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Stroke is the fifth cause of death and the leading cause of 
disability affecting ≈800 000 people and costing $34.3 

billion annually in the United States.1 In spite of the severity 
and prevalence of stroke, the therapeutic options are limited 
to tPA (tissue-type plasminogen activator) and endovascular 
interventions.1 Moreover, the therapeutic window for tPA ad-
ministration is limited to 4.5 hours from onset, and the criteria 
for mechanical thrombectomy are stringent with high risk of 
hemorrhagic transformation.2–6

Visual impairment is a prevalent stroke consequence that 
negatively affects rehabilitation, functional recovery, and 
quality of life.7,8 Visual impairments occur in 92% of stroke 
patients7; and 20.5% of stroke patients display persistence 
visual impairment at 90 days.9 Furthermore, patients with mo-
nocular vision loss have a higher risk of concurrent ischemic 
stroke and vice versa.9–14 Retinal ischemia is the major cause 

of visual impairment in ≈16% of the stroke patients and shares 
a pathology with other common ocular vascular diseases, such 
as diabetic retinopathy, glaucoma, retinal vein occlusion, and 
central retinal artery occlusion.15–20 Despite many similarities 
between retinal ischemia and cerebral ischemia, the under-
lying mechanisms between them remain unclear which may 
contribute to limited effective treatments for retinal ischemia 
and stroke as a whole.21,22 Therefore, there is a need for a bet-
ter understanding of stroke pathology that incorporates retinal 
ischemia.

The multifaceted important functions of mitochondria in 
cell survival and death have been implicated in stroke and in 
various neurological diseases, for example, fragile x-associ-
ated tremor/ataxia syndrome, Alzheimer disease, Parkinson 
disease, and Huntington disease,23–28 and retinal ischemia 
and optic neuropathy.29–32 During cerebral/retinal ischemia, 
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mitochondria, the powerhouse of the cells, cannot maintain 
energy production among other metabolic activities, trigger-
ing a cascade of cell death events.33–37 Probing the role of mi-
tochondrial dysfunction in retinal ischemia pathology may 
provide mechanistic and translational insights into developing 
more effective treatments for stroke and other disorders with 
retinal ischemia pathology. Indeed, mitochondrial transfer 
from either astrocytes or stem cells to ischemic neurons is 
deemed a novel stroke therapy.38,39

Here, we used a combination of in vitro cell culture and in 
vivo rat models to examine the role of mitochondria dysfunc-
tion in stroke-related retinal ischemia and whether stem cells 
could repair the mitochondria and rescue the ischemic ret-
inal cells. Our results demonstrated that both middle cerebral 
artery occlusion (MCAO) and oxygen-glucose deprivation 
(OGD) stroke models produced consistent retinal ischemia 
accompanied by massive alterations in retinal cells’ mito-
chondrial respiration, network morphology, and dynamics and 
treatment, which were reversed by stem cell treatment.

Methods

Ethics Statement
All experiments were conducted in accordance with the National 
Institute of Health Guide and Use of Laboratory Animals and were 
approved by the Institutional Animal Care and Use Committee of the 
University of South Florida, Morsani College of Medicine. The article 
adheres to the Transparency and Openness Promotion Guidelines, 
and all data supporting the findings of this study are available from 
the corresponding authors on reasonable request.

MCAO Model
Adult male Sprague-Dawley rats (≈250 g) were subjected to transient 
intraluminal MCAO procedure (n=24) or sham surgery (n=6); see in 
the online-only Data Supplement.

Laser Doppler Blood Flow Measurement
Brain and eye blood flow measurements were measured using laser 
Doppler (Perimed, Periflux System 5000) at baseline, during MCAO, 
and 5 minutes after reperfusion; see in the online-only Data Supplement.

Mesenchymal Stem Cells Transplantation
At day 1 post-MCAO, animals were anesthetized and transplanted 
intravenously via the jugular vein with mesenchymal stem cells 
(MSCs; 4×106 cells/500 µL of sterile PBS) or with PBS only; see in 
the online-only Data Supplement.

Optic Nerve Measurement and 
Immunohistochemistry
At days 3 and 14 post-MCAO, the animals were euthanized by CO

2
 

and perfused with 0.9% saline. The animals’ eyes and optic nerves 
were quickly harvested and fixed. Optic nerve images were obtained 
on a bright field Olympus microscope. Optic nerve widths were meas-
ured using the CellSens program. The retinas were stained with NeuN 
(neuronal nuclei) antibody (1:500; ab104225, Abcam), a marker for 
neuronal cells including the ganglion cells; see in the online-only 
Data Supplement.

Retinal Pigmented Epithelium 
Cells and MSC Culture
Retinal pigmented epithelium (RPE, CRL-4000;ATCC) cells and MSCs 
(T4835;abm) were cultured according to manufactures’ protocols and 

were passaged at 90% confluency. All cells for experiments were from 
passage 7 to10; see in the online-only Data Supplement.

OGD and Coculture
The OGD was slightly modified from previously described method.40 
After OGD, the RPE cells were cocultured with MSCs by placing 
the inserts into the wells of the 6-well plate for 24 hours; see in the 
online-only Data Supplement.

Mitochondrial Respiration Assay
To determine cellular oxygen consumption rate, the Seahorse ex-
tracellular flux analyzer XFe96 (102416;Agilent) was used in com-
bination with sequential injection of various compounds. Oxygen 
consumption rate measurements were performed following the man-
ufacturer’s protocol; see in the online-only Data Supplement.

Mitochondrial Network Analysis
The RPE cells were stained with MitoTracker (M22426;Invitrogen). 
Images were captured using an Olympus FV1200 Spectral Inverted 
Laser Scanning Confocal Microscope and analyzed using ImageJ 
(National Institutes of Health) with mitochondrial network analysis 
plugin. The mitochondrial network analysis’s method and measured 
parameters are described in a recent study.41 The source code for mi-
tochondrial network analysis plugin is available at https://github.com/
ScienceToolkit/MiNA; see in the online-only Data Supplement.

Cell Viability Assay
The RPE cells were incubated with calcein AM (1 µmol/L; 
4892010K;Trevigen) for 30 minutes in an incubator (37°C humidi-
fied, with 5% CO

2
, 95% air). Bright green fluorescence was retained 

within living cells. The number of cells were counted using ImageJ 
(National Institutes of Health) and averaged per field of view.

