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Introduction

Brain arteriovenous malformations (BAVMs) are high-flow 
vascular anomalies characterized by pathological shunts 
between arteries and veins [1, 2]. The associated robust 
blood flow, in conjunction with the dysplastic nature of the 
vessel wall, renders BAVM a significant cause of hemor-
rhagic stroke, particularly among young people [3]. Current 
therapeutic approaches for BAVMs primarily rely on surgi-
cal resection, endovascular embolization, and stereotactic 
radiosurgery. However, in cases where malformed vessels 
extensively affect eloquent cerebral regions, the efficacy 
and safety of such invasive treatments may be inadequate 
[4]. Consequently, the development of novel treatment strat-
egies, particularly pharmacologic therapies, has emerged as 
an urgent clinical need [5].

However, the absence of an animal model that faith-
fully recapitulates the human BAVMs has impeded fur-
ther preclinical investigation into these complex lesions. 
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Abstract
Current treatments of brain arteriovenous malformation (BAVM) are associated with considerable risks and at times 
incomplete efficacy. Therefore, a clinically consistent animal model of BAVM is urgently needed to investigate its under-
lying biological mechanisms and develop innovative treatment strategies. Notably, existing mouse models have limited 
utility due to heterogenous and untypical phenotypes of AVM lesions. Here we developed a novel mouse model of 
sporadic BAVM that is consistent with clinical manifestations in humans. Mice with Braf V600E mutations in brain ECs 
developed BAVM closely resembled that of human lesions. This strategy successfully induced BAVMs in mice across 
different age groups and within various brain regions. Pathological features of BAVM were primarily dilated blood ves-
sels with reduced vascular wall stability, accompanied by spontaneous hemorrhage and neuroinflammation. Single-cell 
sequencing revealed differentially expressed genes that were related to the cytoskeleton, cell motility, and intercellular 
junctions. Early administration of Dabrafenib was found to be effective in slowing the progression of BAVMs; however, 
its efficacy in treating established BAVM lesions remained uncertain. Taken together, our proposed approach successfully 
induced BAVM that closely resembled human BAVM lesions in mice, rendering the model suitable for investigating the 
pathogenesis of BAVM and assessing potential therapeutic strategies.
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Previous studies predominantly focused on vascular mal-
formation models caused by pathogenic genes associ-
ated with hereditary hemorrhagic telangiectasia (HHT) 
[6–8]. However, the representation of models based on 
HHT genes may be limited due to their distinct genetic 
background in comparison to sporadic BAVM, as HHT 
patients only constitute 2-3% of the BAVM cohort [9, 
10]. Since 2018, a series of studies have consistently 
reported a high prevalence of KRAS/BRAF/MAP2K1 
somatic mutations in surgical sporadic AVM samples, 
thereby offering a promising avenue for comprehensive 
investigation into the underlying biological mechanisms 
of the disease [2, 11, 12]. By crossbreeding gene-mod-
ified mice (lox-stop-lox Kras conditional mouse strain) 
and inducible brain endothelial cell drivers (Slco1c1-
CreER mouse strain), the first KRAS mutation-related 
BAVM mouse model was induced by Jason E Fish and 
colleagues [13]. Another contributing study conducted 
by Park ES and colleagues induced a BAVM model by 
intravenously injecting AAV-BR1-CAG-KRAS G12V into 
wild-type C57BL/6 mice [14]. These encouraging stud-
ies have provided us with new insights into the etiology 
of AVMs. However, similar to conventional HHT-based 
models of BAVM, the strategies employed for generat-
ing animal models through systematic induction of patho-
genic gene expression have inherent practical limitations 
in terms of random distribution and heterogeneous pheno-
typic manifestations of lesions [15]. Meanwhile, although 
somatic BRAF activating mutations have been identified 
in both intracranial and extracranial AVMs, no preclinical 
studies have yet investigated whether the presence of an 
active BRAF mutation alone is sufficient to drive AVM 
formation.

To address the aforementioned issues, we developed a 
novel mouse model of sporadic BAVM by locally induc-
ing the Braf V600E mutation in cerebral endothelial cells. 
We found that the pathological features of the Braf V600E 
mutation-induced BAVM model included luminal dilation, 
disrupted stability of the vascular wall, intracerebral hem-
orrhage, and an active inflammatory microenvironment. 
Through single-cell sequencing, we found that differen-
tial gene expression that influenced endothelial cell shape 
maintenance, movement, intracellular transportation and 
intercellular junction stability may contribute to BAVM 
formation. We also observed a significant difference in the 
therapeutic effectiveness of Dabrafenib on BAVMs in their 
initial stages compared to those that were established. Col-
lectively, the present study established a novel and clinically 
consistent mouse model for sporadic BAVMs, which is suit-
able for elucidating potential mechanisms and exploring 
innovative treatment approaches.

Materials and methods

Animals

All experiments involving mice were performed following 
the approved protocols of the Institutional Animal Care and 
Use Committee (IACUC) at the Chinese Institute for Brain 
Research, Beijing. C57BL/6JSmoc-Braf em1(flox−V600E)Smoc 
was purchased from Shanghai Model Organisms Cen-
ter, Inc (Shanghai, China) [16]. The animals were housed 
in a temperature- and humidity-controlled facility with a 
12-hour light/12-hour dark cycle. They were provided with 
access to food and water freely. To conduct a more precise 
investigation on the impact of elevated Braf V600E muta-
tion in the cerebrovasculature, we obtained heterozygous 
mice of the C57BL/6JSmoc-Braf em1(flox−V600E)Smoc strain 
(Braf flox/+) and subsequently subjected them to self-fertil-
ization. This breeding strategy yielded offspring with homo-
zygous (Braf flox/flox), heterozygous (Braf fl/+), and wild-type 
(Braf +/+) mice (In the text, “flox” was abbreviated as “fl.”).

Adenoassociated virus injection

AAV-BR1-CAG-Cre-WPRE-SV40pA was obtained from 
Guangzhou PackGene Biotechnology Co.,Ltd (Guangzhou, 
China). Each mouse in different subgroups were adminis-
tered with 100nl of sterile PBS containing 2 × 1010 genome 
copies [GC] of AAV by stereotactical injection as described 
previously [17]. In brief, mice were induced with 5% isoflu-
rane and maintained under 2% isoflurane anesthesia. They 
were then securely positioned in a specially designed stereo-
taxic apparatus for stereotactic injection (RWD Life Science 
Co., Ltd.,). For the injection procedure, the following coor-
dinates relative to bregma were utilized: lateral ventricle, 
anteroposterior − 0.1,5  mm, mediolateral − 0.75  mm, and 
dorsoventral from the skull surface − 2.0 mm. To prevent 
the backflow of the injection vehicle, the microelectrode 
was kept in place for 6  min after the injection was com-
pleted. Once the electrode was fully retracted, the scalp was 
sutured and re-disinfected to avoid infection. The animals 
were placed on a heating pad until they fully recovered from 
the surgery and were then returned to their respective cages.

