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Alcohol consumption impairs the 
ependymal cilia motility in the brain 
ventricles
Alzahra J. Al Omran1, Hannah C. Saternos1, Yusuf S. Althobaiti2, Alexander Wisner1, 
 Youssef Sari1, Surya M. Nauli3 & Wissam A. AbouAlaiwi1

Ependymal cilia protrude into the central canal of the brain ventricles and spinal cord to circulate the 
cerebral spinal fluid (CSF). Ependymal cilia dysfunction can hinder the movement of CSF leading to 
an abnormal accumulation of CSF within the brain known as hydrocephalus. Although the etiology of 
hydrocephalus was studied before, the effects of ethanol ingestion on ependymal cilia function have 
not been investigated in vivo. Here, we report three distinct types of ependymal cilia, type-I, type-II and 
type-III classified based upon their beating frequency, their beating angle, and their distinct localization 
within the mouse brain-lateral ventricle. Our studies show for the first time that oral gavage of ethanol 
decreased the beating frequency of all three types of ependymal cilia in both the third and the lateral rat 
brain ventricles in vivo. Furthermore, we show for the first time that hydin, a hydrocephalus-inducing 
gene product whose mutation impairs ciliary motility, and polycystin-2, whose ablation is associated 
with hydrocephalus are colocalized to the ependymal cilia. Thus, our studies reinforce the presence of 
three types of ependymal cilia in the brain ventricles and demonstrate the involvement of ethanol as a 
risk factor for the impairment of ependymal cilia motility in the brain.

The motile ciliated cells are ubiquitous in the lung airways, the fallopian tubes in the uterus, the efferent ducts in 
the testes and sperm tail, as well as in the brain ventricles and spinal cord canal. Primary ciliary dyskinesia (PCD), 
male infertility and hydrocephalus are phenotypes that result from motile cilia dysfunction. Hydrocephalus is a 
combination of neurological and neuropathological manifestations characterized by an imbalance between the 
production and absorption of CSF. This disparity leads to an extreme accumulation of fluid causing the brain 
ventricular cavities and the subarachnoid spaces to expand in response to the increase in CSF1,2. Although hydro-
cephalic symptoms are constant, the disease is classified into two types based upon the etiology- congenital and 
non-congenital. Congenital, also known as neonatal hydrocephalus occurs due to genetic abnormalities in com-
bination with other conditions such as intraventricular hemorrhage and/or ethanol abuse during pregnancy3–7. 
Non-congenital hydrocephalus occurs after birth resulting from an injury or infection of the brain ependyma2,8,9.

The ependymal cilia help distribute and circulate the CSF from its origins in the choroid plexus located in the 
lateral and the third ventricles. The CSF flows in a unilateral direction starting in the lateral ventricle, then moving 
through the third ventricle, and then the fourth ventricle where it passes into the subarachnoid space insulating 
the brain and spinal cord. The direction of flow depends upon the ependymal cellular orientation, which in turn 
is dependent upon the motile cilia2,10,11.

The motile cilia dynamics deteriorate in hydrocephalic conditions for several reasons. First, any mutation 
within the essential proteins responsible for ciliogenesis or cilia ultrastructure will lead to a disruption in cilia 
motility12. There are several markers for the motile cilia, each localizing to specific areas. Either a mutation in 
one of these protein markers or an altered localization is associated with motile cilia dysfunction13. Hydin is 
a hydrocephalous-inducing gene that encodes for a central pair protein within the axoneme of motile cilia. A 
mutation in hydin leads to dislocation and eventual loss of the central pair, which disturbs the movement of cilia 
leading to hydrocephalous14,15. Hy3/hy3 mutant mice show early hydrocephalous onset and an enlargement of 
the lateral and third ventricles, as a result of abnormal CSF flow caused by the impairment of cilia movement. 

1University of Toledo, College of Pharmacy and Pharmaceutical Sciences, Department of Pharmacology and 
Experimental Therapeutics, Toledo, Ohio, USA. 2Taif University, College of Pharmacy, Department of Pharmacology 
and Toxicology, Taif, Kingdom of Saudi Arabia. 3Chapman University, College of Pharmacy, Irvine, California, USA. 
Correspondence and requests for materials should be addressed to W.A.A. (email: Wissam.Abou-Alaiwi@UToledo.Edu)

Received: 19 July 2017
Accepted: 2 October 2017
Published: xx xx xxxx

OPEN

mailto:Wissam.Abou-Alaiwi@UToledo.Edu


www.nature.com/scientificreports/

2SCIEnTIfIC REPOrTS | 7: 13652  | DOI:10.1038/s41598-017-13947-3

The beating frequency of ependymal cilia in the hydin mutant mice declines significantly due to changes in the 
location of the central pair microtubules leading to ineffective fluid movement13.

Polycystin-2 (PC-2) is a membrane-associated protein known to be expressed in primary cilia and plays an 
important role in the mechanosensory and ciliogenesis functions of motile cilia16. Polycystin-2 is also associated 
with sperm development and motility. Pkd2 mutant Drosophila develops male sterility as a result of declining 
sperm movement17. Polycystin-2 serves as a sensory protein that detects changes in fluid flow within the res-
piratory ciliated cells and contributes to the development of brain planar cell polarity (PCP) and prevention of 
hydrocephalus18.

