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Abstract

Stroke persists as a global health and economic crisis, yet only two interventions to reduce stroke-induced
brain injury exist. In the clinic, many patients who experience an ischemic stroke often further suffer
from retinal ischemia, which can inhibit their ability to make a functional recovery and may diminish
their overall quality of life. Despite this, no treatments for retinal ischemia have been developed. In both
cases, ischemia-induced mitochondrial dysfunction initiates a cell loss cascade and inhibits endogenous
brain repair. Stem cells have the ability to transfer healthy and functional mitochondria not only ischemic
neurons, but also to similarly endangered retinal cells, replacing their defective mitochondria and thereby
reducing cell death. In this review, we encapsulate and assess the relationship between cerebral and retinal
ischemia, recent preclinical advancements made using in vitro and in vivo retinal ischemia models, the role
of mitochondrial dysfunction in retinal ischemia pathology, and the therapeutic potential of stem cell-me-
diated mitochondrial transfer. Furthermore, we discuss the pitfalls in classic rodent functional assessments
and the potential advantages of laser Doppler as a metric of stroke progression. The studies evaluated in this
review highlight stem cell-derived mitochondrial transfer as a novel therapeutic approach to both retinal
ischemia and stroke. Furthermore, we posit the immense correlation between cerebral and retinal ischemia
as an underserved area of study, warranting exploration with the aim of these treating injuries together.
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Introduction

Stroke remains one of the greatest causes of mortality and
morbidity in the United States and imposes an immense
economic burden, projected to total 240 billion dollars
annually by 2030 (Ovbiagele et al., 2013; Benjamin et al,,
2019). Despite this, there exist only two approved treatment
options, tissue plasminogen activator (tPA) and endovascu-
lar thrombectomy, but short therapeutic windows and high
risk of additional damage limit their applicability (Gumbin-
ger et al., 2014; Saver et al., 2016; Kaesmacher et al., 2017;
Li et al., 2017). Ischemic stroke, which comprises 87% of
all cases, involves a reduction of blood flow which leads to
oxygen and nutrient deprivation and thus cell death in the
brain, spinal cord, or retina (Sacco et al., 2013; Benjamin
et al., 2019). Although neurological deficits are the typical
examples of stroke sequelae, these deficits are compounded
by stroke-induced visual impairments in about 92% of cases
(Rowe et al., 2017) likely arising from middle cerebral artery
occlusion (MCAO). Additionally, these deficits may persist
for many months after stroke onset (Rowe et al., 2017). Visu-
al impairments contribute to post-stroke disability statistics
and interfere with quality of life and functional recovery
(Sand et al., 2013). The retina is directly dependent upon the
central nervous system and thus mirrors many of the same
symptoms as the brain after ischemic stroke (Minhas et al,,
2012). Retinal ischemia - the kind of ischemia specific to
retinal cell loss and optic nerve damage - may often co-oc-
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cur with cerebral ischemia and is responsible for many of
these impairments (Osborne et al., 2004; Brown and Vasude-
van, 2014; Lee et al., 2014). While the overlapping pathology
uniting these two disorders is not fully understood, it may
involve mitochondrial dysfunction (Moskowitz et al., 2010;
Zhao et al,, 2013; Prentice et al., 2015; Nguyen et al., 2019).

Mitochondria rely on blood flow to provide oxygen and
glucose and function by repackaging these ingredients into
forms usable by the rest of the cell. The reduced blood flow
experienced during ischemic stroke inhibits normal mito-
chondrial functioning and thus reduces the usable energy
in infarct area (Vosler et al., 2009). A cell loss cascade con-
stitutes one of the manifold effects of this “power outage”
and contributes to stroke pathology (Vosler et al., 2009; Ha-
yakawa et al., 2018). This outage may lead to damage of the
retinal ganglion cells and the optic nerve in retinal ischemia
cases (Borlongan et al., 2015; Nguyen et al., 2019). Under-
standing and targeting this cascade is an emerging area of
research. Astrocytes exhibit an innate capacity to transfer
healthy mitochondria to endangered cells in ischemic areas
(Hayakawa et al., 2018). While this alone is not enough to
abrogate the cell loss cascade, it provides a prototype that
may be copied and enhanced by stem cell transplants (Vosler
et al,, 2009; Kaneko et al., 2014; Berridge et al., 2016; Bor-
longan et al., 2019). Attenuating mitochondrial dysfunction
through regenerative medicine represents an attractive ap-
proach for treating cerebral and retinal ischemia.
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This review was compiled using PubMed with sources
within the last ten years. If the topic did not have relevant in-
formation within the last ten years, we used the most recent
paper. In this review, we probe the relationship between ret-
inal ischemia and stroke as simulated by MCAO, a popular
stroke animal model (Borlongan et al., 1998a, b; Ishikawa
et al,, 2013a, b; dela Pena et al., 2015), and oxygen-glucose
deprivation (OGD), an in vitro model of ischemia (Kaneko
et al,, 2014). Furthermore, we examine the therapeutic po-
tential of stem cell-mediated mitochondrial transfer. Lastly,
we discuss the methodological implications uncovered by
examination of retinal and cerebral ischemia’s coincident pa-
thologies and recent technological advances.