Mitochondria Live Cell Imaging
The mitochondria of RPE cells were incubated with either mitochondrial 
membrane potential probe JC-1 (tetraethylbenzimidazolylcarbocyanine 
iodide, T3168; Invitrogen) or with MitoTracker (M22426;Invitrogen). 
Live images were captured at a 5-minute interval over 25 minutes 
using an Olympus FV1200 Spectral Inverted Laser Scanning Confocal 
Microscope; see in the online-only Data Supplement.

Immunocytochemistry
The RPE cells were stained for Ki67 (NCL-Ki67P;LeicaBiosystems), 
Drp1 (dynamin-related protein 1, 70278;Life Technologies), or Mfn2 
(mitofusin-2, 711803;eBioscience); see in the online-only Data 
Supplement.

Statistical Analysis
The data were evaluated using ANOVA followed by post hoc 
Bonferroni tests except for laser Doppler data, which were analyzed 
using unpaired t test. Statistical significance was preset at P<0.05. 
Data are presented as mean±SD.

Results
MCAO Reduces Blood Flow to Brain and 
Eye and Induces Retinal Ganglion Cell 
Loss: Therapeutic Target for MSCs
We initially investigated whether MCAO caused a reduction in 
blood flow to the brain, as well as to the eye. Laser Doppler was 
used to measure blood flow to brain and eye at baseline, during 
MCAO and 5-minute after reperfusion (Figure 1A). At baseline, 
there were no significant differences between the control group 
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and MCAO group in the laser Doppler measurements of ipsi-
lateral hemisphere, contralateral hemisphere, or ipsilateral eye 
(311±23 and 316±87; 296±49 and 282±18; and 592±67 and 
614±81, respectively, unpaired t tests P>0.05). During MCAO, 
there were significant differences between the control group 
and MCAO group in the percentage of blood flow reduction of 
contralateral hemisphere, ipsilateral hemisphere, and ipsilateral 
eye compared with the baseline (16±14 and 85±9; 26±14 and 
70±17; 12±11 and 67±15, respectively, unpaired t tests P<0.05). 
After reperfusion, there was a significant difference between the 
control group and MCAO in the percentage of blood flow reduc-
tion only in the ipsilateral hemisphere compared with the base-
line (12±9 and 67±26, unpaired t tests P<0.05). Altogether, these 
results indicate that MCAO caused a significant reduction in 
blood flow to the eye which mirrored the reduction in the brain.

We next examined whether the reduction in blood flow to 
the eye during MCAO caused significant ganglion cell loss and 
optic nerve degeneration in stroke animals. At days 3 and 14 
poststroke, there was a significant reduction in the ipsilateral 
optic nerve width of stroke animals compared with sham ani-
mals (P<0.001; Figure I in the online-only Data Supplement). 
There was a significant reduction in ganglion cell death at 
days 3 and 14 in the ipsilateral eye compared with sham group 
(P=0.0003 and P<0.0001, respectively; Figure 1B).

Next, we hypothesized that MSCs could rescue the gan-
glion cell death caused by MCAO. Animals received either 
MSCs or PBS via intravenously transplantation using the jug-
ular vein at 24 hours after surgery. Interestingly, transplanta-
tion of MSCs showed a trend toward a reduction in ganglion 
cell death at day 3 and a significant reduction in the ganglion 

Figure 1. Middle cerebral artery occlusion (MCAO) reduces blood flow to brain and eye and induced ganglion cell loss in the retina and transplantation of 
mesenchymal stem cells (MSCs) rescued ganglion cell death at day 14 poststroke. A, Laser Doppler was used to measure blood flow to brain and eye at 
baseline, during MCAO, and 5-minute after reperfusion. MCAO caused a significant reduction in blood flow to the contralateral (Contra) hemisphere, ipsilat-
eral (Ipsi) hemisphere, and Ipsi eye compared with control. B, Representative images and quantification of immunohistochemical staining of NeuN. Trans-
plantation of MSC rescued ganglion cell loss at day 14 poststroke. ANOVA with Bonferroni post hoc test *P<0.05; **P<0.01; and ***P<0.001. Scale bar 50 µm. 
FOV indicates field of view.
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cell loss at day 14 (P>0.05 and P=0.0026, respectively) com-
pared with respective MCAO groups. There were no signif-
icant differences between MCAO group and MCAO+PBS 
group at days 3 and 14 poststroke (P>0.05; Figure 1B). 
Overall, these results demonstrate that MCAO caused a re-
duction in blood flow to the brain and the eye which led to sig-
nificant ganglion cell loss and optic nerve degeneration; and 
intravenous transplantation of MSCs rescued the ganglion cell 
death at day 14. Statistical results are summarized in Table I 
in the online-only Data Supplement.

MSCs Ameliorate OGD-Induced RPE Cells 
Loss by Promoting Cell Proliferation
We further investigated the observed therapeutic effect of MSCs 
under in vitro settings using OGD model. Cell viability and 
cell proliferation were assessed using calcein and Ki67 stain-
ing, respectively. ANOVA revealed significant differences in the 
Ki67 intensity between groups (F(3, 76)=9.795, P<0.0001) with 
OGD-RPE cells displaying a significant decrease in Ki67 in-
tensity compared with the control (237.9±84.3 and 333.3±60.0, 
respectively, P<0.001; Figure 2A). Coculture with MSCs after 
OGD increased the Ki67 intensity compared with OGD group 
(350.8±77.9 and 237.9±84.3, respectively, P<0.001; Figure 2A). 
Additionally, ANOVA revealed significant differences in cell 
viability between groups (F(3, 20)=45.75, P<0.0001), with 
OGD-RPE cells showing a significant decrease in cell viability 
compared with the control (119±70 and 1068±110, respec-
tively, P<0.001; Figure 2B). In contrast, coculture with MSCs 
after OGD rescued the RPE cells’ viability compared with OGD 
group (512±327 and 119±70, respectively, P<0.01; Figure 2B). 
Overall, the results demonstrate that MSCs prevented cell loss 
after OGD by promoting cell proliferation.

