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SUMMARY
Themigration of newborn neurons is essential for brainmorphogenesis and circuit formation, yet controversy
exists regarding how neurons generate the driving force against strongmechanical stresses in crowded neu-
ral tissues. We found that cerebellar granule neurons employ a mechanosensing mechanism to switch the
driving forces to maneuver in irregular brain tissue. In two-dimensional (2D) cultures, actomyosin is enriched
in the leading process, exerting traction force on the cell soma. In tissue or 3D confinement, however, acto-
myosin concentrates at the posterior cell membrane, generating contractile forces that assist passage
through narrow spaces, working alongside the traction force in the leading process. The 3Dmigration is initi-
ated by the activation of a mechanosensitive channel, PIEZO1. PIEZO1-induced calcium influx in the soma
triggers the PKC-ezrin cascade, which recruits actomyosin and transmits its contractile force to the posterior
plasmamembrane. Thus, migrating neurons adapt their motility modes in distinct extracellular environments
in the developing brain.
INTRODUCTION

Cell migration is important in various physiological and patholog-

ical events, such as morphogenesis, immune surveillance, and

cancer metastasis. On two-dimensional (2D) substrates, cell

migration is driven by the propulsive force of polymerizing cortical

actin that is anchored to transmembrane adhesion receptors in

the leading edge.1–3 However, recent studies have revealed that

cells confined in 3D matrices can adopt multiple motility modes

based on the physical environment, availability of cell-matrix

adhesion, and effective sites for actomyosin contraction.4–6 The

mechanism of 3D migration has been intensively studied using

mesenchymal cancer cells,7–10 germ cells,11,12 fibroblasts,13,14

and immune cells,15–17 mostly in cultured conditions, but has yet

to be identified under in vivo conditions and in other migratory

cell types, including neural cells in the brain.

Postmitotic neurons in the mammalian brain migrate long dis-

tances during cortical brain development. Migrating neurons

typically extend a long leading process and translocate the cell
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soma, including the nucleus, into the leading process. In these

cells, force generation and transmission also rely on actomyosin

dynamics, in addition to the steering force of perinuclear micro-

tubules and their motor proteins.18,19 However, considerable di-

versity in actomyosin force generation has been found in

different models of neuronal migration. For instance, in migrating

forebrain interneurons in organotypic slices or Matrigel, non-

muscle myosin II (hereafter called myosin) is enriched at the

rear of the cell and exerts a pushing force behind the nu-

cleus.20–24 In contrast, in migrating cerebellar granule neurons

(CGNs) on culture dishes coated with extracellular matrix

(ECM), actomyosin in the leading process generates an adhe-

sion-dependent traction force that pulls the nucleus along with

the perinuclear microtubules in the cell soma.25–28 The contro-

versy over whether the actomyosin force is generated in the front

or the rear has been attributed to the differences in neuron types

and assay systems.19,29,30

In this study, we investigated actomyosin dynamics during

neuronal migration in different extracellular environments using
rch 25, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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CGNs as a model. We found that actomyosin dynamically

changes its subcellular localization within the same cell, depend-

ing on the 2D and 3D extracellular environments, and generates

an effective driving force for neuronal migration. We demon-

strate that a migrating neuron is not governed by a single migra-

tory mode but is equipped with multiple engines and can switch

between driving forces via a mechanosensor PIEZO1.

RESULTS

Neurons hire differential actomyosin forces in 2D and
3D environments
During the formation of the cerebellar cortex, CGNs born in the

external granular layer (EGL) migrate in the molecular layer

(ML) to the internal granular layer (IGL). We and others have re-

ported that CGNsmigrate by the traction force of actomyosin en-

riched in the leading process using dissociated cultures on lam-

inin-coated dishes.25–28 To investigate whether CGNs in

developing brain tissue adopt the same mechanism by which

the soma is ‘‘pulled’’ by the traction force in the leading process,

wemonitored actomyosin dynamics in an organotypic cerebellar

slice culture.31,32We electroporated GFP-taggedmyosin regula-

tory light chain (MRLC-2GFP) into immature CGNs in the

neonatal mouse cerebellum and observed myosin dynamics in

migrating CGNs in the organotypic culture (Figure 1A). CGNs un-

derwent typical saltatory movements with intermittent forward

displacement of the soma.31 Unlike CGNs in 2D culture, where

actomyosin is enriched in the leading process, myosin distribu-

tion was broader and dynamically changed in the cell soma

(Figures 1A and 1B). Moreover, in many cases, it appeared to

localize at the rear of the soma prior to a large-amplitude salta-

tory movement (Figures 1B–1D, S1A, and S1B; Video S1).

To ask whether the environment in which CGNs are situated

influences actomyosin dynamics, we next observed the migra-

tion of CGNs embedded within 3D Matrigel or plated on its sur-

face (Figure 1E). In neurons cultured on the Matrigel surface,

myosin localized to the cell front and leading process, as was

previously observed on 2D substrates (Figures 1F–1H; Video

S2).25,27,28 In contrast, in neurons embedded in Matrigel,

myosin appeared more dynamic and frequently enriched at

the rear of the cell, as in the cerebellar tissue in slice cultures

(Figures 1I–1K; Video S2). Actomyosin was also enriched in

the growth cone, which generates propulsive force for axon

extension. There was no striking difference in actomyosin dis-

tribution in the growth cone under 2D and 3D conditions (Fig-

ure S1C; Video S2). We also monitored microtubule dynamics

and found no obvious change in 2D and 3D cultures (Fig-

ure S1D; Video S3). These results suggest that actomyosin

localization in the soma and the proximal leading process of

migrating CGNs are differentially regulated in 2D and 3D extra-

cellular environments.

We then tested whether such amode transition is fundamental

among neuronal types by examining cortical interneurons (Fig-

ure S1E). In dissociated interneurons in 3D Matrigel, myosin

was highly enriched in the rear of the cell, consistent with previ-

ous reports.20–23 In contrast, on the Matrigel surface, myosin did

not clearly localize in the rear but instead was more broadly

distributed in the neurons (Figure S1F). Thus, at least two
2 Cell Reports 44, 115405, March 25, 2025
different types of neurons change actomyosin localization de-

pending on the extracellular environment.

To further characterize neuronal migration in a 3D environ-

ment, we designed micropatterned channels connected by nar-

row tunnels that mimic confined extracellular spaces in brain tis-

sues (Figures 2A and S2A). Dissociated CGNs were capable of

passing through tunnels with a width of 3 mm (5 mm height),

much smaller than the CGN somal diameter of about 6 mm

(Figures 2B and S2B; Video S4). Myosin dynamically moved

throughout the entire cell soma in neurons situated in a wide

channel. When these cells migrated into a narrow tunnel, myosin

localized at the rear periphery of the cell until the entire cell soma

passed through the tunnel into the next channel (Figure S2C).

During the passage of the cell soma through the tunnel, we

observed that transient membrane blebs actively formed at the

actin-rich cell rear, implying actomyosin contractility at the pos-

terior plasma membrane33 (Figure 2C; Video S4). These results

suggest that neurons localize actomyosin at the rear plasma

membrane to exert a contractile force, assisting the passage

through a narrow constriction.

We next performed a computational simulation to verify

whether actomyosin contractility in the cell rear is effective in

confined migration. We assumed that a cell resembles a deform-

able and slightly compressible spherical object covered with a hy-

perelastic membrane (Table S4). The model cell entered a narrow

tunnel by tensile force on the front membrane with or without the

contraction at the rear edge. With only the front force, the cell

deformed and moved forward until the front edge entered the

constriction, but the rear half stopped at the constriction. In

contrast, when the contraction of the membrane at the rear

edge was combined with the front force, the entire cell success-

fully entered and passed through the narrow tunnel (Figure 2D;

Video S5). Collectively, the simulation results suggest that acto-

myosin contraction at the cell rear can produce forward propul-

sion that enables neurons to pass through narrow constrictions.

PIEZO1 in CGNs is essential for migration in 3D
confinement
In order to identify the mechanism regulating the posterior local-

ization and contraction of actomyosin in a confined microenvi-

ronment, we performed a pharmacological screen in a transwell

assay where cells migrate through polycarbonate membranes

with different pore sizes (Figure 3A).34 The majority of CGNs

seeded on the membranes underwent transwell migration

through both confined 3-mm pores (67% at 6 h) and permissive

8-mm pores (85% at 6 h) (Figures S3A and S3B). The inhibition

of actin turnover (cytochalasin D, latrunculin B, or jasplakinolide)

or myosin activity (blebbistatin) strongly reduced transmigration

through both 3- and 8-mmpores, supporting the notion that acto-

myosin dynamics is indispensable for neuronal migration in both

confined and non-confined spaces (Figure 3B). Among a set of

molecules tested under confined and non-confined conditions,

we found that treatment with GsMTx4, a peptide inhibitor of

mechanosensitive ion channels (MSCs), specifically reduced

transmigration of CGNs through 3-mm pores but not 8-mm

pores (Figure 3C).35,36 As GsMTx4 inhibits both transient recep-

tor potential (TRP; except for TRPV4) and PIEZO families,

we asked which class of MSCs was responsible for confined



Figure 1. Actomyosin is differentially localized in 2D and 3D microenvironments

(A) Snapshot image of CGNs electroporated with MRLC-2GFP (green) and mScarlet-NLS (magenta) in cerebellar tissue isolated from P10 mouse. EGL, external

granule layer; ML, molecular layer.

