reelin expressed by CR cells is present.

Reelin Inactivation in CR Cells Leads to reeler-Like Morphological
Phenotypes. To substantiate the above findings, we performed
“in utero” electroporation experiments in which DNA encod-
ing GFP under the ubiquitous CAG promoter was electropo-
rated at E14.5 in the ventricle of control ReelinF/F and mutant
CR-ReelinF/F embryos, and labeled cells were analyzed at P1. In
control embryos, GFP-labeled neurons were concentrated in
the upper CP (layers II–III). In contrast, in CR-ReelinF/F mutants,
fewer GFP+ neurons reached the CP and were also located ectop-
ically in deep layers (Fig. 6 A and B). In addition, GFP+ cells dis-
played marked morphological alterations. In control animals, most
GFP+ neurons exhibited typical pearl-to-pyramidal shapes and a
prominent, radially oriented apical process, perpendicular to the
MZ (Fig. 6C). The apical process of most GFP+ neurons in
CR-ReelinF/F mice showed an oblique or horizontal orientation,
parallel to the MZ (Fig. 6D and SI Appendix, Fig. S9A). Moreover,
GFP+ neurons located in deep layers lacked an obvious apical
dendrite but had round cell bodies and exhibited stellate-like
morphologies (Fig. 6E). These altered morphologies are largely
reminiscent of those found in reeler mice and Dab1 knockout
mice (20, 45). Thus, the lack of Reelin expression in CR cells is
sufficient to render a reeler-like phenotype in layer II–III neurons.

Postnatal Expression of Reelin in GAD-ReelinF/F Mice Reduces
Layer I Invasion. E14.5 CR-ReelinF/F electroporated embryos
were also analyzed at earlier stages (E18–E19). We found occa-
sional GFP+ neurons in the MZ/CP interphase displaying leading-
like processes with horizontal or even basal orientation, which
may be compatible with an inward migration (SI Appendix, Fig.
S9B), suggesting that at least some ectopic neurons in the MZ at
E16 (Fig. 1E) might undergo inward migration at perinatal stages.

Next, we grafted E13.5 GFP-tagged GABAergic cell precursors
(medial ganglionic eminence [MGE]) into the upper cortical layers
of P3 GAD-ReelinF/F mice. These neurons are expected to express
Reelin 4 to 5 d later (by E17–E18) (29). Mice analyzed at P18
showed numerous grafted MGE precursors that had migrated and
integrated into the host cortex, as previously described (46), as well
as occasional accumulations of GFP+ neurons in layer I or just
above layer I. A subset of grafted neurons expressed Reelin
(∼25%). The density of ectopic Cux1+ neurons was markedly
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decreased just beneath the clusters of Reelin+/GFP+ superficial
neurons, in sharp contrast with neighboring cortical areas and the
contralateral, control cortex (Fig. 6 F–I and SI Appendix, Fig. S10).
These data support the notion that postnatal Reelin expression
(around P7–P8 onwards) in superficial layers reduces the invasion
of Cux1+ neurons into layer I, supporting the view that CR cells
and GABAergic neurons cooperate through development.

Discussion

Reelin expression is prominent in CR cells during early stages,
with these pioneer neurons disappearing by cell death at later
stages, concomitant with the expression of Reelin in GABAergic

interneurons located through the cortical layers, including layer I.
Reelin expression in interneurons persists into adulthood. This
developmental pattern has led to the assumption that while
Reelin derived from CR cells is essential for neuronal migration,
expression by interneurons is important for adult neural plastic-
ity, as well as being involved in the pathological mechanisms of
brain diseases. The present study aimed to identify the specific
contribution of CR cell– and GABAergic cell–expressed Reelin
in neuronal migration and corticogenesis.

Essential Role of CR Cell–Expressed Reelin in the Layering of
the Neocortex. Our data show that the inactivation of Reelin in
CR cells severely impairs neuronal migration in the neocortex.

