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Dynamic interplay between thalamic activity and
Cajal-Retzius cells regulates the wiring of cortical
layer 1
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In brief

Genescu et al. show that the wiring of
cortical layer 1 relies on crosstalk
between spontaneous thalamic activity
and Cajal-Retzius cells, with long-lasting
consequences on cortical circuits. These
findings reveal that transient activity and
cells play key roles in the wiring of apical
dendrites and upper layer neocortical
networks.
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SUMMARY

Cortical wiring relies on guidepost cells and activity-dependent processes that are thought to act sequen-
tially. Here, we show that the construction of layer 1 (L1), a main site of top-down integration, is regulated
by crosstalk between transient Cajal-Retzius cells (CRc) and spontaneous activity of the thalamus, a main
driver of bottom-up information. While activity was known to regulate CRc migration and elimination, we
found that prenatal spontaneous thalamic activity and NMDA receptors selectively control CRc early
density, without affecting their demise. CRc density, in turn, regulates the distribution of upper layer inter-
neurons and excitatory synapses, thereby drastically impairing the apical dendrite activity of output
pyramidal neurons. In contrast, postnatal sensory-evoked activity had a limited impact on L1 and selectively
perturbed basal dendrites synaptogenesis. Collectively, our study highlights a remarkable interplay between
thalamic activity and CRc in L1 functional wiring, with major implications for our understanding of cortical

development.

INTRODUCTION

The neocortex controls sensory perception, motor control, or
cognition via exquisite neuronal networks formed by excitatory
pyramidal neurons (principal cells) and GABAergic inhibitory in-
terneurons (Bartolini et al., 2013; Harris and Shepherd, 2015).
The construction of cortical circuits relies on both core genetic
programs and neuronal activity (Sur and Rubenstein, 2005). In
particular, the thalamus, which provides the sensorimotor bot-
tom-up information has been shown to play major roles in the
development of cortical circuits. For instance, postnatal thalamic
activity regulates the morphology, functional maturation, and
integration of both principal cells and cortical interneurons (Call-
away and Borrell, 2011; Che et al., 2018; Cossart, 2011; De
Marco Garcia et al., 2011, 2015; Jabaudon et al., 2012; Kastli
et al., 2020; Li et al., 2013; Modol et al., 2020; Tuncdemir et al.,
2015). In addition, prenatal and perinatal spontaneous activity
derived from sensory organs or directly from the thalamus has
recently been shown to play an earlier role in shaping neocortical
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assemblies and network maturation (Ackman et al., 2012; Ack-
man and Crair, 2014; Anton-Bolafos et al., 2019; Arroyo and
Feller, 2016; Babola et al., 2018; Blankenship and Feller, 2010;
Hanganu et al., 2002; Martini et al., 2021; Mizuno et al., 2018;
Modol et al., 2020; Moreno-Juan et al., 2017). Deciphering the
relative contributions of spontaneous versus sensory-evoked
thalamic activity is essential for our comprehension of the mech-
anisms regulating cortical wiring.

The mature architecture of the neocortex enables circuits to
integrate bottom-up thalamic sensory information with top-
down information that provides context, value, and feedback
from internal representations (Harris and Shepherd, 2015; Keller
and Mrsic-Flogel, 2018; Schuman et al., 2021). Anatomically,
layer 1 (L1), the most superficial layer of the neocortex, has
emerged as a major site for top-down modulation (Cauller,
1995; Cruikshank et al., 2012; Ibrahim et al., 2021; Schuman
et al., 2021), with axonal inputs targeting apical dendrites of
both upper and deep cortical layers (Abs et al., 2018; Cruikshank
et al., 2012; Gambino et al., 2014; Hartung and Letzkus, 2021;
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Figure 1. Thalamic activity regulates CRc prenatal distribution but not their postnatal elimination

(A) Confocal images of sections in the somatosensory cortex from E15.5 to P25, illustrating L1 dynamics of CRc labeled with ANp73°"+;R26™ 7"+,

(B) Schematic representation of thalamic hyperpolarization using the Gbx2°°ER72/* jine (with an E10.5 tamoxifen administration), which drives the expression of
the Kir2.1 channel in most thalamic nuclei, as illustrated at P9.

(C) Confocal images of sections in the barrel cortex at E18.5, P7, and P9 of controls and Gbx2°"ERT2/+:R26Ki2.1/+ to identify CRc as L1 Reelin* cells embryonically,
and Reelin*Prox1~ cells postnatally (arrowheads).

(D) Quantification of CRc density (cells/mm of L1 length) shows a striking reduction in E16.5, E18.5, and P7 mutants, whereas this difference is not observed any
longer at P9 (E16.5: n = 5 controls, n = 4 mutants; E18.5: n = 5 controls, n = 8 mutants; P7: n = 5 controls, n = 5 mutants; and P9: n = 4 controls, n = 4 mutants).
(E) Schematic representation of thalamic hyperpolarization using the Sert°™®* line, which drives the expression of the Kir2.1 channel in the sensory thalamus from
the end of embryogenesis, as illustrated at P9.

(F) Confocal images of sections in the barrel cortex at E18.5, P7, and P9 of controls and Sert™®*;R26%" 7"+ pups to identify CRc as L1 Reelin* cells embryonically
and as Reelin*Prox1~ cells postnatally (arrowheads).

(legend continued on next page)
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Schuman et al., 2021; Williams and Holtmaat, 2019) as well as
GABAergic interneurons, together contributing to regulate the
excitation/inhibition (E/I) balance (Anastasiades et al., 2021; Co-
hen-Kashi Malina et al., 2021; Fan et al., 2020; Genescu and
Garel, 2021; Gesuita and Karayannis, 2021; Hartung and Letz-
kus, 2021; Ibrahim et al., 2016, 2020, 2021). Increasing evidence
points toward a role of L1 in integrating top-down inputs, with the
bottom-up thalamic inputs driven by external stimulation (Caul-
ler, 1995; Schuman et al., 2021). Consistently, stimuli integration
in apical dendrites of pyramidal neurons is a key feature for
learning, plasticity, and cross-modal communication (Abs
et al., 2018; Doron et al., 2020; Fan et al., 2020; Gambino
et al., 2014; Ibrahim et al., 2016, 2020; Keller and Mrsic-Flogel,
2018; Larkum, 2013; Manita et al., 2015; Poorthuis et al., 2018;
Shin et al., 2021; Suzuki and Larkum, 2020; Takahashi et al.,
2016). In particular, apical dendrite activity in L5 pyramidal
output neurons has been tightly linked with sensory perception
(Manita et al., 2017; Schuman et al., 2021; Takahashi et al.,
2016, 2020). Nonetheless, in spite of the physiological relevance
of L1 for cortical functioning, we have a limited comprehension of
the mechanisms regulating its development.

The embryonic and postnatal L1 hosts transient Cajal-Retzius
cells (CRc). CRc are glutamatergic early-born neurons, best
known for their roles in lamination and the production of the
secreted glycoprotein Reelin (D’Arcangelo et al., 1995; Kirischuk
et al., 2014; Tissir et al., 2009). CRc are produced by focal sour-
ces, migrate tangentially, and tile the neocortical surface, in part
via contact repulsion (Barber et al., 2015; Barber and Pierani,
2016; Bielle et al., 2005; Causeret et al., 2021; Griveau et al.,
2010; Ruiz-Reig et al., 2017; Villar-Cervino et al., 2013; Yoshida
et al., 2006). CRc undergo postnatal apoptosis in the neocortex,
until their almost complete elimination by postnatal day (P) 25
(Blanquie et al., 2017; Causeret et al., 2018; Ledonne et al.,
2016). Intriguingly, before their elimination, subsets of CRc redis-
tribute by migration from the olfactory cortex into the neocortex,
thereby maintaining CRc density at the surface of the growing
neocortex (de Frutos et al., 2016). Both the embryonic redistribu-
tion and postnatal elimination of CRc were recently shown to be
in part activity dependent and CRc density was proposed to
regulate L1 development (de Frutos et al., 2016; Riva et al.,
2019). However, which inputs contribute to CRc redistribution
and what are their roles in L1 development remain largely to be
addressed.

Here, by combining mouse genetics, manipulations of
thalamic activity, and imaging, we reveal an interplay between
spontaneous thalamic activity and transient CRc in the construc-
tion of L1. We show that prenatal spontaneous thalamic activity
and NMDA receptors (NMDAR) control CRc embryonic densities
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without affecting their activity-dependent apoptosis. Reduction
in CRc density triggered long-lasting wiring deficits, with
changes in the distribution of upper layer interneurons and in api-
cal dendrite spines of L5 output pyramidal neurons. Consis-
tently, reducing CRc density led to profound changes in apical
dendrite activity in response to sensory stimulation. In contrast,
early postnatal sensory deprivation selectively reduced basal
dendrite spines of L5 output pyramidal neurons. Collectively,
our results highlight an underappreciated role of prenatal
thalamic activity onto embryonic transient CRc, which, in turn,
regulate major features of L1 postnatal construction. Sponta-
neous bottom-up activity therefore has a long-term impact on
the coordinated development of upper layers via superficial
and transient guidepost CRc. Our study thus reveals important
crosstalk between the development of bottom-up and top-
down circuits as well as novel roles of spontaneous activity,
with major implications for our comprehension of normal and
pathological mechanisms of cortical wiring.

