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Summary. The SUMS/NP is a mouse mutant with 
a recessive gene for congenital hydrocephalus. The 
condition is detectable outwardly at 3 days after birth 
and affected animals die soon after weaning. The 
heads of fetuses from 14 to 20 days gestation and at 
1, 4, 5, 12 and 18 days after birth have been sectioned 
for light microscopy and the volume of the lateral 
ventricles measured in all but the three oldest ages. At 
16 days gestation and earlier all fetuses had a relatively 
large lateral ventricle volume. Hydrocephalus was first 
detected from volume measurements at 18 days gesta- 
tion and generally became progressively more severe 
with age. Hydrocephalic animals, in addition to lateral 
and third ventricle dilatation, always showed a re- 
duction in the cross-sectional area of the cerebral 
aqueduct or a total absence of the aqueduct. All 
hydrocephalics, with the exception of two fetuses, also 
had cystic cavitation of the forebrain around the lat- 
eral ventricles. Electron microscopy of animals with a 
reduced aqueduct showed the ventral part to be absent 
in hydrocephalics. 
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The value of animal models is well recognised in the 
investigation of human disease and many studies on 
hydrocephalus have been carried out using animals 
(Hochwald 1985). Hydrocephalus occurs most fre- 
quently in the perinatal period in man, thus animals 
showing congenital hydrocephalus are particularly 
appropriate for the study of the development of the 
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disease process. In mice, congenital hydrocephalus has 
arisen several times from spontaneous mutation; e.g. 
hydrocephalus-3 (Grfineberg 1943), obstructive hy- 
drocephalus (Borit and Sidman 1972), hydrocephalic 
polydactyl (Bryan et al. 1977) and congenital hydro- 
cephalus (Grfineberg and Wickramaratne 1974). We 
describe here the morphological aspects of the 
development of congenital hydrocephalus in a further 
inbred strain of mice (SUMS/NP) which has a re- 
cessive gene for hydrocephalus. Preliminary reports of 
this mutant have appeared elsewhere (Punt et al. 1982; 
Jones 1984). 

Materials and methods 

The SUMS/NP mouse is a hydrocephalic mutant which 
originated from Guy's Hospital, London. The mice have a pre- 
sumed autosomal recessive gene for hydrocephalus which 
affects, on average, 13% of the offspring from heterozygous 
parents. The hydrocephalus is detectable outwardly by 3 -  
4 days after birth and affected animals die soon after weaning. 

Light microscopy: heads. The heads of three complete litters of 
fetuses from each of the following gestational age groups: 14 -  
16 days, 47-18 days and 19-20 days, were fixed in 2% 
paraformaldehyde, 2.5% glutaraldehyde and 0.4 M phosphate 
buffer at pH 7.4 and prepared for conventional wax histology. 
Transverse sections, 6 gm thick, of the brain plus surrounding 
meninges and skull were cut and stained with Mallory's triple 
stain. In addition, two complete 4-day-old litters taken from 
known heterozygous parents and both normal and 
hydrocephalic neonates at 4, 5, 12 and 18 days were processed 
as for fetuses. 

Light microscopy: spinal cords. Spinal cords from normal and 
hydrocephalic mice 8 and 14 days old perfused intravascularly 
as above, were embedded for wax histology and a few sections 
were collected every 4 mm throughout the length of the spinal 
cord for examination of the central canal. 

Electron microscopy: cerebral aqueduct. Mice from two age 
groups, 4 - 3 days (two normal and five hydrocephalic) and 6 -  
8 days (two normal and three hydrocephalic), were perfused 



H. C. Jones et al. : Development of hydrocephalus in a mouse mutalat 269 

intravascularly with the same fixative. The presence or absence 
of enlarged lateral ventricles was determined by dissection before 
processing and embedding the region containing the aqueduct 
in Emix resin. Semithin transverse sections were stained for light 
microscopy with toluidine blue. Ultrathin sections were taken 
from selected regions of the narrowest part of the aqueduct, 
stained in uranyl acetate and lead citrate and viewed in a Jeol 
100C electron microscope. In two additional 2-day-old mice 
(one normal and one hydrocephalic) the complete length of the 
aqueduct was sectioned for light microscopy only. 

