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SUMMARY
GABAergic interneurons migrate long distances through stereotyped migration programs toward specific
laminar positions. During their migration, GABAergic interneurons are morphologically alike but then differ-
entiate into a rich array of interneuron subtypes critical for brain function. How interneuron subtypes acquire
their final phenotypic traits remains largely unknown. Here, we show that cerebellar molecular layer
GABAergic interneurons, derived from the same progenitor pool, use separate migration paths to reach their
laminar position and differentiate into distinct basket cell (BC) and stellate cell (SC) GABAergic interneuron
subtypes. Using two-photon live imaging, we find that SC final laminar position requires an extra step of
tangential migration supported by a subpopulation of glutamatergic granule cells (GCs). Conditional deple-
tion of GCs affects SC differentiation but does not affect BCs. Our results reveal how timely feedforward con-
trol of inhibitory interneuronmigration path regulates their terminal differentiation and, thus, establishment of
the local inhibitory circuit assembly.
INTRODUCTION

The large repertoire of GABAergic interneuron cell types has

become increasingly central to our understanding of physiolog-

ical brain functions and proper control of excitatory-inhibitory

balance (Kepecs and Fishell, 2014; DeFelipe et al., 2013; Huang

and Paul, 2019; Ascoli et al., 2008). Dysfunctions in inhibitory

local circuit formation have been linked to several brain disorders

including autism and schizophrenia (Marı́n, 2012). Thus, under-

standing the sequence of events leading to such neuronal diver-

sity is mandatory for a complete appreciation of nervous system

function.

From their last division and until they reach their final position,

GABAergic interneurons undergo a long journey through diverse

migratory routes. The impact of the migration path in cell fate

acquisition remains unclear. Indeed, the detailed migration

routes and timing of integration for a given subtype are still

missing (Lim et al., 2018; Wamsley and Fishell, 2017). This is pri-

marily due to the fact that most neurochemical markers that

define interneuron classes are expressed long after they reach
This is an open access article under the CC BY-N
their homing position. Complicating matters further is the fact

that genetic modification that perturbs cell specification often al-

ters the migration process as well. In the cerebellar cortex, bas-

ket cells (BCs) and stellate cells (SCs) are the two stereotyped

molecular layer GABAergic interneuron (MLGI) subtypes that

derive from the same pool of PAX2 (paired box gene 2)-positive

progenitors, with no genetic marker to differentiate them (Carter

et al., 2018; Maricich and Herrup, 1999). The current view of

cerebellar development indicates that these interneurons invade

the molecular layer (ML) from postnatal day 3 (P3) to P14 in an

‘‘inside-out’’ manner (Yamanaka et al., 2004; Zhang and Gold-

man, 1996). The first neurons that reach the ML start their differ-

entiation in close proximity to the Purkinje cell (PC) soma and

give rise to the BC phenotype. The latter neurons gradually inte-

grate into a more superficial laminar position before differenti-

ating into SCs (Rakic, 1973). Beside the shape/size of their

respective cell body, as well as dendrites and axon arborization

specificities, BCs and SCs innervate separate subcellular do-

mains of PCs. SC axons make connections with the PC dendritic

domain (Ango et al., 2008) in the outer region of the ML.
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Figure 1. A proportion of immature MLGIs exhibiting migrating morphology accumulates in the EGL during cerebellar development

(A) Schematic representation of the cerebellar cortex during development showing the inside-out mode of molecular layer GABAergic interneuron (MLGI)

integration. Immature interneurons settle in the ML by using several successive migration waves; at postnatal day 7 (P7), MLGIs enter the ML and start their

differentiation just above Purkinje cell soma as typical basket cells (BCs). Between P9 and P14,MLGIs reach amore superficial location of theML and differentiate

as stellate cells (SCs).

(B) Confocal images of sagittal cerebellar slices of GAD67-GFP mice at P3, P5, P7, P9, P12, and P14. Between P5 and P12, a subset of MLGIs (green) accu-

mulated into the EGL (white arrows) above Purkinje cell dendrites (Calbindin, red).

(legend continued on next page)
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Conversely, BC axons target mostly PC somas and axon initial

segments (AISs) by forming the pinceau synapse (Ango et al.,

2004; Telley et al., 2016), providing ultrafast inhibition at AISs

by ephaptic transmission (Blot and Barbour, 2014; Kole

et al., 2015). However, the mechanisms that control the specific

laminar position and differentiation of BCs versus SCs remain

largely unknown.

Here, we combined complementary approaches to explore

the mechanisms that regulate MLGI laminar position and inter-

neuron-subtype-specific differentiation in vivo. We demonstrate

that MLGIs use two stereotyped migration routes to reach their

laminar position and differentiate respectively into BCs and

SCs. Our results reveal that late-integrating MLGIs have an addi-

tional migration step in contact with the local excitatory granule

cell progenitors, favoring the emergence of the specific SC

subtype.

RESULTS

A subpopulation of MLGIs accumulates in the external
granule cell layer (EGL) and migrates tangentially
MLGIs are present in the white matter of the cerebellar cortex

from P0 and derived from PAX2-expressing precursors. Indistin-

guishable SC and BC precursors integrate into the ML at the

same time window (Figure 1A). Therefore, we hypothesized

that phenotypic differences between SCs and BCs might reflect

cell-type-specific divergences during the process of their inte-

gration into ML neural circuits, possibly due to environmental

factors.

Using GAD67-GFP (G42) BAC transgenicmice that reliably ex-

press GFP in MLGIs (Ango et al., 2004), we analyzed a series of

fixed cerebellar sagittal slices during the MLGI integration win-

dow. We observed a fraction of GFP+ MLGIs accumulating in

the EGL, just above PC dendrites, from P5 to P14 (Figure 1B)

in all the cerebellar lobes (Figures S1A and S1B). In contrast to

BCs, which started their differentiation and expressed parvalbu-

min (PARV) in proximity to the PC soma (Figures S1D and S1E),

the subset of MLGIs accumulated in the EGL expressed PAX2

with a peak in neuronal density at P9 (Figures S1D and S1E).

These MLGIs displayed a round-shaped cell body in the sagittal

plane (Figure 1C) and a vertically elongated soma with a thick

leading process in the coronal plane (Figure 1D), highly sugges-

tive of migrating neurons (Simat et al., 2007).

Because tangential migration of MLGIs has not been

described in the mediolateral axis of the EGL (coronal plane)

at postnatal stages, we initiated a series of live-imaging exper-

iments on acute coronal and sagittal cerebellar slices by using

two-photon microscopy (Figures 2A–2D; Figure S2). At P3,

MLGIs entered the ML by using a radial migration step (Fig-

ure 2A; Figure S2A). After P5, we observed MLGIs entering

the EGL from the ML and switching from radial to tangential

migration (Figure S2B; Video S1). At P9, live imaging revealed
(C and D) On the left of each panel, a diagram of a sagittal (C) and a coronal (D) s

Soma ofMLGI located in the EGL exhibit a round shape in the sagittal plane (C1, C

coronal plane (D1,D2, and diagram), which is highly suggestive of migrating inte

Scale bars: 20 mm. EGL, external granule cell layer; PCL, Purkinje cell layer; IGL,

See also Figure S1.
that MLGIs located in the EGL migrate tangentially in coronal

sections (Figure 2B; Figure S2A; Video S2). The tracking data

showed that individual migrating cells extended a long motile

leading process toward the migrating direction. All cells ex-

hibited a saltatory movement followed by a rapid retraction of

the trailing processes. To exclude the possibility that they

migrate in other directions not detectable in coronal and

sagittal slices, we also used flat-mount preparations from the

cerebellar cortex. As shown in Figures 2C and S2A, tangentially

migrating cells followed only one single axis corresponding to

the mediolateral orientation of the cerebellar cortex, as previ-

ously observed in the EGL of coronal slices (Video S3), but

migration was not detected in the sagittal plane (Figure S2C;

