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Abstract

The primary cilium is a non-motile singular cellular structure that extends from the surface of
nearly every cell in the body. The cilium has been shown to play numerous roles in maintaining
tissue homeostasis, through regulating signaling pathways and sensing both biophysical and
biochemical changes in the extracellular environment. The structural performance of the cilium is
paramount to its function as defective cilia have been linked to numerous pathologies. In
particular, the cilium has demonstrated a mechanosensory role in tissues such as the kidney, liver,
endothelium and bone, where cilium deflection under mechanical loading triggers a cellular
response. Understanding how cilium structure and subsequent mechanical behavior contributes to
the roles the cilium plays in regulating cellular behavior is a compelling question, yet is a
relatively untouched research area. Recent advances in biophysical measurements have
demonstrated the cilium to be a structurally intricate organelle containing an array of load bearing
proteins. Furthermore advances in modeling of this organelle have revealed the importance of
these proteins at regulating the cilium’s mechanosensitivity. Remarkably, the cilium is capable of
adapting its mechanical state, altering its length and possibly it’s bending resistance, to regulate its
mechanosensitivity demonstrating the importance of cilium mechanics in cellular responses. In
this review, we introduce the cilium as a mechanosensor; discuss the advances in the mechanical
modeling of cilia; explore the structural features of the cilium which contribute to its mechanics
and finish with possible mechanisms in which alteration in structure may affect ciliary mechanics,
consequently affecting ciliary based mechanosensing.
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1. Introduction

Primary cilia are non-motile, solitary extensions that protrude from the apical surface of
nearly every cell in the human body. These organelles were originally discovered over a
century ago and, until recently, their function was a mystery. Indeed, they were believed by
some to be vestigial (Davenport and Yoder, 2005). In the past several decades a plethora of
studies have revealed the primary cilium to be a multifunctional antenna, sensing both
mechanical (fluid flow, pressure, touch, vibration) and chemical (light, odor, PDGF)
changes in the extracellular environment (Singla and Reiter, 2006). More recently the
primary cilium has also been implicated as a complex signaling center for the cell,
regulating key signaling pathways during development such as Hedgehog and Wingless
(Berbari et al., 2009). The structural integrity of this versatile extracellular sensor is
paramount to its function as defects in the primary cilium have been linked to numerous
pathologies (ciliopathies) such as arthritis, osteoporosis, polycystic kidney disease, heart
failure, obesity and cancer (Badano et al., 2006; Adams et al., 2008; Veland et al., 2009;
Hildebrandt et al., 2011).

The basic structure of the primary cilium is very similar to that of the better understood
motile cilium and flagellum. They all consist of a membrane bound axoneme containing
nine circumferentially arranged doublet microtubules which extend upwards from the
mother centriole/basal body out into the extracellular space. Despite the similarities, there
are distinct structural differences which dramatically affect the mechanics of each. Both
motile cilia and flagella have two additional central microtubules which are attached to each
of the surrounding doublets by connections called radial spokes. Therefore motile cilia are
commonly referred to as 9+2 cilia in contrast to the primary cilium’s 9+0 arrangement. In
addition, the doublets of the 9+2 cilium are connected via nexin links, which in combination
with the radial spokes, reinforce the axoneme resulting in an order of magnitude increase in
the resistance to bending (flexural rigidity) in comparison to the primary cilium
(Rikmenspoel and Sleigh, 1970; Schwartz et al., 1997b). This increase in flexural rigidity
demonstrates that even a small change in molecular arrangement at these scales can yield a
dramatic difference in organelle level mechanical behavior.

Changes in the structural mechanics of primary cilia greatly affect the molecular
mechanisms of mechanosensing. For example recent studies have demonstrated that upon
mechanical perturbation the primary cilium decreases in length coinciding with a reduction
in amiloride-sensitive sodium current (Resnick and Hopfer, 2007; Besschetnova et al., 2010;
Gardner et al., 2011). Therefore alterations in primary cilium length, and possibly other
mechanical properties and features, may be a central mechanism for regulating cellular
mechanosensitivity. It may also alter responsiveness to biochemical stimuli and be a
fundamental synergistic mechanism whereby cells sense, integrate, and coordinate responses
to combined physical and chemical signals. In this review, we introduce the cilium as a
cellular mechanosensor (section 2); discuss the recent advances in the mechanical modeling
of the primary cilium (section 3); explore the structural features of the cilium which
contribute to its mechanics (section 4), and finish with possible mechanisms in which
alteration in cilia structure may affect ciliary mechanics and as a consequence, affect ciliary
based cellular mechanosensing (section 5).

