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ABSTRACT  24 

 25 

Diabetic retinopathy is a complex, microvascular disease that impacts millions of working adults 26 

each year. High blood glucose levels from Diabetes Mellitus lead to accumulation of advanced 27 

glycation end products (AGEs), which promote inflammation and breakdown of the inner blood 28 

retinal barrier (iBRB) to result in vision loss. This study used an in vitro model of hyperglycemia 29 

to examine how endothelial cells (ECs) and Müller glia (MG) collectively regulate molecular 30 

transport. Changes in cell morphology, expression of junctional proteins and reactive oxygen 31 

species (ROS) of ECs and MG were examined when exposed to a hyperglycemic medium 32 

containing AGEs. Trans endothelial resistance (TEER) assays were used to measure changes in 33 

cell barrier resistance in response to hyperglycemic and inflammatory conditions, with and 34 

without an anti-VEGF compound. Both cell types responded to hyperglycemic conditions with 35 

significant changes in cell area and morphology, ROS, and expression of junctional proteins ZO-36 

1, Cx-43, and CD40, as well as the receptor for AGEs. Resistivities of individual and dual ECs 37 

and MG barriers decreased within the hyperglycemia model but were restored to that of basal, 38 

normoglycemic levels when treated with anti-VEGF. This study illustrated significant phenotypic 39 

responses to an in vitro model of hyperglycemia, as well as significant changes in the expression 40 

of key proteins used for cell-cell communication. Results highlight important, synergistic 41 

relationships between ECs and MG and how they contribute to changes in barrier function in 42 

combination with conventional treatments.  43 

 44 

 45 

 46 
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1. Introduction  47 

Diabetic retinopathy (DR) is a leading cause of blindness among working adults worldwide, 48 

projected to affect more than 160 million people by 2045 [1]. Therapies to treat DR in aging 49 

adults face significant challenges, as vision is often diminished via concurrent pathologies that 50 

include aberrant angiogenesis, wide-spread retinal hemorrhage, and accumulation of pro-51 

inflammatory compounds, such as advanced glycation end-products (AGEs) [2]. The complex 52 

progression of DR alters the structure and operation of the inner blood retinal barrier (iBRB), a 53 

selective neurovascular tissue that meets the high metabolic demands of vision by regulating 54 

molecular transport across circulating blood and retinal tissue [3]. Limited understanding of age-55 

related, pathological changes to neurovascular barriers is a significant challenge to the 56 

development of effective therapies for diabetic retinopathy. 57 

 58 

The iBRB is primarily composed of endothelial cells, pericytes, Müller glia, and astrocytes, as 59 

shown in Figure 1-A. Endothelial cells (ECs) line the inner surfaces of retinal capillaries and 60 

collaborate with pericytes to help regulate angiogenic responses, cell-to-cell communication, and 61 

selective molecular transport [4, 5]. In complement, astrocyte bodies reside in the retinal nerve 62 

fiber layer and extend end feet processes to make direct contact with ECs. Müller glia (MG) span 63 

the entire thickness of the retina and directly communicate with ECs. Mounting evidence 64 

suggests that chronic hyperglycemia of Diabetes Mellitus consists of high glucose and 65 

accumulation of AGEs that disrupt cell-to-cell communication and iBRB response [6, 7]. In 66 

particular, AGEs are well-known to cause overwhelming pericyte death and gliotic scarring that 67 

often requires vitrectomy and astrocyte removal [8]. As a result, MG can become significant cell 68 

partners to ECs in aging and pathogenic iBRB.  As shown in Figure 1-B, these cells collectively 69 
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support iBRB integrity by stabilizing tight junctions between ECs, e.g., zonula occludens-1 (ZO-70 

1), and heterotypic gap junctions across neuroglia and ECs, e.g., connexin 43 (CX-43), that 71 

facilitate ion balance, waste, and glucose transport between cells [9, 10]. How MG and ECs 72 

communicate to collectively regulate molecular transport in hyperglycemic conditions prodromal 73 

to DR has been understudied and remains incompletely understood.  74 

 75 

This project examined the cellular, molecular, and functional changes of Müller glia (MG) and 76 

endothelial cell (ECs) barriers in response to prolonged exposure to high glucose and AGEs 77 

typical of hyperglycemia. The conditions stimulated an in vitro, chronic inflammatory state, as 78 

evidenced by increased levels of reactive oxygen species (ROS) and expression of the receptor 79 

for advanced glycation end-products (RAGE) and cluster of differentiation (CD-40). Dual cell 80 

barriers comprised of adjacent MG and ECs monolayers exhibited greater resistivity – and thus 81 

greater barrier function – than cell barriers of ECs alone. Moreover, the in vitro hyperglycemia 82 

model decreased resistivity of individual and dual MG and ECs barriers, while treatment with 83 

contemporary anti-VEGF compounds restored the resistivity of dual cell barriers to those of 84 

basal levels. These insights highlight the importance of strategies for treatments that focus on 85 

collective barrier responses and its impact with and without conventional treatments, such as 86 

anti-VEGF. 87 

 88 

 89 

 90 

 91 

 92 
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 93 

 94 

 95 

Figure 1. Structure of the inner Blood Retinal Barrier (iBRB) and communication between 96 

endothelial cells (ECs) and Müller glia (MG) in basal and hyperglycemic conditions. A) Schematic of 97 

the retina and iBRB anatomy. The inner blood retinal barrier is mainly comprised of endothelial cells, 98 

pericytes, a basement membrane, and the foot processes of glial cells. The iBRB is a uniform capillary 99 

bed extending from the nerve fiber layer to the inner nuclear layer. The foot processes of astrocytes reside 100 

on the nerve fiber layer, while the foot processes of Muller glia are throughout the iBRB. 101 

 102 

 103 

 104 

 105 

 106 

 107 

 108 
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2. Results  109 

 2.1. High Glucose and AGEs Induce an In Vitro Hyperglycemic State 110 

Hyperglycemia-conditioned Müller glia (HMG) and Hyperglycemia-conditioned endothelial cells 111 

(HECs) demonstrated cellular and molecular differences from MG and ECs when cultured using 112 

3 different hyperglycemic media conditions of M1: 25mM glucose and 1μg/mL AGEs, M2: 25mM 113 

glucose and 5μg/mL AGEs, and M3: 25mM glucose and 10μg/mL AGEs. Tests measured 114 

expression of reactive oxygen species (ROS), cluster of differentiation 40 (CD40), and the receptor 115 

for advanced glycation end-products (RAGE), i.e., known markers upregulated in diabetic rodent 116 

retinal cells in vitro, as previously reported [11-13].  117 

 118 

2.2. Reactive Oxygen Species (ROS) Expression 119 

HMG and HECs demonstrated significantly higher expression of ROS than MG and ECs in 120 

response to hyperglycemic media, as shown in Figure 2-A. The upregulated ROS expression in 121 

HMG increased by 4.9-fold with respect to MG (6.7% to 32.9%, p < 0.05) and in HECs by 3-fold 122 

