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Abstract
Hydrocephalus can affect brain function and motor ability. Current treatments 
mostly involve invasive surgeries, with a high risk of postoperative infections and 
failure. A successful animal model plays a significant role in developing new treat-
ments for hydrocephalus. Hydrocephalus was induced in Sprague–Dawley rats 
by injecting 25% kaolin into the subarachnoid space at the cerebral convexities 
with different volumes of 30, 60 and 90 μL. Magnetic resonance imaging (MRI) 
was performed 1 month and 4 months after kaolin injection. The behavioral per-
formance was assessed weekly, lasting for 7 weeks. The histopathological analy-
ses were conducted to the lateral ventricles by hematoxylin–eosin (HE) staining. 
Transcriptomic analysis was used between Normal Pressure Hydrocephalus 
(NPH) patients and hydrocephalus rats. MRI showed a progressive enlargement 
of ventricles in hydrocephalus group. Kaolin-60 μL and kaolin-90 μL groups 
showed larger ventricular size, higher anxiety level, bigger decline in body 
weight, motor ability and cognitive competence. These symptoms may be due to 
higher-grade inflammatory infiltrate and the damage of the structure of ependy-
mal layer of the ventricles, indicated by HE staining. The overlap upregulated 
genes and pathways mainly involve immunity and inflammation. Transcriptomic 
revealed shared pathogenic genes CD40, CD44, CXCL10, and ICAM1 playing a 
dominance role. 60 μL injection might be recommended for the establishment of 
hydrocephalus animal model, with a high successful rate and high stability. The 
hydrocephalus model was able to resemble the inflammatory mechanism and 
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1   |   INTRODUCTION

Hydrocephalus is characterized by enlarged ventricle, 
caused by excessive cerebral spinal fluid in the ventricles 
due to the blockage of CSF absorption or excessive CSF 
secretion.1 It often happens in children (≤18 years) and 
the elderly (≥65 years), with a prevalence of 88/100,000 
and 175/100,000, respectively. Moreover, the prevalence 
is higher in middle- and low-income countries compared 
to high-income countries.2 Hydrocephalus is a chronic 
disease,3 which causes many complications including sei-
zures, developmental delays, motor impairment, demen-
tia, and gait difficulties.4 If left untreated, it may lead to 
progressive nerve damage and influence patients life qual-
ity.5 The current treatment for hydrocephalus mostly in-
volves surgeries, such as insertion of a shunt, endoscopic 
third ventriculostomy, which carry a high risk of infec-
tion and failure.6,7 A successful animal model will play a 
significant role in developing innovative treatments for 
hydrocephalus.

Several animal hydrocephalic models have been devel-
oped in the past several decades. Davis et al.8 introduced 
hydrocephalus in newborn hamsters and cats through 
intracerebral viral inoculation. Fiori et  al.9 investigated 
the effect of using neurotoxins such as single intraperi-
toneal injection of β, β'-iminodipropionitrile in inducing 
hydrocephalus. Moinuddin and Tada10 studied CSF flow 
dynamics in transforming growth factor beta 1-induced 
chronic hydrocephalus mice. Wiesmann et  al.11 per-
formed bacterial inoculations to induce hydrocephalus, 
which may also cause diseases such as meningitis af-
fecting the study of hydrocephalus. Borit and Sidman12 
created a new mouse model with communicating hy-
drocephalus by carrying the tumbler mutation. Dahme 
et al.13 discovered that disrupting the L1 gene in mice led 
to hydrocephalus, which contributed to clarifying how 
genetic influences impact the functions of L1 in the ner-
vous system.

Another widely used animal model for hydroceph-
alus is kaolin injection which was first introduce by 
Dixon in 1932, with a big advantage of inducing mini-
mal injury to the distal structures.14,15 Two widely used 
locations for kaolin injection include basal cistern and 
cisterna magna to induce subacute hydrocephalus.16,17 

Other locations have also been tried to simulate the 
chronic hydrocephalus or normal pressure hydroceph-
alus (NPH).18,19 Li et al.19 attempted to inject kaolin in 
the convex subarachnoid space of the cerebral cortex 
through bilateral craniotomy with a low success rate 
of 31%. Later, Jusué-Torres et al.18 improved this model 
by thinning the parietal bone rather than removing it; 
however, the ideal injection volume of kaolin has not 
been determined. Besides the issues mentioned above, 
current animal models still need further improvement 
and validation via behavior test, brain imaging, and 
other techniques. A precise volume also needs to be 
clarified to standardize the procedure of introducing a 
hydrocephalus animal model with kaolin injection into 
the subarachnoid space.

