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Abstract

Central nervous system and visual dysfunction is an unfortunate consequence of systemic
hypoxia in the setting of cardiopulmonary disease, including infection with SARS-CoV-2,
high-altitude cerebral edema and retinopathy and other conditions. Hypoxia-induced inflam-
matory signaling may lead to retinal inflammation, gliosis and visual disturbances. We inves-
tigated the consequences of systemic hypoxia using serial retinal optical coherence
tomography and by assessing the earliest changes within 24h after hypoxia by measuring a
proteomics panel of 39 cytokines, chemokines and growth factors in the plasma and retina,
as well as using retinal histology. We induced severe systemic hypoxia in adult C57BL/6
mice using a hypoxia chamber (10% O,) for 1 week and rapidly assessed measurements
within 1h compared with 18h after hypoxia. Optical coherence tomography revealed retinal
tissue edema at 18h after hypoxia. Hierarchical clustering of plasma and retinal immune
molecules revealed obvious segregation of the 1h posthypoxia group away from that of con-
trols. One hour after hypoxia, there were 10 significantly increased molecules in plasma and
4 in retina. Interleukin-1p and vascular endothelial growth factor were increased in both tis-
sues. Concomitantly, there was significantly increased aquaporin-4, decreased Kir4.1, and
increased gliosis in retinal histology. In summary, the immediate posthypoxic period is char-
acterized by molecular changes consistent with systemic and retinal inflammation and reti-
nal glial changes important in water transport, leading to tissue edema. This posthypoxic
inflammation rapidly improves within 24h, consistent with the typically mild and transient
visual disturbance in hypoxia, such as in high-altitude retinopathy. Given hypoxia increases
risk of vision loss, more studies in at-risk patients, such as plasma immune profiling and in
vivo retinal imaging, are needed in order to identify novel diagnostic or prognostic biomark-
ers of visual impairment in systemic hypoxia.
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Introduction

Systemic hypoxia is a common cause of central nervous system (CNS) dysfunction in many
diseases, such as pulmonary hypertension, congestive heart failure [1], cardiac arrest [2, 3],
high altitude disease [4, 5], obstructive sleep apnea [6, 7], drowning [8, 9], and most recently
SARS-CoV-2 infection [10]. The CNS is particularly vulnerable to hypoxia because the brain
[11] and retina [12] consume high levels of oxygen. In humans exposed to high-altitude hyp-
oxia, it is common to experience visual disturbances, such as changes in color vision [13-15],
high altitude retinopathy [16, 17], optic disc edema [18, 19] and alterations in multiple electro-
retinography (ERG) parameters [20]. Rarely, high-altitude hypoxia can lead to irreversible
vision loss due to nonarteritic anterior ischemic optic neuropathy [21]. Fundus photography
of high altitude retinopathy and optic neuropathy revealed prominent retinal vascular changes
including retinal hemorrhages [17, 22], vascular engorgement and tortuosity and disc hyper-
emia [23, 24], consistent with a combination of hypoxia-induced ischemia and inflammation
[25]. CNS effects of systemic hypoxia outside the eye include headache and other symptoms of
acute mountain sickness (nausea, dizziness, fatigue) and high altitude cerebral edema, which is
a life-threatening stage [5, 26], memory disturbance and depression [7].

Consistent with symptoms of visual disturbance, electrophysiologic measurements at high
altitude or hypobaric hypoxia have shown retinal changes suggesting altered function of the
inner and outer retina [20, 27]. The retinal ganglion cells in the inner retina seem to be particu-
larly susceptible to transient hypoxia, as changes in the N95 component of the ERG (generated
by those cells) occur as soon as 5 min after inhalation of 12% O, by healthy adults (20.9% O, at
sea level) [28]. Unfortunately, electrophysiology is a complex technique to perform in experi-
mental settings and often uncomfortable for patients. However, advancement of noninvasive
ophthalmic imaging means techniques such as optical coherence tomography (OCT) can be
rapidly deployed to assess changes in the human eye as a result of hypoxia. Human OCT stud-
ies showed increased thickness of the retinal nerve fiber layer and ganglion cell layer after
ascent to high altitude [21, 29]. OCT is fast, non-invasive and easy to perform in humans and
animals, making it extremely useful to monitor changes in the retina, including at shorter
exposures to hypoxia [30].

In animal models, we have previously described that 48h systemic hypoxia caused limited
cell loss in the outer retina and no neuronal loss in the inner retina, but induced prominent
optic nerve glia response, endoplasmic reticulum stress and loss of oligodendrocytes [30],
which can lead to axonal dysfunction and visual disturbance due to impaired saltatory signal
transmission. In the cerebral cortex, hypobaric hypoxia leads to a progressive increase in the
levels of hypoxia-inducible factor 1-a, vascular endothelial growth factor (VEGF) and Angio-
poietin-2, all of which plateau or decrease after the first week in hypoxia [31], suggesting that
important molecular signaling occur in the CNS within one week of hypoxia. Hypoxia effects
in the CNS tissue are exacerbated by the release of pro-inflammatory mediators by glial cells
[32, 33], and systemic inflammation in the setting of hypobaric hypoxia leads to cerebral
edema facilitated by the interaction between astrocytes and microglia through toll-like recep-
tors, upregulation of Aquaporin-4 (AQP4) and water permeability [34, 35]. In the mouse ret-
ina, we have shown that 3-week systemic hypoxia leads to retinal angiogenesis [36], which
develops between 2 and 3 weeks in hypoxia [37] and is consistent with increased vascular den-
sity in brain striatum, hippocampus, cerebellum and medulla oblongata after 2 weeks of hyp-
oxia [38].

Given the accessibility of the retina and optic nerve as part of the CNS and the ease of oph-
thalmic imaging using OCT to identify ophthalmic biomarkers of systemic hypoxia, we
induced severe systemic hypoxia for 1 week in adult mice and examined the posthypoxic OCT
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changes at 2 time points within 24h. To assess posthypoxic inflammation, we profiled retinal
and plasma inflammatory and other molecular changes using a Luminex 39-immune molecule
assay. Finally, we analyzed retinal and optic nerve histologic changes and compared them with
that of OCT and immune profiling, with focus on glial cells in the retina and optic nerve, since
we found that glial cells were most impacted after 48h hypoxia [30].

Results

Retinal edema during posthypoxic recovery

We induced severe systemic hypoxia by exposing adult C57BL/6 mice to one week of 10% O,
(Fig 1) and used optical coherence tomography (OCT) to assess structural changes of posthy-
poxic retinae. Curiously, 1h after hypoxia, there was a significant 5 pum decrease in total retina
thickness (TRT) on OCT compared to baseline. Layer-by-layer segmentation showed that sig-
nificant thinning was in the inner retina in the ganglion cell complex (GCC) but not outer reti-
nal layers (Fig 2 and Table 1). In contrast, after 18h, there was dramatic thickening of the TRT
(10.6 um) relative to the 1h group (P = 0.0002) and 5.8 pm relative to baseline (P = 0.0320).
Again, the OCT changes were only significant in the inner retina in the GCC by 4.4 ym (P
<0.0001) but not the outer retina. There was significant correlation between TRT and GCC
(r =0.8375, P <0.0001). There were no changes in the other layers in the 1h and 18h groups
compared with baseline. Thinning of the GCC on OCT may reflect selective vulnerability of
the inner retina in hypoxia, and then peripapillary edema developed, likely as a result of post-
hypoxic inflammation.

Increase in 10 inflammatory proteins in the plasma 1h after hypoxia

To determine whether hypoxia induced systemic inflammation, we asked whether there was
alteration of plasma 39 immune molecules 1h after exposure to hypoxia. Hierarchical cluster-
ing shows that all samples collected at 1h segregated away from that of controls and there was
obvious overlap between the control group and the samples collected 18h after exposure to
hypoxia (Fig 3A). In the 1h group, 10 molecules were significantly increased by up to 2 folds
compared with controls using permutation test (Table 2 and Fig 3B). Using Mann-Whitney

<mmmmme- 7 days hypoxia (10% O,) -------- > * normoxia (20.9% 0O,)
OCT Baseline Monitoring 1h and 18h groups
(20.9% 0,) OCT, blood, retinae collection

Fig 1. Experimental design. We housed adult mice in a hypoxia chamber (10% oxygen) [30, 93] for one-week and measured changes in optical
coherence tomography (OCT), plasma immune profiling using 39-molecule Luminex immune assay, and immunohistochemistry at two time
points: 1h and 18h after hypoxia. These 2 time points represented the median time of blood and retinae collection, and the 1h time point
represents the fastest possible time point after hypoxia. Assessment during hypoxia was not possible because animals would have to be removed
from the hypoxic chamber. Naive animals housed at room air (20.9% O,) were used as control.

https://doi.org/10.1371/journal.pone.0246681.9g001
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Fig 2. Post hypoxic retina structural changes. (a) High magnification of circle scans acquired using optical coherence
tomography in vivo imaging at baseline, 1h and 18h posthypoxia. Colored arrows on the left indicate how retina was
segmented; arrow colors in a match label colors in b. (b) Bar graph of retinal thickness at baseline and after hypoxia.
For each region of the retina, side-by-side graphs show results for 1h and 18h groups. (c) XY plot of TRT versus GCC
for hyperacute and acute groups shows a separate clustering according to their retina thickness. TRT: total retinal
thickness, GCC: ganglion cell complex, INL: inner nuclear layer, RPE: retinal pigmented epithelium, IS/OS: inner and
outer segments of photoreceptors.

https://doi.org/10.1371/journal.pone.0246681.g002

test, there were 7 additional molecules that were significantly different between the 1h and
control groups (S1 Fig and S1 Table). No molecules in the 18h group were significantly
changed compared to controls. Of the 10 molecules that were significantly increased in the 1h
group (Fig 3B), the 5 most increased were: interleukin- (IL) 6, IL-13, vascular endothelial
growth factor (VEGF), granulocyte-macrophage colony-stimulating factor (GM-CSF), and
macrophage inflammatory protein 1-alpha (MIP1o).

Increase in 4 immune proteins in the retina 1h after hypoxia

To determine whether plasma changes reflected inflammatory changes in the CNS, we per-
formed the same immune profiling in the retinae (S2 Fig) from the same animals as above. We
analyzed retina because retinal changes in systemic hypoxia are well documented and it is
arguably the most accessible part of the CNS. One hour after hypoxia, 4 inflammatory

Table 1. Optical coherence tomography measurements at baseline and at 1h and 18h posthypoxia.

