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Abstract

Vision loss is a devastating consequence of systemic hypoxia, but the cellular mechanisms are 

unclear. We investigated the impact of acute hypoxia in the retina and optic nerve. We induced 

systemic hypoxia (10% O2) in 6-8w mice for 48 h and performed in vivo imaging using optical 

coherence tomography (OCT) at baseline and after 48 h to analyze structural changes in the retina 

and optic nerve. We analyzed glial cellular and molecular changes by histology and 

immunofluorescence and the impact of pretreatment with 4-phenylbutyric acid (4-PBA) in 

oligodendroglia survival. After 48 h hypoxia, we found no change in ganglion cell complex 

thickness and no loss of retinal ganglion cells. Despite this, there was significantly increased 

expression of CCAAT-enhancer-binding protein homologous protein (CHOP), a marker of 

endoplasmic reticulum stress, in the retina and optic nerve. In addition, hypoxia induced obvious 

increase of GFAP expression in the anterior optic nerve, where it colocalized with CHOP, and 

significant loss of Olig2+ oligodendrocytes. Pretreatment with 4-PBA, which has been shown to 

reduce endoplasmic reticulum stress, rescued total Olig2+ oligodendrocytes and increased the pool 

of mature (CC-1+) but not of immature (PDGFRa+) oligodendrocytes. Consistent with a selective 

vulnerability of the retina and optic nerve in hypoxia, the most striking changes in the 48 h murine 

model of hypoxia were in glial cells in the optic nerve, including increased CHOP expression in 

the astrocytes and loss of oligodendrocytes. Our data support a model where glial dysfunction is 

among the earliest events in systemic hypoxia – suggesting that glia may be a novel target in 

treatment of hypoxia.
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1. Introduction

The brain (Jha and Morrison, 2018) and retina (Caprara and Grimm, 2012) consume high 

levels of oxygen, so they are particularly vulnerable in systemic hypoxia. Systemic hypoxia 

can be caused by chronic lung disease or congenital heart disease and after ascent to high 

altitudes for sport or family vacation (Arjamaa and Nikinmaa, 2006). Visual disturbances 

and vision loss are well described at high altitudes and other conditions of systemic hypoxia 

(Linsenmeier and Zhang, 2017). While the retina is arguably more resistant to ischemia than 

the brain because of its dual blood supply (Wangsa-Wirawan and Linsenmeier, 2003), it is 

more susceptible to hypoxia than most of the central nervous system (CNS) because of its 

high energy demand. Indeed, retinal hypoxia has been described in the setting of retinopathy 

of prematurity (Hartnett and Penn, 2012), proliferative diabetic retinopathy (Guduru et al., 

2016) and glaucoma (Tezel and Wax, 2004). Changes in retinal thickness and function 

measured by optical coherence tomography (OCT) and electroretinography were described 

following short-term exposure to high-altitude (Tian et al., 2018). Although vision changes 

following short-term exposure to hypoxia are typically reversible, some individuals may 

develop optic disc edema, subsequent optic atrophy, and irreversible vision loss due to 

exposure to high altitudes (Bandyopadhyay et al., 2002; Bosch et al., 2012; Schatz et al., 

2018).

Hypoxia leads to many changes in the retinal neurons, and is the cause of blinding diseases 

like retinopathy of prematurity and proliferative diabetic retinopathy (Wangsa-Wirawan and 

Linsenmeier, 2003). The effect of hypoxia on retinal ganglion cells (RGCs) and their axons, 

which form the optic nerve, is particularly debilitating because they form the only 

connection to the brain for interpretation of visual information. A study of pattern 

electroretinography changes after 5-min inhalation of hypoxic gas in healthy adults 

demonstrated that RGCs are very sensitive to hypoxia (Kergoat et al., 2006). Severe hypoxia 

or ischemia leads to RGC death via apoptosis or necrosis (Kaur et al., 2008).

In addition to neurons, CNS hypoxia also affects glia. The CNS white matter tracts such as 

the corpus callosum and optic nerve are particularly susceptible to hypoxic injury (Ferriero, 

2004), and damage to oligodendrocytes is a major cause of neurological impairment as a 

result of perinatal hypoxia in infants (Wang et al., 2018) and stroke in adults (Matute et al., 

2013). For instance, brief focal ischemia causes oligodendrocytes to die as early as 3 h after 

arterial occlusion (Matute et al., 2013).

