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Abstract
The maintenance of planar polarity in airway multiciliated cells (MCCs) has been poorly characterized. We recently reported 
that the direction of ciliary beating in a surgically inverted tracheal segment remained inverted beyond the time required for 
the turnover of cells, without adjustment to global distal-to-proximal polarity. We hypothesized that the local maintenance of 
tissue-level polarity occurs via locally reproduced cells. To provide further insight regarding this hypothetical property, we 
performed allotransplantation of an inverted tracheal segment between wild-type (donor) and tdTomato-expressing (host) rats, 
with and without scratching the mucosa of the transplants. The origin of cells in the transplants was assessed using tdTomato-
specific immunostaining. Ciliary movement and structures were observed by high-speed video and electron microscopy to 
analyze MCC orientations. Variabilities in the orientations of closely and distantly located MCCs were analyzed to evaluate 
the local- and broad-scale coordination of polarity, respectively. The epithelium was maintained by donor-derived cells in 
the non-scratched inverted transplant over 6 months, beyond one cycle of turnover. The inverted orientation of MCCs was 
also maintained throughout the non-scratched transplant. MCCs regenerated in the scratched transplant were derived from 
the host and exhibited diverse orientations across the transplant. However, the orientations of adjacent regenerated MCCs 
were often coordinated, indicating that airway MCCs can locally coordinate their orientations. A steady-state airway may 
maintain MCC orientation by locally reproducing MCCs via the local coordination of polarity. This local coordination ena-
bles the formation and maintenance of tissue-level polarity in small regions after mucosal injury.

Keywords PCP · Cilium · Trachea · Airway · Regeneration

Introduction

Mucus transportation is essential for the maintenance of air-
way homeostasis. The mucus stream is generated by the cili-
ary movement of multiciliated cells (MCCs), which predom-
inantly cover the apical surface of the airway epithelium. In 
the trachea, cilia are oriented toward the oral side. Ciliary 
beating toward the oral side enables the excretion of inhaled 
pathogens from the lower respiratory tract along with the 
mucus (Randell et al. 2006). A disruption to the coordinated 
orientation of the cilia leads to coughing- and sneezing-like 
symptoms in mice (Kunimoto et al. 2012). Dysfunctional 
airway cilia, putatively including an uncoordinated ciliary 
stroke, are associated with various respiratory diseases such 
as chronic obstructive pulmonary disease, cystic fibrosis, 
and chronic rhinosinusitis (Tilley et al. 2015; Vladar and 
Königshoff 2020).
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The direction of cilium is determined by the positional 
relationship between the basal body and basal foot, 
protein structures anchoring the cilium to the cytoskeleton 
(Boisvieux‐Ulrich et al. 1985). In the trachea, the basal foot is 
typically attached to the oral side of the basal body, directing 
the ciliary stroke toward the oral side. The ability to coordinate 
the orientation of cellular structures along a tissue plane is 
called planar cell polarity (PCP). Epithelial PCP is observed 
in multiple organs, including the inner ear and hair follicles, 
as well as the oviduct and brain ventricles which have MCCs 
(Guo et al. 2004; Curtin et al. 2003; Landin Malt et al. 2019). 
PCP is regulated by the biased distribution of transmembrane 
proteins and their downstream signals (Srivastava et al. 2012; 
Vladar et al. 2012; Kunimoto et al. 2012).

The molecular mechanisms of PCP signaling have fre-
quently been investigated in Drosophila (Lavalou and Lecuit 
2022). Multiple pathways, such as core PCP, Fat/Ds, Fat2/
Lar, and Toll-8/Cirl, have been identified as determinants of 
planar polarity in the developing bristles, hairs, and omma-
tidia of Drosophila (Lawrence et al. 1972; Nübler-Jung 1987; 
Cho et al. 2022; Barlan et al. 2017; Lavalou et al. 2021). 
The core PCP pathway, the most extensively investigated 
pathway, drives asymmetrical distribution of sets of “core 
proteins”; transmembrane proteins Vang and Frizzled (Fz) 
localize to opposite sides within a cell, to form protein com-
plexes with Flamingo and Prickle in the Vang side and with 
Flamingo, Dishevelled, and Diego in the Fz side. This leads 
to dynamic changes in cytoskeleton alignment and the asym-
metric distribution of cellular structures (Goodrich and Strutt 
2011). Along with the formation of intracellular planar polar-
ity, intercellular Vang–Fz interaction reinforces the polar-
ity of adjacent cells, contributing to the expansion of planar 
polarity at the tissue level (Wallingford 2010; Lavalou and 
Lecuit 2022). Other PCP pathways likely similarly rely on 
asymmetrical intracellular protein distribution and intercellu-
lar communication, regulating planar polarity independently 
and/or by interacting with the core PCP pathway. Beyond 
the intercellular mechanism to locally determine tissue-level 
polarity, broader scale regulation is important for global pla-
nar polarity throughout the entire organ. The Fat/Ds pathway 
most likely drives global planar polarity in Drosophila. How-
ever, its interaction with other PCP pathways and relative 
contribution to global polarity is still controversial (Yang 
et al. 2002; Goodrich and Strutt 2011; Brittle et al. 2022). 
In addition, the initial cue to induce normal planar polarity 
remains elusive.