Baseline 1h
Segmentation Mean SEM n Mean SEM n P-value paired test A (18h-1h) %change
TRT 222.8 1.3 8 218.5 1.1 8 0.013 10.6 4.9
GCC 79.13 0.8 8 77 0.8 8 0.004 4.4 5.7
INL to RPE 143.6 0.7 8 141.5 1 8 0.093 6.2 4.4
IS/0S 46 1 10 44.1 1.5 8 0.234 1.8 4.1
Baseline 18h
Segmentation Mean SEM n Mean SEM n P-value paired test P-value Tukey*
TRT 223.3 2.6 10 229.1 0.7 10 0.032 0.0002
GCC 78.8 0.6 10 81.4 0.3 10 0.001 <0.0001
INL to RPE 144.6 2.3 10 147.7 0.7 10 0.199 0.1545
IS/0S 46.1 1.1 10 45.9 1.2 10 0.913 0.5596

TRT: total retinal thickness, GCC: ganglion cell complex, INL to RPE: inner nuclear layer to retinal pigmented epithelium, IS/OS: photoreceptors inner segments and

outer segments, SEM: standard error of the mean.

*Comparison between hyperacute and acute groups, different eyes.

https://doi.org/10.1371/journal.pone.0246681.t001
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Fig 3. Hierarchical clustering of 39 immune molecules (a) and box plots (b) of the 10 most significantly increased molecules
(P =0.008) in the plasma 1h posthypoxia. Vertical dendrogram denotes 39 molecules, and horizontal dendrogram denotes
mouse plasma by ID number. The 10 significantly changed molecules in (b) are bolded and italicized in (a). Abbreviations:
IL1A: interleukin-1o, IL6: interleukin-6, LIF: leukemia inhibitory factor, RANTES (Regulated on Activation, Normal T Cell
Expressed and Secreted), MCP1: monocyte chemoattractant protein-1, IFNA: interferon alpha-A, GROA: Growth-regulated
alpha, IL9: interleukin-9, MCSF.CSF1: macrophage colony stimulating factor or colony-stimulating factor 1, IL13: interleukin-

13, IL31: interleukin-31, IL15.IL15R: interleukin-15 and interleukin-15 receptor, MIP1A: macrophage inflammatory protein 1-

o, IL3: interleukin-3, IL4: interleukin-4, GMCSF.CSF2: granulocyte-macrophage colony stimulating factor or colony-
stimulating factor 2, IFNG: interferon y, MIP1B: macrophage inflammatory protein 1-B, GCSF.CSF3: granulocyte colony-
stimulating factor or colony stimulating factor 3, IL12P70: interleukin-12, MIP2: macrophage inflammatory protein 2, IL2:
interleukin-2, IL27: interleukin-27, IL5: interleukin-5, IL17A: interleukin-17A, TNFA: tumor necrosis factor-alpha, IL18:
interleukin-18, TGFB: transforming growth factor beta, IP10: interferon y-induced protein 10, VEGF: vascular endothelial
growth factor, IL23: interleukin-23, IL22: interleukin-22, IL1B: interleukin-1f IL28: interleukin-28, IL10: interleukin-10, MCP3:
monocyte chemotactic protein-3.

https://doi.org/10.1371/journal.pone.0246681.9003
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Table 2. Molecular changes one hour after exposure to 1w hypoxia.

Plasma 1h

Protein Ratio to control P-value permutations
IL6 2.192 0.008

IL13 1.898 0.008

VEGF 1.891 0.008
GMCSF.CSF2 1.628 0.008
MIP1A 1.549 0.008

1LY 1.526 0.008

IL4 1.499 0.008
GCSF.CSF3 1.399 0.008

IL17A 1.303 0.008

IL1B 1.263 0.008

Retina 1h

Protein Ratio to control P-value permutations
VEGF 2.107 0.008

IL1B 1.898 0.008

IL22 1.456 0.008

MCP3 1.244 0.008

There were 10 immune molecules that were significantly increased in the plasma and 4 molecules that were
significantly increased in the retina (P = 0.008, permutations test). Abbreviations: IL6: interleukin-6, IL13:
interleukin-13, VEGF: vascular endothelial growth factor, GMCSF.CSF2: granulocyte-macrophage colony-
stimulating factor or colony-stimulating factor 2, MIP1A: macrophage inflammatory protein 1-alpha, IL9:
interleukin-9, IL4: interleukin-4, GCSF.CSF3: granulocyte colony-stimulating factor or colony-stimulating factor 3,
IL17A: interleukin-17A, IL1B: interleukin-1-beta, IL22: interleukin-22, MCP3: monocyte chemotactic protein-3.

https://doi.org/10.1371/journal.pone.0246681.t1002

molecules were significantly increased in the retina. After 18h, no molecules were changed
compared with controls. Hierarchical clustering of these 4 proteins shows obvious clustering
of the 1h group eyes away from the controls and the 18h group (Fig 4A). Comparing retina
and plasma, VEGF (2.1 x increased) and IL-1p (1.9x) were increased in the plasma (Table 2),
while IL-22 (1.5x) and monocyte-chemotactic protein 3 (MCP3) (1.2x) were not (Fig 4A-4C
and Table 2). Overall, we found nice similar pattern in both retina and plasma immune profil-
ing; there was increased inflammatory molecules 1h after hypoxia but this normalized after
18h.

Retinal glial changes in water and ion transport during posthypoxic
recovery

We used immunohistochemistry to determine whether retinal tissue edema observed with
OCT reflected alterations in cellular processes. There was significant increase in the expression
of aquaporin-4 (AQP-4), a water channel protein expressed by retinal Miiller cells and astro-
cytes [39, 40] at both 1h and 18h after hypoxia, compared with controls (Fig 5A-C and 5m,
control: 1066 + 158 mean gray value, n = 4 animals; 1h: 2009 + 56, n = 5 animals each,

P =0.0005; 18h: 1627 + 131, n = 5 animals, P = 0.018). The water flow through AQP-4 is cou-
pled to the osmotic gradient regulated by Kir4.1, an inwardly rectifying potassium channel
that prevents glial swelling after osmotic stress in the CNS [41]. Consistent with loss of glia
buffering capacity [42], there was a significant decrease in Kir4.1 after 1h, which normalized
after 18h (Fig 5D-5F and 5N, control: 471.5 + 27.3 mean gray value, n = 4, 1h: 381.3 £19.7,
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interleukin-1pB, VEGF: vascular endothelial growth factor, MCP3: monocyte chemotactic protein-3.

https://doi.org/10.1371/journal.pone.0246681.9004
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https://doi.org/10.1371/journal.pone.0246681.9005

n=>5,P=0.04vs. control; 18h: 527.3 +23.9,n = 4, P = 0.28 vs. control and P = 0.003 vs. 18h).
Given that Kir4.1 is mostly expressed by retinal Miiller glia [39, 40, 43], we investigated Miiller
cell activation following hypoxia. There was a dramatic increase in the number of GFAP*
Miiller cell processes in the 1h group retinae (Fig 5H, arrows), which normalized in the 18h
group (Fig 5G-5I and 50, control: 10.2 + 2.5 processes/0.5mm, n = 5, 1h: 45.1 £ 10.9, n =5,

P =0.04, 18h: 27.9 + 10.8, n = 5). Despite these prominent changes in glial activation and
water regulation, there was little evidence of cell death. We found rare TUNEL" cells in the
outer retina in the 1h and 18h retinae (Fig 5]-5L and 5P) but not cell death in the inner retina
(Fig 5]-5L). Overall, increased inflammatory molecules 1h after hypoxia were primarily associ-
ated with changes in glia, which are important in regulating retina homeostasis, leading to reti-

nal tissue swelling/edema.
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Discussion

Previous studies in systemic hypoxia in humans and animals, including from our laboratory,
have shown that hypoxia is associated with retinal and optic nerve structural changes consis-
tent with edema and inflammation and that retinal and optic nerve glial changes predominate
after 48h hypoxia [30], while retinal vascular changes are common after 3-week hypoxia [36].
In this study, we examined the retinal, optic nerve, and plasma changes after 1-week hypoxia-
a clinically relevant time point-and found that by 18h of posthypoxic recovery, serial OCT
revealed significant new thickening of the peripapillary retina consistent with posthypoxic reti-
nal edema. This was preceded by posthypoxic systemic and CNS inflammation, with 10 signifi-
cantly elevated molecules in plasma and 4 in retina, with IL-1B and VEGF increased in both.
Molecular changes were most prominent immediately after hypoxia, at the 1h time point,
where there was peak plasma and retinal immune molecules and significant upregulation of
retinal AQP-4 and downregulation of Kir4.1 -both expressed by retinal glial cells and impor-
tant for regulation of water transport. Although we do not know the origin of those immune
molecules or whether some immune molecules migrated to the retina from blood, we did
demonstrate that severe systemic hypoxia leads to prominent posthypoxic retinal changes.
Our data support a future of imaging and molecular diagnostics in patients with CNS or sys-
temic diseases where ophthalmic imaging and molecular profiling can help elucidate the
inflammatory landscape of individual patients, which helps with disease diagnosis, monitor-
ing, and targeting of therapeutics using a precision health-based approach [44]. Our findings
on hypoxia-induced inflammation and CNS changes tracked by ocular imaging can contribute
to the understanding and monitoring of cardiopulmonary conditions as well as in COVID-
19-associated pneumonia and acute respiratory distress syndrome [45, 46].

We applied a targeted proteomics technique using Luminex xMAP technology to profile,
for the first time, changes in 39 plasma and retinal inflammatory molecules within 24h after
exposure to severe hypoxia for 1 week. This approach has been applied effectively to under-
stand the large scale immune changes in pathogen infection [47] and has been used to study
human health such as in aging [48], exercise [49] and cardiopulmonary disease [50]. In the
immediate posthypoxic period, we found 10 significantly increased inflammatory proteins in
the plasma including IL-6, IL-13, VEGF, and IL-1p. By profiling a large number of immune
molecules using Luminex array, we identified multiple molecular changes associated with sys-
temic hypoxia, some of which have been previously reported in humans and animals exposed
to hypoxia. For example, elevated blood levels of IL-6, TNF-a and IL-1f have been reported in
high-altitude-associated hypoxia [35] and in experimental hypoxia [51-58] using enzyme-
linked immunosorbent assay (ELISA) to measure a small number of cytokines. In the retina,
we found that 4 molecules were upregulated in systemic hypoxia: VEGF, IL-1p, IL-22, and
MCP3. Retinal immune profiling for systemic hypoxia has not previously been reported prior
to our study, but upregulation of immune molecules such as VEGF and IL-1 has been well-
reported in retinal vascular diseases associated with hypoxia, such as proliferative diabetic reti-
nopathy [59, 60], macular edema associated with branch retinal vein occlusion [61] and central
retina vein occlusion [62-64]. IL-6, TNF-o and IL-1f upregulation and evidence of CNS
inflammation have been well-reported in animal models of systemic hypoxia [65-67].

