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Abstract

Embryonic development involves the cellular integration of chemical and physi-

cal stimuli. A key physical input is the mechanical stress generated during

embryonic morphogenesis. This process necessitates tensile forces at the tissue

scale such as during axis elongation and budding, as well as at the cellular scale

when cells migrate and contract. Furthermore, cells can generate forces using

motile cilia to produce flow. Cilia-driven flows are critical throughout embryonic

development but little is known about the diversity of the forces they exert and

the role of the mechanical stresses they generate. In this chapter, through an

examination of zebrafish development, we highlight what is known about the

role of hydrodynamics mediated by beating cilia and examine the physical

features of flow fields from the modeling and experimental perspectives.

We review imaging strategies to visualize and quantify beating cilia and the

flow they generate in vivo. Finally, we describe the function of hydrodynamics

during left–right embryonic patterning and inner ear development. Ideally,

continued progress in these areas will help to address a key conceptual problem

in developmental biology, which is to understand the interplay between

environmental constraints and genetic control during morphogenesis.
1. Introduction

Cilia are tail-like organelles that protrude out of nearly all vertebrate
cells. Their roles in moving fluid along epithelium, such as the respiratory
tract or the fallopian tubes, are well known in humans (Baker and Beales,
2009). Yet, this past decade identified many more functions for this organ-
elle. Overall, one can define two types of cilia: motile cilia involved in
moving fluids and primary cilia (most often immotile) that can sense
chemicals and/or mechanical inputs. This dual activity seems conserved in
most vertebrates (Shah et al., 2009), and it is thought that primary cilia and
motile cilia were once the same structure that specialized toward motility,
sensitivity, or both ( Jekely and Arendt, 2006).

Cilia structure is variable and usually defines their function. In eukaryotic
cells, cilia are made of microtubules and classified according to their internal
molecular arrangement and their ability to move. Usually, cells assemble
only one cilium but a number of specialized cells can assemble up to 300
cilia. While motile cilia are commonly involved in cell motility, such as
sperm, their prominent role in the embryo is to generate fluid flow. Moving
fluids can participate in numerous processes and cilia activities turn out to be
involved in diverse developmental functions: from generating frictional
forces in the left–right organizer (McGrath et al., 2003) to act as a mixer
in the olfactory pit (Castleman et al., 2009) or to attract particles in the inner
ear (Colantonio et al., 2009). Interestingly, the rules dictating these features
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strictly depend on fundamental fluid dynamics that were articulated 160
years ago by Stokes (1851). This work, initially applied to aerodynamics and
hydrodynamics, became slowly incorporated into microfluidics (Stone et al.,
2004), bioengineering (Vilfan et al., 2010; White and Grosh, 2005;
Yoganathan et al., 2004), microbiology (Purcell, 1997; Short et al., 2006;
Solari et al., 2006), physiology (Purcell, 1977), and, more recently, devel-
opmental biology (Cartwright et al., 2009).

The diversity of cilia motility and fluid mechanics in the embryo is
starting to be studied in vivo. The number of flows that can be generated
by such simple structure is limited, but the combination of cilia beating
pattern and particular topology of the environment can participate to build
up complex flows. Importantly, specific flow shapes are critical for embryo-
nic development. The understanding of fluid mechanics principles and the
use of modeling are essential to address the emergence of complexity
through simple hydrodynamic interactions. In addition, the constant prog-
ress of live imaging has greatly changed the views of cilia flows. Several
examples are paving the way for describing the complexity of cilia-driven
advections and their roles in organizing flow in zebrafish embryos.

In this chapter, we focus on what is known about cilia-driven flows
during zebrafish embryogenesis, with an emphasis on fluid dynamics and its
relevance in the emergence of higher order aspects of morphogenesis. We
first review the roles of cilia motility during zebrafish embryonic develop-
ment. Next, we consider basic rules explaining the fluid dynamic at work at
the cilium scale. We start with the simplest possible hydrodynamic rules,
working up for basic geometry. We next address how modeling and
experimental approaches are driving the investigation of flow in vivo and
conclude with the examination of fluid dynamics into organs whose devel-
opment relies on fluid dynamics, the otolithic morphogenesis and left–right
axis specification in zebrafish.
2. Motile Cilia and Zebrafish Development

Zebrafish embryo contains numerous cavities and tubes. As in many
chordates, most of them are extensively ciliated. For example, the nervous
system contains a ciliated epithelial cell layer that delimits the ventral canal
of the spinal cord in mouse, xenopus, amphioxus, and zebrafish (Caspary
et al., 2007; Dale et al., 1987; Kramer-Zucker et al., 2005; Nakao and
Ishizawa, 1984; Fig. 2.1). Other cavities such as the left–right organizer,
also called the Kupffer’s vesicle (KV) in zebrafish, the developing kidneys,
and the inner ear also contain cilia (Kramer-Zucker et al., 2005; Fig. 2.1).
Cilia are usually visualized in situ using antibodies directed against the
acetylated tubulin (Essner et al., 2002; Fig. 2.2), but motile cilia can also
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Figure 2.1 Ciliated organs in the zebrafish embryo. Side views of 10 hpf (A), 24 hpf
(B), and 72 hpf (C) showing reported areas containing motile cilia (black arrows). Scale
bar: 150 mm.
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be located in zebrafish embryo by looking at the expression of cilia specific
genes. A good example is foxj1, a transcription factor that controls the
expression of genes involved in the formation of motile cilia and which is
important for embryonic development (Stubbs et al., 2008; Yu et al., 2008).
Its expression starts at gastrulation in the forerunner cells, which constitute
the precursors of the KV early on during embryogenesis, and remains strong
in the vesicle itself. Its expression is also detected in the ventral floor plate of
the spinal cord, the inner ear, the pronephros, the developing kidneys
(Aamar and Dawid, 2008), and in the olfactory pit, where motile cilia are
actively mixing the environment (Castleman et al., 2009). In many verte-
brates, cilia motility has been shown to be critical for the development and
function of these organs. In zebrafish, the consequences of cilia immobility
have been studied in detail using an array of cilia mutants (Drummond,
2009). The most common phenotypes are the presence of kidney cysts, left–
right defects, inner ear defects, a curly tail, and hydrocephaly. It is to note
that other transcription factors have been shown to control cilia assembly
through the activation of foxj1 expression, in particular, the rfx family which
are differentially expressed in developing tissues. rfx genes are expressed in
diverse developing organs, such as in the islet cell lineage of the pancreas in
vertebrates (Smith et al., 2010b; Soyer et al., 2010) or sensory neurons in
Caenorhabditis elegans (Perkins et al., 1986) and Drosophila (Vandaele et al.,
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Figure 2.2 Anatomy of the Kupffer’s vesicle. (A and B) Visualization and localization
of the Kupffer’s vesicle with the gsc:GFP line. Confocal sections at increasing depth
showing the localization of the Kupffer’s vesicle just below the midline. (D) Labeling
using antibodies directed against acetylated tubulin reveals cilia localization in the
Kupffer’s vesicle. (E) Cell membrane labeling using Bodipy FL staining underlines
the spherical shape of the vesicle. (F) Calcium indicator (Fura2) shows asymmetric
activation. This asymmetric activation is essential for the left–right embryonic pattern-
ing. (G) Scheme representing the Kupffer’s vesicle in 3D and the direction of the cilia-
driven flow. (H) Particle tracking in the Kupffer’s vesicle demonstrates the circularity of
the flow in vivo. TheTg(gsc:eGFP) line is a kind gift from the Houart lab (King’s College
London, UK). Acetylated tubulin labeling was performed as in Colantonio et al. (2009),
Bodipy FL labeling as in Hove et al. (2003). Panel (H) was obtained as described in
Supatto et al. (2008).
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2001). Whether, these cells display motile cilia remains to be properly
demonstrated

