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Abstract

After total retinal ischemia induced experimentally by ophthalmic vessel occlusion followed by 

reperfusion, studies have reported alterations in retinal oxygen metabolism (MO2), delivery (DO2), 

and extraction fraction (OEF), as well as visual dysfunction and cell loss. In the current study, 

under variable durations of ischemia/reperfusion, changes in these oxygen metrics, visual function, 

retinal thickness, and degeneration markers (gliosis and apoptosis) were assessed and related. 

Additionally, the prognostic value of MO2 for predicting visual function and retinal thickness 

outcomes was reported. Sixty-one rats were divided into 5 groups of ischemia duration (0 [sham], 

60, 90, 120, or 180 minutes) and 2 reperfusion durations (1 hour, 7 days). Phosphorescence 

lifetime and blood flow imaging, electroretinography, and optical coherence tomography were 

performed. MO2 reduction was related to visual dysfunction, retinal thinning, increased gliosis and 

apoptosis after 7-days reperfusion. Impairment in MO2 after 1-hour reperfusion predicted visual 

function and retinal thickness outcomes after 7-days reperfusion. Since MO2 can be measured in 

humans, findings from analogous studies may find value in the clinical setting.
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INTRODUCTION

Ischemia is defined as inadequate blood flow to tissues and organs, and if their metabolic 

demands cannot be sustained by exposure to both oxygen and glucose, ischemic injury 

occurs (Stitt et al., 2011). The incidence of ischemia-related pathologies such as myocardial 

infarction, angina pectoris, stroke and retinopathies have been on the rise in the general 

population (Stitt et al., 2011). Specifically, retinal ischemia is associated with retinal 

vascular occlusions, carotid occlusive disorders, diabetic retinopathy, and glaucoma, leading 

causes of visual impairment and blindness (D’Onofrio and Koeberle, 2013; Osborne et al., 

2004).

The ophthalmic vessel occlusion (OVO) animal model aims to mimic the clinical, 

pathological sequelae of retinal ischemia. Although there are limitations in using animal 

models due to variations in retinal vascular patterns and function across species, the 

retinal and cerebral vascular structure in pigs (Moren et al., 2009; Pournaras, 1995), 

non-human primates (Bhisitkul et al., 2005; Hayreh et al., 1980), and rats (Shabanzadeh 

et al., 2018; Yamori et al., 1976) closely resembles that of humans. In the OVO model, 

ischemic durations greater than 60 minutes have resulted in reductions in retinal oxygen 

metabolism (MO2) and delivery (DO2), increased oxygen extraction fraction (OEF) (20-

minute reperfusion) (Blair et al., 2019), electrophysiological dysfunction (2- to 21-day 

reperfusion) (Schmid et al., 2014; Sun et al., 2013; Zhang et al., 2008), and histological 

damage (1- to 28-day reperfusion) (Dominguez et al., 2015; Ebneter et al., 2017; Genevois 

et al., 2004). However, there is no information on MO2, DO2, and OEF under variable 

ischemia and reperfusion durations.

The severity of retinal ischemic injury depends on the duration and level of impaired blood 

flow, such that tissue damage increases as ischemia duration and impairment level increase 

(Fry et al., 2018; Hayreh, 2001; Leske et al., 2007; Moore et al., 2008). Under ischemic 

conditions, due to a deficiency in oxygen supply, MO2 is reduced, that is, energy production 

becomes impaired. Accordingly, assessment of MO2 in relation to visual, anatomical and 

biochemical outcomes appears to be promising to characterize the state of retinal tissue 

following ischemic injury. However, limited information is available on the effect of 

ischemia and reperfusion on MO2.

The brain and retina are parts of the central nervous system. Therefore, knowledge of 

ischemic brain injury can point the way to better understand pathophysiology of retinal 

ischemia. Thus far, reperfusion remains the most efficacious intervention in cerebral 

ischemic related pathologies, but due to a limited and dynamic window of opportunity, 

it may exacerbate the adverse outcomes associated with ischemia-- a phenomenon termed 

ischemia-reperfusion injury (Wu et al., 2018). To date, in acute ischemic stroke patients, 

one of the most metabolically precise ways to calculate and distinguish viable tissue that 

is at-risk of cell-death is through positron emission tomography (PET), where at-risk tissue 

has an increased rate of oxygen extraction compared to normal tissue (Aanerud et al., 

2012). Using the sensitivity of PET, cerebral metabolic rate of oxygen consumption, similar 

to retinal MO2, has been shown to accurately detect salvageable tissue to exist beyond 

conventional acute settings (<24 hours) (Verro and Chow, 2009) as well as predict cellular 

Matei et al. Page 2

Exp Eye Res. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



survival (Touzani et al., 1997). In another prospective imaging study, the cerebral metabolic 

rate of oxygen was highly predictive of both cell death and reperfusion-dependent survival 

of tissue at risk for cell death (An et al., 2015). Given the predictive power of cerebral 

metabolic rate of oxygen consumption following ischemic injury, findings on retinal MO2 

following retinal ischemia/reperfusion may also display a prognostic value.