Ethanol consumption has been reported to reduce respiratory performance due to its significant effect on 
mucociliary clearance. Recent evidence suggest a dose-dependent relationship between alcohol use and thin-
ner cortex and ventricular expansion even at lower alcohol concentrations and in healthy individuals as well19. 
Previous studies from our lab had investigated the dynamics of ependymal cilia in the third ventricle and found 
a decrease in beating among the cilia within the third ventricle after ethanol incubation ex vivo20. In the current 
study, we show, through cilia beating frequency and beating angle, that ependymal cells in the brain lateral ventri-
cle can be distinctly categorized into three types with each type uniquely localized in the ventricle. Furthermore, 
we show for the first time that oral gavage of ethanol alters the beating of ependymal cilia in the rat brain lateral 
and third ventricles. Thus, our studies suggest a direct link between ethanol dependence and hydrocephalus 
involving ependymal cilia function.

Clinical Implications and Significance
Dysfunctional cilia have been associated with a large number of diseases characterized by pleiotropic symptoms 
collectively referred to as “ciliopathies”. Hydrocephalus is a ciliopathy characterized by CSF accumulation in the 
brain caused by genetic mutations that lead to impairment of ciliary motility. Variations in ciliary motility can 
be influenced by changes in ciliary beating patterns as well as ciliary beating frequencies, both of which correlate 
with the patients’ genotype. Hence characterizing the different types of ependymal cilia based on variations in 
ciliary motility may provide a guide for identifying the mechanism responsible for ciliopathies in the brain. This 
is the first report to demonstrate the involvement of ethanol as a risk factor for cilia motility impairment in the 
brain.

Several factors are responsible for causing hydrocephalus such as brain injury, infection, or genetic factors 
coupled with a secondary stressor. A common secondary stressor is maternal alcohol consumption while preg-
nant; research on brain abnormalities have shown hydrocephalic symptoms in some offspring prenatally exposed 
to alcohol3. However, despite a wealth of literature, the mechanism linking alcohol consumption to hydroceph-
alus remains unknown. Treatment for hydrocephalus is not started until the child is born and typically requires 
surgery to alleviate the symptoms. Unfortunately, surgical intervention is not always effective long-term4,21. Thus, 
elucidating the mechanism of hydrocephalus pathophysiology may provide the necessary information to develop 
more effective pharmacological compounds that could target cilia motility as a therapeutic option22.

Results
Live imaging of ependymal cilia.  We developed a novel technique to allow close observation of the move-
ment of ependymal cilia within the brain ventricles. By obtaining a sagittal plane section from the mouse brain, 
we can expose the ependymal cilia with minimum reduction in vitality and image quality by using a high-res-
olution differential interference contrast (DIC) microscopy system producing live images and movies (Fig. 1a). 

Figure 1.  Ependymal cilia of the brain lateral ventricle are classified into three types based on their beating 
frequency and angle. (a) Shown here are representative DIC images of the ependymal cells of the mouse brain 
lateral ventricle with the three types of motile cilia. The images of the ependymal cilia are taken from a time-
lapse movie during a live imaging experiment. (b) Classification of ependymal cilia is based upon their beating 
frequency and angle. Each dot represents an independent experiment. Type I cilia are the fastest and has a 
beating frequency >60 Hz with a beating angle less than 90°. Type II beating frequency is between 30–60 Hz 
with a beating angle between 90°–135°. Type III cilia have the slowest beating frequency <30 Hz and a beating 
angle >135°.
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A step-by-step procedure detailing the sectioning, imaging, and staining of our brain sections was published 
recently23.

Ependymal cilia are classified into three types based on their beating frequency and angle.  
The live movie analysis of the cilia beating in the lateral ventricle revealed remarkable variations in the beating 
frequencies. This enabled us to classify the cilia into three distinct types with regards to their beating frequency, 
movement angle and pattern (Fig. 1b). Type I cilia beat the fastest at >60 Hz and have the least volume replace-
ment stroke with a beating angle of <90° (Movie 1). The beating frequency of type II cilia was 30–60 Hz with a 
beating angle between 90° and 135° (Movie 2), while type III cilia have the slowest beating frequency of <30 Hz 
but the largest volume replacement stroke with a beating angle of >135° (Movie 3). The ciliary beating in the 
lateral ventricle mimics that of the cilia within the third ventricle20. It is worth mentioning that the three types 
of ependymal cilia are located in specific locations within the lateral ventricle. We mapped the distributions of 
ependymal cell types within the lateral ventricle. Following our mapping analysis, we demonstrated that type I 
cells are mostly distributed along the ventricle dorsal and ventral walls, but they are absent from both corners of 
the lateral ventricle. Type II cells are mainly distributed in the middle of the dorsal/upper wall of the ventricle, 
but they could also be found in the middle of the ventral/lower wall of the ventricle. Type III cells are distributed 
almost exclusively at the corners of the lateral ventricle (Fig. 2).

