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SUMMARY:  35 
A mouse model of cerebral ischemia–reperfusion is established to investigate the 36 
pathophysiology of stroke. We distally ligate the right middle cerebral artery and right common 37 
carotid artery and restore blood flow after 10 or 40 min of ischemia. 38 
 39 
ABSTRACT: 40 
In this study, a middle cerebral artery (MCA) occlusion mouse model is employed to study 41 
cerebral ischemia–reperfusion. A reproducible and reliable mouse model is useful for 42 
investigating the pathophysiology of cerebral ischemia-reperfusion and determining potential 43 
therapeutic strategies for patients with stroke. Variations in the anatomy of the circle of Willis of 44 
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C57BL/6 mice affects their infarct volume after cerebral-ischemia-induced injury. Studies have 45 
indicated that distal MCA occlusion (MCAO) can overcome this problem and result in a stable 46 
infarct size. In this study, we establish a two-vessel occlusion mouse model of cerebral ischemia–47 
reperfusion through the interruption of the blood flow to the right MCA. We distally ligate the 48 
right MCA and right common carotid artery (CCA) and restore blood flow after a certain period 49 
of ischemia. This ischemia–reperfusion injury induces an infarct of stable size and a behavioral 50 
deficit. Peripheral immune cells infiltrate the ischemic brain within the 24 h infiltration period. 51 
Additionally, the neuronal loss in the cortical area is less for a longer reperfusion duration. 52 
Therefore, this two-vessel occlusion model is suitable for investigating the immune response and 53 
neuronal recovery during the reperfusion period after cerebral ischemia. 54 
 55 
INTRODUCTION:  56 
The cerebral ischemia–reperfusion mouse model is one of the most widely used experimental 57 
approaches for investigating the pathophysiology of ischemia-induced brain injury1. Because 58 
cerebral ischemia–reperfusion activates the peripheral immune system, peripheral immune cells 59 
infiltrate into the ischemic brain and cause neuronal damage2. Thus, a reliable and reproducible 60 
mouse model that mimics cerebral ischemia–reperfusion is required to understand the 61 
pathophysiology of stroke. 62 
 63 
C57BL/6J (B6) mice are the most commonly used strain in stroke experiments because they can 64 
easily be genetically manipulated. Two common models of MCAO/reperfusion that mimic the 65 
condition of cerebral ischemia–reperfusion are available. The first is the intraluminal filament 66 
model of proximal MCAO, where a silicon-coated filament is employed to intravascularly occlude 67 
the blood flow in the MCA; the occluding filament is subsequently removed to restore blood flow3. 68 
A short occlusion duration results in a lesion of the subcortical region, whereas a longer occlusion 69 
duration causes infarcts in the cortical and subcortical areas. The second model is the ligation 70 
model of distal MCAO, which involves extravascular ligation of the MCA and CCA to reduce the 71 
blood flow through the MCA, after which blood flow is restored through the removal of the 72 
suture and aneurysm clip4. In this model, an infarct is caused in the cortical areas, and the 73 
mortality rate is low. Because the ligation of MCAO/reperfusion model requires craniectomy to 74 
expose the site of the distal MCA, the site can be easily confirmed, and examining whether the 75 
blood flow in the distal MCA is disrupted during the procedure is straightforward. 76 
 77 
B6 mice exhibit considerable variations in the anatomy of their circle of Willis; this might affect 78 
the infarct volume following cerebral ischemia–reperfusion5–7. Currently, this problem can be 79 
overcome through ligation of the distal MCA8. In this study, we establish a method for occluding 80 
the MCA blood flow and enabling reperfusion after a predetermined period of ischemia. Two-81 
vessel occlusion of the cerebral ischemia–reperfusion model induces transient ischemia of the 82 
MCA territory through ligation of the right distal MCA and right CCA, with blood flow restored 83 
after a certain period of ischemia. This MCAO/reperfusion model induces an infarct of stable size, 84 
a bulk of brain-infiltrating immune cells in the ischemic brain, and a behavioral deficit after 85 
cerebral ischemia–reperfusion4.  86 
 87 
PROTOCOL:  88 



