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Michael H. Sto!elc, Benoı̂t Zuberb,∗, Martin Frenza,∗,

Stefan A. Tschanzb

aInstitute of Applied Physics, University of Bern, Sidlerstrasse 5
bInstitute of Anatomy, University of Bern, Baltzerstrasse 2

cDivision of Veterinary Anatomy, University of Bern, Länggassstrasse 120

Abstract

"e tracheobronchial tree is lined by a mucociliary epithelium containing millions of multi-
ciliated cells. "eir integrated oscillatory activity continuously propels an overlying pollution-
protecting mucus layer in cranial direction, leading to mucociliary clearance – the primary
defence mechanism of the airways. Mucociliary transport is commonly thought to co-emerge
with the collective ciliary motion pa#ern under appropriate geometrical and rheological condi-
tions. Proper ciliary alignment is therefore considered essential to establish mucociliary clear-
ance in the respiratory system. Here, we used volume electron microscopy in combination with
high-speed re$ection contrast microscopy in order to examine ciliary orientation and its spa-
tial organization, as well as to measure the propagation direction of metachronal waves and the
direction of mucociliary transport on bovine tracheal epithelia with reference to the tracheal
long axis (TLA). Ciliary orientation is measured in terms of the basal body orientation (BBO)
and the axonemal orientation (AO), which are commonly considered to coincide, both equiva-
lently indicating the e!ective stroke as well as the mucociliary transport direction. Our results,
however, reveal that only the AO is in line with the mucociliary transport, which was found
to run along a le%-handed helical trajectory, whereas the BBO was found to be aligned with
the TLA. Furthermore, we show that even if ciliary orientation remains consistent between ad-
jacent cells, ciliary orientation exhibits a gradual shi% within individual cells. Together with
the symplectic beating geometry, this intracellular orientational pa#ern could provide for the
propulsion of highly viscous mucus and likely constitutes a compromise between e&ciency and
robustness.

Keywords: cilia, axoneme, basal body, ciliary orientation, mucociliary transport, high-speed
video microscopy

1. Introduction

Mucociliary transport represents the most fundamental mesoscopic function of the sys-
tem under study. It is commonly thought to co-emerge with the collectively coordinated mo-
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tion pa#ern of mucus-submerged self-contained oscillating cilia through hydrodynamic and
cytoskeleton-transmi#ed elastic interactions (e.g. [1–3]). "erefore, cilia-generated $uid $ow5

represents a collective phenomenon, which arises under appropriate conditions. Besides the
rheological conditions of the prevailing $uid, the geometric properties of the ciliary alignment
are considered to specify the physical interactions among cilia [1]. "e classical picture of the
mucociliary transport mechanism comprises an array of a myriad of cilia arranged on a relaxed
hexagonal la#ice with their basal bodies roughly oriented along a common direction indicat-10

ing the ciliary e!ective stroke as well as the $ow direction (e.g. [4]). "e closely aligned cilia
neither move in a random nor in a completely synchronous fashion. Instead, adjacent cilia
move slightly phase-shi%ed, thereby forming a collectively coordinated spatio-temporal mo-
tion pa#ern, so-called metachronal waves, in order to reach an e&cient transport (e.g. [5]).
Numerous experimental observations as well as numerical simulations revealed that the prop-15

agation direction of metachronal waves widely varies depending on the species and the tissue
type under study (e.g. see [5–7]). From a general perspective, arrays of water-propelling cilia
predominantly display a highly e&cient antiplectic metachronism (wave propagation against
the e!ective stroke direction), whereas mucus-propelling cilia predominantly exhibit symplec-
tic metachronal waves (wave propagation along the e!ective stroke direction), in which cilia are20

bunched together more closely during their e!ective strokes thereby achieving higher torques
than antiplectic waves, possibly being advantageous to transport highly viscous mucus [8, 9].

It is a well-accepted idea that motile respiratory cilia need to be well aligned relative to the
longitudinal axis of the airways in order to generate a properly concerted ciliary movement
as well as a coherent mucociliary transport (e.g. [10, 11]). Studies a#empting to quantify the25

orientation of respiratory cilia usually determined the direction of the assumed ciliary beat-
ing plane or, more speci'cally, the direction of the e!ective stroke (also named power stroke).
According to the literature, the e!ective stroke direction is unambiguously de'ned and can be
inferred from two chiral ciliary structures: 1) the ciliary beating plane is assumed to be perpen-
dicular to the central pair of microtubules, and, in particular, the e!ective stroke is assumed to30

be directed from doublet 1 towards the gap between doublet 5 and 6 [12–14]. 2) "e direction
indicated by the tip of the basal foot appendage is considered to point into the direction of the
e!ective stroke (e.g. [4, 10, 14, 15]) and is sometimes also supposed to indicate the direction
of $uid $ow (e.g. [4, 16, 17]). Accordingly, the ciliary e!ective stroke direction is commonly
considered to coincide with the direction of $uid $ow. Many authors act thus on the assump-35

tion of a coincidence between the orientation of the axoneme and of the basal body, which are
both assumed to equivalently indicate the e!ective stroke direction as well as the mucociliary
transport direction.