Volume and area measurements. Stained wax s e c t i o n s  were pro- 
jected on to a graphics tablet attached to an Apple II 
microcomputer and the regions to be measured were outlined 
with the tablet pen. Lateral ventricle and forebrain 
(telencephalon plus diencephalon) volumes were calculated for 
fetuses and 1-day neonates and for one 4-day hydrocephalic and 
the volume and surface area of the two lateral ventricle choroid 
plexuses were measured for 1-day-old neonates. 

Cerebrospinal fluid flow pathways. Neonatal mice from three age 
groups, 1 - 2  days, 4 - 8  days and 10-21 days, were 
anaesthetised mad a glass micropipette placed in one lateral 
ventricle for infusion as described previously (Jones 1985). Be- 
tween 1 and 5 gl fluorescein-labelled dextran (tool. wt. 150,000; 
100 mg/ml in artificial cerebrospinal fluid) was infused into one 
lateral ventricle. Between 10 and 20 rain after the start of the 
infusion the mice were frozen whole in liquid nitrogen and 
the surface of the sectioned heads examined and photographed 
under a UV lamp for the distribution of fluorescence. 

Results 

Histology 

Normal brain development in fetuses. During the period 
studied, 14 to 20 days gestation, there was consider- 
able matura t ion  of  the brain and ventricular system. 
At  14 days gestation, only the fourth ventricle choroid 
plexus was present, whereas by 20 days gestation all 
three plexuses were well developed. In fetuses, as in 
the adult mouse, the cerebral aqueduct connects the 
dorsal third ventricle to the mesencephalic ventricle 
(also known as the posterior collicular recess). In 
fetuses up to 17 days gestation, however, the ventral 
part  o f  the third ventricle also connected with the 
mesencephalic ventricle thus providing an alternative 
ventral route for the passage of  fluid out o f  the third 
ventricle. Subsequently this ventral connection dis- 
appeared leaving the aqueduct  as the sole route to 
the mesencephalic ventricle in animals over 18 days 
gestation. More  caudally, the mesencephalic ventricle 
opened directly into the fourth ventricle. The lateral 
foramina of  Luschka in the recesses of  the fourth 
ventricle were closed in fetal mice but were open by 
one day after birth. Between 14 and 20 days gestation, 
the lateral ventricles decreased f rom 13.4% to 1.0% 
of the forebrain volume (Figs. 1, 2). This was due to 
5-fold decrease in lateral ventricle volume and a 4-fold 
increase in forebrain volume. 
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Fig. 1. A plot of lateral ventricle volume (�9 and forebrain 
volume ([]) against age for normal fetuses and neonates. Values 
are means, n = 4 to 14 
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Fig. 2. A plot of lateral ventricle volume expressed as a percent- 
age of total forebrain volume (�9 against age for normal ani- 
mals. Values are means, n = 4 to 14. The hydrocephalic in- 
dividuals ( � 9  have been included as single points together with 
two uncertain individuals (O) 

Hydrocephaliefetuses. Five fetuses aged from 18 to 20 
days gestation were found to be hydrocephalic with 
a lateral ventricle volume larger than the remaining 
fetuses in the litters (Figs. 2, 3, 4a, b). Four  of  these 
had ventricular volumes larger than the mean volume 
obtained for the youngest  fetuses at 14 days gestation 
(0.74mm 3) and the fifth was close at 0.62 m m  a. These 
fetuses had enlarged third ventricles also. Of  the five 
hydrocephalic fetuses, three showed a small degree of  
cystic cavitation of  the forebrain around the lateral 
ventricles either unilaterally (two fetuses) or  bilaterally 
(one fetus). The cerebral aqueduct in two of  the 
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Fig. 3. Frequency distribution for total lateral ventricle volume 
for individual animals from 11 litters aged between 14 days 
gestation and 1 day after birth. Definite hydrocephalic in- 
dividuals have volumes larger than the majority from the same 
the litter and are labelled (asterisk) 

