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SUMMARY

Cajal-Retzius cells (CRs), the first-born neurons in
the developing cerebral cortex, coordinate crucial
steps in the construction of functional circuits. CRs
are thought to be transient, as they disappear during
early postnatal life in both mice and humans, where
their abnormal persistence is associated with patho-
logical conditions. Embryonic CRs comprise at least
three molecularly and functionally distinct subtypes:
septum, ventral pallium/pallial-subpallial boundary
(PSB), and hem. However, whether subtype-specific
features exist postnatally and through which mecha-
nisms they disappear remain unknown. We report
that CR subtypes display unique distributions and
dynamics of death in the postnatal mouse cortex.
Surprisingly, although all CR subtypes undergo cell
death, septum, but not hem, CRs die in a Bax-depen-
dent manner. Bax-inactivated rescued septum-CRs
maintain immature electrophysiological properties.
These results underlie the existence of an exquisitely
refined control of developmental cell death and
provide a model to test the effect of maintaining
immature circuits in the adult neocortex.

INTRODUCTION

The neocortex, an acquisition of the mammalian cerebral cortex,
is organized in six-layers composed by both inhibitory and excit-
atory neurons. Lamination occurs through a sequential ‘inside-
out’ order, whereby earlier-born neurons position in deeper
layers and later-born migrate through older neurons to populate
more superficial layers (Kwan et al., 2012). This process depends
on the first generated neurons, Cajal-Retzius cells (CRs), which
from the cortical surface, the future layer 1 (L1), orchestrate
the radial migration of excitatory neurons through the extracel-
lular matrix protein Reelin (Reln) (D’Arcangelo, 2005). Moreover,
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CRs play additional roles at multiple steps of cortical embryonic
and postnatal development, positioning them as crucial players
in the formation of functional neural circuits (Caronia-Brown and
Grove, 2011; Kupferman et al., 2014).

Due to the common expression of Reln, CRs were long consid-
ered as a homogeneous population, but foregoing studies have
underlined their heterogeneity, spreading from sites of origin,
molecular signature, and possibly function. Indeed, CRs belong
to distinct lineages generated from at least three progenitor do-
mains at the border of the pallium: the cortical hem (CH) (Takigu-
chi-Hayashi et al., 2004; Yoshida et al., 2006), the ventral pallium
(VP) at the pallial-subpallial boundary (PSB), and the pallial
septum (Bielle et al., 2005). From these sources, CRs migrate
tangentially to cover the entire surface of the cortex, and their
different kinetics of migration underlie the specific CR subtype
combination found in early cortical territories (Barber et al.,
2015; Griveau et al., 2010). These studies also revealed that
the elimination of septum-derived CRs or the altered distribution
of CR subtypes lead to changes in the position and size of
primary cortical areas (Griveau et al., 2010) or to the expansion
of higher-order areas (Barber et al., 2015), respectively. This
strongly supports the idea that CRs include multiple populations,
each with specific characteristics and functions, during embryo-
genesis. However, in the postnatal brain, the behavior of CRs
with different ontogenetic origins remains largely unknown.

Intriguingly, the vast majority of CRs disappear during early
postnatal life, in mice as well as in primates, including humans
(del Rio et al., 1995; Derer and Derer, 1990; Meyer and Goffinet,
1998; Zecevic and Rakic, 2001). Several hypotheses were pro-
posed to explain the loss of this entire population, such as their
dilution in the growing cortex (Marin-Padilla, 1990) or their trans-
fating into L1 Reln™ interneurons (Parnavelas and Edmunds,
1983). The most widely accepted theory to explain CRs loss is
programmed cell death (PCD), based on the observation that
some CRs present signs of degeneration of their axons and
dendrites (Ma et al., 2014), picnotic nuclei (Derer and Derer,
1990), and cleaved-caspase-3 immunoreactivity (Anstétz et al.,
2014; Chowdhury et al., 2010). It was proposed that CR
apoptosis could be triggered by neural activity (Del Rio et al.,
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1996; Mienville et al., 1999), and a very recent study showed that
excitatory GABAergic signaling mediated by the persistence of
the chloride inward transporter NKCC1 is involved in CR death
(Blanquie et al., 2016). However, due to the absence of specific
markers to identify CR subtypes and follow them throughout life,
whether cell death is the only mechanism involved in CR disap-
pearance or whether trans-differentiation may contribute to this
process is still a matter of debate.

