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Abstract
Background

Cerebral venous sinus thrombosis (CVST) is a rare neurovascular disorder with highly variable
manifestations and clinical course. To investigate its pathophysiology, an animal model with a properly
matched clinic is needed.

Methods

This study consisted of clinical and animal studies. In the clinical section, eligible patients with CVST and
healthy controls’ detailed data were recorded between January 1, 2016 and May 31, 2021. For the animal
section, a novel rat model of CVST was established by inserting a water-swellable rubber into the superior
sagittal sinus and applying imaging, histopathological, serological and behavioral tests to investigate the
corresponding pathophysiological changes. A total of 19 CVST patients and 25 healthy controls were
enrolled, and the data demonstrated the typical characteristics of venous infarction with elevated
intracranial pressure, vasogenic edema, and secondary hemorrhage. A total of 80 rats were randomly
divided into two groups: sham group (n = 40) and model group (n = 40).

Results

The imaging results showed consistent characteristics of brain injury and venous morphology in the
animal models and CVST patients. Histological and serological �ndings further illustrated the
predominance of vasogenic edema as pathological change, while behavioral tests revealed anxiety and
depression in model rats.

Conclusions

We established a novel CVST rat model with reproducible surgical methods and stabilization of
pathological changes, and compared it to retrospective CVST patient data, proving that the model could
almost reproduce the clinical syndromes. This model provides reliable support for the study of CVST
pathophysiology and the evaluation of therapies.

Background
Cerebral venous sinus thrombosis (CVST) is a rare neurovascular disorder, accounting for approximately
0.5% of strokes, and is more likely to develop in young people [1]. Its clinical manifestations lack
speci�city, including headaches, epileptic seizures, different degrees of neurological de�cits, and even
coma or death in severe cases [2, 3]. Recently, a clinical study reported that the incidence of CVST was
historically underestimated [4]. As few patients have any symptoms at the initial stage and many
uncontrollable factors are involved during disease development, clinical research tends to be severely
hampered [5]; therefore, the pathophysiology of CVST has not yet been fully elucidated.
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To this end, animal models that cover clinical syndromes are essential. Over the past few years, several
types of CVST models have been established, including superior sagittal sinus (SSS) ligation [6, 7],
injection of a kaolin–cephalin suspension [8, 9], a thrombus model induced by ferric chloride, and SSS
occlusion via a self-made plug [10, 11]. Despite the various modeling methods, each model explained the
pathophysiology of CVST from its respective perspectives. However, most models use invasive surgery,
which can lead to iatrogenic injury of the brain parenchyma [7, 10, 12]. In addition, with uncontrollable
spontaneous recanalization and few positive �ndings, further research on therapies is limited [13].
Therefore, it is necessary to establish an animal model that can almost reproduce the clinical syndromes
of human patients and standardize the uncontrollable factors typical of clinical settings.

In the present study, a novel rat model of CVST was established by inserting a water-swellable rubber into
the SSS using imaging, histopathology, and serology tests to investigate the corresponding
pathophysiological changes in the model. Clinical data of patients with CVST were collected for
retrospective analysis and for comparison with the results from animal models to verify whether the
models could reproduce the typical syndromes of clinical CVST.

Methods
Human participants

In this study, data of eligible CVST patients and healthy controls were collected from the 900th hospital
between January 1, 2016, and May 31, 2021. Age, sex, history, and risk factors of CVST were recorded in
detail. The inclusion criteria were typical clinical symptoms, 1 day to 1 week after acute onset on
admission (time of onset was calculated according to the time of symptom appearance) and available
head magnetic resonance imaging (MRI) results. The exclusion criteria were CVST complicated with
craniocerebral injury, tumor, severe extracranial disease, and cardiopulmonary failure. All procedures
performed in studies involving human participants were in accordance with the ethical standards of the
institutional and/or national research committee and with the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards. The study was approved by the Bioethics Committee of
the 900th hospital (No. 2019-107). All patients were contacted by telephone to obtain verbal information.