Video S4). In the flat-mount preparation, a few cells with a

perpendicular migration oriented toward the mediolateral axis

were also observed (Figure S2A). These cells displayed a

shorter migration track (Figure S2A) and were localized in the

ML, just below tangentially migrating MLGIs in the EGL (Fig-

ure S3). Thus, perpendicularly migrating cells represent MLGIs

that exit the EGL for their final positioning and differentiation in

the sagittal plane. The proportion of neurons undergoing

tangential migration in the EGL was drastically reduced around

P14, which marked the end of tangential migration in cerebellar

cortex (Figure 2D; Figure S2A). Migrating cells displayed an

average speed of 21 mm/h (±3.3) and covered an average dis-

tance of 61.1 mm (±3.4) during the 200 min of recording at P9

(Figures 2E and 2F). At P14, MLGIs had an average speed of

9 mm/h (±0.9) and covered 17 mm (±1.1) during the recording

session (Figures 2E and 2F). In conclusion, our data show

that, during development, late-integrating MLGIs enter the

EGL and switch from radial to tangential migration along the

mediolateral axis between P5 and P14, corresponding to the

SC integration window (Sudarov et al., 2011).

MLGI tangential migration is supported by premigratory
granule cells in the EGL
The EGL is assumed to provide a stop signal to MLGIs (Guijarro

et al., 2006) that prevents their migration in this territory. To bet-

ter characterize this additional tangential migration stream dur-

ing cerebellar development, we performed a new series of live-

imaging experiments to demonstrate that the migration was

occurring in the EGL. This time, prior to live data acquisition,

P9 coronal slices were incubated in a solution of CyTRAK, a

live-cell nuclear orange dye, allowing clear visualization of the

densely packed granule cell nuclei and thus clear delineation

of the ML/EGL border during live imaging. This experiment

showed that tangential MLGI migration occurred within the

EGL (Figure 3A; Video S5). The EGL is composed of two

distinct regions, namely, the outer EGL (oEGL) that contains

proliferating granule cell precursors and the inner EGL (iEGL)

containing postmitotic differentiating granule cells extending

TAG-1-positive parallel axons (Stottmann and Rivas, 1998).
ection. At the bottom, the view angle of the 3D organization of the cerebellum.

2, and diagram) and a rather elongated shapewith a thick leading process in the

rneurons.

internal granule cell layer; WM, white matter; CALB, Calbindin.
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Figure 2. A subset of MLGIs accumulated in the EGL migrates tangentially

(A–D) Two-photonmicroscopy on acute cerebellar slices fromGAD67-GFPBAC transgenicmice. The frame corresponding to the start of the time lapse (t = 0min)

is pseudo-colored in green, t = 50 min in red, t = 100 min in blue, and t = 150 min in gray. Cells are tracked at each time point (respective colored arrows and

arrowheads). A diagram of the cerebellar organization in 3D and the image acquisition angle for each panel are displayed on the right side.

(A) At P3, on acute coronal slice, MLGIs use radial migration to enter the ML.

(B) At P9, in the coronal plane, MLGIs perform tangential migration at the top of the ML.

(C) At P9, on flat-mount preparation, MLGIs display a single migration orientation in the mediolateral axis in both directions.

(D) At P14, in the coronal orientation, tangentially migrating MLGIs at the top of the ML achieve their tangential migration.

(legend continued on next page)
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Figure 3. Tangentially migrating MLGIs are

supported by TAG-1-positive granule cell

axons in the EGL

(A) Live imaging on P9 acute coronal slices from

GAD67-GFP BAC transgenic animals incubated

with CyTRAK orange dye (magenta), a vital nuclear

dye, showing MLGIs performing tangential

migration in the EGL (colored arrows and arrow-

heads). The frame corresponding to the start of the

time lapse (t = 0 min) is pseudo-colored in green,

t = 50 min in red, t = 100 min, in blue and t =

150 min in gray.

(B) Confocal images of coronal sections from P9

GAD67-GFPBAC transgenicmice showing TAG-1

(red) expression restricted to the inner EGL (iEGL).

Tangentially migrating MLGIs (green) are located

in the TAG-1+ area (white arrows).

(C) Schematic of the migrating MLGIs from the

coronal view.

Scale bars: 10 mm. oEGL, outer EGL.

See also Figure S4 and Video S5.
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Using a TAG-1-specific antibody, we showed that tangentially

migrating MLGIs are localized in the iEGL during cerebellar

development (Figures 3B and 3C; Figures S4A). To characterize

the potential cellular relationship between TAG-1-positive sig-

nals from premigratory granule cells (GCs) and GFP+ MLGIs,

we analyzed the level of apposition between TAG-1 signals

and GFP-positive MLGIs extending neurites. We observed

that more than 70% of GFP-positive neurites are associated

with TAG-1 signal in the EGL (Figures S4B–S4E), suggesting
(E) Cumulative distances achieved by migrating MLGIs at P7, P9, and P14 analyzed in coronal slices. The p

(F) Quantification of instantaneous velocities of migrating MLGIs at P7, P9, and P14 analyzed in coronal slic

Scale bars: 10 mm.

See also Figures S2 and S3 and Videos S2, S3, and S4.

C

that parallel fibers expressing TAG-1

supported MLGI tangential migration.

To test this hypothesis, we analyzed

the effects of an anti-TAG-1 blocking

antibody, which has been shown to

disrupt physiological neurite outgrowth

of GC precursors (Furley et al., 1990;

Wang et al., 2011). Using time-lapse im-

aging in the presence of TAG-1 blocking

antibody, we first observed a significant

change in the orientation of MLGI

migration. Indeed, acute treatment with

TAG-1 blocking antibody induced MLGI

dispersion in all directions, as compared

to the single mediolateral orientation

observed under control conditions (Fig-

ures 4A–4C; Video S6). In addition, we

also observed a significant difference in

the total distance traveled for the TAG-

1 blocking antibody condition compared

to control (61.1 ± 3.4 versus 43 ±

2.3 mm, respectively; [n = 3 and 4,
respectively; p < 0.0001]), although the mean speed was not

significantly different (17.6 ± 2.4 versus 21 ± 3.3 mm/h, respec-

tively [n = 3 and 4, respectively; p = 0.4302]) (Figures 4D and

4E). Altogether, these results showed that blocking TAG-1

function in GC neurites alters MLGI migration direction and ki-

netics in the mediolateral axis and suggest that GC neurites in

the iEGL are part of the molecular scaffolding supporting MLGI

migration. Next, we asked whether TAG-1 expression per se on

GC neurites also contributes to MLGI tangential migration. To
ink curve corresponds to the mean.

es. The pink curve corresponds to the mean.

ell Reports 34, 108904, March 30, 2021 5
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Figure 4. MLGI tangential migration depends on GC TAG-1+ axonal tracts

(A) Migration vectors from live imaging on P9 acute coronal slice from GAD67-GFP BAC transgenic mouse without (A1) or with (A2) the presence of TAG-1

blocking antibody during 1 h before the acquisition. Migratory paths and vectors are represented in pseudo-colors and gray, respectively.

(B) Schema illustrating the effects of TAG-1 blocking antibody application on migration angle values regarding the pial surface.