These immune proteins may be protective or detrimental. Some of these changes may be
adaptive, leading to increased blood flow and tissue oxygenation [68, 69]. In our study, we
found evidence of a robust inflammatory response in the post-hypoxic period after only 1
week in hypoxia. However, evidence of retinal angiogenesis such as increased retinal vessel
area and branching was only found after 2 to 3 weeks of hypoxia, as described by previous
studies from our group and others [36, 37]. Hypoxia-induced angiogenesis is a hallmark of
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ocular diseases such as diabetic retinopathy and vascular occlusion, although vessel
hemorrhaging, which is common in these diseases, is not observed in whole-body hypoxia,
suggesting different disease mechanisms [37]. This is consistent with an adaptive role of angio-
genesis in whole-body hypoxia, however, hypoxia and the subsequent hyperoxia during the
post-hypoxia recovery may lead to an exacerbated inflammatory response and negative conse-
quences such as mitochondrial dysfunction, oxidative stress and increased levels of pro-
inflammatory cytokines [54, 55].

In addition to inflammatory changes immediately after hypoxia, we found evidence of
retinal glial reactivity and altered levels of AQP-4 and Kir4.1. This early glial activation in
the retina is consistent with optic nerve glia vulnerability after short exposure to hypoxia
[30] and with the important role of glia in spatial buffering through modulation of AQP-4
[39, 41]. Despite normalization of inflammatory proteins, there was retina edema, which
was relatively delayed and observed at 18h. The role of AQP-4 and Kir4.1 in the regulation
of water transport and edema formation has been well-described in retinal ischemia-
reperfusion, ocular inflammation, retinal detachment and diabetes [42, 70, 71]. Consistent
with increased glial reactivity after hypoxia, we found evidence of activation of retinal
Miiller glia [39, 72, 73], a typical response to retinal disease and injury. Miiller glia
increased expression of AQP-4 and consequent cell swelling may have contributed to the
retinal edema observed in OCT. Although our findings support a predominant glial
response to hypoxia, there was significant cell death in the outer nuclear layer, consistent
with photoreceptor vulnerability to hypoxia [74, 75] and inflammation [76]. Increased
AQP-4 and CNS edema have been described after hypoxic or inflammatory stimulus [35,
66, 77-79] and associated with increased VEGF and IL-1 [80, 81]. This is consistent with
our findings in the plasma and retina and with a role of hypoxia in inducing first inflam-
matory protein and glial changes, followed by tissue edema in the CNS that can be moni-
tored by ocular imaging.

Curiously, immediately after removal from the chamber, the OCT measurements showed
significant retinal thinning. Although we do not know why, this was a very consistent find-
ing [30] and may reflect a decrease in metabolic activity during hypoxia. As posthypoxic
inflammation develops, this thinning of retina evolved to swelling, and future study to more
finely delineate the hour-by-hour time course of retinal OCT changes and histologic corre-
lation is needed. Ocular imaging studies have been done in hypoxia associated with pulmo-
nary or cardiac disease, but they have mostly described retinal vascular changes [36] and
oxygen levels [82], but not assessed retinal edema. OCT is a non-invasive technique that
does not require pupil dilation, has high resolution and fast image acquisition [83, 84].
While OCT is not currently used in the Emergency Department and hospital, where hyp-
oxia patients are, it could be useful for hypoxia assessment. For instance, routine assessment
of whether hypoxia induces acute OCT changes and if these normalize over time would
help predict long term CNS outcome. Our study supports natural history plasma and OCT
studies in individuals at risk of systemic hypoxia. Given the importance of vascular changes
in systemic hypoxia, which we have shown in patients with chronic pulmonary hyperten-
sion [36], future hypoxia studies should include OCT angiography (OCTA), which can be
performed rapidly at the same time as OCT typically without pupillary dilatation. OCTA
imaging can provide high-resolution vascular imaging to analyze capillary changes at differ-
ent retinal layers in vivo. We have shown that using custom MATLAB script we can analyze
the superficial capillary plexi around the optic nerve and macula with large vessel removal
to measure 6 parameters per image, including vessel area density, vessel skeletal (or length)
density, vessel complexity index (a measure of vascular tortuosity), vessel perimetric index,
and flux [85].
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Limitations

Limitations of our study include the inability to perform in vivo imaging without affecting the
results while the animals were inside the hypoxia chamber. We only used female young adult
mice in our study due to the predominance of diseases like pulmonary hypertension in
women and the desire to compare the 1-week study with our previous study of 48h hypoxia,
which was done in female mice [30]. Further study will be needed to assess the changes in
male or older adult mice. Although we only focused on the period less than 24h after hypoxia,
the changes in the acute hypoxic period may be particularly important determinants of long-
term outcome and posthypoxic neurodegeneration. For instance, retinal hypoxia and treat-
ment in the immediate posthypoxic period have been known to be critical for visual prognosis
in retinopathy of prematurity [86]. Although we did not perform functional measurements of
vision in our study, this will be an important future assessment during hypoxia to determine
whether systemic hypoxia model replicates the electrophysiological changes seen in humans.
We anticipate that changes in the oscillatory potentials of the ERG of healthy individuals
exposed to 15 min of hypobaric hypoxia [27] may be consistent with inner retinal dysfunction
and with retinal edema and gliosis in our study. Using a combination of OCT and, potentially,
electrophysiology after hypoxia for 2 days, 7 days, or 2-4 weeks or longer, we will be able to
determine whether longer hypoxic exposure increases the risk of visual dysfunction and
whether physiological adaptation occurs after certain duration of hypoxic exposure leading to
relative normalization of retinal and optic nerve changes. Concomitant OCTA in addition to
OCT in the same animals can help assess retinal capillary plexi in all layers of the retina in
order to determine the earliest time point of hypoxia-induced retinal and optic nerve struc-
tural and vascular changes and whether angiogenesis occurs in association with evidence of
inflammation and VEGF elevation.

Conclusion

Severe systemic hypoxia leads to systemic and retina inflammation characterized by increased
levels of several proteins including VEGF and IL-1 in both tissues and retinal structural
changes, glial reactivity and imbalanced osmotic and water regulation. This posthypoxic
response evolved into retinal edema observed using non-invasive ophthalmic imaging with
OCT, supporting that more OCT studies are performed in patients at risk for systemic hypoxia
to monitor CNS involvement. The significance of tissue-specific protein changes should be
further investigated in disease-modelling studies, but our findings suggest that there may be
consideration of treatment targeting inflammation in the posthypoxic period. This may be
unwarranted in patients with self-limited retinal edema and little visual symptoms but worthy
of consideration, such as what has been seen in severe SARS-CoV-2 infection [87, 88]. By per-
forming a large inflammatory array of plasma and retina after systemic hypoxia, we can start
to profile the myriad of immune molecules, how they may be connected, and which pathways
are critical in posthypoxic CNS insult.

Methods
Animals

Animal care and experiments were carried out with approval from the Stanford University
Administrative Panel on Laboratory Animal Care and all experiments were conducted in
accordance with the guidelines and regulations of the approved animal use protocol. Adult
wild-type C57BL/6 female mice (Charles River Laboratories, Inc., Hollister, CA, USA) were
housed in cages at constant temperature, with a 12:12h light/dark cycle, with food and water
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ad libitum. Female mice were used because pulmonary hypertension, a form of systemic hyp-
oxia, is more prevalent in females [89-91]. All efforts were made to minimize animal suffering.
For procedures that required anesthesia, animals were monitored and warmed by a heat pad
until they recovered.

Hypoxia and experimental design

We induced normobaric hypoxia in adult (6-8 weeks old) C57BL/6 female mice using a hyp-
oxia chamber where animals were acclimated over 20 min from 20.9% to 10% oxygen as
described previously [92, 93]. This percentage of oxygen is consistent severe hypoxia in
humans [94] and mice [95]. Mice were exposed to hypoxia for 1w and monitored daily without
opening the chamber so the hypoxic exposure was unaffected. They appeared healthy, calm,
and exhibited no change in behavior. After 1w hypoxia, animals were removed from the cham-
ber, transferred to the lab, anesthesized, underwent pupillary dilation, analyzed with OCT, and
then sacrificed in order to collect blood, retinae, and optic nerves (see more below). Animals
in the 1h group had OCT and tissue collection as quickly as possible after removal from cham-
ber, including OCT measurements at 20-60 min and tissue collection at 30-90 min posthy-
poxia. We designated this group as the 1h group because 1h was the median time of tissue
collection (the last step) for each cage. Animals in the 18h group was removed from the cham-
ber for 17h before starting OCT measurements and tissue collection. The 18h is the approxi-
mate median time for tissue collection for each cage. Normoxic control mice were kept
outside the chamber in the same animal facility.

Optical coherence tomography (OCT) and segmentation

To measure retinal structural changes over time, we performed spectral-domain optical coher-
ence tomography (OCT) analysis using Spectralis™ HRA+OCT instrument (Heidelberg Engi-
neering, GmbH, Heidelberg, Germany) [96-98]. Briefly, we dilated the eyes with 1%
tropicamide (Alcon Laboratories, Inc., Fort Worth, TX) and 2.5% phenylephrine hydrochlo-
ride (Akorn, Inc., Lake Forest, IL) and covered the cornea with lubricating eye drops and cus-
tom-made contact lens. To measure retinal thickness, we performed a circular retinal nerve
fiber layer (RNFL) scan around the optic nerve head and manually segmented a) the total reti-
nal thickness (TRT), which included RNFL to retinal pigmented epithelium (RPE) [99], b) the
ganglion cell complex (GCC), which included RNFL to inner plexiform layer (INL) [100, 101],
c) the INL to RPE, which was calculated by subtracting b from a, and d) the inner and outer
segments (IS/OS) of photoreceptors [99]. All segmentation was performed in a masked fash-
ion, and every effort was made to standardize the segmentation process, which was performed
by one well-trained individual and confirmed by a second investigator.