Animal preparation

Male Sprague-Dawley rats (280–300 g, 7-8 w, Animal Experimental Center of Fujian Medical University,
Fuzhou, China) were used in this study. This animal experiment was in accordance with the Guide for the
Care and Use of Laboratory Animals (Institute for Laboratory Animal Research, National Research
Council. Washington, DC: National Academy Press, 1996), and was approved by the Fujian Medical
University Ethics Committee (No. 2020-051). Animals were maintained in a standard environment of 20-
22°C and 12-h light/12-h dark cycle, with free access to food or water. A total of 80 rats were randomly
divided into two groups: sham-operated (sham) group (n=40) and model group (n=40). In each group,
rats were prepared as follows, n=8 for MRI, n=8 for intracranial pressure (ICP) monitoring, n=8 for
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histological and serological examination, n = 4 for transmission electron microscopy (TEM), and n=12 for
behavioral testing.

Embolism materials production

We chose water-swellable rubber (PZ-250, Hongji Rubber Co., Hebei, China)as embolic material. The
speci�cation data of the rubber were obtained from multiple measurements of rats’ SSS and then divided
by the expansion ratio of the water-swellable rubber: the total length was 22 mm, the diameter of the
anterior part was 1.2 mm and the tail part was 0.8 mm (Supplementary Fig. S1A). Next, we collected
venous blood from rats to measure the expansion ratio of the material in vitro. The rubber was sterilized
using ultraviolet light before modeling.

Model establishment

For each rat, anesthesia was induced with 4% iso�urane delivered by a small animal anesthesia machine
(RWD Science Co., Shenzhen, China), with 2% iso�urane at a speed of 0.5 L/min for maintenance. The rat
was then �xed in the prone position using a brain stereotaxic apparatus. The respiratory rate was stable
at 40-60 per min, and body temperature was stabilized at 37±0.5°C using a heating pad. After a 20-mm
midline skin incision was made, a cranial window around the sagittal sinus was created using a high-
speed dental drill under an operating microscope. The drill tip was repeatedly cooled with normal saline
to prevent heat injury during the operation. In the model group, the SSS was carefully punctured and the
rubber was promptly inserted centripetally until the posterior wall of the sinus con�uence, and then the
excess part of the tail was sectioned (Fig. 1A, C). The operation �eld was �ushed with normal saline
several times, and the skin incision was sutured. The sham group was not subjected to rubber insertion
(Fig. 1B). The rats were kept warm until waking and placed in a single cage with available food and
water.

Laser speckle contrast imaging (LSCI)

The LSCI system (Wuhan SIM Opto-technology Co., Wuhan, China) is composed of an Olympus ZS61
microscope, continuous-wavelength laser source, charge-coupled-device camera, and a computer. The
observation region was illuminated using a laser light source. Speckle signals (exposure time =10 ms)
were continuously collected by the camera and then transmitted to a computer for analysis [14]. To avoid
skull impediments to LSCI observation, the skull in the observation region (15 mm×10 mm) was thinned
until the blood vessels were clearly visible.

MRI

The rats underwent scanning using small-animal MRI (9.4 T; Bruker Medical GmbH, Ettlingen,
Germany)on postoperative days 1 and 7. After successful anesthesia, each rat was �xed in the prone
position on the MRI scanning bed, and T2-weighted imaging (T2WI), diffusion-weighted imaging (DWI),
and magnetic resonance angiography (MRA) sequence scanning were performed after the brain position
was determined. T2WI parameters were set as: time of repeat (TR) = 3000 ms, time of echo (TE) = 32 ms,
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number of excitation (NEX) = 4, slices = 150, slice thickness = 0.2 mm, �eld of view (FOV) = 30×30 mm2,
matrix size = 256×256 mm2. DWI parameters were set as: TR = 2500 ms, TE = 17.5 ms, slices = 28, slice
thickness = 0.8 mm, FOV = 30×30 mm2, matrix size = 128×128 mm2, b0 = 1000 s/mm2, scan time = 8
min. The 2D-time of �ight method was adopted for MRA, and the parameters were set as: TR = 12 ms, TE
= 1.9 ms, NEX = 4, slices = 150, slice thickness = 0.2 mm, FOV = 30×30 mm2, matrix size = 256×256 mm2,
�ip angle = 20°.

ICP monitoring

ICP was measured on days 1 and 7 after modeling. A cranial hole was drilled approximately 3 mm from
the left anterolateral side of the coronal suture, and an ICP-monitoring probe placed with an external ICP
monitor (Johnson & Johnson inc., New Brunswick, USA). 

