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Existing animal models with rod-dominant retinas have shown that hyperglycemia injures neurons, but it is not yet clearly understood how blue cone photoreceptors and retinal ganglion cells (RGCs) deteriorate in patients because of compromised insulin tolerance. In contrast, northern tree shrews (Tupaia Belangeri), one of the closest living relatives of primates, have a cone-dominant retina with short wave sensitivity (SWS) and long wave sensitivity (LWS) cones. Therefore, we injected animals with a single streptozotocin dose (175 mg/kg i.p.) to investigate whether sustained hyperglycemia models the features of human diabetic retinopathy (DR). We used the photopic electroretinogram (ERG) to measure the amplitudes of A and B waves and the photopic negative responses (PhNR) to evaluate cone and RGC function. Retinal flat mounts were prepared for immunohistochemical analysis to count the numbers of neurons with antibodies against cone opsins and RGC specific BRN3a proteins. The levels of the proteins TRIB3, ISR-1, and p-AKT/p-mTOR were measured with western blot. The results demonstrated that tree shrews manifested sustained hyperglycemia leading to a slight but significant loss of SWS cones (12%) and RGCs (20%) 16 weeks after streptozotocin injection. The loss of BRN3a-positive RGCs was also reflected by a 30% decline in BRN3a protein expression. These were accompanied by reduced ERG amplitudes and PhNRs. Importantly, the diabetic retinas demonstrated increased expression of TRIB3 and level of p-AKT/p-mTOR axis but reduced level of IRS-1 protein. Therefore, a new non-primate model of DR with SWS cone and RGC dysfunction lays the foundation to better understand retinal pathophysiology at the molecular level and opens an avenue for improving the research on the treatment of human eye diseases.
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Introduction

Diabetic retinopathy (DR) is on the priority list of eye conditions according to the World Health Organization. One-third of diabetes patients are affected by this disease and its prevalence is expected to triple, reaching 643 million DR patients by 2040 (1). DR is a leading cause of blindness for working-age individuals in developed countries worldwide (1, 2). Neurodegeneration and retinal vasculature dysfunction are two major pathophysiological features of DR (3). Aberrant retinal vascularization is a primary diagnostic characteristic and determinant for current DR treatments. Retinal dysfunction (4–9) caused by reduced cone sensitivity, abnormal activation of the phototransduction cascade (10, 11), selective loss of S cones (12), glial abnormalities, and thinning of the nerve fiber, the retinal ganglion cell (RGC) layer, and the inner plexiform layer in DR patients (13–15) have not received the necessary attention from researchers. Highlighting the importance of further investigation, hyperglycemia-induced retinal neurodegeneration may precede the microvascular dysfunction and contribute to DR pathogenesis (16–19). The ability to investigate crosstalk between these two pathologic features of DR depends on establishing animal models that accurately represent diabetic retinopathy pathophysiology in the human eye.

Retinal ganglion and amacrine cells are the first neurons in which hyperglycemia induces apoptosis (20). Photoreceptor cells in the diabetic retina also die through apoptosis and calpain activation (21, 22). Several animal models have been developed to study the molecular basis of DR pathogenesis. While they accurately reproduce some of the pathological changes found in patients, several critical features, such as cone photoreceptor cell degeneration (10, 12), RGC loss (23), proliferative retinopathy (24) are still missing. Non-human primate models have high structural similarity to the human eyes, but have several limitations, including the lack of cone neurodegeneration, cell loss (24), and the high cost. Similarly, rodent models do not usually manifest cone deficits. Previous studies with various models of DR lack consistent conclusions about the presence of photoreceptor loss in diabetes (25). Some studies propose that hyperglycemia induces no photoreceptor loss (4, 26), while others detected photoreceptor cell death in diabetic retinas (25, 27–29). This emphasizes the gap in the methodology and the approaches applied to study DR.

RGC death has been documented in human diabetic retinas and animal models of DR (23, 30). Severe DR significantly reduces the density of RGC and affects the expression of melanopsin in melanopsin containing RGCs (mRGCs) in the human diabetic retina, partially explaining the abnormal circadian activity and pupil responses in patients with diabetes (31, 32). Moreover, parasol and midget RGCs show irregular axon morphology, swelling, and beading with significantly reduced branching frequency, in the diabetic human retina (33). The molecular mechanism of RGC death is probably apoptosis through activation of caspase-3, FAS, and BAX found in postmortem tissues (34). Several studies with diabetic rodents have shown dramatic RGC loss as early as 6 weeks after streptozotocin (STZ) injection (35). After three months of diabetes, the hyperglycemic Ins2Akita/+ mice suffer from RGC loss in the peripheral retina with morphological changes in the dendrites of the surviving large ON-type RGCs (36). This is in line with other DR models and STZ-induced diabetes (37), although the timing of RGC death in mice varies (38–40).