"e importance of ciliary alignment for the establishment of proper mucociliary clearance
has been illustrated in particular by its failure. Ciliary disorientation has been proposed and40

discussed as a variant of primary ciliary dyskinesia (PCD) [18–21]. "ese studies speci'cally
reported on patients showing all the clinical symptoms of PCD including abnormal or absent
mucociliary clearance, while displaying normal ciliary beating frequency, normal ciliary beat-
ing pa#ern as well as normal ciliary ultrastructure, but displaying an impaired ciliary orienta-
tion as the only diagnostic 'nding indicating a disorder. In a more recent comprehensive study,45

the secondary nature of ciliary disorientation has been demonstrated [22]. "erefore, as sug-
gested in [16], the most conservative conclusion is that the importance of ciliary orientation as
an ultrastructural defect in PCD subjects remains to be fully explored. It is widely accepted that
diagnosed disorganized ciliary orientation may either be the cause for mucociliary dysfunction,
or a consequence of mucociliary anomalies. Ultimately, ciliary disorientation seems to correlate50
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with abnormal mucociliary clearance. It has very recently been shown that pathogenic variants
in growth arrest-speci'c protein 2-like 2 (GAS2L2) lead to a clinical PCD-phenotype exhibit-
ing normal axoneme structure, but uncoordinated hyperkinetic ciliary activity and impaired
ciliary orientation, which results in ine&cient mucociliary clearance [23]. "ese 'ndings thus
underline the relevance of proper ciliary orientation for e!ective mucociliary clearance. Nev-55

ertheless, ciliary disorientation in the absence of other ultrastructural defects is presently not
approved as a criterion for a positive PCD diagnosis, neither by the American "oracic Society
[24], nor by the European Respiratory Society [25].

Current research on ciliary orientation is typically focused on the identi'cation of the gov-
erning mechanisms establishing initial polarization cues and guiding the common orientation60

of cilia during development [17, 26–31]. Planar cell polarity (PCP) proteins were shown to be
asymmetrically localized in various organs and species prior to the onset of ciliary beating, and
are, therefore, suspected to establish initial directionality [29, 32, 33]. More speci'cally, basal
bodies were found to be highly disorganized (in terms of position and/or orientation) when
docking to the apical cellular surface in di!erent ciliated epithelial tissues of various species65

[27, 28, 34]. In general, the polar bias is considered to result from interactions of the actin and
microtubular cytoskeletal network with PCP components [31, 35]. "e actin and microtubular
network is furthermore considered to connect, reorient and (spatially) realign the basal bodies
[29, 30, 35]. "e onset of ciliary beating is then thought to adjust ciliary orientation by a posi-
tive feedback mechanism: hydrodynamic forces created by the collectively generated $uid $ow70

re'ne the orientation of roughly oriented young cilia in a common direction, which in turn
ampli'es $uid $ow [28, 31].

Despite various aspects highlighting the importance of ciliary orientation for mucociliary
clearance, the orientation of respiratory cilia has not yet been characterized conclusively. Most
of the above-mentioned studies aiming at investigating ciliary orientation were typically per-75

formed on a few cells derived from nasal brushings, and ciliary orientation was determined
without reference to the body axis, without considering the cell borders and without consider-
ation of the spatial alignment (i.e. the positions) of cilia. In this study, we used serial block face
scanning electron microscopy to produce three-dimensional image stacks of ciliated epithe-
lia from bovine tracheas. "is volume electron microscopic approach allowed us to track each80

single cilium along its longitudinal axis and, thanks to the visibility of the cell boundaries, to un-
equivocally assign a cellular a&liation to each individual cilium. Ciliary orientation was quan-
ti'ed in terms of the axonemal as well as the basal body orientation, in particular to examine
their commonly assumed orientational equivalence. "e preservation of the gross anatomical
information on the body’s long axis down to the electron-microscopic level allowed to deter-85

mine ciliary orientation with respect to the longitudinal axis of the trachea. "is also allowed
to relate the newly acquired structural information to the previously determined metachronal
wave propagation and mucociliary transport direction and, thus, to verify the validity of the
above-mentioned commonmorphofunctional assumptions. "e ciliary orientation data has also
been used to examine whether the mean ciliary orientation varies between neighboring cells, or90

whether ciliary orientation remains consistent across cells. Furthermore, a statistical analysis
characterizing the variation of ciliary orientation on multiple scales is presented. Finally, we
carefully scrutinized the ciliary orientation data for any systematic spatial pa#erns (within-,
between- as well as across cells).