Although research regarding PCP signaling in mam-
mals lags behind Drosophila, similar mechanistic roles 
of the core PCP pathway have been suggested (Deans 
2021; Lavalou and Lecuit 2022). The biased distribution 
of Vangl (the mammalian ortholog of Vang) and Fz is 
also critical for the development of intracellular PCP in 
airway MCCs. In vitro ciliogenesis models have shown 

that differentiating MCCs distribute the core PCP proteins 
asymmetrically in the early phase of differentiation, before 
the formation of immature cilia with poorly coordinated 
orientations (Vladar et al. 2016). As cilia mature in the 
later phase, further accumulation of the core PCP proteins 
intensifies the asymmetric protein distribution, leading to 
intracellular coordination of ciliary orientations. However, 
the intercellular mechanisms that regulate tissue-level 
polarity in the airway epithelium remain to be elucidated. 
Additionally, most of the current knowledge on the PCP of 
airway MCCs is based on in vitro and developmental stud-
ies. Further in vivo investigations using adult animal mod-
els are required to fully understand airway planar polarity.

The maintenance and regeneration of the airway epi-
thelial planar polarity are essential for the retention of 
efficient mucociliary clearance throughout the lifespan. 
We previously performed auto-transplantation of inverted 
tracheal segments (Tsuji et al. 2018) and reported that 
the ciliary orientations in the transplant area remained 
inverted 6 months after transplantation, beyond the time 
for turnover of tracheal epithelial cells (Blenkinsopp 
1967). No profound morphological changes were observed 
in the epithelium of the inverted segment after transplan-
tation. These results imply that MCCs were locally main-
tained during turnover, and the orientations of the locally 
reproduced cells followed local tissue-level polarity rather 
than broad-scale lung-to-oral polarity. In contrast, our pre-
liminary study with human subjects showed that tracheal 
MCCs which regenerated after irradiation damage were 
uncoordinated in their orientation (Nakamura et al. 2020). 
Based on these findings, we hypothesize that the steady-
state airway epithelium maintains tissue-level polarity via 
intercellular mechanisms driving the local coordination of 
MCC polarity, similar to the intercellular PCP signaling 
in Drosophila.

In this study, we sought to provide further insights into 
the possible properties of the airway epithelium that facili-
tate the local maintenance of a steady-state epithelium and 
coordination of tissue-level polarity. Initially, we performed 
allotransplantation of an inverted tracheal segment from 
wild-type to tdTomato-expressing rats; we aimed to confirm 
that the epithelial cells in the transplant were maintained by 
the donor cells. Secondly, tracheae that were scratched, to 
remove the mucosa and disrupt the local reproduction of epi-
thelial cells, were similarly transplanted. The orientations of 
regenerated host-derived MCCs in the scratched transplant 
were analyzed to assess polarity created by cells migrated 
from a distant part. The variability in the MCC orientation 
was compared between MCCs in close and distant regions 
to explore the local and broad-scale coordination of tissue-
level polarity. This study potentially provides a foundation 
for future therapeutic approaches to maintain or improve the 
airway mucociliary function.
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Material and methods

Animals

Wild-type (WT) Long-Evans rats were obtained from 
Japan SLC (Shizuoka, Japan). Transgenic Long-Evans 
rats ubiquitously expressing tdTomato (Flame rat: LE-
Tg(Gt(ROSA)26Sor-CAG-tdTomato)9Jfhy) were provided 
by the National BioResource Project Rat (Kyoto, Japan) 
(Igarashi et al. 2016). Protocols for all animal experi-
ments were approved by the Animal Research Committee 
of Kyoto University Graduate School of Medicine. Animal 
care was provided by the Institute of Laboratory Animals 
at Kyoto University.

Allogenic transplantation of inverted tracheal segments

WT and heterozygous Flame rats were mated to gener-
ate littermates. Allogenic tracheal transplantation was 
performed between WT (donor) and flame (host) lit-
termates of the same sex at age 8 weeks or older. All 
surgeries were performed under general anesthesia 
induced by an intraperitoneal injection of butorphanol 
tartrate (0.25 mg/100 g), medetomidine hydrochloride 
(0.015 mg/100 g), and midazolam (0.2 mg/100 g). The 
non-scratched and scratched inversion models were trans-
planted using the following method: the skin and subcu-
taneous tissues were incised in the host Flame rat and the 
submandibular glands and strap muscles were separated 
to expose the trachea; an approximately 2-mm incision 
was made in the anterior tracheal wall, and three tracheal 
cartilages were removed (Fig. 1a); the tracheal segment 
was removed from the donor WT rat using the same proce-
dure; for the non-scratched inversion model, the extracted 
tracheal segment was inverted and transplanted into the 
tracheal defect in the flame rat immediately after its 
removal from the WT rat (Fig. 1a’, b); for the scratched 
inversion model, the tracheal segment was scratched using 
KimWipes (NIPPON PAPER CRECIA CO, Tokyo, Japan) 
prior to inverted transplantation (Fig. 1c) to remove the 
donor epithelial cells and subepithelial tissues, including 
the subepithelial gland (Fig. 1d–f’’’); tracheal cartilage 
and annular ligaments were left in the scratched trachea; 
the tracheal segment was sutured to the host trachea using 
9–0 proline; the skin was closed using 5–0 nylon. Rats 
were euthanized using  CO2 exposure at post-operative days 
(POD) 1, 3, 7, and 14 and post-operative months (POM) 
1 and 6. Tracheae were collected, as described below. For 
experiments related to analysis of MCC orientations, the 
orientations of tracheal samples were visually confirmed. 
Samples were trimmed into rectangular shapes with their 
lung–oral axis being the long side and their right–left axis 