Magnetic resonance imaging (MRI) evaluation

The MRI procedure was carried out using a 7.0 Tesla small 
animal MRI scanner (Bruker, Germany). T2-weighted mag-
netic resonance imaging (MRI) and magnetic resonance 
angiography (MRA) were conducted to assess the BAVM 
lesions. Paravision 5.1 software (Bruker BioSpin) was 
used as the user interface, along with a Linux PC running 
Topspin 2.0, to control the MRI scanner and analyze the 
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acquired data. To anesthetize the mice, a combination of 
5% isoflurane and 95% oxygen was administered in a plexi-
glass chamber for induction. Once inside the MRI scanner, 
a mixture of 2% isoflurane and 98% oxygen was used for 
maintenance of anesthesia in the center of the magnetic 
field. Respiratory rate of the mice throughout the scanning 
process was closely monitored by the animal physiological 
monitoring system. 3D Slicer (version 5.2.2, www.slicer.
org) and ImageJ2/Fiji software (version 2.1.0, National 
Institutes of Health, USA) were utilized for image analysis 
and visualization.

Craniotomy survival surgery

A chronic cranial window was created following previ-
ously established procedures [17, 18]. Briefly, mice were 
anesthetized using isoflurane (5% for induction, 2% for 
maintenance) and securely placed in a custom-made ste-
reotaxic apparatus. During the procedure, mice were placed 
on a heating pad covered with a cotton pad to maintain a 
body temperature. Ophthalmic lubricant was applied to the 
eyes to prevent dryness, and the depth of anesthesia was 
regularly monitored. After securing the head, the hair on the 
scalp was removed using Nair. Subsequently, the scalp was 
cleaned and disinfected with 75% ethanol and iodine solu-
tion at least three times. To fully expose the skull, we made 
a midline incision on the scalp and gently removed the peri-
osteum using blunt forceps. A craniotomy window (3–4 mm 
in diameter) was then performed to expose the somatosen-
sory cortex by using a dental drill. Upon the completion of 
intraparenchymal AAV injection, gelatin sponges were used 
for hemostasis. A sterile cap, equipped with a custom-made 
titanium ring, as well as a custom-made head plate, were 
sealed on the cranial window securely using cyanoacrylate 
adhesive and dental cement. Dexamethasone (100 µl, 1 mg/
ml in physiological saline) was administered via intraperi-
toneal injection prior to the surgery, and ceftriaxone sodium 
(100 µl, 0.1 g/ml in physiological saline) was intraperito-
neally injected within three days post-surgery. The entire 
surgical procedure was conducted under sterile conditions. 
The mice were individually housed in separate cages after 
AAV injection and cranial window creation, and they were 
monitored and imaged for a period of 42 days before they 
were harvested.

Two-photon live imaging

The procedures for in vivo imaging were conducted as pre-
viously reported [18, 19]. The mice with a custom-made 
head plate were placed on a custom microscope stage, 
allowing imaging to be performed while the mice remained 
conscious. FITC-dextran dye (2000 kDa, Sigma) at a dose 

of 100 µl (1% w/v, saline) was administered via retro-orbital 
injection to visualize the vasculature and blood flow. An 
upright two-photon laser scanning microscope (TPLSM, 
FVMPE-RS, Olympus) with galvanometric scanners was 
used to observe the cerebral vasculature. The imaging sys-
tem was controlled by software (F31S-SW, Olympus) and 
equipped with a Mai Tai HP Ti: Sapphire laser (InSight 
X3TM, Spectra Physics). A 25 × 1.05 NA water immersion 
objective lens (Olympus) captured images at a resolution of 
1024 × 1024 pixels. The optimal excitation wavelength for 
FITC was set to 960 nm, and a non-scanning GaAsp detec-
tor (Olympus) was used to detect the fluorescence emitted 
by FITC. Additionally, an emission bandpass filter (BA495-
540, green) was employed to select a specific wavelength 
range of the fluorescence signal. X-T line scanning was 
performed over a range of 10–50  μm for 2000 cycles to 
measure the velocity of red blood cells in each capillary, 
and Z-stack images were acquired with a step size of 2 μm 
and a depth of 400 μm. The acquired data was reconstructed 
and analyzed by using ImageJ2/Fiji software (version 2.1.0, 
National Institutes of Health, USA).

Latex perfusion and clearing process

Blue latex was injected into the left ventricle and the speci-
mens were fixed in 10% formalin for 24 h. Subsequently, the 
specimens were dehydrated in a gradient of methanol (50%, 
75%, 90%, and 100% each for 24  h). Finally, they were 
cleared in a 1:1 mixture of benzyl benzoate and benzyl alco-
hol. The images were captured under a microscope (Zeiss 
SteREO Discovery, V12) using Zen version 3.6 software.

H&E staining and prussian blue staining

The euthanized mice underwent a series of processing steps, 
first being flushed with PBS (pH = 7.4) solution, followed 
by treatment with a 4% (w/v) paraformaldehyde (PFA) solu-
tion. The brain tissue was collected and embedded in paraf-
fin, and then sliced into sections of 5–10 μm thickness. The 
sections were stained with hematoxylin and eosin (H&E 
staining), and Prussian Blue.

Immunofluorescence staining

The tissue was fixed in 4% formaldehyde for 24 h, followed 
by gradient dehydration in 20% and 30% sucrose solutions 
for 12 h each. Following that, the tissue was embedded in 
optimal cutting temperature compound (OCT compound) 
and sectioned with a thickness of 40  μm. The following 
antibodies were used: primary, anti-CD31 (1:50, BD Bio-
sciences, 550,274), anti-Ki67 (1:500, abcam, ab15580), 
anti-iba1 (1:500, abcam, ab178846), anti-Cxcl10 (1:500, 

1 3

443

http://www.slicer.org
http://www.slicer.org


Angiogenesis (2024) 27:441–460

T​T​C​A​G​A​A​G​C​A​G​C​T​C​T​C​C​C​T​C, reverse-5’ ​A​T​G​A​T​G​G​T​
C​C​C​A​C​T​T​G​A​G​G), IL-1β (forward-5’ ​A​G​C​T​A​C​C​T​G​T​G​
T​C​T​T​T​C​C​C​G​C, reverse-5’ ​C​T​T​T​C​A​G​C​T​C​A​T​A​T​G​G​G​T​C​
C), TNF-α (forward-5’ ​C​C​A​C​G​C​T​C​T​T​C​T​G​T​C​T​A​C​T​G​C, 
reverse-5’ ​C​C​T​T​G​A​A​G​A​G​A​A​C​C​T​G​G​G​A​G), IL-6 (for-
ward-5’ ​A​T​A​C​C​A​C​T​C​C​C​A​A​C​A​G​A​C​C​T​G​C, reverse-5’ ​T​
T​C​A​A​T​A​G​G​C​A​A​A​T​T​T​C​C​T​G​A). The PCR data were ana-
lyzed using software Applied Biosystems™ 7500 Fast Real-
Time PCR System.