Ex-vivo exposure to ethanol decreases ependymal cilia beating in the brain lateral ventricle.  
The ex-vivo ethanol experiment was performed to examine the accuracy of the ependymal cell classification, as 
well as to investigate whether the effect of ethanol is consistent within all three types of ependymal cilia. In addi-
tion, it enabled close observation of the effect of oral gavage of ethanol on the ependymal cilia in controlled envi-
ronmental settings. Data from the ex-vivo experiments indicate that there is a significant decline in cilia motility 
after incubating the brain sections in 0.25% ethanol for 5 minutes. By analyzing and comparing the movement of 
the three types of cilia before and after the ethanol treatment, we found a decrease in cilia movement occurring 
in all three types (Fig. 3 and Movies 3–6).

Figure 2.  Each type of ependymal cilia has specific localization within the brain lateral ventricle. This figure 
shows a sagittal section view of the lateral ventricle (left). Each type of the ependymal cilia (shown on the 
enlarged area) is localized within specific area in the lateral ventricle based on the beating frequencies and angle 
of movement.

Figure 3.  Ethanol decreased cilia beating ex vivo. Treatment of ex vivo brain slices with 0.25% ethanol for 
five minutes shows a significant reduction in the beating frequency of all three types of ependymal cilia. Up 
to 22 independent preparations were used and the presence of an asterisk (*) denotes significant difference at 
p < 0.05.
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Ethanol drinking decreases ependymal cilia beating in the brain lateral and third ventricles 
in vivo.  To confirm the physiological relevance of the ex vivo ethanol treatments, the effect of oral gavage of 
ethanol on ciliary beating frequency and ependymal cilia function were further investigated. Our data on epend-
ymal cilia motility clearly demonstrated a significant decrease in the ependymal cilia dynamics after acute oral 
gavage of ethanol, which is supported by our previous findings (Fig. 4a,b). Studies into both the lateral and the 
third ventricles confirmed that cilia motility was affected by oral gavage of ethanol in the same manner (Fig. 4c 
and Movies 7–14).

Hydin and polycystin-2 are expressed in the ependymal cilia.  To verify our high-resolution differen-
tial interference contrast and fluorescence microscope systems, we examined the presence of ependymal cilia in 
the lateral ventricle. Ependymal cilia were confirmed with a ciliary marker, acetylated-α-tubulin (Supplementary 
Figure S2). In an effort to explore the mechanism or the structural differences that could explain the variation in 
movement and beating patterns among the three types of cilia, the ciliary localization of several key structural 
proteins were investigated for the first time by immunofluorescence staining. Hydin, a central ciliary axonemal 
protein, presented as a good marker to distinguish between the three types of cilia since it is located in the cen-
tral pair of the motile cilia. Eventually, we were able to localize hydin in the ependymal cilia for the first time by 
immunofluorescence microscopy in the lateral ventricle. Hydin’s ciliary localization was confirmed in the lateral 
and third ventricles by co-staining with the ciliary marker acetylated-α-tubulin (Supplementary Figures S1 and 
S2). Polycystin-2′s known expression in airway motile cilia lead to the hypothesis that it may also localize to the 
motile cilia of the ependymal cilia18. Data from our immunofluorescence experiments demonstrated the locali-
zation of polycystin-2 to the cilia in the lateral ventricle (Supplementary Figure 6c). Hydin and Polycystin-2 were 
localized in all of the three types of the ependymal cilia. Future studies are warranted to examine other motile 
cilia proteins, which may be specific to each type of cilia such as CCDC115, CCDC114, and ARMC4 that encode 
for outer dynein arm proteins24.

Figure 4.  Alcohol drinking altered the dynamics of ependymal cilia in the brain. Two-month old Wistar rats 
were given either water or 95% ethanol (alcohol) at a 6 g per kg of body weight for seven days. After acute oral 
treatment with alcohol, the rat’s brain was dissected to examine the dynamics of ependymal cilia in both the 
lateral and third ventricles. Alcohol drinking caused a significant decrease in the beating frequency of the 
ependymal cilia of both, (a) the lateral and (b) third ventricles compared to the control group. (c) Further 
comparison within the control groups and the alcohol-drinking groups between the dynamics of the ependymal 
cilia in the lateral ventricle vs. the third ventricle demonstrated no significant difference between the ciliary 
beating frequencies.
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Discussion
We report, for the first time, the classification of ependymal cilia in the mouse brain lateral ventricle and con-
firmed the previous classification of the ependymal cilia in the third ventricle20. The ependymal cilia are divided 
among three distinct types in regard to their beating frequency and beating angle. Type I has a beating frequency 
greater than 60 Hz and a movement angle domain of less than 90°, type II has a beating frequency between 
30–60 Hz and an angle between 90°–135°, and type III has a beating frequency less than 30 Hz and an angle 
greater than 135°. Although the three types vary in velocity and fluid volume movement due to differences in 
the beat patterns and speed, the three types of cilia are distributed equally throughout the lateral ventricle to 
maintain efficient circulation of the CSF. Our pharmacological screening confirms that ex vivo treatment of brain 
slices with 0.25% ethanol resulted in a reduced cilium beating frequency thus contributing to a decrease in the 
velocity and volume of fluid movement. More importantly, our studies show that ethanol ingestion in rats leads 
to an impairment of ependymal cilia beating and function in both the lateral and third brain ventricles in vivo. 
To our knowledge, this is the first report to study the in vivo effect of oral gavage of ethanol on the physiology of 
ependymal cells in the brain lateral and third ventricles.