In this report, we used genetic fate mapping to show that sub-
type-specific differences in the distribution and disappearance
of CR subpopulations exist at the postnatal stages. We then
showed, by conditionally eliminating the pro-apoptotic factor
Bax, that different mechanisms drive the death of CR subtypes,
with a Bax-dependent pathway for septum CRs, but not hem CRs.
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Figure 1. CR Subtype Distribution and
Disappearance in the Postnatal Cortex

(A) Coronal section of P1 ANp73°™;Tau™*-%°Z and
Dbx1°"; Tau*-3°Z prains, immunostained for f-gal
(green) and Reln (magenta). All reporter-positive
neurons in layer 1 (L1) express Reln (S/CH-CRs,
n = 75; S/PSB-CRs, n = 35).

(B and C) Countings and schemes of CRs density
and distribution in ANp73°;Tau™°? (B) and
Dbx1°";Tau™st3°Z (C) brains at P1. Each red dot
in the schemes represents one B-gal* neuron. cN,
caudal neocortex; cM, caudo-medial cortex; rN,
rostral neocortex; rM, rostro-medial cortex.

(D and E) B-gal immunostaining of coronal sections
and cell density counts (8-gal* CRs/mm?® [x10%)
of the rostral (blue bars) and caudal (red bars)
neocortex at P1, P4, P10, and P21 in 4Np73°"¢;
Tau™st2°Z (D) and Dbx1°";Tau™*:2°Z (E) mice.
Scale bars, 50 um (A, D, and E). All values are ex-
pressed as mean + SEM. n = 3 for each genotype;
*p <0.05, **p < 0.001 Mann-Whitney test. Dashed
lines correspond to the limit of L1. See also
Figure S1.
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RESULTS

Distribution and Disappearance of
Cortical CR Subtypes at Postnatal
Stages

Toinvestigate whether CR subpopulations
exhibited distinct features in the postnatal
cortex, we used a permanent tracing
strategy. We chose two Cre mouse
lines, ANp73©and Dbx1°", which in
combination with the TauGFfiresnistacz
reporter line allow one to reliably identify
and follow either CRs derived from
the septum and cortical hem (S/CH)
(Tissir et al., 2009) or septum and
PSB (S/PSB) (Bielle et al., 2005), respec-
tively. We verified that all B-galactosi-
dase-positive (B-gal*) neurons in L1 also
expressed Reln (Figure 1A) and none
expressed GABA (Figure S1A), showing
that both Cre lines specifically label
CRs in L1 at postnatal ages, as already demonstrated during
embryonic life.

We first compared the distribution of CRs in different cortical
regions at postnatal day 1 (P1) in the two lines (Figures 1B and
1C). Overall, the density of S/CH CRs (labeled in the ANp73 line-
age; Figure 1B) was at least four times higher than that of S/PSB
CRs (labeled in the Dbx1 lineage; Figure 1C) depending on the
cortical region, consistent with previous reports showing that
the cortical hem is the main source of CRs throughout the
neocortex (Gu et al., 2011; Tissir et al., 2009; Yoshida et al.,
2006). The density of S/CH CRs was higher in the rostro-medial
cortex than in any other region (Figure 1B), while that of S/PSB
CRs was lower in the caudal neocortex and also higher in the
rostro-medial cortex (Figure 1C). These results show that at
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P1, CR density and preferential distribution varies along the
medio-lateral and rostro-caudal axes depending on the subtype.