Fig. 4. CA1 cytoarchitecture in the absence of Reelin from CR cells. (A–C) Representative CTIP2 confocal images of the hippocampus CA1 at P1 (A) and P30
(B and C) in ReelinF/F (Left) and CR-ReelinF/F (Right) mice showing a wider cell distribution and ectopic location (arrowheads in C) of pyramidal cells in the SR of
CR-ReelinF/F mice, which is suggestive of migration abnormalities. (D) Analysis of CA1 width. (E and F) Analysis of BrdU+ cell distribution in the CA1 of mice
injected with BrdU at E12 (E) or E15 (F) show very mild alterations in the inside-out order of positioning in the CR-ReelinF/F CA1. Data represent mean± SEM.
Statistical analysis: (D) unpaired two-tailed Student’s t test, t = 4.883 df = 6 P = 0.0028; **P<0.01, n = 4 mice per genotype. (E) Layer × genotype interaction
F(2, 21) = 2.205 P = 0.1352, n.s.; ReelinF/F n = 5 and CR-ReelinF/F n = 4. (F) Layer × genotype interaction F(2, 18) = 4.877 P = 0.0203; two-way ANOVA with Bon-
ferroni post hoc test n.s.; n = 4 mice per genotype. (Scale bar in A and B, 100 μm; C, 50 μm.) Upper layer (U), middle layer (M), inner layer (I), suprapyramidal
blade (SPB), and infrapyramidal blade (IPB).
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Cux1+ layer II–III-fated neurons fail to migrate correctly to
these layers and instead settle permanently in deep cortical
layers. These abnormally located neurons were confirmed to be
layer II–III-fated cells by BrdU-pulse studies and by in utero
electroporation of GFP at E14.5. In addition, layer V–VI neu-
rons show a wider distribution in mice lacking CR cell–derived
Reelin. Because these mutants express Reelin in GABAergic
interneurons throughout the cortex, we conclude that the expres-
sion of Reelin in CR cells is necessary for the correct migration
and positioning of layer II–VI neurons. However, migration def-
icits in CR-ReelinF/F mice are considerably less dramatic than in
reeler mutants, which exhibit an almost complete inversion of
cortical layers (2, 7, 47). These data suggest that although Reelin
expressed by GABAergic neurons is not sufficient to fully rescue
the reeler-like deficits, it is likely to compensate for some of these
defects, thus suggesting the cooperation between CR and
GABAergic cell–derived Reelin in the migration and positioning
of layer II–VI neurons. Finally, Reelin expression in a subset of
subventricular zone (SVZ)/IZ cells (presumed GABAergic

migrating neurons) (25, 26, 48) could also contribute to com-
pensating the loss of CR cell–derived Reelin at prenatal stages.

Sequential Expression of Reelin in CR Cells and GABAergic
Neurons Is Necessary to Prevent Ectopic Invasion of Layer I.
The lack of Reelin in CR cells leads layer II–III neurons to
invade the MZ/layer I at perinatal stages. This phenotype is
corrected at postnatal stages, suggesting that the expression of
Reelin in GABAergic neurons in layer I is sufficient to correct
this ectopic location, even at late stages. This view is supported
by complementary observations in which the lack of Reelin in
GABAergic neurons results in the correct positioning of layer
II–III neurons at perinatal stages (due to Reelin from CR cells),
but in a later and permanent invasion of upper layer neurons
into layer I, and by the MGE precursor grafting experiments
showing that postnatal Reelin expression in GABAergic neurons
markedly reduces the invasion of layer I. These data indicate not
only an essential role of Reelin in preventing the aberrant inva-
sion of layer I, but also that Reelin expression by both CR cells

