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Abstract

Cerebellar abnormalities are commonly associated with hydrocephalus. However, the effect of hydrocephalus on the other-
wise normal cerebellum has been largely neglected. This study assesses the morphological changes in the Purkinje cells in
relation to cerebellar dysfunction observed in juvenile hydrocephalic rats. Fifty-five three-week old albino Wistar rats were
used, hydrocephalus was induced by intracisternal injection of kaolin (n=35) and others served as controls (n=20). Body
weight measurements, hanging wire, negative geotaxis, and open field tests were carried out at the onset and then weekly for
4 weeks, rats were killed, and their cerebella processed for Hematoxylin and Eosin, Cresyl violet and Golgi staining. Quali-
tative and quantitative studies were carried out; quantitative data were analyzed using two-way ANOVA and independent T
tests at p < 0.05. Hydrocephalic rats weighed less than controls (p =0.0247) but their cerebellar weights were comparable.
The hydrocephalic rats had a consistently shorter latency to fall in the hanging wire test (F(4,112)=18.63; p <0.0001),
longer latency to turn in the negative geotaxis test (F(4,112)=22.2; p <0.0001), and decreased horizontal (F(4,112)=4.172,
p=0.0035) and vertical movements (F(4,112)=4.397; p=0.0024) in the open field test than controls throughout the 4 weeks
post-induction. Cellular compression in the granular layer, swelling of Purkinje cells with vacuolations, reduced dendritic
arborization and increased number of pyknotic Purkinje cells were observed in hydrocephalic rats. Hydrocephalus caused
functional and morphological changes in the cerebellar cortex. Purkinje cell loss, a major pathological feature of hydro-
cephalus, may be responsible for some of the motor deficits observed in this condition.
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Introduction or death is not a major pathological feature of hydrocepha-

lus (Rubin et al. 1972; Jones et al. 1991; Hale et al. 1992).

Hydrocephalus is a neurological disorder characterized by
dilatation of the ventricular system, usually because cerebro-
spinal fluid produced therein is not fully returned into the
systemic circulation (Khan et al. 2006; Del Bigio 2010).
Alterations in neuronal cytology have been identified at
various stages of hydrocephalus (Wallace et al. 2010), for
example, pyknotic and dark shrunken neurons observed in
the cerebral cortex of hydrocephalic cats (Di Curzio et al.
2013); but other studies suggest that neuron degeneration
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Attenuation of white matter and oligodendrocyte loss occur
prominently in hydrocephalus and are associated with many
of the neurological deficits observed (Olopade et al. 2012).
The mammalian cerebellum is a functionally diverse
component of the brain which is crucial for the performance
of smooth and purposeful voluntary movements, permitting
postural adjustments and the learning of new skills in the
process (D’Angelo and Casali 2012). The cerebellar cortex
is remarkably uniform, microscopically, and is deployed in
a trilaminar array of cells into the molecular, Purkinje cell
and granule cell layers. The Purkinje cell layer is perhaps the
most significant of these because it is the sole output cell of
the cerebellar cortex (Eccles et al. 1967; Palay and Chan-
Palay 1974). Purkinje cells are particularly susceptible when
the cerebellar cortex is subjected to genetic and acquired
insults (Herrup and Wilczynski 1982; Welsh et al 2002).
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Abnormalities of the cerebellum which lead to the
obstruction of CSF are commonly associated with the devel-
opment of hydrocephalus. However, the effect of ventricular
enlargement on the structure and function of the otherwise
normal cerebellum has not been well elucidated. The clini-
cal reports of cerebellar effects of hydrocephalus include
cerebellar dysarthria with severe cerebellar ataxia of all
four limbs (Singh et al. 1988), swelling of the cerebellum
and brain stem with abnormal enhancement of the basal
meninges and effacement of the fourth ventricle (Uyanikgil
et al. 2017). Other studies have reported derangement of
the normal laminar cellular organization of the cerebellum
and thickening of the outer molecular layer (Del Bigio et al.
2002). Progressive Purkinje cell loss and cerebellar granular
layer aplasia leading to severe cerebellar ataxia have also
been reported (Wallace et al. 2010).

A study of the cerebellum in hydrocephalus is important
because the motor function decline observed in hydroce-
phalic patients should not be attributed solely to the effects
of hydrocephalus on the motor cortex. Given the central role
of Purkinje cells in motor coordination, the purpose of our
study is to assess the morphological changes occurring in
the Purkinje cells of the cerebellum in relation to cerebellar
dysfunction observed in juvenile hydrocephalic rats.