MSCs Attenuate RPE Cells’ Mitochondrial 
Respiration Deficits Caused by OGD
Next, we examined the effect of MSCs on the RPE cells’ mi-
tochondrial dysfunction caused by OGD. RPE cells’ mito-
chondrial respiration were analyzed using Seahorse XFe96 
extracellular flux analyzer (Figure 3). OGD caused signif-
icant reduction in the overall RPE cells’ mitochondrial res-
piration compared with control characterized by decreased 
in basal respiration, decreased in spare respiratory capacity, 
and decreased in ATP (adenosine triphosphate) production 
(P<0.0001). Coculture with MSCs significantly rescued the 
overall mitochondrial respiration across all indices compared 
with OGD group as revealed by increased in basal respira-
tion, increased in spare respiratory capacity, and increased in 
ATP production (P<0.0001). Interestingly, we observed also 
a decreased in proton leak in the OGD group compared with 
the control or the OGD-MSCs (P<0.0001). In summary, these 
results revealed that MSCs restored the mitochondrial respi-
ration deficits caused by OGD. Statistical results are summa-
rized in Table II in the online-only Data Supplement.

MSCs Restore RPE Cells’ Mitochondrial 
Networks That Were Altered by OGD
We also investigated the effect of OGD on RPE cells’ mi-
tochondrial network morphology and whether MSCs could 
reverse such impairment. RPE cells’ mitochondrial network 
was analyzed using immunocytochemistry and ImageJ with 
mitochondrial network analysis plugin (Figure 4). The meas-
ured parameters were previously described.41 Compared with 
control group, OGD produced a significant reduction in total 
individual mitochondria (post hoc test P<0.0001), decreased 
in number of network (P=0.0087), and decreased in average 

Figure 2. Mesenchymal stem cells (MSCs) rescue against retinal pigmented epithelium (RPE) cells loss caused by oxygen-glucose deprivation (OGD) by 
promoting cell proliferation. A, Representative images of immunocytochemical staining of Ki67 (marker for cell proliferation). OGD produced a significant 
decrease in Ki67 expression. Coculture with MSCs restored cell Ki67 expression after OGD. B, Representative images of Calcein AM cell viability test. OGD 
induced a significant decrease in cell viability. Coculture with MSCs rescued RPE cell death after OGD. C, Quantification graphs of Ki67 intensity and cell via-
bility. ANOVA with Bonferroni post hoc test *P<0.05; **P<0.01; and ***P<0.001. Scale bar 50 µm.
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branch length (post hoc test P<0.0001) while increased sig-
nificantly the circularity of the mitochondria (post hoc test 
P<0.0001). Compared with OGD group, coculture with MSCs 

significantly increased the total individuals of mitochondria 
(post hoc test P=0.0046), increased the number of network 
(post hoc test P=0.0180), and decreased circularity (post hoc 

Figure 3. Mesenchymal stem cells (MSCs) ameliorate retinal pigmented epithelium (RPE) cells’ mitochondrial respiration deficits caused by oxygen-glucose 
deprivation (OGD). RPE cells’ mitochondrial respiration were analyzed using Seahorse XFe96 extracellular flux analyzer with sequential injection of various 
compounds (1 µmol/L oligomycin [Oligo], 1 µmol/L carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone [FCCP], 0.5 µmol/L rotenone and Antimycin A [Rot/
AA]). Coculture with MSCs restored RPE cells’ mitochondrial basal respiration, spare respiratory capacity, proton leak, and ATP production compared with 
OGD. ANOVA with Bonferroni post hoc test *P<0.05; **P<0.01; ***P<0.001.

Figure 4. Mesenchymal stem cells (MSCs) restore retinal pigmented epithelium (RPE) cells’ mitochondrial networks altered by oxygen-glucose deprivation 
(OGD). A, Representative images of RPE cells stained with MitoTracker. B, Analysis and quantification of RPE cells’ mitochondrial network morphology. 
Coculture with MSCs increased RPE cells’ number of mitochondrial networks, number of individual mitochondria, and number of branches but not average 
length of the branches compared with OGD. In addition, coculture with MSCs decreased the circularity of RPE cells’ mitochondria compared with OGD. 
ANOVA with Bonferroni post hoc test *P<0.05; **P<0.01; and ***P<0.001. Mean±SEM. Scale bar 10 µm.
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test P=0.0028) but not the average branch length (post hoc 
test P>0.5). In addition, live imaging of RPE cells’ mito-
chondria confirmed the immunocytochemical results in that 
OGD induced visible disorganization of mitochondrial net-
work, but coculture with MSCs robustly improved the mito-
chondrial network of RPE cells (Movies in the online-only 
Data Supplement). It is worth noting that MSCs’ mitochon-
dria were observed in both OGD-MSC and control-MSC 
groups. This mitochondrial transfer phenomenon was con-
firmed with immunocytochemical staining as evidenced by 
deposition of MSCs’ mitochondria inside RPE cells (Figure 
II in the online-only Data Supplement). Altogether these 
results demonstrate that OGD significantly altered the mi-
tochondrial network morphology towards an impaired state, 
that is, fragmented circular mitochondria, whereas coculture 
with MSCs restored the mitochondrial network morphology. 

Statistical results are summarized in Table II in the online-
only Data Supplement.

MSCs Repair RPE Cells’ Mitochondrial 
Dynamics via Mfn2 After OGD
We further investigated the deleterious effect of OGD and 
therapeutic effect of MSCs on mitochondrial dynamic pro-
teins Mfn2 and Drp1. Immunocytochemical assay of Mfn2 re-
vealed that there were significant differences between groups 
([F(3, 307)=15.65, P<0.0001; Figure 5). OGD significantly 
reduced the expression of Mfn2 compared with the control 
(post hoc test P<0.0001). Coculture with MSCs significantly 
restored the expression of Mfn2 compared with the OGD-RPE 
group (post hoc test P<0.0001). However, OGD significantly 
increased the expression of Drp1 compared with the control, 
but coculture with MSCs did not significantly restore the 

Figure 5. Mesenchymal stem cells (MSCs) normalize retinal pigmented epithelium (RPE) cells’ mitochondrial dynamics via Mfn2 (mitofusin-2) after oxygen-
glucose deprivation (OGD). Representative images of Mfn2 expression (left columns), DAPI (middle columns), and merged (right columns). OGD caused a 
significant decrease in Mfn2 expression. Coculture with MSC significantly increased the Mfn2 expression compared to OGD. ANOVA with Bonferroni post 
hoc test *P<0.05; **P<0.01; ***P<0.001. Scale bar 50 µm.
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expression of Drp1 to normal level (Figure III in the online-
only Data Supplement). These results show that OGD altered 
the mitochondrial dynamic proteins Mfn2 and Drp1, while 
coculture with MSCs normalized the expression of Mfn2 but 
not Drp1.

