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Selective vulnerability of the intermediate retinal capillary plexus precedes retinal ganglion cell loss in ocular hypertension
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Introduction: Glaucoma, a disease of retinal ganglion cell (RGC) injury and potentially devastating vision loss, is associated with both ocular hypertension (OHT) and reduced ocular blood flow. However, the relationship between OHT and retinal capillary architecture is not well understood. In this project, we studied microvasculature damage in mice exposed to mild levels of induced OHT.

Methods: Mild OHT was induced with the microbead model for 2 weeks. At this time point, some retinas were immunostained with CD31 (endothelium), Collagen IV (basement membrane), and RBPMS (RGCs) for z-stack confocal microscopy. We processed these confocal images to distinguish the three retinal capillary plexi (superficial, intermediate, and deep). We manually counted RGC density, analyzed vascular complexity, and identified topographical and spatial vascular features of the retinal capillaries using a combination of novel manual and automated workflows. Other retinas were dissociated and immunopanned to isolate RGCs and amacrine cells (ACs) for hypoxia gene array analysis.

Results: RGC counts were normal but there was decreased overall retinal capillary complexity. This reduced complexity could be explained by abnormalities in the intermediate retinal capillary plexus (IRCP) that spared the other plexi. Capillary junction density, vessel length, and vascular area were all significantly reduced, and the number of acellular capillaries was dramatically increased. ACs, which share a neurovascular unit (NVU) with the IRCP, displayed a marked increase in the relative expression of many hypoxia-related genes compared to RGCs from the same preparations.

Discussion: We have discovered a rapidly occurring, IRCP-specific, OHT-induced vascular phenotype that precedes RGC loss. AC/IRCP NVU dysfunction may be a mechanistic link for early vascular remodeling in glaucoma.
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INTRODUCTION

Glaucoma is chronic, progressive optic nerve degeneration characterized by the irreversible loss of retinal ganglion cells (RGCs) and damage to the optic nerve head (ONH). It is one of the leading causes of blindness with an expected global disease burden of over 100 million patients (Tham et al., 2014). Traditionally, the pathogenesis of glaucoma has been explained by two clinical models: the mechanical and vascular theories of glaucoma. Elevated intraocular pressure (IOP), or ocular hypertension (OHT), drives the mechanical theory, while microvascular deficits and reduced blood flow drive the vascular theory. However, the two theories may not be mutually exclusive. For example, rodent experimental glaucoma models have shown that reduced blood flow, oxidative stress, and the resultant endoplasmic reticulum (ER) stress activation due to the local hypoxic conditions in the ONH and inner retina lead to neurodegeneration (Doh et al., 2010; Chidlow et al., 2017; Syc-Mazurek et al., 2017; Kasetti et al., 2020). Moreover, clinical studies in glaucoma patients using ocular coherence tomography angiography (OCTA) report that transient IOP fluctuations may cause hypoxic injury which leads to microvascular changes in both the retina and ONH (Yarmohammadi et al., 2016; Jia et al., 2017; Liu et al., 2019; Tepelus et al., 2019). Despite these intriguing correlations among IOP, glaucoma, and retinal vasculature, a direct cause and effect relationship between IOP and vascular abnormalities has not been established.

The complex vasculature of the inner retina is a three-tiered network consisting of the superficial retinal capillary plexus (SRCP), intermediate retinal capillary plexus (IRCP), and deep retinal capillary plexus (DRCP). The SRCP supplies the retinal nerve fiber layer (RNFL), RGC somas, and the dendrites of ON-RGCs in the inner plexiform layer (IPL). The IRCP maintains the dendrites of the OFF-RGCs in the IPL and amacrine cells (ACs) in the inner nuclear layer (INL). The DRCP supports bipolar cells (BPs) and horizontal cells (HCs) in the outer plexiform layer (OPL; Usui et al., 2015; Nian et al., 2021). Each plexus supports a neurovascular unit (NVU) of neurons, pericytes, endothelial cells, and astrocytes, the components of which differ according to the depth of the retina and the associated capillary plexus (Usui et al., 2015; Nian et al., 2021).

Even though RGCs are the primary cells affected in glaucoma, a range of electrophysiological, anatomic, and transcriptional studies have shown that early dysfunction is also seen in ACs, OFF-RGCs, and their synapses, often before RGC soma loss (Dijk et al., 2004; Kielczewski et al., 2005; Crish et al., 2010; Sappington et al., 2010; Gunn et al., 2011; Frankfort et al., 2013; Pang et al., 2015; Akopian et al., 2019; Park et al., 2019; Tao et al., 2019). The timing and mechanism of these events, especially in the setting of normal RGC soma numbers, remain unclear. In this manuscript, we utilize an experimental glaucoma model of mild OHT in mice which has only minimal RGC loss (7.4%) after 6 weeks of IOP elevation (Frankfort et al., 2013) and no obvious RGC loss after 2 weeks of IOP elevation (Tao et al., 2019). With this model, we test the hypothesis that vascular changes occur rapidly in the anatomic region of highest neuronal and dendritic susceptibility to elevated IOP—the distal IPL and INL, where OFF-RGC dendrites and ACs reside, respectively. Furthermore, we determine if these changes precede RGC loss.



METHODS AND MATERIALS


Animal use and induction of experimental glaucoma

All animal experiments were approved by the Institutional Animal Care and Use Committee of Baylor College of Medicine and conducted in adherence with the ARVO Statement for the use of animals in ophthalmic and vision research and the NIH guide for the use of laboratory animals. C57BL6J (Wild type, WT) mice were purchased from Jackson laboratories (stock no. 000664). Twelve-week-old mice were injected with polystyrene beads or saline followed by sodium hyaluronate in the anterior chamber of one eye as previously described and observed for 2 weeks (Frankfort et al., 2013; Tao et al., 2020a). Briefly, mice were given an intraperitoneal injection of a stock anesthetic of ketamine 37.5 mg/ml, xylazine 1.9 mg/ml, and acepromazine 0.37 mg/ml. The experimental eye was dilated with 1% tropicamide and 2.5% phenylephrine and the cornea was topically anesthetized with 0.5% proparacaine hydrochloride. A mix of polystyrene beads in a total volume of 1.5 μl (6 μm diameter blue polystyrene beads, cat#15715-5; and 1 μm diameter yellow polystyrene beads, cat#15713-15; Polysciences, Inc., Warrington, PA) followed by 3 μl of sodium hyaluronate (cat#571182 Provisc; Alcon Laboratories, Ft. Worth, TX) was injected through corneal perforation created with a 30 g needle. The non-injected eye was the intra-animal control for all experiments. IOP measurements were performed under isoflurane anesthesia (after 8 min of sedation). IOP values were obtained three times a week in the morning to confirm persistent IOP elevation in all mice.