Fresh tissue collection and plasma isolation

Animals were deeply anesthetized with ketamine and xylazine and thoracotomy was per-
formed to expose the heart. Using a syringe coated with EDTA, the blood was drawn from the
right ventricle and collected into EDTA-coated tubes (BD Microtainer® Tubes, K2 EDTA,
BD 365974, BD Biosciences, San Jose, CA) and immediately placed on ice. Blood tubes were
spun at 1,000-2,000xg for 10min at 4°C. Plasma was collected and stored at -80°C. Retinas
were dissected and flash frozen in dry ice and then stored at -80°C. Retina lysates were pre-
pared using RIPA buffer (ab156034, Abcam) and protease inhibitor (Mini EDTA-free protease
inhibitor tablets, Roche, Basel, Switzerland).
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Immune profiling

Plasma or retinal (lysates at 0.6ug/pl) immune molecules were simultaneously measured
using Luminex xMAP® Technology using microbeads (Luminex, Austin, Texas, USA) and
processed by the Stanford University Human Immune Monitoring Center. We used mouse
39-plex Procarta kits (eBiosciences/Affymetrix/Thermo Fisher, Santa Clara, California,
USA) and measured mean fluorescence intensity for best accuracy [102], which allowed us
to compare the amount of immune molecule in each sample. All samples were run at the
same time with controls, and average fluorescence intensity was calculated for each mole-
cule and sample. For quality control, each well included 4 Chex internal control beads
(Radix Biosolutions, Georgetown, Texas). Briefly, we first prepare the microbeads contain-
ing antibodies against 39 molecules (one antibody type per bead, 50-100 beads per anti-
body) by adding them to a 96-well plate and washing them in a Biotek ELx405 washer.
Plasma or retinal samples were then added onto the plate and incubated (room temperature
for 1 h then overnight at 4°C with orbital shaking at 500-600rpm). The next morning, we
washed the plate with a Biotek ELx405 washer and then added biotinylated detection anti-
body and incubated for 75min at room temperature with shaking. The plate was washed
again as above, and streptavidin-phycoerythrin (fluorescence label) was added and incu-
bated for 30min at room temperature. Finally, we washed the plate, added reading buffer to
each well, and measured fluorescence intensity using a FM3D FlexMap instrument. Lumi-
nex results are expressed as mean fluorescence intensity averaged between duplicates for
each sample and normalized against Chex #4 values.

Luminex data analysis

We performed a permutation test and selected the proteins with the smallest possible p-
value, which is equivalent to having no overlap between post hypoxic groups and controls.
We also performed a Mann-Whitney test using Benjamini-Hochberg multiple hypothesis
correction with target false discovery rate (FDR) 0.1. Venn diagrams were generated using
Venny (https://bioinfogp.cnb.csic.es/tools/venny/index.html) and edited to include rele-
vant information.

Tissue preparation and sectioning

Tissue preparation and sectioning was performed as previously described [30]. Animals were
deeply anesthetized and perfused through the heart with ice-cold saline followed by 4% para-
formaldehyde in phosphate buffered saline (PBS). Eyes and optic nerves were removed, cryo-
protected with10-30% increasing sucrose gradient in PBS, and frozen in O.C.T. compound
(Sakura Fineteck USA, Inc., Torrance, CA) with dry ice. Tissue blocks were sectioned using a
cryostat (Leica) into 12pum thick slices and placed on frosted microscope glass slides (Fisher
Scientific, Hampton, NH).

Retina immunostaining

Retinae were immunostained with primary antibodies to detect and AQP-4 (1:50, mouse; cata-
log number sc-32739, Santa Cruz Biotechnology, Inc. Dallas, Texas, USA), Kir4.1 (1:200, rab-
bit, catalog number APC-035, Alomone Labs, Jerusalem, Israel) and glial fibrillary acidic
protein (GFAP) (1:1000, rabbit; catalog number ab7260; Abcam, Cambridge, MA, USA). Sec-
ondary antibodies used were Alexa 488 goat anti-rabbit and Alexa 568 goat anti-mouse (all
from Invitrogen Inc., Carlsbad, CA, USA). Slides were mounted using Vectashield with
4’,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA).
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TUNEL assay

We investigated cell death in the retina as previously described [30]. We performed Terminal
deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) assay for the detection
of apoptosis in situ. The nucleotide-labeling mix was used in combination with the TUNEL
enzyme to prepare a TUNEL reaction mixture (all from Sigma-Aldrich, city, State, USA) and
the assay was performed according to the manufacturer’s instructions. The number of
TUNEL-positive cells was counted in 3-5 cross-sections of the retina per animal. Results are
expressed as the average number of TUNEL-positive cells per section + SEM.

Fluorescence microscopy and image acquisition

Sections were imaged under a Nikon Eclipse TE300 microscope (Nikon Corp., Tokyo, Japan)
for morphometric analysis or under a Zeiss inverted LSM 880 laser scanning confocal micro-
scope (Carl Zeiss, Oberkochen, Germany) for representative figures.

We performed image quantification as previously described [30]. we took standard images
of the retinae using a 40x (numerical aperture 0.95) objective lenses. To standardize the region
of interest of the retinae quantified, we acquired 3-5 images per retina using the same objective
lens, located within 1.0 mm away from the optic nerve head.

Morphometric analysis of retina

To quantify the fluorescence intensity associated to AQP-4 or Kir4.1, slides were immunos-
tained at the same time and imaged using the same settings. For quantification, we used Ima-
geJ (http://rsbweb.nih.gov/ij/; provided in the public domain by the National Institutes of
Health, Bethesda, MD, USA) to measure the mean gray value inside the retina. DAPI and
GFAP staining were used as references to draw an outline of all retinal layers from the RNFL,
including GFAP™ Miiller cell endfeet, to the ONL. The results were expressed as mean gray
value + SEM and all morphometric analyses were performed under masked condition.

To quantify Miiller glia activation, the number of GFAP+ processes per retina cross-section
was counted across ~0.5 mm of the IPL in 3-5 sections per animal using a 40x lens with a field
of ~0.5 mm of diameter, as previously described [72, 73]. Results are expressed ad
Mean * SEM.

Statistics for OCT and histology

For OCT and histology data, we performed statistical analysis using Prism (GraphPad Inc.).
We calculated statistical significance, which was defined as P<0.05. We used paired t-tests to
compare OCT measurements at baseline and after hypoxia, One-Way ANOVA to compare 3
experimental groups for OCT measurements and immunostained retinas and two-way
ANOVA to compare TUNEL+ cells across different retinal layers between 3 groups. To correct
for multiple comparisons, we used Tukey’s posthoc test for all ANOVA analysis. Correlations
between OCT measurements and immunostaining data were assessed by the Pearson r coeffi-
cient and P values obtained by correlation analysis. All in vivo and histological data are pre-
sented as mean + S.E.M.

Supporting information

S1 Fig. Box plots showing the levels of proteins (mean fluorescence intensity average) in
the plasma. Significantly changed proteins (P = 0.008, permutations test) are bolded and itali-
cized. Significant proteins found using Mann-Whitney (P<0.05) are marked with a star.

(TTF)
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S2 Fig. Box plots showing the levels of proteins (mean fluorescence intensity average) in
the retina. Significantly changed proteins (P = 0.008) are bolded and italicized.
(TIF)

S1 Table. Luminex raw data for 39 immune molecules for plasma (top) and retina (bot-
tom). All values shown are average mean fluorescence intensity (50-100 beads per molecule).
(XLSX)

Acknowledgments

We thank Annie T. Nguyen for her help with data analysis, Shailja Patel and Joanna Liliental
for blood processing, Yael Rosenberg-Hasson and Jing Liang for immune profiling.

Author Contributions

Conceptualization: Louise A. Mesentier-Louro, Ke Yuan, Vinicio de Jesus Perez, Yaping
Joyce Liao.

Data curation: Louise A. Mesentier-Louro, Barbara Rangel, Laurel Stell.
Formal analysis: Laurel Stell.

Funding acquisition: Vinicio de Jesus Perez, Yaping Joyce Liao.
Investigation: Louise A. Mesentier-Louro.

Methodology: Louise A. Mesentier-Louro, Barbara Rangel, M. Ali Shariati, Roopa Dalal, Abi-
naya Nathan.

Resources: Vinicio de Jesus Perez, Yaping Joyce Liao.
Supervision: Yaping Joyce Liao.
Writing - original draft: Louise A. Mesentier-Louro, Yaping Joyce Liao.

Writing - review & editing: Yaping Joyce Liao.

References

1. Ogren JA, Fonarow GC, Woo MA. Cerebral impairment in heart failure. Curr Heart Fail Rep. 2014; 11
(3):321-9. https://doi.org/10.1007/s11897-014-0211-y PMID: 25001614

2. PerezCA, Samudra N, Aiyagari V. Cognitive and Functional Consequence of Cardiac Arrest. Curr
Neurol Neurosci Rep. 2016; 16(8):70. https://doi.org/10.1007/s11910-016-0669-y PMID: 27311306

3. MaiN, Miller-Rhodes K, Knowlden S, Halterman MW. The post-cardiac arrest syndrome: A case for
lung-brain coupling and opportunities for neuroprotection. J Cereb Blood Flow Metab. 2019; 39
(6):939-58. https://doi.org/10.1177/0271678X19835552 PMID: 30866740

4. Hackett PH, Roach RC. High altitude cerebral edema. High Alt Med Biol. 2004; 5(2):136—46. hitps://
doi.org/10.1089/1527029041352054 PMID: 15265335

5. Wilson MH, Newman S, Imray CH. The cerebral effects of ascent to high altitudes. Lancet Neurol.
2009; 8(2):175-91. https://doi.org/10.1016/S1474-4422(09)70014-6 PMID: 19161909

6. Daulatzai MA. Evidence of neurodegeneration in obstructive sleep apnea: Relationship between
obstructive sleep apnea and cognitive dysfunction in the elderly. J Neurosci Res. 2015; 93(12):1778—
94. https://doi.org/10.1002/jnr.23634 PMID: 26301370

7. Macey PM. Damage to the hippocampus in obstructive sleep apnea: a link no longer missing. Sleep.
2019; 42(1). https://doi.org/10.1093/sleep/zsy266 PMID: 30615182

8. NucciMP, Lukasova K, Vieira G, Sato JR, Amaro Junior E. Cognitive performance in transient global
hypoxic brain injury due to moderate drowning. J Clin Exp Neuropsychol. 2018; 40(5):462—-72. https://
doi.org/10.1080/13803395.2017.1371674 PMID: 28922960

PLOS ONE | https://doi.org/10.1371/journal.pone.0246681 March 4, 2021 15/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246681.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246681.s003
https://doi.org/10.1007/s11897-014-0211-y
http://www.ncbi.nlm.nih.gov/pubmed/25001614
https://doi.org/10.1007/s11910-016-0669-y
http://www.ncbi.nlm.nih.gov/pubmed/27311306
https://doi.org/10.1177/0271678X19835552
http://www.ncbi.nlm.nih.gov/pubmed/30866740
https://doi.org/10.1089/1527029041352054
https://doi.org/10.1089/1527029041352054
http://www.ncbi.nlm.nih.gov/pubmed/15265335
https://doi.org/10.1016/S1474-4422(09)70014-6
http://www.ncbi.nlm.nih.gov/pubmed/19161909
https://doi.org/10.1002/jnr.23634
http://www.ncbi.nlm.nih.gov/pubmed/26301370
https://doi.org/10.1093/sleep/zsy266
http://www.ncbi.nlm.nih.gov/pubmed/30615182
https://doi.org/10.1080/13803395.2017.1371674
https://doi.org/10.1080/13803395.2017.1371674
http://www.ncbi.nlm.nih.gov/pubmed/28922960
https://doi.org/10.1371/journal.pone.0246681

PLOS ONE

Hypoxia-induced systemic and retinal inflammation

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Zuckerman GB, Conway EE, Jr. Drowning and near drowning: a pediatric epidemic. Pediatr Ann.
2000; 29(6):360—6. https://doi.org/10.3928/0090-4481-20000601-09 PMID: 10868432

Dobano C, Vidal M, Santano R, Jimenez A, Chi J, Barrios D, et al. Highly sensitive and specific multi-
plex antibody assays to quantify immunoglobulins M, A and G against SARS-CoV-2 antigens. J Clin
Microbiol. 2020.