Several studies introduce advanced methods for performing and analyzing high speed digital imaging of 
ependymal cilia25,26; however, classification of ependymal cells has not been reported before. To date, studies 
have indicated chemicals such as ethanol and its metabolite, acetaldehyde, have no effect on motile cilia beating 
frequency in concentrations between 0.1% and 1% 27,28. However, based on our new ependymal cilia classification 
parameters, ex-vivo studies on treated ependymal cell tissue, using a minimum concentration of 0.25% ethanol, 
reveal that ethanol causes a significant decrease in the ciliary beating frequency.

As previously mentioned, disruption in ependymal cilia function is one of the main reasons for the ventricle 
enlargement observed in hydrocephalous. Chronic ethanol consumption leads to numerous destructive effects on 
the brain, including an increase in the size of the brain ventricles by 31–71%, the hallmark of hydrocephalus29,30. 
Several studies have been undertaken to investigate the effects of ethanol on the brain in cases of chronic alcohol-
ism; however, none have focused on the ependymal cilia in particular. In our study, we confirmed our findings 
of a reduction in ciliary beating frequency from the ex-vivo ethanol treatment. We also found, for the first time, 
that ciliary beating frequency in-vivo was significantly reduced, triggering a decrease in ciliary performance. 
This could potentially provide an explanation for the occurrence of hydrocephalus in patients suffering from 
acute alcoholism. Previous studies examining the effects of ethanol drinking and other toxic agents on motile 
cilia function have been mainly performed either on excised tissue or on primary ciliated epithelial cells grown 
directly from fresh tissue31,32. However, none of these studies examined the effect of ethanol consumption directly 
on the motility and function of ependymal cilia in the brain ventricles. It has been postulated that exposure of the 
airway epithelium to volatized ethanol from the bronchial circulation initially leads to a rapid increase in cilia beat 
frequency followed by a desensitization of ciliary stimulatory response32. Our studies reinforce the deleterious 
effects of ethanol consumption on the sensory function of ependymal cilia and provide a potential explanation 
for the brain-related symptoms that are associated with ethanol drinking such as headaches, difficulty walking, 
blurred vision, slurred speech, slowed reaction times, and others.

It is well established that cilia are specialized sensory compartments on the apical surface of most cells to sense 
and transmit information from the extracellular matrix to the cell interior. To perform its unique sensory roles, 
a high density of specialized proteins, such as receptors, ion channels, and other signaling modules localize in 
the ciliary compartment33. As reported in this study, our classification of ependymal cilia is based on differences 
within the movement patterns and velocity of beating. In an attempt to explain the variation in beating frequen-
cies and angles with regards to the ultrastructure of the three types of motile cilia, we used antibodies against 
different proteins that are linked to the ciliary membrane or that recognize posttranslational modifications of 
ciliary axonemal molecules that can be used to differentiate between different types of motile cilia. In our study, 
we used ciliary markers that could potentially help us identify the unique pattern of different motile cilia types or 
shed light on the function of these ciliary markers.

Hydin is a central axonemal microtubule protein required for ciliary motility. Although the morphology of 
ependymal cilia in the brains of mutant animals is normal, one of the two central microtubules lacks a specific 
projection and the cilia are unable to bend normally, ciliary beat frequency is reduced, and the cilia tend to stall. 
As a result, these cilia are impaired and incapable of generating fluid flow. Thus, causing the phenotypes associ-
ated with hydrocephalus such as fluid accumulation in the brain13. Although hydin mutation has been shown to 
be directly associated with the pathology of hydrocephalus, to our knowledge, there has been no report showing 
the localization of hydin to the ependymal cilia in the brain. We were able to localize hydin for the first time 
throughout the entire axoneme of the cilia. Localization of hydin in the brain ventricle could assist in the diagno-
sis and the treatment of hydrocephalus34.

Polycystic kidney disease 1 (Pkd1) and Pkd2 genes encoding for polycystin-1 (PC-1) and polycystin-2 (PC-2) 
form a mechanosensory complex in the primary cilia of kidney and vascular endothelial cells35–37. The mech-
anosensory proteins are recently shown to be present in primary cilia of radial glia cells (RGCs). Deletion of Pkd1 
or Pkd2 in central and peripheral nervous system neuronal and glial cell precursors affected planar cell polarity 
(PCP) and development in RGCs and ependymal cells38. This study suggested that PC-1 and PC-2 mechanosen-
sory proteins contribute to the brain development, PCP, and hydrocephalus prevention. Here, we further show 
that polycystin-2 is localized and detected in all three types of ependymal cilia in the brain ventricles. An under-
standing of the molecular mechanism leading to the pathogenesis of hydrocephalus, which could potentially 
vary by location of the ependymal cilia type, could help develop genetic tools for the diagnosis and treatment 
of hydrocephalus. This study identifies cellular and molecular components that could mediate hydrocephalus 
formation in ependymal cells.
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Methods
The Institutional Animal Care and Use Committee (IACUC) of The University of Toledo approved all of the pro-
cedures for animal use in accordance with the guidelines of the Institutional Animal Care and Use Committee at 
the National Institutes of Health and the Guide for the Care and Use of Laboratory Animals.