Immunohistochemistry

Retinal dissection was performed following established protocols in the Frankfort lab (Frankfort et al., 2013; Tao et al., 2020b). Dissected whole-mount retinas were fixed with 4% paraformaldehyde for 1 h at room temperature and blocked with 10% donkey serum overnight. Retinas were then incubated in primary antibodies [Collagen IV (EMD Millipore cat#AB756p; 1:300), CD31 (BD bioscience cat#550274; 1:50), and RBPMS (Phospho solutions cat#1832; 1:250)] diluted with 3% donkey serum for 5 days at 4°C, followed by overnight incubation at 4°C in secondary antibodies [Alexa fluor 647 donkey anti-rabbit (Jackson Immuno Research Labs cat# 711-605-152; 1:300), Cy3 donkey anti-rat (Jackson Immuno Research Labs cat#712-165-153; 1:300), Alexa fluor 488 donkey anti-guinea pig (Jackson Immuno Research Labs cat#706-545-148; 1:300), and Hoechst 33,342 nuclear staining (Invitrogen cat#H3570; 1:1,000)] diluted with 3% donkey serum.



Image processing and analysis

Z stack images of flat-mounted retinas were acquired with laser confocal microscopy (Zeiss LSM 800). 10× images of the entire retina were collected for Collagen IV (COL IV) and CD31. 20× images were collected for COL IV, CD31, RBPMS, and Hoechst in four quadrants of the retina at a position 750 μm from the optic nerve (Frankfort et al., 2013). RBPMS positive RGCs were manually counted by an investigator who was blinded to the experimental conditions using the ImageJ cell counter plugin. Sholl analysis of 10× CD31 immunostained images was performed to determine differences in the complexity of the entire retinal vasculature. For the Sholl analysis, we calculated the number of vasculature intersections with concentric rings of increasing radii (50 μm increments) from the optic nerve head up to 1,500 μm using the ImageJ Sholl plugin. An estimate of the density of intersections in a full ring [Dring (r, δr)] with radius r and with radial thickness δr was obtained by dividing the experimentally observed number of interactions (Iobs) by the area of the ring (Aring; van Pelt et al., 2014). In our analysis, a radial thickness of δr = 1 μm was used for each ring.
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Additional processing of 20× magnification images was performed with ImageJ to separate stacked images for each retinal plexus for COL IV and CD31. These images were analyzed with NIH open-source AngioTool software using a custom workflow (Supplementary Figure 1). This software computes topographical vascular features such as capillary branch points (junctions) and spatial dimensions such as vascular length and vascular coverage percentage area, to provide semi-automated quantification which limits investigator bias (Zudaire et al., 2011). Acellular capillary density was manually counted in COL IV immunostained retinas at 20× magnification.



Amacrine cell (AC) and retinal ganglion cell (RGC) isolation and PCR array

ACs and RGCs were isolated using a previously described immunopanning technique (Park et al., 2019, 2020). Positive panning plates for CD15+ (anti-SSEA-1 #BD560079; BD Pharmingen, San 136 Jose, CA) and CD57+ (anti-HNK-1/N-CAM#C6680-100TST; Sigma Aldrich, St. Louis, MO) specific for ACs, and the positive panning plate for Thy1.2 (#MCA02R; Bio-Rad Antibodies, Hercules, CA) specific for RGCs were washed to remove any non-adherent retinal cells. Adherent ACs and RGCs were dissociated using trypsin and further processed to isolate RNA. For the PCR array, total RNA isolation was performed according to the manufacturer’s protocol using the TRIzol/spin column-based nucleic acid extraction kit (Direct-Zol; #R2050, Zymo Research, Irvine, CA, USA). Following cDNA construction, hypoxia-related gene expression was measured using the RT2 Profiler PCR Arrays: The Mouse Hypoxia Signaling Pathway (GeneGlobe ID-PAMM-032Z, Qiagen). Gene expression was normalized to housekeeping genes.



Statistical analysis

Data are presented throughout as mean ± SEM. A comparison of cumulative IOP over time was performed by calculating the area under the curve (AUC) using the trapezoidal method. The final average IOP was performed using paired t-tests (two-sided). For Sholl analysis, the number of intersections was plotted against the radius and the AUC was calculated. Retinal vasculature data were analyzed using paired t-tests (two-sided). The PCR array for gene expression was expressed as a heatmap using the log transformation values, with p = 0.05 as the cutoff for significance. All the analyses were conducted using Prism (GraphPad, La Jolla, CA). The thresholds for statistical significance are represented as *p < 0.05; **p < 0.01; ***p < 0.001).




RESULTS


Mild OHT for 2 weeks does not cause RGC loss

Eyes injected with polystyrene beads demonstrated mild OHT with IOP elevation of 18.15% ± 4.38% (p < 0.01) compared to the fellow, non-injected eyes (Figures 1A–C). RGC density (cells/mm2) was determined using RBPMS (RGC marker) immunostaining and was similar between IOP elevated and control eyes. This suggests that no RGC loss occurred at this level and duration of IOP elevation (Figure 1D; Supplementary Figure 2).
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FIGURE 1. (A) Average daily intraocular pressure (IOP) over the 2-week long experiment. (B) Cumulative IOP normalized to baseline. There was a consistent elevation in cumulative IOP throughout the study (paired t-test, n = 7; four females, three males). (C) Average IOP of all measurements. Bead injected eyes showed a significant increase in IOP compared to normal eyes (paired t-test, n = 7; **p < 0.01). (D) RGC density was equivalent between control and ocular hypertension (OHT) eyes (ns, nonsignificant). *p < 0.05, **p < 0.01.