Materials and methods

A total of 55 3-week old albino Wistar rats (35-51 g)
obtained from the animal holding facility of the department
of Anatomy, University of Ibadan were used for the study.
The rats were divided into 2 groups of 35 experimental and
20 control animals. All experiments were approved by the
Ethical Review Board of the University of Ibadan and all
procedures on animal handling conformed to the acceptable
guidelines on the ethical use of animals in research. The rats
were allowed to acclimatize for 7 days in natural light—dark
cycle at room temperature and were given food and water
ad libitum.

Hydrocephalus was induced in the rats according to the
protocol by Di Curzio et al. (2014). Briefly, the rats in the
experimental group were anaesthetized with intraperitoneal
injection of ketamine/xylazine (90/10 mg/kg) and had an
intracisternal injection of 0.04 ml sterile kaolin suspen-
sion (250 mg/ml in distilled water) percutaneously, with
a 27-gauge needle to induce hydrocephalus. In the control
rats, a sham procedure was performed in which the cisterna
magna was punctured without fluid injection. They were all
monitored for about 1 h after the procedure and returned to
their cages.

The rats were housed in groups of 4 and given food and
water ad libitum. They were weighed twice weekly and
assessed for the development of hydrocephalus such as
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increased head circumference, abnormal gait and dull gen-
eral appearance.

Neurobehavioral tests

The following neurobehavioral tests were carried out at
onset of the study, and then weekly for four weeks: hanging
wire test, negative geotaxis test, and open field test. A total
of 15 rats per group were used for these neurobehavioral
tests.

Hanging wire test

This test assesses muscular strength in animals (Jansone
et al. 2016). The forelimb paws of the rat were placed on
a horizontally suspended metal wire (measuring 2 mm in
diameter and 1 m in length), placed one meter above a land-
ing surface which is filled with soft bedding. The length of
the time each rat was able to stay suspended before falling
off the wire (latency to fall) was recorded. A maximum time
of 2 min was given to each rat after which it was removed.
This test was performed weekly with three trials per session.
The average performance for each session is presented as the
average of the three trials.

Negative geotaxis test

This test is used to assess motor and vestibular function in
rodents (Lubics et al. 2005; Fan et al. 2010). The rats were
placed prone on a plane which was inclined downward at
45° to the horizontal; they were expected to turn and climb
upward against gravity. Time taken to make a U-turn and
start to walk upwards (latency to turn) was recorded. A
maximum time of 30 s was given to each rat for the test
(Rodriguez-Fanjul et al. 2017).

Open field test

The open field test was performed in a white painted wooden
box with a floor area measuring 72 cm by 72 cm and walls
36 cm high. Black lines were drawn on the floor of the box
to divide it into 18 cm by 18 cm squares. There is a square in
the center of the open field also measuring 18 cm by 18 cm
(Stanford 2007).

The rats were observed individually in the open field box
for a period for 5 min each and the following parameters were
assessed: line crossing (frequency with which the rat crossed
one of the grid lines with all four paws), rearing (frequency
with which the rat stood on their hind legs only), Center square
duration (duration of time the rat spent in the center square),
Center square entries (frequency with which the rats crossed
one of the red lines with all four paws). All the parameters
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were observed and recorded manually by the same set of
observers, blinded to the group assignments of the rats.

Tissue processing and analysis

The rats were sacrificed four weeks post-induction of hydro-
cephalus after the neurobehavioral tests had been completed.
They were anaesthetized with intraperitoneal injection of
90 mg/kg ketamine, after which transcardiac perfusion was
carried out using 10% neutral buffered formaldehyde (NBF).
The brain was removed, cerebellum excised, weighed and
fixed in 10% NBF. After 48 h, coronal sections of the cer-
ebrum were made at the level of the optic chiasm to confirm
the enlargement of the ventricle. The cerebella were processed,
embedded in paraffin blocks and sectioned at 5 microns. The
sections were stained with Hematoxylin and Eosin, and Nissl
stains and examined histologically with a Leica DM 750 light
microscope (Leica Microsystems, Heerbrugg, Switzerland
2016); representative pictures were taken from the two groups.
In the Nissl-stained slides, quantitative analysis was car-
ried out in the lateral hemisphere of the cerebellum, blind of
group assignment. Stereological counts of the normal Purkinje
cells, that is, Purkinje cells with a clearly defined cell body
and nucleus, were performed in representative fields of the
lateral cerebellar hemisphere randomly selected, in two sec-
tions per rat and five rats per group atx 20 magnification. In
the same area, the number of pyknotic cells, that is, cells with
dark nuclei, loss or abnormal clumping of heterochromatin,
were also counted and recorded. Pyknotic index was calculated
using the equation below according to Taveira et al. (2012):