There remains an unmet need for detecting salvageable tissue in the acute setting of 

retinal ischemia as well as predicting outcomes after injury. Knowledge of MO2 may 

help identify a window of opportunity for reversing tissue damage and examining the 

efficacy of reperfusion after variable durations of ischemia. In the present study, we 

tested two hypotheses: 1) MO2 reduction is related to visual dysfunction, retinal thinning, 

increased degeneration markers (gliosis and apoptosis) after ischemia followed by 7 days 

of reperfusion, and 2) MO2 impairment shortly after ischemia/reperfusion injury can predict 

impairments in visual function and retinal thickness outcomes after 7 days of reperfusion.

MATERIALS AND METHODS

Animals

All experiments were approved by the University of Southern California Institutional 

Animal Care and Use Committee, complied with the guidelines of the statement of Use 

of Animals in Ophthalmic and Vision research by the Association for Research in Vision 

and Ophthalmology, and reported according to the Animal Research: Reporting of In Vivo 

Experiment guidelines. Sixty-one Long-Evans rats were studied (age: 13.5±2.4 weeks; 

weight: 412±47 g). Animals were divided into 5 ischemic duration groups (0 [sham], 

60, 90, 120, 180 minutes) and 2 reperfusion durations (1 hour, 7 days). Vascular oxygen 

tension and blood flow imaging were performed after 1 hour or 7 days of reperfusion. 

Electroretinography (ERG) and spectral-domain optical coherence tomography (OCT) were 

performed coupled with ex vivo biochemical evaluations after 7 days of reperfusion. The 

experimental outline and the number of animals in each study group are presented in Fig. 1.

Surgical Procedures

Anesthesia was induced via inhalation of 4% isoflurane and then maintained at 2% for the 

duration of surgery. In the right eye, a lateral conjunctival peritomy was performed, and the 

optic nerve was exposed by blunt dissection. Next, an atraumatic microvascular clamp (Fine 

Science Tools, North Vancouver, BC, Canada) was used to occlude the ophthalmic vessels 

and compress the optic nerve <1mm from the posterior eye. Prior to removing the clamp 

for reperfusion, complete ischemia was documented by retinal imaging and visualization of 

severely narrowed retinal arteries. Sham surgery included exposure of the optic nerve, but no 

clamp was applied. Isoflurane was discontinued upon completion of the surgery. Anesthesia 

was administered and maintained via intraperitoneal injection of ketamine (100 mg/kg) and 

xylazine (5 mg/kg) during imaging and ERG procedures.

Prior to imaging, the femoral artery was cannulated to administer Pd-porphine (an oxygen-

sensitive molecular probe; 20 mg/kg) and 2-μm polystyrene fluorescent microspheres (107 

particles/ml 0.9% saline) (Life Technologies, Eugene, OR) for blood velocity imaging. 
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Pupils were dilated using phenylephrine 2.5% (Paragon, Portland, OR) and tropicamide 1% 

(Bausch and Lomb, Tampa, FL). Hypromellose (0.3%) lubricant eye gel (GenTeal gel, Ciba 

Vision, Duluth, GA, USA; Ciba Vision, Duluth, GA, USA) was applied to the eyes, and a 

glass cover slip was placed on the corneas to minimize their refractive powers and prevent 

dehydration during imaging.

Vascular Oxygen and Blood Flow Imaging

Retinal vascular oxygen tension (PO2) was measured using our phosphorescence lifetime 

imaging system as described previously (Blair et al., 2018; Wanek et al., 2011; Wanek et al., 

2013, 2014). Briefly, in retinal vessels, phosphorescence lifetime of Pd-porphine (excitation 

at 532 nm and emission filter transmission > 645 nm) was determined using a frequency-

domain approach, and the Stern-Volmer equation was used to convert these results to PO2 

measurements. Using the rat hemoglobin dissociation curve (Cartheuser, 1993), arterial and 

venous oxygen saturation was calculated from mean PO2, values separately averaged in 

all arteries and veins. Summing oxygen bound to hemoglobin and dissolved in blood was 

used to determine arterial (O2A) and venous (O2V) oxygen contents. Arteriovenous oxygen 

content difference (O2AV) was calculated as O2A-O2V. As previously described (Blair et 

al., 2018; Wanek et al., 2011; Wanek et al., 2013, 2014), venous blood velocity (V) was 

determined by analyzing a sequence of images to measure the displacement of fluorescent 

microspheres (excitation at 488 nm and emission filter transmission 560 ± 60 nm) over time. 

Red free retinal images were used to measure venous blood vessel diameter (D). Blood flow 

(VπD2/4) was calculated for each vein and then summed over all veins to derive the total 

retinal blood flow (TRBF). Retinal DO2, MO2, and OEF were calculated using the following 

equations: DO2 = TRBF x O2A, MO2 = TRBF x O2AV, OEF = MO2/DO2.

Electroretinography

Two-hour dark-adapted rats underwent scotopic ERG testing (Handheld Multi-species-

ElectroRetinoGraph (HMsERG, Ocuscience, Kansas City, MO, USA). As described 

previously (Matei et al., 2020), a ground electrode was placed in tail skin, the reference 

needle electrodes were placed below each eye, and contact lenses with gold-embedded 

electrodes (MAYO Corporation, Japan) were placed on the corneas using a conductance 

medium (GenTeal). ERG a- and b-wave amplitudes at a flash intensity of 1 cd s/m2 were 

measured.

Biochemical Evaluations

Immunofluorescence staining was performed as previously described (Zheng et al., 2019). 

