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Transient ischemic attack (TIA) has been widely regarded as a clinical entity. Even though magnetic resonance imaging (MRI) results of TIA patients are negative, potential neurovascular damage might be present, and may account for long-term cognitive impairment. Animal models that simulate human diseases are essential tools for in-depth study of TIA. Previous studies have clarified that Dl-3-N-butylphthalide (NBP) promotes angiogenesis after stroke. However, the effects of NBP on TIA remain unknown. This study aims to develop an optimized TIA model in C57BL/6 mice to explore the microscopic evidence of ischemic injury after TIA, and investigate the therapeutic effects of NBP on TIA. C57BL/6 mice underwent varying durations (7, 8, 9 or 10 min) of middle cerebral artery occlusion (MCAO). Cerebral artery occlusion and reperfusion were assessed by laser speckle contrast imaging. TIA and ischemic stroke were distinguished by neurological testing and MRI examination at 24 h post-operation. Neuronal apoptosis was examined by TUNEL staining. Images of submicron cerebrovascular networks were obtained via micro-optical sectioning tomography. Subsequently, the mice were randomly assigned to a sham-operated group, a vehicle-treated TIA group or an NBP-treated TIA group. Vascular density was determined by immunofluorescent staining and fluorescein isothiocyanate method, and the expression of angiogenic growth factors were detected by western blot analysis. We found that an 8-min or shorter period of ischemia induced neither permanent neurological deficits nor MRI detectable brain lesions in C57BL/6 mice, but histologically caused neuronal apoptosis and cerebral vasculature abnormalities. NBP treatment increased the number of CD31+ microvessels and perfused microvessels after TIA. NBP also up-regulated the expression of VEGF, Ang-1 and Ang-2 and improved the cerebrovascular network. In conclusion, 8 min or shorter cerebral ischemia induced by the suture MCAO method is an appropriate TIA model in C57BL/6 mice, which conforms to the definition of human TIA, but causes microscopic neurovascular impairment. NBP treatment increased the expression of angiogenic growth factors, promoted angiogenesis and improved cerebral microvessels after TIA. Our study provides new insights on the pathogenesis and potential treatments of TIA.
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INTRODUCTION
Transient ischemic attack (TIA) is a brief episode of neurological dysfunction resulting from focal brain, spinal cord or retinal ischemia, without evidence of acute cerebral infarction (Easton et al., 2009). According to this histology-based definition, the absence of ischemic high signal on diffusion weighted imaging (DWI) sequence of magnetic resonance imaging (MRI) is commonly used as one of the diagnostic criteria of TIA. Population-based studies indicate that the age-standardized morbidity of TIA in Europe is 28–59/100,000/year (Bejot et al., 2016). Furthermore, in the United States, approximately 240,000 TIAs are diagnosed each year (Johnston et al., 2007). In China, the age-standardized incidence of TIA is 2.27%, but only 16.0% of total TIAs are diagnosed (Wang et al., 2015). Recent studies have found that TIA is an important warning signal of stroke, and 15–30% of patients with ischemic stroke had a history of TIA (Rothwell and Warlow, 2005). Moreover, the risk of stroke within 90 days after TIA is 10–20%, of which 50% occur within the first 2 days (Hill et al., 2004; Johnston et al., 2007). In addition, patients with TIA may experience brain atrophy and cognitive decline, which is a key risk factor for dementia (Sivakumar et al., 2014; van Rooij et al., 2014; Bivard et al., 2018). However, the pathogenesis and pathophysiological changes associated with TIA have not been fully clarified. Therefore, it is urgently necessary to develop an appropriate animal model of TIA to investigate neurovascular changes and interventions for TIA.
The intraluminal suture middle cerebral artery occlusion (MCAO) method is minimally invasive and easy to perform, with the ability to precisely control the ischemia-reperfusion process, and thus is a preferable method for TIA modeling. Based on this method, Durukan (Durukan et al., 2017) and Pedrono (Pedrono et al., 2010) established TIA models in Wistar rats and NMRI mice, respectively, by controlling the duration of ischemia. They found that in both species, no cerebral infarction confirmed by MRI occurred when the occlusion lasted no more than 10 min. However, a 10-min period of MCAO in SD rats produced visible brain injury on MRI (33% of the rats) (Fan et al., 2017). In addition, 41% of the ICR-CD1 mice showed striatal lesions on MRI after 10 min of ischemia (Berthet et al., 2011). Taken together, the tolerance of different species to cerebral ischemia is diverse, and the above experimental results cannot be directly applied to other animal strains.
The C57BL/6 mouse is the most widely used background strain of transgenic mice, in which the global ischemia model shows high reproducibility and consistent neuronal damage (Yonekura et al., 2004). Additionally, compared to other strains, the C57BL/6 mouse is more vulnerable to focal cerebral ischemia, which is attributed to their cerebral vascular anatomy (the lack of one or both posterior communicating arteries) (Mccoll et al., 2004). Here, we aim to develop a TIA model in C57BL/6 mice by exploring the ischemia duration based on the intraluminal suture MCAO method. To realize the relevance to clinical TIA, three criteria of TIA model were proposed (Pedrono et al., 2010; Durukan et al., 2017): 1) objective evidence of ischemia and reperfusion, 2) no permanent neurological deficit, and 3) no acute cerebral infarction. In this study, laser speckle contrast imaging (LSCI) was used during surgery to evaluate cerebral arteries occlusion and reperfusion. Neurological testing and MRI examination [T2-weighted imaging (T2WI) and DWI] were performed at 24 h after reperfusion to determine the absence of neurological deficit and cerebral infarction. After the detection of the critical ischemia duration that limits the outcome to TIA rather than stroke, histopathological staining was used to identify the microscopic evidences of ischemic injury after TIA. Micro-optical sectioning tomography (MOST), which can perform three-dimensional (3D) imaging of the whole brain at submicron resolution and provide precise visualization of the neurovascular network, has been used to reconstruct and describe the entire cerebral vascular system of mice (Xiong et al., 2017). Herein, we also employed MOST to detect changes in the cerebrovascular system after TIA at submicron resolution.
Dl-3-N-butylphthalide (NBP) is a small molecule drug that was originally harvested from celery seeds before being independently developed in China for the treatment of ischemic stroke. It acts by reducing cerebral ischemic injury through multiple mechanisms including anti-inflammatory, antioxidant, anti-apoptosis and anti-thrombosis (Xu and Feng, 2000; Chang and Wang, 2003; Li et al., 2018; Qin et al., 2019; Yang et al., 2019). Previous reports showed that NBP can protect brain microvascular endothelial cells against oxygen-glucose deprivation induced damage by up-regulating the expression of HIF-1α (Yang et al., 2012). NBP can also increase the expression of angiogenic growth factors and promote angiogenesis in stroke models (Liu et al., 2007; Liao et al., 2009; Zhou PT. et al., 2019). Moreover, NBP can increase regional cerebral blood flow (CBF) after cerebral ischemia (Yan et al., 1998). However, the effects of NBP on TIA remain unknown. Therefore, this study further explored the effects of NBP on angiogenesis after TIA and possible mechanisms underlying these effects.
MATERIALS AND METHODS
Animals
Adult male C57BL/6 mice (8–10 weeks, 22–25 g) were provided by the Animal Center of Tongji Hospital of Tongji Medical College of Huazhong University of Science and Technology (Wuhan, China). The animals were housed in a controlled environment at a temperature of 18–22°C under a 12-h light/dark cycle, with free access to standard food and water. All animal experiments were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. The study protocol was approved by the Experimental Animal Ethics Committee of Huazhong University of Science and Technology (Wuhan, China). We made all attempts to minimize suffering of experiment animals and limit the number of animals used. All surgeries and evaluations were performed by investigators blinded to the experimental condition of each animal.
Study Design and Experimental Grouping
The mice were randomly assigned to four separate experiments designed as follows (Figure 1).
[image: Figure 1]FIGURE 1 | Experimental protocol. Mice were divided into 4 cohorts: (A) Experiment I, determination of the optimal ischemia duration to induce transient ischemic attack (TIA). (B) Experiment II, comparation of the methods for cerebral blood flow (CBF) monitoring. (C) Experiment III, investigation of the histopathological changes induced by TIA. (D) Experiment IV, exploration of the therapeutic effects of Dl-3-N-butylphthalide (NBP) on TIA.
Experiment I
In our preliminary experiment, transient ischemia of 5, 7, and 10 min were tested. The results showed that no mice in the 5- or 7-min ischemia groups had MRI detectable lesions, while animals in the 10-min group developed infarction (Supplementary Figure 1), indicating that the infarct threshold (the minimum ischemia duration inducing cerebral infarction) in C57BL/6 mice was between 7 min and 10 min. Therefore, to further determine the critical ischemia duration limiting the outcome to TIA rather than stroke, the mice were randomly divided into five groups: 1) Groups 1–4 were subjected to 10-, 9-, 8-, or 7-min MCAO, respectively (i.e., the suture occluded the origin of the middle cerebral artery (MCA) for 10, 9, 8, 7 min, respectively), 2) Group 5 was a control group comprised of sham-operated animals. In each group, CBF was monitored by LSCI, and neurological testing and MRI examination were performed at 24 h after surgery.
Experiment II
Laser Doppler flowmeter (LDF) and LSCI are currently the most commonly used methods for monitoring CBF. LSCI can simultaneously measure CBF across the surface of the entire cortex, while LDF can only perform single-point measurements. To compare these methods of monitoring CBF, the mice were randomly divided into 1) LDF-monitored group or 2) LSCI-monitored group, in which LDF or LSCI was used to monitor CBF during TIA surgery.
Experiment III
After determining the optimal duration of ischemia to induce TIA, Experiment III was designed to investigate the histopathological changes induced by TIA. Mice were randomly assigned to 1) control group (sham-operated animals) or 2) TIA group. Neuronal injury was examined by Nissl and TUNEL staining, and cerebrovascular changes were assessed via immunofluorescence and MOST analysis at 24 h post-surgery.
Experiment IV
To explore the therapeutic effects of NBP on TIA, the mice were randomly divided into three groups: 1) sham group (sham-operated animals injected with saline), 2) vehicle-treated group (TIA mice injected with saline), or 3) NBP-treated group (TIA mice treated with NBP). NBP concentrated (25 mg/5 ml) injection solution was obtained from Shijiazhuang Pharmaceutical Group dl-3-butylphthalide Pharmaceutical Co. LTD. (Shijiazhuang, China). NBP (30 mg/kg body weight, i.e., 0.06 ml/10g) or equal volume of vehicle (normal saline) was administered intraperitoneally once a day from 1 day after MCAO to the day of execution. The dose and frequency of NBP was chosen in reference to previous studies reporting neuroprotective effects of this dosage on cerebral ischemia (Chang and Wang, 2003; Yang et al., 2015; Xu et al., 2017). The establishment and verification of the TIA model was in accordance with Experiment I, mainly as CBF measurements with LDF during the operation, and neurological testing and MRI examination at 24 h after surgery. Mice in each group were randomly selected for immunofluorescence analysis, fluorescein isothiocyanate (FITC) method, western blot analysis or fluorescence MOST (fMOST) analysis at 7, 14 or 15 days after MCAO.
