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SUMMARY:
Here, we describe a mouse model of retinal ischemia by transient bilateral common carotid artery occlusion using simple sutures and a clamp. This model can be useful for understanding the pathological mechanisms of retinal ischemia caused by cardiovascular abnormalities.

ABSTRACT:
Diverse vascular diseases such as diabetic retinopathy, occlusion of retinal veins or arteries and ocular ischemic syndrome can lead to retinal ischemia. To investigate pathological mechanisms of retinal ischemia, relevant experimental models need to be developed. Anatomically, a main retinal blood supplying vessel is the ophthalmic artery (OpA) and OpA originates from the internal carotid artery of the common carotid artery (CCA). Thus, disruption of CCA could effectively cause retinal ischemia. Here, we established a mouse model of retinal ischemia by transient bilateral common carotid artery occlusion (tBCCAO) to tie the right CCA with 6-0 silk sutures and to occlude the left CCA transiently for 2 seconds via a clamp, and showed that tBCCAO could induce acute retinal ischemia leading to retinal dysfunction. The current method reduces reliance on surgical instruments by only using surgical needles and a clamp, shortens occlusion time to minimize unexpected animal death, which is often seen in mouse models of middle cerebral artery occlusion, and maintains reproducibility of common retinal ischemic findings. The model can be utilized to investigate the pathophysiology of ischemic retinopathies in mice and further can be used for in vivo drug screening.

INTRODUCTION:
The retina is a neurosensory tissue for visual function. Since a substantial amount of oxygen is needed for visual function, the retina is known as one of the highest oxygen demanding tissues in the body1. The retina is susceptible to vascular diseases as oxygen is delivered through blood vessels. Various types of vascular diseases, such as diabetic retinopathy and retinal blood vessel (veins or arteries) occlusion, can induce retinal ischemia. To investigate pathological mechanisms of retinal ischemia, reproducible and clinically relevant experimental models of retinal ischemia are considered necessary. Middle cerebral artery occlusion (MCAO) by insertion of an intraluminal filament is the most generally utilized method for the development of in vivo rodent models of experimental cerebral ischemia2,3. Due to the proximity of the ophthalmic artery (OpA) to MCA, MCAO models are also used simultaneously to understand the pathophysiology of retinal ischemia4-6. To induce cerebral ischemia along with retinal ischemia, long filaments are typically inserted through incision of the common carotid artery (CCA) or the external carotid artery (ECA). These methods are difficult to perform, require a long time to complete the surgery (over 60 minutes for one mouse), and lead to high variabilities in the outcomes after the surgery7. It remains important to develop a better model to improve these concerns.

In this study, we simply used short transient bilateral CCA occlusion (tBCCAO) with needles and a clamp to induce retinal ischemia in mice and analyzed typical results of ischemic injuries in the retina. In this video, we will give a demonstration of the tBCCAO procedure.

PROTOCOL:

All methods described here have been approved by the Institutional Animal Care and Use Committee (IACUC) of Keio University School of Medicine.

1. Preparation of surgical instruments and animals

1.1. Autoclave surgical instruments and keep them in 70% ethyl alcohol. Prior to each new surgical procedure, clean surgical instruments carefully using 70% ethyl alcohol.

1.2. Prepare male BALB/cAJc1 mice (6 weeks old, 26-28 kg) in a specific-pathogen-free (SPF) room to maintain sterile conditions before, during and after the surgery.

2. Transient bilateral common carotid artery occlusion (tBCCAO)

2.1. Put a mouse under anesthesia via intraperitoneal injection with a combination of midazolam (40 μg/100 μL), medetomidine (7.5 μg/100 μL) and butorphanol tartrate (50 μg/100 μL), termed “MMB”, as previously described8,9. Hold the mouse’s back skins to keep the mouse away from bumping its eyes until the mouse is completely anesthetized. 

2.1.1. Judge the depth of anesthesia by pinching the mouse toe until it has no response, of which method is commonly used for checking complete anesthesia10. 

NOTE: Generally, less than 5 min are required for mice to fall asleep. Proper recipes for general anesthesia may be different by institutions.

2.2. Apply one drop of 0.1% purified sodium hyaluronate eye drop solution to the eyes to prevent dryness on the eyes under anesthesia.

