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Abstract. The aim of the present investigation is to deter- 
mine whether or not hydrocephalus occurring in hydro- 
cephalic Wistar-Imamichi strain rats (WIC-Hyd) is 
caused by functional and structural disorders of ependy- 
real cilia. Ultrastructures and movement of cilia in the 
ependyma of the lateral, III and IV ventricles and aque- 
duct of Sylvius and in the trachea walls of the animals 
were examined by means of scanning electron micros- 
copy (SEM), transmission electron microscopy (TEM), 
and light microscopy using a phase-contrast microscope 
equipped with a high-speed video recording system. SEM 
revealed that a marked decrease in the length and number 
of cilia in the ependymal and tracheal walls occurred in 
affected male WIC-Hyd. This finding was noted even 
before the development of ventricular dilatation and was 
not related to the degree of ventricular enlargement after 
development of hydrocephalus. A moderate decrease in 
length and number of cilia was also seen among the nor- 
mal ciliary tufts in affected female rats which developed 
a mild degree of hydrocephalus. TEM cilia findings in- 
cluded abnormal axonemal structures such as a lack of 
dynein arms and displacement of microtubules. The inci- 
dence of these ultrastructural abnormalities was found to 
be greater in affected male rats than in affected female 
rats. All cilia in affected male rats before and after devel- 
opment of hydrocephalus were immotile. A variety:of 
movement disorders such as immobile, rotatory, and vi- 
bratory cilia were observed beside normally beating cilia 
(motile cilia) in affected female rats which never devel- 
Oped hydrocephalus as severe as that seen in affected 
male rats. These results seem to indicate that there is a 
correlation between cilia movement disorder and the de- 
gree of ultrastructural abnormalities. Consequently, hy- 
dr.ocephalus developing in affected male and female 
WIC-Hyd appears to be caused by a motility disorder of 
ependymal cilia which is part of the primary ciliary dys- 
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kinesia (PCD) affecting these animals. The present study 
appears to indicate that the movement of ependymal cilia 
may play a role in cerebrospinal fluid circulation, and 
that dysfunction of ependymal ciliary movement may 
contribute to development of hydrocephalus in WIC- 
Hyd rats. 

Key words: Ependymal cilia - Congenitally hydro- 
cephalic rat - Situs inversus viscerum - Kartagener syn- 
drome - Immotile cil/ta syndrome - Primary ciliary dys- 
kinesia 

We have reported [25, 26] that WIC-Hyd rats found in the 
Wistar-Imamichi strain rat breeding colony at the Re- 
search and Development Division of Chugai Pharmaceu- 
tical Co., Ltd., Tokyo, are affected by a high incidence of 
congenital hydrocephalus. A difference between males 
and females in the severity of hydrocephalus was noted, 
that is, approximetely 34.9% of the females developed 
slowly progressive and/or arrested hydrocephalus, al- 
though enlargement of the head was not conspicuous. 
Regardless of this disease condition, they grew up to ma- 
turity and became capable of reproduction, and they sel- 
dom died of hydrocephalus. On the other hand, approx- 
imately 33.7% of the males were affected by rapidly pro- 
gressive hydrocephalus where there was manifestation of 
ventricular dilatation resulting in dome-shaped enlarge- 
ment of the head as early as 1 week after birth, and all of 
the animals died of raised intracranial pressure (ICP) due 
to triventricular hydrocephalus caused by secondary 
stenosis of the aqueduct of Sylvius within I month after 
birth. We suggested that breeding data indicated hydro- 
cephalus in WIC-Hyd rats was communicating, herita- 
ble, and X-linked [25]. Also noteworthy was that approx- 
imately one-half of the males with hydrocephalus were 
found to have total situs inversus viscerum, while neither 
female rats with nor those without hydrocephalus ever 
developed such a visceral abnormality. Since situs inver- 
sus viscerum is known to be closely related to Kartagener 
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syndrome (KS), we speculated that WIC-Hyd  rats might 
be KS animals. 