MSCs Reduce RPE Cells’ Mitochondrial 
Membrane Depolarization Induced by OGD
RPE cells’ mitochondrial membrane potential was analyzed 
using JC-1 staining (Figure 6). ANOVA revealed signifi-
cant differences between groups in the JC-1 red/green in-
tensity ratio (F(3, 119)=13.50, P<0.0001). Bonferroni post 
hoc tests showed that OGD-RPE cells had significant de-
crease in the JC-1 red/green intensity ratio compared with 
the control RPE cells (0.94±0.59 and 1.63±0.49, respec-
tively, P<0.0001; Figure 6A and 6B). Coculture with MSCs 
significantly increased JC-1 red/green intensity ratio com-
pared with OGD group (1.35±0.51 and 1.63±0.49, respec-
tively, post hoc test P<0.005; Figure 6A and 6B). Confocal 
imaging revealed colocalization between MSCs’ mitochon-
dria (blue) and JC-1 (red) indicating the transfer of func-
tional mitochondria from MSCs to RPE cells (Figure 6C). 
Furthermore, a positive correlation was detected between 
the percentage of cells with transferred mitochondria and the 
cell viability (r=0.9402, n=35, P<0.0001 with an R2=0.8840; 
Figure 6B). In summary, these results indicate that MSCs 
reduced RPE cells’ mitochondrial membrane depolarization 

caused by OGD possibly via transfer of MSCs’ functional 
mitochondria.

Discussion
We demonstrated that MCAO and OGD induced retinal is-
chemia, associated with mitochondrial dysfunction. Treatment 
with MSCs rescued against retinal cell loss, likely through 
stem cell transfer of healthy mitochondria and subsequent res-
toration of mitochondrial function, network morphology, and 
dynamics.

Blood flow was reduced by 80% in ipsilateral hemi-
sphere and ipsilateral eye in our stroke animals as previously 
reported.42,43 The retinal blood flow recovered after reper-
fusion about 5 minutes faster than hemispheric blood flow, 
reflecting discrepant brain and retina reperfusion profiles 
because of increased vasculatures in the retina.44,45 However, 
the lack of collaterals in the retina likely equalized the re-
perfusion profiles, allowing retinal blood flow to mirror the 
hemispheric blood flow up to 3 days poststroke.46–48 This re-
duction in blood flow coincided with ganglion cell loss to the 
ipsilateral eye and decreased optic nerve width at days 3 and 
14 poststroke. Intravenous transplantation of MSCs showed 
a trend towards rescue at day 3 and significantly attenuated 
both cellular and optic nerve deficits at day 14. In addition, 
OGD produced similar retinal cell loss, which was amelio-
rated by MSC coculture. The retinal cell deaths in vivo and 
in vitro were accompanied by mitochondrial dysfunction, 

Figure 6. Mesenchymal stem cells (MSCs) reduce retinal pigmented epithelium (RPE) cells’ mitochondrial membrane depolarization caused by oxygen-
glucose deprivation (OGD). RPE cells’ mitochondrial membrane potential was analyzed using JC-1 staining. A, Representative images of JC-1 dye and 
transferred MSC’s mitochondria. B, Bar graph represents red/green (healthy/unhealthy) intensity ratio of JC-1 staining and correlational analysis between 
mitochondrial transfer and cell viability. OGD-RPE cells displayed a significant decrease in the JC-1 red/green intensity ratio compared with the control RPE 
cells. Coculture with MSCs significantly increased JC-1 red/green intensity ratio compared to OGD. C, Confocal imaging revealed colocalization between 
MSCs mitochondria (blue) and JC-1 (red, arrows) indicating the transfer of functional mitochondria from MSCs to RPE cells. ANOVA with Bonferroni post hoc 
test *P<0.05; **P<0.01; ***P<0.001. Scale bar 10 µm.
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which was reversed by MSCs characterized by restored mito-
chondrial respiration and normalized mitochondrial network 
morphology. Mitochondrial network protects mitochondrial 
DNA integrity, improves respiratory capacity, and response 
to energy demand or cellular stress. The overall morphology 
of mitochondrial network may depend on a balanced ratio 
between mitochondrial fusion and fission, which is necessary 
to maintain tubular shape and form interconnected network 
in healthy mitochondria. Conversely, a low ratio of fusion to 
fission creates fragmented spherical mitochondria. Coculture 
with MSCs increased the numbers of mitochondrial network 
compared with OGD. MSCs also rescued the overall mito-
chondria that exist outside of network (individuals) with less 
spherical shape (lower circularity). Our results concur with 
previous observations that OGD altered the mitochondrial 
dynamics by upregulating fission protein Drp1 and down-
regulating fusion protein Mfn2.49–52 We observed that MSCs 
significantly restored Mfn2 but not Drp1 expression level. 
Finally, using JC-1 mitochondrial membrane dye and live 
cell imaging, we are the first to show that MSCs transferred 
functional mitochondria to retinal cells and attenuated mito-
chondrial membrane depolarization caused by OGD.

