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Abstract: Nonarteritic central retinal artery occlusion (NA-CRAO) is a variant of acute ischemic stroke (AIS) and is a cause of
sudden severe loss of vision. There are guidelines by the American Heart Association and the American Stroke Association for the
care of CRAO patients. This review explores the basis of retinal neuroprotection for CRAO and its potential for improving the
outcome of NA-CRAO. Recently, there have been significant advances in research into the use of neuroprotection to treat retinal
diseases, including retinal detachment, age-related macular degeneration, and inherited retinal diseases. Also, neuroprotective research
in AIS has been extensive, and newer drugs tested, including Uric acid, Nerinetide, and Otaplimastat, with promising results. Progress
in cerebral neuroprotection after AIS offers hope for retinal neuroprotection after CRAO; and a possibility of extrapolating research
findings from AIS into CRAO. Combining neuroprotection and thrombolysis can extend the therapeutic window for NA-CRAO
treatment and potentially improve outcomes. Experimented neuroprotection for CRAO includes Angiopoietin (Comp Angl), KUS
121, Gene therapy (XIAP), and hypothermia. Efforts in the field of neuroprotection for NA-CRAO should focus on better imaging to
delineate the penumbra after an acute episode of NA-CRAO (using a combination of high-definition optical coherence angiography
and electrophysiology). Also, research should explore details of pathophysiologic mechanisms involved in NA-CRAO, allowing for
further neuroprotective intervention, and closing the gap between preclinical and clinical neuroprotection.

Keywords: neuroprotection, non-arteritic central retinal artery occlusion, thrombolysis, acute ischemic stroke

Introduction

In recent years, significant resources have been invested in the research into treating retinovascular diseases, including
diabetic retinopathy (DR), retinal vein occlusion (RVO), and macular diseases including age-related macular degenera-
tion (AMD). This effort has led to remarkably improved outcomes for patients suffering from these diseases. This
experience has not been replicated for retinal artery occlusion (RAO). The reason for this is multifactorial and includes
fewer RAO patients relative to the other retinovascular diseases and the fact that several central retinal artery occlusion
(CRAO) patients present for treatment after the theoretical time limit for retinal neuron survival.' > Unlike DR, RVO,
and AMD, treatment for CRAO must be instituted within a specified time when neurons are still salvageable.’

CRAO is an ocular variant of acute ischemic stroke (AIS); they share similar predispositions and pathogenetic
mechanisms.* CRAO eyes have been classified into four categories based on etiology, permanency of occlusion of the
central retinal artery and preexisting collateral supply (cilioretinal artery). The four known types of CRAO are non-
arteritic (NA) CRAO, NA-CRAO with cilioretinal artery sparing, transient NA-CRAO, and arteritic CRAO (occurring
secondary to giant cell arteritis-GCA). Hayreh has shown that the natural history of these four types of CRAO defers
significantly in terms of spontaneous improvements in vision and visual fields after an acute episode. Upto 82% of
transient NA-CRAO and 67% of NA-CRAO with cilioretinal sparing will show spontaneous improvements in vision.’
The NA-CRAO variant is more commonly encountered in patients.’ The pathogenesis of NA-CRAO is thromboembolic.
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Emboli may occur at the narrowest portion of the central retinal artery (CRA), which is the point at which it penetrates
the dura,® or thrombi may form within the region of the lamina cribrosa, usually posterior to it.”** Vascular occlusion in
CRAO can be partial or complete. CRAO can also be permanent or transient, depending on the nature and mobility of the
vessel occluding emboli.® Patients who suffer transient CRAO are at increased risk of more permanent NA-CRAO and
other ischemic diseases and should be evaluated carefully. In a more significant proportion of patients, when CRAO
occurs, it can cause profound and irreversible loss of vision. The reported visual outcome of CRAO using the so-called
conservative treatment in most cases is similar to or worse than natural history and unsatisfactory.” Seventeen percent of
CRAO patients regain functional vision. In 80% of patients, vision is counting fingers or worse, while in about 50% of
patients, only a tiny peripheral island of vision remains.” ' Neovascularization of the iris may occur in up to 18.2% of
cases.'? Treatment principles for CRAO are similar to that for AIS and include 1. Acute reperfusion of the CRA, 2.
Prevention of ocular complications, and 3. Vascular review to prevent further end-organ ischemia.

