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ABSTRACT

Primary ciliary dyskinesia (PCD) is a genetically heterogeneous

disorder affecting normal structure and function of motile cilia,

phenotypically manifested as chronic respiratory infections,

laterality defects and infertility. Autosomal recessive mutations in

genes encoding for different components of the ciliary axoneme

have been associated with PCD in humans and in model organisms.

The CCDC151 gene encodes for a coiled-coil axonemal protein

that ensures correct attachment of outer dynein arm (ODA)

complexes to microtubules. A correct arrangement of dynein arm

complexes is required to provide the proper mechanical force

necessary for cilia beat. Loss-of-function mutations in CCDC151 in

humans leads to PCD disease with respiratory distress and defective

left-right body asymmetry. In mice with the Ccdc151Snbl loss-of-

function mutation (Snowball mutant), left-right body asymmetry with

heart defects have been observed. Here, we demonstrate that loss of

Ccdc151 gene function via targeted gene deletion in mice leads

to perinatal lethality and congenital hydrocephalus. Microcomputed

tomography (microCT) X-ray imaging of Ccdc151–β-galactosidase

reporter expression in whole-mount brain and histological analysis

show that Ccdc151 is expressed in ependymal cells lining the

ventricular brain system, further confirming the role of Ccdc151

dysfunction in hydrocephalus development. Analyzing the features of

hydrocephalus in the Ccdc151-knockout animals by microCT

volumetric imaging, we observe continuity of the aqueduct of

Sylvius, indicating the communicating nature of hydrocephalus

in the Ccdc151-knockout animals. Congenital defects in left-right

asymmetry and male infertility have been also observed in Ccdc151-

null animals. Ccdc151 gene deletion in adult animals results in

abnormal sperm counts and defective sperm motility.

This article has an associated First Person interview with the joint first

authors of the paper.
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INTRODUCTION

Motile cilia play a critical role in the flow of physiological fluid

along the epithelial surfaces in many organs and systems, both in

human and mouse. In the nervous system cilia are essential for

the normal flow of cerebrospinal fluid (CSF) within the ventricular

brain system into the central canal of the spinal cord, while in

respiratory and auditory systems cilia are required for mucus and

fluid clearance (Mitchison and Valente, 2017; Bustamante-Marin

and Ostrowski, 2017). Oviductal egg and sperm migration, sperm

motility and directional flow of morphogens during early embryonic

development that is necessary for correct left-right patterning also

depend on proper ciliary function. In vertebrates, establishment of

left-right body asymmetry is directed by leftward nodal flow created

by directional ciliary beats across the vertebrate left-right organizer.

This directional flow is necessary for induction of an asymmetric gene

expression cascade in the lateral plate mesoderm, which determines

left-right organ asymmetry (situs). Abnormalities in the direction or

speed of the flow result in randomization of left-right body axis

asymmetry (Yoshiba and Hamada, 2014; Sampaio et al., 2014).

Primary ciliary dyskinesia (PCD; OMIM:244400) is a complex

disease caused by structural or developmental defects impeding

normal function of motile cilia. Reported prevalence of PCD varies

from 1:2000 to 1:40,000 people, indicative of a true variability

among different populations, as well as difficulties in achieving a

correct diagnosis (Kuehni and Lucas, 2016). Because motile cilia

are essential for normal functioning of different physiological

systems, PCD is a disorder affecting many organs. It is worth noting

that all affected PCD patients share a common trait: respiratory tract

infections, caused by impaired mucociliary clearance, which, in

severe cases, can progress to lung destruction; the only exception is

extremely light respiratory symptoms being observed in individuals

carrying DNAH9 mutation (Fassad et al., 2018). A subset of PCD

patients have a defect in left-right body asymmetry, a condition

defined as a Kartanger syndrome (Goutaki et al., 2019). Among

those patients, slightly less than 50% show situs inversus and 10%

carry other laterality defects such as situs ambiguus or heterotaxy

(Shapiro et al., 2014). About 5% of PCD patients have simple or

complex cardiovascular malformations (Goutaki et al., 2016). Male

and female infertility is often reported in PCD patients (Ichioka

et al., 2006; Eliasson et al., 1997). Other organs can be affected, and

hydrocephalus, retinitis pigmentosa and renal cysts have been

occasionally detected (Ibañez-Tallon et al., 2004; Afzelius, 2004;

Knowles et al., 2013, 2016). Because of the heterogeneity in clinical

manifestation of PCD, a PICADAR diagnostic predictive tool has

been developed by the Swiss PCD Registry (CH-PCD) Working

Group to facilitate correct PCD diagnosis based on clinical

symptoms (Behan et al., 2016).Received 17 December 2018; Accepted 3 July 2019
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Congenital hydrocephalus, an abnormal accumulation of CSF

in the brain ventricles, can be caused by abnormal production,

absorption or flow of CSF within the ventricular brain system

(McAllister, 2012; Perez-Figares et al., 2001). Anatomically it is

characterized by ventricular enlargements due to CSF accumulation,

damage of the underlying ependyma and thinning of the cerebral

cortex. Unidirectional flow of the CSF from the third and fourth

lateral ventricles into the spinal canal is driven by the coordinated

movement of motile cilia found on ependymal cells lining the

ventricular brain system. Abnormal CSF flow through the ventricle

due to anomalous differentiation, migration or polarization of

ependymal cells, as well as irregular direction or frequency of

the ciliary beats or block in CSF ventricular circulation, can lead

to congenital hydrocephalus in humans and mice (Jiménez et al.,

2001; Crews et al., 2004; Lee, 2013; Fliegauf et al., 2007). Two

types of hydrocephalus are generally recognized: (1) obstructive,

when CSF flow in the ventricular brain system is physically

blocked, and (2) communicating, which is caused by abnormal

production, absorption or speed of CSF flow without interruption of

continuity of the cerebral ventricular system (McAllister, 2012;

Perez-Figares et al., 2001).

Motile cilia and sperm flagella are cellular organelles with

axonemes built from microtubules and found on the surface

of specialized cells. Each axoneme is composed of two central

microtubules and nine peripheral microtubule doublets, which are

connected to the central pair by radial spokes and enveloped by the

ciliary membrane (Lodish et al., 2000). Specific components of

motile cilia, which are necessary for cilia beatings, include inner

dynein arms (IDAs) and outer dynein arms (ODAs), both of which

are formed by dynein motor protein. Dyneins produce mechanical

forces that enable microtubules to perform a coordinated sliding

action against each other (Viswanadha et al., 2017). This is a very

important part of the mechanism by which the rhythmic and

synchronized cilia movements are produced. Multi-subunit dynein

arm motor complexes are synthesized and preassembled in cytosol,

transported to the cilium or flagella compartments, and anchored

into the axonemal microtubule scaffold via the ODA-docking

complex (ODA-DC) system. Around 70-80% of PCD cases are due

to mutations in genes coding either for dynein arm proteins, ODA-

DC components, or proteins responsible for assembly and transport

of these complexes (Papon et al., 2010; Shoemark et al., 2012).