"e present work intends to 'll the information gap regarding the spatial organization of95

ciliary orientation and to relate the structural features of ciliary orientation to mucociliary
function.
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2. Materials & Methods

2.1. Morphological Analysis

2.1.1. Sample Preparation100

"e morphological analysis was performed with mucociliary epithelium collected from the
tracheas of four freshly slaughtered, healthy adult cows. Immediately a%er slaughtering, the
tracheas were dissected free, opened longitudinally and rinsed with isotonic phosphate bu!ered
saline (PBS). In order to preserve the information on tissue orientation, i.e. the tracheal long
axis (TLA), large asymmetric trapezoidal epithelial samples (≈ 3cm×2cm) were excised from105

the tracheal wall (Fig.1). Subsequently, the tissue samples were immediately 'xed with 2.5%

Figure 1: Four procedural substeps (A,B,C,D) of the sample preparation are illustrated. A: one large trapezoidal mucous
membrane sample (≈ 3cm×2cm) was excised from each trachea. As indicated, each large trapezoidal tissue sample
comprises epithelial tissue overlying tracheal cartilages (CT) as well as annular ligaments (LA). B: from each large 'xed
trapezoidal epithelium sample, two smaller (≈ 3mm×2mm) trapezoids were then excised: one being associated with
CT-tissue and one with LA-tissue. "ese smaller trapezoidal samples are referred to as block samples in the following.
C: a%er processing the tissue according to the protocol for serial block face scanning electron microscopy, two regions
of interest on each of the block samples were imaged. D: consequently, four image stacks (2×CT and 2×LA) were
produced from each trachea. Each image stack represents a (three-dimensional) 'eld of view (FOV).

glutaraldehyde (Agar Scienti'c, Stansted, Essex, UK) in 0.1M cacodylate bu!er (Merck, Darm-
stadt, Germany), pH 7.4.

For serial block face scanning electron microscopy, two small trapezoidal samples (≈ 3mm
× 2mm), were carefully excised from one large trapezoid: one derived from a region overlying a110

cartilage ring (cartilago trachealis =̂ CT) and one associated with the adjacent annular ligament
(ligamentum anulare =̂ LA), as illustrated in Fig.1. "e tissue samples were processed according
to a speci'c protocol for serial block face scanning electron microscopy: 'rst, the tissue was
rinsed four times with 0,15M Na-cacodylate. "e last rinse was supplemented with 0.5% Tri-
ton x-100 (Octoxinol 9 (C14H22O(C2H4O)n, Sigma-Aldrich, Buchs, Switzerland), a surfactant115

allowing for a be#er permeability of contrast agent into cilia. A%er another wash with 0,15M
Na-cacodylate, the staining agents 2% OsO4 (Osmiumtetroxid, Electron Microscopy Sciences,
Hat'eld, PA, USA) and 3% potassium ferrocyanide (C6N6FeK4, Sigma-Aldrich, Buchs, Switzer-
land) in 0.15M Na-cacodylate were added. "e tissue was then rinsed with bidistilled water, and
pyrogallol (C6H6O3, Sigma-Aldrich, Buchs, Switzerland) was added to enhance the staining of120

the membrane. "erea%er, samples were successively incubated in 2% OsO4, 1% uranyl ac-
etate (Sigma-Aldrich, Buchs, Switzerland) and Walton's lead aspartate (Sigma-Aldrich, Buchs,
Switzerland) [36]. Between each of the la#er steps, the tissue was rinsed with bidistilled water.
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A%er this, the tissue was dehydrated through an ascending ethanol series (20%, 50%, 70%, 90%,
and twice 100%). "e tissue was in'ltrated with Durcupan (epoxy resin, Sigma-Aldrich, Buchs,125

Switzerland) with decreasing concentrations of ethanol (1:3, 1:1, 3:1, pure Durcupan). "e resin
was polymerized for 48 hours at 60◦C.

2.1.2. Preservation of the Tracheal Long Axis over Multiple Scales

Special care was taken in preserving the direction of the tissue axis throughout the process-
ing steps illustrated in Fig.1 and, therefore, over multiple scales. However, each measurement130

technique su!ers from its inherent measurement errors. Here, it is important to be aware of
the estimated accuracy of the TLA on each level. On the gross anatomical level, we estimate
that the excision and subsequent 'xation of the trapezoidal epithelium sample introduces an
error of about ǫ1 =± 5◦. "e two block samples share the same accuracy of the TLA, as the two
trapezoidal block samples’ straight vertical axes were set by a single precise cut with a blade135

(as indicated in Fig.1). We assume that this cut adds up a small error of ǫ2 =± 1 ◦, which super-
poses ǫ1 providing an estimate of ǫ1