Drug administration

Dabrafenib (in 0.5% HPMC and 0.2% Tween 80 in H2O) 
was administered orally via daily gavage at a dose of 30 mg/
kg, and the control group received an equivalent volume of 
vehicle solution without Dabrafenib [21]. In this experi-
ment, we implemented two strategies for drug administra-
tion. The first strategy involved initiating drug treatment on 
the first day following the AAV injection, while the second 
strategy began drug administration two weeks after model-
ing. The treatment was performed for 6 days out of every 
7-day week. Continuous magnetic resonance imaging was 
performed to monitor changes in the lesions. Neurologi-
cal and behavioral scoring were conducted during the sixth 
week, followed by tissue harvesting.

Neurological function and behavioral score

All data were recorded by two independent experimenters 
blindly.

Wire hanging test

Mice were subjected to a wire hanging test, where they were 
placed on a 2 mm gauge wire suspended 30 cm above a soft 
bedding layer. The mice were allowed to hang on the wire 
for a duration of 3 min or until they fell. In cases where mice 
fell, they were repositioned on the wire up to 5 times within 
the 3-minute trial.

Rotarod test

During each trial, mice were positioned on a 4.5 cm diam-
eter horizontal rotating rod. They were allowed to run on 
the rod at a speed of 4 rpm for up to 5 min. Up to three trials 
were conducted per day.

Beam balance

The scoring method used for the beam balance assessment 
was based on the previously established protocol [22], which 
was used to assess the ability of mice to walk on a circular 

ThermoFisher, #701,225); Secondary, Alexa Fluor™ 488 
(1:500; ThermoFisher, #A-11,006), Alexa Fluor™ 546 
(1:500; ThermoFisher, #A-11,035) and Alexa Fluor™ 647 
(1:500; ThermoFisher, #A-21,247 and #A-31,573). Then 
the sections were mounted using an anti-fade mounting 
medium containing DAPI (S2110, Solarbio).

EdU staining

For the study of EdU cell proliferation staining, the EdU 
Cell Proliferation Kit with Alexa Fluor 555 (C0075L, Beyo-
time) was utilized. After receiving the AAV injection, the 
mice were intraperitoneally administered EdU (6  mg/kg 
body weight) once every day. In brief, after completing a 
10-minute fixation with 4% paraformaldehyde and a sub-
sequent 10-minute permeabilization using 0.3% Triton 
X-100 (T8200, Solarbio), tissue sections are ready for the 
subsequent steps of EdU staining, including EdU incuba-
tion, termination of the reaction, as well as the following 
visualization and analysis processes.

Western blot

Immunoblot analysis was performed using the general 
procedure described earlier [20]. Based on the results of 
the MRI scan, tissue samples containing the lesions were 
accurately collected. After preparing whole-cell lysates 
using RIPA buffer (89,901, Thermo Fisher Scientific), the 
protein concentration was determined using a BCA Pro-
tein Assay kit (P0012, Beyotime). An equal quantity of 
total protein (20 µg) was loaded for western blot analysis. 
The antibodies employed in this study were as follows: 
p-ERK1/2 (1:1000, CST, #9101), t-ERK (1:1000, CST, 
#9102), p-MEK (1:1000, CST, #2338), t-MEK (1:1000, 
CST, #4694), BRAF-V600E (1:500, Abcepta, AP22342b), 
Tubulin (1:1000, CST, #2148). Secondary antibodies were 
Anti-mouse IgG (1:1000, CST, #7076) and Anti-rabbit IgG, 
Antibody (1:1000, CST, #7074).

RT-qPCR

Total mRNA was extracted (00266, Shanghai Yuduo Bio-
technology Co., Ltd. Shanghai, China, 00266) and cDNA 
was synthesized using a commercial kit (KR118-02, Tian-
gen Biotech, Co., Ltd. Beijing, China). Real-time PCR Kit 
(AQ131-01, FullGold, Beijing, China) was used for the 
quantitative reverse transcription polymerase chain reac-
tion. The following primers were used:

GAPDH (forward-5’ ​G​G​T​G​A​A​G​G​T​C​G​G​T​G​T​G​A​A​C​
G, reverse-5’ ​C​T​C​G​C​T​C​C​T​G​G​A​A​G​A​T​G​G​T​G), MMP2 
(forward-5’ ​T​G​T​T​C​A​A​C​G​G​T​C​G​G​G​A​A​T​A​C, reverse-5’ ​
G​T​A​A​A​C​A​A​G​G​C​T​T​C​A​T​G​G​G​G), MMP9 (forward-5’ ​C​
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The experiment was conducted strictly following the 
detailed steps outlined in the instruction manual.

Singlecell RNA sequencing and data processing

Sequencing data processing

Raw gene expression matrices were generated for each 
sample by the Cell Ranger (Version 6.1.2) Pipeline coupled 
with mouse reference version refdata-gex-mm10-2020-A. 
The output filtered gene expression matrices were ana-
lyzed by R software (Version 4.1.2) with the Seurat package 
(Version 4.3.0). All samples were merged into one Seurat 
object using the merge function in Seurat. Data were fil-
tered for cells (nfeatures > 200) and mitochondrial genes 
(percent_mito < 10%).

Dimension reduction, unsupervised clustering and 
cell-type annotation

Dimension reduction and unsupervised clustering were 
performed according to the standard workflow in Seurat. 
NormalizeData and FindVariableFeatures functions were 
applied to normalize and find highly variable genes (hvgs) 
within the single nucleus gene expression data, respectively. 
Then, the effect of the percentage of mitochondrial gene 
count was regressed out by using the ScaleData function 
with the parameter “vars.to.regress=’percent.mt’”. A prin-
cipal component analysis (PCA) matrix was calculated to 
reduce noise by using RunPCA, and twenty-seven principal 
components were selected for downstream analysis. Then 
Uniform Manifold Approximation and Projection (UMAP) 
and clustering were performed to identify clusters. Clus-
ter specific genes were detected using the FindAllMarkers 
function with default parameters. The main cell types were 
annotated based on the expression pattern of differentially 
expressed genes (DEGs) and the well-known cellular mark-
ers from the literature.