We then investigated the dynamics of CR subtypes disappear-
ance at three additional postnatal ages, namely P4, P10, and P21
(Figures 1D, 1E, S1B, and S1C). In the neocortex, the density of
both S/CH-CRs and S/PSB-CRs was drastically reduced by P21
with only 2% and 6% of the perinatal pool left, respectively (Fig-
ures 1D and 1E). However, temporal and spatial differences in
the dynamics of disappearance were observed between the
two lines within the first 10 postnatal days. Indeed, the S/CH
CR density drastically dropped at P10, with few differences
along the rostro-caudal axis. In contrast, a strong reduction
was detected for S/PSB CRs between P1 and P4 at rostral levels,
while in the caudal neocortex, S/PSB CRs behaved like S/CH
CRs. In the medial cortex, the global dynamics of disappearance
followed that of the neocortex for each line except for a strong
decrease in S/CH CR density observed at rostral levels at P4
(Figure S1C). This shows that overall, CRs start to decline within
the first few postnatal days and that differences in the dynamics
of disappearance between subtypes and within cortical terri-
tories exist, suggesting that both intrinsic and extrinsic mecha-
nisms underlie distinct behaviors.

ANp73-Derived CRs Are Eliminated through a Bax-
Dependent Mechanism

CR disappearance has been a controversial issue for several
years. Using permanent genetic tracing in ANp73°™;
TauGFFiresnislacZ p1( cortices, we found that all B-gal* cells
resided exclusively in L1 (Figure S2A), where all coexpressed
Reln, but not GABA, at postnatal stages (Figures 1A and S1A).
This finding shows that trans-fating into Reln* GABAergic neu-
rons does not occur in S/CH CRs. Furthermore, we estimated
that the surface of the cerebral cortex grows ~2.2-fold between
P4 and P24 (see Supplemental Experimental Procedures), indi-
cating that dilution alone cannot account for the disappearance
of 95% of CRs in the neocortex. We thus focused on the role of
the pro-apoptotic factor Bax, one of the main players regulating
apoptosis in different contexts, including the CNS (Buss et al.,
2006; Southwell et al., 2012; White et al., 1998). We specifically
inactivated Bax function in the cortical hem and septum using
a mouse line harboring a floxed Bax allele and the ANp73°™®
line. We also introduced the reporter Tau®FresPristacZ gjigle to
identify CRs in which recombination had occurred and a full
knockout allele for the Bak gene to analyze potential synergistic
effects between these two pro-apoptotic factors, as suggested
in other systems (Lindsten et al., 2000).

P24 brains of different genotypes were analyzed for the
presence of B-gal™ neurons in the neocortex (Figures 2A and
2B) and medial cortex (Figure S2B). Since all tested animals
were carrying the reporter and the Cre alleles, we only indicate
the state of Bax and Bak alleles. In the neocortex of double
heterozygotes Bax'*/*;Bak*’~, we detected 723 + 117 B-gal*
CRs/mm?®, similarly to age-matched wild-types (609 + 85
B-gal* CRs/mm?® (Figure 2B). A more than 5-fold increase
compared to controls was found in Bax®“"*;Bak*’~ (4,256 +
533 B-gal* CRs/mm?®), showing that the targeted elimination of
Bax was sufficient to prevent death of a significant subpop-
ulation of S/CH CRs. The concomitant absence of Bak did not

provoke any additional rescue, indicating that the global inacti-
vation of Bak does not affect S/CH CR survival. This is in agree-
ment with previous observations that in differentiated neurons,
Bak function does not provide any protection from apoptotic
stimuli (Putcha et al., 2002). The CR identity of rescued B-gal*
was confirmed using Reln and GABA immunostaining (Fig-
ure 2C). A similar rescue was also found in the medial cortex (Fig-
ure S2B) and at later ages (P54; data not shown), but not at P1
and P10, when we detected similar density in controls and
mutants at the same age (Figure 2D). Very sparse B-gal* CRs
were positive for activated caspase-3, a marker of the apoptotic
process, at P10, when the highest number of CRs are lost (Fig-
ure 2E). Notably, both B-gal*activated caspase-3* and B-gal*ac-
tivated caspase-3~ cells were observed juxtaposed (Figure 2E),
suggesting that synchronous death does not occur, even within
the same territory. Overall, these data show that the rescue takes
place after P10 and that ANp73 CR disappearance during early
postnatal life occurs partly through cell-autonomous Bax-
dependent apoptosis.