Briefly, fixed retinal sections were deparaffinized, boiled in a citrate antigen retrieval buffer 

(10 mM Sodium Citrate, 0.05% Tween 20, pH 6.0) for 20 min, blocked with 10% normal 

donkey serum, incubated overnight with the primary antibodies rabbit anti-GFAP (1:200; 

ab7260, RRID:AB_305808), and incubated with a secondary antibody conjugated with 

FITC and then 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI) (nuclear marker, 

color blue). No staining was observed in the imaging of the negative control, in which the 

primary antibody was omitted.
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Terminal deoxynucleotidyl transferase dUTP nick and labeling (TUNEL) assay (Roche, 

USA) was used to evaluate cellular apoptosis. To quantify the number of TUNEL-positive 

cells (green) colocalized with DAPI, a researcher without knowledge of group allocation 

manually counted all colocalized cells throughout one retinal section. Immunoreactivity for 

GFAP was estimated using a previously reported grade score(Yamamoto et al., 2006): 0=no 

signal, 1=few positive glial endfeet in ganglion cell layer or scattered processes in other 

layers, 2=few labelled processes reaching from ganglion cell to outer nuclear layer, and 

3=most labelled processes reaching from ganglion cell layer to the outer nuclear layer.

Spectral-Domain Optical Coherence Tomography

As described previously (Blair et al., 2019), spectral-domain OCT imaging (Spectralis, 

Heidelberg Engineering, Heidelberg, Germany) was performed in regions nasal and 

temporal to the optic nerve head. Images were analyzed using the unit’s software 

(Heidelberg Eye Explorer 1.9.10.0; Heidelberg Engineering) to measure the total retinal 

thickness (TRT) which was averaged over nasal and temporal regions.

Statistical Analysis

SSPS Statistics (Version 24, IBM Armonk, New York) was used for statistical analyses. 

Measured data (TRBF, O2A, and O2v) were evaluated by group and 3 outliers (values more 

than three times the interquartile range) were removed. Also, data from 4 animals were 

removed because calculated MO2 values were either an outlier or slightly negative, though 

close to the physiological lower limit of zero. Overall, data were available in 61 animals 

for statistical analysis. Compiled data were evaluated for normality using Shapiro-Wilk 

tests. Linear regression analysis was used to determine the slopes and y-intercepts of the 

regression lines relating MO2, TRT, and ERG b-wave amplitude to ischemia duration. Data 

from sham groups imaged after 1-hour and 7-days reperfusion were combined. One-way 

ANOVA with post hoc Tukey HSD tests was used to determine differences in data among 

sham and OVO groups after 1-hour or 7-days reperfusion. Kruskal–Wallis tests were used to 

determine the significance of differences in GFAP scores and TUNEL-positive cells among 

groups. The mean rank of each column was compared with the mean rank of the sham 

group, and the comparisons were adjusted by Bonferroni correction for multiple tests. For 

all comparisons, estimates (β) of mean differences with respect to the sham group were 

determined. Pearson correlation (rP = correlation coefficient) analysis was used to relate 

MO2 to TRT and ERG a- and b-wave amplitudes, and Spearman’s rank correlation (rs = 

correlation coefficient) analysis was used to relate MO2 with the number of TUNEL-positive 

cells and GFAP scores. An estimated value and impairment index for each metric (MO2, 

b-wave amplitude, and TRT) were calculated according to the following steps. First, a linear 

regression model was used to find the best fit of the measured metric in multiple rats as 

a function of ischemia duration and derive the slope (m) and y-intercept (b). Second, an 

estimated metric was calculated at each ischemia duration using the regression parameters 

(m and b): estimated metric = m * ischemia duration + b. Third, the estimated metric was 

used to calculate an impairment Index = (b − estimated metric)/b. The values of impairment 

index range between 0 and 1, corresponding to no and maximum impairment, respectively. 

For statistical analyses, significance was accepted at P≤0.05.
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RESULTS

Blood Flow and Oxygen Delivery

TRBF and DO2 data stratified by ischemia and reperfusion durations are presented in Figure 

2. TRBF was 6.4±1.5 μL/min in the sham group (N=10). After 1-hour reperfusion, TRBF 

was reduced in the 180-min OVO group (β= −3.5 μL/min; P=0.006). Similarly, after 7-day 

reperfusion, TRBF was reduced in the 180-min OVO group (β= −3.2 μL/min; P=0.02). 

TRBF in 60-, 90-, and 120-min OVO groups were not significantly different than the sham 

group after both reperfusion durations (P>0.06).

DO2 was 824±226 nLO2/min in the sham group (N=10). After 1-hour reperfusion, DO2 was 

reduced in the 180-min (β= −426 nLO2/min) OVO group (P=0.03). DO2in 60-, 90-, and 

120-min OVO groups were not significantly different than the sham group (P>0.06). After 

7-day reperfusion, DO2 in all OVO groups did not differ significantly from the sham group 

(P>0.06).

Oxygen Metabolism and Extraction Fraction

MO2 and OEF data stratified by ischemia and reperfusion durations are presented in Figure 

3. MO2 was 369±84 nLO2/min in the sham group (N=10). After 1-Flour reperfusion, MO2 

was reduced in 60-(β= −158 nLO2/min), 90-(β= −305 nLO2/min), 120-(β= −231 nLO2/

min), and 180-min (β= −351 nLO2/min) OVO groups compared to the sham group (P< 

0.001). After 7-day reperfusion, MO2 was reduced in 90-(β= −193 nLO2/min), 120-(β= 

−171 nLO2/min), and 180-min (β= −222 nLO2/min) OVO groups compared to the sham 

group (P< 0.04).