Regarding KS in human, in 1903 Siewert [44] reported 
a case complicated by bronchiectasis and situs inversus 
viscerum. During the period 1933-35, Kartagener [21, 
22] demonstrated that bronchiectasis, situs inversus vis- 
cerum, and chronic sinusitis were frequently mutually 
complicated. This disease condition came to be known as 
Kartagener syndrome. In 1977, Eliasson et al. [14] re- 
ported a series of  cases in which the syndrome was com- 
plicated by male sterility and chronic respiratory infec- 
tion and proposed that the syndrome might be caused by 
a lack of  or reduction in flagellar and ciliary motility. 
They called this disease condition "immotile cilia syn- 
drome" (ICS) [14]. In t981, Sleigh et al. [47] proposed the 
designation "primary ciliary dyskinesia" (PCD), and 
then KS and ICS became known as subgroups of  PCD 
because not only ciliary immotility but also various types 
of  ciliary dysfunction [35, 38, 40, 52] were found in 
bronchial cilia and flagella in KS and ICS. PCD is now 
considered a systemic ciliary dyskinetic disease. On the 
basis of  the facts, we also speculated that WIC-Hyd  rats 
might have ciliary diskinesia in the trachea and the cere- 
bral ventricle, and would serve as a good animal model 
for specific PCD hereditary diseases. 

In 1943, Olsen [32] described 11 out of  85 patients with 
dextrocardia (but not KS) to have other defects that in- 
cluded congenital heart disease, hydrocephalus, imperfo- 
rate anus, cleft palate, and others. To date, six patients 
with hydrocephalus in association with PCD have been 
reported [4, 13, 18, 20], but no one has proved an etiolog- 
ical correlation between induction of  hydrocephalus and 
PCD of ependymal cells. In the present study we investi- 
gated whether or not WIC-Hyd  rats are affected by cil- 
iary dyskinesia in terms of the pathogenesis of  hydro- 
cephalus. This was accomplished by means of  scanning 
and transmission electron microscopy (SEM and TEM) 
and ciliary observation under a phase-contrast micro- 
scope utilizing a high-speed videographic technique. 

Materials and methods 

WIC-Hyd rats were used: 14 normal male rats without hydro- 
cephalus aged from 3 days to 1 month; 11 normal female rats 
without hydrocephalus aged from 3 to 12 months; 12 female rats 
with mild hydrocephalus aged from 3 to 12 months; and t9 male 
rats, aged from 3 days to I month with severe hydrocephalus and/or 
normal ventricular size associated with situs inversus viscerum, the 
latter category of which it was presumed would develop hydro- 
cephalus if allowed to survive. 

Scanning electron microscopy of ependymal 
and tracheal cilia 

Brains and tracheae isolated, respectively, from 6 males and 6 fe- 
males without hydrocephalus, 7 females with mild hydrocephalus, 
and 8 males with severe hydrocephalus with or without ventricular 
dilatation but with situs inversus viscerum, were fixed in 2.5% 
glutaratdehyde solution for 2h. Tissue slabs dissected from 
anatomically designated portions, including the lateral and medial 
walls of the frontal horn of the lateral ventricle, the walls of the III 

ventricle, the aqueduct of Sylvius, the floor and roof of the IV 
ventricle, and the anterior and posterior walls of the middle portion 
of the trachea, were then washed in cold 0.15 M phosphate buffer 
and posffixed in 2% osmium tetroxide. Because of known regional 
differences in ependymal configuration, the sample materials stud- 
ied as described above were taken from similar locations in all 
instances. After osmium fixation, all specimens were again washed 
in cold 0.15 M phosphate buffer and dehydrated in ethanol, critical 
point-dried with amyl acetate, coated with gold-palladium, and 
viewed with a Jeol JSM-800 SEM. 

Transmission electron microscopy of epenclymal 
and tracheal cilia 

For TEM, samples from each ventricular and tracheal wall adjacent 
to those used for SEM specimens were prepared. The tissue slabs 
were fixed, postfixed, and dehydrated in the same fashion as SEM 
specimens, and were then treated with propylene oxide and embed- 
ded in epoxy resin. Ultrathin sections were prepared with an LKB 
8800 microtome, stained with lead citrate and uranyl acetate, and 
examined with a Jeol JEM-100C TEM. 