Fig. 5. Dentate gyrus phenotypes in the absence of Reelin from CR cells. (A) Prox1 confocal images of the hippocampus DG at P1 showing a less delineated
GL in the CR-ReelinF/F DG (Right) compared to the ReelinF/F (Left). (B) Representative CTIP2 confocal images of the hippocampus DG at P30, depicting the differ-
ent infrapyramidal blade phenotypes found in CR-ReelinF/F mice that range from complete absence or dramatically reduced IPB in the majority of cases
(67% and 11%, respectively) to >350 μm IPB present (Right, 22%). (C) Suprapyramidal blade GL magnification stained with CTIP2 in ReelinF/F (Left) and CR-ReelinF/F

mice (Right). (D) SPB GL width analysis evidencing a thicker GL in CR-ReelinF/F mice (Right). (E and F) Analysis of BrdU+ cell distribution in the SPB of the DG of mice
injected with BrdU at E15 (E) or P10–P11 (F), further confirming the GC lamination abnormalities present in CR-ReelinF/F mice. Data represent mean± SEM. Statistical
analysis: (D) unpaired two-tailed Student’s t test, t = 6.211 df = 6 P = 0.0008; ***P<0.001, n = 4 mice per genotype. (E) Layer × genotype interaction F(3, 24) = 15.65
P < 0.0001; two-way ANOVA with Bonferroni post hoc test; *P<0.05, ****P<0.0001 n = 4 mice per genotype. (F) Layer × genotype interaction F(3, 16) = 11.36
P = 0.0003; two-way ANOVA with Bonferroni post hoc test; ***P<0.001, n = 3 mice per genotype. (Scale bar in A and B, 100 μm; C, 50 μm.) Hilus (H).
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Fig. 6. Electroporation and transplantation experiments showing reeler-like morphological phenotypes and rescue of layer I invasion. (A) Confocal images
of GFP staining in the cortex of P1 ReelinF/F (Left) and CR-ReelinF/F mice (Right) electroporated at E14.5. Abnormal positioning of GFP+ neurons is evident in
CR-ReelinF/F mice. (B) Quantification of the percentage of GFP+ cells per bin at P1. (C–E) Confocal images of the MZ (C) ReelinF/F (D) CR-ReelinF/F mice CP (E, Top)
and layer VI (E, Bottom), illustrating marked morphological alterations in CR-ReelinF/F mice. (F–H) Representative images of the ipsilateral (F and H) and contra-
lateral (G) hemispheres of GAD-ReelinF/F mice grafted with GFP+ MGE cells at P3 and killed at P18. Images evidence the contrasting distribution of Cux1+ cells
(magenta) in the MGE grafted region (green) where there are plenty of GFP+ cells expressing Reelin (F and H, yellow arrowheads; many in superficial layers),
compared with the nongrafted ipsilateral (asterisks, F and H) and contralateral regions (G), where Reelin expression is low or absent, respectively. Note the
decreased number of Cux1+ ectopic neurons in layer I of the grafted region compared to the adjacent ipsilateral (asterisk region) and the contralateral con-
trol region (I). (J) Model of Reelin functions in corticogenesis based on the data obtained from the cell-specific Reelin-deficient models. Note that in the
absence of Reelin from CR cells, neuronal migration is remarkably altered and clusters of upper layer–fated neurons settle permanently in deep cortical
layers. However, no permanent layer I invasion is observed and the defects are less dramatic than those found in Reeler mice. In contrast, in the absence of
Reelin from GABAergic interneurons, a dramatic and progressive invasion of layer I by upper layer–fated neurons takes place accompanied by mild defects
in the rest of the layers. These results suggest, on the one hand, that CR-derived Reelin has a critical role in the correct migration and positioning of cortical
neurons and that GABAergic interneuron–derived Reelin is able to partially compensate for some of those defects. On the other hand, they suggest that
sequential expression of Reelin from CR and GABAergic interneurons is essential to prevent layer I invasion. Data represent mean± SEM. Statistical analysis:
(B) layer × genotype interaction F(4, 50) = 5.539 P < 0.0001; two-way ANOVA with Bonferroni post hoc test *P<0.05, ****P<0.0001; ReelinF/F n = 4 and
CR-ReelinF/F n = 3. (I) Paired two-tailed Student’s t test, t = 38.96, df = 2 P = 0.0007; ***P<0.001, n = 3 mice. (Scale bar in A, 50 μm; C, 20 μm; and F, 100 μm.)
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and GABAergic interneurons acts in a cooperative and sequential
manner: CR cells at early stages and GABAergic neurons at post-
natal and adult stages.
The phenotypic rescue of layer I invasion observed in