Hematoxylin and eosin (HE) staining

Rats were intraperitoneally injected with 1% sodium pentobarbital for deep anesthesia. Cardiac perfusion
was performed with 4% paraformaldehyde, and the brains were then carefully separated. Formaldehyde-
�xed specimens were embedded in para�n and then cut into 4-μm sections depara�nized with xylene
and rehydrated in a graded series of alcohol. The slices were then observed and photographed under a
microscope. 

Immunohistochemical analysis 

Formaldehyde-�xed specimens were embedded in para�n and then cut into 4-μm sections depara�nized
with xylene and rehydrated in a graded series of alcohol. Antigen retrieval was performed by microwaving
in a citric acid buffer. Sections were incubated with antibodies against erythropoietin (EPO) (1:800;
Abcam, Cambridge, MA, USA) and vascular endothelial growth factor (VEGF)-A (1:400; Abcam,
Cambridge, MA, USA) individually, washed, and then incubated with a secondary antibody for 1 h at room
temperature. For the negative control, the process was the same without the addition of anti-EPO and
anti-VEGF-A antibodies. A total of four sections from each rat were used for quanti�cation, protein
expression was re�ected by the optical density (OD) value. ImageJ (National Institutes of Health,
Bethesda, USA) was used by two investigators blinded to the data. 

Nissl staining 

Formaldehyde-�xed specimens were embedded in para�n and then cut into 4-μm sections depara�nized
with xylene and rehydrated in a graded series of alcohol. The sections were treated with Nissl staining
solution for 50 min. Damaged neurons were shrunken or contained vacuoles, whereas normal neurons
had relatively large, full soma and round, large nuclei [15]. Intact neuron counts were calculated using
ImageJ by two investigators blinded to the experimental process.

Enzyme-linked immunosorbent assay (ELISA)
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Blood samples (1.5 ml) were collected from the rat femoral vein on the seventh day. Serum was
separated by centrifugation and stored at -80 °C until quantitative analysis of claudin-5 and zonula
occludens (ZO)-1 using ELISA kits (Shanghai Westang Bio-tech Co., Shanghai, China). The measured OD
values were then converted to a concentration value.

TEM

After anesthesia, the brain tissue (1 mm3, parasagittal brain tissue) was carefully separated and then
�xed in 1.5% paraformaldehyde-3% glutaraldehyde for 24 h, followed by 1% osmic acid for 2 h.
Conventional embedding and slicing for lead citrate and uranyl acetate staining were
performed. The slices were then observed using TEM (JSM-7500F; Japan Electron Optics Laboratory Co.,
Japan). Vascular lumens and endothelial cells were localized at low magni�cation, and tight junctions
(TJs) observed at high magni�cation [16].

Behavioral tests 

The open �eld test (OFT), elevated plus maze test, novel object recognition (NOR) test, and sucrose
preference test were performed as previously described [17-19]. The OFT and elevated plus maze tests
were used to detect anxiety-like behaviors [20, 21]. Each rat was placed at the center of the open �eld
(100×100×40-cm chamber; RWD Science Co., Shenzhen, China) for 5 min in a quiet room. A video-
tracking system connected to a computer was used to record animal behavior. The chamber was cleaned
between experiments. For the elevated plus maze test, each rat was placed in the central area of the
maze (50×10×30-cm close arm, 50-cm high). The NOR test was used to assess learning and memory,
according to a previous method [22]. At 24 h before testing, each rat was habituated for 5 min in a
chamber. After it was cleaned, the rats were exposed to a set of two identical objects in the chamber for
10 min. Then, one of the objects was replaced with a novel object. The total interaction time was
determined as the sum of the interaction times (familiar and novel objects). The discrimination index (%)
was de�ned as the time spent exploring the novel object/total interaction time × 100. Rats with a total
interaction time <5 s were excluded from the analysis. The sucrose preference test was used to assess
behavioral anhedonia [19]. Brie�y, two bottles of 1% sucrose solution were placed in each cage, and 24 h
later, one bottle was replaced with drinking water for 24 h. After adaptation, rats were deprived of water
and food for 24 h, followed by the sucrose preference test, in which rats housed in individual cages had
free access to two bottles, one containing 200 ml of sucrose solution (1% w/v) and the other, 200 ml of
water. At 12 h and 24 h, sucrose and water consumption (ml) were measured, and the sucrose preference
calculated as the volume of 1% sucrose solution consumed, expressed as a percentage of the total
liquid intake.