being the short side. In addition, the samples were incised 
at the lung-side right end to keep their orientations recog-
nizable during experimental procedures.

Analysis of ciliary beating directions

The ciliary beating directions were analyzed at POM6, 
as previously reported (Tsuji et al. 2018; Nakamura et al. 
2020). In order to label the cilia, tracheae were treated with 
8 μg/mL fluorescein isothiocyanate-conjugated wheat germ 
agglutinin (Vector Laboratories, Burlingame, CA, USA) 
for 1 h. Ciliary movement was observed under an upright 
microscope (model BX51, Olympus, Tokyo, Japan) and 
recorded at 50 frames/s using FASTCAM mini UX50 (Pho-
tron, Tokyo, Japan). A 50 × 50 μm square was defined as the 
region of interest (ROI). At least ten ROIs, 50 μm apart, were 
set throughout the non-transplant and transplant regions of 
individual rats. The beating directions of individual MCCs 
were measured using ImageJ software (National Institutes 
of Health, Bethesda, MD, USA) (Tsuji et al. 2018). Single 
and multiple ROI data were analyzed to interrogate the local 
and broad-scale regulation of polarity.

Whole‑mount immunofluorescence staining

Confirmation of epithelial cell removal and evaluation 
of cell origin in transplant

Tracheal samples were obtained at POM1 and POM6. Fol-
lowing fixation with 4% paraformaldehyde (PFA) in phos-
phate-buffered saline (PBS) for 30 min on ice and rinsing 
with PBS, the samples were treated with 1.0% Triton X-100 
in PBS for 1 h at room temperature. Nonspecific antibody 
binding was blocked by incubation with 1.0% bovine serum 
albumin (BSA) in PBS for 1 h at room temperature. The 
samples were reacted with primary antibodies (rabbit anti-
RFP, × 1000, ROCKLAND, PA, USA; mouse anti-acetylated 
α-tubulin, × 1000, Sigma Aldrich, MN, USA; rabbit anti-
CK5, × 1000, Abcam, Cambridge, UK) at 4 °C and rinsed 
with PBS, followed by labeling with secondary antibod-
ies (Alexa Fluor 555 and 647, Invitrogen, Waltham, MA) 
overnight at 4 °C. The samples were mounted using Fluo-
romoun-G (Thermo Fisher Scientific, Waltham, MA, USA) 
and observed under a TCS SPE confocal microscope (Leica 
Microsystems, Wetzlar, Germany).

Localization of core PCP proteins

Following fixation with 10% trichloroacetic acid for 20 min 
on ice, tracheal samples harvested at POM1 were rinsed 
with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES)-buffered saline containing 0.05% Tween 20 and 
5 mM calcium chloride. Mucosae were peeled from the 
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tracheal samples and blocked in 1% BSA in PBS contain-
ing 0.05% Tween 20 for 30 min. Subsequently, the sam-
ples were incubated with primary antibodies (rabbit anti-
Vangl1, × 200, Atlas Antibodies, Stockholm, Sweden; goat 
anti-Fz6, × 50, R&D Systems, Minneapolis, MN, USA) 
overnight at 4  °C. After rinsing with HEPES-buffered 
saline, the samples were incubated with secondary anti-
bodies (Alexa Fluor 488 and 647; Invitrogen) for 2 h at 
room temperature. Samples were inspected using an SP8 
confocal microscope (Leica Microsystems).

Immunofluorescence and HE staining of cryosection

Tracheal samples were embedded in an optimal cutting 
temperature compound. Sagittal cryosections were cut to 

a thickness of 10 μm and then fixed with 4% PFA in PBS 
for 10 min at room temperature and washed with PBS. Fol-
lowing treatment with 0.2% Triton X-100 for 5 min at room 
temperature to allow permeabilization, the samples were 
blocked with 1.0% BSA in PBS for 20 min at room tem-
perature. They were incubated with primary antibodies (rab-
bit anti-RFP, × 200, mouse anti-acetylated α-tubulin; rabbit 
anti-CK5 × 200) overnight at 4 °C, rinsed with PBS, and 
then labeled with secondary antibodies (Alexa Fluor 488, 
555, and 647) overnight at 4 °C. The samples were mounted 
on Fluoromoun-G mounting medium. TCS SPE was used for 
the observation of the samples.