Phase-contrast microscopy of movement of ependymal 
and tracheal cilia 

The animals used for this investigation were 11 males, including 
those with severe hydrocephalus and others with normal ventricular 
size but having situs inversus ~iscemm, 8 males without hydro- 
cephalus, and 5 females with or without mild hydrocephalus. The 
brain and trachea were removed immediately after decapitation and 
immersed in Hank's solution at room temperature. The upper and 
inner walls of the frontal horn of the lateral ventricle, the lateral wall 
of the III ventricle, the aqueduct of Sylvius, the floor and roof of the 
IV ventricle, and the anterior and posterior walls of the middle 
portion of the trachea were exposed under an Olympus dissecting 
microscope with sufficient care to avoid touching ciliated surfaces 
with instruments. Small pieces of the ependyma and epithelium 
were excised with very sharp curved corneal scissors held parallel to 
the ependymal or epithelial surface in order to obtain a specimen 
with a thin edge. The ependymal wall surfaces of these specimens 
were placed tangential to the base of a Petri dish filled with Hank's 
solution. Movements of the cilia were examined by means of a 
Nikon phase contrast microscope at • 400 magnification and were 
recorded on VHS videotape with a Nac MHS-200 high-speed 
videogram. The frequency and mode of the ciliary beats were as- 
sessed by analyzing the recorded videotapes. The mean time lapse 
between removal of the examination materials and initiation of 
recording was about 10 min. Ciliary motility can proceed for as long 
as 3 h after removal of specimens from an animal, but observation 
was carried out for an average period of 1 h. 

Results 

Scanning electron microscopy of ependymal 
and tracheal cilia 

In unaffected male and female rats without hydro- 
cephalus (Fig. 1 A), the ependymal surface on the frontal 
horn of  the lateral ventricle was covered with regularly 
spaced tufts of  cilia. Each of  the tufts consisted of  2 0 - 4 0  
cilia, each 4 - 6  gm in length and 0.2-0.3 gm in diameter, 
and fixed in the same direction (Fig. 2A). Cilia on the 
walls of  the III  and IV ventricles and the aqueduct of  
Sylvius were similarly fixed in one direction. Tracheal 



cilia existed among goblet cells, forming thick clusters. In 
the affected female rats with mild hydrocephalus 
(Fig. I B), the most prominent changes were observed in 
the ependymal and tracheal cilia. They were shortened 
and fewer in number, and directional abnormalities, with 
some cilia extending to full length and other cilia forming 
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clumped clusters, were observed among the normal cili- 
ated tufts (Fig. 2 B). In all samples, the greater part of 
normal cilia were replaced by abnormal cilia, and these 
abnormalities were more prominent in the affected male 
rats with situs inversus viscerum which had not yet devel- 
oped ventricular dilatation (Fig. 2 C). Identical findings 
after the development of ventricular dilatation (Fig. 1 C), 
and similar abnormalities in the III and IV ventricles, the 
aqueduct of Sylvius, and the trachea also were observed. 

Fig. 1A-C.  Coronal rat brain sections at the anterior horn (upper), 
body (middle), and posterior horn (lower) levels of the lateral ventri- 
cle of (A) a 24-day-old unaffected male rat and (B) a 12-month-old 
affected female rat with mild ventricular dilatation, C Similar sec- 
tions of a 24-day-old affected male rat with hydrocephalus show 
marked ventricular dilatation with intraventricular hemorrhage and 
subdural hematoma 

Transmission electron microscopy of ependymal 
and tracheal cilia 

Shown at left in Fig. 3 is a cross-section of ependymal 
cilia on the lateral wall of the frontal horn in the lateral 
ventricle of a 3-day-old normal male rat without hydro- 
cephalus where no axonemal abnormality was found in 
any structures, including inner and outer dynein arms, 
spokes, and microtubular alignment. In contrast, an ax- 
oneme of the ependymal cilia in a similar region in a 
3-day-old affected male rat with total situs inversus vis- 
cerum, which had not yet developed ventricular dilata- 
tion, was found already to be abnormal, as shown at right 
in Fig. 3, indicating such various structural abnormalities 
as the absences of (1) inner and outer dynein arms, (2) 
peripheral linkages, and (3) central complex, and abnor- 
mal microtubular alignment. Similar findings were ap- 
parent in affected male rats already hydrocephalic. These 
findings also were noted in the III and IV ventricles, the 
aqueduct of Sylvius, and the trachea. Such abnormal cilia 
also were observed in affected female rats with mild hy- 
drocephalus, but the incidence of ciliary structure abhor- 