The lack of DR models representative of the full clinical spectrum of humans disease, in combination with the unavailability of human diabetic retinas suitable for analysis, is probably responsible for the disregard of some DR biomarkers (e.g., metabolic retinal stress). An animal model recapitulating pathogenesis of human DR is a critical unmet need and would assist resolving these issues. Such a model would provide a platform for the development of novel therapeutics targeting photoreceptor dysfunction and retinal metabolic stress.

Diurnal tree shrews (Tupaia Belangeri) have cone-dominant retinas (95%). The highest cone density is located in the central retina.

Although there is no fovea in the tree shrew’s retina, the RGC density peak corresponds to the area centralis (temporal retina) and is similar to the area of central vision (41). These animals are dichromatic with 90–96% red-sensitive cones (Long Wave sensitivity or LWS) and 10% blue-sensitive cones (Short wave sensitivity or SWS), depending on their retinal location (42, 43). Together, these findings suggest that tree shrews could be a useful model of DR. Therefore, we hypothesize that tree shrews are an ideal and unique model of DR that accurately simulates critical aspects of human DR and will serve for translational research aimed at preventing vision loss or restoring vision in patients with diabetic retinopathy. This novel model could lay the foundation for a better understanding of the molecular mechanisms underlying DR pathophysiology.



Materials and Methods


Animals

All experiments were approved by the UAB Institutional Animal Care and Use Committee and adhered to all standards set forth in the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Male tree shrews were purchased from the UAB tree shrew core. Tree shrews are available from the UAB core on commercial base. Animals were housed under conditions of a 12-h light-dark cycle with unlimited access to food and water, until at least 6 months of age.

Hyperglycemia was induced by a single intraperitoneally injection of 175 mg/kg of STZ (Sigma, St. Louis, MO, United States). The control group was injected with vehicle (0.09% phosphate buffer i.p.). Four weeks following the injection, the blood glucose levels (BGL) from tail blood samples were measured once a week for 16 weeks using Accu-Check Aviva Plus test strips (Roche Diabetes Care, Inc.). Detection of BGL at > 250 mg/dL for four consecutive weeks served as evidence of hyperglycemia, although we continued monitoring BGL in animals over the course of experimental procedure. All blood glucose tests were conducted in non-fasting animals at 10:00 AM. Bodyweight (BW) of control and hyperglycemic three shrews was monitored weekly. BW loss > 20% for 10 consecutive days, BGL > 350 mg/dL, and high level of ketones in urea measured by a ketone detection kit (Trivida Health, Inc.) served as exclusion criteria from the study and was considered a study endpoint.

At 16 weeks after STZ injection, diabetic and control animals were euthanized. Blood samples were collected, and biochemical analysis was conducted to determine the concentration of glycated hemoglobin (HbA1C), free fatty acids (FFA), total cholesterol (TC), high- and low-density lipoproteins (HDL and LDL, respectively), triglycerides (TG), glucagon (Gluc), and insulin (Ins) in the Vanderbilt University Medical Center Lipid Core.



Retinal Function Test

Because tree shrews are dichromatic animals with 90-96% LWS cones and 7-10% SWS cones, depending on retinal location (42, 43), we analyzed the A- and B-waves of photopic cone-mediated ERG using the LKC UTAS-3000 Diagnostic System (Gaithersburg, MD) as described in (44). Animals were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg), and their pupils were dilated with topical 2.5% phenylephrine hydrochloride ophthalmic solution (Paragon BioTeck, Inc). After performing the light adaptation procedure on the background for 10 min with a light intensity of 2.5 cd*s/m2, 7.91 cd*s/m2, 25 cd*s/m2, and 79.1 cd*s/m2, we performed an ERG recording averaging 15 sweeps with the interval of 1 sec and using white light as a stimulus. ERG lens electrodes (LKC Technologies) were placed on the surfaces of both eyes by using Gonak™ 2.5% Hypromellose Ophthalmic Demulcent Solution (Akorn, Inc.). We measured the A-wave amplitudes from the baseline to the peak in the cornea-negative direction and the B-wave amplitudes from the cornea-negative peak to the major cornea-positive peak. Fifteen waveforms were recorded from each animal and the values were averaged. This protocol was also used to measure photopic negative responses (PhNR). 



Fundus Imaging Analysis

SD-OCT imaging was performed using a Spectralis OCT2 (Heidelberg Engineering, Inc, Heidelberg, Germany) as described in (45). Animals were anesthetized with ketamine and xylazine as described above. One drop of topical 2.5% phenylephrine (Paragon BioTeck, Inc) was used to dilate the iris. SD-OCT horizontal B-scans were performed to detect changes in the retinal angiography using the sodium fluorescein dye. The Micron IV imaging system (Phoenix Technology Group, LLC) was used to register retinal blood-vessel leakage. To that end, anesthetized animals received IP injections of sodium fluorescein and the imaging was processed as described in (44).