To identify subpopulations within Endothelial, we use 
a dataset from the literature (https://doi.org/10.1016/j.
cell.2020.01.015) as the reference dataset, and followed the 
tutorial (https://satijalab.org/seurat/articles/multimodal_ref-
erence_mapping.html) to map each donor dataset from the 
query individually. We used the FindTransferAnchors func-
tion with normalization. method = “SCT” and MapQuery 
function with reference. reduction = “pca”.

Differential expression analysis

To identify differentially expressed genes between different 
clusters, we used FindAllMarkers function to perform dif-
ferential gene expression analysis. Marker genes detected in 

wooden beam within 1 min. The walking ability was evalu-
ated based on consecutive three trials, and the average score 
was calculated by summing the scores (ranging from 0 to 4) 
obtained in each trial.

Gait balance test

Gait assessment was performed according to the documen-
tation in the literature [23]. Before experiment, the animals 
were trained in a closed box, encouraging them to move 
towards a target box at the end of the corridor. Each mouse 
underwent two training sessions until they freely ran to the 
target box without any encouragement. During the testing 
phase, the animals’ paws were coated with non-toxic ink 
(red ink was used for the front paws, and blue ink for the 
hind paws). Subsequently, these animals were placed in a 
transparent corridor apparatus (65 cm x 5 cm x 15 cm) lined 
with a pre-cut sheet of white paper. As they ran from the 
near end to the enclosed target box at the other end of the 
apparatus, relevant footprints were left on the paper at the 
bottom of the apparatus. To provide gait measurements, the 
paper print was analyzed to determine the stride length and 
width for both the front and hind paws of each animal.

Seizure video record and EEG monitoring

The methods described in the literature were used for elec-
trode placement and brain EEG monitoring [24]. Video mon-
itoring was conducted for 8 h each day over a continuous 
period of 5 days. Electroencephalogram (EEG) monitoring 
was also performed on mice experiencing epileptic seizures 
to capture any abnormal brain wave activity associated with 
the seizures. The grading of seizures in mice follows the 
Racine’s standard five-stage scale: Stage I: Immobility and 
staring. Stage II: Stiff posture. Stage III: Repetitive move-
ments and head nodding. Stage IV: Forelimb clonus and 
rearing. Stage V: Severe tonic-clonic seizures [25].

Brian tissue collection

Experiments were performed on mice 6-week after AAV 
injection. The mice were euthanized and perfused with 
ice-cold PBS (P.H = 7.4). The brains were then surgically 
removed and placed in ice-cold Dulbecco’s modified Eagle 
medium (DMEM, Gibco) supplemented with 1x penicillin/
streptomycin (Thermo Fisher Scientific, Cat#15,140,122). 
The unilateral brain tissue containing the BAVM lesions 
(excluding the olfactory bulb and cerebellum) was skillfully 
and accurately dissected for the preparation of single-cell 
suspension. The subsequent preparation of single-cell sam-
ples was performed using the Adult Brain Dissociation Kit 
(Miltenyi Biotec B.V. & Co. KG, Order no. 130-107-677). 
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tests only revealed scattered hemorrhages without any 
observed BAVM lesions (Supplementary Fig. 1c-e). Exami-
nation of the major organs through anatomical dissections 
(Supplementary Fig. 1f) did not reveal any discernible fac-
tors that could account for the exceptionally high mortality 
rate observed.

Consequently, we optimized our strategy to precisely 
deliver AAV-BR1-Cre via stereotactic injection into the 
specific brain region of adult (P42) mice (Fig. 1a). During 
the six-week period following AAV injection, Braf+/+ (wild-
type) mice exhibited 100% survival, while the survival rates 
in the Braf fl/+ and Braf fl/fl groups of mice were 70% (7/10) 
and 30% (3/10), respectively (Fig. 1b). To investigate the 
success of this strategy in inducing mouse BAVM forma-
tion, we employed blue latex perfusion (Fig.  1c) and 3D 
reconstruction of MR angiography (MRA) (Fig. 1d) to visu-
alize the entire brain vasculature 6 weeks after AAV-BR1-
Cre injection. We found that both Braf fl/fl and Braf fl/+ mice 
exhibited typical BAVM lesions. Remarkably, the angioar-
chitecture of the mouse BAVMs closely resembled that of 
human lesions, as the feeding arteries, nidus with arterio-
venous shunts, and draining veins could be clearly identi-
fied in both latex perfusion and MRA images (Fig. 1c and 
d). To investigate the BAVM formation over time, we con-
ducted sequential MR scans at weeks 2, 4, and 6 following 
AAV injection in a cohort of mice with Braf  fl/fl, Braf fl/+or 
Braf +/+ genetic backgrounds (n = 10 for each group). In 
the Braf  +/+ mice, MRI images indicated only a self-limit-
ing edema signal in the AAV injection sites (Fig. 1e). The 
BAVMs of Braf fl/+ mice demonstrated a chronic progres-
sive pattern, with a prevalence of 50% (4/8) at week two, 
reaching 100% (7/7) by week four (Fig. 1e-g). In the Braf fl/fl 
group, BAVMs were observed in 100% of the mice (4/4, 6 
mice died within 2 weeks) at week two (Fig. 1e-g). Mean-
while, compared to Braf fl/fl mice, Braf fl/+ mice exhibited a 
significantly smaller lesion volume at sixth week after AAV 
injection (Fig. 1h). These data suggested that BAVM model 
in Braf fl/+ mice was a suitable choice for preclinical inves-
tigations requiring prolonged observation.

The occurrence of spontaneous obliteration or substantial 
growth in human BAVMs is rare [26]. To ascertain the con-
cordance of the model’s long-term natural progression with 
human BAVMs, we established a cohort of mice for long-
term observation (n = 7). Consistent with other groups, the 
mortality rate was (3/7), with the majority occurring before 
6th weeks. The remaining 4 mice were observed for six 
months (26 weeks) after AAV injection. One of them expe-
rienced new intracerebral hemorrhage accompanied by sei-
zures, while the lesions of the remained 3 mice progressed 
slowly (Supplementary Fig. 2a -c).

To ascertain whether BAVMs in the mouse model could 
mimic the ability of human BAVMs to affect any cerebral 

> 25% cells in a cluster with average log-fold-change > 0.25 
were used in the analysis. We also used single-sample 
GSEA (ssGSEA), which calculates each dataset’s scores we 
are interested.

Trajectory inference

Trajectory analysis was performed with Monocle2 (version 
2.22.0) to determine the dramatic transitional relationships 
among cell types and clusters. Raw count data from the 
SeuratObject was converted to a CellDataSet object using 
the import CDS function in monocle2. Genes that were dif-
ferentially expressed between subpopulations were set as 
the ordering genes. The minimum spanning tree was con-
structed using the reduceDimensions function (reduction_
method = “DDRTree”).