(C) Diagram showing the distribution of angles of cell trajectories with regard to the pial surface. Under the control condition (black line), a predominant cell

population migrates with an angle close to 0�, indicating that their trajectories are parallel to the pial surface defining tangential migration. Application of TAG-1

blocking antibody (light blue line) leads to deviation of MLGI trajectory angle and induces loss of the cell population that migrates with an angle near to 0�.
Treatment cleaving GPI-anchored proteins by PI-PLC shows no significant difference compared to control condition. n= 268 (P9 control), 237 (P9 + Anti-TAG-1),

and 217 (P9 + PI-PLC).

(D) Cumulative distances achieved by migrating MLGIs at P9 under control, TAG-1 blocking antibody, and PI-PLC conditions in the coronal orientation. The pink

curve corresponds to the mean.

(E) Quantification of instantaneous velocities of migrating MLGIs at P9 under control, TAG-1 blocking antibody, and PI-PLC conditions in the coronal orientation.

The pink curve corresponds to the mean.

(F) Migration vectors from live imaging on a P9 acute coronal slice after PI-PLC treatment.

Scale bars: 10 mm.

See also Figures S5 and S6 and Video S6.
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explore this possibility, we removed TAG-1 from GC neurites.

TAG-1 is a GPI-anchored neural cell adhesion molecule that

can be cleaved from the cell surface by treatment with phos-

phatidylinositol-specific phospholipase C (PI-PLC) (Law et al.,

2008). After 1 h of treatment with PI-PLC on acute cerebellar

slice, TAG-1 expression was no longer detected in the EGL

(Figure S5A). Using live imaging after PI-PLC treatment, we

observed a significant reduction of both the total distance trav-

eled and speed compared to control (for distance: n = 3 and 4,

respectively; 30.1 ± 1.2 versus 61.1 ± 3.4 mm; p < 0.0001; for
6 Cell Reports 34, 108904, March 30, 2021
speed: 9.33 ± 2.9 versus 21 ± 3.3 mm/h; p = 0.0002) (Figures

4D–4F). In contrast, we did not observe any alteration in

MLGI tangential orientation as compared to TAG-1 antibody

treatment. This result indicates that TAG-1 protein and/or other

GPI-linked molecules are important for the normal migration of

MLGIs within iEGL. To further explore the instructive role of

TAG-1-positive parallel fiber axons in supporting MLGI migra-

tion, we used two experimental in vitro models. First, we

used a cultured EGL microexplant. In these explants, GCs

extend TAG-1-positive fibers away from the core and follow
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Figure 5. Reorganization of TAG-1 fibers network induces MLGI ectopic tangential migration

(A) TAG-1 (red) immuno-staining on entire sagittal acute slice from GAD67-GFP (green) BAC transgenic mouse at P9 (A1 and A2). TAG-1 is only expressed in the

iEGL. Note the presence of GFP-positive cells in the TAG-1 area at high magnification (boxed area) (A3 and A4).

(B) TAG-1 immuno-staining on the entire sagittal organotypic slice from GAD67-GFP BAC transgenic mouse at P7 after 2 days in vitro (DIV) (B1 and B2).

Expression of TAG-1 is upregulated and not restricted to the iEGL, reflecting the considerable reorganization of premigratory granule fibers (high magnification of

boxed area, B3 and B4).

(C) Time-lapse imaging on a sagittal organotypic slice from a GAD67-GFP BAC transgenic mouse at P7 after 2 DIV. On the merged image, a frame corresponding

to the start of time lapse (t = 0 min) is pseudo-colored in green, t = 50 min in red, t = 100 min in blue, and t = 150 min in gray. Remodeling of TAG-1-positive fibers

induces MLGI tangential migration in the sagittal plane, which is not detectable on sagittal acute slices (Figure S2C).

(D and E) Schematic representation of TAG-1-positive fiber organization on acute sagittal (D) and organotypic slices after 2 DIV (E).

Scale bars: 200 mm in (A1), (A2), (B1), and (B2); 50 mm in (A3), (A4), (B3), and (B4); 10 mm in (C).

See also Video S7.
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the same sequence of in vivo differentiation (Renaud and Che-

dotal, 2014). Following GC fiber extension, PAX2-expressing

MLGIs emigrated from the explant (Figure S6A). In the pres-

ence of the TAG-1 blocking antibody, GCs no longer extended

their fibers outside the explants, and MLGIs were unable to
emigrate from the core explant, supporting a role for GC

TAG-1-positive fibers in MLGI migration (Figures S6B; quanti-

fied in Figure S6C). Second, we used a model of sagittal cere-

bellar organotypic slice culture. In this model, MLGIs display a

complex migration pattern, including a phase of tangential
Cell Reports 34, 108904, March 30, 2021 7
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Figure 6. Late-integrating interneurons migrate tangentially in the iEGL and differentiate into the SC subtypes

(A) Schema depicting organo-graft preparation that consists of the association of two coronal slice halves, one from P7 GAD67-GFP BAC transgenic mouse

(green) and the other from P7 WT mouse (orange). After 7 DIV, interneurons migrated into the WT side by using several migratory streams (black dotted arrows).

(B) Images of organo-graft with the limit between the donor and host sides labeled with a white dotted line (B1–B3). Tangentially GFP+ MLGIs migrating from the

donor side to the host side are shown with arrowheads. Cerebellar layers are delineated with gray dotted lines. (B2) is a bright-field image of (B1), and (B3) is a

merged image of (B1) and (B2). (B4) is a higher magnification of (B1) pointed by the yellow arrowhead. Note the localization of migrating interneurons in the EGL.

(legend continued on next page)
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migration in the ML, which is not observed in acute cerebellar

sagittal slices (Cameron et al., 2009). This apparent discrep-

ancy could be explained by a reorganization of TAG-1-positive

parallel fiber axons in sagittal organotypic slices. Indeed, the

TAG-1-positive area was no longer restricted to the iEGL but

was instead ectopically expressed in the oEGL and in the ML

(Figures 5A and 5B). In the same preparation, live-imaging ex-

periments revealed ectopic migration of MLGI occurring in both

the oEGL and ML (Figure 5C; Video S7). Altogether, our data

show that GC axon reorganization in explants and slice cultures

is sufficient to induce re-routing of neuron subtypes and further

suggest that GC axonal fibers are important to MLGI migration

(Figures 5D and 5E).

Tangentially migrating MLGIs are late-integrating cells
that differentiate into an SC-like subtype ex vivo

During early stages, BC and SC progenitors are morphologi-

cally indistinguishable and cannot be discriminated using a

genetic marker. To accurately identify MLGI subtypes that un-

derwent tangential migration, individual interneurons need to

be tracked until their differentiation. However, no experimental

paradigm exists to achieve this challenging task during

neuronal circuit development. To address this issue, we set

up an experimental paradigm that we called ‘‘organo-grafts’’

in which we co-cultured two halves of organotypic P7 cere-

bellar coronal slices contiguous to one another, as described

in Figure 6A. One-half of the organotypic slice is prepared

from a GAD67-GFP mouse and the other half from a wild-

type (WT) animal. This configuration allows us to identify

GFP-positive MLGIs that reach the WT side using tangential

migration. After 7 days in vitro (DIV), several migratory streams

of GFP+ cells were clearly noticeable in the WT host slice (Fig-

ure 6B). These streams were located in the EGL (Figures 6B1–

6B4; as quantified in Figure 6C) and could reach more than

500 mm from the slice junction. To confirm that cells from

the donor side used tangential migration to reach the host

side, we inhibited premigratory GC neurite outgrowth by treat-

ing organo-grafts with TAG-1 blocking antibody (Figures 6D1

and 6D2). In these experiments, we observed a drastic reduc-

tion of the number of GFP+ cells invading the host side

compared to the immunoglobulin M (IgM) control condition,

showing that the colonization of the host side required
(C) Quantification of the number of interneurons that reach the host side in the IG

(D) Organo-graft experiments without (D1) or with (D2) TAG-1 blocking antibody. M

of boxes a and b and (D2) with magnification of boxes c and d.