Following ischemic injury to the optic nerve and retina, we and others have shown activation 

of the unfolded protein response (UPR) pathway, with increased expression of the 

proapoptotic transcriptional regulator CCAAT-enhancer-binding protein homologous protein 

(CHOP) in animal models of nonarteritic anterior ischemic optic neuropathy (NAION) 

(Kumar et al., 2019), glaucoma (Doh et al., 2010; Hu et al., 2012), optic neuritis (Huang et 

al., 2017), diabetic retinopathy (Drel et al., 2009; Li et al., 2009; Oshitari et al., 2010, 2011), 

and N-methyl-D-aspartate (NMDA)-induced RGC loss (Shimazawa et al., 2012). Activation 

of the UPR can potentiate the effects of hypoxia-inducible factor family of transcriptional 

activators (Pereira et al., 2014). In mouse (Qi et al., 2004) and rat (Srinivasan and Sharma, 

2011) studies of stroke, there was post-ischemic increase in CHOP, activation of caspase-12, 

Mesentier-Louro et al. Page 2

Exp Eye Res. Author manuscript; available in PMC 2020 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and greater number of terminal deoxynucleotidyl transferase-mediated dUTP nick end 

labeling (TUNEL)-positive cells, indicating activation of endoplasmic reticulum (ER) stress 

and apoptotic pathways.

In this study, we investigated the impact of 48 h of systemic hypoxia on the retina and optic 

nerve. In addition, we investigated the therapeutic effects of the chemical chaperone 4-

phenylbutyric acid (4-PBA) in reducing hypoxic damage.

2. Methods

2.1. Animals

All animal care and experiments were carried out in accordance with the Association for 

Research in Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and 

Vision Research and with approval from the Stanford University Administrative Panel on 

Laboratory Animal Care. Adult wild-type C57BL/6 female mice (Charles River 

Laboratories, Inc., Hollister, CA, USA) were housed in cages at constant temperature, with a 

12:12-h light/dark cycle, with food and water available ad libitum. Female mice were used 

because we are investigating the effect of pulmonary hypertension, a form of systemic 

hypoxia, which is more prevalent in females (Badesch et al., 2010; Benza et al., 2010; 

D'Alonzo et al., 1991). All efforts were made to minimize animal suffering, including the 

use of discarded animal carcasses for explorative procedures. For procedures that required 

anesthesia, animals were kept under supervision and warmed by a heat pad until they 

recovered.

2.2. Hypoxia model

We induced normobaric hypoxia in adult (6–8 weeks old) C57BL/6 female mice using a 

hypoxia chamber where animals were acclimated over 20 min from 20.9% to 10% oxygen 

as described previously (Sawada et al., 2014; Yuan et al., 2018). Mice were exposed to 

hypoxia for 48 h. Normoxic control mice were kept outside the chamber in the same animal 

facility.

2.3. Optical coherence tomography (OCT) and segmentation

To measure retinal structural changes over time, we performed spectral-domain optical 

coherence tomography (OCT) analysis using Spectralis™ HRA+OCT instrument 

(Heidelberg Engineering, GmbH, Heidelberg, Germany) (Ho et al., 2013; Shariati et al., 

2015; Yu et al., 2014). Briefly, we dilated the eyes with 1% tropicamide (Alcon 

Laboratories, Inc., Fort Worth, TX) and 2.5% phenylephrine hydrochloride (Akorn, Inc., 

Lake Forest, IL) and covered the cornea with lubricating eye drops and custom-made contact 

lens (4 mm diameter). To measure retinal thickness, we performed a circular retinal nerve 

fiber layer (RNFL) scan around the optic nerve head and manually segmented total retinal 

thickness (TRT), which included RNFL to retinal pigmented epithelium (RPE) (Dysli et al., 

2015), and the ganglion cell complex (GCC), which included RNFL to inner plexiform layer 

(INL) (Hein et al., 2012; Nakano et al., 2011). We computed the thickness of the INL-RPE 

layers by subtracting GCC from TRT (Fig. 1B). All segmentation was performed in a 
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masked fashion, and every effort was made to standardize the segmentation process, which 

was performed by one well-trained individual and confirmed by a second investigator.

2.4. Tissue preparation and sectioning

Animals were deeply anesthetized and perfused through the heart with ice-cold saline 

followed by 4% paraformaldehyde in phosphate buffered saline (PBS). Eyes and optic 

nerves were removed, cryoprotected with 10–30% 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 into 12 μm thick slices and placed on frosted 

microscope glass slides (Fisher Scientific, Hampton, NH).

2.5. TUNEL assay

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 (3-5 images acquired per retina up to 1 mm from the optic disc) and 

along the optic nerve. Results are expressed as the average number of TUNEL-positive cells 

per mm2 ± SEM.