RESULTS

Prenatal spontaneous thalamic activity regulates early
CRc density

CRc play key roles in L1 development, and their embryonic dis-
tribution and postnatal elimination are in part regulated by
neuronal activity (Blanquie et al., 2017; de Frutos et al., 2016;
Riva et al., 2019). Thalamic input is a main driver of cortical activ-
ity throughout development, starting with prenatal spontaneous
waves that progress to asynchronous activity in sensory circuits
and ultimately sensory-evoked activity (Anton-Bolafios et al.,
2019; De Marco Garcia et al., 2011; Erzurumlu and Gaspar,
2012; lwasato et al., 2000; Jabaudon and Lopez Bendito,
2012; Lopez-Bendito and Molnar, 2003; Mizuno et al., 2018;
Molnar et al., 2020; Moreno-Juan et al., 2017). We thus explored
the role of thalamic activity on CRc density across their lifespan,
focusing on the somatosensory cortex.

To this aim, we characterized CRc postnatal dynamics in this
cortical region using two different strategies (Figures 1A and S1).
We unambiguously labeled CRc by taking advantage of the
ANp73°®"* mouse line, which targets approximately 80% of
CRc (Tissir et al., 2009) (Figures 1A and S1A). We also identified
postnatal CRc as Reelin*/Prox1~ cells, since the Reelin protein is
detected postnatally in some Prox1* interneurons (Tremblay
et al., 2016) (Figure S1). Both methods highlight that postnatal
CRc density, which results from migration and embryonic redis-
tribution (Bielle et al., 2005; de Frutos et al., 2016; Ruiz-Reig
et al., 2017; Tissir et al., 2009), is stable until P7 and sharply
drops between P7 and P9 in the somatosensory cortex

(G) Quantification of CRc density (cells/mm of L1 length) reveals a phenotype similar to the one observed in (D) (E18.5: n = 5 controls, n = 4 mutants; P7: n=3
controls, n = 5 mutants; P9: n = 3 controls, n = 3 mutants; and P15: n = 3 controls, n = 3 mutants).

(H) Schematic representation of the postnatal whisker pluck (WP) procedure (left).

(I) Confocal images of sections across the barrel cortex of ANp73°*;R26™T"* at P7, P9, and P15 in controls and WP conditions immunostained for DsRed (red) to

label CRc.

(J) Quantification of CRc density (cells/mm length of L1) shows no differences in controls and WP pups (right) (P7: n = 6 controls, n =3 WP; P9: n =4 controls,n=3

WP; and P15: n = 4 controls, n = 3 WP).

Values are expressed as means + SEMs, *p < 0.05; **p < 0.01; ***p < 0.001; 2-way ANOVA test with Sidak’s multiple comparison correction. Scale bar represents

100 pm.
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(Figure 1A and S1B). This drop corresponds to an activity-
dependent apoptosis of some CRc (Blanquie et al., 2017; Le-
donne et al., 2016; Riva et al., 2019) and is followed by a linear
decrease until P25, likely due to a combination of elimination
and dilution in a growing neocortical sheet (Figures 1A and S1).

To investigate the roles of prenatal thalamic activity in CRc dis-
tribution, we took advantage of a Cre-dependent mouse line that
overexpresses the hyperpolarizing Kir2.1 channel (R26K"21/+;
Moreno-Juan et al., 2017) backcrossed with two different
thalamic drivers: (1) the Gbx2°®ER™2/* |ine (Chen et al., 2009),
which targets most thalamic nuclei from the early embryonic
stages when tamoxifen is injected at embryonic day (E)10.5 (An-
ton-Bolanos et al., 2019; Moreno-Juan et al., 2017) and (2) the
Sert°™®* line (Zhuang et al., 2005), which targets mainly sensory
thalamic nuclei from the late embryonic stages (Anton-Bolafos
et al., 2019; Moreno-Juan et al., 2017) (Figures 1B-1G). Kir2.1
expression in both models was shown to in a timely manner elim-
inate spontaneous waves of thalamic activity without altering
asynchronous activity (Moreno-Juan et al., 2017), and we found
that these manipulations did not alter early CRc density at E13.5
(data not shown). By contrast, we found in both models that CRc
density in the somatosensory barrel field (S1bf) was decreased
by approximately 30% from late embryonic stages until P7
(Figures 1D-1G), and came back to normal levels at P9, after
the peak CRc elimination. These findings indicate that prenatal
thalamic activity regulates CRc embryonic density, with an
impact on their density during the first postnatal week.

To next assess the role of postnatal thalamic sensory activity
in CRc density and elimination, we performed postnatal depriva-
tion induced by bilateral whisker plucking (WP) from P1 to P3
(Rhoades et al., 1990) (Figure 1H). This procedure impairs
whisker-driven sensory stimulation and thalamic activity until
whiskers regrow but does not affect the formation of barrels in
the somatosensory cortex (Rhoades et al., 1990). We also per-
formed unilateral infraorbital nerve lesion (ION), which blocks
sensory activity from the whisker pad, severely impairs thalamic
activity and barrel formation in the contralateral neocortex (Fran-
geul et al., 2014, 2016) (Figure S1C). In both models, we could
not observe differences in the time course of CRc density and
postnatal elimination (Figures 1H-1J and S1C). These results
reveal that sensory activity relayed by the thalamus is not a
main driver of CRc elimination occurring at the beginning of the
second postnatal week (Riva et al., 2019; Ledonne et al., 2016).

Altogether, our work shows that prenatal thalamic waves regu-
late CRc early distribution, whereas postnatal thalamic activity
has no detectable impact on their postnatal density or
elimination.

NMDARs regulate prenatal and early postnatal CRc
density

To further assess the role of excitatory activity in CRc early dis-
tribution, we examined the cell-autonomous roles of NMDARs by
using a GIluN1™* allele backcrossed with the ANp73°®* line
(Figure 2). Indeed, it had been proposed that NMDARs
contribute to regulate CRc neocortical density at embryonic
stages, potentially by regulating the remigration of CRc from
an olfactory reservoir near the lateral olfactory tract (LOT) (de
Frutos et al., 2016). In conditional CRc-specific knockouts
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(cKOs) of the GIuN1 gene, which encode an essential subunit
of NMDARSs, we confirmed a 30% prenatal decrease in CRc den-
sity in the barrel cortex of cKO starting after E13.5 (de Frutos
et al.,, 2016) and found that this decrease was maintained at
postnatal stages (Figure 2A). Furthermore, by fate mapping in
ANp73°"*:GIluNT"":R26™™* mice, we revealed that the
decrease in CRc density in the P7 S1bf correlated with a
converse 2.5-fold increase in CRc density in an olfactory reser-
voir near the LOT (Figure 2B). These results collectively reinforce
the fact that NMDAR signaling in CRc regulates their redistribu-
tion across cortical regions. Using the same genetic model, we
found no effect of GIuN17 inactivation on the timing or efficiency
of CRc elimination (Figure 2C).

Thus, both prenatal thalamus activity and GIluN1 signaling
regulate early activity-dependent CRc distribution, but not their
postnatal elimination. Since thalamic inputs have not reached
L1 at these early prenatal stages, they likely act through non-syn-
aptic or multi-synaptic relays. Nonetheless, our results thus high-
light a previously unsuspected role of prenatal synchronous
thalamic waves and NMDAR signaling in the regulation of embry-
onic, and hence postnatal, CRc density. Since both CRc density
and thalamic activity were proposed to influence L1 develop-
ment and maturation, we examined the relative postnatal contri-
bution of CRc and sensory-evoked activity.

Postnatal sensory activity and CRc regulate early L1
formation

To untangle the relative roles of CRc and sensory activity on the
construction of L1 during the first postnatal week, we used two
distinct models. We used sensory deprivation triggered by bilat-
eral WP to selectively alter sensory-evoked activity without
inducing major changes in cortical development or CRc density
(Figures 1C, S2A, and S2B). For CRc density, we took advantage
of the ANp73°®"*;R269"* model, which drives the expression
of a diphtheria toxin, leading to a 30% reduction in CRc density
at embryonic stages and birth and a 45% reduction at P7
(Figure S2).