(E) Quantification of MLGIs that have undergone tangential migration after 7 DIV

500 mm away from the edge are quantified. Student’s t test comparison, **p = 0.

(F) Confocal images of GFP+ MLGIs located in the host side after tangential mig

(white arrowheads) and typical beaded axonal arbor (white arrows).

(G) Schema illustrating transplantation of GFP+ P3 progenitors into WT P3 anima

(H) Images of grafted SCs (H1) and BCs (H2) 13 days posttransplantation.

(I) Confocal images of the injection site (I1) and 600 mm from the injection site (I2

(J) Schematic representation of BC (blue stars) and SC (orange stars) dispersion

site (green pipette) along the antero-posterior axis mainly, whereas SCs are cap

(K) Diagram showing the percentage of grafted BCs (blue) and SCs (orange) inte

horizontal axis. n = 4 with a total of 411 BCs and 1,127 SCs quantified.

Scale bars: 100 mm in (B1)–(B3); 200 mm in (B4), (D1), and (D2); 100 mm in (D1a), (D

A-P, antero-posterior; M-L, mediolateral.
tangential migration supported by TAG-1-positive axonal par-

allel fibers (as quantified in Figure 6E). Moreover, because

MLGIs that reached the host side exhibited morphological

features similar to those classically observed for SCs (i.e.,

short dendrites and a beaded axonal arbor) (Figure 6F; Ango

et al., 2008), we next grafted GFP-labeled MLGIs in vivo to

confirm that SCs reached their homing position by using

tangential migration. We reasoned that only MLGIs that

spread in the mediolateral axis away from the grafting site

had used tangential migration.

To this end, we performed a set of grafting experiments allow-

ing us to monitor single-cell integration in vivo. Dissociated cells,

extracted from GAD67-GFP P3-aged cerebella, were implanted

homo-chronically into the cerebellum of P3 WT host mice (Fig-

ure 6G). Integration of fluorescent grafted cells was thus

analyzed after 13 days in fixed sagittal sections. We looked at

the distribution of both SCs (Figure 6H1) and BCs (Figure 6H2)

based on their morphological traits. At the injection site, we

observed a mixed population of cells composed of both BCs

(35%) and SCs (65%) (Figures 6I1, 6J, and 6K). However, in

the mediolateral axis, away from the injection site, the percent-

age of BCs decreased drastically until we observed a 100%

SC-like phenotype (Figures 6I2, 6J, and 6K). These data showed

that (1) grafted cells could spread along both anteroposterior and

mediolateral axes prior to reaching their final location and (2) a

fraction of MLGIs migrating over long distances in the mediolat-

eral axis differentiate into SCs.

The SC differentiation program depends on local GC
development
To investigate the relative contribution of GCs in the acquisition of

SC phenotype, we used Atoh1CreER+;Atoh1Flx/Flx mice to deplete

GC precursors from the developing cerebellum (Chang et al.,

2019). Because tangential migration occurred in the EGL starting

from P7 to P9, Atoh1CreER+;Atoh1Flx/Flx mice were treated with

tamoxifen at P1–P3 to drastically reduce the number of GC pre-

cursors (Figure S7A). We found that Atoh1CreER+;Atoh1Flx/Flx

mice showed a premature reduction of the EGL throughout cere-

bellar development, which was almost completely depleted at P9

as compared to controlAtoh1CreER-;Atoh1Flx/Flxmice (Figures 7A1

and 7B1). In addition, ML frommutant animals appeared reduced

compared to that of control mice (Figure S7B). In the absence of
L, ML, and IGL.

LGIs from the donor side were detected in the host side (D1) withmagnification

under control and TAG-1 blocking antibody conditions. Only those that are

005 (n = 6).

ration. Note some morphological features typical for SCs like short dendrites

ls.

).

along mediolateral and antero-posterior axes. BCs disperse near the injection

able of extensive dispersion along the mediolateral axis.

grated along the mediolateral axis. The injection site corresponds to 0 on the

1b), (D2c), and (D2d); 10 mm in (F); 20 mm in (H); 200 mm in (I). I-S, injection site;
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EGL, we observed an accumulation of immature PAX2+ cells in

Atoh1CreER+;Atoh1Flx/Flx slices above PC dendrites that persisted

after P14 and were still detectable after P18 whenmost PAX2-ex-

pressing cells are normally almost absent in control animals (Fig-

ures 7C and 7D with quantification in Figure 7I; Figure S7C with

quantification in Figure S7D). We next analyzed the maturation

of MLGIs by using the mature MLGI marker PARV. The number

of PARV+ cells was drastically decreased in Atoh1CreER+;

Atoh1Flx/Flx mice compared to control mice in the upper ML, the

homing layer for SCs (Figures 7E and 7F; as quantified in Fig-

ure 7J). Together, these data show that perturbation of MLGI

migration by altering the EGL cellular organization affects MLGI

differentiation program. In addition, the deeper part of the ML

showed normal PARV expression, whereas the superficial part

of the ML, which mostly contains SCs, was completely devoided

of PARV+ cell soma inmutants (Figure 7F), suggesting that SC but

not BC differentiation is affected.

Todemonstrate thatSCdifferentiationandcircuit assemblywere

indeed altered under these conditions, we quantified GABAergic

synapses in the ML by using the presynaptic marker GAD65. BCs

establish synaptic contacts on both cell soma and AISs of PCs,

whereas SCs contact PC dendrites following the fibers of Berg-

mann glia (Ango et al., 2004; Ango et al., 2008). Thus, it is possible

to specifically assess the relative development of both BC and SC

presynaptic sites. First,GAD65density aroundbothsomaandAISs

of PCs were quantified inmutant Atoh1CreER+;Atoh1Flx/Flx and con-

trol mice (Figures 7G and 7H; as quantified in Figure 7K). We

observed a comparable distribution and density of GAD65 in

both genotypes (n = 4; p = n.s.), suggesting that BC presynaptic

contacts were not affected in Atoh1CreER+;Atoh1Flx/Flx mice. Sec-

ond, we quantified the total number of presynaptic boutons on

thedendritic domain ofPCs in theML (Figures7Gand7H; asquan-

tified in Figure 7K).We observed a nearly 50% reduction ofGAD65

labeling in themutantmice (n=4; p=0.0001), showing that SCpre-

synaptic sites were significantly reduced by inducible loss of GCs.

Thus, early depletion of premigratory granule cells impaired matu-

ration of SCs and induced a significant decrease in the number of

presynaptic GAD65 in the ML. Our data further suggest that local

interactions between excitatory and inhibitory progenitors in the

cerebellum are critical for interneuron subtype differentiation and

proper inhibitory circuit assembly.

DISCUSSION

Cell diversity is the hallmark of CNS function and requires a

fine orchestration in space and time of specific neuronal sub-
Figure 7. Depletion of granule cell precursors affects late-born MLGI m

(A–D) Confocal images of sagittal cerebellar slices from P9 (A and B) and P14 (

(green), CALB (A2 and B2), or PARV (C2 and D2) (red). PAX2+ immature MLGIs

(E and F) Immunolabeled P18 sagittal Atoh1CreER+;Atoh1Flx/Flx and control mice se

arrowheads.

