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Abstract

Intra-cisternal injection of kaolin is the most common method of experimentally inducing hydrocephalus. A reduction in kaolin
dosage has been reported to reduce the mortality rate. Thus, the mortality rate and degree of ventricular enlargement in adult
male mice with the use of different concentrations of kaolin suspension to induce hydrocephalus and observed the morphological
changes in pyramidal neurons of layer V of the sensorimotor cortex and hippocampus were compared.

Hydrocephalus was induced intracisternally in adult male mice subdivided into 5 groups (n=27) using 0.02mL of 50, 100, 150,
200 and 250 mg/mL of kaolin respectively while controls (n=15) received sham injection. Mice were weighed biweekly for 4
weeks. Harvested brains were processed for Cresyl violet and NeuN Immunostaining to assess neuronal damage. Data were
analyzed using GraphPad Prism 8 and ImageJ software. The hydrocephalic rates of 50, 100, 150, 200 and 250 mg/mL groups
were 40.0%, 58.8%, 78.6%, 88.9% and 94.4% respectively while their mortality rates were 21.1%, 22.7%, 26.3%, 28.0% and
30.8% respectively. The mortality rate and frequency of hydrocephalus in 250 mg/mL group were significantly higher than 50
and 100 mg/L groups (p<0.0001), while there was no significant difference between the ventricular diameter in 250 mg/mL
group and others (p=0.0002). Pyknotic pyramidal neurons of the sensorimotor cortex of mice induced with 250 mg/mL group
of kaolin concentration were significantly more numerous than the control (p<0.05). The pyknotic index (PI) of the dentate
gyrus in the 250 mg/mL group was significantly higher than the control. NeuN immunohistochemistry of Layer V of
hydrocephalic brains demonstrated decreased staining intensity and fewer NeuN-positive cells compared to controls. The
findings from this study suggest that for the induction of hydrocephalus in adult mice, the use of 150 mg/mL and 250 mg/mL

concentrations are suitable for long and short-term studies respectively.
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INTRODUCTION

Hydrocephalus is a common neurological disease
characterized by abnormalities in secretion, circulation, and or
absorption of cerebrospinal fluid (CSF) leading to an increase
in intracranial pressure (Del Bigio, 2010; Bothwell, Janigro, &
Patabendige, 2019; Azzam, Yehia, Abd El-Bary, & ElI-
Sharkawy, 2023), occurring in 0.5 to 1 per 1,000 live births
worldwide (Persson et al., 2005; Perenc et. al., 2022; Jakiela
et. al., 2023), and causing injury in many regions of the central
nervous system (Eskandari et al., 2004; Robert et al., 2021).
The structural changes in the brain that accompany this
disorder have been well described; some of which are
stretching of the ependymal layer with loss of cilia, thinning
of the corpus callosum, extracellular edema, damage to axons
in the periventricular white matter, the proliferation of
astrocytes, alteration of biochemical composition and synaptic
potentials in hippocampal neurons, and reduced cortical
thickness have been observed to correlate with the degree of
hydrocephalus (Del Bigio et al., 2003; Olopade et al., 2012).
The pathophysiology of hydrocephalus-induced brain damage
is multifactorial and associated with the destruction of
periventricular axons through a combination of mechanical
injury (stretch), accumulation of waste products in the CSF,
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impaired blood flow, and calcium-mediated axo-skeletal
damage (Del Bigio, 2004). Damage in the periventricular
white matter may be associated with behavioral deficits (Del
Bigio et al., 2003) while the pathogenesis of brain damage has
been elucidated by pathological studies of human brains using
experimental animal models which have been developed in a
range of species either by using a variety of methods to induce
hydrocephalus or through genetic mutations (Di Curzio,
2018).