For HE staining, PFA-fixed cryosections were stained 
with Mayer’s hematoxylin solution for 3 min and eosin for 
1 min, dehydrated with 70%, 80%, 90%, and 100% ethanol 

Fig. 1  Inverted allotransplantation of non-scratched and scratched 
tracheae. a–a’ Inverted allotransplantation of tracheal segment. 
The trachea of the flame rat was partially removed (a, arrow). The 
tracheal segment of the WT rat (*) was transplanted into the flame 
rat in an inverted orientation (a’). b Schema of non-scratched and 
scratched model. This study employed non-scratched and scratched 
models, which were created by allotransplantation of non-scratched 
and scratched inverted tracheal segments. c Scratching of tracheal 
segment. In the scratched model, the luminal surface of the tracheal 
segment (arrow) was scratched using KimWipes (arrow head) before 

transplantation. d–d’ HE staining of tracheal segment. HE-stained 
cryosections of normal and scratched tracheal segments are shown. 
The epithelium (red double-headed arrow) and subepithelial tis-
sue (black double-headed arrow) were observed in the normal tra-
cheal (d) but removed by scratching (d’). The tracheal cartilage 
(arrowhead) was left in the scratched tracheal segment (d’). Scale 
bar = 30 µm. e–f’’’ Whole-mount immunofluorescence of normal and 
scratched tracheal segment. Cytokeratin 5 (CK5)-positive basal cells 
and acetylated α-tubuline (Ac-tub)-positive MCCs were removed by 
scratching. Scale bar = 20 µm
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and then immersed in xylene. The specimens were mounted 
on MOUNT-QUICK mounting medium (Daido Sangyo, 
Tokyo, Japan). Images were obtained using a BIOREVO 
BZ-9000 fluorescence microscope (KEYENCE).

Scanning electron microscopy and array tomography

Ciliogenesis was assessed by scanning electron microscopy 
(SEM), as previously described (Tsuji et al. 2018). Samples 
were collected at PODs 1, 3, 7, and 14, and POMs 1 and 6. 
After fixation with 2.5% (w/v) glutaraldehyde, the tissues 
were dehydrated using ethanol, immersed in tert-butyl alco-
hol, and lyophilized. The samples were then sputter-coated 
with a platinum–palladium alloy using an IB-3 ion coater 
(Eiko, Tokyo, Japan) and inspected under an S-4700 scan-
ning electron microscope (Hitachi, Tokyo, Japan).

Backscattered electron scanning electron microscopy 
(BSE-SEM) was performed to analyze the orientation of 
the basal foot at POM6. Samples were fixed with 2.5% (w/v) 
glutaraldehyde for at least 48 h. The fixed specimens were 
dehydrated with a series of dilutions of ethanol (65%, 75%, 
85%, 95%, 99%, and 100%) and propylene oxide and embed-
ded in epoxy resin (LUVEAK-812, Nacalai). The blocks 
were sectioned using an ultramicrotome (ARTOS 3D, Leica) 
equipped with a diamond knife (Hist JUMBO, 45 degrees, 
DiATOME) to cut 250-nm serial sections. Serial sections 
were collected on a cleaned silicon wafer strip held using a 
micromanipulator (MN-153, NARISHIGE) for BSE-SEM. 
The sections were stained at room temperature using 3% 
(w/v) aqueous uranyl acetate (20 min) and Reynolds lead 
citrate (3 min). The sections were imaged using SEM (JSM-
7900F; JEOL, Tokyo, Japan) supported by Array Tomogra-
phy Supporter software (System in Frontier, Tokyo, Japan), 
which enables automated imaging. Images were aligned and 
ordered using Stacker NEO software (System in Frontier, 
Tokyo, Japan). Basal foot directions were assessed by obser-
vation of the positional relationships between the basal bod-
ies and feet using ImageJ software.

Data analysis

The lung–oral axis of the tracheal sample was visually 
determined based on the longitudinal axis of the trachea. 
The right–left axis was vertical to the lung–oral axis on 
the epithelial plane of the tracheal sample. Since all tra-
cheal samples were the abdominal part of the trachea, the 
right–left axis of tracheal samples and animal bodies were 
nearly identical. The right, oral, left, and lung sides were 
defined as 0°, 90°, 180°, and 270°. The directions of ciliary 
beating and basal feet were expressed as 0°–360°. Direction 
data were categorized as follows: oral side, >45°, ≤135°; 
lung side, >225°, ≤315°; left side, >135°, ≤225°; and right 
side, >315°, ≤45°. Ratios of the number of MCCs in each 

direction group were calculated; the data of the distribution 
of the directions was presented using a rose diagram illus-
trated using Octave (GNU General Public License; https:// 
www. gnu. org/ softw are/ octave/). The mean and standard 
deviation (SD) of the direction data were calculated as previ-
ously described (Nakamura et al. 2020). The Mann–Whitney 
U test was performed to compare the SD and mean direc-
tions of the basal foot. Differences were considered to be 
statistically significant at p ≤ 0.05.