(G and H) Immunolabeled P18 sagittal Atoh1CreER+;Atoh1Flx/Flx and control mice

(I) Quantification of PAX2 cell density in ML at P9, P14, and P18 in Atoh1CreER+;A

(J) Quantification of PARV-positive cells in ML at P9, P14, and P18 in Atoh1CreER

(K) Quantification of GAD65 density in the entire ML at the level of Purkinje dend

Scale bars: 20 mm. PARV, parvalbumin; AIS, axonal initial segment. Unpaired t test

P18, **p = 0.005 (n = 4); and comparison for PARV at P9, not significant (n.s.) (n

See also Figure S7.
type integration into neural circuits. Here, we provide evidence

that, although BCs and SCs derive from a common progenitor

pool and have an overlapping birth date, their differentiation

and integration follow a distinct and specific migration route

that impacts their final cell phenotypical traits. We showed

that a subset of MLGI progenitors enter the EGL from P7

where they remain immature, as revealed by their continuous

expression of PAX2 (Maricich and Herrup, 1999). These cells

then undergo an additional step of tangential migration from

P9 to P14 before acquiring their final phenotypical traits.

This delayed integration, caused by the prolonged migration

process, allows the recipient environment to promote a SC-

like differentiation, likely through cellular interactions with GC

progenitors.

Cellular and molecular mechanisms of MLGI circuit
integration
The understanding of MLGI migration and integration into

cerebellar neural circuits has remained poorly understood.

The seminal work of Goldman and colleagues, using retrovi-

ruses, showed that BC and SC precursors are born in the

white matter and suggests that they migrate through the

PCL to reach the ML (Zhang and Goldman, 1996). Our

time-lapse imaging on acute slices revealed that these pre-

cursors migrate radially from the GC layer (GCL) to the ML

and transiently express PAX2 (Maricich and Herrup, 1999).

They display a long leading process through the ML coupled

to somal translocation, as reported for radially migrating py-

ramidal cells (Nadarajah and Parnavelas, 2002). Once they

reach their final position, they start their differentiation and

express PARV, a marker for mature cerebellar interneurons.

The prevailing view is that subsequent precursors enter the

ML and position themselves according to a continuous in-

side-out mode (Yamanaka et al., 2004), where the first inter-

neurons that access the ML will establish close to PC soma

and the next ones will populate the upper two-thirds of the

ML. However, little is known about the molecular substrates

guiding MLGIs from the GCL to their laminar position in the

ML. The present study supports a model that allows the

subsequent waves of migrating interneurons to enter the

ML in an inside-out manner. Although early-born MLGIs

enter the ML outside the TAG-1 region, later ones use the

TAG-1-positive environment as a substrate for their

extended tangential migration. The first migration waves,

localized below the TAG-1-positive area, occur between P3

and P7 and correspond to the differentiation window of
aturation

C and D) control and Atoh1CreER+;Atoh1Flx/Flx mice double stained with PAX2

located in EGL are marked with white arrows.

ctions with CALB (red) and PARV (green). Mature MLGIs are marked with white

sections with CALB (red) and GAD65 (green).

toh1Flx/Flx and WT animals.
+;Atoh1Flx/Flx and WT mice.

ritic tree and around soma and AIS of Purkinje cells.

comparison for PAX2 at P9, *p = 0.001 (n = 5); at P14, **p = 0.0001 (n = 4); and at

= 5); at P14, ***p = 0.00001 (n = 4); and at P18, ***p = 0.00001 (n = 4).
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BCs that are kept outside the EGL. This population might be

sensitive to netrin repulsion (Guijarro et al., 2006). During the

second and subsequent waves, MLGIs enter the TAG-1 pos-

itive area, corresponding to the lower part of the EGL, just

above the ML. At this level, the neural cell adhesion mole-

cule TAG-1 is expressed along the axonal processes of

the GC precursors. As the EGL develops, GC precursors

will progressively cease to express TAG-1 and migrate radi-

ally to form the internal granule cell layer (IGL). At the same

time, GC precursors located just above the previous ones in

the EGL will start to express TAG-1, thus creating a new

scaffold for the integration of newly arrived MLGIs. It is

worth noting that the outside-in developmental pattern of

the EGL supports the establishment of the inside-out mode

of MLGI integration.

The identification of the TAG-1-positive axonal parallel fibers

as a substrate for tangentially migrating interneurons was also

identified in the cortex for interneurons migrating along the cor-

ticofugal axons (Denaxa et al., 2001; McManus et al., 2004;

Morante-Oria et al., 2003). Intriguingly, the birth date of

GABAergic interneurons restrains their ability to use TAG-1-

positive axons as a scaffold for migration, as also shown in

the present study (McManus et al., 2004), suggesting that tem-

poral differences have an impact on substrate specificities.

Thus, it is tempting to speculate that, in both cerebral and

cerebellar cortices, specific migration substrates that control

distinct migration routes might also contribute to the cell-type

diversity program by exposing neuronal precursors to specific

environmental cues.

Specific migration routes for MLGI integration in the
cerebellar circuit
In the cerebellum, BCs and SCs are thought to belong to the

same cell type. The inside-out sequence of MLGI integration

was suggested to provide a common mechanism to link their

phenotypes and laminar position in cerebellar ML to their birth

date. However, interneurons that are born at the same time and

share the same laminar localization display different pheno-

types, questioning how the same local environment might

affect their identity. We were able to show that the timing of

integration, which depends on the migration route used to

reach the final location, is critical for proper neuronal integration

and normal neural circuit formation. Indeed, we observed two

distinct migration patterns for neuronal precursors that reach

the ML. One population of MLGIs, the BCs, starts to differen-

tiate immediately after reaching the ML, as identified by the

loss of PAX2 expression and the subsequent expression of

the mature neuronal marker PARV. During the same time win-

dow, a fraction of cells enters the EGL and performs an addi-

tional step of tangential migration and, therefore, delays the

onset of its differentiation. We hypothesize that this delay in dif-

ferentiation onset contributes to a change in environmental

cues and, therefore, participates in the cell diversity program.

Indeed, depletion of the EGL in the Atoh1CreER+;Atoh1Flx/Flx

mice altered the differentiation program of the late-born SC

subtypes that remained immature and failed to develop proper

synaptic connectivity in contrast to BCs. Although depletion of

GCs at the earliest time point might equally affect BC and SC
12 Cell Reports 34, 108904, March 30, 2021
differentiation, we think that this is unlikely for the following rea-

sons. First, temporal fate mapping of cerebellar interneurons by

using the Ascl1CreER mice revealed that tamoxifen injection

from P1 to P7 mainly labels SCs, indicating that the majority

of BCs are already specified before P1 (Sudarov et al., 2011).

Second, although a fraction of BCs is already differentiated

in the ML before P5, we were unable to detect MLGIs in the

EGL, suggesting that the differentiation of BCs does not

require interaction with TAG-1-positive GCs. Third, in NeuroD2

knockout mice, BCs remained PAX2 immunopositive, failed to

express PARV, and did not innervate PC AIS; whereas normal

SC dendritic innervation was preserved (Pieper et al., 2019).

Thus, BC and SC differentiation programs appear to be regu-

lated by distinct mechanisms. Altogether, these results add ar-

guments in favor of the distinctive neuron subtype classification

of BCs versus SCs and report their divergent migration, inte-

gration, and differentiation into the ML.