2.3. Place the mouse on its back and fix the mouse's paws using adhesive tapes.

2.4. Disinfect the neck area of the mouse using 70% ethyl alcohol before the surgery.

NOTE: Additional clipping of the fur was not performed as this may cause subsequent skin inflammation11,12.

2.5. Perform sagittal incision of the neck by a scissor (Figure 1). 

NOTE: Incision needs to be made on the midline between the neck, sternum and trachea.

2.6. Separate both salivary glands carefully using two forceps and mobilize them to visualize the underlying CCAs.

2.7. Isolate the right CCA carefully from the respective vagal nerves and accompanying veins without harming their structures, and place two 6-0 silk sutures under the CCA. Tie the two ties tightly to block the blood flow (Figure 1).

NOTE: During the procedure, small veins could be damaged. If bleeding is seen, wiping is required to visualize the CCAs clearly.

2.8. Find the left CCA carefully from the respective vagal nerves and accompanying veins without harming their structures, and occlude the left CCA for 2 seconds by a clamp (Figure 1). 

NOTE: A 6-0 silk suture needle is needed to be placed under the left CCA to mark a site for clamping.

2.9. After reopening of the left CCA, suture wounds of the neck by a 6-0 silk suture and apply a dab of antibiotic (50 μL) onto the neck to inhibit bacterial infection.

NOTE: Softly remove a clamp to avoid damaging the arterial wall when reopening of the left CCA.

2.10. Inject 0.75 mg/kg of atipamezole hydrochloride intraperitoneally to the mice to help the mouse recovered from deep anesthesia quickly. Return the mouse to a mouse cage with pre-heated pads.

NOTE: Do not let the mouse left unattended until the mouse regains sufficient consciousness to maintain sternal recumbency. 

2.11. Inject 0.4 mg/kg of butorphanol tartrate to the mouse for the management of pain when the mouse wakes up.

NOTE: The protocol can be paused here. As a first hint for successful tBCCAO, eyelid drooping of the mouse can be observed (Figure 2). 

2.12. For euthanasia, inject 3x of MMB mixture to the mice and sacrifice them for experiments.

3. General observations (survival rates and eyelid drooping)

3.1. After the surgery, check survival rates for all causes of death at day 0 (after the surgery), 1, 3 and 7. 

3.2. Assess eyelid drooping by a 4-point rating scale: 1 = no drooping, 2 = mild drooping (~50%), 3 = severe drooping (over 50%), and 4 = severe drooping with eye discharge.

4. Retinal blood perfusion

4.1. Inject 200 μL of FITC-dextran (25 mg/mL) into the left ventricle of the mouse, which is commonly used for the observation of blood perfusion in mouse retinal vessels13,14. 

4.2. 2 minutes after circulation, enucleate the eyes and fix in 4% paraformaldehyde for 1 hour. The retinas were carefully obtained and flat-mounted, as previously described15, and examined via a fluorescence microscope. 

4.3. Take photographs of the retinal whole mounts at 4x magnification and merge into a single using a merge analyzer, previously described16. 

4.4. Measure the perfused areas via a vessel analysis tool in NIH Fiji/ImageJ software.

5. Western blot

5.1. 3 and 6 hours after tBCCAO, obtain the eyes of mice and immediately transfer to a Petri dish containing cold PBS to isolate the retinas. 

5.2. After isolation of the retinas, perform western blotting, as previously described9. 

5.3. Incubate with antibodies for hypoxia-inducible factor-1α (HIF-1α; a general hypoxia marker) and for β-Actin (an internal loading control) overnight followed by incubation of HRP-conjugated secondary antibodies. Visualize the signals via chemiluminescence.

6. Quantitative PCR (qPCR)

6.1. 6, 12 and 24 hours after tBCCAO, process the obtained retinas for qPCR, as previously described17. 

6.2. Perform qPCR via real-time PCR system. Primers used are listed in Table 1. Calculate fold changes between levels of different transcripts by the ΔΔCT method.

7. Immunohistochemistry (IHC)

7.1. 3 days after tBCCAO, obtain the eyes of mice and embed in paraffin. 