Mild OHT for 2 weeks causes reduced retinal capillary complexity

We next assessed retinal capillary complexity using immunostaining with CD31 (endothelial cell marker) at the same time point, 2 weeks after IOP elevation, using Sholl analysis (Figure 2A). The AUC of the number of intersections was reduced for OHT (241,104 ± 4,512) compared to control (267,314 ± 4,028) eyes, indicating an overall reduction of retinal complexity (p < 0.001; Figure 2B). In control eyes, the relative vascular complexity showed a gradual increase from the optic nerve head to the mid-retina which then stabilized to a plateau phase from the mid-retina to the periphery, as expected (Figure 2C; Giannakaki-Zimmermann et al., 2016; Campbell et al., 2017; Lavia et al., 2020). In OHT eyes, our data demonstrated that retinal complexity started to diminish prior to the mid-retina (~300 μm), with persistently reduced complexity all the way to the periphery (Figure 2C). Therefore, 2 weeks of mild OHT significantly reduced the complexity of the retinal microvasculature despite no obvious effect on RGC density.
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FIGURE 2. (A) Representative images of CD31 immunostained retinas for control (top) and OHT (bottom) eyes. Left panels. Original image (scale bar = 500 μm). Middle two panels. Binary image of the same retinas with inset showing increased magnification. Right panels. Retina showing Sholl analysis patterns (right panels). (B,C) Sholl analysis for radii ranging from 0 to 1,500 μm. (B) The total number of intersections was significantly reduced in OHT retinas (AUC; ***p < 0.001). (C) Graph showing the total number of intersections as a function of the retinal explant area (intersection density) for both control and OHT eyes.





Mild OHT for 2 weeks preferentially impacts the intermediate retinal capillary plexus

To assess plexus-specific phenotypes after mild IOP elevation, we developed a novel image analysis workflow using ImageJ and AngioTool software (NIH open-source, Supplementary Figure 1 and “Methods” Section; Zudaire et al., 2011). Stacked images of each capillary plexus immunostained for both COL IV (basement membrane marker) and CD31 (endothelial marker, Figure 3A) were analyzed to semi-automatically quantify the vascular anatomical features and spatial distribution of the retinal capillaries. After 2 weeks of mild OHT, there was a significant reduction in the number of capillary junctions/mm2 (junction density) for both CD31 (26% ± 5.91%, p ≤ 0.01) and COL IV (26% ± 5.77%, p ≤ 0.01) in the IRCP for OHT eyes (Figure 3B). Similarly, we saw an 8% decrease in the junction density in the DRCP for CD31 but not COL IV. There was no reduction in the junction density in SRCP for either CD31 or COL IV. These data suggest that the IRCP is the most susceptible plexus to mild IOP elevation.


[image: image]

FIGURE 3. (A) Representative images for Collagen IV and CD31 immunostained retinas for superficial retinal capillary plexus (SRCP), intermediate retinal capillary plexus (IRCP), and deep retinal capillary plexus (DRCP; scale bar = 200 μm). (B) Junction density (number of junctions/mm2) for CD31 and Collagen IV immunostained retinas. No significant changes were observed for the SRCP. There was a significant reduction in junction density for both CD31 and Collagen IV in the IRCP for OHT retinas (paired t-test; **p < 0.01). Junction density was reduced for CD31 but not Collagen IV for OHT retinas in the DRCP (paired t-test; *p < 0.05).



Next, we studied spatial vascular features in the capillary plexus. The total capillary vessel length/mm2 (vessel length) was reduced for both CD31 (12% ± 2.04%, p ≤ 0.01) and COL IV (12% ± 2.55%, p ≤ 0.001) in the IRCP after 2 weeks of mild OHT (Figure 4A). There was also a significant decrease in the vessel area percentage for CD31 (19% ± 2.09%, p ≤ 0.01) but not COL IV in the IRCP (Figure 4B). Neither of these spatial vascular features were significantly changed in the SRCP or DRCP.
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FIGURE 4. (A) Total capillary vessel length (μm/mm2) in CD31 and Collagen IV immunostained retinas. The total length was reduced for both CD31 and Collagen IV in the IRCP for OHT retinas (paired t-test; **p < 0.01). No significant changes were seen in the SRCP and DRCP. (B) Percentage of the retina covered by vessels (vessel area %) for CD31 and Collagen IV immunostained retinas. The vessel area percentage was decreased for CD31 but not for Collagen IV in the IRCP for OHT retinas (paired t-test; ***p < 0.001). No significant changes were seen in the SRCP or DRCP.



Since COL IV identifies the basement membrane and CD31 marks endothelial cells they normally exist in a precise spatial relationship in which COL IV surrounds CD31. After injury, however, this relationship can be disturbed as endothelial cells retract, leaving behind the basement membrane. These acellular capillaries or “ghost vessels” represent capillary dropout (Baluk et al., 2003; Veenstra et al., 2015). Thus, to further assess IRCP-specific changes to spatial vascular features we interrogated the relationship between COL IV and CD31. Acellular capillary density was significantly increased (Figures 5A,B) after 2 weeks of mild OHT (134.9% ± 44.6%, p ≤ 0.01). Importantly, acellular capillaries can be differentiated from the inter pericyte tunneling nanotubes (IP-TNTs) as the latter are much thinner and are associated with a pericyte proximally or distally (Figure 5C; Alarcon-Martinez et al., 2020).
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FIGURE 5. (A) Representative IRCP images for Collagen IV and CD31 immunostained retinas (top; scale bar = 200 μm) with zoom for additional detail (bottom). Magnified images show examples of acellular capillaries (ghost vessels) marked with white asterisks. (B) Acellular capillary density (acellular capillaries/mm2) was greatly increased in the IRCP for OHT retinas (paired t-test; **p < 0.01). (C) Different magnified region of the same representative images (A, top) highlights the difference between acellular capillaries (white asterisks) and inter-pericyte tunneling nanotubes (IP-TNTs; white arrowhead).