We focused on L1 thickness and on the numbers of Prox1™ in-
terneurons derived from the preoptic area and caudal ganglionic
eminence (POA/CGE), since we previously reported that CRc
density regulates these two features in the first postnatal week
(de Frutos et al., 2016). We found that either a WP-induced sen-
sory deprivation or a reduced CRc density triggered similar phe-
notypes, including a reduction in L1 thickness and an increase in
Prox1* interneurons in the upper cortical layers, without drastic
modifications in upper layer identity and barrel organization (Fig-
ure S2). To further assess whether activity-dependent changes
in CRc density triggered similar changes in L1 development,
we examined ANp73°*;GluN1"" mice (Figure S2). We found
very similar changes, thereby highlighting that both CRc density
and postnatal sensory activity act on L1 development during the
first postnatal week.

Long-term roles of postnatal sensory activity and CRc
on L1 wiring

Both postnatal sensory deprivation and decreased CRc density
perturbed L1 formation during the first postnatal week, prompt-
ing us to investigate the long-term consequences on cortical
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Figure 2. CRc density is maintained through a GluN1-dependent distribution and a GluN17-independent elimination

(A) Confocal images of coronal sections in the barrel cortex (S1bf) of E18.5 and P7 controls and ANp73°"*;GluN1™" mutants. CRc are identified at embryonic
stages as Reelin® cells and postnatally as Reelin*Prox1~ cells (top). Quantification of CRc density (cells/mm of L1 length) (E18.5: n = 14 for controls, n = 5 for
mutants; P7: n = 6 for controls, n = 4 for mutants) (bottom).

(B) Confocal images of coronal sections in the barrel cortex (S1bf) and lateral olfactory tract (LOT) of P7 4Np73°™®"*;R26™"* controls and ANp73°®"*;GluN1"":R26™ "+
mutants. White brackets delineate L1, and the dotted line highlights the LOT (top). Quantification of CRc density L1 S1bf (cells/mm) and in the LOT (cells/area LOT, see
Methods details) (bottom) (L1: n = 9 controls, n = 4 mutants; LOT: n = 5 controls, n = 4 mutants).

(C) Confocal images of coronal sections in the barrel cortex (S1bf) (top) and LOT (bottom) of P25 controls and ANp73°"*;GIuN1"":R26™"* mutants. White
brackets delineate L1, and the dotted line highlights the LOT (top). Quantification of CRc density in L1 (cells/mm) and in the LOT (cells/area lot) (bottom) (L1: n=5
controls, n = 4 mutants; LOT: n = 3 controls, n = 3 mutants).

Values are expressed as means + SEMs, 2-way ANOVA test with Sidak’s multiple comparison correction in (A) and Mann-Whitney U tests in (B and C). *p < 0.05;

**p < 0.001; **p < 0.0001. Scale bars represent 100 um in (A) and 200 um in (B and C).

wiring. We focused on major functional features of the mature L1,
namely interneurons and excitatory entries onto the apical den-
drites of L5 pyramidal output neurons.

To this aim, we examined the distribution of subtypes of
cortical interneurons that arise from POA/CGE-derived Prox1*
interneurons, since they were specifically affected at P7 (Fig-
ure S2). Prox1* interneurons include a variety of interneurons
that can directly regulate L1 entries, apical dendrite activity, or
mediate disinhibition by acting on other interneurons (Fan
et al.,, 2020; Miyoshi et al., 2015; Schuman et al., 2018). We
focused on L2/3 Calretinin® bipolar interneurons as well as on
subpopulations of Reelin* interneurons present in L1 and L2/3,
combined with neuropeptide Y (NPY) to identify neurogliaform
(NGF) cells (Gesuita and Karayannis, 2021; Niquille et al., 2018;
Schuman et al., 2018). These classes of interneurons are essen-
tial to modulate information arriving in L1 or disinhibiting pyrami-
dal neuron activity (Abs et al., 2018; Belén Pardi et al., 2020;
Ibrahim et al., 2021; Larkum, 2013; Letzkus et al., 2011, 2015;
Palmer et al., 2010). Both Reelin and Calretinin are also ex-
pressed in CRc, but these cells have mostly disappeared by
P25, enabling us to use these markers to selectively label inter-
neuron subpopulations (Figures S1 and S3). We found that sen-
sory deprivation triggered by postnatal WP did not induce major

changes in the distribution of upper layer interneurons
(Figures 3A-3C). By contrast, ANp73°®*;R26%%* mice pre-
sented a marked increase in the densities of Calretinin® bipolar
interneurons and NGF cells as revealed by Reelin and NPY im-
munostaining (Figures 3A-3C). We also examined the impact
of sensory deprivation and reduced CRc density on the distribu-
tion of other populations of interneurons derived from the medial
ganglionic eminence (MGE), namely PV* and SST*, since sen-
sory activity had already been proposed to shape their distribu-
tion (Modol et al., 2020; Tremblay et al., 2016). We found in both
models a selective decrease in deep layer PV* interneurons (Fig-
ure S3), which could be accounted for by overall changes in
cortical activity. Taken together, our analysis reveals that, in
contrast to sensory deprivation, a reduction in CRc density has
a long-term impact on the densities of both bipolar and NGF
cells, two populations that can respectively act as mediators of
disinhibition or inhibition (Armstrong et al., 2012; Bartolini et al.,
2013; Fan et al., 2020; Huang and Paul, 2019; Ibrahim et al.,
2021; Schuman et al., 2018; Tremblay et al., 2016).

To further assess the excitatory entries in L1, we took advan-
tage of the Thy1::YFP reporter line (Feng et al., 2000) that
sparsely labels L5 pyramidal neurons, the main output cortical
neurons (Harris and Shepherd, 2015). In both conditions, the
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Figure 3. Decrease in CRc density induce long-lasting defects in upper layer interneuron distribution

(A) Confocal images of coronal sections in the barrel cortex (S1bf) of P25 controls, animals that were postnatally WP and ANp73°®*;R26%%"* mutants,
immunostained for markers of POA/CGE-derived interneurons Calretinin, Reelin, and NPY.

(B) Quantifications of interneuron density in upper cortical layers (L1-3), layer 4 and deep cortical layers (L5-6) (Calretinin: n = 6 for controls, n = 4 for WP, n = 4 for
ANp73°7*:R269%/*: Reelin: n = 4 for controls, n = 6 for WP, n = 4 for ANp73°®/*;R267%'*; NPY: n = 4 for controls, n = 4 for WP, n = 4 for 4Np73°"/*;R269"-2/*).
(C) Quantification of interneuron density in upper cortical layers, L1 versus L2-3 (Calretinin: n = 6 for controls, n = 4 for WP, n = 4 for ANp73°™®/*;R26%%/*; Reelin:
n = 4 for controls, n = 6 for WP, n = 4 for ANp73°®'*;R26%%"+; NPY: n = 4 for controls, n = 4 for WP, n = 4 for ANp73°®/*;R26%¢%"+).

Values are expressed as means + SEMs, 2-way ANOVA test with Dunnett’s multiple comparison correction. *p < 0.05; **p < 0.001; ***p < 0.0001. Scale bar rep-

resents 200 um.

overall neuronal morphology was not altered (Figure 4A). Sen-
sory deprivation due to postnatal WP triggered a selective reduc-
tion in the spine density of L5 pyramidal neuron basal dendrites,
without affecting apical dendrites (Figures 4B and 4C).
Conversely, a reduction in CRc density triggered a significant
decrease in spine densities on L1 apical dendrites (Figures 4B
and 4C). Since we previously showed that CRc density regulates
L1 spine density on upper layer pyramidal neurons (de Frutos
et al., 2016), our results on L5 neurons highlight that CRc have
a major and generic role in the regulation of spine densities on
apical dendrites of pyramidal neurons, irrespective of their
cortical layers. Such effect was selective of apical dendrites
and was not observed in basal dendrites (Figures 4B and 4C),
supporting a local role for CRc that could be either direct or indi-
rect. Taken together, a remarkable dichotomy was observed in
the regulation of spine densities on L5 pyramidal neurons: While
CRc locally regulate spine densities on apical dendrites,

6 Cell Reports 39, 110667, April 12, 2022

sensory-evoked inputs regulate spine densities on basal den-
drites (Figures 4B and 4C).

Overall, our data show that a reduction in CRc density and
sensory deprivation during early life has strikingly dual long-last-
ing consequences. CRc density modulates apical spine density
and interneuron distribution in upper cortical layers, whereas
sensory activity regulates basal spine density and interneuron
distribution in deep cortical layers.