(13.4% to 40.8%, p < 0.01) with respect to ECs when exposed to hyperglycemic medium 1, i.e., 123 

25nM glucose and 1g/mL AGEs. Likewise, ROS expression in hyperglycemic medium 2 (25nM 124 

glucose and 5g/mL AGEs) was upregulated in HMG by 3.2-fold (6.7% to 21.4%, n.s.) and in 125 

HECs by 3.5-fold (13.4% to 46.8%, p < 0.001). Lastly, ROS expression in hyperglycemic medium 126 

3 (25nM glucose and 10g/mL AGEs) was upregulated in HMG by 5.7-fold (6.7% to 37.8%, p < 127 

0.05) and in HECs by 17.1-fold (13.4% to 57.6%, p < 0.0001). Despite that both hyperglycemic 128 

medium 1 and medium 3 demonstrated significant upregulation of ROS for both HMG and HECs, 129 

hyperglycemic medium 1 yielded cell viability above 90% (data not shown). Hence, 130 

hyperglycemic medium 1 was selected for the remainder of this study. Figure 2-B shows 131 
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representative brightfield and fluorescence images of ROS expression in HMG and HECs on the 132 

6th day post-treatment with hyperglycemic medium 1. 133 

 134 

 135 

 136 

Figure 2. Morphology Changes in Müller Glia (MG) and Endothelial Cells (ECs) in Response to 137 

Hyperglycemic Conditions formed using High Glucose and Advanced Glycation End-Products 138 

(AGEs). A) Reactive Oxygen Species (ROS) expression in MG and ECs in response to different 139 

concentrations of hyperglycemic media: 25mM glucose and either 1μg/mL, 5 μg/mL, or 10 μg/mL of 140 

advanced glycation end-products (AGEs) after 6 days of culture. Ultimately the condition of 25mM glucose 141 
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+ 1μg/mL AGEs was chosen as the hyperglycemic media for this study. B) Representative brightfield and 142 

fluorescence images of ROS expression in B1) Müller glia (MG), B2) hyperglycemic MG (HMG) – MG 143 

exposed to hyperglycemic media, B3) endothelial cells (ECs), and B4) hyperglycemic ECs (HECs) – ECs 144 

exposed to hyperglycemic media, after 6 days in culture with hyperglycemic media. C1) Changes in surface 145 

area of MG, ECs, HMG, and HECs in response to control media (5mM glucose) and hyperglycemic media 146 

(25mM glucose+1μg/mL AGEs). C2) Changes in cell morphology over time measured by cell shape index 147 

(CSI) of MG, HMG, ECs, and HECs in response to control media (5mM glucose) and hyperglycemic media 148 

(25mM glucose+1μg/mL AGEs. D) Brightfield images of D1) MG, D2) HMG, D3) ECs, and D4) HECs 24 149 

hr post-seeding in culture wells. Scale bar is 100μm. *p< 0.05, **p< 0.01. 150 

 151 

2.3. Hypertrophic Changes in Cell Area 152 

MG cultured in hyperglycemic media 1 (HMG) displayed statistically significant changes in cell 153 

area with respect to MG cultured in basal conditions. These changes illustrate increased 154 

hypertrophy from Day 0 (D0 =1 hr post-treatment) to Day 6 (D6). The cell area of MG steadily 155 

increased over time in basal media with a 14.3-fold increase on Day 6 with respect to Day 0 (D0 156 

= 339.1 μm2, D4 = 4837.9 μm2, p < 0.0001), while the cell area of HMG increased by 7.6-fold (D0 157 

= 1431.8 μm2, D6 = 10937.8 μm2, p < 0.0001) on the 6th day with respect to Day 0. The cell area 158 

of MG and HMG was also significantly different on Day 6 (MG = 4837.9 μm2, HMG = 10937.7 159 

μm2, p < 0.0001), as illustrated in Figure 2-C1. ECs cultured in hyperglycemic media (HECs) did 160 

not display significant changes in cell area with respect to ECs cultured in basal media over time.  161 

 162 

2.4. Changes in Cell Shape Index (CSI) of hyperglycemic Cells 163 

Phenotypic changes in cell morphology, represented by CSI, decreased over time for the HMG, 164 

MG, and ECs groups. By contrast, CSI values of HECs slightly increased, as shown in Figure 2-165 
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C2. The average CSI values on day 6 for HMG (CSI = 0.39 ± 0.09), MG (CSI = 0.31 ± 0.13), ECs 166 

(CSI = 0.28 ± 0.13), and HECs (CSI = 0.77 ± 0.08), resulted in significant CSI differences between 167 

HECs and ECs by a 2.75-fold difference (p < 0.0001). Complete cell area values are shown in 168 

Supplemental Figure S-1. 169 

 170 

HMG demonstrated remarkable hypertrophic changes in comparison to MG, as shown in 171 

representative images of Figure 2-D1 and 2-D2. The hypertrophy of HMG was characterized by 172 

longer cellular processes with an average of 76.9 μm ± 26.1 μm in length for HMG and 39.7 μm 173 

± 11.4 μm for MG . Figure 2-D3 and 2-D4 show the morphology of ECs and HECs, illustrating 174 

smaller cell diameters in the HECs group with an average 20.7 μm ± 3.2, while ECs displayed an 175 

average diameter of 38.1 μm ± 7.4 μm. 176 

 177 

2.5. Hyperglycemia Induces Changes in RAGE and CD40 Expression 178 

Tests measured the expression of RAGE and CD40 in cell groups via immunocytochemistry. 179 

Images of Figure 3-A,B show the expression of RAGE in all cell groups 24 hr post-cell attachment 180 

in well-plates. The expression of RAGE in both HECs and HMG was significantly higher than 181 

ECs and MG by 2.1-fold in both groups, as shown in Figure 3-C. Note that fluorescence 182 

expression in the isotype control (IgG) shows low background intensity to indicate true RAGE 183 

expression in all other cell groups. Representative images of Figure 3-D, E show expression of 184 

CD40 in all cell groups. The puncta expression of CD40 is seen significantly upregulated in the 185 

HECs and HMG by 1.7-fold and 3.8-fold with respect to ECs and MG, respectively. Fluorescence 186 

expression in the isotype control (IgG) for the CD40 expression reveals low background 187 
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expression, significantly lower than the true expression in the hyperglycemic groups. Figure 3-F 188 

shows significant differences in CD40 expression in ECs, HECs, MG, and HMG. 189 

 190 

 191 

Figure 3. RAGE and CD-40 Expression in ECs, HECs, MG, and HMG. RAGE expression in A) 192 

endothelial cells (ECs), hyperglycemic endothelial cells (HECs), B) Muller glia (MG), and hyperglycemic-193 

induced Muller glia (HMG) cultured in hyperglycemic media (25mM glucose and 1μg/mL AGEs) for 15 194 

days. C) Normalized fluorescence intensity per cell area (%) correlating RAGE expression in all cell 195 

groups. CD-40 expression in D) ECs, HECs, E) MG, and HMG cultured in hyperglycemic media (25mM 196 

glucose and 1μg/mL AGEs) for 15 days. F) Normalized fluorescence intensity per cell area (%) correlating 197 