OEF was 0.45±0.07 in the sham group (N=10). After 1-hour reperfusion, OEF was reduced 

in 90-min (β= −0.36), 120-min (β= −0.26), and 180-min (β= −0.40 nLO2/min) OVO groups 

compared to the sham group (P< 0.001). After 7-day reperfusion, OEF was reduced only in 

the 180-min (β= −0.20) OVO group compared to the sham group (P=0.01).

Visual Function (Electroretinography)

Mean and standard deviation of ERG a- and b-wave amplitudes obtained after 7-days of 

reperfusion and stratified by ischemia duration are shown in Figure 4 A and B, respectively. 

In the sham group, ERG a-wave and b-wave amplitudes were 96.1±35.4 μV and 493±177 

μV, respectively (N=5). Compared to the sham group, ERG a-wave amplitude was reduced 

in the 180-min OVO group (P=0.01; N=6). No significant differences were detected in ERG 

a-wave amplitude in 60-, 90-, and 120-min OVO groups (P>0.5). Compared to the sham 

group, ERG b-wave amplitude was reduced in 90-min (β= −303 μV; N=4), 120-min (β= 

−367 μV; N=4) and 180-min (β= −449 μV; N=6) OVO groups (P≤0.01). No significant 

differences were detected in ERG b-wave amplitude in the 60-min OVO group compared 

to the sham group (P=0.13). Based on compiled data from all OVO groups after 7 days of 

reperfusion, MO2 was linearly correlated with amplitudes of ERG a-wave (rP=0.44; P=0.03; 

N=23) and b-wave (rP=0.67; P<0.0001; N=23).
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Retinal Degeneration (Gliosis and Apoptosis)

Retinal sections stained for GFAP are shown in Figure 5A. Mean and standard deviation of 

GFAP expression obtained after 7-day reperfusion and stratified by ischemia duration are 

shown in Figure 5B. There was a statistically significant difference in GFAP score among 

OVO groups (P=0.00004). The mean rank GFAP scores were 7.0, 7.0, 16.8, 19.2, and 21.2 

for sham, 60-min, 90-min, 120-min, and 180-min OVO groups, respectively. GFAP score 

was higher in the 120- and 180-min OVO groups compared to the sham group (P<0.03). No 

significant differences were detected in the mean rank GFAP scores in 60- and 90-min OVO 

groups compared to the sham group (P>0.1). Based on compiled data at 7-day reperfusion, 

MO2 was inversely associated with GFAP score (rs=−0.56; P≤0.02; N=27).

Retinal sections stained for TUNEL are shown in Figure 6A. Mean and standard deviation 

of the number of TUNEL-positive cells measured after 7-day reperfusion and stratified by 

ischemia duration are shown in Figure 6B. There was a statistically significant difference in 

the number of TUNEL-positive cells among OVO groups (P=0.01). The mean rank number 

of TUNEL-positive cells was 7.5, 6.0, 16.2, 19.6, and 22.5 for sham, 60-min, 90-min, 

120-min, and 180-min OVO groups, respectively. The number of TUNEL-positive cells 

was higher in 120- and 180- min OVO groups compared to the sham group (P≤0.04). No 

significant differences were detected in the number of TUNEL-positive cells in 60- and 

90-min OVO groups compared to the sham group (P≥0.3). Based on compiled data from all 

OVO groups after 7 days of reperfusion, MO2 was inversely associated with the number of 

TUNEL-positive cells (rs =−0.69; P=0.0001; N=27).

Retinal Thickness

Mean and standard deviation of TRT obtained after 7-day reperfusion and stratified by 

ischemia duration are shown in Figure 7. TRT was 254±8 μm in the sham group (N=5). TRT 

was reduced in 120-min (β= −83 μm; N=6) and 180-min (β=−115 μm; N=6) OVO groups 

compared to the sham group (p≤0.02). Compared to the sham group, TRT in 60-min and 

90-min OVO groups were not significantly different (P≥0.1; N=6). Based on compiled in 

all OVO groups after 7 days of reperfusion, MO2 was linearly related to TRT (rP=−0.72; 

P0.0001; N=29).

Prognostic Value of MO2

After 1-hour reperfusion, MO2 was linearly related to the duration of ischemia (R=0.82; 

P<0.001; N=35). Similarly, after 7-days of reperfusion, there were linear relationships of b-

wave amplitude (R=0.82; P<0.001; N=23) and TRT (R=0.72; P<0.001; N=29) with ischemia 

duration. The y-intercepts (b) and slopes (m) of the regression lines are reported in Table 1.

Figure 8 shows the relationships of b-wave amplitude and TRT impairment indices after 7-

days reperfusion to MO2 impairment index after 1-hour reperfusion. Since the plot is based 

on calculated (not measured) metrics, error bars are not shown. Based on linear regression 

models, the estimated impairments in b-wave amplitude and TRT outcomes were 0.97 and 

0.46 times the impairment in MO2 shortly after ischemia/reperfusion injury, respectively.
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DISCUSSION

In the present study, we confirmed our first hypothesis that after ischemia followed by 

7 days of reperfusion, MO2 reduction is related to visual dysfunction, retinal thinning, 

and increased gliosis and cell loss. We also confirmed our second hypothesis that MO2 

impairment shortly after ischemia/reperfusion predicted impairments in visual function and 

retinal thickness outcomes after 7 days of reperfusion.