The developmental origins of these phenotypes are unclear. The pres-
ence of kidney cyst is not always due to cilia motility defects and has been
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correlated with abnormal cellular rearrangement (Sullivan-Brown et al.,
2008). Explanations for the curly tail phenotype are lacking, but it is
tempting to speculate that this phenotype is related with the abnormal
extracellular matrix formation seen in polycystin mutants, as cilia function
and the polycystins are strongly interdependent (Mangos et al., 2010).
In contrast, hydrocephaly seems specific to cilia motility defects. It correlates
with the absence of the spinal cord flow but experimental evidence is
lacking to explain how flow can contribute to brain cavity morphogenesis.
Left–right defects and otolithic defects in the inner ear are better understood
and were clearly linked with fluid flow defects (Colantonio et al., 2009;
Essner et al., 2005; Kramer-Zucker et al., 2005). The KV is a transient cavity
visible from 8 to 11 h after fertilization underneath the notochord whose
role is to break the intrinsic embryonic axis of symmetry (Essner et al., 2005;
Kramer-Zucker et al., 2005; Fig. 2.2). Experimental evidence clearly shows
the presence of a directional flow (Fig. 2.2) which is critical to establish the
left-sided expression of genes involved in providing left identity, such as
southpaw and pitx2 (Kramer-Zucker et al., 2005).

Overall, a key issue in addressing the roles of motile cilia during
embryogenesis has been to deal with the difficulties in bridging theoretical
hydrodynamics with in vivo responses. In the following sections, we try to
reconcile the theory of flow with what is known in vivo and to integrate
this information into more complex structures such as the inner ear and the
left–right organizer of zebrafish.
3. Structure of Motile Cilia in the Developing

Zebrafish

A key parameter dictating cilia-mediated hydrodynamics is the type of
beat they generate (Fig. 2.3). The beat pattern seems related with the
internal organization of the cilia but many unresolved questions remain
concerning the correlation of structure and cilia beat in different developing
organs. Motile cilia are composed of microtubules and are classified accord-
ing to their microtubule organization into two groups: 9 þ 0 and 9 þ 2
(Fig. 2.4). The axoneme of 9 þ 2 motile cilia is composed of nine periph-
eral microtubule doublets and two central microtubules (the central pair).
The motility depends on the presence of dynein arms that are attached to
the microtubules, the dynein regulatory complex (DRC) and by radial
spokes (Lindemann and Lesich, 2010). Interestingly, vertebrates 9 þ 2
cilia can significantly bend during its motion with effective and recovery
strokes, while 9 þ 0 cilia have an almost perfect circular motion (Nonaka
et al., 1998, 2005). The structural basis of this difference is still open for
interpretation and the relationship between protein arrangement within
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Figure 2.4 Ultrastructure of cilia: schematic drawing depicting a transverse section
through a 9 þ 2 cilium (for more information about the internal structure of the cilium
see Lindeman in this book issue Lindemann, 2011) (A) and 9 þ 2 and 9 þ 0 cilia at 48
hpf (B and C) observed in the zebrafish inner ear using TEM (black arrowhead points to
the membrane, white arrowhead to the outer fiber and the white arrow to the central
pair). The intrinsic organization of the cilia can be seen: 9 doublets of microtubules
surround the central pair in 9 þ 2 cilia. No central pair is seen in 9 þ 0 cilia. Scale
bar: 100 nm. Electron microscopy imaging was performed as described in Pisam
et al. (2002).
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cilia and its three-dimensional (3D) motion remains to be better established
in vertebrates. In protists, the presence of the central pair of microtubules is
critical in shaping the overall 3D motion of the beating cilium. The
so-called central pair hypothesis constitutes an attractive view of the struc-
tural basis of cilia beat: the primary role of the associated dynein motors of
the nine outer doublet microtubules power the microtubule sliding that
ultimately results in flagellar bending whereas the central pair acts as a
coordinator of the doublet sliding through the radial spokes and the DRC
(Lindemann and Lesich, 2010). Several lines of evidence also suggest that
the presence of the central pair helps in establishing more powerful planar
effective strokes and that the central spokes act as a stress transducer (Smith
and Yang, 2004). In humans and zebrafish, mutants of the radial spokes
heads affect cilia motion (Castleman et al., 2009) and the DRC is critical for
proper motility in zebrafish (Colantonio et al., 2009). Importantly, abnor-
mal cilia motion found in human patients affected with primary cilia
dyskinesia can be predicted from ultrastructural defects observed by trans-
mission electron microscopy (Chilvers et al., 2003). Nevertheless, while
most of the motile cilia are of 9 þ 2 type in zebrafish embryo (Sarmah et al.,
2007), they are not all displaying a typical waveform motion. For example,
the spinal canal cilia have been shown to display circular motion (Essner
et al., 2005), even though 9 þ 2 cilia populate this structure. Importantly,
the chirality of the ciliary structure originates from microtubule and dynein
organization (Afzelius, 1999) and is thought to determine the rotation
direction of beating cilia (Hilfinger and Julicher, 2008).

Zebrafish constitutes a model of choice to address the functions of motor
protein because of its amenability to genetics and morpholino knockdown.
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It helped for the identification of the FGF signaling pathway as one of the
few signaling cascade involved in the control of cilia size and biogenesis
(Neugebauer et al., 2009). Interestingly, many FGF roles during morpho-
genesis correlate with phenotypes observed in mutants of motile cilia.
Considering the cellular organization of cilia, the Notch signaling pathway
has been shown to affect the multiciliated versus monociliated fate in
zebrafish pronephros (Liu et al., 2007). It is to note that notch also controls
cilia length in the KV (Lopes et al., 2010). In terms of motility, little is
known about potential factors that could control the direction and fre-
quency of beating cilia in the zebrafish embryo. It has been proposed that
the inositol kinase (Ipk1 or ippk) is controlling cilia length and frequency
(Sarmah et al., 2007). Surprisingly, Ipk1 is localized in the centrosomes and
basal bodies, suggesting that its role in controlling cilia activity is not acting
through the central pair, DRC, or the radial spokes.