CD-40 expression in all cell groups. IgG was utilized as a negative immunostaining control. Scale bar is 198 

100μm. *p< 0.05, **p< 0.01. 199 

 200 
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2.6. Zonula Occludens-1 (ZO-1) Expression is Downregulated in HECs 201 

HECs demonstrated a 22.4% decrease in ZO-1 expression (p < 0.001) when compared to ECs, as 202 

seen in Figure 4-A. Localization of ZO-1 in HECs displayed disrupted organization along the cell 203 

perimeter, depicting clustering of ZO-1 in different sections of the monolayer (white arrow heads). 204 

ZO-1 was mostly found bordering the perimeters of ECs. Likewise, gaps in between HECs were 205 

noticeable (yellow arrow heads), caused either by inability to properly link due to disruption in the 206 

process of ZO-1 formation, or by degradation of the protein causing gaps in the monolayer. 207 

 208 

 209 

Figure 4. Expression of Zonula Occludens 1 (ZO-1) and Connexin-43 (CX43) Expression in Müller 210 

glia (MG) and Endothelial Cells (ECs). A1) ZO-1 expression in ECs in response to hyperglycemic 211 

condition (25mM glucose+1μg/mL AGEs), and staining controls (Isotype control and No primary 212 

antibody). Yellow arrowheads point towards disruption of ZO-1 boundaries between adjacent cells. White 213 
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arrowheads point to clustering of ZO-1. A2) Quantification of ZO-1 in ECs via integrated fluorescence 214 

intensity/area. B1) CX43 expression in ECs in response to hyperglycemic condition (25mM 215 

glucose+1μg/mL AGEs), and controls (Isotype control and No primary antibody). B2) Quantification of 216 

CX43 in ECs via integrated fluorescence intensity/area. C1) CX43 expression in MG in response to 217 

hyperglycemic condition (25mM glucose+1μg/mL AGEs), and controls (Isotype control and no primary 218 

antibody). C2) Quantification of CX43 in MG via integrated fluorescence intensity/area. Scale bar is 219 

100μm. * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001.  220 

 221 

2.7. Connexin-43 (CX-43) is Upregulated in HECs and HMG 222 

HECs demonstrated a 28.1% higher expression of CX-43 than ECs (p < 0.01), as shown in Figures 223 

4-B1 and 4-B2. Expression of CX-43 was observed ubiquitously in the cytoplasm of all cell 224 

groups, as per Figure 4-C1. The expression of CX-43 in HMG was significantly upregulated by 225 

37.8% (p < 0.01) with respect to control as shown in Figure 4-C2.  226 

 227 

 2.8. Barrier Integrity Varies in Hyperglycemic and Basal Conditions 228 

The resistivity of basal (or normoglycemic) and hyperglycemic cell barriers was assessed using 229 

TEER measurements over time. Tests first determined the resistance profiles of MG, ECs, and 230 

COMBO, as well as HECs, HMG, and hyperglycemic H-COMBO by measuring barrier resistance 231 

over the course of 7 days, as per Figure 5-A. Differences in cell barrier resistance among basal 232 

groups are shown in Figure 5-B1, differences among hyperglycemic cell groups are shown in 233 

Figure 5-B2, and comparisons between normoglycemic cell cohorts and hyperglycemic cohorts 234 

are in Figure 5-B3. 235 

 236 

 237 
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 238 

 239 

Figure 5. Measurement of Barrier Integrity via Trans-Endothelial/Epithelial Resistance (TEER). A) 240 

Schematic depicting the transwell configurations of cell barriers, ECM: transwell membrane coated with 241 

fibronectin and collagen IV at a 1:1 ratio, 1mg/mL, ECs: Endothelial cells monolayers on coated 242 

membranes with ECM. MG: Müller glia monolayers on coated membranes with ECM. COMBO: ECs 243 

monolayer on top of an ECM coated membrane + MG monolayer on the bottom of the same membrane. B) 244 

TEER quantification of B1) normoglycemic and B2) hyperglycemic groups, B3) overlap of normoglycemic 245 

and hyperglycemic cell barriers over the course of 7 days. Statistically significant differences between 246 

COMBO and ECs are compared in B1, and between hyperglycemic COMBO and HECs are compared in 247 

B2. Statistical differences between normoglycemic and hyperglycemic groups of the same cell type (e.g., 248 

MG and HMG) are compared in B3. * (p<0.05), ** (p<0.01), *** (p<0.001), and **** (p<0.0001). 249 

 250 

 251 

 252 
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As shown in Figure 5-B1, ECs (red line) displayed a sharp increase in TEER after day 2 and 253 

remained steady until a final decrease on day 7. By contrast, MG (blue line) demonstrated a steady 254 

TEER profile over the 7 days with an overall TEER decrease. TEER values of ECs monolayers 255 

were consistently higher than those of MG monolayers, and TEER values of COMBO barriers 256 

(green line) were higher than both for the full 7 days. Note that significance is denoted by green 257 

stars (p<0.01 to p<0.001) for COMBO conditions against ECs, where TEER values are the closest 258 

overall. By contrast, Figure 5-B2 shows a steady decline in the TEER values of HECs (red dashed 259 

line) from day 3 until day 7, while the TEER values of HMG (blue dashed line) varied by less than 260 

10% over time. Further, HMG data exhibited an oscillatory pattern of slightly increasing and 261 

decreasing TEER values per day. Despite the sharp TEER decline in HECs, the values remained 262 

higher than those of HMG, with a final 12.1% TEER difference between the two groups on day 7. 263 

Hyperglycemic H-COMBO (dashed green line) also displayed a steady TEER decline from day 4 264 

until day 7, but the values remained above the TEER data of individual HECs and HMG. On day 265 

7, TEER values of H-COMBO were 8.2% and 21.3% higher than those of individual HECs and 266 

HMG barriers, respectively. Significance is denoted by green stars (p<0.01 to p<0.001) against H-267 

COMBO and HECs, as before. In aggregate, Figure 5-B3 illustrates the similar TEER patterns 268 

between HECs and ECs (red dashed versus red solid lines), where both groups exhibited increases 269 

in barrier resistance until day 3, followed by a steady decreased resistance until day 7. TEER values 270 

of ECs were slightly higher than the ones of HECs (~2%). By contrast, HMG groups displayed an 271 

increased barrier resistance during the first 3 days, followed by an oscillating pattern. Surprisingly, 272 

