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passage of sperm cells through the
male reproductive system
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ABSTRACT: Motile cilia line the efferent ducts of the mammalian male reproductive tract. Several recent mouse studies have
demonstrated that a reduced generation of multiple motile cilia in efferent ducts is associated with obstructive oligozoospermia and fertility
issues. However, the sole impact of efferent duct cilia dysmotility on male infertility has not been studied so far either in mice or human.
Using video microscopy, histological- and ultrastructural analyses, we examined male reproductive tracts of mice deficient for the axonemal
motor protein DNAH5: this defect exclusively disrupts the outer dynein arm (ODA) composition of motile cilia but not the ODA compo-
sition and motility of sperm flagella. These mice have immotile efferent duct cilia that lack ODAs, which are essential for ciliary beat
generation. Furthermore, they show accumulation of sperm in the efferent duct. Notably, the ultrastructure and motility of sperm from
these males are unaffected. Likewise, human individuals with loss-of-function DNAH5 mutations present with reduced sperm count in the
ejaculate (oligozoospermia) and dilatations of the epididymal head but normal sperm motility, similar to DNAH5 deficient mice. The
findings of this translational study demonstrate, in both mice and men, that efferent duct ciliary motility is important for male reproductive
fitness and uncovers a novel pathomechanism distinct from primary defects of sperm motility (asthenozoospermia). If future work can
identify environmental factors or defects in genes other than DNAH5 that cause efferent duct cilia dysmotility, this will help unravel other
causes of oligozoospermia and may influence future practices in genetic and fertility counseling as well as ART.

Key words: efferent ducts / cilia / sperm / motor proteins / outer dynein arm-defects / DNAH5 / 45 male infertility / oligozoospermia
/ motile ciliopathy / primary ciliary dyskinesia

Introduction
Male fertility is compromised when sperm cells are reduced in number
(oligozoospermia) or do not swim properly (asthenozoospermia).
Both conditions occur in the majority of idiopathic cases of male
infertility (Bracke et al., 2018), but the underlying causes still remain
unknown in about 40% of affected individuals, despite several diagnos-
tic efforts.

However, research has shown that astheno- and oligozoospermia
associated male infertility are common in diseases characterized by im-
paired function of motile cilia, such as primary ciliary dyskinesia (PCD)
(Munro et al., 1994). As motile cilia are known to perform a number

of essential functions, such as clearing the airways, circulating cerebro-
spinal fluid, and supporting the transport of the oocyte across the fallo-
pian tube (Fliegauf et al., 2007; Raidt et al., 2015), it was taken for
granted that motile ciliopathies would impair sperm motility, and thus
lead to male infertility.

About 150 years ago, Becker and colleagues discovered that cells
lining the efferent duct epithelium in the male reproductive tract
harbor multiple motile cilia (Fig. 1). Despite intensive research, the
functional role of efferent duct cilia motility in male fertility has
remained controversial. Initially, it was assumed that the beating of
these cilia transports the sperm from the testis into the epididymis
(Becker, 1856). However, subsequent work, especially in mouse
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.models with reduced generation of motile efferent duct cilia,
suggested a different function. According to these other studies, ef-
ferent duct cilia do, instead, stir the luminal seminiferous fluid to
keep sperm in suspension, promote fluid reabsorption and avoid
sperm from clogging during the passage to the epididymis (Hess
et al., 1997; Hess, 2002; Danielian et al., 2016; Terré et al., 2019;
Yuan et al., 2019).

In this study, we set out to elucidate whether dysmotility of efferent
duct cilia alone represents a pathomechanism for male infertility, in
both humans and mice. Throughout the animal kingdom, ciliary
dysmotility and/or immotility occurs when motile cilia have defective
axonemal outer dynein arms (ODAs) (Fliegauf et al., 2007; Spassky
and Meunier, 2017). Thus, we reasoned that genetic defects affecting
the ODA structure and function could also affect the motility of effer-
ent duct cilia and possibly impact male fertility.

However, because several genetic deficiencies that impact ODA
composition involve both motile cilia and sperm flagella (Omran et al.,

2008; Paff et al., 2017; Höben et al., 2018), we chose to study a ge-
netic defect that exclusively disrupts the ODA composition of motile
cilia but does not affect ODA composition and motility of sperm
flagella.

To this end, we analyzed the impact of DNAH5 deficiency in
the male reproductive system of Mdnah5 (Dnah5Tg1Htz) mice by using
histological and functional approaches. Furthermore, we assessed the
fertility status in DNAH5 deficient PCD-affected men by detailed
andrologic examinations and semen analyses. DNAH5 mutations are a
common cause for PCD in human, associated with defects of the axo-
nemal ODA motor complex required for cilia beat generation.
Homozygous mutants of the Mdnah5 mouse line (Mdnah5mut/mut) do
also lack the ODAs in respiratory epithelial cells and ependymal cells
and reproduce a classical PCD phenotype (Ibanez-Tallon, 2002;
Olbrich et al., 2002; Iba~nez-Tallon et al., 2004; Hornef et al., 2006).
We studied the male reproductive tract of this mouse line in order to
elucidate the outcome of DNAH5 deficiency on the structure and

Figure 1. Cilia and flagella in the mouse male reproductive tract. A, overview of the mouse male reproductive tract. B, ciliary/flagellar
axonemes consist of microtubules and functional complexes. ODA: outer dynein arm; IDA: inner dynein arm; RS: radial spoke; N-DRC: nexin-dynein
regulatory complex. C, axoneme ultrastructure of control mouse efferent duct and D, respiratory cilia. E, IF labeling for acetylated alpha-tubulin
(green; DAPI-labelled nuclei: blue) in the mouse male reproductive tract. (I) spermatozoa in seminiferous tubules (ST). (II) efferent duct cilia. Nuclei
(blue) were stained with DAPI. F, schematic and G,TEM cross sections of sperm flagella with axonemes surrounded by accessory structures. H, de-
tail of G. Biological replicate: n¼3; Scale bars represent 100 nm (C, D, G and H), 1000 mm (e), 10 mm (I and II). C, D, H, orange arrowheads
indicate ODAs.

