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Abstract

Primary ciliary dyskinesia is a genet ically inherited syndrome characterised by ciliary immot ilit y 

or dysmotility. Deiciency in mucociliary clearance produces chronic respiratory infections from 
birt h,  male st eri l i t y by spermat ozoid immot i l i t y and sit us inversus in 40%-50% of  pat ient s 

(Kartagener’s syndrome). Diagnosis is made by analysing ciliary mot ilit y with high-speed digital 

video and cil iary ult rast ructure.  The wide dist ribut ion and funct ions of  t he cil ia in t he body 

mean t hat  t his dysfunct ion can generat e ot her ci l iopat hies apart  f rom pr imary ci l iary 

dyskinesia.

© 2008 Elsevier España, S.L. All rights reserved.
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Discinesia ciliar primaria. Ciliopatías

Resumen

La discinesia ciliar primaria es un t rastorno genét icamente determinado que se caracteriza por 

un movimiento ciliar alterado o ausente. Genera un déicit en el aclaramiento mucociliar que se 
maniiesta clínicamente como infecciones crónicas de vías aéreas constantes desde el nacimien-

to, así como esterilidad masculina por inmovilidad del espermatozoide y situs inversus en el 
40-50% de los pacientes (síndrome de Kartagener). El diagnóstico se basa en el estudio de la 
movilidad ciliar mediante vídeo de alta resolución digital y alta velocidad, complementado con 
el estudio de la ultraestructura ciliar. La amplia distribución ciliar en el organismo y sus nume-

rosas funciones hacen que su patología origine, además de la discinesia ciliar primaria, otras 
ciliopatías.
© 2008 Elsevier España, S.L. Todos los derechos reservados.
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Introduction

Cilia and lagella are projections of the cell, surrounded 
by the cell membrane, which have dif ferent  biological 
funct ions. They are present  in protozoa, animals and some 
plants. In the human body, there are at  least  9 categories 
of cilia or derived organelles with dif ferent  characterist ics 
and biological funct ions, although almost  all cells, at  some 
point  in their evolut ion, have ciliary st ructures that  are 
involved in cellular division1 (Table 1).

The cilium is involved in embryonic development , the 
polarity of many cells, the maintenance of homeostasis, 
sensory funct ions (hearing, sight , smell),  t ransport  and 
cell division. This wide variety of funct ions involves great  
morphological and genet ic complexity.2 The carrier funct ion 
gives mobilit y to a cell (as in the case of sperm cells), or 
to the materials located on the cell surface (as in the 
case of ciliated cells in the respiratory t ract  that  convey 
mucus, the cells in the fallopian tubes that  t ransport  the 
ovum, or cerebrospinal luid transporters in the cerebral 
vent ricles). The homeostat ic and visual sensory funct ions 
are based on another property of the cilia: the intralagellar 
t ransport  protein present  in them generates a movement  of 
molecules and proteins in an anterograde and ret rograde 
direct ion, relat ive to the cell,  capable of maintaining 
them.3 In addit ion, they can act  as mechanoreceptors and 
chemoreceptors, as is the case in the cilia of the inner ear 
and the olfactory receptors, respect ively.4

The respiratory cil ium emerges as an external cellular 
growth f rom a basal body to which it  is at tached (also 
known as cent riole),  consist ing of  9 t riplets of  peripheral 
microtubules.  The part  t hat  emerges f rom the cell surface 

(known as the axoneme),  has the classic st ructure of 
“ 9+2” :  9 pairs of  peripheral microtubules surrounding a 
cent ral pair,  al l  enveloped in the cell membrane. Each 
peripheral doublet  of  tubules has two dynein arms (outer 
and inner) that  contain the motor protein of  the cil ium. 
The dynein arms cause the microtubules to sl ide over each 
other and the cil ia to move. There are also nexin l inks, 
which maintain the cil ium intact  during the beat .  The 
cent ral t ubules are surrounded by a cent ral sheath that  
binds to the peripheral doublets by radial arms and that  
acts as the skeleton that  preserves the st ructure of  the 
cil ium (Figure 1).

Along with this ciliary pattern, we can also ind cilia in the 
organism with structure “ 9 +0” , that is, without the pair of 
central microtubules. Most of them, except for embryonic 
nodal cilia, are immobile. Their funct ions are not well 
understood, although in many cells they have a sensory role.5

The widespread dist ribut ion and physiological funct ions 
of the cilium cause its dysfunct ion to be related with a wide 
range of diseases, in addit ion to primary ciliary dyskinesia 
(PCD). They are current ly known as ciliopathies1,6-8:

●   Congenital hydrocephalus.
●   Progressive blindness (retinitis pigmentosa).
●   Sensorineural hearing loss (Usher syndrome).
●   Mental retardation.
●   Chronic renal failure (polycystic kidney disease and 

nephronophthisis).
●   Polydactyly.
●   Bardet-Biedl syndrome: obesity, hypogenitalism, 

mental weakness, cranial defects, ret init is pigmentosa, 
syndactyly.

Table 1 Cilia or organelles derived from cilia in the human body

Category Pat tern Mobile Size Locat ion

Mucus-propelling cilia 9+2 Yes 6 µx2 µ (200/ cell) Respiratory cilia of the upper  

 DY Ciliary beat   and lower airways, middle ear 

Water-propelling cilia 9+2 Yes 10-15 µ (1 or more/ cell) Ependyma, cerebral vent ricles, 

 DY Ciliary beat   test icular ducts, Fallopian tubes 

Nodal cilia  9+0 Yes 5 µ (1/ cell) Embryo, 7-8 days postcoitus

 DY In apex

Monocilia 9+2/ 9+0 Yes 1/ cell Corneal follicular endothelium, thyroid

 DY

Rudimentary cilia  9+0 Improbable 2-3 µ (various/cell) Glial cells, chondrocytes, ibroblasts,  
 No DY   almost  all cells 

Olfactory cilia 9+2 No 50 µ (20/ cell) Olfactory epithelium

 No DY

Photoreceptor cilia 9+0 No 1/ cell Ret ina: cones and rods

 No DY

Sperm cell lagellum 9+2 DY Yes 45 µ (1/cell) Sperm cell

 DY Flagellar

Kinocilia 9+2 DY ? 1/ cell Internal ear

 DY

DY indicates dynein.
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●   Complex congenital heart diseases, especially disorders 
of lateralit y.

●   Biliary atresia.
●   Oesophageal atresia, severe relux.