TEER values of HMG groups were greater by 17.8% than the TEER of MG groups on day 7 (blue 273 

dashed versus blue solid lines). H-COMBO barriers exhibited a similar oscillatory TEER pattern 274 

as HMG, with a downward trend after day 4. Note that green stars denote significance between 275 
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COMBO and H-COMBO values of TEER, red stars between monolayers of ECs and HECs, and 276 

blue stars between MG and HMG monolayers.  277 

 278 

2.9. Hyperglycemic Cell Barriers React Differently to TNF-α Treatment than basal cell 279 

barriers 280 

The TEER of EC, MG, and COMBO confluent cell barriers cultured in basal conditions was 281 

measured for 6 days, with and without TNF- treatment, as shown on Figure 6-A1. During the 282 

first 3 days, the COMBO groups displayed the highest TEER values, followed by the monolayers 283 

of ECs, and the MG groups. Upon addition of TNF-α on day 3, the cell barrier resistance of ECs 284 

exhibited a 19.3% decrease (inset), MG groups experienced a 10.7% decrease (inset), and the 285 

barrier resistance of COMBO groups decreased by 20.9% (inset) over the course of 24 hr. 286 

Recovery of cell barrier resistance post removal of TNF-α was measured by calculating the 287 

percentage increase in TEER from day 4 to day 6 in all cell barrier groups. As shown in the shaded 288 

area of Figure 6-A1, MG cell barriers displayed the highest recovery with a 25.2% increase in 289 

TEER, followed by ECs with 16.1%, and COMBO groups with 13.5% increase.  290 

 291 

The TEER data of hyperglycemic cell barriers is illustrated in Figure 6-A2. The barrier resistance 292 

of hyperglycemic barriers was similar to those of basal groups with the highest TEER value 293 

measured in the H-COMBO groups, followed by monolayer barriers of HECs, and HMG 294 

monolayers. As shown in the inset, addition of TNF-α resulted in a sharp decrease of cell barrier 295 

resistance in all hyperglycemic groups. HECs exhibited a 24.5% decrease in TEER, followed by 296 

HMG with a 13% decrease, and H-COMBO with a 27% decrease over the 24 hr exposure to TNF-297 

α. In contrast to basal conditions, recovery of hyperglycemic cell barriers post-TNF-α removal was 298 
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led by the H-COMBO groups with a 30.1% increase in TEER, followed by a 23% increase in HEC 299 

monolayers, and a 15% increase in HMG monolayers, as shown in the shaded area of Figure 6-300 

A2.  301 

 302 

 303 

 304 

Figure 6. Barrier Recovery Response to TNF-α and ARVA via Trans-Endothelial/Epithelial 305 

Resistance (TEER). A) TEER quantification of cell barriers in the presence of TNF-α (5ng/mL) in A1) 306 

normoglycemic groups (solid lines) and A2) hyperglycemic groups (dashed lines). ECM: transwell 307 

membrane coated with fibronectin and collagen IV at a 1:1 ratio, 1mg/mL, ECs: Endothelial cells 308 

monolayers on coated membranes with ECM. MG: Müller glia monolayers on coated membranes with 309 

ECM. COMBO: ECs monolayer on top of an ECM coated membrane + MG monolayer on the bottom of 310 

the same membrane. B) TEER quantification of cell barriers in the presence of Anti-Rat Vegf-A (ARVA) 311 

(1μg/mL) in normoglycemic groups (solid lines) and hyperglycemic groups (dashed lines). COMBO: ECs 312 
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monolayer on top of an ECM coated membrane + MG monolayer on the bottom of the same membrane. 313 

Hyperglycemic COMBO: COMBO in hyperglycemic conditions. COMBO + ARVA: COMBO treated 314 

with ARVA (1μg/mL). Hyperglycemic COMBO + ARVA: hyperglycemic COMBO treated with ARVA 315 

(1μg/mL). ΔΩ is the percent TEER recovery, measured by the TEER change between day 4 and day 6. 316 

ΔΩ = COMBO, ΔΩ C+A = COMBO +ARVA, ΔΩ D = Hyperglycemic COMBO, and ΔΩ DC + A =  317 

Hyperglycemic COMBO +ARVA. ****  (p< 0.0001) correspond to the statistical difference between 318 

hyperglycemic COMBO and hyperglycemic COMBO + ARVA. 319 

 320 

 2.10. Anti-VEGF Treatment Increased Resistivity of Hyperglycemic Cell Barriers 321 

The final tests exposed COMBO barriers of cells cultured in basal conditions and in hyperglycemic 322 

conditions (H-COMBO) to treatment with anti-VEGF (ARVA) and measured changes in barrier 323 

resistivity. Note that groups not denoted with ARVA were treated with a simple change in 324 

respective media. As seen in Figure 6B, basal COMBO groups (solid line) displayed higher TEER 325 

values than hyperglycemic H-COMBO groups (dashed lines) in the first 3 days, prior to ARVA 326 

treatment.  However, the treated basal groups (COMBO + ARVA) displayed a TEER decrease of 327 

8.6% upon exposure to ARVA, while the basal COMBO groups alone exhibited a TEER decrease 328 

of 6.9% when treated with a media change (Inset). We note that inset values highlight the larger 329 

change in TEER with respect to each barrier. By contrast, treated hyperglycemic groups (H-330 

COMBO + ARVA) experienced a notable and significant 9.1% increase in TEER, while the H-331 

COMBO alone exhibited a slight decrease of 2.7% (Inset). Yellow stars denote significance 332 

(p<0.01 to p<0.001) between TEER values of the treatment groups (COMBO + ARVA) and (H-333 

COMBO + ARVA).  As shown, the TEER values of the hyperglycemic groups (H-COMBO + 334 

ARVA) after ARVA exceeded those of the basal COMBO group, with and without ARVA. After 335 

media was changed to remove ARVA from all targeted groups, TEER values of the (COMBO + 336 
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ARVA) group decreased by 4.5% at Day 6, while the TEER of the hyperglycemic (H-COMBO + 337 

ARVA) decreased 9.7%, as shown in the shaded area of Figure 6-B. Notably, there were no 338 

statistically significant differences in TEER values between the basal and H-COMBO conditions 339 

with ARVA during the recovery period of Day 4 through Day 6 (ns: p>0.05). Lastly, the TEER of 340 

COMBO and H-COMBO groups untreated with ARVA decreased by a modest 2.7% and 1.9%, 341 

respectively, upon media change (ns with p>0.05). 342 

 343 

3. Discussion  344 

Diabetic retinopathy is a rising health challenge with a lack of therapies to treat chronic stages in 345 

aging adults. Understanding cellular mechanisms that regulate barrier integrity is critical for 346 

development of treatments to prevent and/or decelerate vision loss. This study highlights that both 347 

Müller glia (MG) and endothelial cells (ECs) respond to an in vitro model of hyperglycemia, with 348 

significant changes in cell area and morphology. Further, we observed a synergistic relationship 349 

between the two cell types in how they contribute to forming barrier function via changes in protein 350 

expression and resistivity.  351 

 352 

In vitro models of hyperglycemia using high glucose and advanced glycation end products (AGEs) 353 

were able to condition MG and ECs cells into a pro-inflammatory state. While high glucose has 354 

been traditionally used to emulate hyperglycemic environments, recent study has suggested that 355 