Pyknotic N
yknotic Neurons % 100

Pyknotic index (PI) =
Total Neurons

A subset of the fixed cerebella (five per group), underwent
a modified Golgi staining. Briefly, the fixed samples were
immersed in potassium dichromate solution (3 g/100 ml of
distilled water) for 5 days (solution was replaced every 24 h),
then transferred into silver nitrate solution (2 g/100 ml) for

3 days (also replaced every 24 h), infiltrated and embed-
ded in paraffin wax. The paraffin blocks were sectioned at
60 pm, dehydrated in increasing concentrations of alcohol,
cleared in xylene and mounted on adhesive glass slides and
cover-slipped with DPX. The sections were viewed under a
Leica DM 750 light microscope (Leica Microsystems, Heer-
brugg, Switzerland 2016) at x40 and X 100 magnifications;
qualitative analysis of the Purkinje cells was carried out and
compared between the two groups. Isolated pyramidal cells
which had their cell body and processes well delineated were
singled out for qualitative assessment and pictures taken.

Statistical analysis

Quantitative data from the behavioral tests and histological
examination were expressed as means + SEM statistically
evaluated by the two-way analysis of variance (ANOVA)
and independent ¢ tests respectively, using GraphPad prism
version 5.0 windows software (SanDiego, Califonia USA).
Statistical significance was set at p <0.05 and the confidence
interval fixed at 95% level.

Results
Macroscopic observations

In hydrocephalic rats, the head was enlarged and dome-
shaped. The eyeballs were proptosed and the hind limbs
were splayed out and weak (Fig. 1). These features were
evident from as early as one week after the intracisternal
injection. Five of the rats that had intracisternal injection for
induction of hydrocephalus died before the end of the study,
giving a mortality rate of 14% of hydrocephalic rats. Three
of them died immediately after induction of hydrocephalus,
possibly due to brain stem injury and two died within 3 days
of induction. Five of the rats that had kaolin injection failed
to develop hydrocephalus and were thus removed from the

Fig. 1 Figure showing control rat (a) and hydrocephalic rats (b and ¢). Blue arrow in (b) shows enlarged and dome shaped head, while yellow

arrow in (c¢) shows protruded eyeball
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study. None of the control rats died before the end of the
study.

Body weight The body weight of the hydrocephalic rats
was found to be significantly less than that of the controls
from the first to fourth weeks post induction. The hydroce-
phalic rats initially lost weight within the first few days of
injection but later, a gradual increase was noticed. However,
they had a significantly lower weight throughout the experi-
mental period when compared to the control rats (Slopes:
1.671£0.1937 vs. 2.194 +0.076 respectively, F=6.329,
DFn=1, DFd=14; p=0.0247) (Fig. 2a).

Cerebellar weight There was no significant difference in
the cerebellar weight between the hydrocephalic rats and
controls (0.395+0.009 g vs 0.378 +0.0104 g respectively,
t=1.912, p=0.0635). There was however a significant dif-
ference in the cerebellum to body weight index between the
two groups (t=2.362, p=0.0227) (Fig. 2b).

Neurobehavioural studies

Hanging wire test

Before induction of hydrocephalus, both groups were
comparable in latency to fall, however, after hydrocephalus
induction, at each time point of measurement, the latency
to fall was shorter in the hydrocephalic than in the con-
trol groups. The differences were statistically significant
and were more pronounced with time (Interaction F (4,
112)=18.63; p<0.0001) (Fig. 3a).

Negative geotaxis test Before induction of hydrocepha-
lus, both groups were similar in latency to turn, and this
decreased over time in both control and experimental rats.
However, after hydrocephalus induction, the hydrocephalic
rats took longer to reverse direction at every time point of
measurement and the differences, which were statistically
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significant increased with time (Interaction F (4, 112)=22.2;
p<0.0001) (Fig. 3b).