The institutional animal care and use committees of Academia Sinica and Taipei Medical 89 
University approved this protocol for the use of experimental animals. 90 
 91 
1. MCAO/reperfusion model 92 
 93 
1.1. Provide the mice with free access to water and chow until the surgery.  94 
 95 
1.2. Autoclave the surgical tools and sanitize the surgery table and equipment using 70% ethanol. 96 
Wear a surgical mask and sterile gloves. Use a dry bead sterilizer to resterilize the surgical tools 97 
if multiple mouse surgeries will be conducted in one experiment. 98 
 99 
1.3. Anesthetize an 8- to 12-week-old mouse (mass: 25–30 g) by using 0.8% chloral hydrate, via 100 
an intraperitoneal injection. Make sure the anesthetized mouse does not have a pedal reflex (as 101 
tested using a firm toe pinch) after the anesthetization. 102 
 103 
1.4. Use vet ointment to prevent eye dryness for the mouse while it is under anesthesia. 104 
 105 
1.5. Use a noninvasive blood pressure system to monitor the mouse’s blood pressure. 106 
 107 
1.6. Use a physiological monitoring system to monitor its rectal temperature and arterial blood 108 
gases. Maintain the body temperature at 36.5 ± 0.5 °C. 109 
 110 
1.7. Subcutaneously inject the mouse with a prophylactic antibiotic (25 mg/kg cefazolin)8. 111 
 112 
1.8. Place the mouse in the supine position on the heating pad. 113 
 114 
1.9. Use electric clippers to expose the skin by shaving the mouse’s fur on the ventral neck region, 115 
as well as in the region between the right eye and right ear. 116 
 117 
1.10. Use tape to clear the fur from the mouse’s body and disinfect the surgical site with 70% 118 
ethanol. 119 
 120 
1.11. Use iris scissors to cut a 1 cm-long midline incision at the neck. 121 
 122 
1.12. Use iris forceps to carefully dissect the CCA free from the vagus nerves without causing 123 
physical injury. 124 
 125 
1.13. Use 5-0 silk sutures to isolate the CCA. 126 
 127 
1.14. Make a 0.3 cm incision in the scalp at the midpoint between the right eye and right ear. 128 
 129 
1.15. Use microscissors to cut the temporalis muscle to expose the zygomatic and squamosal 130 
bone. 131 
 132 



1.16. Under a stereo dissecting microscope, use a microdrill to create a 2 mm-diameter hole 133 
directly over the right-side distal MCA. 134 
 135 
1.17. Ligate the trunk of the right-side distal MCA using a 10-0 suture. 136 
 137 
1.18. Occlude the right-side CCA using a nontraumatic aneurysm clip. 138 
 139 
1.19. After either 10 or 40 min of ischemia, remove the aneurysm clips and suture to restore 140 
blood flow to the MCA and CCA. 141 
 142 
1.20. Use a suture clip to seal the skin incision on the head. 143 
 144 
1.21. Seal the cervical skin incisions using surgical glue9. 145 
 146 
1.22. Subcutaneously inject buprenorphine (0.1 mg/kg) for pain relief9. 147 
 148 
1.23. Maintain the mouse’s body temperature at 36.5 ± 0.5 °C on the heating pad until it has fully 149 
recovered from the anesthesia. Do not return the animal that has undergone surgery to the 150 
company of other animals until it has fully recovered. Do not leave the animal unattended until 151 
it regains sufficient consciousness. 152 
 153 
1.24. Place the mouse into the autoclaved cage so that it can freely access water and chow after 154 
it has fully recovered.  155 
 156 
2. Staining with 2,3,5-triphenyltetrazolium chloride 157 
 158 
2.1. Anesthetize the mouse with 0.8% chloral hydrate via an intraperitoneal injection. 159 
 160 
2.2. Use operating scissors to decapitate the animal. 161 
 162 
2.3. Expose the skull by using iris scissors to make an incision in the skin of the head. 163 
 164 
2.4. Use operating scissors to cut the anterior of the frontal bone. 165 
 166 
2.5. Use iris scissors to cut the skull along the sagittal suture.  167 
 168 
2.6. Use a bone rongeur to push aside the frontal and parietal bone and expose the brain. 169 
 170 
2.7. Use iris forceps to dissect the brain. 171 
 172 
2.8. Use a mouse brain matrix and razor blades to obtain 2 mm coronal slices. 173 
 174 
2.9. Stain the brain slices for 10 min at 37 °C with 2% 2,3,5-triphenyltetrazolium chloride (TTC) in 175 
1x phosphate-buffered saline. 176 