The CCDC151 gene encodes for a coiled-coil protein critical

for ODA-complex assembly. Nonsense mutations in all three

coiled-coiled conserved domains of CCDC151 patients were

identified in seven human patients with PCD disease. All were

suffering from respiratory infections and chronic sinusitis, while

otitis media and a hearing defect were diagnosed for two of them. In

addition, three patients had situs inversus totalis (SIT), two

presented with cardiac ventricular septal defects, while the other

two showed dextrocardia with situs inversus abdominalis (SIA)

(Zhang et al., 2019; Hjeij et al., 2014; Alsaadi et al., 2014).

Reconstitution biochemical experiments showed that the absence of

functional CCDC151 impairs the binding of the DNAH5 protein to

ODA complex, and absence of CCDC114 prevents ARMC4

proteins binding to ODA-DC (Hjeij et al., 2014). As a result, the

complete loss of ODA from axonemes and severely impaired ciliary

beating are observed. The role of Ccdc151 protein in ODA

assembly and ciliary motility is conserved among vertebrates and

confirmed both in Drosophila and zebrafish (Jerber et al., 2014). In

mice, an N-ethyl-N-nitrosourea (ENU) mutagenesis screen for the

congenital heart defects allowed discovery of a loss-of-function

mutation in a splice donor site of the Ccdc151 gene (Snowball

mutation; Ccdc151Snbl; MGI: 5445347). These animals exhibited

impaired tracheal and ependymal ciliary motility due to lack of

ODAs. Consistent with impaired ciliary function, these mice

presented with randomization of left-right asymmetry and heart

malformation phenotypes (Hjeij et al., 2014; Li et al., 2015).

In this work, we demonstrate that the loss of Ccdc151 gene

function in mice leads to fast-progressing hydrocephalus and early

postnatal lethality. We analyzed a Ccdc151-knockout mouse model

in which Ccdc151 exons 2 and 3 are replaced by a lacZ (encoding

β-galactosidase) reporter gene. Using a Ccdc151-lacZ fusion gene

and performing histological analysis, we show that the Ccdc151

gene is expressed in ependymal cells of the brain. The results of this

histological expression-pattern analysis were confirmed by in vitro

direct three-dimensional (3D) X-ray imaging of the whole-mount

brain by applying a novel in-house-developed experimental

procedure based on the in situ detection of the β-galactosidase

reaction products. Such a method allowed us to build the 3D pattern

of Ccdc151 gene expression in murine brain and to demonstrate

that the Ccdc151-lacZ reporter is expressed in all anatomical

compartments of the murine ventricular brain system. In agreement

with the previously published data, we determined that the subset

of Ccdc151-knockout animals also show laterality defects, such as

SIT and SIA. We have also demonstrated that the Ccdc151 gene

is expressed in murine testes and is essential for normal sperm

development. Complete azoospermia was observed in a few

Ccdc151-null males, which occasionally survived post-weaning

and reached sexual maturation. We also demonstrated that the

conditional deletion of the Ccdc151 gene in adult males causes low

sperm counts and defective sperm motility. Overall, our work

substantiates that the Ccdc151 knockout is a valuable mouse model

for the study of processes leading to human ciliopathies both during

embryonic development and in adult animals.

RESULTS

Knockout of Ccdc151 leads to early perinatal lethality in

C57BL/6N mice

To investigate the impact of loss of function of theCcdc151 gene, we

engineered a mouse model in which the Ccdc151 gene is deleted.

Knockout mice were generated from Ccdc151tm1a(EUCOMM)Wtsi

embryonic stem (ES) cells produced by the International Knockout

Mouse Consortium (IKMC) (Fig. 1A). By breeding animals carrying

the Ccdc151tm1a allele with ROSA26Cre (MGI: 5285392) animals,

we produced the Ccdc151tm1b allele (MGI: 1924859; http://www.

mousephenotype.org/data/genes/MGI:1924859). The Ccdc151tm1b

allele is a knockout of the Ccdc151 gene in which exons 2 and 3 are

replaced by lacZ and a neomycin (neo) cassette that is present in the

Ccdc151tm1a allele is removed from the targeted locus (Fig. 1B).

This results in the expression of a Ccdc151-lacZ reporter gene and

loss of endogenous Ccdc151 mRNA due to out-of-frame mutation.

We demonstrated the absence of wild-type Ccdc151 mRNA by

reverse transcription PCR (RT-PCR) using RNA extracted from the

brain of homozygous Ccdc151tm1b/tm1b animals. Therefore, the

Ccdc151tm1b allele is a null Ccdc151 allele, which, in the text below,

is denoted as the Ccdc151− allele (Fig. 1C,D).

We then investigated the consequences of the loss of Ccdc151 in

murine development. Heterozygous Ccdc151+/− animal breedings

produced, on average, litters of normal size with expected

mendelian distribution of wild-type, Ccdc151+/− and Ccdc151−/−

genotypes at postnatal day 10 (P10) (Fig. 1E). The first few days

after birth the Ccdc151−/− pups were visually indistinguishable

from their littermates. However, a statistically significant growth

delay was observed already at P6 and increased dramatically at P10,
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with Ccdc151−/− being severely growth retarded at this point

(Fig. 1F,G). In addition, all Ccdc151−/− animals presented with a

dome-shaped head, a clear sign of hydrocephalus in mice (Fig. 1G).

After the second postnatal week, mostCcdc151−/− littermates either

died or had to be euthanized (Fig. 1H). Only a few Ccdc151−/−

animals survived into the post-weaning period.

Ccdc151 is expressed in ependymal cells in murine brain

In order to understand the role of the Ccdc151 gene in mouse brain

development and physiology, we analyzed its expression. Because

the Ccdc151– allele is a Ccdc151-lacZ reporter allele, whole mouse

brains were assayed for β-galactosidase enzymatic activity, using

X-gal (5-bromo-4-chloro-3-indolyl b-D galactopyranoside) as a

substrate in combination with potassium ferri- and ferro-cyanide

(X-gal/FeCN protocol) as suggested by protocols developed by

the International Mouse Phenotyping Consortium (IMPC) (www.

kompphenotype.org) (Skarnes et al., 2011). Positive staining was

observed in the brain of heterozygous Ccdc151+/− animals and not

in wild-type controls (Fig. 2A). Visual inspection of the whole-

mount stained brain images brought to light a zone of strong staining

at the bottom of the brain, in the aperture of the third ventricle, and in

the lining of the fourth ventricle separating forebrain, hindbrain and

cerebellum (Fig. 2A). The histological analysis demonstrated that

Ccdc151-lacZ expression was specifically detected in ependymal

cells lining the lateral ventricles, third ventricle and aqueduct of the

X-gal/FeCN-stained brains (Fig. 2B). Overall, our results highlight

that Ccdc151 is expressed in ependymal cells lining all ventricles

reconstituting ventricular compartments of the murine brain.