However, PCD is the most  common clinical syndrome, 
and also that  with the most  impact , associated with ciliary 
dysfunct ion. PCD, also known as ciliary immot ilit y syndrome 
(CIS), is an inherited, autosomal recessive disorder that  
affects approximately 1/ 10,000-60,000 individuals.9 It  
includes a group of diseases in which the respiratory cilia are 
immobile (CIS), ciliary motion is dyskinetic and ineficient 
(PCD) or there are no cilia (ciliary aplasia); the last  ent ity is 
of ext reme rarity.1,6,9,10 PCD and CIS are synonymous terms 
from the clinical and pathogenic point  of view: immot ilit y 
and dyskinesia lead to a lack of mucociliary t ransport  and 
stasis of respiratory secret ions with it s consequences: 
chronic infect ions of upper and lower respiratory t ract  
from birth.10,11 The mobilit y disorder also affects sperm cell 
lagellum and fallopian tube cilia; in these cases, infertility 
is common in men and reduced fert il it y in women.

The ineffect iveness of embryonic nodal cilia causes the 
asymmetry of internal organs to be placed at  random, so 
that  approximately 50% of these pat ients have total sit us 

inversus.  For many years, the associat ion of sinusit is, 
bronchiectasis, and sit us inversus has been known as 
Kartagener’s syndrome. However, bronchiectasis does not  
appear at  birth but  develops subsequent ly as a result  of 
chronic infection, so this syndrome is currently deined 
by the coexistence of PCD and sit us inversus,12,13 with a 
prevalence of 1/ 20,000-40,000 individuals. 10

Although the clinical presentat ion is fairly homogeneous 
(chronic product ive cough, rhinorrhea and chronic rhinit is 

from birth, chronic sinusit is, frontal sinus agenesis and 
sit us inversus in 50% of pat ients), it s morphology is very 
heterogeneous. The most  common ult rast ructural defect  is 
the complete or part ial absence of dynein, but  there are 
cases with a normal ciliary st ructure.1,13,14 In addit ion, there 
are numerous acquired ciliary defects from the act ion of 
germs or toxins (secondary ciliary dyskinesia [SCD]), which 
must  be discriminated from the congenital.  The large 
number of polypept ides involved in the format ion of cilia 
also implies a large number of genes that  determine their 
funct ion, thus hampering the also heterogeneous genet ic 
diagnosis.

Early diagnosis of PCD has signiicant beneicial effects on 
disease morbidity. Pulmonary funct ion in these pat ients is 
much worse when they are diagnosed in adulthood and have 
not  followed adequate t reatment .6 However, the rarity 
of this syndrome often causes its diagnosis to be delayed 
and its incidence to be underest imated.15,16 It  is necessary, 
therefore, to establish points of early diagnosis for the 
disease in all count ries.

Genetic bases of PCD

PCD has an autosomal recessive pat tern, with no predilect ion 
for gender or race,9 although cases have been reported with 
possible X-linked inheritance.17 The molecular complexity 
of the ciliary axoneme, in which at  least  250 proteins have 
been described, implies that  there are many candidate 
genes; therefore, PCD is genet ically very heterogeneous.17,18 
Unt il now, mutat ions in three genes coding for dynein (DNAI1 

on chromosome 9p13-21, DNAH5 on chromosome 5p15-
5p14 and DNAH11 on chromosome 7p15.3-21) have been 

Figure 1 Longitudinal (A) and t ransverse (B) sect ions of nasal respiratory cilia. 1: basal body. 2: ciliary axoneme. 3: cell membrane. 

4: pairs of peripheral tubules. 5: pair of cent ral mounds. Arrows: internal and external dynein arms.
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associated with a minority of PCD cases (30%). Alongside 
these, a variant  of PCD t ransmit ted by the X-chromosome 
linked with ret init is pigmentosa has been reported, caused 
by mutat ions in RPGR (guanosine t riphosphatase regulator 
gene of ret init is pigmentosa).17 There are many other 
candidate genes that  encode components of cilia: DNAH7,  
DNAH9,  DNNI2,  AK7.6,12,17-19

The sensory cilia are more ubiquitous in the organism and 
are found in many t issues (kidney, olfactory epithelium, 
inner ear and ret ina) and their dysfunct ion generates a 
large number of phenotypes. Thus, dif ferent  mutat ions of 
the RPGR gene have been found in pat ients with ret init is 
pigmentosa, somet imes in relat ion to sensorineural hearing 
loss (Usher syndrome).20,21

Clinical manifestations

The manifestat ions of congenital ciliary dysfunct ion are 
characterised by their presence from birth, by their chronic 
and constant  clinical course and their wide dist ribut ion 
(simultaneously affect ing all organs in which the cilia exert  
their funct ion). The most  characterist ic clinical presentat ion 
that  is always present  is simultaneous upper and lower 
respiratory t ract  infect ion, permanent  and from birth. 
Although the clinical condit ion may vary throughout  life, 
this common denominator always remains (Table 2). Table 
3 presents the clinical indings that should make us suspect 
PCD in childhood, especially if  they occur in combinat ion in 
a single pat ient .

In the prenatal period, sit us inversus is an indicat ion of 
PCD. Although in most  cases with this asymmetry there is no 
ciliary dyskinesia, it  is always a sign of suspicion, given that  
situs inversus affects 0.001% of the general populat ion but  
almost  50% of these pat ients.

During the neonatal period, it  is common to present  
dyspnoea or pneumonia without  any other “ predisposing 
cause” . Sit us inversus or a family history posit ive for the 
disease should guide our diagnost ic suspicion. Constant  
rhinorrhea from the irst day of life is a very suspicious sign 
of PCD; parents often say that  the child “ was born with a 
cold” .

Chronic,  product ive,  daily cough with mucopurulent  
sputum is characterist ic in childhood, increasing as the 
child grows. The symptoms increase during the day, cont rary 
to what  occurs in smokers,  in whom they are st ronger 
in the morning. Children are somet imes diagnosed with 
atypical asthma, unresponsive to habitual t reatment . 6,12 
“ Idiopathic”  bronchiectasis occur in 10% of  these children 
and is an important  feature in the screening of  PCD22;  
another important  feature is rhinit is with persistent , 
mucopurulent  rhinorrhea, which responds poorly to 
standard t reatments,  of ten complicated with sinusit is 
in older children who do not  improve with t reatment  or 
surgery.  Nasal polyposis is rare and more common in cyst ic 
ibrosis. Secretory otitis media, complicated by recurrent 
acute ot it is media,  is also characterist ic during childhood. 
Placing t ranstympanic drainage does not  improve the 
ot it is,  which is fol lowed by permanent  otorrhea unt il  t he 
drains are ext ruded. Ear problems improve with age, but  
do not  disappear,  and permanent  t ransmission hearing loss 
is the norm. 23

The symptoms described remain during adolescence 
and adulthood, and other problems appear. Part ial or 
total occupat ion of all paranasal sinuses by soft  t issue and 
secret ions is characterist ic. Another characterist ic feature 
is hypoplasia of the paranasal sinuses in general and, 
especially, frontal sinus aplasia, evidenced when performing 
a computed tomography scan (CT) (Figure 2), due to the 
lack of the eut rophic pneumat ising effect  of the diseased 
mucosa.