Recent data in the cerebellum indicate that synaptic activity

from GCs regulates GABAergic interneuron final positioning in

the ML (Park et al., 2019). Increasing evidence suggests that

subtle changes in migration patterns might result from genomic

mutations associated with circuit dysfunction. In the future, it will

be important to examine how defects in migration route impact

the neuronal differentiation and cell identity program during neu-

ral circuit development.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-TAG-1 DSHB Cat#4D7/TAG1; RRID: AB_531775

Chicken polyclonal anti-Beta III Tubulin Merck Millipore Cat#AB9354; RRID: AB_570918

Mouse monoclonal anti-Parvalbumin Merck Millipore Cat#MAB1572; RRID: AB_2174013

Rabbit polyclonal anti-Parvalbumin Swant Cat#PV-28; RRID: AB_2315235

Mouse monoclonal anti-Calbindin Swant Cat#300; RRID: AB_10000347

Rabbit polyclonal anti-Calbindin Swant Cat#CB38; RRID: AB_10000340

Rabbit polyclonal anti-PAX2 Thermo Fisher Scientific Cat#71-6000; RRID: AB_2533990

Mouse monoclonal Anti-Drosophila

tracheal system (Control IgM)

DSHB Cat#2A12; RRID:AB_528492

Chemicals, peptides, and recombinant proteins

CyTRAK Orange Abcam Cat#ab109203

16% Formaldehyde (w/v), Methanol-

free

Thermo Scientific Cat#28908

Basal Medium Eagle (BME) Thermo Scientific Cat#21010046

Neurobasal medium Thermo Scientific Cat#21103049

B27 Supplement Thermo Scientific Cat#17504044

Normal Horse serum Vector Laboratories Cat#S2000

Sucrose Sigma-Aldrich Cat#S0389

Hanks’ Balanced Salt solution (HBSS) Sigma-Aldrich Cat#H8264

Penicillin Streptomycin solution Sigma-Aldrich Cat#P4333

GlutaMAX Supplement Thermo Scientific Cat#35050038

Triton X-100 Sigma-Aldrich Cat#T8787

Vectashield hard-set with DAPI Vector Laboratories Cat#H-1500; RRID: AB_2336788

Phospholipase C, Phosphatidylinositol-

specific from Bacillus cereus

Sigma-Aldrich Cat#P8804

Tissue-Tek O.C.T. Compound Sakura Cat#4583

Tamoxifen Sigma-Aldrich Cat#T5648

Poly-L-Lysine Sigma-Aldrich Cat#P1274

Laminin Sigma-Aldrich Cat#L2020

BSA Sigma-Aldrich Cat#05470

L-Thyroxine Sigma-Aldrich Cat#T2376

Transferrin Sigma-Aldrich Cat#T8158

Insulin Sigma-Aldrich Cat#I6634

Aprotinin Sigma-Aldrich Cat#A1153

Experimental models: organisms/strains

Mouse: CB6-Tg(Gad1-EGFP)G42Zjh/J

(G42 line)

The Jackson Laboratory Cat#JAX:007677; RRID:

IMSR_JAX:007677

Mouse: Tg(Atoh1-cre/Esr1*)14Fsh/J The Jackson Laboratory Cat#JAX:007684; RRID:

IMSR_JAX:007684

Mouse: B6.129S7-Atoh1tm3Hzo/J The Jackson Laboratory Cat#JAX:008681; RRID:

IMSR_JAX:008681

Software and algorithms

Fiji NIH RRID: SCR_002285, https://fiji.sc/

ZEN Digital Imaging for Light

Microscopy

Zeiss RRID: SCR_013672

(Continued on next page)
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GraphPad Prism 8 GraphPad software RRID: SCR_002798

R R Core Team https://www.r-project.org

Imaris Bitplane RRID:SCR_007370

Adobe Illustrator 2020 Adobe Systems https://www.adobe.com/products/

illustrator.html;

RRID: SCR_010279
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Fabrice

Ango (fabrice.ango@inserm.fr).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate new dataset and no custom code was used in this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse lines
Swiss wild-type mice used for transplantation and organo-graft experiments were obtained from Janvier Labs. GAD67-GFP BAC

transgenic mice have previously been described (Ango et al., 2004). Atoh1CreER (referred to as Tg(Atoh1- cre/Esr1*)14Fsh) (Machold

and Fishell, 2005) and AtohFlx/Flx (referred to as Atoh1tm3Hzo) (Shroyer et al., 2007) were all obtained from Jackson Laboratory. To

achieve the conditional knockout of Atoh1 in GNPs, Atoh1CreER+;Atoh1Flx/Flx mice were intraperitoneally injected with tamoxifen at

P3. Housing conditions consisted of cages containing a maximum of 6 adult mice. Breeding cages contained 1 male and up to 2

females. For all the experiments, both males and females were used. We used P3, P5, P7, P9, P12, P14 and P18 animals for

experiments.

Animal statement
The experimental plan was designed according to the European Communities Council Directive and the French law for care and use

of experimental animals. We followed the European and national regulations for the care and use of animals in order to protect verte-

brate animals for experimental and other scientific purposes (Directive 86/609). The project ‘‘Atoh1/Math1 regulation and function

during cerebellar normal development and medulloblastoma’’ obtained the ethical approval (#2011-0012) from the reporting ethical

committee IDF Paris-Comité 1. Use of animals was also approved by the Institutional Animal Care and Use Committee (IACUC) of

National Yang-Ming University (1030503, 1040625).

METHOD DETAILS

Immunohistochemistry
For tissue preparation, animals were euthanized by intraperitoneal injection of Pentobarbital (50 mg/kg) and perfused intracardiacally

with cold artificial cerebrospinal fluid (aCSF) (NaCl, 126 mM; KCl, 3 mM; NaH2PO4, 1.25 mM; NaHCO3, 20 mM; MgSO4, 2 mM; CaCl2, 2 mM and

D-glucose, 20 mM, pH 7.4). Cerebella were dissected and fixed overnight (O/N) in cold paraformaldehyde 4% before slicing at

60 mm-thick and stored at 4�C in phosphate buffer saline. For certain immunostaining protocols, brains were cryoprotected with

20% and 30% sucrose in PBS successively and then frozen in O.C.T compound. Brains were finally cut sagittally or coronally on

a sliding cryotome at 50 mm and sections were kept in a cryoprotective solution at �20�C. For immunostaining, slices were treated

with blocking reagent (5% normal horse serum, 0.2% Triton X-100 in PBS) for 3 hours at room temperature before incubating with the

following primary antibodies O/N at 4�C: mouse anti-Parvalbumin (1/1000, Chemicon), rabbit anti-Parvalbumin (1/500, Swant),

mouse anti-Calbindin (1/500, Swant), rabbit anti-Calbindin (1/1000, Swant), rabbit anti-PAX2 (1/100, Invitrogen), mouse anti-

TAG- 1 (1/125, DSHB), chicken anti-TUJ1 (1/500, Millipore). Secondary goat Alexa 488, �546, �633 (Invitrogen) or donkey
e2 Cell Reports 34, 108904, March 30, 2021
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NL-493, �557, �637 (R&D) raised against the appropriate species were used at a dilution of 1/1000 and sections were mounted in

Vectashield hard-set with DAPI (Vector Laboratories).

Two-photon imaging on acute slices
GAD67-GFP BAC transgenic mice were decapitated and brains were quickly transferred into ice-cold aCSF (NaCl, 126 mM; KCl,

3 mM; NaH2PO4, 1.25 mM; NaHCO3, 20 mM; MgSO4, 2 mM; CaCl2, 2 mM and D-glucose, 20 mM, pH 7.4). After removing the cer-

ebellum from the skull, cerebellar coronal or sagittal slices 300 mm-thick were cut with a vibratome, allowed to recover for one hour in

oxygenated aCSF at 34�C and immersed in an environmentally-controlled recording chamber at 37�C, 5% O2 / 95% CO2. For Cy-

TRAK experiments, Orange dye application (1/500, Abcam) was performed for 15 minutes just before the acquisition. For blocking

antibody and PI-PLC experiments, TAG-1 (250 mg/ml, DSHB), control IgM (250 mg/ml, DSHB) and PI-PLC (0.5 U/ml, Sigma) were

incubated for one hour at 37�C prior to imaging. Images (300 mm x 300 mm) were acquired with a two-photon microscope (TriM

Scope, LaVision Biotec) equipped with a water immersion X20, 0,95NA objective (Olympus). The Ti-Sapphire laser (Chameleon,

Coherent) was tuned to the optimal excitation wavelength for GFP (900 nm), with emitted signals detected at 910 nm using a

PMT. Excitation for CyTRAK Orange was delivered at 970 nm, with emitted signals detected at 980 nm. Movies were made from

3D stacks (z = 200 mm) acquired sequentially every 10 min using a step size of 2 mm. At least 5 acquisition sessions per condition

were analyzed and each acquisition was made from distinct animals (n = 5).