7.2. Cut the paraffin-embedded eyes by a microtome to obtain the eye sections. 

7.3. De-paraffinize and stain the eye sections of 5 μm thickness as previously described13. 

7.4. Incubate with an antibody for glial fibrillary acidic protein (GFAP; a reliable marker for astrocytes and Müller cells in the retina) overnight followed by incubation of Alexa Fluor 555-conjugated secondary antibody. 

7.5. Use DAPI (4′,6-diamidino-2-phenylindole) for staining the nucleus in the retina. Visualize signals via a fluorescence microscope. 

7.6. Assess morphology scoring by a 4-point rating scale, as previously described13,18: 0 = no signal, 1 = few positive glial end-feet in the ganglion cell layer (GCL), 2 = few labelled processes reaching from GCL to the outer nuclear layer (ONL), and 3 = most labelled processes reaching from GCL to ONL.

8. Electroretinography (ERG)

8.1. 3 and 7 days after tBCCAO, perform ERG using a Ganzfeld dome, acquisition system and LED stimulators, as previously described9. 

8.2. Following dark adaptation overnight, anesthetize mice with a combination of MMB under dim red light. 

8.3. Use a mixed solution of 0.5% tropicamide and 0.5% phenylephrine to dilate the pupils. 

8.4. Record the active electrodes with contact lens electrodes and place the reference electrode in the mouth. 

8.5. Obtain ERG responses from both eyes of each animal. 

8.6. Record scotopic responses under dark adaptation with various stimuli. 

8.7. Measure the amplitudes of a-wave from the baseline to the lowest point of a-wave. 

8.8. Measure the amplitudes of b-wave from the lowest point of a-wave to the peak of b-wave.

8.9. Keep all mice warm during the procedure using heat pads.

9. Optical coherence tomography (OCT)

9.1. 2 weeks after tBCCAO, perform OCT using SD-OCT system, as previously reported8,9. 

9.2. For the measurement, subject mice to mydriasis by a mixed solution of 0.5% tropicamide and 0.5% phenylephrine, and under general anesthesia by a mixture of MMB. 

9.3. Obtain B scan images from equatorial slices of en-face scans. 

9.4. Examine the retinas at 0.2, 0.4 and 0.6 mm from the optic nerve head. 

9.5. Measure retinal thickness from the retinal nerve fiber layer (NFL) to the external limiting membrane (ELM), and t=consider the average of measured values as retinal thickness of an individual mouse. 

9.6. Plot the results as spider diagrams.

REPRESENTATIVE RESULTS:
After systemic circulation of FITC-dextran for 2 minutes, retinal vasculatures of the left and right retinas in the sham-operated mice and tBCCAO-operated mice were examined (Supplementary Figure 1). FITC-dextran was fully visible in the both retinas in the sham-operated mice and the left retina in the tBCCAO-operated mice, while it was partially detectible in the right retina in the tBCCAO-operated mice.

After tBCCAO, eyelid drooping was examined (Figure 2). The right eyes showed mild (score 2; 75%) and severe eyelid (score 3 and 4; 25%) drooping, while the left eyes had no drooping (score 1; 93.75%) except for one mouse (score 2; 6.25%). Although severe eyelid drooping with eye discharge was not considerably observed in the tBCCAO-operated mice, we could see one mouse for this phenotype (score 4; 6.25%).

Reduced oxygen status in tissues leads to stabilization of HIF-1α and induction of a number of hypoxia-responsive genes such as EPO, VEGF and BNIP319-21. First of all, molecular biological hypoxia using a general hypoxic marker HIF-1α was evaluated via western blotting (Figure 3). Increased HIF-1α expression was significantly observed in the right retina 3 and 6 hours after tBCCAO. Next, expressions of hypoxia-responsive genes were evaluated via qPCR (Supplementary Figure 2). There was no significant change in hypoxia-responsive gene expressions 6 hours after tBCCAO. 12 hours after tBCCAO, we found Binp3 expression significantly increased and a slight increase in Epo expression was shown in the right retina. 24 hours after tBCCAO, we could also find a slight increase in Epo expression in the right retina although it was not statistically significant. Vegf expression was not altered from 6 to 24 hours in tBCCAO-operated mice.