Statistical analysis

In the process of apparent diffusion coe�cient (ADC) extraction, we placed a region of interest (ROI) on
the abnormal-intensity area on the DWI while avoiding hematomas [23]. The ROI was placed on the
cerebral parenchyma adjacent to the occluded sinus if there were no signal intensity changes on DWI.
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The ROI of the healthy control group was placed on the parasagittal brain parenchyma. ADC values were
calculated using the following equation:

The mean value of the ROI in the b0 sequence is S0, that in the b1 sequence is S1, and b0=0, b1= 1000.

The exponential apparent diffusion coe�cient (eADC) can also be calculated using DWI. ADC and eADC
can effectively eliminate the penetration effect of T2WI and be used as quantitative indices to measure
the change in water molecular diffusion velocity in living tissues [24].

The method of ADC extraction in animal experiments is the same as that used in clinical subjects. All
image data were analyzed using ITK-SNAP (University of Pennsylvania, PA, USA and University of Utah,
UT, USA).

Data are presented as mean ± standard deviation (SD). Statistical analyses were performed using SPSS
18.0 (SPSS, Inc., Chicago, IL, USA). Data distribution was assessed using a Kolmogorov-Smirnov
nonparametric test of equality. Differences between two groups were assessed by Student’s t-test
(normally distributed parameter) or Mann-Whitney U test (non-normally distributed parameters).
Statistical signi�cance was set at P < 0.05.

Results
Cerebral blood �ow (CBF) monitoring

To monitor the changes in CBF in real time during the modeling process, we performed a modeling
operation under the LSCI stereomicroscope. The posterior part of the SSS and the sinus con�uence were
not immediately occluded after the rubber insertion (Supplementary Fig. S2A, B). Then, the rubber
gradually expanded to �ll the posterior part of the SSS and part of the sinus con�uence, making the blood
�ow in the SSS and super�cial veins almost disappear (Supplementary Fig. S2C). These observations
suggest that CVST models induced by rubber can provide stable and reproducible SSS occlusion. We
measured the expansion ratio of this embolic material, �nding that the volume of the rubber was stable
after 1 day.

Characteristics of brain injury in animal models were consistent with those in CVST patients

To compare the common features of brain injury after venous occlusion between models and patients
with CVST, we performed T2WI and DWI in models and collected quali�ed clinical cases. Nineteen
patients had acute CVST (13 male; age range, 18-39 years; median age, 38 years), including non-apparent
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abnormalities (n=4), brain edema (n=3), hemorrhage (n=8), and venous infarction (n=4). The healthy
control group included 25 subjects (12 male, age range, 25-55 years; median age, 36 years). All conscious
patients reported headache, which suggested the possibility of increased ICP. In animal experiments, the
results con�rmed evidence of increased ICP. T2WI showed a brain edema volume of 4.07±3.45 mm3 on
the �rst day, which slightly increased to 4.68±3.59 mm3 on the seventh day (Fig. 2C, 3D). Moreover, the
ventricles in the model group were enlarged. On the �rst day, the volume of the ventricles was
signi�cantly different between the model and sham groups (14.64±5.75 mm3 vs.
9.56±1.53 mm3, P<0.05) (Fig. 2B, D). However, on the seventh day, the ventricle volume in the model
group was not signi�cantly different from the sham group (11.78±4.55 mm3 vs. 9.59±1.31 mm3, P>0.05)
(Fig. 2B, D). Ventriculomegaly was not common in the clinical results: only two of the 19 patients with
CVST showed ventriculomegaly (Fig. 2A). We also found that the ICP of the model group was
signi�cantly higher than that of the sham group on both �rst and seventh days (P<0.05) (Fig. 2E). 

To further evaluate the injury characteristics, the ADC values of the areas near the SSS were
extracted. The results showed that the ADC value of CVST patients was 1.08±0.29×10-3 mm2/s, which
was signi�cantly higher than 0.75±0.05×10-3 mm2/s in the normal control group (P<0.001), while eADC
was signi�cantly decreased (P<0.001) (Fig. 3E). Similar results were found in animal experiments. The
ADC of the model group was higher than that of the sham group on the �rst day
(1.079±0.22 vs. 0.85±0.13, P<0.05), further increasing on the seventh day (1.18±0.20 vs. 0.85±0.16,
P<0.01) (Fig. 3F). In both days, eADC was signi�cantly lower in the model group than in the sham
group (Fig. 3F).