Data analysis and statistics

All statistical analysis were performed using GraphPad 
Prism Software (Version 8.2.0). Numerical data were 
presented as median ± SEM. Normal distribution was 
determined using Shapiro-Wilk normality test and/ or Kol-
mogorov-Smirnov normality. For normally distributed data, 
two-tailed unpaired Student’s t test and One-way ANOVA 
followed by Tukey’s multiple comparison test were used 
and Mann-Whitney test of non-parametric analysis was used 
for non-normally distributed data. Fischer’s exact test was 
used to compare the incidence rate of BAVM among dif-
ferent groups. Kaplan-Meier plot was used to analyze the 
survival rate of mice in different groups and followed by 
Log-rank test to determine the difference in survival rate 
between groups. Two-sided P < 0.05 was considered sta-
tistically significant and are denoted as follows: *P < 0.05; 
**P < 0.01; ***P < 0.001.

Results

Induction of a brain EC-specific BrafV600E mutation 
promotes BAVM lesions in mice that resemble those 
in humans

We initially attempted to induce BAVM formation through 
intravenous injection of AAV-BR1-Cre into mice with a 
Braf LSL−V600E (Braf +/+, Braf fl/+ and Braf fl/fl) genetic back-
ground (Supplementary Fig.  1a). However, all mice with 
the homozygous background (Braf fl/fl) died within three 
weeks after induction (10/10), while the mortality rate of 
mice with the heterozygous background (Braf fl/+) reached 
80% (8/10) within six weeks after induction (Supplemen-
tary Fig. 1b). Furthermore, the MR images and pathological 
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Fig. 1  The BrafV600E mutation in cerebral ECs could induce the for-
mation of BAVM in mice. (a) Schematic of stereotactic injection of 
AAV-BR1-Cre to the brains of mice with Braf +/+, Braf fl/+ and Braf fl/fl 
backgrounds. (b) Survival curves of each group of mice within six 
weeks after induction (n = 10 in each group). Log-rank test. (c) Rep-
resentative images of latex-casted clarified brains at 6th week after 
AAV-BR1-Cre injection. Images of (a’) to (f’) were locally magni-
fied images. Panels (a’) and (b’) depicted the normal brain vascula-
ture, while panels (c’ to f’) showed the feeding arteries and draining 
veins connected to the nidus. Scale bar = 1 mm for each panel. (d) 
Representative images of TOF-MRA for mice in different groups at 6th 
week after injection of AAV-BR1-Cre. The yellow arrows pointed to 

tangled vasculatures along arterial vessels. (e) Representative images 
of T2 MRI for mice in different groups at 2nd, 4th, and 6th week after 
injection of AAV-BR1-Cre. The white arrows represented the hem-
orrhagic lesions, and the red arrows indicate typical flow void sig-
nals. The white arrowheads indicated newly developed hemorrhagic 
lesions. (f) Statistical analysis was conducted on the lesion formation 
rates for each group of mice during the 2nd week. Fisher’s exact test. 
(g) Statistical analysis of lesion formation rates in each group of mice 
at the 4th week. Fisher’s exact test. (h) Statistical analysis of lesion 
volume in each group of mice at the sixth week post-induction. (n = 10 
for Braf +/+ group, n = 7 for Braf fl/+ group and n = 3 for Braf fl/fl group). 
one-way ANOVA
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highlighted the potency of employing a local transparent 
skull window as a reliable strategy for real-time monitoring 
of BAVM progression.

Decreased vascular wall stability, partial endothelial 
proliferation and neuroinflammation are the 
pathological features of Braf V600E-induced BAVMs

Previous research has revealed that the key pathological fea-
tures of BAVM include luminal dilation and decreased vas-
cular wall stability [27–31]. Our results further depicted the 
pathological structure of the dilated blood vessels (Fig. 3a). 
In the BAVM samples from the Braf fl/+ and Braf fl/fl groups, 
we observed irregular vascular morphology with significant 
capillary dilation (Fig. 3a). Furthermore, the capillary base-
ment membranes became thinner with blurred boundaries. 
The endothelial cells also exhibited irregular morphology, 
accompanied by indistinct tight junctions and cytoplasmic 
structures (Fig.  3a). H&E staining of brain sections con-
firmed significant vascular dilations in both the Braf fl/+ 
and Braf fl/fl groups (Fig.  3b), and Prussian blue staining 
revealed bleeding and hemosiderin deposition around these 
lesions (Fig. 3c).

To determine whether the Braf V600E mutation would ini-
tiate BAVM formation via excessive endothelial prolifera-
tion, we conducted Ki67 staining and EdU staining (Fig. 3d 
to i). In the dilated vessels of the BAVM, the proportion 
of endothelial cells within the lesion’s vascular lumen that 
were Ki67-positive did not exceed 20% (Fig. 3d, f and g). 
Meanwhile, the proportion of EdU-positive endothelial 
cells did not exceed 10% (Fig. 3e, h and i). These results 
suggested that although endothelial proliferation could be 
implicated in the pathogenesis of BAVM, it may not be the 
sole cause of vascular dilation.

Perivascular accumulation of microglia/macrophages 
and elevated levels of inflammatory markers is another 
common pathological phenomenon in BAVMs [14, 32, 33]. 

region and age, we induced BAVMs in multiple murine 
brain regions and at various ages in Braf fl/+ mice. MRI at 
the fourth week after induction confirmed that the current 
approach achieved a 100% success rate in inducing BAVM 
formation in the striatum, parietal cortex, and cerebel-
lum (Supplementary Fig. 2a, b, d and e). Furthermore, we 
confirmed that BAVM lesions could also be induced at all 
developmental stages in mice (including P1, P7, P14, P21, 
P90 and P180) (Supplementary Fig. 2f-k).

To test whether the model could reproduce typical symp-
toms (focal neurological deficits and seizures) of BAVM in 
patients, we conducted the Wire Hanging Test, the Rotarod 
Test, the Beam Balance Test, Gait assessment and electro-
encephalography (EEG) monitoring. Compared to Braf +/+ 
mice, Braf fl/+ and Braf fl/fl BAVM model mice exhibited 
a significantly higher frequency of falls or reduced wire 
traversal time, lower scores in the Beam Balance Test, 
decreased running duration on the rotarod, and impaired 
gaits as indicated by a narrower stride width and shorter 
stride length (Supplementary Fig. 3a-g). Furthermore, EEG 
captured seizures in the Braf fl/+ BAVM model (Supplemen-
tary Fig. 3h and i).

Taken together, these findings demonstrated that ste-
reotactic AAV-BR1-Cre injection into the brains of mice 
with a Braf fl/fl or Braf fl/+ genetic background effectively 
induced sporadic BAVM, which exhibited remarkable clini-
cal resemblance to human BAVM. Meanwhile, the chronic 
progression of BAVMs in Braf fl/+ mice demonstrated their 
enhanced ability to mimic lesions in humans and made the 
model more suitable for preclinical investigations.