Postnatal roles of CRc in cortical development

Since early-born CRc are present in L1 throughout the develop-
ment of the neocortex, it is important to disentangle their specific
prenatal and postnatal roles. The ANp73°®*;R26%%* model
triggers a reduction in CRc density from prenatal stages (de Fru-
tos et al., 2016), hence leading to both an embryonic and post-
natal reduction. To specifically reduce CRc density postnatally,
we took advantage of the fact that subsets of CRc undergo



Cell Reports ¢? CellPress

A control Whisker Pluck A Np73°re/*:Rogstop-dt-a/+ B control WP A Np73;dt-a

Apical Dendrites

Basal Dendrites

S ot

c ° control e Whisker Pluck
° A Np731:re/+’.R26510p-dt-a/+

1.0- Apical Dendrites

Thy1::YFP GFP NeuN

0.8
e

[ ]
0e®
0.6 o® *kk
0 o °
0.4 |aee ® 0
0.2+
0.0

Basal Dendrites

Spines/um

*k%k ®

o ® . )

: Q ®9e® °®
0.6 o
0.4 a4
0.2
0.0

Figure 4. Sensory deprivation and decrease in CRc density selectively modify spines of basal or apical dendrites

(A) Confocal images of coronal sections in the somatosensory cortex of P25 controls, animals that were postnatally WP and ANp73°"*/*;F?26""a/+ mutants, all
expressing the Thy1::YFP allele, which enables one to sparsely label L5 pyramidal neurons. The whole cortical thickness is presented in the top panels with NeuN
immunostaining, with close-ups on L1 apical dendrites (center) and close-ups on basal dendrites (bottom).

(B) Confocal images of spines on apical (top) and basal (bottom) dendrites of L5 pyramidal neurons in control, WP, and 4Np73°®*;R26%%* mutants.

(C) Quantifications of the spine density on the apical (top) and basal (bottom) dendrites of L5 pyramidal neurons (apical dendrites were examined in n = 4 control
mice, n = 5 WP, and n = 3 ANp73°"®/*;R269%* mutants).

Values are expressed as means + SEMs, Kruskal-Wallis multiple comparison test. *p < 0.05; **p < 0.001; ***p < 0.0001. Scale bars represent 100 um in (A) and
5 umin (B).

Spines/pm
&

activity-dependent apoptosis (Riva et al., 2019). We thus overex-  a premature CRc elimination during the first postnatal week,
pressed excitatory designer receptors exclusively activated by  reaching a 30% decrease by P7 (Figures 5A-5C). This temporally
designer drugs (DREADDSs) in CRc (4Np73°®*R26°%*) and  controlled manipulation recapitulated specific aspects of the
stimulated them from P1 to P3 with clozapine N-oxide (CNO) in-  phenotypes observed in the ANp73°®*;R26%%* model
jections, as we did for controls (Figure 5A). This procedure ledto  (Figures 5, S2, and S4). We observed a similar increase in
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Figure 5. Postnatal reduction in CRc regulates apical dendrite spine density and Calretinin* interneuron distribution

(A) Schematics of the strategy used to prematurely eliminate some CRc by overactivation using 2 daily CNO injections from P1 to P3 in ANp73°®/*;R26PFEAPD/+
mutants (ANp73°®"*;R26°""+) and control littermates.

(B) Confocal images of coronal sections in the barrel cortex (S1bf) of P7 controls and 4Np73°®*;R26°"*mutants animals in which CRc are identified as L1
Reelin*Prox1~ cells (arrowheads).

(C) Quantification of CRc density (cells/mm of L1 length) (n = 4 for controls and n = 6 for mutants), showing that CRc overactivation drives their premature
elimination by P7.

(D) Confocal images of coronal sections in the barrel cortex of P25 controls and 4Np73°+;R26P*mutants immunostained for Calretinin and Reelin to identify
subgroups of POA/CGE-derived interneurons.

(E) Quantifications of interneuron density in upper cortical layers (L1-3), L4, and deep cortical layers (L5-6), showing that the overactivation of CRc and their
premature elimination selectively increases the density of Calretinin* and Reelin* interneurons (Calretinin: n = 7 for controls, n = 7 for mutants; Reelin: n = 3 for
controls, n = 4 for mutants).

(F) Confocal images of coronal sections in the barrel cortex of P25 controls and ANp73°®*;R26P"*, all expressing the Thy1::YFP allele. The whole cortical
thickness is presented in the top panels, with close-ups on L1 apical dendrites (ceenter) and close-ups on basal dendrites (bottom).

(G) Confocal images of spines on the apical (top) and basal (bottom) dendrites of L5 pyramidal neurons in controls and 4Np73°®*;R26°F* mutants.

(H) Quantifications of the spine density on the apical (top) and basal (bottom) dendrites of L5 pyramidal neurons, showing a selective reduction in apical spine
density in the experimental condition (n = 3 for controls and n = 3 for ANp73°®*;R26P""* mutants).

Values are expressed as means + SEMs, Mann-Whitney test in (C) and (H), and 2-way ANOVA test with Sidak’s multiple comparison correction in (E). *p < 0.05;
**p < 0.001; **p < 0.0001. Scale bars represent 200 um in (B), 200 pm in (D), 100 um in (F), and 5 um in (G).

Prox1* and Calretinin* interneurons at P7, whereas postnatal
CRc manipulations led to a similar increase in Calretinin* bipolar

thereby highlighting the postnatal role of CRc on spine develop-
ment in L1.

interneurons but no changes in the density of Reelin* NGF cells
(Figures 5, S4A, and S4B). This partial phenocopy reveals that
CRc likely have both an embryonic and a postnatal impact on
interneuron development, with a global prenatal effect on
Prox1* cells and a more specific postnatal influence on
Calretinin® bipolar interneurons. Regarding apical dendrites,
the ANp73°®*R26°7* model recapitulated the defects
observed in the ANp73°**R26°% model at P25 (Figure 5),
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Collectively, our experiments reveal major functions of CRc
density on L1 wiring during the first postnatal week, putting for-
ward distinct roles that these transient cells display across spe-
cific developmental phases.

CRc density shapes L1 apical dendrite activity
The overall anatomical changes induced by CRc reduced den-
sity raises the question of the potential functional consequences
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Figure 6. CRc density controls the activity of apical dendrites in L1

(A) Schematics of the experimental strategy. L5 pyramidal neurons were transfected with adeno-associated virus (AAV)-GCaMP6f and their dendrites were
imaged in L1 of the barrel cortex through a cranial window, in response to whisker deflections during isoflurane anesthesia.

(B) Two-photon Ca?* imaging from apical dendrites of L5 neurons in S1 expressing GCaMP6f. Fluorescence change was measured in Ca®* sources that were
automatically segmented (left). Example traces of calcium transients (AF/Fo) in sources obtained from controls and 4Np73°*;R269""#* mutants upon 10 whisker

stimulations (right).

(C) Example traces of single whisker-evoked calcium transients from one typical calcium source in controls (top) and 4ANp73°®"*;R26%#'* mutants (bottom) mice.
(D) Quantifications of the evoked amplitude showing a selective reduction in apical spine density in the experimental condition (n = 3 controls and n = 5

ANp73°*;R269%/+ mutants).

Values are expressed as means + SEMs, Mann-Whitney test. Scale bars represent 20 um in (B).

on the in vivo activity of apical tufts in L1. Indeed, while an in-
crease in NGF cells and a reduction in apical spine density could
be linked to decreased apical dendrite activity, the observed in-
crease in Calretinin®™ bipolar cells could have indirect and not
easily predictable influences. To directly assess apical tuft activ-
ity, we used adeno-associated virus (AAV) vectors to express the
genetically encoded Ca?* indicator GCaMP6f in L5 pyramidal
neurons in the C2 barrel column in S1bf (Gambino et al., 2014;
Takahashi et al., 2016). We imaged with two-photon microscopy
Ca?* responses in putative L5 apical dendritic tufts in L1 through
a chronically implanted cranial window, while single whiskers
were deflected with calibrated air puffs (Figure 6A). Brief puffs
of air were used to deflect preferentially the C2 principal whisker
(10 stimulations, 0.1 Hz) (Figure 6A). Dendritic domains with
asynchronous Ca?* activity (i.e. Ca®* sources) were automati-
cally segmented by using a custom and unbiased source sepa-
ration method based on the non-negative matrix factorization
method after lateral and out-of-focus correction (Pnevmatikakis
and Giovannucci, 2017; Pnevmatikakis et al., 2016). This pro-
cedure enabled us to assess fluorescent changes in these
Ca®* sources after automatically detecting them in each field
of view (FOV) (Figure 6B), enabling us to identify on average
14.8 + 6 and 16.8 + 9 Ca®* sources per FOV in respectively con-

trols (n = 3 mice; 21 FOV; 339 sources) and 4Np73°"®/+;R26%4/+
mice (n =5 mice; 28 FOV; 578 sources). In accordance with pre-
vious reports (Gambino et al., 2014; Takahashi et al., 2016), sin-
gle whisker deflections evoke Ca®* transients in most spines and
dendritic shafts under light isoflurane anesthesia (Figures 6B and
6C). We found that, on average, evoked Ca®* transients were
significantly smaller in the ANp73°®"*;R26°#"* model compared
to controls (Figures 6C and 6D), which could be well explained by
the decrease in dendritic spines, the increase in interneuron den-
sity, or a combination of both. In contrast, neither the probability
of responsiveness nor the occurrence of spontaneous Ca?* tran-
sients were affected by a decreased CRc density (Figure 6D),
suggesting that presynaptic inputs were not altered. This indi-
cates that a proper density of CRc during their lifetime regulates
the appropriate apical dendritic integration of sensory inputs in
adult animals.

