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Introduction 
Primary ciliary dyskinesia (PCD) is a genetic condition affecting 

approximately 1 in 15,000 people [1]. In this condition abnormal 
or absent beating of cilia results in poor mucociliary clearance of 
the bronchial tree, which leads to recurrent lower respiratory tract 
infections and can cause bronchiectasis. Abnormal ciliary beating 
at other sites causes rhinosinusitis, middle ear disease and impaired 
fertility. Approximately 50% of patients also have situs inversus. Early 
diagnosis of  PCD is important to prevent unnecessary ENT surgery 
and to allow physicians to limit disease progression in the lungs through 
introduction of physiotherapy and prompt antibiotic treatment of chest 
infections [1].

Diagnosis of PCD is made by patient history and examination, a 
nasal nitric oxide screening test, cilia beat frequency and pattern by 
light microscopy and assessment of cilia ultrastructure by transmission 
electron microscopy (TEM) [2].

The normal ultrastructural ciliary arrangement is a circle of 
nine peripheral microtubule doublets, each with an inner and outer 
dynein arm, plus a central pair of microtubules which are joined to 
the peripheral doublets by radial spokes (as shown in Figure 1). A 
number of abnormal ultrastructural phenotypes can cause PCD, but 
the majority of cases are due to a lack of dynein arms. The inner dynein 
arm (IDA) is frequently absent, sometimes in combination with either 
the outer dynein arms (ODA) or the radial spokes. Isolated absence of 
the IDA is reported to cause between 10 and 29% of PCD cases [3-5]. 

Ordinarily cilia beat in a co-ordinated fashion at 11-15 Hz clearing 
secretions from the respiratory tract [3]. The dynein arms act as motors 
which control the size and shape of the ciliary waveform. The IDA 
pattern is thought to repeat every 96 nm throughout the length of the 

cilium. They are less dense than ODAs at TEM and therefore more 
difficult to visualize, resulting in reduced confidence in PCD diagnosis 
due to an isolated absence of IDAs compared to a diagnosis due to ODA 
or microtubular defects [6]. A recent report has shown that the IDA 
may transiently disappear at the TEM stage of diagnosis and be present 
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Abstract
Primary ciliary dyskinesia (PCD) is a genetic condition in which there is a defect in cilia motility. This can 

be caused by the absence of the inner dynein arm motor (IDA). The IDA can be difficult to observe by electron 
microscopy and has been shown to transiently disappear, making accurate diagnosis difficult.

This study reviewed cases of PCD due to an IDA defect on the Royal Brompton Hospital database in order to 
confirm or retract the diagnosis. This was achieved using current methods of diagnosis (nasal nitric oxide, light and 
electron microscopy) and new techniques to improve visualisation of the IDA such as immunofluorescence analysis 
and 3D electron tomography.

Four patients received normal results and the diagnosis of PCD was reversed. Three patients had another 
structural defect in combination with absence of IDAs. The remaining five patients had an absence of IDA in mean 
(SD) 42(22) % of their cilia. In these group diagnostic findings were heterogeneous with a diverse range of cilia 
beat pattern and frequencies. Immunofluorescent antibodies revealed the presence of the IDA component protein 
DNALI1 in all patients and high resolution electron tomography confirmed the presence of some IDA structures. 
Nasal nitric oxide values ranged from 3 to 463 ppb.

In conclusion, PCD due to an IDA defect is difficult to diagnose as the IDA appears transiently absent on TEM. 
Diagnosis is reversed by repeat sampling in 38% patients. We suggest an isolated absence of IDA shown by TEM is 
not sufficient to confirm a diagnosis of PCD.

Figure 1: Cross section of a normal respiratory cilium.
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in gluteraldehyde, post fixed in osmium tetroxide, spun into a pellet 
with agar, dehydrated and infiltrated with araldite. They were cut at 90 
nm, stained with uranyl acetate and lead citrate and viewed under TEM 
(Hitachi H7000). Samples were methodically counted, quantifying 
primary and secondary ciliary abnormalities including microtubular 
arrangement, presence and absence of microtubular doublets and 
central pair microtubules, compound cilia, and presence/absence of 
dynein arms as previously described [9]. Breifly presence of dynien arms 
was assessed in high quality cross sections from healthy epithelial strips 
which were encountered. Typically 100 cross sections were assessed for 
arms per section. If one IDA per cross section was seen to be present 
or equivocal then that cross section was judged to have IDAs present. 