Cisternal injection of sterile kaolin causes chemical
arachnoiditis resulting in obstructive hydrocephalus from
impairment of the flow of cerebrospinal fluid in the basal
cisterns (Del Bigio, 2001; Warf, 2005). It is a well-accepted
agent for inducing hydrocephalus in infant and adult animals
(mice, rats, rabbits, hamsters, cats, and dogs) via injections
into the subarachnoid space (li, 2019). Neuroinflammatory
responses to ventricular enlargement have been reported in
rodent models of hydrocephalus induced by sterile kaolin
injection at birth (Del Bigio, 2010; Deren et al., 2010; Khan et
al., 2006), juvenile (Olopade et al., 2012) and adult ages (Ge
et al., 2021; Lopes et al., 2009; Xu et al., 2012).

There seems to be a paucity of literature on the mortality rate
of adult mice models of hydrocephalus using sterile kaolin as
well as sterile kaolin concentrations below 250mg/ml. We
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therefore investigated the mortality rate, hydrocephalic rate,
and morphological changes of pyramidal neurons of layer V
of sensorimotor cortex and hippocampal regions of adult mice
using different concentrations of sterile kaolin.

MATERIALS AND METHODS

Adult albino male mice (7-8weeks old) were obtained from the
colony established at Central Animal House of the Faculty of
Basic Medical Sciences of the University of Ibadan and
housed in the faculty’s Central Animal House were divided
into two groups: Experimental group (n=135) and control
group (n=15). All procedures on animal handling conformed
to the acceptable guidelines on the ethical use of animals in
research and approval for the study was obtained from the
University of Ibadan Animal Care and Use Research Ethics
Committee (UI-ACUREC/027-0421/21). The mice in the
experimental group were further sub-divided into 5 groups
(n=27 each) and initially anesthetized with intraperitoneal
injection of ketamine/xylazine combination at 90/10 mg/kg
and intra-cisternally injected with 0.02 mL of 5, 100, 150, 200
and 250 mg/mL of sterile kaolin respectively while the control
mice received sham injection but nothing was introduced into
the cisterna magna. The mice were monitored for about 1 hour
in which technical mortality rates of the mice were recorded
while those that survived were returned to their cages. The
mice were allowed free access to water and solid pellet feed
ad libitum. Biweekly body weight measurements were
recorded among the groups and the mice were monitored for
4 weeks during which the development of hydrocephalus
which is characterized by an enlarged or dome-shaped head,
hopping gait, and general dull appearance (Olopade et al.,
2012) was assessed.

Animal Sacrifice and Dissection: Mice were aenesthetized
and intra-cardial perfusion with 10% neutral buffered formalin
was performed. Their brains were dissected and further fixed
in the same solution for 48-72 hours before further processing.
Brains were then sectioned at the level of the optic chiasm and
ventricular diameter was measured with a digital vernier
caliper (Remscheid Germany: 823-160) with a 5-digit LCD
display and indication tolerance of 0.01mm.

Histology: To demonstrate Nissl body and cell count in layer
V of the sensorimotor cortex and hippocampal layers, the fixed
brain samples were dehydrated in increasing concentrations of
ethanol (70-100%). After which they were cleared in two
changes of xylene and then infiltrated at 60°c for four hours.
They were embedded in paraffin wax and cooled overnight in
a refrigerator at 4°c and sectioned at a thickness of 5 microns.
Sections were deparaffinized in 2 or 3 changes of xylene at 10
minutes each, hydrated in 100% alcohol for 2-5 minutes, and
95% alcohol for 3 minutes. Rinsed in tap water and then
distilled water. Stained in 0.1% of Cresyl violet solution,
warmed up in a 37°-50°C oven, rinsed quickly in distilled
water, differentiated in 95% ethyl alcohol for 2-30 minutes
dehydrated in 100% alcohol, cleared in xylene, mounted and
checked microscopically for best results. Well-stained
sections were selected and photographed using a Leica light
microscope (Leica, Germany) Average neuronal count (viable
neurons) and pyknotic index were obtained by counting four
serial coronal sections of four mice at X40 magnification using
ImageJ software (Image J vl. 53e). The pyknotic index was
calculated as (Taveira et al 2013):