2. The Mechanosensing Primary Cilium

The primary cilium first emerged as a mechanosensor in the kidney after defects in cilia
structure and function were found to correlate with cyst formation. Further study revealed
that fluid flow within the kidney resulting in the deflection of the primary cilium causes an
extracellular calcium dependent increase in intracellular calcium, a response that was lost
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with removal of the primary cilium (Praetorius and Spring, 2001, 2003). Nauli et al first
demonstrated that this calcium response is mediated by a mechanosensory complex located
at the base of the cilium. This complex consists of two membrane bound proteins,
Polycystin 1 and a stretch activated cationic channel known as Polycystin 2 (Nauli et al.,
2003). In addition to this complex regulating calcium influx, unloading of the cilium has
been shown to result in an intra-membrane proteolysis of PC1, which acts as a transcription
factor in association with STAT6 and P100 (Low et al., 2006). This mechanosensing
mechanism has also been reported in liver cholangiocytes, where bending of the cilium not
only results in an influx of calcium but also suppresses a forskolin stimulated increase in the
second messenger cyclic adenosine monophosphate (CAMP) (Masyuk et al., 2006). The
primary cilium has also emerged as a mechanosensor in bone where deflection of the
primary cilium under fluid flow resulted in an increase in the osteogenic gene Cox-2.
Furthermore, an inactivating mutation in the Pkd1 gene, which encodes the ciliary protein
PC1, in a mouse model results in an osteopenic phenotype (Xiao and Quarles, 2010).
Interestingly primary cilia in bone cells do not mediate flow-induced intracellular calcium
assayed by Fura-2, indicating that the mechanotransduction pathway in bone differs relative
to that in kidney and liver (Malone et al., 2007). Additional studies in bone have revealed
that upon deflection of the primary cilium a rapid and transient decrease in cAMP occurs
and that this decrease is dependent on adenylyl cyclase 6 (AC6) which is also localized to
the cilium (Kwon et al., 2010).

In addition to sensing fluid flow, primary cilia have been shown to sense other mechanical
signals such as pressure, touch and vibration. For example, the stretch activated ion channel
TRPV4 localizes to the primary cilia of cholangiocytes and chondrocytes and has been
shown to be involved in sensing osmotic pressure (Gradilone et al., 2007; Phan et al., 2009).
In Drosophila, neurons extend a cilium that attaches into a cavity created by support cells
known as scolopale (Ernstrom and Chalfie, 2002). Vibrations are then detected by the
stretching of the cilium resulting in a rapid electrical response mediated by ion channels in
the membrane. Furthermore in C. elegans, cilia are located along the dendrites of neurons
which are known to be mechanoresponsive. Although the exact mechanism of
mechanotransduction in these cells is not known, the primary cilia are surrounded by
extracellular matrix (ECM) and disruption of this ECM results in impaired
mechanosensation (Ernstrom and Chalfie, 2002). It has been postulated that the cilium acts
to transfer loads from the ECM to the underlying cytoskeleton regulating the activity of
sodium channels mec-4 and mec-10 (ENaC superfamily) and converts the stimuli into a
rapid electrical response.

In the past two decades the primary cilium has been demonstrated to play an important
mechanosensory role in numerous tissues across many species and organisms. The cilium’s
ability to do so depends on its mechanical properties. For example, an interesting feature of
the primary cilium is its ability to dynamically modulate its length, fine tuning its sensitivity
to the extracellular environment. Besschetnova et al (Besschetnova et al., 2010) recently
demonstrated that by blocking calcium ion, Ca** entry (using gadolinium) and increasing
intracellular cAMP (using forskolin) the length of the primary cilium in mammalian
epithelial and mesenchymal cells increased 2-fold in 3 hours (Besschetnova et al., 2010).
After the application of fluid shear, which is known to increase intracellular Ca** and
decrease intracellular cAMP the average cilia length decreased by 20%-35%. Furthermore it
has been demonstrated that overloading of chondrocytes results in a decrease in cilia length
and conversely stress deprivation in tendon cells results in an immediate and significant
increase in length (McGlashan et al., 2010; Gardner et al., 2011). Therefore understanding
the mechanics of the primary cilium and how ciliary mechanics may change in a diseased
state may yield insight into the cause of the numerous debilitating ciliopathies.
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3. Modeling Primary Cilia Mechanics

The primary cilium is emerging as a central nexus for sensing a number of biochemical and
biophysical extracellular signals. As a mechanosensor, its mechanical properties dictate how
external stimuli such as fluid flow translate into cilia deformation and subsequently a
cellular response. For example, it is often hypothesized that bending of the cilium
contributes to the opening of ion channels such as PC2. In this case, a stiff cilium will
experience lower membrane strains than a more flexible cilium when exposed to the same
bending force. Thus, a stiff cilium would be expected to be a less sensitive
mechanotransducer. However, the mechanical properties of primary cilia are virtually
unknown. To date, only a few studies have investigated the mechanical behavior of the
primary cilium, all of which focused on the bending response of the primary cilium in
kidney cells (Figure 2).