2 Aprea et al.
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function of efferent duct cilia, because access to this tissue is limited
for obvious reasons in humans.

Material and methods

Experimental design
The aim of this study was to characterize the specific role of ciliary
motility in efferent ducts of the mammalian reproductive tract for the
passage of sperm from the testis to the epididymis, and thus its role
for male fertility. To this purpose, we aimed to analyse efferent duct
cilia and their functional role in the Dnah5Tg1Htz (referred to as
Mdnah5mut/mut) mouse model (Ibanez-Tallon, 2002) compared to wild
type control littermates. Mdnah5mut/mut mice, deficient for the axone-
mal motor protein DNAH5, lack ciliary ODA, essential for ciliary beat
generation, and present dysmotile multiple motile cilia. Additionally,
the fertility status of adult human males suffering from PCD owing to
disease-causing mutations in DNAH5 was examined in comparison to
healthy control individuals. PCD individuals for this study were selected
out of our patient cohort for motile ciliopathies, based on their gen-
der, age (�18 years), mutational status and clinical features characteris-
tic for a DNAH5 deficiency. For this explorative study, sample size
pre-calculations were performed via a two-tailed Student’s t-test using
the statistical program G*Power version 3.1.9 (Faul et al., 2007;
Erdfelder et al., 2009).

Mouse analyses
Characterization of efferent duct cilia was performed by analyzing
three (n¼ 3) adult wild type 129 Sv males. Furthermore, mouse analy-
ses were performed on Dnah5Tg1Htzmice (Ibanez-Tallon, 2002), back-
crossed from a C57BL/6J strain to a 129 Sv genetic background. In
total, we investigated 11 homozygous mutant (Mdnah5mut/mut) mice
and nine wild type (Mdnah5wt/wt) control littermates, with ages ranging
from days postnatal (P) P7-P50. Mice that did not survive until adult-
hood (P7, P9, P10, P11, P12, P24, P25 and P30) and thus did not
complete the first wave of spermatogenesis (Oakberg, 1956; Bellve
et al., 1977; Laiho et al., 2013) were used for the examination of only
efferent duct cilia. Examination of sperm structure and function and
fertility was performed on three mice that survived until P40, P45 and
P50, completing the first wave of spermatogenesis (Oakberg, 1956;
Bellve et al., 1977; Laiho et al., 2013). Male reproductive tracts (from
testis to vas deferens) were dissected after euthanasia of the animals
through decapitation (P0-P14) or cervical dislocation (>P14) and used
for different analyses, reducing the overall number of animals neces-
sary. Owing to hydrocephalus formation in Mdnah5mut/mut mice, for
some analyses we could only analyze three adult homozygous mutant
males (P40, P45 and P50). Mice were housed under specific-pathogen-
free conditions in cages (according to EU-guideline 2010/63/EU)
with bedding and nesting material containing up to five animals and
monitored by qualified members of the working group. The housing
temperature was 22–24�C constantly and a day and night light
cycle (12:12 h) was maintained. Water and food were available ad
libidum. All mouse analyses met the requirements of ethical regulations
and current European and German law (animal welfare act
(Tierschutzgesetz) and animal welfare—laboratory animal regulation

(Tierschutz-Versuchstierverordnung)) and were approved by local gov-
ernment (Landesamt für Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen, Reference number: Az. 84-02.05.50.15.025; Az.
81-02.04.2018. A107).

Human samples
Ejaculate samples and respiratory cells from nasal brush biopsies were
collected from both adult men with PCD and healthy control individu-
als (n¼ 4/group). Blood for DNA isolation and genetic testing was
obtained from individuals fulfilling the diagnostic criteria and from family
members. All participating subjects gave written informed consent, and
protocols have been approved by the Institutional Ethics Review
Board at the University of Muenster (Muenster, Germany) (Reference
number: Az. 2017-139-f-S).

Semen analysis
Semen analysis was conducted in the accredited andrology laboratory
of the Centre for Reproductive Medicine and Andrology (CeRA),
University Clinics, Münster (Germany), fulfilling latest World Health
Organization (WHO) guidelines (World Health Organization, 2010)
and was under constant internal and external quality control. These
standards also fulfill the methodological criteria according to Björndahl
et al.(2016). Semen of healthy volunteers and studied PCD individuals
were collected by masturbation after 2–7 days of sexual abstinence
and evaluated after liquefaction for 30 min at 37�C to assess, for ex-
ample, the sperm cell concentration and motility. Remaining ejaculate
of each individual was used for high-resolution immunofluorescence
(IF)-, transmission electron- and high-speed video microscopy analyses.

Mutational analysis
Disease causing DNAH5 mutations in PCD affected males were identi-
fied as previously described (Höben et al., 2018; Loges et al., 2018)
by next generation sequencing techniques, such as a customized
PCD gene panel and whole-exome sequencing, and verified by Sanger
sequencing. Primers used for Sanger sequencing are listed in
Supplementary Table SI. Genomic DNA was isolated by standard
methods directly from blood samples.

High speed video microscopy analyses
(HVMA)
Ciliary beat pattern was assessed in 129 Sv wild type mouse efferent
ducts (n¼ 3). Efferent duct ciliary beat frequency (CBF)
(n¼ 5Mdnah5wt/wt; n¼ 7 Mdnah5mut/mut mice) and the motility and via-
bility of sperm cells (n¼ 2/group) were further analyzed in adult
Mdnah5mut/mut mice (P45 and P50) and control siblings (P45 and P50).
Male reproductive tracts, spanning regions from the testis to the vas def-
erens, were excised and washed in DMEM/F12 Medium, HEPES, with-
out phenol red (Thermo Fischer Scientific, Waltham, MA, USA),
supplemented with 10% fetal bovine serum (Thermo Fischer Scientific,
Waltham, MA, USA). Efferent ducts were separated from the testis and
caput epididymis and incised longitudinally to expose the ciliated epithe-
lium. Sperm cells were obtained from the corpus epididymis by incision
of this region followed by a stream out and/or swim up of sperm cells
in 1 ml modified TYH medium (Mukherjee et al., 2016) (20 min, at 37�C
and 5% CO2). Dissected efferent ducts and sperm suspension were
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analyzed at �40 and �63 magnification with an Eclipse Ti Inverted
Microscope (Nikon, Tokyo, Japan) connected to an ES310 Turbo
Megaplus High Speed Camera (Kodak, Rochester, NY, USA) at 37�C.
Using the same instrumentation, 10ml of liquefied human ejaculate was
analyzed to assess motility of sperm cells. Video analyses were per-
formed with the Sisson-Ammons Video Analysis (SAVA) system (Sisson
et al., 2003) and exported videos processed with VideoMach 2.7.2
Software (http://gromada.com/main/products.php).