Overall, most of these structural features will influence the fluid flow
generated by cilia. Importantly, understanding the links between cilium
beating pattern and the flow pattern generated by cilia requires understand-
ing the specificity of fluid dynamics at this scale. In Section 3, we will discuss
hydrodynamics from the fluid mechanics point of view.
4. The Physics Side of Cilia-Mediated Flow: From

Modeling to Experiment

Paralleling the studies of cilia structure and function during embryo-
genesis is a body of work that aims at understanding the basis of the
hydrodynamics generated by cilia. In this part, we review what is known
about the theory of cilia-mediated flow and its relevance when compared
with in vivo observations.
4.1. The basics of hydrodynamics at the cilium scale: Stokes
flow or fluid dynamics at low Reynolds number

Essentially, the main function of motile cilia is to generate fluid flow at the
micrometer scale. However, fluid dynamics are governed by laws that are
not trivial at this scale and the resulting fluid flow presents features that are
not intuitive when used to human scale. In order to understand the funda-
mental principles governing cilia-driven flow and behind its modeling and
simulation, it helps to go back to the basics of fluid mechanics theory and
introduce the Reynolds number (Re). This dimensionless number charac-
terizes the nature of a fluid flow and the relative contribution of inertia and
viscous dissipation. In practice, flows with the same Re will display the same
properties. For an object of typical length Lmoving at typical velocity U, in
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a fluid of dynamic viscosity � and density r, the Re is defined as Re ¼
ULr/m. It also reads Re ¼ UL/u using the kinematic viscosity u ¼ m/r.
The cilia-driven flow involved in zebrafish development exhibits charac-
teristic scales, L < 100 mm and U < 100 mm s�1 (Table 2.1). The resulting
Re using the kinetic viscosity of water (u � 106 mm2 s�1) is Re < 10�2. As
a consequence, due to the small length and velocity scales, the flow gener-
ated by beating cilia is characterized by a low Re (Re � 1): it is governed by
Stokes equations and is referred to as creeping flow or Stokes flow. More
generally, fluid dynamics involved in most microscopic biological systems
(Purcell, 1977) and in microfluidic devices (Stone et al., 2004) works at low
Re. At the human scale, a swimmer (L � 1 m and U � 1 m s�1) should
swim in a fluid that is 108 times more viscous than water to experience such
fluid behavior.

From a modeling perspective, the low value of the Re enables the
simplification of the Navier–Stokes flow equation, the general model gov-
erning fluid dynamics. As described in Fig. 2.5, each term of the Navier–
Stokes flow equation scales as a force per unit volume and Re estimates the
relative contribution of the inertial and viscous forces in this equation (finertia
and fviscosity terms in Fig. 2.5, respectively). IfRe � 1, the inertial forces can
be neglected compared to the viscous forces and the Navier–Stokes flow
equation can be approximated by the linear Stokes flow equation (see
Fig. 2.5 for details). This equation is the starting point of any modeling of
cilia-driven flows (see Cartwright et al., 2004; Smith et al., 2007; Vilfan and
Julicher, 2006 for instance). The linear nature of this equation simplifies its
solving and allows applying the superposition theorem: for instance, the
flow generated by an ensemble of cilia can be approximated as the sum of
the flow induced by each single cilium. In addition, the linearity and the
time reversibility of Stokes flow equation provides fundamental properties
of the flow that can be generated by motile cilia.
4.2. Directional flow

Once cilia beat in their fluidic environment, how can they generate a
directional flow? Whereas the main role of motile cilia is thought to be
efficient fluid pumping, the first challenge resulting from the Stokes flow
equation is the difficulty to obtain a net flow. The absence of inertia in such
a flow results in a velocity that is simply proportional to the force applied to
the fluid: in other words, it means that if a cilium stops beating and applying
a force on the surrounding fluid, the flow velocity drops instantaneously.
More importantly, the time reversibility of the Stokes flow equation means
that time asymmetry is not sufficient to create a net flow (reversing time
does not affect the equation). This property has been described by Purcell as
the scallop theorem (Purcell, 1977): in the absence of inertia at low Re, the
time reversible movement of a scallop would not be sufficient to achieve



Table 2.1 Cilia properties in various embryonic models

Species Organ Structure

Mono- or

multiciliated

cells Frequency (Hz) Length (mm)

Rotation direction

(view from the

cilium tip) y (deg) c (deg)

Directional flow

velocity

(mm s�1)

Zebrafish Left–right organizer

(Kupffer’s vesicle)

9 þ 2a Monoa 29.7 � 0.3b

26.2 � 1.6a
3.3 � 1.1a

3.7 � 0.8c
Clockwiseb,d,e

Counterclockwisea
30 f 10–50f

Inner ear 9 þ 2

9 þ 0

(this study)

Monog 34 � 6g 5.9 � 0.2g �90h �10–50h

Central canal spinal

cord

9 þ 0a Monoa 12.3 � 3.4a 2.1 � 0.7a 0.45 � 0.03a

Pronephric ducts 9 þ 2a Mono and

multia
20.0 � 3.2a 8.8 � 2a Clockwisea

Mouse Left–right organizer

(node)

9 þ 0d Monod 10.7 � 2.8i 5.5i Clockwisei 35–40i 40–50i 4 (leftward)i

�2 (rightward)i

50 j

Brain ventricles Multik 12–17k 8–10k Wave patternk

Medaka Left–right organizer

(Kupffer’s vesicle)

9 þ 2l Monol 42.7 � 2.6i 5i Clockwisei 35–40i 40–50i 7.4 � 3.6i

Xenopous Gastrocoel roof plate 20–25m 3–5m Clockwisem 3.5 (leftward)m

Cilia are characterized by their internal microtubule structure, by their number at the cell surface (mono- or multiciliated), their beating frequency, length, direction, and rotation direction. c and
y give a good indication about the ability of cilia to generate a directional flow. When divergent informations are reported in the literature, several indications are present in the same box. For

example, both clockwise and counterclockwise rotation directions have been reported in zebrafish.
a Kramer-Zucker et al. (2005).
b Okabe et al. (2008).
c Lopes et al. (2010).
d Nonaka et al. (1998).
e Okada et al. (1999).
f Supatto et al. (2008).
g Colantonio et al. (2009).
h Wu et al. (2011).
i Okada et al. (2005).
j Nonaka et al. (2002).
k Hirota et al. (2010).
l Kobayashi et al. (2010).
m Schweickert et al. (2007).
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propulsion, the scallop would simply move back and forth, and the motion
pattern would remain the same whether slow or fast, whether forward or
backward in time. Similarly, the proposition that a beating cilium could
generate a net flow simply by changing its angular velocity while rotating is
incorrect (Raya and Belmonte, 2006). In order to produce a directional
flow at low Re, a beating cilium needs an asymmetry is space or shape.

Models predict that a directional flow cannot be produced by either a
stiff cilium rotating in free space (Buceta et al., 2005) or a distribution of cilia
arranged on a spatially asymmetric pattern (Cartwright et al., 2004). Pre-
sumably due to the cilia ultrastructure, length, and/or orientation, three
types of spatially asymmetric cilia beating patterns have been proposed
theoretically and observed experimentally in developing embryos (Fig. 2.3):

(i) The corkscrew-like motion (Fig. 2.3A): This motion pattern is well known
and is used by flagella to propel bacteria (Purcell, 1997), but is not
common in cell epithelium. However, such cilia motion pattern has
been observed during zebrafish kidney development (Kramer-Zucker
et al., 2005). In this case, the direction of the net flow generated is
parallel to the rotation axis of the cilium. The direction depends on the
rotation direction and the helix orientation: if they are opposite, the
flow moves from the base to the tip of the cilium (e.g., right-handed
helix and clockwise rotation).