Transient Focal Cerebral Ischemia
Transient focal cerebral ischemia was induced by using the suture MCAO model (Koizumi et al., 1986; Longa et al., 1989). Briefly, mice were anesthetized with isoflurane (2.5% induction and 1.5% maintenance in 100% oxygen). The right common carotid artery, the right external carotid artery and the right internal carotid artery were exposed through a midline neck incision. After that, a silicone rubber-coated monofilament (L1800; Guangzhou Jialing Biotech Co. LTD., Guangzhou, China) was inserted from the external carotid artery to internal carotid artery until a slight resistance was felt (about 9–10 mm), indicating that the suture had occluded the origin of the MCA. Reperfusion was initiated by withdrawing the suture after specified duration of MCAO. Sham-operated animals experienced the same operational procedures except the insertion of suture. The rectal temperature of the mice was maintained at 37.0 ± 0.5°C throughout the operation with a heating blanket.
Cerebral Blood Flow Measurement by Laser Speckle Contrast Imaging
LSCI was used to visualize regional CBF. Under isoflurane anesthesia, the head of the mouse was fixed on a stereotaxic apparatus. After 75% alcohol disinfection, the scalp was incised longitudinally to fully expose the skull, which was swabbed with a saline cotton ball to keep it moist. Subsequently, the mouse was placed under the LSCI system (National Laboratory for Optoelectronics, Wuhan, China) to observe its CBF images. After adjusting the focal length, the white light source of the microscope was used to select the imaging field, which was positioned to include both hemispheres, and then a 660-nm diode laser was used to illuminate the skull surface in a diffuse and uniform manner. The scattered light signals in the observation area were collected by a 12-bit CCD camera (PixelFly VGA, PCO Computer, Germany) connected to a stereoscopic microscope (SZ61, OLYMPUS, Japan), with a resolution of 640 × 480 pixels. Shutter speed was set to an exposure time of 20 ms. The raw images were directly converted into blood-flow velocity information through real-time blood-flow arithmetic processing, and images were continuously acquired at a rate of 1 frame per second for 60 frames. Data analysis was performed by converting the blood-flow velocity information into a two-dimensional blood flow map by computer algorithm, and the partial images were processed by inverting color with the system’s own image software. Because the spatial distribution of ischemia was slightly different among animals, a wide region of interest (ROI; a circle with 2.5-mm diameter) within the MCA blood supply area (also corresponding to the LDF measurement region) was selected to measure CBF. CBF images were collected at pre-operation (baseline), occlusion (MCAO), and at 15 and 30 min of reperfusion.
Cerebral Blood Flow Measurement by Laser Doppler Flowmeter
Regional CBF was also measured by LDF (Moor Instruments, Axminster, Devon, United Kingdom). A flexible fiber-optic probe was fixed on the right parietal bone surface (2 mm posterior and 5 mm lateral to the bregma) with tissue adhesive to monitor the CBF of the MCA blood supply area. Similarly, CBF values were recorded at baseline, MCAO and at 10, 20, and 30 min of reperfusion.
A successful occlusion was confirmed by a >75% decrease in CBF. All animals with unsuccessful occlusion or inadequate reperfusion were excluded (Criterion 1).
Neurological Evaluation
A six-point sensorimotor scale (Tatlisumak et al., 1998) was used to assess neurological status of the animals at 24 h after MCAO. The scoring criteria were as follows: a score of 0 indicated no neurological deficit, a score of 1 indicated failure to extend left forepaw fully, a score of 2 indicated a walking gait circling to the left, a score of 3 indicated falling to the left, a score of 4 indicated no spontaneous walking with a depressed level of consciousness, and a score of 5 indicated death. No neurological deficit was a requirement for the TIA model (Criterion 2).
7.0 T Magnetic Resonance Imaging
After the neurological evaluation (at 24 h and 7 days after MCAO), mice were anesthetized for a coronal brain MRI scanning, including T2WI sequence and DWI sequence. This was performed by using a 7.0 Tesla scanner (20 cm, Bruker Biospect 7.0 T, Germany). A linear birdcage radio frequency coil with an inner diameter of 19 mm was used. T2WI was obtained using a T2-weighted rapid acquisition with relaxation enhancement (RARE) sequence (TR/TE = 3000/22.5 ms, slice thickness = 0.8 mm, spatial resolution = 0.078 mm). Diffusion-weighted images were acquired by using an echo planar imaging (EPI) sequence with b value of 500 s/mm2 (TR/TE = 3000.00/30.00 ms, slice thickness = 0.8 mm, spatial resolution = 0.156 mm). Both DWI and T2WI sequences had 12 slices covering the entire brain. During the MRI examination, the body temperature of the mouse was maintained at 37°C with the thermostatic water heating system configured by the scanner. Images were evaluated visually to detect any signal-enhancement regions that indicated ischemic lesions. Ischemic lesions on T2WI scans were manually outlined in each slice using Image J software (National Institutes of Health, MD, United States). The lesion areas were accumulated and multiplied by the slice thickness to obtain lesion volume, and the ratio of the lesion volume to the volume of the contralateral hemisphere was recorded. MRI scans indicating no infarct lesions fulfilled Criterion 3 of TIA model.
Preparation for Histopathology
The mice were deeply anesthetized with pentobarbital sodium (50 mg/kg, i.p.) and then transcardially perfused with normal saline and 4% paraformaldehyde (PFA). The brains were harvested and post-fixed in 4% PFA overnight, followed by gradient dehydration with 20 and 30% sucrose. The brain tissues were cut into 15 µm thick coronal sections (CM 1950, Leica, Germany) and mounted onto glass slides for subsequent staining.
Nissl Staining
To evaluate neuronal damage, Nissl staining was performed. In short, the brain tissues were embedded in paraffin and sliced into 5 µm thick coronal sections. The sections were dewaxed with xylene and rehydrated in ethanol. Then, the sections were immersed in Nissl staining solution (Servicebio, China) for 5 min at room temperature. This was followed by distilled water rinse to remove excess staining solution. Next, the sections were differentiated with 0.1% glacial acetic acid, and cleared with xylene. After applying a coverslip, the sections were analyzed with a light microscope (BX-51, OLYMPUS, Tokyo, Japan).
TUNEL Fluorescence
Apoptosis of neurons was assessed quantitatively by co-labeling with NeuN and TUNEL. TUNEL staining was performed using the in situ cell death detection kit (Fluorescein; Roche, Switzerland) in accordance with the manufacturer’s instructions, and then co-stained to label neurons. Briefly, the sections were rinsed in phosphate buffered saline (PBS) and then placed in 0.1 mol/L citrate buffer (PH 6.0) in which they were exposed to microwave irradiation for 1 min. After blocking with 10% bovine serum albumin (BSA) containing 0.25% Triton X-100 for 30 min at room temperature, the sections were incubated in TUNEL reaction mixture for 1 h at 37°C in the dark. For the negative controls, label solution without terminal transferase was used instead of TUNEL reaction mixture. Subsequently, the sections were incubated with primary antibody of rabbit anti-NeuN (1:200; Cell Signaling Technology, United States) at 4°C overnight. Thereafter the sections were incubated with secondary antibody of Cy3 conjugated goat anti rabbit IgG (1:200; Servicebio, China) for 1 h at room temperature and then counterstained with 4’,6-diamidino-2-phenylindole (DAPI; Servicebio, China) for 5 min. The sections were observed under a fluorescent microscope with a 20× or 40× objective lens (BX-51, OLYMPUS, Tokyo, Japan). Three sections (150 μm before, center, and 150 μm after ischemia center) (Zhou PT. et al., 2019) for each mouse were selected for tissue analysis. Each section was analyzed by randomly selecting at least three microscopic fields in the area of interest of the ipsilateral hemisphere (the gray area in Supplementary Figure 2). The number of TUNEL/NeuN double-positive cells and DAPI-labeled cells in each slice were manually counted by evaluators blinded to the experimental grouping. The percentage of double-positive cells relative to the total number of cells labeled with DAPI was calculated.
CD31 Immunofluorescent Staining
To investigate vascular changes, immunofluorescent staining for CD31 was conducted. In brief, the sections were placed in EDTA repair solution (PH 8.0) then exposed to microwave irradiation for 5 min. After cooling for about 1 h, the sections were blocked with 10% BSA for 1 h at room temperature. Next, the sections were incubated with primary antibody of rabbit anti-CD31 (1:100; Cell Signaling Technology, United States) at 4°C overnight, followed by incubation with the corresponding secondary antibody and then with DAPI. The primary antibody was replaced by PBS for the negative controls. Three sections from each mouse were analyzed. For each section, four microscopic fields in the area of interest were randomly selected and observed under a fluorescent microscope at 200× magnification. The number of CD31+ microvessels in each slice was manually calculated by an investigator blinded to the experimental groups and the values from 4 random fields were averaged.
Fluorescein Isothiocyanate Method
FITC method was used to detect the changes in the density of perfused vessels (functional vessels). FITC is a fluorescein derivative that can covalently bind to vascular endothelial cells and accumulate in the nucleus under alkaline pH conditions to mark cerebral perfused vessels (Miyata and Morita, 2011; Yu et al., 2014). After anesthesia with pentobarbital sodium, the mice were transcardially perfused with PBS (pH 7.0) containing 10 mmol/L glucose for 5 min to wash out blood components. Subsequently, the animals were perfused with 0.1 mg/ml FITC in PBS (pH 7.0) containing 10 mmol/L glucose for 5 min followed by PBS (pH 7.0) containing 5 U/ml heparin and 10 mmol/L glucose for 2 min, and then fixed by perfusion with 4% PFA (PH 8.0) for 10 min. The brains were removed and post-fixed in 4% PFA (PH 8.0) for 24 h at 4°C, followed by dehydration with 30% sucrose. Then, the brain tissues were cut into 20 µm thick coronal sections and mounted onto glass slides. After incubation with DAPI for 5 min, the sections were observed under a fluorescent microscope, and the number of perfused vessels in each slice was counted manually.
Western Blot Analysis