 177 
2.10. Rinse the brain 2x with 10% formalin. 178 
 179 
2.11. Fix the brain in 10% formalin at room temperature for 24 h. 180 
 181 
3. Measurement of infarct size 182 
 183 
3.1. Arrange the sections on a clean plastic slide and orient the sections from rostral to caudal.  184 
 185 
3.2. Scan the slide using a scanner. Place a metric ruler and make sure it is visible in the scanned 186 
image. Flip the slide over and scan the reverse side. 187 
 188 
3.3. Calculate the infarction area of each section using ImageJ software.  189 
 190 
3.3.1. Open the image file and set up the scale for the image.  191 
 192 
3.3.2. Use freehand selection to select the infarct area.  193 
 194 
3.3.3. Use the regions of interest (ROI) manager to measure the area of interest. 195 
 196 
3.4. Sum the infarction areas for each section and multiply the result by the section thickness to 197 
estimate the total infarction volume. 198 
 199 
4. Statistical analysis 200 
 201 
4.1. Use GraphPad Prism 6 to determine the statistical significance with Student’s t-test.  202 
 203 
NOTE: The error bars on the bar graphs represent standard errors of the mean (SEMs). 204 
 205 
4.2. Use G*Power 3.1 to calculate the appropriate sample size and perform a power analysis10.  206 
 207 
REPRESENTATIVE RESULTS:  208 
This MCAO/reperfusion procedure produced a cortical infarct in the vicinity of the right MCA and 209 
caused a behavioral deficit. Different degrees of ischemia-induced infarct volume (Figure 1A,B) 210 
and neuronal loss (Figure 1C,D) were created in the cerebral cortex of the right MCA area through 211 
an increase in ligation duration. This MCAO/reperfusion injury decreased the animal’s locomotor 212 
activity at 48 h after the MCAO/reperfusion (Figure 2). A bulk of peripheral immune cells (CD45high 213 
cells) also infiltrated the ischemic brain (ipsilateral hemisphere) after the cerebral ischemia–214 
reperfusion (Figure 3). In addition, we compared this two-vessel occlusion model with the MCAO 215 
model and found that the infarct volumes of these two models were not significantly different 216 
(Figure 4). The mortality rate was low (<5%) in the two-vessel occlusion mouse model of cerebral 217 
ischemia–reperfusion. We excluded mice from further analyses if excessive bleeding had 218 
occurred during the surgery. When the surgical procedures were correctly followed, the rate of 219 
animal exclusion due to excessive bleeding from craniectomy or MCA was less than 15%. 220 