Fig. 2A-C.  Scanning electron micrographs of dliary processes of 
upper ependymal wall of lateral ventricle frontal horn depict (A) 
normal ciliary appearance in a 3-day-old unaffected male rat, (B) 
shortened and decreased cilia in a 3-month-old affected female rat 

with mild hydrocephalic dilatation, and (C) markedly decreased 
and randomly oriented cifia in a 3-day-old affected male rat with 
situs inversus viscerum which has not yet developed hydrocephalus, 
Bar = 10 gm 
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Fig. 3 A, B. Transmission electron micrographs of horizontal cross- 
sections of cilia, depicting (A) normal axonemal structures such as 
inner and outer dynein arms (arrowheads) and radial spokes (arrow) 
in a 3-day-old unaffected male rat and (B) the lack of both dynein 
arms (arrowheads), displacement of the peripheral tubules and the 
lack of radial spokes (arrow) in a 3-day-old affected male rat with 
situs inversus viscerum which has not yet developed hydrocephalus. 
Bar=0.1 gm 

malities was less than in the case of affected males with/ 
without hydrocephalus. 

Phase-contrast microscopy of  rnovement of  ependymal 
and tracheal cilia 

High-speed-videotaped static images of the movement of 
ependymal cilia on the frontal horn of lateral ventricle are 
shown in Fig. 4. Each cilium in an unaffected male rat 
without hydrocephalus (Fig. 4A) beat with a rapid and 
uniform motion. In other unaffected male and female 
rats without hydrocephalus, cilia of the lateral, III and IV 
ventricles, the aqueduct of Sylvius, and the trachea 
showed a metachronal movement and beat with a fre- 
quency of 1000-2000 cycles per minute. In the hydro- 
cephalic female rat (Fig. 4 B), the ciliary movement was 
characterized by various patterns, including normal to- 
and-fro movement, vibratory and rotatory motion, and 
akinesia; that is, the synchronized to-and-fro movement 
of the cilia in a certain direction observed in unaffected 
rats without hydrocephalus was completely perturbed by 
the mosaic distribution of ciliary tufts and different 
modes of movement, and the number of cells with motile 
cilia was lower than in normal subjects. Similar findings 
were observed on the walls of the III and IV ventricles, 
the aqueduct of Sylvius, and the trachea in other affected 
female rats with hydrocephalus. Affected male rats with 
situs inversus viscerum which had not yet developed ven- 
tricular dilatation already demonstrated immotile cilia 
(Fig. 4C). In other hydrocephalic males ,  none of the 
ependymal and tracheal cilia were found to show any 
beat, regardless of ventricular size. 

Discussion 

The results obtained in the present study demonstrated 
that affected male WIC-Hyd rats with situs inversus vis- 
cerum, before and after development of ventricular di- 

latation, have immotile cilia in the ventricular ependyma 
and trachea, leading to the assumption that abnormality 
in the axonemal structure of cilia might have a role in the 
pathogenesis of ciliary motility disorder. Contrarily, af- 
fected female WIC-Hyd rats with mild hydrocephalus 
were found to have a lesser degree of axonemal structural 
abnormality and to display a mosaic mode in ciliary 
movement due to the irregular distribution of kinetic, 
dyskinetic, and immotile cilia both in ventricular 
ependyma and trachea. From these observations, one 
could describe affected male and female rats respectively 
as modeling human ICS and PCD. There also was a 
strong suggestion that abnormal axonemal structures of 
the cilia, such as the absences of dynein arms, radial 
spokes, and microtubules, might have a role in the patho- 
genesis of ciliary motility disorder. A potential correla- 
tion between morphological changes of the axonemal 
structure and the functional alterations of ciliary move- 
ment in WlC-Hyd rats, as described below, will be dis- 
cussed. 