Histological Analysis

For the histological analysis, the eyeballs were enucleated and emersion fixed in freshly prepared 4% paraformaldehyde in phosphate-buffered saline (PBS). Hematoxylin and eosin staining of 16 μm thick retinal cryosections was performed. Digital images of diabetic and control retinas were analyzed in the central, superior, and inferior hemispheres equally distant from the optic nerve head. The thicknesses of outer nuclear layer (ONL) and inner nuclear layer (INL) on whole retinas were analyzed by an investigator blind to the experimental condition. The pancreas tissues were collected from control and diabetic animals, fixed, and processed for paraffin embedding. Tissues were then sectioned and stained with H&E prior to histopathologic analysis for morphological signs of STZ-induced damage.

To calculate cone and RGC density, we prepared retinal flat mounts. The lens and the vitreous body were carefully removed from the eyecup leaving the retinal pigment epithelium (RPE)and neuronal retinas. The neural retina was then separated from remaining RPE layer to perform immunohistochemistry. For retinal flat mounts and cryosections, the retinal tissues were rinsed with PBS, blocked with 5% normal donkey serum, and 0.3% Triton X-100 in PBS for 1 h at room temperature. The retinal flat mounts and cryosections were then incubated in the primary anti-BRN3A antibody (#ab245230, Abcam) in a dilution 1:300 to identify RGCs, anti-red/green opsin (#AB5405, Millipore), and anti-blue opsin (#AB5407, Millipore) antibodies in a dilution of 1: 200 overnight to detect LWS and SWS cones, respectively. The secondary Alexa Fluor 555 or 488 antibodies (TermoFisher Scientific) diluted in PBS (1:500) were applied for 1 h at room temperature. Retinal flat mounts were covered with coverslips after applying mounting medium with propidium iodide (#H-1300-10, Vector Laboratories, Inc). Fluorescent microscopy was performed using a BZ-X Keyence fluorescent microscope to count the numbers of red/green and blue cones in a 0.01 mm2 counting region of interest in the central, mid-central, and peripheral areas (zone-1, zone-2, and zone-3) of the superior regions of the eye.



Western Blot Analysis

The tree shrew’s retinas were dissected. Lysis was carried out with RIPA buffer to prepare the protein extracts. The primary antibodies used in the study were as follows: anti-BRN3A (#ab245230, Abcam), anti-p-AKT (#p-S473, 4060), AKT (#4691), anti-p-mTOR (D9C2, 5536), mTOR (# 7C16, 2983), and anti-ISR1 (#3407) from Cell Signaling; anti-TRIB3 (B-2) (# sc-390242) from Santa-Cruz Biotechnology) and rabbit anti-Actin (# A2066), and mouse anti-β-Actin (# A2228) from Sigma-Aldrich.



Statistics

The Student’s t-test was used to compare the control and the diabetic groups. All statistical analyses were performed on GraphPad Prism 9 software.




Results


A Single STZ Injection Resulted in Sustained Hyperglycemia in Tree Shrews

Over 75% of the STZ-injected tree shrews developed type 1 diabetes (T1D). The rest of the animals did not manifest sustained hyperglycemia but most likely developed type 2 diabetes (T2D) and were excluded from the study. We monitored the animals for 16 weeks and found that these animals demonstrated a progressive decline in BW as compared to the control group, starting at 8 weeks after induction of hyperglycemia (p < 0.01; Figure 1A). BGL levels were also elevated in STZ-injected animals (Figure 1B). The average BGL fluctuated between 300 mg/dl and 350 mg/dl in the diabetic group during the 16 weeks of observation. Both BGL and BW values were consistent with the decline in insulin levels (8-fold, p <0.001) and the increase in HbA1C (2-fold, p < 0.0001), and Glucagon (>3-fold, p<0.01), biomarkers of T1D, measured after animals had been euthanized (Figures 1C–F).




Figure 1 | STZ injection results in the development and progression of T1D diabetes in tree shrews. (A) The body weight was reduced in diabetic tree shrews, starting at 8 weeks after injection. (B) At 1 week after the STZ injection, the blood glucose levels were significantly and consistently upregulated > 300 mg/ml in diabetic animals as compared with control tree shrews. (C) The islet β cells were almost lost in the pancreas of diabetic animals as a result of STZ injection leading to diminished insulin production measured in the serum of diabetic and control animals (D, E) The HbA1c levels measured at the end of the experimental protocol were markedly increased in diabetic tree shrews compared with control animals, suggesting sustained hyperglycemia after injection with STZ. (F) Both the reduction in insulin production and the increase in HbA1C were in agreement with elevated glucagon level in the serum of diabetic tree shrews (n=xx). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.000, n= 5-8.