Live imaging.  For ependymal cilia live imaging, wild type mice strain C57BL/6 were euthanized by asphyx-
iation using a CO2 gas chamber for five minutes. Cervical dislocation was used as a second method of eutha-
nasia to confirm death. A craniotomy was performed to collect the whole brain. A thin sagittal plane section 
was obtained and immediately placed in a glass-bottom petri dish containing 37 °C Dulbecco’s Modified Eagle 
Medium (DMEM)/High-Glucose (HyClone Inc.), 10% fetal bovine serum (FBS) (Fisher Scientific Inc.) and 1% 
penicillin/streptomycin solution containing 10,000 units/mL of penicillin and 10,000 µg/mL of streptomycin. 
To provide the fresh live tissue section with the proper environmental conditions to survive, the microscope’s 
enclosed chamber temperature has been adjusted to 37 °C with a gas mixture of 95%/5% O2/CO2. The cilia move-
ment was recorded using an eclipse TE2000 microscope equipped with a 60x objective oil immersion lens and a 
differential interference contrast filter. Time-lapse images were captured and analyzed using Metamorph imaging 
software at a 1 × 1 binning with a 5–10 msec exposure time with at least 200 frames per second.

Beating frequency measurement.  After recording the live cilia movement, each movie was analyzed by 
counting the number of cilia beats per one second. The motile cilia fluid dynamics have two stages, the power 
stroke where the cilia arc becoming horizontal to the cell surface, and the recovery stroke where the cilia reneges 
its initial upright position. The power and recovery stroke of ependymal cilia are counted as one complete beat 
cycle. In order to accurately estimate the number of beats, the time-lapse movie may be slowed to a manageable 
speed while using a cell counter to count the number of beatings. Thus number of cilia beatings is counted in one 
minute using a cell counter and the frequency of beatings is calculated by multiplying the exposure time at which 
the video is recorded by the number of frames or time-lapse images acquired to get the number of sec. (Example: 
exposure time 5 msec. 200 frames = 1,000 msec or 1 sec). The number of cilia beatings over a one-second time 
interval (Example: cilia beats 50 times in a 200 frames video recorded at exposure time of 5 msec i.e. 5 msec × 200 
frames = 1 sec; now divide 50 beats by 1 sec = 50 Hz). The ciliary beating angle is then calculated by evaluating the 
path taken by the ependymal cilia during both the power and recovery strokes. This is performed according to 
a previously described method, with minor modifications23. Briefly, a horizontal line along the ependymal edge 
and a vertical line through the midline position of the cilia at the start of the power stroke were drawn on an ace-
tate sheet placed over the monitor. The position of the cilium is then plotted frame by frame as it moves forward 
during both the power and the recovery strokes. Finally, the ciliary beating angle is calculated from the maximum 
deviation of the cilium from the midline during the power stroke as well as the recovery stroke. At least 5–15 mice 
were used in each experiment and up to 20 preparations were counted from each mouse brain.

Determination of different types of cilia within the lateral ventricle.  To determine the specific 
location of each type of cilia and their relation to each other, a video for each type was recorded, marking the 
region of each video within the ventricle. To determine the type of cilia, after recording and analyzing the videos, 
the number of beats per second was counted and the angle of movement was measured. Subsequently a map 
showing the distribution of the cilia types in the ventricle walls is drawn.

Ex-Vivo ethanol treatment.  After dissection, a thin sagittal plane section of the mouse brain was obtained 
and incubated in 1 ml 37 °C DMEM/High-Glucose media. Then, the videos of the beating cilia were captured at 
an exposure rate of 5 milliseconds for at least 200 frames per second. To investigate the effect of ethanol in the 
ependymal cilia, the same section was incubated in 0.25% ethanol (190-proof, Decon Lab Inc.) in 37 °C DMEM 
/High-Glucose media for 5 minutes. The cilia beats were recorded from the same areas examined prior to the 
ethanol addition. The movies were analyzed by counting the ciliary beating frequency for both the control and 
the ethanol-treated tissue.

In-vivo ethanol treatment.  Two-month-old Wistar rats were received from Harlan Laboratories Company 
and housed in the Department of Laboratory Animal Resources at the University of Toledo. All animals were 
kept in standard plastic tube cage with free access to food and water. The animal room’s temperature and relative 
humidity was maintained at 25 °C and 50%, respectively with a 12-hour light/dark cycle. The body weight was 
monitored daily for the rats under treatment.

The animals were divided into two different groups. The control group, totaling six rats, was treated with water 
by oral gavage for seven days. The rats were deprived of food for two hours prior to oral gavage. The treatment 
group of six rats were given 95% ethanol, the equivalent of 190-proof by oral gavage. The dose of ethanol is 6 g 
per kg of body weight divided by the density of ethanol and diluted in deionized water to the total volume of 3 ml.