The bending behavior of the primary cilium was first modeled mathematically by Schwartz
et al (Schwartz et al., 1997b). Using the assumption that a primary cilium under fluid shear
acts as a uniform cylindrical cantilevered beam subjected to a unidirectional load
perpendicular to its long axis, the bending behavior of the primary cilium can be described
using the large-rotation Euler-Bernoulli formulation (Schwartz et al., 1997b). This equation
has never yielded a closed form solution and so is solved by various numerical
approximation methods. The fluid drag was estimated assuming the closed- form solution
for 2D laminar flow around a cylinder. Using this mathematical approach Schwartz et al
accurately predicted the bending profile of kidney epithelial cilia observed experimentally
under numerous physiological flow profiles demonstrating a one-to-one functional
correspondence between bending profile and applied fluid shear. Furthermore, with this
model they were able to measure the flexural rigidity, (EI), of the primary cilium and
determined it to be 3.1+0.8x10723 Nm?2, which is approximately one order of magnitude less
stiff than the motile cilium. This difference in stiffness can most likely be ascribed to
structural features such as radial spokes and nexin links that act to reinforce the axoneme of
motile cilia. Given the close correspondence between the experimental bending profile and
the profile predicted using a cantilevered beam model (i.e. assumes the cilium is fixed at the
base) it was concluded that the cilium is firmly anchored to the cell. This anchorage is
primarily achieved through the attaching microtubules and possibly by striated rootlets
which extend out from the base of the basal body. Such elements are discussed in greater
detail below (see section 4). Both the difference in EI between motile and primary cilia and
the anchorage of the cilium within the cell highlight the importance of structural elements
within the ciliary complex contributing to its mechanical behavior.

Liu et al developed a more precise model of the fluid flow around an array of primary cilia
by numerically solving the Stokes equations (Liu et al., 2003). Modeling an array of cilia, it
was predicted that hydrodynamic interactions between cilia diminished the expected
increase in the fluid velocity at the tip, total drag force along the length, and also the torque
generated at the base of the cilium as the cilium increases in length. However, even with this
interaction, the drag force and the torque experienced by an 8um cilium were 6-fold (10-fold
without interaction) and 22-fold (33-fold without interaction) greater than a 2.5um cilium
respectively. This relationship between cilium length and force transmission supports the
hypothesis that cilia alter their length to adjust their mechanosensitivity (Besschetnova et al.,
2010). Interestingly, the authors calculated that the shear stress experienced by the apical
cell membrane under their flow conditions was not sufficient to elicit a calcium response.
Therefore the authors concluded that the calcium response elicited by flow must be mediated
by the primary cilium such that deformation of the ciliary shaft resulting in the opening of
ion channels or the torque generated at the anchoring microtubules at the base of the cilium
is the activating mechanical stimulus.
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Resnick and Hopfer investigated the mechanosensing capacity of primary cilia under orbital
shaking induced fluid flow. It was demonstrated that the transepithelial ENaC current
decreased by 60% and cilium length decreased by 30% after 24hrs of shaking at a frequency
of 2Hz (Resnick and Hopfer, 2007). In order to understand how mechanical stimulation can
affect a cellular response they calculated the forces exerted on a cilium under such a loading
regime. Unfortunately, since the flow field under such conditions has not been
mathematically characterized, the analysis was restricted to limiting estimates. The cilium
was assumed to be a rigid cylinder, again allowing for the close-formed calculation of drag
force. Furthermore, a hemispherical ciliary cap was introduced allowing the drag force
across the tip of the cilium to be determined. The drag force on the primary cilia in response
to shaking induced fluid flow was estimated to be maximally 4 times that of thermal noise,
yet was sufficient to elicit a cellular response demonstrating that the cilium is a highly
sensitive mechanosensory organelle. Interestingly, according to their model over half of the
total drag force experienced by the cilium is exerted on the ciliary cap. It must be noted that
their calculation assumed a cilium in the upright position and so represents the maximal drag
force. Upon fluid flow induced bending of the cilium the drag force across the cap may be
dramatically reduced. Nevertheless, this model highlights the ciliary cap as an important
feature and therefore should be incorporated into models of fluid flow mediated deflection
of the cilium. Interestingly, various authors have visualized bulges at the tip of the cilium
(Menco and Farbman, 1985; Roth et al., 1988), the presence of which could significantly
alter the flow field around the cilium tip and resulting drag force.