Immunofluorescence: Samples were spread onto glass slides, 
air dried and stored at -80°C until use. Cells were treated with 4% 
paraformaldehyde, 0.2% Triton-X 100 and 1% skim milk prior to 
incubation with primary (at least 3 hours at room temperature or 
over night at 4°C) and secondary (30 minutes at room temperature) 
antibodies. Appropriate controls were performed omitting the primary 
antibodies. Polyclonal anti-DNALI1 antibody was reported previously 
[12]. Monoclonal mouse anti-acetylated-α-tubulin antibody was 
purchased from SIGMA (Germany). Highly cross adsorbed secondary 
antibodies (Alexa Fluor 488, Alexa Fluor 546) were obtained from 
Molecular Probes (Invitrogen). DNA was stained with Hoechst 33342 
(Sigma). Immunofluorescence-images were taken with a Zeiss Apotome 
Axiovert 200 and processed with AxioVision 4.7.2.

Electron tomography: Thin sections were cut (150 nm) and 
labelled with 10nm gold particles before staining with uranyl acetate 
and lead citrate. Images of transversely and longitudinally orientated 
specimens were acquired over a tilt range of ± 70° at 2° intervals in a 
Philips CM200 TEM [10].

These images were processed using IMOD to generated 
tomographic volumes allowing three-dimensional visualisation of the 
cilia. IMOD was used to average each of the microtubule doublets [1-9] 
from nine individual axonemal cross sections. This helped to remove 
noise and enhance the quality of the IDA structures. A montage (100 
nm thickness) was created in protomo (v1.1.4) for each averaged 
microtubule doublet [11]. The presence or absence of the IDA structure 
was observed through the slices of the montage. Subtomographic 
average projections were created to summarise this data.

Results
13 patients responded to a written invitation to review their 

condition and attended the Royal Brompton Hospital for a clinical 
history and repeat diagnostic investigations (NO and nasal brush 
biopsy). The results of these investigations are shown in Table 1.

on a repeat sample obtained from a primary cell culture in the absence 
of infective and inflammatory stimuli [7]. These findings suggest 
an absence of IDA shown by TEM may not be sufficient to confirm 
a diagnosis of PCD. In light of these findings and case studies from 
our cohort of patients a clinical review of patients diagnosed with an 
isolated IDA defect was undertaken.

Aim
The aim of this study was to review all cases of PCD due to an 

IDA defect on the Royal Brompton Hospital PCD database in order to 
confirm or retract the diagnosis. 

Methods
Subjects

The Royal Brompton hospital holds one of the largest databases 
of PCD patients internationally. Of 252 patients 30 (12%) had been 
diagnosed by TEM as having PCD due to isolated absence of the IDA. 
Patients with a historical diagnosis of PCD due to an IDA defect were 
sent a written invitation to attend the Royal Brompton hospital for 
repeat diagnostic investigations and a review their condition. This did 
not include patients listed as a combined IDA and ODA defect or those 
with a combined microtubular disarrangement and IDA defect.

Ethics

The study was approved by the London Harrow research ethics 
committee and all patients gave written informed consent.

Investigations

Nasal nitric oxide (NO): Patients who were able to comply with 
the protocol had nasal NO measured on a chemiluminescence analyser 
(LR2500, Logan Research, Rochester, Kent) as previously described [8]. 
Two measurements were taken per nostril, at a flow rate of 250 ml/s. 
The mean of 4 readings were used in reporting of results.

Nasal brush biopsy: A nasal brush biopsy was taken from the 
inferior turbinate of each nostril using a shortened cytology brush. The 
first sample was split for light microscopy, TEM and tomography, and 
the second sample was used for immunofluorescence analysis.

Light microscopy: High speed video analysis of cilia was performed 
by light microscopy. The ciliated epithelia was visualised with a 100x oil 
immersion lens, and recording at 500 frames per second. Clips were 
replayed at 30 frames per second. The cilia beat pattern was analysed 
and the cilia beat frequency (CBF) calculated according to the method 
of Chilvers et al. [3].