The current study aims to comprehensively expand the 
characterization of brain damage in hydrocephalus rats 
induced by kaolin injection into the subarachnoid space 
and to understand how the model mimics NPH by tran-
scriptomic analysis. We wish to provide a standard strat-
egy for establishing a hydrocephalus model and to gain a 
deeper understanding of the model's clinical relevance to 
NPH patients for future research.

2   |   MATERIALS AND METHODS

2.1  |  Animals

Twenty-four adult female Sprague Dawley rats 
(220 g ± 20 g), which were 2 months old, were purchased 
from Beijing Vitonlivar Laboratory Animal Technology 
Co (No. SCXK 2021–0006, Beijing, China). The rats expe-
rienced a 1-week acclimatization period before the start 
of the experiment. During the experiment, all rats were 
housed in a 12-h light–dark cycle environment and have 
free access to food and water. All the procedures followed 
the U.K. Animals (Scientific Procedures) Act, 1986 and as-
sociated guidelines, the U.S. National Research Council's 
Guide for the Care and Use of Laboratory Animals and 
were approved by the Animal Ethics Committee of Tianjin 
University in China (No. TJUE-2023-070). The rats were 
randomly divided into four groups with six rats in each 
group: intact controls; three hydrocephalus model groups 

behavioral performance observed in human NPH patients, providing insights for 
identifying therapeutic targets for hydrocephalus.

K E Y W O R D S

animal model, brain imaging, hydrocephalus, inflammation, kaolin injection, subarachnoid 
space, transcriptome



      |  353ZHANG et al.

with kaolin injections of 30, 60 and 90 μL, label as kaolin-
30 μL, kaolin-60 μL and kaolin-90 μL respectively.

2.2  |  Hydrocephalus induction

A gas mask was attached to provide continuous anesthe-
sia during the whole procedure, with 3% isoflurane. The 
heart rate was monitored to allow for timely adjustment 
of anesthetic parameters. The rats were shaved and then 
coated with depilatory cream for 5 min. The depilatory 
cream was wiped off with cotton balls dipped in warm 
water afterwards. A midline incision was made on the 
skin of the head, and the drilling sites were marked be-
tween the coronal and lambdoid sutures.

A surgical drill was used to thin the skull until it can be 
easily penetrated with a microsampler (diameter: 0.5 mm, 
scale: 100 μL, Shanghai High Pigeon Industry & Trade Co). 
A 25% sterile kaolin suspension prepared in saline was 
injected into the subarachnoid space of bilateral cerebral 
convexities with 30, 60, or 90 μL at the speed of approxi-
mately 2 μL/s (Figure S1). The injection site was pressed 
with a cotton ball for half a minute. The bone hole was 
sealed with bone wax. Then, the skin incision was closed 
with a fhx3-0 suture and dabbed it with glue. Chitosan gel 
was used to combat bacteria and promote wound healing 
which was applied before anesthesia recovery. Chitosan 
spray was used on the wound for the next 3 days.

2.3  |  Behavioral tests

Behavioral tests were conducted weekly, lasting for 
7 weeks after kaolin injection, including open field test, 
new object recognition and Y-maze. At the end of each 
test, 75% alcohol was used to clean the equipment and 
then wiped with water (Figure 1).

2.3.1  |  Motor ability and anxiety level test

Open field test was used to study the spontaneous explora-
tory behavior of animals in a square arena. The total open 
field is 100 × 100 × 40 cm, the center arena is defined as 
50 × 50 cm. Rats were placed in the center of the open field 
and allowed to explore freely for 5 min. The total distance 
was used to assess motor ability and the entries in the 
center area was used to assess anxiety level.

2.3.2  |  Recognition test

Novel object recognition test was used to study cognitive 
memory levels of the animals. Rats were placed in the 
same field as described before. During the training period, 
two identical objects were placed in a central symmetrical 
position of the area and the rats were given a train session 
for 10 min. When all rats had completed the training, one 
of the objects was replaced with a new one and the rats 
were given a 5-min test. The recognition index was com-
puted as the percentage of time spent exploring the new 
object over the total time spent exploring the two objects.20

The Y-maze spontaneous alternation experiment 
was used to test the spatial recognition abilities of rats. 
The Y-maze consists of three identical arms, each with 
an angle of 120° between them. The size of each arm is 
500 × 100 × 300 mm. The rats were placed in the same 
position each time and were allowed to explore the sur-
rounding area freely for 5 min. Spatial recognition abil-
ity is measured by the rate of spontaneous alternation, 
which is calculated as (Total alternations/Total arms en-
tered-2) × 100%, with total alternations referring to the 
number of three consecutive entries in different arms.21 
The test procedures of the above three experiments were 
recorded by a Sony video camera, and the trace analysis 
of the rats was recorded using SMART 3.0 video tracking 

F I G U R E  1   The details of the experimental procedures. Kaolin was injected on the 4th day. Behavioral tests and body weight assessment 
were conducted weekly, lasting for 7 weeks. MRI was performed 1 month and 4 months after kaolin injection. Hollow diamond: Open field 
test, solid diamond: New object recognition, triangle: Y-maze, circle: Body weight.
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software (Panlab Harvard Apparatus, Inc., Holliston, MA, 
USA).