Rydholm et al. recently investigated the bending behavior and subsequent calcium response
of primary cilia in kidney epithelial cells under continuous and pulsatile flow at different
frequencies and flow rates. Upon application of flow (19 mPa shear) the cilium was found to
deflect rapidly (~0.5s) to a maximum angle. Analysis of the calcium response revealed a
time delay of ~20s from application of flow. Furthermore, high frequency (2Hz) pulsatile
flows elicited a reduced calcium response compared to continuous flow. In order to gain
insight into these findings the authors developed a three- dimensional, structural mechanical
model of a primary cilium using a finite element method (FEM) (Rydholm et al., 2010). The
ciliary axoneme was modeled as a cylindrical elastic beam with a hemispherical cap
(Young’s Modulus, E = 178kPa (Schwartz et al., 1997a)) and fixed at its base. The ciliary
membrane was also modeled and was continuous with a viscoelastic plasma membrane.
Utilizing this model, Rydholm et al. found that with deflection of the primary cilium, the
stress in the ciliary membrane builds at a much slower rate than that of the axoneme itself.
Furthermore the stress in the membrane was found to be maximal towards the base of the
cilium. Based on these findings, the authors hypothesized that due to the viscoelastic nature
of the membrane, the buildup of stress upon deflection to a level sufficient to open an ion
channel located at the base of the cilium would take several seconds of continuous flow.
This would therefore explain the 20s delay between onset of flow and a calcium response in
kidney epithelial cells. This finding also explains the lack of response from high frequency
loadings as the stress in the membrane cannot reach the required level to activate the
channels within the short loading period. Rydholm et al. concluded that the primary cilium
acts a low pass filter sensing slow steady flow while fast fluctuations in flow (< 5s) are
ignored. Furthermore, by comparing the bending profile of their model, which utilizes a
constant flexural rigidity along its length, to that of a bending profile of a cilium in vitro,
they determined that the cilium is stiffer towards its base and that this change in flexural
rigidity is more pronounced in longer cilia. Experimentally it has been shown that the
circumferential arrangement of the doublets becomes disorganized towards the tip of the
cilium (Odor and Blandau, 1985b; Yamamoto and Kataoka, 1986a) which may be the
molecular mechanism of change in the mechanical behavior along the length of the cilium.
Although the cause of this disrupted organization is unclear it is most likely due to the lack
of interconnecting attachments such as nexin links between doublets in primary cilia.
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Although this model yields interesting explanations for experimental observations, the
output of the model will be strongly influenced by the viscoelastic properties attributed to
the membrane. Therefore, biophysical measurements of ciliary membrane properties are
required to fully validate this model.

The current models of the primary cilia provide vital insights into the mechanics of this
sensory organelle. However, to date, these models are relatively unsophisticated, treating the
cilium as a cantilevered beam. In order to fully understand the mechanical behavior of the
cilium, more comprehensive modeling approaches such as multiscale modeling and
molecular dynamics should be implemented incorporating the numerous structural elements
of the primary cilium. These models coupled with more advanced biophysical measurements
will provide vital insights into how different structural defects can affect the
mechanosensory function of the cilium.

4. Primary Cilia Structure

Recent morphological investigations have revealed the primary cilium to be an intricate
arrangement of structural elements which, when combined, contributes to the structural
integrity of this organelle. The various components are predominantly unique to the cilium
can be divided into two different substructures, referred to as the ciliary and sub-ciliary
compartments respectively. The ciliary compartment which extends out from the surface of
the cell consists of the nine doublet microtubules and associated structural elements. The
sub-ciliary consists of the basal body and associated anchoring elements within the interior
of the cell body. All primary cilium related structural features discussed below are illustrated
in figure 3.

4.1 Ciliary compartment

The core structure of the ciliary compartment is the axoneme. The axoneme is a cylindrical
array of nine doublet microtubules (MT) which extend from the triplet microtubule
arrangement of the mother centriole or basal body. The doublets consist of two tubules; a
complete microtubule containing 13 protofilaments (PF), refered to as tubule A, and an
incomplete tubule containing 10 protofilaments, refered to as tubule B (Downing and Sui,
2007). The high rigidity of this doublet MT arises from its hollow tubular organization
where the mass of the MT is distributed in its wall, thereby increasing the second moment of
area. This structural feature greatly increases the doublets resistance to bending which is
essential for a cilium which undergoes repeated loading due to fluid induced shear
(Praetorius and Spring, 2005). Interestingly unlike singlet microtubules found within the
cytoplasm, tubule A of the ciliary doublet is not spherical in nature and is known to form an
elliptical shape with an elongation of 8% in the axonemes radial direction (Sui and
Downing, 2006).