Although there have been many reports in regard to 
SEM images of ependymal cilia in experimental hydro- 
cephalus induced by various methods, including in- 
traperitoneal viral infection, intrathecal bacterial infec- 
tion, or intracisternal injection of kaolin or silicone oil 
[17, 31, 33, 55], only a few reports have been published in 
regard to SEM investigation of ventricular cilia in ani- 
mals with congenital hydrocephalus [9, 23]. In the assess- 
ment of SEM images of the lateral ventricular wall in rats 
with hereditary hydrocephalus, Lindberg et al. [27] noted 
that the cilia were shortened, fewer in number, and 
clumped or matted. Using SEM, Bannister and Mundy 
studied ependymal surfaces of the ventricles of two con- 
genitally hydrocephalic Hy-3 mice in comparison with 
that of an infant with hydrocephalus complicated by 
meningocele and Chiari malformation. In the basal re- 
gions of the lateral ventricles of the Hy-3 mice, the 
ependymal wall possessed normal cilia, but the upper 
ventrieular wall was found to be devoid of cilia, whereas 
no abnormal change in ependymal cilia in the lateral 
ventricle of the infant was noted [7]. They concluded that 
the changes in the ventricular wall and the coarse ependy- 
mal cilia could be attributed to thinning of the ventricular 
wall resulting from increased ICP due to hydrocephalus, 
and were not the cause but the result of hydrocephalus. 
By contrast, Afzelius [4] described the detective cilia as 
being the primary cause of hydrocephalus and the high 
intraventricular pressure as its consequence. In the af- 
fected male rats with situs inversus viscerum in this study, 
the changes in ependymal surfaces, where the ependymat 

Fig. 4A-C. Four frames of a videogram show (top to bottom) suc- 
cessive changes at 0.005-s intervals in (A) a 3-day-old unaffected 
male rat (arrows in each frame indicate ciliary beat), (B) various 
kinds of cilia such as immotile (arrowheads), dyskinetic (D) and 
beating cilia (arrows) in a 3-month-old affected female rat with mild 
hydrocephalus, and (C) ependymal cilia, all immotile (arrowheacL*) 
in a 3-day-old affected male rat with situs inversus viscerum which 
has not yet developed hydrocephalus. Magnification x 8000 
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cilia were coarse, shortened, and with thin diameters, 
and/or clustered or entangled in multiple directions, were 
found prior to ventricular enlargement. These findings 
would suggest that morphological changes of the cilia are 
not due to increased intraventricular pressure or stretch- 
ing of the ependymal walls secondary to ventricular en- 
largement, but rather than they are a potential cause of 
hydrocephalus. 

The relationship between axonemal structure and the 
movement of cilia and flagella has been studied in inves- 
tigations using cytozoons, sea urchins, and tetrahymenae 
[2, 16, 19, 29, 51]. Many reports have been published in 
regard to correlation between the ultrastructure and the 
motility of the tracheal cilia and the spermal flagella in 
human cases [3, 4, 14, 35, 36, 47]. The first step in unrav- 
eling ICS was the discovery by Pedersen and Rebbe [36] 
of a case of immotile spermatozoa devoid of the dynein 
arms. Afzelius studied four subjects who produced im- 
motile sperm, three of whom had frequent episodes of 
bronchitis and sinusitis where there was no mucociliary 
transport. He found that cilia from cells of these patients 
lacked dynein arms [3]. These studies strongly suggested 
that the absence of dynein arms was the cause ofimmotil- 
ity of spermatozoa and cilia. In addition to the complete 
absence of both dynein arms, defects of the inner or outer 
dynein arms, spoke heads, one or both microtubules, and 
the central sheath also have been implicated as axonemal 
abnormalities of sperm and cilia in cases of motility dis- 
order [5, 49, 50, 54]. Following these observations, the 
mechanism of ciliary or flagellar beats was investigated 
by various scientists and found to be based on the sliding 
and/or switching of doublet tubules by dynein arms (AT- 
Pase) [15, 42, 43], and it also was shown that the cyclic- 
AMP-dependent proteinase and the regulatory proteins 
constituting ciliary substance intermediately work to cre- 
ate the coordinate and metachronal movement of cilia 
and flagella [41, 45, 46]. 