Jha MK, Morrison BM. Glia-neuron energy metabolism in health and diseases: New insights into the
role of nervous system metabolic transporters. Exp Neurol. 2018; 309:23-31. https://doi.org/10.1016/j.
expneurol.2018.07.009 PMID: 30044944

Caprara C, Grimm C. From oxygen to erythropoietin: relevance of hypoxia for retinal development,
health and disease. Prog Retin Eye Res. 2012; 31(1):89-119. https://doi.org/10.1016/j.preteyeres.
2011.11.003 PMID: 22108059

Karakucuk S, Oner AO, Goktas S, Siki E, Kose O. Color vision changes in young subjects acutely
exposed to 3,000 m altitude. Aviat Space Environ Med. 2004; 75(4):364—6. PMID: 15086128

Tekavcic-Pompe M, Tekavcic I. Color vision in the tritan axis is predominantly affected at high altitude.
High Alt Med Biol. 2008; 9(1):38—42. https://doi.org/10.1089/ham.2007.1034 PMID: 18331219

Willmann G, Ilvanov IV, Fischer MD, Lahiri S, Pokharel RK, Werner A, et al. Effects on colour discrimi-
nation during long term exposure to high altitudes on Mt Everest. Br J Ophthalmol. 2010; 94(10):1393—
7. https://doi.org/10.1136/bjo.2009.178491 PMID: 20733026

Bhende MP, Karpe AP, Pal BP. High altitude retinopathy. Indian J Ophthalmol. 2013; 61(4):176-7.
https://doi.org/10.4103/0301-4738.112163 PMID: 23685490

Tingay DG, Tsimnadis P, Basnyat B. A blurred view from Everest. Lancet. 2003; 362(9400):1978.
https://doi.org/10.1016/s0140-6736(03)15017-9 PMID: 14683658

Bosch MM, Barthelmes D, Merz TM, Bloch KE, Turk AJ, Hefti U, et al. High incidence of optic disc
swelling at very high altitudes. Arch Ophthalmol. 2008; 126(5):644-50. https://doi.org/10.1001/
archopht.126.5.644 PMID: 18474774

Willmann G, Fischer MD, Schatz A, Schommer K, Messias A, Zrenner E, et al. Quantification of optic
disc edema during exposure to high altitude shows no correlation to acute mountain sickness. PLoS
One. 2011; 6(11):e27022. https://doi.org/10.1371/journal.pone.0027022 PMID: 22069483

Schatz A, Willmann G, Fischer MD, Schommer K, Messias A, Zrenner E, et al. Electroretinographic
assessment of retinal function at high altitude. J Appl Physiol (1985). 2013; 115(3):365—72. https://doi.
org/10.1152/japplphysiol.00245.2013 PMID: 23722709

Tian X, Zhang B, Jia Y, Wang C, Li Q. Retinal changes following rapid ascent to a high-altitude environ-
ment. Eye (Lond). 2018; 32(2):370—4. https://doi.org/10.1038/eye.2017.195 PMID: 28912514

Seth RK, Adelman RA. High-altitude retinopathy and optical coherence tomography findings. Semin
Ophthalmol. 2010; 25(1-2):13-5. https://doi.org/10.3109/08820538.2010.481560 PMID: 20507191

Muliner-Eidenbock A, Rainer G, Strenn K, Zidek T. High-altitude retinopathy and retinal vascular dys-
regulation. Eye (Lond). 2000; 14 Pt 5:724-9. https://doi.org/10.1038/eye.2000.192 PMID: 11116693

McFadden DM, Houston CS, Sutton JR, Powles AC, Gray GW, Roberts RS. High-altitude retinopathy.
JAMA. 1981; 245(6):581-6. PMID: 7452886

Eltzschig HK, Carmeliet P. Hypoxia and inflammation. N Engl J Med. 2011; 364(7):656—65. https://doi.
org/10.1056/NEJMra0910283 PMID: 21323543

Bailey DM, Bartsch P, Knauth M, Baumgartner RW. Emerging concepts in acute mountain sickness
and high-altitude cerebral edema: from the molecular to the morphological. Cell Mol Life Sci. 2009; 66
(22):3583-94. https://doi.org/10.1007/s00018-009-0145-9 PMID: 19763397

Janaky M, Grosz A, Toth E, Benedek K, Benedek G. Hypobaric hypoxia reduces the amplitude of
oscillatory potentials in the human ERG. Doc Ophthalmol. 2007; 114(1):45-51. https://doi.org/10.
1007/s10633-006-9038-5 PMID: 17211646

Kergoat H, Herard ME, Lemay M. RGC sensitivity to mild systemic hypoxia. Invest Ophthalmol Vis Sci.
2006; 47(12):5423—7. https://doi.org/10.1167/iovs.06-0602 PMID: 17122132

Clarke AK, Cozzi M, Imray CHE, Wright A, Pagliarini S, Birmingham Medical Research Expedi-
tionary S. Analysis of Retinal Segmentation Changes at High Altitude With and Without Acetazol-
amide. Invest Ophthalmol Vis Sci. 2019; 60(1):36—40. https://doi.org/10.1167/iovs.18-24966
PMID: 30601929

Mesentier-Louro LA, Shariati MA, Dalal R, Camargo A, Kumar V, Shamskhou EA, et al. Systemic hyp-
oxia led to little retinal neuronal loss and dramatic optic nerve glial response. Exp Eye Res. 2020;
193:107957. https://doi.org/10.1016/j.exer.2020.107957 PMID: 32032627

Benderro GF, Lamanna JC. Hypoxia-induced angiogenesis is delayed in aging mouse brain. Brain
Res. 2011; 1389:50-60. https://doi.org/10.1016/j.brainres.2011.03.016 PMID: 21402058

PLOS ONE | https://doi.org/10.1371/journal.pone.0246681 March 4, 2021 16/20


https://doi.org/10.3928/0090-4481-20000601-09
http://www.ncbi.nlm.nih.gov/pubmed/10868432
https://doi.org/10.1016/j.expneurol.2018.07.009
https://doi.org/10.1016/j.expneurol.2018.07.009
http://www.ncbi.nlm.nih.gov/pubmed/30044944
https://doi.org/10.1016/j.preteyeres.2011.11.003
https://doi.org/10.1016/j.preteyeres.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22108059
http://www.ncbi.nlm.nih.gov/pubmed/15086128
https://doi.org/10.1089/ham.2007.1034
http://www.ncbi.nlm.nih.gov/pubmed/18331219
https://doi.org/10.1136/bjo.2009.178491
http://www.ncbi.nlm.nih.gov/pubmed/20733026
https://doi.org/10.4103/0301-4738.112163
http://www.ncbi.nlm.nih.gov/pubmed/23685490
https://doi.org/10.1016/s0140-6736(03)15017-9
http://www.ncbi.nlm.nih.gov/pubmed/14683658
https://doi.org/10.1001/archopht.126.5.644
https://doi.org/10.1001/archopht.126.5.644
http://www.ncbi.nlm.nih.gov/pubmed/18474774
https://doi.org/10.1371/journal.pone.0027022
http://www.ncbi.nlm.nih.gov/pubmed/22069483
https://doi.org/10.1152/japplphysiol.00245.2013
https://doi.org/10.1152/japplphysiol.00245.2013
http://www.ncbi.nlm.nih.gov/pubmed/23722709
https://doi.org/10.1038/eye.2017.195
http://www.ncbi.nlm.nih.gov/pubmed/28912514
https://doi.org/10.3109/08820538.2010.481560
http://www.ncbi.nlm.nih.gov/pubmed/20507191
https://doi.org/10.1038/eye.2000.192
http://www.ncbi.nlm.nih.gov/pubmed/11116693
http://www.ncbi.nlm.nih.gov/pubmed/7452886
https://doi.org/10.1056/NEJMra0910283
https://doi.org/10.1056/NEJMra0910283
http://www.ncbi.nlm.nih.gov/pubmed/21323543
https://doi.org/10.1007/s00018-009-0145-9
http://www.ncbi.nlm.nih.gov/pubmed/19763397
https://doi.org/10.1007/s10633-006-9038-5
https://doi.org/10.1007/s10633-006-9038-5
http://www.ncbi.nlm.nih.gov/pubmed/17211646
https://doi.org/10.1167/iovs.06-0602
http://www.ncbi.nlm.nih.gov/pubmed/17122132
https://doi.org/10.1167/iovs.18-24966
http://www.ncbi.nlm.nih.gov/pubmed/30601929
https://doi.org/10.1016/j.exer.2020.107957
http://www.ncbi.nlm.nih.gov/pubmed/32032627
https://doi.org/10.1016/j.brainres.2011.03.016
http://www.ncbi.nlm.nih.gov/pubmed/21402058
https://doi.org/10.1371/journal.pone.0246681

PLOS ONE

Hypoxia-induced systemic and retinal inflammation

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Marina N, Teschemacher AG, Kasparov S, Gourine AV. Glia, sympathetic activity and cardiovascular
disease. Exp Physiol. 2016; 101(5):565—76. https://doi.org/10.1113/EP085713 PMID: 26988631