hydrocephalics was reduced, such that an aqueduct 
normally elongated in the dorsoventral plane (Fig. 4c) 
was seen as a circular or oval group of ependymal cells 
which in some places had a small lumen. This reduced, 
and dorsally situated aqueduct, extended in the 
rostral-caudal direction for up to 700 Ixm. In the other 
three hydrocephalic fetuses the dorsal aqueduct was 
absent for between 300 and 700 ~tm, such that there 
were no ependymal cells or lumen (Fig. 4d). These 
three fetuses had extremely dilated third ventricles 
(Fig. 4b). In addition, a few fetuses with apparently 
normal ventricle volumes for their age also had an 
aqueduct reduced in area. Prior to 18 days gestation 
it was not possible to determine with certainty whether 
the fetuses were hydrocephalic. For the five hydro- 
cephalic fetuses, although the combined lateral 
ventricle volume was much higher than normal, the 
volume of the forebrain alone (excluding ventricles) 
was not less than normal suggesting that ventricular 
expansion has not occurred at the expense of the brain. 

Hydrocephalic neonates. Histology was carried out on 
neonates at 1, 4, 5, 12 and 18 days. Ventricle volumes 
were measured only in 1-day neonates and one 4-day 
hydrocephalic. At 1 day the ventricle volumes of 
normal mice expressed as a percentage of total fore- 
brain volume were slightly lower than for the late 
fetuses (Figs. 1, 2). Among animals from the two 
1-day-old litters sectioned (20 mice in all), eight were 
classed as hydrocephalic using ventricle volume as the 
criterion (Figs. 2, 3). One hydrocephalic animal had 
unilateral ventricular dilatation only and all except 
this one also had an enlarged third ventricle. Seven 
of the eight had cystic cavitation around the lateral 
ventricles, either unilaterally of bilaterally. In six of 
these, the aqueduct was reduced to a small dorsal 
group of ependymal cells, either with or without a 
visible lumen, and in one the dorsal aqueduct was 
absent for around 600 lxm. Another had a large 
ventricle volume but no cystic cavitation or abnormal 
aqueduct. In addition, in one apparently normal ani- 
mal the aqueduct was reduced in area. As in the 
fetuses, the brain volume in neonatal hydrocephalics 
was not significantly reduced when compared to 
normals. 

After birth the hydrocephalus progresses rapidly 
so that by 4 or 5 days there is a large increase in the 
lateral ventricle volume and in the cystic cavitation 
around the ventricles. In the one 4-day animal the 
ventricle volume was 24% of the forebrain and the 
total volume of ventricles plus cystic cavitation was 
37%. By 4 days there was a marked reduction in 
cortical thickness with a corresponding increase in 
cavitation and by 12 and 18 days the cortex was only 
a few cells thick and ventricular ependyma was absent 
in some regions. The fourth ventricle and the lateral 
foramina of Luschka appeared normal in all 
hydrocephalic animals. 

The volume and surface area of the combined 
lateral ventricle choroid plexuses measured at 1 day 
was found to be 0.089 + 0.003 mm 3 (mean _ SEM) 
and 4.84 ___ 0.16 mm 2 respectively for six normal mice 
and 0.066_+ 0.002 mm 3 and 4.11 _+ 0.091 m m  2, re-  
spect ive ly  for five hydrocephalic mice from the same 
litter. These differences were significant, P < 0.001 for 
volume, and P < 0.01 for area. 

The central canal of the spinal cord showed no 
differences between the normal and hydrocephalic 
mice at either age group studied. 