With regard to hydrocephalus and ependymal ciliary 
dyskinesia, Bryan studied mice homozygous for a reces- 
sive, pleiotropic, mutation hydrocephalic-polydactyly 
(hpy) and found that the male hpy mouse was affected by 
postnatal hydrocephalus and complete sterility and that 
the female hpy had reduced reproductive performance. 
He suggested that the fertility problems and the develop- 
ment of hydrocephalus could have arisen as conse- 
quences of defective flagella and ciliary axonemes of 
oviduct and ependyma [10]. 

A small number of patients in whom hydrocephalus 
was associated with PCD have been reported to date [4, 
13, 18, 20, 32]. The reason for the small number reported 
is probably due in part to the low incidence of PCD, to 
the lack of recognition of the possibility that PCD may be 
associated with mild hydrocephalus, and to insufficient 
medical examination. Following his assessment in 1943 
of 85 patients with congenital dextrocardia, Olsen [32] 
mentioned that 1i of them had other defects including 
hydrocephalus, and that 16.5% (14/85) of them had 
bronchiectasis. Afzelius [4] examined the brains of seven 
patients with ICS by CT. In three of these patients, the 
ventricular system and sulci were slightly enlarged. 
Greenstone et al. [18] reported a 12-year-old boy with 

PCD and bronchiectasis who had developed hydro- 
cephalus in the neonatal period. They mentioned that the 
concurrence of hydrocephalus and PCD was of interest, 
because it might suggest a function of cilia in the embry- 
onic development of CSF pathways. Jabourian et al. [20] 
observed a 15-year-old girl with KS, an immotile ciliary 
disorder consisting of sinusitis, bronchiectasis, and situs 
inversus viscerum, who developed persistent headaches 
and was found to have communicating hydrocephalus 
with evidence of impairment of CSF circulation at the 
level of the tentorium. This patient required a ventricu- 
loperitoneal shunt, after which there was relief of the 
hydrocephalus and its associated symptoms. These au- 
thors assumed that ependymal cilia normally kept the 
aqueduct patent and that the risk of stenosis was in- 
creased in patients with ciliary immotility. De Santi et al. 
[13] reported a particular form of PCD (ciliary aplasia) in 
a girl with bronchiectasis who developed hydrocephalus 
in the neonatal period. CT showed triventricular hydro- 
cephalus caused by aqueductal stenosis, then a ventricu- 
loatrial shunt was inserted and her subsequent neurolog- 
ical development was normal. De Santi et al. suggested 
that ependymal ciliary defects in PCD might be a contrib- 
utory embryological factor in the pathogenesis of partic- 
ular forms of hydrocephalus, and that there might be a 
causal relation between PCD and hydrocephalus. These 
previous investigations by various scientists lend support 
to our speculation that abnormal fine structures of 
ependymal and tracheal cilia may be intimately related to 
ciliary motility disorder and hydrocephalus. 

Purkinje [37] was the first scientist to observe the 
movement of cilia on the walls of cerebral ventricles in 
full-term sheep fetuses, and he found that the cilia were 
long and pointed and vibrated in a whip-like fashion. To 
date, there have been several reports on the relation be- 
tween the beat of cilia and CSF currents on the ventricu- 
lar surface [1, 11, 12, 30, 39, 48, 53, 56, 57]. Konno and 
Shiotani [24], utilizing a phase-contrast microscope, re- 
ported that the red blood corpuscles moved toward the 
foramen of Monro in the lateral ventricle of 2- to 8-week- 
old dogs. Worthington and Cathcart [11, 56, 57] observed 
the beating cilia in surviving ependyma of adult human 
brains and then mapped the ciliary currents in each of the 
ventricles. They concluded that the function of cilia in the 
central nervous system is to maintain the CSF in constant 
motion and to clear cellular debris from the ependymal 
surface of the ventricular system. Milhorat [28] proposed 
that the strong cilia-induced currents near the ventricular 
walls are important for intraventricular CSF circulation, 
but others [6, 39, 52] attributed only a minor role to the 
cilia, and some [34] regard them as nonfunctional rudi- 
mentary structures. Utilizing SEM, Yamadori and Nara 
[58, 59] observed in adult mice the directions of ciliary 
beat on the walls of the whole brain ventricular system, 
including the central canal, and revealed that the pattern 
of directions of the ciliary beat was always the same in 
each individual in the series despite different positions at 
the time of fixation, and the pattern was in agreement 
with the anticipated flow of the fluid. Yamadori then 
concluded that the ciliary movement has a close relation- 
ship with the CSF current and must be an important 