Cilia-driven transport analysis
Transport function of wild type mouse efferent duct cilia (n¼ 3) was
visualized using particles of 0.5mm size (FluoSpheresTM Size Kit #1;
Thermo Fischer Scientific, Waltham, MA, USA). Videos were recorded
with SAVA software (Sisson et al., 2003). All-digital image captures
and whole-field analyses of CBF were performed at �40 magnification
with an ES310 Turbo Megaplus High Speed Camera (Kodak,
Rochester, NY, USA) connected to an Eclipse Ti Inverted Microscope
(Nikon, Tokyo, Japan). Particle transport was analysed by manual
tracking using Fiji MTrackJ (Schindelin et al., 2012).

High resolution IF microscopy
Cryosections (25mm) of male reproductive tracts (testis to vas defer-
ens) from Mdnah5mut/mut mice and wild type control siblings (total:
n¼ 6 Mdnah5wt/wt; n¼ 11 Mdnah5mut/mut; adult male reproductive
tract: n¼ 3/group) were collected onto positively charged microscope
slides, air-dried and stored at �80�C until use. In addition, we ana-
lyzed human sperm cells after ejaculate donation and multiciliated re-
spiratory cells after nasal sampling. Tissue sections were fixed in 4%
paraformaldehyde in �1 PBS (PFA) for 15 min. After permeabilization
in PBS including 0.1 Triton X-100 (PBTx), samples were blocked in
PBTx/1% bovine serum albumin (BSA) and incubated with primary
antibodies overnight at 4�C. Labeling with secondary antibody fol-
lowed three washing steps with PBTx. Human cell samples were
treated, and incubated with primary and secondary antibodies, as
reported (Olbrich et al., 2015). Monoclonal mouse anti-acetylated al-
pha-tubulin antibody (Sigma-Aldrich, Taufkirchen, Germany) was used
as a marker for the ciliary or flagellar axoneme. Polyclonal rabbit anti-
bodies directed against DNAH5, DNAI, DNAI2 and GAS8 as well as
monoclonal mouse anti-DNAH5 antibody have been reported
(Fliegauf et al., 2005; Olbrich et al., 2015; Paff et al., 2017). Polyclonal
rabbit antibody directed against DNAH8 (HPA028447) was purchased
from Sigma Prestige Antibodies (Munich, Germany). Chicken and goat
anti-mouse Alexa Fluor 488VR , as well as goat anti-rabbit Alexa Fluor
546VR (Thermo Fischer Scientific, Waltham, USA) and donkey anti-
rabbit Rhodamine RedTM-X (Jackson ImmunoResearch Laboratories,
West Grove, USA) wasused as secondary antibodies. Nuclei were
stained with DAPI or Hoechst33342 (Thermo Fischer Scientific,
Waltham, USA) and all samples were mounted in fluorescence mount-
ing medium (Dako North America Inc., Carpinteria, USA).
IFmicroscopy images were captured with a Zeiss LSM 880 Confocal
Laser Scanning or a Zeiss Apotome Axiovert 200 Microscope (Carl
Zeiss Microscopy GmbH, Jena, Germany). Pictures were processed
with ZEISS ZEN Imaging Software 2012, AxioVision v.4.8 (Carl Zeiss
Microscopy GmbH, Jena, Germany) and Adobe Creative Suite CS5
(Adobe Systems, San José, USA).

Transmission electron microscopy (TEM)
Male reproductive tracts (testis to vas deferens) from Mdnah5wt/wt

and Mdnah5mut/mut males (total: n¼ 6 Mdnah5wt/wt; n¼ 11
Mdnah5mut/mut; adult male reproductive tract: n¼ 3/group) were dis-
sected and fixed in 2.5% glutaraldehyde (Sigma-Aldrich, Taufkirchen,
Germany). After a pre-fixation for 5 h at 4�C the different regions of
interest (testis, efferent ducts, caput, corpus and cauda epididymis and
vas deferens) were separated from each other and cut into smaller
pieces (size around 2� 2 mm2). Human respiratory cells obtained
from nasal brush biopsies and 250ml of liquefied ejaculates were each
suspended in 2.5% glutaraldehyde for fixation. Samples were proc-
essed for TEM analysis according to standardized protocols
(Wallmeier et al., 2014). Pelleted human cell samples and mouse
tissues were contrasted with 1% osmium tetroxide, incubated in a 1,
2-epoxypropan-epon mixture (1:2) at 4�C overnight and finally em-
bedded in epon (SERVA, Heidelberg, Germany). After polymerization,
semithin sections were first cut from all samples and stained by tolui-
dine blue. Afterwards, ultrathin sections (80 nm) were prepared and
collected onto copper grids for TEM analyses. Samples were analyzed
with the transmission electron microscope Philips CM10, and TEM
images acquired with a Quemesa camera and the iTEM SIS image ac-
quisition software (both from Olympus Soft Imaging Solutions). Image
processing was performed with Adobe Creative Suite CS5.
Quantification of sperm in mouse tissue sections from the caput,
corpus and cauda epididymis of Mdnah5wt/wt and Mdnah5mut/mut

males, was performed by counting sperm head and flagellar structures
in 10 tubule sections per region (total: n¼ 3 Mdnah5wt/wt; n¼ 3
Mdnah5mut/mut). Sperm structures within the analyzed epididymal
tubule sections were counted using the cell counter plugin from
Fiji (Schindelin et al., 2012) and the tubule size measured by square mi-
crometer using the same software.