Retinal reactive gliosis was examined 3 days after tBCCAO (Figure 4), as glia such as astrocytes and Müller cells have been closely associated with retinal ischemia22. GFAP has been widely used for detection of astrocytes and Müller cells in the retina23. The average of morphology scores for GFAP labelling in the right retina was the highest among the both retinas in the sham-operated mice and the left retina in tBCCAO-operated mice. Based on the localization of GFAP expression, a change in morphology in GFAP labelling is considered to reflect activation of Müller cells.

ERG was used to examine retinal dysfunction after tBCCAO (Figure 5). The amplitudes of b-wave in the right eye dramatically decreased 3 and 7 days after tBCCAO. However, the amplitudes of a-wave in the right eye were not significantly changed. When it comes to the left eye, we could not see any changes in the amplitudes of a- and b-waves (Supplementary Figure 3).

We performed OCT to determine an alteration in retinal thickness after tBCCAO (Figure 6). Retinal thickness in the right eye dramatically increased 2 weeks after tBCCAO, while there was no difference in retinal thickness in the left eye between the tBCCAO- and sham-operated mice. 

FIGURE AND TABLE LEGENDS:
Figure 1: Schematic of the model procedure and blood circulation in the circle of Willis. A schematic illustration showed the tBCCAO-induced retinal ischemic mouse model procedure and blood circulation to the retina. CCA, ECA, ICA, PCA and OpA represent the common carotid artery, external carotid artery, internal carotid artery, posterior communicating artery and ophthalmic artery, respectively.

[bookmark: OLE_LINK2]Figure 2: Eyelid drooping after tBCCAO. The severity of eyelid drooping was assessed by 4-point rating based on the reference images: 1 = no drooping, 2 = mild drooping (~50% drooping), 3 = severe drooping (over 50% drooping), and 4 = severe drooping with eye discharge. Eyelid drooping was observed after tBCCAO and it was maintained during the experimental observation. The results (sham: n = 10, tBCCAO: n = 16) were plotted as a scatter dot plot. 

Figure 3: HIF-1α stabilization after tBCCAO. Representative immunoblots and quantitative analyses (groups for hour 3; sham: n = 3, tBCCAO: n = 6 and groups for hour 6; sham and tBCCAO: n = 6) for HIF-1α and β-Actin showed that HIF-1α was stabilized in the right retina 3 and 6 hours after tBCCAO. *P < 0.05. The data were analyzed using Student’s t-test and presented as mean with ±standard deviation. L and R stand for the left and right retina, respectively.

Figure 4: Reactive gliosis after tBCCAO. Representative sagittal sections of the retinas (sham: n = 4, tBCCAO: n = 4) and quantitative analyses of GFAP labelling (red) by a morphology scoring (0–3) showed that GFAP labelling, mostly restricted in NFL+GCL, was expanded to the entire inner layer, from GCL to ONL (white arrows) in the right retina after tBCCAO. Scale bars, 50 μm. DAPI (blue) was used for staining the nucleus in the retina. NFL, GCL, IPL, INL and ONL represent the nerve fiber layer, ganglion cell layer, inner plexiform layer, inner nuclear layer and outer nuclear layer, respectively. The data was analyzed using Student’s t-test and presented as median with interquartile range, the 25th and 75th percentile. *P < 0.05. L and R stand for the left and right retina, respectively. 

Figure 5: Visual dysfunction in the right eye after tBCCAO. (A) Representative waveforms of dark-adapted ERG performed 3 and 7 days after tBCCAO. Stimulation intensity (cd.s/m2): 0.005. (B) Quantitative analyses showed that there was a decrease in the amplitudes of b-wave in the right eye (sham: n = 5, tBCCAO: n = 6) while the amplitudes of a-wave were not changed. *P < 0.05, **P < 0.01. The data were analyzed using Student’s t-test and presented as mean with ±standard deviation. 

Figure 6: A change in retinal thickness after tBCCAO. Representative OCT images in the sham- and tBCCAO-operated retinas and quantitative analyses showed that there was an increase in retinal thickness in the right retina (sham: n = 4, tBCCAO: n = 8). There was no change in the retinal thickness in the left retina (sham: n = 4, tBCCAO: n = 8). Scale bars are 200 (upper) and 100 (lower) µm, respectively. *P < 0.05. The values in the horizontal axis of the diagrams represent 0.2, 0.4 and 0.6 mm distant from the optic nerve head (0) which was detected by the green line. The data were analyzed using two-way ANOVA followed by a Bonferroni post hoc test. Spider diagrams were presented as mean with ± standard deviation. NFL, INL, ONL and ELM are the nerve fiber layer, inner nuclear layer, outer nuclear layer and external limiting membrane, respectively.