pyknotic neurons

Pyknotic Index = X 100

total neurons

Immunochistochemistry for NeuN: Brain sections were also
immunohistochemically stained for NeuN and the
immunoreactivity test performed to assess the neuronal
integrity. The selected sections were treated with 0.3%
hydrogen peroxide (H202) in phosphate-buffered saline
(PBS) for 30 min and 10% normal goat serum in 0.05 MPBS
for 30 min, and diluted mouse anti-NeuN overnight at 4 °C.
Thereafter, the tissues were exposed to biotinylated horse anti-
mouse I1gG. They were visualized by staining with 3,3'-
diaminobenzidine tetrahydrochloride in 0.1 M Tris—HCI
buffer (pH 7.2) and mounted on gelatin-coated slides. After
dehydration, the sections were mounted with Canada balsam
(Kanto, Tokyo, Japan). In order to establish the specificity of
the immune staining, a negative control test was carried out
with pre-immune serum instead of primary antibody. The
negative control resulted in the absence of immunoreactivity
in all structures.

Statistical and data analysis: Data from mortality rates,
ventricular diameter, and neuronal counts were expressed as
mean +SEM and group comparison calculated using analysis
of variance (ANOVA) followed by a Bonferroni post hoc test
using Graph Pad prism 8.4.3.686 for Windows Software (San
Diego, CA, USA). A probability value of p<0.05 was
considered to be statistically significant. Results were
presented as tables, histograms, and photomicrographs.

RESULTS
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Figure 1:

Representative photographs of control (A) and hydrocephalic (B)
mice. Note the dome-shaped head (red arrow), hunched back (blue
arrow), scruffy fur and flat placement of the limbs (black arrow) in
the hydrocephalic mouse compared to the control mouse. (C) line
graph showing the mean biweekly body weight of control and
hydrocephalic mice (*p < 0.05).

Physical observations: The hydrocephalic mice developed
enlarged, dome-shaped heads that were seen from the third day
of sterile kaolin injection. They also had hunched back,
unsteady gait, scruffy fur and exhibited a reduction in weight,
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activity, and food and water intake compared to control mice
(Figure 1A and B).

Body weight: The control mice gained body weight from the
beginning of the study till the end while hydrocephalic mice
lost body weight within the first week post-induction of
hydrocephalus. However, the body weight of the
hydrocephalic mice began to stabilize till the end of second
week before gaining weight till the end of the study but not as
much as the controls which never lost body weight (Figure
1C).

Gross examination of the brain: Gross examination of the
brains sectioned coronally at the level of the optic chiasm
revealed ventricular enlargement of the hydrocephalic mice
which was evident with expansion of the lateral ventricles
compared to the control group (Figure 2).

Flgurez
Photographs of fixed brain samples of (A) control and (B, C, D, E, F)
50mg/ml, 100mg/ml, 150mg/ml, 200mg/ml, 250mg/ml of kaolin
induced hydrocephalic mice respectively. The lateral ventricles of the
experimental groups are enlarged compared to controls (black
arrows).

Mortality rate: During induction, some animals died within a
few minutes to less than 24 hours after induction due to
possible brainstem puncturing, anesthetic reaction or reflex
action and this was considered as technical death while the
mice that survived kaolin induction but did not survive till the
end of the study were considered among the mortality rate.
Among the mice induced with 50mg/ml of sterile kaolin,
29.63% had technical death while the mortality rate was
21.05%. Out of the mice induced with 100mg/ml of sterile
kaolin, 18.52% had technical death while the mortality rate
was 22.73%. Among the adult mice induced with 150mg/ml
of sterile kaolin, 29.63% of mice had technical death while the
mortality rate was 26.32%. Among the mice induced with
200mg/ml and 250mg/ml of sterile kaolin, 7.41% and 3.70%
had technical death while the mortality rate was 28.00% and
30.77% respectively. The mortality rate of mice induced with
250mg/ml of kaolin concentration was significantly higher
than mice induced with 50mg/ml and 100mg/ml of sterile
kaolin (Figure 3A). All the mice in the control group survived
till the end of the study.