Organotypic slice culture
GAD67-GFP BAC transgenic and WT pups were rapidly decapitated and dissected in cold HBSS. Cerebella were removed from the

skull and cut using a tissue-chopper into 350 mm- thick sagittal or coronal slices. Immediately, slices were transferred to the mem-

brane of culture inserts (Millicell, Millipore) with prewarmed medium containing a mix of BME/HBSS (Sigma- Aldrich) supplemented

with glutamine, 5% horse serum and 1% pen/strep (Sigma-Aldrich) for incubation (37�C, 5% CO2). For blocking antibody experi-

ments, organotypic cerebellar slices were incubated with the TAG-1 antibody (250 mg/ml, DSHB) or control IgM (250 mg/ml,

DSHB) for 8DIV, renewing the medium every two days. For organo-graft experiments, two halves of organotypic cerebellar coronal

slices (one from a WT animal and one from a GAD67- GFP BAC transgenic one) contiguous one to the other were cultivated.

Transplantation experiments
For cell preparation, P3GAD67-GFPBAC transgenic pupswere rapidly decapitated and dissected in coldHBSS (Sigma-Aldrich). Cere-

bellawereextracted fromtheskull beforegently removingmeningesandchoroidplexus.Cerebellawere thencut usinga tissue-chopper

into300mm-thick sagittal slicescollected in neurobasalmedium (NB,ThermoScientific). Cerebellar cellsweremechanically dissociated

using threesterile glasspipetteswithdecreasingdiameter.Obtainedsuspensionswere thencentrifugedand resuspendedatafinal con-

centration of 1 X 105 cells/ml in NB containing B27 supplement (2%, Thermo Scientific) and GlutaMax (1%, Thermo Scientific). For the

transplantationprocess,P3pupswerecryo-anesthetized inmelting ice, amidline incisionof thescalpwasperformed, andmuscleswere

gently removed from skull bone with a tweezer. After setting stereotaxic coordinates, a small hole in the skull was done using a needle

and 2 ml of the final suspensionwas injected in the vermis of the cerebellar cortex thanks to a glassmicropipette. Finally, thewoundwas

sutured and pups were put back with the mother. The recipient animals were killed 13 days after transplantation.

Microexplant preparation
P3 WT pups were rapidly decapitated and dissected in cold HBSS (Sigma-Aldrich). Cerebella were extracted from the skull before

gently removing meninges and choroid plexus. Cerebellums were then cut using a tissue-chopper into 300 mm-thick sagittal slices.

Squared pieces (300 3 300 mm) were micro-dissected and plated on previously coated coverslips with poly-L-lysine (200 mg/ml,

Sigma-Aldrich) and laminin (20 mg/ml, Sigma-Aldrich). To culture cerebellar microexplants, a complemented BME medium (Thermo

Scientific) was freshly prepared containing BSA (1 mg/ml, Sigma-Aldrich), L-Thyroxine (1 nM, Sigma-Aldrich), Transferrin (100 mg/ml,

Sigma-Aldrich), Insulin (10 mg/ml, Sigma-Aldrich), Aprotinin (1 mg/ml, Sigma-Aldrich), pen/strep (1%, Sigma-Aldrich) and GlutaMax

(1%, Thermo Scientific). After 1 DIV in the incubator (37�C, 5%CO2), microexplants were finally fixed with paraformaldehyde 4% for

10 minutes, permeabilized with 1% Triton for 5 minutes, immunostained with PAX2 (Rabbit, 1/100), TUJ1 (Chicken, 1/500) primary

antibodies and counterstained with DAPI. For TAG-1 condition, anti-TAG-1 blocking antibody (250 mg/ml, DSHB) was added to the

culture medium 4 hours after plating.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis
Immunofluorescence experiments were imaged at high magnification by confocal laser- scanning microscopy (Zeiss LSM 780). Im-

ages were acquired either with 40X or 20X lenses (NA 1.3). For display, images were superimposed and processed with the image

analysis softwares Imaris (Bitplane) and ImageJ (NIH). In order todefine theboundarybetweenMLandEGLafter live imaging sessions,

DAPI staining was performed on fixed slices and images from the area of interest were acquired. Speed and traveled distances from

live-imaging experiments were analyzed and plotted using R and GraphPadPrism8 (GraphPad). Deviation angles from the mediolat-

eral axis shown in Figure 4C were defined by calculating the inverse tangent of (Dz/Dx) ratio for each cell. For organo-grafts analysis,
Cell Reports 34, 108904, March 30, 2021 e3
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onlyGFP-positive cells from thedonor side that havemigratedmore than 500mm in the host sidewere counted. Todetermine injection

site for grafting experiments, stereotaxic coordinates were used in addition to scar that was still visible at the level of the dura. Another

important indicator is the presence of fewGFPpositive cells in the IGL around the injection site and as youmove from the injection site,

the number of cells in the IGL is decreasing. BC and SC identities were defined according to morphology, location into the ML and

axonal targeting. For cerebellarmicroexplant analysis, the length of TUJ1+ fiberswasmeasured from the explant border. For the anal-

ysis of GFP and TAG-1 signal apposition, we used the ‘‘plot profile’’ function from ImageJ software (NIH) tomeasure the pixel intensity

of GFP and TAG-1 along a straight line crossingmultiple GFPpositive neurites in the EGL. After splitting the two channels, the linewas

added as a ROI and used to analyze TAG-1 signal intensity. Pixel intensity along this line was measured individually in both channels.

Numbers ofGFPpeaks identifiedwith anoverlapwith apeakof TAG-1were collectedanddatawere analyzedusingGraphPadPrism8.

Movie analysis
After translational and rotational drift correction, 2-photon acquisitions were analyzed using the 3D-tracking tool from Imaris software

(Bitplane) and quantitative data were exported for further speed, traveled distance and deviation angle measurements analyses.

Movies were finally annotated using Manual Tracking ImageJ plugin (https://imagej.net/Manual_Tracking).

Statistical analysis
Sample sizes (n) noted in legends for Figures 4, 6, 7, S1, S6, and S7 refer to the number of biological replicates analyzed. Data were

expressed as the mean plus or minus the standard error of the mean (SEM). Statistical analyses were performed using the

GraphPadPrism8 software with either the Unpaired Student’s t test for two group comparisons, or one-way ANOVA with Dunnett’s

multiple comparison test for multiple group comparisons. p < 0.05 was considered statistically significant. In all figures, asterisks

denote statistical significance, where *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
e4 Cell Reports 34, 108904, March 30, 2021
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Figure S1: A fraction of immature MLGIs accumulates in the EGL during cerebellar 
development. Related to Figure 1. 
(A) Confocal images of cerebellar lobules from P9 GAD67-GFP BAC transgenic mice. White 
dottedline is delimiting ML/EGL boundary based on Calbindin labelling (magenta). MLGIs 
(green) are homogenously distributed in EGL across the different lobules. Scale bars: 100 µm. 
(B) Quantification of the number of GFP+-MLGIs located in the EGL of lobules III and VII. 
(C) Quantification of the number of GFP+-MLGIs located in the ML of lobules III and VII. (D) 
Confocal images of sagittal sections depicting the distribution of PAX2 progenitors at P7, P9 
and P14. Between P7 and P9, PAX2 positive interneurons accumulated into the EGL (white 
arrows). Note that differentiated interneurons (white arrowheads) expressing Parvalbumin (red) 
are located close to PCs soma. Scale bars: 20 µm. (E) Graphs showing the distribution of PAX2+ 
and PARV+ cells during cerebellar development. N=3, P7: 127 PAX2+ cells, 25 PARV+ cells; 
n=3, P9: 193 PAX2+ cells, 44 PARV+ cells; n=3, P14: 49 PAX2+ cells, 75 PARV+ cells. EGL, 
External granule cell layer; ML, molecular layer; MLGI, molecular layer GABAergic 
interneuron. 