2.4  |  Body weight

Significant loss of body weight was an important in-
dicator of the success of hydrocephalus model estab-
lishment.15 Therefore, the weight of the animals was 
recorded weekly before kaolin injection until 7 weeks 
after kaolin injection.

2.5  |  Magnetic resonance imaging (MRI)

MRI was conducted in the first and fourth months 
after kaolin injection, at the Multimodality Preclinical 
Molecular Imaging Center, General Hospital of Tianjin 
Medical University using a Bruker BioSpec 9.4 T small ani-
mal scanner (with 900mT/m maximum gradient strength, 
and 4200 T/m/s slew rate, Bruker Corporation, Billerica, 
Massachusetts). After anesthesia with 3.5% isoflurane, 
rats were placed in a 30 cm volume super-shielded super-
conducting magnet for transmission. T2-weight images 
of coronal were obtained with a 3.6 cm × 3.6 cm field-of-
view (35 slices, 0.8-mm slice thickness, 33-ms echo time, 
2802.49-ms repetition time, relaxation enhancement fac-
tor of eight, number of averages of two). The matrix size 
was 256 mm × 256 mm, and the in-plane resolution was 
0.141 mm × 0.141 mm.

The Evans Index was used to assess the extent of lat-
eral ventricular enlargement by T2-weighted images at 
the level of the anterior commissure. The Evans index was 
calculated as the ratio of the maximum width of the an-
terior horn of the lateral ventricle to the maximum width 
of the cranial cavity within the same dimension.18 Evans 
index over 0.3 is considered a hydrocephalus state.

2.6  |  Histological studies

After administering gas anesthesia with Isoflurane, 
the rats were given a lethal dose of pentobarbital.15 
Perform heart perfusion while the heart is still beat-
ing, using phosphate buffered saline with a perfusion 
pump (LongerPump®, BT100-3J) for 10 min, followed 
by 4% paraformaldehyde perfusion for 8 min. After skull 
removal, the brain tissue was immersed in polyformal-
dehyde at 4°C for 24 h. Subsequently, it underwent cryo-
protection using sucrose gradients with concentrations 
of 15% and 30% in turn, until the brain tissue sank. The 
brain was then embedded in optimal cutting tempera-
ture compound and stored in an ultra-freezer at −80°C. 

The samples were cut in a coronal plane using a cryostat 
in sections 15 μm thick and mounted onto adhesion mi-
croscope slides. The slides at the level of the lateral ven-
tricles were then subjected for hematoxylin–eosin (HE) 
staining.22

First, the slides were staining by immersing them 
in hematoxylin solution to stain the nuclei. Then, the 
slides were rinsed with water. Differentiation solution 
was used to remove excess hematoxylin and control 
the intensity of staining. Subsequently, the slides were 
rinsed in running water for blueing the nuclei and then 
submerged in eosin solution to stain the cytoplasm and 
extracellular components. To complete the process, the 
slides underwent dehydration using a series of increas-
ing alcohol concentrations, followed by clearing with xy-
lene to rendering them transparent. Finally, the sections 
were covered with a coverslip using neutral mounting 
medium.

2.7  |  RNA sequencing (RNA-seq) and 
analysis

The tissue around lateral ventricle of rats from both the 
kaolin-induced hydrocephalus with 60 μL and control 
groups were isolated on ice, rapidly immersed in liquid 
nitrogen, and subsequently stored at −80°C.