Venous morphology in animal models was consistent with that of CVST patients

To compare the features of venous morphology after venous occlusion between models and patients
with CVST, we performed MRA on models and compared it to the clinical cases. For CVST patients,
venous morphology was characterized by an occluded venous sinus, distorted surrounding veins, and
intricate vascular pathways (Fig. 4B). Consistently, the MRA results in the models illustrated the same
venous morphology as in humans. On the one hand, the course and shape of veins around the SSS
were obviously distorted (Fig. 4C and Supplementary Fig. S3A). On the other, the posterior segment of the
SSS was completely occluded and even spread to the transverse sinus, with typical venous infarction
edema (Fig. 4D and Supplementary Fig. S3B), further demonstrating model stability. LSCI results further
validated these �ndings. On the seventh day, the leptomeningeal veins adjacent to the SSS were tortuous
and dilated, forming new anastomotic pathways, with unobstructed blood �ow in the anastomotic
branches (Fig. 4F).

Histological �ndings illustrated the typical pathological features of CVST

We further conducted histological tests. HE staining showed �lling of the expanded rubber in the SSS in
the model group and a signi�cantly thickened venous sinus wall (Fig. 5A), which could also be observed
in the clinic (Supplementary Fig. S4) [25] . Similar to the imaging results, brain edema was also found
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near the SSS, with erythrocyte scattering and interstitial enlargement (Fig. 5A). In addition, more
capillaries were observed (Fig. 5A). To evaluate neuronal injury, intact neurons were quanti�ed using Nissl
staining[15]. In the model group, several abnormal neurons featuring pyknotic nuclei and shrunken
cytoplasm were observed in the edematous area, but few such neurons were found in the sham group
(Fig. 5B). Further, the number of normal neurons was signi�cantly lower in the model group than in the
sham group (63.38±5.24 vs. 72.25±9.13, P<0.05) (Fig. 5C). 

Next, we performed tests for vasogenic edema. It has been reported that EPO and VEGF-A are important
proteins promoting angiogenesis, but they may exacerbate vasogenic edema [26, 27]. EPO and VEGF-A
expression was signi�cantly increased in the edematous area in model rats (Fig. 5B, C). Furthermore, we
examined TJ integrity by testing claudin-5 and ZO-1, which can re�ect the function of the blood brain
barrier (BBB) [28, 29]. In the sham group, claudin-5 and ZO-1 were highly expressed, while their expression
decreased signi�cantly in the model group (P<0.001) (Fig. 6A, C). TEM further con�rmed the TJs split in
the model group, with loose interstitials around the vessel lumen (Fig. 6B). Moreover, we found higher
claudin-5 and ZO-1 serum concentrations in model than in sham rats (Fig. 6D). These �ndings support
the predominance of vasogenic edema among the pathological changes. 

Neurological dysfunction in CVST models

To determine whether SSS occlusion led to impaired neurological function, we conducted a variety of
behavioral tests. In the OFT and elevated plus maze test, the time spent in the central area (P<0.001), time
in open arms (OA) (P<0.01), and crossing times of model rats signi�cantly decreased (P<0.001
individually), compared with the sham group (Fig. 7A, B). In the sugar preference experiment, the sucrose
consumption of the model rats decreased at 12 h and 24 h (P<0.001 and P< 0.01, respectively) (Fig. 7D).
These results suggest the presence of anxiety and depression in model rats. In the NOR test, the model
group had a lower discrimination index (P < 0.05) than the sham group (Fig. 7C), indicating decreased
learning and memory ability. No dead rats were observed in this study.

Discussion
In this study, we successfully established a novel CVST rat model by inserting a water-swellable rubber
into the SSS and veri�ed the stability and repeatability of the model using 9.4T small animal MRI and
LSCI. Both clinical and animal results illustrated the typical manifestations of CVST, including brain
edema, changes in vascular morphology, and secondary hemorrhage. Furthermore, pathological and
serological tests indicated that vasogenic edema was the dominant type, with angiogenesis and BBB
destruction induced by hypoxia.     