3D X-ray imaging of Ccdc151-lacZ reporter gene expression

in intact murine brain in vitro by microCT

To characterize Ccdc151 gene expression thoroughly in the whole-

mount brain, we took advantage of the power of microcomputed

tomography (microCT) analysis. The brain samples from

Fig. 1.Ccdc151 gene knockout leads to perinatal lethality in mice. (A) Schematic representation of theCcdc151tm1a allele. The lacZ reporter gene is inserted

into an intronic locus, following exon 1, replacing exons 2 and 3 of the Ccdc151 gene. (B) Schematic representation of the Ccdc151tm1b allele. The Ccdc151tm1b

allele is generated from the Ccdc151tm1a allele by Cre-mediated recombination. Cre recombination deletes exons 2 and 3 of the Ccdc151 gene and the neo

targeting cassette from the Ccdc151tm1a genomic locus. The Ccdc151tm1b allele is a knockout of the Ccdc151 gene and in the text is labeled as the Ccdc151−

allele. Ex, exon; En2A SA, splice acceptor site; IRES, internal ribosomal entry site; lacZ, bacterial β-galactosidase reporter gene; pA, poly A; hBactP, human

β-actin promoter; neo, neomycin resistance gene; FRT, FLP recombination sites; LoxP, Cre recombination sites. (C) Schematic representation of Ccdc151

mRNA. Primers for the RT-PCR analysis, used to demonstrate the ablation Ccdc151 gene expression, are indicated. (D) Loss ofCcdc151 wild-type (WT) mRNA

in homozygous Ccdc151-knockout animals is demonstrated by RT-PCR. (E) Analysis of genotype distribution of animals obtained by breeding between

heterozygous Ccdc151+/− mice. Mendelian ratio of WT, Ccdc151+/− and Ccdc151−/− animals is observed at postnatal day 10 (P10). (F) Ccdc151-knockout

animals demonstrate severe growth retardation. Weight measurements were performed starting at P5. From P6, Ccdc151−/− animals weighed significantly less

when compared to WT animals (mean±s.e.m.; unpaired t-test; *P<0.05; ***P<0.001; ****P<0.0001). (G) Photograph of a Ccdc151−/− animal and WT littermate.

(H) Most of the Ccdc151−/− animals do not survive to weaning. Kaplan–Meier survival plot of theCcdc151-null (N=10) andWT (N=10) animals; log-rank test (Chi

square=13.13; d.f.=1; P=0.003).
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heterozygous Ccdc151-lacZ and wild-type animals were stained

with X-gal/FeCN, dehydrated, paraffin embedded (as described for

histological analysis) and imaged by microCT. Maximum intensity

projection (MIP) microCT images revealed regions of high X-ray

densities, measured by gray values, only in the Ccdc151-lacZ brains

(Fig. 3A,B). Regions with large density values were spatially

Fig. 2. Ccdc151 is expressed in

ependymal cells of the ventricular

brain system in mice. (A) Dorsal and

ventral views of the brains from

Ccdc151+/− animals, expressing the

Ccdc151-lacZ reporter gene (a,b), and

wild-type animals (c,d). The whole-

mount brains were stained with X-gal/

FeCN and β-galactosidase expression

was visualized by steriomicroscopy.

Red dashed lines indicate the sections

of the brain presented in panel B.

(B) Histological analysis of Ccdc151

gene expression. Sections were

obtained from the Ccdc151-lacZ brain

presented in panel A and stained with

eosin. Lv, lateral ventricle; d3v, dorsal

third ventricle; 3v, third ventricle; Aq,

aqueduct of Sylvius. Scale bars: 1 mm

(A); 500 μm (B); 50 μm (B, inset).

Fig. 3. Three-dimensional microCT imaging of Ccdc151-

lacZ reporter gene expression in intact mouse brain

detects Ccdc151 expression in the ventricular brain

system. (A) Representative microCT multiple intensity

projection (MIP) image of the wild-type (WT) brain stained with

X-gal/FeCN and scanned with the resolution of 7.9 µm/voxel.

(B) Representative microCT MIP image of the Ccdc151-lacZ

heterozygous brain stained with X-gal/FeCN and scanned

with a 9 µm/voxel resolution. (C) Whole-mount heterozygous

brain stained with X-gal/FeCN. (D) Alignment of microCT-

derived 2D sections of the WT brain (a-c), microCT-derived

sections of the heterozygous Ccdc151-lacZ brain (a′-c′) and

2D section derived from a virtually built 3D model obtained

using Brain Explorer2 software defining only the ventricular

compartment of the mouse brain, marked by green (a″-c″).

The regions of increased microCT-detected density (white) in

a′-c′ is in remarkable agreement with corresponding virtual 2D

coronal sections of the mouse brain, with the ventricular

system highlighted in green (a″-c″). (E) Screenshot of the

transfer function editor windows of the CTvox analyzer (Bruker

software) demonstrates setting of the RGB transfer function

curves for building a color volume-rendered 3D model; color

coded for the tissue density function: red-blue-green;

transparency level defined by the purple line. (F) MicroCT

color volume-rendered 3D model of the Ccdc151-lacZ brain

stained with X-gal/FeCN demonstrates highest densities in the

ventricular region of the mouse brain. (G) 3D model of the

mouse brain, created using Brain Explorer2 software, defining

only the ventricular compartment of the mouse brain (green).
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aligned with the β-galactosidase-stained regions observed after

whole-mount X-gal/FeCN staining of the Ccdc151-lacZ-expressing

brains (Fig. 3B,C).

To demonstrate that the observed high densities are due to the

β-galactosidase enzymatic activity and originated from the products

of its reaction, we compared microCT-derived 2D sections from the

Ccdc151-lacZ brains with the corresponding sections of wild-type

brain (Fig. 3D). Regions with higher densities were specifically

observed in the lining of the ventricular system only in Ccdc151-lacZ

sections but not in the wild-type brains. The regions with positive X-

ray densities were in remarkable agreement with the β-galactosidase

staining of ependymal cells detected by histological analysis (Fig. 2B).