Total RNA was isolated using the Trizol Reagent 
(Invitrogen Life Technologies) and its concentration, qual-
ity, and integrity were assessed with a NanoDrop spectro-
photometer (Thermo Scientific). Using three micrograms 
of RNA for each sample, sequencing libraries were pre-
pared as follows: mRNA was purified from the total RNA 
via poly-T oligo-attached magnetic beads. The mRNA 
was then fragmented using divalent cations at high tem-
perature in a fragmentation buffer specific to Illumina. 
Synthesis of the first strand cDNA was performed using 
random oligonucleotides and SuperScript II, followed by 
second strand cDNA synthesis with DNA Polymerase I 
and RNase H. Remaining overhangs were converted into 
blunt ends via exonuclease/polymerase activities, and 
the enzymes were removed. The DNA fragments then 
had their 3′ ends adenylated, followed by ligation with 
Illumina PE adapter oligonucleotides for hybridization 
preparation. To select cDNA fragments of the preferred 
400–500 bp in length, the library fragments were purified 
using the AMPure XP system (Beckman Coulter, Beverly, 
CA, USA). DNA fragments with ligated adaptor molecules 
on both ends were selectively enriched using Illumina 
PCR Primer Cocktail in a 15 cycle PCR reaction, puri-
fied with the AMPure XP system, and quantified on an 
Agilent Bioanalyzer 2100 system using a high sensitivity 
DNA assay (Agilent). Finally, the sequencing library was 
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sequenced on NovaSeq 6000 platform (Illumina) Shanghai 
Personal Biotechnology Cp., Ltd.

CSF data from human NPH patients and normal con-
trols were publicly available and obtained from the Gene 
Expression Omnibus (GEO) database under accession 
number GSE212236, https://​www.​ncbi.​nlm.​nih.​gov/​geo/​
query/​​acc.​cgi?​acc=​GSE21​2236,23 and GSE189919, https://​
www.​ncbi.​nlm.​nih.​gov/​geo/​query/​​acc.​cgi?​acc=​GSE18​
9919,24 respectively.

The R/Bioconductor package “DESeq2” was utilized 
to identify differentially expressed genes (DEGs) be-
tween the corresponding hydrocephalus group and con-
trol group. Genes with log2-fold change ≥1 and p ≤ 0.05 
were considered upregulated DEGs. Principal compo-
nent analysis (PCA) was performed on the variance-
stabilized transformation (VST) of read count values 
from NPH patients, hydrocephalus rats, and their re-
spective control groups. The upregulated DEGs were 
subjected to Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment and Gene Ontology (GO) analy-
sis using R clusterProfiler package, with visualization 
using R ggplot2 package. A bubble plot of significant 
co-enriched pathways (p ≤ 0.05) in KEGG and GO analy-
sis in human NPH patients and hydrocephalus rats was 
generated using the R ggplot2 package. The R pheatmap 
package was used to visualize the DEGs. The volcano 
plot was generated by R ggplot2 package.7 The chord di-
agrams for KEGG and GO enrichment analyses of gene 
sets were drawn using the R circlize package.

2.8  |  Statistical analysis

Statistical analysis was performed using SPSS 27.0 (IBM, 
Armonk, New York, NY, USA) and the data were de-
scribed using means and standard deviations (SD). For 
data with normal distribution, paired t-test was used 
for intra-group comparisons, otherwise paired samples 
Wilcoxon signed rank test was used. For repeated time 
point measurements, such as body weight, indicators of 
the open field, new object recognition and Y-maze, re-
peated measures ANOVA were used to assess for analy-
sis. The correlation between Evans index and body weight 
was calculated by Spearman correlation coefficient. The 
Evans index in the first and fourth month after kaolin in-
jection was compared by two-way ANOVA. p < 0.05 was 
considered significant.

3   |   RESULTS

Twenty-two rats were finally included in the analysis. 
The 200-day survival curves after kaolin injection of each 

group indicated that higher volume would decrease the 
survival length of the rats, as shown in Figure S2.

3.1  |  Behavior assessment

3.1.1  |  Anxiety level and motor ability

The results of open field test at the 7th week post ka-
olin injection are shown in Figure  2A. The statistical 
analysis demonstrated that the severity of induced hy-
drocephalus, reflected by anxiety level (Figure 2B) and 
motor ability (Figure  2C), is closely associated with 
injected volumes. The control group showed the most 
active behavior, while the kaolin-60 μL group showed 
the worst anxiety level (p = 0.027) and motor ability 
(p = 0.005).

3.1.2  |  Recognition levels

In the new object recognition experiment, the control 
group spends longer time in exploring the new object, 
compared with the hydrocephalus group, especially the 
kaolin-60 μL group (Figure 2D,E). The recognition level of 
hydrocephalus rats, for example, kaolin-60 μL group dete-
riorates along time.

In the Y-maze spontaneous alternation experiment, 
no interaction effect exists between group and time, and 
there was no significant difference in spatial recognition 
ability among the four groups of rats (Figure S3).

3.2  |  Body weight

Figure 3C shows that hydrocephalus has a significant in-
fluence on body weight development. In control group, 
the body weight gradually increases along time, however, 
in kaolin-60 μL and kaolin-90 μL groups, the body weight 
growth ceased (Figure 3C).