Retinal Blood Flow and Oxygen Delivery

During OVO, there is complete obstruction of blood flow, such that both TRBF and DO2 

= 0. As the duration of reperfusion increases, TRBF and DO2 are expected to gradually 

increase with time. Indeed after 1 hour of reperfusion, we observed TRBF and DO2 

recovery to sham values with ischemia durations less than 180 minutes. This expectation 

was confirmed in our previous study in which after 120 minutes of ischemia followed 

by 20 minutes of reperfusion, TRBF and DO2 had not yet recovered (Blair et al., 2019). 

Given that the retina consumes oxygen rapidly, under conditions of reduced TRBF and DO2 

with ischemia durations of 180 minutes or more, the supply of metabolites (oxygen and 

glucose) needed for cellular function and survival are reduced. This results in the depletion 

of minimal energy reserves and eventual cell death if oxygen supply is not restored (Kaur et 

al., 2008). Oxygen continues to drive the most energy-producing pathway in cells, oxidative 

phosphorylation, and during ischemia, glucose metabolism is shifted towards less efficient 

anaerobic glycolytic pathways (Maltepe and Saugstad, 2009).

Retinal Oxygen Metabolism

MO2 was reduced after ischemia durations of 60 minutes or more and 1-hour reperfusion 

and recovered to sham values only after 60 minutes of ischemia and 7-day reperfusion 

duration. The finding of MO2 reduction may be attributed to at least one of three factors: 

transient metabolic inactivity that may be regained with reperfusion, cell death, and 

increased oxygen availability from the choroidal circulation. First, our finding of restored 

MO2 after 60-min ischemia and 7-day reperfusion suggests transient metabolic inactivity. It 

is known that before undergoing cell-death, cerebral tissue may exhibit electrical failure 

(Markus, 2004). In efforts to maintain cellular survival and metabolism, endogenous 

phosphocreatine is initially used to generate ATP, but as oxygen levels are further reduced, 

glycolytically metabolized glucose increases levels of lactate, which is associated with a 

decrease in pH (Sims and Muyderman, 2010). Literature has shown that after 120 minutes 

of ischemia in the brain, phosphocreatine levels were reduced by 70% compared to non-

ischemic tissue, which resulted in a ~50% reduction in ATP levels. However, with ischemia 

durations below 120 minutes, recovery of both phosphocreatine and adenylate energy were 

observed after just two hours of reperfusion (Folbergrova et al., 1995). These studies suggest 

that as glucose and oxygen continue to be supplied, metabolic activity may be regained as 

long as irreversible energy pathways were not activated.

Second, it is reasonable to conclude that the observed reduction in MO2 after 7-days 

reperfusion may be partially attributed to cell-death, which occurs after energy depletion and 

subsequent plasma membrane compromise (D’Onofrio and Koeberle, 2013). Specifically, 
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it is known that when blood flow is completely extinguished, levels of ATP may be 

reduced to very low levels within minutes, and if they are not restored with reperfusion, 

irreversible energy failure ensues (cell-death): ionic gradients across the plasma membrane 

are neutralized, such that intracellular potassium is reduced, while intracellular calcium 

is increased (Doyle et al., 2008). This conclusion is also supported by our findings of 

decreased TRT and increased number TUNEL-positive cells.

Third, the finding of reduced MO2 (rate of oxygen extracted from the retinal circulation) 

after 7-days of reperfusion may be partially attributed to increased oxygen delivery from 

the choroidal circulation due to decreased photoreceptor oxygen consumption. In literature, 

there is evidence of photoreceptor cell death due to ischemia/reperfusion and increased 

choroidal oxygen availability due to photoreceptor degeneration. In an elevated intraocular 

pressure (IOP) ischemia/reperfusion rat model, photoreceptor cell death was observed after 

an ischemia duration of 60 minutes, as early as 12 hours and continued up to 7 days 

following reperfusion (Palmhof et al., 2019). Moreover, in a photoreceptor degenerative 

Abyssinian cat model, oxygen from the choroid was able to reach and supply the inner 

retina, maintaining inner retinal PO2 near normal levels as the retinal circulation was 

attenuated (Padnick-Silver et al., 2006). The finding of statistically significant reduction 

of the a-wave only with 180 minutes of ischemia suggests that the photoreceptors were not 

as severely affected.

Retinal Oxygen Extraction Fraction

Given that literature has shown OEF to be a reliable indicator for adequacy of oxygen supply 

for metabolism (Blair et al., 2019; Shahidi et al., 2018; Teng et al., 2013), it may also be 

indicative of retinal function. OEF was reduced at ischemia durations ≥ 90 minutes and 180 

minutes after 1-hour and 7-day reperfusion, respectively. With a maintained DO2 at 7-day 

reperfusion, the reduction in OEF may be primarily attributed to decreased MO2 due to 

permanent cell loss, transient metabolic inactivity or increased oxygen availability from the 

choroidal circulation. An increase in OEF after 120 minutes of ischemia and 20 minutes of 

reperfusion was reported by Blair et al (Blair et al., 2019) resulting predominately from a 

low level of DO2. After 90 minutes of ischemia, reduced OEF after 1 hour of reperfusion 

was coupled with increased tissue damage (reduced TRT) after 7 days of reperfusion. This 

is consistent with a previous finding in a monkey model of cerebral ischemia that showed 

reduced OEF that was related to an increase in cortical damage (cell loss) (Takamatsu et al., 

2000).