Results

Origins and ciliary beating directions of MCCs 
in non‑scratched inversion model

In the epithelium of the non-scratched inverted model, 
no morphological changes were observed across the non-
transplanted and transplanted areas from POD14 to POM6 
(Fig. 2a–a’’’’). At POM6, tdTomato-positive host cells were 
not found in the epithelium of the transplant, including in 
the basal layer where cytokeratin 5-positive basal progenitor/
stem cells exist (Fig. 2b–e’’’’). Although our experimental 
model was unable to clarify whether donor epithelial cells 
migrated within the transplant, our results indicated dynamic 
migration from the host tissue to the transplant did not occur. 
To assess the broad-scale tissue-level polarity across the 
transplant, we evaluated ciliary beating directions in multi-
ple ROIs, which were placed at least 50 µm away from each 
other. Nearly 90% of MCCs beat their cilia toward the lung 
side in the inverted transplant at POM6 (Fig. 2f–g’; Movie 
1); this is similar to previous findings from the inverted auto-
transplantation model (Tsuji et al. 2018). The locally repro-
duced cells likely maintained an inverted ciliary orientation.

Origins and ciliary beating directions of MCCs 
in the scratched inversion model

The scratched inversion model was employed to induce pen-
etration of host epithelial cells into the tracheal transplant. 
The luminal surface of the transplant was almost entirely cov-
ered by the newly formed epithelium by POD7 (Fig. 3a–a’); 
however, MCCs were sparsely distributed and their cilia were 
immature at this time point. As regeneration proceeded, the 
transplant area was largely covered by MCCs with apparently 
mature cilia at POM1, and the morphology of the regenerated 
epithelium was maintained over six months (Fig. 3a–a’'’’). 
Immunofluorescence examination revealed that the regener-
ated epithelium was formed by tdTomato-positive host cells 
(Fig. 3b–c’’’’). MCCs regenerated in the transplant did not 
necessarily beat toward the lung side (Movie 2); the ciliary 
beating directions measured in multiple ROIs highly deviated 
from the lung-side direction (Fig. 3d–e’). However, there were 

https://www.gnu.org/software/octave/
https://www.gnu.org/software/octave/
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no significant differences between the oral (40.2% ± 13.1%), 
lung (21.2% ± 18.0%), right (19.7% ± 4.1%), and left 
(19.0% ± 9.5%) directions(n = 4) (Fig. 3d–e’). These results 
indicate that the original planar polarity was lost in the regen-
erated epithelium; however, as shown in Movie 2, the MCCs 
in a single ROI seemed to beat their cilia in a similar direction.

Local coordination of ciliary beating directions 
across regenerated MCCs

Next, we focused on assessing the local coordination of 
MCC orientation. The ciliary beating directions in each ROI 
were analyzed. In the non-scratched inversion model, ciliary 

Fig. 2  Morphology, cell origin, and ciliary beating direction in non-
scratched inverted tracheal transplant. a–a’’’’ SEM image of the epi-
thelium in non-scratched model. Non-transplant and transplant areas 
at POD14, POM1, POM3, and POM6 are shown. Scale bar = 30 µm. 
b–e’’’’ Immunofluorescence image of host-derived epithelial cell in 
non-scratched model. Cryosections and whole-mount tracheal sam-
ples were obtained at POM6. Flame rat-derived cells (host cells) and 
MCCs were stained using anti-tdTomato (red) and anti-acetylated 
tubulin (Ac-Tub; white) antibodies, respectively. The cryosections 
were also stained using anti-cytokeratin 5 (CK5, green) to observe 

basal cells. Scale bar = 20  μm. f–f’ Representative distribution of 
ciliary beating direction at POM6. Data were obtained from multiple 
50 × 50 µm ROIs. Non-transplanted area: 106 cells, 10 ROIs. Trans-
plant area: 310 cells and 31 ROIs. g–g’ Proportion (%) of ciliary beat-
ing directions toward the oral (>45°, ≤135°), lung (>225°, ≤315°), 
right (>315°, ≤45°), and left (>135°, ≤225°) side in total MCC 
observed across multiple ROI at POM6, N = 3. Abbreviations: SEM, 
scanning electron microscopy; POM6, post-operative month 6; ROI, 
region of interest
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movement was predominantly directed toward the lung side 
in every ROI analyzed (Fig. 4a–a’’’). In the scratched trans-
plant, the distribution of the ciliary beating directions at each 
ROI was concentrated in a particular direction (Fig. 4b–b’’’). 
The beating directions at each ROI were less diversified than 
those at multiple ROIs. The SDs of ciliary beating directions 
from the single- and multiple ROI datasets were evaluated 
to confirm the reduced diversity in the beating directions of 

cilia from single ROIs. The SD calculated from the single 
ROI data in the scratched transplant was lower than that 
calculated from the multiple ROI data (Fig. 4c–c’). In addi-
tion, in the non-scratched model, the SD from the single 
ROI data was lower than that from multiple ROI data of the 
transplant and non-transplant areas. MCCs in close proxim-
ity were relatively highly coordinated in their orientations, 
both in regenerated and steady-state epithelia.