Rescued CRs Maintain Electrophysiological Properties
of Inmature Neurons

The proper molecular signature (Reln* and GABA ™) and the cor-
rect localization in L1 of rescued CRs (Figure 2C) do not ensure
that they maintained a neuronal phenotype in the mature
neocortex. We therefore performed patch-clamp recordings of
rescued tdTomato* CRs in L1 at P24-28 using BaxCKO“NP73
mice backcrossed to the ROSA26/0*F-stop-loxP-Tomato (onqrter
mouse line. This time window corresponds to the age at which
CRs have disappeared in the wild-type cortex (Figure 1).
For comparison, we also recorded P8-P11 control CRs identi-
fied by the presence of tdTomato fluorescence triggered by
ANp73Cre.

Since these cells are able to display spontaneous action po-
tentials (APs) in acute slices from P5 (Mienville et al., 1999), we
first recorded tdTomato™ CRs in a cell-attached configuration
(Figures 3A and 3B). Control and rescued CRs exhibited sponta-
neous neuronal discharges in 10 out of 22 cases whose fre-
quency and coefficient of variation (CV) were not significantly
different between the two postnatal age groups (Figures 3A
and 3B; Table S1). Rescued CRs thus remain active on the
network upon maturation of neuronal circuits. Next, we analyzed
the basic properties and firing patterns of CRs (Figures 3C and
3D). At both postnatal ages, CRs were characterized by a high
input resistance, a small capacitance, and a relatively depolar-
ized resting potential as described for these cells before their
disappearance in young mice (Table S1; reviewed in Kirischuk
etal., 2014). Hyperpolarizing current pulses induced only a mod-
erate sag in the two age groups as described in CRs after P6
(Zhou and Hablitz, 1996) (Figures 3C and 3D). As for control
CRs recorded at P8-P11, some rescued CRs displayed multiple
AP firing upon depolarizing current injections (Figures 3C and
3D), while others were unable to fire more than one AP. When
a firing train was induced, the second spike exhibited an ampli-
tude reduction and a pronounced duration increase (Table S1).
These properties were characteristic of immature neurons
(Kirischuk et al., 2014) as illustrated by the comparison of L1
interneurons recorded at P24-P28 in the same conditions
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(Figure S8). However, we observed some differences between
control and rescued CRs. The first and second spike amplitudes
as well as the hyperpolarizing slope of the first AP were reduced
in rescued CRs compared to controls (Table S1). A longer
latency between the AP peak and the after hyperpolarization
was also observed in rescued CRs (Figure 3E; Table S1).
Although the maximum firing frequency (Fnax) was not
statistically different between the two age groups (Table S1),
rescued CRs exhibited less variable discharge frequencies and
reached saturated discharge rates at lower current pulses
(Figure 3F).
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Figure 2. Invalidation of the Proapoptotic
Gene Bax in the ANp73 Lineage Rescues
CRs Death

(A) Coronal section of control (4Np73°™®) and
BaxCKO*MP73 (all the samples are carrying the
Tau™t3°Z reporter) P24 neocortex immunostained
for B-gal and schematic representations showing
a whole section of control and BaxCKO4"P73
brains. Each dot corresponds to one B-gal*
neuron. Dashed lines correspond to the limit of L1.
(B) Countings of B-gal* CR density (B-gal*
CRs/mm?®) in the genetic backgrounds indicated
on the x-axis: Bax**;Bak*’* (609 + 85) and
Bax'®/*;Bak*'~ (723 = 117), Bax®"°* ; Bak*'~
(4256 =+ 533), Bax*/°*;Bak '~ (3772 + 630). Only
the genotype of Bax and Bak alleles is indicated (all
the samples are carrying the Tau™*:%°Z reporter
and the 4Np73°™ genes).

(C) Immunofluorescence for B-gal (green) and
Reln (n = 77) or GABA (n = 43) (red) on
BaxCKO“MP73cortex at P24.

(D) Percentage of CRs at P1 and P10 in control and
BaxCKO*MP73 with respect to the number in P1
controls (100%).