Transmission Electron microscopy (TEM): Samples were fixed 

n TEM result summary % IDA absent at TEM Mean nasal nitric oxide in 
ppb (StDev)

Mean ciliary beat frequency  
in Hz (StDev)

Cilia pattern*

4 Normal ultrastructure 2% (2.1) 461 (168) 11.0 (1.9) Co-ordinated 
5 Inner dynein arm defect 42% (19) 235 (211) 8.4 (4.4) stiff [1], static [2], slow [2] 

and/or dyskinetic [2] 
2 Radial spoke and inner dynein arm 

defect
90% (-) 57 (-) 0 Static

1 Inner and outer dynein arm defect 55% 31 0 Static
1 Insufficient material NA 276 9.8  Dyskinetic
Normal data from respiratory controls  1 (2.3)%

n=200
594 (262)ppb

n=150
10.3 (2.3)

n=840

*Some samples received more than one description. Numbers in brackets represent the number of samples per description
Table 1: Results from a diagnostic review of 13 patients listed on the Royal Brompton Hospital PCD database as PCD due to an IDA defect.
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Diagnosis reversed in four patients

Four patients previously recorded as having an IDA defect received 
normal test results. Table 2 shows diagnostic results for these four 
patients at initial diagnosis and at review. In the four patients who 
received a normal result nasal NO testing was not available at initial 
diagnosis (diagnosis was made before 1994 or the patient was too young 
to perform the NO test). Three of the four had situs inversus. One had 
minor bilateral hearing loss, there were no other recent ENT symptoms. 
Two patients had a dry cough but no other respiratory symptoms. None 
had bronchiectasis. At initial diagnosis sinopulmonary symptoms were 
present in all patients. One had respiratory distress at birth. Ciliary beat 
frequency was within the normal range at initial diagnosis and again at 
review. Ciliary beat pattern was disorganised and dyskinetic at initial 
diagnosis but was co-ordinated and effective on review. Ultrastructure 
by TEM was normal at review. Although IDAs differed there was no 
difference in the number of microtubular changes (<8% cross sections 
showed abnormal microtubules) between initial visit and review.

Five patients had a depletion of inner dynein arms at TEM

Results from patients in whom reduction in IDA number remained 
are shown in Table 3. Results of nasal NO screening tests and ciliary 
beat frequency were diverse and overlap with normal values. The 
heterogeneous presentation and diverse results in this group make it 
unlikely that they are caused by a single genetic defect 

Immunofluorescence

Antibodies to DNALI1, a dynein light chain homologous to p28 in 
chlamydomonas IDA and predicted to be part of several single-headed 
IDA complexes in human respiratory cilia, revealed presence of this 
IDA component in all patients tested (Figure 2). This confirms that at 
least a subset of IDAs can be assembled in these cases and excludes a 
complete IDA absence.

Clinical details
Gender M F M M
Sitis inversus Yes Yes No yes
Respiratory distress 
at birth

No No Yes No

Consanguinous parents Yes Yes No No
Results from initial diagnosis
Nasal nitric oxide N/A N/A N/A N/A
CBF (Hz) 15.6 14.5 16.3 10.2
Cilia beat pattern dyskinetic dyskinetic dyskinetic dyskinetic
% IDA absent at TEM 79 53 55 25
Age 4 yrs 10 yrs 1 yr 3 yrs
ENT symptoms Yes Yes Yes Yes
Lower respiratory tract 
symptoms

Yes Yes Yes Yes

Results at review
Nasal nitric oxide (ppb) 700 605 276 503
CBF (Hz) 8.5 10.9 13.3 11.5
Cilia beat pattern co-ordinated co-ordinated co-ordinated co-ordinated
% IDA absent at TEM 0 3 0 5
Age 7 yrs 15 yrs 7 yrs 14 yrs
ENT symptoms Yes No No No
Lower respiratory tract 
symptoms

Yes No No No

Prescence of IDA 
component DNALI1

Yes Yes Yes Yes

Table 2: Diagnostic test results for patients with normal ultrastructure at review.

Patient 1 2 3 4* 5*
Clinical details
Gender M F F F M
Age 23 yrs 18 yrs 39 yrs 5 yrs 9 yrs
Sitis inversus No Yes No Yes Yes
ENT symptoms Yes Yes Yes Yes Yes
Respiratory
distress at birth

No No No No No

Productive/wet 
cough

Yes Yes Yes Yes Yes

Bronchiectasis Yes Yes Yes No No
Recurrent chest 
infections

Yes Yes Yes Yes Yes

Results 
Nasal nitric 
oxide (ppb)