AGEs are an important contributor to the long-term effects of hyperglycemia [14]. Our study 356 

examined hyperglycemia by using media with high glucose and 3 different concentrations of AGEs 357 

(1g/mL, 5g/mL, and 10g/mL) to illustrate that AGEs upregulated ROS expression and 358 

stimulated significant changes in cell area and morphology on both MG and ECs (Figure 2). The 359 
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selected hyperglycemic condition of 1g/mL stimulated comparable ROS upregulation in both 360 

ECs and MG, which is significant for the study of cooperative transport across dual cell barriers.  361 

 362 

Upregulation of the AGEs receptor, RAGE, in both hyperglycemia-induced Müller glia (HMG) 363 

and hyperglycemia-induced endothelial cells (HECs) supported a pro-inflammatory state (Figure 364 

3). RAGE was localized in HECs nuclei, as reported previously in vitro [15, 16], but largely seen 365 

in the cytoplasm of HMG, consistent with vivo studies reporting RAGE localized in the end feet 366 

of MG [13, 17].  Moreover, this study is among the first to report expression of CD-40 in HMG 367 

using an in vitro model of hyperglycemia (Figure 3), as observed in diabetic rats [12, 18] to 368 

highlight the significance of in vitro models using AGEs in addition to high glucose. 369 

 370 

Next, our data examined dysfunction of tight and gap junction proteins between iBRB cells, which 371 

are linked to increased vascular permeability [19, 20]. ZO-1 was significantly downregulated in 372 

HECs cultured in our hyperglycemia model (Figure 4), consistent with previous in vitro study [9, 373 

21] and with ex vivo study showing increased permeability of retinal microcapillaries from 374 

diabetic rodents [22]. We additionally examined Cx-43 expression, as mounting evidence 375 

illustrates its crosstalk with the cytoskeleton, focal adhesion complexes, and other junctional 376 

structures helps modulate barrier function (reviewed in [23]). Data illustrated significant 377 

upregulation of Cx-43 in HECs and in HMG to highlight underexplored influences of Cx-43 on 378 

communication between and across these cell groups [10, 24].  379 

 380 

The study next examined the influence of our in vitro hyperglycemia model on the resistivity of 381 

individual cell barriers formed of ECs and MG groups, alone, as well as in combination barriers 382 
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(COMBO), i.e., dual barriers formed by a monolayer of each cell type. Barrier recorded higher 383 

TEER values from monolayers of ECs than MG in both normo- and hyperglycemic states (Figure 384 

5), consistent with other studies [25] [26] that attributed these differences to downregulation of 385 

tight junctions formed across ECs but absent in MG. However, barriers of HMG exhibited 386 

surprisingly higher TEER values than normoglycemic MG barriers, which may be attributed to the 387 

intrinsic nature of MG that serve as the first line of defense against retinal insults [27]. This 388 

increase may also be attributed to MG hypertrophy measured in this study (Figure 2), which 389 

increases surface area impeding transport and promoting cell-cell communication. Importantly, 390 

COMBO barriers exhibited larger TEER values than either cell monolayer, highlighting the 391 

significant contribution of MG to transport across this system [11, 28]. Our consistent data are 392 

among the first to highlight underexplored roles of MG in co-regulating barrier resistivity with 393 

ECs in conditions of hyperglycemia with AGEs.  394 

 395 

The last set of experiments examined the changes in resistivity of cell barriers (normo- and 396 

hyperglycemic) exposed to inflammatory stimulus via TNF- and to anti-angiogenic stimulus via 397 

ARVA, an anti-VEGF compound. While TEER values of dual cell barriers exposed to TNF- in 398 

COMBO were higher than those of H-COMBO, MG cell barriers displayed the highest TEER 399 

recovery once TNF- stimulus was removed (Figure 6A). A surprising 50% increase in MG 400 

resistivity was measured over barriers of ECs to suggest a larger contribution of MG to COMBO 401 

resistance than previously explored. As seen, the overall increase in barrier resistance of H-402 

COMBO was higher than individual monolayers of HECs or HMG, highlighting a potentially even 403 

stronger role of MG to the transport of molecules across hyperglycemic barriers.  404 

 405 
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Experiments lastly evaluated changes in dual barrier resistance to ARVA, a rat anti-VEGF 406 

molecule that operates similar to bevacizumab [29, 30]. These tests were significant because they 407 

are among the first to examine combinatory influences of anti-angiogenic agents on ECs and MG, 408 

with and without hyperglycemia. The TEER of dual barriers cultured in basal conditions 409 

(COMBO) was initially higher than that of dual barriers cultured in the hyperglycemia model (H-410 

COMBO), as consistent with the data. However, upon treatment with ARVA, H-COMBO groups 411 

exhibited surprisingly robust recovery with TEER values on par with those of normoglycemic 412 

conditions (p>0.05) (Figure 6B). Moreover, COMBO groups displayed decreases in resistivity 413 

when first treated with ARVA (inset), while H-COMBO groups treated with ARVA showed 414 

increased values of TEER to reach highest levels after ARVA stimulus. This exciting data suggests 415 

that anti-VEGF treatments may increase barrier resistance in conditions of hyperglycemia to 416 

increase our understanding of the comprehensive impacts of contemporary pharmacology [31].  417 

 418 

4. Methods and Materials  419 

4.1. Müller glia (MG) and Hyperglycemia-induced Müller glia (HMG) 420 

Müller glia (MG) cells were isolated from the retina of adult wild-type Sprague-Dawley rats using 421 

a Papain dissociation kit (Worthington, NJ). In brief, adult rats were humanely euthanized by CO2 422 

asphyxiation following IACUC guidelines. Retinas were extracted and mechanically dissociated 423 

into a cell suspension as per protocol [32]. Cells were cultured in Laminin coated flasks with 88% 424 

low glucose Dulbecco’s Modified Eagle Medium (DMEM) with low glucose (5mM) 425 

(ThermoFisher, 12320), 10% Fetal Bovine Serum (FBS) (VWR, 89510-186), and 2% 426 

penicillin/streptomycin (VWR, 97062-806) for 9 days. Media was changed every day before 427 

lineage characterization. Cells were stained for glial fibrillary acid protein (GFAP), glutamine 428 
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synthetase [6], and cellular retinaldehyde binding protein (CRALBP) to identify MG via cell-429 

specific markers, as per established protocols [17, 32].  430 

 431 

Hyperglycemia-induced MG (HMG) are defined as MG cultured in DMEM with high glucose 432 

25mM (ThermoFisher, 11965092), 1µg/mL of advanced glycation end products (AGEs) (Sigma 433 

Aldrich, 121800-10MG-M), 10% FBS, and 2% penicillin/streptomycin for 15 days before 434 

experiments. All cell cultures were kept at 5% CO2 and 37°C. 435 

 436 

4.2. Endothelial Cells (ECs) and Hyperglycemia-induced Endothelial Cells (HECs) 437 

Rat primary retinal microvascular endothelial cells (ECs) (Cell Biologics, RA-6065) were cultured 438 

in polystyrene flasks with complete endothelial cell medium (Cell Biologics, M1266) containing 439 