Overall, our study reveals a remarkable interplay between
CRc and sensory thalamus activity. Prenatal spontaneous
thalamic activity regulates the embryonic density of CRc,
which, in turn, regulates POA/CGE-derived interneuron distri-
bution as well as, postnatally, synaptogenesis and functional
integration on apical dendrites. Postnatal sensory activity
relayed by the thalamus is conversely a major local regulator
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of excitatory synaptogenesis on basal dendrites of output pyra-
midal neurons of the neocortex.

DISCUSSION

L1 regulates top-down input integration and higher order func-
tions such as perception, learning, arousal, and consciousness
via an exquisite architecture (Doron et al., 2020; Suzuki and Lar-
kum, 2020; Takahashi et al., 2016; Williams and Holtmaat, 2019).
So far, we have a limited understanding of how L1 assembiles, in
particular in relationship to the wiring of bottom-up circuits
relayed by thalamic sensory circuits that are well described,
from prenatal spontaneous activity and subplate relay to sen-
sory-evoked plasticity (Anton-Bolafos et al., 2019; Galazo,
et al., 2008; Ghezzi et al., 2020; Kanold and Luhmann, 2010; Luh-
mann et al., 2018; Luhmann et al., 2016; Moreno-Juan et al.,
2017; Ohtaka-Maruyama, 2020; Rubio-garrido et al., 2009)
Here, we show that CRc act as a key intermediate between
thalamic spontaneous activity and the development of major
anatomical and functional features of L1. These findings high-
light the multiple functions of CRc across development as well
as the long-term impact of spontaneous activity on L1 circuit for-
mation, with major implications for our comprehension of the
mechanisms governing cortical wiring.

CRc have been shown or proposed to act at various stages of
corticogenesis. From their prenatal roles in cortical lamination
(Gil-Sanz et al., 2013; Kirischuk et al., 2014; Yoshida et al.,
2006) or interneuron progression (Caronia-Brown and Grove,
2011), we and others recently revealed a role for CRc density
on L1 development, including the morphogenesis of upper layer
apical dendrites (de Frutos et al., 2016; Riva et al., 2019). In this
study, we provide evidence that CRc density regulates excit-
atory synapse density on apical dendrites of deep layer neurons,
as well as the number of different subsets of interneuron popula-
tions, including bipolar Calretinin® neurons and upper layer
Reelin® NGF cells, that can respectively contribute to disinhibi-
tion or inhibition (Armstrong et al., 2012; Bartolini et al., 2013;
Fan et al., 2020; Huang and Paul, 2019; Ibrahim et al., 2021;
Schuman et al., 2018; Tremblay et al., 2016). Functionally, we
found that decreased CRc density leads to a reduction in the
activation of L5 apical dendrites in response to sensory stimula-
tion in S1bf (Figure 6), a feature that is essential for cortical
processing (Manita et al., 2015; Palmer et al., 2014; Suzuki and
Larkum, 2020; Takahashi et al., 2016, 2020). These findings high-
light that CRc, by orchestrating the development of both excit-
atory inputs and interneuron populations, act as major regulators
of the apical circuits that in adults integrate top-down informa-
tion, mirroring the roles of subplate cells in shaping cortical bot-
tom-up circuits (Kanold and Luhmann, 2010; Ohtaka-Maruyama,
2020). Furthermore, by taking advantage of their sensitivity to
electrical activity, we could disentangle prenatal and postnatal
roles of CRc. We found that eliminating CRc prematurely during
the first postnatal week (Figures 5 and S4) selectively phenocop-
ied the impact of CRc density reduction for apical dendrite
spines and the distribution of Calretinin* bipolar interneurons
(Figure 3). Altogether, our study underlines the specific contribu-
tion of postnatal CRc onto L1 wiring and delineates distinct
prenatal and postnatal functions, for instance, on different inter-
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neuron subpopulations. Our work furthermore points to a major
role for CRc on the development of both excitatory inputs and
inhibitory circuits, with coordinated anatomical and functional
consequences.

Orchestrating roles of CRc are tightly regulated by the sponta-
neous activity of the prenatal thalamus. Indeed, we found that
selectively modifying the prenatal and not postnatal activity of
the thalamus had a striking effect on the embryonic, and hence
postnatal CRc density (Figures 1 and S1). This role is reinforced
by the finding that similar phenotypes are observed in NMDAR
CRc-specific mutants, in which olfactory CRc are increased at
the expense of neocortical somatosensory CRc (Figure 2). It is
important to stress that none of these experimental models
affected CRc density at E13.5 (not shown), highlighting that the
changes in CRc densities occur during the redistribution period
that we previously identified (de Frutos et al., 2016). Since thalamic
inputs are not directly in contact with L1 during embryonic devel-
opment (Galazo et al., 2008; Kirischuk et al., 2014; Rubio-garrido
etal., 2009), the effect of thalamic activity is likely indirect, via mul-
tiple cellular relays. The subplate, which was recently shown to
host neurons that receive thalamic inputs and project to L1, con-
stitutes a potential candidate for bridging the thalamus to the
neocortical L1 at embryonic stages (Ghezzi et al., 2020;
Hoerder-Suabedissen and Molnar, 2013; Lunmann et al., 2018;
Meng et al., 2020; Myakhar et al., 2011; Ohtaka-Maruyama, 2020).

While the underlying mechanisms remain to be addressed, our
study highlights an unsuspected function of prenatal thalamic
spontaneous activity. We find that these early waves not only
shape incoming bottom-up sensory inputs but also affect the for-
mation of apical circuits that in adults integrate top-down infor-
mation. While it was established that thalamic axons and their
activity have an impact on many aspects of cortical wiring, it
was mainly proposed that such impacts occur at postnatal
stages (Anastasiades et al., 2021; Carter and Regehr, 2000; Ibra-
him et al., 2021; Jabaudon et al., 2012; Li et al., 2013; Matsui
et al., 2013). Recent studies revealed an unprecedented role
for prenatal thalamic waves in columnar formation (Antén-Bola-
fios et al., 2019). Our current findings extend it to L1 and upper
layers, thereby providing a “bridging” checkpoint for thalamic
control of neocortical wiring at prenatal and postnatal stages.
In addition, our findings indicate that by regulating the density
of CRc, early spontaneous activity can have long-lasting effects
on circuit wiring.

This feature contrasts with the current schema that cortical cir-
cuits wire in a linear manner, with first genetically controlled
developmental programs, which are then shaped and refined
by spontaneous activity and followed by evoked activity. Our
study, together with previous work, put forward a recursive
model of cortical development involving sequences. More spe-
cifically, CRc exert multiple functions at specific time points of
their “short” lives: (1) they regulate neocortical lamination, inter-
neuron distribution, and axonal navigation in the embryo (Cau-
seret et al., 2021; Genescu and Garel, 2021; Gesuita and Kar-
ayannis, 2021; Kirischuk et al., 2014); (2) they are redistributed
in an activity-dependent manner and their embryonic distribution
relies on spontaneous activity of the thalamus; (3) CRc coordi-
nately act upon key aspects of L1 development during postnatal
development with long-term functional consequences; (4)
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subsets of CRc are dismissed by an activity-dependent mecha-
nism that remains to be characterized (Riva et al., 2019). All of
these steps ensure the proper wiring of cortical circuits. Remark-
ably, all of these steps are driven by transient interactions, cell
movements, and an interplay between different types of
neuronal activity. During these phases, CRc exert distinct roles
in the construction of cortical circuits, putting forward that
through migration, activity, and elimination, transient
interactions can endow cells with multiple functions across
developmental sequences. Such a recursive scheme ensures
the coordinated development of basal and apical dendrites of
cortical neurons, and starts from prenatal stages. These findings
have important implications for our understanding of cortical wir-
ing but also of the etiology of neurodevelopmental disorders.

Collectively, our work establishes remarkable roles for early
thalamic activity and transient cortical neurons in the formation
of an essential but understudied layer of the neocortex and pro-
vides key insights into how transient changes during embryonic
life remain imprinted in neocortical networks.