25 293 3 463 394

CBF (Hz) 12.6 8.5 0 11.5 8.9
Cilia beat pattern Static or 

stiff, rapid 
incomplete 
beat

slow Mainly static, 
some slow 
dyskinetic  
movement

Dyskineitic 
and rapid 
incomplete 
beat

Static, 
dyskinetic   
and 
co-ordinated 
beat

% IDA absent at 
TEM

42% 36% 78% 21% 33%

Immunofluorescence 
to DNALI1

Yes Yes Yes Yes Yes

*Patients’s 4 and 5 were siblings 
Table 3: Diagnostic test results for patients with consistent loss of IDA at review.
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Figure 2: Sub-cellular localization of DNALI1 (red) in respiratory epithelial 
cells from PCD patients with possible abnormal IDA ultrastructure predicted 
by TEM. As control, axoneme-specific antibodies against acetylated α-tubulin 
(green) were used. Nuclei were stained with Hoechst 33342 (blue). In re-
spiratory epithelial cells from healthy probands (a) DNALI1 (red) localizes 
predominantly along the entire length of the axonemes. Patients with abnor-
mal IDA ultrastructure (b-e) show the same axonemal DNALI1 content as the 
healthy controls.
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Electron tomography

Electron tomography on patient 1 from Table 3 revealed the 
presence of some IDAs. Some microtubules appeared to have IDA’s 
present (doublets 5, 6 and 8) or partially present (doublets 4,9,1) 
whereas others did not (doublets 2, 3 and 7). Outer dynein arms also 
looked unusual in this patient. Data is show in Figure 3.

Three patients had confirmed PCD with an IDA defect in 
combination with another defect, all 3 had static cilia and nasal NO 
<100 ppb. 

Discussion
The findings from this study suggest that a diagnosis of an IDA 

defect is less common than previously thought, and may have been 
over diagnosed in the past [3-5]. We suggest that ultrastructure results 
should be considered in conjunction with results of all the other 
diagnostic information, including nasal NO, before a diagnosis can be 
established. In addition, confirmation of a defect should be made on 
the basis of repeated samples either another primary sample when the 
patient is well or a culture of the original sample. Repeat samples should 
depict identical findings on TEM and video microscopy. Repeating the 
diagnostic tests in this study has lead to normal ultrastructural findings 
in 30% of patients. It can take six weeks for repair of ciliated epithelium 
following a viral infection therefore symptoms should be treated and an 
appropriate timeframe passed before repeat testing.

The presence of the IDA and an apparently normal TEM 
ultrastructure in these patients does not necessarily rule out a diagnosis 
of PCD since some genetic defects causing PCD have been identified 
which do not show a structural defect using traditional TEM [13]. In 
a recent review up to 15% of cases believed to have PCD on clinical 
grounds have normal ciliary ultrastructure on TEM [14]. It is therefore 
possible that some of our patients suffer from PCD caused by mutations 
in genes that result in PCD with normal ultrastructure (DNAH11 
mutations or subtle defects often not identified by TEM). Although 
upper and lower respiratory tract symptoms were no longer present at 
review in our patients. Three of the four had situs inversus. One had 
respiratory distress at birth. 

In five patients there remained a depletion of IDAs by TEM. In this 
group diagnostic findings were heterogeneous with a diverse range of 

NO screening test, cilia beat pattern and frequency results making it 
unlikely that this group represents a single genetic defect. Interestingly 
Immunofluorescent antibodies revealed the presence of the IDA 
component protein DNALI1 in all these patients. This is in contrast 
to combined ODA and IDA defects caused by KTU and LRRC50 
mutations as well as in respiratory cilia characterized by combined 
dynein regulatory complex (DRC)/IDA defects caused by CCDC39 and 
CCDC40 mutations, where DNALI1 is absent respectively [15-18]. This 
immunofluorescence finding confirms that at least a subset of IDAs 
can be assembled in these cases and excludes a complete IDA absence 
explaining difficulties at TEM. In addition IDA structures are identified 
by electron tomography in patients with the IDA defect. In the patient 
studied they appeared to be present on certain microtubules, but absent 
on others. Despite their presence these structures are observed less 
frequently than IDAs in normal healthy ciliary axonemes. Standard 
TEM findings revealed on average 58% of cross sections contained at 
least one IDA. 

This study has only looked at one follow up and it is possible, given 
the immunofluorescence and tomography results that a third sample 
might result in finding normal ultrastructure in further patients. In 
particular it would be of interest in those patients in the group with a 
near normal nasal NO result. 