Supplementary Figure 1: Retinal blood perfusion after tBCCAO. Representative retinal flat mount images (with higher-magnification of each image) after 2 min of FITC-dextran circulation and quantitative analyses showed that full perfusion was observable in the both retinas in the sham-operated mice and the left retina in the tBCCAO-operated mice. However, the right retina in the tBCCAO-operated mice showed partial blood perfusion. The data were analyzed using Student’s t-test and presented as mean with ±standard deviation. L and R stand for the left and right retina, respectively. Scale bars are 800 and 400 μm, respectively.

Supplementary Figure 2: Expressions of hypoxia-responsive genes after tBCCAO. Quantitative analyses showed a transient increase in Bnip3 mRNA expression in the right retina with statistical significance 12 hours after tBCCAO. Epo mRNA expression showed an increasing tendency in the right retina for 24 hours after tBCCAO, although its values were not significantly different in comparison with the sham-operated right retina. **P < 0.01. The data were analyzed using Student’s t-test and presented as mean with ±standard deviation.

Supplementary Figure 3: Visual function in the left eye after tBCCAO. Quantitative analyses showed that there was no change in the amplitudes of a- and b-waves in the left eye (sham: n = 5, tBCCAO: n = 6). P > 0.05. The data were analyzed using Student’s t-test and presented as mean with ±standard deviation.

[bookmark: OLE_LINK1]Supplementary Figure 4: Survival rates after tBCCAO in C57BL6 and BALB. Kaplan-Meier survival curves demonstrated that almost all mice died within 3 days after tBCCAO in C57BL6 mice. When it comes to BALB mice, longer clamping time in tBCCAO induces sudden and severe animal death (survival rates on day 7, 20 sec: 10%, 10 sec: 20%, 2 sec: 81%, and 0 sec: 95%).

Supplementary Figure 5: HIF-1α stabilization after unilateral CCAO. A representative immunoblot and quantitative analysis (sham: n = 3, unilateral CCAO: n = 3) for HIF-1α and β-Actin showed that HIF-1α was not stabilized in the retinas 3 hours after unilateral CCAO. P > 0.05. The data was analyzed using Student’s t-test and presented as mean with ±standard deviation. L and R stand for the left and right retina, respectively.

Supplementary Figure 6: Severe eyelid drooping after tBCCAO with long clamping time. 10 seconds of tBCCAO induced severe eyelid drooping, which was assessed by a 4-point rating scale: 1 = no drooping, 2 = mild drooping (~50%), 3 = severe drooping (over 50%), and 4 = severe drooping with eye discharge, as described in Figure 2.

DISCUSSION:
In the study, we have shown that tBCCAO, using simple sutures and a clamp, could induce retinal ischemia and accompanying retinal dysfunction. Furthermore, we have demonstrated our current protocol for the development of a mouse model of retinal ischemia is easier and faster in comparison with other previous protocols for the development of retinal ischemic injury models2,3,7.

Anatomically, the left and right cerebral arteries can be connected via posterior communicating arteries (PCAs) which provide collateral circulation in the circle of Willis to maintain adequate blood supply to the central nervous system against flow interruption from occlusions or stenosis of individual vessels24,25 (Figure 1). Lee et al. demonstrated retinal blood perfusion could be 10 min-delayed (which is not an entire blockade of retinal blood perfusion in the ipsilateral retina) by permanent unilateral CCAO in C57BL6 mice13. This implies that induction of retinal ischemia by CCAO is closely associated with conditions of collateral circulation in the circle of Willis. C57BL6 is known to be the most susceptible mouse strain to cerebral ischemia by BCCAO among seven mouse strains including our current study’s mouse strain BALB26. Due to the incomplete circle of Willis in C57BL6, interruption of brain blood supply from both CCAs induces severe damages in the central nervous system, finally leading to death. In addition, in our preliminary study, we failed to induce tBCCAO in C57BL6 as almost all of the mice (about 80%) died within 3 days after the surgery (Supplementary Figure 4). Therefore, we applied tBCCAO to another mouse strain BALB for our current study.