2.6. Retina and optic nerve analysis

Retinae and optic nerves were immunostained with primary antibodies to detect CHOP 

(1:50, mouse; catalog number MA1-250; Invitrogen, Waltham, MA, USA), glial fibrillary 

acidic protein (GFAP) (1:1000, chicken; catalog number ab4674; Abcam, Cambridge, MA, 

USA), myelin basic protein (MBP) (1:100, rat; catalog number MAB386, Millipore Sigma, 

Burlington, MA, USA), Iba1 (1:400, rabbit; catalog number 019-19741, Wako Chemicals, 

Richmond, VA, USA), Brn3a (1:500, goat; catalog number Sc-31984, Santa Cruz 

Biotechnology, Inc. Dallas, Texas, USA), Olig-2 (1: 200, rabbit; catalog number AB9610, 

Millipore Sigma, Burlington, MA, USA), CC-1 (1:20, mouse, catalog number 

OP80-100UG, Millipore Sigma), and PDGFRα (1:100, CD140a, rat; catalog number 

558774, BD Biosciences, San Jose, CA, USA). Secondary antibodies used were Alexa 488 

goat anti-mouse, Alexa 568 goat anti-chicken, Alexa 647 goat anti-rabbit, Alexa 568 goat 

anti-rat and Alexa 568 donkey anti-goat (all from Invitrogen Inc., Carlsbad, CA, USA). 

Slides were mounted using Vectashield with 4′,6-diamidino-2-phenylindole (DAPI) (Vector 

Laboratories, Burlingame, CA, USA). Sections were imaged under a Nikon Eclipse TE300 

microscope (Nikon Corp., Tokyo, Japan) or a Zeiss inverted LSM 880 laser scanning 

confocal microscope (Carl Zeiss, Oberkochen, Germany).

2.7. Histology quantification of retinal thickness

To quantify the thickness of the retinal layers on histology, we imaged the DAPI-stained 

retinal slices and measured the thickness using ImageJ (http://rsbweb.nih.gov/ij/; provided in 

the public domain by the National Institutes of Health, Bethesda, MD, USA).
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We measured the thickness of the GCL to ONL (equivalent to total retinal thickness on 

OCT), GCL to IPL (equivalent to ganglion cell complex on OCT), and INL to ONL layers 

(equivalent to total retinal thickness minus ganglion cell complex) within 1.5 mm away from 

the optic nerve head. Each measurement was done in 3 locations per section and at least 3 

sections per eye to calculate the average thickness.

2.8. Analysis of RGC survival

RGC survival was measured by the number of Brn3a+ in retinal whole mount preparations. 

We took 4 images (four quadrants) in the center (~1 mm from the optic disc) and 4 images in 

the periphery (~2 mm from the optic disc) of the retina at magnification of 20x. We used the 

analyze particles tool of ImageJ to calculate the number of Brn3A+cells per image 

automatically, averaged the number of cells in the center and periphery of each retina, and 

calculated the density of Brn3A+ cells per mm2. Each automatically performed cell count 

was visually reviewed under masked condition for quality control.

2.9. Fluorescence microscopy

For image quantification, we took standard images of the retinae and anterior optic nerve 

under masked condition with epifluorescence microscope using a 20x (numerical aperture 

0.75) and 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 1.5 mm away from the optic nerve head. The region of interest was 

drawn for each image to outline all retinal layers from the RNFL to the ONL using the DAPI 

and GFAP channels as references.

For the optic nerve, we imaged horizontal optic nerve sections in the anterior optic nerve 

using same magnification and standardized parameters. To standardize the area of the optic 

nerve counted, we used MBP staining to determine the beginning of myelination as 

described previously (Yang et al., 2013) and performed measurements after drawing regions 

of interest covering the entire diameter of the optic nerve in four different segments per 

nerve (n0, n1, n2 and n3). The unmyelinated optic nerve was subdivided into n0 (totally 

inside the eye) and n1 (~125 μm along the optic nerve behind the outer nuclear layer of the 

retina), while the myelinated portion was subdivided into n2 (the transition from 

unmyelinated to myelinated, ~125 μm behind n1) and n3 (the myelinated anterior optic 

nerve, within ~300 μm after n2 ends).

2.10. Morphometric analysis of retina and optic nerve

All morphometric analyses were performed under masked condition. To quantify the 

fluorescence intensity associated to CHOP and GFAP expression, slides were 

immunostained at the same time and imaged using the same settings. For quantification, we 

used ImageJ to measure the mean gray value inside each region of interest. The results were 

expressed as arbitrary units (a.u.). To count Iba1+ and oligodendroglia cells, the numbers of 

positive cells for Iba1, Olig2, CC-1 and PDGFRα were counted inside the region of interest 

in the retina or optic nerve and normalized by the area.
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2.11. Treatment with chemical chaperon 4-phenylbutyric acid in vivo

To assess the effect of chemical chaperon 4-phenylbutyric acid (4-PBA), we performed 

intraperitoneal injections of 4-PBA (40 mg/kg/day; 480 μl per injection) or vehicle (PBS). 

Animals were treated once a day with 4-PBA or PBS starting from 24 h before being placed 

in the hypoxia chamber to 24 h after being placed in the chamber.