fac tor  in p r o d u c i n g  and  regula t ing  the f low o f  C S F  
wi thin  the ven t r i cu la r  system. 

The  facts  es tab l i shed  by the a f o r e m e n t i o n e d  invest iga-  
tors  a l low us to hypo thes i ze  tha t  the f low of  the C S F  
migh t  be va r ious ly  res t r ic ted  by  i m p a i r m e n t  o f  c i l iary  
movemen t ,  especial ly  at  the  a q u e d u c t  o f  Sylvius,  which  is 
an  ex t remely  n a r r o w  cana l  for  the  passage  o f  CSF,  lead-  
ing to the d e v e l o p m e n t  o f  hydrocepha lus .  Hence ,  m a r k e d  
C S F  s t agna t i on  due  to ICS migh t  p r o d u c e  h igh  in t raven-  
t r i cu la r  p ressure  and  genera te  en l a rgemen t  o f  the  la te ra l  
and  I I I  ventr icles  in h y d r o c e p h a l i c  males ,  while  sl ight  
C S F  s t agna t ion  owing  to c i l iary  dysk ines ia  migh t  resul t  
in mi ld  ven t r i cu la r  d i l a t a t i on  in h y d r o c e p h a l i c  females.  
A l t h o u g h  the pressure  g rad ien t  be tween  C S F  f o r m a t i o n  
and  a b s o r p t i o n ,  the pressure  va r i a t ions  assoc ia ted  wi th  
a r te r ia l  pulse  and  resp i ra t ion ,  and  the con t inuous  out -  
pou r ing  o f  new C S F  are  t h o u g h t  to be i m p o r t a n t  fac tors  
when cons ider ing  the h y d r o d y n a m i c s  o f  the  ven t r icu la r  
sys tem [8, 28, 39], our  f indings  c lear ly  show tha t  the 
m o v e m e n t  o f  e p e n d y m a l  ci l ia  m a y  also p l ay  an  i m p o r t a n t  
role  in C S F  f low and  tha t  the dys func t ion  o f  e p e n d y m a l  
c i l iary  m o v e m e n t  m a y  con t r i bu t e  to the ven t r i cu la r  di- 
l a t a t i on  a s soc ia t ed  wi th  h y d r o c e p h a l u s  in cases o f  PCD.  

N o t e w o r t h y  in the p resen t  expe r imen ta l  m o d e l  are the 
f indings  tha t  h y d r o c e p h a l i c  males  d e m o n s t r a t e d  p rogres -  
sive h y d r o c e p h a l u s  which  migh t  be long  in the ICS cate-  
gory,  and  tha t  hyd rocepha l i c  females d e m o n s t r a t e d  
s lowly progress ive  a n d / o r  a r res ted  hyd rocepha lu s  which  
migh t  pe r t a in  to the P C D  genre.  I t  is bel ieved the presen t  
m o d e l  cou ld  well serve as a g o o d  way  o f  s tudying  the 
pa thogenes i s  o f  PCD.  F u r t h e r  studies on  the d i s t r ibu t ion ,  
act ivi ty,  and  func t ion  o f  h u m a n  and  an ima l  e p e n d y m a l  
cilia, as well as the re la t ions  be tween  c i l iary  mot i l i ty  and  
C S F  dynamics ,  a lso  are  wa r r an t ed .  
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