Although bronchiectasis can appear in childhood, it  is 
during adulthood that  it  becomes constant  in all pat ients 
and generates the characterist ic clinical features and 
complicat ions. Auscultat ion reveals crepitat ion, occasionally 
with wheezing that  may mimic asthma. Cylindrical or 
saccular bronchiectasis involves the middle and lower lobes 
and the lingula (Figure 2), unlike cystic ibrosis, in which it 
is located in the upper lobes. Other radiographic indings 
in the chest  of these pat ients include mult iple dif fuse 
nodules over 2 mm in diameter, probably from bronchiolit is, 
moderate hyperinlation, peri-bronchial condensations and 
atelectasis.24,25 Lung funct ion can be normal, but  there 
is often poor pulmonary vent ilatory funct ion, ranging 

Table 2 Manifestat ions of primary ciliary dyskinesias in 

the dif ferent  human organs

Organ Clinical manifestat ion 

Lung Neonatal respiratory dist ress 

 Recurrent  bronchit is 

 Bronchiectasis

Ear Secretory ot it is media 

 Chronic ot it is media 

Fossae and sinuses Chronic sinusit is 

 Hypoplasia of sinuses, specially  

 the frontal

Genital-urinary t ract  Male infert il it y

 Female: reduced fert il it y,  

 ectopic pregnancy

Organic lateralit y Sit us inversus t ot al is

 Sit us ambiguus (heterotaxia)

Cent ral nervous system Hydrocephalus (rare)

Table 3 Symptoms and suspicious signs of primary ciliary 

dyskinesia in children. The evidence increases when they 

are present  in combinat ion

Neonatal and cont inuous rhinit is

Respiratory dist ress in healthy newborns to term 

Product ive cough from birth and rhinit is 

Sit us inversus 

Prolonged otorrhea after tympanic drainage 

Bronchiectasis “ without  cause”

Children with recurrent  problems and recurrent  lung 

infect ions that  require cont inuous ant ibiot ic t reatment  

“ without  cause”
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from mild to severe, by the third decade of life. It  is a 
consequence of the high concentrations of inlammatory 
mediators generated by the permanent  infect ion.

Headache is a common complaint  among these pat ients. 
It  may be related with the exacerbat ion of chronic sinusit is, 
but  can persist  in stable periods. One possible cause of 
cephalgia in these pat ients is hydrocephalus, which has 
been described in some pat ients with PCD; this is related 
to ependymal cilia dysfunction and cerebrospinal luid 
drainage.26 Dif ferent  studies indicate, however, that  the 
incidence of hydrocephalus in PCD is scarce.1

Fert il it y problems are apparent  in adults, whose study 
may lead to the diagnosis. Most  men have sperm that  are 
alive but  immobile, thus making them infert ile. A small 
percentage (<20%) are fert ile, since the st ructures of the 
cilia and sperm are similar, but  their polypept ide composit ion 
is dif ferent .27 Another factor cont ribut ing to male infert il it y 
is the absence of ciliary act ivity in the test icular efferent  
ducts, which impedes the exit  of sperm cells.3 The deicient 
act ivity of the cilia in the fallopian tube interferes with the 
normal t ransport  of the ovum to the uterus, so that  female 
fert il it y is also reduced by 50% and the number of ectopic 
pregnancies is incremented.3,9,28

Diagnosis

Except  in cases with clear clinical evidence with concomitant  
sit us inversus and respiratory symptoms, before start ing 
speciic ciliary studies, it will be necessary to exclude 
other causes of chronic respiratory infect ion, mainly cyst ic 

ibrosis, respiratory allergy and immune deicits.6,29 There 
are speciic tests to diagnose these diseases:

●   Sweat test: chloride concentrations > 80mmol/l are 
typical of cystic ibrosis. The diagnosis is conirmed by 
the inding of a genotype compatible with the disease.

●   Quantiication of immunoglobulins and their subclasses 
in blood to rule out an immune deicit. This can coexist 
with PCD.

●   Allergy tests to rule out an allergy. This can coexist with 
PCD.

There are screening tests for PCD, useful in environments 
where there are no speciic tests. However, the inal diagnosis 
is based on the study of ciliary mobilit y and ult rast ructure 
and should always be carried out to conirm the disease.

Screening tests

Determinat ion of exhaled nit ric oxide and measurement  of 
nasal mucociliary t ransport .

1)   Exhaled nasal nit ric oxide (nNO): nNO is very low or 
absent  in pat ients with PCD. Its determinat ion has a 
sensitivity of 95% and a speciicity of 90% in patients with 
clinical suspicion of PCD.30-32 However, a conirmation 
test  is always required, since nNO can be also very low in 
other conditions such as cystic ibrosis.6,12 Furthermore, 
it  cannot  be determined accurately in small children,33 
who are in the period when the diagnosis is most  
important .

Figure 2 Radiographic indings in primary ciliary dyskinesia and Kartagener’s syndrome. A: paranasal sinus hypoplasia occupied 
by inlammatory tissue. B: aplasia of frontal sinuses. C: dextrocardia and bilateral bronchiectasis.
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2)   Measurement  of  mucocil iary clearance:  There are 
various methods t o st udy nasal mucocil iary t ransport . 
The classic saccharin test is always dificult to interpret 
and unfeasible in children,  since it  requires a level of 
pat ient  cooperat ion impossible in small  children. 33,34 
Radioisotope tracer methods are the most proitable 
and objective and can be performed at any age, even 
in newborns. 34,35 However,  t he st udy of  mucocil iary 
transport is a test with high speciicity but low 
sensit ivit y:  normal nasal mucocil iary t ransport  rules 
out  PCD; however,  i f  t he t est  is al t ered,  we cannot  
diagnose PCD, since t here are many other diseases 
t hat  can produce t ransport  disrupt ion,  especial ly 
SCD.