2.12. Statistical analysis

We performed statistical analysis using the commercial statistical software Prism (GraphPad 

Inc., La Jolla, CA). We calculated statistical significance, which was defined as p < 0.05. We 

used t-test or Mann-Whitney test for all retina analyses and two-way ANOVA for 

comparisons including optic nerve segments and oligodendroglia subtypes. To correct for 

multiple comparisons, we used Sidak post-hoc test to compare optic nerve segments 

between experimental groups or Tukey post-hoc test to compare segments inside each group 

and to compare oligodendroglia subtypes. All data are presented as mean ± S.E.M.

3. Results

3.1. Hypoxia induced thinning of the retina on OCT but little cell loss on histology

After 48 h of hypoxia, optical coherence tomography (OCT) measurement revealed no 

changes in the ganglion cell complex (GCC) (baseline: 77.7 ± 0.6 μm, hypoxia: 78.3 ± 1.0 

μm; P = 0.5333, paired t-test, n = 18), but a 5.1 μm reduction of the total retinal thickness 

(TRT) (RNFL to RPE) compared with baseline (baseline: 226.4 ± 1.5 μm, hypoxia: 221.3 ± 

1.2 μm; P < 0.01, paired t-test, n = 18 eyes) (Fig. 1A-B). The reduced TRT was due to 

thinning in the layers of the retina from INL to RPE, which had 5.8 μm thinning (baseline: 

148.7 ± 1.1, hypoxia: 142.9 ± 0.9 μm; P < 0.001, n = 18) (Fig. 1A-B).

To examine whether changes in thickness of the retinal layers after hypoxia were present 

histologically, we performed intracardiac perfusion as soon as possible after removing the 

animals from the hypoxia chamber, which was within 30 min for the first animal and within 

2 h for the last animal. In hypoxia retinal sections stained with DAPI, the GCL to IPL 

thickness was not significantly different in hypoxia (control: 89.0 ± 6.8 μm, n = 7, hypoxia: 

105.8 ± 2.4, n = 5, P = 0.1490, Mann-Whitney test), and there was no thinning of the GCL 

to ONL layer compared with controls (control: 267.7 ± 8.0 μm, n = 7, hypoxia: 290 ± 9.3, n 

= 5, P = 0.1061, Mann-Whitney test). There was a 5.6 μm reduction in the thickness from 

the INL to OPL, which was similar to OCT data, but this was not significant compared with 

controls (control: 179.9 ± 6.4 μm, n = 7, hypoxia: 174.3 ± 8.0, n = 5, P = 0.5303, Mann-

Whitney test). Taken together, although there was some thinning of the INL to outer retinal 

layers on OCT, we did not see obvious explanation of this change on histology.

To see whether cell death was the reason for changes seen on OCT, we performed terminal 

deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) stain. This revealed 

only rare TUNEL+ cells in the retina (Fig. 2). In the retina, the TUNEL+ cells were 

primarily located in the outer nuclear layer (Fig. 2A), with 1.5 ± 0.5 TUNEL+ cells/mm2 in 

the hypoxia group (n = 6) compared with 0.1 ± 0.1 in the control group (n = 4; P = 0.0429 

Mann-Whitney). In addition, there were rare TUNEL+ cells in the optic nerve (Fig. 2B). In 
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the optic nerve, there was no difference in the number of TUNEL+ cells between control (0.4 

± 0.3 cells/mm2, n = 6) and hypoxia (0.1 ± 0.1 cells/mm2, n = 6; P = 0.8485 Mann-

Whitney).

Consistent with little TUNEL+ cells in hypoxia group, quantification of Brn3a+ RGCs in 

retinal whole mount preparations revealed no difference between the hypoxia and control 

groups (control: 2569 ± 168 cells/mm2, n = 8; hypoxia: 2816 ± 67 cells/mm2, n = 5; P = 

0.2894, unpaired t-test, Fig. 2C-E). Thus, small changes in retinal thickness on OCT after 

hypoxia did not correspond to loss of neurons in the retina on histology.

3.2. Hypoxia increased CHOP expression in the retina and anterior optic nerve

Although there was little cell loss in the retina after 48 h of hypoxia, there was dramatic 

increase in the protein expression of proapoptotic transcriptional regulator CCAAT-

enhancer-binding protein homologous protein (CHOP), a marker of cellular stress known to 

be significantly elevated in ischemic optic neuropathy (Kumar et al., 2019) and other 

experimental optic neuropathies (Doh et al., 2010; Hu et al., 2012; Huang et al., 2017). 

There was little CHOP immunoreactivity in control retina (Fig. 3A). Within 48 h of hypoxia, 

there was increased CHOP expression in all retinal neuronal layers (Fig. 3B). Morphometric 

analysis revealed that compared with control, hypoxia led to a significant, 26% increase in 

CHOP immunoreactivity in the retina (Fig. 3C; control: 661.7 ± 42.33 arbitrary units (a.u.), 

hypoxia: 839.9 ± 38.12 a.u., n ≥ 5, P < 0.05, unpaired t-test, Supplementary Table 1).