Immunofluorescence microscopy.  The brain sections were fixed in a phosphate buffered saline (PBS) 
solution containing 4% paraformaldehyde (PFA) (Electron Microscopy Science Lab, Inc.) and 2% sucrose 
(Sigma, Inc.) for 10 minutes. The brain slices were incubated in a solution of 0.1% Triton-X (Fisher Scientific, 
Inc.) in 1X PBS for 5 minutes. Mouse primary antibodies, anti-acetylated α-tubulin (Sigma, Inc.), anti-hydin 
(Novus Biologicals, Inc.) or anti-polycystin 2 (Santa Cruz Biotechnology, Inc.) were used at a dilution of 
1:5,000, 1:30, and 1:250, respectively in a 10% FBS in 1X PBS solution for one hour at room temperature (RT) 
or overnight at 4 °C. The brain slices were then incubated in the secondary antibodies, fluorescein anti-mouse 
IgG or texas-red anti-rabbit IgG (Vector Labs, Inc.), at a dilution of 1:500 in a 10% FBS in 1X PBS solution 
for 1 hour at RT. Before observation under a fluorescent microscope, the sections were counterstained with 
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4′,6-diamidino-2-phenylindole (DAPI) (Vector Labs, Inc.) for 5 minutes to stain the nucleus/DNA. To minimize 
photobleaching, the sections were imaged immediately with the minimum exposure time possible.

Statistics
All the images and movies were captured and analyzed using Metamorph software. All quantitative data were dis-
played as mean ± SEM. Statistical analysis using student t-test was performed to compare the effect of ethanol on 
the dynamics of ependymal cilia within the ventricles between ethanol-treated and control groups. All statistical 
results were considered significant at a significance level of p < 0.05 and denoted by an asterisk (*).

Data availability statement.  All data generated or analyzed during this study are included in this pub-
lished article (and its Supplementary Information files).

References
	 1.	 Banizs, B. et al. Dysfunctional cilia lead to altered ependyma and choroid plexus function, and result in the formation of 

hydrocephalus. Development (Cambridge, England) 132, 5329–5339, https://doi.org/10.1242/dev.02153 (2005).
	 2.	 Jimenez, A. J., Dominguez-Pinos, M. D., Guerra, M. M., Fernandez-Llebrez, P. & Perez-Figares, J. M. Structure and function of the 

ependymal barrier and diseases associated with ependyma disruption. Tissue barriers 2, e28426, https://doi.org/10.4161/tisb.28426 
(2014).

	 3.	 Clarren, S. K., Alvord, E. C. Jr., Sumi, S. M., Streissguth, A. P. & Smith, D. W. Brain malformations related to prenatal exposure to 
ethanol. J. Pediatr. 92, 64–67 (1978).

	 4.	 Kahle, K. T., Kulkarni, A. V., Limbrick, D. D. & Warf, B. C. Hydrocephalus in children. Lancet 387, 788–799, https://doi.org/10.1016/
S0140-6736(15)60694-8 (2016).

	 5.	 Al-Dosari, M. S. et al. Mutation in MPDZ causes severe congenital hydrocephalus. J. Med. Genet. 50, 54–58, https://doi.org/10.1136/
jmedgenet-2012-101294 (2013).

	 6.	 Sakata-Haga, H., Sawada, K., Ohnishi, T. & Fukui, Y. Hydrocephalus following prenatal exposure to ethanol. Acta Neuropathol. 108, 
393–398, https://doi.org/10.1007/s00401-004-0901-8 (2004).

	 7.	 Goez, H. R., Scott, O. & Hasal, S. Fetal exposure to alcohol, developmental brain anomaly, and vitamin a deficiency: a case report. J. 
Child Neurol. 26, 231–234, https://doi.org/10.1177/0883073810380458 (2011).

	 8.	 Estey, C. M. Congenital Hydrocephalus. Vet Clin North Am Small Anim Pract 46, 217–229, https://doi.org/10.1016/j.
cvsm.2015.10.003 (2016).

	 9.	 Beyerl, B. & Black, P. M. Posttraumatic hydrocephalus. Neurosurgery 15, 257–261 (1984).
	10.	 Ohata, S. et al. Loss of Dishevelleds disrupts planar polarity in ependymal motile cilia and results in hydrocephalus. Neuron 83, 

558–571, https://doi.org/10.1016/j.neuron.2014.06.022 (2014).
	11.	 Siyahhan, B. et al. Flow induced by ependymal cilia dominates near-wall cerebrospinal fluid dynamics in the lateral ventricles. J R 

Soc Interface 11, 20131189, https://doi.org/10.1098/rsif.2013.1189 (2014).
	12.	 Badano, J. L., Mitsuma, N., Beales, P. L. & Katsanis, N. The ciliopathies: an emerging class of human genetic disorders. Annu Rev 

Genomics Hum Genet 7, 125–148, https://doi.org/10.1146/annurev.genom.7.080505.115610 (2006).
	13.	 Lechtreck, K. F., Delmotte, P., Robinson, M. L., Sanderson, M. J. & Witman, G. B. Mutations in Hydin impair ciliary motility in mice. 