Limitations of the study

A limitation of our study is the lack of dissection of the microcir-
cuits conveying spontaneous thalamic activity to CRc. A
tempting hypothesis is that subplate cells or deep layer interneu-
rons that receive thalamic inputs could, in turn, contact CRc (Co-
cas et al., 2016; Kanold and Luhmann, 2010; Luhmann et al.,
2016; Meng et al., 2020; Molnar et al., 2020; Myakhar et al.,
2011). However, the in vivo evidence for this direct connection
between the subplate and CRc is still missing and could be ad-
dressed in future studies, for instance by trans-synaptic rabies
viral tracing and functional in vivo experiments. Another limitation
of our study is that we focused on a single cortical area, the barrel
cortex, and we did not explore the potential functional heteroge-
neity of CRc that were shown to originate from distinct sources
(Barber and Pierani, 2016; Causeret et al., 2021). It would be
important to explore whether the roles that we have highlighted
are conserved across cortical regions and all CRc, to evaluate
the possible generalization of our findings for the wiring of all of
the neocortical sheet. Finally, our assessment of apical dendrite
activity was performed in anesthetized animals, which reduces
overall activity patterns (Suzuki and Larkum, 2020). Our observa-
tions of decreased apical dendritic activity nonetheless reveal
that CRc reduction induces a major structural long-term alter-
ation in the circuit that may trigger enhanced abnormal re-
sponses in the context of awake-behaving animals.

Regardless of these limitations and others that are discussed
throughout the manuscript, our study adds to the growing body
of evidence that transient cells and transient patterns of sponta-
neous activity in development have a major and long-lasting
impact on cortical circuit wiring.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-DsRed Takara RRID: AB_10013483
Rabbit anti-Prox1 Abcam RRID: AB_2170708
Goat anti-Prox1 R&D RRID: AB_2170716
Rabbit anti-NPY ImmunoStar RRID: AB_2307354
Mouse anti-Reelin Merck Millipore RRID: AB_2179313
Rabbit anti-Calretinin Swant RRID: AB_2721226
Rabbit anti-Cux1 Santa-Cruz RRID: AB_2261231
Rat anti-Somatostatin Merk Milipore RRID: AB_2255365
Rabbit anti-Parvalbumin Swant RRID: AB_2631173
Chicken anti-GFP Aves RRID: AB_10000240
Mouse anti-NeuN Merk Millipore RRID: AB_2298772
Guinea Pig anti-VGlut2 Merk Millipore RRID: AB_2665454
Alexa Fluor 488 conjugated Jackson ImmunoResearch Laboratories RRID: AB_2572300
donkey anti-mouse IgG

Cy3-AffiniPure Donkey Jackson ImmunoResearch Laboratories RRID: AB_2340813
anti-mouse IgG

Alexa Fluor 488 conjugated Jackson ImmunoResearch Laboratories RRID: AB_2492289
donkey anti-rabbit

Cy3-AffiniPure Donkey anti-rabbit Jackson ImmunoResearch Laboratories RRID: AB_2307443
Cy5-AffiniPure Donkey anti-rabbit Jackson ImmunoResearch Laboratories RRID: AB_2340607
Alexa Fluor 488 conjugated Jackson ImmunoResearch Laboratories RRID: AB_2340375
donkey anti-chicken

Alexa Fluor 488 conjugated Jackson ImmunoResearch Laboratories RRID: AB_2340472
donkey anti-guinea pig

Cy5-AffiniPure Donkey anti-goat Jackson ImmunoResearch Laboratories RRID: AB_2340415
Cy3-AffiniPure Donkey anti-rat Jackson ImmunoResearch Laboratories RRID: AB_2340666
Chemicals, virus, peptides and recombinant proteins

Hoechst Sigma-Aldrich Cat#: 33342
Paraformaldehyde Sigma-Aldrich Cati#: P6148
Tamoxifen Sigma-Aldrich Cat#: T5648

Corn oil Sigma-Aldrich Cat#: C8267

Triton 100X Eurobio Cat#: GAUTTRO00-07
AAV1.CaMKII.GCaMP6f.WPRE.SV40 Addgene Cat#: Addgene_100834

Experimental models: Organisms/strains

ANp73crelRESGFP
Tg(Thy1-YFP)HJrs

ROSA 26/oxP—stop—onP— Tomato

ROSAZSKirZ. 1mCherry/+
Gb. X2creERT2/+

Se rtcre/+

GIuN1"*

Tissir et al., 2009

Feng et al., 2000; The Jackson

Laboratory

Madisen et al., 2010; The Jackson
Laboratory

Moreno-Juan et al., 2017

Chen et al., 2009, The Jackson Laboratory

Zhuang et al., 2005, The Jackson Laboratory

Tsien et al., 1996, The Jackson Laboratory

provided by Tissir Laboratory
B6.Cg-Tg(Thy1-YFP)HJrs/J

B6.Cg-Gt(ROSA)26Sortm9

(CAG-tdTomato)Hze/J

provided by Lépez-Bendito Laboratory
Gbx2tm1.1(cre/ERT2)Jyhl/J
B6.129(Cg)-Sic6a4imitcre’z;y

B6.129S4-Grin1™m25t/y

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ROSA26"M3Da-DREADD/+ Zhu et al., 2016, The Jackson Laboratory B6N;129-Tg(CAG-CHRM3* -mCitrine)1Ute/J
ROSA260x-stop-flox-dt-a Brockschnieder et al., 2006 B6;129-Gt(ROSA)26Sortm1(DTA)Mrc/J
Software and algorithms

GraphPad Prism 7.0 GraphPad Software RRID: SCR_000306

Imaged/FIJI NIH RRID: SCR_002285

Adobe Photoshop CS6 Adobe Systems RRID: SCR_014199

Adobe lllustrator CS6 Adobe Systems RRID: SCR_010279

MESc FEMTOSmart software Femtonics N/A

MATLAB MathWorks RRID: SCR_001622

RESOURCE AVAILABILITY

Lead contact
Further requests and information concerning this study, should be addressed to the lead contact, Sonia Garel (garel@biologie.ens.fr).

Materials availability
This study did not generate new reagents.

Data and code availability
o Allthe raw data generated in this study is freely available upon request, to the lead contact, Sonia Garel (garel@biologie.ens.fr).
® This paper does not contain original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

ANp73°IRESGFP(A\Np73°™) (Tissir et al., 2009), R26'F-stop-loxFtdTomato (pogmT/mT) (\|adisen et al., 2010), GluNT"#°% (Niewoehner et al.,
2007), Thy1::YFP (Feng et al., 2000), R26"ox-stop-flox-dt-ai+ (pogdt-al+) (Brockschnieder et al., 2006) and R26M3Pa-DREADD (pogDRIDR)
(JAX026220 B6N; 129-Tg(CAG-CHRM3*,-mCitrine)1Ute/J) mice were kept in a C57BL/6J background, while R26K721-mCherry/+
(R26"2-1+) (Moreno-Juan et al., 2017), Gbx2°®ERT2/* (Chen et al., 2009) and Sert®* (B6.129(Cqg)-Slc6a4™™'€*2/) 7huang et al.,
2005) mice were kept in a ICR/CD-1 background. All animals were housed in a 12 h light-dark cycle and both males and females
were used in this study. 4Np73°™ mice were crossed with the R26/xF-stop-loxPtdTomato (pogmT/mT) ranorter line (Madisen et al., 2010) to
permanently label CRc subtypes, with the R2670x-Stop-flox-dt-al+ (pogdt-al+y |ing (Brockschnieder et al., 2006) to induce the partial elimination
of CRe, with the GIuNT1™*™"* (GluN1™") line (Niewoehner et al., 2007) to inactivate GIUNT function specifically in CRe, with the R26"727/+
line to overexpress the Kir2.1 channel in CRc, with the R26°7/PF to express the receptor hM3Dg-DREADD receptor specifically in CRc,
which upon CNO injection drives overactivation. Sert®™®* and Gbx2°°E™2/+ mice were crossed with the R26%"2"/* line to enable the hy-
perpolarization of sensory thalamic nuclei or of most thalamic nuclei respectively (Antén-Bolafos et al., 2019; Moreno-Juan et al., 2017).
Thy1::YFP mice were crossed with the R26 @ line to generate in R26 9% Thy1::YFP animals that were subsequently backcrossed with
ANp73°" line to enable the visualization of L5 pyramidal neurons in models with decreased CRc density. Thy1::YFP mice were crossed
with R26°7/PR mice to generate R26°7/*; Thy 1::YFP animals. The latter mice were crossed with 4Np73°™ animals to enable a modulation
of CRc density and a visualization of L5 pyramidal neurons. Littermates not expressing the cre were used as controls for each cross. An-
imals were genotyped by PCR using primers specific for the different alleles as defined by the provider or initial publications. The day of
the vaginal plug was considered E0.5 and the birth date was considered as postnatal day 0 (P0). Animals were handled in accordance
with European regulations and the local ethics committee.