Visual impairment is a common and significant symptom 
in stroke patients.7–9 Because of the anatomic juxtaposition 
of the ophthalmic artery to the MCA, blood flow to the oph-
thalmic artery is easily hindered in the event of MCAO, caus-
ing retinal ischemia,53 which is a major predisposing factor of 
visual impairment and shares a pathology with other common 
ocular vascular diseases.15–21 Time is of the essence for cere-
bral and retinal ischemia with early detection and intervention 
likely to improve outcomes.54–57 Because of the unique dosing 
of vasculatures and collaterals in the brain and the retina, their 
discordant reperfusion profiles may affect the stem cell distri-
bution or mitochondrial transfer in these tissues. Despite the 
lack of collaterals, retinal cells exhibit resistance to ischemic 
insults.18,20 Indeed, clinical studies suggest that the effective 
time window for central retinal artery occlusion with intrave-
nous tPA is 6 to 6.5 hours.20,58,59

Here, we provided evidence that stem cell transplantation 
afforded functional benefits against cerebral60–63 and retinal 
ischemia53,64–67 by abrogating mitochondrial dysfunction, in 
part, by stem cell-mediated mitochondrial transfer. However, 
other well-known mechanisms mediating stem cell therapy, 
such as the bystander effects68–70 stand as equally potent cell 
survival pathways. Mitochondrial transfer may occur via tun-
neling nanotubes, extracellular vesicles, gap junctions, and 
cell fusion.37,71–75 Ischemic cells release help me signals which 
could be used to guide the migration of stem cells and their 
mitochondria to reach ischemic regions.37,76 Optimizing the 
routes of delivery and the timing of transplantation as stand 
alone or in combination with tPA may improve functional 
outcomes of mitochondria-based stem cell therapy for ret-
inal ischemia. Diagnosis of stroke warrants examination of 
retinal ischemia, with ample consideration for treating visual 
impairments.

Acknowledgments
We thank the entire staff of Borlongan Neural Transplantation 
Laboratory for technical assistance and excellent scientific discussion.

Sources of Funding
Dr Borlongan is funded by National Institutes of Health (NIH) 
R01NS071956, NIH R01 NS090962, NIH R21NS089851, NIH R21 
NS094087, and Veterans Affairs Merit Review I01 BX001407.

Disclosures
Dr Borlongan is funded and received royalties and stock options 
from Astellas, Asterias, Sanbio, Athersys, KMPHC, and International 
Stem Cell Corporation; and also received consultant compensation 
for Chiesi Farmaceutici. Dr Sanberg received royalties and stock 
options from Saneron.

References
 1. Jauch EC, Saver JL, Adams HP Jr, Bruno A, Connors JJ, 

Demaerschalk BM, et al; American Heart Association Stroke Council; 
Council on Cardiovascular Nursing; Council on Peripheral Vascular 
Disease; Council on Clinical Cardiology. Guidelines for the early man-
agement of patients with acute ischemic stroke: a guideline for health-
care professionals from the American Heart Association/American 
Stroke Association. Stroke. 2013;44:870–947. doi: 10.1161/STR. 
0b013e318284056a

 2. Gumbinger C, Reuter B, Stock C, Sauer T, Wiethölter H, Bruder I, et 
al; AG Schlaganfall. Time to treatment with recombinant tissue plas-
minogen activator and outcome of stroke in clinical practice: retrospec-
tive analysis of hospital quality assurance data with comparison with 
results from randomised clinical trials. BMJ. 2014;348:g3429. doi: 
10.1136/bmj.g3429

 3. Lees KR, Bluhmki E, von Kummer R, Brott TG, Toni D, Grotta JC, et al; 
ECASS, ATLANTIS, NINDS and EPITHET rt-PA Study Group. Time to 
treatment with intravenous alteplase and outcome in stroke: an updated 
pooled analysis of ECASS, ATLANTIS, NINDS, and EPITHET trials. 
Lancet. 2010;375:1695–1703. doi: 10.1016/S0140-6736(10)60491-6

 4. Kaesmacher J, Kaesmacher M, Maegerlein C, Zimmer C, Gersing AS, 
Wunderlich S, et al. Hemorrhagic transformations after thrombectomy: 
risk factors and clinical relevance. Cerebrovasc Dis. 2017;43:294–304. 
doi: 10.1159/000460265

 5. Li Q, Gao X, Yao Z, Feng X, He H, Xue J, et al. Permeability surface of 
deep middle cerebral artery territory on computed tomographic perfusion 
predicts hemorrhagic transformation after stroke. Stroke. 2017;48:2412–
2418. doi: 10.1161/STROKEAHA.117.017486

 6. Saver JL, Goyal M, van der Lugt A, Menon BK, Majoie CB, Dippel DW, 
et al; HERMES Collaborators. Time to treatment with endovascular 
thrombectomy and outcomes from ischemic stroke: a meta-analysis. 
JAMA. 2016;316:1279–1288. doi: 10.1001/jama.2016.13647

 7. Rowe FJ. Stroke survivors’ views and experiences on impact of visual 
impairment. Brain Behav. 2017;7:e00778. doi: 10.1002/brb3.778

 8. Sand KM, Midelfart A, Thomassen L, Melms A, Wilhelm H, Hoff JM. 
Visual impairment in stroke patients–a review. Acta Neurol Scand Suppl. 
2013;196:52 –56.

 9. Zhang LY, Zhang J, Kim RK, Matthews JL, Rudich DS, Greer DM, 
et al. Risk of acute ischemic stroke in patients with monocular vision 
loss of vascular etiology. J Neuroophthalmol. 2018;38:328–333. doi: 
10.1097/WNO.0000000000000613

 10. Brown SM, Vasudevan A. Acute retinal arterial ischemia: an emer-
gency often ignored. Am J Ophthalmol. 2014;158:1353. doi: 10.1016/j. 
ajo.2014.08.033

 11. Dattilo M, Newman NJ, Biousse V. Acute retinal arterial ischemia. Ann 
Eye Sci. 2018;3:28.

 12. Helenius J, Arsava EM, Goldstein JN, Cestari DM, Buonanno FS, 
Rosen BR, et al. Concurrent acute brain infarcts in patients with monoc-
ular visual loss. Ann Neurol. 2012;72:286–293. doi: 10.1002/ana.23597

 13. Lauda F, Neugebauer H, Reiber L, Jüttler E. Acute silent brain infarc-
tion in monocular visual loss of ischemic origin. Cerebrovasc Dis. 
2015;40:151–156. doi: 10.1159/000437274

 14. Lee J, Kim SW, Lee SC, Kwon OW, Kim YD, Byeon SH. Co-occurrence 
of acute retinal artery occlusion and acute ischemic stroke: diffusion-
weighted magnetic resonance imaging study. Am J Ophthalmol. 
2014;157:1231–1238. doi: 10.1016/j.ajo.2014.01.033