3.3  |  MRI

T2-weighted MRI showed larger volumes of kaolin in-
jection is positively related with larger ventricular size, 
with kaolin-60 μL group having the largest Evans index 
(Figure  3A). The result also demonstrated progressively 
expanded ventricles over time in the hydrocephalus 
groups compared to the control group (Figure 3B). 87.5% 
(14/16) of the rats in the kaolin injection groups showed 
enlarged ventricles in the first month, and the number 
of hydrocephalus rats increased to 93.75% (15/16) in the 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE212236
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE212236
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE189919
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE189919
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE189919
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fourth month. Meanwhile, the study showed a negative 
relationship between the body weight and Evans index 
(r = −0.514, p < 0.01, Figure 3D).

The brain tissue showed kaolin mainly deposited in 
the bilateral subarachnoid space and the surface of the 
cerebellum (Figure  4A). Coronal T2-weighted MRI im-
ages showed the presence of kaolin deposits in the quad-
rigeminal cistern and the supracerebellar cistern in kaolin 
injection group. Hydrocephalus groups demonstrated 
ventricular enlargement, with the cerebral aqueduct re-
maining predominantly unobstructed and the basal cis-
tern remaining open (Figure 4B).

3.4  |  Histological evaluation

HE staining was used to examine the damage of the 
ependymal cells of the ventricles and inflammatory in-
filtrate of the hydrocephalus brain. The results showed 
that kaolin-induced hydrocephalus can lead to immune 
inflammatory response and the severity of inflammatory 
response was related with the volumes of kaolin injection 

(Figure  5A). In terms of the structure, kaolin-60 μL and 
kaolin-90 μL groups showed higher-grade inflammatory 
infiltrate and the damage of the structure of ependymal 
layer of the ventricles (Figure 5B).

3.5  |  RNA-seq analysis

We conducted RNA-seq analyses of tissue around 
lateral ventricle from kaolin-induced hydrocepha-
lus with 60 μL and control rats using NGS to measure 
RNA-seq. And we collected RNA-seq data of CSF from 
NPH patients from the GEO database and performed a 
comparative analysis with RNA-seq data from the rat 
hydrocephalus model. By integrating these data, we 
aim to elucidate the mechanisms and potential discrep-
ancies in how the rat hydrocephalus model simulates 
human NPH disease.

PCA revealed distinct clustering in NPH patients and 
their control group, as well as in hydrocephalus rats and 
their control group. In NPH patients, the first principal 
component (PC1) and the second principal component 

F I G U R E  2   Effect of different volumes of kaolin injection on the behavior tests in rats. (A) The representative trace of each group of 
open field test at the 7th week after kaolin injection. The red box of the trace map showed the whole open field area, and the green box 
represented the central area. (B) Anxiety level was assessed by the entries in the center of the open field, which is closely associated with 
injected volume. The control group showed the most active behavior, while the kaolin-60 μL group showed the worst anxiety level. (C) 
Motor ability was assessed by total distance, which showed reduced movement in kaolin injection group, especially the kaolin-60 μL group. 
*: P < 0.05, **: P < 0.01; n = 5-6/group. Bar graphs represent mean ± SD. (D) The representative trace of each group of new object recognition 
test at the 7th week after kaolin injection. The green circle in the lower left corner is the location of the new object placement, and the blue 
circle in the upper right corner referred to the old object. (E) Cognitive memory ability was assessed by recognition index. The control group 
spends longer time in exploring the new object, compared with the hydrocephalus group, especially the kaolin-60 μL group. **: P < 0.01, 
n = 4-6/group. Bar graphs represent mean ± SD.
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(PC2) accounted for 43.58% and 5.89% of the total vari-
ance (Figure  6A). In hydrocephalus rats, PC1 and PC2 
accounted for 67.20% and 9.50% of the total variance 
(Figure  6B). 7970 DEGs (adjusted p < 0.05, 302 up and 
7668 down) in NPH group, compared to the control people 
(Figure 6C,D), and 2202 DEGs (adjusted p < 0.05, 1830 up 
and 372 down) in hydrocephalus group compared to the 
normal rats (Figure 6E,F).

To investigate how the rat hydrocephalus model sim-
ulates human NPH disease, we screened for commonly 
downregulated differentially expressed genes and an-
alyzed their known and predicted protein interaction 
networks. The results showed that in the STRING pro-
tein interaction network, k-means clustering analysis 
indicated that these genes were primarily concentrated 
in immune and inflammatory pathways (Figure  7A). 
Further analysis revealed that the central regulatory 

proteins of these genes included CD44, ICAM1, CXCL10, 
and CD40, which are associated with immune cells, cell 
adhesion, and immune and inflammatory responses 
(Figure  7B). KEGG and GO analyses were conducted 
on the commonly downregulated differentially ex-
pressed genes in hydrocephalus rats and NPH patients 
(Figure 7C–F).