Electron microscopy of the cerebral aqueduct. Electron 
microscopy was carried out on neonatal mice where 
the presence of hydrocephalus could be determined 
with certainty from the dilatation of the lateral 
ventricles observed during trimming after the initial 
fixation. Apart from one with a partially absent aque- 
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Fig. 4a-d .  Light micrograph of transverse sections through the brains of two 18-day gestation fetuses, a Forebrain section of a 
normal fetus showing slit-like ventricles (arrow). h Forebrain section of a hydrocephalic fetus showing enlarged lateral and third 
ventricles, e Section through the aqueduct region of the same fetus as in a. The normal aqueduct (arrow) is elongated in the 
dorsoventral plane. Below it there is an extension of the ventral third ventricle which by 18 days gestation, is closed without connecting 
to the more caudal parts of the ventricular system, d Section through the aqueduct region of the same hydrocephalic fetus as in b 
showing a complete absence of aqueduct ependyma and lumen. Wax sections, a and h at the same magnification; e and d at the same 
magnification 

duct, all hydrocephalics had reduced aqueducts 
(Fig. 5 a - c )  which continued in a similar way for 
up to 850 gm caudally, before opening into the 
mesencephalic ventricle. In contrast to the appearance 
in wax sections, the superior resolution of  resin 
sections showed that where an entire layer of  
ependymal cells was present in hydrocephatics, there 
was always a small lumen. This lumen was about  the 

same width as that in normals, 5 - 1 0  gm (Fig. 5 b, c). 
In addition, in one 8-day hydrocephalic, the dorsal 
aqueduct was absent for the initial 450 gm and then 
present with a very small lumen for a further 880 gm. 
The reduced aqueducts in hydrocephalics were 
surrounded by ependymal cells which were in- 
distinguishable from aqueduct ependymal cells of  
normal animals (Figs. 6, 7). The ependymal cells were 
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Fig. 5. Light micrographs of semithin transverse resin sections though the aqueduct of a a normal 2-day-old mouse, b a 2-day 
hydrocephalic and e an 8-day hydrocephalic. In the hydrocephalics the aqueduct is reduced from an elongated 'Y' shape to a small 
oval lumen surrounded by ependymal cells. Toluidine blue stain, all micrographs at the same magnification and orientated with the 
dorsal part upwards 

columnar in shape with apparently normal  cyto- 
plasmic organelles and clearly defined apical inter- 
cellular gap junctions and zonulae adherentes. On the 
luminal surface there were numerous cilia and 
microvilli and the lumen contained deposits of  
amorphous  material  (Fig. 6) which was also seen in 
normal  aqueducts. There was no evidence for sub- 

ependymal oedema or widening of the intercellular 
clefts. In some animals the lumen contained macro-  
phage-like cells (Fig. 7), but  these were infrequent and 
may not  have any particular significance for 
hydrocephalus. In two animals some of  the ependyma 
surrounding the aqueduct was absent and there was 
apparent  invasion of the lumen by neural and/or  glial 
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Fig. 6. Electron micrograph of the complete aqueduct from a 2-day hydrocephalic mouse. The oval-shaped lumen (asterisks) is 
surrounded by ependymal cells which appear similar to those of normal mice 

processes which, intermingled with ependymal cilia, 
and completely filled the lumen (Fig. 7). In these cases, 
apart from the presence of cilia, the lumen was no 
different in appearance to the surrounding developing 
brain. 

Infusion experiments. Infusion of fluorescein-labelled 
dextran into the lateral ventricle of normal neonates 
resulted in spread of fluorescence into the third, 
mesencephalic and fourth ventricles, the subarachnoid 
space around the hindbrain and, in some animals, into 
the spinal cord and the mesencephalic subarachnoid 
space. Among the hydrocephalics infused at 1 or 2 
days, six had a normal distribution but five had only 
very limited amounts of fluorescence caudal to the 
third ventricle. Among hydrocephalics aged 4 to 8 
days after birth, four had a normal distribution but a 
further 12 animals had no spread of fluorescence 
caudal to the third ventricle. Between 10 and 21 days 
all hydrocephalics had fluorescence confined to the 
lateral and third ventricles with or without slight 
spread into the subarachnoid space overlying the 
brain. This was thought to have left the ventricles via a 

ventriculostomy because the cortical mantle becomes 
extremely thin and probably breaks down at this time. 