Frequency of hydrocephalus: In the 50 mg/mL group, 40.0%
developed hydrocephalus, 58.8% developed hydrocephalus in
the 100mg/ml group, 78.6% developed hydrocephalus in the
150mg/ml group, 88.9% developed hydrocephalus in the
200mg/ml group, and 94.4% developed hydrocephalus in the
250mg/ml group. Hence, the frequency of hydrocephalus was
dose-dependent, being directly proportional to the dose

administered, and significantly higher than the controls which
did not develop hydrocephalus (Figure 3B).

Ventricular diameter: The ventricular diameter in
hydrocephalic mice was higher than the control mice, which
was only significant in the mice induced with 150mg/ml,
200mg/ml, and 250mg/ml of kaolin concentrations (Figure
3C).
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Figure 3:

Bar chart of (A) mortality rate (p<0.0001), (B) frequency of
hydrocephalus (p<0.0001), and (C) ventricular diameter (p=0.0002)
of control and hydrocephalic adult mice

Histological analysis of Layer V of sensorimotor cortex:
Cresyl violet-stained neuropil of the sensorimotor cortices of
the control mice revealed round and viable pyramidal neurons
with few dark shrunken neurons termed pyknotic neurons. In
the neuropil of sensorimotor cortices of hydrocephalic mice,
there were few viable neurons and many abnormal, dark, and
shrunken neurons with vacuoles mostly in the cortices of mice
induced with 250 mg/mL of kaolin concentration (Figure 4A-
F).

Neuronal count: Quantitative analysis of the neurons showed
that the pyknotic pyramidal neurons in the internal pyramidal
layer of sensorimotor cortices of hydrocephalic mice were
significantly more numerous than those of the controls.
Furthermore, the pyknotic neurons of mice induced with 250
mg/mL kaolin were significantly more numerous (p<0.0001)
than those induced with 50mg/mL, 100mg/mL, and 150
mg/mL of kaolin concentrations (Figure 4G).

Histological analysis of hippocampal regions: Cresyl violet-
stained hippocampal regions (CA1, CA3, and dentate gyrus)
showed organized cytoarchitecture of pyramidal neurons in
control and hydrocephalic mice with dilatation of lateral
ventricles of hydrocephalic mice (Figure 5).
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Figure 4:

Photomicrograph of Cresyl violet-stained internal pyramidal layer of
the sensorimotor cortices of control (A) and hydrocephalic mice (B,
C, D, E, F; 50mg/ml, 100mg/ml, 150mg/ml, 200mg/ml, 250mg/ml of
kaolin respectively). There are pyknotic neurons (black arrows) in the
neuropil of sensorimotor cortices of the hydrocephalic groups
compared to the normal neurons (red arrow) in the control. G: Bar
chart of pyknotic neuronal cell count of the internal pyramidal layer
of sensorimotor cortices of control and hydrocephalic mice (Scale
bar: 50pm).

DSERTE , ..h;«&x%‘ { e .
Figure 5:

Photomicrograph of cresyl violet stained hippocampus of (A) control
and (B, C, D, E, F: 50mg/ml, 100mg/ml, 150mg/ml, 200mg/ml,
250mg/ml of kaolin induced hydrocephalic mice respectively). The
lateral ventricles of hydrocephalic mice were enlarged (asterisks)

compared to the control (Scale bar: 100um).