J Cell Biol 180, 633–643, https://doi.org/10.1083/jcb.200710162 (2008).
	14.	 Dawe, H. R., Shaw, M. K., Farr, H. & Gull, K. The hydrocephalus inducing gene product, Hydin, positions axonemal central pair 

microtubules. BMC biology 5, 33, https://doi.org/10.1186/1741-7007-5-33 (2007).
	15.	 Davy, B. E. & Robinson, M. L. Congenital hydrocephalus in hy3 mice is caused by a frameshift mutation in Hydin, a large novel gene. 

Human molecular genetics 12, 1163–1170 (2003).
	16.	 Jain, R. et al. Temporal relationship between primary and motile ciliogenesis in airway epithelial cells. American journal of 

respiratory cell and molecular biology 43, 731–739, https://doi.org/10.1165/rcmb.2009-0328OC (2010).
	17.	 Kierszenbaum, A. L. Polycystins: what polycystic kidney disease tells us about sperm. Molecular reproduction and development 67, 

385–388, https://doi.org/10.1002/mrd.20042 (2004).
	18.	 Jain, R. et al. Sensory functions of motile cilia and implication for bronchiectasis. Frontiers in bioscience (Scholar edition) 4, 

1088–1098 (2012).
	19.	 Lange, E. H. et al. Alcohol use is associated with thinner cerebral cortex and larger ventricles in schizophrenia, bipolar disorder and 

healthy controls. Psychol. Med. 47, 655–668, https://doi.org/10.1017/S0033291716002920 (2017).
	20.	 Liu, T., Jin, X., Prasad, R. M., Sari, Y. & Nauli, S. M. Three types of ependymal cells with intracellular calcium oscillation are 

characterized by distinct cilia beating properties. Journal of neuroscience research 92, 1199–1204, https://doi.org/10.1002/jnr.23405 
(2014).

	21.	 Orlov, Iu. A. & Malovichko, I. A. [Critical hydrocephalus in children (causative factors, results of treatment)]. Zh. Vopr. Neirokhir. 
Im. N. N. Burdenko 76, 11–16; discussion 16 (2012).

	22.	 Limbrick, D. D. Jr. et al. Cerebrospinal Fluid Biomarkers of Pediatric Hydrocephalus. Pediatr. Neurosurg, https://doi.
org/10.1159/000477175 (2017).

	23.	 Al Omran, A. J., Saternos, H. C., Liu, T., Nauli, S. M. & AbouAlaiwi, W. A. Live Imaging of the Ependymal Cilia in the Lateral 
Ventricles of the Mouse Brain. Journal of visualized experiments: JoVE, e52853, https://doi.org/10.3791/52853 (2015).

	24.	 Hjeij, R. et al. CCDC151 mutations cause primary ciliary dyskinesia by disruption of the outer dynein arm docking complex 
formation. American journal of human genetics 95, 257–274, https://doi.org/10.1016/j.ajhg.2014.08.005 (2014).

	25.	 O’Callaghan, C., Sikand, K. & Chilvers, M. A. Analysis of ependymal ciliary beat pattern and beat frequency using high speed 
imaging: comparison with the photomultiplier and photodiode methods. Cilia 1, 8, https://doi.org/10.1186/2046-2530-1-8 (2012).

	26.	 Lechtreck, K. F., Sanderson, M. J. & Witman, G. B. High-speed digital imaging of ependymal cilia in the murine brain. Methods in 
cell biology 91, 255–264, https://doi.org/10.1016/s0091-679x(08)91013-x (2009).

	27.	 Sisson, J. H. Ethanol stimulates apparent nitric oxide-dependent ciliary beat frequency in bovine airway epithelial cells. The 
American journal of physiology 268, L596–600 (1995).

	28.	 Smith, C. M., Radhakrishnan, P., Sikand, K. & O’Callaghan, C. The effect of ethanol and acetaldehyde on brain ependymal and 
respiratory ciliary beat frequency. Cilia 2, 5, https://doi.org/10.1186/2046-2530-2-5 (2013).

	29.	 Zahr, N. M. et al. Rat strain differences in brain structure and neurochemistry in response to binge alcohol. Psychopharmacology 
231, 429–445, https://doi.org/10.1007/s00213-013-3253-z (2014).

	30.	 de la Monte, S. M. Disproportionate atrophy of cerebral white matter in chronic alcoholics. Archives of neurology 45, 990–992 (1988).
	31.	 Wyatt, T. A. et al. Co-exposure to cigarette smoke and alcohol decreases airway epithelial cell cilia beating in a protein kinase 

Cepsilon-dependent manner. Am J Pathol 181, 431–440, https://doi.org/10.1016/j.ajpath.2012.04.022 (2012).
	32.	 Wyatt, T. A. et al. Asymmetric dimethylarginine blocks nitric oxide-mediated alcohol-stimulated cilia beating. Mediators Inflamm 

2013, 592892, https://doi.org/10.1155/2013/592892 (2013).
	33.	 Nauli, S. M., Haymour, H. S., Aboualaiwi, W. A., Lo, S. T. & Nauli, A. M. In Mechanosensitivity and mechanotransduction 317–350 

(Springer, 2011).