There are guidelines by the American Heart Association (AHA) and the American Stroke Association (ASA) which
guide the management of patients with acute stroke.'> Also, the Retinal and Ophthalmic Artery Occlusions Preferred

Practice Pattern®

of the American Academy of Ophthalmology (AAO) gives detailed instruction on the holistic care of
a patient who suffers a CRAO."* In addition, local intra-arterial thrombolysis is used by several departments worldwide
for the treatment of NA-CRAO. This practice continues despite the finding that intra-arterial thrombolysis was similar in
efficacy to conservative therapy for treating NA-CRAO and resulted in a higher rate of adverse events, in the EAGLE
study.'> However, significant criticisms and short comings have trailed the EAGLE study design, including that the
average time from symptom onset to intra-arterial therapy was >12 hours in the treatment group. In addition, none of the
patients received intra-arterial therapy within 4.5 hours of symptom onset.'

This review explores neuroprotection as an additional strategy alongside already-known strategies for the care of
NA-CRAO. The role of neuroprotection is often overlooked in ocular stroke. Instead, revascularization techniques are
given the spotlight. This manuscript seeks to redirect our attention to neuroprotection which is an important element of
ocular stroke management. The need for a different approach arises from the unfortunate fact that outcomes after
CRAO over the past three decades have remained the same. "The lack of randomized controlled studies providing
guidance or recommendations for treatment makes the situation worse. To fulfil the need for improved outcomes after
NA-CRAO, it should be mentioned that there are two ongoing clinical trials investigating the use of intravenous
alteplase. These are a Phase 2 trial (Early Reperfusion Therapy With Intravenous Alteplase for Recovery of VISION in
Acute Central Retinal Artery Occlusion (REVISION),) [NCT04965038],'° and a Phase 3 trial (Multicenter Study
Assessing the Efficacy and Safety of IV THrombolysis (Alteplase) in Patients With acutE Central retlnal Artery
Occlusion (THEIA)) [NCT03197194].'7 These two studies investigate the role of treatment < 4.5 hours after symptom
onset in NA-CRAO patients. Similarly, there is a phase 3 study, TENecteplase in Central Retinal Artery Occlusion
Study (TenCRAOS) [NCT04526951],'® investigating the role of intravenous Tenecteplase for CRAO. These studies
hopefully will provide some information and fill the knowledge gap that currently exist on the use of intravenous
thrombolysis for treating NA-CRAO.

In several cases of CRAO, reperfusion of the retina does occur without significant improvement in vision.'” The lack
of improvement in vision in CRAO is multifactorial, as elucidated by Jusufovic et al, and a significant contribution is due
to the issue of retinal survival time (RST)."'* Real-world experience suggests that a substantial proportion of CRAO
patients eventually seek care after exceeding the RST.

Retinal Survival Time (RST)

Retinal survival time is the time from retinal ischemic insult to the irreversible death of retinal neurons. RST offers
a “Therapeutic Window” for the treatment of CRAO. Treatment instituted within RST stands the best chance of
a favorable outcome and could significantly improve vision since the retinal neurons are still viable within this time
frame. Hayreh et al, from laboratory experiments, proposed an RST of 240 mins (4h).?>*' The four-hour RST has been
accepted widely. However, controversies surround Hayreh’s work. Some observed weaknesses of Hayreh’s study
questions extrapolation of the study findings to all humans:*>
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1. The experiments were performed in old atherosclerotic hypertensive “Rhesus monkeys”; therefore, the findings

may not apply to younger humans.

2. Various neuroprotective agents used in the experiments were not controlled, such as hypothermia and barbiturates

anesthesia, which have been demonstrated to have significant neuroprotective effects in experimental models.

3. Collateral circulation occurring distal to the point of CRA clamp in the monkeys may have played a significant role

in retinal perfusion.

