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SUMMARY:
This purpose of this study is to establish and validate an animal model for research in the recovery and sequela stages of brain ischemia by testing brain infarction and sensorimotor function after middle cerebral artery occlusion/reperfusion (MCAO/R) after 1-90 days in rats.
 
[bookmark: OLE_LINK89][bookmark: OLE_LINK54][bookmark: OLE_LINK195][bookmark: OLE_LINK194][bookmark: OLE_LINK57][bookmark: OLE_LINK193][bookmark: OLE_LINK163][bookmark: OLE_LINK164]ABSTRACT:
The purpose of this study was to establish and validate an animal brain ischemia model in the recovery and sequela stages. A middle cerebral artery occlusion/reperfusion (MCAO/R) model in male Sprague-Dawley rats was chosen. By changing the rat’s weight (260−330 g), the thread bolt type (2636/2838/3040/3043) and the brain infarct time (2-3 h), a higher Longa’s score, a larger infarct volume and a greater model success ratio were screened using the Longa’s score and TTC staining. The optimum model condition (300 g, 3040 thread bolt, 3 h brain infarct time) was acquired and used in a 1-90 day observation period after reperfusion via assessment of sensorimotor functions and infarct volume. At these conditions, the bilateral asymmetry test had a significant difference from 1 to 90 days, and the grid-walking test had a significant difference from 1 to 60 days; both differences could be a suitable sensorimotor functional test. Thus, the most appropriate condition of a novel rat model in the recovery and sequela stages of brain ischemia was found: 300 g rats that underwent MCAO with a 3040 thread bolt for a 3 h brain infarct and then reperfused. The appropriate sensorimotor functional tests were a bilateral asymmetry test and a grid-walking test. 

INTRODUCTION:
[bookmark: OLE_LINK47][bookmark: OLE_LINK45][bookmark: OLE_LINK44]Brain ischemia is divided into three stages with different post-stroke indicators: the acute stage (within 1 week), the recovery stage (1 week to 6 months), and the sequelae stage (more than 6 months). Presently, most studies focus on the acute stage of brain ischemia because of its significant effect and multi-relative research models1-3. However, the recovery and sequelae stages of brain ischemia cannot be ignored due to their long-term complication of disabilities. Therefore, the purpose of this study is to explore a stable, reliable and relatively simple animal model to research the recovery and sequela stages of brain ischemia.

Among the many experimental brain ischemia models, we use middle cerebral artery occlusion (MCAO) via thread bolt insertion into the right middle cerebral artery (MCA). This model is similar to human stroke, which can produce larger infarct volumes, result in many behavioral disorders related to stroke, and can allow blood reperfusion (R) by removing the thread bolt4-6. MCAO/R is also considered the gold standard animal model of brain ischemia7. Furthermore, the severity of the brain injury depends on the diameter and the insertion length of the thread bolt, the duration of brain ischemia, and the animal weight (larger rats have bigger brains and thicker cerebral vessels)8. Therefore, by changing the thread bolt type, the infarct time, and the rat weight, a suitable model can be found for the recovery and sequela stages of brain ischemia in MCAO/R rats. To validate the rat model, we performed a 1-day, 35-day, 60-day, and 90-day study of the MCAO/R model using TTC staining and sensorimotor function experiments (a bilateral asymmetry test, a grid-walking test, a rotarod test and a lifting rope test).

[bookmark: OLE_LINK5][bookmark: OLE_LINK205][bookmark: OLE_LINK209][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK210][bookmark: OLE_LINK204][bookmark: OLE_LINK208][bookmark: OLE_LINK1][bookmark: OLE_LINK207][bookmark: OLE_LINK206][bookmark: OLE_LINK2]PROTOCOL:

The procedure and use of animal subjects have been approved by the National Institute of Health for the care and use of laboratory animals. This protocol is specifically adjusted for the tests of middle cerebral artery occlusion/reperfusion (MCAO/R) and sensorimotor function.

1. Experimental design and grouping

1.1. Use a rat MCAO/R model to screen a rat brain ischemic model method with more severe brain injury and greater model success ratio using Longa’s score and TTC staining.  

1.1.1. Perform the experiment on male Sprague-Dawley rats weighing 260−330 g that are 7−9 weeks of age. The real rat weight is 275 ± 15 g for 275 g, 300 ± 10 g for 300 g, and 320 ± 10 g for 320 g.