(E) Immunohistochemistry for Bgal (green) and
cleaved caspase-3 (red) at P10, counterstained
for DAPI (blue), in control and BaxCKO*M°73
S/CH-CRs.

Scale bars, 100 um (A), 50 pm (C), and 20 um (E).
All values are expressed as mean + SEM. At least
n = 3 for each genotype; **p < 0.001. Mann-
Whitney test. See also Figure S2.

Morphological reconstructions of re-
corded biocytin-loaded cells revealed
that rescued CRs at P24 possessed the
typical morphology of CRs (Figures 3G
and S3E) (Anstotz et al., 2014), character-
ized by an ovoid or elongated somata
and a bipolar morphology. We did
not detect any difference in the volume
occupied by the neuron, the total
length of filaments, and the soma diam-
eter between rescued CRs at P24
and control CRs (Table S1). However,
the number of filament collaterals was
reduced in rescued CRs at P24, which
could explain their smaller membrane
capacitance compared to control CRs
(Figures 3G-3J; Table S1). Interestingly, CRs reconstructed
in mutant animals at P8-P11, although containing a mixture
of CRs that within 1 week will die or whose death will
be rescued by the Bax mutation (hereafter “rescued”),
presented a homogeneous similar number of filament collat-
erals as control CRs at the same age (Figures 3G-3J).
No differences in cell volume, soma diameter, and total
filament length were detected between ‘“rescued” cells at
P8-P11, control cells at the same age, or rescued CRs at
P24 (data not shown). This suggests that the reduction of
filaments in P24 rescued CRs is due to aging of the neurons
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Figure 3. Spontaneous and Evoked APs in
Control and Rescued BaxCKO“"°73 CRs

(A and B) Spontaneous spiking of a control
(4Np73°%;ROSAM®™a0) () and a rescued
CR (BaxCKO*MP73;ROSA™*°mat) (B) during cell-
attached recordings.

(C and D) Responses of a control (C) and arescued
CR (D) to hyperpolarized and depolarized current
pulses during 800 ms at two different postnatal
ages.

(E) Superimposed traces of the first AP recorded in
(C) and (D).

(F) Plots of discharge frequencies as a function
of injected current pulses for the two age groups
(n =10 for each group).

(G-l) Representative confocal reconstructions of
biocytin-labeled P11 control (G), P11 “rescued”
(H), and P24 rescued (l) CRs. Rescued CRs at P11
include both CRs prior to undergoing death and

CRs that will survive. Soma is indicated in red.
20 mV L
(J) Change in filament collaterals among
200 ms

BaxCKO*M73 CRs.
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as proposed in Ma et al. (Ma et al., 2014) rather than a decreased
initial growth.

Thus, despite some electrophysiological and morphological
differences with control CRs, rescued CRs keep major CR
morphological features and present electrophysiological proper-
ties of an immature neuron. These data show that rescued CRs
maintain a neuronal phenotype and do not undergo firing matu-
ration with postnatal development.

Wnt3A-Derived CH-CRs Die in a Bax-Independent
Manner

In BaxCKO*NP73 mutants CR density in the neocortex was five
times higher than in controls. However, even considering cortical

Control "Rescued" Rescued
N P11

expression specifically in this subpop-
ulation (Yoshida et al., 2006). First, we
verified that at postnatal ages, all -gal*
neurons expressed Reln, but not GABA
(Figures 4A and S1A), in L1 of Wnt3a®"®;TayGFFiresnistacZ prain,
We then analyzed the disappearance of labeled CH-CRs and
observed a significant reduction between all postnatal ages at
both rostral and caudal levels (Figure 4B), showing a fairly similar
progression as in ANp73°®;TauGFriresnistacZ praing, Surprisingly,
no differences in the number of neocortical CH-CRs were found
when Bax was inactivated (BaxCKO""%) compared to control
brains at P24 (Figures 4C and 4D). We also found no increase
in the number of B-gal* cells upon elimination of Bak (Figure 4D).
We thus tested whether a transient rescue of CH-CR death could
have occurred at earlier postnatal ages and detected similar
numbers of B-gal* cells at P1 and P10 between BaxCKO"™%a
brains and controls (Figure 4E), despite the fact that very few

P11 P24
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Figure 4. Invalidation of the Proapoptotic
Gene Bax Does Not Prevent Death of
CH-CRs

(A) Coronal section of P1 Wnt3a®™®;Tau™s-a%
brains, immunostained for B-gal (green) and Reln
(magenta). All reporter-positive neurons in layer 1
(L1) express Reln (CH-CRs n = 173).