 15. Bradshaw SE, Gala S, Nanavaty M, Shah A, Mwamburi M, Kefalas P. 
Systematic literature review of treatments for management of compli-
cations of ischemic central retinal vein occlusion. BMC Ophthalmol. 
2016;16:104. doi: 10.1186/s12886-016-0282-5



Nguyen et al  Retinal Mitochondrial Deficits After Stroke  2205

 16. Evangelho K, Mogilevskaya M, Losada-Barragan M, Vargas-Sanchez JK. 
Pathophysiology of primary open-angle glaucoma from a neuroinflam-
matory and neurotoxicity perspective: a review of the literature. Int 
Ophthalmol. 2019;39:259–271. doi: 10.1007/s10792-017-0795-9

 17. Nashine S, Liu Y, Kim BJ, Clark AF, Pang IH. Role of C/EBP ho-
mologous protein in retinal ganglion cell death after ischemia/re-
perfusion injury. Invest Ophthalmol Vis Sci. 2014;56:221–231. doi: 
10.1167/iovs.14-15447

 18. Osborne NN, Casson RJ, Wood JP, Chidlow G, Graham M, Melena J.  
Retinal ischemia: mechanisms of damage and potential therapeutic  
strategies. Prog Retin Eye Res. 2004;23:91–147. doi: 10.1016/j. 
preteyeres.2003.12.001

 19. Solomon SD, Chew E, Duh EJ, Sobrin L, Sun JK, VanderBeek BL, et 
al. Diabetic retinopathy: a position statement by the American Diabetes 
Association. Diabetes Care. 2017;40:412–418. doi: 10.2337/dc16-2641

 20. Varma DD, Cugati S, Lee AW, Chen CS. A review of central retinal 
artery occlusion: clinical presentation and management. Eye (Lond). 
2013;27:688–697. doi: 10.1038/eye.2013.25

 21. Almasieh M, Wilson AM, Morquette B, Cueva Vargas JL, Di Polo A. The 
molecular basis of retinal ganglion cell death in glaucoma. Prog Retin 
Eye Res. 2012;31:152–181. doi: 10.1016/j.preteyeres.2011.11.002

 22. Zhao Y, Yu B, Xiang YH, Han XJ, Xu Y, So KF, et al. Changes in ret-
inal morphology, electroretinogram and visual behavior after tran-
sient global ischemia in adult rats. PLoS One. 2013;8:e65555. doi: 
10.1371/journal.pone.0065555

 23. Cabezas-Opazo FA, Vergara-Pulgar K, Pérez MJ, Jara C, 
Osorio-Fuentealba C, Quintanilla RA. Mitochondrial dysfunction con-
tributes to the pathogenesis of Alzheimer’s disease. Oxid Med Cell 
Longev. 2015;2015:509654. doi: 10.1155/2015/509654

 24. Johri A, Beal MF. Mitochondrial dysfunction in neurodegenerative  
diseases. J Pharmacol Exp Ther. 2012;342:619–630. doi: 10.1124/jpet. 
112.192138

 25. Moskowitz MA, Lo EH, Iadecola C. The science of stroke: mecha-
nisms in search of treatments. Neuron. 2010;67:181–198. doi: 
10.1016/j.neuron.2010.07.002

 26. Napoli E, Song G, Wong S, Hagerman R, Giulivi C. Altered bioener-
getics in primary dermal fibroblasts from adult carriers of the FMR1 
premutation before the onset of the neurodegenerative disease fragile 
X-associated tremor/ataxia syndrome. Cerebellum. 2016;15:552–564. 
doi: 10.1007/s12311-016-0779-8

 27. Napoli E, Wong S, Hung C, Ross-Inta C, Bomdica P, Giulivi C. Defective 
mitochondrial disulfide relay system, altered mitochondrial morphology 
and function in Huntington’s disease. Hum Mol Genet. 2013;22:989–
1004. doi: 10.1093/hmg/dds503

 28. Prentice H, Modi JP, Wu JY. Mechanisms of neuronal protection against 
excitotoxicity, endoplasmic reticulum stress, and mitochondrial dysfunc-
tion in stroke and neurodegenerative diseases. Oxid Med Cell Longev. 
2015;2015:964518. doi: 10.1155/2015/964518

 29. Carelli V, Rugolo M, Sgarbi G, Ghelli A, Zanna C, Baracca A, et al. 
Bioenergetics shapes cellular death pathways in Leber’s hereditary 
optic neuropathy: a model of mitochondrial neurodegeneration. Biochim 
Biophys Acta. 2004;1658:172–179. doi: 10.1016/j.bbabio.2004.05.009

 30. Nguyen H, Aum D, Mashkouri S, Rao G, Vega Gonzales-Portillo JD, 
Reyes S, et al. Growth factor therapy sequesters inflammation in afford-
ing neuroprotection in cerebrovascular diseases. Expert Rev Neurother. 
2016;16:915–926. doi: 10.1080/14737175.2016.1184086

 31. Osborne NN. Mitochondria: their role in ganglion cell death and survival 
in primary open angle glaucoma. Exp Eye Res. 2010;90:750–757. doi: 
10.1016/j.exer.2010.03.008

 32. Park SW, Kim KY, Lindsey JD, Dai Y, Heo H, Nguyen DH, et al. A selec-
tive inhibitor of drp1, mdivi-1, increases retinal ganglion cell survival in 
acute ischemic mouse retina. Invest Ophthalmol Vis Sci. 2011;52:2837–
2843. doi: 10.1167/iovs.09-5010

 33. Vosler PS, Graham SH, Wechsler LR, Chen J. Mitochondrial targets 
for stroke: focusing basic science research toward development of 
clinically translatable therapeutics. Stroke. 2009;40:3149–3155. doi: 
10.1161/STROKEAHA.108.543769

 34. Narendra DP, Youle RJ. Neurodegeneration: trouble in the cell’s power-
house. Nature. 2012;483:418–419. doi: 10.1038/nature10952

 35. Youle RJ, van der Bliek AM. Mitochondrial fission, fusion, and stress. 
Science. 2012;337:1062–1065. doi: 10.1126/science.1219855