(B) Image sequence of a CGN migrating in the ML in the cerebellar slice.

(C) Heatmap display of the relative (rear/front) distribution of myosin (MRLC-2GFP) to the nucleus (dashed line indicates the nuclear center) in the neuron shown in

(B) plotted against time. Nuclear displacement in the ML toward the IGL is plotted on the right.

(D) The rear/front distribution of myosin in migrating CGNs in slice cultures prior to a large-amplitudemovement of the soma (left) or averaged over 120min (right).

n = 7 neurons.

(E) 2D and 3D CGN cultures.

(F–H) Image sequence (F), time-dependent change in myosin localization (G), and the rear/front comparison of averaged myosin localization (H) in migrating

CGNs in 2D Matrigel culture. n = 10 neurons.

(I–K) Image sequence (I), time-dependent change inmyosin localization (J), and the rear/front comparison of averagedmyosin localization (K) inmigrating CGNs in

3D Matrigel culture. n = 8 neurons.

Samples were collected from three independent experiments in (D), (H), and (K). *p < 0.05 and **p < 0.01, Mann-Whitney test. Data are represented as mean ±

SEM. Scale bars, 20 mm (A) and 5 mm (B, F, and I).
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migration.37 Among potential mechanosensing TRP channels,

inhibition of TRPC and TRPV channels by SKF96365 or the

TRPV4 channel by HC-067047 had no overt differential effects
on migration through 3- and 8-mm pores (Figure 3D).38,39 In

contrast, conditional deletion of PIEZO1 in CGNs (NeuroD1-

Cre; Piezo1flox/flox, hereafter called PIEZO1 cKO [conditional
Cell Reports 44, 115405, March 25, 2025 3



Figure 2. Actomyosin contraction in the rear plasma membrane in CGNs migrating in confined spaces

(A) Micropatterned substrates with repetitive constrictions.

(B) Image sequence of a CGN transfected with lifeact-2GFP moving through 3 3 5 3 5 mm3 constrictions (right 6 images). Scale bar, 5 mm.

(C) Magnified view of the CGN in (B) at 600, 640, and 700 s.

(D) Simulation of a deformable spherical object that moves into a narrow tunnel. The red color indicates the area where contraction occurs, and the green color

indicates the area where tensile force is applied.

See also Figure S2 and Videos S4 and S5.
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knockout]) strongly reduced transwell migration through 3-mm

pores but had little effect on migration through 8-mm pores (Fig-

ure 3E).40 These results suggest that mechanical stress during

penetration into the narrow pores activates PIEZO1 and evokes

the molecular signal necessary for confined migration.

PIEZO1mRNA expression in developing CGNswas confirmed

by RNAscope in situ hybridization and RNA sequencing (RNA-

seq) analysis (Figures S3D and S3E; Tables S1 and S2). We

also monitored PIEZO1 protein localization in CGNs isolated

from PIEZO1-tdTomato knockin mice. PIEZO1 was distributed

in punctate patterns along the entire cell soma and leading pro-

cess, in agreement with previous reports using frog retinal neu-

rons (Figure 3F).41,42 There was no apparent difference in

PIEZO1 localization in 2D and 3D environments, suggesting

that PIEZO1 is constitutively expressed in migrating CGNs.
4 Cell Reports 44, 115405, March 25, 2025
We next examined PIEZO1 activity in CGNs by applying a spe-

cific agonist, Yoda1, in a dissociated culture.43 In the presence of

external Ca2+ (1.8 mM), Yoda1 treatment induced a slow and

prolonged increase in the intracellular Ca2+ concentration

([Ca2+]i) in the entire cell as visualized by a GCaMP6s probe (Fig-

ure 3G; Video S6).44 The increase in [Ca2+]i by Yoda1 treatment

was inhibited by the selective PIEZO1 inhibitor Dooku1 or a

membrane-impermeable extracellular Ca2+ chelator, BAPTA,

indicating that the activated PIEZO1 allows Ca2+ entry into the

CGN cytoplasm (Figures 3G–3I).

Previous studies have shown that PIEZO1 localizes to both the

plasmamembrane and the endoplasmic reticulum (ER) andmedi-

ates Ca2+ release from the ER as well as the influx of extracellular

Ca2+.45,46 To identify the source of the [Ca2+]i increase induced by

Yoda1,wepretreated theCGNswith an ERCa2+-ATPase blocker,



Figure 3. PIEZO1 is active in migrating CGNs

(A) Transwell assay.

(B) Treatment with inhibitors of actomyosin dynamics. Drugs were added 2 h after seeding dissociated CGNs in transwell dishes. The percentages of cells that

migrated to the bottom side through 3-mm (purple) or 8-mm (blue) pores (penetration rates) were calculated. n R 150 neurons per condition.

(C–E) The effects of a mechanosensitive channel blocker GsMTx4 (C), TRP channel inhibitors (D), and conditional deletion of PIEZO1 (E). n R 150 neurons per

condition.

(F) PIEZO1 protein localization in 2D and 3D cultures. The CGNs were isolated from PIEZO1-tdTomato mice. Scale bars, 5 mm.

(G) Ca2+ elevation in cultured CGNs treated with Yoda1 (100 mM) with or without its antagonist Dooku1 (100 mM). Drugs were added at time 0. Scale bars, 5 mm.

(H) The GCAMP6sDF/F transients in the soma upon treatment with Yoda1 in the presence or absence of Dooku1 or BAPTA (2-[2-[2-[2-[Bis(carboxymethyl)amino]

phenoxy]ethoxy]-N-(carboxymethyl)anilino]acetic acid).

(I) Mean ratio of peak amplitudes of GCAMP6s DF/F transients. n R 3 neurons per condition.

(J) Ca2+ elevation evoked by 2 treatments with thapsigargin (top) and a treatment with thapsigargin followed by Yoda1 (bottom).

(K) Mean ratio of peak amplitudes of GCAMP6s DF/F transients. n R 3 neurons per condition.

Samples were collected from three independent experiments. *p< 0.05, **p < 0.01, ***p< 0.001, and ****p < 0.0001. One-way ANOVA in (B), (D), (H), and (J). Mann-

Whitney test in (C) and (E). Data are represented as mean ± SEM. See also Figure S3 and Videos S6 and S7.
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Figure 4. PIEZO1 induces plasma membrane recruitment of actomyosin via the PKC-ezrin pathway

(A) Left, time-lapse sequence of MRLC-2GFP and lifeact-tdTomato signals in CGNs upon Yoda1 treatment. Arrowheads indicate strong accumulation of MRLC

and lifeact signals. Right, colored outlines mark the periphery of the soma at various time points.

(B andC) Percentages of cells that passed through 3- or 8-mm transwell pores in the presence of Ca2+chelators (B) and inhibitors of Ca2+-dependent PKCs or ezrin

(C). nR 150 neurons per condition. Samples were collected frommore than three independent experiments. *p < 0.05, ***p < 0.001, and ****p < 0.0001, one-way

ANOVA.

(D) Phosphorylation and activation of ezrin in CGNs treated with Yoda1 with or without LY333531 (left) and CGNs from wild-type and PIEZO1 cKO mice (right).

Western blotting was performed with antibodies against phospho-T576 ezrin (p-Ezrin), total ezrin (Ezrin), and GAPDH.

(E) Time-lapse sequence of ezrin-GFP signals in CGNs upon treatment with Yoda1 (left). Cells were pretreated with or without LY333531. Arrowheads indicate

strong accumulation of ezrin signals. Traces at the right are shape changes of the soma after Yoda1 treatment.

(legend continued on next page)
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thapsigargin, to exhaust the ER Ca2+ store before the addition of

Yoda1. Thapsigargin pretreatment induced a transient [Ca2+]i rise,

while the second thapsigargin administration at 15min caused lit-

tle or no response in the same cell, confirming that the pretreat-

ment depleted Ca2+ from the ER (Figures 3J, top, and 3K). In

contrast, Yoda1 treatment at 15 min after the thapsigargin pre-

treatment induced a large [Ca2+]i elevation, indicating that

PIEZO1 induces the bulk of the Ca2+ influx from the extracellular

environment (Figures 3J, bottom, and 3K).