We suggest a variable RST for humans. RST may vary significantly from person to person, therefore offering
a variable therapeutic window. To buttress the case for a variable RST, it will be appropriate to cite a study investigating
intravenous (IV) tissue plasminogen activator (tPA) use for treating CRAO. Study subgroup analysis showed that only
those patients who received IV tPA within six hours of symptom onset improved >3 lines. Though a single author’s
experience, this study suggests that the maximum retinal tolerance time for effective reperfusion therapy could be up to 6
hours after CRAO in some individuals.”> Furthermore, the preclinical stroke model has shown that in AIS, the
neurovascular unit’s response after stroke could be affected by some variables, including age, sex, and comorbidity.
For example, the response by an elderly severely hypertensive stroke patient may differ from a younger person with less
morbidity.>* Therefore, these variables could significantly alter the RST for an individual, and this effect varies from
person to person.

In a clinical context, retinal survival and, by extension, treatment outcome of CRAO could also depend on the degree
of occlusion. Retinal survival depends on if the retinal artery occlusion is complete (retinal infarction could occur in as
short a time as within 15mins) or partial (would have a more prolonged retinal survival because of residual perfusion and
effect of collateral circulation).”” Because of uncertainty regarding the completeness and duration of the retinal artery
occlusion, CRAO patients are usually offered treatment even if the timing from the onset of occlusion to presentation is
deemed to be several hours. Patients with incomplete occlusion are more likely to have a favorable outcome than eyes
with complete occlusion. The clinical dilemma regarding the uncertainty of the completeness of occlusion may explain
the unpredictability of response to the treatment of CRAO. Figure 1 presents a probably less severe and incomplete
CRAO with seemingly less macular infarction; Figure 2 shows a more severely infarcted retina with significant macular
edema and pallor, suggesting a subtotal CRAO. Figure 3 is the fluorescein angiography of Figure 2. Paradoxically visual
treatment outcome was better in the patient represented by Figure 2 with a more infarcted retina, supporting
a multifactorial effect on treatment outcome.

Figure | Right eye fundus photography taken at presentation of a forty-year-old male who gave a six-day history of sudden loss of vision in the eye. Prior to his presentation,
CRAO had been diagnosed and ocular digital massage was performed without an improved vision. He had a visual acuity of counting fingers and features of central retinal
artery occlusion with mild retinal edema and faint cherry-red spot. These findings are suggestive of incomplete CRAO. Surgical intervention on day 9 after symptom onset
consisting of combination vitrectomy with manipulation of intraocular pressure resulted in a Snellen visual acuity of 6/60 which was maintained after 6 months of follow-up.
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Figure 2 Left eye fundus photography taken at presentation of a twenty-nine-year-old male who presented with sudden painless loss of vision of less than ten hours prior to
presentation. The visual acuity was counting fingers, showing a more severe central arterial occlusion with a more prominent cherry-red spot, significant macular edema, and
pallor. Findings are suggestive of a subtotal CRAO. He had surgical intervention approximately fifteen hours after symptom onset. At two months post-surgery Snellen visual
acuity in the left eye was 6/36.

Figure 3 Fluorescein angiography of Figure 2, showing significant non perfusion in the foveomacula area.

Acute Ischemic Stroke (AIS)

Neuroprotection in stroke has been researched extensively for over three decades. Courtesy of the efforts of several
researchers whose work spans several decades, we have gained significant understanding and relevant knowledge
regarding AIS’s pathophysiologic mechanisms and treatment principles. There are several detailed guidelines on the
care of a stroke patient. Reviewing neuroprotection for AIS warrants a definition of neuroprotection for AIS and
understanding the concept of the “ischemic penumbra”, a fundamental principle and the basis for neuroprotection.?>
It is essential to highlight recanalization and reperfusion after the vaso-occlusive event and give an overview of the

molecular basis of neuronal death after AIS. This article will provide a brief introduction to each of these concepts.

Neuroprotection for AlS
Neuroprotection’ is a terminology used to describe the effect of interventions to protect the brain from pathological
damage and could be pharmacologic or non-pharmacologic.?’*® The basic concept of neuroprotection is that a drug or
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induced state inhibits pathophysiological events during ischemia when a thromboembolic process occludes the main
arterial supply. Research into cerebral neuroprotection after AIS will benefit CRAO since it is an analog and shares
similar pathogenetic mechanisms. Therefore, researchers have reasoned that one can extrapolate aspects of neuroprotec-
tive research in AIS into CRAO. An example of this is that preclinical experience has shown that neuroprotective therapy
for AIS is more effective in reversible ischemic stroke models than permanent occlusion. In both AIS and CRAO,
reperfusion must be established before neuroprotection is effective. Therefore, a combination of neuroprotection with
reperfusion provides an ideal strategy.