The mice were euthanized under deep anesthesia using pentobarbital sodium (50 mg/kg, i.p.). The brain tissues in the ischemic area (about 50 mg) were homogenized in radioimmunoprecipitation assay (RIPA) buffer (Servicebio, China) containing 1% phenylmethanesulfonyl fluoride (PMSF). Protein concentration was determined using a bicinchoninic acid protein assay kit (Beyotime, Shanghai, China). Equal amounts of proteins were separated on 10% SDS-polyacrylamide gels, and then transferred onto nitrocellulose (NC) membranes (Millipore, United States). Next, the membranes were blocked with 5% skim milk for 1 h at room temperature, and then incubated with primary antibodies of rabbit anti-VEGFA (1:1000; Abcam, United Kingdom), rabbit anti-Ang-1 (1:10000; Abcam, United Kingdom), rabbit anti-Ang-2 (1:1000; Abcam, United Kingdom) or rabbit anti-β-actin (1:1000; Cell Signaling Technology, United States) at 4°C overnight. After washing three times with Tris buffered saline Tween (TBST), the membranes were incubated with secondary antibody of anti-rabbit IgG (H + L) (DyLight 800 Conjugate) (1:10000; Cell Signaling Technology, United States) for 1 h at room temperature. The protein bands were observed with Odyssey Infrared Imaging System (Li-COR Biosciences, Lincoln, NE, United States), and the intensity of each band was analyzed using Image J software.
Reconstruction and Quantitative Analysis of 3D Cerebrovascular Network
Micro-Optical Sectioning Tomography
At 24 h after reperfusion, mouse brain samples were harvested and prepared according to a previously reported method (Wu et al., 2014; Li et al., 2010). After staining with the modified Nissl methods, the intact resin-embedded brain samples were sliced and imaged continuously using the BioMapping 1000 (OEBio Inc., Wuhan, China), which was based on the principle of MOST, with a sectioning thickness of 1 μm. Data collection was performed with an accuracy of 0.4 μm × 0.35 μm × 1 μm and the high-resolution 3D vascular network dataset of the whole brain was acquired (Wu et al., 2014; Wu et al., 2016). The total amount of uncompressed volume of each brain exceeded 2100 GB, covering more than 10,000 coronal sections. The raw images were degraded by uneven staining and illumination, and the artifacts were reduced using the oePreprocessing software (OEBio Inc., Wuhan, China). After the above preprocessing, the cross sections of cells and blood vessels could be clearly distinguished. The maximum intensity projection of the coronal sections showed the cytoarchitecture of vessels. Subsequently, for each whole brain dataset, three data blocks of the same size (600 μm × 600 μm × 600 μm) in each region (i.e., the cortex, striatum, and hippocampus) of ipsilateral hemisphere were randomly selected. The selected data blocks of each brain were also designated by the gray area in Supplementary Figure 2. Using the position of the data blocks in ipsilateral hemisphere as the reference, comparable data blocks of corresponding regions in contralateral hemisphere were then extracted. Initially, a skeleton of the blood vessels of each data block was developed using an automatic reconstruction method (Quan et al., 2016). Then tracking was refined manually to acquire the final vascular tracking results (Zhou et al., 2020). The tracked skeleton of blood vessels was then analyzed using the shape reconstruction algorithm to obtain the radius information of each skeletal point (Li et al., 2020). Blood vessels with diameters less than 6 μm were classified as microvessels (Wu et al., 2014). Then, the 3D data blocks were cut into several sub-blocks at equal intervals along the z-axis. The vascular tracking results in the sub-blocks contained the corresponding vascular skeleton and radius information, which were used for computing the vascular length density (VLD; total vascular length per tissue volume including large vessels and microvessels, m/mm3), and fractional vascular volume (FVV; total vascular volume relative to the total tissue volume, %). In addition, these data were further analyzed to obtain measurements for microvascular length density (MVLD) and fractional microvascular volume (FMVV; the definitions are the same as VLD and FVV, respectively, but only including microvessels) (Wu et al., 2014; Zhang et al., 2019).
Fluorescence Micro-Optical Sectioning Tomography
DyLight594-lycopersicon esculentum lectin (1 mg/ml, 0.2 ml per mouse; Vector Labs, United States) was administered via the tail vein 15 days after MCAO. The dye was allowed to circulate for 10 min. Mice were anesthetized and then transcardially perfused with normal saline and 4% PFA in turn. The brains were removed and placed in 4% PFA for 24 h. After embedding in resin (Gong et al., 2016; Gang et al., 2017), the whole brain specimens were imaged continuously using the fMOST system (BioMapping 5000; OEBio Inc., Wuhan, China). All the image tiles were obtained with a time-delay integration line scan charge-coupled device (Zhou YF. et al., 2019), and the images had a voxel size of 0.35 μm × 0.35 μm × 1 μm. Afterwards, the original images were preprocessed (Gong et al., 2016), and visualization and 3D data block contour rendering were performed using Amira software (version 5.2.2; FEI, France). The blood vessels of each data block (size of 400 μm × 400 μm × 400 μm) were tracked semi-automatically, and the VLD and FVV were calculated.
Statistical Analysis
Statistical analyses were performed with GraphPad Prism software (version 9.0; La Jolla, CA, United States), and Shapiro-Wilk tests were used to test for normality. Data were represented as mean ± standard deviation (SD). For data exhibiting the normal distribution, unpaired t-tests were used for comparisons between two groups, and one-way analysis of variance (ANOVA) followed by Tukey’s post hoc tests were applied for comparisons among multiple groups. Otherwise, Mann–Whitney U tests were employed (the percentage of TUNEL+/NeuN+ cells). A p-value < 0.05 was considered statistically significant.
RESULTS
Experiment I
The goal of Experiment I was to determine the optimum surgical parameters needed to create a TIA model for C57BL/6 mice that met the criteria of TIA. In general, the results of Experiment I presented below argued that an 8-min period of MCAO induced by the suture method is able to do this.
Cerebral Blood Flow Monitoring Revealed Ischemia and Reperfusion (Criterion 1).
LSCI was used to monitor CBF at 4 points (baseline, MCAO, 15- and 30-min of reperfusion) during surgery. Immediately after initiating MCAO, CBF values in the ischemic hemisphere decreased to 13.50 ± 5.09% of the baseline level, with no intergroup differences detected (p = 0.8586). After suture withdrawal, CBF values recovered significantly and reached 48.50 ± 6.99% of baseline at 15 min of reperfusion. In the subsequent reperfusion process, CBF values appeared to decrease, dropping to 32.11 ± 7.53% of baseline at 30 min of reperfusion. During reperfusion, no significant group differences in CBF values were detected (p = 0.9754 and 0.7971 for 15 and 30 min of reperfusion, respectively). CBF values of the control group displayed no obvious changes and remained at baseline levels throughout the experiment (p = 0.6187) (Figures 2A,B; Table 1).
[image: Figure 2]FIGURE 2 | CBF measurements and MRI scans. (A) Representative laser speckle images showing CBF at pre-operation (baseline), occlusion (MCAO), and 15 and 30 min of reperfusion (rep+15 min and rep+30 min). (B) Broken line graph showing CBF and relative CBF (rCBF) of the ischemic hemisphere during operation (n = 6 per ischemia group, n = 3 in control group). (C) Representative diffusion weighted and T2-weighted images of each group (i.e., 7-, 8-, 9-, 10-min MCAO and control group) at 24 h post-reperfusion. The signal-enhancing regions in the right hemisphere (white arrows) indicated infarction. Data were presented as mean ± SD. rCBF, the percentage of CBF in the basal CBF.
TABLE 1 | Physiological parameters and results of modeling.
[image: Table 1]Neurological Scores and Magnetic Resonance Imaging (Criteria 2 and 3).
No significant neurological deficits were detected in any group, but analysis of MRI data showed some detectable lesions (Figure 2C; Table 1). In the 10-min ischemia group, 2 of the 6 mice showed striatal infarcts on MRI (with lesion volumes of 6.18 and 4.51% of contralateral hemisphere), and the rest had no infarction. In the 9-min group, 1 of the 6 animals exhibited a striatal lesion with patchy cortical involvement (8.06% of the contralateral hemisphere). However, no evident abnormalities on MRI were found in any of the mice in the 8-min, 7-min and control groups. The animals subjected to 8-min MCAO also presented no infarcts 7 days after reperfusion, indicating that no delayed ischemic lesions occurred.
Taken together, neither neurological deficits nor cerebral infarcts occurred in C57BL/6 mice when the MCA was blocked for no more than 8 min. Therefore, a TIA model can be achieved in this strain by intraluminal filament occlusion of the MCA for 8 min or shorter.
Experiment II
Cerebral Blood Flow Monitoring by Laser Speckle Contrast Imaging or Laser Doppler Flowmeter Showed a Consistent Trend in Transient Ischemic attack Mice
To compare the effectiveness of the two methods commonly used to measure CBF during surgery, CBF was monitored with either LSCI or LDF during the establishment of the above-mentioned TIA model (the mice subjected to 8-min MCAO). As shown in Figure 3, MCAO caused an immediate decrease in CBF of the ischemic hemisphere, and the values measured by LSCI or LDF were 13.73 ± 9.48% or 10.80 ± 0.49% of the baseline level, respectively, with no intergroup differences (p = 0.7000). After suture withdrawal, CBF values recovered significantly, and reached 55.19 ± 5.83% (LSCI-monitored group) or 118.19 ± 28.33% (LDF-monitored group) of baseline at 10 min of reperfusion. Thereafter, CBF values appeared to drop in the both groups. At 20 min of reperfusion, the values decreased to 46.08 ± 12.92% (LSCI group) or 64.58 ± 8.04% (LDF group) of baseline, and at 30 min, 33.82 ± 14.52% or 58.78 ± 6.21%, respectively. Throughout reperfusion, the recovery of CBF values in the LDF-monitored group was more obvious compared to LSCI-monitored group, but the only statistical difference between the two groups existed at 10 min post-reperfusion (p = 0.0196 for 10 min of reperfusion; p = 0.1031 and 0.0521 for 20 and 30 min).
[image: Figure 3]FIGURE 3 | CBF monitoring by laser speckle contrast imaging (LSCI) or laser Doppler flowmeter (LDF)showed a consistent trend in TIA mice. (A) Representative laser speckle images showing CBF at pre-operation (baseline), occlusion (MCAO), and 10, 20 and 30 min of reperfusion (rep+10 min, rep+20 min and rep+30 min) of 1 mouse subjected to 8-min ischemia. (B) Representative laser Doppler images of the ischemic hemisphere. (C) Broken line graph showing relative CBF of the ischemic hemisphere during operation in the LDF- and LSCI-monitored groups (n = 3 per group). Data were presented as mean ± SD and determined by unpaired t-test. [image: image] < 0.05 vs. LSCI-monitored group.
Experiment III
TUNEL and NeuN Fluorescent Double-Label Staining Indicated Neuronal Apoptosis After Transient Ischemic attack
Nissl staining showed that, 24 h after surgery, the neurons in the cortex and striatum of the ischemic hemisphere of the TIA mice were clear in shape and intact in structure, except for a few scattered neurons exhibiting shrunken and deeply stained (Figure 4A). The quantitative results (Figure 4C) indicated that the number of intact neurons in these two brain regions in the TIA group had a trend towards decrease compared with the control group (75.89 ± 7.64 vs. 80.70 ± 4.82 in cortex; 97.08 ± 9.22 vs. 104.74 ± 8.09 in striatum; p > 0.05, TIA group vs. control group). Whereas in the hippocampus, there were no neuronal defects in TIA mice compared to the control group (94.25 ± 7.33 vs. 91.50 ± 9.70; p = 0.5558), and the neurons were tightly arranged, with no obvious pathological changes.