A S

In the hippocampal regions of the control mice, there were
numerous round, large, and viable pyramidal neurons with
distinct nuclei and few dark and shrunken neurons while the
hydrocephalic mice had few viable neurons with many
abnormal, dark and compressed neurons surrounded by
vacuoles especially in the CA3 and dentate gyrus of mice
induced with 250mg/ml of kaolin concentration (Figure 6A-F;
7A-F; 8A-F).
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Figure 6:

Photomicrograph of cresyl violet stained CA1 of control (A) and (B,
C, D, E, F: 50mg/ml, 100mg/ml, 150mg/ml, 200mg/ml, 250mg/ml of
kaolin induced hydrocephalic) mice showing pyknotic neurons
(black arrows) in CA1 region of the hippocampus. G: Bar chart of
showing pyknotic indices of control and hydrocephalic mice. (Scale
bar: 50pum).
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Figure 7:

Photomicrograph of cresyl violet stained CA3 of control (A) and (B,
C, D, E, F) 50mg/ml, 100mg/ml, 150mg/ml, 200mg/ml, 250mg/ml of
kaolin induced hydrocephalic mice showing pyknotic neurons (black
arrows). (G) Bar chart of pyknotic index of all the groups (Scale bar:
50um).

Pyknotic Index of the neurons of the hippocampal regions:
Pyknotic index of the CA1 and CA3 regions presented no
statistical difference between the hydrocephalic mice
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(p=0.3121; p=0.0852) when compared with the control mice,
though there was an increase in the hydrocephalic mice
(Figure 6G-8G). Comparison of the pyknotic index of mice
induced with 250mg/ml of kaolin concentration and other
concentrations in the CA1 and CA3 regions also revealed no
significant difference (Figure 6G & 7G). However, the
pyknotic index of the neurons of the dentate gyrus of the
250mg/ml kaolin concentration group was significantly higher
(p=0.0059) than the mice induced with 50mg/ml and
100mg/ml (Figure 8G).

Pyknoti index (%)

Figure 8:

Cresyl violet-stained dentate gyrus of control (A); B, C, D, E, F: 50,
100, 150, 200 and 250 mg/mL of kaolin induced hydrocephalic mice.
Pyknotic neurons (black arrows) abound in the neuropil of the
different concentrations of kaolin induced hydrocephalic mice; (G)
Pyknotic index of the dentate gyrus neurons among all the groups (*p
< 0.05; #p=0.0059; scale bar: 50um).

NeuN+ immunoreactivity of the neurons of the
sensorimotor cortices: NeuN immunostained sensorimotor
cortices revealed an increased staining intensity in control
mice compared to the hydrocephalic mice. There were more
viable neurons in the control group compared to the
hydrocephalic groups which had a lot of pyknotic neurons
(Figure 9A-F). Quantification of the NeuN+ immunoreactivity
of the internal pyramidal layer of the sensorimotor cortices of
the control mice was significantly higher than the
experimental groups (150mg/ml, 200mg/ml, 250mg/ml).
NeuN+ immunoreactivity of the 150mg/ml, 200mg/ml and
250mg/ml groups were significantly lower compared to the
control group (*p < 0.05) while the 250mg/ml group was
significantly lower than the 50mg/ml and 100mg/ml groups
(#p=0.9814) Moreover, the NeuN+ immunoreactivity of the
mice induced with 250mg/ml kaolin concentration was
significantly lower when compared with the mice induced
with 50mg/ml and 100mg/ml of kaolin.
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Figure 9:

NeuN immunostained internal pyramidal layer of the sensorimotor
cortices of (A) control and (B, C, D, E, F) 50, 100, 150, 200 and 250
mg/mL of kaolin-induced hydrocephalic mice. Note the abundance
of NeuN+ neurons (black arrows) in A,B,C. (G) Bar chart of NeuN+
immunoreactivity of the internal pyramidal layer of sensorimotor
cortices of the different experimental groups (Scale bar: 20um).

DISCUSSION

Experimental hydrocephalus induced by intracisternal kaolin
injection is still the most commonly used method (Del Bigio,
2001; 2010; Di Curzio, 2018) and an effective method for
producing hydrocephalus in rodents, although results are
variable and somewhat unpredictable (Khan et al., 2006; Di
Curzio, 2018). Even when using the same dose and
concentration, the dispersion of kaolin suspension in the
subarachnoid space varies. This may account for the relatively
unpredictable rate and magnitude of ventricular dilatation that
transpires. However, it is worthy of note that the kaolin model
of hydrocephalus is a simple, inexpensive, and consistent way
of inducing hydrocephalus in experimental animals (Del
Bigio, 1993; Khan et al., 2006; Duru et al., 2019; Hamid et al.,
2023).