The presence of some IDAs in a defective sample may be a 
consequence of the number of different IDA isoforms which are present 
in the axoneme. In human respiratory cilia at least two distinct ODA 
types are present: type 1: DNAH9-negative and DNAH5-positive 
(proximal ciliary axoneme); type 2: DNAH9- and DNAH5-positive 
(distal ciliary axoneme) [19]. Human ODA complexes contain two 
axonemal heavy chains (e.g. DNAH5 and DNAH9). IDAs are more 
heterogeneous in their structure however, and repeat less frequently 
throughout the axoneme compared to the ODAs. The IDA in the 
human respiratory tract is thought to be well conserved and consistent 
with that of Chlamydomonas rheinhardtii in which there are seven 
different dynein isoforms making up the IDA. These dyneins consist of 
8 different heavy chains (dimers a-g have a single heavy chain whereas 
f (or I1) has a double heavy chain). This is therefore fewer electrons 
dense and more diverse than the ODA where there is one repeated 
isoform with 2 heavy chains [20]. Since there are a number of different 
IDA isoforms it is possible that in the IDA defects some isoforms are 
present and others are absent. In addition, like ODA complexes, IDA 
complexes probably vary in composition along the ciliary axoneme. 

Studies with Chlamydomonas mutants show that the different 
isoforms of IDA have different functions and can effect ciliary 
motion and beat in unique ways. Although not all IDA isoforms are 
necessary for cilia movement, certain combinations are required [21]. 
The absence of different IDA isoforms when a IDA is confirmed may 
explain the heterogeneity of this condition and its ciliary beat patterns. 
In comparison to an ODA defect or transposition defect where the 
static or circling beat pattern is quite distinct, we found that the IDA 
defect when present on two samples had a variety of beat patterns, and 
frequency, between samples and within a single biopsy. The defects 
also had a wider range of nasal NO values compared to those observed 
in other PCD cases. The borderline NO values in these patients stress 
the importance of performing a nasal brush biopsy where the clinical 
history is strong, despite a seemingly normal nasal NO screening result.

O’Callaghan et al show that IDAs can be absent on TEM cross-
sections in respiratory cilia but present when cells are grown in sterile 
culture conditions [7]. Consistent with this observation we show that 
in some nasal brush samples where they had previously appeared to 

 

A B

Figure 3: A) Subtomographic averages of microtubules 1-9 based on 9 cross 
sections from a patient with a confirmed IDA defect showing complete ab-
sence of IDAs on doublets 2,3+7, partial IDAs in doublets 4,9+1 and arms 
present in doublets 5,6+8. B) A montage of slices from a subtomographic 
volume of microtubule doublet 2 demonstrating the absence of IDA structure 
throughout the section.
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be reduced, they appeared normal by re-sampling. It is possible that 
the TEM sampling site is important and it is expected that the IDA 
composition visualised in cross sections vary along the length of the 
ciliary axoneme. Thus, possibly absence of IDAs on some cross-sections 
might be normal, although not recognized because the site of the cross-
section cannot be determined accurately. It is also possible that this 
structure is occasionally not stable during processing for TEM. The 
effect of fixation and tissue processing technique is not known, but it has 
been shown that the average number of IDA’s per cross section that can 
be visualised by different research groups where fixation and processing 
techniques are different can vary from 1-9 [22]. The quantitative 
method used overcomes this problem to an extent by judging 1 arm 
present as presence of arms on the entire cross section. However, if the 
structure appears to be absent as a consequence of in vivo absence or 
an in vitro processing problem remains to be established. In previous 
studies it has been demonstrated that patients with chronic respiratory 
infections exhibit a decreased number of dyne in arms [23].

Despite testing multiple candidate genes (DNAH3, DNAH7, IC140, 
HP28, DPCD) no disease-causing mutations for isolated IDA defects 
in humans have been identified [24-26]. Therefore the isolated IDA 
remains a heterogeneous and poorly understood PCD ultrastructural 
defect. Enhancement of the IDA through tomography, computer 
modelling or immunofluorescence labelling with antibodies targeting 
different IDA components, as well as genetic studies should be explored 
further and may aid the diagnosis of this defect in the future. 