To further demonstrate the involvement of PIEZO1 in 3D

confined migration, we monitored Ca2+ dynamics in CGNs

migrating in 2D and 3D cultures. We observed fluctuation of

[Ca2+]i in the soma of CGNs migrating in 2D culture, in agreement

with previous reports.47 In contrast, CGNs migrating in 3D culture

showed Ca2+ influxes with greater amplitudes (Figures S3F and

S3G; Video S7). Conversely, CGNs from PIEZO1-deficient mice

exhibited no significant difference in Ca2+ dynamics between 2D

and 3D conditions (Figures S3F and S3G; Video S7). These results

support that CGNs undergo PIEZO1-induced Ca2+ influx in 3D

confinement. Taken together, these results suggest that CGNs

expressPIEZO1 in the plasmamembrane and undergoCa2+ influx

upon PIEZO1 activation by passage through narrow spaces.

PIEZO1 signaling triggers actomyosin force
transmission in 3D confinement
Notably, the Yoda1-induced Ca2+ elevation was followed by the

surface accumulation of actomyosin and twitching of the cell

soma, suggesting that the activation of PIEZO1 induced actomy-

osin translocation to the plasma membrane (Figure 4A; Video

S8). We, therefore, sought to identify the signaling pathway

downstream of PIEZO1 by drug screening in the transwell assay.

We first confirmed that BAPTA or EGTA treatment attenuated

migration through 3-mm pores and, more weakly, 8-mm pores

(Figure 4B). Among multiple candidates of downstream effec-

tors, we found that pharmacological inhibition of Ca2+-depen-

dent protein kinase C (PKC; PKCa, -b, and -g) by Gö6983 pro-

duced differential effects on migration through 3- and 8-mm

pores (Figure 4C). Inhibition of PKCb, the most abundant Ca2+-

dependent PKC in CGNs (Table S3), by LY333531 was sufficient

to suppress confined migration through 3-mm pores. Further-

more, inhibition of ezrin by NSC668394 also specifically attenu-

ated confined migration through 3-mm pores.

It has been shown that ezrin is activated upon phosphorylation

at threonine 567 (T567) by Ca2+-dependent PKCs.48–50 To further

confirm the involvement of PKC and ezrin in PIEZO1 signaling,

we analyzed ezrin phosphorylation in PIEZO1-activated and

non-activated CGNs. Indeed, PIEZO1 activation by Yoda1 treat-

ment significantly elevated the phosphorylation of ezrin T567,

which was inhibited by preincubation with PKCb inhibitor
(F) Translocation of ezrin (top) and actin (bottom) to the plasma membrane after Y

the circumference of the cell soma upon treatment with Yoda1. Relative intensity

(G) Translocation of ezrin to the plasma membrane before and 120 s after treatme

soma is subdivided into 4 anteroposterior parts. *p < 0.05 (middle front, middle rea

n R 6 neurons per condition.

(H) Colocalization of ezrin and actomyosin before and 120 s after drug treatmen

Samples were collected frommore than three independent experiments. *p < 0.0

SEM. Scale bars, 2 mm (A and F) and 5 mm (E). See also Figure S4 and Videos S
LY333531 (Figures 4D, left, and S4A). Furthermore, the basal

level of ezrin phosphorylation was downregulated in CGNs

from PIEZO1 cKO mice (Figures 4D, right, and S4B). These re-

sults suggest that PIEZO1-induced Ca2+ influx activates Ca2+-

dependent PKCb, which in turn phosphorylates ezrin in CGNs.

The ERM (ezrin-radixin-moesin) proteins translocate to the

plasma membrane upon phosphorylation and tether the actin

cytoskeleton to the plasma membrane.51,52 We hypothesized

that Ca2+ signaling induced by PIEZO1 leads to the activation

and translocation of ezrin and actomyosin to the plasma mem-

brane, inducing contraction of the cell soma. Indeed, ezrin trans-

located at the posterior periphery of the cell when the cell soma

entered the tunnel of micropatterned channels (Figure S4C).

Furthermore, we observed that Yoda1 treatment of dissociated

CGNs induced significant translocation of ezrin-GFP to the

plasma membrane at the cell rear, followed by somal twitching

(Figure 4E; Video S9). Strikingly, actin filaments visualized by life-

act-tdTomato were recruited at the sites of ezrin-GFP localiza-

tion upon Yoda1 treatment (Figures 4F–4F00). Pretreatment with

BAPTA or LY333531 abolished not only the translocation of ezrin

and actin but also cell soma twitching in response to Yoda1

treatment (Figures 4E, 4G, 4H, S4D–4D%, and S4E–4E%; Videos
S9 and S10). These data strongly suggest that PIEZO1-mediated

Ca2+ influx facilitates actomyosin force transmission at the pos-

terior cell membrane through activation of the PKCb-ezrin

pathway during confined migration.

PIEZO1 activity is required for neuronal migration in
confined brain tissue
We further examined the functional significance of PIEZO1 in

CGN migration in a confined microenvironment. The migratory

capacity of CGNs from wild-type and PIEZO1 cKO mice was

analyzed using a reaggregate culture32 either inside (3D) or on

the surface (2D) of Matrigel. There was no apparent difference

in migratory capacity between wild-type and PIEZO1 cKO neu-

rons in the 2D culture on the Matrigel surface, whereas PIEZO1

cKO neurons exhibited a significant delay in 3D migration within

Matrigel (Figures 5A and 5B).

We next transfected MRLC-2GFP in dissociated CGNs from

wild-type and PIEZO1 cKO mice and subjected them to 2D

and 3D Matrigel cultures. Myosin was enriched in the front cyto-

plasm in cells migrating in the 2D environment in both wild-type

and PIEZO1 cKO cells. In the 3D matrix, myosin was localized at

the periphery of the posterior part of the soma in wild-type cells.

On the other hand, in PIEZO1-deficient cells, myosin failed to

translocate to the posterior membrane and resides in the leading

process, much like in 2D culture (Figures 5C–5E; Video S11). We

next performed the same experiments using ezrin-GFP. In wild-

type cells, ezrin showed no pronounced localization in the 2D
oda1 treatment. (F0 and F00) Cortical enrichment of ezrin (F0) and actin (F00) along
of the signal in the cell cortex to the signal in the adjacent cytoplasm is shown.

nts with DMSO, Yoda1, Yoda1 and BAPTA, or Yoda1 and LY333531. The cell

r, and rear; before and after drug treatment) and **p< 0.01 (front), Wilcoxon test.

ts.

5, Wilcoxon test. nR 6 neurons per condition. Data are represented as mean ±

8, S9, and S10.
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Figure 5. PIEZO1 signaling is required for

myosin translocation and CGN migration

in confined microenvironments

(A) Migration of CGNs from wild-type (control) and

PIEZO1 cKO mice in reaggregate cultures. Re-

aggregates were plated on the surface (2D) or

embedded in Matrigel (3D).

(B) Migration distance of CGNs from the reag-

gregate periphery in each condition. **p < 0.01,

Mann-Whitney test. n = 14 reaggregates per

condition.

(C) Snapshot images of wild-type and PIEZO1

cKO CGNs transfected with MRLC-2GFP in 2D

and 3D reaggregate cultures.

(D) Temporal dynamics of cortical MRLC-2GFP

signals along the circumference of the cell soma.

(E) The rear/front distribution of cortical MRLC-

2GFP signals in migrating CGNs from wild-type

mice and PIEZO1 cKO in 2D and 3D Matrigel

culture. The signal intensity was averaged over 10

frames per minute for a 10-min observation.

**p < 0.01, ***p < 0.001, and ****p < 0.0001, un-

paired t test. n R 8 neurons per condition.

Samples were collected from more than three in-

dependent experiments. Scale bars, 50 mm

(A) and 5 mm (C). Data are represented as mean ±

SEM. See also Figure S5 and Videos S11 and S12.
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environment, while it clearly localized at the posterior membrane

in 3D culture. Such differential localization was not seen in

PIEZO1-deficient cells, but ezrin distributed in the entire cell

soma in both 2D and 3D conditions (Figure S5; Video S12). These

results support the notion that PIEZO1 is activated in confined

spaces and induces ezrin and myosin translocation to the

plasma membrane at the cell rear.

We then asked whether PIEZO1 function is involved in CGN

migration in vivo. CGNs are born in the EGL and undergo radial

migration toward the IGL during the first to third postnatal weeks.