Mukandala G, Tynan R, Lanigan S, O’Connor JJ. The Effects of Hypoxia and Inflammation on Synap-
tic Signaling in the CNS. Brain Sci. 2016; 6(1). https://doi.org/10.3390/brainsci6010006 PMID:
26901230

Yaol, Kan EM, Lu J, Hao A, Dheen ST, Kaur C, et al. Toll-like receptor 4 mediates microglial activation
and production of inflammatory mediators in neonatal rat brain following hypoxia: role of TLR4 in hyp-
oxic microglia. J Neuroinflammation. 2013; 10:23. https://doi.org/10.1186/1742-2094-10-23 PMID:
23388509

Song TT, Bi YH, Gao YQ, Huang R, Hao K, Xu G, et al. Systemic pro-inflammatory response facilitates
the development of cerebral edema during short hypoxia. J Neuroinflammation. 2016; 13(1):63.
https://doi.org/10.1186/s12974-016-0528-4 PMID: 26968975

Nickel NP, Shamskhou EA, Razeen MA, Condon DF, Messentier Louro LA, Dubra A, et al. Anatomic,
genetic and functional properties of the retinal circulation in pulmonary hypertension. Pulm Circ. 2020;
10(2):2045894020905508. https://doi.org/10.1177/2045894020905508 PMID: 32426109

Taylor AC, Seltz LM, Yates PA, Peirce SM. Chronic whole-body hypoxia induces intussusceptive
angiogenesis and microvascular remodeling in the mouse retina. Microvasc Res. 2010; 79(2):93—101.
https://doi.org/10.1016/j.mvr.2010.01.006 PMID: 20080108

Miyamoto O, Sumitani K, Takahashi M, Hirakawa H, Kusakabe T, Hayashida Y, et al. Vascular
changes in the rat brain during chronic hypoxia in the presence and absence of hypercapnia. Acta Med
Okayama. 2005; 59(4):135—-43. https://doi.org/10.18926/AMO/31952 PMID: 16155639

Bringmann A, Pannicke T, Grosche J, Francke M, Wiedemann P, Skatchkov SN, et al. Muller cells in
the healthy and diseased retina. Prog Retin Eye Res. 2006; 25(4):397—424. https://doi.org/10.1016/j.
preteyeres.2006.05.003 PMID: 16839797

Nagelhus EA, Veruki ML, Torp R, Haug FM, Laake JH, Nielsen S, et al. Aquaporin-4 water channel
protein in the rat retina and optic nerve: polarized expression in Muller cells and fibrous astrocytes. J
Neurosci. 1998; 18(7):2506—19. https://doi.org/10.1523/JNEUROSCI.18-07-02506.1998 PMID:
9502811

Dibaj P, Kaiser M, Hirrlinger J, Kirchhoff F, Neusch C. Kir4.1 channels regulate swelling of astroglial
processes in experimental spinal cord edema. J Neurochem. 2007; 103(6):2620-8. https://doi.org/10.
1111/1.1471-4159.2007.04979.x PMID: 17953658

Reichenbach A, Wurm A, Pannicke T, landiev I, Wiedemann P, Bringmann A. Muller cells as players
in retinal degeneration and edema. Graefes Arch Clin Exp Ophthalmol. 2007; 245(5):627—-36. https://
doi.org/10.1007/s00417-006-0516-y PMID: 17219109

Zhang Y, Xu G, Ling Q, Da C. Expression of aquaporin 4 and Kir4.1 in diabetic rat retina: treatment
with minocycline. J Int Med Res. 2011; 39(2):464-79. https://doi.org/10.1177/147323001103900214
PMID: 21672350

Solberg SM, Sandvik LF, Eidsheim M, Jonsson R, Bryceson YT, Appel S. Serum cytokine measure-
ments and biological therapy of psoriasis—Prospects for personalized treatment? Scand J Immunol.
2018; 88(6):e12725. https://doi.org/10.1111/sji.12725 PMID: 30307657

De Felice FG, Tovar-Moll F, Moll J, Munoz DP, Ferreira ST. Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) and the Central Nervous System. Trends Neurosci. 2020; 43(6):355—7.
https://doi.org/10.1016/j.tins.2020.04.004 PMID: 32359765

Ng Kee Kwong KC, Mehta PR, Shukla G, Mehta AR. COVID-19, SARS and MERS: A neurological per-
spective. J Clin Neurosci. 2020.

Reslova N, Michna V, Kasny M, Mikel P, Kralik P. xMAP Technology: Applications in Detection of Path-
ogens. Front Microbiol. 2017; 8:55. https://doi.org/10.3389/fmicb.2017.00055 PMID: 28179899

Whiting CC, Siebert J, Newman AM, Du HW, Alizadeh AA, Goronzy J, et al. Large-Scale and Compre-
hensive Immune Profiling and Functional Analysis of Normal Human Aging. PLoS One. 2015; 10(7):
e0133627. https://doi.org/10.1371/journal.pone.0133627 PMID: 26197454

Contrepois K, Wu S, Moneghetti KJ, Hornburg D, Ahadi S, Tsai MS, et al. Molecular Choreography of
Acute Exercise. Cell. 2020; 181(5):1112-30 e16. https://doi.org/10.1016/j.cell.2020.04.043 PMID:
32470399

Sweatt AJ, Hedlin HK, Balasubramanian V, Hsi A, Blum LK, Robinson WH, et al. Discovery of Distinct
Immune Phenotypes Using Machine Learning in Pulmonary Arterial Hypertension. Circ Res. 2019;
124(6):904-19. https://doi.org/10.1161/CIRCRESAHA.118.313911 PMID: 30661465

Yilmaz A, Ratka J, Rohm |, Pistulli R, Goebel B, Asadi Y, et al. Decrease in circulating plasmacytoid
dendritic cells during short-term systemic normobaric hypoxia. Eur J Clin Invest. 2016; 46(2):115-22.
https://doi.org/10.1111/eci.12416 PMID: 25652640

PLOS ONE | https://doi.org/10.1371/journal.pone.0246681 March 4, 2021 17/20


https://doi.org/10.1113/EP085713
http://www.ncbi.nlm.nih.gov/pubmed/26988631
https://doi.org/10.3390/brainsci6010006
http://www.ncbi.nlm.nih.gov/pubmed/26901230
https://doi.org/10.1186/1742-2094-10-23
http://www.ncbi.nlm.nih.gov/pubmed/23388509
https://doi.org/10.1186/s12974-016-0528-4
http://www.ncbi.nlm.nih.gov/pubmed/26968975
https://doi.org/10.1177/2045894020905508
http://www.ncbi.nlm.nih.gov/pubmed/32426109
https://doi.org/10.1016/j.mvr.2010.01.006
http://www.ncbi.nlm.nih.gov/pubmed/20080108
https://doi.org/10.18926/AMO/31952
http://www.ncbi.nlm.nih.gov/pubmed/16155639
https://doi.org/10.1016/j.preteyeres.2006.05.003
https://doi.org/10.1016/j.preteyeres.2006.05.003
http://www.ncbi.nlm.nih.gov/pubmed/16839797
https://doi.org/10.1523/JNEUROSCI.18-07-02506.1998
http://www.ncbi.nlm.nih.gov/pubmed/9502811
https://doi.org/10.1111/j.1471-4159.2007.04979.x
https://doi.org/10.1111/j.1471-4159.2007.04979.x
http://www.ncbi.nlm.nih.gov/pubmed/17953658
https://doi.org/10.1007/s00417-006-0516-y
https://doi.org/10.1007/s00417-006-0516-y
http://www.ncbi.nlm.nih.gov/pubmed/17219109
https://doi.org/10.1177/147323001103900214
http://www.ncbi.nlm.nih.gov/pubmed/21672350
https://doi.org/10.1111/sji.12725
http://www.ncbi.nlm.nih.gov/pubmed/30307657
https://doi.org/10.1016/j.tins.2020.04.004
http://www.ncbi.nlm.nih.gov/pubmed/32359765
https://doi.org/10.3389/fmicb.2017.00055
http://www.ncbi.nlm.nih.gov/pubmed/28179899
https://doi.org/10.1371/journal.pone.0133627
http://www.ncbi.nlm.nih.gov/pubmed/26197454
https://doi.org/10.1016/j.cell.2020.04.043
http://www.ncbi.nlm.nih.gov/pubmed/32470399
https://doi.org/10.1161/CIRCRESAHA.118.313911
http://www.ncbi.nlm.nih.gov/pubmed/30661465
https://doi.org/10.1111/eci.12416
http://www.ncbi.nlm.nih.gov/pubmed/25652640
https://doi.org/10.1371/journal.pone.0246681

PLOS ONE

Hypoxia-induced systemic and retinal inflammation

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Sabit R, Thomas P, Shale DJ, Collins P, Linnane SJ. The effects of hypoxia on markers of coagulation
and systemic inflammation in patients with COPD. Chest. 2010; 138(1):47-51. https://doi.org/10.1378/
chest.09-2764 PMID: 20154074

Yang SH, Gangidine M, Pritts TA, Goodman MD, Lentsch AB. Interleukin 6 mediates neuroinflamma-
tion and motor coordination deficits after mild traumatic brain injury and brief hypoxia in mice. Shock.
2013; 40(6):471-5. https://doi.org/10.1097/SHK.0000000000000037 PMID: 24088994

He Q, Yang QC, Zhou Q, Zhu H, Niu WY, Feng J, et al. Effects of varying degrees of intermittent hyp-
oxia on proinflammatory cytokines and adipokines in rats and 3T3-L1 adipocytes. PLoS One. 2014; 9
(1):86326. https://doi.org/10.1371/journal.pone.0086326 PMID: 24466027

Del Rio R, Moya EA, Iturriaga R. Differential expression of pro-inflammatory cytokines, endothelin-1
and nitric oxide synthases in the rat carotid body exposed to intermittent hypoxia. Brain Res. 2011;
1395:74-85. https://doi.org/10.1016/j.brainres.2011.04.028 PMID: 21555119

Chawla S, Rahar B, Saxena S. S1P prophylaxis mitigates acute hypobaric hypoxia-induced molecular,
biochemical, and metabolic disturbances: A preclinical report. [IUBMB Life. 2016; 68(5):365-75.
https://doi.org/10.1002/iub.1489 PMID: 26959531

Dominguez-Alvarez M, Gea J, Barreiro E. Inflammatory Events and Oxidant Production in the Dia-
phragm, Gastrocnemius, and Blood of Rats Exposed to Chronic Intermittent Hypoxia: Therapeutic
Strategies. J Cell Physiol. 2017; 232(5):1165-75. https://doi.org/10.1002/jcp.25600 PMID: 27635524