In conclusion, PCD due to an IDA defect is difficult to diagnose 
as the IDA appears transiently absent on TEM. When confirmed 
on a second biopsy the diagnosis results in a heterogenous poorly 
defined disorder where partial presence of the IDA structure remains. 
Consequently immunofluorescene labeling for DNAHLI does not aid 
diagnosis. Diagnosis is reversed by repeat sampling in 38% patients 
therefore a full diagnostic work up including nasal NO and analysis of a 
second sample should be performed before PCD is confirmed

Acknowledgements

We are grateful for the funding by the NHS National Commissioning Group, 
DFG Om6/4, EU (SYSCILIA) and the Kindness for Kids foundation.

References

1. Bush A, Cole P, Hariri M, Mackay I, Phillips G, et al. (1998) Primary ciliary
dyskinesia: diagnosis and standards of care. Eur Respir J 12: 982-988.

2. Barbato A, Frischer T, Kuehni CE, Snijders D, Azevedo I, et al. (2009) Primary 
ciliary dyskinesia: a consensus statement on diagnostic and treatment
approaches in children. Eur Respir J 34: 1264-1276.

3. Chilvers MA, Rutman A, O’Callaghan C (2003) Ciliary beat pattern is
associated with specific ultrastructural defects in primary ciliary dyskinesia. J 
Allergy Clin Immunol 112: 518-524.

4. Noone PG, Leigh MW, Sannuti A, Minnix SL, Carson JL, et al. (2004) Primary 
ciliary dyskinesia: diagnostic and phenotypic features. Am J Respir Crit Care
Med 169: 459-467.

5. Carda C, Armengot M, Escribano A, Peydró A (2005) Ultrastructural patterns of 
primary ciliar dyskinesia syndrome. Ultrastruct Pathol 29: 3-8.

6. Escudier E, Couprie M, Duriez B, Roudot-Thoraval F, Millepied MC, et al. (2002) 
Computer-assisted analysis helps detect inner dynein arm abnormalities. Am J 
Respir Crit Care Med 166: 1257-1262.

7. O’Callaghan C, Rutman A, Williams GM, Hirst RA (2011) Inner dynein arm
defects causing primary ciliary dyskinesia: repeat testing required. Eur Respir 
J 38: 603-607.

8. Wodehouse T, Kharitonov SA, Mackay IS, Barnes PJ, Wilson R, et al.
(2003) Nasal nitric oxide measurements for the screening of primary ciliary
dyskinesia. Eur Respir J 21: 43-47.

9. Shoemark A, Dixon M, Corrin B, Dewar A (2012) Twenty-year review of
quantitative transmission electron microscopy for the diagnosis of primary
ciliary dyskinesia. J Clin Pathol 65: 267-271.

10. Mastronarde DN (1997) Dual-axis tomography: an approach with alignment
methods that preserve resolution. J Struct Biol 120: 343-352.

11.	 Winkler H (2007) 3D reconstruction and processing of volumetric data in cryo-
electron tomography. J Struct Biol 157: 126-137.

12. Rashid S, Breckle R, Hupe M, Geisler S, Doerwald N, et al. (2006) The murine 
Dnali1 gene encodes a flagellar protein that interacts with the cytoplasmic 
dynein heavy chain 1. Mol Reprod Dev 73: 784-794.

13. Schwabe GC, Hoffmann K, Loges NT, Birker D, Rossier C, et al. (2008)
Primary ciliary dyskinesia associated with normal axoneme ultrastructure is
caused by DNAH11 mutations. Hum Mutat 29: 289-298.

14. Morillas HN, Zariwala M, Knowles MR (2007) Genetic causes of bronchiectasis: 
primary ciliary dyskinesia. Respiration 74: 252-263.

15. Merveille AC, Davis EE, Becker-Heck A, Legendre M, Amirav I, et al. (2011)
CCDC39 is required for assembly of inner dynein arms and the dynein
regulatory complex and for normal ciliary motility in humans and dogs. Nat
Genet 43: 72-78.

16. Becker-Heck A, Zohn IE, Okabe N, Pollock A, Lenhart KB, et al. (2011) The
coiled-coil domain containing protein CCDC40 is essential for motile cilia
function and left-right axis formation. Nat Genet 43: 79-84.

17. Loges NT, Olbrich H, Becker-Heck A, Häffner K, Heer A, et al. (2009) Deletions 
and point mutations of LRRC50 cause primary ciliary dyskinesia due to dynein 
arm defects. Am J Hum Genet 85: 883-889.

18. Omran H, Kobayashi D, Olbrich H, Tsukahara T, Loges NT, et al. (2008) Ktu/
PF13 is required for cytoplasmic pre-assembly of axonemal dyneins. Nature
456: 611-616.