1.1.2. Use the following seven groupings (weight, thread bolt type, infarct time): group 1 with 15 rats (275 g, 2636, 2 h); group 2 with 15 rats (275 g, 2636, 3 h); group 3 with 15 rats (275 g, 2838, 2 h); group 4 with 15 rats (275 g, 2838, 3 h); group 5 with 13 rats (300 g, 3040, 3 h); group 6 with 10 rats (320 g, 3040, 3 h); group 7 with 13 rats (300 g, 3043, 3 h). 

1.2. Study the brain recovery status by TTC staining, and use suitable sensorimotor function tests to indicate the long-term functional deficits by the bilateral asymmetry test, grid-walking test, rotarod test and lifting rope test after 1, 35, 60, 90 days of MCAO/R.
 
1.2.1. Use male Sprague-Dawley rats weighing 300 ± 10 g that are 8−9 weeks of age.

1.2.2. Use the following five groupings: a control (normal) group with 20 rats; a 1 day group with 16 rats; a 35 day group with 16 rats; a 60 day group with 17 rats; and a 90 day group with 19 rats. 

1.3. After the Longa’s score in step 1.1 or sensorimotor functional tests in step 1.2, anaesthetize and decapitate all rats for TTC staining.

2. [bookmark: OLE_LINK69]Establishment of a unilateral MCAO/R model in rats9

NOTE: During the operation, use the microforceps gently to prevent breakage of the blood vessel. Avoid damage to the nerves and other blood vessels in the neck of the rat when the vessel is isolated.

2.1. Throughout the surgery, maintain the body temperature of the rats at 37.0 ± 0.5 °C in a small animal thermostat. Prepare four 6 cm 5-0 sutures.

2.2. Set the oxygen flow rate of a small animal anesthesia machine at 0.4−0.6 L/min and the concentration of isoflurane to be 5%. Place the rat in the anesthesia machine. 

2.3. After the animal has fainted, place the rat on a surgical fixing table. Connect the mouth of the rat to the mask of the anesthesia machine (the oxygen flow rate remains unchanged; adjust the concentration of isoflurane to be 3%). Confirm that the animal has entered deep anesthesia by observing a lack of extremity tension, corneal reflexes, and pain.

2.4. Fix its limbs to lie on the operating table with paper bandages (or other tools).

2.5. Remove the neck coat with an electric shaver and sterilize with 75% alcohol. Fix the mouth of the rat with a hook.

2.6. Cut 2−3 cm along the central longitudinal shape of the neck with ophthalmic scissors.

2.7. Separate the common carotid artery. Separate the subcutaneous muscle with ophthalmic forceps. After separating the anterior muscle of the trachea, separate along the right sternocleidomastoid tendon until the carotid sheath is visible. Then expose the common carotid artery.

2.8. Isolate the common carotid artery, the external carotid artery and the internal carotid artery with ophthalmic forceps. Ligate the common carotid artery (hard knot), external carotid artery far from the heart end (hard knot), and internal carotid artery (loose knot) with 5-0 sutures. Line the external carotid artery near the heart end with 5-0 sutures.

2.9. Insert a thread bolt. Cut a small opening in the external carotid artery using ophthalmic scissors and gently insert a thread bolt. Ligate the suture of the external carotid artery that has been in loose knot and cut off the external carotid artery.

2.9.1. Loosen the loose knot of the internal carotid artery and continue inserting the thread bolt to the beginning of the middle cerebral artery (suture marked). Then cut off the exposed thread bolt.

2.10. After the ischemic time is reached (2-3 h), fix the fracture of the external carotid artery with one microforceps, and gently pull out the thread bolt with another microforceps. When the front end of the thread bolt is completely withdrawn from the internal carotid artery, ligate the external carotid artery that was lined with 5-0 sutures, and then pull out the thread bolt completely.

2.11. Loosen the common carotid artery, and daub ~50,000 U of penicillin sodium powder on the surface of the wound to prevent infection. Suture subcutaneous muscles and skin with 4 sutures.

2.12. Give ~0.2 mL of water to the rat orally using a 1 mL syringe to prevent postoperative water shortage after placing the rat back to the cage.