 
 

 

 

 

 



Figure S2: MLGIs tangential migration in the EGL does not occur in the sagittal plane of 
acute slices but in the coronal one. Related to Figure 2. 
(A) Migration vectors from live imaging of coronal acute slices at P3, P9 and P14 and P9 flat- 
mount preparation. A diagram of the image acquisition angle for each panel is depicted. (B) 
Two-photon microscopy on acute coronal slice from P7 GAD67-GFP animal. Colored 
arrowheads highlight MLGI switching from radial migration in the ML to tangential migration 
in the EGL. The frame corresponding to the start of the time-lapse (t=0 min) is pseudo-colored 
in green, t=50 min in red, t=100 min in blue and t=150 min in grey. (C) Two-photon microscopy 
on acute sagittal slices from P9 GAD67-GFP animals where we can only observe MLGIs 
radially migrating. The frame corresponding to the start of the time-lapse (t=0 min) is pseudo- 
colored in green, t=50 min in red, t=100 min in blue and t=150 min in grey. Scale bars: 10 µm. 
EGL, external granule cell layer; ML, molecular layer; PCL, Purkinje cell layer; MLGI, 
molecular layer GABAergic interneuron. 
 



 
 

 

 

 



Figure S3: MLGIs are orthogonally organized in cerebellar cortex. Related to Figure 2. 
(A) P9 flat-mount preparation scanned from top to bottom using a confocal microscope with a 
z-step size of 0.8 µm. The first 10 sections corresponding to the first 8 µm are merged and 
pseudo-colored in dark blue (A1). The following 8 µm sections from 11 to 20 were pseudo- 
colored in cyan (A2), sections from 21 to 30 in green (A3) and sections from 31 to 40 in red 
(A4). The first row is oriented in the M-L axis and represents MLGIs located in the EGL. The 
following stacks gradually show the shift in their orientation to the A-P axis as depicted in the 
merged image and corresponds to MLGIs located in the ML (A5). Scale bars: 50 µm in A1-4 
and 10 µm in A5. R-C, rostro-caudal; M-L, medio-lateral; ML, molecular layer; MLGI, 
molecular layer GABAergic interneuron. 
 
 
 
 
 
 
 
 
 



 
 
Figure S4: TAG-1 positive area delineates MLGI tangential migration territory. Related 
to Figure 3. 
(A) Confocal images of coronal cerebellar slices from GAD67-GFP animals showing TAG-1 
expression (red) during development from P3 to P18. (B) P9 coronal confocal images pointing 
GFP+ MLGIs (green) in close apposition with TAG-1+ signal (red) (white arrows). (C) Confocal 
images of P9 flat-mount preparation showing overlap between GFP (MLGIs, green) and TAG- 
1 (GC axonal tracts, red) (white arrows). (D) Plot profile analysis displaying a two-dimensional 
graph of the intensities of pixels along a line within the image for GFP (green) and TAG-1 (red) 
signals. Note the clear association between the signal from GFP+ neurites and TAG-1 as 
quantified in (E). Scale bars: 10 µm. oEGL, outer external granule cell layer; iEGL, inner 
external granule cell layer; MLGI, molecular layer GABAergic interneuron. 
 
 
 
 
 
 



 
Figure S5: Acute treatment with PI-PLC completely removes TAG-1 expression in the 
EGL. Related to Figure 4. 
(A) Confocal images of P9 sagittal cerebellar slices from GAD67-GFP animals labeled with 
TAG-1 (red) before (A1) and after (A2) PI-PLC treatment. Scale bar: 20 µm. PI-PLC, 
phosphatidylinositol-specific phospholipase C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure S6: TAG-1 blocking antibody inhibits GC neurite outgrowth and MLGIs 
migration. Related to Figure 4 and Figure 5. 
(A1) Cerebellar micro-explant from P3 pups labeled with PAX2 (green), TUJ1 (red) and DAPI 
(blue) after 1 DIV. MLGIs migrate on TUJ1+ GC fibers emerging from the core of the micro- 
explant (A2a-c). Whereas high level of TUJ1 is detected in MLGI dendrites (white arrows), no 
TUJ1 expression is detected in their axon (yellow arrows). (B) Cerebellar micro-explant from 
P3 pups labeled with PAX2 (green), TUJ1 (red) and DAPI (blue) after 1 DIV following TAG- 
1 blocking antibody treatment. Note that TAG-1 blocking-antibody completely inhibited TUJ1 
positive fibers extension from GCs and thus impaired PAX2+ progenitor migration from the 
core explant. Scale bars: 100 µm in A1 and B, 10 µm in A2a-c. (C) Quantification of TUJ1+ 
fibers length extended from GCs in both control and TAG-1 blocking antibody treatment 
conditions. MLGI, molecular layer GABAergic interneuron; DIV, day in vitro; GC, granular 
cells. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S7: Depletion of granule cell precursors affects cerebellar development. Related to 
Figure 7. 
(A) Granule cell precursors depletion observed in P9 Atoh1CreER+;Atoh1Flx/Flx compared to WT 
animals following tamoxifen administration between P1 and P3. (B) Plot showing molecular 
layer size at P9, P14 and P18 in Atoh1CreER+;Atoh1Flx/Flx and WT animals. Unpaired t-test 
comparison at P9, ns (n=3); P14, * (n=3, P=0,01); P18, *** (n=3, P=0,0005). (C) Confocal 
images of sagittal cerebellar slices labeled for PAX2 (green) and PARV (red) from P18 
Atoh1CreER+;Atoh1Flx/Flx and WT animals. Note the higher number of PAX2 positive cells above 
Purkinje cell dendrites in Atoh1CreER+;Atoh1Flx/Flx (white arrowheads) compared to control 
animals as quantified in (D). Unpaired t-test comparison at P18, * (n=4, P=0,01). Scale bars: 
100 µm in A, 10 µm in C. ML, molecular layer; PARV, Parvalbumin. 
 


	CELREP108904_annotate_v34i13.pdf
	Excitatory granule neuron precursors orchestrate laminar localization and differentiation of cerebellar inhibitory interneu ...
	Introduction
	Results
	A subpopulation of MLGIs accumulates in the external granule cell layer (EGL) and migrates tangentially
	MLGI tangential migration is supported by premigratory granule cells in the EGL
	Tangentially migrating MLGIs are late-integrating cells that differentiate into an SC-like subtype ex vivo
	The SC differentiation program depends on local GC development

	Discussion
	Cellular and molecular mechanisms of MLGI circuit integration
	Specific migration routes for MLGI integration in the cerebellar circuit

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key Resources Table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Mouse lines
	Animal statement

	Method details
	Immunohistochemistry
	Two-photon imaging on acute slices
	Organotypic slice culture
	Transplantation experiments
	Microexplant preparation

	Quantification and statistical analysis
	Image analysis
	Movie analysis
	Statistical analysis