Retinal Visual Function (Electroretinography)

In the current study, ERG b-wave amplitude was inversely related with ischemia duration, in 

agreement with the finding of a previous study (Block and Schwarz, 1998). Mechanistically, 

retinal ischemia increases levels of excitatory amino acids, such as glutamate and aspartate, 

which disturb calcium homeostasis in Muller cells and thereby attenuate b-wave amplitudes 

(Block and Schwarz, 1998). In addition, choroidal hypoperfusion resulting from OVO 

may cause damage to the photoreceptors and hence attenuate a- and b-wave amplitudes. 

Furthermore, our finding of reduction in ERG b-wave amplitudes at ischemia durations 

≥ 90 minutes is consistent with studies that showed near normal and reduced ERG 
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b-wave amplitudes after reperfusion and ischemia durations ≤ 60 minutes (Gehlbach and 

Purple, 1994) and ≥ 90 minutes (Braun and Linsenmeier, 1995; Hayreh et al., 2004; 

Kroll, 1968), respectively. Our finding of sustained ERG a-wave amplitudes after ischemia 

duration < 180 minutes is in agreement with a previous study which reported normal 

ERG a-wave amplitudes with ischemia durations ≤ 90-minutes at 7-days of reperfusion 

(Mayor-Torroglosa et al., 2005).

Given the sensitivity of neurons, literature has shown the retina and visual system to be very 

susceptible to ischemia (Wong-Riley, 2010). As expected, MO2 was linearly related to both 

ERG a- and b-wave amplitudes. In agreement with our study, in a bilateral common carotid 

artery occlusion rat incomplete ischemia model, we also reported reduced MO2 to be related 

with reduced ERG b- wave amplitude (Matei et al., 2020).

Retinal Degeneration (Gliosis and Apoptosis)

In the current study, GFAP score was increased with ischemia durations ≥ 120 minutes. 

Gliosis can be a sensitive, early indicator of ischemia induced damage (de Hoz et al., 2016). 

Reactive gliosis and Muller cell activation are reflected in the GFAP score determined in 

the current study. In elevated IOP ischemia/reperfusion pig (Wurm et al., 2011) and rat 

(Luo et al., 2018) models, after ischemia durations of 60 minutes or more and 3 days of 

reperfusion, GFAP immunoreactivity was increased, indicating hypertrophy of gliotic Muller 

cells. Muller cells are the chief glial cells in the retina and support neurons with blood-

derived nutrients (Bringmann et al., 2006), but after severe ischemia, they secrete factors 

such as matrix metalloproteinases (Behzadian et al., 2001; Milenkovic et al., 2003) that 

lead to the eventual degradation of the blood-retinal barrier (BRB). The BRB is responsible 

for the transport of macromolecules, and when the homeostatic retinal microenvironment is 

compromised through BRB failure, visual dysfunction and increased damage may ensue (Xu 

and Le, 2011).

In the current study, an increase in the number of TUNEL-positive apoptotic cells was 

detected after ischemia duration ≥ 120 minutes followed by 7 days of reperfusion, 

suggesting reperfusion injury may have played a role in exacerbating injury and cell-death 

via apoptosis. In an elevated IOP ischemia/reperfusion rat model, under ischemia durations 

greater than 90 minutes, it was shown that the first phase of cell-death typically results from 

necrosis. This is followed by a second phase of neuronal death via activation of apoptotic 

pathways (Joo et al., 1999). Specifically, necrosis is a fast cellular-death process that occurs 

as a result of membrane failure and subsequently results in inflammation and toxic activation 

of phagocytes (Dvoriantchikova et al., 2010). In contrast, apoptosis is an energy-dependent, 

regulated, and programed cell-death process, resulting in minimal damage to surrounding 

cells, and taking hours to days to complete (Broughton et al., 2009). Therefore, prolonged 

periods of ischemia increase the initial rate of necrosis, and reperfusion injury may further 

increase cell loss by apoptosis via restoration of energy required to complete this process 

(Dumont et al., 2001; Gottlieb et al., 1994). Future studies are needed to characterize the 

relationship of apoptosis and necrosis in the OVO model of retinal ischemia.

MO2 was found to be related to retinal degeneration markers of gliosis and apoptosis. 

The current study showed an inverse association between MO2 and GFAP score. Although 
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studies have shown astrogliosis to correlate with infarct size in the brain (Wang et al., 

2008), there is a lack of research correlating the level of gliosis to tissue metabolism. The 

observation of reduced MO2 and visual dysfunction in the current study may be attributed in 

part to increased neuronal degeneration induced by increased gliosis (Vazquez-Chona et al., 

2011), as has been previously reported in a POMGnT1-deficient mouse model (Takahashi 

et al., 2011). Therefore, gliosis develops in synchrony with reductions in MO2. An inverse 

association between MO2 and number of TUNEL-positive cells was observed in the current 

study. Mehmet et al. showed apoptotic cells were linearly related to the severity of reduced 

cerebral energy metabolism (Mehmet et al., 1998).