2.13. Choose the animals after 24 hours of reperfusion according to the Longa’s score10. Select animals with a Longa’s score of 1−3 for the next TTC staining in step 1.1, and animals with a Longa’s score of 2−3 score for the 1, 35, 60, 90 days study in step 1.2. 

NOTE: Longa’s score10: 0 score, no neurological deficit; 1 score, failure to extend left foreclaw; 2 score, circling to the left; 3 score, falling to the left; 4 score, cannot walk spontaneously and has a depressed consciousness.

2.14. Analyze the Longa’s score by one-way ANOVA. Values shown represent mean ± S.D. P < 0.05 indicate difference.

3. TTC staining

NOTE: The rat brain slice mold and blade must be pre-cooled in a -20 °C refrigerator before use to prevent adhesion caused by a large temperature difference. During staining, prevent adhesion between the brain slices and the culture plate, which can result in insufficient staining.

3.1. Anesthetize the rat by intraperitoneal injection of 400 mg/kg chloral hydrate after the Longa’s score in step 1.1 or sensorimotor functional tests in step 1.2.

3.2. Decapitate the rat with surgical scissors or with a rat decapitation apparatus. Remove the brain with surgical scissors and hemostatic forceps.

3.3. Put the brain in the refrigerator at -20 °C for 30 min to facilitate slicing.

3.4. Remove the brain from the refrigerator and place it in pre-cooled rat brain slice mold. Cut the brain into six 2-mm-thick consecutive sections with a pre-cooled blade.

3.5. Stain the sections with 2% 5-triphenyl-2H-tetrazolium chloride (TTC) in a 6-well culture plate.

3.6. Culture the sections for 30−60 min at 37 °C in a shaking bed. Flip the sections every 10 min until the brain ischemia area and the normal area are clearly white and red.

3.7. Line the brain slices vertically in order from the back to the front of brain. Use a ruler to ensure that the total length of each line is same. Take pictures with digital camera.

3.8. Analyze the infarct volume.

3.8.1. For defect modification, open the software, import the photo and adjust the brightness with the Contrast Enhancement tool, so that the background is black. 
[image: ]
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3.8.2. Use the Median tool in Filter to remove the highlights.
[image: ]
60166_screenshot_2

3.8.3. Calculate the left (normal) brain area. Select color using Segmentation and adjust the value of I so that the brain slices are separated from the black background. Return to Count/Size and click on Count | Split Objects in Edit to separate the brain from the midline. The software will automatically distinguish the left and right brain areas.
[image: ]
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3.8.4. [bookmark: _GoBack]Calculate the right infarct brain area. After implementing step 3.8.1-3.8.2, Sselect Count/Size and click on Draw/Merge Objects tool in Edit. Manually select the ischemic area and click Count to calculate the ischemic area.
[image: ]
60166_screenshot_5

3.8.5. Calculate the right health brain area. After step 3.8.1-3.8.23.8.3, select color using Segmentation and adjust the value of I so that the normal part of brain slices are separated from the black background. Return to Count/Size and click on Count to calculate this area. Then click on Split Objects in Edit to separate the brain from the midline. Tthe software will automatically distinguish the left and right brain areas. Click on the Draw/Merge Objects tool in Edit and then manually select the right heathy area. Click Count to calculate this area.
[image: ]
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3.9. Calculate the infarct volume (%) and infarct and shrink volume (%): 

Infarct volume (%) = [right infarct area/(2 x left brain area)] x 100. 
Infarct and shrink volume (%) = [(left brain area - right health brain area) / (2 x left brain area)] x 100. 

NOTE: The right brain is the injured part. The data were analyzed by one-way ANOVA. Values shown represent mean ± S.D. P < 0.05 indicate difference.

4. [bookmark: OLE_LINK72][bookmark: OLE_LINK13]Assessment of sensorimotor function
[bookmark: OLE_LINK52]
NOTE: Rats (300 g, 3040 thread bolt, 3 h brain infarct time) with a Longa’s score of 2−3 were selected to perform the sensorimotor function experiments from 1-90 days. Keep quiet and do not disturb the animals during this period of study. The data were analyzed by two-way ANOVA. Values shown represent mean ± S.D. P < 0.05 indicate difference.

4.1. Bilateral asymmetry test11

4.1.1. Wrap paper tape (5 cm long, 0.8 cm wide) on the saphenous part of each foreclaw of a rat three times with equal pressure. 