(ii) The asymmetric bending (Fig. 2.3B): In this case, the cilium changes its shape
while rotating: during one beating cycle, its bending is not the same on
one way compared to the other, producing an effective and a recovery
stroke. This beating pattern looks like the breast stroke in swimming. The
flow direction is perpendicular to the main axis of the cilium (rotation
axis) and depends on the bending asymmetry (relative direction of effec-
tive/recovery strokes). Flow direction does not directly depend on the
cilium direction of rotation, but on the orientation of the effective stokes.
Such beating pattern has been observed in adult or embryonic epithelium
in mouse (Hirota et al., 2010; Sanderson and Sleigh, 1981) and possibly in
other species, such as in the left–right organizer in xenopus (Schweickert
et al., 2007). In the case of asymmetric bending, it has been shown that the
fluid pumping efficiency can be increased when coupled cilia are densely
distributed on a surface and synchronize their cycle to form metachronal
waves (Gueron and Levit-Gurevich, 1999).

(iii) Tilted conical motion (Fig. 2.3C): Directional flow generated by cilia
exhibiting symmetrical circular motion, without asymmetric shape as
in the two previous cases, has been observed experimentally in mouse,
rabbit, and fish left–right organizer (Okada et al., 2005). Recent
models proposed that the spatial symmetry can be broken without
bending of the cilium if the rotation axis of the cilium is not perpen-
dicular to the cell membrane, but tilted with an angle y toward the
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normal of this surface (Fig. 2.3C; Cartwright et al., 2004; Smith et al.,
2007; Vilfan and Julicher, 2006). In this case, the cilium interaction
with the cell surface plays a critical role: applying the no-slip boundary
condition (the velocity of the fluid at the cell surface must match the
velocity of the surface itself), the rotation forms an effective stroke
when the cilium is far from the surface and a recovery stroke close to
the surface (Fig. 2.3C). As the effective and recovery strokes are
defined by the interaction between cilium and cell surface, the direc-
tion of the net flow generated depends on the cilium tilt and on the cell
surface. The directional flow is perpendicular to the direction of the
cilium tilt and parallel to the surface. The orientation of the flow
depends on both the angular tilt orientation and the cilia rotation
sense. The model predictions of a cilium tilt have been experimentally
confirmed in vivo in mouse (Okada et al., 2005) and in zebrafish
(Supatto et al., 2008; Fig. 2.6). Interestingly, among the three asym-
metric beating patterns generated by biological cilia, the tilted conical
motion is the easiest to reproduce artificially as it does not require
controlling the bending of the cilium. For this reason, the generation
of directional flow at low Re in microfluidic devices can be obtained
using stiff artificial cilia beating with tilted conical motion (Nonaka
et al., 2005; Shields et al., 2010; Vilfan et al., 2010).
4.3. Mixing with chaotic advection

The second important consequence of Stokes flow properties is that mixing
is hard at low Re. The absence of inertial and nonlinear terms in the Stokes
flow equation prevents the occurrence of turbulent behaviors. Without
turbulence, flow mixing relies on molecular diffusion and is usually slow.
In this case, it is known that the only efficient way to create mixing is by
using chaotic advection (Stone et al., 2004). Chaotic advection enables
molecular diffusion to take place on efficient time scales.

In general, the flow generated by motile cilia can help increasing the
relative contribution of advection compared to diffusion in the transport of
particles in a fluid. In fluid mechanics, this relative contribution is quantified
by the Peclet number: Pe ¼ UL/D, with U and L the characteristic length
and velocity scales (as used in Re) and D the particle diffusion coefficient.
Pe � 1 means that the advection dominates the particle transport. The
mixing efficiency thus increases with Pe (Stone et al., 2004).

In the case of chaotic advection, although the flow is laminar and
dominated by viscous forces, fluid particle trajectories are chaotic, in the
sense of being sensitive to initial conditions. In practice, it can be demon-
strated experimentally or in simulations by following the trajectories of
several particles starting at close positions in space: if trapped into a chaotic
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Figure 2.6 Predicted flow features from simulations are experimentally validated in
the zebrafish’s left–right organizer. (A) The flow is vortical close to the cilium and the
cell membrane and directional far away. (B) Effective and recovery strokes are identi-
fied in the flow surrounding a beating cilium with faster velocity on one side and slower
velocity on the other. (C) Experimental verification of the no-slip condition: the
average flow velocity drop to zero close to the cell membrane. (D) The chaotic nature
of the flow surrounding a beating cilium is confirmed experimentally by following
particles starting nearby in the vicinity of the cilium and exhibiting drastically different
trajectories (green), whereas particle trapped in the directional flow (red) stay close
together. Experimental data were obtained using the same procedure as described in
Supatto et al. (2008). Velocity field display and analysis were done using custom Matlab
(The MathWorks) scripts.
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flow, these trajectories cannot be predicted and the distance between these
particles drastically increase in time. Importantly, chaotic advection gener-
ated around the envelope of motile cilia has been predicted by simulations
(Smith et al., 2007) and demonstrated experimentally in living zebrafish
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embryos (Supatto et al., 2008; Fig. 2.6D). Whether this chaotic behavior is
actively used or avoided during embryonic development is interesting and
remains unclear. Recent studies suggest that chaotic advection near beating
cilia could be an active mechanism involved in the otolith formation during
zebrafish inner ear development (Wu et al., 2011) and (Riley et al., 1997).
Efficient fluid mixing using chaotic advection has been recently applied
in microfluidics with artificial motile cilia (Fahrni et al., 2009; Shields
et al., 2010).
4.4. The left–right organizer: Interplay between models and
experiments

Efforts have been made to address the hydrodynamics involved in the left–
right symmetry breaking during early vertebrate development. Several key
predictions have been made through modeling of the leftward directional
flow generated in left–right organizers. This system illustrates well the
interplay between fluid mechanics, modeling, and experimental investiga-
tion of cilia-driven flow in embryos. Whereas most of the experimental data
and models have been obtained in mouse, this system allows interesting
comparisons with the zebrafish left–right organizer (KV).

In recent years, several models and simulations have been developed
based on mouse node experimental data. In these theoretical studies, the
cilium is modeled either as an infinitesimal sphere rotating in its place
(Cartwright et al., 2004), a small sphere moving on a fixed trajectory in
the vicinity of a planar surface (Vilfan and Julicher, 2006) or a slender body
(Smith et al., 2007). Simple time averaged modeling allows explaining the
generation of a directional flow with tilted cilia (Cartwright et al., 2004),
whereas more complex modeling considering the time-dependent dynam-
ics of cilia allows capturing detailed features, such as the chaotic advection
occurring in the vortical flow surrounding cilia (Smith et al., 2007). What-
ever the complexity of the model used, it helps our understanding of the
biological process by explaining new observations, raising specific predic-
tions, and suggesting the next set of experiments. In this section, we will
review the main flow features predicted by modeling and simulations based
on the mouse node system, describe the validation of these features in the
zebrafish KV compared to the mouse node, and discuss the open questions
raised by each point.