In contrast to the severemigration defects in PIEZO1 cKOcells in

3D culture, there was no apparent difference in the gross

morphology of the cerebellar cortices in wild-type and PIEZO1

cKO mice (Figures 6A and 6B). For more accurate analysis, we

administrated BrdU to label granule cell progenitors at postnatal

day (P)9 and tracked BrdU-positive CGNs in P13 cerebelli from

wild-type and PIEZO1 cKO mice. There was no difference in

the number of BrdU-positive cells in wild-type and PIEZO1

cKOmice (Figure 6C). However, we found a slight but significant

increase in the number of CGNs that had stopped at the Purkinje

cell layer (PCL) in PIEZO1 cKO mice. In contrast, fewer CGNs

reached the lower IGL in PIEZO1 cKO mice, suggesting that

CGN migration is delayed in crowded tissue space in the

absence of PIEZO1 (Figures 6D and 6E). These results indicate

that PIEZO1 activity is required for the migration of CGNs in

the developing cerebellum.
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DISCUSSION

We have demonstrated that neurons

switch their migration modes by sensing

the extracellular microenvironment in
the developing brain. Migration is driven by the adhesion-based

traction generated in the cell front in a non-confined environ-

ment, but when CGNs encounter a constricted space, they exert

an actomyosin contractile force at the cell rear to squeeze into

the constriction. The multi-step processes of confined migration

of neurons depicted by the present study include (1) the entry of

the cell front into a constriction and expected increase in internal

pressure and membrane tension in the cell soma, (2) PIEZO1

activation and Ca2+ influx, (3) activation of Ca2+-dependent

PKC, (4) ezrin-actomyosin coupling to the posterior plasma

membrane, and (5) forward propulsion by the actomyosin con-

tractile force at the rear (Figure S6).

It remains unanswered as to why the actomyosin concentra-

tion is biased toward the rear, as the internal pressure should in-

crease uniformly upon entry into the confined space. It has

recently been demonstrated that PIEZO1 is not uniformly distrib-

uted in the plasma membrane but is excluded from fine protru-

sions with high membrane curvature, raising the possibility that

subcellular localization of PIEZO1 is biased in migrating neu-

rons.53 However, we observed that PIEZO1 protein was distrib-

uted throughout the soma and processes in both 2D and 3D con-

ditions (Figure 4). Furthermore, Yoda1 treatment in non-confined

culture dishes induced Ca2+ influx throughout the cell soma and

leading process (Video S6). Thus, it is likely that PIEZO1 is

constitutively expressed in migrating CGNs and perceptible for

mechanical stimuli over a large cell surface area. Notably,



Figure 6. Delayed migration of CGNs in

PIEZO1 cKO mice

(A) Sagittal cerebellar sections of control

(Piezo1flox/flox) and PIEZO1 cKO (NeuroD1-Cre;

Piezo1flox/flox) mice at P9 were stained with cresyl

violet (Nissl staining).

(B) Magnified views of the cerebellar cortices.

(C) The number of CGNs labeled with BrdU in wild-

type and PIEZO1 cKO mice. n R 1,700 neurons

per condition.

(D) BrdU (green) and Pax6 (magenta) labeling of

P13 cerebella after BrdU injection at P9.Magnified

views of the PC layer are shown along the bottom.

(E) Proportion of BrdU+ CGNs in each layer. Data

were collected from 7 mice of respective geno-

types in 4 independent experiments. **p < 0.01,

Mann-Whitney test. n R 400 neurons per condi-

tion.

Data are represented as mean ± SEM. Scale bars,

500 mm (A), 50 mm (B), and 10 mm (D).
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however, ezrin translocation was strongly biased to the posterior

membrane by bath-applied Yoda1 in non-confined spaces, sug-

gesting that downstream signals are preferentially activated pos-

teriorly in migrating CGNs. Asymmetric shape and/or molecular

distribution in the polarized neuron may contribute to the local

activation of ezrin and actomyosin at the cell rear.5

We observe that cortical interneurons also switch between

multiple migration modes. A recent study using retinal neurons

has demonstrated a similar mode switch and posterior enrich-

ment of actomyosin during confined migration in crowded tis-

sue,54 yet whether they use the same signaling pathway as

CGNs is unknown.

PIEZO1 has been identified as a switch, altering migration

modes in confined space in multiple cell systems.55–57 Piezo1-

inducedCa2+ influx and actin remodeling are commonly involved

in all cases, although the signaling mechanisms are diverse. In

cultured CHO cells, PIEZO1 induces cell stiffening during

confinedmigration by inhibiting PKA through the Ca2+/phospho-

diesterase 1 axis.56 Besides PIEZO1, other MSCs have been

implicated in confined migration in various cell types. For

instance, TRPV4 is overexpressed in highly invasive breast can-

cer cells and has been shown to induce the phosphorylation of

ERM proteins.58 TRPV4 activity has also been implicated in

elevating osmotic pressure in the cell front, propelling forward

the migration of mesenchymal stem cells in a confined space.59

In contrast, inhibition of TRPV4 by HC-067047 suppressed both

confined and non-confined migration in our CGNs (Figure 3).
Cell
Thus, strategies for 3D migration might

bemore diverse among various cell types

than currently understood.

Switching between motility modes in

2D and 3D environments is also observed

in axonal growth cones. In mouse hippo-

campal neurons situated in a 3D environ-

ment, growth cone extension does not

require the traction force generated by

the cell-substrate adhesion, in contrast
to the adhesion-dependent mechanism in 2D environment.60

Although the causality is unknown, PIEZO1 and other MSCs

have been implicated in growth cone navigation in the devel-

oping brain.41,61 In frog spinal axons, TRPC1 regulates growth

cone extension through the activation of calpain-mediated pro-

teolysis of adhesion molecules.61,62 A previous report using rat

hippocampal neurons has demonstrated that calpain also medi-

ates degradation of drebrin, a key regulator of traction force in

the leading process during CGN migration in the 2D environ-

ment,27,63 As PIEZO1-induced Ca2+ has been shown to activate

calpain,64 the activation of PIEZO1 in 3D confinement may not

only promote actomyosin contraction in the cell rear via the

PKC-ezrin pathway but may also induce calpain-dependent

adhesion breakdown in the leading process. New experimental

systems, such as traction force microscopy and total internal

reflection fluorescence microscopy (TIRFM) in microfluidic de-

vices, would help to clarify the mechanisms of mode change in

various subcellular compartments and how they integrally drive

whole-cell movement.65

Limitations of the study
While our work demonstrates the role of PIEZO1 in 3D confined

migration and its downstream molecular signaling, the actual

subcellular force distribution in 2D and 3D migration in the pres-

ence or absence of PIEZO1 is unknown. 3D traction force micro-

scopy may help to clarify the dynamic force generation during

neuronal migration in various environments. In addition, the
Reports 44, 115405, March 25, 2025 9
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mechanical properties of the brain tissue, such as tissue stiffness

and the size of the interstitial spaces, have not been assessed.

PIEZO1 function in cell migration in other brain regions also re-

mains to be clarified.
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Heuzé, M., Takaki, T., Voituriez, R., and Piel, M. (2015). Confinement and

mailto:nakazawa.naotaka@emat.kindai.ac.jp
https://www.ddbj.nig.ac.jp/index-e.html
https://www.ddbj.nig.ac.jp/index-e.html
https://doi.org/10.1016/j.celrep.2025.115405
https://doi.org/10.1016/j.celrep.2025.115405
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref1
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref1
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref1
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref2
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref2
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref2
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref3
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref3
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref3
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref4
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref4
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref5
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref5
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref5
https://doi.org/10.1088/1478-3975/ac45e3
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref7
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref7
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref7
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref8
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref8
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref8
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref8
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref9
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref9
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref9
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref10
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref10
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref10
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref11
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref11
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref11
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref11
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref12
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref12
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref12
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref12
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref13
http://refhub.elsevier.com/S2211-1247(25)00176-7/sref13


Article
ll

OPEN ACCESS
low adhesion induce fast amoeboid migration of slow mesenchymal cells.

Cell 160, 659–672.