KEGG enrichment analysis identified a significant 
abundance of key pathways in hydrocephalus rats asso-
ciated with immune system, signal transduction, infec-
tious disease, cell growth and death, and cardiovascular 
disease. Particularly, inflammatory pathways such as the 
Leukocvte transendothelial migration, C-type lectin re-
ceptor signaling pathway, Rap1 signaling pathway, JAK–
STAT signaling pathway, and HIF-1 signaling pathway 
were prominent in hydrocephalus rats, resembling the 
conditions in human NPH patients (Figure 8A,B).

F I G U R E  3   MRI for each group in the first and fourth months and the relationship between the Evans index and body weight in 
different kaolin injection groups. (A) Representative MRI images showed that the ventricles of the rats in the kaolin-30 μL, kaolin-60 μL 
group and kaolin-90 μL group increased over time. The Evans index was calculated as the ratio of the maximum width of the anterior horn 
of the lateral ventricle (upper green line) to the maximum width of the cranial cavity within the same dimension (bottom green line). LV — 
lateral ventricle. MRI — magnetic resonance imaging. (B) Evans index in rats with different kaolin injections at the first and fourth months. 
Evans index showed progressively expanded ventricles over time in the hydrocephalus groups compared to the control group. *: P < 0.05 
vs. the control group, **: P < 0.01 vs. the control group; #: P < 0.05 vs. the first month, n = 5-6/group. Bar graphs represent mean ± SD. (C) 
Compared with week 0, the weight of control rats increased steadily with time in control group. In kaolin-60 μL and kaolin-90 μL groups, the 
body weight growth ceased. #: P < 0.05, ##: P < 0.01, ###: P < 0.001, *: P < 0.05, n = 5-6/group. Bar graphs represent mean ± SD. (D) Scatter 
plot of Evans index and body weight. Body weight of rats was negatively correlated with Evans index. r = −0.514, p < 0.01.
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In the cellular component (CC) aspect of GO, the results 
for the rat hydrocephalus model and NPH patients showed 
a similar trend to the KEGG analysis. These enriched 

processes indicate that in the hydrocephalus model and 
NPH patients, apoptotic cells and immune cells related to 
immune inflammation play important roles in regulating 

F I G U R E  4   Post injection distribution of kaolin extension. (A) Typical characteristics of kaolin deposits in the subarachnoid space above 
the brain. Kaolin was observed at the cortical convexities and in close proximity to the superior sagittal sinus, extending to the surface of the 
cerebellum. Arrow: Range of kaolin deposits. (B) Representative coronal T2-weighted MRI images of rats with different kaolin injections at 
the fourth month. In the groups exposed to kaolin, the presence of kaolin deposits was observed in both the quadrigeminal cistern and the 
supracerebellar cistern. Hydrocephalus groups demonstrated ventricular enlargement, with the cerebral aqueduct remaining predominantly 
unobstructed and the basal cistern remaining open. QC—Quadrigeminal cistern, LV—Lateral ventricle, CA—Cerebral aqueduct, SC—
Supracerebellar cistern, BC—Basal cistern.

(A) (B)

F I G U R E  5   HE staining of sections from lateral ventricles of rats injected with different volumes of kaolin. (A) Representative full-scans 
of rats' lateral ventricles for the control, kaolin-30 μL, kaolin-60 μL, and kaolin-90 μL groups. The severity of inflammatory response was 
related with the volumes of kaolin injection. (B) Representative enlarged views of rats' lateral ventricles for the control and hydrocephalus 
groups. Kaolin-60 μL and kaolin-90 μL groups showed higher-grade inflammatory infiltrate and the damage of the structure of ependymal 
layer of the ventricles. Black arrow: Inflammatory infiltrate. Scale bars, 1 mm (A), 200 μm (B).
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and participating in these biological processes. Specifically, 
these results are mainly enriched in the following biolog-
ical processes: negative regulation of apoptotic signaling 

pathway, negative regulation of intrinsic apoptotic signal-
ing pathway, positive regulation of B-cell proliferation, 
regulation of apoptotic signaling pathway, regulation of 

F I G U R E  6   PCA scores and visualization of DEGs in NPH patients and hydrocephalus rats. (A) Plot of PCA scores in NPH patients and 
normal controls. (B) Plot of PCA scores in hydrocephalus rats and control group. (C) Volcano plot of DEGs in NPH patients and normal 
controls. (D) The heatmap displays DEGs between NPH patients and normal controls. Red and blue colors indicate DEGs by upregulated 
and downregulated, respectively. (E) Volcano plot of DEGs in hydrocephalus rats and control group. (F) The heatmap of DEGs between 
hydrocephalus rats and control group.
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B-cell proliferation, regulation of intrinsic apoptotic sig-
naling pathway, and regulation of leukocyte proliferation 
(Figure  8C,D). Overall, these findings reveal the crucial 

role of apoptosis and immune-inflammatory responses in 
the progression of hydrocephalus and NPH, suggesting that 
these pathways could be potential therapeutic targets.