[image: Figure 4]FIGURE 4 | TUNEL and NeuN fluorescent double-label staining indicated neuronal apoptosis after TIA. (A) Nissl-stained images of the cortex, striatum and hippocampus (100×, scale bar = 50 μm; 400×, scale bar = 20 μm). (B) Representative TUNEL staining for neuron (red) and TUNEL (green) in cortex, striatum and hippocampus acquired from the ischemic hemisphere of control and TIA mice. Low-magnification, full field (scale bar = 50 μm) and high-magnification, partial visual fields (indicated by the white frame; scale bar = 20 μm) were displayed. Arrow points represented apoptotic neurons. (C) Bar graphs showing the number of intact neurons in the ipsilateral cortex, striatum and hippocampus of the control and TIA groups (n = 3 and 4, respectively). Data were presented as mean ± SD and determined by unpaired t-test. (D) Dot plots showing the percentage of TUNEL and NeuN double-positive cells in the ischemic hemisphere. Data were presented as median and interquartile range and determined by Mann-Whitney U test. [image: image] < 0.05; [image: image] < 0.0001 control group vs. TIA group.
To evaluate neuronal apoptosis after TIA, TUNEL/NeuN double immunostaining was performed. The results indicated that the number of TUNEL/NeuN double-positive cells increased in the ipsilateral cortical and striatal regions of the TIA group compared to those of the control group (p < 0.05; Figures 4B,D). However, no significant TUNEL/NeuN double-positive cells were observed in the hippocampal region of the TIA and control mice. Together, these results suggest that 8-min MCAO induced neuronal apoptosis in the cortex and striatum of TIA mice.
Cerebral Vasculature Abnormalities in Transient Ischemic attack Mice
Immunofluorescent staining showed that the number of CD31+ microvessels decreased in the ischemic hemisphere of TIA mice compared to the control group at 24 h after MCAO (p < 0.0001; Figure 5B). To ensure complete and comprehensive observation of the cerebral vasculature changes after TIA, we used MOST to reconstruct the blood vessels of the ischemic and contralateral hemisphere, and examined the 3D density of the vessels at submicron resolution. The images of MOST revealed that the vascular density was lower in the ipsilateral cortical, striatal and hippocampal regions of TIA mice, as compared with the control group (Figures 5C–E). The quantitative data on the vasculature of the three brain regions (Figure 5F, Supplementary Table 2) showed that the VLD, FVV, MVLD and FMVV were remarkably reduced in the ipsilateral cortex of TIA mice compared to the control group (p < 0.05). Similarly, in the ipsilateral striatum, the VLD and FVV of TIA mice exhibited a significant decrease relative to the control group (p < 0.05), while a decreasing trend in the MVLD and FMVV was noted (p > 0.05). However, no significant difference between the groups was detected in the ipsilateral hippocampal vasculature (p > 0.05). Overall, the results indicated different abnormalities of the vasculature in various brain regions of our TIA mice, with the cortical and striatum regions displaying decreased vascular density.
[image: Figure 5]FIGURE 5 | Cerebral vasculature abnormalities in TIA mice. (A) A schematic diagram of the immunofluorescence images. The gray area represents the ischemic brain regions during MCAO surgery, and the red boxes represent the regions selected for imaging in each section. (B) Representative image showing immunofluorescent staining for CD31 in the ischemic hemisphere of control and TIA mice (scale bar = 50 μm). Bar graphs showing the quantification of the CD31+ microvessels (n = 3 in control group, n = 4 in TIA group). Representative 3D reconstruction images of cerebrovascular network in the cortex (C), striatum (D) and hippocampus (E) at 24 h post-MCAO. (C) (a), (D) (a) and (E) (a) Coronal brain projection images of different layers in the control group. (C) (b), (D) (b) and (E) (b) Coronal brain projection images in the TIA group from the same layers as (C) (a), (D) (a) and (E) (a), respectively. In (C–E), (c–f) are the raw images of vessel structures in the boxed areas of (a) and (b). In (C–E), (g–j) are the 3D reconstruction cerebrovascular images of (c–f), respectively. (g) and (h) acquired from the control group; (i) and (j) acquired from the TIA group. The images showed the ischemic areas (h,j) and the contralateral areas (g,i). The red labeling shown in the images represented large vessels (diameter >6 μm), and the green labeling represented microvessels (diameter <6 μm). (F) Statistical analysis of the vascular length density (a), fractional vascular volume (b), microvascular length density (c) and fractional microvascular volume (d) of the ischemic hemisphere. The data was expressed as [(the ischemic hemisphere value/the contralateral hemisphere value) × 100%] (n = 3 mice per group; n = 3 data blocks per brain region, i.e., cortex, striatum and hippocampus). Data were presented as mean ± SD and determined by unpaired t-test. [image: image] < 0.05; [image: image] < 0.01; [image: image] < 0.001; [image: image] < 0.0001 control group vs. TIA group.
Experiment IV
Dl-3-N-Butylphthalide Promoted Angiogenesis After Transient Ischemic attack by Increasing the Expression of Angiogenic Growth Factor
In Experiments I-III, we developed a TIA model in C57BL/6 mice, and detected a decreased vascular density in the ischemic hemisphere of TIA mice. To explore the effects of NBP on angiogenesis after TIA, we used immunofluorescent staining for CD31 to examine vascular density 7 and 14 days after MCAO. The results showed that the number of CD31+ microvessels in the ischemic hemisphere of the NBP-treated group was significantly increased at 7 and 14 days post-MCAO compared to those of the vehicle-treated group (p < 0.01; Figure 6A), indicating that NBP promoted angiogenesis in TIA mice. The FITC method was used to determine if these microvessels were functional. We found that the number of perfused microvessels in the ischemic hemisphere of the NBP-treated group was also significantly higher than that of the vehicle-treated group at 7 and 14 days post-MCAO (p < 0.01; Figure 6B).
[image: Figure 6]FIGURE 6 | NBP promoted angiogenesis after TIA by increasing the expression of angiogenic growth factor. (A) Representative images showing the immunofluorescent staining for CD31 in the ischemic hemisphere at 7 and 14 days post-MCAO (scale bar = 50 μm; the regions selected for imaging were the same as Figure 5A). Bar graphs showing the quantification of the CD31+ microvessels (n = 3 per group). (B) Representative images showing the FITC-labeled perfused microvessels in the ischemic hemisphere (scale bar = 50 μm). Bar graphs showing the vascular quantification (n = 3 per group). Representative images of western blot analysis for VEGF/Ang-1/Ang-2 in the ischemic hemisphere at 7 (C) and 14 (D) days after MCAO. Bar graphs showing the data quantification (n = 4 per group). Data were presented as mean ± SD and determined by one-way ANOVA with Tukey’s post-hoc test.[image: image] <0.05; [image: image] < 0.01; [image: image] < 0.0001 vehicle-treated group vs. NBP-treated group.
To further clarify the factors promoting the increase in microvessels, the expression of angiogenic growth factor was detected by western blot analysis. Our results showed that at 7 days post-MCAO, the protein expression of VEGF and Ang-1 were significantly increased in the NBP-treated group compared to the vehicle-treated group (p < 0.05; Figure 6C). At 14 days post-MCAO, the protein levels of VEGF, Ang-1 and Ang-2 were significantly up-regulated in the NBP-treated group compared with the vehicle-treated group (p < 0.05; Figure 6D).
Next, we employed fMOST to fully investigate the changes in the 3D density of the vessels after NBP intervention, which could present all the details of the vascular pattern. As shown in Figures 7A,B, the reconstructed images of cerebral vascular network revealed that the administration of NBP increased the vascular density in the cortex and striatum of the ischemic hemisphere, and the VLD and FVV in these two regions in the NBP-treated group were significantly higher than those in the vehicle-treated group (p < 0.05; Figure 7D). Nevertheless, there were no significant differences in the VLD and FVV of the ipsilateral hippocampus between the NBP group and the vehicle group (p > 0.05; Figures 7C,D). These results further confirmed that NBP promoted the vascular density, and improved the vascular network in the lesion area after TIA.
[image: Figure 7]FIGURE 7 | NBP promoted the vascular density and improved the vascular network. Representative reconstructed images of cerebrovascular network by fMOST in the cortex (A), striatum (B) and hippocampus (C) at 15 days after MCAO. (A) (a), (B) (a) and (C) (a) Coronal brain projection images in the vehicle-treated group. (A) (b), (B) (b) and (C) (b) Coronal brain projection images in the NBP-treated group from the same layers as (A) (a), (B) (a) and (C) (a), respectively. In (A–C), (c–f) are the original images of vessel structures in the boxed areas of (a) and (b). In (A–C), (g–j) are the 3D reconstructed cerebrovascular images of (c–f), respectively. (g) and (h) acquired from the vehicle-treated group; (i) and (j) acquired from the NBP-treated group. The images showed the ischemic areas (h,j) and the contralateral areas (g,i). (D) Statistical analysis of the vascular length density (a) and fractional vascular volume (b) of the ischemic hemisphere (n = 3 per group). Data were presented as mean ± SD and determined by unpaired t-test. [image: image] < 0.05; **P < 0.01 vehicle-treated group vs. NBP-treated group.
DISCUSSION
Because of the absence of residual neurological deficits and imaging-based evidence of brain infarction, TIA was previously considered a benign event. However, there is growing evidence that TIA is a clinical entity that heralds imminent ischemic stroke (Hill et al., 2004; Rothwell and Warlow, 2005; Giles and Rothwell, 2007; Johnston et al., 2007) and is associated with increased incidence of depression and cognitive impairment (El et al., 2012; Moran et al., 2014; van Rooij et al., 2014; Turner et al., 2016). Even so, research on TIA is relatively rare. One reason for this is the lack of an appropriate and available animal model, making it difficult to further explore the pathology, mechanisms and potential targeted treatments of TIA. In this study, we utilized the suture MCAO method and followed the three established criteria of TIA models (Pedrono et al., 2010; Durukan et al., 2017) to evaluate the outcomes of 7–10 min of ischemia in C57BL/6 mice to establish an optimal TIA model. The criteria are as follows: 1) objective evidence of ischemia and reperfusion, primarily relying on CBF monitoring to confirm adequate occlusion and reperfusion; 2) no permanent neurological deficit; and 3) no acute cerebral infarction. The importance of the second and third criteria is to make the animal model achieve a clinical relevance via neurological testing and MRI examination at 24 h of reperfusion. Our results showed that these criteria were met for MCAO of 8 min or shorter in C57BL/6 mice, indicating the successful establishment of the TIA model, whereas MCAO that exceeded 8 min induced ischemic lesions that are detectable by MRI and was equivalent to cerebral infarction. Thus, the threshold point separating TIA and cerebral infarction in C57BL/6 mice is between 8 and 9 min MCAO.