In the optic nerve, there was also little CHOP expression in control group (Fig. 3A’). After 

48 h hypoxia, there was significant increase in CHOP expression in the optic nerve, and this 

increase was greatest in the unmyelinated portion of the optic nerve (Fig. 3B’, C, I). To 

quantify changes in CHOP expression in different parts of the optic nerve, we divided the 

anterior optic nerve into the unmyelinated region, composed of intra-retinal (n0) and retro-

bulbar (n1) portions, and the myelinated portion, composed of transition from unmyelinated 

to myelinated (n2) and myelinated proximal (n3) portions (Fig. 3I, also see Methods). 

CHOP expression was significantly increased in n0 to n2 but not n3 portions of the optic 

nerve (n0: P < 0.001, n ≥ 5; n1: P < 0.05, n ≥ 5; n2: P < 0.05, n ≥ 5; n3: P > 0.9999, n ≥ 5; 

two-way ANOVA with Sidak's multiple comparisons test) (Fig. 3C’) (Supplementary Table 

1). These findings showed that 48 h of hypoxia significantly increased CHOP expression in 

the retina and anterior optic nerve, consistent with increased cellular stress.

3.3. Hypoxia increased GFAP expression in the optic nerve but not retina

Given the increase in CHOP expression in the unmyelinated optic nerve, where astrocytes 

are abundant, we then quantified protein expression of glial fibrillary acidic protein (GFAP), 

which is associated with astrocyte reactivity (Clarke et al., 2018; Nichols et al., 1993). In the 

retina, there was no change in GFAP expression after hypoxia compared with controls (Fig. 

3E, 3F). In contrast, the GFAP expression was increased in the optic nerve (Fig. 3E’). 

Quantification revealed that GFAP was significantly increased in n0-n2 but not n3 (n0: P < 

0.001, n ≥ 5; n1: P < 0.01, n ≥ 5; n2 (P < 0.01, n ≥ 5; n3: P = 0.6531, n ≥ 5; two-way 

ANOVA with Sidak's multiple comparisons test) (Fig. 3F’, Supplementary Table 1). This 

Mesentier-Louro et al. Page 7

Exp Eye Res. Author manuscript; available in PMC 2020 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significant increase in CHOP and GFAP expression in unmyelinated optic nerve is 

consistent with astrocyte stress.

3.4. Hypoxia did not change the number of Iba1+ cells in the retina and optic nerve

Since acute hypoxia is often associated with inflammation and microglial activation in the 

brain (Zhang et al., 2017; Zhou et al., 2017), we quantified the number of Iba1+ cells in the 

retina and optic nerve. Quantification revealed that there was no significant difference in the 

number of cells between 48 h hypoxia and control in the retina and optic nerve (retina: P = 

0.4388, n ≥ 5; n0: P = 0.6845, n ≥ 5; n1: P = 0.5836, n ≥ 5; n2: P = 0.1644, n ≥ 5; n3: P = 

0.7960, n ≥ 5, Supplementary Table 1).

3.5. Hypoxia led to significant reduction of total number of oligodendroglia in the optic 
nerve

Since oligodendrocytes have been shown to be selectively vulnerable to hypoxic-ischemic 

injury (Butt et al., 2017; Tekkok et al., 2007; Wang et al., 2018), we quantified the number 

of Olig2+ optic nerve oligodendrocytes using immunohistochemistry. After 48 h hypoxia, 

there was significant, 9% reduction of Olig2+ total population of oligodendrocytes (control: 

1202.7 ± 32.3 Olig2+ cells/mm2, n = 8; hypoxia: 1095.8 ± 32.3, n = 10 P < 0.05, two-way 

ANOVA with Tukey's multiple comparisons test) (Fig. 4A, B, G). To investigate if hypoxia 

affected a specific stage of oligodendrocyte maturation, we counted the number of CC-1+ 

(mature) and PDGFRα+ (immature) cells. There was no significant change in the number of 

CC-1+ (control: 1116.6 ± 27.9 CC-1+ cells/mm2, n = 9; hypoxia; 1044.2 ± 29.6, n = 10; P = 

0.1603; two-way ANOVA with Tukey's multiple comparisons test) and PDGFRα+ cells 

(control: 38.5 ± 8.2 PDGFRα+ cells/mm2, n = 3; hypoxia: 31.9 ± 4.6, n = 7; P = 0.9930; 

two-way ANOVA with Tukey's multiple comparisons test) (Fig. 4D, E, G).