Taken together, these data suggest that capillary dropout and remodeling in the IRCP are among the earliest plexus-specific, identifiable and quantifiable responses to mild IOP elevation.



Mild OHT for 2 weeks causes increased hypoxia in amacrine cells (ACs)

Since regulation of the IRCP involves the interplay of signals from several NVU members including HIF1α-dependent signaling from ACs (Usui et al., 2015), we further investigated whether ACs displayed evidence of local hypoxia. To do so, in a parallel experiment, after 2 weeks of bead- (OHT, average IOP increase = 1.53 mmHg) or saline-injection (control, no IOP increase), ACs and RGCs were isolated using immunopanning (Park et al., 2019, 2020). Extracted RNA was used to quantify gene transcription from a series of hypoxia related genes (RT Profiler; Qiagen). We found a relative increase in the expression of many hypoxia-dependent genes in ACs>>RGCs from mild OHT eyes. Interestingly, this included several HIF1α target genes related to vascular remodeling, angiogenesis, inflammation, neurodegeneration, and metabolite transport (Figure 6A). Thus, it is likely that local hypoxia in ACs but not RGCs is an early indicator of IOP-induced molecular change.
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FIGURE 6. (A) Relative gene expression of hypoxia pathway genes in pooled immunopanned amacrine cells (ACs) and retinal ganglion cells (RGCs) from mild OHT and saline control eyes. RT Profiler was used to quantify the relative expression of multiple hypoxia genes. After IOP elevation, ACs (column 4), but not RGCs (column 3), show a relative increase in expression (red) of the HIF1α-target genes VEGFα, Epo, Angpt4, Nfkb, Slc16a3, Slc2a3, and Ddit4 (n = 3 biological replicates). (B) Potential model of OHT impact on the retinal vasculature. With mild OHT, the resulting hypoxia and oxidative stress lead to microvascular remodeling in the retinal capillary plexi and disrupted physiology of retinal cells. The earliest impacted retinal cell and retinal capillary plexus are ACs and the IRCP, respectively. It is likely that neurovascular unit (NVU) dysfunction results in abnormal HIF1α/VEGFα signaling to cause AC-Endothelial cell-pericyte miscommunication and resultant IRCP remodeling.






DISCUSSION

In this study, we show that mild OHT causes preferential IRCP remodeling and local hypoxia which precedes RGC loss. This novel vascular phenotype has several implications for glaucoma pathogenesis.

The IRCP develops at around p12–p15 as AC synaptic development and resultant increases in energy demand trigger the upward sprouting of the IRCP from the DRCP as directed by a transient gradient of ischemia-driven VEGF. This pathway is again utilized during adulthood as ACs regulate and maintain the IRCP via HIF-1α/VEGF-dependent mechanisms (Voinescu et al., 2009; Usui et al., 2015). This signaling likely works through NVUs which consist of ACs, endothelial cells, pericytes, and glia (intermediate plexus NVU, or iNVU; Usui et al., 2015; Nian et al., 2021). Interestingly, the IRCP is the most vulnerable of all three plexi to hypoxia and oxidative stress (Usui et al., 2015). Our data, which show enhanced sensitivity of the IRCP to IOP elevation and upregulation of HIF-1α/VEGFα expression in ACs, support and expand these observations. Indeed, multiple studies in experimental glaucoma have found that ACs are among the first neurons to be affected, but the mechanism of their initial injury is unclear (Gunn et al., 2011; Pang et al., 2015; Akopian et al., 2019). Therefore, we propose that early iNVU dysfunction is the linking event between IRCP remodeling and AC dysfunction in experimental glaucoma.

NVU crosstalk among its four cell types is complex (Kugler et al., 2021; Nian et al., 2021). While our data cannot clearly distinguish the absolute first event in iNVU dysfunction, multiple possibilities can explain the combination of IRCP remodeling, AC dysfunction, and AC upregulation of HIF-1α/VEGFα signaling (Figure 6B). Upregulation of HIF-1α/VEGFα signaling is known to cause increased capillary development (Ramakrishnan et al., 2014; Zimna and Kurpisz, 2015). However, since we see the opposite—decreased IRCP capillary complexity—it is unlikely that direct, IOP-induced AC injury is the first event in iNVU dysfunction. Rather, the decreased IRCP complexity that we see may represent vascular stress, and the upregulation of HIF-1α/VEGFα signaling that we see in ACs is therefore more likely to be a compensatory response to local hypoxia (Schulz et al., 2012; Tsuboi et al., 2015). Other NVU components such as pericytes and glial cells also play important roles in retinal capillary development and control capillary blood flow according to neuronal demand (Zhang and Stone, 1997; Bergers and Song, 2005; Wareham and Calkins, 2020). Additional studies will be necessary to distinguish the specific order and location of NVU dysregulation after IOP elevation.

Our data may also explain the observation that OFF-RGCs, and in particular their dendrites, are more susceptible to IOP elevation than ON-RGCs (Della Santina et al., 2013; El-Danaf and Huberman, 2015; Ou et al., 2016; Della Santina and Ou, 2017; Sabharwal et al., 2017). Since the primary blood supply for the OFF stratum of the IPL (dendrites of OFF-RGCs) is the IRCP (Usui et al., 2015; Nian et al., 2021), the reduced local blood flow expected with IOP-induced IRCP capillary retraction is a plausible anatomic explanation. We observed subtle changes in the expression of HIF-1α targets in RGCs and these may represent OFF-RGCs. However, additional studies will be required to confirm this.