The origin of the spatial asymmetry permitting the generation of a
directional flow within the left–right organizer was the first question
assessed by theorists. The proposition that cilia were beating with a tilted
conical motion (Fig. 2.3C) was first suggested by Cartwright et al. (2004)
and further investigated by demonstrating the importance of the cell surface
and the no-slip boundary condition to obtain efficient and recovery strokes
(Smith et al., 2007; Vilfan and Julicher, 2006). The posterior tilt of cilia has



Cilia Hydrodynamics and Embryonic Development 49
been first observed in mouse (Okada et al., 2005). This topology promotes a
directional flow toward the left direction with cilia rotating clockwise.
Among the asymmetric cilia beating patterns, it is interesting to mention
that only the tilted conical motion allows breaking the left–right symmetry
without preexisting left–right asymmetry at the scale of the cilium (Fig. 2.6)
as the directional flow in this particular case is perpendicular to the tilt
direction, this pattern allows translating an anterior–posterior or dorsal–
ventral asymmetry into a left–right asymmetry. This is not true for cork-
screw-like motion or asymmetric bending: a net flow in the left–right
direction would require having a preexisting left–right asymmetry at the
level of the cilium. In zebrafish, the flow circulating around the dorsal–
ventral axis within the KV (Fig. 2.2) cannot be due to a posterior tilt, but
due to a dorsal tilt. Importantly, this dorsal tilt has been observed in vivo
(Supatto et al., 2008). Nevertheless, cilia with posterior tilt have been
observed in the dorsal roof of the KV (Kramer-Zucker et al., 2005; Okabe
et al., 2008). Such topology cannot produce the observed flow around the
dorsal–ventral axis. It is noted that the beating pattern of KV’s cilia is
different from the mouse nodal cilia since they do not share the same
ultrastructure (9 þ 2 instead of 9 þ 0 in mouse; Kramer-Zucker et al.,
2005; Nonaka et al., 1998). Overall, a statistical analysis of the distribution
of cilia orientations within the entire KV would greatly help to solve this
issue.

A key aspect of cilia-driven flow is the balance between effective/
recovery strokes and the role of the no-slip conditions. In viscous fluids,
the fluid will have zero velocity relative to a solid boundary. In case of cilia
tilt, a fraction of the circular motion occurs while being closer to the
membrane where moving fluid is more difficult. As a consequence, the
induced flow magnitude is smaller than when circular motion occurs far
from the cell membrane, producing a net flow (Smith et al., 2007; Vilfan and
Julicher, 2006). The no-slip condition has been demonstrated experimen-
tally in zebrafish KV where the average flow velocity drops to 0 close to the
cell surface (Fig. 2.6C) as well as in engineered cilia arrays (Shields et al.,
2010). As a result, the flow velocity is stronger on the side of the effective
stroke, compared to the recovery stroke as shown experimentally
(Fig. 2.6B). The optimal directional flow obtained for a tilt angle y � 35	
and a semi-cone angle c � 55	 (Fig. 2.6), with y þ c � 90	 (Smith et al.,
2008, 2010a). Such angles have been reported in mouse, rabbit, and medaka
embryos (Okada et al., 2005). The far field directional flow velocity scale
with 1/r2, with r the distance from the cilium (Cartwright et al., 2004; Smith
et al., 2010a; Vilfan and Julicher, 2006). In fish, y � 35	 (Supatto et al.,
2008) or y � 45	 (Kramer-Zucker et al., 2005) have been observed. We
show in Fig. 2.7C that this angle can be even higher suggesting that y
presents strong fluctuations in vivo. The crucial role of this angle raises the
question of its origin in vivo. In mouse, cilia tilt seems dynamic and
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Kupffer’s vesicle with two-photon laser scanning microscopy (A). The raster scanning
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manually trace the contour of each stripped pattern and reconstruct the cilium envelop
in 3D (B). The strong tilt direction toward the dorsal direction appears clearly. The tilt
angle y and the semi-cone angle c can be measured (C): here, the tilt angle is specifi-
cally strong with y � 70	 and c � 20	. Scale in (B) is 2 mm per tick. Experimental data
were obtained using zebrafish embryo preparation and labeling as described in Supatto
et al. (2008). Two-photon excited fluorescence imaging was done at 820 nm wave-
length using a Chameleon Ultra laser (Coherent), a Zeiss LSM510 microscope, and
a 40
/NA 1.1 objective lens (Zeiss) on six somite-stage embryo. Image display
and analysis were performed using ImageJ (http://rsb.info.nih.gov/ij/) and Imaris
(Bitplane).
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dependent on the planar cell polarity pathway (Marshall and Kintner, 2008).
Most importantly, a clear coupling between cilia and directional flow has
been shown in ependymal cilia (Guirao et al., 2010). In mouse, it seems that
the shape of the cell membrane and the planar polarity also plays a role in
controlling cilia tilt (Hashimoto et al., 2010).

Due to the low Re of the system, the influence of cilia vanishes quickly
in space. However, cilia motion causes unsteady behavior in its vicinity:
mathematical modeling clearly shows that a vortical flow (unsteady) is
generated close to the cilium and a directional flow (steady) far from the
cilium (Smith et al., 2007). This chaotic nature of the vortical flow is seen in
artificial setups (Shields et al., 2010) and in zebrafish KV (Supatto et al., 2008;
Fig. 2.6D). So far, the relative contribution of directional and chaotic
advection in cilia-driven flow is not known. A simple back-of-the-envelope
calculation in the KV indicates that the chaotic advection occurs in more
than 50% of the total volume of the KV assuming the chaotic behavior at the

http://rsb.info.nih.gov/ij/
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periphery of the KV reaches up to 10 mm from the cell membrane in vesicle
of 80 mm diameter (as shown experimentally in Supatto et al., 2008). Mixing
is thus prominent in the KV, meaning that most of the fluid and factors
secreted in the vesicle would not travel through a linear path but will rather
have a complex, erratic motion when close to the cilium.

More sophisticated models are now taking into account the geometry of
the left–right organizer and the spatial distribution and the density of cilia in
mice. Such models show interesting features, such as backward flow due to
back pressure gradient in the enclosed nodal cavity (Cartwright et al., 2007;
Smith et al., 2010a). A circular flow is thus generated in themouse node, very
much like in fish. Yet, the backwardmotion observed inmouse spins around
the anterior–posterior axis contrary to the dorsoventral axis in fish. Further-
more, there are cilia distributed all around the vesicle in fish as opposed to
mice. Thus, while many features are common between mice and fish, each
species remain distinct and might have developed different ways to break the
embryonic symmetry using the same basic ciliary machinery.

5. Experimental Investigation of Cilia-Driven

Fluid Flow in Developing Embryos

5.1. Challenges and experimental models

The experimental investigation of cilia-driven flow and its function during
embryonic development necessitates measuring parameters characterizing
motile cilia and fluid flow in vivo. As seen earlier, key information is held in
the fluid flow velocity field as well as in the cilia positioning, beating pattern
and orientation. Collecting this information in embryos is difficult because
of the following challenges:

(i) Multiple time scales are required: cilia and flow dynamics are amongst the
fastest processes occurring during embryonic morphogenesis and
require high temporal resolution (up to �10 ms time resolution). At
the same time, the long-term roles of cilia-mediated flow, such as
activating signal transduction pathways and the resulting cellular pro-
cesses, can be slow (hours or days).

(ii) Multiple spatial scales are required: cilia act at the subcellular scale (mm) and
the flow-generated acts at the entire organ scale (mm).

(iii) Specific experimental imaging strategies that do not compromise nor-
mal biology have to be developed. Ciliated structures are usually
located in cavities that are difficult to access experimentally. Moreover,
they experience strong and large scale morphogenetic movements and
are often located deep inside light scattering tissues.