3.6. Treatment with chemical chaperon 4-PBA rescued optic nerve oligodendrocytes

Given that chemical chaperon 4-PBA has been shown to ameliorate damage in experimental 

models of vision loss (Jeng et al., 2007; Jian et al., 2016; Mizukami et al., 2010; Srinivasan 

and Sharma, 2011; Tung et al., 2015; Zode et al., 2011, 2012, 2014), we pre-treated animals 

24 h before and during 48 h hypoxia with intraperitoneal injections of chemical chaperone 

4-PBA or vehicle (PBS). We found that 4-PBA treatment led to a significant, 12% increase 

of optic nerve Olig2+ oligodendrocytes compared with PBS-treated hypoxic animals (PBS-

treated hypoxia: 1095.8 ± 32.3 Olig2+ cells/mm2, n = 10 4-PBA-treated hypoxia: 1222.5 ± 

32.7, n = 5; P < 0.05, two-way ANOVA with Tukey's multiple comparisons test) (Fig. 4C, 

G). The 4-PBA-treated hypoxia group had the same density of Olig2+ cells in the optic nerve 

as naïve control eyes (naïve control: 1202.8 ± 32.3 Olig2+ cells/mm2, n = 8; P = 0.9121). 

Compared with PBS-treated hypoxia group, there was significant, 13% more CC-1+ cells in 

4-PBA-treated hypoxia group (PBS-treated hypoxia: 1044.2 ± 29.6 CC-1+ cells/mm2, n = 

10; 4-PBA-treated hypoxia: 1184.6 ± 56.4, n = 5; P < 0.05; two-way ANOVA with Tukey's 

multiple comparisons test), but no difference in the number of PDGFRα+ cells (PBS-treated 

hypoxia: 31.9 ± 4.6 PDGFRα+ cells/mm2, n = 7; 4-PBA-treated hypoxia: 33.4 ± 5.5, n = 4; 

P = 0.9996; two-way ANOVA with Tukey's multiple comparisons test) (Fig. 4D-G), 

consistent with 4-PBA protection of mature (CC-1+) but not immature (PDGFRa+) 

oligodendrocytes. Overall, our data showed that the optic nerve oligodendrocytes, but no 
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other glial cells, were lost after 48 h hypoxia, and that 4-PBA pretreatment prevented 

oligodendroglia loss.

4. Discussion

We showed that 48 h hypoxia did not lead to immediate loss of RGCs, but that there was 

significant increase in the expression of CHOP, a proapoptotic transcription factor and 

marker of ER stress (Hu, 2016; Wang and Kaufman, 2016), in the RGC layer. In the optic 

nerve, CHOP expression was most striking in the unmyelinated portion, which corresponded 

with an increased GFAP expression, consistent with astrocyte reactivity. Although there was 

no immediate loss of RGCs after 48 h hypoxia, there was significant loss of Olig2+ optic 

nerve oligodendrocytes, which are known to be vulnerable to hypoxic-ischemic injury (Butt 

et al., 2017; Tekkok et al., 2007; Wang et al., 2018), but not of PDGFRα+ immature 

oligodendrocytes, which are more resistant to hypoxia (Fern et al., 1998). This hypoxia-

induced oligodendrocyte loss was completely salvaged by pre-treating the animals with 

chemical chaperon 4-PBA.

Taken together, our study delineated early cellular events that are consistent with the 

creation of a stress condition in the retina and optic nerve after systemic hypoxia (see model 

in Fig. 5). In normoxia, RGCs receive metabolic support from glia. Where RGC axons are 

unmyelinated, there is high metabolic demand due to passive conduction of action 

potentials, and astrocytes provide energy substrate for RGC axons (Marina et al., 2016; Sun 

et al., 2009). Where RGC axons are myelinated, there is essential support from 

oligodendrocytes (Lee et al., 2012; Nave, 2010) (Fig. 5A). We showed that after 48 h of 

hypoxia, there was evidence of astrocyte reactivity and loss of oligodendrocytes, which both 

impact RGC axons. We propose a model where astrocytes in the unmyelinated optic nerve 

sense hypoxia and respond by increasing ER stress and reactivity, leading to reduced 

metabolic support to RGC axons (Fig. 5B). Increased CHOP expression is associated with 

ER stress (Pereira et al., 2014) and is consistent with CHOP upregulation in retinal 

astrocytes in DBA/2 J glaucoma model (Ojino et al., 2015), after retina ischemia (Benavides 

et al., 2005; Lewis and Fisher, 2003) and in Muller cells of diabetic rats (Sanchez-Chavez et 

al., 2016). Although sustained CHOP expression is associated with astrocyte death 

(Benavides et al., 2005; Ojino et al., 2015; Zinszner et al., 1998), we have not found 

evidence of astrocyte death after systemic hypoxia, since no TUNEL+ cells were found in 

the inner retinal layers and in the anterior optic nerve. Since GFAP upregulation is 

associated with astrocyte reactivity (Clarke et al., 2018; Nichols et al., 1993), increased 

CHOP expression in GFAP+ cells can also mean a specific type of astrocyte activation. For 

instance, hypobaric hypoxia increases proteins from the complement cascade in the 

hippocampus (Dheer et al., 2018), which are typical from toxic activation phenotypes 

(Liddelow et al., 2017), but further studies are needed to identify whether or not they are 

specific to astrocyte activation.