Interestingly, the impact of OHT on the capillary plexi may differ according to the level and/or duration of IOP elevation. For example, a previous study from our lab found that acutely elevated IOP to high levels led to delayed capillary injury to both the SRCP and the IRCP (Tao et al., 2020b). The very high levels of IOP in that study (>50 mmHg) suggest that distinct IOP injury thresholds may exist for the IRCP (low IOP) and the SRCP (high IOP). This interpretation is consistent with other threshold effects that have been seen in induced glaucoma models (Tao et al., 2019, 2020a) as well as the differential effects of acute (HIF-1α related) and chronic (HIF-2α related) hypoxia on cellular injury (Tezel and Wax, 2004; Mowat et al., 2010).

This study is limited to observations of changes in the structural anatomy of the retinal vasculature and does not assess the underlying vascular physiology of the IRCP. Nevertheless, the findings in this manuscript may help explain the pathogenesis of several findings in patients with glaucoma. First, conditions associated with abnormal blood circulation (migraines, Reynaud’s phenomenon, systemic hypotension, etc.) are well associated with normal tension glaucoma (Mallick et al., 2016; Chan et al., 2017). Reduced local blood flow or tissue oxygenation at the level of the capillary plexi may provide a pathogenic link. Second, the prevalence of glaucoma increases with age (Allison et al., 2020; Zhang et al., 2021). Similarly, aging reduces vascular plasticity/capillary remodeling (Lahteenvuo and Rosenzweig, 2012; Xu et al., 2017). Our data suggest that inspection of the IRCP in the elderly population might hold diagnostic and predictive value for glaucoma, as it does for other retinal diseases (Iafe et al., 2016; Ye et al., 2020; Gao et al., 2022). Third, small fluctuations in IOP cause microvascular injury and are associated with additional RGC loss even when average IOPs are equivalent (Nouri-Mahdavi et al., 2004; Caprioli and Coleman, 2008; Nita and Grzybowski, 2016; Wareham and Calkins, 2020). Thus, small variations in IOP may create a susceptible environment for neuronal injury in normal tension or treated glaucoma.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Baylor College of Medicine IACUC.



AUTHOR CONTRIBUTIONS

PP conducted confocal imaging, generated the image analysis workflow, analyzed data, prepared figures, and wrote the primary manuscript draft. GS conducted immunohistochemistry and recorded IOP. RS performed pilot studies and developed imaging procedures. MP-P assisted in data analysis and managed animal breeding. YP and SG conducted cell isolation, RNA analysis experiments, and analyzed data. PW provided protocols and conceptualized research hypotheses. RC assisted with vascular hypotheses and clinical correlation. BF obtained funding, conceptualized research hypotheses, and supervised the entire project. PP and BF edited the final draft manuscript and reviewed final figures. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by National Eye Institute (NEI) Grants R01 EY025601 (BF) and P30 EY002520 (Baylor College of Medicine) and an unrestricted grant from Research to Prevent Blindness to the Cullen Eye Institute at Baylor College of Medicine.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncel.2022.1073786/full#supplementary-material.



REFERENCES

Akopian, A., Kumar, S., Ramakrishnan, H., Viswanathan, S., and Bloomfield, S. A. (2019). Amacrine cells coupled to ganglion cells via gap junctions are highly vulnerable in glaucomatous mouse retinas. J. Comp. Neurol. 527, 159–173. doi: 10.1002/cne.24074

Alarcon-Martinez, L., Villafranca-Baughman, D., Quintero, H., Kacerovsky, J. B., Dotigny, F., Murai, K. K., et al. (2020). Interpericyte tunnelling nanotubes regulate neurovascular coupling. Nature 585, 91–95. doi: 10.1038/s41586-020-2589-x

Allison, K., Patel, D., and Alabi, O. (2020). Epidemiology of glaucoma: the past, present and predictions for the future. Cureus 12:e11686. doi: 10.7759/cureus.11686

Baluk, P., Morikawa, S., Haskell, A., Mancuso, M., and McDonald, D. M. (2003). Abnormalities of basement membrane on blood vessels and endothelial sprouts in tumors. Am. J. Pathol. 163, 1801–1815. doi: 10.1016/S0002-9440(10)63540-7

Bergers, G., and Song, S. (2005). The role of pericytes in blood-vessel formation and maintenance. Neuro Oncol. 7, 452–464. doi: 10.1215/S1152851705000232

Campbell, J. P., Zhang, M., Hwang, T. S., Bailey, S. T., Wilson, D. J., Jia, Y., et al. (2017). Detailed vascular anatomy of the human retina by projection-resolved optical coherence tomography angiography. Sci. Rep. 7:42201. doi: 10.1038/srep42201

Caprioli, J., and Coleman, A. L. (2008). Intraocular pressure fluctuation a risk factor for visual field progression at low intraocular pressures in the advanced glaucoma intervention study. Ophthalmology 115, 1123–1129.e3. doi: 10.1016/j.ophtha.2007.10.031

Chan, K. K. W., Tang, F., Tham, C. C. Y., Young, A. L., and Cheung, C. Y. (2017). Retinal vasculature in glaucoma: a review. BMJ Open Ophthalmol. 1:e000032. doi: 10.1136/bmjophth-2016-000032

Chidlow, G., Wood, J. P. M., and Casson, R. J. (2017). Investigations into hypoxia and oxidative stress at the optic nerve head in a rat model of glaucoma. Front. Neurosci. 11:478. doi: 10.3389/fnins.2017.00478

Crish, S. D., Sappington, R. M., Inman, D. M., Horner, P. J., and Calkins, D. J. (2010). Distal axonopathy with structural persistence in glaucomatous neurodegeneration. Proc. Natl. Acad. Sci. U S A 107, 5196–5201. doi: 10.1073/pnas.0913141107

Della Santina, L., and Ou, Y. (2017). Who’s lost first? Susceptibility of retinal ganglion cell types in experimental glaucoma. Exp. Eye Res. 158, 43–50. doi: 10.1016/j.exer.2016.06.006