2% FBS, 0.1% epidermal growth factor (EGF), 0.1% vascular endothelial growth factor (VEGF), 440 

and 1% antibiotic/antimitotic solution.  441 

 442 

Hyperglycemia-induced endothelial cells (HECs) are defined as primary rat vein endothelial cells 443 

(HECs; Cell Biologics, RD-6009) cultured in polystyrene flasks with complete endothelial cell 444 

medium (Cell Biologics, M1266) containing 1µg/mL of advanced glycation end products (AGES) 445 

(Sigma Aldrich, 121800-10 MG-M), 2% FBS, 0.1% EGF, 0.1% VEGF, and 1% 446 

antibiotic/antimitotic solution. Cultures were kept at 5% CO² and 37°C. 447 

 448 

4.3. Hyperglycemic Media  449 

Based on previous studies [11, 22], HMG and HECs were exposed to three different hyperglycemic 450 

media conditions: (M1) 25mM glucose + 1μg/mL AGEs, (M2) 25mM glucose + 5μg/mL AGEs, 451 
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and (M3) 25mM glucose + 10μg/mL AGEs for 6 days, changing the media every other day. 452 

Changes in cell morphology were measured each day. After 6 days in culture, the expression of 453 

reactive oxygen species (ROS) (ThermoFisher, C6827) and cell viability values from LIVE/DEAD 454 

assays (ThermoFisher, R37601) were used to determine the effect of the hyperglycemic media on 455 

cells.  456 

 457 

4.4. Morphology 458 

Cell morphology was assessed via changes in cell area and cell shape index (CSI), a dimensionless 459 

parameter widely used [33, 34] to quantify the roundness of a cell defined in Equation (1). 460 

 461 

(1)  𝐶𝑆𝐼 =
4𝜋𝐴𝑆

𝑃2
 462 

 463 
Where AS is the surface area (μm2) and P (μm) is the perimeter of the cell. The value of CSI ranges 464 

from 0 to 1, where values close to 1 represent a perfectly rounded cell and values approaching 0 465 

denote a fully elongated cell.  466 

 467 

This study used a liposaccharide (LPS; MilliporeSigma, L2630) diluted in DMEM at 4μg/mL as a 468 

positive control to induce cell area changes in MG and ECs, as per literature [35, 36]. Images of 469 

cells in wells were recorded at 1hr, 6 hr, 12 hr, 24 hr, 48 hr, and 72 hr. Cell morphology changes 470 

in the hyperglycemia and control groups were performed using the same cell density in well-plates. 471 

Note that day zero (D0) values reflect cell morphology 1 hr post-seeding. 472 

 473 

4.5. Junction Protein Expression and Localization 474 
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Expression and localization of ZO-1 and CX-43 was measured using immunocytochemistry. MG 475 

and ECs were seeded in well plates at a concentration 1.0x10⁵ cells/mL in a 24-well plate. After 476 

24 hours, the media was changed to DMEM with low glucose and cells were allowed to grow for 477 

3 days. Media was collected from each culture, filtered (0.2μm pore), and replaced with DMEM. 478 

After 24 hr, the media from each culture well was removed and cells were fixed to measure junction 479 

protein expression via immunocytochemistry. 480 

 481 

4.6. Immunocytochemistry 482 

Briefly, MG, HMG, ECs, and HECs were seeded in 24-well plates (VWR, 29442-044) at a 483 

concentration of 1.0 x105 cells/mL and allowed to attach for 24 hrs. Media from each well was 484 

removed, and wells were washed 3 times with Dulbecco’s phosphate-buffered saline (DPBS) 485 

(Sigma-Aldrich, Cat No. D8537), cells were then fixed with cold paraformaldehyde at 4% for 5 486 

minutes. Wells were washed with DPBS for 5 minutes twice at room temperature. Blocking buffer 487 

solution (0.05% Triton X-100, 2% donkey serum, and 3% BSA in DPBS) was added to each well 488 

for 15 minutes at room temperature (25C). Following, wells were washed twice with DPBS for 2 489 

minutes, then a primary antibody was added to each well and incubated overnight. The next day, 490 

each well was washed 3 times with DPBS for 2 minutes, followed by the addition of the secondary 491 

antibody solution for 1 hour at room temperature. Wells were washed with DPBS for 2 minutes 3 492 

times, before adding DAPI (1:1000) into each well for 5 minutes at room temperature. Each well 493 

was washed with DPBS 3 times for 2 minutes. Receptor expression was evaluated via fluorescence 494 

microscopy (Leica DMi8, NJ). 495 

 496 



25 
 

The primary antibodies used in this study were: CD-40 receptor (ThermoFisher, 500-3704), 497 

CRALBP (Life Technologies, PA5100178), CX-43 (ThermoFisher, 71-0700), GFAP (Life 498 

Technologies, PA518598), GS Polyclonal Antibody (Life Technologies, 11037-2-AP), Rabbit 499 

IgG Isotype Control (ThermoFisher, 02-6102), and RAGE (ThermoFisher, PA1075), ZO-1 500 

(Abcam, ab216880). The secondary antibodies used were: Alexa Fluor™ 488 (ThermoFisher, A-501 

11078), Alexa Fluor 568™ (Life Technologies, A-11057), and Alexa Fluor™ 488 502 

(ThermoFisher, R37118). 503 

 504 

4.7. In Vitro Testing System 505 

Transwell assays were used to allow MG and ECs to form individual and dual cell barriers for 506 

testing. Transwell inserts with a polyester (PET) membrane (VWR, 29442-082) of 10 μm thickness 507 

and 0.4 μm pore size were coated with a solution of Collagen IV (Millipore Sigma, C6745) and 508 

fibronectin (Millipore Sigma, F0895) to mimic retinal basement membrane. Briefly, Collagen IV 509 

and fibronectin were diluted in DPBS to a concentration of 10μg/mL and mixed in a single 510 

solution. Approximately 300 μL of this solution was added to the membrane of each insert and left 511 

to crosslink over 24 hours. Following, each insert was washed with DPBS and placed in each well 512 

with their respective cell media. MG, HMG, ECs, and HECs were seeded on the top basement 513 

membrane-coated membrane individually or in COMBO (i.e., MG with ECs or HMG with HECs). 514 

Single cell barriers were seeded at a concentration of 1.0x10⁵cells/mL and left to form confluent 515 

monolayers for 48 hr. COMBO conditions required transwell inserts to be flipped upside down 516 

and a cell solution of either MG or HMG added on the bottom side of the insert’s membrane. Cells 517 

were left to attach for 1 hour, then transwells were flipped and placed back in wells containing 518 

respective media for 24 hr at 5% CO2 and 37°C. Following, ECs or HECs were added atop 519 
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transwell membranes and allowed to attach and form confluent monolayers for 48 hr. Only 520 

confluent monolayers validated via brightfield microscopy were used for experiments. 521 