Middle Cerebral Artery Occlusion Models of

Retinal Ischemia
Due to the close anatomic proximity of the MCA to the oph-
thalmic artery, the filament used to occlude the MCA may
also induce retinal ischemia (Block et al., 1997; Steele et al.,
2008; Allen et al., 2014; Borlongan et al., 2015; Nguyen et al.,
2019). The hemodynamic, histopathological, and behavioral
symptoms of retinal ischemia overlap markedly with those
of ischemic stroke. For example, retinal laser Doppler read-
ings closely approximate brain cerebral blood flow at base-
line during perfusion, the drop in blood flow during MCAO,
and the return to baseline post-reperfusion 3 and 14 days
after stroke (Borlongan et al., 2015; Nguyen et al., 2019).
During the acute phase of stroke, MCAO reduces circulation
to both the ipsilateral cerebral hemisphere and ipsilateral
eye by at least 80% compared to the baseline (Borlongan et
al., 2015; Taninishi et al., 2015; Nguyen et al., 2019). While
blood flow in the retina restores 5 minutes faster than hemi-
spheric blood flow after reperfusion, this difference in their
reperfusion profiles can likely be attributed to the extensive
vascularity of the retina (Shih et al., 2014; Hui et al., 2017).
Additionally, deficient collateral circulation in the retina
likely balances their reperfusion for up to 3 days post-insult
(Allen et al., 2016; Ritzel et al., 2016; Nguyen et al., 2019).

Similar to neurological and cognitive deficits associated
with general stroke, visual impairments resulting from ret-
inal ischemia are linked to the overall deficient blood flow
to the eye, the resulting series of apoptotic events, and—as a
consequence of this ischemia-induced oxidative stress—mi-
tochondrial dysfunction in retinal ganglion cells (Borlongan
et al., 2015; Russo et al., 2018; Yang et al., 2018; Nguyen et
al,, 2019). At 3 and 14 days post-MCAQO, immunohistochem-
ical staining techniques have measured reduced optic nerve
width and increased ganglion cell loss in the ipsilateral eye
coinciding with mitochondrial dysfunction (Borlongan et
al,, 2015; Nguyen et al,, 2019). Indeed, retinal damage wors-
ens up to 14 days after stroke, indicating that degenerative
changes to cellular and mitochondrial structure following
the initial insult continuously exacerbate neurodegenera-
tion (Steele et al., 2008; Allen et al., 2014; Ritzel et al., 2016;
Nguyen et al.,, 2019).

Furthermore, behavioral tests have evaluated the extent

of visual deficits in stroke animals (Borlongan et al., 2015;
Nguyen et al.,, 2019). After MCAO, most animals present
varying degrees of visual deficits that can impede their abil-
ity to recognize visual cues. Stroke rats exhibit increased eye
closure as well as a diminished response to light evidenced
by their poorer performance on the light stimulus avoidance
test compared to controls (Borlongan et al., 2015). Function-
al deficits such as electroretinogram alterations (Block et al.,
1992, 1997; Block and Sontag, 1994), retinal cell loss (Steele
et al.,, 2008; Allen et al., 2014), and retinal gliosis (Block et
al., 1997) have also been observed in post-MCAOQ animals.