To further explore the efficacy of X-ray imaging for lacZ reporter

gene expression analysis, we compared experimentally obtained

images to those virtually constructed. We built virtual 2D sections

using Allen Mouse Common Coordinate Framework software

(https://scalablebrainatlas.incf.org/mouse/ABA12), selecting only

the ventricular system zones. The alignment of corresponding

virtual and microCT-obtained 2D sections showed a striking

colocalization agreement between predicted and our experimental

X-ray imaging data (Fig. 3D).

We evaluated the whole microCT datasets using the RGB defined

Color Mode (CTvox, Bruker software) and building the

corresponding 3D volume distribution of Ccdc151-lacZ

expression (Fig. 3E,F, Movie 1). The model displayed that the

high X-ray dense regions are restricted to ventricular system and

match considerably with the corresponding ventricular regions in

the digital 3D Allen Mouse Brain Atlas (https://mouse.brain-map.

org/; Fig. 3G, Movie 2). Therefore, using a novel custom microCT

imaging protocol, which is based on the detection of β-

galactosidase/X-gal reaction products in intact murine brain in

vitro, we further demonstrated that Ccdc151 is expressed in the

ventricular system of the murine brain.

Ccdc151-knockout animals develop communicating

hydrocephalus

Above, we showed that Ccdc151-null animals developed a

dome-shaped head, indicative of hydrocephalus, at the second

postnatal week. We also demonstrated expression of Ccdc151 in

ependymal cells of the ventricular system of the brain, suggesting

a key role of Ccdc151 for normal ventricular system functions. This

observation is in agreement with previously published data showing

that loss of function due to point mutations in the mouse Ccdc151

gene (Snowball mutants) leads to immotile and dyskinetic cilia,

including cilia on ependymal cells ofmurine brain (Hjeij et al., 2014).

Here, using microCT imaging and histological analysis of

Ccdc151−/− brains, we observed that homozygous-null animals

develop severe hydrocephalus with complete penetrance of this

phenotype. The brain of Ccdc151−/− animals was characterized

by forebrain enlargement, due to massive expansion of lateral

ventricles, cortex thinning and cerebellar compression (Fig. 4A-F).

Often, hemorrhages within the cortex of null animals were observed

(data not shown). The above listed features were not detected in

Ccdc151+/− and wild-type brains of littermates (Fig. 3). We used

microCT 3D imaging for anatomic and quantitative characterization

of the hydrocephalic features in the brain of Ccdc151-null animals.

Because we previously found that Ccdc151 is expressed in

ependymal cells, we took advantage of this observation to

analyze homozygous-null Ccdc151-lacZ animals in order to mark

ependymal cells for examination of the ventricular system.With this

aim, we built an RGB defined Color Mode 3D model (Fig. 4G,H,

Movie 3). Close inspection of the movies confirmed an enlargement

of the lateral ventricles. In addition, the dorsal part of lateral

ventricles were deprived of the ependymal cell layer. It is still

unclear whether the interruption of ependymal-cell-lining integrity

is a consequence of the extreme ventriculomegaly observed in

Ccdc151-null animals or whether the initial denudation occurs

prior to massive ventricular enlargement. Future microCT volume

imaging inspections of Ccdc151-lacZ ependymal cell integrity

during immediate postnatal brain development and hydrocephalic

progression in Ccdc151-null animals will allow us to address

this issue.

Volumetric analysis of Ccdc151−/− brains was performed by

microCT imaging. A significant increase in total brain and forebrain

volumes as well as ventricular volume were found in the Ccdc151−/−

animals, when compared to Ccdc151+/− littermates (Fig. 4I-K).

However, analysis of our data did not reveal statistically significant

differences between the two genotypes when cerebellar volumes

were examined, suggesting that the main phenotypic consequences

of the Ccdc151 gene knockout point toward modifications of the

forebrain structures in Ccdc151−/− animals (Fig. 4L).

We next examined whether hydrocephalus could be caused by

anatomical abnormalities of the cerebral aqueduct of Sylvius.

Virtual dissection of the microCT-derived brain volumes allows for

examination of collected images at different frames and angles. We

first compared the aqueductal path between Ccdc151−/− and wild-

type brains embedded in paraffin. Well-defined aqueductal

structures were observed in both Ccdc151-knockout and wild-

type animals (Fig. 5A,B). To examine whether this assessment is

true independently of the experimental protocol applied for sample

preparation, we used a different method to prepare the samples for

microCT imaging. Whole murine brains dissected from the scalp

were incubated in Lugol solution, a contrasting agent routinely used

for microCT imaging of soft tissues. The Sylvius aqueductal

structure was clearly visible and looked normally developed on

X-ray images obtained from the mouse brains treated with Lugol

solution, suggesting that this observation did not depend upon the

method by which samples were treated prior to X-ray imaging

(Fig. 5C,D). Some deviation from the perfect anatomical aqueductal

structure observed in Ccdc151-null animals could be explained by

general growth malformation of the hydrocephalic brains.

To evaluate the continuity of aqueductal path, we further virtually

dissected microCT-reconstructed brain volumes, placing two

perpendicular planes (sagittal and transversal) through the line of

the aqueductal path (Fig. 5E,F). This analysis showed a continuous

aqueductal passage without any visible obstruction, suggesting

that the hydrocephalus does not occur because an anatomical

discontinuity in Sylvius aqueduct. Continuity of the aqueductal path

was also confirmed in samples treated with Lugol solution (Fig. 6).

Therefore, our results indicate that the loss of Ccdc151 gene

function causes communicating hydrocephalus in mice.

Ccdc151-deficient mice show defects in left-right body

asymmetry

Defects in laterality are a common feature of PCD disease. We

observed that Ccdc151−/− animals can have either normal position

of the organs, situs solitus (SS) or a complete mirror-image

inversion of organs from the left to right site (SIT) (Fig. 7A). We

analyzed 17 Ccdc151−/− animals and noticed similar frequency

between SS and SIT (7 animals, respectively), with only three

animals having SIA. A total of 41% of Ccdc151−/− animals

presented with normal left-right asymmetry and 69% had situs

abnormalities (Fig. 7B). Morphological examination of other

organs in Ccdc151-null animals evidenced spleen abnormalities
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such as being polycystic, split at the distal end or missing (asplenia)

(Fig. 7B). Asplenia and polysplenia are often detected in patients

with situs ambiguous (Lin et al., 2014). Situs ambiguous generally

refers to randomization of organ position in the body, including

right (two right-sides) or left (two left-sides) isomerisms.

Interestingly, here, asplenia was observed in animals with SS,

suggesting that correct cilia functions might be important for spleen

organogenesis independently of left-right body-axis establishment.

To confirm this observation, further systematic analysis of

Ccdc151-null animals is required.