19. Fliegauf M, Olbrich H, Horvath J, Wildhaber JH, Zariwala MA, et al. (2005)
Mislocalization of DNAH5 and DNAH9 in respiratory cells from patients with
primary ciliary dyskinesia. Am J Respir Crit Care Med 171: 1343-1349.

20. Bui KH, Sakakibara H, Movassagh T, Oiwa K, Ishikawa T (2009) Asymmetry
of inner dynein arms and inter-doublet links in Chlamydomonas flagella. J Cell 
Biol 186: 437-446.

21. Kikushima K, Kamiya R (2008) Clockwise translocation of microtubules by
flagellar inner-arm dyneins in vitro. Biophys J 94: 4014-4019.

22. Jorissen M, Bertrand B, Eloy P (1997) Ciliary dyskinesia in the nose and
paranasal sinuses. Acta Otorhinolaryngol Belg 51: 353-366.

23. van der Baan S, Veerman AJ, Bezemer PD, Feenstra L (1987) Primary ciliary
dyskinesia: quantitative investigation of the ciliary ultrastructure with statistical 
analysis. Ann Otol Rhinol Laryngol 96: 264-272.

24. Bartoloni L, Blouin JL, Pan Y, Gehrig C, Maiti AK, et al. (2002) Mutations in the 
DNAH11 (axonemal heavy chain dynein type 11) gene cause one form of situs 
inversus totalis and most likely primary ciliary dyskinesia. Proc Natl Acad Sci
U S A 99: 10282-10286.

25. Zhang YJ, O’Neal WK, Randell SH, Blackburn K, Moyer MB, et al. (2002)
Identification of dynein heavy chain 7 as an inner arm component of human 
cilia that is synthesized but not assembled in a case of primary ciliary
dyskinesia. J Biol Chem 277: 17906-17915.

26. Zariwala M, O’Neal WK, Noone PG, Leigh MW, Knowles MR, et al. (2004)
Investigation of the possible role of a novel gene, DPCD, in primary ciliary
dyskinesia. Am J Respir Cell Mol Biol 30: 428-434.

http://www.ncbi.nlm.nih.gov/pubmed/9817179
http://www.ncbi.nlm.nih.gov/pubmed/19948909
http://www.ncbi.nlm.nih.gov/pubmed/13679810
http://www.ncbi.nlm.nih.gov/pubmed/14656747
http://www.ncbi.nlm.nih.gov/pubmed/15931775
http://www.ncbi.nlm.nih.gov/pubmed/12403696
http://www.ncbi.nlm.nih.gov/pubmed/21406509
http://www.ncbi.nlm.nih.gov/pubmed/12570107
http://www.ncbi.nlm.nih.gov/pubmed/22135026
http://www.ncbi.nlm.nih.gov/pubmed/9441937
http://www.ncbi.nlm.nih.gov/pubmed/16973379
http://www.ncbi.nlm.nih.gov/pubmed/16496424
http://www.ncbi.nlm.nih.gov/pubmed/18022865
http://www.ncbi.nlm.nih.gov/pubmed/17534128
http://www.ncbi.nlm.nih.gov/pubmed/21131972
http://www.ncbi.nlm.nih.gov/pubmed/21131974
http://www.ncbi.nlm.nih.gov/pubmed/19944400
http://www.ncbi.nlm.nih.gov/pubmed/19052621
http://www.ncbi.nlm.nih.gov/pubmed/15750039
http://www.ncbi.nlm.nih.gov/pubmed/19667131
http://www.ncbi.nlm.nih.gov/pubmed/18234824
http://www.ncbi.nlm.nih.gov/pubmed/9444381
http://www.ncbi.nlm.nih.gov/pubmed/2955734
http://www.ncbi.nlm.nih.gov/pubmed/12142464
http://www.ncbi.nlm.nih.gov/pubmed/11877439
http://www.ncbi.nlm.nih.gov/pubmed/14630615

	Title

	Abstract
	Corresponding author
	Keywords
	Introduction
	Aim
	Methods
	Subjects
	Ethics
	Investigations

	Results
	Diagnosis reversed in four patients
	Five patients had a depletion of inner dynein arms at TEM
	Immunofluorescence
	Electron tomography

	Discussion
	Acknowledgements
	Table 1

	Table 2

	Table 3

	Figure 1

	Figure 2

	Figure 3

	References