In addition to MCAO in vivo, exposure of retinal pigment-
ed endothelial (RPE) cells to OGD has modeled retinal isch-
emia in vitro. In RPE cell cultures, use of immunocytochem-
ical techniques reveals that OGD insult likewise decreases
RPE cell survival (Nguyen et al., 2019). Moreover, gauging
respiratory output with the Seahorse analyzer demonstrates
that OGD results in mitochondrial dysfunction, charac-
terized by diminished respiratory function, as well as a de-
creased number of mitochondrial networks and an elevated
quantity of isolated, spherical mitochondria in retinal cell
mitochondria (Nguyen et al.,, 2019). Mitochondrial networks
are crucial in preserving the mitochondrial DNA integrity,
respiratory capacity, and response to cellular stress (Nguyen
et al., 2019). The interconnected morphology of the mito-
chondrial network is contingent on the dynamic balance of
mitochondrial fusion and fission, and imbalance towards the
latter produces fragmented, spherical mitochondria which
are more likely to be damaged by oxidative stress (Nguyen et
al., 2019).

While retinal cell death both in vivo and in vitro are evi-
dently linked with mitochondrial dysfunction, the capacity
of stem cell transplants to transfer their healthy mitochon-
dria to ischemic retinal cells represents a novel restorative
aspect of regenerative medicine.

Stem Cell Therapy Ameliorates Retinal

Ischemic Pathology via Mitochondria Transfer
Stem cells confer a wide variety of neuroprotective, anti-in-
flammatory, and neuroregenerative effects, but, in particular,
their ability to convey healthy mitochondria to endangered
cells in ischemic areas posits them as an attractive thera-
peutic approach (Russo et al., 2018; Nguyen et al., 2019).
After intravenous administration of mesenchymal stem cells
(MSCs) in MCAO rats, cellular and optic nerve injuries dis-
play positive trends on day 3 and significant recovery by day
14 (Nguyen et al., 2019). In vitro, cultures exposed to OGD
likewise exhibit retinal cell loss, which is attenuated when
RPE cells are co-cultured with MSCs (Nguyen et al., 2019).
Specifically, RPE cells subjected to OGD and co-cultured
with MSCs exhibit increased cell viability, cell proliferation,
and mitochondrial networks compared to the OGD-only
control (Nguyen et al., 2019). Furthermore, OGD conditions
alter mitochondrial dynamics via upregulation of Drpl (fis-
sion protein) and downregulation of Mfn2 (fusion protein)
(Zuo et al., 2014; Flippo et al., 2018; Nguyen et al., 2019). Ev-
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idence indicates that MSCs can significantly replenish Mfn2
expression but not that of Drpl, and using JC-1 mitochon-
drial membrane dye and live cell imaging reveals that MSCs
do indeed transfer healthy mitochondria to injured retinal
cells and decrease mitochondrial membrane depolarization
(Zuo et al, 2014; Chen et al., 2017; Shi et al., 2017; Flippo et
al.,, 2018; Nguyen et al,, 2019). In light of these findings, stem
cell-mediated mitochondrial repair represents a promising
approach to mitigating visual impairments following cere-
bral and retinal ischemia.

When faced with cerebral and retinal ischemia, the earlier
its symptomology is detected and treatment is implemented,
the more favorable the outcome is for the patient (Biousse
et al., 2018). Due to the vasculature and collateral nature in
the brain and retina, their staggered reperfusion timing may
affect the dispersal of healthy mitochondria from stem cells.
Interestingly, optimizing the timing and delivery of stem
cells alongside the current tPA treatment could enhance
the functional outcome for stem cell mitochondrial transfer
therapy in retinal ischemia.

Overall, treatment with mesenchymal stem cells —wheth-
er via intravenous transplantation in vivo or co-culture with
RPE cells in vitro—evidently ameliorates mitochondrial
structure and function post-ischemia, likely because the ex-
ogenous MSCs transfer healthy mitochondria to endangered
retinal cells (Figure 1).