Occlusion of the right MCA or CCA alone did not cause infarction. 221 
 222 
FIGURE AND TABLE LEGENDS:  223 
 224 
Figure 1: Infarct volume and neuronal loss are positively correlated with the length of the vessel 225 
occlusion. (A) Representative TTC stains of brain slices from mice, 24 h after the 226 
MCAO/reperfusion. The duration of the MCAO was 10 or 40 min. Data shown are representative 227 
of three independent experiments. (B) Quantification of infarct volume. The error bars represent 228 
SEMs; n = 8; *p < 0.05. (C) The MAP2 expression in B6 brains at 24 h after MCAO/reperfusion was 229 
determined using immunohistochemistry. MAP2-negative areas are enclosed by a dashed line in 230 
the representative image of MAP2 staining of the brain section. (D) Quantification of the MAP2 231 
negative area. MAP2-negative area (%) = ipsilateral MAP2-negative area / contralateral 232 
hemisphere x 100; n = 3; *p < 0.05. 233 
 234 
Figure 2: Locomotor activity decreased after cerebral ischemia–reperfusion. (A) Locomotor 235 
activity was analyzed 48 h after the MCAO/reperfusion. The duration of the MCAO was 40 min. 236 
The data were recorded for 60 min in an open-field assay. Mice’s tracking distances were 237 
analyzed using CleverSys TopScan 1.0. The sham control group was comprised of mice that had 238 
undergone the surgery without the occlusion of the MCA or CCA. (B) Quantification of the 239 
distance moved by the sham and the MCAO/reperfusion mice. The data are presented as mean 240 
± SEM; n = 7; *p < 0.05. 241 
 242 
Figure 3: Peripheral immune cells infiltrate into the ischemic hemisphere after cerebral 243 
ischemia–reperfusion. (A) Brain-infiltrating immune cells (CD45high cells) in the ipsilateral and 244 
contralateral hemisphere, at 24 h after the MCAO/reperfusion, were analyzed by flow cytometry. 245 
The isolation of brain-infiltrating immune cells has been described in a previous study4. The 246 
duration of the MCAO was 40 min. (B) The quantification of brain-infiltrating immune cells in the 247 
ipsilateral and contralateral hemisphere, at 24 h after the MCAO/reperfusion. The data are 248 
presented as mean ± SEM; n = 4; *p < 0.05. 249 
 250 
Figure 4: The infarct volume is not different between MCAO- and MCAO/reperfusion-induced 251 
injuries. (A) Representative TTC stains of brain slices from mice, 24 h after the MCAO. In the 252 
MCAO experimental group, the right MCA was permanently truncated using a vessel cauterizer, 253 
whereas the right CCA was transiently ligated for 40 min. In the MCAO/reperfusion (MCAO/Rep) 254 
experimental group, the procedure was as described in section 1 of the protocol. The duration of 255 
the MCAO was 40 min. (B) Quantification of infarct volume. The data are presented as mean ± 256 
SEM; n = 7. 257 
 258 
Table 1: Comparison of infarct volume and variability from different experiments. The infarct 259 
volume was determined at 24 h after the MCAO/reperfusion from three independent 260 
experiments. The duration of the MCAO was 40 min. SD = standard deviation; n = number of mice 261 
used per experiment. 262 
 263 
DISCUSSION:  264 