Braf V600E-induced BAVMs are mainly formed 
through dilation of preexisting microvasculature

We used the transparent cranial window technique to com-
prehensively monitor the real-time progress of sporadic 
BAVM formation (Fig. 2a). After injecting AAV-BR1-Cre 
into the cortical region beneath the window, daily imaging 
with stereomicroscopy showed that the Braf fl/+ and Braf fl/fl 
mice exhibited a progressive emergence of vascular abnor-
malities characterized by dilated vessels and spontaneous 
hemorrhage (Fig.  2b). Two-photon microscopy further 
captured the progressive dilation of normal blood vessels 
during the observation (Fig.  2c, d and f). The analysis of 
red blood cell velocity indicated an increased blood flow 
velocity, suggesting changes in the hemodynamics of the 
BAVM (Fig. 2e and g). Additionally, Evans blue dye (EBD) 
leakage was observed under in vivo imaging, indicating 
the disruption of the blood‒brain barrier within the BAVM 
lesions (Fig. 2h). Taken together, these data demonstrated 
that the BAVMs were mainly formed through the dilation of 
preexisting microvasculature. Additionally, our results also 

Fig. 2  The development of BAVMs caused by Braf V600E mutation 
could be observed by in vivo imaging. (a) Schematic representation 
of real-time live imaging of the brain vasculature in a mouse with 
a cranial window. (b) Representative images of the development of 
AVM lesions in the mouse brain. Scale bar = 500 μm for each panel. 
(c) Z-stack images taken by a two-photon laser excitation microscope 
depicted the development process of BAVM in mice. Green, FITC-
dextran. Scale bar = 100 μm for each panel. (d and f) Analysis of the 
changes in blood vessel diameter within the BAVM lesion indicated 
that initially normal blood vessels undergo gradual dilation over time 
(n = 12 from 3 mice). Paired t test. (e and g) The velocity of blood 
cells shown in the vessels was measured through line scanning, and the 
analysis of red blood cell velocity indicated an increase in blood flow 
speed. The data was obtained from images plotted using X-T mode 
(X-axis shows T in the images) (n = 12 from 3 mice). Paired t test. (h)  
In vivo two-photon imaging showed Evans Blue Dye (EBD) leakage 
around BAVMs. Cyan, Evans Blue Dye. Scale bar = 100 μm for each 
panel
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Fig. 3  The BAVM lesions induced by Braf V600E-mutation in the endo-
thelium of mice exhibit pathological features akin to human AVM. (a) 
Transmission electron microscopy (TEM) showed the ultrastructure 
of the BAVM. Blood vessel basement membrane (BM), Endothelial 
cells (EC), Astrocytes (A), Pericytes (PC), Cytoplasmic mitochondria 
(M), Tight junctions (TJ) and Lumen (L). Scale bar = 2 μm for the left 
panel of each group (the white bar), and Scale bar = 500 nm for the 
right panel of each group (the black bar). (b) Representative images of 
Hematoxylin and eosin (H&E) stained sections exhibited hemorrhage 
and dilated lumens. Scale bar = 100 μm for the upper panel of each 
group, and Scale bar = 50 μm for the lower panel of each group. (c) 
Representative images of Prussian blue staining revealed the presence 
of hemorrhage and hemosiderin deposits around the lesion. Scale bar 
= 100 μm for the upper panel of each group, and Scale bar = 50 μm 

for the lower panel of each group. (d and e) Representative images 
of BAVM proliferation marker staining (Ki67 and EdU, respectively). 
Scale bar = 20 μm for the magnified panels, and scale bar = 50 μm 
for the rest of the panels. (f and h) The quantification of the num-
ber of Ki67+ and EdU+ cells co-localized with CD31+ cells, respec-
tively (n = 12 slices from 3 mice). one-way ANOVA. (g) The statistical 
analysis was performed on the proportion of Ki67+ cells co-localized 
with CD31+ cells in relation to the total number of CD31+ cells within 
a single field of view (n = 12 slices from 3 mice). one-way ANOVA. (i) 
The statistical analysis was conducted for the proportion of EdU+ cells 
co-localized with CD31+ cells relative to the total number of CD31+ 
cells within a single field of view (n = 12 slices from 3 mice). one-way 
ANOVA
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Single-cell sequencing reveals the heterogeneity of 
the pathological endothelium in BrafV600E -induced 
BAVMs

To explore the potential mechanisms of how mutated endo-
thelial cells form BAVM, we performed single-cell sequenc-
ing of brain tissues from the lesion site in the disease group 
(Braffl/+) and the corresponding site in the control group 
(Braf+/+) (Fig.  5a). Using dimensionality reduction and 
clustering analysis on the single-cell data, we identified 16 
cell clusters in the brain tissue, including endothelial cells, 
immune cells, astrocytes, neurons, and other cell types 
(Fig. 5b and c). By projecting the endothelial cell population 
to previous atlas data, we further identified nine subgroups: 
large artery, artery, capillary arterial, capillary, capillary 
venous, large vein, interferon, choroid plexus and artery 
shear stress (Fig. 5d and e) [34].

In our model, we observed a significant accumulation of 
activated microglia/macrophages surrounding the vascu-
lar walls within the lesions (Fig.  4a to c). In addition, in 
the BAVM tissues, we noticed a significant upregulation 
of various inflammatory factors, including tumor necrosis 
factor-α (TNF-α), interleukin-1 beta (IL-1β), interleukin-6 
(IL-6), matrix metalloproteinase-2 (MMP-2), and MMP-9 
(Fig. 4d-h).

Collectively, these results demonstrated typical patho-
logical features of BAVM in BrafV600E-induced models, 
including disrupted vascular wall stability, vascular dila-
tions, focal intracranial hemorrhage, and inflammatory 
microenvironment.