Methodological Implications

Close examination of animal stroke models raises several
methodological implications for future stroke research. For
one, that visual impairments have been closely associated
with ischemic stroke and MCAO raises questions about the
validity of several standard animal behavioral tests. Instead
of purely measuring stroke-induced neurological deficits, it
is possible that the MCAO subjects are performing poorly

Figure 1 Stem cell therapy ameliorates stroke-induced retinal ischemia.

simply because their vision is impaired (Borlongan et al,,
2008). As such, the varying results from behavioral tests may
be due to visual impairment, the injured stroke brain, or a
combination of the two. If the changes in behavior observed
are due to visual deficits, then the validity of those neuro-
logical tests are undermined. For example, the Morris Water
Maze is a standard cognitive test that demands animals to
use visual cues along with memory of the hidden platforms.
A poor performance on this test may be due to the animal
not being able to see the environment clearly rather than the
stroke brain causing the dysfunction. Therefore, one cannot
definitively conclude whether the injured brain or the visual
impairment caused the animal’s performance. Thus, further
study of visual impairment as a possible mediator for post-
MCAO functional score decline is needed. Additionally,
this uncertainty may warrant the development of additional
functional assessments that do not depend on visual acuity.
Recent studies have also highlighted the methodological
implications of laser Doppler as a safe, noninvasive method
to observe the hemodynamics of the eye (Borlongan et al.,
2015). Laser Doppler provides a sensitive tool for monitor-
ing blood flow, thus it serves as a reliable device outside of
its traditional use to measure intracranial hemodynamics af-
ter MCAO (Borlongan et al., 2015). In comparison to other
methods, laser Doppler allows for a less invasive reading of
the eye and does not compound the trauma experienced by
the stroke animal. Furthermore, this technique lessens the
chance for infection due to its minimally invasive nature.
Due to their high comorbidity, American Heart Associa-
tion/American Stroke Association guidelines recommend
immediate brain imaging upon retinal ischemia diagnosis
(Furie et al., 2011). This practice can be translated to the
clinic by providing a quick assessment of the patients eye
and initiating treatment interventions sooner. This is espe-
cially critical for the current standard of care, tPA, which is

Mitochondrial transfer provides a mechanism by which stem cells may alleviate stroke pathology in the retina, optic nerve, and brain. Arrowhead

and dark line indicate cell death/infarct area.
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limited to 4.5 hours after stroke (Gumbinger et al., 2014).
Thus, laser Doppler could be translated to the clinic imme-
diately, potentially preventing the death and disability of
millions of stroke patients.

Conclusion

Ischemic stroke continues to be a devastating disease world-
wide, and stroke patients often suffer from further complica-
tions such as visual impairment. Retinal ischemia constitutes
one major source of stroke-related visual impairments, as
blood flow in the ophthalmic artery often becomes restricted
during cerebral ischemia because of its anatomical juxtapo-
sition with the MCA. Consequently, use of MCAO in rodent
models of stroke may not only cause ischemic insult in the
brain, but also in the retina. Laser Doppler represents an
effective approach to monitoring hemodynamics in these
organs and reveals that perfusion rates in the ipsilateral ce-
rebral hemisphere and the ipsilateral eye mirror each other
before, during, and after an ischemic insult (Borlongan et al.,
2015; Nguyen et al., 2019). Along with this parallel in blood
flow alteration, the pathology of retinal ischemia overlaps
with that of stroke in various other ways. Particularly, mito-
chondrial dysfunction significantly contributes to retinal cell
death, and thus visual deficits, in retinal ischemia victims
(Osborne, 2010; Park et al., 2011; Nguyen et al., 2019). To
this end, the transfer of healthy mitochondria from stem cell
transplants to endangered retinal cells has emerged as an aus-
picious therapeutic approach. In this review, we highlighted
the current preclinical evidence that exogenous MSCs miti-
gate cellular degeneration in both MCAO rats and OGD-RPE
cell cultures via mitochondrial transfer, as enhanced survival
of retinal cells coincides with repaired mitochondrial struc-
ture and function (Nguyen et al., 2019). In addition to these
promising findings, we have noted that forthcoming stroke
investigations should consider the propensity of MCAO to
induce retinal ischemia in addition to stroke, as this conse-
quence may necessitate refining traditional behavioral tests
of stroke rats to more precisely determine the extent to which
cognitive—as opposed to visual—impairments contribute
to functional declines. Future research must also clarify how
mitochondrial transfer fits in the broader scheme of stem
cell-mediated cell survival improvement mechanisms, includ-
ing various bystander effects (Chau et al., 2016; Stonesifer et
al,, 2017; Nguyen et al., 2019). Furthermore, optimizing the
delivery route and timing of stem cell transplantation, as well
as combining stem cell-mediated mitochondrial transfer with
tPA, may further ameliorate cell loss and visual impairments
and promote functional recovery, all of which warrants fur-
ther investigation.
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