Discussion 

Over the developmental period 14 days gestation to 1 
day after birth, there was a steady increase in forebrain 
volume of around fivefold, indicating that this is a 
period of rapid growth for the mouse brain. During 
this period, the combined lateral ventricles decreased 
from 13% to around 1% of the total forebrain volume. 
The normally large lateral ventricles at 14 days gesta- 
tion make hydrocephalus due to lateral ventricle dila- 
tation more difficult to detect in the younger fetuses. 
The same period, from 14 days gestation, covers the 
development of the subarachnoid space in the mouse 
(McClone and Bondareff 1975). Furthermore, the 
development of the choroid plexuses and the observa- 
tion that microscopical interependymal pores occur 
in the roof of the rhombencephalon from 14 days 
gestation onwards (Jones et al., in press), suggest that 
fluid secretion starts during this period. 
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Fig. 7. Electron micrograph of the aqueduct from a 6-day hydrocephalic mouse. On the right hand side some ependymal cells are 
absent and there is apparent invasion of the lumen by brain cell processes (arrows) similar to those in the surrounding brain. The 
dark cell in the lumen may be a macrophage. Inset is a light micrograph of the same area from an adjacent section 

In man, hydrocephalus is thought to arise in one 
of three ways: through an overproduction of cerebro- 
spinal fluid (CSF), through an obstruction of the 
normal fluid flow pathway or through a defect in the 
CSF absorption mechanism. In many cases, however, 
it is not possible to determine with certainty the pri- 
mary cause of hydrocephalus in man and this is par- 
ticularly true for congenital hydrocephalus where a 
developmental abnormality may be involved. It is also 
true that the pathogenesis of congenital hydro- 
cephalus in rodents is poorly understood. This in- 
vestigation, the first to study fetal ages in mouse, has 
shown that the SUMS/NP mouse develops hydro- 
cephalus in late gestation, although it is not detect- 
able outwardly until 3 -  4 days after birth, by which 
time the hydrocephalus is quite severe and death oc- 
curs at around 3 weeks of age. Superfically, the 
hydrocephalus in SUMS/NP resembles that seen in 
other strains of mutant mice such as hydrocephalus-3 
(hy-3, Griineberg 1943; Berry 1961; Raimondi et al. 
1973), obstructive hydrocephalus (oh, Borit and 
Sidman 1972) and hydrocephalic-polydactyl (hpy, 
Bryan et al. 1977) in that the sequence of pathogenesis 

is similar. None of these strains has been investigated 
prenatally and therefore it is not possible to be certain 
when the onset of ventricular dilatation occurs. The 
only existing strain of mouse with prenatal hydro- 
cephalus is congenital hydrocephalus (ch) but this 
strain has extremely severe and totally different patho- 
logical manifestations (Grfineberg and Wick- 
ramaratne 1974). 

There is one major feature of the hydrocephalus 
seen in SUMS/NP which is not seen in other strains 
and that is the occurrence of a reduced or absent 
aqueduct in the early stages of the disease process. In 
by-3 and oh the aqueduct closes in the later stages of 
hydrocephalus and is thought to be a process which 
occurs secondarily to the ventricular dilation (Rai- 
mondi et al. 1976; Borit and Sidman 1972). In the 
results reported here all animals which could be 
identified with certainty as hydrocephalic had 
aqueducts which were either very much reduced in 
cross-sectional area or completely absent for part of 
their length. Thus it seems likely that an abnormality 
of the aqueduct may be the cause of hydrocephalus in 
th~s mutant strain. This is supported by recent experi- 
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ments on postnatal SUMS/NP, which measured the 
resistance to drainage of the CSF during the develop- 
ment of the hydrocephalus (Jones 1985). In 
hydrocephalics, the resistance to drainage from the 
lateral ventricles was higher than for normal animals 
of the same age, whereas the resistance to drainage 
from the cisterna magna was not increased in 
hydrocephalics. This shows that hydrocephalics have 
a reduced drainage of fluid out of the ventricular 
system, without any defect in the drainage of CSF 
from the subarachnoid space. It does not seem likely 
that the hydrocephalus in SUMS/NP occurs through 
the overproduction of CSF because the choroid 
plexuses were not enlarged in 1-day hydrocephalics. 