Statistical analyses
Efferent duct CBF was analysed for statistical significance between distinct
samples of Mdnah5mut/mut mice and their control siblings (n¼ 5
Mdnah5wt/wt; n¼ 7 Mdnah5mut/mut mice) using the two-tailed Student’s
t-test with Welch’s correction for unpaired samples of different variance
with GraphPad Prism9 (GraphPad software, La Jolla, CA, USA).

Quantification of sperm in mouse tissue sections from the caput,
corpus and cauda epididymis was analysed for statistical significance
between Mdnah5wt/wt and Mdnah5mut/mut mice (n¼ 3Mdnah5wt/wt;
n¼ 3 Mdnah5mut/mut) using a Chi-square (v2) test with GraphPad
Prism9 (GraphPad software, La Jolla, CA, USA).

Hematoxylin and eosin staining of mouse
tissues
Cryosections (10mm) of adult male reproductive tracts (testis to vas
deferens) from Mdnah5mut/mut mice and wild type control siblings
(n¼ 3/group) were fixed in ice-cold (�20�C) methanol and stained
using Mayer’s hemalum solution and counterstained with a 0.5% alco-
holic eosin Y solution (both Merck, Darmstadt, Germany), per manu-
facturer’s protocol. Images were taken with an Eclipse Ti Inverted
Microscope and DS-Ri2 camera (Nikon, Tokyo, Japan) and processed
using Adobe Creative Suite CS5.

4 Aprea et al.
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.Cultivation of ciliated respiratory epithelial
cells
Ciliated respiratory epithelial cells were acquired from the middle tur-
binate with a nasal brush (Engelbrecht Medicine and Laboratory tech-
nology) and resuspended in cell culture medium. Cells were pre-
cultured in flasks coated with rat collagen and subsequently processed
to air-liquid interface (ALI-) cultures, as previously reported (Hirst
et al., 2010; Munye et al., 2016). For the proliferation of cells,
PneumaCultTM-Ex Medium (StemcellTM) and for the cell differentiation
PneumaCultTM-ALI Maintenance medium (StemcellTM) supplied with
1% Antibiotic—Antimycotic �100, were used.

Immunoblotting
Protein extracts were obtained from human control sperm and ciliated
respiratory cells cultivated under ALI conditions (n¼ 4 per cell type)
by treatment in IGEPAL-Buffer ((50 mM Tris-HCl (pH 8.0), 150 mM
NaCl, 1% IGEPAL, 10% Glycerol, 0.5 mM EDTA supplemented with
cOmpleteTM Mini EDTA-free Protease Inhibitor Cocktail Tablets
(Roche) and Phosphatase Inhibitor Cocktail 2 and 3 (Sigma-Alderich)).
Obtained cell lysates were homogenized (2000 rpm, 3 min) using the
Mikro-Dismembrator U (Sartorius). A final centrifugation step
(12 851 g, 20 min, 4�C) separated extracted proteins from residual cell
components. The clarified supernatant was supplemented with loading
buffer and reducing agent (10ml supernatant, 5ml NuPAGEVR 4xLDS
sample buffer (novexVR by life technologies), 2ml 1 M DTT, 3ml distilled
water), then heated for 10 min at 70�C. To evaluate the protein con-
tent of the final cell lysate, proteins were separated via a NuPAGEVR

3%-8% Tris-acetate gel (Invitrogen) and visualized using the Proteo
SilverTM Silver Stain kit (Prot-SIL1, Sigma) according to the manufac-
ture’s protocol. For the immunoblotting procedure, protein lysate was
separated using a NuPAGEVR 3%-8% Tris-acetate gel, then transferred
to an InvitrolonTM polyvinylidene difluoride-membrane (novexVR by life
technologies). Blots were washed twice (5 min each) with Tris-
buffered saline plus Tween 20 (TBST) and blocked in 5% BSA in TBST
for 4 h at room temperature.

Blots were treated using rabbit polyclonal anti-DNAH5 (Fliegauf
et al., 2005) and anti-DNAH8 antibody (HPA028447, Atlas
Antibodies) (both diluted 1:1000 in TBST) and horseradish
peroxidase-conjugated anti-rabbit antibody (diluted 1:3000; Santa Cruz
Biotechnology, Heidelberg, Germany). Blots were developed using
ECL Prime Western Blotting Detection Reagent (GE Healthcare Life
technologies, Little Chalfont, UK) following manufacturers instructions.
Images were taken with the FUSION-SL 3500 WL advanced Imager
(VWR International, Erlangen, Germany) and processed using Adobe
Creative Suite CS5.

Results

Male reproductive tracts of adult
Mdnah5mut/mut mice display dilatation of
the rete testis and sperm stasis in efferent
ducts
Macroscopic examination of male reproductive tracts revealed
that, compared to wild type control littermates, Mdnah5mut/mut males

display dilatation of the rete testis, visible as a translucent area
around the conjunction of the testis to the efferent ducts
(Supplementary Fig. S1). Interestingly, a dilatation of the rete testis
could already be observed in a prepuberal (Bellve et al., 1977) mutant
male (P30) who had not yet completed the first wave of spermatogen-
esis (Supplementary Fig. S1), (Oakberg, 1956). Histological analyses
by hematoxylin-eosin staining confirmed this finding (Fig. 2). Moreover,
toluidine blue staining of male reproductive tract semithin sections
revealed that sperm cells accumulate in the efferent ducts of adult
Mdnah5 mutant mice, when compared to control littermates (Fig. 2).