Ccdc151 is required for normal spermatogenesis

PCD syndrome is often associated with male infertility in humans

and mice. To address the role of Ccdc151 in spermatogenesis, we

first analyzed whether Ccdc151 is expressed in the testes of adult

animals. Taking advantage of the Ccdc151-lacZ reporter allele, we

stained whole testes using the X-gal/FeCN protocol and observed

very strong expression in testicular seminiferous tubules (Fig. 8A).

Most Ccdc151-null animals died before sexual maturity, so

hampering a systematic fertility analysis. In our study, only three

males survived post-weaning and progressed to sexual maturation

age. In those surviving Ccdc151-knockout animals, we observed that

the epididymis and vas deferens were correctly developed; however, a

complete absence of spermatozoawas found (Movies 4, 5). Observed

azoospermia in Ccdc151-null animals suggested the occurrence of

some defect in sperm maturation and/or sperm retention in the

efferent ductules of male testicles.

To further examine the role of Ccdc151 for fertility in adults, we

produced animals with an inducible conditional allele for this gene.

To generate a conditional allele, Ccdc151tm1a(EUCOMM)Hmgu/Cnrm

animals were fist bred with a FLP-recombinase-expressing

strain (MGI:2429412). The resulting conditional Ccdc151tm1c

(Ccdc151Con) allele has exons 2 and 3 of the Ccdc151 gene

floxed by the loxP sites (Fig. 8B). Homozygous Ccdc151Con/Con

animals were viable and apparently normal. To delete the Ccdc151

gene in adult animals, we mated Ccdc151Con/Con with ROSA26

Fig. 4. Ccdc151-knockout animals develop postnatal hydrocephalus. (A) Dorsal view of mouse brain from homozygous Ccdc151−/− animals stained with

the X-gal/FeCN protocol. (B) MicroCT-derived transversal sections of the Ccdc151−/− brain demonstrate enlargement of the lateral ventricles. (C-F) Coronal

sections of the Ccdc151−/− knockout brain; microCT-derived coronal sections of the forebrain (C,E) and corresponding histological sections (D,F) demonstrate

dilation of lateral ventricles and cortex thinning. (G) Screenshot of the transfer function editor windows of the CTvox analyzer (Bruker software). Settings of the

RGB transfer function curves for building a color volume-rendered 3D model, color coded for the tissue density increases: red-blue-green; transparency level

defined by the purple line. (H) MicroCT color volume-rendered 3D model of the Ccdc151−/− knockout brains stained with X-gal/FeCN demonstrate highest

densities in the ventricular region of the mouse brain. Ependymal cell integrity is interrupted in the dorsal part of the lateral ventricles. (I-L) Quantification of the

pathological hydrocephalus of the murine brain of Ccdc151+/− (N=3) and Ccdc151−/− (N=3) at P12. (I) Measurements of the total brain volume; mean+s.e.m.;

Mann–Whitney one-tailed t-test, *P=0.05. (J) Forebrain volume; mean+s.e.m.; Mann–Whitney one-tailed t-test, *P=0.05. (K) Ventricular volume; mean+s.e.m.;

Mann–Whitney one-tailed t-test, *P=0.05. (L) Cerebellar volume; mean+s.e.m.; Mann–Whitney one-tailed t-test, P=0.09 (non-significant).
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transgenic animals expressing Cre recombinase inducible by

tamoxifen (ROSA26ERT2-Cre; MGI:3764519). This strategy

allowed deletion of the Ccdc151 gene in adult animals by

injection of tamoxifen (Fig. 8C,D). After Cre recombinase

induction, both sperm counts and sperm motility were greatly

reduced in the Ccdc151Con/Con ERT2Cre animals but not in the

heterozygousCcdc151Con/+ ERT2Cre littermates (Fig. 8E,F).While

it is predictable that the spermmotility would be affected because of

the possible role of Ccdc151 in flagella motility, the dramatic

decrease in the sperm counts in adult animals requires further study.

DISCUSSION

In this work we describe how the loss of Ccdc151 in mice leads to

the development of a severe postnatal, rapidly progressing

hydrocephalus and perinatal lethality. This mouse model is the

first example of a hydrocephalus phenotype caused by loss of

function of the Ccdc151 gene. Such a role of the Ccdc151 gene in

hydrocephalus development is further supported by the analysis

of its expression. Using animals expressing the Ccdc151-lacZ

reporter allele we demonstrated that Ccdc151 gene expression is

localized in ependymal cells lining the ventricular brain system.

While we did not characterized cilia in the Ccdc151−/− animals,

another group that used the Ccdc151Snbl animal model, carrying

a loss-of-function point mutation in the Ccdc151 gene, observed

defective ciliary motility. The ependymal cilia lining the brain

ventricles of Ccdc151Snbl mutants were largely immotile, with

occasional patches exhibiting slow and stiff ciliary motion (Hjeij

et al., 2014). In spite of observed ciliary defects, the hydrocephalus

was not reported in Ccdc151Snbl animals. The differences in

hydrocephalus phenotype between the two Ccdc151 loss-of-

function animal models could be attributed to: (1) the genetic

difference in nature of the two mutant Ccdc151 alleles (point

mutation versus exons deletion), or (2) the genetic background

of the animals in which phenotypic analysis was conducted.

Ccdc151Snbl animals were produced via ENU mutagenesis in the

C57BL/6J strain, and were maintained and analyzed on this

background (MGI: 5445347), while we produced and maintained

Ccdc151−/− animals on a pure C57BL/6N genetic background. This

observation suggests that genetic modifiers of a hydrocephalic

phenotype might influence the susceptibility to hydrocephalus

in Ccdc151 loss-of-function murine models. The role played by

the genetic background for manifestation of hydrocephalus was

previously demonstrated in mouse models of PCD lacking ciliary

proteins CFAP221, CFAP54 and SPEF2, respectively. In all these

three loss-of-function mouse models, the severity of hydrocephalus

was increased when the animals were maintained on a C57BL/6J

(B6) background, compared to the same models on 129S6/SvEvTac

(129) or a mixed (B6×129)F1 background (Horani et al., 2016;

Flinn et al., 2014;McKenzie et al., 2018). Interestingly, CSF flow in

these mice was perturbed on both backgrounds, indicating that

abnormal cilia-driven flow is not the only factor underlying the

hydrocephalus phenotype. Indeed, a comparative gene expression

microarray analysis of a mice lacking CFAP221 on the B6 and 129

backgrounds reveals differences for a number of genes implicated in

cellular and biochemical processes essential for proper brain

development as well as for formation and function of both motile

and sensory cilia (McKenzie et al., 2018). Importantly, because the

C57BL/6N strain arose from C57BL/6J (Simon et al., 2013), these

two substrains are much more genetically closer than B6 and 129,

implying that a comparative dissection of the genetic modifier(s) of

hydrocephalus development due to loss of Ccdc151 function could

be substantially facilitated by fewer genetic variations between

C57BL/6N and C57BL/6J substrains.