Della Santina, L., Inman, D. M., Lupien, C. B., Horner, P. J., and Wong, R. O. L. (2013). Differential progression of structural and functional alterations in distinct retinal ganglion cell types in a mouse model of glaucoma. J. Neurosci. 33, 17444–17457. doi: 10.1523/JNEUROSCI.5461-12.2013

Dijk, F., van Leeuwen, S., and Kamphuis, W. (2004). Differential effects of ischemia/reperfusion on amacrine cell subtype-specific transcript levels in the rat retina. Brain Res. 1026, 194–204. doi: 10.1016/j.brainres.2004.08.034

Doh, S. H., Kim, J. H., Lee, K. M., Park, H. Y., and Park, C. K. (2010). Retinal ganglion cell death induced by endoplasmic reticulum stress in a chronic glaucoma model. Brain Res. 1308, 158–166. doi: 10.1016/j.brainres.2009.10.025

El-Danaf, R. N., and Huberman, A. D. (2015). Characteristic patterns of dendritic remodeling in early-stage glaucoma: evidence from genetically identified retinal ganglion cell types. J. Neurosci. 35, 2329–2343. doi: 10.1523/JNEUROSCI.1419-14.2015

Frankfort, B. J., Khan, A. K., Tse, D. Y., Chung, I., Pang, J.-J., Yang, Z., et al. (2013). Elevated intraocular pressure causes inner retinal dysfunction before cell loss in a mouse model of experimental glaucoma. Invest. Ophthalmol. Vis. Sci. 54, 762–770. doi: 10.1167/iovs.12-10581

Gao, L., Wang, J., You, Q., Guo, Y., Flaxel, C. J., Hwang, T. S., et al. (2022). Plexus-specific retinal capillary avascular area in exudative age-related macular degeneration with projection-resolved OCT angiography. Br. J. Ophthalmol. 106, 719–723. doi: 10.1136/bjophthalmol-2020-317562

Giannakaki-Zimmermann, H., Kokona, D., Wolf, S., Ebneter, A., and Zinkernagel, M. S. (2016). Optical coherence tomography angiography in mice: comparison with confocal scanning laser microscopy and fluorescein angiography. Transl. Vis. Sci. Technol. 5:11. doi: 10.1167/tvst.5.4.11

Gunn, D. J., Gole, G. A., and Barnett, N. L. (2011). Specific amacrine cell changes in an induced mouse model of glaucoma. Clin. Exp. Ophthalmol. 39, 555–563. doi: 10.1111/j.1442-9071.2010.02488.x

Iafe, N. A., Phasukkijwatana, N., Chen, X., and Sarraf, D. (2016). Retinal capillary density and foveal avascular zone area are age-dependent: quantitative analysis using optical coherence tomography angiography. Invest. Ophthalmol. Vis. Sci. 57, 5780–5787. doi: 10.1167/iovs.16-20045

Jia, Y., Simonett, J. M., Wang, J., Hua, X., Liu, L., Hwang, T. S., et al. (2017). Wide-field OCT angiography investigation of the relationship between radial peripapillary capillary plexus density and nerve fiber layer thickness. Invest. Ophthalmol. Vis. Sci. 58, 5188–5194. doi: 10.1167/iovs.17-22593

Kasetti, R. B., Patel, P. D., Maddineni, P., Patil, S., Kiehlbauch, C., Millar, J. C., et al. (2020). ATF4 leads to glaucoma by promoting protein synthesis and ER client protein load. Nat. Commun. 11:5594. doi: 10.1038/s41467-020-19352-1

Kielczewski, J. L., Pease, M. E., and Quigley, H. A. (2005). The effect of experimental glaucoma and optic nerve transection on amacrine cells in the rat retina. Invest. Ophthalmol. Vis. Sci. 46, 3188–3196. doi: 10.1167/iovs.05-0321

Kugler, E. C., Greenwood, J., and MacDonald, R. B. (2021). The “neuro-glial-vascular” unit: the role of glia in neurovascular unit formation and dysfunction. Front. Cell Dev. Biol. 9:732820. doi: 10.3389/fcell.2021.732820

Lahteenvuo, J., and Rosenzweig, A. (2012). Effects of aging on angiogenesis. Circ. Res. 110, 1252–1264. doi: 10.1161/CIRCRESAHA.111.246116

Lavia, C., Mece, P., Nassisi, M., Bonnin, S., Marie-Louise, J., Couturier, A., et al. (2020). Retinal capillary plexus pattern and density from fovea to periphery measured in healthy eyes with swept-source optical coherence tomography angiography. Sci. Rep. 10:1474. doi: 10.1038/s41598-020-58359-y

Liu, L., Edmunds, B., Takusagawa, H. L., Tehrani, S., Lombardi, L. H., Morrison, J. C., et al. (2019). Projection-resolved optical coherence tomography angiography of the peripapillary retina in glaucoma. Am. J. Ophthalmol. 207, 99–109. doi: 10.1016/j.ajo.2019.05.024

Mallick, J., Devi, L., Malik, P. K., and Mallick, J. (2016). Update on normal tension glaucoma. J. Ophthalmic. Vis. Res. 11, 204–208. doi: 10.4103/2008-322X.183914

Mowat, F. M., Luhmann, U. F. O., Smith, A. J., Lange, C., Duran, Y., Harten, S., et al. (2010). HIF-1α and HIF-2α are differentially activated in distinct cell populations in retinal ischaemia. PLoS One 5:e11103. doi: 10.1371/journal.pone.0011103

Nian, S., Lo, A. C. Y., Mi, Y., Ren, K., and Yang, D. (2021). Neurovascular unit in diabetic retinopathy: pathophysiological roles and potential therapeutical targets. Eye Vis. (Lond) 8:15. doi: 10.1186/s40662-021-00239-1

Nita, M., and Grzybowski, A. (2016). The role of the reactive oxygen species and oxidative stress in the pathomechanism of the age-related ocular diseases and other pathologies of the anterior and posterior eye segments in adults. Oxid. Med. Cell. Longev. 2016:3164734. doi: 10.1155/2016/3164734