14. Hung, W.-C., Chen, S.-H., Paul, C.D., Stroka, K.M., Lo, Y.-C., Yang, J.T.,

and Konstantopoulos, K. (2013). Distinct signaling mechanisms regulate

migration in unconfined versus confined spaces. J. Cell Biol. 202,

807–824.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-Ezrin monoclonal antibody Abcam Cat#ab4069;

RRID:AB_304261

Rabbit anti-Ezrin (phospho T567) polyclonal antibody Abcam Cat# ab47293; RRID:AB_873790

Mouse anti-GAPDH monoclonal antibody Abcam Cat# ab8245; RRID:AB_2107448

Rabbit anti-Pax6 polyclonal antibody FUJIFILM Wako Pure

Chemical Corporation

Cat# 015–27293; RRID:AB_3094969

Mouse anti-BrdU monoclonal antibody Sigma-Aldrich Cat# B2531; RRID:AB_476793

Living colors dsRed Polyclonal antibody(Anti-DsRed) Takara Bio Cat# 632496; RRID:AB_10013483

HRP-conjugated anti-rabbit antibody Bio-Rad Cat# 172–1019; RRID:AB_11125143

HRP-conjugated anti-mouse antibody Bio-Rad Cat# 1706516; RRID:AB_2921252

Bacterial and virus strains

DynaCompetent Cells Jet DH5a BDL DS225

One ShotTM ccdB SurvivalTM 2 T1R Competent Cells ThermoFisher A10460

Chemicals, peptides, and recombinant proteins

blebbistatin Sigma B0560

cytochalasin D TOCRIS 1233

latrunculin B KOM AG-CN2-0031-M001

jasplakinolide CALBIOCHEM 420107

GsMTx4 Abcam ab141871

SKF96365 CALBIOCHEM 567310

HC-067047 Millipore 616521

Yoda1 Sigma SML1558

Dooku1 TOCRIS 6568

BAPTA, extracellular calcium chelator Abcam ab144924

EGTA ThermoFisher E1219

thapsigargin Abcam ab120286

Gö6983 CALBIOCHEM 365251

LY333531 Enzo ALX-270-348

NSC668394 Millipore 341216

NSC23766 CALBIOCHEM 553502

Rho inhibitor I Cytoskeleton CT04

ML141 TOCRIS 4266

Agarose Nacalai tesque 01161–12

Cellmatrix Nitta Gelatin Type I-A

HBSS Gibco 14170–112

BME Sigma B9638-1L

Earle’s balanced salt Sigma E6132

horse serum Gibco 26050–070

sodium pyruvate Sigma S8636-100ML

D-glucose Sigma G7021-100G

sodium bicarbonate Sigma S5761-500G

N-2 supplement Gibco 17502–001

Matrigel (Growth Factor Reduced) Corning 354230

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

bovine serum albumin Sigma Aldrich A3156-5G

Penicillin-Streptomycin Gibco 15140–122

Trypsin Nacalai tesque 18172–94

poly-d-lysine Sigma Aldrich P6407

Laminin Sigma Aldrich L2020-1MG

Protease inhibitor cocktail (EDTA free) Nacalai tesque 03969–21

Phosphatase inhibitor cocktail Sigma

Tween 20 Nacalai tesque 28353–85

skimmed powder milk BD 232100

5-bromo-20-deoxyuridine (BrdU) Invitrogen(sigma) B5002-1G

isoflurane Mairan Pharma

paraformaldehyde (PFA) Nacalai tesque 02890–45

DAPI Nacalai tesque 11034–56

Fluoromount DBS(Diagnostic BioSystems) K024

Cresyl violet MP Biomedicals 150727

Critical commercial assays

KOD FX polymerase kit Toyobo KFX-101

Neuron Dissociation Kit Wako Pure Chemical Industries, Ltd 291–78001

lipofectamine 2000 Thermo Fisher Scientific 11668–019

Protein assay BCA kit Nacalai tesque 06385–00

ECL Prime G.E. Healthcare RPN2232

RNAeasy Mini Kit QIAGEN 74104

Gateway LR Clonase II Enzyme Mix Invitrogen 11791

Deposited data

Primary sequencing data deposited DDBJ DDBJ : PRJDB20245

Experimental models: Organisms/strains

Mouse: Slc:ICR Japan SLC RRID:MGI:5462094

Mouse: C57BL/6 Japan SLC RRID:MGI:5488963

Mouse: PIEZO1flox/flox Gift from Dr. Keiko Nonomura Cahalan et al.40

Mouse: NeuroD1-Cre MMRRC at UC Davis StockTg (Neurod1-cre)

RZ24Gsat/Mmucd;

RRID:MMRRC_036320-UCD

Mouse: PIEZO1-tdTomato Gift from Dr. Keiko Nonomura Koser et al.41

Oligonucleotides

Forward primer for PIEZO1flox 50CTTGACC

TGTCCCCTTCCCCATCAAG30
Eurofins Genomics N/A

Reverse primer-1 for PIEZO1flox 50AGGTT

GCAGGGTGGCATGGCTCTTTTT30
Eurofins Genomics N/A

Reverse primer-2 for PIEZO1flox 50CAGTC

ACTGCTCTTAACCATTGAGCCATCTC30
Eurofins Genomics N/A

Forward primer for NeuroD1-Crecre

50 TAGGATTAGGGAGAGGGAGCTGAA 30
Eurofins Genomics N/A

Reverse primer for NeuroD1-Crecre

50 CGGCAAACGGACAGAAGCATT 30
Eurofins Genomics N/A

Forward primer for Tdt-WT 50GACAGGA

TTGTGGGGCTGTACGTC30
Eurofins Genomics N/A

Reverse primer for Tdt-WT 50GCAGCTA

CACTCCAACCCAAGGAG30
Eurofins Genomics N/A

Forward primer for Tdt-KI 50CACCTGTT

CCTGTACGGCATGGAC30
Eurofins Genomics N/A

(Continued on next page)

14 Cell Reports 44, 115405, March 25, 2025

Article
ll

OPEN ACCESS



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mm-Piezo1-O1(in situ hybridization probe) Advanced Cell Diagnostics Cat No: 500511

LOT: 19100A

DapB(in situ hybridization probe) Advanced Cell Diagnostics Cat No: 310043

LOT: 2005245

Recombinant DNA

Plasmid: pCAG-MRLC-2GFP This paper N/A

Plasmid: pCAG-ezrin-GFP This paper N/A

Plasmid: pCAG-lifeact-2xGFP Wu et al.31 N/A

Plasmid: pCAG-lifeact-tdTomato This paper N/A

Plasmid: pCAG-mScarlet-NLS This paper N/A

Plasmid: pCAGplay-GCaMP6s gift from Dr. Yoshiaki Tagawa N/A

Software and algorithms

Fiji (ImageJ 2.0) http://fiji.sc RRID:SCR_002285

Python 3 https://github.com/rcsb/mmtf-python RRID:SCR_024120

GraphPad Prism 9 http://www.graphpad.com/ RRID:SCR_002798

R software http://www.r-project.org/ RRID:SCR_001905

Other

33-gauge needle ITO MS-NE05

33G 20-10-90

Tweezer-type electrode Nepagene CUY650P3

electroporator CUY21 Nepagene CUY21

Vibratome(Neo linear Slicer AT) DOSAKA EM CO,.LTD NLS-AT

Millicell-CM Millipore PICM0RG50

glass-bottom 35-mm culture plates Iwaki 3910–035

6.5 mm Transwell Permeable Supports(3-mm-pore) Corning No.3415

6.5 mm Transwell Permeable Supports(8-mm -pore) Corning No.3422

Sylgard 184 Silicone elastomer

kit (Polydimethylsiloxane:PDMS)

Dow Corning 98–0898

fluoro-silane(Trichloro-perfluoro silane) Sigma Aldrich 448931-10G

3 mm diameter circular puncher Ted Pella 15111–30

Biopunch

60-mm cultured plate Iwaki 3010–060

4-20% Mini-PROTEAN TGX gel Bio-Rad 4561094

PVDF membrane Millipore IPFL00005

OCT compound Sakura Finetek Japan 4583

Super frost slide glasses Matusnami Glass IND., LTD S9115

ChemiDoc XRS+ System Bio-Rad 1708265

BX61WI Olympus N/A

FV1000 Olympus N/A

GaAsP detector Olympus FV12-MHSY(F)

603 water-immersion objective Olympus LUMPlanFI/IR 60XW

1003 oil-immersion objective Olympus UPLSAPO100XO

spinning-disk confocal microscope CV1000 Yokogawa N/A

Dragonfly High Speed Confocal Microscopy System Andor N/A

epifluorescent inverted microscope IX83 Olympus N/A

spinning-disk confocal microscope CSU-W1 Yokogawa N/A

LDI-7 89 North N/A

iXon3 885 Andor N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

cryostat Leica CM1950

RNAscope 2.5HD Detection Reagents-RED ACD 322360

BioAnalyzer Agilent Technologies N/A

Illumina NextSeq 500 system Illumina N/A

AZ5214E (photoresist) Merck Performance Materials

Pte Ltd, Singapore

N/A

AZ 400K (developer) Merck Performance Materials

Pte Ltd, Singapore

N/A

O2, CF4, C4F8, SF6 (Process Gases,

99.9995% purified)

Air Liquide Singapore PTE ltd N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal models
Mice were handled in accordance with the guidelines of the Animal Experiment Committee of Kyoto University. Timed-pregnant ICR

females were purchased from Japan SLC. PIEZO1flox/flox mice were generated as previously described.40 NeuroD1-Cre mice were

obtained fromMMRRC at UC Davis [StockTg (Neurod1-cre)RZ24Gsat/Mmucd] and backcrossed to the C57BL/6 strain. Postmitotic

neuron-specific PIEZO1 mutant mice were obtained by crossing PIEZO1+/flox mice with NeuroD1-Cre+/Cre mice, and littermates

derived from PIEZO1flox/flox and PIEZO1flox/flox; NeuroD1-Cre+/Cre mice on the pure C57BL/6 genetic background were used for sub-

sequent studies. Newborn homozygous floxed PIEZO1 littermates were genotyped for presence or lack of NeuroD1-Cre either on

postnatal day 4–5 for use in primary cultures or immunohistochemistry experiments. Piezo1 tdTomato mice were described previ-

ously.42 No distinction between male and female pups were made for experiments. Mice were kept in a 12 h dark/light cycle at 23 ±

3�C/50% humidity in standard SPF housing.