(B) B-gal immunostaining of coronal sections and
cell density counts (B-gal* CRs/mm? [x10%)) of the
rostral (blue bars) and caudal (red bars) neocortex
at P1, P4, P10, and P21 in Wnt3a®®;Tau™*-a°Z
mice.

(C) Coronal section of control (Wnt3a®*®) and
BaxCKO"™32 neocortex at P24 immunostained
for B-gal.

(D) Quantification of B-gal"CRs/mm? in the genetic
backgrounds indicated on the x axis: Bax*'*;
Bax*'* (506 + 66), Bax'°*;Bak*'~ (484 + 153),
Bax'*/°%:Bax*'~ (502 + 132) and Bax'/°*;Bak

(511 + 120). Only the genotype of Bax and
Bak alleles is indicated, all the samples are
carrying the Tau™t3°Z reporter and the Wnt3a®™
genes.

(E) Percentage of CRs at P1 and P10 in control
and BaxCKO""32 with respect to the number in
P1 controls (100%). All values are expressed as
mean + SEM.

(F) Immunohistochemistry for p-gal (green) and
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cleaved caspase-3 (red) at P10, counterstained for
DAPI (blue), in control and BaxCKO""32 CH-CRs.
(G) CR-specific and ubiquitous recombination of
the Bax allele in BaxCKO*M°73, BaxCKO""™32 and
BaxCKO™® brains.

(H) RT-PCR for Bax, Gad1, and Reln in FACS-
sorted tdTomato® CRs from PO ANp73°;

ROSAmato and Wnt3ae;ROSA™a brains. C+, control corresponding to tdTomato ™~ cells. n = 3 for each genotype.
Scale bars represent 50 um (A), 100 um (C), and 50 um (F). Dashed lines correspond to the limit of L1.

activated caspase-3* CH-CRs were detected in both conditions
(Figure 4F). We verified that recombination of the Bax floxed
allele occurred correctly in BaxCKO""3 mutants (Figure 4G).
Furthermore, we showed that Bax mRNAs is expressed in
fluorescence-activated cell sorting (FACS)-purified CH-CRs
and S/CH-CRs from Wnt3a®®;ROSA26"°™3° and ANp73°"e;
ROSA26!Temate cortices by RT-PCR. The molecular identity of
sorted cells was controlled for Reln expression but absence
of Gad1 (Figure 4H). These data indicate that CH-CRs do not
die in a Bax-dependent manner, even though at least some
of them express Bax, and suggest that the partial rescue
we observed in BaxCKO*™7® mutants is due to survival of
septum-derived CRs. Together, these results reveal that
different pathways are involved in CR subtype death.

DISCUSSION

In this study, by combining genetic fate mapping, conditional
gene inactivation, and electrophysiology, we show that the
distribution, dynamics, and mechanisms of death differ among
CR subtypes in the postnatal cortex.

CR subtypes were reported to display preferential repartition
in the embryonic cortex with S-CRs populating the rostro-
medial, CH-CRs the caudo-medial, and PSB-CRs the lateral pal-
lium (Barber et al., 2015; Bielle et al., 2005; Griveau et al., 2010;
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Gu et al., 2011; Yoshida et al., 2006). In this study, we show that
preferential distribution is maintained postnatally, with the den-
sity of ANp73-derived S/CH-CRs being higher in the rostro-
medial cortex, while that of Dbx1-derived S/PSB-CRs is lower
in the caudal neocortex. These distributions not only resemble
very closely what was observed at early embryonic stages but
also confirm time-lapse studies showing that the first streams
of CRs are anchored from the earliest stages of corticogenesis
to specific cortical territories and that their preferential distribu-
tions are established and, at least in part, maintained from these
early stages (Barber et al., 2015). Although Dbx1-derived and
non-derived CRs in the somatosensory cortex during the first
postnatal week do not appear to display distinct electrophysio-
logical properties (Sava et al., 2010), it is still possible that CR
subtypes perform different functions in the early postnatal cor-
tex. CRs receive GABAergic inputs from the subplate (Myakhar
et al., 2011), a transient target of thalamic axons (Ghosh et al.,
1990). Both subplate cells (SPs) and CRs disappear from the ce-
rebral cortex by the end of the second postnatal week (Arias
et al., 2002; Price et al., 1997), raising the intriguing possibility
that microcircuits involving transient partners might shape
area-specific cortical activity in mice.