We further analyzed this phenotype by TEM in three adult control
and mutant mice (P40, P45 and P50). We found that in control litter-
mates the proximal and distal efferent duct regions were largely devoid
of sperm, whereas the distal efferent ducts of the corresponding
Mdnah5mut/mut males contained accumulated sperm (Supplementary
Figs.S2–S4). In contrast, the caput, corpus and cauda regions of the
control littermate’s epididymides harbored a large number of sperm,
whereas these regions in the corresponding DNAH5-deficient mice
contained either no sperm or a statistically significant reduced number
of sperm (Supplementary Figs S5–S7 and Supplementary Table SII).
Quantification of sperm head and flagellar structures in control epidid-
ymal sections revealed an average number of 338, 184 and 131 sperm
cells per 1000 mm2 tubule in the caput, corpus and cauda regions, re-
spectively. In contrast, the P40 Mdnah5mut/mut male showed a reduc-
tion in sperm count of 98–100% in all three epididymal regions
(Supplementary Fig. S5, Supplementary Fig. S8 and Supplementary
Table SII) and the P50 Mdnah5mut/mut male showed a reduction of
60% in the caput and 99–100% in the corpus and cauda epididymis
(Supplementary Figs S7–S8 and Supplementary Table SII). Surprisingly,
the P45 Mdnah5mut/mut male had many more spermatozoa along the
epididymis compared to the P40 and P50 mutant males. However,
quantification analysis showed that the sperm quantity was lower by
70% in the epididymal head, 60% in the epididymal corpus, and 79% in
the epididyaml cauda region compared to the control littermate
(Supplementary Fig. S6, Supplementary Fig. S8 and Supplementary
Table SII).

Altogether, these findings indicate that Mdnah5mut/mut males can ex-
hibit an obstructive sperm stasis in the efferent duct tubule system.

Efferent duct cilia of Mdnah5mut/mut mice
display ODA defects, whereas sperm
flagella present a normal ultrastructure
with ODAs
We next investigated whether DNAH5 deficiency affected the ultra-
structure of efferent duct cilia and/or sperm flagella in mice. Using
TEM to investigate general ODA structure in Mdnah5mut/mut mice, we
observed axonemal ODA defects in efferent duct cilia but not in
sperm flagella (Fig. 3A–D, Supplementary Fig. S9). Then, we examined
the presence of DNAH5 in both control and Mdnah5mut/mut mice: us-
ing anti-DNAH5 antibodies (Fliegauf et al., 2005) and IF, we detected
panaxonemal localization of DNAH5 (Fig. 3E, upper panel) in efferent
duct cilia of control mice but not Mdnah5mut/mut mice (Fig. 3E, lower
panel). Interestingly, DNAH5 was not detectable in the sperm flagella
in both adult wild type control and Mdnah5mut/mut male mice (Fig. 3F).

We also used IF to examine the localization of other known ODA
components, the dynein intermediate chains DNAI1 (Pennarun et al.,
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..2002; Paff et al., 2017)and DNAI2 (Loges et al., 2008; Paff et al.,
2017), in control and Mdnah5mut/mut mice. Both proteins were detect-
able in the control mice’s efferent duct cilia, but neither were present
in the Mdnah5mut/mut mice’s efferent duct cilia (Fig. 3G and I).
However, DNAI1 and DNAI2 displayed panaxonemal localization in
both the adult wild type control and the Mdnah5mut/mut male mice’s
sperm flagella (Fig. 3H and J).

These findings demonstrate that Mdnah5mut/mut mice specifically lost
ODAs in their efferent duct cilia, similar to respiratory cilia (Nöthe-
Menchen et al., 2019), but not in their sperm flagella and provide

evidence for a conserved function of DNAH5 in cell types with multi-
ple motile cilia but not sperm flagella.

ODA defects in efferent duct cilia of
Mdnah5mut/mut mice cause ciliary
dysmotility, whereas DNAH5 deficiency
does not affect sperm flagellar motility
To determine whether loss of ODAs in the efferent duct cilia of
Mdnah5mut/mut mice results in ciliary dysmotility and represents the

Figure 2. Adult Mdnah5 homozygous mutant male mice display enlargement of the rete testes and sperm accumulation in the
efferent duct tract. A and B, hematoxylin and eosin staining of (A) control and (B) Mdnah5mut/mut testes (T) show that compared to control litter-
mates, Mdnah5mut/mut males present a dilatation of the rete testes (RT, red line). C–F, toluidine blue staining of efferent duct and cauda epididymis
semi thin sections.C and D,cilia (Ci) line efferent duct lumen of control (Mdnah5wt/wt) and Mdnah5mut/mut mice.Controls present few isolated sper-
matozoa (SP). Sperm accumulation is clearly visualized in the Mdnah5mut/mut mouse. E and F, opposite distribution of spermatozoa is observed within
the cauda epididymis:a large amount of spermatozoa is present in the control but only few are visible in the Mdnah5mut/mut male. One example is
representatively shown for a biological replicate of three adult mice (n¼3). Scale bars represent 1000 mm (A, B), 50 mm (C–F). MV: microvilli.

6 Aprea et al.



Figure 3. Mdnah5 homozygous mutant male mice show loss of ODAs in efferent duct cilia but not sperm flagella. A, TEM of con-
trol (Mdnah5wt/wt) efferent duct cilia. B, absence of ODAs in mutant (Mdnah5mut/mut) efferent duct cilia; ODA presence in (C) control and (D) mutant
sperm flagella. E, IF co-staining confirms DNAH5 (red) presence in control efferent duct cilia along the entire ciliary length marked with an antibody
against acetylated alpha-tubulin (green) and DNAH5 loss in Mdnah5-mutant tissue. F, IF staining on testicular sections show that DNAH5 (red) is not
present in control and Mdnah5-mutant mouse sperm flagella. G, DNAI1 (red) localizes to control efferent duct cilia, but not in Mdnah5mut/mut mice. H,
IF staining on testicular sections show that DNAI1 (red) localizes to sperm flagella in control and Mdnah5mut/mut male. I, as for the other ODA compo-
nents, also DNAI2 (red) localizes to control efferent duct cilia, but not in Mdnah5mut/mut mice. J, IF staining on testicular sections show that control
sperm cells (upper panel) and those of the Mdnah5-mutant male (lower panel), display both panaxonemal localization for DNAI2 (depicted in red).
Biological replicate for efferent duct cilia: n¼ 9 control mice; n¼11 Mdnah5 homozygous mutant mice. Biological replicate for sperm flagella: n¼3/
group. Nuclei (blue) were stained with DAPI. Scale bars represent 50 nm (A–D), 10 mm (E–J).
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underlying cause of their obstructive sperm stasis, we first analyzed ef-
ferent duct cilia in control mice in more detail. By TEM we found that
efferent duct cilia display regularly disposed basal foot processes and
oriented central pair complexes (Fig. 4A and B), which is consistent
with the directed transport function of multiple motile cilia in other tis-
sues (Fliegauf et al., 2007). Thus, these findings suggest that efferent
duct cilia have inherent polarity and a coordinated and planar beat pat-
tern, similar to multiple motile respiratory cilia (Mitchell et al., 2007).
To scrutinize this hypothesis, we performed HVMA. Efferent duct cilia
display a median CBF of 13 Hz at 37�C. The ciliary beat pattern com-
prises effective forward and backward recovery strokes, resembling
the beat pattern of respiratory cilia and suggesting a directed transport