Fig. 4  Inflammatory cells and markers are increased in 
Braf V600E-induced BAVMs. (a) Representative images of Anti-Iba-1 
immunofluorescence staining showed that Iba-1+ cells are distributed 
around BAVMs. Scale bar = 50 μm. (b) The representative morphol-
ogy of Iba-1+ cells. Using ImageJ-Sholl analysis, the measurement of 
the maximum radius of the cell soma and the radius extending beyond 
the longest branch of the cells was conducted to assess the morphol-

ogy of Iba-1 + microglia/macrophages. Scale bar = 20  μm. (c) The 
quantification of number of Iba-1+ cells with different functional states 
(n = 12 slices from 3 mice). one-way ANOVA. (d to h) displayed the 
mRNA levels of TNF-α, IL-1β, IL-6, MMP-2 and MMP-9 in BAVM 
lesions from Braf +/+, Braf fl/+ and Braf fl/fl mice (n = 3 tissues). one-way 
ANOVA
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Fig. 5  Single-cell sequencing reveals cellular aberrations in the mouse 
BAVM lesions. (a) Schematic of isolation and cell sampling from 
mouse brain (n = 3 mice, respectively). (b) Dot plot showed expres-
sion of cell markers in cell clusters. Oligodendrocyte progenitor cells 
(OPC). (c) UMAP visualization showed cell types from mouse brain 
of Braf +/+ and Braf fl/+ groups. (d and e) UMAP visualization of endo-
thelial cells (ECs) from mouse brain of Braf +/+ and Braf fl/+ groups via 

UMAP projection. (f) Correlation matrix of gene expression profiles 
of cerebrovascular endothelial cell states between Braf +/+ and Braf fl/+ 
groups. The horizontal axis represented self-measured data, the verti-
cal axis represented reference data, and the correlation was calculated 
using Pearson correlation coefficient. (g) The stacked bar chart showed 
the proportion of different subtypes of endothelial cell states
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functions of mice (Supplementary Fig. 4a-g). The improve-
ment could be attributed to consequent alleviation of neu-
ronal damage (Supplementary Fig. 4h and i). The Western 
blotting results indicated that Dabrafenib’s action might be 
attributed to the inhibition of Braf V600E, consequently sup-
pressing the activity of p-MEK and p-ERK (Fig. 7i-l).

However, the formation of BAVM lesions typically occurs 
early in a patient’s life, hence AVM lesions are already fully 
developed prior to clinical treatment. To test the effective-
ness of Dabrafenib in this circumstance, we initiated Dab-
rafenib treatment two weeks after AAV induction (Fig. 8a). 
In the subsequent four weeks of Dabrafenib treatment, 2 
out of 6 mice died in vehicle group (33.33%) and 3 out of 
7 died in Dabrafenib group (42.86%) (Fig. 8b). The body 
weight change did not exhibit any statistically significant 
difference between the two groups of mice (Fig. 8c). Nota-
bly, the MRI results obtained at the fourth week after Dab-
rafenib/Vehicle treatment also did not show any statistically 
significant differences in the lesion volume between the two 
groups (Fig. 8d-f). These results collectively revealed that 
early intervention with Dabrafenib effectively inhibited the 
activation of the MEK/ERK pathway, thereby suppressing 
the growth of BAVMs in mice; however, the drug may not 
be as effective for established BAVMs.

Discussion

In this study, we established a mouse model of BAVM 
caused by Braf V600E mutation in brain endothelial cells for 
the first time. The vascular architecture, biological behav-
iors, and pathological features of the lesions in this model 
exhibited a favorable resemblance to those observed in 
human BAVMs. In addition, this model, with the ability to 
precisely control the dosage and injection site of AAV, dem-
onstrated a notable advantage in achieving a high degree of 
uniformity in BAVM phenotypes, encompassing lesion size, 
severity of hemorrhage, and lesion location. These charac-
teristics make our BAVM model a valuable platform for 
preclinical research on sporadic BAVMs.

As a pioneering effort to establish a somatic Braf V600E 
mutation-induced BAVM model, we tried to induce BAVM 
formation in mice with both homozygous (Braf fl/fl) or het-
erozygous (Braf fl/+) mutations. Notably, although BAVMs 
were successfully induced in both groups, the BAVMs in 
the Braf fl/fl background mice exhibited a more aggressive 
phenotype, characterized by a significantly large nidus with 
rapid progression, intense spontaneous hemorrhage and 
higher mortality. In contrast, BAVMs in Braf fl/+ background 
mice typically exhibited a disease course resembling that of 
human lesions, characterized by a less aggressive growth 
progression and lower hemorrhage rate. Additionally, 

We observed significant differences between the Braf +/+ 
group and Braf fl/+ group in the correlation matrix of gene 
expression profiles in various endothelial cell subpopu-
lations (Fig.  5f). Furthermore, in addition to the classi-
cal endothelial cell phenotypes (artery, capillary, and vein 
ECs), a distinct endothelial cell type, interferon ECs, was 
identified in the disease group with a greatly increased cell 
proportion (Fig. 5g). The interferon ECs were mainly char-
acterized with genes that were associated with the immune 
response, antiviral defense and inflammation regulation, 
such as Bst2, Ifitm3, Isgl5, Ifit3 and Cxcl10 (Fig. 6a) [35–
44]. Immunostaining of pathological tissue sections with 
the representative marker CXCL10 confirmed the colocal-
ization of these cells with BAVM ECs (Fig. 6b and c). Pseu-
dotime analysis revealed that interferon ECs may originate 
from capillary venous cells (Fig. 6d). To identify genes that 
were specific to the interferon ECs in the diseased group, 
we performed the gene set variation analysis (GSVA) 
between the Braf +/+ and Braf fl/+ groups. We observed a 
significant upregulation of several genes, including Actg1, 
Arpc4, Arpc5, Actn1, Atcb, Actr2, and Actr3, in the Braf fl/+ 
group (Fig. 6e and g). These genes are closely related to cell 
shape maintenance, cell movement, intracellular transport, 
cell adhesion, and cell‒cell interactions [45–47]. We also 
found significant downregulation of genes related to cell‒
cell adhesion and cell membrane integrity, such as Tns1, 
Tns2, Zo-2, Magi3, and Ocln, in the Braf fl/+ group (Fig. 6f 
and g) [48–54]. Taken together, our single-cell data offered 
a valuable resource into the etiology of BAVM formation.

Inhibition of BrafV600E can impede the formation of 
BAVMs, but fails to rescue established BAVMs

We evaluated the therapeutic efficacy of Dabrafenib, an 
FDA-approved Braf V600E inhibitor, at different develop-
mental stages of the Braf fl/+ BAVM models. We initiated 
treatment from the first day after AAV injection and con-
tinued the medication for six weeks (Fig.  7a). Three out 
of seven mice died in the vehicle group, while no mouse 
died in the Dabrafenib treatment group (Fig.  7b). There 
were no significant changes in body weight in either group 
over the course of six weeks (Fig. 7c). At the sixth week 
after induction, MRI showed that the lesion volume in the 
treatment group was significantly smaller than that in the 
vehicle group (Fig.  7d and f). And in the 3D reconstruc-
tion of MRA, the nidus was nearly imperceptible (Fig. 7e), 
indicating a notable inhibition of BAVM formation and 
progression by Dabrafenib. By using stereomicroscopy and 
two-photon microscopy, we observed that the lesion growth 
(Fig. 7g) and the vascular leakage (Fig. 7h) were prevented 
by Dabrafenib. Furthermore, we also noticed that treatment 
with Dabrafenib improved the neurological and behavioral 
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Fig. 6  The differential expression gene (DEGs) of the lesion-associ-
ated endothelium in malformed cerebrovasculature partially explains 
the pathogenesis of the BAVM. (a) Dot plot showed expression of 
endothelial cell state markers. (b) Violin plot of CXCL10 expression 
showed specificity to BAVM of Braf fl/+ groups. (c) Representative 
confocal microscopy images demonstrated the expression of CXCL10 
(yellow) within CD31+ endothelial cells (magenta) in the BAVM 
nidus. Scale bar = 10 μm for each panel. (d) Pseudotime analysis of 