Open field test The following were observed while the
rats were placed in the open field box.

a) Line crossing: The number of lines crossed, signifying
horizontal movements was significantly fewer in the
hydrocephalic rats than in the control group (Interac-
tion F (4, 112)=4.172, p=0.0035) (Fig. 3c).

b) Rearing: Similarly, the hydrocephalic group was found
to have a significantly lower frequency of rearing, that
is, vertical movements when compared with the con-
trol group (Interaction F (4, 112)=4.397; p=0.0024)
(Fig. 3d).

Histological observations

The cerebellar cortex in the control rats had Purkinje cells
with a clearly defined cell body and nucleus, mostly arranged
in a single layer between the granule cell and molecular lay-
ers. In the Purkinje cell layer of hydrocephalic rats, some
Purkinje cells with vacuolations, irregular somatic outline,
some shrunken and some swollen, with clumped heterochro-
matin and dark shrunken nuclei were observed. Some areas
within the layer were found to be devoid of Purkinje cells;
dying Purkinje cells with ill-defined cell body and no visible
nucleus, were also observed (Fig. 4).

The normal arrangement of granule cells within the
granular layer observed in the control rats was distorted in
the hydrocephalic ones. The granule cells were also more
compacted in the hydrocephalic rats than in the controls
(Fig. 5a,b). The population of normal/spared Purkinje
cells was significantly less (59.6 +3.14 vs. 48.2+2.615,
t=2.79, p=0.0236) and the population of pyknotic cells
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Fig.2 Line graph comparing the body weight (g) over four weeks post injection (a), and bar chart showing the cerebellar to body weight index

(b) of hydrocephalic rats and the controls
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Fig.3 Bar charts of Hanging wire test showing latency to fall (a),
Negative geotaxis test showing latency to turn (b); and open field
test showing line crossings (¢) and frequency of rearing within 5 min

significantly higher in the hydrocephalic group when com-
pared to the control group. The pyknotic index was thus
significantly higher in the hydrocephalic rats than in the con-
trols (17.25 +£1.15 vs. 29.47 £3.07%, t=3.731, p=0.0058)
(Fig. 5¢,d).

In the control group, the flask-shaped Purkinje cell bodies
were arranged in a single row between the outer molecular
layer and the inner granule cells layer. Their extensive net-
work of thread-like processes, dendritic arborizations, are
easily seen. In the hydrocephalic rats, the Purkinje cell bod-
ies were found to be smaller in size and had fewer dendritic
arborizations than the controls (Fig. 6).

Discussion
In this study, we have demonstrated degeneration and loss

of Purkinje neurons in juvenile hydrocephalic albino rats.
Surviving Purkinje neurons are smaller and with attenuation
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(d) over four weeks post injection in hydrocephalic rats and controls.
*p<0.05, *#p <0.01, ¥***p <0.0001

of their dendritic arbor. These changes occur in association
with significant reduction in exploratory behavior, upper and
lower limb strength and coordination.

Neurobehavioral deficits have been frequently described
in hydrocephalus, in association with cerebral white matter
damage. However, the role of injury to the Purkinje neuron
is often overlooked and understated. Purkinje cell anoma-
lies have been previously described in hydrocephalic states,
but not as a direct consequence of the hydrocephalic disten-
sion of the ventricles. In human neonatal post hemorrhagic
hydrocephalus, loss of these neurons occur in relation to cer-
ebellar subarachnoid hemorrhage and olivocerebellar pathol-
ogy (Fukumizu et al. 1995). In congenital hydrocephalus
in H-Tx rats, Purkinje neurons show evidence of increased
HMGB-1 expression and early features of apoptosis (Wata-
nabe et al. 2013). It is however uncertain whether this was
the result of the hydrocephalus or a manifestation of the
genetic defect, which thus occurs prior to the development
of hydrocephalus.
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Fig.4 Photomicrograph of
cerebellar cortex Control (a, ¢)
and Hydrocephalic (b, d) rats;
H&E x40 and X 100 (inset)
magnification. G: granule cell
layer, P: Purkinje cell layer,