Durukan (Durukan et al., 2017) and Pedrono (Pedrono et al., 2010) also established TIA models in Wistar rats and NMRI mice, respectively, by using the suture MCAO method. Their results indicated that neither neurological deficits nor cerebral infarcts occurred when the MCA was occluded for no more than 10 min, which was regarded as a cut off duration of the TIA model. However, in our study, a 10-min period of MCAO was enough to induce cerebral infarction in C57BL/6 mice. Moreover, 10 min of ischemia could cause MRI lesions in SD rats (Fan et al., 2017). ICR-CD1 mice also exhibited striatal infarcts on MRI after 10-min ischemia (Berthet et al., 2011). These studies show that different species present various outcomes after experiencing a consistent duration of MCAO, proving the tolerance of different species to cerebral ischemia is diverse. The mechanism for this variation is still unclear, and remains to be investigated in future research. The inherent properties of the species, including differences in the composition of the circle of Willis (cerebrovascular anatomy), the formation of collateral circulation, and the distribution of gray and white matter may play important roles (Durukan et al., 2017). Barone et al. (1993) reported obvious differences between BDF, CFW, and BALB/C mice in sensitivity to cerebral ischemia that were partly related to the variation in the posterior communicating arteries among the strains. Connolly et al. (1996) also compared the outcomes of permanent focal cerebral ischemia in three commonly used mouse strains (CD-1, C57BL/6 and 129/J) and found that the infarct volume and neurological scores were significantly distinct between the three strains. However, in their study, strain differences in the composition of the circle of Willis were not apparent, suggesting strain differences in ischemic effects might result from other non-anatomical factors. Notably, even within the same strain, sensitivity to ischemia can be affected by differences in origin or vendors, which may be ascribed to genetic divergence caused by different start-up stocks and breeding strategies (Oliff et al., 1995). In addition, factors such as the animal’s body weight, the filament diameter, anesthesia, temperature, and even the surgery skills of the experimenter play roles on the outcome of the model. Therefore, preliminary experiments are required to determine their specific infarct thresholds when our TIA model is applied to other strains and species.
The MCA is the most frequently affected cerebral vessel in human ischemic cerebral vascular disease. In this study, the TIA model was developed on the basis of the suture MCAO method, with a suture blocking the origin of the MCA that causes a sharp decrease in the blood flow to the frontoparietal cortex and striatum. The MCA belongs to the internal carotid artery system (i.e., anterior circulation), and thus, the MCAO model will cause anterior circulation ischemia, and our study also focused on the MCA blood supply area. While the posterior circulation brain regions are less likely to be damaged in the transient MCAO model (especially our TIA model induced by 8-min MCAO), because their blood supply are derived from the vertebrobasilar system (including the vertebral artery, basilar artery and posterior cerebral artery). So far, fewer animal models have been developed for posterior circulation ischemia (PCI). Some methods similar to anterior circulation ischemia, including vertebrobasilar vessels clipping, ligation, photochemical and embolization, have been used to induce PCI in rats (Henninger et al., 2006), gerbils (Hata et al., 1993), cats (Nakahara et al., 1991) and dogs (Gnyawali et al., 2020). However, there is still a lack of mouse models of PCI, which may be due to the fact that PCI affects the brain stem (the vital center), the mice are prone to death and be short-lived. Moreover, it is difficult to separate the vertebral artery and basilar artery in mice, and so the success rate of the model is low. Therefore, the methods for establishing a vertebrobasilar (posterior circulation) TIA model in mice remain to be further explored in the future.
LSCI is a non-contact, minimally-invasive and full-field CBF monitoring method, with the ability to provide real-time two-dimensional CBF imaging with high temporal and spatial resolution, which is obviously superior to laser Doppler scanning technology (Ayata et al., 2004; Wang et al., 2020). In this study, LSCI was adopted to monitor the CBF changes during the establishment of the model. The results showed that decline in CBF during MCAO was basically consistent with that reported in the literature (Durukan et al., 2017; Pedrono et al., 2010), whereas the degree of CBF recovery after suture withdrawal was lower, returning to about 48% of the baseline values at 15 min of reperfusion followed by approximately 32% at 30 min. We found that CBF did not recover gradually over time during reperfusion, but instead decreased between 15 and 30 min of reperfusion. Thus, we conducted a separate experiment to compare LSCI and LDF monitoring of CBF (the most commonly methods for CBF monitoring) during TIA surgery. Both methods found a consistent trend of gradually decreasing CBF from 10 to 30 min of reperfusion. Furthermore, we observed that the CBF values in the LSCI-monitored group recovered to 55% of the baseline level at 10 min of reperfusion, but the subsequent measurements at 20 and 30 min of reperfusion did not reach 50% of the baseline. In contrast, the CBF values in the LDF-monitored group all exceeded 50% of baseline throughout the reperfusion. Moreover, at every time point of reperfusion, the recovery of CBF in the LDF-monitored group was more obvious than that in the LSCI group. This may be because LDF provided a single-point measurement of CBF within 1 mm3, whereas LSCI measured the average CBF within a circular ROI with a diameter of 2.5 mm. Previous studies also reported (Schmid-Elsaesser et al., 1998; Chen et al., 2015) that after filament withdrawal, animals would first undergo a rapid hyperemia process, known as the post-ischemic reactive hyperperfusion period, during which CBF exceeded baseline levels. After that, a gradual decrease in CBF was observed, called the delayed post-ischemic hypoperfusion state, which persisted until the end of the recording period at 30 min of reperfusion, and the CBF could not reach the normal baseline values. In Experiment I, the CBF values in each group during reperfusion did not reach the minimum standard in the literature (50% of baseline values) (Durukan et al., 2017), which might be ascribed to differences in the experimental conditions, the CBF measurement equipment, the selected measured location and the size of ROI. Additionally, we selected only two time points of reperfusion (i.e., 15 and 30 min) for CBF measurement, and in Experiment II, we observed that CBF decreased between 10 and 30 min of reperfusion, thus the time point at which CBF returned to 50% of the baseline might not have been recorded. Future studies should increase the time points for CBF measurement during reperfusion (e.g., 1, 5, 10, 15, 20 and 30 min) and continue to monitor CBF after 30 min of reperfusion. If conditions permit, CBF can even be monitored throughout the reperfusion to determine the CBF changes during the establishment of TIA model.
Neurological testing and MRI examinations were performed at 24 h after reperfusion because by this time, cerebral infarcts were proven to be complete (Pedrono et al., 2010). Interestingly, the occurrence of infarction was not always accompanied by neurological deficits. In our 9- and 10-min MCAO groups, although cerebral infarcts were shown on MRI, the neurological scores were normal (neurological function inconsistent with imaging), possibly because this neurological score was sensitive only to general sensorimotor deficits. Tang et al. (2014) found that no infarcts were detected with TTC staining in C57BL/6 mice subjected to 10-min ischemia, whereas in our study, a 10-min period of MCAO induced lesions in this strain that were detectable by MRI. This is because TTC staining mainly relies on an enzymatic reaction and cannot exclude small-scale infarcts, and thus is not as accurate as MRI.
Generally speaking, there is no cerebral infarction detectable in MRI images of TIA patients. However, a negative MRI result does not mean that the brain tissue is uninjured. Pedrono et al. (2010) found that in NMRI mice, MCAO as brief as 2.5 min caused slight histopathological changes, and their TIA mice with 10-min ischemia presented selective neuronal necrosis and apoptosis. Similarly, there were scattered ischemic neuronal changes and a small amount of neuronal apoptosis in the TIA model of Wistar rats (10-min MCAO), which did not worsen from 24 h to 7 days after reperfusion (Durukan et al., 2017). Ejaz et al. (2015) utilized 15-min distal MCAO to establish a TIA model in spontaneously hypertensive rats, and their histopathological examination revealed selective neuronal loss (SNL) and microglial activation in the cortex. In C57BL/6 mice, one or three 5-min MCAO with 10-min reperfusion intervals produced no infarcts detectable with TTC staining, but induced scattered neuronal damage in 20% of the mice (Stagliano et al., 1999). Additionally, studies reported that SNL occurred in the striatum or cortex after a short period of ischemia, which was a common phenomenon following 5- to 20-min MCAO in the rodent (Baron et al., 2014). In Wistar rats, the severity of SNL increased with the longer occlusion duration, from 5 to 20% between 10- and 20-min MCAO (Garcia et al., 1997). Our results showed that TIA model with C57BL/6 mice experiencing 8-min MCAO exhibited evidence of neuronal apoptosis in the cortex and striatum to a statistically greater extent than seen in the control group, together with the number of Nissl-stained neurons in these two regions reducing by 5.97 and 7.31%, respectively, compared with the control group. It is worth mentioning that the severity of apoptosis also increases with increased ischemia duration (Durukan et al., 2017), thus the proportion of TUNEL/NeuN double-positive cells after TIA is significantly lower than that of cerebral infarction (Yu et al., 2016; Zhao et al., 2019).
It has not been clear from previous research whether there are abnormalities in cerebral vasculature after TIA. However, several studies found that although the neurological functions of TIA patients appear to completely recover, hypoperfusion on the ischemic hemisphere is detectable with CT perfusion imaging (CTP), arterial spin label imaging (ASL) and other imaging techniques (Prabhakaran et al., 2011; Zaharchuk et al., 2012; Qiao et al., 2013), suggesting that TIA may have impacts on the cerebral vasculature. MOST is a new method of brain imaging that can provide fine-structure tomography of a centimeter-size sample at submicron resolution, and clearly distinguish the morphology and spatial locations of the neurovascular unit (Li et al., 2010; Wu et al., 2016). By combining modified Nissl staining with MOST, the vascular structure of the entire mouse brain can be directly visualized, and vascular abnormalities below capillaries can be identified. In this experiment, immunofluorescent staining results showed that the number of CD31+ microvessels of TIA mice was lower than that of the control group. Subsequently, the advanced MOST technology was used to perform 3D high-resolution visual reconstruction and quantitative analysis of the mouse cerebrovascular system to further investigate the vasculature changes after TIA. We found different abnormalities of the vasculature in various brain regions of TIA mice. In the cortical and striatal regions, the VLD and FVV in the ischemic hemisphere of TIA mice were significantly lower than that of the control group, and in the ipsilateral cortical region, the MVLD and FMVV of TIA mice were also remarkably decreased. This may account for the reported hypoperfusion phenomenon after TIA, and the long-lasting hypoperfusion may be one of the causes of cognitive impairment. Nevertheless, in the hippocampal region, no significant difference was detected between the two groups, which might be related to the surgical model we selected. That is, the suture MCAO model mainly results in damage to the frontal and parietal cortex and striatum, and generally does not involve the hippocampus.