In the present study, all conscious patients experienced headache, which indicated increased ICP with
CVST. Consistently, animal data provided direct and indirect evidence for intracranial hypertension,
mainly presenting as brain edema, ventricle enlargement, and increased ICP. Headache is reportedly the
most common manifestation in patients with CVST, always indicating intracranial hypertension [30,
31]. The Monroe-Kellie theory states that the total volumes of cerebral blood, cerebrospinal �uid, and
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brain tissue are relatively constant because the skull cavity is an airtight rigid structure [32]. However,
once venous return is obstructed, both CBF and CSF draining are seriously impacted, and excessive
accumulation of these liquids leads to an increase in ICP [5, 32]. In fact, several clinical studies have
revealed that venous occlusion removal (anticoagulant, thrombolysis, or mechanical thrombectomy) can
help alleviate intracranial hypertension and accelerate patient recovery [3, 33, 34].

However, despite the presence of intracranial hypertension on the seventh day, there seemed to be a
compensatory mechanism mitigating the brain damage. Speci�cally, brain midline deviation appeared on
the �rst day but recovered on the seventh day. Imaging and histological �ndings showed that the number
of capillaries around the occluded SSS increased in the model group. It seems reasonable to suppose
that the collateral circulation compensated for the occluded blood �ow. In fact, collateral circulation is
demonstrated to play a bene�cial role in the pathophysiology of stroke, brain injury, and cerebral
diseases [35-37]. Although these pathways of collateral circulation exist under physiological conditions
as well, most of them collapse or merely allow a small amount of blood through [38]. Under hypoxia,
angiogenesis can be induced so that these capillaries connect with each other to form new pathways. In
addition, many of the original pathways tend to open [36, 39]. These factors greatly strengthen the
compensatory ability of collateral circulation to relieve venous hypertension caused by venous occlusion.
Similarly, Stolz et al. found that after 6 weeks of SSS occlusion, the number of cortical veins signi�cantly
increased [40]. However, the compensatory capacity of collateral circulation is not unlimited. In the
present study, some manifestations of venous hypertension such as twisted and distorted veins around
the occlusive sinus were observed in both clinical and animal MRI results. Similarly, a study found that
collateral circulation was incapable of completely compensating for ischemic brain injury [41]. However, it
could still serve as a potential target for future research. 

Previous clinical studies have found that the pathological changes in CVST are mainly characterized by
vasogenic edema, a form of edema resulting primarily from destruction of the BBB [23, 42]. The clinical
data reported in the present study support this perspective. Consistently, vasogenic edema was also
present in animal models, presenting as an increase in ADC and a decline in eADC. The latter two are
usually employed to identify the type of edema, and the increase in ADC can be indicative of vasogenic
edema [43]. In addition, delayed and scattered bleeding was found in the model group on the seventh day,
also a typical manifestation in CVST patients [44]. Histological staining further con�rmed a series of
pathological changes in the models: the edematous area was mainly presented as loose interstitial space
with a disordered cell arrangement with red blood cells scattered in patches. In addition, EPO and VEGF-A
were highly expressed near the SSS, which not only induced angiogenesis but also obliterated the
BBB [26, 27]. Hence, on the one hand, the newly formed capillaries also showed permeability because of
the lack of TJ proteins [45]. On the other side, BBB disruption was con�rmed in these models. It has been
reported that the TJ is an essential component of the BBB, and both claudin-5 and ZO-1 are TJ
proteins expressed in the cytomembrane and cytoplasm, respectively, which connect two adjacent
endothelial cells [46, 47]. Injury factors can lead to the TJ split, after which TJ proteins are released into
the blood circulation and could act as biomarkers re�ecting BBB function [28, 29]. Consistently, the
pathological and serological �ndings of this study supported the dissasembly of TJs. These results
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indicate an obvious vasogenic edema after SSS occlusion in the rat model. In addition, Nissl staining
showed neuronal destruction, suggesting mild cytotoxic edema changes, consistent with a previous
clinical study [23]. The predominance of vasogenic edema may also partly explain why the brain injury
was relatively alleviated on the seventh day, while ADC was still elevated.