To our knowledge, no studies investigating the molecular architecture of the primary cilium
microtubule doublet have been undertaken to date. However recent cryo-electron
tomography studies in sperm flagella may provide some insight into protein structures which
contribute to the linkages between protofilaments within tubules, connections between
tubules, and possibly also act as docking sites for other structural proteins. Sui and Downing
recently identified a range of non-tubulin proteins located within the microtubule doublet of
sperm flagella (Sui and Downing, 2006). The connection between tubule A and B (PF A2-4
to B1-2, figure 3) was found to be relatively loose and consisted of a collection of proteins
spanning numerous protofilaments at 16nm periodicities in the longitudinal direction. This
collection of proteins is referred to as the linker density (Sui and Downing, 2006).
Interestingly, it has been shown that these proteins have numerous domains that are
predicted to bind Ca** and produce a conformational change. The consequence of this is, as
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yet, unknown but previous studies have demonstrated that Ca** can increases the stiffness of
stereocilia (Pae and Saunders, 1994) and also increase the rate of depolymerization of
microtubules (OBrien et al., 1997). The overlapping section between tubule A and B (PF
Al-4, figure 3) is another area of high density highlighted from cryo-electron tomography.
This area corresponds to a filamentous ribbon like structure which runs longitudinally along
the protofilament A3 and has additional projections which reach out radially to adjacent
protofilaments (Linck, 1976). These projections form a bridge like structure which Sui and
Downing have referred to as the partition bridge density (Sui and Downing, 2006). This non
tubulin ribbon consists of Tektin A, B and C which share a similar structure with
intermediate filament proteins (Linck et al., 1987). The Linker density and the Tektin
filaments are ideally located to stabilize the partition between the tubules A and B and have
been hypothesized to contribute to the oval shape of the A tubule, hence increase the
bending resistance of the doublet.

One of the major differences between the microtubules within the cytoplasm and the
primary cilium is that the ciliary microtubules are known to undergo an array of reversible
post-translational modifications including acetylation, polyglutamylation, tyrosination/
detyrosination, and phorylation (Westermann and Weber, 2003). The majority of these
modifications tend to affect the carboxy-terminal domain of tubulin (Nogales et al., 1999)
which is located on the outside of the microtubule where it is ideally positioned to influence
interactions with other proteins such as microtubule associated proteins (MAPs). Common
MAPs include MAP1, MAP2, MAP4 and Tau, each of which has different binding affinities
to tubulin (Takemura et al., 1992; Felgner et al., 1997; Chang et al., 2001). MAP1 in
particular has been shown to localize to the axoneme of the cilium (Wiche et al., 1986;
Sellner et al., 1991). The most studied form of the post-translational modifications is
acetylation. Although it is unknown whether acetylation changes the mechanics of
microtubules and hence the cilium directly, the occurrence of microtubule associated
proteins (MAPs) is known to coincide with acetylation and the binding of MAPSs has been
shown to increase the flexural rigidity of microtubules as much as 8-fold (Takemura et al.,
1992; Felgner et al., 1996). It was recently demonstrated that physiological levels of cyclic
stretch in vivo and in vitro result in a significant increase in acetylation of microtubules in a
magnitude and duration dependant manner. This appears to be due to a decrease in the
activity of the deacetylation enzyme HDACG6 (Geiger R, 2009). In addition, mutant C.
elegans which do not possess the acetyltransferase, a TAT1, lack the ability to acetylate
microtubules and also have defective touch mechanosensation capabilities (Shida et al.,
2010). Given that the microtubules of the primary cilium are known to be heavily acetylated,
these findings suggest a possible mechanism by which the primary cilium could alter its
flexural rigidity in response to loading, tuning its sensitivity to the extracellular
environment.