CR-ReelinF/F mice suggests that postmitotic neurons are able to
migrate not only toward this layer but also away from it (from
layer I to layers II–III). Thus, postmitotic neurons could main-
tain the capacity to migrate and translocate their cell bodies
long after their initial settling and positioning, by mechanisms
that may include inward locomotion migration, somal translo-
cation, or multipolar migration (49). These findings may chal-
lenge current views about the dynamics of postnatal neurons,
suggesting a pivotal role of Reelin in the stabilization of cortical
cytoarchitecture. In addition to the ectopic location of layer
II–III neurons in layer I, the lack of Reelin from GABAergic
neurons led to weaker alterations in cortical layers in compari-
son with the lack of CR cell–derived Reelin. We thus observed
small numbers of E15-generated neurons located ectopically
in deep layers, and an overall wider distribution of neurons—
particularly Cux1+ neurons—in the remaining layers. These data
suggest that GABAergic neuron–derived Reelin is necessary for
fine tuning the inside-out gradient of cortical neuronal migration
and, especially, to prevent invasion of layer II–III neurons into
layer I. Some of the present findings in adult GAD-ReelinF/F mice
differ from those in a recent study using Dlx5/6-Cre/ReelinF/F

mice (42), which may be attributable to the different Cre drivers
and experimental approaches employed.

Reelin Expressed by CR Cells Is Necessary for the Morphogenesis
and Lamination of the Hippocampus. In the hippocampus,
Reelin expression by CR cells is necessary for the morphogenetic
development of the infrapyramidal blade in the DG. The lack of
CR cell–derived Reelin results in the absence (or dramatic reduc-
tion) of the blade. This alteration occurs despite the considerable
expression of Reelin in hippocampal GABAergic neurons. This
observation emphasizes the relevance of Reelin derived from CR
cells for this abnormality. At early postnatal stages, CR cells
located around the hippocampal fissure tangentially migrate
below the pia, as the infrapyramidal blade develops (50). These
migrating CR cells were not observed in CR-ReelinF/F mutants.
It is thus likely that Reelin expressed by CR cells themselves is
necessary for the migration of this cell population into the
emerging infrapyramidal blade, thus pointing to an autologous
role of CR cell–expressed Reelin.
CR-ReelinF/F mice exhibited additional alterations in the DG,

including prominent GC invasion of the ML and Hilus, GC
dispersion in the GL, and an abnormal pattern of outside-in
migration within the GL. Milder phenotypes were found in the
pyramidal layer, which was slightly thicker and presented a few
ectopic neurons in the SR. These results suggest that, besides
the lack of Reelin expression in CR cells, Reelin expressed by
GABAergic neurons in the hippocampus proper is sufficient to
orchestrate a nearly normal pattern of migration and lamina-
tion; in contrast, in the DG GABAergic neuron expressed Reelin
is not sufficient to compensate CR cell–derived Reelin, with the
latter source being necessary for the proper migration and layer
distribution of GCs. As GCs are largely born postnatally, our
data indicate that Reelin expressed by the large population of
CR cells surviving in the postnatal/adult hippocampus is crucial
for GC migration and settling throughout the entire neuroge-
netic period. In fact, Reelin signaling is necessary for the proper
location and maturation of adult-born GCs (30, 31).
The lack of clear hippocampal phenotypes in GAD-ReelinF/F

mice is likely to reflect the large numbers of CR cells surviving

in this region during postnatal and adult ages (estimated to be
30% in mice) (51, 52), suggesting that Reelin expressed by CR
cells is sufficient not only to orchestrate migration and lamina-
tion during development but also to maintain postnatal and
adult cytoarchitectonics, particularly in the DG.