function for efferent duct cilia (Supplementary Videos S1 and S2). We
confirmed this by visualizing the transport of plastic beads (0.5mm di-
ameter) applied to the efferent duct samples, showing a median trans-
port velocity of 130mm/s (Fig. 4C and D).

As reported for other types of DNAH5 deficient motile cilia
(Ibanez-Tallon, 2002; Fliegauf et al., 2005; Nöthe-Menchen et al.,
2019), the DNAH5-deficient efferent duct cilia were—compared
to controls—mostly immotile, with some cilia displaying residual
flickering motility (Supplementary Videos S3 and S4). At 37�C, the
median CBF was significantly reduced from 13 Hz (controls) to
3 Hz (Mdnah5mut/mut) (P< 0.0001: ***; Fig. 5 and Supplementary
Table SIII).

Figure 4. Mouse efferent duct cilia display a regular orientation and directed beating pattern. A and B, TEM analysis of ciliary cross
sections in control mouse efferent ducts.A, longitudinal sections of efferent duct cilia displaying regular disposed basal bodies and basal foot pro-
cesses. B, central pairs of efferent duct cilia (Ci) are oriented in a regular fashion as indicated by the red bars. C, manual tracking of 0.5 mm plastic
beads applied on efferent duct cilia confirms that this cilia type displays a directed beating pattern. D, evaluation of the transport velocity of control ef-
ferent duct cilia shows that applied beads are mobilized with a median velocity of 130 mm/s. Biological replicate: n¼3; Scale bars represent 2 mm (A
and B), 50 mm (C).
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By contrast, the motility of sperm cells isolated from the epididymal
body of P45 and P50 control and Mdnah5mut/mut male mice was com-
parable, confirming that DNAH5 deficiency does not affect sperm fla-
gella motility (Supplementary Videos S5 and S6).

Overall, these results confirm that the movement of efferent duct
cilia in Mdnah5mut/mut male mice is impaired, but that their sperm fla-
gella are normal. As such, sperm flow obstruction and reduction of
sperm number in the reproductive tracts of the Mdnah5mut/mutmale is
solely caused by impaired motility of efferent duct cilia.

DNAH5 deficient men with PCD can
display severely reduced sperm numbers
and dilatation of the epididymal head
To address whether the disease mechanism identified in Mdnah5mut/mut

mice is conserved in the human male reproductive system, we analyzed
the fertility status of four young males with ages spanning from 19 to
29 years, carrying bi-allelic DNAH5 loss-of-function mutations: siblings
OP-116 II1 and II2 (Exon 20: c.3037_3040delAGCG, p. V1014Lfs*20
het. þ Exon 25: c.3949C>T, p. Q1317* het.), OP-399 II1 (Exon 38:
c.6343delA, p. I2115* het. þ Exon 76: c.13194_13197delCAGA,
p. D4398Efs*16 het.), (Wallmeier, 2012), and OP-1781 II1 (Exon 51:
c.8497C>T, p. R2833C het. (PolyPhen-2 prediction score: 1.00; proba-
bly damaging, (Adzhubei et al., 2010)) þ Exon 63: c.10815delT,
p. P3606Hfs*23 het.), (Supplementary Fig. S10).

Initial semen analysis of all four DNAH5-mutant human males
revealed severe oligozoospermia (<4 million sperm/ml of ejaculate)
with preserved progressive motility of sperm cells in OP-116 II1,
OP-116 II2 and OP-399 II1; OP-1781 II1 suffered from azoospermia,
i.e. no sperm in the ejaculate. In three of these individuals (OP-116
II1, OP-399 II1 and OP-1781 II1) a second semen analysis was per-
formed, and OP-116 II1 and OP-1781 II1 also underwent an andro-
logic examination. The second semen analysis yielded normal sperm
numbers (normozoospermia) in the ejaculate of OP-116 II1, whereas

OP-399 II1 displayed azoospermia, and azoospermia was confirmed in
OP-1781 II1 (Supplementary Table SIV).

Sonographic examination of the testis and epididymis in DNAH5-
mutant individuals OP-116 II1 and OP-1781 II1 revealed a bilateral en-
largement of the caput epididymis (Fig. 6) when compared to a healthy
control individual and to published maximum reference values of epi-
didymal head height (Pilatz et al., 2013). Consistent with the pheno-
type observed in Mdnah5mut/mut mice, these findings indicate an
obstructive sperm stasis, presumably due to dysfunction of efferent
duct cilia motility.

Sperm of DNAH5 mutated male individuals
with PCD present a regular ultrastructure
with ODAs and normal motility
To assess the motility and structure of sperm of individuals OP-116 II1
and OP-116 II2, we performed HVMA and TEM. The beating pattern
(Supplementary Videos S7–S9) and ultrastructure (i.e. clearly visible
ODAs) of their sperm flagella was similar to sperm flagella from
healthy donors (Fig. 7A–H), confirming normal ODA composition of
DNAH5 mutant sperm flagella.