The suggestion that in SUMS/NP the hydro- 
cephalus is caused by a reduction in the size of the 
aqueduct is further supported by the timing of its 
appearance at 18 days gestation, since an abnormal 
aqueduct would not have any significant effect on 
CSF flow prior to 18 days gestation because of the 
alternative ventral pathway. The possibility cannot be 
completely excluded, however, that some less obvious 
change in the ventricular system may be the primary 
cause of hydrocephalus. If, as seems likely, an 
abnormal aqueduct is the cause of the hydrocephalus, 
the results show that there is not a complete obstruc- 
tion in all cases. This was apparent in resin-embedded 
tissue, where a small lumen was present throughout 
the aqueduct in all animals except those where no aque- 
duct ependyma was present and the infusion experi- 
ments support this. It is possible that the hydro- 
cephalus may be caused by an insufficient aqueduct 
which cannot conduct fluid at the required rate. This is 
supported by experiments on fixed human aqueducts, 
which showed that the aqueduct is only just large 
enough to pass the CSF normally vented during 
systole (White et al. 1979). 

In SUMS/NP mouse there is a variable manifesta- 
tion of the aqueduct abnormality from reduction in 
area to complete absence of aqueduct. In general, 
animals without an aqueduct tended to have larger 
lateral ventricles than with those only reduced 
aqueducts but this was not true in all cases and those 
with reduced aqueducts certainly had clearly defined 
hydrocephalus. In addition, some other animals with 
normal ventricles had reduced aqueducts, as seen in 
wax section histology. Whether or not these animals 
would have progressed to hydrocephalus had they 
survived to a later stage, cannot be determined. 

Much has been written about aqueduct stenosis as 
a possible cause of hydrocephalus in man, since this 
is a feature frequently observed at autopsy (Russell 
1949) and at least one type of hydrocephalus has been 
attributed to it (Bickers and Adams 1949). Because of 
a shortage of early pathological material, there is no 

good evidence that hydrocephalus is actually caused 
by an abnormal aqueduct in man and it has been 
convincingly argued that all aqueduct stenosis is sec- 
ondary to the hydrocephalus (Williams 1982). 

In animals, only one example of primary closure 
of the aqueduct causing hydrocephalus has been de- 
scribed, that caused by the teratogenic effects of 
cuprizone on weanling mice (Kesterson and Carlton 
1970). In this example, oedema of the mesencephalon 
preceded the aqueduct stenosis and these authors de- 
scribe a loss of ependyma from the walls of the aque- 
duct resulting in fusion of the subependymal surfaces. 
There have been a number of electron microscopy 
studies on rodent hydrocephalus but many have con- 
centrated on changes in the walls of the lateral 
ventricles (e.g. Borit and Sidman 1972). One study 
on the aqueduct in the hy-3 mouse with secondary 
aqueduct occlusion showed that the aqueduct be- 
comes compressed by the subependymal oedema, re- 
sulting in closure of the lumen (Raimondi et al. 1976). 
In this case the ependyma had a normal columnar 
appearance but it was stretched and torn in places 
where there was surrounding oedema. In the hamster 
with reovirus-induced hydrocephalus, the aqueduct 
lumen became filled with detached ependymal cells 
and macrophages as a consequence of the in- 
flammatory process (Nielsen and Baringer 1972). In 
this study, there was no evidence for oedema or in- 
flammation as contributory factors and we can only 
speculate on the mechanism by which the aqueduct 
becomes reduced or lost in SUMS/NP. It is possible 
that, since the remaining aqueduct ependymal cells 
appear normal, there is some abnormal growth of one 
or more other brain cellular components which causes 
a loss of aqueduct ependyma during development. The 
observation that in two animals examined by electron 
microscopy, there was invasion of the lumen by brain 
cell processes where some periaqueduct ependymal 
cells were absent, lends support to this suggestion. 
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