4.1.2. For each rat, record the number of times each foreclaw is contacted and tape removed in 5 min, including unaffected paw times and affected paw times.

4.1.3. After 30 min, repeat steps 4.1.1 and 4.1.2 again.

4.1.4. Calculate the average value of the sensorimotor bias (%): 
Sensorimotor bias (%) = (unaffected paw times - affected paw times)/(unaffected paw times + affected paw times) x 100

窗体顶端
4.2. Grid-walking test

4.2.1. Place the rat in the center of an elevated grid surface platform (area: 1 m2; height: 40 cm) with grid openings of 2.5 cm2. 

4.2.2. Push the rat's hips lightly to encourage the rat to traverse the grid surface.

4.2.3. Record the number of foot faults made by the unaffected (right) and affected (left) limbs and the total step number in 1 min. 

4.2.4. Calculate the error times:
Error times (%) = [unaffected (right) limb - affected (left) limb]/total step number x 100. 

NOTE: Total number of steps below 20-step data were removed.

4.3. Rotarod test12,13

4.3.1. Set up the rat rotating bar fatigue apparatus (diameter 90 mm) of rats using the supporting software to a speed of 13 rpm over a 5 min period on the computer.

4.3.2. Start the computer programs and place the rat on the rotarod rungs at the same time.

4.3.3. End a trial if the rat falls off the rung or keeps walking for 5 min and record the rotating time.

4.3.4. Have the rat rest for 30 min.

4.3.5. Repeat steps 4.3.2−4.3.4 twice more and choose the maximum value to be the last rotating time.

4.4. Lifting rope test14 

4.4.1. Place the lifting rope instrument (70 cm high; the rope is 0.2 cm in diameter and 40 cm long) on the desk.

4.4.2. Have the rat grip the rope with its forelimbs and hang the rat.

4.4.3. Record the time of hanging and calculate the scores.

NOTE: A score of 3: 0−2 s on the rope; A score of 2: 3−4 s on the rope; A score of 1: 5−6 s on the rope; A score of 0: more than 7 s on the rope.

窗体顶端
[bookmark: OLE_LINK18]REPRESENTATIVE RESULTS:
[bookmark: OLE_LINK15][bookmark: OLE_LINK33][bookmark: OLE_LINK32]Using the abovementioned procedure for a MCAO/R model with a Longa’s score and TTC staining, different treatments of average weight (275/300/320 g), bolt types (2636/2838/3040/3043; Table 1) and ischemic times (2-3 h) and 1 day reperfusion were used to screen for the optimal brain ischemia model in rats. Model parameters of 300 g weight, 3040 thread bolt, and 3 h brain infarct time were the most suitable for the largest cerebral infarction, highest Longa’s score and greatest model success ratio. This was significantly improved on the conventional treatment of a 275 g weight, 2636 thread bolt, and 2 h brain infarct time (Figure 1).

Furthermore, rats with 300 g weight, 3040 thread bolt, 3 h brain infarct time and a 2−3 Longa’s score underwent sensorimotor function tests (a bilateral asymmetry test, a  grid-walking test, a rotarod test, and a lifting rope test) and TTC staining to study the recovery status of brain ischemia from 1-90 days. The infarct and shrink volume were 23.4%, 19.6%, 16.1% (P < 0.01, compared with the first day) and 15.7% (P < 0.01, compared with the first day) after 1, 35, 60, and 90 days post MCAO/R, respectively (Figure 2). On the first day after MCAO/R, infarct volume was biggest. In time, the infarct volume became smaller and the shrink volume became larger. The infarct and shrink volume no longer changed after 60 days of MCAO/R. 

The sensorimotor bias in the bilateral asymmetry test, the grid-walking error times in the grid-walking test and the lifting rope score in the lifting rope test all significantly increased, while the rotarod time in the rotarod test decreased significantly after 1 day of MCAO/R (Figure 3), which indicated that all four tests were meaningful in the stage of acute brain ischemia. However, only sensorimotor bias maintained large functional disorders with a time-dependent manner after 35, 60 and 90 days of MCAO/R. There were significant differences of grid-walking error times in the grid-walking test after 35 and 60 days of MCAO/R. These results indicated that the bilateral asymmetry test and the grid-walking test could be suitable sensorimotor function tests for the stage of recovery and sequela in rats.