Diagnostic tests

PCD diagnosis is based on analysing the f requency and 
shape of  cil iary act ion. Studying cil iary st ructure by 
elect ron microscopy (EM) is also diagnost ic if  it  shows 
cil iary defects t ypical of  PCD, but  10%-20% of pat ients 
with PCD show normal ult rast ructure, 12 so normalit y does 
not  exclude the diagnosis.  Both require the sampling of 
respiratory epithelium cil iated cells f rom nasal passages 
(much more accessible) or f rom bronchial t ubes. Given 
that  these samples should contain only cil iated cells, 
brushing and (more proitably) curettage are the most 
suitable techniques for obtaining them. Part  of  the sample 
can also be used for cell culture studies on which to carry 
out  subsequent  studies. 

1)   Study of ciliary act ion: high-resolut ion, high-speed digital 
video imaging system (DHSV: digital high-speed video). 
This allows precise study of the ciliary act ion, which can be 
viewed on different  planes, at  different  speeds and even 
frame by frame.36 The sample is deposited, immediately 
after being taken, in a solut ion of cell culture medium, 
where more samples can be obtained for direct  microscopic 
observat ion. A high-speed digital camera coupled to the 
microscope will let  you record ciliary movement  for later 
analysis. A computer program implemented on the images 
will facilitate the determinat ion of:

●   Frequency of ciliary beating action: each laboratory 
determines its normal values. As a guidance, a beat  
frequency above 9 Hz (540 beats per minute) should 
be considered normal.

●   Pattern-shape of the ciliary beat. Precise study, frame 
by frame, to determine that  the beat  is normal and in 
the two characterist ics cycles: an effect ive movement  
phase, in which the cilium extends throughout  it s 
length, and a recovery phase, when the cilium bends 
and returns to the start ing posit ion to start  the beat  
again. Both determinat ions are necessary, because 
the frequency of the beat  may be normal, while the 
movement  is dyskinet ic.37

●   There is an alternative, indirect method of determining 
an effect ive ciliary beat : the test  of cell rotat ion. If  
the cells rotate on themselves in the culture medium, 
this means that  ciliary movement  is adequate.12 If  it  is 
not possible to obtain loose cells in the irst sample, 
then the cells are cultured and t reated a few weeks 

later with pronase to separate the cells: healthy cells 
rotate constant ly.38

2)   Study of ciliary ult rast ructure: the biopsy is immersed 
in glutaraldehyde and processed for EM study. The 
cross-sect ions of cilia are examined and the dif ferent  
components of the axoneme are analysed. An accurate 
assessment  of a possible alterat ion requires expert  
personnel and speciic criteria (both quantitative and 
qualitat ive) on the various ciliary st ructures to be 
studied from a diagnost ic point  of view. Between 10 
and 100 cross sect ions should be analysed per pat ient . 
Absence of dynein is considered when the average 
number of dynein arms counted is less than 2 per cross-
sect ional cut . The assumpt ions that  follow establish 
partial dynein deicits: a) we consider the absence of 
internal dynein arms when this average is <0.6 per cross-
sect ional cut  and <1.6 referred to the outer arms; b) 
few external or internal dynein arms if  the average is 
<7 and 3, respect ively, and c) short  dynein arms mean 
a short projection compared with normal cilia. Ciliary 
orientat ion determined by the pat tern of cent ral tubules 
is normal if  the variat ion is less than 28º. Alterat ions of 
the 9+2 pattern are considered signiicant if they affect 
more than 30% of the ciliary axonemes.13,14,38

PCD is morphologically heterogeneous, so we can ind 
various congenital ciliary abnormalit ies described in the 
literature.1 The most  common ciliary defects, which affect  
80%-95% of patients with PCD, are dynein deiciencies: 
complete absence, associated with immobilit y, or part ial 
absence (of internal or external arms, lit t le dynein or 
short  arms), which is associated with dyskinesia (Figure 3). 
Other ult rast ructural abnormalit ies are less prevalent  and 
include the absence of radial arms, ciliary t ransposit ion 
and agenesis of cent ral tubules.1,6,12,14,20,39 However, from 
the purely morphological point  of view, only the total 
deicit of dynein can be considered diagnostic.1 Numerical 
alterat ions of microtubules, ciliary complexes, ciliary 
membrane evaginat ions and others must  be regarded as 
secondary. In case of diagnost ic doubts, cell cultures are 
useful,  since newly-formed cilia reproduce the congenital 
ciliary alterat ions but  not  the acquired. 38

Although some authors consider EM as the ult imate 
test  for diagnosis,1,6 10%-20% of pat ients with PCD show a 
normal ult rast ructure,1,12,13,20,40,41 and in some series this 
igure reaches 28%.38 From this we can deduce that  only 
in cases where there are congenital ciliary defects will 
they be diagnost ic, but  a normal ult rast ructure does not  
preclude PCD. Therefore, studies of the frequency and 
pattern of ciliary beat provide the inal diagnosis of SCD, 
complemented by ult rast ructure studies. In doubt ful cases, 
both variables should be studied in cilia obtained from cell 
cultures from the individual’s ciliated cells.

Genetic tests

In specialised laboratories, it  is possible to perform genet ic 
studies of mutat ions in genes DNAI1 and DNAH5.19 The 
diagnosis is established if  the mutat ion affects both alleles, 
but  if  it  only affects one allele, it  is necessary to invest igate 
other t rans-allelic mutat ions.12



Primary ciliary dyskinesia. Ciliopathies 155

Differential diagnosis

This is established with acquired ciliary alterat ions and 
secondary ciliary dyskinesia. Ciliated cells are exposed to 
the environment since they act as a irst line of defence 
against  it .  Numerous agents, including bacteria, viruses, 
harmful and irritat ing gases, various types of suspended 
mat ter and physical agents such as cold, heat  and changes 
in atmospheric humidity can damage them. The resistance 
of these cells is ext raordinary, but  they may suffer changes 
under certain condit ions, mainly dependent  on infect ion, 
which can damage the ent ire depth of the mucosa and 
cause injuries that take weeks to resolve.

It  is therefore very important  to apply the diagnost ic 
methodology described in previous l ines, based on clinical 
suspicion, given that ,  in childhood, respiratory infect ions 
are chained and it can be dificult to differentiate PCD 
f rom SCD. Numerical alterat ions of  microtubules and 
cil iary complexes are considered characterist ics of  SCD 
(Figure 4).