F I G U R E  7   Analysis of commonly up-regulated DEGs and KEGG/GO analyses in NPH patients and hydrocephalus Rats. (A) Clustering 
of commonly up-regulated DEGs using STRING network analysis. (B) Utilizing Cytoscape for the analysis of commonly up-regulated DEGs. 
(C) KEGG analysis of up-regulated DEGs in NPH patients and normal controls. (D) GO analysis of up-regulated DEGs in NPH patients and 
normal controls. (E) KEGG analysis of up-regulated DEGs in hydrocephalus rats and control group. (F) GO analysis of up-regulated DEGs in 
hydrocephalus rats and control group.
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4   |   DISCUSSION

Hydrocephalus is a common disease in children and elder 
people which causes a big burden to the society due to its 
life-threatening complications. Currently, the most effec-
tive treatment is shunt surgery, which is prone to mal-
function, obstruction, and infection. Moreover, there is 
no effective pharmacological treatment for hydrocephalus 
yet.7,25 An effective animal model plays a vital role in un-
derstanding the disease and inspiring new treatments.

A variety of hydrocephalus models have been de-
veloped by injecting different materials into the brain. 
Cherian et al.26 induced hydrocephalus model by inject-
ing blood in the lateral ventricle. Hydrocephalus model 
after subarachnoid hemorrhage was induced by injecting 
blood in cisterna magna, with high mortality.27 Dandy 
et  al.28,29 induced obstructive hydrocephalus by plac-
ing cotton in a gelatin capsule and pushing it into the 
aqueduct of Sylviu in dogs. Del Bigio et  al.30 induced 

hydrocephalus by injecting silicone oil into the cisterna 
magna of adult rabbits, which only represents short-term 
pathological changes of hydrocephalus. However, the 
current animal models of hydrocephalus is not able to 
simulate real symptoms of the disease, either because of 
high mortality, or due to different progressive speed com-
pared with humans.30

Kaolin injection induced hydrocephalus have been 
widely used as a mature animal model31,32; however, we 
still lack a standard strategy for unified model establish-
ment which might introduce variance in further studies. 
Moreover, the influence of different volumes injection 
in animal behavior and ventricular size needs further 
investigation. To simulate NPH in humans, we selected 
2-month-old adult rats for the experiment. We contin-
uously observed behavioral manifestations for nearly 
2 months and assessed imaging characteristics for up to 
4 months following the induction of hydrocephalus. In 
the current study, we tested the severity of hydrocephalus 

F I G U R E  8   The transcriptome of hydrocephalus rats and comparison with human NPH patients. (A, B) Chord diagram and bubble 
plot of co-enriched KEGG pathway analysis showed a significant enrichment of pivotal pathways involved in immune system, signal 
transduction, infectious disease, cell growth and death, and cardiovascular disease. DEGS in co-enriched KEGG pathways were marked in 
red. (C, D) Chord diagram and bubble plot of co-enriched GO pathway analysis. DEGS in co-enriched GO pathways were marked in red.
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at different volumes of kaolin injection. Both the body 
weight, anxiety level, recognition ability and motor abil-
ity declined significantly with increase injection volumes. 
We also conducted the grip experiment, with both ka-
olin-60 μL and kaolin-90 μL groups showing a noticeable 
weak grip compared to control group (Figure  S4). The 
histological analysis indicates obvious inflammatory re-
sponse in kaolin-60 μL group and kaolin-90 μL group. 
Patients with hydrocephalus often suffer with gait ab-
normalities, which was also validated in our study by de-
creased step rate and walking speed in the hydrocephalus 
rat group (Figure S5a,b), with kaolin-60 μL group showing 
the biggest effect.

Evans Index calculated from MRI imaging was used to 
assess the successful rate of the model. The result showed 
highest successful rate in the kaolin-60 μL group within 
1 month after kaolin injection, that is, 100% successful 
rate. The mortality was influenced by different volumes, 
with two rats who representing the largest Evans index 
from the kaolin-90 μL group and the preexperimental 
120 μL group died rats 1 month after kaolin injection, pos-
sibly due to an overdose (Figure S1). Other modeled rats 
survived longer than 7 months.