Nouri-Mahdavi, K., Hoffman, D., Coleman, A. L., Liu, G., Li, G., Gaasterland, D., et al. (2004). Predictive factors for glaucomatous visual field progression in the advanced glaucoma intervention study. Ophthalmology 111, 1627–1635. doi: 10.1016/j.ophtha.2004.02.017

Ou, Y., Jo, R. E., Ullian, E. M., Wong, R. O. L., and Della Santina, L. (2016). Selective vulnerability of specific retinal ganglion cell types and synapses after transient ocular hypertension. J. Neurosci. 36, 9240–9252. doi: 10.1523/JNEUROSCI.0940-16.2016

Pang, J.-J., Frankfort, B. J., Gross, R. L., and Wu, S. M. (2015). Elevated intraocular pressure decreases response sensitivity of inner retinal neurons in experimental glaucoma mice. Proc. Natl. Acad. Sci. U S A 112, 2593–2598. doi: 10.1073/pnas.1419921112

Park, Y. H., Snook, J. D., Ostrin, E. J., Kim, S., Chen, R., and Frankfort, B. J. (2019). Transcriptomic profiles of retinal ganglion cells are defined by the magnitude of intraocular pressure elevation in adult mice. Sci. Rep. 9:2594. doi: 10.1038/s41598-019-39141-1

Park, Y. H., Snook, J. D., Zhuang, I., Shen, G., and Frankfort, B. J. (2020). Optimized culture of retinal ganglion cells and amacrine cells from adult mice. PLoS One 15:e0242426. doi: 10.1371/journal.pone.0242426

Ramakrishnan, S., Anand, V., and Roy, S. (2014). Vascular endothelial growth factor signaling in hypoxia and inflammation. J. Neuroimmune Pharmacol. 9, 142–160. doi: 10.1007/s11481-014-9531-7

Sabharwal, J., Seilheimer, R. L., Tao, X., Cowan, C. S., Frankfort, B. J., and Wu, S. M. (2017). Elevated IOP alters the space-time profiles in the center and surround of both ON and OFF RGCs in mouse. Proc. Natl. Acad. Sci. U S A 114, 8859–8864. doi: 10.1073/pnas.1706994114

Sappington, R. M., Carlson, B. J., Crish, S. D., and Calkins, D. J. (2010). The microbead occlusion model: a paradigm for induced ocular hypertension in rats and mice. Invest. Ophthalmol. Vis. Sci. 51, 207–216. doi: 10.1167/iovs.09-3947

Schulz, K., Milke, L., Rubsamen, D., Menrad, H., Schmid, T., and Brune, B. (2012). HIF-1α protein is upregulated in HIF-2α depleted cells via enhanced translation. FEBS Lett. 586, 1652–1657. doi: 10.1016/j.febslet.2012.04.039

Syc-Mazurek, S. B., Fernandes, K. A., Wilson, M. P., Shrager, P., and Libby, R. T. (2017). Together JUN and DDIT3 (CHOP) control retinal ganglion cell death after axonal injury. Mol. Neurodegener. 12:71. doi: 10.1186/s13024-017-0214-8

Tao, X., Sabharwal, J., Seilheimer, R. L., Wu, S. M., and Frankfort, B. J. (2019). Mild intraocular pressure elevation in mice reveals distinct retinal ganglion cell functional thresholds and pressure-dependent properties. J. Neurosci. 39, 1881–1891. doi: 10.1523/JNEUROSCI.2085-18.2019

Tao, X., Sabharwal, J., Wu, S. M., and Frankfort, B. J. (2020a). Intraocular pressure elevation compromises retinal ganglion cell light adaptation. Invest. Ophthalmol. Vis. Sci. 61:15. doi: 10.1167/iovs.61.12.15

Tao, X., Sigireddi, R. R., Westenskow, P. D., Channa, R., and Frankfort, B. J. (2020b). Single transient intraocular pressure elevations cause prolonged retinal ganglion cell dysfunction and retinal capillary abnormalities in mice. Exp. Eye Res. 201:108296. doi: 10.1016/j.exer.2020.108296

Tepelus, T. C., Song, S., Borrelli, E., Nittala, M. G., Baghdasaryan, E., Sadda, S. R., et al. (2019). Quantitative analysis of retinal and choroidal vascular parameters in patients with low tension glaucoma. J. Glaucoma 28, 557–562. doi: 10.1097/IJG.0000000000001242

Tezel, G., and Wax, M. B. (2004). Hypoxia-inducible factor 1α in the glaucomatous retina and opticnerve head. Arch. Ophthalmol. 122, 1348–1356. doi: 10.1001/archopht.122.9.1348

Tham, Y.-C., Li, X., Wong, T. Y., Quigley, H. A., Aung, T., and Cheng, C.-Y. (2014). Global prevalence of glaucoma and projections of glaucoma burden through 2040: a systematic review and meta-analysis. Ophthalmology 121, 2081–2090. doi: 10.1016/j.ophtha.2014.05.013

Tsuboi, I., Yamashita, T., Nagano, M., Kimura, K., To’a Salazar, G., and Ohneda, O. (2015). Impaired expression of HIF-2α induces compensatory expression of HIF-1α for the recovery from anemia. J. Cell Physiol. 230, 1534–1548. doi: 10.1002/jcp.24899

Usui, Y., Westenskow, P. D., Kurihara, T., Aguilar, E., Sakimoto, S., Paris, L. P., et al. (2015). Neurovascular crosstalk between interneurons and capillaries is required for vision. J. Clin. Invest. 125, 2335–2346. doi: 10.1172/JCI80297

van Pelt, J., van Ooyen, A., and Uylings, H. B. M. (2014). Axonal and dendritic density field estimation from incomplete single-slice neuronal reconstructions. Front. Neuroanat. 8:54. doi: 10.3389/fnana.2014.00054

Veenstra, A., Liu, H., Lee, C. A., Du, Y., Tang, J., and Kern, T. S. (2015). Diabetic retinopathy: retina-specific methods for maintenance of diabetic rodents and evaluation of vascular histopathology and molecular abnormalities. Curr. Protoc. Mouse Biol. 5, 247–270. doi: 10.1002/9780470942390.mo140190