Treatment

There is current ly no pharmacological t reatment  that  
restores normal ciliary mobilit y. However, the therapeut ic 
measures described below improve disease evolut ion and 
decrease its morbidity.42 The t reatment  of these pat ients is 
based on three act ions that  are applied simultaneously6:

1)   Periodic monitoring of general condit ion, respiratory 
funct ion and auditory funct ion.

2)   Promot ion of drainage of secret ions through respiratory 
physiotherapy and physical exercise.

3)   Aggressive ant ibiot ic t reatment  of respiratory 
infect ions.

Periodic medical monitoring

●   Regular visits to the paediatrician, in the case of 
children, pulmonologist , otolaryngologist  and primary 
care physician, who must  be fully informed about  the 
pat ient ’s il lness and the t reatments prescribed.

●   Regular assessments of pulmonary ventilation and 
performance of pulse oximet ry, for the early detect ion 
of respiratory funct ion deteriorat ion.

●   Regular sputum cultures to monitor infectious lora.
●   Chest CT scan only if there are signs of disease 

progression.
●   Otoscopic and audiometric review.
●   Regular clinical assessment of chronic rhinosinusitis.

Medical treatment of PCD

We must  select  ant ibiot ics that  penet rate into the respiratory 
t ract  effect ively and that  will remain stable and bioact ive 
in the presence of beta-lactamase producing bacteria. They 
should be prescribed whenever there are signs of respiratory 
infect ion and for as long as necessary. Ant ibiot ic prophylaxis 
should be considered if  repeated courses of ant ibiot ics are 
needed.

Ant ibiot ics should be select ed according t o 
sput um cul t ure.  Occasional ly,  in chi ldren who do not  
expect orat e,  a bronchoalveolar wash wi l l  be needed 
t o obt ain a sample.  If  Pseudomonas aeruginosa is 
det ect ed,  t he t reat ment  prot ocol  is t he same as in 
cases of  cyst ic f ibrosis. 6 The most  common bact eria 
found in infect ions of  t he airways of  pat ient s wit h PCD 
vary depending on whet her t he pat ient  is a chi ld or an 
adul t . 16 In chi ldren,  t he most  common are Haemophi lus 

inf l uenzae and St aphylococcus aureus;  in adul t s,  t hey 
are St rept occocus pneumoniae,  P.  aeruginosa and non-
t uberculous mycobact eria.

Figure 3 he most  common ult rast ructural abnormalit ies in primary ciliary dyskinesia compared with normal cilia. A: normal cilia. 

B: lack of internal dynein arms (arrows). C: absence of dynein.
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Bronchodilators are not beneicial and should be 
withdrawn if  they had been started by a misdiagnosis of 
asthma. Saline sprays are beneicial, as they improve mucus 
clearance through cough.

PCD pat ients should receive all protocol immunisat ions, 
including those against inluenza A virus and pneumococcus 
t ype A virus.

The complicat ions of bronchiectasis and chronic lung 
disease increase with age, but  rarely require surgical 
t reatment  (lobectomy or lung t ransplantat ion). Although the 
inlammatory pattern of PCD and cystic ibrosis is similar, 
with a clear predominance of neutrophils in secret ions, the 
evolut ion of PCD tends towards stability. In contrast , the 
trend is towards progressive deterioration in cystic ibrosis.

Respiratory physiotherapy

Adults and parents of affected children should know the 
dif ferent  techniques that  favour the eliminat ion of the 
bronchial secretions, although the beneicial effects of 
constant  respiratory physiotherapy st il l remain to be 
demonst rated.6 A healthy lifestyle, avoiding the consumpt ion 
of tobacco and—bove all—physical exercise have proven to 
be factors that  facilitate stabilisat ion of the pulmonary 
disease.43

Otolaryngology treatment

Secretory ot it is media (SOM) appears in all pat ients, 
especially in children. It  is manifested by hearing loss, 
with a consequent  delay in language acquisit ion, and by 
repeated acute ot it is media. In many pat ients, placement  
of t ranstympanic drains is followed by a persistent  mucoid 

otorrhea as well as a signiicant increase in tympanic 
perforat ions.44 Surgical intervent ion should be avoided 
wherever possible, but  recurrent  acute ot it is media can 
make it  inevitable. Hearing aids may be needed for the 
t reatment  of hearing loss. Ear problems experience a clear 
improvement  in adults.45

Chronic mucoid, mucopurulent  rhinorrhea is t reated with 
frequent  nasal clearing and saline serum washes.46 Sinus 
exacerbat ions are scarce; they are t reated with systemic 
ant ibiot ics. Surgical t reatment  is rarely required and when 
it  is employed, the results are usually poor. Nasal polyposis 
is infrequent  in PCD.

Infertility treatment

Infert il it y is the rule in men with PCD, who must  be informed 
and should be offered the opportunity of a semen analysis. 
In vit ro fert il isat ion techniques, especially int racytoplasmic 
sperm injection, are useful; however, they should be 
preceded by the appropriate genet ic counselling because 
this is a hereditary disease. In women, in addit ion to genet ic 
counselling, close pregnancy monitoring is required due to 
the increased possibilit y of ectopic pregnancy.

All pat ients with PCD, especially children, should be 
encouraged to lead a normal life and carry out  the act ivit ies 
appropriate to their age since, with proper t reatment , they 
will enjoy a long, active life.

Other ciliopathies

Four types of cilia related with diseases have been identiied 
in the human body2:  1) mot ile cilia in 9+2 st ructure 

Figure 4 Secondary or acquired ciliary alterat ions. A: supernumerary peripheral tubules (arrows). B: supernumerary cent ral 

tubules (arrows). C and D: ciliary complexes: several axonemes surrounded by a single cell membrane.
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(respiratory, Ependyma, fallopian tube, test icular efferent  
duct and sperm cell lagellum cilia) whose dysfunction 
generates PCD; 2) mot ile 9+0 cilia (embryonic nodal cilia), 
which are responsible for determining the lateralit y of the 
various internal organs; 3) immot ile 9+2 cilia (kinocilia in 
the ciliated cells of the inner ear), involved in auditory and 
balance funct ions; and 4) immot ile 9+0 cilia (renal monocilia 
and ret inal photoreceptor cilia) involved in homeostat ic 
and visual funct ions. In future, more ciliary funct ions and 
more diseases related to them will probably be described, 
since most  of the polarised cells of the organism have 
these st ructures and they have roles in development , 
morphogenesis and homeostasis.47 Diseases related to cilia-
ciliopathies can affect  many organs simultaneously. This is 
the case in PCD, in which there are infert il it y, lateralit y 
disorders (sit us inversus) or hydrocephalus in addit ion 
to respiratory infect ions, as has been commented in the 
preceding sect ion. Alternat ively, they can be expressed 
in a single organ preferent ially, as occurs in some 
pat ients with renal cysts, ophthalmic disorders, anosmia 
or cochleovest ibular alterat ions, which are only rarely 
associated with PCD.4