The ciliary membrane is a continuation of the plasma membrane (Rohatgi and Snell, 2010)
but there are indications of physiological differences between the two. For example, the
ciliary membrane has been shown to have different ion-binding and osmotic behavior from
the plasma membrane (Satir and Gilula, 1970). Furthermore the ciliary membrane shares
certain diffraction characteristics with nerve myelin which is a dielectric sheath known to
dramatically increase electrical resistance across the cell membrane (Silvester, 1964). Gilula
and Satir, using a freeze-etch technique, found very few particles along the length of the
ciliary membrane. However, they did discover a unique differentiation of the ciliary
membrane which they called the ciliary necklace (Gilula and Satir, 1972). The ciliary
necklace is an intra-membrane structure consisting of a complex of membrane associated
particles located at the neck of the cilium, just above the transition zone between the
axoneme and sub-axonemal compartments. Interestingly, the necklace consists of three
strands of particles, arranged in scalloped rows. Each scallop is connected to a
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corresponding microtubule doublet via 50nm long champagne-glass-like structures.
Immunostaining studies have repeatedly found localization of ion channels and receptors at
the base of the cilium which may correspond to this ciliary necklace region (Zhang et al.,
2004; Quarmby, 2009). Give that certain ion channels are stretch activated, the champagne-
glass structures may act to stretch the membrane in this region, sensitizing the channels
response to deformation of the ciliary axoneme.

4.2 Sub-ciliary compartment

In comparison to the axoneme, little attention has been paid to the structure of the sub-
axonemal compartment of the cilium. It includes a vast subsurface array of structural
elements, the function of which are not entirely understood. Although primarily believed to
anchor and stabilize the cilium it has also been postulated that they act as a transport
network facilitating the transfer of proteins to and from the cilium.

At the base of the cilium is the basal body, a protein-based structure consisting of nine triplet
microtubules arranged circumferentially and is believed to be the template for ciliogenesis.
The basal body is commonly known as the mother centriole. Although primarily known for
its role in cell division, it has been suggested that the mother centrioles primary role may be
for ciliogenesis given that cells can still divide without a centriole (Mahoney et al., 2006).
The basal body maintains the transition zone between the axoneme and cytoplasmic
compartments of the cell and is attached to the cell membrane via distal appendages called
transitional fibers or alar sheets (Hagiwara et al., 1997a; Rohatgi and Snell, 2010). Alar
sheets are fibrous triangular structures which emanate from the distal side of each triplet
microtubule within the basal body and extend out to the plasma membrane partitioning the
cell membrane from the ciliary membrane. The function of these sheets is largely unknown
but it is believed to act as a sieve regulating the transport of proteins into and out of the
primary cilium.

In the region proximal to the alar sheets is a collar of conical structures known as basal feet
(Albrecht-Buehler and Bushnell, 1980). Basal feet extend laterally forming attachment
points for cytoskeletal microtubules. Interestingly, the number of basal feet is known to
differ depending on whether the cilium is a motile beating cilium or a non motile primary
cilium. For example in matile cilia, only one basal foot is present and is always orientated in
the direction of cilia beating or deflection (Boisvieux-Ulrich and Sandoz, 1991). This
orientation strongly indicates the basal foot as an integral structural component stabilizing
the cilium in the plane of beating. In the primary cilium, numerous (1-5) basal feet are
present, orientated laterally in all directions. This addition of basal feet increases the cilia’s
structural integration with the cytoskeleton which would significantly increase its stability
and load transfer to the attaching microtubules (see figure 4). The basal body is one of the
two centrioles which make up the microtubule organizing center (MTOC) but it is the parent
centriole/basal body from which the vast majority of MTs assemble. This phenomenon
significantly contributes to the structural stability of the mother centriole over the daughter
which is noteworthy given the mother centriole’s role in anchoring the primary cilium.
Efforts to count the number of MTs emanating from the centrosome range from 10-100
MTs depending on cell type (Alieva, 1992). Gudima et al (Gudima et al., 1983b, 1983a)
discovered that the mean number and length changed depending on cell attachment,
spreading and migration where long MTs were more prominent in spread out, fully adhered
cells. In a fully adhered, polarized cell, the cilium would extend perpendicular into the
extracellular environment. When loaded, such a cilium would experience large moments at
its base, and therefore, the extension of long microtubules may be a cellular mechanism to
stabilize the cilium. In addition to stabilizing the cilium this connection provides a
mechanism of load transfer from the extracellular environment through the cilium to the
cytoskeleton. For example Hierck et al disrupted the microtubule network in epithelial cells
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while maintaining the primary cilium and found a decrease in the induction of the shear
response marker KLF2 by an applied fluid flow (Hierck et al., 2008).