Concept of the Penumbra

The penumbra is the area of hypoperfusion surrounding the area affected directly by an ischemic event in a thrombotic or
embolic stroke.****>° During a cerebral vessel occlusion, there is a core area where damage to the brain is irreversible
and an area of penumbra where the brain has lost function owing to decreased blood flow but is not irreversibly injured.
After the cerebral ischemic event, blood flow and oxygen transport reduce. There is hypoxia of the adjacent cells close to
the area of the original insult. With time, hypoxic cell death (infarction) occurs, magnifying the initial damage from the
ischemia. Penumbra has been described in CRAO, and areas of anoxic, hypoxic, and normoxic retina are known to
occur.®' The penumbra region may remain viable for several hours after an ischemic event due to the collateral arteries
that supply the penumbral zone.*>>* Therefore, a penumbra implies salvage of cells is possible, and this is the goal of
neuroprotection in the early hours of AIS. Researchers have demonstrated a high correlation between the extent of
spontaneous neurological recovery after AIS and the volume of ischemic penumbra that escapes infarction. Saving the
penumbra should improve the clinical outcome of AIS. To conclude, Fisher rightly summarized the issues relating to the
usefulness of the concept of the ischemic penumbra region and its relationship with neuroprotection into three questions.
Firstly, how can this ischemic region be most accurately identified in stroke patients? Secondly, what mechanisms of
ischemic cell death are most important for progressing from penumbra toward irreversible injury? Lastly, what

therapeutic modalities are most likely to impede the development of infarction?*°

Current Research and Techniques in the Study of Ischemic Penumbra
Treating NA CRAO will benefit from imaging modalities that differentiate severely infarcted retina from the viable
retina. Such imaging will also benefit the testing of future neuroprotective treatments and research in this area. Therefore,
there is a growing need for proper imaging of the ischemic penumbra after acute retina vaso occlusion. Like neuroima-
ging after AIS, defining by imaging the ischemic penumbra after an acute episode of CRAO provides hope of
personalizing treatment and predicting the beneficial response to therapy. Furthermore, in AIS patients, tissue viability-
based selection for treatment is safe, effective, and superior to time-based patient selection.®” It allows for treating
patients > sixteen hours after the acute episode with good outcomes, making a case for better retina imaging after acute
CRAO that can guide treatment and prognosticate the outcome of such treatment.

Fundus photography, fluorescein angiography (FA), and optical coherence tomography (OCT) have been the conven-
tional methods for imaging vaso occlusion in NA CRAO. However, newer methods that assess and image the structural and
functional damage in CRAO have been researched and developed.®> These newer methods hold promise for accurately
determining infarcted and healthy retina, providing objective viewing of the ischemic penumbra area. Nowadays, the

36-38 retinal function

researched structural imaging techniques include optical coherence tomography angiography (OCTA),
imager (RFI),** and photoacoustic microscopy (PAM).*>*" RFI and PAM can image both structure and function after
CRAO. Laser speckle contrast analysis was experimented in CRAO with promising results in evaluating blood flow after
endovascular administration of tissue plasminogen activator.***

OCTA uses motion contrast provided by the moving erythrocytes within the retinal blood vessels to detect flow. It
gives images of the superficial and deep capillary plexi and the foveal avascular zone. FA cannot usually image the deep
capillary plexus. OCTA is dye less, noninvasive, and reproducible. It, however, is limited by the small size of the retina
area scanned and requires proper fixation, lacking in several CRAO patients, for scan acquisition. High-resolution images
of more expansive areas of the retina will be possible with faster scans that will be commercially available soon.