endothelial cells by Monocle2. (e) Gene set variation analysis of cellu-
lar cytoskeleton regulatory function related genes in interferon ECs of 
Braf +/+ and Braffl/+ groups. (ifn = interferon). (f) Gene set enrichment 
analysis of cellular tight junction and cell stability related genes in 
interferon ECs of Braf +/+ and Braf fl/+ groups. Student’s t test. (g) Dot 
plot showing differential gene expression (DEG) for markers related to 
crucial cell function mentioned in (e and f)
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Fig. 7  Early administration of Braf V600E inhibitor prevents the forma-
tion and progression of Braf V600E-mediated BAVM. (a) Schematic of 
Dabrafenib treatment strategies. In Group A, the mice were treated 
with Dabrafenib and control solvents (vehicle) from the 1st day after 
AAV-BR1-Cre induction. (b) Survival curves of each group of mice 
within six weeks after induction (n = 7 in each group). Log-rank test. 
(c) Records of body weight changes in each group of mice within six 
weeks after induction. one-way ANOVA. (d) Representative images of 
T2 MRI of mice in Group A at 2nd, 4th, and 6th week after injection of 
AAV-BR1-Cre. The white arrows represented the hemorrhagic lesions, 
and the red arrows indicated typical flow void signals. (e) Representa-
tive images of TOF-MRA of mice in Group A at 6th week after injec-
tion of AAV-BR1-Cre. The yellow arrows pointed to tangled vascula-

tures along arterial vessels. (f) Statistical analysis of lesion volume in 
mice of Group A at the 6th week post-induction (n = 4 in vehicle group 
and (n) = 7 in Dabrafenib group). Student’s t test. (g) Representative 
images of the BAVM development process in mouse brain. Observa-
tions were made continuously from the day of AAV injection until the 
42nd day (6th week). Scale bar = 500 μm. (h) Representative images 
demonstrated that the EBD leakage was alleviated in the Dabrafenib 
group compared to the vehicle group. Cyan, Evans Blue Dye. Scale 
bar = 100 μm for each panel. (i) Western blot images of signaling mol-
ecules in BAVM tissue from vehicle group and Dabrafenib group. (j, 
k and l) The quantification of BRAF(V600E)/Tubulin, p-MEK/MEK 
and p-ERK/ERK. (n = 3 mice). Student’s t test
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To investigate the potential pathological mechanisms 
underlying vessel dilation and acquire a more compre-
hensive understanding of lesion formation, we conducted 
single-cell sequencing analysis on the BAVM lesion tissue. 
In a specific subtype of endothelial cell population, inter-
feron ECs, that was closely associated with AVM formation, 
we observed a significant upregulation of genes related to 
cell cytoskeleton synthesis and metabolism, such as Actg1, 
Arpc4, Arpc5, Actn1, Atcb, Actr2, and Actr3. These gene 
subsets may participate in the regulation of cellular migra-
tion and morphogenesis, thereby contributing to vascular 
dilation [45–47]. Conversely, we identified Tns1, Tns2, 
Zo-2, Magi3, and Ocln among the significantly downregu-
lated genes in the Braf fl/+ group. These genes participate 
in the formation and maintenance of tight junctions, adher-
ent junctions, and other intercellular connections between 
endothelial cells, which are crucial for maintaining the sta-
bility and integrity of the vascular wall [48–54]. Actually, 
a series of in vitro or in vivo studies have corroborated the 
changes in cytoskeletal proteins revealed by our data [12, 
13, 59]. The activation of MAPK signaling could regulate 
cell volume and actin dynamics, leading to a significant 
increase in the volume of these endothelial cells. Moreover, 
even in the absence of migration signals, these cells exhibit 
high migratory capabilities. These results indicated that 
the pathophysiological mechanisms revealed by the Braf 
mouse model may be extrapolated to sporadic BAVMs with 

chronic neurological deficits and seizures were also repli-
cated in the heterozygous models. The extended progres-
sion of heterozygosity ensured the feasibility of symptom 
recording and assessment, therefore rendering the model 
well suited for experiments requiring prolonged observa-
tion, such as investigating disease development and new 
treatment methods for sporadic BAVMs.

Arteriovenous shunt represents the fundamental charac-
teristic of BAVMs [55, 56]; however, the underlying mech-
anism remains elusive. Considering the pivotal mitogenic 
role of the MAPK pathway in diverse epithelial cells and 
the elevated expression level of VEGF in both human and 
mouse BAVM samples, it is reasonable to hypothesize that 
KRAS/BRAF mutations would elicit robust proliferation of 
endothelial cells, subsequently resulting in a robust patho-
logical angiogenesis [57, 58]. Surprisingly, our two-photon 
microscopy through a transparent skull window provided 
evidence supporting the dilation of preexisting microvas-
culature rather than angiogenesis during the pathogenesis 
of BAVMs. This finding was consistent with the observa-
tion by Murphy et al. that AVMs arose from enlargement 
of capillaries in an active Notch4 (Notch4*)-mediated AVM 
model [59]. In addition, the relatively moderate positive 
rate of Ki67/EdU staining in our study also suggested that 
endothelial proliferation may not be the primary cause of 
the pathogenesis of BAVMs.

Fig. 8  Late-stage Dabrafenib treatment cannot reverse the formation 
of Braf V600E mediated BAVM.(a) Schematic of Dabrafenib treatment 
strategies. In the Group B, the mice were treated with Dabrafenib 
and control solvents (vehicle) from the 15th day after AAV-BR1-Cre 
induction. (b) Survival curves of each group of mice within six weeks 
after induction (n = 7 in each group). Log-rank test. (c) Records of 
body weight changes in each group of mice within six weeks after 

induction. one-way ANOVA. (d) Representative images of T2 MRI of 
mice in Group B at 2nd, 4th, and 6th week after injection of AAV-BR1-
Cre. (e) Representative images of TOF-MRA of mice in Group B at 
6th week after injection of AAV-BR1-Cre. The yellow arrows pointed 
to tangled vasculatures along arterial vessels. (f) Statistical analysis of 
lesion volume in mice of Group B at the 6th week post-induction (n = 4 
in vehicle group and Dabrafenib group). Student’s t test
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