The MCAO/reperfusion mouse model is an animal model commonly employed to mimic transient 265 
ischemia in humans. This animal model can be applied to transgenic and knockout mice strains 266 
to investigate the pathophysiology of stroke. Several steps in the protocol are especially critical. 267 
(1) The microdrill must be carefully used when creating a hole in the skull, with inappropriate 268 
action easily causing bleeding from the MCA. (2) The MCA should not be damaged, and bleeding 269 
must be avoided before and after the ligation procedure. Damage to the MCA affects the level of 270 
reperfusion in the ischemic brain7. The MCA reperfusion status must be checked after the MCAO. 271 
The occlusion and restoration of blood flow to the MCA can be analyzed by using a laser Doppler. 272 
(3) The CCA should not bleed during the CCA isolation. (4) The vagus nerve must not be damaged 273 
during the CCA isolation because this could increase the infarct size and probability of mortality. 274 
(5) The body temperature of the mouse should be maintained at 36.5 ± 0.5 °C. Hyperthermia 275 
increases the infarct size and probability of mortality11. Hypothermia reduces the infarct volume 276 
after cerebral ischemia12.  277 
 278 
The significance of this MCAO/reperfusion model is that it can create highly reproducible cortical 279 
infarcts and behavioral deficits4. Compared with different MCAO models, such as the hypoxic 280 
ischemic (H/I) stroke model as described in a previous study8, this two-vessel occlusion model 281 
induces a relatively small variability in infarct volume (the coefficient of variation ranged from 282 
0.11–0.17) (Table 1). Alternative stroke models, such as the intraluminal filament model, might 283 
result in an unpredictable infarct volume because of the uncertain status of the occlusion and 284 
reperfusion condition after surgery13. Compared with the three-vessel MCAO model (ligation of 285 
the right MCA and right and left CCAs)14, the proposed model involves the ligation of only two 286 
vessels (the right MCA and right CCA) to achieve cerebral ischemia. Consequently, a shorter 287 
surgery time is required than in the three-vessel MCAO model. The main limitation of this 288 
MCAO/reperfusion model is that it requires craniectomy to perform MCA ligation. One study 289 
indicated that craniotomy causes transcriptional changes in the brain15. Therefore, a sham 290 
control is required to determine the effects of MCAO/reperfusion on gene expression. 291 
 292 
Neuronal loss in the cortical area is less when a longer reperfusion duration is employed. Studies 293 
have demonstrated that the MAP2-negative area is smaller after 7 days of reperfusion, compared 294 
with 2 days of reperfusion4,16. However, this recovery effect is unlikely in a brain with ischemia 295 
induced by an intraluminal monofilament model of MCAO17,18. In addition, the intraluminal 296 
monofilament model of MCAO can sustain the infarct size for at least 7 days.  297 
 298 
B6 mice have extensive collateralization between the anterior cerebral artery and the MCA19. 299 
When we permanently truncated the MCA in the ischemic brain, we found that the infarct 300 
volume was not significantly different from the mice with a reperfused MCA at 24 h after the 301 
MCAO (Figure 4). Therefore, we suggest that the blood flow from the anterior cerebral artery 302 
collaterals might compensate for the ischemia effects of the MCA territory when the distal MCA 303 
is permanently occluded.  304 
 305 
In this study, the two-vessel MCAO/reperfusion model created an ischemia–reperfusion injury 306 
and caused peripheral immune cells to infiltrate into the ischemic brain. This model can be 307 
employed to investigate the interplay between the brain and the immune system. In addition, it 308 



can be used to test potential neuroprotectants or drugs that modulate the immune response 309 
after cerebral ischemia–reperfusion.  310 
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Name of Material/ Equipment Company Catalog Number Comments/Description

Bone rongeur Diener Friedman

Buprenorphine Sigma B-044 

Cefazolin Sigma 1097603

Chloral hydrate Sigma C8383

Dissection microscope Nikon SMZ-745

Electric clippers Petpro

10% formalin Sigma F5304

Germinator dry bead sterilizer Braintree Scientific

 Iris Forceps Karl Klappenecker 10 cm 

 Iris Scissors Diener 9 cm 

 Iris Scissors STR Karl Klappenecker 11 cm 

Microdrill Stoelting

FOREEDOM 

K.1070

Micro-scissors-Vannas HEISS H-4240 blade 7mm, 8 cm 

Mouse brain matrix World Precision Instruments

Non-invasive blood pressure system Muromachi MK-2000ST

Operating Scissors STR Karl Klappenecker 14 cm 

Physiological Monitoring System Harvard Apparatus

Razor blades Ever-Ready

Stoelting Rodent Warmers Stoelting 53810 Heating pad
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Dear Dr. Lee, 

 

Your manuscript, JoVE59078R1 "Two-vessel occlusion mouse model of cerebral 

ischemia–reperfusion," has been editorially and peer reviewed, and the following 

comments need to be addressed. Note that editorial comments address both 

requirements for video production and formatting of the article for publication. Please 

track the changes within the manuscript to identify all of the edits. 

 

After revising and uploading your submission, please also upload a separate rebuttal 

document that addresses each of the editorial and peer review comments individually. 

Please submit each figure as a vector image file to ensure high resolution throughout 

production: (.svg, .eps, .ai). If submitting as a .tif or .psd, please ensure that the image 

is 1920 x 1080 pixels or 300 dpi. 

 

Your revision is due by Nov 30, 2018. 

 

To submit a revision, go to the JoVE submission site and log in as an author. You will 

find your submission under the heading "Submission Needing Revision". 

 

Best, 

 

Bing Wu, Ph.D. 

Review Editor 

JoVE 

 

 

Editorial comments: 

The manuscript has been modified and the updated manuscript, 59078_R1.docx, is 

attached and located in your Editorial Manager account. Please use the updated 

version to make your revisions. 