Renal ciliopathies

Glomerular and tubular cells produce a single cilium with a 
9+0 structure, which projects into the lumen of the tubule 
and acts as a mechanoreceptor or chemoreceptor.5 The 
protein products of genes mutated in polycyst ic kidney 
disease (polycystin 1, polycystin 2 and ibrocystin) and 
nephronophthisis (nephrocyst in 1 and inversin) have been 
found in this renal cilium.48,49 The mechanism by which these 
diseases occur concerns calcium-mediated cell polarisat ion: 
normally, cilia generate an inlux of extracellular calcium 
that  culminates in cell hyperpolarisat ion, but  this signal 
is abolished in the absence of cilia or if  they funct ion 
incorrect ly,50 although other pathogenic mechanisms also 
related to the cilium may be implicated. 5

Ocular ciliopathies

The associat ion PCD-keratoconus has been reported 
sporadically. It  is believed to be related to the monocilia 
of the corneal endothelium and their role in maintaining 
corneal integrity.51

However, undoubtedly the most signiicant ocular 
cil iopathy is ret init is pigmentosa (RP).  Rods and cones are 
modiied neurons that act as photoreceptors. Both have an 
internal proximal part  and a distal external one in relat ion 
to the cell,  which are connected by a 9+0 cil ium. The 
photoreceptor discs and visual pigments are synthesised 
exclusively in the inner part  and then t ransported through 
the cilium, by the action of the intralagellar transport 
protein (ITP),  to the external segment . 52 There is 
cont inuous, act ive replacement  between the two segments. 
ITP failure result s in an accumulat ion of  substances in the 
inner segment and a deicit in the external that leads to 
t he death of  the photoreceptor cell. 53 The degenerat ion of 
photoreceptors is characterist ic of  RP, cl inically t ranslat ing 
into progressive blindness. Recent ly,  t he proteins that  
cause RP types 1 and 3 (RP1 and RPGR, respect ively) have 
been identiied in photoreceptor-connecting cilium.54,55 RP 

can appear combined with sensorineural hearing loss,  in 
which case it  is known as Usher syndrome. In t ype 1B Usher 
syndrome, we ind a mutation in the myosin VIIa gene, 
which is located in the photoreceptor-connect ing cil ium 
and is involved in opsin t ransport  f rom the inner to the 
outer segment  of  the photoreceptor.  RP is also a part  of 
Bardet -Biedl sydrome. 5

Ciliopathies and olfaction

Olfactory receptor cells are bipolar neurons that  have a 
tuft  of between 8 and 30 cilia of st ructure 9+2, but  without  
dynein and, therefore, immot ile. Olfactory receptors are 
located in the cell membrane of the apical segment  of the 
olfactory cilia1 and act  as a calcium-dependent  mechanism 
that  t ransforms into an elect rical signal.56 Pat ients with 
PCD usually suffer hyposmia, but  probably as a result  of 
chronic rhinosinusit is. Only pat ients with ciliary aplasia 
are anosmic.1 Moreover, aplasia of the olfactory cilia is 
common in congenital anosmia, although not  accompanied 
by PCD.57

Ciliopathies and the internal ear

The sensory cel ls of  t he inner ear characterist ical ly have 
highly special ised mechanoreceptors on t heir surface. 
In vert ebrates,  t hese receptors consist  of  a single 
kinocil ium wit h a 9+2 st ructure and numerous microvil l i 
or st ereocil ia,  ordered depending on t he kinocil ium. 1,5 It  
has been shown t hat  t he basal body of  t he kinocil ium 
is needed t o establ ish an orderly bundle of  st ereocil ia 
that functions as an eficient mechanoreceptor.58 Other 
evidence is of fered by t he Usher syndrome and by deaf 
mutant  mice t hat  have lost  t he characterist ic order of 
t he inner ear receptors. 59

Cilia, cell division and oncogenesis

The role of  cil ia in cell division has also implicated these 
organelles in oncogenesis. 2 Most  cells of  vertebrates 
generate a cil ium in the G0-G1 phase of  the cell cycle. 
The cent riole f rom a prior cell division can act  as the basal 
body on which a cil ium is assembled in a cell in quiescent  
state,  and the cent riole arising f rom the disassembly of 
cil ia f rom the G1 or previous phase or f rom the S phase 
can act  as microtubule organising cent res essent ial for 
spindle format ion in cellular division. 60 Primary cil ia are 
thus act ively assembled and disassembled during the 
cell cycle.  A deregulat ion of  this process may be crucial 
in oncogenesis,  for example, as a result  of  cent rosome 
ampliication and the consequent genomic instability 
observed in many t ypes of  cancer. 2

Conclusions

Cilia are highly complex organelles involved in numerous 
biological funct ions, from cell division to sperm t ransport , 
to mucociliary clearance of the airways. Their dysfunct ion 
generates numerous disorders that  are known as ciliopathies, 
and which range from primary ciliary dyskinesia to 
oncogenesis, although their number is expected to increase 
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in the future. Otolaryngologists, due to the accessibilit y 
of ciliated samples in the nasal fossae and because many 
ciliopathies are manifested in their ield, have a key role, 
both clinically and in research, in the development  of of 
ciliopathy knowledge.

References

 1. Afzelius BA. Cilia related diseases. J Pathol. 2004;204:470-7.

 2. Fligauf M, Benzing T, Omran H. When cilia go bad: cilia defects 

and ciliopathies. Molecular Cell Biology. 2007;8:880-93.

 3. Eley L, Yates L, Goodship A. Cilia and disease. Current  Opinion 

in Genet ics and Development . 2005;15:308-14.

 4. Ibanez-Tallon I,  Zariwala M, Knowles M. To beat  or not  to beat : 

roles of  ci l ia in development  and disease.  Hum Mol Genet . 

2003;12:R27-35.

 5. Eley L, Yates L, Goodship J. Cilia and diseases. Current  Opinion 

in Genet ics and Development . 2005;15:308-14.