FIGURE AND TABLE LEGENDS:

[bookmark: OLE_LINK249][bookmark: OLE_LINK248][bookmark: OLE_LINK416][bookmark: OLE_LINK415][bookmark: OLE_LINK424][bookmark: OLE_LINK425][bookmark: OLE_LINK422][bookmark: OLE_LINK423][bookmark: OLE_LINK427][bookmark: OLE_LINK426]Figure 1: 300 g weight, 3040 thread bolt, 3 h brain infarct time may be the optimum condition of the brain ischemic injury induced by MCAO/R. (A, B) Pictures and cartogram of infarct volume of brain tissue (n = 9−12). (C) Longa’s score (n = 9−12). (D) The statistics of model success ratio of rats (n = 10−15). Model success ratio = (total number of rats - death rats after MCAO/R - failure rats after MCAO/R)/total number of rats. Failure rats are the model rats that do not have a suitable Longa’s score. Error bars represent S.D., *P < 0.05, **P < 0.01. This figure has been modified from Liu et al.15.

[bookmark: OLE_LINK181][bookmark: OLE_LINK179]Figure 2: The infarct and shrink volume gradually decreased from 1 to 90 days after MCAO/R. (A) The TTC staining of rat brain tissue. (B) The cartogram of infarct and shrink volume (n = 16−19). Error bars represent S.D., **P < 0.01 vs. the first day after MCAO/R. This figure has been modified from Liu et al.15.

[bookmark: OLE_LINK6]Figure 3: Bilateral asymmetry test and grid-walking test were the suitable sensorimotor function tests in the recovery and sequela stage of brain ischemia. (A) The right limb tearing favorability in debonding experiment. (B) The grid-walking error times in grid-walking test. (C) The length of time in rotarod test. (D) The score in lifting rope test. Error bars represent S.D., n = 15−19, *P < 0.05, ***P < 0.001. This figure has been modified from Liu et al.15.

Table 1: Thread blot information. This table has been modified from Liu et al.15.

[bookmark: OLE_LINK51]DISCUSSION:
Many models establishing methods and behavioral indicators that are well used in acute cerebral ischemia may not have significant changes in the recovery and sequela stages of brain ischemia16,17. However, the number of patients with brain ischemic in the recovery and sequela stages is the greatest. It is essential to select a suitable animal model for the recovery and sequela stages of ischemia stroke.

We use the MCAO/R model in rats to screen the suitable weight of rats (260−330 g), the type of thread bolt (2636/2838/3040/3043), and the time of brain infarct (2-3 h) for the most severe infarct injury, a high model success ratio, and visible behavioral indicators, which will be suitable for the recovery and sequelae stages of brain ischemia.

[bookmark: OLE_LINK7]Rats that weigh 300 g with a 3040 thread bolt and 3 h brain infarct time have larger infarct volumes, more severe behavioral defects, and a greater model success ratio (Figure 1). Furthermore, we provided validation methods of this rat model by TTC staining and sensorimotor function tests (bilateral asymmetry test, grid-walking test, rotarod test and lifting rope test) 1-90 days after reperfusion. We found that the bilateral asymmetry test and grid-walking test could be used to research the recovery and sequela stages of ischemia because the significant differences of these indicators last 90 days and 60 days, respectively. The larger the infarct and shrink volume is, the more severe the sensorimotor deficits, which can be seen in Figure 2 and Figure 3.

This method is mainly suitable for brain ischemia caused by MCAO. However, the model has differences in brain anatomies between humans and rats, such as the grade of collateral circulation. Another limitation is that white matter recovery cannot be seen by TTC staining. Further studies of collateral circulation and white matter recovery with MR imaging or other methods can confirm the predictive value of this model.

The most critical matter is that the skill of creating a MCAO/R model in rats is not easy and requires practice. Before the experiment, confirm an acceptable and parallel model success ratio. More instruments and methods are needed to test the sensorimotor function in the recovery and sequela stages of stroke. If a more difficult task, such as increasing the speed from 10 to 30 rpm was used, a longer period of deficit may appear in the rotarod test. Other behavioral tests may be also suitable for this model, such as gait detection. More precise detection methods should be used for patients in the recovery and sequela stages of brain ischemia, which can identify the effect of drug or other therapeutic tools. 

As a new animal model to study brain ischemia in the recovery and sequela stages, the method presented here is meaningful and deserves popularization. 
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