Retinal Thickness

TRT and ischemia duration were inversely related, and a reduction in TRT occurred after 

ischemia durations ≥ 120 minutes and 7 days of reperfusion. This finding is consistent 

with reported results in an ophthalmic artery occlusion rhesus monkey model after ischemia 

durations ≥105 minutes and 13-16 weeks of reperfusion (Hayreh et al., 1980). On the other 

hand, in an elevated IOP ischemia/reperfusion rat model, decreased TRT was reported after 

90 minutes of ischemia and 7 days of reperfusion (Sho et al., 2005). The detection of 

retinal thinning at a shorter duration of ischemia compared to our findings is likely due 

the potential of tissue damage under elevated IOP condition from both mechanical and 

ischemic factors. In fact, these factors were proposed to be independent (He et al., 2013). 

The increase in TRT that we reported previously after 120 minutes of ischemia and 20 

minutes of reperfusion (Blair et al., 2019) occurs presumably prior to subsequent retinal 

thinning with longer reperfusion duration shown in the current study. This sequence of initial 

thickening due to cytotoxic edema resulting from impaired Na+/K+ -ATPase pump activity 

with subsequent thinning also has been documented in the inner retina in human branch 

retinal artery occlusion (Ritter et al., 2012).

Reduced TRT was associated with decreased MO2 after 7-days reperfusion. As ischemia 

duration increases, cells that primarily rely on oxidative metabolism, such as neurons of 

the inner retina, are the first to be compromised. In detail, in neurons, the highest energy-

consuming functions predominately include the active transport of ions that establish the 

transmembrane ionic gradient (Ames et al., 1992; Niven and Laughlin, 2008; Wong-Riley, 

2010). Ischemic depletion of energy will lead to cell death. Energy dependent apoptotic 

pathways are then activated when reperfusion occurs, leading to cell-death (Wong-Riley, 

2010). With a decrease in the number of cells, both the thickness of the retina and MO2 are 

expected to be permanently reduced.

Prognostic Value of MO2

Since MO2 reflects energy metabolism which underlies numerous cellular processes, it 

shows promise as a biomarker to predict outcomes after ischemia. Clinically, patients with 

severe levels and long durations of ischemia are known to have less favorable outcomes. 

However, determining the prognosis of patients with moderate levels of ischemia currently 

remains unsatisfactory. Recent studies showed retinal oximetry is not predictive of visual 

outcome after anti-VEGF treatment for retinal vein occlusion (Jeppesen and Bek, 2017, 

2021; Krejberg Jeppesen et al., 2021). However, the prognostic value of MO2 which 
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incorporates the coupling of arteriovenous oxygen saturation and blood flow has not been 

previously investigated. In the current study, for the first time, MO2 measured after 1 hour 

of reperfusion was shown to predict ERG b-wave amplitude and TRT outcomes after 7 

days of reperfusion. Interestingly, there was an almost one to one correspondence between 

impairment of MO2 immediately after injury and visual function impairment outcome after 

7 days of reperfusion. Since MO2 can be measured in humans, future studies are needed 

to investigate its potential to serve as a biomarker for predicting outcomes and assessing 

interventions following ischemia/reperfusion injury.

Limitations

There are several limitations of this work. First, the procedure for OVO used a clamp 

for vessel occlusion was similar to the one reported by Stefánsson et al. (Stefánsson et 

al., 1988) but different from those reported by LaFuente et al. (Lafuente et al., 2002) 

and Blair et al. (Blair et al., 2019). The clamp may have damaged nerve fiber layer 

axons. However, the closing force of the clamp was set by the manufacturer to a pressure 

that is assumed to be non-traumatic to blood vessels, thus minimizing the mechanical 

damage. Nevertheless, given the use of an experimental model of ischemia/reperfusion 

and differences in vascular re-perfusion responses between rats and humans, translation of 

findings to human vascular occlusive conditions may be limited. Overall, the findings may 

not be generalizable to animals of different age, sex, or species. Second, since choroidal 

blood flow was not measured, the level of choroidal recovery after reperfusion and the 

extent of attenuation in MO2 resulting from increased oxygen supply from the choroid are 

unknown. Third, the prognostic value of MO2 was determined with the use of a linear 

mathematical model as a first approximation. Given recovery has been reported up to 100 

minutes after ischemia in a rhesus monkey model of ischemia/reperfusion” (Hayreh et al., 

1980), it is conceivable that the relationship between MO2 and ischemia duration may be 

nonlinear, such that MO2 may remain initially unchanged at low durations of ischemia. 

Fourth, there may have been variations in the unmonitored blood pressure of rats, though 

there was no significant difference in the heart rates among groups. Fifth, small sample sizes 

(low statistical power) may have increased the probability of a type two error, such that no 

statistically significant difference in means would be found when one actually was present. 

Sixth, a constant hemoglobin concentration was assumed for calculation of oxygen contents 

under both normal and reduced blood flow conditions. A previous study (McHedlishvili 

and Varazashvili, 1987), showed a reduction of 52% in cerebral blood flow resulted in 

a ~20% reduction in the number of red blood cells and hematocrit levels in pial veins 

due to the Fahraeus effect. Given TRBF was reduced by approximately 50% in only the 

180-min OVO group, oxygen contents, DO2 and MO2 values may have been overestimated. 