To induce acute retinal ischemic injuries in our BALB model, the right CCA was permanently ligated and the left CCA was applied to boost acute retinal ischemic stress through transient occlusion. This is because mice could not tolerate ischemic stress induced by permanent BCCAO unlike rats who have the complete circle of Willis27. Next, we attempted to optimize occlusion time: left CCAO (0-20 seconds), as occlusion time has been considered one of key factors that impacts ischemic injuries to the central nervous system and directly connects with survival rates of experimental models28,29. We found that survival rates of BALB mice decreased in an occlusion time-dependent manner (Supplementary Figure 4). Occlusion of the left CCA over 10 seconds showed severely higher death rates (over 50%), while occlusion of the left CCA for 2 seconds or no occlusion (or unilateral CCAO) showed relatively higher survival rates (over 80%). Therefore, we excluded the groups (of occlusion time which is 10 and 20 seconds) for the further experiments as efficient and cost-effective experiments cannot be available. Next, we examined whether occlusion of the left CCA for 2 seconds or no occlusion (or unilateral CCAO) could induce retinal hypoxia. HIF-1α is a major regulator functioning in hypoxic responses and is stabilized under hypoxic conditions30. In this regard, HIF-1α stabilization has been used as a general molecular biological marker for hypoxia. We could not detect HIF-1α stabilization in the retina in the group of unilateral CCAO (Supplementary Figure 5). Interestingly, we could detect HIF-1α stabilization in the group of 2 seconds of tBCCAO (Figure 3). This implies retinal hypoxic stress could be induced by 2 seconds of tBCCAO in BALB mice. Therefore, 2 seconds of clamping time were finally selected for our study based on high survival rates after the surgery and induction of retinal ischemia via HIF-1α stabilization.

Although the right CCA was permanently occluded in tBCCAO-operated mice, blood perfusion was partially detected in the right retina 2 minutes after systemic circulation of FITC-dextran (Supplementary Figure 1). Furthermore, we found that an alteration in HIF-1α stabilization was not detected in the right retina in the unilateral CCAO-operated BALB mice. This phenomenon could be explained by effects of collateral circulation through the circle of Willis to maintain blood supply to the retina (Figure 1). Even though we could not clearly understand effects of left transient CCAO on blood perfusion to the right retina, transient left CCAO along with permanent right CCAO may boost acute hypoxic insults in the right retina as evidenced by a significant change in HIF-1α expression in the right retina after tBCCAO (Figure 3). In addition, survival rates of mice were dependent on occlusion time of the left CCA. Taken together, the intensity of retinal ischemic stress could be controlled via left CCAO.

The phenotype of a droopy eyelid has been suggested as a presenting sign or a pathophysiological symptom of severe neurological conditions, especially ischemic stroke31,32. The muscle associated with a droopy eyelid is levator palpebrae superioris33. This muscle is supplied by the lateral palpebral artery which is one of branches derived from OpA. Hence, when OpA, which supplies the retina, is affected, eyelid drooping could be seen. Eyelid drooping was observed in MCAO mouse models34, which was also reproduced in our tBCCAO model. Moreover, we described that eyelid drooping becomes severe when occlusion time of the left CCA takes longer (Figure 2 and Supplementary Figure 6). This implies that the severity of eyelid drooping (indirectly referred to as the intensity of retinal ischemic stress) could be dependent on occlusion time of left CCA.

Retinal dysfunction is one of results seen in retinal ischemic retinopathies including stenosis of BCCA in mice35 and BCCAO in rats36. We found that the amplitudes of b-wave decreased in the tBCCAO-operated mice. Several previous studies demonstrated that MCAO also caused a reduction in the amplitude of b-wave after the surgery37,38. b-wave reflects a physiological condition of cells in the retinal inner layers, including bipolar cells and Müller cells39. Furthermore, reactive gliosis by Müller cells was detected in the inner retinal layer after tBCCAO. This result is also reproduced in MCAO models40,41 and other CCAO models13,42. Taken together, it implies that inner retinal dysfunction could be induced by tBCCAO. Retinal thickness has been reported to increase transiently in acute retinal ischemia43,44. We also reproduced this finding in the tBCCAO-operated mice. This data shows that the impairment of blood circulation by tBCCAO could reach the retina and finally affect retinal layers.