 36. Ghavami S, Shojaei S, Yeganeh B, Ande SR, Jangamreddy JR, 
Mehrpour M, et al. Autophagy and apoptosis dysfunction in neurode-
generative disorders. Prog Neurobiol. 2014;112:24–49. doi: 10.1016/j. 
pneurobio.2013.10.004

 37. Hayakawa K, Bruzzese M, Chou SH, Ning M, Ji X, Lo EH. 
Extracellular mitochondria for therapy and diagnosis in acute cen-
tral nervous system injury. JAMA Neurol. 2018;75:119–122. doi: 
10.1001/jamaneurol.2017.3475

 38. Berridge MV, McConnell MJ, Grasso C, Bajzikova M, Kovarova J, 
Neuzil J. Horizontal transfer of mitochondria between mammalian cells: 
beyond co-culture approaches. Curr Opin Genet Dev. 2016;38:75–82. 
doi: 10.1016/j.gde.2016.04.003

 39. Borlongan CV, Nguyen H, Lippert T, Russo E, Tuazon J, Xu K, et al. 
May the force be with you: transfer of healthy mitochondria from stem 
cells to stroke cells. J Cereb Blood Flow Metab. 2019;39:367–370. doi: 
10.1177/0271678X18811277

 40. Kaneko Y, Tajiri N, Shojo H, Borlongan CV. Oxygen-glucose-deprived 
rat primary neural cells exhibit DJ-1 translocation into healthy mito-
chondria: a potent stroke therapeutic target. CNS Neurosci Ther. 
2014;20:275–281. doi: 10.1111/cns.12208

 41. Valente AJ, Maddalena LA, Robb EL, Moradi F, Stuart JA. A simple 
ImageJ macro tool for analyzing mitochondrial network morphology 
in mammalian cell culture. Acta Histochem. 2017;119:315–326. doi: 
10.1016/j.acthis.2017.03.001

 42. Borlongan CV, Lind JG, Dillon-Carter O, Yu G, Hadman M, 
Cheng C, et al. Bone marrow grafts restore cerebral blood flow and 
blood brain barrier in stroke rats. Brain Res. 2004;1010:108–116. doi: 
10.1016/j.brainres.2004.02.072

 43. Taninishi H, Jung JY, Izutsu M, Wang Z, Sheng H, Warner DS. A 
blinded randomized assessment of laser Doppler flowmetry efficacy in 
standardizing outcome from intraluminal filament MCAO in the rat. 
J Neurosci Methods. 2015;241:111–120. doi: 10.1016/j.jneumeth. 
2014.12.006

 44. Shih YY, De La Garza BH, Huang S, Li G, Wang L, Duong TQ. 
Comparison of retinal and cerebral blood flow between continuous arte-
rial spin labeling MRI and fluorescent microsphere techniques. J Magn 
Reson Imaging. 2014;40:609–615. doi: 10.1002/jmri.24407

 45. Hui F, Nguyen CTO, He Z, Vingrys AJ, Gurrell R, Fish RL, et al. 
Retinal and cortical blood flow dynamics following systemic blood-
neural barrier disruption. Front Neurosci. 2017;11:568. doi: 10.3389/ 
fnins.2017.00568

 46. Ritzel RM, Pan SJ, Verma R, Wizeman J, Crapser J, Patel AR, et al. Early 
retinal inflammatory biomarkers in the middle cerebral artery occlusion 
model of ischemic stroke. Mol Vis. 2016;22:575–588.

 47. Allen RS, Sayeed I, Oumarbaeva Y, Morrison KC, Choi PH, Pardue MT, 
et al. Progesterone treatment shows greater protection in brain vs. retina 
in a rat model of middle cerebral artery occlusion: progesterone receptor 
levels may play an important role. Restor Neurol Neurosci. 2016;34:947–
963. doi: 10.3233/RNN-160672

 48. Xiao J, Zhou X, Jiang T, Zhi ZN, Li Q, Qu J, et al. Unilateral cere-
bral ischemia inhibits optomotor responses of the ipsilateral eye in mice.  
J Integr Neurosci. 2012;11:193–200. doi: 10.1142/S0219635212500148

 49. Flippo KH, Gnanasekaran A, Perkins GA, Ajmal A, Merrill RA, 
Dickey AS, et al. AKAP1 protects from cerebral ischemic stroke by inhib-
iting Drp1-dependent mitochondrial fission. J Neurosci. 2018;38:8233–
8242. doi: 10.1523/JNEUROSCI.0649-18.2018

 50. Chen XL, Zhang GP, Guo SL, Ding JQ, Lin JJ, Yang Q, et al. Mfn2-
mediated preservation of mitochondrial function contributes to the 
protective effects of BHAPI in response to ischemia. J Mol Neurosci. 
2017;63:267–274. doi: 10.1007/s12031-017-0976-z

 51. Shi Y, Yi C, Li X, Wang J, Zhou F, Chen X. Overexpression of Mitofusin2 
decreased the reactive astrocytes proliferation in vitro induced by oxy-
gen-glucose deprivation/reoxygenation. Neurosci Lett. 2017;639:68–73. 
doi: 10.1016/j.neulet.2016.12.052

 52. Zuo W, Zhang S, Xia CY, Guo XF, He WB, Chen NH.  
Mitochondria autophagy is induced after hypoxic/ischemic stress 
in a Drp1 dependent manner: the role of inhibition of Drp1 in is-
chemic brain damage. Neuropharmacology. 2014;86:103–115. doi: 
10.1016/j.neuropharm.2014.07.002

 53. Minhas G, Morishita R, Anand A. Preclinical models to investigate ret-
inal ischemia: advances and drawbacks. Front Neurol. 2012;3:75. doi: 
10.3389/fneur.2012.00075

 54. Biousse V, Nahab F, Newman NJ. Management of acute retinal is-
chemia: follow the Guidelines! Ophthalmology. 2018;125:1597–1607. 
doi: 10.1016/j.ophtha.2018.03.054