The zebrafish embryo offers several advantages for visualizing fluid flows
in vivo. First, the embryo is transparent and has very little autofluorescence
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and scattering, allowing an optimal use of optical imaging. Second, embryos
are resistant to phototoxicity and are easy to culture permitting the use of
long-term light imaging and the collection of in vivo data at high resolution.
Of note, recent zebrafish transgenic lines expressing fluorescent proteins
specifically in cilia or in ciliated embryonic areas have been generated
(Borovina et al., 2010; Tian et al., 2009). This facilitates the localization of
the region of interest greatly and will certainly accelerate cilia imaging
developments. Nevertheless, imaging cilia-driven flows have been success-
fully implemented in several vertebrate species. In particular, several
approaches have been developed in mice, fish, frog, and rabbits to look at
the left–right organizer flow through the tracking of fluorescent beads in the
environment of the cilia (Okada and Hirokawa, 2009; Okada et al., 2005;
Schweickert et al., 2007). Tissue explants can also be an excellent approach
when one can extract out and cultivate the ciliated cells without affecting
their activity. Brain slices, and the primary culture of ependymal cells of the
forebrain cavities or from the trachea, allow to image both flow and cilia
activity (Guirao et al., 2010; Hirota et al., 2010; Zahm et al., 1990).
However, it is difficult to know whether the boundary conditions in the
explants are intact, especially when looking at the far field flows.
5.2. Mapping microscopic flow field in living embryos

In the field of fluid mechanics, the experimental investigation of fluid
dynamics usually relies on seeding the flow with tracer particles, imaging
the seeded flow and measuring the velocity field using image processing
(Raffel et al., 1998). Particle image velocimetry (PIV) and particle tracking
velocimetry (PTV) are the most typical techniques to quantify flow veloc-
ity. PIV is based on image cross-correlation to estimate the displacement of
patterns between successive images in a statistical manner (Raffel et al.,
1998). PIV is routinely used in fluid mechanics labs and has found recent
applications in developmental biology to map blood flow dynamics during
heart development (Hove et al., 2003) or to quantify the morphogenetic
movements shaping embryos (Supatto et al., 2005; Zamir et al., 2006). PTV
is an alternative approach and relies on particle segmentation in each image
followed by the tracking of these objects between successive images. In fluid
mechanics, these two techniques are related to the Eulerian and the
Lagrangian descriptions of the fluid flow: using PIV, the motion of the
fluid is obtained at fixed positions in space distributed on a regular grid
(Eulerian description such as in Hirota et al., 2010), whereas using PTV, the
velocity is measured along trajectories of specific particles trapped into the
flow (Lagrangian description such as in Fig. 2.6). The choice between these
two descriptions usually depends on practical considerations: for instance,
by following the unpredictable trajectories of particles, the Lagrangian
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description is well suited for demonstrating chaotic advection in the zebra-
fish KV (Fig. 2.6D).

From an experimental perspective, PTV presents several advantages com-
pared to PIV: it allows higher spatial resolution and manual or automated
particle tracking that can be performed in 2D or 3D, whereas PIV usually
works only for 2Danalyses and cannot be performedmanually.Tobe accurate,
PIV requires a high density of tracer particles, whereas PTV works at low
density. Commercial and free open source packages exist to perform PIV or
PTV (see MatPIV http://folk.uio.no/jks/matpiv/, or the ImageJ plugin
http://www.mosaic.ethz.ch/Downloads/ParticleTracker, for instance).

Both PIV and PTV have been used to investigate cilia-driven flow during
embryonic development, such as in the left–right organizer (PIV in mouse
(Hirota et al., 2010), PTV in xenopus (Schweickert et al., 2007), or zebrafish
(Supatto et al., 2008)). Seeding the flow with tracer particles remains a critical
step for applying such strategy in developmental biology. In mice, flow in the
left–right organizer has been imaged in cultured embryos and the velocity of
the steady flow has been measured by tracking the motion of beads (see
Table 2.1 and Okada and Hirokawa, 2009). In zebrafish, such an experiment
necessitates an injection of beads within the KV cavity using a needle. In
practice, this step remains invasive when one wants to look at fine hydro-
dynamics. An alternative approach has been recently developed to address the
flow field with much milder side effects: the flow is seeded with microscopic
fluorescently labeled cell debris generated by targeting a single cell with
femtosecond subcellular ablation as described in Fig. 2.8 (Supatto et al., 2008).

The experimental mapping of the flow field using PIV or PTV allows
quantifying basic features of the flow such as the average speed of the
directional flow generated by beating cilia (Table 2.1). It also permits further
characterization of the flow and the experimental validation of predictions
from models and simulations, as well as feeding further modeling with precise
experimental data. The investigation of the velocity field generated within the
zebrafish KV using PTV is presented in Fig. 2.6. This study illustrates how
experimental investigation of the fluid flow can validate the flow features
predicted by simulations (see Section 3). The flow features are measured
within the whole vesicle (Fig. 2.8), as well as in the vicinity of single cilia. As
predicted by simulations, two types of flows are observed: a laminar flow,
which is directional and breaks to left–right symmetry, and a vortical flow
surrounding the cilium. The chaotic nature predicted by simulations can be
demonstrated experimentally using such a quantitative approach (Fig. 2.6D).
5.3. Measuring cilia features in vivo

Investigating the role of cilia-driven flow in embryonic development
requires the experimental characterization of cilia in vivo: the key features
includes cilia spatial position and density, beating pattern, rotation speed and

http://folk.uio.no/jks/matpiv/
http://www.mosaic.ethz.ch/Downloads/ParticleTracker
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Figure 2.8 Mapping the cilia-driven flow within the zebrafish Kupffer’s vesicle (KV)
using femtosecond laser ablation, fast imaging and 3D-particle tracking. The KV cells
are labeled with Bodipy TR and a single cell lining the cavity is targeted with tightly
focused femtosecond laser pulses at 820 nmwavelength (A). A subcellular femtosecond
laser ablation is performed to generate fluorescent microdebris seeding the flow (B).
The nonlinear effect used in this technique allows a high spatial confinement and a low
invasiveness, thus permitting the targeting of subcellular regions deep inside the
embryo. Fast confocal 3D imaging at 4 z-stack per second capture the movement of
the tracer particles: in (C), time-lapse images are superimposed to show the circular
trajectories of the flow around the dorsal–ventral axis of the embryo. Cilia close to the
KV surface (D) can be identified by following particles trapped in a vortical flow
(arrows in E and F) and mapping the flow using 3D-particle tracking (D). Experimental
data were obtained using the same procedure as described in Supatto et al. (2008).
Image display and analysis were performed using ImageJ (http://rsb.info.nih.gov/ij/)
and Imaris (Bitplane).
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direction, amplitude, tilt, or bending. However, these parameters cannot be
measured experimentally using direct imaging of cilia using conventional
technologies, such as confocal microscopy. Since cilia are moving extremely
fast (Table 2.1) and in 3D, capturing cilia shape and motion requires both
3D resolution and time resolution that are at the limit of the state-of-the-art
imaging technology. We can easily estimate the ideal time resolution