NBP is a clinical drug used to treat ischemic stroke in China. NBP can act on multiple links of cerebral ischemia pathology, and play a protective role on cerebral infarction through anti-inflammatory, anti-apoptosis, antioxidation and anti-thrombosis mechanisms (Chang and Wang, 2003; Qin et al., 2019; Yang et al., 2019). Angiogenesis is extremely important in the recovery of neurological function after cerebral ischemia. Previous reports found that NBP could also promote angiogenesis after cerebral infarction by up-regulating the expression of angiogenic growth factors, and thereby reduce ischemic brain injury (Liu et al., 2007; Liao et al., 2009; Zhou YF. et al., 2019). However, most of the research on NBP involved ischemic stroke, and its effects on TIA remain unclear. A recent study showed that NBP injection could prevent stroke following TIA (Zhang et al., 2020). Therefore, based on the detection of cerebral vasculature abnormalities in TIA mice, we further explored the therapeutic effects of NBP on TIA. These results indicated that NBP significantly increased the number of the CD31+ microvessels. More importantly, the number of perfused microvessels also increased, indicating that these were also functional. Additionally, the expression of angiogenic growth factors including VEGF, Ang-1 and Ang-2 in the NBP-treated group also increased. To achieve a more complete visualization of angiogenesis after TIA, we employed fMOST to reconstruct the entire cerebrovascular network of the mice in the vehicle- and NBP-treated groups 15 days after MCAO. The results indicated that the VLD and FVV of the ipsilateral cortex and striatum were significantly increased in the mice that were treated with NBP. Unlike MOST, which is based on traditional staining methods (e.g., Nissl staining) and imaging under a bright field microscope, fMOST utilizes fluorescent confocal microscope to perform high-resolution imaging of fluorescence-labeled samples. In this study, we used intravenous injection of fluorescent dye to label cerebral vessels combined with fMOST technology. However, after imaging, most of the blood vessels observed were microvessels, and almost no large vessels were found in the data blocks included in the analysis. This limitation might be related to the staining characteristics of lycopersicon esculentum lectin, which primarily labels the endothelium of small vessels in microvascular beds (Porter et al., 1990), and marks only a few larger vessels (Robertson et al., 2015), thus is often used for microvessel staining to observe and evaluate the microvascular system (Xu et al., 2004; Benton et al., 2008; Maeda et al., 2015).
In conclusion, our findings suggested that 8 min or shorter of ischemia using the suture MCAO method creates an appropriate TIA model in C57BL/6 mice. This model conforms to the definition of human TIA, in which neither permanent neurological deficits nor cerebral infarcts occurred, but neuronal apoptosis was observed. We also confirmed cerebral vasculature abnormalities in TIA mice at submicron resolution for the first time, providing new insights on vasculature-related pathogenesis and potential treatments of TIA. In addition, we found that NBP promoted angiogenesis and improved cerebral microvessels after TIA by increasing the expression of angiogenic growth factors, which may be considered as a candidate drug for the treatment of TIA.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Ethics Committee of Huazhong University of Science and Technology.
AUTHOR CONTRIBUTIONS
Study concept and design: ZT and PZ; experiment implementation and manuscript drafting: JW; preliminary experiment completion: YL; data collection and analysis: JW, HY, GL, SB, and SC; manuscript review and revision: PZ and ZT; funding acquisition: ZT. All authors read and approved the final manuscript.
FUNDING
This work was supported by the National Natural Science Foundation of China (Grant No. 82071330).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.751397/full#supplementary-material
REFERENCES
 Ayata, C., Dunn, A. K., Gursoy-Ozdemir, Y., Huang, Z., Boas, D. A., and Moskowitz, M. A. (2004). Laser Speckle Flowmetry for the Study of Cerebrovascular Physiology in normal and Ischemic Mouse Cortex. J. Cereb. Blood Flow Metab. 24 (7), 744–755. doi:10.1097/01.WCB.0000122745.72175.D5
 Baron, J. C., Yamauchi, H., Fujioka, M., and Endres, M. (2014). Selective Neuronal Loss in Ischemic Stroke and Cerebrovascular Disease. J. Cereb. Blood Flow Metab. 34 (1), 2–18. doi:10.1038/jcbfm.2013.188
 Barone, F. C., Knudsen, D. J., Nelson, A. H., Feuerstein, G. Z., and Willette, R. N. (1993). Mouse Strain Differences in Susceptibility to Cerebral Ischemia Are Related to Cerebral Vascular Anatomy. J. Cereb. Blood Flow Metab. 13 (4), 683–692. doi:10.1038/jcbfm.1993.87
 Béjot, Y., Daubail, B., and Giroud, M. (2016). Epidemiology of Stroke and Transient Ischemic Attacks: Current Knowledge and Perspectives. Rev. Neurol. (Paris) 172 (1), 59–68. doi:10.1016/j.neurol.2015.07.013
 Benton, R. L., Maddie, M. A., Worth, C. A., Mahoney, E. T., Hagg, T., and Whittemore, S. R. (2008). Transcriptomic Screening of Microvascular Endothelial Cells Implicates Novel Molecular Regulators of Vascular Dysfunction after Spinal Cord Injury. J. Cereb. Blood Flow Metab. 28 (11), 1771–1785. doi:10.1038/jcbfm.2008.76
 Berthet, C., Lei, H., Gruetter, R., and Hirt, L. (2011). Early Predictive Biomarkers for Lesion after Transient Cerebral Ischemia. Stroke 42 (3), 799–805. doi:10.1161/STROKEAHA.110.603647
 Bivard, A., Lillicrap, T., Maréchal, B., Garcia-Esperon, C., Holliday, E., Krishnamurthy, V., et al. (2018). Transient Ischemic Attack Results in Delayed Brain Atrophy and Cognitive Decline. Stroke 49 (2), 384–390. doi:10.1161/STROKEAHA.117.019276
 Chang, Q., and Wang, X. L. (2003). Effects of Chiral 3-N-Butylphthalide on Apoptosis Induced by Transient Focal Cerebral Ischemia in Rats. Acta Pharmacol. Sin. 24 (8), 796–804.
 Chen, J., Fredrickson, V., Ding, Y., Jiang, L., Luo, Y., and Ji, X. (2015). The Effect of a Microcatheter-Based Selective Intra-arterial Hypothermia on Hemodynamic Changes Following Transient Cerebral Ischemia. Neurol. Res. 37 (3), 263–268. doi:10.1179/1743132814Y.0000000451
 Connolly, E. S., Winfree, C. J., Stern, D. M., Solomon, R. A., and Pinsky, D. J. (1996). Procedural and Strain-Related Variables Significantly Affect Outcome in a Murine Model of Focal Cerebral Ischemia. Neurosurgery 38 (3), 523–532. discussion 532. doi:10.1097/00006123-199603000-00021
 Durukan Tolvanen, A., Tatlisumak, E., Pedrono, E., Abo-Ramadan, U., and Tatlisumak, T. (2017). TIA Model Is Attainable in Wistar Rats by Intraluminal Occlusion of the MCA for 10min or Shorter. Brain Res. 1663, 166–173. doi:10.1016/j.brainres.2017.03.010
 Easton, J. D., Saver, J. L., Albers, G. W., Alberts, M. J., Chaturvedi, S., Feldmann, E., et al. (2009). Definition and Evaluation of Transient Ischemic AttackThe American Academy of Neurology Affirms the Value of This Statement as an Educational Tool for Neurologists. Stroke 40 (6), 2276–2293. doi:10.1161/STROKEAHA.108.192218
 Ejaz, S., Emmrich, J. V., Sawiak, S. J., Williamson, D. J., and Baron, J. C. (2015). Cortical Selective Neuronal Loss, Impaired Behavior, and normal Magnetic Resonance Imaging in a New Rat Model of True Transient Ischemic Attacks. Stroke 46 (4), 1084–1092. doi:10.1161/STROKEAHA.114.007581
 El Husseini, N., Goldstein, L. B., Peterson, E. D., Zhao, X., Pan, W., Olson, D. M., et al. (2012). Depression and Antidepressant Use after Stroke and Transient Ischemic Attack. Stroke 43 (6), 1609–1616. doi:10.1161/STROKEAHA.111.643130
 Fan, C., Zhang, L., He, Z., Shao, P., Ding, L., Wang, G., et al. (2017). Reduced Severity of Outcome of Recurrent Ipsilateral Transient Cerebral Ischemia Compared with Contralateral Transient Cerebral Ischemia in Rats. J. Stroke Cerebrovasc. Dis. 26 (12), 2915–2925. doi:10.1016/j.jstrokecerebrovasdis.2017.07.035
 Gang, Y., Liu, X., Wang, X., Zhang, Q., Zhou, H., Chen, R., et al. (2017). Plastic Embedding Immunolabeled Large-Volume Samples for Three-Dimensional High-Resolution Imaging. Biomed. Opt. Express 8 (8), 3583–3596. doi:10.1364/BOE.8.003583
 Garcia, J. H., Liu, K. F., Ye, Z. R., and Gutierrez, J. A. (1997). Incomplete Infarct and Delayed Neuronal Death after Transient Middle Cerebral Artery Occlusion in Rats. Stroke 28 (11), 2303–2310. discussion 2310. doi:10.1161/01.str.28.11.2303
 Giles, M. F., and Rothwell, P. M. (2007). Risk of Stroke Early after Transient Ischaemic Attack: a Systematic Review and Meta-Analysis. Lancet Neurol. 6 (12), 1063–1072. doi:10.1016/S1474-4422(07)70274-0
 Gnyawali, S. C., Wheeler, D. G., Huttinger, A. L., Anderson, C., Mandybur, I., Lee, C., et al. (2020). Quantification of Cerebral Perfusion Using Laser Speckle Imaging and Infarct Volume Using MRI in a Pre-clinical Model of Posterior Circulation Stroke. J. Vis. Exp. 165. doi:10.3791/61673
 Gong, H., Xu, D., Yuan, J., Li, X., Guo, C., Peng, J., et al. (2016). High-throughput Dual-Colour Precision Imaging for Brain-wide Connectome with Cytoarchitectonic Landmarks at the Cellular Level. Nat. Commun. 7, 12142. doi:10.1038/ncomms12142
 Hata, R., Matsumoto, M., Hatakeyama, T., Ohtsuki, T., Handa, N., Niinobe, M., et al. (1993). Differential Vulnerability in the Hindbrain Neurons and Local Cerebral Blood Flow during Bilateral Vertebral Occlusion in Gerbils. Neuroscience 56 (2), 423–439. doi:10.1016/0306-4522(93)90343-e
 Henninger, N., Eberius, K. H., Sicard, K. M., Kollmar, R., Sommer, C., Schwab, S., et al. (2006). A New Model of Thromboembolic Stroke in the Posterior Circulation of the Rat. J. Neurosci. Methods 156 (1-2), 1–9. doi:10.1016/j.jneumeth.2006.01.028
 Hill, M. D., Yiannakoulias, N., Jeerakathil, T., Tu, J. V., Svenson, L. W., and Schopflocher, D. P. (2004). The High Risk of Stroke Immediately after Transient Ischemic Attack: a Population-Based Study. Neurology 62 (11), 2015–2020. doi:10.1212/01.wnl.0000129482.70315.2f
 Johnston, S. C., Rothwell, P. M., Nguyen-Huynh, M. N., Giles, M. F., Elkins, J. S., Bernstein, A. L., et al. (2007). Validation and Refinement of Scores to Predict Very Early Stroke Risk after Transient Ischaemic Attack. Lancet 369 (9558), 283–292. doi:10.1016/S0140-6736(07)60150-0
 Koizumi, J.-i., Yoshida, Y., Nakazawa, T., and Ooneda, G. (1986). Experimental Studies of Ischemic Brain Edema. Jpn. J. Stroke 8, 1–8. doi:10.3995/jstroke.8.1
 Li, A., Gong, H., Zhang, B., Wang, Q., Yan, C., Wu, J., et al. (2010). Micro-optical Sectioning Tomography to Obtain a High-Resolution Atlas of the Mouse Brain. Science 330 (6009), 1404–1408. doi:10.1126/science.1191776
 Li, F., Ma, Q., Zhao, H., Wang, R., Tao, Z., Fan, Z., et al. (2018). L-3-n-Butylphthalide Reduces Ischemic Stroke Injury and Increases M2 Microglial Polarization. Metab. Brain Dis. 33 (6), 1995–2003. doi:10.1007/s11011-018-0307-2
 Li, S., Quan, T., Zhou, H., Huang, Q., Guan, T., Chen, Y., et al. (2020). Brain-Wide Shape Reconstruction of a Traced Neuron Using the Convex Image Segmentation Method. Neuroinformatics 18 (2), 199–218. doi:10.1007/s12021-019-09434-x