Conclusions

The present findings allow us to propose that Reelin expressed
by CR cells and GABAergic neurons cooperate to orchestrate
neuronal migration and corticogenesis (Fig. 6J and SI Appendix,
Fig. S11). In the neocortex, Reelin expressed by CR cells in layer I
largely regulates early cortical migration and the inside-out pat-
tern of CP-fated neurons, with a fine-tuning contribution from
Reelin-producing GABAergic neurons. As development progresses
and CR cells are lost, this role is acquired by Reelin derived from
GABAergic cells, preventing the invasion of layer I. Cooperation
and compensation of these two cellular sources of Reelin is better
shown in the hippocampus proper where the expression of this
protein in either CR cells or GABAergic neurons alone is sufficient
to allow a nearly normal hippocampal cytoarchitecture, far differ-
ent from that found in reeler mutants. In contrast, GABAergic
neurons in the DG, where most neurons are produced postna-
tally, are capable of compensating some, but not all, of the
migratory deficits caused by the lack of Reelin in CR cells.
Finally, our results point to a model of Reelin action in which,
in addition to the positional and spatial signaling provided by
its expression at defined sites (e.g., layer I), the extracellular dif-
fusion of this protein or its fragments produced in distinct
layers is likely to be sufficient to fulfill most Reelin functions in
corticogenesis. This is well illustrated in the hippocampus
proper, where the expression of Reelin in layers around the PL
(stratum oriens [SO] and SR) rescues most of the migratory
defects caused by the lack of Reelin expression in CR cells in
the upper SLM.

Our findings may provide a better understanding of the cel-
lular mechanisms involved in the pathogenesis of human neu-
ropsychiatric disorders linked to abnormal neuronal migration.
Some migration alterations described in schizophrenia (53),
with decreased Reelin expression in cortical GABAergic neu-
rons (54–56), are similar to the migration deficits found in
GAD-ReelinF/F mice. Also, cortical alterations resembling some
of the features described herein have been reported in autism,
including the presence of neurons in layer I, invasion of GCs in
the ML (57), and patches of disorganized cortex concomitant
with reduced levels of Reelin (58). Interestingly, low expression
of Reelin (59), dysfunction of the Reelin pathway (41), and
also RELN variations and mutations (39, 60, 61) have been
linked to autism spectrum disorders.

Materials and Methods

Animals. The MluI-Eco47III cloning vector (13,914 bp) was used to create a
targeting vector that contained exon 1 of the Reelin sequence flanked by LoxP
sites and downstream and upstream genomic sequences for homologous
recombination (SI Appendix, Fig. S1A). The construct was electroporated into
embryonic stem (ES) cells. Chimeric founder mice were obtained by injection
of ES cells harboring the floxed Reelin allele into C57BL/6J blastocysts. Chimeras
were crossed with C57BL/6J mice and the resulting offspring (heterozygous
floxed Reelin mice, ReelinF/WT) were backcrossed to obtain homozygous
floxed Reelin mice (ReelinF/F) in a C57/Bl6 background. ReelinF/F mice were
crossed with cell-specific constitutive Cre recombinase mice to obtain double
transgenic mice with specific deletion of the Reelin gene either in
Cajal–Retzius cells [Calb2tm1(cre)Zjh/J, stock #010774, The Jackson Laboratory]
or GABAergic interneurons [Gad2tm2(cre)Zjh/J, stock #010802, The Jackson
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Laboratory] (62). Cre homozygous (CR-ReelinF/F and GAD-ReelinF/F) mice and
those without Cre (ReelinF/F) were used for experimental purposes following the
guidelines of the European Community Directive 2010/63/EU, and were
approved by the Ethics Committee for Animal Experimentation of the University
of Barcelona.