In clinical practice, patients with hydrocephalus al-
ways suffer from cognitive deficits and physical disability. 
However, some patients do not show functional impair-
ment, despite severe abnormalities in brain structure.33 
Similar findings were also presented in a 2-year-old rat 
named R222, who lived with normal motor function, even 
with severe hydrocephalus.34 The description above may 
be the reason why the kaolin-90 μL group's performance 
relatively normal. The exact reason still needs further 
investigation.

In our animal model, the HE staining result indicates 
that inflammation plays a critical role in the pathogen-
esis of hydrocephalus, which matches with previous 
findings. Karimy et al.35 established a rat model of post-
hemorrhagic hydrocephalus (PHH). This was achieved 
by intracerebroventricular injection of sterile autologous 
blood into male Wistar rats that were 8 weeks old. The 
authors demonstrated that intraventricular hemorrhage 
(IVH) induces the activation of Toll-like receptor 4 (TLR4) 
and nuclear factor kappa B (NF-κB)-dependent inflam-
matory responses in choroid plexus epithelial cells, which 
are associated with increased CSF secretion. Robert et al.7 
found that infectious hydrocephalus (PIH) and PHH ex-
hibit strikingly similar immune and secretory responses 
at the choroid plexus, which contribute to the abnormal 
secretion of CSF. Zhu et al.36 conducted an experiment in 
which they administered kaolin into the cisterna magna 
of C57BL/6 mice to induce hydrocephalus. They have 
demonstrated that activated microglia are associated with 
ventricular expansion and behavioral abnormalities. In 

summary, neuroinflammation might be a critical factor in 
hydrocephalus, however, further investigations need to be 
done for the next step to clarify which is the main patho-
logic reason of hydrocephalus symptoms, the inflamma-
tory response, or the blockage of CSF circulation.

Chen et  al.37 compared the transcriptomic alter-
ations in lung tissues across various animal models with 
COVID-19 patients. They discovered significant enrich-
ment of key pathways associated with innate immune 
responses, inflammation, cytokine-cytokine receptor in-
teractions, chemokine, and adhesion pathways among 
human COVID-19 patients and multiple animal models. 
In our research, we also identified co-enriched pathways 
between the model outlined in this paper and human NPH 
patients from public database by transcriptomics analysis. 
The rat model of hydrocephalus induced by kaolin injec-
tion into the subarachnoid space was able to resemble the 
inflammatory mechanism observed in human NPH pa-
tients according to the co-enrichment pathway analysis in 
KEGG analysis, which was also consistent with our histo-
pathological examination results.

Although the kaolin method is widely used and rel-
atively simple to operate, kaolin-induced hydrocepha-
lus may not accurately represent the pathophysiology of 
human chronic hydrocephalus. In this study, we compared 
data from publicly available databases of NPH patients 
with our animal model. The analysis indicated that this 
model effectively simulates immune-inflammatory mech-
anisms related to genes such as CD40, CD44, CXCL10, 
and ICAM. However, the etiology of human hydroceph-
alus is complex, and this model cannot fully replicate the 
pathophysiology of human hydrocephalus. We chose bi-
lateral subarachnoid space as the injection site, and our 
experiments revealed that the site and volume of kaolin 
injection significantly influence the severity of hydro-
cephalus, leading to variable animal behavior. Moreover, 
this study only examined the response of rats to kaolin, 
and there may be species-specific differences that warrant 
further investigation.

Numerous animal models of hydrocephalus have been 
developed. To fully understand the utility of the models, 
continual comparison with human diseases is essential. 
The utilization of parallel multi-omics data from humans 
might be used to better understand at a systems level 
how well the model phenocopies the human disease.37 
Thorough analysis is pivotal for refining model selection 
criteria and interpreting results, thereby advancing our 
further understanding of the pathophysiological mecha-
nisms underlying hydrocephalus.38

This study summarizes the characterization of kaolin-
induced hydrocephalus with different injection volumes. 
The severity and pathological symptoms are closely as-
sociated with injection volumes, with higher volumes 
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resulting in deterioration of behavior and weight loss. 
60 μL injection might be recommended for the estab-
lishment of hydrocephalus animal model, with a high 
successful rate and high stability, and the rats with hydro-
cephalus were able to resemble the inflammatory mech-
anism and behavioral performance observed in human 
NPH patients. The model holds promise for investigations 
and new treatments development of hydrocephalus in the 
future.
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