METHODS DETAILS

Drug administration

Tamoxifen induction of Cre-ERT2 recombination in the Gbx2°*772/* was performed by gavage administration of tamoxifen (5 mg
dissolved in corn oil, Sigma) at E10.5 to target all sensory thalamic nuclei, as previously described (Anton-Bolafios et al., 2019).
The excitatory DREADD receptor in R26°F/PR (Ro6"3Pa-DREADD) mice was activated through injections of its exogenous ligand Clo-
zapine N-oxide (CNO) (Rogan and Roth, 2011). CNO (Tocris 4936) was diluted with 0.9% saline to 0.5 mg/mL. Pups were injected with
vehicle (0.9% saline) or CNO (5 mg/kg) subcutaneously, twice a day, from P1 to P3.
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Sensory deprivation

Whisker plucking of pups was performed bilaterally from P1 to P3 as previously described (De Marco Garcia et al., 2015). Pups were
removed from the mother, anesthetized by hypothermia for 3 min and whiskers were plucked with sterile forceps. The Infraorbital
Nerve (ION) lesion was performed unilaterally at P1, as previously described (Frangeul et al., 2014; Rhoades et al., 1990). In brief,
pups were removed from the mother and anesthetized by hypothermia for 3 min. Using a sterile scalpel, an incision was made be-
tween the eye and the right whisker pad, enabling the section of the ION. Pups were put on a heating pad to recover from the lesion
and anesthesia. The efficiency of the manipulation was systematically checked by anti-vGlut2 immunostaining to assess for the
absence of barrels in the contralateral somatosensory cortex.

Viral injection

The mice were anesthetized using isoflurane. Adequate anesthesia was assessed (absence of toe pinch reflexes, corneal reflexes,
and vibrissae movement). Dehydration was prevented by injecting sterile saline by subcutaneous (s.c) injection. A ~3*3 mm crani-
otomy was then made using a pneumatic dental drill. Stereotaxic injections were then targeted to the layer 5 and 200 nL of virus
(AAV1.CaMKII.GCaMP6f.WPRE.SV40) were injected at a maximum rate of 60 nL/min, using a glass pipette (Wiretrol, Drummond)
attached to an oil hydraulic manipulator (MO-10, Narishige). After injections, the virus was allowed to diffuse for at least 20 min before
the pipette was withdrawn. The craniotomy was covered with sterile saline and sealed with a 3 mm glass coverslip. The coverslip was
sealed to the skull using dental acrylic and dental cement (Jet Repair Acrylic, Lang Dental Manufacturing). Mice were then waked-up
by a subcutaneous injection of a mixture containing atipamezole (2.5 mg/kg), flumazenil (0.5 mg/kg) and buprenorphine (0.1 mg/kg).
A delay of 2-3 weeks for recovery was respected before imaging, during which the body weight of mice was daily checked.

Two-photon calcium imaging of dendritic activity and analysis

Anesthesia

Anesthesia was induced using isoflurane (4% containing ~0.5 L min~—" 02) and then continued using an intraperitoneal (i.p.) injection
of a mixture (MMB) (5 pL/g) composed of medetomidine (0.2 mg/kg), midazolam (0.2 mg/kg), and buprenorphine (0.2 mg/kg). A heat-
ing-pad was positioned underneath the animal to keep the body temperature at 37°C. Eye dehydration was prevented by topical
application of ophthalmic gel. Analgesia was achieved by local application of 100 pL of lidocaine (lurocaine, 1%) and s.c. injection
of buprenorphine (0.05 mg/kg). To prevent risks of inflammation and brain swelling 40 pL of dexamethasone (0.1 mg/mL) were in-
jected intramuscularly (i.m.) before the surgery. After disinfection of the skin (with modified ethanol 70% and betadine), the skull
was exposed and a ~5 mm plastic chamber was attached to it above the relative stereotaxic location of the C2 barrel column
(—=1.5 mm from bregma, + 3.3 mm mideline) using a combination of super glue (Loctite) and dental cement (Jet Repair Acrylic,
Lang Dental Manufacturing). The chamber was filled with saline (0.9% NaCl) and sealed with a glass coverslip.

Intrinsic optical imaging for barrel column targeting

To locate the cortical barrel column corresponding to the whisker C2, intrinsic optical signals (IOS) were imaged as previously
described (Campelo et al., 2020), through the intact skull using a light guide system with a 700 nm (bandwidth of 20 nm) interference
filter and stable 100-W halogen light source. Briefly, the head of the animal was stabilized using a small stereotaxic frame and the
body temperature kept constant with a heating pad. An image of the surface vascular pattern was taken using a green light
(546 nm-interference filter) at the end of each imaging session. Images were acquired using the Imager 3001F (Optical Imaging,
Mountainside, NJ) equipped with a large spatial 256 x 256 array, fast readout, and low read noise charge-coupled device (CCD) cam-
era. The size of the imaged area was adjusted by using a combination of two lenses with different focal distances (upper lens: Nikon
135 mm, f2.0; bottom lens: Nikon 50 mm, f1.2). The CCD camera was focused on a plane 300 um below the skull surface. Images
were recorded at 10 Hz for 5 sec., with a spatial resolution of 2.75 um/pixel comprising a total area of 2.7 x 2.7 mm?. The whisker C2
was deflected back and forth (8 Hz, 2.5 sec.) using a glass-capillary attached to a piezoelectric actuator (PL-140.11 bender controlled
by an E—650 driver; Physik Instrumente) triggered by a pulse stimulator (Master-8, A.M.P.l.). Each trial consisted of a 1 sec. baseline
period (frames 1-10), followed by a response period (frames 11-22) and a post-stimulus period (frames 23-50). Intertrial intervals
lasted 20 sec. to avoid contamination of the current IOS by prior stimulations. I0S were computed by subtracting each individual
frame of the response period by the average baseline signal. The obtained I0S was overlapped with the vasculature image using
ImageJ software to precisely identify the cortical region corresponding to the whisker C2.

In vivo calcium imaging

Two weeks after surgery, a custom-made stainless-steel head stage was attached to the skull using dental acrylic and dental cement.
Animals were anaesthetized for imaging using isoflurane (1% with 0.5 L/min O,). Spontaneous vibrissae movements were controlled
using an infra-red camera and avoided using supplementary isoflurane if necessary. Fluorescence was acquired with an in vivo non-
descanned FemtoSmart two-photon laser-scanning microscope (2PLSM, Femtonics) equipped with a x16 objective (0.8 NA, Nikon).
The microscope, acquisition parameters and the TTL-driven synchronization between acquisition and whisker stimulation were
controlled by the MES software (Femtonics). The GCaMP were excited using a Ti:sapphire laser operating at A = 910 nm (Mai Tai
DeepSee, Spectra-Physics) with an average excitation power at the focal point lower than 50 mW. Fluorescence change
was measured in these Ca®* sources as follows. Time-series of fluorescence levels corresponding to these dendritic domains
were obtained by pixel-based averaging over the masks of the dendritic spines in the registered, non-denoised, image stacks.
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For each animal, time-series images were acquired within a field-of-view of 90 x 90 um corresponding to the cortical region with
maximum |0S. The whisker C2 was preferentially deflected with brief air puffs synchronized with imaging acquisition using a TTL.

Tissue preparation and immunohistochemistry

Animals were anesthetized with Isoflurane and intracardially perfused with 4% paraformaldehyde (PFA) in 0.1 M PBS, pH 7.4 and
post-fixed over-night in 4% PFA at 4°C. Brains were embedded in 3.5% agarose and sectioned into 70 um free-floating slices at
all stages for all genetic models except for crosses including the Thy1::YFP allele that were cut into and 300 um free-floating sections
to visualize whole dendritic arbors. Immunostaining was performed as previously described (de Frutos et al., 2016). Primary anti-
bodies used for immunohistochemistry were: mouse anti-Reelin (MAB5364, Millipore, 1:300), rabbit anti-DsRed (632,496, Takara,
1:500), goat anti-Prox1(AF2727, R&D Systems, 1:500), rabbit anti-Prox1 (ab38692, Abcam, 1:300), rabbit anti-NPY (22940, Immu-
nostar, 1:1000), rat anti-SST (MAB354, Millipore, 1:50), chicken anti-gfp (Gfp-1020, Aves, 1:1000), guinea pig anti-vGlut2
(AB2251-I, Millipore, 1:1000), rabbit anti-Cux1 (AB-2261231, Santa-Cruz Biotechnology, 1:300), rabbit anti-Calretinin (7697, Swant,
1:1000), rabbit anti-Parvalbumin (PV27, Swant, 1:1000), mouse anti-NeuN (MAB377, Millipore, 1:300). Secondary antibodies used
against primary antibodies were: donkey anti-mouse Alexa-488 (Jackson ImmunoResearch Laboratories, 1:800), donkey anti-mouse
Cy3 (Jackson ImmunoResearch Laboratories, 1:800), donkey anti-chicken Alexa-488 (Jackson ImmunoResearch Laboratories,
1:800), donkey anti-guinea pig Alexa-488 (Jackson ImmunoResearch Laboratories, 1:800), donkey anti-rabbit Alexa-488 (Jackson
ImmunoResearch Laboratories, 1:800), donkey anti-rabbit Cy3 (Jackson ImmunoResearch Laboratories, 1:800), donkey anti-rabbit
Cy5 (Jackson ImmunoResearch Laboratories, 1:800), donkey anti-goat Cy5 (Jackson ImmunoResearch Laboratories, 1:800),
donkey anti-rat Cy3 (Jackson ImmunoResearch Laboratories, 1:800). Hoechst (Sigma-Aldrich 33342, 1:1000) was used for fluores-
cent nuclear counterstaining and Vectashield for mounting (Vector Labs).