Similarly, oligodendrocyte loss in the myelinated optic nerve may impair the support to 

RGC axons in the myelinated optic nerve (Fig. 5C) (Lee et al., 2012), since mature 

oligodendrocytes are highly vulnerable to hypoxia (Butt et al., 2017; Tekkok et al., 2007; 

Wang et al., 2018). Indeed, loss of Olig2+ oligodendrocytes within 48 h hypoxia suggests 
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that oligodendrocyte death occurred rapidly, which is consistent with early loss of myelin in 

the hippocampus after hypobaric hypoxia (Dheer et al., 2018; Zhang et al., 2017) and after 

experimental anterior ischemic optic neuropathy (Goldenberg-Cohen et al., 2005; Pangratz-

Fuehrer et al., 2011). Although the exact mechanism of oligodendrocyte loss is unclear, 

oligodendrocytes are vulnerable to energy failure because of their high metabolic demand 

for protein and lipid synthesis (Clayton and Popko, 2016; D'Antonio et al., 2009), and 

because their glutamate receptors can be excessively activated when glutamate accumulates 

in the extracellular space as a result of hypoxic-ischemic insult (Matute et al., 2013). In 

addition, since the adult optic nerve keeps generating new oligodendrocytes to replace 

oligodendrocytes that die in service (Young et al., 2013), it is possible that hypoxia impairs 

this physiological process, resulting in a decrease of total oligodendrocytes. In the short-

term, loss of oligodendrocytes can mean temporary loss of visual function without losing 

any RGCs or axons. In the long-term, loss of oligodendrocytes likely contributes to 

degeneration of the RGCs, since 99% of the optic nerve axons are covered in myelin and, 

without enough contact to the extracellular space, these RGC axons are heavily dependent 

on lactate from oligodendrocytes as an energy source (Baltan, 2015; Hirrlinger and Nave, 

2014; Lee et al., 2012; Nave, 2010; Rinholm and Bergersen, 2014).

While hypoxia led to oligodendrocyte loss, pre-treatment with 4-PBA rescued the optic 

nerve oligodendrocytes. However, the mechanisms that led to oligodendrocyte protection are 

unclear, since 4-PBA is a molecule with multiple effects. For instance, 4-PBA is thought to 

act as a chemical chaperon and reduced ER stress on mouse neurons after ischemic/

reperfusion injury (Mizukami et al., 2010; Srinivasan and Sharma, 2011), in glaucomatous 

trabecular meshwork (Tung et al., 2015; Zode et al., 2011, 2014), and in human neuronal 

cells after oxygen-glucose deprivation and reoxygenation in vitro (Tung et al., 2015). In 

addition to reducing ER stress, 4-PBA has also been described to act as a histone deacetylase 

inhibitor (Kusaczuk et al., 2015), which is associated to oligodendrocyte protection (Egawa 

et al., 2019; Wang et al., 2015). Chemical chaperons like 4-PBA are already in routine 

clinical use as they are Food and Drug Administration-approved for the treatment of 

hyperammonia, urea cycle abnormality and cystic fibrosis (Iannitti and Palmieri, 2011; 

Schonthal, 2012). Since 4-PBA treatment salvaged neurons in preclinical studies (Zode et 

al., 2011, 2014), it is a potential repurposable drug to treat CNS hypoxic-ischemic disease. 

Consistent with the effects of 4-PBA in oligodendrocyte survival after hypoxia, 4-PBA 

significantly preserved both Brn3A+ RGCs and Olig2+ oligodendrocytes after experimental 

anterior ischemic optic neuropathy (Kumar et al., 2019). Therefore, although 

neuroprotective therapies have primarily focused on saving RGC soma and axons (Kumar et 

al., 2019), our study provided evidence that glia-directed therapies (Mesentier-Louro et al., 

2018a,b; Mesentier-Louro and Liao, 2019) may be a novel approach in the treatment of 

systemic hypoxia.