Fig. 3  Morphology, cell origin, and ciliary beating direction in 
scratched inverted tracheal transplant. a–a’’’’ SEM image of lumi-
nal surface of transplant in scratched model. Regenerative process of 
MCCs in scratched transplant at POD3, POD7, POD14, POM1, and 
POM6 is shown. Scale bar = 30  µm. b–c’’’’ Immunofluorescence 
image of host-derived epithelial cell in scratched model. Cryosections 
and whole-mount tracheal samples were obtained at POM6. Flame 
rat-derived cells (host cells) and MCCs were stained using anti-tdTo-
mato (red) and anti-acetylated tubulin (Ac-Tub; white) antibodies, 
respectively. The cryosections were also stained using anti-cytoker-

atin 5 (CK5, green) to observe basal cells. Scale bar = 20 μm. d–d’ 
Representative distributions of ciliary beating direction at POM6. 
Data were obtained from multiple 50 × 50 µm ROIs. The scales of the 
rose diagrams indicate the number of cells. Non-transplanted area: 
107 cells, 10 ROIs. Transplant area: 94 cells and 18 ROIs. e–e’ Pro-
portion (%) of ciliary beating direction toward the oral (>45°, ≤135°), 
lung (>225°, ≤315°), right(>315°, ≤45°), and left (>135°, ≤225°) 
side in total MCC observed across multiple ROI at POM6, N = 4. 
Abbreviations: SEM, scanning electron microscopy; POM6, post-
operative month 6; ROI, region of interest
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Fig. 4  Coordinated ciliary beating directions across MCCs located 
in close proximity. a–b’’’ Distribution of ciliary beating direction in 
multiple and single ROI data. Representative distribution of ciliary 
beating directions at POM6 is shown. Rose diagrams illustrate mul-
tiple ROI data from each rat of non-scratched and scratched groups 
and single ROI data from three ROIs in each rat of non-scratched 
and scratched groups. The mean direction and SD are indicated by 
red arrows and red arcs, respectively. c–c’ Analysis of coordination 
in ciliary beating direction by comparison of SD value. The data of 

ciliary beating directions were collected from the multiple and single 
ROIs in the non-scratched and scratched models at POM6. SD val-
ues obtained from individual rats are plotted in the dot pots; the SD 
value of the multiple ROI data was calculated from all direction data 
obtained at multiple ROIs in each rat; the SD value of the single ROI 
data was the average of SDs independently calculated at individual 
ROIs in each rat. N = 3 (non-scratched), N = 4 (scratched). Abbrevia-
tions: POM6, post-operative month 6; ROI, region of interest; SD, 
standard deviation
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Localization of core PCP proteins

Since the core PCP pathway determines intracellular pla-
nar polarity and is putatively involved in the intercellular 
adjustment of polarity in MCCs (Lavalou and Lecuit 2022), 
Vangl1 and Fz6 were visualized using immunofluorescence 
after transplanting the scratched segment. Concentration of 
Vangl1- and Fz6-positive staining was observed in the trans-
plant area (Fig. 5a–f). The alignment of Vangl1 and Fz6 
appeared to be coordinated within each microscopic field, 
consistent with the results of the local coordination of the 
ciliary beating directions.

Directions of basal feet

The basal structures of the cilia were observed using SEM 
and an array tomography technique to further detail the 
intracellular planar polarity and intercellular coordination 
of MCCs (Fig. 6a). Serial images obtained by array tomog-
raphy displayed basal feet and bodies at the apical sections 
of the MCCs, and the arrangement of cells was more clearly 
observed at the middle sections (Fig. 6b, c). In the apical 
sections of the scratched transplant, basal feet within each 
MCC appeared to be well-coordinated in a certain direction, 
which confirms the polarization of the individual regener-
ated MCCs (Fig. 6d). Statistically, scratching damage to 

the basal feet directions in individual MCCs was not fully 
recovered at POM6; the SD was higher in the transplant 
area than in the non-transplant area. However, the disparity 
was low, at approximately 3° (Fig. 6e). Because orienta-
tion cues from adjacent cells are the most likely determi-
nants of tissue-level polarity (Lavalou and Lecuit 2022), 
we explored the better coordination of MCC orientations in 
adjacent MCCs than in MCCs that were 2 cells apart. MCC 
orientations were determined as mean basal foot directions 
in individual MCCs, and disparities in MCC orientations 
between adjacent MCCs, as well as between 2 cells apart 
MCCs, were measured. The mean disparity in MCC orien-
tations was approximately of 30° between adjacent cells. 
This was significantly lower than the mean disparity in 
MCC orientations between MCCs that were 2 cells apart 
(Fig. 6f, g). This result confirms the efficient coordination 
of planar polarity between adjacent MCCs.