 6. Bush A, Chodhari R, Collins, N, Copeland F, Hall P, Harcourt  J, et  

al.  Primary ciliary dyskinesia: current  state of the art .  Arch Dis 

Child. 2007;92:1136-40.

 7. Ong ACM, Wheat ley DN. Polycyst ic kidney disease: the cil iary 

connect ion. Lancet . 2003;361:774-6.

 8. Badano JL, Mitsuma N, Beales, PL, Katsanis N. The ciliopathies: 

an emerging class of  human genet ic disorders.  Annu Rev 

Genomics Hum Genet . 2006;7:125-48.

 9. Afzel ius BA,  Mossberg B.  Immot i le-ci l ia syndrome (primary 

cil iary dyskinesia),  including Kartagener syndrome. In: Scriver 

C,  Beaudet  AL,  Sly W,  Val le D,  edit ors.  The met abol ic and 

molecular bases of  inheri t ed diseases,  7.a ed.  New York: 

McGraw-Hill;  1995. p. 3943-54.

10. Afzelius BA, Stenram U. Prevalence and genet ics of immot ilecilia 

syndrome and left -handedness. Int  J Dev Biol. 2006;50:571.

11. Armengot  Carcel ler  M,  Carda Bat al la C.  Rinosinusi t is y 

enfermedades mult isistémicas. Disquinesias mucocil iares. In: 

Suarez C, Gil-Carcedo LM, Medina J, Marco J, Ortega P, editors. 

Tratado de otorrinolaringología y cirugía de cabeza y cuello, 2.a 
ed. Madrid: Medica Panamericana; 2007. p. 753-64.

12. Afzelius A, Bergst rom SR. Primary cil iary dyskinesia (immot ile 

cil ia syndrome) [accessed 2008]. Available from: ht tp:/ / www. 

uptodate.com/ home/ store/ index.do

13. Armengot  Carceller M, Carda Batalla C, Escribano A, Samper 

GJ.  St udy of  mucoci l i ary t ranspor t  and nasal  ci l i ary 

ult rast ructure in pat ient s wit h Kartagener’s syndrome. Arch 

Bronconeumol. 2005;41:11-15.

14. Carlen B,  St enram U.  Primary ci l iary dyskinesia:  a review. 

Ult rast ruct  Pathol. 2005;29:217-20.

15. Ellerman A, Bisgaard H. Longitudinal study of lung funct ion in  

a cohort  of  primary cil iary dyskinesia.  Eur Respir J.  1997;10: 

2376-9.

16. Noone P, Leigh M, Sannut i,  A, Minnix SL, Carson JL, Hazucha M. 

Primary ciliary dyskinesia: diagnost ic and phenotypic features. 

Am J Respir Crit  Care Med. 2004;169:459-67.

17. Geremek M, Uit  M. Primary ciliary dyskinesia: genes, candidate 

genes and chromosomal  regions.  J Appl  Genet .  2004;45: 

347-61.

18. Blouin J, Meeks M, Radhakrishna U, Sainsbury A, Gehring C, Saïl 

GD, et  al.  Primary cil iary dyskinesia:  a genome-wide l inkage 

analysis reveals ext ensive locus het erogeneit y.  Eur J Hum 

Genet . 2000;8:109-18.

19. Mor i l l as H,  Zar iwala M,  Knowles M.  Genet ic causes of 

bronchiectasis:  primary cil iary dyskinesia.  Respirat ion. 2007; 

74:252-63.

20. Zariwala M, Knowles M, Omran H. Genet ic defect s in cil iary 

st ructure and funct ion. Annu Rev Physiol. 2007;69:423-50.

21.  Iannaccone A,  Breuer D,  Wang,  X,  Kuo SF,  Normando EM, 

Filippova E, et  al.  Clinical and immunohistochemical evidence 

for an X l inked ret init is pigmentosa syndrome with recurrent  

infect ions and hearing loss in associat ion wi t h an RPGR 

mutat ion. J Med Genet . 2003;40:e118.

22. Coren M, Meeks M, Buchdahl, R, Buchdahl RM, Bush A. Primary 

ci l iary dyskinesia (PCD) in chi ldren:  age at  diagnosis and 

symptom history. Acta Paediat r. 2002;91:667-9.

23. Majithia A, Fong J, Hariri M, Harcourt J. Hearing outcomes in 
children with primary cil iary dyskinesia—a longitudinal study. 

Int  J Pediat r Otorhinolaryngol. 2005;69:1061.

24. Homma S, Kawabata M, Kishi,  K, Tsuboi E, Narui K, Nakatani T. 

Bronchiol it is in Kart agener’s syndrome.  Eur Respir J.  1999; 

14:1332.

25. Kennedy MP, Noone PG, Leigh,  MW, Zariwala MA, Minnix SL, 

Knowles MR, et  al.  High-resolut ion CT of pat ients with primary 

ciliary dyskinesia. AJR Am J Roentgenol. 2007;188:1232.

26. Greenst one MA,  Jones RWA, Dewar A,  Nevil le BG,  Cole PJ. 

Hydrocephalus and primary cil iary dyskinesia.  Arch Dis Child. 

1984;59:481-2.

27. Jonsson MS, McCormick JR, Gill ies CG, Gondos B. Kartagener’s 

syndrome with mot ile spermatozoa. N Engl J Med. 1982;307: 

1131.

28. Armengot  M, Carda C, Basterra J. Axonema cil iar incompleto. 

¿Otra causa de síndrome de inmotilidad ciliar? Acta 
Otorrinolaringol Esp. 1998;49:57-9.

29. Armengot M. Transporte y disfunción mucociliar. In: Mullol J, 
Montserrat  JR, edit ors.  Rinit is,  rinosinusit is,  poliposis nasal. 

Badalona: Ediciones Médicas; 2005. p. 133-55.

30. Corbell i R,  Bringolf -Isler B,  Amacher A,  Sasse B,  Spycher M, 

Hammer J. Nasal nit ric oxide measurements to screen children 

for primary ciliary dyskinesia. Chest . 2004;126:1054.

31. Horvat h I,  Loukides S,  Wodehouse,  T,  Csiszér E,  Cole PJ, 

Kharit onov SA, et  al.  Comparison of  exhaled and nasal nit ric 

oxide and exhaled carbon monoxide levels in bronchiectat ic 

pat ients with and without  primary cil iary dyskinesia.  Thorax. 

2003;58:68.

32. Pif feri M, Caramella D, Cangiot t i,  AM, Ragazzo V, Macchia P, 

Boner AL.  Nasal  ni t r ic oxide in at ypical  pr imary ci l iary 

dyskinesia. Chest . 2007;131:870.