Additionally, a transwell insert coated with the basement membrane solution with no cells was 522 

used as control (ECM, only). 523 

 524 

4.8. Barrier Resistance  525 

The integrity of cell barriers was assessed by measuring the trans-endothelial resistance (TEER) 526 

over time. The TEER of confluent cell barriers was measured daily for 7 days using an epithelial 527 

voltmeter EVOM2 (Fisher Scientific, NC9792051). The EVOM2’s probe (Fisher Scientific, 528 

NC9679852) was first calibrated in warm media to reach a baseline TEER value. The baseline 529 

number was subtracted from the measured TEER values in each test well. 530 

  531 

4.9. TNF-⍺ Treatment 532 

Treatment with tumor necrosis factor alpha (TNF-⍺) was administered to cell barriers in transwells 533 

to measure the ability of cell barriers to restore TEER values of resistance to basal levels. TNF-⍺ 534 

was selected because it is an inflammatory cytokine known to reduce cell barrier integrity [37, 38]. 535 

Cultures of MG, ECs, HMG, and HECs in well plates were exposed to TNF-⍺ (ThermoFisher,400-536 

14-5UG) diluted in basal media at 1ng/mL, 5ng/mL, or 10ng/mL for 48 hr. TNF-⍺ concentrations 537 

were chosen using previous studies that demonstrated the concentrations caused the disruption of 538 

barrier integrity in transwell cultures of endothelial cells [38, 39].  A 5ng/mL concentration of 539 

TNF-⍺ was chosen for the recovery assays because it demonstrated visible phenotypic changes in 540 

cell viability (data not shown). 541 

 542 
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4.10. Anti-VEGF Treatment (ARVA) 543 

An Anti-VEGF treatment was also administered to cell barriers formed in transwells to measure 544 

the impact of VEGF-A inhibition on cell barrier resistance. This study used a rat anti-VEGF-A 545 

(ARVA) molecule (Leinco Technologies, V142) that operates in similar fashion as bevacizumab, 546 

an anti-VEGF-A agent used to treat aberrant angiogenesis in humans [40]. ARVA at a concentration 547 

of 1μg/mL was reconstituted in basal media and administered to MG, HMG, ECs, and HECs 548 

cultured in wells, as per literature [29, 30].  549 

 550 

4.11. Measurement of TEER in TNF-⍺ and ARVA Groups 551 

The TEER of confluent cell barriers was measured once a day for the first 3 days. On the third day, 552 

a solution of TNF-⍺ at 5ng/mL or ARVA at 1μg/mL diluted in media was added to the apical (top) 553 

and bottom side of the transwell of each cell barrier group, followed by TEER measurements at 554 

1hr, 3 hr, 6 hr, and 24 hr. After recording the 24hr time point, the treatment solution from each 555 

transwell and was removed and transwells were placed in DPBS for 2 minutes. Fresh media was 556 

replaced with each group’s respective media (basal or hyperglycemic) and TEER was recorded 557 

until Day 6 of the study. Barrier recovery was measured by the percent change of TEER from the 558 

last treatment time point (24 hr) to the measured TEER value on Day 6. 559 

 560 

4.12. Imaging and Software 561 

An epifluorescence microscope (Leica DMi8) with a cooled CCD camera (DFC7000 GT, Leica) 562 

and LAS X Science microscope software was used to capture images in both brightfield and 563 

fluorescence via 10X or 20X objective. Fluorescence intensity was quantified using DAPI, GFP, 564 

TXR, and CY5 filters matching the corresponding fluorophore for the immunocytochemistry 565 
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studies. Intensity values (16-bit: 0-65535) of fluorescence expression were measured using ImageJ 566 

(NIH) by measuring the corrected total cell fluorescence (CTCF) using equation (3): 567 

(3)         CTCF = [𝐼𝐷 − (𝐴𝐶 ∗ 𝐹̅𝐵] 568 
 569 

Where ID is the integrated fluorescence density (arbitrary units) of a cell, Ac is the surface area 570 

(μm2) of a cell, and FB is the mean fluorescence background readings (arbitrary units) surrounding 571 

the cell, as measured in previous studies  [41, 42]. 572 

 573 

4.13. Statistical Analysis and Software 574 

Two-way ANOVA was used to analyze statistical significance among groups at different time-575 

points (e.g., TEER assays). Two-way ANOVA repeated measures was used to determine the effect 576 

of the hyperglycemic medium on cell area over time on the treated groups (e.g., cell area change 577 

of HMG from Day 1 to Day 6). One-way ANOVA was also used to assess parametric data from 578 

single-time point studies (e.g. immunocytochemistry). Post-hoc Tukey test was performed to 579 

identify the level of statistical significance among the groups. Each study included a minimum of 580 

45 cells with at least 3 replicates per experimental condition for the cell morphology studies. 581 

Immunocytochemistry assays used at least 10 cells from 5 different regions (grid) of the well with 582 

3 replicates per condition. Cell barrier assays included at least 3 replicates per condition with 3 583 

readings per replicate from different regions of the transwell. Statistical significance is denoted by 584 

symbols: * or †, where p < 0.05 = * or †, p < 0.01 = ** or ††, p < 0.001 = ***, p < 0.0001 = ****, 585 

n.s. = not statistically significant. All statistical tests were performed using GraphPad Prism 10 586 

software. 587 

 588 

 589 
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5. Conclusion  590 

The effects of AGEs from chronic hyperglycemia are well-known to cause cell apoptosis and 591 

dysfunction that are compounded in barrier tissue. This study illustrates significant cell and 592 

molecular relationships between cell barriers of Müller glia and endothelial cells critical to the 593 

response and function of the inner blood retinal barrier in hyperglycemia. Our data illustrate 594 

unexplored impacts of Müller glia communication with endothelial cells in barrier resistivity and 595 

highlight the significance of this glial vascular unit to development of combinatory therapies for 596 

diabetic retinopathy.   597 

 598 
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Figure 1. Structure of the inner Blood Retinal Barrier (iBRB) and communication between 743 

endothelial cells (ECs) and Müller glia (MG) in basal and hyperglycemic conditions. A) Schematic of 744 

the retina and iBRB anatomy. The inner blood retinal barrier is mainly comprised of endothelial cells, 745 

pericytes, a basement membrane, and the foot processes of glial cells. The iBRB is a uniform capillary 746 

bed extending from the nerve fiber layer to the inner nuclear layer. The foot processes of astrocytes reside 747 

on the nerve fiber layer, while the foot processes of Muller glia are throughout the iBRB. 748 

 749 

 B) MG and EC communication at the iBRB. MG communicate with each other and with endothelial cells 750 

via gap junctions formed by connexin 43 (CX-43), while ECs communicate largely via zonula occludens-751 