We assessed the biweekly body weight of the adult mice and
we were able to demonstrate that hydrocephalus was
associated with reduced body weight with varying
concentrations of kaolin. Even though the mice gained weight
as the experiment progressed, this gain did not measure up to
those of the control mice. Body weight loss is a common
feature in hydrocephalic animals (Hatta et al., 2006; Johnston
et al., 2013; Di Curzio et al., 2014; Zhang et al., 2015;
Olopade et al., 2016; Liu et al., 2021).

The comparison of the mortality rates of adult mice induced
with the same volume of 0.02ml but different concentrations
of sterile kaolin suspension (50mg/ml, 100mg/ml, 150mg/ml,
200mg/ml, 250 mg/mL) into the cisterna magna was
established, and we found out that some adult mice died 24hrs
after induction, this mortality seen might be due to brainstem
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puncturing, anesthetic reaction, respiratory failure or reflex
action and can all be termed “technical death” (Olopade et al.,
2019; Khan et al., 2006; Lopez et al., 2009; Zhang et al.,
2015). In addition, some mice also died before the end of the
study. This might be due to neurological deficits such as spinal
cord damage and subdural hemorrhage (Olopade et al., 2012).
The mortality rate among the experimental groups was
21.05%, 22.73%, 26.32%, 28%, and 30.77% respectively. The
values obtained for the mortality rates indicated a progressive
increase as the concentration of kaolin increased. These
findings agree with previous studies (Lollis et al., 2009; Lopez
et al., 2009) which reported that a reduction in kaolin dosage
reduced the mortality rate. Zhang et al., (2015) reported a low
mortality rate of adult rats induced with 30mg/ml of sterile
kaolin. In their study, different concentrations of kaolin
suspension  (10mg/ml, 30mg/ml, 50mg/ml, 100mg/ml,
200mg/ml, 250mg/ml, 400mg/ml, and 500mg/ml) were used
in a small-sample experimental design to determine the
experimental concentration of kaolin. They observed high
mortality rates among animals induced with high
concentrations of kaolin suspensions.

Comparing the frequency of hydrocephalus of these adult mice
was established and we found out that the frequency of
hydrocephalus among the mice induced with the different
concentrations was 40 %, 58.82%, 78.57%, 88.89%, and
94.4% respectively. It therefore means that the frequency of
hydrocephalus of adult mice induced with 250mg/ml of kaolin
had the highest number of positive outcomes compared to the
lower concentrations. A high hydrocephalic rate of 90% was
reported by Olopade et al., (2012), where 250mg/ml of sterile
kaolin was used in inducing experimental hydrocephalus in
juvenile rats. Taveira et al., (2013) reported a hydrocephalic
rate of 81% using 200mg/ml of kaolin to induce
hydrocephalus in neonatal rats. Hence, this agrees with our
studies which show that the higher the concentration of kaolin
suspension, the higher the frequency of hydrocephalus.

The hallmark of hydrocephalus is enlarged ventricles. The
degree of ventricular enlargement of adult mice induced with
50mg/ml, 100mg/ml, 150mg/ml, 200mg/ml, and 250mg/mi
concentrations of sterile kaolin were demonstrated, and we
discovered that the lateral ventricles of all hydrocephalic mice
were enlarged compared to controls. Similar findings were
reported by Femi-Akinlosotu et al., 2021; L6pez et al., 2009,
Rammling et al., 2008; Eskandar et al., 2004, Bloch et al.,
2006 and Klinge et al., 2003. However, the ventricles of the
hydrocephalic mice were only mildly enlarged possibly
because they were adults. Lopez et al., (2009) reported
minimal enlargement of the lateral ventricles of kaolin-
induced adult mice compared to juvenile mice which were
severely enlarged, while Klinge et al., (2006) had a similar
experience in rats and Traveira et al., (2013) reported that
hydrocephalus developed more readily in the youngest rats.
However, there was no correlation between the concentration
of kaolin suspension and the degree of ventricular enlargement
(Ldpez et al., 2009).