Software technology can remove artifacts that are a significant challenge of OCTA.
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The RFI, like the OCTA, offers noninvasive, high-resolution imaging of retinal microvasculature by creating capillary
perfusion maps. It measures retinal blood velocity directly and performs functional imaging with retinal blood oximetry.
Lengthy image acquisition times are a significant challenge to its widespread adoption and use.*’

Photoacoustic microscopy (PAM) is a hybrid in vivo imaging technique that acoustically detects optical contrast via
the photoacoustic effect.** PAM can simultaneously image anatomical, functional, molecular, flow dynamic and meta-
bolic contrasts in vivo. Compared with backscattering-based confocal microscopy and optical coherence tomography,
PAM provides absorption contrast instead of scattering contrast.

Laser speckle contrast techniques use changes in speckle pattern to visualize tissue perfusion.** The speckle pattern is
noticed as the bright and dark areas brought about by the backscattering light, which occurs when coherent laser light
illuminates a diffuse object. This forms an interference pattern on the detector. Using this technology, blood flow can be
imaged.

Retinal blood velocity and flow can be measured with high precision using adaptive optics scanning laser ophthalmo-
scopy (AOSLO).**** It has been used in studies comparing retinal blood flow in diabetics and controls. In vivo, retinal
blood flow measurement is obtained by measuring the blood velocity of erythrocytes and lumen diameters of the blood
vessels using AOSLO. Erythrocyte velocity is measured by tracking erythrocytes moving across a horizontal scanning
line.

Multimodal imaging is now commonly used in imaging after CRAO. Multimodal imaging using FA, Fundus
autofluorescence, OCT, OCTA, and adaptive optics was used to image a case of branch retinal artery occlusion
(BRAO) in which the causative embolus was present at the inferior bifurcation of the nasal and temporal branches of
the central retinal artery.*®

The ischemic penumbra that occurs following partial CRAO has two components a homogenous annular penumbra in
the mid-periphery and a heterogenous macular penumbra. It has been suggested that this enduring ischemic penumbral
tissue can be identified using hypoxia tracers such as fluoromisonidazole.*’ To conclude, with further developments in
these imaging techniques, the future of CRAO will see more objective parameters for assessing and prognosticating
treatment.

Recanalization and Reperfusion in AIS and CRAO
Early reperfusion therapy to restore blood flow to salvageable ischemic cerebral tissue can prevent cell death and
facilitate neurological recovery. After AIS, perfusion is re-established using intravenous thrombolysis, intra-arterial
thrombolysis, mechanical thrombectomy, ultrasound-enhanced thrombolysis, and a combination of these
approaches.*®>° To re-establish perfusion after NA-CRAO, the following have been utilized, anterior chamber para-
centesis, digital massage, use of ocular hypotensive, inhalation of carbogen, intra-arterial cannulation and thrombolysis,
vitrectomy with adjunctive techniques including intra-arterial injection of thrombolytics, optic disc massage, blood-
letting, and manipulation of intraocular and arterial pressure.®®>'"53

Questions continue to be raised concerning the efficacy of the conservative treatment approach for CRAO since the
visual outcome is not better than natural history and could worsen.>* The most promising CRAO treatments are reports
that suggest that fibrinolysis for fibrin thrombus within the specified time frame (4.5 hours) is associated with reperfusion
and improvements in vision.””> > Therefore, the use of intraarterial (IA) or intravenous (IV) thrombolysis (IV-tPA) in
CRAO though controversial,®® could hold some promise for a category of patients who can have treatment early and
perhaps suffer from incomplete arterial occlusion.””>® Concerns about patient safety have been raised with the use of
thrombolysis for CRAO, including the reported 2% risk of intracerebral/intracranial hemorrhage (ICH) and hematuria.
That reperfusion occurs spontaneously has also been demonstrated. The poor visual outcome often experienced after
reperfusion can be attributed to irreversible infarction and ischemia’s complex biochemical and electrical consequences.
Understanding these mechanisms is essential in providing neuroprotection for the ischemic retina.