QUANTIFICATIONS AND STATISTICAL ANALYSIS

Image acquisition and quantification

Immunofluorescence images were acquired using a confocal microscope (Leica TCS SP5) with objectives of either 10X, 25X, 40X and
63X, with or without optical zoom. Cellular and spine quantifications were performed using the ImagedJ software, in the somatosen-
sory barrel cortex or Lateral Olfactory tract (LOT) for the respective ages and genotypes. For each section, the density of CRc was
calculated as number of CRc/1 mm length of L1 on a 10um-thick optical section, measured using Imaged software. Hoechst staining
was used to discriminate different cortical layers for cellular quantifications per layer of the neocortex. The area used for quantifica-
tions of CRc in the LOT was also defined using Hoechst staining (86748.4 um? at P7 and 452741.04 um? at P25).

Analysis of calcium imaging

Dendrites were automatically identified and their Ca* transient activity extracted thanks to a customized analysis pipeline. First, im-
ages were stabilized to cope for lateral motion of the field-of-view using an elastic registration method (Pnevmatikakis and Giovan-
nucci, 2017). GCaMP fluorescence, in the green channel, proved unreliable to compute deformations because of the transient nature
of the Ca®* signals. Instead, we used the more-stable autofluorescence images (red-shifted channel) to compute local deformations
and then locally corrected GCaMP images according to these displacements. Out-of-focus images, caused by movements of the
brain along the optical axis, where then discarded by analyzing fluctuations of the autofluorescence images: images for which the
mean autofluorescence changed by more than 10% from the baseline level were discarded. Then we used a de-noising custom
method to improve the signal-to-noise ratio of selected images. It consists in removing pixel-wise noise, while preserving the local
pixel-to-pixel covariance by using a localized principal component analysis and applying a threshold to transformed coefficients.
Dendritic domains with asynchronous Ca®* activity were then automatically identified by using a custom source separation method
based on the non-negative matrix factorization method, akin to (Pnevmatikakis et al., 2016). Time-series of fluorescence levels cor-
responding to these dendritic domains were obtained by pixel-based averaging over the masks of the dendritic spines in the regis-
tered, non-denoised, image stacks.

STATISTICAL ANALYSIS

All data were expressed as mean + SEM. A P-value less than 0.05 was considered significant. According to the data structure, we
systematically performed non-parametric tests namely Mann-Whitney U Test, Kruskal-Wallis Tests with Dunn’s correction, and 2
ways ANOVA test with Dunnett’s or Sidak’s correction, depending on whether we performed single or multiple group comparisons
with individual or common controls. Statistics and plotting were performed using GraphPad Prism 7.00 (GraphPad Software Inc.,
USA). *p < 0.05, **p < 0.01, **p < 0.001.
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Figure S1, related to Figure 1. Different labelling strategies highlight Cajal-Retzius cell dynamics across
development and sensory deprivation.

(A) Identification of Cajal-Retzius cells using the ANp73““*:R26™"" driver and co-immunostaining as
ReelinProx1~ cells at P9. Quantifications of the percentage of the ANp73”“*;R26™""CRc out of the total number
of CRc labelled with ReelinProx1™ (right). At P7, 86.96% of the Reelin'Prox1™ are DsRed’ in the
ANp73°*" :R26™"" line and at P9, 87.14% of the Reelin'Prox1™ are DsRed” in the ANp73““*:R26™"" line,
consistently with previous reports (Ledonne et al., 2016; Tissir et al., 2009) showing that the ANp 73" line targets
approximatively 85% of CRec, as it does not label pallial-subpallial boundary-derived CRc (P7: n=22 for
Reelin'Prox1” and n=6 for DsRed"; P9: n=18 for Reelin Prox1™ and n=4 for DsRed+). (B) Density of CRc
(cells/mm length of L1) evaluated by genetic labeling (4Np 73”8/+) and by co-immunostaining (Reelin Prox1°) at
early postnatal stages reveal an acute period of elimination between P7 and P9 until their almost complete
elimination in the somatosensory cortex by P25. (C) Schematic representation of a unilateral InfraOrbital Nerve
(ION) lesion (left). Confocal images of sections across the barrel cortex (S1bf) of ANp73“**:R26™""* at P7, P9
and P15 in control and ION lesioned pups immunostained for DsRed (red) to label CRc. At P15, vGlut2
immunostaining reveals the lack of visible barrels in ION lesioned pups (middle). Quantification of CRc density
(cells/mm of L1 length) shows no differences in controls and ION-lesioned pups (P7: n=3 controls, n=3 ION; P9:
n=3 controls and n=3 ION, P15: n=3 controls and n=3 ION) (right). Values are expressed as mean = SEM, 2-ways
ANOVA test with Sidak’s multiple comparison correction, *p < 0.05, **p< 0.01, ***p < 0.001. Scale bar
represents 100pm.
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Figure S2, related to Figure 2. Sensory deprivation and decrease in Cajal-Retzius cell density alter L1
thickness and interneuron distribution in the first postnatal week.

(A) Confocal images of coronal sections in the barrel cortex (S1bf) of P7 controls, animals that were Whisker
Plucked postnatally (WP), ANp73“" ;R26"“" and ANp73“*; GluNI"" mutants. White brackets delineate L1. (B)
Quantification of CRc numbers (in cells'mm of L1 length) identified as Reelin Prox1” cells at P7 (n=16 for
controls, n=4 for WP, n=5 for ANp73“*"* :R26"*"* and n=7 for ANp73“"*; GluN """ mutants) and of L1 thickness
(in um) (n=19 for control, n=8 for WP, n=7 for ANp73“**:R26"*"* mutants and n=7 for ANp73"“";GluNI"""
mutants). (C) Quantification of Prox1" interneuron distribution in each layer of the neocortex reveals an increase
in all experimental conditions, compared to controls (n=5 for controls, n=8 for WP condition, n=7 for
ANp73°" :R26™"* and n=4 for ANp73”""; GluNI"" mutants). Values are expressed as mean + SEM, Kruskal-
Wallis multiple comparison test in (B) and 2-ways ANOV A with Dunnett’s multiple comparison correction in (C).
* p<0.05; **p<0.001; ***p<0.0001. Scale bar represents 200 pm.
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Figure S3, related to Figure 3. Sensory deprivation and a decrease in Cajal-Retzius cell density modify PV"
interneuron distribution.

(A) Confocal images of coronal sections in the barrel cortex (S1bf) of P25 controls, animals that were Whisker
Plucked postnatally (WP) and ANp73“**:R26**"* mutants showing PV and SST immunostainings, that mark two
non-overlapping populations of MGE-derived interneurons. (B) Quantifications of MGE-derived interneuron
density in upper cortical layers (L1-3), layer 4 and deep cortical layers (L5-6), showing a selective impact on the
distribution of PV" interneurons in both experimental models (n=4 for controls, n=4 for WP and n=4 for
ANp73°" :R26™*"" mutants). Values are expressed as mean + SEM, 2-ways ANOVA with Dunnett’s multiple
comparison correction, * p<0.05; **p<0.001; ***p<0.0001. Scale bar represents 200 pm.
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Figure S4, related to Figure 5. Reduction in both prenatal and postnatal CRc density perturb interneuron
distribution at P7.

(A) Confocal images of coronal sections in the barrel cortex of P7 controls and ANp73“*"*:R26”* mutants, both
having received CNO injections between P1 and P3. Immunostainings against Prox1 that labels all POA/CGE-
derived interneurons and against Calretinin which labels a subpopulation called bipolar neurons. (B)
Quantifications of Prox1" and Calretinin" interneuron densities in L1 and L2-3 in the barrel cortex of P7 controls
and ANp 73" :R26"" "'mutants, showing an increase in interneuron numbers in both mutant backgrounds (Prox1:
n=3 for controls and n=4 for ANp 73" :\R26""" mutants; Calretinin: n=3 for controls and n=4 for
ANp73“";R26""" mutants). Values are expressed as mean + SEM, 2-ways ANOVA with Sidak’s multiple
comparison correction in (B), * p<0.05; **p<0.001; ***p<0.0001. Scale bar represents 200 pm.
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