To further refine the structure of sperm flagella of OP-116 II1, OP-
116 II2 and OP-399 II1, we performed IF on sperm flagella compared
to respiratory epithelial cells using antibodies targeting ODA compo-
nents in motile cilia. We confirmed ODA defects in multiciliated respi-
ratory epithelial cells of all analyzed DNAH5-mutant individuals; the
loss of ODAs from the ciliary axonemes was demonstrated by TEM,
and absence of the ODA proteins DNAH5 and the ODA intermedi-
ate chain components DNAI1 and DNAI2 in cilia were confirmed by
IF (Supplementary Figs S11 and S12 and Supplementary Table SV).

As observed in mice, DNAH5 was undetectable in sperm flagella
of healthy controls and DNAH5-mutants OP-116 II1, OP-116 II2
(Fig. 7I–K) and OP-399 II1 (Supplementary Fig. S13). Consistently,
DNAI1 and DNAI2 displayed the expected panaxonemal localization
in all control- and DNAH5-mutant sperm flagella of individuals OP-116
II1 and OP-116 II2 (Fig. 7I–N). Thus, DNAH5 displays an evolution-
arily conserved functional role for ODA composition in multiple motile
cilia, but not in sperm flagella.

To complete our analysis and to clarify which paralogous protein
might substitute the functional role of DNAH5 in sperm flagella, we
performed western blot and IF analyses using antibodies directed
against DNAH8, like DNAH5 an ortholog to the ODA c-heavy chain
of the biflagellated alga Chlamydomonas reinhardtii (Pazour et al., 2006).
DNAH8 was lacking in respiratory epithelial cilia (data not shown) but
localized panaxonemal to the sperm flagella of healthy controls and
DNAH5-mutant individuals (Fig. 8 and Supplementary Fig. S14).

Discussion
We report findings that support a novel disease mechanism for male
oligozoospermia: our data demonstrate that loss of DNAH5 can lead
to obstructive oligozoospermia-associated male infertility caused by
dysfunction of efferent duct motile cilia, without affecting sperm flagella
structure and function.

It is currently proposed that efferent ducts facilitate sperm transport
to the epididymis by performing several functions. These include

Figure 5. CBF of efferent duct cilia is significantly reduced
in Mdnah5 homozygous mutant male mice. Compared to
control mice (Mdnah5wt/wt), statistical analysis by unpaired two-
tailed student’s t-test with Welch’s correction reveals a significant re-
duction of CBF (in Hz: Hertz) of motile efferent duct cilia in
Mdnah5mut/mut mice. Biological replicate: n¼5 control group; n¼7
Mdnah5 homozygous mutant mice, P<0.001: ***.
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..secretion and absorption of fluid via the seminiferous epithelium, con-
traction of the tubular myoepithelial layer, vacuum generation following
ejaculation, and increment of pressure caused by the branching and
convergence of efferent ducts (Hess, 2014). While it was initially as-
sumed that efferent duct cilia transport sperm cells to the epididymis,
recent studies suggest that the smooth muscle contraction of the effer-
ent ducts move sperm cells outwards, while motile cilia create, with
their beating, a swirling motion of the seminiferous fluid, keeping
sperm cells in suspension and avoiding them from clogging (Yuan et al.,
2019).

Similar to our findings in Mdnah5mut/mut male mice, recent studies
have demonstrated that mice deficient for factors necessary for the

ciliogenesis of multiple motile cilia, such as the Mir449/34 family of
miRNAs, the E2f transcription factors, or the Geminin family members
GEMC1 and MCIDAS, as well as the atypical cyclin CCNO, display
obstructive oligozoospermia and infertility (Danielian et al., 2016;
Terré et al., 2019; Yuan et al., 2019). In all of the mouse models men-
tioned above, the ciliogenesis defect (reduced number of multiple mo-
tile cilia) may also affect non-motility related ciliary functions such as
chemosensing (Shah et al., 2009). By contrast, our Mdnah5mut/mut

mice do not show any ciliogenesis defect, and they lack no other ciliary
component than the motor unit ODA. Therefore, we conclude that
even in the absence of other disease mechanisms (e.g. abnormal

Figure 6. DNAH5-mutant male individuals present enlargement of the epididymal head. A and B, sonographs of respectively right
(A) and left (B) testis and epididymal head, in a healthy control individual. Epididymal head height measures 8.17 mm (A) and 9.77 mm (B). C, individ-
ual OP-116 II1 and D, individual OP-1781 II1, carrying disease causing mutations in DNAH5, present an epididymal head height of 17.7 mm (OP-116
II1) and 13 mm (OP-1781 II1), respectively. This indicates an enlargement of the epididymal head size, compared to control (A, B) and published
maximum reference values of 11.6 mm (right epididymal head) and 11.3 mm (left epididymal head) (Pilatz et al., 2013).

10 Aprea et al.
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chemosensing of cilia), the loss of ciliary motility within efferent ducts
is sufficient to cause obstructive oligozoospermia in mice.

However, the animal model used in our study presents limitations
that require further discussion. The sensitivity of Mdnah5mut/mut mice
to the postnatal formation of hydrocephalus restricts the number of
animals surviving until adulthood and thus reduces availability of those
mutants for more detailed fertility analyses, and renders mating

experiments impossible. Nonetheless, we show equivalent data in hu-
man DNAH5-deficient male individuals where severely reduced sperm
counts and dilatations of the epididymal head size, but normal sperm
motility, are observed. This is consistent with the phenotype observed
in the male reproductive tracts of Mdnah5mut/mut mice, further corrob-
orating our findings.