Reagents
Chemicals and the working concentrations used in the pharmacological assays are as follows: blebbistatin (Sigma, B0560, 50 mM),

cytochalasin D (TOCRIS, 1233, 10 mM), latrunculin B (KOM, AG-CN2-0031-M001, 1 mM), jasplakinolide (CALBIOCHEM, 420107,

5 mM), GsMTx4 (Abcam, ab141871, 10 mM), SKF96365 (CALBIOCHEM, 567310, 100 mM), HC-067047 (Millipore, 616521, 1 mM),

Rho inhibitor 1 (Cytoskeleton, CT04, 0.1 mg/mL), NSC23766 (CALBIOCHEM, 553502, 50 mM), Yoda1 (Sigma, SML1558, 100 mM),

Dooku1 (TOCRIS, 6568, 100 mM), BAPTA, extracellular calcium chelator (Abcam, ab144924, 5 mM), EGTA (ThermoFisher, E1219,

100 mM), thapsigargin (Abcam, ab120286, 2 mM), Gö6983 (CALBIOCHEM, 365251, 1 mM), LY333531 (Enzo, ALX-270-348,

10 mM), and NSC668394 (Millipore, 341216, 10 mM).

Genotyping
Tail clippings were digested in 50 mM NaOH for 10 min at 95�C. Each alleles were identified using primers as below; The PIEZO1flox

allele: 50CTTGACCTGTCCCCTTCCCCATCAAG30, 50AGGTTGCAGGGTGGCATGGCTCTTTTT30 and 50CAGTCACTGCTCTTAA

CCATTGAGCCATCTC3’; NeuroD1-Crecre allele: 50 TAGGATTAGGGAGAGGGAGCTGAA 30 and 50 CGGCAAACGGACAGAAGC

ATT 3’; PIEZO1-tdTomato allele: 50GACAGGATTGTGGGGCTGTACGTC30, 50GCAGCTACACTCCAACCCAAGGAG30 and 50CACCT
GTTCCTGTACGGCATGGAC30 respectively. Each DNA fragment was amplified by KOD FX polymerase kit (Toyobo).

METHOD DETAILS

In vivo electroporation and image acquisition
P7 or P8 mice were anesthetized on ice and injected with plasmid DNAs diluted in Tris-EDTA buffer with a 33-gauge needle con-

nected to the anode. Tweezer-type electrodes connected to the cathode were placed on the occipital regions. Six electric pulses

of 70mV for 50ms duration were appliedwith 150ms intervals usingCUY21 (Nepagene). The pupswere revived at 37�Cand returned

to the litter. Two days after electroporation, cerebella were removed and embedded in 3.5%agarose and sectioned into 300 mm-thick

coronal slices with a vibratome. Slices placed onMillicell-CM (Millipore) were mounted in collagen gel and soaked in the media (60%

BME, 25% Earle’s balanced salt, 15% horse serum, 3 mM L-glutamine, 1 mM sodium pyruvate, 5.6 g/L glucose, 1.8 g/L sodium bi-

carbonate, 1x N-2 supplement). The tissue was kept in an incubator chamber attached to an upright microscope stage BX61WI

(Olympus) at 37�C with 85% O2/5% CO2 flow. Images were obtained with FV1000 equipped with a confocal GaAsP detector every

5 min through a 603 water-immersion objective (N.A. 1.1).
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Matrigel culture
For primary CGN cultures, cerebella from postnatal day 4–6mouse littermates of both sexes were dissected in HBSS (Gibco), pooled

together, and dissociated using the Neuron Dissociation Kit (Wako Pure Chemical Industries, Ltd). Dissociated neurons were trans-

fected with 6 mg of plasmid DNAs by using lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s instruction.

Transfected cells were incubated in non-coated dishes for 8 h to make cell aggregates. For 3D cultures, resultant aggregates were

suspended in 60%Matrigel (Growth Factor Reduced, Corning) in the medium (BME with 26.4 mM D-glucose, 25 mM sodium bicar-

bonate, 1%bovine serum albumin, 1xN-2 supplement and Penicillin-Streptomycin) and plated in glass-bottom 35-mmculture plates

(Iwaki) and then incubated at 37�C for 30 min to allow a gel to form. Each well was then flooded with the culture medium. For 2D

cultures, 60% Matrigel was plated into glass-bottom plates and solidified at 37�C for 30 min. Reaggregates were suspended in

the culture medium and plated on top of the gel layer. Neurons were incubated in 37�C/5% CO2 for 24h and subjected for live-

cell imaging.

Interneurons were prepared from the medial ganglionic eminence (MGE) of embryonic day 14.5 mice and dissociated in 0.04%

trypsin in HBSS/0.65% Glucose as described in Sawada et al.66 Dissociated interneurons were subjected for transfection and Ma-

trigel culture as described above.

Transwell assay
Dissociated CGNs were transferred in culture medium to the upper compartment of 3-mm-pore or 8-mm-pore polycarbonate mem-

brane inserts (6.5 mm Transwell Permeable Supports cat. No. 3415 and 3422, Corning) coated with poly-d-lysine and laminin at 2.9 x

104 cells/well. Cells were allowed to transmigrate toward the lower compartment for 6 h in the presence or absence of indicated

drugs. Transmigration efficiency was calculated as number of cells at the lower compartment divided by the number of cells added

to the upper compartment of a transwell. Each drug for pharmacological inhibitionwas added to the top of themembrane 2 h after cell

spreading for cell attachment.

Plasmids
To generate pCAG-MRLC-2GFP constructs, mouse MRLC cDNA from a mouse brain cDNA library fused with tandemly duplicated

EGFP at the C terminus. MRLC-2GFP was inserted into pCAGGS vector as described previously.31 As for pCAG-ezrin-GFP con-

structs, mouse ezrin cDNA from a mouse brain cDNA library was recombined into pENTR1A. In parallel, the gateway cassette

from pDest-eGFP-N167 was recombined into pCAGGS to generate pCAG-Dest-eGFP. To generate pCAG-ezrin-GFP, mouse ezrin

cDNA in pENTR1A was recombined into pCAG-Dest-eGFP by LR recombination using Gateway cloning vectors with Gateway LR

Clonase II Enzyme Mix (Invitrogen) as previously described.67 pCAG-lifeact-tdTomato was created by insertion of the lifeact

sequence fused with tdTomato sequence into pCAGGS vector. As for mScarlet-NLS, mScarlet sequence (addgene #85042, a gift

from Dorus Gadella, University of Amsterdam) fused with nuclear localization sequence (NLS) as described previously.67

Microfabrication-based devices
Microfluidic devices were fabricated in Polydimethylsiloxane (PDMS) using soft-lithographic procedures. A primary silicon mold with

etched features (5 and 35 mm respectively for channels and expansion chambers) was prepared using 2 steps Reactive Ion Etching

and aligned photolithography for patterning. PDMS, Sylgard 184 from Dow Corning, was prepared mixing the base resin and the

reticulation agent in a 10:1 ratio. After vacuum degassing for about 30 min to remove all trapped air, the PDMS was poured on

the silicon mold and cured for 1 h at 70�C on a hot plate. This PDMS first replica was then coated with a fluoro-silane (Trichloro-per-

fluoro silane, Sigma Aldrich 448931-10G) as an anti-sticking layer and used to produce the final devices in PDMS by cast molding:

Sylgard 184wasmixed in a 10:1 ratio with reticulation agent and degassed, then poured on the PDMSmold an thermally cured for 1 h

at 70�C. The cured PDMSwas then peeled-off the PDMSmold, and devices were diced by cutting using a razor blade. In- andOut-let

point were punched through the PDMS with a 3 mm diameter circular puncher (Ted Pella, 15111-30 Biopunch), and finally each de-

vice was sealed to a glass coverslip using plasma activation of PDMS and glass surfaces to promote the chemical bonding. More

detailed protocol is described below (Steps I-X).

First lithography step

We used 400, single-side polished (100) prime Si wafers with 300 nm thick thermally grown SiO2 wafers for the fabrication of the mas-

ter mold.

A 1.5 mm thick layer of positive tone photo-resist (AZ5214E) is deposited on the polished side of the wafer by spin-coating at

2500 rpm for 45 s. After spin-coating, a pre-bake is applied to remove the excess of solvent (90 s at 110�C on a Hot Plate). The

photo-resist is then exposed to UV light through an optical mask with the pattern of the final device (about 100 mJ/cm2 energy

dose, UV photons at 365 nm generated by a 500 W Xe-Hg arc lamp) and developed to reveal the exposed image by immersion in

AZ 400K developer diluted 1:4 in DI water for 40 s. After rinsing with clean DI water and drying with blowing N2 gas, the wafer is ready

for the next step.