In patients with CVST, SSS is the most susceptible vessel [48]. Almost all CVST models focused on
occluding SSS for clinical consistency and operational safety. The SSS ligation model, which is easy to
operate, was established �rst. However, invasive modeling can cause irreversible damage to the dural and
parasagittal brain tissue, reducing the reliability of the pathology [6, 7]. Subsequently, researchers ligated
the SSS with coagulant injection to increase thrombosis stability [9, 49]. Compared with ligation alone,
thrombi induced by coagulants were more extensive and persistent. However, because of the lack of
valves in the cerebral venous system, the coagulants could enter the systemic circulation through
collateral circulation, leading to thrombosis in multiple tissues. To avoid mechanical injury, Röttger et al.
applied a piece of �lter paper soaked with 40% ferric chloride solution to the SSS surface. However, the
model showed a high spontaneous recanalization rate, making it unsuitable for long-term studies [50].
Moreover, the toxicity of ferric chloride itself could corrode the cerebral cortex, resulting in false positives.
The pathophysiological process of thrombosis induced by the photochemical method was more in
accordance with the clinical data, but arterial thrombosis could also be induced in the irradiation
area [51]. 

In a previous study, we established a CVST model by inserting a self-made thread plug into rats’ SSS.
However, with gradual centripetal thickening of the SSS, it was di�cult to completely occlude the
posterior segment of the SSS [10]. This problem was solved in the present study by using swellable
rubber, which could properly expand in blood. This expansive property results from the polyurethane-
based water-expanding polymer resin, which can expand to approximately 250% of its volume when in
contact with water [52, 53]. Both MRA and LSCI showed complete occlusion of the middle and posterior
segments of SSS, and histology con�rmed that the pathological changes were stable. In addition, we
found that model rats had neurological dysfunction through behavioral tests, including anxiety,
depression, and memory deterioration. Similarly, Saroja et al. found that 30% of patients suffered from
depression [54]. Together, these results adequately proved the stability and repeatability of this model.
Unfortunately, there is a limitation to this model. Because SSS occlusion was caused by material �lling,
the pathophysiology of thrombosis in this model was inconsistent with that of human patients. However,
it had no impact on the exploration of pathological processes after CVST. Future research should focus
on further exploring the pathophysiological changes in CVST and evaluating the availability of treatment
protocols.

Conclusions
In this study, we established a novel CVST rat model showing operation reproducibility and pathology
stabilization and collected retrospective data from CVST patients, proving that the model could almost
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reproduce the clinical syndromes. This model provides reliable support for the study of CVST
pathophysiology and evaluation of therapies.
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Figure 1

Procedure for rat model establishment. (A) Modeling process diagram. (B) The bone window is opened to
expose the SSS and sinus con�uence. (C) A strip of water-swellable rubber is inserted into the SSS, which
effectively results in SSS occlusion. Red to blue color bars on the right side represent blood �ow from
high to low. Scar bar = 1 mm. SSS, superior sagittal sinus.
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Figure 2

Intracranial hypertension in animal models. (A) Ventricular enlargement (yellow arrow) is observed in one
patient on T2WI, with brain edema in the temporal lobe (red arrow). (B) T2WI shows no abnormality in the
sham group. However, in the model group, the midline has shifted on the �rst day (red arrow), then
recovered on the seventh day, with the ventricle expanding on both days (yellow arrows). (C) As shown in
the diagram, brain edema volume is quanti�ed based on T2WI in animal models. (D) Diagram of the
ventricle measured (lateral ventricle and third ventricle) and quanti�cation of ventricular volumes in
animal models. (E) A cranial hole is drilled at the left anterolateral side of the coronal suture, and an ICP
monitoring probe is placed with bone wax sealing the hole and the bone window, followed by recording
and analysis of the ICP on days 1 and 7. Values are expressed as mean standard deviation. n.s., P > 0.05,
*P < 0.05. CVST, cerebral venous sinus thrombosis, ICP, intracranial pressure, T2WI, T2-weighted imaging.
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Figure 3