Hydrocephalus is often associated with structural abnormalities

acquired during brain development. Mutations in genes responsible

for normal neuronal progenitor cell division, differentiation,

maturation or migration, such as TRIM71, SMARCC1, PTCH1,

SHH and L1CAM, or in genes encoding cell adhesion proteins

important for the ependymal cell maturation and ependymal

layer integrity, such as MPDZ, YAP and JAM-C, leads to

Fig. 5. Ccdc151-knockout animals develop communicating

hydrocephalus. (A,B) MicroCT analysis of paraffin-embedded

whole-mount brains imaged at a resolution of 7.9 µm voxel size.

Virtual microCT-derived sagittal sections from the brain of

Ccdc151−/− (A) and wild-type (WT) animals (B) demonstrate

continuity of the aqueduct of Sylvius. (C,D) MicroCT imaging

analysis of the brains treated with Lugol’s solution as a contrasting

agent. Brains were imaged at 6.9 µm voxel size resolution. Virtual

microCT-derived sagittal sections of the Ccdc151−/− (C) and WT

(D) brains. (E,F) Virtual dissection of the brains by placing

transversal and sagittal planes across the paraffin-embedded

brains from Ccdc151−/− (E) and WT (F) animals. Lv, lateral

ventricle; d3v, dorsal third ventricle; 3v, third ventricle; 4v, fourth

ventricle; Aq, aqueduct of Sylvius.
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hydrocephalus in humans and mice (Furey et al., 2018; Feldner

et al., 2017; Tonosaki et al., 2014; Park et al., 2016). It is important

to note that all of the examples documented above lead to

non-communicating hydrocephalus, which occurs due to

anatomical and morphological defects, such as severe stenosis or

complete occlusion of the aqueduct of Sylvius, and is caused by

abnormally developed or migrating ependymal cells forming

anatomical structures that physically block normal CSF circulation.

Structural defects in the ciliary axoneme of ependymal cells that

cause inadequate cilia motility, CSF flow slowdown or changes in

its directionality are other common causes of hydrocephalus. This

phenotype is often accompanied by other PCD-associated traits

in mice. In Table S1 we list some of the available literature

describing the mouse models with knockout of axonemal genes

with PCD phenotypes. Interestingly, when the anatomical features

of hydrocephalus in these animals were analyzed, all but one

exhibited the communicating type of hydrocephalus. The only

exception was the hydrocephalus observed in mice with a null

mutation in the Dnah5 gene, which encodes the axonemal dynein

heavy chain (Ibañez-Tallon et al., 2004). This murine model was the

first of many ascertaining a relationship between defective cilia

motility and hydrocephalus. Dnah5-knockout animals developed

a very early severe and fast-progressing hydrocephalus with

early postnatal lethality. Dnah5-null and Ccdc151-knockout

animals both show very similar phenotypic traits, such as

hydrocephalus, early postnatal lethality and defect in left-right

body axis specification. These findings are in accordance with the

fact that deletion of the Ccdc151 gene abrogates Dnah5 binding to

the ciliary axonemes, consistent with a defect of ODA assembly in

axonemes of Ccdc151Snbl cilia and defective ciliary motility (Hjeij

et al., 2014). Morphological characterization of the Dnah5-null

brains by histological analysis of the paraffin-embedded brain

demonstrated discontinuity of the aqueduct of Sylvius by blockage

between proximal and distal parts of the aqueductal path. Instead,

in paraffin-embedded and Lugol-treated whole-mount brains of

Ccdc151-null animals, we found aqueductal integrity as ascertained

by microCT imaging. Our results indicate that the aqueduct is

normally formed and visible path obstruction does not occur,

suggesting thatCcdc151-knockout animals develop communicating

hydrocephalus. This is an important point because it was previously

hypothesized that ependymal CSF propulsion into the aqueduct is

required to prevent aqueductal stenosis during early postnatal

development (Ibañez-Tallon et al., 2004).

The observed discrepancy between the two described murine

models could be due to the different methodologies used for the

morphological characterization of the hydrocephalic brains. In our

studies we applied 3D analysis by microCT of the whole mouse

brain, which allows for a thorough examination of the intact internal

structures of the brain, while histological 2D analysis, which was

applied for analysis of the Dnah5-knockout brain, is more invasive

because the required histological sectioning often makes small

structures, like the aqueduct, prone to collapsing. This hypothetical

explanation could be easily verified by analyzing the brain of

Dnah5-knockout animals by microCT in the same way we did.

In humans, PCD rarely links with hydrocephalus. In addition,

axonemal genes were not found among the genes causing

congenital hydrocephalus in patients (Tully and Dobyns, 2014).

Therefore, to what extent defective ependymal ciliary motility

contributes to the development of congenital hydrocephalus is

still a matter of debate (Afzelius, 2004). The presence of patients

who have been diagnosed with hydrocephalus (or with enlarged

ventricles only) and with immotile, dysmotile or lacking cilia

suggests the existence of a genetic link between these two

phenotypic traits (Jabourian et al., 1986; De Santi et al., 1990;

Picco et al., 1993; Al-Shroof et al., 2001; Wessels et al., 2003). Yet,

so far the only gene found to be mutated in patients affected by PCD

with mild ventricular enlargement is the DNAH5 gene (Ibañez-

Tallon et al., 2004). Therefore, species-specific differences might

explain why, in humans, PCD does not occur with severe

hydrocephalus, despite this often being observed in mice. Another

conceivable explanation is based on noticing that the minimum

width of the mouse foramen of Monro (<10 nm) is 100,000-fold

smaller than in humans (>1 mm), so facilitating the circulation of

CSF in human brain (Lang, 1992). Moreover, the erected position

adopted by humans during evolution might help CSF to flow due to

gravity compensating for the less strict requirement of normal

ciliary motility.