  

1. Please take this opportunity to thoroughly proofread the manuscript to ensure 

that there are no spelling or grammar issues. 

Reply 

The manuscript has been thoroughly proofread. 

 

2. Please specify the use of vet ointment on eyes to prevent dryness while under 

anesthesia. 
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Reply 

The text has been revised in Protocol 1.4 (line 109). 

 

3. For survival strategies, discuss post-surgical treatment of animal, including 

recovery conditions and treatment for post-surgical pain. 

Reply 

Protocol 1.23 contains the description of the recovery condition. Protocol 1.22 

contains the description of postsurgical pain control.  

 

4. Discuss maintenance of sterile conditions during survival surgery. 

Reply 

The maintenance of sterile conditions during survival surgery is described in Protocol 

1.2 and 1.24. 

 

5. Please specify that the animal is not left unattended until it has regained 

sufficient consciousness to maintain sternal recumbency. 

Reply 

The text has been revised in Protocol 1.23. 

 

6. Please specify that the animal that has undergone surgery is not returned to 

the company of other animals until fully recovered. 

Reply 

The text has been revised in Protocol 1.23. 

 

7. Figure 1A: Please add a unit. 

Reply 

Figure 1A has been revised. 

 

 

 

 

 

 

 

 

 

 

 



Reviewers' comments: 

 

Reviewer #1: 

 

Manuscript Summary: 

In this study, the authors have established a two-vessel occlusion mouse model of 

cerebral ischemia-reperfusion through interruption of blood flow to the right 

MCA. The model induces stable infarct volume and behavioral deficits, which 

will be beneficial to investigate the pathophysiology of cerebral 

ischemia-reperfusion and potential therapeutic strategies for patients with stroke. 

After additional editing, the manuscript may be accepted by JOVE. 

Reply 

Thank you for the suggestion. The manuscript has been thoroughly proofread and 

edited by a professional editing company. 

 

Reviewer #3: 

 

Manuscript Summary: 

This article describes a two-vessel occlusion method in mice for cerebral ischemia 

reperfusion studies. 

 

Major Concerns: 

 

1. What is the rate of animal exclusion due to excessive bleeding from 

craniectomy or MCA during surgery? 

Reply 

If surgery procedures are correctly followed, the rate of animal exclusion due to 

excessive bleeding from craniectomy or MCA was less than 15%. This had been 

added to the Results section (line 223-224). 

 

2. Is there any statistics supporting that the infarct area is very consistent in this 

method? 

Reply 

Thank you for the comment. We have added the statistics to show that this model 

induces relatively low variability of infarct area (Table 1) when compared with the 

H/I stroke model [1]. The text has been added to the Discussion section (line 

281-283). 

 



3.Why there is no significant difference between permanent occlusion to this 

reperfusion method (figure 3)? Please discuss. 

Reply 

We thank the reviewer for this insightful comment. B6 mice have extensive 

collateralization between the anterior cerebral artery (ACA) and MCA. We suggest 

that the blood flow from ACA collaterals might compensate for the ischemic effects 

of MCA territory when the distal MCA is permanently occluded. We have added this 

to the text in the Discussion section (line 300-305).       

 

4. Reperfusion condition should be measured by a more accurate method such as 

Laser Doppler. Observation by eyes can be very subjective. 

Reply 

Thank you for this comment. The text has been revised in the Introduction (line 79-80) 

and Discussion (line 273-274).  

 

Minor Concerns: 

1.There is no direct evidence of peripheral immune cells infiltration in the 

ischemic brain. At least one simple IHC or H&E staining should be performed. 

Reply 

Thank you for the reviewer’s suggestion. In our previous publication, we isolated 

brain-infiltrating immune cells and used flow cytometry to identify these 

brain-infiltrating immune cells after cerebral ischemia–reperfusion [2]. The evidence 

of peripheral immune cell infiltration in the ischemic brain is now presented in Figure 

3. The text has been revised in the Results section (line 217-219). 
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