 Liao, S. J., Lin, J. W., Pei, Z., Liu, C. L., Zeng, J. S., and Huang, R. X. (2009). Enhanced Angiogenesis with Dl-3n-Butylphthalide Treatment after Focal Cerebral Ischemia in RHRSP. Brain Res. 1289, 69–78. doi:10.1016/j.brainres.2009.06.018
 Liu, C. L., Liao, S. J., Zeng, J. S., Lin, J. W., Li, C. X., Xie, L. C., et al. (2007). dl-3n-butylphthalide Prevents Stroke via Improvement of Cerebral Microvessels in RHRSP. J. Neurol. Sci. 260 (1-2), 106–113. doi:10.1016/j.jns.2007.04.025
 Longa, E. Z., Weinstein, P. R., Carlson, S., and Cummins, R. (1989). Reversible Middle Cerebral Artery Occlusion without Craniectomy in Rats. Stroke 20 (1), 84–91. doi:10.1161/01.str.20.1.84
 Maeda, H., Kurose, T., and Kawamata, S. (2015). Regulation of the Microvascular Circulation in the Leg Muscles, Pancreas and Small Intestine in Rats. Springerplus 4, 295. doi:10.1186/s40064-015-1102-8
 Mccoll, B. W., Carswell, H. V., Mcculloch, J., and Horsburgh, K. (2004). Extension of Cerebral Hypoperfusion and Ischaemic Pathology beyond MCA Territory after Intraluminal Filament Occlusion in C57Bl/6J Mice. Brain Res. 997 (1), 15–23. doi:10.1016/j.brainres.2003.10.028
 Miyata, S., and Morita, S. (2011). A New Method for Visualization of Endothelial Cells and Extravascular Leakage in Adult Mouse Brain Using Fluorescein Isothiocyanate. J. Neurosci. Methods 202 (1), 9–16. doi:10.1016/j.jneumeth.2011.08.002
 Moran, G. M., Fletcher, B., Feltham, M. G., Calvert, M., Sackley, C., and Marshall, T. (2014). Fatigue, Psychological and Cognitive Impairment Following Transient Ischaemic Attack and Minor Stroke: a Systematic Review. Eur. J. Neurol. 21 (10), 1258–1267. doi:10.1111/ene.12469
 Nakahara, T., Oki, S., Muttaqin, Z., Kuwabara, S., and Uozumi, T. (1991). A New Model of Brainstem Ischemia by Embolization Technique in Cats. Neurosurg. Rev. 14 (3), 221–229. doi:10.1007/BF00310662
 Oliff, H. S., Weber, E., Eilon, G., and Marek, P. (1995). The Role of Strain/vendor Differences on the Outcome of Focal Ischemia Induced by Intraluminal Middle Cerebral Artery Occlusion in the Rat. Brain Res. 675 (1-2), 20–26. doi:10.1016/0006-8993(95)00033-m
 Pedrono, E., Durukan, A., Strbian, D., Marinkovic, I., Shekhar, S., Pitkonen, M., et al. (2010). An Optimized Mouse Model for Transient Ischemic Attack. J. Neuropathol. Exp. Neurol. 69 (2), 188–195. doi:10.1097/NEN.0b013e3181cd331c
 Porter, G. A., Palade, G. E., and Milici, A. J. (1990). Differential Binding of the Lectins Griffonia Simplicifolia I and Lycopersicon esculentum to Microvascular Endothelium: Organ-specific Localization and Partial Glycoprotein Characterization. Eur. J. Cell Biol. 51 (1), 85–95. 
 Prabhakaran, S., Patel, S. K., Samuels, J., Mcclenathan, B., Mohammad, Y., and Lee, V. H. (2011). Perfusion Computed Tomography in Transient Ischemic Attack. Arch. Neurol. 68 (1), 85–89. doi:10.1001/archneurol.2010.320
 Qiao, X. J., Salamon, N., Wang, D. J., He, R., Linetsky, M., Ellingson, B. M., et al. (2013). Perfusion Deficits Detected by Arterial Spin-Labeling in Patients with TIA with Negative Diffusion and Vascular Imaging. AJNR Am. J. Neuroradiol 34 (11), 2125–2130. doi:10.3174/ajnr.A3551
 Qin, C., Zhou, P., Wang, L., Mamtilahun, M., Li, W., Zhang, Z., et al. (2019). Dl-3-N-butylphthalide Attenuates Ischemic Reperfusion Injury by Improving the Function of Cerebral Artery and Circulation. J. Cereb. Blood Flow Metab. 39 (10), 2011–2021. doi:10.1177/0271678X18776833
 Quan, T., Zhou, H., Li, J., Li, S., Li, A., Li, Y., et al. (2016). NeuroGPS-Tree: Automatic Reconstruction of Large-Scale Neuronal Populations with Dense Neurites. Nat. Methods 13 (1), 51–54. doi:10.1038/nmeth.3662
 Robertson, R. T., Levine, S. T., Haynes, S. M., Gutierrez, P., Baratta, J. L., Tan, Z., et al. (2015). Use of Labeled Tomato Lectin for Imaging Vasculature Structures. Histochem. Cell Biol. 143 (2), 225–234. doi:10.1007/s00418-014-1301-3
 Rothwell, P. M., and Warlow, C. P. (2005). Timing of TIAs Preceding Stroke: Time Window for Prevention Is Very Short. Neurology 64 (5), 817–820. doi:10.1212/01.WNL.0000152985.32732.EE
 Schmid-Elsaesser, R., Zausinger, S., Hungerhuber, E., Baethmann, A., and Reulen, H. J. (1998). A Critical Reevaluation of the Intraluminal Thread Model of Focal Cerebral Ischemia: Evidence of Inadvertent Premature Reperfusion and Subarachnoid Hemorrhage in Rats by Laser-Doppler Flowmetry. Stroke 29 (10), 2162–2170. doi:10.1161/01.str.29.10.2162
 Sivakumar, L., Camicioli, R., and Butcher, K. (2014). Factors Associated with Cognitive Decline in Transient Ischemic Attack Patients. Can. J. Neurol. Sci. 41 (3), 303–313. doi:10.1017/s0317167100017248
 Stagliano, N. E., Pérez-Pinzón, M. A., Moskowitz, M. A., and Huang, P. L. (1999). Focal Ischemic Preconditioning Induces Rapid Tolerance to Middle Cerebral Artery Occlusion in Mice. J. Cereb. Blood Flow Metab. 19 (7), 757–761. doi:10.1097/00004647-199907000-00005
 Tang, Y. H., Vital, S., Russell, J., Seifert, H., Senchenkova, E., and Granger, D. N. (2014). Transient Ischemia Elicits a Sustained Enhancement of Thrombus Development in the Cerebral Microvasculature: Effects of Anti-thrombotic Therapy. Exp. Neurol. 261, 417–423. doi:10.1016/j.expneurol.2014.07.004
 Tatlisumak, T., Carano, R. A., Takano, K., Opgenorth, T. J., Sotak, C. H., and Fisher, M. (1998). A Novel Endothelin Antagonist, A-127722, Attenuates Ischemic Lesion Size in Rats with Temporary Middle Cerebral Artery Occlusion: a Diffusion and Perfusion MRI Study. Stroke 29 (4), 850–858. discussion 857-8. doi:10.1161/01.str.29.4.850
 Turner, G. M., Calvert, M., Feltham, M. G., Ryan, R., and Marshall, T. (2016). Ongoing Impairments Following Transient Ischaemic Attack: Retrospective Cohort Study. Eur. J. Neurol. 23 (11), 1642–1650. doi:10.1111/ene.13088
 van Rooij, F. G., Schaapsmeerders, P., Maaijwee, N. A., van Duijnhoven, D. A., de Leeuw, F. E., Kessels, R. P., et al. (2014). Persistent Cognitive Impairment after Transient Ischemic Attack. Stroke 45 (8), 2270–2274. doi:10.1161/STROKEAHA.114.005205
 Wang, J., Zhang, P., and Tang, Z. (2020). Animal Models of Transient Ischemic Attack: a Review. Acta Neurol. Belg. 120 (2), 267–275. doi:10.1007/s13760-020-01295-5
 Wang, Y., Zhao, X., Jiang, Y., Li, H., Wang, L., Johnston, S. C., et al. (2015). Prevalence, Knowledge, and Treatment of Transient Ischemic Attacks in China. Neurology 84 (23), 2354–2361. doi:10.1212/WNL.0000000000001665
 Wu, J., Guo, C., Chen, S., Jiang, T., He, Y., Ding, W., et al. (2016). Direct 3D Analyses Reveal Barrel-specific Vascular Distribution and Cross-Barrel Branching in the Mouse Barrel Cortex. Cereb. Cortex 26 (1), 23–31. doi:10.1093/cercor/bhu166
 Wu, J., He, Y., Yang, Z., Guo, C., Luo, Q., Zhou, W., et al. (2014). 3D BrainCV: Simultaneous Visualization and Analysis of Cells and Capillaries in a Whole Mouse Brain with One-Micron Voxel Resolution. Neuroimage 87, 199–208. doi:10.1016/j.neuroimage.2013.10.036
 Xiong, B., Li, A., Lou, Y., Chen, S., Long, B., Peng, J., et al. (2017). Precise Cerebral Vascular Atlas in Stereotaxic Coordinates of Whole Mouse Brain. Front. Neuroanat. 11, 128. doi:10.3389/fnana.2017.00128
 Xu, B., Wu, Y. Q., Huey, M., Arthur, H. M., Marchuk, D. A., Hashimoto, T., et al. (2004). Vascular Endothelial Growth Factor Induces Abnormal Microvasculature in the Endoglin Heterozygous Mouse Brain. J. Cereb. Blood Flow Metab. 24 (2), 237–244. doi:10.1097/01.WCB.0000107730.66603.51
 Xu, H. L., and Feng, Y. P. (2000). Inhibitory Effects of Chiral 3-N-Butylphthalide on Inflammation Following Focal Ischemic Brain Injury in Rats. Acta Pharmacol. Sin. 21 (5), 433–438.
 Xu, J., Huai, Y., Meng, N., Dong, Y., Liu, Z., Qi, Q., et al. (2017). L-3-n-Butylphthalide Activates Akt/mTOR Signaling, Inhibits Neuronal Apoptosis and Autophagy and Improves Cognitive Impairment in Mice with Repeated Cerebral Ischemia-Reperfusion Injury. Neurochem. Res. 42 (10), 2968–2981. doi:10.1007/s11064-017-2328-3
 Yan, C. H., Feng, Y. P., and Zhang, J. T. (1998). Effects of Dl-3-N-Butylphthalide on Regional Cerebral Blood Flow in Right Middle Cerebral Artery Occlusion Rats. Zhongguo Yao Li Xue Bao 19 (2), 117–120.
 Yang, C. S., Guo, A., Li, Y., Shi, K., Shi, F. D., and Li, M. (2019). Dl-3-n-butylphthalide Reduces Neurovascular Inflammation and Ischemic Brain Injury in Mice. Aging Dis. 10 (5), 964–976. doi:10.14336/AD.2019.0608
 Yang, L. C., Li, J., Xu, S. F., Cai, J., Lei, H., Liu, D. M., et al. (2015). L-3-n-butylphthalide Promotes Neurogenesis and Neuroplasticity in Cerebral Ischemic Rats. CNS Neurosci. Ther. 21 (9), 733–741. doi:10.1111/cns.12438
 Yang, W., Li, L., Huang, R., Pei, Z., Liao, S., and Zeng, J. (2012). Hypoxia Inducible Factor-1alpha Mediates protection of DL-3-N-Butylphthalide in Brain Microvascular Endothelial Cells against Oxygen Glucose Deprivation-Induced Injury. Neural Regen. Res. 7 (12), 948–954. doi:10.3969/j.issn.1673-5374.2012.12.012
 Yonekura, I., Kawahara, N., Nakatomi, H., Furuya, K., and Kirino, T. (2004). A Model of Global Cerebral Ischemia in C57 BL/6 Mice. J. Cereb. Blood Flow Metab. 24 (2), 151–158. doi:10.1097/01.WCB.0000096063.84070.C1
 Yu, K., Wu, Y., Zhang, Q., Xie, H., Liu, G., Guo, Z., et al. (2014). Enriched Environment Induces Angiogenesis and Improves Neural Function Outcomes in Rat Stroke Model. J. Neurol. Sci. 347 (1-2), 275–280. doi:10.1016/j.jns.2014.10.022
 Yu, Z. H., Cai, M., Xiang, J., Zhang, Z. N., Zhang, J. S., Song, X. L., et al. (2016). PI3K/Akt Pathway Contributes to Neuroprotective Effect of Tongxinluo against Focal Cerebral Ischemia and Reperfusion Injury in Rats. J. Ethnopharmacol. 181, 8–19. doi:10.1016/j.jep.2016.01.028
 Zaharchuk, G., Olivot, J. M., Fischbein, N. J., Bammer, R., Straka, M., Kleinman, J. T., et al. (2012). Arterial Spin Labeling Imaging Findings in Transient Ischemic Attack Patients: Comparison with Diffusion- and Bolus Perfusion-Weighted Imaging. Cerebrovasc. Dis. 34 (3), 221–228. doi:10.1159/000339682
 Zhang, C., Zang, Y., Song, Q., Zhao, W., Li, H., Hu, L., et al. (2020). Effects of Butylphthalide Injection on Treatment of Transient Ischemic Attack as Shown by Diffusion-Weighted Magnetic Resonance Imaging Abnormality. Int. J. Neurosci. 130 (5), 454–460. doi:10.1080/00207454.2019.1692835
 Zhang, X., Yin, X., Zhang, J., Li, A., Gong, H., Luo, Q., et al. (2019). High-resolution Mapping of Brain Vasculature and its Impairment in the hippocampus of Alzheimer's Disease Mice. Natl. Sci. Rev. 6 (6), 1223–1238. doi:10.1093/nsr/nwz124
 Zhao, X. P., Zhao, Y., Qin, X. Y., Wan, L. Y., and Fan, X. X. (2019). Non-invasive Vagus Nerve Stimulation Protects against Cerebral Ischemia/Reperfusion Injury and Promotes Microglial M2 Polarization via Interleukin-17A Inhibition. J. Mol. Neurosci. 67 (2), 217–226. doi:10.1007/s12031-018-1227-7
 Zhou, H., Li, S., Li, A., Huang, Q., Xiong, F., Li, N., et al. (2020). GTree: an Open-Source Tool for Dense Reconstruction of Brain-wide Neuronal Population. Neuroinform 19, 305–317. doi:10.1007/s12021-020-09484-6
 Zhou, P. T., Wang, L. P., Qu, M. J., Shen, H., Zheng, H. R., Deng, L. D., et al. (2019a). Dl-3-N-butylphthalide Promotes Angiogenesis and Upregulates Sonic Hedgehog Expression after Cerebral Ischemia in Rats. CNS Neurosci. Ther. 25 (6), 748–758. doi:10.1111/cns.13104
 Zhou, Y. F., Chen, A. Q., Wu, J. H., Mao, L., Xia, Y. P., Jin, H. J., et al. (2019b). Sema3E/PlexinD1 Signaling Inhibits Postischemic Angiogenesis by Regulating Endothelial DLL4 and Filopodia Formation in a Rat Model of Ischemic Stroke. FASEB J. 33 (4), 4947–4961. doi:10.1096/fj.201801706RR
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Wang, Li, Yu, Li, Bai, Chen, Zhang and Tang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_3.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Dl-3-N-Butylphthalide Promotes Angiogenesis in an Optimized Model of Transient Ischemic Attack in C57BL/6 Mice		Introduction