Hossienzadeh F, Babri S, Alipour MR, Ebrahimi H, Mohaddes G. Effect of ghrelin on brain edema
induced by acute and chronic systemic hypoxia. Neurosci Lett. 2013; 534:47-51. https://doi.org/10.
1016/j.neulet.2012.11.062 PMID: 23295905

Guduru A, Martz TG, Waters A, Kshirsagar AV, Garg S. Oxygen Saturation of Retinal Vessels in All
Stages of Diabetic Retinopathy and Correlation to Ultra-Wide Field Fluorescein Angiography. Invest
Ophthalmol Vis Sci. 2016; 57(13):5278-84. https://doi.org/10.1167/iovs.16-20190 PMID: 27723894

Aouiss A, Anka Idrissi D, Kabine M, Zaid Y. Update of inflammatory proliferative retinopathy: Ischemia,
hypoxia and angiogenesis. Curr Res Transl Med. 2019; 67(2):62—71. https://doi.org/10.1016/j.retram.
2019.01.005 PMID: 30685380

Noma H, Yasuda K, Shimura M. Cytokines and the Pathogenesis of Macular Edema in Branch Retinal
Vein Occlusion. J Ophthalmol. 2019; 2019:5185128. https://doi.org/10.1155/2019/5185128 PMID:
31191997

Ehlken C, Grundel B, Michels D, Junker B, Stahl A, Schlunck G, et al. Increased expression of angio-
genic and inflammatory proteins in the vitreous of patients with ischemic central retinal vein occlusion.
PLoS One. 2015; 10(5):e0126859. https://doi.org/10.1371/journal.pone.0126859 PMID: 25978399

YiQY,Wang YY, Chen LS, LiWD, Shen Y, Jin Y, et al. Implication of inflammatory cytokines in the
aqueous humour for management of macular diseases. Acta Ophthalmol. 2020; 98(3):e309—e15.
https://doi.org/10.1111/a0s.14248 PMID: 31531945

Noma H, Mimura T, Masahara H, Shimada K. Pentraxin 3 and other inflammatory factors in central ret-
inal vein occlusion and macular edema. Retina. 2014; 34(2):352-9. https://doi.org/10.1097/IAE.
0b013e3182993d74 PMID: 23842103

Zhang F, Zhong R, Li S, Fu Z, Cheng C, Cai H, et al. Acute Hypoxia Induced an Imbalanced M1/M2
Activation of Microglia through NF-kappaB Signaling in Alzheimer’s Disease Mice and Wild-Type Litter-
mates. Front Aging Neurosci. 2017; 9:282. https://doi.org/10.3389/fnagi.2017.00282 PMID: 28890695

Zhou Y, Huang X, Zhao T, Qiao M, Zhao X, Zhao M, et al. Hypoxia augments LPS-induced inflamma-
tion and triggers high altitude cerebral edema in mice. Brain Behav Immun. 2017; 64:266-75. https://
doi.org/10.1016/j.bbi.2017.04.013 PMID: 28433745

Inada M, Taguchi M, Harimoto K, Karasawa Y, Takeuchi M, Ito M. Protective effects of dexametha-
sone on hypoxia-induced retinal edema in a mouse model. Exp Eye Res. 2019; 178:82—-90. https://doi.
org/10.1016/j.exer.2018.09.014 PMID: 30267655

Schofield CJ, Ratcliffe PJ. Oxygen sensing by HIF hydroxylases. Nat Rev Mol Cell Biol. 2004; 5
(5):343-54. https://doi.org/10.1038/nrm1366 PMID: 15122348

McNicholas WT. Obstructive sleep apnea and inflammation. Prog Cardiovasc Dis. 2009; 51(5):392-9.
https://doi.org/10.1016/j.pcad.2008.10.005 PMID: 19249445

Kiseleva TN, Chudin AV, Khoroshilova-Maslova IP, Shchipanova Al, Maibogin AM, Zaitsev MS. Mor-
phological Changes in the Retina Under Conditions of Experimental In Vivo Regional Ischemia/Reper-
fusion. Bull Exp Biol Med. 2019; 167(2):287-92. https://doi.org/10.1007/s10517-019-04511-2 PMID:
31243673

Tong N, Zhang Z, Zhang W, Qiu Y, Gong Y, Yin L, et al. Diosmin alleviates retinal edema by protecting
the blood-retinal barrier and reducing retinal vascular permeability during ischemia/reperfusion injury.
PLoS One. 2013; 8(4):e61794. https://doi.org/10.1371/journal.pone.0061794 PMID: 23637907

PLOS ONE | https://doi.org/10.1371/journal.pone.0246681 March 4, 2021 18/20


https://doi.org/10.1378/chest.09-2764
https://doi.org/10.1378/chest.09-2764
http://www.ncbi.nlm.nih.gov/pubmed/20154074
https://doi.org/10.1097/SHK.0000000000000037
http://www.ncbi.nlm.nih.gov/pubmed/24088994
https://doi.org/10.1371/journal.pone.0086326
http://www.ncbi.nlm.nih.gov/pubmed/24466027
https://doi.org/10.1016/j.brainres.2011.04.028
http://www.ncbi.nlm.nih.gov/pubmed/21555119
https://doi.org/10.1002/iub.1489
http://www.ncbi.nlm.nih.gov/pubmed/26959531
https://doi.org/10.1002/jcp.25600
http://www.ncbi.nlm.nih.gov/pubmed/27635524
https://doi.org/10.1016/j.neulet.2012.11.062
https://doi.org/10.1016/j.neulet.2012.11.062
http://www.ncbi.nlm.nih.gov/pubmed/23295905
https://doi.org/10.1167/iovs.16-20190
http://www.ncbi.nlm.nih.gov/pubmed/27723894
https://doi.org/10.1016/j.retram.2019.01.005
https://doi.org/10.1016/j.retram.2019.01.005
http://www.ncbi.nlm.nih.gov/pubmed/30685380
https://doi.org/10.1155/2019/5185128
http://www.ncbi.nlm.nih.gov/pubmed/31191997
https://doi.org/10.1371/journal.pone.0126859
http://www.ncbi.nlm.nih.gov/pubmed/25978399
https://doi.org/10.1111/aos.14248
http://www.ncbi.nlm.nih.gov/pubmed/31531945
https://doi.org/10.1097/IAE.0b013e3182993d74
https://doi.org/10.1097/IAE.0b013e3182993d74
http://www.ncbi.nlm.nih.gov/pubmed/23842103
https://doi.org/10.3389/fnagi.2017.00282
http://www.ncbi.nlm.nih.gov/pubmed/28890695
https://doi.org/10.1016/j.bbi.2017.04.013
https://doi.org/10.1016/j.bbi.2017.04.013
http://www.ncbi.nlm.nih.gov/pubmed/28433745
https://doi.org/10.1016/j.exer.2018.09.014
https://doi.org/10.1016/j.exer.2018.09.014
http://www.ncbi.nlm.nih.gov/pubmed/30267655
https://doi.org/10.1038/nrm1366
http://www.ncbi.nlm.nih.gov/pubmed/15122348
https://doi.org/10.1016/j.pcad.2008.10.005
http://www.ncbi.nlm.nih.gov/pubmed/19249445
https://doi.org/10.1007/s10517-019-04511-2
http://www.ncbi.nlm.nih.gov/pubmed/31243673
https://doi.org/10.1371/journal.pone.0061794
http://www.ncbi.nlm.nih.gov/pubmed/23637907
https://doi.org/10.1371/journal.pone.0246681

PLOS ONE

Hypoxia-induced systemic and retinal inflammation

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Lorber B, Berry M, Logan A. Different factors promote axonal regeneration of adult rat retinal ganglion
cells after lens injury and intravitreal peripheral nerve grafting. J Neurosci Res. 2008; 86(4):894—903.
https://doi.org/10.1002/jnr.21545 PMID: 18074384

Zaverucha-do-Valle C, Gubert F, Bargas-Rega M, Coronel JL, Mesentier-Louro LA, Mencalha A, et al.
Bone marrow mononuclear cells increase retinal ganglion cell survival and axon regeneration in the adult
rat. Cell Transplant. 2011; 20(3):391—406. https://doi.org/10.3727/096368910X524764 PMID: 20719093

Barben M, Ail D, Storti F, Klee K, Schori C, Samardzija M, et al. Hif1a inactivation rescues photorecep-
tor degeneration induced by a chronic hypoxia-like stress. Cell Death Differ. 2018; 25(12):2071-85.
https://doi.org/10.1038/s41418-018-0094-7 PMID: 29666476

Kurihara T, Westenskow PD, Gantner ML, Usui Y, Schultz A, Bravo S, et al. Hypoxia-induced meta-
bolic stress in retinal pigment epithelial cells is sufficient to induce photoreceptor degeneration. Elife.
2016;5. https://doi.org/10.7554/eLife.14319 PMID: 26978795

Chen J, Wang W, Li Q. Increased Th1/Th17 Responses Contribute to Low-Grade Inflammation in
Age-Related Macular Degeneration. Cell Physiol Biochem. 2017; 44(1):357—67. https://doi.org/10.
1159/000484907 PMID: 29132135

Clement T, Rodriguez-Grande B, Badaut J. Aquaporins in brain edema. J Neurosci Res. 2020; 98
(1):9-18. https://doi.org/10.1002/jnr.24354 PMID: 30430614

Ito H, Yamamoto N, Arima H, Hirate H, Morishima T, Umenishi F, et al. Interleukin-1beta induces the
expression of aquaporin-4 through a nuclear factor-kappaB pathway in rat astrocytes. J Neurochem.
2006; 99(1):107-18. https://doi.org/10.1111/j.1471-4159.2006.04036.x PMID: 16987239

Ohnishi M, Monda A, Takemoto R, Fujimoto Y, Sugitani M, lIwamura T, et al. High-mobility group box 1
up-regulates aquaporin 4 expression via microglia-astrocyte interaction. Neurochem Int. 2014; 75:32—
8. https://doi.org/10.1016/j.neuint.2014.05.007 PMID: 24893328

Chapouly C, Tadesse Argaw A, Horng S, Castro K, Zhang J, Asp L, et al. Astrocytic TYMP and
VEGFA drive blood-brain barrier opening in inflammatory central nervous system lesions. Brain. 2015;
138(Pt 6):1548-67. https://doi.org/10.1093/brain/awv077 PMID: 25805644

Schoch HJ, Fischer S, Marti HH. Hypoxia-induced vascular endothelial growth factor expression
causes vascular leakage in the brain. Brain. 2002; 125(Pt 11):2549-57. https://doi.org/10.1093/brain/
awf257 PMID: 12390979

Eliasdottir TS, Bragason D, Hardarson SH, Vacchiano C, Gislason T, Kristjansdottir JV, et al. Retinal
oximetry measures systemic hypoxia in central nervous system vessels in chronic obstructive pulmo-
nary disease. PLoS One. 2017; 12(3):e0174026. https://doi.org/10.1371/journal.pone.0174026 PMID:
28328974

Aumann S, Donner S, Fischer J, Muller F. Optical Coherence Tomography (OCT): Principle and Tech-
nical Realization. In: Bille JF, editor. High Resolution Imaging in Microscopy and Ophthalmology: New
Frontiers in Biomedical Optics. Cham (CH)2019. p. 59-85.