 55. Limaye K, Wall M, Uwaydat S, Ali S, Shaban A, Al Kasab S, et al. Is 
management of central retinal artery occlusion the next frontier in ce-
rebrovascular diseases? J Stroke Cerebrovasc Dis. 2018;27:2781–2791. 
doi: 10.1016/j.jstrokecerebrovasdis.2018.06.006



2206  Stroke  August 2019

 56. Dattilo M, Biousse V, Newman NJ. Update on the management of 
central retinal artery occlusion. Neurol Clin. 2017;35:83–100. doi: 
10.1016/j.ncl.2016.08.013

 57. Chronopoulos A, Schutz JS. Central retinal artery occlusion-a new, pro-
visional treatment approach. Surv Ophthalmol. 2019;64:443–451. doi: 
10.1016/j.survophthal.2019.01.011

 58. Hattenbach LO, Kuhli-Hattenbach C, Scharrer I, Baatz H. Intravenous 
thrombolysis with low-dose recombinant tissue plasminogen activator 
in central retinal artery occlusion. Am J Ophthalmol. 2008;146:700–706. 
doi: 10.1016/j.ajo.2008.06.016

 59. Chen CS, Lee AW, Campbell B, Lee T, Paine M, Fraser C, et al. Efficacy 
of intravenous tissue-type plasminogen activator in central retinal ar-
tery occlusion: report from a randomized, controlled trial. Stroke. 
2011;42:2229–2234. doi: 10.1161/STROKEAHA.111.613653

 60. Hess DC, Borlongan CV. Stem cells and neurological diseases. 
Cell Prolif. 2008;41(suppl 1):94–114. doi: 10.1111/j.1365-2184. 
2008.00486.x

 61. Tajiri N, Acosta SA, Shahaduzzaman M, Ishikawa H, Shinozuka K, 
Pabon M, et al. Intravenous transplants of human adipose-derived stem 
cell protect the brain from traumatic brain injury-induced neurodegener-
ation and motor and cognitive impairments: cell graft biodistribution and 
soluble factors in young and aged rats. J Neurosci. 2014;34:313–326. 
doi: 10.1523/JNEUROSCI.2425-13.2014

 62. Steinberg GK, Kondziolka D, Wechsler LR, Lunsford LD, Coburn ML, 
Billigen JB, et al. Clinical outcomes of transplanted modified bone 
marrow-derived mesenchymal stem cells in stroke: a Phase 1/2a Study. 
Stroke. 2016;47:1817–1824. doi: 10.1161/STROKEAHA.116.012995

 63. Kitada M, Dezawa M. Parkinson’s disease and mesenchymal stem cells: 
potential for cell-based therapy. Parkinsons Dis. 2012;2012:873706. doi: 
10.1155/2012/873706

 64. Garg A, Yang J, Lee W, Tsang SH. Stem cell therapies in retinal disor-
ders. Cells. 2017;6:E4. doi: 10.3390/cells6010004

 65. Holan V, Hermankova B, Kossl J. Perspectives of stem cell-based 
therapy for age-related retinal degenerative diseases. Cell Transplant. 
2017;26:1538–1541. doi: 10.1177/0963689717721227

 66. Gramlich OW, Burand AJ, Brown AJ, Deutsch RJ, Kuehn MH, 
Ankrum JA. Cryopreserved mesenchymal stromal cells maintain potency 

in a retinal ischemia/reperfusion injury model: toward an off-the-shelf 
therapy. Sci Rep. 2016;6:26463. doi: 10.1038/srep26463

 67. Muthaian R, Minhas G, Anand A. Pathophysiology of stroke and stroke-
induced retinal ischemia: emerging role of stem cells. J Cell Physiol. 
2012;227:1269–1279. doi: 10.1002/jcp.23048

 68. Chau M, Zhang J, Wei L, Yu SP. Regeneration after stroke: stem cell 
transplantation and trophic factors. Brain Circ. 2016;2:86–94. doi: 
10.4103/2394-8108.186279

 69. Stonesifer C, Corey S, Ghanekar S, Diamandis Z, Acosta SA, 
Borlongan CV. Stem cell therapy for abrogating stroke-induced neu-
roinflammation and relevant secondary cell death mechanisms. Prog 
Neurobiol. 2017;158:94–131. doi: 10.1016/j.pneurobio.2017.07.004

 70. Nguyen H, Zarriello S, Coats A, Nelson C, Kingsbury C, Gorsky A, et al. 
Stem cell therapy for neurological disorders: a focus on aging. Neurobiol 
Dis. 2019;126:85–104. doi: 10.1016/j.nbd.2018.09.011

 71. Alvarez-Dolado M, Pardal R, Garcia-Verdugo JM, Fike JR, Lee HO, 
Pfeffer K, et al. Fusion of bone-marrow-derived cells with Purkinje neu-
rons, cardiomyocytes and hepatocytes. Nature. 2003;425:968–973. doi: 
10.1038/nature02069

 72. Islam MN, Das SR, Emin MT, Wei M, Sun L, Westphalen K, et al. 
Mitochondrial transfer from bone-marrow-derived stromal cells to pul-
monary alveoli protects against acute lung injury. Nat Med. 2012;18:759–
765. doi: 10.1038/nm.2736

 73. Ahmad T, Mukherjee S, Pattnaik B, Kumar M, Singh S, Kumar M, et al. 
Miro1 regulates intercellular mitochondrial transport & enhances mes-
enchymal stem cell rescue efficacy. EMBO J. 2014;33:994–1010. doi: 
10.1002/embj.201386030

 74. Torralba D, Baixauli F, Sánchez-Madrid F. Mitochondria know no 
boundaries: mechanisms and functions of intercellular mitochondrial 
transfer. Front Cell Dev Biol. 2016;4:107. doi: 10.3389/fcell.2016.00107

 75. Hayakawa K, Chan SJ, Mandeville ET, Park JH, Bruzzese M, Montaner J, et 
al. Protective effects of endothelial progenitor cell-derived extracellular 
mitochondria in brain endothelium. Stem Cells. 2018;36:1404–1410. 
doi: 10.1002/stem.2856

 76. Xing C, Lo EH. Help-me signaling: non-cell autonomous mechanisms of 
neuroprotection and neurorecovery. Prog Neurobiol. 2017;152:181–199. 
doi: 10.1016/j.pneurobio.2016.04.004