We also show that subtype-specific dynamics of disappear-
ance exist between Dbx1- and ANp73-derived CRs in both the
neocortex and medial cortex, although they all reach a loss of



94%-97% by P21. S/PSB-CRs specifically displayed a faster
loss during the first 4 postnatal days, and this in the neocortex
at rostral levels. This is likely due to the faster death of PSB-CRs,
which never express ANp73 (Bielle et al., 2005), the A isoform of
P73 whose anti-apoptotic function was documented during
development (Tissir et al., 2009). Furthermore, the delayed
disappearance of S/CH-CRs was not detected in the medial
cortex, showing that the different dynamics depend not only
on the CR subtype but also on the cortical territories they reside
in, reflecting that both intrinsic and extrinsic mechanisms under-
lie this diversity. Consistent with these observations, recent
studies have shown that CRs remain detectable at least until
12 months of age in the hippocampus (Anstotz et al., 2016; Louvi
et al., 2007), highlighting the role played by this environment
in promoting survival or delaying CR death.

Although it is widely accepted that CRs are a transient popu-
lation and some undergo apoptosis, whether dilution and/or
trans-fating also played a role in CR disappearance postnatally
is a matter of debate. Our results using permanent genetic
tracing from all three sources of CR subtypes help solve this
debate. First, we showed a loss of 94%-97% of all CR subtypes,
in agreement with previous reports (Chowdhury et al., 2010; Ma
et al., 2014) and that dilution cannot account for this reduction,
since the cerebral cortex surface only increases at most by
2-fold between P4 and adulthood. Our results also allowed us
to rule out CR trans-fating into Reln* interneurons, a possibility
that could not formally be excluded using reporters under the
direct control of specific CR promoters, which might be inacti-
vated if CRs changed fate.

By genetically targeting the inactivation of the pro-apoptotic
factor Bax in specific CR subtype, we revealed that CR death
can proceed through different mechanisms. Indeed, we showed
that Bax exerted different effect on CR survival from the septum
and the cortical hem and that CH-CRs, the main CR subtype
population in the neocortex, were not rescued by Bax inval-
idation. We can exclude that rescued CRs observed in the
BaxCKO*N°73 mutants result from remigration of CRs stored in
the piriform cortex, as this reservoir is lost after E15.5 (de Frutos
et al., 2016). It remains to be determined whether Bax controls
PSB-CRs death, which we could not study, since the Dbx1
and Bax genes are on the same chromosome.

Intriguingly, we and others (Anstotz et al., 2014; Chowdhury
et al., 2010) have only been able to detect sparse labeling with
activated caspase-3 in CRs. This is possibly due to the rapid
turnover of activated caspase-3 and/or because synchronous
death does not occur even within the same territory. Interest-
ingly, Blanquie et al. (Blanquie et al., 2016) did not find changes
in caspase-3 activation when CR survival was either diminished
or augmented in an activity-dependent manner. Together, these
data indicate that activated caspase-3 detection does not reflect
CR death or rescue, arguing in favor of the possibility that
activated caspase-3-dependent apoptosis is not the only mech-
anism by which CR loss takes place. Consistently, Anstétz et al.
(2016) showed in the hippocampus that CR degeneration seems
to be independent of caspase-3 activation. Our results show that
PCD is exquisitely regulated in different neuronal populations.
While all cortical interneurons (Southwell et al., 2012) appear to
die in a Bax-dependent manner, we provide evidence that a

Bax-independent pathway operates in CR developmental death.
One possible mechanism could be excitotoxic cell death, which
still occurs in the absence of Bax in cerebellar granule cells
(Miller et al., 1997). It is tempting to propose that the multiple
mechanisms controlling CR subtype elimination may serve a
physiological function. Indeed, it has been shown that apoptotic
cells have the unexpected capacity to stimulate either cell prolif-
eration or further cell death (Pérez-Garijo et al., 2013). Specific
death may represent the last signal delivered by CRs committed
to die, which could produce different signals depending on the
pathway driving their death and thus exert distinct effects on
cortical function.