Wojtkowski M, Srinivasan V, Fujimoto JG, Ko T, Schuman JS, Kowalczyk A, et al. Three-dimensional
retinal imaging with high-speed ultrahigh-resolution optical coherence tomography. Ophthalmology.
2005; 112(10):1734—46. https://doi.org/10.1016/j.ophtha.2005.05.023 PMID: 16140383

Yan'Y, Zhou X, Chu Z, Stell L, Shariati MA, Wang RK, et al. Vision Loss in Optic Disc Drusen Corre-
lates With Increased Macular Vessel Diameter and Flux and Reduced Peripapillary Vascular Density.
Am J Ophthalmol. 2020; 218:214—24. https://doi.org/10.1016/j.aj0.2020.04.019 PMID: 32360344

Hartnett ME, Penn JS. Mechanisms and management of retinopathy of prematurity. N Engl J Med.
2012; 367(26):2515—-26. https://doi.org/10.1056/NEJMra1208129 PMID: 23268666

Tay MZ, Poh CM, Renia L, MacAry PA, Ng LFP. The trinity of COVID-19: immunity, inflammation and
intervention. Nat Rev Immunol. 2020; 20(6):363—74. https://doi.org/10.1038/s41577-020-0311-8
PMID: 32346093

Vardhana SA, Wolchok JD. The many faces of the anti-COVID immune response. J Exp Med. 2020;
217(6). https://doi.org/10.1084/jem.20200678 PMID: 32353870

Badesch DB, Raskob GE, Elliott CG, Krichman AM, Farber HW, Frost AE, et al. Pulmonary arterial
hypertension: baseline characteristics from the REVEAL Registry. Chest. 2010; 137(2):376-87.
https://doi.org/10.1378/chest.09-1140 PMID: 19837821

Benza RL, Miller DP, Gomberg-Maitland M, Frantz RP, Foreman AJ, Coffey CS, et al. Predicting sur-
vival in pulmonary arterial hypertension: insights from the Registry to Evaluate Early and Long-Term
Pulmonary Arterial Hypertension Disease Management (REVEAL). Circulation. 2010; 122(2):164-72.
https://doi.org/10.1161/CIRCULATIONAHA.109.898122 PMID: 20585012

D’Alonzo GE, Barst RJ, Ayres SM, Bergofsky EH, Brundage BH, Detre KM, et al. Survival in patients
with primary pulmonary hypertension. Results from a national prospective registry. Ann Intern Med.
1991; 115(5):343-9. https://doi.org/10.7326/0003-4819-115-5-343 PMID: 1863023

PLOS ONE | https://doi.org/10.1371/journal.pone.0246681 March 4, 2021 19/20


https://doi.org/10.1002/jnr.21545
http://www.ncbi.nlm.nih.gov/pubmed/18074384
https://doi.org/10.3727/096368910X524764
http://www.ncbi.nlm.nih.gov/pubmed/20719093
https://doi.org/10.1038/s41418-018-0094-7
http://www.ncbi.nlm.nih.gov/pubmed/29666476
https://doi.org/10.7554/eLife.14319
http://www.ncbi.nlm.nih.gov/pubmed/26978795
https://doi.org/10.1159/000484907
https://doi.org/10.1159/000484907
http://www.ncbi.nlm.nih.gov/pubmed/29132135
https://doi.org/10.1002/jnr.24354
http://www.ncbi.nlm.nih.gov/pubmed/30430614
https://doi.org/10.1111/j.1471-4159.2006.04036.x
http://www.ncbi.nlm.nih.gov/pubmed/16987239
https://doi.org/10.1016/j.neuint.2014.05.007
http://www.ncbi.nlm.nih.gov/pubmed/24893328
https://doi.org/10.1093/brain/awv077
http://www.ncbi.nlm.nih.gov/pubmed/25805644
https://doi.org/10.1093/brain/awf257
https://doi.org/10.1093/brain/awf257
http://www.ncbi.nlm.nih.gov/pubmed/12390979
https://doi.org/10.1371/journal.pone.0174026
http://www.ncbi.nlm.nih.gov/pubmed/28328974
https://doi.org/10.1016/j.ophtha.2005.05.023
http://www.ncbi.nlm.nih.gov/pubmed/16140383
https://doi.org/10.1016/j.ajo.2020.04.019
http://www.ncbi.nlm.nih.gov/pubmed/32360344
https://doi.org/10.1056/NEJMra1208129
http://www.ncbi.nlm.nih.gov/pubmed/23268666
https://doi.org/10.1038/s41577-020-0311-8
http://www.ncbi.nlm.nih.gov/pubmed/32346093
https://doi.org/10.1084/jem.20200678
http://www.ncbi.nlm.nih.gov/pubmed/32353870
https://doi.org/10.1378/chest.09-1140
http://www.ncbi.nlm.nih.gov/pubmed/19837821
https://doi.org/10.1161/CIRCULATIONAHA.109.898122
http://www.ncbi.nlm.nih.gov/pubmed/20585012
https://doi.org/10.7326/0003-4819-115-5-343
http://www.ncbi.nlm.nih.gov/pubmed/1863023
https://doi.org/10.1371/journal.pone.0246681

PLOS ONE

Hypoxia-induced systemic and retinal inflammation

92,

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Sawada H, Saito T, Nickel NP, Alastalo TP, Glotzbach JP, Chan R, et al. Reduced BMPR2 expression
induces GM-CSF translation and macrophage recruitment in humans and mice to exacerbate pulmo-
nary hypertension. J Exp Med. 2014; 211(2):263-80. https://doi.org/10.1084/jem.20111741 PMID:
24446489

Yuan K, Shamskhou EA, Orcholski ME, Nathan A, Reddy S, Honda H, et al. Loss of Endothelial
Derived WNT5A is Associated with Reduced Pericyte Recruitment and Small Vessel Loss in Pulmo-
nary Arterial Hypertension. Circulation. 2018.

Jeffries O, Patterson SD, Waldron M. The effect of severe and moderate hypoxia on exercise at a
fixed level of perceived exertion. Eur J Appl Physiol. 2019; 119(5):1213-24. https://doi.org/10.1007/
s00421-019-04111-y PMID: 30820661

Allwood MA, Edgett BA, Eadie AL, Huber JS, Romanova N, Millar PJ, et al. Moderate and severe hyp-
oxia elicit divergent effects on cardiovascular function and physiological rhythms. J Physiol. 2018; 596
(15):3391—410. https://doi.org/10.1113/JP275945 PMID: 29604069

Ho JK, Stanford M, Shariati MA, Dalal R, Liao YJ. Optical Coherence Tomography Study of Experi-
mental Anterior Ischemic Optic Neuropathy and Histologic Confirmation. Investigative ophthalmology
& visual science. 2013. https://doi.org/10.1167/iovs.13-12419 PMID: 23887804

Yu CH, J. K., Liao Y. J. Subretinal fluid is common in experimental non-arteritic anterior ischemic optic
neuropathy. Eye. 2014:in press. https://doi.org/10.1038/eye.2014.220 PMID: 25257770

Shariati MA, Park JH, Liao YJ. Optical coherence tomography study of retinal changes in normal aging
and after ischemia. Investigative ophthalmology & visual science. 2015; 56(5):2790-7. https://doi.org/
10.1167/iovs.14-15145 PMID: 25414186

Dysli C, Enzmann V, Sznitman R, Zinkernagel MS. Quantitative Analysis of Mouse Retinal Layers
Using Automated Segmentation of Spectral Domain Optical Coherence Tomography Images. Transl
Vis Sci Technol. 2015; 4(4):9. https://doi.org/10.1167/tvst.4.4.9 PMID: 26336634

Nakano N, lkeda HO, Hangai M, Muraoka Y, Toda Y, Kakizuka A, et al. Longitudinal and simultaneous
imaging of retinal ganglion cells and inner retinal layers in a mouse model of glaucoma induced by N-
methyl-D-aspartate. Investigative ophthalmology & visual science. 2011; 52(12):8754—62.

Hein K, Gadjanski |, Kretzschmar B, Lange K, Diem R, Sattler MB, et al. An optical coherence tomog-
raphy study on degeneration of retinal nerve fiber layer in rats with autoimmune optic neuritis. Investi-
gative ophthalmology & visual science. 2012; 53(1):157-63.

Rosenberg-Hasson Y, Hansmann L, Liedtke M, Herschmann |, Maecker HT. Effects of serum and
plasma matrices on multiplex immunoassays. Immunol Res. 2014; 58(2—3):224-33. https://doi.org/10.
1007/s12026-014-8491-6 PMID: 24522699

PLOS ONE | https://doi.org/10.1371/journal.pone.0246681 March 4, 2021 20/20


https://doi.org/10.1084/jem.20111741
http://www.ncbi.nlm.nih.gov/pubmed/24446489
https://doi.org/10.1007/s00421-019-04111-y
https://doi.org/10.1007/s00421-019-04111-y
http://www.ncbi.nlm.nih.gov/pubmed/30820661
https://doi.org/10.1113/JP275945
http://www.ncbi.nlm.nih.gov/pubmed/29604069
https://doi.org/10.1167/iovs.13-12419
http://www.ncbi.nlm.nih.gov/pubmed/23887804
https://doi.org/10.1038/eye.2014.220
http://www.ncbi.nlm.nih.gov/pubmed/25257770
https://doi.org/10.1167/iovs.14-15145
https://doi.org/10.1167/iovs.14-15145
http://www.ncbi.nlm.nih.gov/pubmed/25414186
https://doi.org/10.1167/tvst.4.4.9
http://www.ncbi.nlm.nih.gov/pubmed/26336634
https://doi.org/10.1007/s12026-014-8491-6
https://doi.org/10.1007/s12026-014-8491-6
http://www.ncbi.nlm.nih.gov/pubmed/24522699
https://doi.org/10.1371/journal.pone.0246681