Striated rootlets are a collection of filamentous structures with periodic striations that radiate
from the proximal end of the basal body into the cytoplasm of the cell. Although the exact
function of these structures is unknown, numerous hypotheses have been put forward.
Wheatley suggested that these rootlets act as ‘nanomachines’ (similar to muscle) for
contraction, pulling on cytokeratins within the cytoplasm (Wheatley, 2008). This may
explain the ability of some primary cilia to be pulled rapidly into the cell. Fariss et al put
forward the hypothesis that rootlets may act as highways for the transport of protein
molecules from the Golgi apparatus to the plasma membrane (Fariss et al., 1997). In a
knockout animal of the rootlet protein rootletin, photoreceptor cells exhibit disrupted
membranous saccule transport (Yang et al., 2005). However given the location, orientation,
and structure of these filaments it is also likely that they act to anchor the basal body/
primary cilium complex in the cell most likely by interacting with the cell’s cytoskeleton
(Kobayashi and Hirokawa, 1988). The occurrence and orientation of striated rootlets differs
depending on the function of the cilium. For example, matile cilia which function as a
propeller in some cell types, have only one striated rootlet which runs straight from the basal
body to the nucleus (Hagiwara et al., 1997b). In contrast, immotile primary cilia have
numerous striated rootlets which are found to be orientated in all directions appearing as
arched, looped, and branched around the cytoplasm (Hagiwara et al., 2002) (see figure 4).

5. Mechanisms of alteration in primary cilia mechanics

Despite the extensive morphological analysis which has been performed on the primary
cilium, little is known about what role the structures identified thus far play in regulating the
mechanics of the cilium. It is well known that dysfunctional cilia have been associated with
numerous pathologies. Therefore it is interesting to consider alterations in these structures
and speculate as to what effect they may have on the mechanics of this organelle. Therefore
this section explores how changes in structure may affect ciliary mechanics altering the
mechanosensing capability of the primary cilium.

As the core element of the axoneme, the doublet microtubules bear the greater share of the
loads transmitted from the extracellular environment. Within each doublet, there are
numerous mechanisms which could affect its flexural rigidity. The proteins of the linker
density undergo conformational changes as a result of Ca2* binding. Ca2* has been shown to
increase the stiffness of stereocilia (Pae and Saunders, 1994) and also increase the rate of
depolymerization of microtubules (OBrien et al., 1997). Therefore in response to cilia
deflection and subsequent Ca2* entry via cation channels, the primary cilium could increase
in stiffness via contraction of the linker density and/or decrease in length via microtubule
depolymerization, the latter having already been demonstrated experimentally
(Besschetnova et al., 2010).

The circumferential arrangement of the doublets is an evolutionary design to maximize
bending resistance while minimizing mass. However unlike the motile cilia which have
interdoublet connections called nexin links, the doublets of the primary cilium do not appear
attached to their neighbor. This results in the loss of the circumferential arrangement
towards the tip of the cilium (Odor and Blandau, 1985a; Yamamoto and Kataoka, 1986b)
resulting in a change in flexural rigidity along its length (Rydholm et al., 2010). Despite the
lack of nexin links in primary cilia, the attachment of neighboring doublets via microtubule
associated proteins was visualized by Poole et al (Poole et al., 2001) in the axoneme of the
sterna chondrocytes of a chick embryo. Once again this alteration could be responsible for
alterations in primary cilia mechanics in response to loading. Loading is also known to result
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in an increase in acetylation which has been linked to an increase in MAP binding.
Acetylation occurs at the lysine 40 site located on the inside of the microtubule. However,
the recently discovered acetyltransferase, a TAT1, responsible for acetylation is too large to
enter the microtubule via diffusion (Shida et al., 2010). What has been hypothesized, and
partly verified via cryo-electron studies, is a phenomenon called microtubule “breathing’
where large openings in the microtubule wall appear and close rapidly allowing entrance of
aTAT1. Therefore it is interesting to speculate that increased loading and deflection of
ciliary microtubules increases the rate of microtubule *breathing’, increasing acetylation,
increasing the association of MAPs and subsequently altering ciliary mechanics. Preliminary
observations in our lab have found a decrease in the degree of bending of primary cilia after
a rest period was inserted during loading (figure 4) indicating that cilia may indeed alter
flexural rigidity in response to loading.

Modulations of the sub-ciliary compartments could significantly affect cilia orientation and
possibly protein transport to and from the cilium. An intriguing change in sub-ciliary
mechanics occurs in post-menopausal woman. The striated rootlets of human oviduct
epithelial cells appear shortened and lie perpendicular to the longitudinal axis of the cell, a
90° change in orientation. This alteration could greatly affect the function of the cilium by
altering its orientation and vacuole trafficking to and from the membrane (Holley, 1984). If
this post-menopausal alteration in cilia mechanics is organism-wide it may have far reaching
effects in other mechano-regulated tissues such as bone which undergoes dramatically
altered physiology in post-menopausal woman (Kelly et al., 1989). Further evidence of the
structural role of striated rootlets originates from the finding that disruption of the
microtubule network in PtK2 cells dramatically influences the thickness, number and
orientation of the striated rootlets. It appears that when the structural support of the
microtubules within the cytoskeleton is lost, the cell compensates by elongating and
thickening the striated rootlets emanating from the basal body. Also surprisingly, striated
rootlets begin to form throughout the cytoplasm independent of the centrosome (Hagiwara
and Takata, 2002).