M: molecular cell layer. In (a),
yellow arrows show Purkinje
cell with clearly defined cell
body and nucleus. In (b), red
arrows show Purkinje cells with
vacuolation and black arrow
shows irregular cell body of
Purkinje cell, clumped hetero-
chromatin and dark shrunken
nucleus. In (c¢), yellow arrows
show Purkinje cells with clearly
defined cell body and nucleus.
In (d), black arrows show dying
Purkinje cells with loss of
prominence of the nucleus; red
arrows show gaps within the
Purkinje layer depicting loss of
Purkinje cells
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Fig. 5 Photomicrograph of cerebellar cortex in control (a) and hydro-
cephalic (b) rats, Cresyl Violet stain x40 magnification. G: granule
cell layer, P: Purkinje cell layer, M: molecular cell layer. In (a), yel-
low arrow shows normal arrangement of granule cells in the gran-
ule cell layer and in (b), red arrow shows compacted granule cells in
the granule cell layer. Graphical representation of the population of
spared/normal Purkinje cells (¢) and the pyknotic index (d) in the two
groups (¥p< 0.05, **p<0.01)
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The cerebellum is a well-recognized neural entity in the
pathophysiology of hydrocephalus. There are several well
described roles of this organ in the etiology of the condi-
tion. In Dandy—Walker malformation, a condition in which
there is partial or complete agenesis of the cerebellar ver-
mis, the hydrocephalus is characterized by a disproportion-
ate enlargement of the fourth and third ventricles (Osenbach
and Menezes 1992). In hydrocephalus associated with spina
bifida, the relationship is complex. However, there is sub-
stantial dysmorphology of the cerebellum with significant
loss of Purkinje cells (Dennis et al. 2010). These lesions are
not considered to be secondary to the associated hydroce-
phalic process.

Cerebellar mass lesions of vascular, neoplastic and infec-
tive nature frequently lead to hydrocephalus as a result of
obstruction of the fourth ventricle. Whereas these causa-
tive relationships between hydrocephalus and the cerebel-
lum have been well described and investigated, the impact
of hydrocephalus on the structure and function of the cer-
ebellum has not received equally prominent attention, until
recently. This is surprising given the importance of the cer-
ebellum in motor coordination, cognition and autonomic
control.

The induction of hydrocephalus through intracisternal
injection of kaolin has been used in several studies (Del
Bigio and Zhang 1998; Olopade et al. 2012) and been found
to be an effective method in experimental animals (Khan
et al. 2006). It was observed that changes in ventricular size
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Fig.6 Photomicrograph of Purkinje cell (a, ¢) Control group, (b, d)
Hydrocephalic group. Modified Golgi stainx40 andx 100 (insets)
magnificiation. In (a), red arrow shows the flask shape of the Purkinje
cell, blue arrow shows dendritic aborizations of the Purkinje cell. In

had begun in the early stage and continued until late stage.
Kaolin injection into the cisterna magna of rats produced an
obstruction of CSF outflow resulting in the hydrocephalic
features such as enlarged dome shaped head, unsteady gait
and occasionally, proptosis. We hypothesize that the initial
reduction in body weight observed in hydrocephalic rats was
caused by loss of appetite due to a rapid increase in intrac-
ranial pressure shortly after kaolin injection. However, the
difference in weight between the two groups decreased over
time, which coincided with the period of intracranial pres-
sure equilibration reported by other studies (Williams et al.
2014). Gross cerebellar weight between the groups was com-
parable, but there was an increased cerebellar to body weight

b

(b), red arrow shows a shrunken Purkinje cell body and blue arrow
shows fewer dendritic aborizations of the Purkinje cell compared to
the control group. Similarly, blue arrow in (c¢) shows the full dendritic
arborizations of the Purkinje cell which is much reduced in (d)

index in the hydrocephalic rats. This may be associated with
the reduced general body weight, thus causing an apparent
increase in the relative cerebellar weight.

In the hanging wire test, the reduction in the drop off
time observed in the hydrocephalic rats when compared with
the controls suggests that hydrocephalus resulted in muscle
weakness, hypotonia being one of the features associated
with cerebellar dysfunction. Negative geotaxis refers to
an orienting response and movement expressed in opposi-
tion to cues of a gravitational vector (Fan et al. 2010) and
thus tests motor coordination, a cerebellar function. The
increased time taken by the hydrocephalic group for negative
geotaxis test when compared to the control group, suggests
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that hydrocephalus is associated with deficits in motor coor-
dination, balance, or vestibular input, all functions of the
cerebellum.