Voinescu, P. E., Kay, J. N., and Sanes, J. R. (2009). Birthdays of retinal amacrine cell subtypes are systematically related to their molecular identity and soma position. J. Comp. Neurol. 517, 737–750. doi: 10.1002/cne.22200

Wareham, L. K., and Calkins, D. J. (2020). The neurovascular unit in glaucomatous neurodegeneration. Front. Cell Dev. Biol. 8:452. doi: 10.3389/fcell.2020.00452

Xu, X., Wang, B., Ren, C., Hu, J., Greenberg, D. A., Chen, T., et al. (2017). Age-related impairment of vascular structure and functions. Aging Dis. 8, 590–610. doi: 10.14336/AD.2017.0430

Yarmohammadi, A., Zangwill, L. M., Diniz-Filho, A., Suh, M. H., Manalastas, P. I., Fatehee, N., et al. (2016). Optical coherence tomography angiography vessel density in healthy, glaucoma suspect and glaucoma eyes. Invest. Ophthalmol. Vis. Sci. 57, 451–459. doi: 10.1167/iovs.15-18944

Ye, J., Wang, M., Shen, M., Huang, S., Xue, A., Lin, J., et al. (2020). Deep retinal capillary plexus decreasing correlated with the outer retinal layer alteration and visual acuity impairment in pathological myopia. Invest. Ophthalmol. Vis. Sci. 61:45. doi: 10.1167/iovs.61.4.45


Zhang, Y., and Stone, J. (1997). Role of astrocytes in the control of developing retinal vessels. Invest. Ophthalmol. Vis. Sci. 38, 1653–1666.


Zhang, N., Wang, J., Li, Y., and Jiang, B. (2021). Prevalence of primary open angle glaucoma in the last 20 years: a meta-analysis and systematic review. Sci. Rep. 11:13762. doi: 10.1038/s41598-021-92971-w

Zimna, A., and Kurpisz, M. (2015). Hypoxia-inducible factor-1 in physiological and pathophysiological angiogenesis: applications and therapies. Biomed. Res. Int. 2015:549412. doi: 10.1155/2015/549412

Zudaire, E., Gambardella, L., Kurcz, C., and Vermeren, S. (2011). A computational tool for quantitative analysis of vascular networks. PLoS One 6:e27385. doi: 10.1371/journal.pone.0027385

Conflict of Interest: YP is currently employed by the Novartis Institutes for Biomedical Research (NIBR), Cambridge, MA, United States. PW is currently employed by F Hoffmann-La Roche AG, Basel, Basel-Stadt, Switzerland. Both authors contributed to this manuscript while previously employed at Baylor College of Medicine.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Pitale, Shen, Sigireddi, Polo-Prieto, Park, Gibson, Westenskow, Channa and Frankfort. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fncel-16-1073786-g004.gif
>

Total vessel length (um/mm?)

Vessel area (%)

CD31

CD31
SCRP

coL v
SCRP

coL v

CD31

CD31
|

coL v CD31 CcoL v
IRCP DRCP

CoL v CD31 CcoL v
RCP DRCP





OPS/images/fncel-16-1073786-g005.gif
150 *%

100

IRCP

Acellular capillaries/mm?
a
o

Control OHT





OPS/images/fncel-16-1073786-g002.gif
CD31 - Binary

B
4009+ control
< OHT
b
300 ¥
3
g0
=
100
0 4t
EERTREPEEZERESE
Radius (um)
c
0.059| -+ Control
> OHT
T 004
=
2 003
3
£ 002
i
£ o0t

R EEEEEEEEEEEE
§§ 3388288888888

Radius (um)





OPS/images/fncel-16-1073786-g003.gif
Junctions/mm?

2
H
3
[$}

OHT

600

300,

- Control
< OHT

CD31  cOLIV
SCRP

CD31

coLiv
IRCP

CD31

coL v
DRCP





OPS/images/fncel-16-1073786-g006.gif
1. Saline (RGC)

2. Saline (AC)

3. Mild OHT (RGC)
4. Mild OHT (AC)

I Sic1623
I s'c2:
L B
e

min avg max

OHT

Local Hypoxia/Oxidative Stress

Regional Impact

———————— -
I Proposed Model |

I [ Abnormal HIF 1o/VEGFa signaling |

I ! ¢

~L | Endothelial Cell/Pericyte dysfunction |

Vascular Remodeling (IRCP)





OPS/images/crossmark.jpg





OPS/xhtml/Nav.xhtml


Contents





		Cover



		Selective vulnerability of the intermediate retinal capillary plexus precedes retinal ganglion cell loss in ocular hypertension



		Introduction



		Methods And Materials



		Animal Use And Induction Of Experimental Glaucoma



		Immunohistochemistry



		Image Processing And Analysis



		Amacrine Cell (Ac) And Retinal Ganglion Cell (Rgc) Isolation And Pcr Array



		Statistical Analysis











		Results



		Mild Oht For 2 Weeks Does Not Cause Rgc Loss



		Mild Oht For 2 Weeks Causes Reduced Retinal Capillary Complexity



		Mild Oht For 2 Weeks Preferentially Impacts The Intermediate Retinal Capillary Plexus



		Mild Oht For 2 Weeks Causes Increased Hypoxia In Amacrine Cells (Acs)











		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/umath_1.gif
Lobs
Lobs
Dring = Ao






OPS/images/fncel-16-1073786-g001.gif
+ Control
< OHT

12

10

Days

o

"

+ Control
< OHT

209

(BHww) do| ebesony

(BHWW) doI eAneinwnd

04

12

10

Days

ns

500¢

20

g &
g 3

Aw/s|je0

400¢

*k

(BHww) dO| abesany





OPS/images/cover.jpg
, frontiers
1N Cellular Neuroscience

Selective vulnerability of the
intermediate retinal capillary
plexus precedes retinal ganglion
cell loss in ocular hypertension









OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