The CR-subtype-specific rescue obtained by targeted inacti-
vation of Bax in the ANp73 lineage provides a mouse model
where CRs persist in a normal cortical context. The comparison
of different physiological characteristics between CRs in the sec-
ond postnatal week and rescued CRs at later ages revealed that
rescued CRs have unequivocally features of immature neurons
and maintain most of their molecular, electrophysiological, and
morphological properties. These cells thus remain in a devel-
oping state despite the maturation of other cortical neurons dur-
ing postnatal development. The mouse model we have gener-
ated provides a tool to address the physiological meaning of
CRdisappearance in the postnatal animal. Notably, the abnormal
persistence of CRs during postnatal life has been detected in
pathological conditions, often those associated with epilepsy
(Eriksson et al., 2001; Garbelli et al., 2001), thereby opening the
intriguing possibility that the lack of their disappearance may
be contributing to dysfunction of cortical circuits and altering
early cortical networks. Our model will allow studying the effects
of maintaining immature neurons in mature circuits and testing
the role of CR PCD in cortical development and dysfunction.

EXPERIMENTAL PROCEDURES

Animals

A Dbx1"ESC® (Biglle et al., 2005), ANp73°®FESGFP (Tissir et al., 2009), and
Wnt3a°" (Yoshida et al., 2006), transgenic mice were kept in a C57BL/6J back-
ground. The Bax'™25%;Bak1'™™s"/] |ine (Takeuchi et al., 2005) harboring the
floxed Bax allele and the Bak knockout allele was purchased from The Jackson
Laboratory as mixed B6;129. BaxCKO*M”3 and BaxCKO""32 refer to Bax
conditional knock out (CKO) using specific Cre mouse lines. All animals were
handled in strict accordance with good animal practice as defined by the
national animal welfare bodies, and all mouse work was approved by the Veter-
inary Services of Paris (authorization number: 75-1454) and by the Animal Exper-
imentation Ethical Committee Buffon (CEEA-40) (reference: CEB-34-2012).

Brain Harvesting and Dissection

The day of birth was considered as PO. Animals were anesthetized by intraper-
itoneal injection of 0.5 pl/g pentobarbital sodique (CEVA), intracardially
perfused with 4% paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4) and post-
fixed overnight in 4% PFA at 4°C. Brains were cryoprotected overnight in
20% sucrose and embedded in O.C.T. compound (Tissue Tek). Embedded
brains were sectioned on a cryostat at 12 um thickness between P1 and
P10 and 50 pm thickness for mice older than P10. Immunostaining was per-
formed as previously described (Bielle et al., 2005; Griveau et al., 2010).

Acute Slice Preparation and Electrophysiology

Acute coronal slices (300 um) of the neocortex were obtained from control
mice at P9-P11 and BaxCKO*"P7® mutants at P24-P28. Excitation light to
visualize the tdTomato fluorescent protein was provided by a green Optoled

Cell Reports 77, 3133-3141, December 20, 2016 3139

OPEN

ACCESS
CellPress




OPEN

ACCESS
Cell

Light Source (Cairn Research), and images were collected with an iXon+ 14-bit
digital camera (Andor Technology), as previously described (Orduz et al.,
2015).

Statistical Analysis
All values are expressed as mean + SEM. For pairwise comparison, statistical
significance was determined using the nonparametric Mann-Whitney test.
Multiple group comparisons were done using a two-way ANOVA and Bonfer-
roni post-tests.

Detailed protocols are included in Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
three figures, and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2016.11.074.
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