Oxide layer dry etching

The 300 nm thick oxide layer is etched in a Reactive Ion Etching chamber using the patterned photo-resist as a mask. We used a

Samco RIE-10NR tool for the silicon oxide etching with the following process parameters: 150 W power (source at 13.56 MHz),

gas mixture of CF4 (40 sccm) and O2 (4 sccm) at a chamber pressure of 15 Pa; this process has an etching rate of approx.
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100 nm/min in SiO2, thus we applied the process for 3 min 15 s where the small excess of time is to make sure the oxide layer is fully

removed from the exposed areas.

Residual photo-resist removal

The photo-resist remaining after the oxide etching is completely removed and the wafer is cleaned in two steps; first the wafer is kept

in a bath of Acetone for 5min with gentle agitation, then the wafer is moved in two a bath of Isopropyl alcohol and washed there for 30

s, finally the wafer is removed from the bath and rinsed with N2 blow gun. The second and final cleaning step is an O2 plasma process

which we carried in a Diener Pico plasma tool, with 20 sccm O2 flow, the chamber is kept at 2 mbar pressure and a power of 90 W is

applied to the gas to generate the plasma for 2 min.

Second lithography

On the cleaned wafer, AZ5214E photo-resist is coated in the same way as in step 1, then lithography is done with a different optical

mask with the second lay-out. The lithographic process is exactly the same as in step 1, the patterned photo-resist will leave exposed

only selected portions of the previous pattern etched in the silicon oxide layer.

First deep silicon etching

In this step, the wafer as prepared after step 3 is placed in the reactor of an Inductively Coupled Plasma machine (ICP) for a first step

of deep silicon etching. Silicon etching in an ICP is capable of producing vertical profiles with etching depth up to several tens of mm.

We used a BOSH-like process, which works with alternating a coating step with an etching one, resulting in vertical pattern transfer.

The processes for the two steps are, respectively.

(1) Coating step: C4F8 (140 sccm) is fluxed in the vacuum chamber kept at a pressure of 6 Pa and 500W of power (source at 13.56

MHz) is applied to generate the plasma for a duration of 6 s. The plasma in this step produces a thin teflon-like conformal

coating on the wafer

(2) Etching step: SF6 (130 sccm) and O2 (13 sccm) gas mixture is fluxed in the vacuum reactor chamber kept at 8 Pa of pressure

and 500 W of power (source at 13.56 MHz) is applied to generate the plasma for a duration of 8 s. The plasma in this step pro-

duces reactive species which remove the thin protective coating generated in the step a more efficiently on the horizontal sur-

faces and then chemically remove Si where exposed

This etching process in our Sentech 500Si ICP reactor produces an etching rate in Si of approximately 250 nm/cycle (1 cycle: 1

coating step followed by 1 etching step). In this first silicon etching step we reached a final etching depth of 30 mm (120 total cycles)

Photo-resist removal

After the first silicon etching, the wafer is removed from the ICP and the residual photo-resist mask is cleaned similarly to step 3. At

this stage, we confirmed the etched depth in the silicon with a Bruker Stylus profiler.

Second and final silicon etching

The wafer after step 5 is placed back in the same ICP reactor, and the same process is applied to etch extra 5 mm in the Si (20 cycles).

The previous feature will results finally in a 35 mm deep cavity, while the feature exposed for the first time will have a final etch depth

of 5 mm.

Silanization

The wafer after step 6 is patterned with features etched down to a final depth of 35 and 5 mm. This wafer is now considered as the

Master Mold for replica molding with PDMS. In this step the mold is treated with an anti-sticking coating by vapour-deposition of a

molecular layer of Trichloro (1H,1H,2H,2H-perfluorooctyl) silane. First, the surface of themold is activated with a 30 sO2 plasma (Pico

Diener plasma tool, O2 20 sccm with the chamber at 2 mbar pressure, 90 W RF power at 13.56 MHz) then immediately placed in a

plastic vacuum jar together with a small drop of perfluorosilane (approx. 20 mL) and kept in vacuum (1 mbar or less) for at least 1 h.

After at least 1 h, the wafer can be retrieved from the vacuum jar and it is ready to be used for PDMS casting multiple times.

PDMS replica

Sylgard 184 PDMS is prepared by mixing the silicone elastomer with its curing agent in a 10:1 ratio (in weight, prepare about 25 g

total). After mixing, degas in a vacuum jar (approx. 1 mbar) for about 30 min, or until no more visible air bubbles are visible.

Place the silanized master mold in a Petri dish and slowly pour the degassed PDMS until the master if completely covered. Place

the Petri dish containing the master mold covered with PDMS in the vacuum jar and degas at 1 mbar or lower for 5-10 min to ensure

no air is trapped at the surface of the mold.

Place the Petri dish with themold and the PDMSon a hot plate at 70�Cor in an oven at 70�Can allow for the PDMS to thermally cure

for about 1.5 h. After thermal curing is done, with a blade carefully cut around the edge of themold then slowly peel-off the cut section

of cured PDMS from themold (which is left in the Petri dish). Store the PDMScut in a second Petri dish; themastermold can be kept in

its Petri dish surrounded by cured PDMS and protected with the Petri dish lid. The silicon master mold can be re-used for multiple

steps of replica molding.

PDMS working mold preparation

The PDMS replica of the master mold prepared in step 8 is now patterned with protrusion that replicate exactly, the features in the

master mold (with inverted polarity). This PDMS replicas can be used as a Working Mold to produce by a second step of PDMS

replica molding the final devices. Prior to PDMS casting on the Working Mold, it needs to be coated with the same anti-sticking layer

as in step 7. The process is identical, except the O2 plasma is carried on at lower power (30 W).
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Live-cell imaging

2D and 3DMatrigel cultures and dissociated CGNs onmicropatterned substrates coatedwith laminin were observedwith a spinning-

disk confocal microscope CV1000 (Yokogawa) through a 203 objective (N.A. 0.75) or a 1003 oil-immersion objective (N.A. 1.3) or a

603 water-immersion objective (N.A. 1.2), or with Dragonfly High Speed Confocal Microscopy System (Andor) through a 1003 oil-

immersion objective (N.A. 1.4), or an inverted microscope IX83 (Olympus) combined with a spinning-disk confocal system (CSU-

W1(Yokogawa), LDI-7(89 North), iXon3 885 (Andor)) through 1003 oil-immersion objective (N.A. 1.4) at 37�C with 5% CO2 flow.

For Ca2+ imaging, the CGNs transfected with GCaMP6s were observed with an epifluorescent inverted microscope IX83 (Olympus)

through a 1003 oil-immersion objective (N.A. 1.3) or with a spinning-disk confocal microscope CV1000 (Yokogawa) through a 603

water-immersion objective (N.A. 1.2).

Westernblotting
Dissociated CGNs were plated in 60-mm cultured plates (Iwaki) coated with poly-d-lysine and laminin and maintained for 12 h in cul-

turemedium at 37�C/5%CO2. LY333531 was added to cultures for 1 h at a final concentration of 10 mMbefore treatment with Yoda1.

Yoda1 (Sigma) was added to cultures for 5 min at a final concentration of 100 mM. Equivalent volumes of solvent were added to con-

trol cultures. Cultures werewashedwith cold PBS and lysed in RIPA buffer (50mmol/L Tris-HCl (pH 7.6), 150mmol/L NaCl, 1%NP40,

0.5% Sodium Deoxycholate, 0.1% SDS) with Protease inhibitor cocktail (EDTA free) (Nacalai) and Phosphatase inhibitor cocktail

(Sigma). Lysates were incubated at 4�C for 15 min and cleared at 15,000 3 g for 15 min at 4�C. Total protein was normalized using

Protein assay BCA kit (Nacalai). Equal amounts of lysates were separated by SDS-PAGE in 4–20% Mini-PROTEAN TGX gel and

transferred onto PVDF membrane (Millipore). Membranes were blocked for 60 min at room temperature in PBS-Tween with 5%

skimmed powder milk. Membranes were incubated with primary antibodies in blocking buffer overnight at 4�C at the following con-

centrations: anti-Ezrin (mouse, 1: 1/1000; Abcam), anti-phospho T567 Ezrin (rabbit, 1: 1/300; Abcam) and anti-GAPDH (mouse, 1:

1/2000; Abcam). Membranes were washed and incubated for 30 min in blocking buffer containing HRP-conjugated anti-rabbit or

mouse secondary antibodies (1:10000; Bio-Rad). Signal was detected with ECL Prime (G.E. Healthcare) and imaged on a

ChemiDoc XRS+ System (Bio-rad). p-Ezrin intensity was normalized by total Ezrin intensity and compared using replicates from 3

independent experiments.