Discussion

The conservation of the planar polarity of the airway epi-
thelium is important for maintaining efficient mucus trans-
portation. Despite recent advancements in the understanding 
of PCP, the regulatory mechanisms driving the maintenance 
of mammalian airway planar polarity have been poorly 

Fig. 5  Localization of core PCP proteins in scratched transplant. a–f 
Whole-mount immunofluorescence images of Vangl1 (white) and Fz6 
(green) in regenerated epithelium of scratched transplants at POM1. 
A region in the non-transplant (a) and two regions in the scratched 
transplant (transplant 1 and 2) are shown (b, c). Regions denoted as 

rectangles in the low magnification images are magnified and shown 
as high magnification images below the low magnification images. 
Scale bar = 10 µm (a, b, c), Scale bar = 2 µm (d, e, f). Abbreviations: 
POM1, post-operative month 1
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discussed. The present study used tracheal allotransplanta-
tion models to examine the orientations of MCCs maintained 
or regenerated in the transplants, with an emphasis on local 
coordination, a putative mechanism for the maintenance of 

tissue-level polarity. Although the current study did not clar-
ify the specific mechanisms controlling tissue-level polarity, 
our findings confirmed that the tracheal epithelium locally 
coordinates the orientations of MCCs.

Fig. 6  Basal foot directions in scratched transplant. a Schematic of 
array tomography of scratched model for observation of basal struc-
ture of cilium and location of MCC. Serial sections along the epi-
thelial plane were obtained. Basal feet and bodies were observed at 
apical sections of the epithelium. Since the heights of epithelial cells 
were uneven, basal feet and bodies were inspected at multiple serial 
sections. Locations of cells were observed at a middle section. b–d 
SEM image obtained by array tomography (POM6). b Basal foot 
directions within a cell. Basal feet and bodies are observed as trian-
gular and round structures in the apical part of MCCs. Blue arrows 
indicate the direction of the basal feet. c Outline of cell. In the mid-
dle section, outlines of individual MCCs and nuclei are observed, 
and the locations of cells are more clearly observed than in the api-
cal sections. The yellow lines illustrate the outlines of MCCs. Scale 
bar = 5 µm. d Distribution of basal foot direction in each cell. Data of 
basal foot directions in individual MCCs were collected by inspect-
ing serial sections. Rose diagrams illustrating the distributions of 

basal foot directions are overlaid on corresponding MCCs in the SEM 
image. Scale bar = 5  µm. e Analysis of intracellular coordination of 
basal foot direction by comparison of SD. Basal foot directions were 
measured at POM6, and SDs of basal foot directions in individual 
MCCs are plotted in the dot plots. Non-transplant area: 78 cells. 
Transplant area: 37 cells. *Statistically significant difference between 
the groups (Mann–Whitney U test, p < 0.005). f Orientations of 
MCCs. MCC orientations were determined as mean basal foot direc-
tions in individual MCCs and are denoted by blue arrows in the SEM 
image. Scale bar = 5 µm. g Disparity in orientation between adjacent 
MCCs and between 2 cell away MCCs. The disparities in MCC ori-
entations (mean basal foot directions) between adjacent and 2-cell 
away MCCs were measured for 37 and 61 pairs of cells, respectively, 
and plotted in the dot plots. *Statistically significant differences 
between the groups (Mann–Whitney U test, p < 0.05). Abbreviations: 
SEM, scanning electron microscopy; MCC, multiciliated cells; SD, 
standard deviation; POM6, post-operative month 6
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In the inverted transplant of the non-scratched model, 
the donor epithelial cells maintained their epithelium for a 
period longer than one cycle of turnover, which is report-
edly 70–110 days (Blenkinsopp 1967), without the dynamic 
migration of epithelial cells (Fig. 2b–b’’’, d–d’’’’). In addi-
tion, the maintained donor MCCs beat toward the lung side 
in the non-scratched transplant (Fig. 2f–g’). This suggests 
that airway epithelial cells, including basal cells, were 
locally maintained without significant cell migration, and 
MCCs newly generated during epithelial cell turnover main-
tained the original polarity of the inverted transplant. In con-
trast, scratched transplants induced penetration of epithelial 
cells from the host tissue (Fig. 3b–c’’’’). The orientation of 
the regenerated MCCs was not coordinated in a particular 
direction across the transplant area (Fig. 3d–e’). This indi-
cates that the MCCs regenerated at a distance from the host 
epithelium cannot adopt the planar polarity associated with 
the non-transplanted area. This finding is consistent with our 
previous report which showed that MCCs regenerated in an 
artificial tracheal graft failed to coordinate their orientations 
along the normal distal-to-proximal polarity seen outside the 
graft (Nakamura et al. 2021).

Despite the loss of broad-scale tissue-level polarity across 
the scratched transplant, the orientations of the regenerated 
MCCs in close proximity were coordinated, particularly 
between adjacent cells (Figs. 4 and 6f, g). This indicates that 
the adult airway epithelium has intercellular mechanisms 
that coordinate local tissue-level polarity. As shown in the 
SEM images, the differentiation of MCCs in the scratched 
transplant was initiated in separated areas, and the density of 
MCCs later increased (Fig. 3a–a’’’’). The initial cue direct-
ing the orientations of the isolated MCCs remains unclear; 
however, it is possible that the differentiated MCCs provide 
an orientation cue to the surrounding differentiating cells 
during epithelial regeneration to locally coordinate polar-
ity. A plausible mechanism behind this local coordination 
might be the intercellular signals of the PCP signaling 
pathways. Although there are few studies on the intercel-
lular mechanism of the core PCP signaling pathway in ver-
tebrates, a previous report on the chick inner ear showed 
that the orientations of vestibular hair cells were guided by 
Vangl1 expressed by adjacent supporting cells. This there-
fore suggests that the intercellular mechanism of the core 
PCP signaling pathway exists in vertebrates (Warchol and 
Montcouquiol 2010).