Molecular Basis of Neuronal Death
Combinations of molecular mechanisms are known to induce eventual neuronal cell death following AIS. These
mechanisms include but are not limited to calcium influx and overload, apoptosis, excitotoxicity, inflammation, oxidative
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stress, glutathione decrease, reperfusion Injury, hemorrhagic transformation (secondary bleeding which can be tPA

2461 Each mechanism presents a possible target for neuroprotective intervention.

induced), and autophagy.
Furthermore, some of these mechanisms can be biphasic.24 In other words, the mechanism has a deleterious effect in
the acute state but can become a reparative mechanism afterward. An example is neuroinflammation, which is initially

deleterious but later becomes a reparative mechanism.®

Neuroprotective Therapeutics and Strategies

Mechanisms for treating CRAO have focused on re-establishing retinal vascular perfusion. However, a review of stroke
management shows that multiple strategies are employed to manage both the acute and after-effects of cerebral injury.
The multipronged approach used in managing AIS should also be employed in CRAO patients to modify the disease
outcome favorably. It is known that secondary injuries occur after the acute stroke event.®*** The secondary injuries are
due to other mechanisms that occur several hours and days after the acute injury and involve further loss of cells in the
penumbra. Neuroprotection aims to rescue and preserve those viable cells in the hypoperfused area marked for delayed
cell death.

Understanding the current state of research into neuroprotection for AIS and its limitations is essential to neuropro-
tection for CRAO. Despite several decades of preclinical and clinical studies exploring neuroprotection for stroke, no
neuroprotective therapy has made it into clinical guidelines or been generally adopted. The success of preclinical trials
has yet to be replicated in clinical studies for cerebral neuroprotection after stroke. One can summarize the translational
failures of preclinical trials reported by Chamorro as primarily due to different forms of bias, such as selecting study
participants, assessment, attrition, generalizability, and study relevance.”* There was a need for more methodological
agreement between preclinical and clinical studies.®* Issues with the therapeutic window, power of the study, the
certainty of recanalization, and heterogeneity of the human stroke and participating sample weakened previous
studies.?*** These known causes of translational failure in AIS are relevant considerations in CRAO too.

Some Promising Researched Pharmacotherapies for Neuroprotection
After AIS

Recently, there have been randomized trials of potential neuroprotective drugs combined with reperfusion therapy. Some
tested drugs with multiple mechanisms of action include Nerinetide, Uric Acid, Otaplimastat and Neu2000. The
following studies ESCAPE-NA-1,%>"¢7 URICO-ICTUS,*®% SAFE-TPA,’® and SONIC,”" respectively investigated the
safety and efficacy of the listed drugs as neuroprotectants after AIS and reported promising results. This offers hope of
bed side neuroprotection for AIS soon.

Drugs That Have Been Researched for Potential Retinal Neuroprotection
After CRAO

We performed a nonsystematic search using popular search engines, including PubMed, Embase, Cochrane database, and
Google scholar, to discover any therapy that has been experimented with as a neuroprotectant after acute retinal ischemia
in CRAO. There were no date limits to our search. We found that four therapies had been investigated as neuroprotection
for CRAO, including Angiopoietin, KUS 121, Gene therapy (XIAP), and Pentoxifylline. All four showed a favorable
response.

1. Angiopoietin: Researchers have used Angiopoietin as a potential retinal neuroprotectant after CRAO. Ang 1
increases blood vessel stabilization and survival. It has a demonstratable neuroprotective effect, positively
impacting neuronal cells. COMP-Angl is a more soluble and potent recombinant form of Angl. It improves
neurological deficits by promoting neuronal survival in CRAO. In a preclinical study, CRAO mice treated with it
experienced better visual tracking response than controls.”> COMP- Angl also improved ERG responses after
CRAO.
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2. Kyoto University Substance (KUS) 121: The Kyoto University Substance inhibits ATPase, ameliorates, and
suppresses endoplasmic reticulum (ER) stress.”>’* ER stress suppression has been targeted in neuroprotection
for glaucoma and other neurodegenerative diseases. In one study, intravitreal KUS was given to preclinical mice
models.”” KUS was noted to suppress inner retinal thinning and retinal cell death and maintain visual function.
Intravitreal KUS could be a promising novel therapeutic strategy for CRAO and possibly other ischemic retinal
diseases.