http://rsb.info.nih.gov/ij/
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required to acquire 3D-time lapses capturing the full rotation movement of
a cilium beating at 30 Hz: with 10 images per z-stack and 10 z-stacks per
cilium rotation, it would require imaging at 3000 frame per second (fps) and
acquiring z-stacks at 300 Hz with sufficient signal, which can be challenging
when cilia are located deep in light scattering tissues. High-speed imaging of
cilia using bright field microscopy without fluorescent labeling has been
reported (acquisitions at 500 fps in Okada and Hirokawa, 2009). However,
this technique lacks 3D resolution and depth penetration: it is only adapted
for 2D arrays of cilia close to the embryo surface such as in the mouse node
and does not provide measurements of every cilia features that would
require 3D spatial reconstruction. Recent developments in the fast fluores-
cence microscopy field allow high-speed fluorescence imaging (Vermot
et al., 2008). 2D imaging of cilia with commercial fast confocal microscopy
up to 900 fps has been recently reported (Hirota et al., 2010), corresponding
in this case to typically 50 frames per cilium beat, which is more than
enough to capture the movement. However, the ideal z-stack acquisition
frequency required to capture the full 3D movements of cilia is currently
unreachable through commercial imaging setups. To circumvent this limi-
tation, experimentalists have developed tricks to obtain the required infor-
mation without fully capturing the 3D movements of beating cilia in vivo.
We report in the following section several of these techniques used to study
cilia-driven flow in the left–right organizer.

To demonstrate cilia beat with a tilted conical motion in the mouse left–
right organizer (Fig. 2.3C), high-speed 2D bright field imaging has been
used to estimate cilia position, tilt angle y, semi-cone angle c, and tilt
orientation (Nonaka et al., 2005; Okada et al., 1999, 2005). To circumvent
the lack of 3D resolution, the 2D traces of cilia tips were analyzed and
compared with the 2D projection of an expected tilted cone. It allowed
estimating the tilt angle and orientation, as described in Fig. 2.9. This ruse
works only if we assume the cilia are positioned on a 2D flat epithelium
perpendicular to the optical axis of the microscope. In the case of a curved
epithelium, such as in the zebrafish KV, it cannot give accurate measure-
ment of cilia orientation.

An alternative approach to characterize cilia features without actual 3D
imaging of them has been recently reported in zebrafish (Supatto et al.,
2008). From 3D particle trajectories trapped into the vortical flow sur-
rounding a cilium (Figs. 2.6A and 2.8F), several features can be indirectly
characterized: cilium position in space (Fig. 2.8F), tilt direction and angle y,
rotation direction (clockwise/anticlockwise), and effective and recovery
strokes (Fig. 2.6B). Importantly, the particles trapped in the vicinity of a
cilium are moving much slower than the cilium itself in Stokes flow (Smith
et al., 2010a). For this reason, mapping the flow surrounding a cilium allows
obtaining 3D data with lower time resolution than required for the direct
3D imaging of cilia (Supatto et al., 2008). However, this indirect approach
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fails at characterizing properties such as cilium length, shape, rotation speed,
or semi-cone angle c and requires an extensive analysis for characterizing
each investigated cilium.

Interestingly, experimental artifacts due to a lack of time resolution can
be used to extract useful information and measure cilia features in vivo.
Hadjantonakis et al. (2008) reported a scanning artifact using slow acquisi-
tion speed with standard laser scanning microscopy allows biologists to
detect the presence of cilia in the mouse node. In this case, the laser scanning
is slow enough to capture several traces of cilium signal during the 2D
acquisition of an image and produces a stripped pattern as shown in the
zebrafish KV in Fig. 2.7A. Recording this pattern at different z-positions
allows reconstructing the cilium envelope in 3D (Fig. 2.7B) and to measure
the tilt orientation and angle y or the semi-cone angle c (Fig. 2.7C).
In addition, the distance between the 2D stripes provide a measure of cilium
beating frequency (Fig. 2.7A). This approach does not permit measuring the
direction of rotation (clockwise/anticlockwise).
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Bringing together these imaging approaches allow characterizing cilia
features in living embryos without requiring the full 3D capture of cilia
beats. Even if these technical ruses work better at low cilia density, they
open access to simultaneous measurement of several cilia and permit to
follow processes at multiple spatial scales. For instance, flow mapping allows
simultaneously following the flow within an entire organ and close to
individual cilia (Supatto et al., 2008).
5.4. Next experimental challenges: Flow/cilia manipulation
and functional imaging

While flow and cilia features can be measured experimentally in living
embryos using imaging, the full investigation of the role of cilia during
embryonic development brings other experimental challenges. For
instance, to fully understand the biophysics of cilia and the interplay
between mechanical properties and biological function, it can be critical
to manipulate cilia properties (density, clockwise/anticlockwise rotation,
speed, tilt angle and direction, amplitude, direction, etc.) or the external
flow. Pioneering experimental studies reported the effect of manipulating
external flow on a ciliated epithelium (Guirao et al., 2010) and on the mouse
embryo node (Nonaka et al., 2005) or the application of external forces on
cilia using magnetic manipulations (Hill et al., 2010). However, such
manipulation is extremely difficult to perform in live embryos, especially
when ciliated structures are internal. Working on explants or cultured
epithelia allows direct access to cilia and facilitates measurements that are
challenging to perform in vivo, such as through magnetic manipulation (Hill
et al., 2010). Alternative strategies using optical tweezers have been success-
fully used in the zebrafish inner ear (Riley et al., 1997; Wu et al., 2011) and
should open access to other organs as well. Coupling structural imaging of
cilia, flow mapping and in vivo functional imaging of the biological response
such as calcium signaling, gene expression dynamics, or cellular processes is
clearly the next challenge to meet. The constant progress in optics, molec-
ular imaging and engineering will certainly help to reach this milestone.
6. Role of Cilia-Driven Flow in the Kupffer’s

Vesicle in Zebrafish

The KV is a transient cavity visible from 8 to 11 h after fertilization
underneath the notochord (Fig. 2.2). The epithelium of the KV is made of
9 þ 2 monociliated cells that generate a counterclockwise fluid flow
(Fig. 2.2G–H). This flow triggers asymmetric calcium response on the left
side of the cavity (Fig. 2.2F; Francescatto et al., 2010; Sarmah et al., 2005)



58 Willy Supatto and Julien Vermot
and is involved in establishing and maintaining the left–right asymmetry of
the body axis (Essner et al., 2005; Kramer-Zucker et al., 2005). Two
hypotheses coexist to explain the role of flow in this process: either it biases
the transport of biochemical signals toward the left side of the KV or it
generates a physical stimulus which is read differently according to the
direction of the flow. So far, none of the two hypotheses has been ruled
out. The asymmetric calcium response is dependent on two channel recep-
tors, the ryanodine receptor ryr3 and pkd2 (TRPP2) that are expressed by
the KV cells (Francescatto et al., 2010). pkd2 is a mechanosensory receptor
whose function is tightly associated with primary cilia, thus it has been
proposed that flow is sensed by cilia through pkd2 which in turn triggers
calcium flux. However, a direct link between these three events is difficult
to establish and theoretical work based on measures performed in the mouse
suggests that the shear forces are too low for cilia to sense flow directionality
(Cartwright et al., 2008). Even though the presence of sensory, immotile
cilia is still a matter of debate in the fish (Borovina et al., 2010; Okabe et al.,
2008), it is essential to quantify the flow forces generated within the left–
right organizer to address this question. Typically, the flow map within the
KV displays different velocities according to theA–P axis. It is not surprising
as cilia are enriched in the anterior pole of the vesicle (Okabe et al., 2008).
This reflects the linear relationship postulated by the Stokes flow where the
activity of cilia adds to each other showing that directional flow is obtained
because of a dorsal cilia tilt. Overall, questions still remain whether flow,
morphogen, and physical influences coexist in the process of left–right
specification in vertebrates. It is certain that the theory of hydrodynamics
can lead us toward novel hypotheses, which will greatly benefit the devel-
opmental biology field. Nevertheless, the biological mechanisms at work
during this process remain poorly understood in the zebrafish, especially
when considering that many observations in the mouse node such as the
presence of vesicular release in the vesicle and the presence of sensory cilia
are yet lacking in fish. The anatomy and the genetics have greatly diverged
between fish and mice, and it is possible that slightly different mechanisms
operate in these two species.
7. Role of Cilia-Driven Flow in the Developing