However, tissue-level planar polarity is not simply regu-
lated by PCP signaling pathways (Goodrich and Strutt 2011; 
Thomas and Strutt 2012; Barlan et al. 2017; Lavalou et al. 
2021). Fluid shear stress is known to affect PCP in MCCs 
(Chien et al. 2015). An in vitro airway ciliogenesis model 
using pluripotent stem cells revealed that artificial fluid flow 
coordinates the orientation of airway MCCs with the flow 
direction (Sone et al. 2021). Based on the results of this 

previous finding, the liquid flow generated by differenti-
ated MCCs might indicate another possible orientation cue 
to adjust the polarity of differentiating neighbors. Further 
investigation is warranted to determine whether individual 
MCCs generate sufficient flow to alter the orientations of 
adjacent cells. Furthermore, additional research into the 
involvement of the PCP signaling pathways in coordinating 
the tissue-level polarity of the airway epithelium is required.

The epithelium in the non-scratched transplant, as in the 
normal airway, maintained a normal epithelial morphology 
and original tissue-level polarity. Since polarized mature 
MCCs exist around newly generated MCCs during turnover, 
maintenance of the original planar polarity would be feasible 
via this proposed local coordination mechanism in such 
intact airway epithelia. It would also be feasible that a similar 
polarity to the original is formed in regenerated MCCs after 
a small-scale epithelial injury, using support from uninjured 
neighboring MCCs. However, once tissue-level polarity is 
improperly formed after epithelial damage, an unfavorable 
polarity could similarly be maintained by the local coordination 
mechanism and persist, presumably over multiple cycles of 
epithelial turnover. Regarding the maintenance of PCP during 
epithelial turnover, murine basal keratinocytes transmit their 
core PCP proteins to daughter cells through trans-endocytosis 
during asymmetric cell division, a possible mechanism of 
epidermal PCP maintenance (Heck and Devenport 2017). 
However, in contrast to keratinocytes that have planar polarity 
before terminal differentiation, the asymmetric distribution 
of core PCP proteins is undetectable in airway basal stem/
progenitor cells (Vladar et al. 2016). Therefore, orientation 
cues are more likely to be provided by MCCs than by basal 
cells in the airway.

Among the multiple mechanisms regulating PCP, mor-
phogenetic forces have recently emerged as key to global 
cell alignment across organs (Lavalou and Lecuit 2022). 
Strains driven by collective cell movement and rearrange-
ment of the cytoskeleton stimulate PCP signaling pathways 
in developing organs. Additionally, the parallel alignment 
of fibrils in the basement membrane has been suggested to 
serve as a fixed template for cell alignment by providing a 
platform for integrin and the dystrophin–dystroglycan com-
plex (Cerqueira Campos et al. 2020). In the present study, 
the donor-derived mesenchymal tissues, such as tracheal 
cartilage and the intercondylar membrane, did not adjust the 
alignment of MCCs along the proximal–distal axis in the 
scratched model (Figs. 1d and 3c, d); this suggests that these 
tissues are unlikely to provide cues for epithelial planar 
polarity. Investigations of the airway basement membrane 
and lamina propria are necessary to understand the relation-
ship between morphogenetic cues and MCC orientation.

Our study also provides insights into the formation of 
intracellular polarity within individual MCCs. The basal 
feet in each regenerated MCC were nearly unidirectional 
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(Fig. 6e), and the localization of Vangl1 and Fz6 in the 
regenerated epithelium was biased (Fig. 5a–f). Intracel-
lular PCP mechanisms, including the core PCP pathway, 
were likely responsible for the successful organization of 
individual MCCs during epithelial regeneration, to almost 
normal cilium alignment. However, the SD of the mean 
basal foot directions of the individual regenerated MCCs 
was slightly higher than that of normal MCCs, even after 
6 months of the recovery period (Fig. 6e). Given that the 
maturation of MCCs is closely related to the formation of 
intracellular planar polarity (Vladar et al. 2016), regenera-
tion of completely mature MCCs may be difficult in such 
denuded tracheae.

In summary, our results confirm the local coordination 
of tissue-level planar polarity in the airway epithelium of 
adult rats after inverted tracheal transplant. Airway epi-
thelial planar polarity was likely maintained by the local 
reproduction of MCCs during turnover in the steady-state 
epithelium. Although the regenerated epithelium after 
mucosal damage lost its original lung-to-oral polarity in 
the scratched tracheal transplant, MCCs in close proximity 
coordinated their orientations. Intercellular communication 
between adjacent cells is likely involved in the local coor-
dination of tissue-level planar polarity. The maintenance 
of distal-to-proximal polarity in healthy airways would be 
feasible by the local coordination mechanism. In injured 
airway epithelia, this mechanism of local coordination may 
contribute to the formation and maintenance of tissue-level 
polarity in small regions; however, prolonged unfavorable 
planar polarity is formed after broad-scale damage.
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