3. Gene therapy: Gene therapy targeting apoptosis has also been experimented with as a potential neuroprotective
strategy. Death of retinal ganglion cells has been shown to be through apoptotic mechanisms. Blocking the
activation of apoptotic mechanisms may be an effective strategy to prevent death of retinal ganglion cells
following NA-CRAO. The X-linked inhibitor of apoptosis (XIAP) gene is a potent caspase inhibitor that has
been experimented on to protect retinal ganglion cells in models of glaucoma.”> XIAP therapy was shown to
provide functional and structural protection for retinal ganglion cells and axons in model of glaucoma. In
situations of retinal ischemia XIAP-mediated gene therapy has been also shown to protect neuronal cells from
apoptosis. Adeno Associated Virus (AAV) vector expressing XIAP was injected intravitreally into rat eyes, and
after six weeks, the retina was rendered ischemic by raising the intraocular pressure.”® The expression of XIAP
resulted in a positive response with a larger b-wave amplitude compared to controls. The results further demon-
strated the preservation of the inner nuclear layer cells and inner retina thickness compared to control eyes. In
conclusion, researchers found XIAP-mediated gene therapy to produce functional and structural retina protection
after transient ischemia.

4. Pentoxifylline (PTX): It is a methylxanthine derivative with an immune modulation effect, affects wound healing,
and has hemorheological properties. Pentoxifylline improves hypercoagulable states by decreasing platelet aggre-
gation and adhesion, increases plasminogen activator, plasmin, and antithrombin III, and decreases fibrinogen.”’
Pentoxifylline treated ischemic rat retina had a favorable response compared to non-treated rat retina after retinal
reperfusion. PTX treatment significantly reduced overall retinal thickness loss and inner retinal layer thinning.
This benefit is because of the decreased up-regulated activation of NF-kappa B and the antagonistic effect on pro-
inflammatory cytokines such as TNF-alpha and IL-1beta.”®

Corticosteroid therapy has a significant positive effect on arteritic CRAO. Immediate aggressive treatment with high-dose
systemic corticosteroid, administered either as intravenous or oral preparation, could improve vision or prevent vision
loss in patients with the arteritic variant of CRAO associated with giant cell arteritis (GCA).”® Lastly, Brimonidine is an
alpha-2 adrenergic agonist that may have a protective effect on the retina by inducing the release of neurotrophic
substances that protect the cells in the outer retina, ie, RPE and photoreceptor cells.***! Animal studies have shown that
Brimonidine also has a protective effect on retinal ganglion cells and may positively affect the inner layer cells and
therefore be effective in ischemia affecting the retina as in CRAO.*?

Non-Pharmacologic Neuroprotective Strategies for CRAO
1. Hypothermia (Hypothermic Vitrectomy): Hypothermia has been widely studied and used as a neuroprotective
strategy. There is evidence that moderate hypothermia can confer high-grade neuroprotection in focal and global
cerebral ischemia by impeding a host of harmful metabolic and biochemical injury mechanisms. Hypothermia has

been used to control malignant brain edema in stroke patients.**

Two landmark clinical trials, published in the New England Journal of Medicine (NEJM) in 2002, demonstrated that mild
therapeutic hypothermia (within the range of 32-34 deg) instituted after cardiac arrest significantly reduces mortality and
improves neurological function.*®®” These findings led to hypothermia becoming the first neuroprotective strategy
recommended by the American Heart Association (AHA) in comatose patients after cardiac arrest.

While induction of systemic hypothermia can be associated with significant adverse effects such as shivering,
hypotension, cardiac arrhythmias, pneumonia, and thrombocytopenia, locally induced ocular hypothermia could prevent
these.®® In the eye and retina, localized hypothermia can be achieved during vitrectomy using hypothermic saline at the
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desired temperature; one can use the infusion fluid during vitrectomy to achieve this hypothermia if a known pre-
operative temperature target is determined. We have called this “Hypothermic Vitrectomy”. Hypothermic vitrectomy will
positively reduce retinal metabolism and consequent demand for oxygen and improve ischemia and reperfusion injury.
Also, vitrectomy improves oxygenation within the vitreous cavity for an extended period, benefiting retinal oxygen
saturation and improving retinal ischemia.®’

Multiple researchers have shown that lowering the retina’s temperature to between 4-8 degrees by cooling the
infusion fluid during vitrectomy increases retinal resistance and decreases retinal damage.”® ** However, research has yet
to conclude how much lowering is safe for the retina. One study suggests that moderate hypothermia to 22 degrees was
safe in rabbit eyes. Furthermore, induced localized retinal hypothermia has increased retinal survival time to 12 hours at
21 degrees and up to 50 hours at 4 degrees.”’ The mechanism for hypothermic neuroprotection may be related to
decreased energy requirements.”