Inner Ear in Zebrafish

Besides the well-known left–right flow, cilia-driven flows are neces-
sary in multiple developing organs (Cartwright et al., 2009). Recent char-
acterization of inner ear flow uncovered alternative roles to fluid motion
during embryogenesis. In zebrafish, as in humans and other vertebrates,
balance is mediated by mechanical sensors in the inner ear. These sensors
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Figure 2.10 Otolithic biomineralization in zebrafish. (A) Side view of a zebrafish at 20
hpf showing the inner ear and the two otolithic aggregates. Otoliths first appear after
18 h postfertilization in the otic cavity. (B and C) Transverse section through the otolith
at 22 hpf (B) and 48 hpf (C) showing an electron dense inner part (nucleus) and radial
biomineralization starting around the nucleus viewed by transmission electron micros-
copy (TEM). Radial biomineralization is prominent at that stage. Sensory cilia bundles
of the hair cells attached to the otolith at 48 hpf (arrow heads). Scale bar 100 mm in (A)
and 5 mm in (B and C). Electron microscopy imaging was performed as described in
Pisam et al., 2002).

Cilia Hydrodynamics and Embryonic Development 59
consist of biomineralized composite crystals, called otoliths (ear-stones),
situated atop cilia bundles on the surface of epithelial cells (Fig. 2.10).
They provide an inertial mass that facilitates deflection of cilia bundles in
response to vibration, gravity, and linear acceleration essential for hearing
and balance through specialized cells called hair cells (Fig. 2.10; Yu et al.,
2011). In zebrafish, the growth phase of otolith development constitutes a
key step during the biomineralization process. Otoliths form at the top of
tether cilia, located at the anterior and posterior poles of the inner ear from
smaller dense clusters referred to as “spherules,” which are self-aggregating
particles secreted from the apical portions of the epithelial cells lining the
inner ear cavity (Fig. 2.10). At the site of cilium–otolith attachment are
clusters of motile cilia inducing local flow. Electron microscopy analysis
shows that otolith growth starts as a nucleus of spherules aggregating at the
top of a tether cilium (Fig. 2.10; Pisam et al., 2002). At 30 hpf, a mineralized
ovoid otolith is visible (Pisam et al., 2002; Sollner et al., 2003) and concen-
tric arrays of spherule deposition are seen at the periphery of the nascent
otolith (Fig. 2.10; Pisam et al., 2002). Cilia-driven flow is required for
proper otolith formation, but the nature of the flow dynamics at work in
the inner ear and the precise contribution of local flow at sites of biominer-
alization are now the focus of recent investigations. On the basis of high-
speed video microscopy of cilia motility and quantitative analysis of precur-
sor particle movements in wild-type and immotile cilia mutant embryos, a
cilium-dependent hydrodynamic mechanism for otolith biogenesis has
been proposed (Fig. 2.11). In this model, motility of tether cilia at the
poles of the otic vesicle establishes a vortex that attracts otolith precursors
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Figure 2.11 Cilia-mediated flow and otolith biogenesis. (A) Dorsal view of embryo
labeled with anti-acetylated tubulin antibody showing the neural tube (NT) and axonal
projections as well as primary cilia throughout the embryos. (B) Side view of the inner
ear visualized through bright field microscopy showing otolith (arrowhead) within the
inner ear (IE). (C) Cilia labeling in the inner ear using anti-acetylated tubulin antibody
reveals two types of cilia: long tether and short cilia. Immunohistochemistry was
performed as described in Colantonio et al. (2009). (D) Otolith view with bright field
microscopy as described in Colantonio et al. (2009), showing spherules next to it. (E and
F) Model for motile cilia function during otolith biogenesis.
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(Fig. 2.11E and F), thereby biasing the distribution of precursor particles
towards the two patches of tether cilia. Such a mechanism would favor
preferential otolith seeding at the poles of the otic vesicle. At the otic vesicle
poles, tether cilia motility further serves to disperse precursor particles
locally. This model, while attractive, needs some clarifications in terms of
precise hydrodynamics, most importantly in terms of the hydrodynamic
basis of spherule attraction. The hydrodynamic features in the inner ear are
particularly interesting because, as opposed to other known cilia-mediated
flows, there is no directional flow. It is the activity of isolated clusters of
beating cilia that dictates a local flow, which is not able to take over the
whole cavity (Wu et al., 2011). It clearly shows that the topology, such as
the localization of cilia motility in key areas of the inner ear, is dictating the
hydrodynamics in the organ. Importantly, the role of mixing in this system
is critical for dictating the shape of the otolith demonstrating that cilia can
combine different function through generation of different flow regime
(Wu et al., 2011).
8. Conclusion

Throughout the years of cilia research conducted in the past, fluid
mechanics and modeling greatly helped experimenters in identifying proper
questions and in developing appropriate methods to address them. Today,
many questions remain unanswered, which will undoubtedly drive cilia
investigations in the coming years. For example, the crucial role of the tilting
angle in the genesis of directional flow raises important unknown questions:
what are the structural origins of the tilt? How is it regulated and through
which dynamics? Last, how does the coupling between cilia and flow
influence each other so that the system can reach a steady state? Furthermore,
a lot remains to be said about the roles of chaotic advections in cilia-driven
flows. We showed that this is a prominent effect in the KV and in the inner
ear, but it is certainly true in other ciliated organs and species. The continu-
ous effort to combine experimental approaches through live imaging, mod-
eling, and forward and reverse genetics in the zebrafish are expected to
provide us answers to some of these interesting questions in the near future.

The study of the role of cilia-driven flow in embryonic development is an
exciting example of interdisciplinary investigation. As reviewed here, the
fruitful interplay between fluidmechanics, mechanical modeling, microscopy,
image processing, experimental micromanipulation, and developmental
genetics permits gaining important knowledge and promises future exciting
discoveries in the field. A central driving force for the understanding of the
biology of cilia-flow during embryonic development is the continuous neces-
sity for integrating knowledge and experimental data originating from various
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disciplines (fluid mechanics, modeling, imaging and image processing, genet-
ics, etc.). Another very recent trend is the fact that the biology of cilia structure
is feeding biomimetic research and finds of applications inmicrofluidic devices
inspired by biology (Shields et al., 2010; Vilfan et al., 2010). There is a lot to bet
that many other biological systems will benefit from such an integrated way of
approaching science.
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