Ccdc151 deficiency causes PCD with randomization of left-right

body asymmetry in human patients and in Ccdc151Snbl animals

(Hjeij et al., 2014). Here, we demonstrated that the targeted deletion

Fig. 6. MicroCT analysis of continuity of the aqueduct of Sylvius. (A,B)

Virtual microCT-derived transversal sections from the brain treated with the

Lugol contrasting agent and imaged with a resolution of 6.9 µm voxel size. The

continuity of the aqueduct in the brain of Ccdc151−/− (A) and wild-type (WT; B)

animals is indicated by an arrow. Sequence of sagittal sections demonstrating

aqueduct continuity from the brain of Ccdc151−/− (a1-a5) and WT (b1-b5)

animals. Arrows indicate aqueduct.
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of the Ccdc151 gene leads to defects in left-right body asymmetry

such as SIT and SIA. We observed a similar frequency for SIT and

SS in our animals (41% each), while only 18% had SIA. Our data

are in agreement with anatomical studies of PCD patients, which

showed that about half had laterality defects and around 12%

manifested complex isomerism (Mirra et al., 2017). It is interesting

to note that, although only relatively few mutated genes important

for ciliary motility lead to hydrocephalus in murine models, the

laterality defects are more frequent (Table S1), suggesting that

correct motile cilia functioning during left-right asymmetry

acquisition is tightly regulated and these events are much more

sensitive to small structural and functional irregularities, which are

translated in situs abnormalities.

Male infertility is another distinctive and quite common

pathology in PCD patients. It is characterized by an ample degree

of sperm abnormalities, ranging from reduced sperm motility to

complete azoospermia (Munro et al., 1994). For example, mutation

in DNAH1, encoding a component of IDA3, has been linked to

azoospermia in patients (Ben Khelifa et al., 2014). This is not

surprising because spermatozoa flagella and motile cilia share

the same highly conserved 9+2 microtubules doublet axoneme

structure (Afzelius, 2004). In addition, motile cilia are also present

in the cells of the male reproductive tract. The role of motile cilia in

efferent ductules is to create a condition for the effective transport

of immotile sperm from the rete testis to epididymis. Indeed, the

loss of efferent duct motile cilia causes sperm aggregation and

agglutination, as well as luminal obstruction, which, in turn, induce

back-pressure atrophy of the testis and ultimately male infertility

(Yuan et al., 2019).

The fertility phenotype in mouse models of PCD is often

obscured because of the severe congenital abnormalities in other

physiological systems and death before sexual maturation. Most

Ccdc151-null animals die before testis maturation, precluding

fertility assessment in males. The strategy to conditionally induce

Ccdc151 knockout in adult mice allows this problem to be overcome,

providing a valuable model for analysis of the factors causing

infertility in Ccdc151-null males. Indeed, using the conditional

approach, we found that a dramatic drop both in spermatozoa counts

and motility occurs at 3 months post-ablation of the Ccdc151 gene.

Importantly, a high percentage of produced spermatozoa are

characterized by impaired or complete absence of motility. This

observation suggests that Ccdc151 is required for flagella

movement and sperm motility. The reason for the high drop in

sperm number after induction of the Ccdc151 gene knockout is still

unclear but we hypothesize that it could occur because of the loss of

cilia beat in compartments of spermatozoa maturation that is

required for normal spermatogenesis. In summary, we identified

Ccdc151 as a gene critical for sperm maturation and motility.

Fig. 7. Targeted deletion of Ccdc151 in mice leads to

left-right asymmetry defect, a trait of the PCD disease.

(A) Ccdc151-knockout animals presented with situs solitus

(SS), situs inversus totalis (SIT) and situs inversus

abdominalis (SIA). RV, right ventricle; LV, left ventricle;

St, stomach; 1-5 (white numbers), numeration of lung lobes;

1-3 (black numbers), numeration of liver lobes. (B) Summary

of the phenotypes observed in Ccdc151-knockout animals.
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To accomplish our work, we extensively exploited X-ray microCT

3D imaging analysis for the morphological and volumetric analysis

of hydrocephalic Ccdc151−/− brains. This method greatly facilitates

the analysis of hydrocephalic brains. Hydrocephalic brains filled

with CSF liquid are prone to mechanical damage during histological

sectioning of the samples. We found that dehydrated and paraffin-

embedded brains allow for visualization and morphometric analysis

of total brain and ventricular volume, with manipulation of the

sample and other experimental efforts being kept at a minimum. This

highly conservative method is extremely convenient and could be

applied for phenotypic characterization of other hydrocephalic

mouse models, since quantification of small variations of the

ventricular volume can be easily achieved in large cohorts of

animals, which are necessary for the statistical validation of the

experimental data.

In this work, we also introduce a novel microCT method for gene

expression detection and visualization of genes carrying the lacZ

reporter gene in whole-mount mouse brains ex vivo. This method

is based on generating a molecular signal within the mouse

brain through the reaction catalyzed by the bacterial enzyme

β-galactosidase, which is widely used as a reporter gene in many

mouse genetic experiments. Comparing histological 2D data and

those obtained from microCT analysis of Ccdc151-lacZ expression,

we observed an excellent agreement between the two mapped gene

expression distributions, demonstrating a specific expression of the

Ccdc151 gene in ependymal cells lining the ventricular system.

Therefore, we concluded that specific densities obtained by an

in situ β-galactosidase reaction, detectable by X-ray imaging, are

direct and genuine signals of the corresponding lacZ gene reporter

expression. In addition, by labeling the ependymal cells with lacZ

reporter and using volume microCT imaging, we provide a new tool

to study hydrocephalus development. This procedure allows focus

on the development of the ependymal layer and validation of the

changes in its integrity during the pathogenesis of hydrocephalus.

In conclusion, the work presented in this paper demonstrates

that animals with Ccdc151 knockout are an important model of

PCD. Furthermore, a novel microCT imaging approach for 3D

morphometric and gene expression analysis to study hydrocephalus

development in mice is introduced in this work. Overall, this

Ccdc151 loss-of-function murine model has proven to be a valuable

model to study specific pathological phenotypic traits associated with

ciliary dysfunction during development and in adult animals.

Fig. 8. The Ccdc151 gene is expressed in testes and its targeted deletion leads to defective spermatogenesis. (A) Whole-mount staining of testes from

Ccdc151-lacZ animals and wild-type (WT) control using the X-gal/FeCN protocol, demonstrating expression of Ccdc151 in testicular seminiferous tubules of the

testis. Scale bars: 500 μm. (B) Schematic representation of the conversion of theCcdc151tm1a allele into the conditional alleleCcdc151tm1c upon FLP-dependent

recombination. Ex, exon; En2ASA, splice acceptor site; IRES, internal ribosomal entry site; LacZ, bacterial β-galactosidase reporter gene; pA, poly A; hBactP,

human β-actin promoter; neo, neomycin resistance gene; FRT, FLP recombination sites; LoxP, Cre recombination sites. (C) Schematic representation of

ROSA26ERT2-Cre recombinase induction by tamoxifen injections. (D) Schematic representation of the Ccdc151 knockout allele, after induction of Cre

recombination. (E,F) Characterization of spermatogenesis after induction by tamoxifen of Cre recombinase inCcdc151Con/ConERT2-Cre (N=3) andCcdc151Con/+

ERT2Cre (N=3) animals: sperm count, mean+s.e.m.; Mann–Whitney t-test, P=0.06 (E) and% of spermmotility, mean+s.e.m.; Mann–Whitney t-test, *P=0.05 (F).
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MATERIALS AND METHODS

Ethics statement

All animals used were handled in accordance with the experimental

protocols and animal care procedures reviewed and approved by the Ethical

and Scientific Commission of Veterinary Health andWelfare Department of

the Italian Ministry of Health (protocol approval reference: N:0000688 03/

21/2008). The ethical and safety rules and guidelines for the use of animals

in biomedical research provided by the Italian laws and regulations, in

application of the relevant European Union’s directives (n. 86/609/EEC and

2010/63/EU), were adhered to.