2+ǫ2
2 for the variance of the TLA in each block sample. As

indicated by the two correspondingly colored crosshairs in Fig.1 step C, the two block samples
were separately aligned on the microscope stage, such that the images’ y-axis each matched
as accurately as possible the TLA, with the laryngeal end directed towards the image top. We140

assume that the alignment introduced a further small inaccuracy (ǫ3 =± 1◦), which 'nally pro-
vides a fairly good estimate for the variation of the TLA in the generated image stacks. Please
note that between the electron microscopic imaging of 'eld of view 1 (FOV1) and FOV2 the
block sample remained 'xed in the sample holder and, therefore, the image axes of each pair of
image stacks produced from the same block sample (LA or CT) and from the same animal are145

exactly equally oriented.

2.1.3. Image Acquisition & Analysis

"ree-dimensional (3D) ultrastructural images were produced on a <anta FEG 250 scan-
ning electron microscope (FEI, Eindhoven, "e Netherlands) equipped with a 3View2XP in-situ
ultramicrotome (Gatan, Munich, Germany) using the Digital Micrograph program (Gatan). "e150

surface of the sample blocks was imaged by back-sca#ered electron detection. A%er every im-
age acquisition, a section of 120 nm in thickness was removed from the tissue block by means of
the ultramicrotome. Repeated imaging and sectioning yielded approximately 100 serial sections
per sample block. "e blocks were sectioned from the tips of the cilia towards their rootlets.
In order to achieve an approximately orthogonal sectioning of the cilia, the cu#ing plane was155

chosen with great care in the 3view system and was oriented tangentially to the curved cellular
surface.

We 'nally acquired 16 stacks of images. Each stack was derived from a sample block vol-
ume of 12×12×12µm3 comprising about 100 sequential serial sections or ≈8192×8192×100
voxels corresponding to a voxel size of 1.5×1.5×120 nm3. Fig.2 serves as an illustration for the160

acquired 3D image data. "e panels correspond to three distinct levels on which the key struc-
tures are visible: the cell boundaries in Fig.2A, a few basal feet in Fig.2B and some axonemal
cross-sections in Fig.2C. Please note that the TLA runs along the horizontal from the le% to
the right in these images. An exemplary full 'eld of view image stack (video S1) as well as a
close-up version (video S2) are provided in the supplementary material. "e image sequences165

were processed with the IMOD so%ware package [37]. Measurements of ciliary orientation
were done in 3dmod so%ware (image display and modeling program of IMOD), a%er relative
alignment and denoising by nonlinear anisotropic di!usion [38].
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A B C

Figure 2: "e frames shown in panels A-C illustrate three distinct levels out of the acquired 3D image data. Please note
that the TLA runs along the horizontal from the le% to the right in each panel. A: level on which the cell boundaries
(indicated by the arrows) are clearly visible. B: one of several levels on which the basal body orientation was measured
(the arrows point to the tips of two basal feet). C: one of several levels onwhich the axonemal orientationwasmeasured.
"e orange arrow points to a clearly visible axonemal cross-section. Note the presence of microvilli (blue arrow), which
indicates the proximity to the apical cell surface.

2.1.4. Determining Ciliary Orientation

Axonemal Orientation (AO)170

"e ciliary beating plane is commonly assumed to be orthogonal to the line connecting
the central microtubule pair. More speci'cally, the ciliary e!ective stroke is then assumed
to point from the microtubular doublet 1 towards the gap between the microtubular doublets
5 and 6 (Fig.3A). "is direction with respect to the tracheal long axis was determined from
three coordinates: two labelling the central microtubule pair (point ‘a’ and ‘b’ in Fig.3B) and a

A B C

D

Figure 3: "e panels A-D illustrate the measuring of the axonemal orientation. A: Transmission electron micrograph
illustrating the presumed direction of the ciliary e!ective stroke as being perpendicular to the line connecting the
central pair and pointing from peripheral doublet 1 towards the gap between peripheral doublets 5 and 6. "e panels
B-D show SBFSEM images. B: three points a,b and c labelling the coordinates of the central pair and the gap between
peripheral doublets 5 and 6, respectively. C: line M connects the two central microtubules. "e axonemal orientation is
then indicated by the arrow N. D: Finally,Θ represents an unambiguous observable for the axonemal orientation with
respect to the TLA, which coincides with the dashed vertical arrow V pointing towards the larynx.

175

third labelling the gap between the microtubule doublets 5 and 6 (point ‘c’ in Fig.3B). Finally,
the axonemal orientation (AO) with respect to the TLA was de'ned as the angle ‘Θ’, which
is enclosed by the arrow ‘N’, which is perpendicular to the line ‘M’ connecting the central
microtubule pair, and the vertical arrow ‘V’ being parallel to the TLA and pointing towards the
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