Figure 7. ODA protein DNAH5 is not present in human sperm flagella. A and B, TEM of control sperm cells showing the 9þ 2 axoneme
with clearly visible ODAs and accessory structures (FS: fibrous sheath, MIT: mitochondria, and ODF: outer dense fibers). C and D, DNAH5 defi-
ciency does not cause ODA defects of sperm flagellar axonemes. E–H, magnifications of A–D, orange arrowheads exemplarily indicate ODAs. I, J,
K, IF co-staining assessing DNAH5 absence and panaxonemal localization of DNAI1 in human control and DNAH5-deficient sperm cells. L, control
sperm cells display a panaxonemal flagellar localization of DNAI2 (red) that co-localizes (yellow in the merged image) with the flagellar marker
acetylated alpha-tubulin (depicted in green). M and N, sperm flagella of individuals with PCD causing compound heterozygous mutations in DNAH5
display an unaltered localization pattern of DNAI2, indicating that DNAH5 is not a component of the ODA in sperm flagella. Nuclei (blue) were
stained with DAPI. Scale bars represent 100 nm (A–D), 50 nm (E–H), 10 mm (I–N).

Efferent duct cilia motility and oligozoospermia 11
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Interestingly, a second semen analysis in a DNAH5-deficient male

studied here showed parameters consistent with normal sperm func-
tion (normozoospermia). Unfortunately, all human study participants
are of a young age and not yet interested in fatherhood, so informa-
tion on the ability to father a child naturally with their partner is

lacking: but natural fatherhood in PCD patients with isolated ODA
defects in respiratory cilia, including DNAH5-deficient individuals, is
reported and also observed more frequently than in PCD patients
with defects of other categories, such as combined outer and inner dy-
nein arm defects (Vanaken et al., 2017; Sironen et al., 2019). Similarly,

Figure 8. DNAH8 is present in sperm flagella of DNAH5-deficient individuals. A, IF analysis showing DNAH8 panaxonemal localization
in human control sperm cells. B–D, same staining procedure shows that sperm flagella of DNAH5-mutant individuals present an unaltered DNAH8
localization along the entire flagellar length. This is consistent with the observed unaltered sperm ultrastructure of DNAH5-deficient individuals and
the hypothesis that DNAH8, as a paralogue of DNAH5, developed a specific function in sperm flagella. Flagellar marker: acet. tubulin (acetylated al-
pha-tubulin). Nuclei (blue) were stained with DAPI. Scale bars represent 10 mm.

12 Aprea et al.
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we observed a smaller reduction in sperm count in the epdidiymis
(60–79%) of the P45 Mdnah5 mutant mouse, compared with the
other Mdnah5 mutant mice (P40 and P50) analyzed in this study,
which have almost no sperm along the epididymis (reduction of sperm
count up to 98–100%). This suggests that the sperm obstruction along
the male reproductive tract is less pronounced in the P45 mutant
Mdnah5 mouse. The current model proposes that ciliary motility
within the efferent ducts supports but is not the exclusive key driver
for the passage of sperm to the epididymis (Hess, 2014; Yuan et al.,
2019). It can therefore be assumed that dysmotility of the efferent
duct cilia alone is a cause of obstructive oligozoospermia, albeit with
some phenotypic variability, since other factors, such as tubular myoe-
pithelial contraction and vacuum generation after ejaculation, also facili-
tate sperm passage toward the epididymis (Hess, 2014).

Previously, we reported of two infertile DNAH5-deficient males
with low sperm counts or azoospermia (Fliegauf et al., 2005).
However, motile sperm cells were not observed in the semen analysis
of the DNAH5-deficient male with low sperm counts. Moreover, by
using a polyclonal antibody we previously localized DNAH5 in the
proximal flagellar axoneme in both human control and DNAH5 mutant
sperm flagella (Fliegauf et al., 2005). Nevertheless, potential limitations
of this polyclonal antibody were also mentioned in that study because
it also targeted proteins from the microtubule organizing centers.
Here, we show that DNAH5-deficient men present progressive motile
sperm levels above the lowest WHO reference value (Supplementary
Table SIV) and that DNAH5 is not localized in sperm flagella, as dem-
onstrated by IF analysis (Fig. 7I–N and Supplementary Fig. S13). This
clearly indicates that DNAH5 is not a sperm flagellar component. In
addition, our data highlight recent findings on the presence of tissue-
specific paralogs of ODA heavy chains. Thus, DNAH9, DNAH11
(orthologues to the b-heavy chain in the green algae C. reinhardtii), and
DNAH5 (ortholog to the c-heavy chain in the green algae C. reinhard-
tii) are found in respiratory cilia, whereas ODAs in sperm flagella
contain DNAH17 (ortholog to b-heavy chain) and DNAH8 (ortholog
to c-heavy chain), (Fliegauf et al., 2005; Whitfield et al., 2019): the lat-
ter represents the sperm-specific paralog to DNAH5 and is associated
with male infertility by causing sperm immotility and multiple morpho-
logical abnormalities (Whitfield et al., 2019; Liu et al., 2020). Our find-
ings showing DNAH8 localization in sperm flagella of healthy control
and DNAH5-mutant individuals are consistent with data published by
Whitfield et al. (2019) and corroborate our assumption that DNAH5
and DNAH8 have diverged from the ancestral ODA-c-heavy chain
gene (Kollmar, 2016) and that DNAH8 but not DNAH5 is relevant in
sperm flagella (Samant et al., 2002), consistent with normal sperm fla-
gella in DNAH5-mutant individuals.

In conclusion, we propose that ciliary beating of the efferent duct
epithelium is essential for the passage of sperm along the male repro-
ductive system, and loss of this motility in efferent ducts is sufficient to
cause oligozoospermia in mice and most likely in men. This novel
mechanism causing oligozoospermia is distinct from sperm flagellar
dysmotility (asthenozoospermia) and expands the disease spectrum of
motile ciliopathies.

Our findings will impact infertility research, especially research on id-
iopathic cases of male infertility represented by oligozoospermia and
asthenozoospermia (Bracke et al., 2018). Our work suggests that re-
search in idiopathic oligozoospermia should now also include the role
of efferent duct cilia dysmotility. Since several drugs, such as beta

blockers, have been shown to result in reduced CBF of respiratory
cells (Workman and Cohen, 2014), such medications might also affect
efferent duct cilia motility, potentially explaining relevant side effects
like oligozoospermia. Thus, the identification of environmental factors
as well as other genetic defects responsible for efferent duct cilia
dysfunction will improve the understanding of oligozoospermia and idi-
opathic male infertility.
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