The effect of hydrocephalus on the sensorimotor cortex of the
adult hydrocephalic mice was examined through the
cytoarchitectural pattern and morphology of the pyramidal
neurons of the internal pyramidal layer of the sensorimotor
cortex and it was observed that the cresyl violet stained
sections of the sensorimotor cortex of the hydrocephalic mice
revealed no visible disorganization in the cytoarchitectural
pattern. This might be due to the fact that the mice all had mild
ventriculomegaly. Olopade et al., (2019) found out that
disorganization of the cytoarchitectural pattern of kaolin-

induced rats corresponds with the degree of ventriculomegaly.
Del Bigio (2001; 2004; 2010) concluded that the deleterious
effect of hydrocephalus on the brain depends on the magnitude
of ventriculomegaly, while Cataldo et al., (2013) reported that
the cytoarchitecture of the cerebral cortex in hydrocephalic
rats showed signs of destruction, especially in the animals with
severe ventricular dilation. These stained sections also
revealed numerous large and active internal pyramidal
neurons in the neuropil of the control mice group compared to
mice induced with different concentrations of kaolin where
there were numerous pyknotic neurons. This shows that
hydrocephalus affects the morphology of the internal
pyramidal neurons of the sensorimotor cortex. Chen et al.,
(2017) reported that the shapes of the cortical and
hippocampal pyramidal neurons were altered following
250mg/ml kaolin induction in juvenile rats. Liu et al., (2021)
confirmed that the number of surviving neurons reduced in the
cortex and hippocampus of adult mice induced with 100mg/ml
of kaolin compared to controls.

The pyknotic neuronal density of the adult mice was assessed
and it was observed that a significant increase in pyknotic
neuronal density is related to the increase in severity of
ventriculomegaly which might be due to parenchyma
compression by the enlarging ventricles. There is a paucity of
knowledge on the pyknotic neuronal density of kaolin-induced
hydrocephalic animals. However, LApez et al., (2009) injected
a first batch of adult and juvenile mice with 250mg but 0.025
and 0.01 ml of kaolin respectively, and subsequently injected
the second batch of animals with 200mg but 0.01 and 0.05ml
of kaolin respectively, and the third batch of animals with 100
mg but 0.01 and 0.05ml of kaolin respectively same as the
fourth batch and found out that higher concentration of kaolin
suspensions was more viscous, spread less easily through the
CSF pathways and were associated with more complications.
In addition, Hassan and Gless, (1990) reported that most
pyknotic cells appeared at the early stage of hydrocephalus.
On the other hand, Jones et al. (1991) reported that the total
cell number decreased throughout the cerebral cortex during
hydrocephalus and pyramidal neuron density decreased in
very late stages of ventriculomegaly in 30-day-old HTx rats
with congenital hydrocephalus.

Examining the effect of hydrocephalus on the
cytoarchitectural pattern and morphology of pyramidal
neurons of CAl, CA3, and dentate gyrus (DG) of the
hippocampus, we observed that the cytoarchitectural pattern
in these regions in the mice induced with varying
concentrations exhibited clumsy and compressed pyramidal
neurons compared to controls which were more distinct. We
had earlier reported mild disarray of the pyramidal cells
layering, and abnormal clumping of chromatin in the
hippocampus of kaolin-induced hydrocephalic adult mice
(Shokunbi et al., 2020) while Taveira et. al., (2012) had
reported only mild cytoarchitectural pattern disruption in
kaolin induced neonatal rats even with severe
ventriculomegaly. Furthermore, the neuropil of the CA1, CA3,
and DG hippocampal regions of the control mice showed
numerous large and active pyramidal neurons while the
neuropil of the hydrocephalic mice revealed darker and
shrunken neurons, these observations correspond with Burak
et. al., (2011), Taveira et al., (2012) and Femi-Akinlosotu et.
al., (2021).