1 (ZO-1). In hyperglycemic conditions, the expression of gap junctions in MG is disrupted by abnormal 752 

junction formation of CX-43. Likewise, the expression of ZO-1 is decreased in hyperglycemic ECs, 753 

resulting in higher permeability across the capillary wall. 754 

 755 

Figure 2. Morphology Changes in Müller Glia (MG) and Endothelial Cells (ECs) in Response to 756 

Hyperglycemic Conditions formed using High Glucose and Advanced Glycation End-Products 757 

(AGEs). A) Reactive Oxygen Species (ROS) expression in MG and ECs in response to different 758 

concentrations of hyperglycemic media: 25mM glucose and either 1μg/mL, 5 μg/mL, or 10 μg/mL of 759 

advanced glycation end-products (AGEs) after 6 days of culture. Ultimately the condition of 25mM glucose 760 

+ 1μg/mL AGEs was chosen as the hyperglycemic media for this study. B) Representative brightfield and 761 

fluorescence images of ROS expression in B1) Müller glia (MG), B2) hyperglycemic MG (HMG) – MG 762 

exposed to hyperglycemic media, B3) endothelial cells (ECs), and B4) hyperglycemic ECs (HECs) – ECs 763 

exposed to hyperglycemic media, after 6 days in culture with hyperglycemic media. C1) Changes in surface 764 

area of MG, ECs, HMG, and HECs in response to control media (5mM glucose) and hyperglycemic media 765 

(25mM glucose+1μg/mL AGEs). C2) Changes in cell morphology over time measured by cell shape index 766 

(CSI) of MG, HMG, ECs, and HECs in response to control media (5mM glucose) and hyperglycemic media 767 
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(25mM glucose+1μg/mL AGEs. D) Brightfield images of D1) MG, D2) HMG, D3) ECs, and D4) HECs 24 768 

hr post-seeding in culture wells. Scale bar is 100μm. *p< 0.05, **p< 0.01. 769 

 770 

Figure 3. RAGE and CD-40 Expression in ECs, HECs, MG, and HMG. RAGE expression in A) 771 

endothelial cells (ECs), hyperglycemic endothelial cells (HECs), B) Muller glia (MG), and hyperglycemic-772 

induced Muller glia (HMG) cultured in hyperglycemic media (25mM glucose and 1μg/mL AGEs) for 15 773 

days. C) Normalized fluorescence intensity per cell area (%) correlating RAGE expression in all cell 774 

groups. CD-40 expression in D) ECs, HECs, E) MG, and HMG cultured in hyperglycemic media (25mM 775 

glucose and 1μg/mL AGEs) for 15 days. F) Normalized fluorescence intensity per cell area (%) correlating 776 

CD-40 expression in all cell groups. IgG was utilized as a negative immunostaining control. Scale bar is 777 

100μm. *p< 0.05, **p< 0.01. 778 

 779 

Figure 4. Expression of Zonula Occludens 1 (ZO-1) and Connexin-43 (CX43) Expression in Müller 780 

glia (MG) and Endothelial Cells (ECs). A1) ZO-1 expression in ECs in response to hyperglycemic 781 

condition (25mM glucose+1μg/mL AGEs), and staining controls (Isotype control and No primary 782 

antibody). Yellow arrowheads point towards disruption of ZO-1 boundaries between adjacent cells. White 783 

arrowheads point to clustering of ZO-1. A2) Quantification of ZO-1 in ECs via integrated fluorescence 784 

intensity/area. B1) CX43 expression in ECs in response to hyperglycemic condition (25mM 785 

glucose+1μg/mL AGEs), and controls (Isotype control and No primary antibody). B2) Quantification of 786 

CX43 in ECs via integrated fluorescence intensity/area. C1) CX43 expression in MG in response to 787 

hyperglycemic condition (25mM glucose+1μg/mL AGEs), and controls (Isotype control and no primary 788 

antibody). C2) Quantification of CX43 in MG via integrated fluorescence intensity/area. Scale bar is 789 

100μm. * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001.  790 

 791 

Figure 5. Measurement of Barrier Integrity via Trans-Endothelial/Epithelial Resistance (TEER). A) 792 

Schematic depicting the transwell configurations of cell barriers, ECM: transwell membrane coated with 793 
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fibronectin and collagen IV at a 1:1 ratio, 1mg/mL, ECs: Endothelial cells monolayers on coated 794 

membranes with ECM. MG: Müller glia monolayers on coated membranes with ECM. COMBO: ECs 795 

monolayer on top of an ECM coated membrane + MG monolayer on the bottom of the same membrane. B) 796 

TEER quantification of B1) normoglycemic and B2) hyperglycemic groups, B3) overlap of normoglycemic 797 

and hyperglycemic cell barriers over the course of 7 days. Statistically significant differences between 798 

COMBO and ECs are compared in B1, and between hyperglycemic COMBO and HECs are compared in 799 

B2. Statistical differences between normoglycemic and hyperglycemic groups of the same cell type (e.g., 800 

MG and HMG) are compared in B3. * (p<0.05), ** (p<0.01), *** (p<0.001), and **** (p<0.0001). 801 

 802 

Figure 6. Barrier Recovery Response to TNF-α and ARVA via Trans-Endothelial/Epithelial 803 

Resistance (TEER). A) TEER quantification of cell barriers in the presence of TNF-α (5ng/mL) in A1) 804 

normoglycemic groups (solid lines) and A2) hyperglycemic groups (dashed lines). ECM: transwell 805 

membrane coated with fibronectin and collagen IV at a 1:1 ratio, 1mg/mL, ECs: Endothelial cells 806 

monolayers on coated membranes with ECM. MG: Müller glia monolayers on coated membranes with 807 

ECM. COMBO: ECs monolayer on top of an ECM coated membrane + MG monolayer on the bottom of 808 

the same membrane. B) TEER quantification of cell barriers in the presence of Anti-Rat Vegf-A (ARVA) 809 

(1μg/mL) in normoglycemic groups (solid lines) and hyperglycemic groups (dashed lines). COMBO: ECs 810 

monolayer on top of an ECM coated membrane + MG monolayer on the bottom of the same membrane. 811 

Hyperglycemic COMBO: COMBO in hyperglycemic conditions. COMBO + ARVA: COMBO treated 812 

with ARVA (1μg/mL). Hyperglycemic COMBO + ARVA: hyperglycemic COMBO treated with ARVA 813 

(1μg/mL). ΔΩ is the percent TEER recovery, measured by the TEER change between day 4 and day 6. 814 

ΔΩ = COMBO, ΔΩ C+A = COMBO +ARVA, ΔΩ D = Hyperglycemic COMBO, and ΔΩ DC + A =  815 

Hyperglycemic COMBO +ARVA. ****  (p< 0.0001) correspond to the statistical difference between 816 

hyperglycemic COMBO and hyperglycemic COMBO + ARVA. 817 

 818 
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Supplemental Figure S-1. Summary of (A) cell area changes and (B) cell shape index over time for 819 

endothelial cells (ECs) and Müller glia (MG) under control (or normoglycemic) and hyperglycemic (H) 820 

conditions.  821 

 822 

 823 