2. Hyperbaric Oxygen (HBO): Clinical trials on Hyperbaric oxygen HBO for CRAO have shown mixed results, but there

are several reports of success with functional improvement if HBO is administered within the specified time frame.”®*®
Likely, HBO is also affected by the same multifactorial determinants in CRAO that affect the treatment outcome on
a case-by-case basis. HBO maintains retinal oxygenation during CRAO by allowing oxygen to diffuse through
choroidal capillaries exposed to elevated partial pressures of oxygen, thereby reversing the effects of ischemia.”®’
Sunny et al recently reporting on sixty patients treated with HBO after CRAO; 65% had an improved vision with a mean
of 8.6+3.2 treatment sessions.”” Barotrauma was a significant complication of this treatment in 20% of patients.
Hadanny et al reported similar improvements in vision in one hundred and twenty-eight CRAO patients.”® They
observed that the proportion of patients with clinically meaningful improvement in vision was higher in patients without
cherry-red spot compared to patients with cherry red spot. They found no correlation between cherry-red spot and time
to symptom and only 5.5% of patients experience minor adverse events. In another study, patients who had HBO as part
of treatment for NACRAO were compared with patients who had no HBO. The HBO group had significant improve-

ments in vision while the no HBO group had no improvements in vision.'®

Despite these reports and several others of improvements in visual outcome after HBO treatment for CRAO,'"'*% Rosignoli
et al reported no visual benefit for HBO treated patients and felt HBO did not enhance the final visual outcome.'%?

Through the modest efforts made in neuroprotective research, we know that neuroprotection combined with early
reperfusion can be safe and effective for AIS and CRAO. Some researched neuroprotective agents have shown promise
and require further research into efficacy. Future research into neuroprotection research should employ stringent research
protocols to eliminate bias.**'%* Furthermore, research into the transition from “injury to repair” mechanisms and a better
understanding of this transition process could provide even more neuroprotective modification or amplification targets. In
designing clinical studies to test the effectiveness of neuroprotection for CRAO, such trials should have defined primary
and secondary endpoints. The visual function should be assessed using visual acuity measurement, visual fields, and
electrophysiology.'® Optical coherence tomography (OCT) and high-resolution OCT Angiography (OCTA) should be
used to assess retinal structure and vasculature. The choice of clinical endpoint must reflect a shift from functional
blindness to significant improvement. Candidates for such research should have a good initial vision before vision loss
from the CRAO. It is crucial to prevent ineligibility due to delays and late admission after CRAO. Neuroimaging to
check for cerebral ischemia and intracranial hemorrhage is warranted. Neuroprotection for CRAO could answer several
patients’ unmet need for improved vision. However, efforts should focus on closing the gap between preclinical and
clinical outcomes for this to happen.”®

Conclusion

To conclude, immediate treatment of acute CRAO is currently focused on reperfusion of the ischemic retina.
A combination of reperfusion and neuroprotection may result in better functional outcomes.'®® Such a multipronged
approach deserves further investigation. Retinal neuroprotection after CRAO can extend retinal survival time, extending
the therapeutic window. With the increasing hope of therapeutic neuroprotection for stroke patients being a reality,
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intravenous thrombolysis could be combined with neuroprotection for CRAO treatment. Intervention should be offered
within a pre-specified period of expected therapeutic response (4.5 hours). This therapeutic window could be longer for
healthier, younger adults with less comorbidity. Neuroprotective research for CRAO should also focus on better imaging
to delineate the penumbra (using high-definition optical coherence angiography, other researched imaging technologies
mentioned earlier in this review and electrophysiology). Imaging studies of the retinal penumbra, as in cerebral perfusion,
can be incorporated into better thrombolysis algorithms, as in the management of AIS.>® Lastly, using an intravitreal
route for drug administration in CRAQ, the local administration of available neuroprotective pharmacotherapy may avoid
blood-brain barrier issues and problems encountered with drug delivery to the target site experienced in AIS patients.
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