The pyknotic index of CA1, CA3, and dentate gyrus regions
of these adult mice were established and we ascertained that
there was no significant difference between the pyknotic index
of CAl and CA3 regions of adult mice induced with varying
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concentrations of kaolin and controls while the pyknotic index
of adult mice induced with 250mg/ml of sterile kaolin was
more than that of mice induced with other concentrations.
Shokunbi et al., (2020) also reported a significant increase of
the pyknotic index of CA1 in mice examined one week after
hydrocephalus development compared to controls but not in
two and three weeks of hydrocephalus development.
Meanwhile, the pyknotic index of the CA3 region did not
differ between experimental and control groups at all the time
points after induction. Lopez et al., (2009) also reported that
there was no overt neuronal loss in the hippocampus of
hydrocephalic mice although some neurons were pyknotic.
There was no appreciable difference in the morphology of the
neurons of the dentate gyrus of hydrocephalic mice induced
with  50mg/ml, 100mg/ml, 150mg/ml, and 200mg/ml
concentrations of kaolin compared with the controls.
However, the pyknotic index of the dentate gyrus of controls
was significantly lower than the pyknotic index of the dentate
gyrus of mice induced with 250mg/ml concentration of kaolin.
In addition, the pyknotic index of the dentate gyrus of mice
induced with 250mg/ml was significantly higher than those
induced with 50mg/ml and 100mg/ml kaolin concentrations.
There is limited work done on the dentate gyrus of the
hippocampus in adult animals.

NeuN staining was used to assess the neuronal damage of the
sensorimotor cortex of the adult mice and it further confirmed
that hydrocephalus reduced the number of surviving neurons
in the sensorimotor cortex compared to age-matched controls.
The NeuN immunoreactivity in the controls revealed a
positive reaction with an increased staining intensity
compared to the hydrocephalic mice. The positive
immunoreactivity of NeuN reduced in the internal pyramidal
neurons of the sensorimotor cortex of kaolin-induced mice
compared to controls which was consistence with the
reduction in the number of internal pyramidal neurons in
cresyl stained sections of hydrocephalic mice compared to
controls indicating significant neuronal damage compared to
the controls, which agrees with the work of Samanci et al.,
(2019), who had demonstrated significantly less NeuN-
positive cells in the cortex of hydrocephalic animals reflecting
altered neuronal integrity.

The wuse of sterile kaolin suspension in experimental
hydrocephalus research is not new, however, the effect of the
different concentrations of this agent needs to be well
documented. This study has been able to document the effects
of different concentrations of sterile kaolin suspension on the
sensorimotor cortex and the hippocampus of adult mice. Our
study was limited to mild ventriculomegaly which might have
accounted for the little or no difference between the controls
and the hydrocephalic mice. We recommend that 150mg/ml
concentration of kaolin would be a better option for a long-
term study that aims at getting a reasonable number of dilated
ventricles because mice induced with this concentration of
kaolin had low mortality rate, frequency of hydrocephalus, and
ventricular dilatation compared to other concentrations.
However, for a short-term study that aims at having a high
frequency of hydrocephalus, 250mg/ml of kaolin
concentration would be the best option, because mice induced
with this concentration of kaolin had the highest frequency of
hydrocephalus. Furthermore, if the objective of the study is to
investigate the pathological effect of hydrocephalus on the
internal pyramidal neurons of the sensorimotor cortex as well
as the pyramidal neurons of hippocampal regions, 250mg/ml
of sterile kaolin would be the best option, because the internal
pyramidal neurons of sensorimotor cortex as well as the

pyramidal neurons of hippocampal regions of mice induced
with this concentration presented the highest pyknotic cells.
However, further studies on the severity of hydrocephalus in
adult mice using different concentrations of sterile kaolin
suspension would be appreciated. The use of more detailed
and confirmatory staining techniques to ascertain the effects
of the hydrocephalic insults on the cytoarchitecture of the
brain is also advised.
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