Limitations to our study include the difficulty of comparing in vivo retinal thickness 

measured by OCT with histology. In addition, although we showed that there was increased 

CHOP in the retina and optic nerve and 4-PBA rescued oligodendrocytes, we did not show 

that this was due to ER stress. We did find that CHOP expression is a useful marker of 

cellular stress in the retina and optic nerve after hypoxia, as it is in the retina after glaucoma 

(Ojino et al., 2015), ischemia (Benavides et al., 2005; Lewis and Fisher, 2003) and diabetes 
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(Sanchez-Chavez et al., 2016). Although we did not investigate changes after different 

durations of hypoxic exposure, our data show that this murine model is a good way to 

further study the effects of hypoxia on the visual system. Nevertheless, our results reflect 

only immediate/early changes after hypoxia exposure, and studies at longer exposure times 

may be performed to understand the impact on neurons and glia in the visual system.

5. Conclusion

Forty-eight-hour hypoxia has differential impact on neurons and glial cells in the retina and 

optic nerve, with more impact on the glia than RGCs. We conclude that astrocyte stress and 

loss of oligodendroglia in the optic nerve reflect a selective vulnerability of the visual 

system to systemic hypoxia. Glial-protective therapies may be a novel approach in hypoxic-

ischemic injury by protecting the white matter and potentially preserving vision.
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Fig. 1. No change in ganglion cell complex after 48h hypoxia.
A: High magnification of circle scans acquired using optical coherence tomography in vivo 

imaging before and after 48 h hypoxia. B: Bar graph of retinal thickness before and after 

hypoxia. Red line: ganglion cell complex (GCC); blue line: total retinal thickness (TRT); 

green line: TRT minus GCC. Scale bar: 200 μm.
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Fig. 2. Hypoxia led to little cell loss in the retina and optic nerve.
A-B: TUNEL staining (green, arrows) of a cross-section of retina (A) and optic nerve (B) 

after 48 h hypoxia. DAPI (blue) labeled nuclei. C-D: Retinal whole mount preparation of 

control and 48 h hypoxia eyes immunostained for Brn3a (red). E: bar graph of quantification 

of Brn3a+ cells in the retina of control and 48 h hypoxia groups. P = 0.2894 (unpaired t-test). 

Scale bar: 100 μm. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear 

layer.
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Fig. 3. Hypoxia led to significant increase in CHOP and GFAP expression in the anterior optic 
nerve.
A-I: Immunostaining for CHOP (A-B) and GFAP (D-E) immunostaining in the retina (A, B, 

D, E) and optic nerve (A′, B′, D′, E′). C, F: Bar graphs of CHOP (C, C′) and GFAP (F, F′) 
fluorescence intensities (Mean Gray Value) in the retina (C, F) and n0 to n3 optic nerve 

segments (C′, F′). G-I: Merged images and optic nerve segments (n0-n3). Nuclei in G and 

H were stained with DAPI (blue). Arrowheads indicate co-localization of CHOP and GFAP 

in the n0, n1 and n2 segments. I: CHOP distribution in unmyelinated versus myelinated 

optic nerve is shown by co-staining with myelin basic protein (MBP). *P < 0.05, **P < 0.01, 

***P < 0.001 (unpaired t-test for retinas, two-way ANOVA with Sidaks's multiple 

comparisons test for optic nerve); #P < 0.05, ##P < 0.01, ###P < 0.001 (two-way ANOVA 

with Tukey's multiple comparisons test). Scale bar: 100 μm.

Mesentier-Louro et al. Page 19

Exp Eye Res. Author manuscript; available in PMC 2020 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Hypoxia led to significant loss of Olig2+ cells in the optic nerve, which was completely 
rescued with treatment with 4-PBA.
A-F: Representative images of total density of oligodendrocytes (Olig2+ cells, A-C), mature 

oligodendrocytes (CC-1+-Olig2+ cells, D-F), and oligodendrocyte progenitors (PDGFRα+-

Olig2+ cells, box in D-F) in the optic nerve in control (A, D), 48 h hypoxia injected with 

PBS (B, E), and 48 h hypoxia treated with 4-PBA (C, F). G: Bar graph of different 

oligodendrocyte density in control, 48 h hypoxia injected with PBS, and 48 h hypoxia 

treated with 4-PBA. Compared with controls, there was significant loss of Olig2+ 

oligodendrocytes after 48 h hypoxia, and 4-PBA treatment led to significant increase in 

Olig2+ cells and CC-1+ cells. *P < 0.05, two-way ANOVA with Tukey's multiple 

comparisons test. Scale bar: 20 μm.
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Fig. 5. Proposed model.
A: In normoxia, RGCs are metabolically supported (blue arrows) by astrocytes and 

oligodendrocytes, the latter only present in the myelinated portion of the optic nerve. B: In 

hypoxia, there is increased CHOP and GFAP co-expression in the unmyelinated portion of 

the optic nerve, which is consistent with ER stress and reactivity in astrocytes. Combined 

with loss of oligodendrocytes (C), this hypoxic condition creates optic nerve stress, 

impairing normal homeostasis and metabolic support (red arrows) in the retina and optic 

nerve. PO2: partial pressure of oxygen.
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