		Materials and Methods		Animals

		Study Design and Experimental Grouping

		Transient Focal Cerebral Ischemia

		Cerebral Blood Flow Measurement by Laser Speckle Contrast Imaging

		Cerebral Blood Flow Measurement by Laser Doppler Flowmeter

		Neurological Evaluation

		7.0 T Magnetic Resonance Imaging

		Preparation for Histopathology

		Nissl Staining

		TUNEL Fluorescence

		CD31 Immunofluorescent Staining

		Fluorescein Isothiocyanate Method

		Western Blot Analysis

		Reconstruction and Quantitative Analysis of 3D Cerebrovascular Network

		Statistical Analysis





		Results		Experiment I

		Experiment II

		Experiment III

		Experiment IV





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/inline_2.gif





OPS/images/inline_5.gif





OPS/images/inline_4.gif





OPS/images/inline_11.gif





OPS/images/inline_10.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





OPS/images/fphar-12-751397-g005.gif





OPS/images/fphar-12-751397-g006.gif
veor

Angt

Ang2 [ —

— 43k0a

0k0a

s0ka

— 42108






OPS/images/fphar-12-751397-g003.gif
A baseline Mcao rep+20min rep+30min,

s
baseline . repesmin €






OPS/images/fphar-12-751397-g004.gif
T0x P T ——0T

s






OPS/images/inline_1.gif





OPS/images/fphar-12-751397-g007.gif





OPS/images/fphar-12-751397-t001.jpg
Groups (n)

- 7-min (6) 8-min (6) 9-rmin (6) 10-min (6) control (3)
Body weights (g) baseline® 22709 23.1:09 22921 23716 23908
Reperfusion +24 h° 20709 214108 212:16 21814 243108
(CBF (%) MCAO 14.40 + 6,83 13.89 £ 5.11 13.80 + 4.82 11.90 £ 4.32 99.00 & 6.09
Reperfusion +15 min 4957 +6.04 48.04 + 583 4858 + 8.76 4767 £ 832 102.43 + 3.90
Reperfusion +30 min 3253 651 34.35 + 6.81 32.31  12.30 2963 £ 2.45 9971 £ 2.10
Neurological deficit (n, (%)) 0(0%) 0(0%) 0(0%) 0 (0%) 0(0%)
MRI lesion (n, (%)) 0(0%) 0(0%) 1 (16.67%) 2 (33.33%) 0(0%)
Lesion volume in MR (% of contralateral hemisphere) 0 0 806 535+ 1.18 o

Grouping was based on the different durations of MCAO.

"Baseline body weights were similar across all groups (p = 0.6755).

At 24 h of reperfusion, the average weight loss was 7.8% in MCAO mice (fom 23.1 1.4 to 21.3 + 1.2 g; p < 0.0001), with no diflerences between the groups (p = 0.6816).
'CBF, relative cerebral blood flow, which is the percentage of CBF in the basal CBF.
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