Animals

Mice analyzed in this study were produced by CNR Monterotondo Mouse

Production Unit and maintained on a C57BL/6N background by the

European Mouse Mutant Archive (EMMA) facility in Monterotondo,

Rome, Italy. Animals were maintained in a temperature-controlled room at

21±2°C, on a 12-h light-dark cycle (lights on at 7 a.m. and off at 7 p.m.).

After weaning, micewere housed by litter of the same sex, 3-5 per cage, with

food and water available ad libitum in a specific pathogen-free facility.

Ccdc151tm1b/+ mice were produced by IKMC at Monterotondo, Italy.

Ccdc151tm1a(EUCOMM)Wtsi ES cells were injected into blastocysts and

chimeras were produced. Obtained chimeras transmitted the targeted

allele into progenies. The neo selection cassette flanked by loxP sites was

excised upon breeding with ROSA26Cre (MGI: 3764519) animals. By this

breeding strategy, heterozygous animals carrying the Ccdc151tm1b allele

were generated. Genotyping of the Ccdc151tm1b allele was performed

with the following primers (5′-3′): Ccdc151 F: AGAGCCCTGGATCTT-

AACTGCTGA, Ccdc151 R: TCCAAGTCATGCAGAGCTGGGATT and

Frt-Rev: CCTTCCTCCTACATAGTTGGCAGT; the wild-type allele

produces a PCR product of 307 bp, while the Ccdc151tm1b allele is

270 bp in size.

Ccdc151 transcript analysis in brain

RNA was extracted from mouse brain using Trizol reagent according

to the manufacturer’s protocol (Invitrogen, cat. # 15596-018). In total,

500 ng were used to prepare cDNA (Invitrogen, 18080093). The PCR

reactions using cDNA as template were performed with the following

primers (5′-3′): pair 1: F- CTCCATACGCTCTGTCTGAA and R- TGCGC-

AACCTGGAGAATCGGC, and pair 2: F- TGATACGGTATTGGCAGGAA

and R- TAAGATCTGCGCAACCTATT; GAPDH F- ATGTGTCCGTCGT-

GGATCTGAC and R- AGACAACCTGGTCCTCAGTGTAG.

Whole-mount lacZ gene reporter assay with X-gal (X-gal/FeCN

protocol)

The animals were perfused as described above; the organs were dissected

and fixed in 4% PFA on ice for 30 min and then were incubated for 30 min in

wash buffer (2 mMMgCl2, 0.01% sodium deoxycholate, 0.02% of Nonidet-

P40, 0.1 M sodium phosphate buffer, pH 7.3) on ice. Whole-mount organs

were stained in X-gal staining solution containing 1 mg/ml of X-gal stock

solution [25 mg/ml X-gal (Sigma-Aldrich, B4252) in dimethylformamide],

0.2% of potassium ferrocyanide (Sigma-Aldrich, P-9387) and 0.16%

potassium ferricyanide (Sigma-Aldrich, P-8131) in wash buffer for about

48 h at 37°C. The organs were washed in wash buffer and additionally fixed

overnight with 4% PFA in the cold room and embedded in paraffin as

described (Marazziti et al., 2013). The embedded organswere then sectioned

for histological analysis or inspected by microCT imaging. When whole-

mount X-gal staining was not performed immediately after perfusion, organs

were fixed with 4% PFA overnight in the cold room and embedded in

paraffin as described (Marazziti et al., 2013).

Potassium iodine (Lugol) staining

After dissection, murine brains were washed with PBS, fixed in 4% PFA for

30 min and transferred into 0.1 N (v/v) Lugol solution (Sigma, 32922). The

samples were left in Lugol solution for 2 weeks at room temperature in a

glass container in the dark. After this procedure, the samples were fitted in

the narrow plastic column and placed in the microCT machine holder.

MicroCT imaging

MicroCT imaging was performed as described in Ermakova et al. (2018).

In brief, the 3D raw data were acquired by Skyscan 1172G (Bruker,

Kontich, Belgium) using an L7901-20 Microfocus X-ray Source

(Hamamatsu) with a camera pixel size of 9 µm, binning 2K. The X-ray

tube voltage range was set at 39 kV, while the X-ray tube current was set

at 240 µA (9 W). In all presented experiments, image acquisition was

performed without filter. The samples were rotated by 180° during the

volume acquisition. Reconstructions of the acquired 2D images in volume

images were performed using built-in NRecon Skyscan reconstruction software

(version: 1.6.6.0; Bruker). The 3D images were visualized using 3D

Visualization Software CTvox v 2.5 (Bruker) to the volume rendering views

and movies. Preparation of the images for presentation was performed using

ImageJ software.

Volumetric analysis

The volume measurements were performed using Bruker MicroCT-

Analyser Version 1.13 software. Specific regions of the brain were

manually defined as a region of interest (ROI) in every 2D section

acquired by microCT, using the Allen Brain Atlas for guidance to accurately

identify and segment each brain in a specific volume of interest (VOI).

Separate data sets containing only the VOI region were created and used for

automated volume measurements.

Light microscopy

X-gal/FeCN-stained brains, embedded in paraffin, were sectioned at 16 µm

and stained with Eosin Y 1% aqueous solution (Bio-Optica, 05-M10002).

Images were obtained with the stereomicroscope MZ12 (Leica) equipped

with color camera Leica DC500.

Sperm preparation

At 6 weeks, Ccdc151-knockout males and wild-type littermates were

sacrificed, and epididymis and vas deferenses were dissected as described in

Behringer et al. (2014). Sperm was collected on a Petri dish in PBS media.

Sperm counting and motility analysis was performed as described (La Sala

et al., 2015).

Induction of ROSA26ERT2-Cre recombinase expression by

tamoxifen

Tamoxifen (Sigma, T5648) dissolved in corn oil (Sigma, C8267) at 10 mg/ml

was administered to 4-month-old males at 1 mg per day by intraperitoneal

injection for 5 consecutive days. Analysis of spermatogenesis was performed

at 3 month post-induction of gene ablation.
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