Comparison of brain injury features between CVST patients and animal models. (A) The T2WI and DWI of
healthy control group are normal without abnormal signal �eld. (B) There is a piece of slightly high signal
�eld in the temporal occipital lobe on T2WI (white arrow) and a high signal �eld on DWI (red arrow) in
patients with CVST. (C) On the �rst and seventh days, there is no obvious abnormality in the sham group.
However, in the model group (D), there is a piece of high signal �eld on the left side nearing SSS on T2WI
(white arrows) and DWI (red arrows) on the �rst day, suggesting vasogenic edema. On the seventh day,
some scattered low-density �elds are found at the original edema area on T2WI and DWI (red arrow),
indicating venous hemorrhage. (E) ADC and eADC quanti�cation of CVST patients. (F) ADC and eADC
quanti�cation of model rats. Values are expressed as mean standard deviation. *P < 0.05, **P < 0.01, ***P
< 0.001. ADC, apparent diffusion coe�cient, CVST, cerebral venous sinus thrombosis, DWI, diffusion-
weighted imaging, eADC, exponential apparent diffusion coe�cient, SSS, superior sagittal sinus, T2WI,
T2-weighted imaging.
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Figure 4

Comparison of vascular morphology features between CVST patients and animal models. (A) MRV
reconstruction in the healthy control group showing no abnormal vascular anatomy. (B) MRV
reconstruction in patients with CVST showing �lling defects in the SSS and right transverse sinus, with
the vessels around SSS obviously tortuous (white arrows). (C-D) T2WI and MRA fusion maps. (C) No
abnormality of cerebral vascular anatomy is found in the sham group. (D) In the model group, the SSS is
�lled with swellable rubber, without blood �ow (yellow arrows), with a piece of high signal �eld near the
SSS (red arrows). (E-F) Microscopic photographs and LSCI maps. (E) In the sham group, all veins are
normal. (F) In the model group, the cerebral veins are distorted and tortuous, and an anastomotic
pathway has formed between these distorted veins (black arrows). Red to blue color bars on the right side
represent blood �ow from high to low. Scale bar = 1 mm. CVST, cerebral venous sinus thrombosis, MRV,
magnetic resonance venography, SSS, superior sagittal sinus.

Figure 5

Brain parenchymal injury characterized by vasogenic edema. (A) HE staining showing normal structure
and arrangement of cells in the sham group. In the model group, the SSS is �lled with expanded rubber,
with thickening sinus walls. In the edematous area near the SSS, the cells are disorderly arranged, with
loose interstitium and erythrocyte scattering. There are many capillaries in this area (red arrows). (B) Nissl
staining showing obvious decrease in the number of normal neurons and the arrangement of cells
changed also. The histochemical sections show signi�cantly increased expression levels of EPO and
VEGF-A in the edematous area compared with the sham group. (C) Quanti�cation of the numbers of
intact neurons and EPO and VEGF-A expression levels. Scar bar = 50 μm. Values are expressed as mean
standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001. EPO, erythropoietin, HE, hematoxylin and eosin, OD,
optical density, VEGF-A, vascular endothelial growth factor-A
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Figure 6

BBB destruction involved in brain edema formation. (A) Histochemical sections showing weak positive
claudin-5 and ZO-1 expression in the model group. (B) Vascular lumen and endothelial cells located
accurately under the lower power lens (×15,000), and TJ located between endothelia cells under higher
power (×50,000). The intact TJ appears as a black-dense band in the sham group (red arrow), the dense
band disappears in the model group (red arrow), while the interstitial around the blood vessels has
loosened. (C) Quanti�cation of claudin-5 and ZO-1 expression levels in the edematous area. (D)
Quanti�cation of claudin-5 and ZO-1 serum concentration. Scar bars = 100μm in (A), Scar bars = 2μm on
the lower power lens maps and 500 nm on the higher power lens maps. Values are expressed as mean
standard deviation. *P < 0.05, ***P < 0.001. OD, optical density, TEM, transmission electron microscopy,
TJ, tight junction, ZO-1, zonula occludens-1.
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Figure 7

Neurological dysfunction in animal models. (A) OFT activity traces during 5 min: signi�cant differences
between model group and sham group in moving distance, time at the center, and number of times
through the center. (B) Elevated plus maze test activity traces during 5 min: signi�cant differences
between model and sham groups in time in OA and number of entries through the cross of open and
closed arms. (C) NOR test activity traces and the discrimination index. Quali�cation of sucrose preference
test at 12 h and 24 h. Values are expressed as mean standard deviation. *P < 0.05, **P < 0.01, ***P <
0.001. NOR, novel object recognition, OA, open arms, OFT, open �eld test.
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