BrdU pulse-labeling
5-bromo-20-deoxyuridine (BrdU, Invitrogen) was dissolved in PBS. Wildtype and PIEZO1 conditional knockout mice at P9 were in-

jected i.p. with BrdU (15 mg/kg) for labeling. Immunofluorescence and BrdU detection were done at P13.

Immunofluorescence
Mice were deeply anesthetized by isoflurane, and were transcardially perfused with phosphate buffer (PB) followed by 4% parafor-

maldehyde (PFA) in PB. Brains were removed and postfixed overnight in 4% PFA at 4�C. Brains were then washed of PFA with three

changes of 1X phosphate buffered saline (PBS), and 30% sucrose/PBS. Dehydrated brains were frozen by liquid nitrogen, then

embedded into OCT compound (Sakura Finetek Japan). Sagittal sections (20 mm thick) were made using a cryostat (Leica). Slices

on Super frost slide glasses (Matsunami) were treated with PBS-Triton X-100 (0.5% v/v) for 10 min, and washed with PBS-Triton

X-100 (0.1% v/v). Brain slices were then blocked by incubation with 2% skim milk in PBS-Triton X-100 (0.1% v/v) for 30 min at

RT. Primary antibody labeling was performed in blocking buffer overnight at 4�C as follows: anti-Pax6 (rabbit, 1:1000, Wako),

anti-BrdU (mouse, 1:100, Sigma-Aldrich). After thorough washing, slices were incubated with secondary antibodies overnight at

4�C, followed by 10 mg/mL DAPI for 10 min at RT. After washing, slices were mounted with Fluoromount (DBS).

RNAscope
Fixed brainswere transferred to 30%Sucrose/PBS and embedded inOCT compound. Cryosections (20 mm)were subjected to in situ

hybridization according to the manufacturer’s protocol (Advanced Cell Diagnostics, RNAscope). Probes were Mm-Piezo1-01(Cat

No: 500511 LOT: 19100A) and DapB for negative control (Cat No: 310043 LOT: 2005245).

RNA-sequencing
CGNswere dissociated from 2 to 3mouse litters at P6 and plated on laminin-coatedmembranes. After 8 h, RNAwas extracted with a

RNAeasyMini Kit (QIAGEN) and the purity of RNAwas assessed using a BioAnalyzer (Agilent Technologies). Duplicate samples were

subjected for RNA-sequencing on an Illumina NextSeq 500 system using single end reads.

Quantitative image analyses and statistical analyses
Images analyses were performed using Fiji (ImageJ 2.0) or Python 3.MRLC-2GFP and ezrin-GFP signals in xy planar images resolved

in 1 mm steps over the entire depth of the migrating cells were processed for maximum intensity projections. For the measurement of

the intensity of cytoplasmic MRLC-2GFP, the signal intensity along a one pixel wide, 15 mm line near the midline of the cell soma was

scanned in the front and rear of the nucleus. The intensity values were normalized to the average of all intensity values of each cell.

The maximum intensity value obtained using the original python code were plotted for comparative analysis of data from different

samples. For the measurement of the intensity of ezrin-GFP on the plasma membrane, the signal intensity on the somal plasma
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membranewas scanned. The intensity values for the four subdivided areas (Front, Middle front, Middle rear, Rear) were normalized to

the average of all intensity values in each cell. For quantification of [Ca2+]i, the average intensity of GCaMP6s signal in the soma was

quantified manually in each time frame. The values were normalized to the average intensity in the soma before Yoda1 treatment.

Statistical analysis
Data were analyzed by GraphPad Prism 9 or R software.

Modeling
Simulation method

Computer simulation of a deformable spherical object that passes through a narrow tunnel was conducted based on the method of

fluid–structure interaction simulation proposed in our previous studies.68,69 A spherical object was modeled as a slightly compress-

ible object covered with a hyperelastic membrane. For simplicity, the intracellular structures such as the nucleus were not consid-

ered. The mechanical behavior of the two-dimensional membrane was assumed to be governed by Skalak’s constitutive law,70 in

which the strain energy function, W, is described using the first and second strain invariants of the right Cauchy–Green tensor, I1
and I2, respectively, as the following:

W =
1

4
Gs

�
I21 + 2I1 � 2I2 + CI22

�
(Equation 1)

whereGs is the surface shear elastic modulus, andC is the area incompressibility coefficient. By using these twomaterial properties,

the surface Poisson’s ratio, ns, and Young’s modulus, E, can be expressed using the membrane thickness, h, as ns = C =ðC + 1Þ and
E = 2Gsð1 + nsÞ=h, respectively. The contraction of themembrane, whichmimics actomyosin contraction at the cell membrane, was

modeled by introducing the active second Piola-Kirchhoff stress tensor, Sact, as

Sact = Am05m0 (Equation 2)

where, A is the magnitude of contraction and m0 is the unit vector representing the direction of contraction in the reference state;

thereby this model expresses unidirectional contraction. The membrane of the spherical object was discretized into triangular finite

elements. The restoring force, qin-plane, acting on themembrane node xm due to themembrane deformation was computed based on

a finite element procedure.

To consider a volume constraint of the spherical object and a bending stiffness of themembrane, we introduced the Helmholtz free

energies, Fvol and Fbend, respectively.
71 The free energy for the volume constraint, Fvol, was proposed using the object volume in the

current state, V, as

Fvol =
1

2
kvol

�
V

V0

� 1

�2

(Equation 3)

where kvol is the bulk modulus and V0 is the object volume in the reference state, i.e., the volume of the undeformed sphere. Since this

is an artificial free energy tomodel the effect of slightly compressible internal fluid, the exact value of kvol is unimportant. Similarly, the

bending free energy, Fbend, was expressed using the angle between two adjacent triangular elements (a, b) in the current state, qab, as

Fbend =
X

adjacent a;b pair

kbend
�
1 � cos

�
qab � q0

��
(Equation 4)

where, kbend is the bending modulus and q 0 is the angle in the reference state, which was set to 0 in this study. These free energies

can produce the corresponding restoring forces, qvol and qbend, on the membrane node xm as the following:

qvolðxmÞ = � vFvol

vxm

(Equation 5)

qbendðxmÞ = � vFbend

vxm

(Equation 6)

Additionally, by considering externally applied force, qext, on the membrane node xm, the total force, q, acting on xm is given by

qðxmÞ = qin�planeðxmÞ + qvolðxmÞ + qbendðxmÞ+qextðxmÞ (Equation 7)

The proposed spherical object model was placed in a channel filled with Newtonian fluid. The fluid dynamics was numerically

analyzed using the lattice Boltzmannmethod.72 Furthermore, themembrane deformation of the spherical object and the surrounding

fluid dynamics were coupled using the immersed boundary method.73 In this method, the membrane force q (Equation 7) is distrib-

uted to the neighboring fluid to drive the fluid flow, and conversely, the fluid velocity determines the neighboring membrane velocity

for the advection.
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Simulation model

A three-dimensional model of two cylindrical channels connected by a narrow cylindrical tunnel was constructed (Figure 1G). Each

channel has a diameter of 12mmand a length of 12mm, and the connecting tunnel has a diameter of 4mmand a length of 4mm. The

fluid-filled space in the channels and tunnel was discretized using a three-dimensional regular lattice with an interval of 0.4 mm. The

spherical object model proposed in the previous section was placed in the center of one cylindrical channel. The membrane was

discretized using two-dimensional triangular finite elements with an approximately 0.2 mm edge size, which was set to be smaller

than the lattice interval in the fluid-filled space to avoid leaks. To move the spherical object forward, a tensile force of 60 pN was

applied uniformly on the front membrane, which is equivalent to a solid angle of 0.1 p steradian (green region shown in Figure 1G),

along the longitudinal direction of the channels.

After the deformed spherical object ceased to move in the tunnel, contraction of the rear hemispherical membrane (red region

shown in Figure 1G) with the magnitude of A = 5.03 10�4 (Pa$m) was imposed (see Equation 2), where the direction of contraction

m0 was randomly set for each triangular element within its tangential plane to represent in-plane isotropic contraction of the mem-

brane. To verify the effectiveness of the membrane contraction to pass through the narrow tunnel, the simulation without contraction

was also performed.

As boundary conditions, the no-slip condition was applied at the wall of the channels and tunnel, and the periodic boundary con-

dition for the fluid velocity was applied at both ends of the channels. No frictional force was assumed between the wall of the tunnel

and the membrane of the spherical object. The material properties of the spherical object used in the present simulation are listed

below.74,75 By using thesematerial properties, the surface shear elastic modulus,Gs, and the surface Poisson’s ratio, ns, of themem-

brane can be derived as Gs = 5.2 3 10�7 (Pa$m) and ns = 0.91, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed by GraphPad Prism 9 or R software. The number of biological replicates is indicated in the figure legend. Error

bars in each graph represent the standard deviation. Statistical tests are mentioned in each figure legend. *<0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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