Accounting for this overestimation does not affect the reported results of reductions in DO2 

after 1-hour reperfusion and in MO2 after both reperfusion durations. However, DO2 after 

7-day reperfusion may have been reduced, though not recognized in the current study.

CONCLUSION

In conclusion, reduction in MO2 was correlated with visual dysfunction and retinal thinning 

after ischemia and 7 days of reperfusion and MO2 impairment shortly after reperfusion 
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was predictive of visual function and retinal thickness impairment outcomes after 7 

days of reperfusion. Taken together, these findings advance our understanding of the 

pathophysiology of retinal ischemia/reperfusion and suggest the potential prognostic value 

of MO2.
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Highlights

• Reduction in oxygen metabolism is related to visual dysfunction, retinal 

thinning, gliosis and apoptosis markers after ischemia/reperfusion injury

• Impairment in retinal oxygen metabolism shortly after ischemia/reperfusion 

predicted visual function and retinal thickness outcomes
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Figure 1. Study design and groups
Diagram of the sequence of various quantities assessed after ophthalmic vessel occlusion 

(OVO). Rats underwent unilateral OVO or sham surgery. Animals were divided into 5 

ischemia duration groups (0 [sham], 60, 90, 120 and 180 minutes) and 2 reperfusion 

duration (1 hour, 7 days) groups. ERG: Electroretinography, OCT: spectral-domain optical 

coherence tomography, PO2: vascular oxygen tension.
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Figure 2. Retinal blood flow and oxygen delivery following ophthalmic vessel occlusion
Measurements of retinal oxygen metrics stratified by ischemia duration of 0 (sham), 60, 

90, 120 and 180 minutes, and reperfusion durations of 1 hour or 7 days. (A) Total retinal 

blood flow (TRBF) and (B) oxygen delivery (DO2). The data are presented as mean ± 

SD. Different of animals were evaluated in each group. * denotes significant difference 

compared to the sham group.
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Figure 3. Retinal oxygen metabolism and extraction fraction following ophthalmic vessel 
occlusion
Measurements of retinal oxygen metrics stratified by ischemia duration of 0 (sham), 60, 

90, 120 and 180 minutes, and reperfusion durations of 1 hour or 7 days. (A) Oxygen 

metabolism (MO2) and (B) Oxygen extraction fraction (OEF). The data are presented as 

mean ± SD. Different of animals were evaluated in each group. * denotes significant 

difference compared to the sham group.
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Figure 4. Retinal electrophysiological function following ophthalmic vessel occlusion
Measurements of (A) a- and (B) b-wave amplitude after 7 days of reperfusion, stratified by 

duration of ischemia. The data are presented as mean ± SD. * denotes significant difference 

compared to the sham group.
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Figure 5. Retinal gliosis following ophthalmic vessel occlusion
(A) Glial fibrillary acidic protein (GFAP) in representative retinal sections of 0-minute 

(sham), 60-minute, 90-minute, 120-minute, and 180-minute ischemia duration groups. 

Active gliosis is depicted as the green color, and cell nuclei are depicted as the blue color 

(DAPI). (B) GFAP score (gliosis scoring system ranging from 0-3) measured after 7 days of 

reperfusion, stratified by duration of ischemia. The data are presented as mean ± SD. NFL: 

nerve fiber layer, RGCL: retinal ganglion cell layer, IPL: inner plexiform layer, INL: inner 
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nuclear layer, OPL: outer plexiform layer, ONL outer nuclear layer. * denotes significant 

difference compared to the sham group.

Matei et al. Page 24

Exp Eye Res. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Retinal apoptotic cells following ophthalmic vessel occlusion
(A) TUNEL staining, depicted as the green color, colocalized with cell nuclei, presented as 

blue color (DAPI) in representative retinal sections. The white arrows indicate co-expression 

in the same cell. (B) The number of TUNEL-positive cells measured after 7 days of 

reperfusion, stratified by duration of ischemia. The data are presented as mean ± SD. * 

denotes significant difference compared to the sham group.
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Figure 7. Retinal thickness following ophthalmic vessel occlusion
Total retina thickness (TRT) measured after 7 days of reperfusion, stratified by duration of 

ischemia. The data are presented as mean ± SD. * denotes significant difference compared to 

the sham group.
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Figure 8. Relationships of MO2, b-wave amplitude and total retinal thickness impairment indices 
following ophthalmic vessel occlusion
Impairment indices of b-wave amplitude and total retinal thickness (TRT) after 7-days of 

reperfusion are plotted as a function of MO2 impairment index after 1-hour reperfusion.
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Table 1:

Linear Regression of Variables with Ischemia Duration: y = m * (ischemia duration) + b

Variable (y) Reperfusion Duration N m b r P-Value

MO2, nLO2/min 1-hour 35 −1.97 346 0.82 <0.0001

ERG b-wave amp, μV 7-days 23 −2.46 452 0.82 <0.0001

TRT, μm 7-days 29 −0.64 252 0.72 <0.0001

MO2: inner retinal oxygen metabolism, ERG b-wave amp: electroretinograph b-wave amplitude, TRT: total retinal thickness.
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