Another significant mechanism may involve alterations in the number and orientation of the
basal feet and associated microtubules. The number of basal feet can vary between 2 and 5
in primary cilia which would indicate that this is not a fixed organization. Therefore it may
be possible for a cell to re-orientate and possibly add or remove basal feet in response to
stimuli. Alternating basal feet would dramatically affect not only the stability of the cilium
but also the ability of the cilium to transmit external forces to the cytoskeleton. This may be
critical to mechanotransduction because bending and buckling of the cytoskeletal
microtubules has been shown to be a mechanosensing mechanism (Mofrad and Kamm,
2010).

6. Conclusions

The primary cilium is now an established cellular mechanosensor regulating key stages in
development along with maintaining homeostasis of numerous adult tissues. The cilium is a
mechanosensor capable of adapting its length and possibly its stiffness, altering its
sensitivity to extracellular mechanical stimuli. Given the sophistication of the cilium’s
function it is not surprising the cilium is one of the most structurally complex organelles in
the cell. Understanding how the mechanical properties of the primary cilium may affect
cellular mechanosensitivity is a compelling question and surprisingly is a relatively
untouched research area. Incorporating what is known of the intricate structure of the
primary cilium along with more detailed biophysical measurements of the cells response to
cilium stimulation into more sophisticated multi-scale mathematical models will provide a

J Biomech. Author manuscript; available in PMC 2013 January 3.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 11

deeper understanding of ciliary mechanics, further highlighting the remarkable influence of
this complex organelle.
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Figure 1.

(Top Left) Immunoflouresence image of a human mesencyhmal stem cell illustrating a
singular primary cilium enriched with acetylated alpha tubulin extending peri-nuclearly.
Blue — Nucleus; Green — Actin; Red — Acetylated alpha Tublin. (Top Right) Kidney
epithelial cells (IMCD) expressing a SSTR3-GFP fusion protein which is specific to the
primary cilium. Primary cilia can be seen as green rod like structures. (Bottom Left)
Immunoflouresence image of IMCD cells in the XZ plane. Green — SSTR3-GFP fusion
protein (primary cilium); Red — Plasma membrane stain. (Bottom Right) 3D reconstruction
of IMCD SSTR3-GFP cells illustrating an array of primary cilia projecting outwards from
the cell plasma membrane.
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Figure 2.

XZ bending profiles of a kidney cell primary cilium under increasing flow rates. There is a
one-to-one functional relationship between flow rate and degree of bending. Cilia are
visualized by transfection with a SSTR3-GFP fusion protein which specifically localizes to
the cilium.
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Figure 3.

Schematic illustrating the ciliary and sub-ciliary structural components of the primary
cilium. CA - Ciliary Axoneme; CM - Ciliary Membrane; CN — Ciliary Necklace; PM -
Plasma Membrane; AS — Alar Sheet; BF — Basal Foot; BB — Basal Body; MT —
Microtubule; Ce — Centriole; SC — Striated Connector; SR — Striated Rootlet; MD —
Microtubule Doublet; MTr — Microtubule Triplet; LD — Linker Density; PBD — Partition
Bridge Density; IPP — Interprotofilament Protein.
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Figure 4.

Schematic illustrating the structural differences in sub ciliary components in motile versus
primary cilia. For motile cilia, the plane of beating would be in the direction of the single
basal foot. CM — Ciliary Membrane; CN — Ciliary Necklace; PM — Plasma Membrane; AS
— Alar Sheet; BF — Basal Foot; BB — Basal Body; MT — Microtubule; Ce — Centriole; SC —
Striated Connector; SR — Striated Rootlet; MTr — Microtubule Triplet;
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Figure 5.

XZ bending profiles of a kidney cell primary cilium as seen in Figure 2. After an initial
period of primary cilia bending in response to fluid flow (Images A), flow was stopped and
the primary cilium was allowed to return to a no flow state. After a 15 minute rest period
flow was reapplied (Images B). As can seen the degree of bending decreased in images B
despite a higher flow rate indicating that the mechanics of the primary cilium has changed
with time possible in response to the initial period of loading (Preliminary Observations).
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