The open field test provides simultaneous measures of
locomotion, exploration, and general activity in rodents
(Feyissa et al. 2017; Seibenhener and Wooten 2015). The
significant decrease observed in behavioral patterns like
line crossings and rearing, in the hydrocephalic group when
compared to the control group, indicates some degree of
motor deficits and anxiety, respectively. The motor deficits
could be due to loss of Purkinje cells in many areas of the
Purkinje layer and atrophy of Purkinje cells with hyper-
chromatic or pyknotic nuclei. Disturbance in the non-motor
functions of the cerebellum (Strick et al. 2009) can also be
deduced here, by the change in emotionality seen in the
hydrocephalic rats (Timmann and Daum 2007). These are
becoming increasingly important in recent times but were
not explicitly assessed in this study.

Purkinje cells are the sole output neurons of the cerebel-
lar cortex and play pivotal roles in coordination, control and
learning of movements (Glickstein and Doron 2008). They
are the most morphologically striking element in the cer-
ebellar cortex.

Some studies have used parameters like ours to obtain
pyknotic index in the hippocampus of hydrocephalic rats
(Turgut et al. 2018; Taveira et al 2012). Watanabe et al.
(2012) reported an increase in expression of cerebellar
protein high-mobility group box-1 (HMGB-1), a protein
secreted in response to cell damage, which was related to
apoptosis of Purkinje cells in hydrocephalic H-Tx rats. The
numbers of spared cells in the Purkinje layer were signifi-
cantly less in the hydrocephalic group when compared with
the control and seems to agree with an ongoing apoptotic
process within the cerebellum.

The cerebellar sections in the hydrocephalic rats showed
areas of vacuolations and pyknotic Purkinje cells. Vacuola-
tions are spaces or vesicles within the cytoplasm of a cell,
enclosed by a membrane and typically containing fluid.
This finding was consistent with other studies (Martin et al.
1991), which reported similar damage seen in the Purkinje
cell of the cerebellum in B-aminopropionitrile toxicity. Cells
with dark nuclei, loss and abnormal clumping of hetero-
chromatin were considered pyknotic. Dark shrunken neurons
have been reported in light and electron microscopic studies
on the cerebellar Purkinje layer of hydrocephalic rats (Uyan-
ikgil et al. 2017).

Histological analysis of the cerebellum of hydroce-
phalic rats also revealed swollen Purkinje cells surrounded
by empty spaces and disruption of the normal Purkinje cell
architecture. Degenerating Purkinje cells appeared pale,
swollen and vacuolated or as shrunken or hyper chromatic
cells. Bent, elongated or folded nuclei were observed fre-
quently in degenerating Purkinje cells. This finding was
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supported by Wallace et al. (2010) who reported decreased
Purkinje cell density and size, due to prenatal Escherichia
coli infection, was accompanied by impairments in motor
coordination and balance in rats, and Tien and Ashdown
(1992) suggested that this is probably related to behavioral
manifestations of cerebellar alterations such as imbalance
and ataxia in rats and humans. A similar loss of Purkinje
cells and decrease in dendritic network of the Purkinje cell
was reported by Oliveira et al. (2014) following chronic
ethanol intake. These findings were consistent with find-
ings made by Watanabe et al. (2013) on congenital hydro-
cephalic (HTx) rats. Purkinje cell defects in the cerebellum
are also characterized by diminution of dendritic arboriza-
tion and cell body size. The dendritic arborization of the
Purkinje cell is critical to its functioning as Purkinje cells
are at the center of the cerebellar neuronal circuit. Each
Purkinje cell receives up to 200,000 synapses and trans-
mits the integrated signal to the deep cerebellar nuclei
with which it establishes functional synapses (Dusart and
Flamant 2012). It is therefore pertinent to show that loss
of the Purkinje cells or its dendritic arborization is fraught
with problems in motor coordination, balance, muscle
tone, as seen in hydrocephalus.

Conclusion

The results in this study showed that hydrocephalus caused
morphological alterations and increased cell death in the
Purkinje cells of the cerebellum within the hydrocephalic
group when compared to control group, cerebellar dys-
functions in hydrocephalic juvenile rats have also been
reported. Such alterations in Purkinje cell morphology
suggest a parallel between hydrocephalus and the observed
motor deficits in the condition.

Limitations of the study

This study was limited by the fact that we were unable to
confirm ventricular enlargement before sacrifice of the rats
due to unavailability of an MRI for animal studies in our
institution. Therefore, we had to wait until sacrifice before
we could detect and remove animals that did not develop
any ventricular enlargement after kaolin injection.
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