http://dx.doi.org/10.1242/dev.02153
http://dx.doi.org/10.4161/tisb.28426
http://dx.doi.org/10.1016/S0140-6736(15)60694-8
http://dx.doi.org/10.1016/S0140-6736(15)60694-8
http://dx.doi.org/10.1136/jmedgenet-2012-101294
http://dx.doi.org/10.1136/jmedgenet-2012-101294
http://dx.doi.org/10.1007/s00401-004-0901-8
http://dx.doi.org/10.1177/0883073810380458
http://dx.doi.org/10.1016/j.cvsm.2015.10.003
http://dx.doi.org/10.1016/j.cvsm.2015.10.003
http://dx.doi.org/10.1016/j.neuron.2014.06.022
http://dx.doi.org/10.1098/rsif.2013.1189
http://dx.doi.org/10.1146/annurev.genom.7.080505.115610
http://dx.doi.org/10.1083/jcb.200710162
http://dx.doi.org/10.1186/1741-7007-5-33
http://dx.doi.org/10.1165/rcmb.2009-0328OC
http://dx.doi.org/10.1002/mrd.20042
http://dx.doi.org/10.1017/S0033291716002920
http://dx.doi.org/10.1002/jnr.23405
http://dx.doi.org/10.1159/000477175
http://dx.doi.org/10.1159/000477175
http://dx.doi.org/10.3791/52853
http://dx.doi.org/10.1016/j.ajhg.2014.08.005
http://dx.doi.org/10.1186/2046-2530-1-8
http://dx.doi.org/10.1016/s0091-679x(08)91013-x
http://dx.doi.org/10.1186/2046-2530-2-5
http://dx.doi.org/10.1007/s00213-013-3253-z
http://dx.doi.org/10.1016/j.ajpath.2012.04.022
http://dx.doi.org/10.1155/2013/592892


www.nature.com/scientificreports/

8SCIEnTIfIC REPOrTS | 7: 13652  | DOI:10.1038/s41598-017-13947-3

	34.	 Clewell, W. H. Congenital hydrocephalus: treatment in utero. Fetal therapy 3, 89–97 (1988).
	35.	 Nauli, S. M. et al. Polycystins 1 and 2 mediate mechanosensation in the primary cilium of kidney cells. Nature genetics 33, 129–137, 

https://doi.org/10.1038/ng1076 (2003).
	36.	 Nauli, S. M. et al. Endothelial cilia are fluid shear sensors that regulate calcium signaling and nitric oxide production through 

polycystin-1. Circulation 117, 1161–1171, https://doi.org/10.1161/CIRCULATIONAHA.107.710111 (2008).
	37.	 AbouAlaiwi, W. A. et al. Ciliary polycystin-2 is a mechanosensitive calcium channel involved in nitric oxide signaling cascades. Circ. 

Res. 104, 860–869, https://doi.org/10.1161/CIRCRESAHA.108.192765 (2009).
	38.	 Ohata, S. et al. Mechanosensory Genes Pkd1 and Pkd2 Contribute to the Planar Polarization of Brain Ventricular Epithelium. J 

Neurosci 35, 11153–11168, https://doi.org/10.1523/JNEUROSCI.0686-15.2015 (2015).

Acknowledgements
We thank Charisse Montgomery for her editing service. A. Al Omran’s work partially fulfilled the requirements 
for a Master’s degree in Pharmacology. This work was supported by from the University of Toledo startup funds 
for WAA and by funding from NIH grant number DK080640 and DOD grant number PR130153 to SMN.

Author Contributions
A.A.J. performed the study and drafted the manuscript; H.C.S. and Y.A.S. assisted in the experiments and edited 
the manuscript, A.W. facilitated in editing the figures, W.A.A., S.M.N. and Y.S. wrote the manuscript and provided 
technical advice to overcome challenges in cilia imaging, improving the protocol and technical troubleshooting. 

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-13947-3.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/ng1076
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.710111
http://dx.doi.org/10.1161/CIRCRESAHA.108.192765
http://dx.doi.org/10.1523/JNEUROSCI.0686-15.2015
http://dx.doi.org/10.1038/s41598-017-13947-3
http://creativecommons.org/licenses/by/4.0/

	Alcohol consumption impairs the ependymal cilia motility in the brain ventricles

	Clinical Implications and Significance

	Results

	Live imaging of ependymal cilia. 
	Ependymal cilia are classified into three types based on their beating frequency and angle. 
	Ex-vivo exposure to ethanol decreases ependymal cilia beating in the brain lateral ventricle. 
	Ethanol drinking decreases ependymal cilia beating in the brain lateral and third ventricles in vivo. 
	Hydin and polycystin-2 are expressed in the ependymal cilia. 

	Discussion

	Methods

	Live imaging. 
	Beating frequency measurement. 
	Determination of different types of cilia within the lateral ventricle. 
	Ex-Vivo ethanol treatment. 
	In-vivo ethanol treatment. 
	Immunofluorescence microscopy. 

	Statistics

	Data availability statement. 

	Acknowledgements

	Figure 1 Ependymal cilia of the brain lateral ventricle are classified into three types based on their beating frequency and angle.
	Figure 2 Each type of ependymal cilia has specific localization within the brain lateral ventricle.
	﻿Figure 3 Ethanol decreased cilia beating ex vivo.
	Figure 4 Alcohol drinking altered the dynamics of ependymal cilia in the brain.