33. O’ Callaghan C, Chilvers M, How C, Bush A, Lucas J. Diagnosing 

primary ciliary dyskinesia. Thorax. 2007;62:656-7.

34. Armengot M, Basterra J, Garín L. Valores normales de 
aclaramiento mucociliar nasal. Comparación de diferentes 
técnicas y sustancias. Acta Otorrinolaringol Esp. 1990;5:333-6.

35. Armengot  M,  Bast erra J.  Nasal mucocil iary funct ion in t he 

normal newborn.  Int  J Pediat r Ot horhinolaringol.  1991;22: 

109-13.

36. Chilvers MA, O’ Callaghan C. Analysis of ciliary beat  pat tern and 

beat  f requency using digital high speed imaging: comparison 

wit h t he photomult ipl ier and photodiode methods.  Thorax. 

2000;55:314-17.

37. Chilvers MA, Rutman A, O’ Callaghan C. Cil iary beat  pat tern is 

associat ed wit h specif ic ul t rast ruct ural  defect s in primary 

ciliary dyskinesia. J Allergy Clin Immunol. 2003;112:518-24.

38. Jorissen M, Wil lems T,  Van der Schueren,  B,  Verbeken E,  De 

Boeck K. Ult rast ructural expression of primary ciliary dyskinesia 

af t er ci l iogenesis in cul t ure.  Act a Ot orhinolaryngol  Belg. 

2000;54:343.

39. Storm van’s Gravesande K, Omran H. Primary ciliary dyskinesia: 

cl inical  present at ion,  diagnosis and genet ics.  Annals of 

Medicine. 2005;37:439-49.

40. Carda C, Armengot  M, Escribano A, Peydro A. Ult rast ructural 

pat t erns of  primary cil iary dyskinesia syndrome. Ult rast ruct  

Pathol. 2005;29:3-8.

41. Rossman C,  Lee R,  Forrest  J,  Newhose M.  Nasal  ci l iary 

ult rast ructure and funct ion in pat ient s wit h primary cil iary 

dyskinesia compared with that in normal subjects and in 



Primary ciliary dyskinesia. Ciliopathies 159

subjects with various respiratory diseases. Am Rev Respir Dis. 
1984;129:161-7.

42. McManus I,  Mit chison H,  Chung EM, Stubbings GF, Mart in N. 

Primary cil iary dyskinesia (Siewert ’s/ Kartagener’s syndrome) 

respiratory symptoms and psycho-social impact . BMC Pulm Med. 

2003;3:4.

43. Phil ips G,  Thomas S,  Heather S,  Bush A.  Airway response of 

children with primary dyskinesia to exercise and beta-2 agonists 

challenge. Eur Respir J. 1998;11:1389-91.

44. Hadield P, Rowe-Jones J, Bush A, Mackay IS. Treatment of otitis 
media with effusion in children with primary ciliary dyskinesia. 

Clin Otolaryngol. 1997;22:302-6.

45. Majitha A, Fong J, Hariri, M, Harcourt J. Hearing outcomes in 
children with primary ciliary dyskinesia-a longitudinal study. Int  

J Pediat r Otorhinolaryngol. 2005;69:1061-4.

46. Jorissen M, Bert rand B, Eloy Ph. Cil iary dyskinesia in the nose 

and paranasal sinuses.  Acta Otorhinolaryngol Belg.  1997;51: 

353-66.

47. Sat ir P,  Christensen S. Overview of  st ructure and funct ion on 

mammalian cilia. Annu Rev Physiol. 2007;69:377-400.

48. Sun Z, Amsterdam A, Pazour G, Cole D, Miller M, Hopkins N. A 

genetic screen in zebraish identiies cilia genes as a principal 
cause in cyst ic kidney. Development . 2004;131:4085-93.

49. Ot to E, Schermer B, Obara, T, O’ Toole JF, Hiller KS, Mueller AM, 

et  al. Mutat ions in INVS encoding inversin cause nephronophthisis 

t ype 2, l inking renal cyst ic disease to the funct ion of  primary 

cil ia and lef t -right  axis determinat ion.  Nat  Genet .  2003;34: 

413-20.

50. Praetorius H, Spring K. Removal of the MDCK cell primary cilium 

abolishes low sensing. J Membr Biol. 2003;191:69-76.

51. Svedberg B, Johnsson V, Afzelius B. Immotile-cilia syndrome and the 

cilia of the eye. Graefes Arch Klin Exp Ophtalmol. 1981;215:265.

52. Rosembaum J, Witman G. Intralagelar transport. Nature Rev 
Mol Cell Biol. 2002;3:813-25.

53. Besharse J,  Baker S, Luby-Phelps K, Pazour G. Photoreceptor 

intersegmental t ransport  and ret inal degenerat ion: a conserved 

pathway common to mot ile and sensory cilia. Adv Exp Med Biol.  

2003;533:157-64.

54. Liu Q, Zhou J, Daoger, S, Farber DB, Heckenlively JR, Smith JE, 
et al. Identiication and subcellular localization of the RP1 
protein in human and mouse photo-receptors. Invest  Ophtalmol 

Vis Sci. 2002;43:22-32.

55. Hong D, Pawlyk B, Sokolov M. RPGR isoforms in photoreceptor 

connect ing cilia and the t ransit ional zone of mot ile cilia. Invest  

Ophtalmol Vis Sci. 2003;44:2413-21.

56. Menini A. Calcium signalling and regulat ion in olfactory neurons. 

Curr Opin Neurobiol. 1999;9:419-26.

57. Douek E, Bannister L,  Dodson H. Olfact ion and it s disorders. 

Proc R Soc Med. 1975;69:467-70.

58. Sobkowicz H, Slapnick S, August  B. The kinocil ium of auditory 

hair cells and evidence for it s morphogenet ic role during the 

regenerat ion of stereocilia and cut icular plates. J Neurocytol.  

1995;24:633-53.

59. Holmer R,  St eel K.  St ereocil ia defect s in walt zer (Cdh23), 

shakert1 (myo7a) and double walt zer/ sahker1 mutant  mice. 

Hear Res. 2002;169:13-23.

60. Brown J,  Marsala C,  Kosoy R,  Gaer t ig J.  Kinesin-II i s 

preferent ially targeted to assembling cil ia and is required for 

cil iogenesis and normal cytokinesis in t et rahymena. Mol Biol 

Cell.  1999;10:3081-96.