For consistent outcomes, anesthetic time and length of surgical procedures as well as other factors such as weights and ages of experimental models and their body temperatures during and after the surgery should be standardized45. Particularly, attention is needed to maintain body temperature of mice throughout the experimental observation period. This is because hypothermia could have a preconditioning effect and interfere with ischemic effects by tBCCAO46. Even though we could not measure exact body temperature of the mice in our experiments, we used heating pads to warm the mice until the mice regained sufficient consciousness. Furthermore, we compared the tBCCAO-operated mice with the sham-operated mice to control potential confounding effects of uncontrollable factors.

Mouse strains could be an additional important variable factor to induce retinal ischemic injury by tBCCAO. Substantial variation of the circle of Willis in mouse strains could result in an unwanted reduction or induction of cerebral ischemia including retinal ishcemia47 and thereby could lead to variabilities of the results. Adjustment of clamping time is recommended for a successful tBCCAO-induced ischemic retinopathy when other strains of mice are required to be applied.

In general, incidents of stroke or other brain injuries are invariably accompanied with temporary or permanent vison loss48. To date, MCAO mouse model is widely used for stroke studies. As OpA originates proximal to the origin of MCA, any hindrance in the blood flow in MCA obstructs the flow to the retina. Retinal ischemia was firstly demonstrated in rats by MCAO37. Later, the same retinal ischemic model was applied to mice49. However, for the procedure, occlusion takes more than 60 minutes and finding an occlusion site is extremely difficult as MCA is buried deep inside the brain. Furthermore, the filament size and insertion length for MCAO greatly decides success of the surgery. Those additional variable factors induce variabilities of the ischemic outcomes after the surgery. Although direct comparison studies are needed between tBCCAO and MCAO, we described the beneficial features of our experimental models in this study: short occlusion time, simple experimental procedure and highly accessible occlusion sites. This model may solve the concerns seen in MCAO models.

While the use of the mouse model of retinal ischemia has great benefits for studying retinal ischemic injury, there remain limitations to this approach. Since surgical incision into the neck, separation of the salivary glands and occlusion in the right CCA with sutures must be applied for the procedure, the accompanying tissue disruptions can evoke associated inflammation systemically or at least locally. These concerns were partially addressed using the sham-operated mice, where all the surgical steps are all conducted without tBCCAO. Another issue is a requirement of managing pain that occurs during and after the surgery. In our study, pain management to prevent suffering of the mice was applied through the injection of butorphanol tartrate solution, a synthetically derived opioid agonist-antagonist analgesic of the phenanthrene series. It might be important to be aware that the use of different types of anesthetics and analgesics can disrupt effects of tBCCAO on retinal ischemia. Another limitation to this approach (along with the approaches of currently used other models) is that it does not provide a perfect simulation of pathologies associated with human cardiovascular retinal disorders. To date, mouse models used for such experiments do not suffer from co-morbidities that underlie ischemic retinopathies in humans, mainly with metabolic syndrome such as diabetes50. Such complications which are not present in current mouse models could have negative synergistic effects on the pathological pathways for the development of ischemic retinopathies. Therefore, this should be taken into account when interpreting the outcomes from the currently used experimental models including our tBCCAO mouse model. To better understand pathophysiological mechanisms of ischemic retinopathies in humans, our model can be combined with other pathological factors such as streptozotocin injection51 or high fat diet supplement52 for the development of ischemic diabetic retinopathy. At last, even though we showed reduced retinal blood perfusion in the tBCCAO-operated mice, we could not clearly understand effects of left transient CCAO on blood perfusion to the right retina. This matter could be addressed using laser-Doppler which is typically used to confirm that occlusion has taken place and ischemia has occurred in vivo in real time53,54. This technique could be utilized for better understanding of retinal ischemia in an individual tBCCAO-operated mouse, regarding the collateral circulation in the circle of Willis.

Despite these limitations, our tBCCAO method described here represents an effective approach to produce retinal ischemia in mice. Studying retinal changes by tBCCAO helps to unravel pathological mechanisms of ischemic retinopathies in humans. Furthermore, we hope that tBCCAO mouse model could be used for in vivo drug screening.
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