Tissue Processing and Immunohistochemistry. Embryonic tissue (E12, E16)
was fixed by immersion in 4% paraformaldehyde (PFA); late embryos (E18–E19)
and postnatal mice (P1, P15, and P30) were deeply anesthetized and transcar-
dially perfused with 4% PFA, cryoprotected, and frozen. Sections were kept at
�20 °C until use. For immunodetection, sections were blocked. For BrdU and
CTIP2 detection, heat-mediated antigen retrieval was performed before blocking.
Primary antibodies were incubated overnight at 4 °C. Sections were incubated
for 2 h at room temperature with Alexa Fluor secondary antibodies (1:500) and
then counterstained with Hoechst. Sections were then mounted in Mowiol.

Western Blot. The cortex and hippocampus of each hemisphere were dis-
sected, frozen in liquid nitrogen, and stored at �80 °C until use. Brain tissue
was processed as previously described (30). After incubation with antibodies,
membranes were developed with the Enhanced Chemiluminescence
(ECL) system.

BrdU Administration. Pregnant females from timed mating crossings were
given two pulses of BrdU (50 mg/kg; 2-h interval between injections) at E12 and
E15 to label the lower and upper cortical layer cells, respectively. The resulting
offspring were killed at P30. For postnatal administration, pups were injected
with BrdU (50 mg/kg) at P10 and P11 and were killed at P30. Tissue was col-
lected for immunohistochemistry as previously described.

Electroporation. Mouse embryos were electroporated in utero at E14.5 as pre-
viously described (63). Electroporated embryos (E18–E19) and P1 pups were per-
fused with 4% PFA and processed for GFP immunostaining.

Transplantation Experiments. MGE transplantations were done as described
(46). E13.5 C57BL/6J/GFP+ (64) embryos were placed in Dulbecco’s Modified
Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM/F12) medium (GIBCO), and
the ventricular and subventricular zones of the anterior part of the MGE were dis-
sected as described (65, 66). Tissue explants were collected in DMEM/F12
medium and dissociated. The cells were pelleted by centrifugation and resus-
pended in DMEM/F12 medium. MGE cell suspensions were front loaded into
beveled glass micropipettes. P3 mice were anesthetized by hypothermia. A
microinjector and stereotaxic frame were used to deliver a total of 2 × 105 MGE
cells per mouse distributed unilaterally across four cortical points (50 to 100
nL per site) through two injection sites corresponding to the somatosensory
cortex. At P18 mice were perfused and processed for immunohistochemistry.

Image Acquisition and Data Analysis. Bright-field images were acquired
with an Olympus D72 camera attached to a Nikon Eclipse E600 microscope and
with a NanoZoomer 2.0-HT (Hamamatsu Photonics). Fluorescent images were

taken using a Leica TCS SP5 confocal microscope, a Nikon Eclipse E600 micro-
scope (BrdU images), a NanoZoomer 2.0-HT, and a Leica Thunder DMi8 micro-
scope attached to a Leica K5, SCMOS camera. Image processing was done with
FIJI (ImageJ). To determine the layer distribution of cells in the cortex (Cux1 for
upper layers, CTIP2 for lower layers, BrdU, and GFP), images from the primary
somatosensory barrel field (SBF1) were taken using 10×, 20×, and 40× oil-
immersion objectives on a Leica TCS SP5 confocal microscope. Cortical strips
were divided into 10 identical bins of 70 μm width using a macro created
in ImageJ (FIJI), and the number of cells in each bin was counted manually.
To analyze the distribution of BrdU+ cells in the granule cell layer of the DG
(BrdU at E15 and P10–P11) and the CA1 (BrdU at E12 and E15), the cell layers
were subdivided into three layers (upper, middle, and inner) and the number of
BrdU+ cells in each position was counted. In the DG, the number of BrdU+ cells
located in the hilus was also counted. The thickness of the layered hippocampal
structures CA1 and DG was determined by measuring the average width of
each structure.

Statistical Analysis. All statistical analyses were performed using GraphPad
Prism 6.0 software (GraphPad Software, Inc). Data were analyzed using either
the two-tailed unpaired t test or two-way Analysis of Variance (ANOVA) with mul-
tiple comparison post hoc tests, unless otherwise stated. Statistical significance
was established at P ≤ 0.05.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information. Genetically modified mice will be
made available upon reasonable request.
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