Overall, tree shrew injected with a single dose of STZ developed severe and sustained hyperglycemia and were further examined for markers of lipid metabolism (Figure 2). Serum levels of FFA (2-fold), TC (1.4-fold), HDL (1.3-fold), LDL (> 2-fold), and TG (1.5-fold) were significantly elevated in hyperglycemic tree shrews compared to control animals.




Figure 2 | Hyperglycemic tree shrews undergo changes in the levels of serum parameters such as FFA, TC, TG, HDL, and LDL. *p < 0.05, **p < 0.01, ***p < 0.001, (n= 6-7).





Hyperglycemic Tree Shrews Manifest Loss of Retinal Function

A significant decline by 50% in both A- and B-wave amplitudes was observed in diabetic animals compared with the control group (p < 0.01 and p < 0.001, respectively; Figure 3), indicating retinal deterioration. Therefore, we next analyzed the number of cones and the thicknesses of the Outer and Inner Nuclear Layers (ONL and INL, respectively) across the retina (Figure 4).




Figure 3 | Sustained hyperglycemia results in compromised cone photoreceptor function. The photopic ERG were recorded with the LKC setup (right). A- and B-wave photopic ERG amplitudes were diminished in the diabetic tree shrew retina (left). The calculation of the photopic ERG A- and B- wave amplitudes at 25 cd*s/m2 is shown. **p < 0.01, ***p < 0.001, (n= 6-8).






Figure 4 | Histological changes of diabetic retinas. (A) The retinal flat mounts were divided by zone-1, zone-2, and zone-3 to count cone photoreceptor and retinal ganglion cells (propidium iodide in red). (B) Images of the H&E-stained control and diabetic retinas. (C) Spider plots depicting the thicknesses of the ONL and INL. The spider plots were generated by plotting the number of nuclei using 1000 µm step in the distance from the ONH for both hemispheres. (D) Fluorescent images showing sections of the retina and retinal flat mounts from control and diabetic tree shrews processed with anti-green/red cone opsin (Green, upper panel) and anti-blue cone opsin (Green, bottom panel) primary antibodies, as well as with propidium iodide (Red). (E) The number of LWS cones did not differ between the diabetic and control groups (left graph); however, the number of SWS cones showed small but significant differences between diabetic and control groups in zone 3 (right graph) . *p < 0.05, (n= 4, each). Scale bars:  (A)- 1000 µm, (B, D) – 50 µm. ns, non-significant.



The stitching of fluorescent images allowed us to divide superior retinas into central (zone 1), mid-peripheral (zone 2), and peripheral (zone 3) sectors (Figure 4A) and count the number of cones. While the decrease in ONL and INL thicknesses did not reach statistical significance in diabetic retinas at this time point (Figures 4B, C), in zone 3, there was a significant (12%) decrease in the number of SWS cones between control and diabetic retinas (p < 0.0004, Figures 4D, E). Central and mid-peripheral retinas had no significant differences between the two groups. Moreover, the decrease in the number of SWS cones was not accompanied by loss of LWS cones across the entire retina (Figures 4D, E), suggesting a selective peripheral SWS cone sensitivity to hyperglycemia.

Because of the RGC loss in patients (33) and RGC death in diabetic animals described in our and other published studies (23, 37), we analyzed the PhNRs and calculated the number of RGCs in diabetic retinal flat mounts (Figure 5). A 2-fold decline in PhNR was observed in the diabetic group as compared to control animals (p < 0.001), suggesting a compromised RGC function after 16 weeks of sustained hyperglycemia (Figure 5A, see also Figure 3A). A marked reduction in BRN3A-positive RGCs was found in all three sectors of retinal flat mounts. This reduction was in the range of 17–20% (p < 0.0001 for all sectors) (Figure 5B). Interestingly, the observed RGC loss was in agreement with BRN3A protein levels in diabetic retinas (Figure 5C), where BRN3A protein levels were reduced by 29%, as evaluated by western blot analysis. These results suggest that sustained hyperglycemia compromised retinal function and induced RGC and peripheral SWS cone loss in diabetic tree shrews.




Figure 5 | Sustained hyperglycemia resulted in compromised RGC function. (A) The PhNR amplitudes were reduced by 50% in the diabetic retina (right panel). (B) Images of the retinal flat mount processed with anti-BRN3A antibody (left panel). The number of BRN3A-positive RGCs in the diabetic retina was markedly reduced in zone 1, zone 2, and (zone-3 areas compared to the control group (right panel). See also Figure 4 for depicted area. (C) In agreement with the immunohistochemistry analysis, the expression of BRN3A protein was also diminished as detected by western blot analysis (representative membrane images on the left; calculated data on the right). **p < 0.01, ***p < 0.001, ****p < 0.0001, (n= 5-10).





Diabetic Tree Shrews Do Not Manifest Vascular Leakage After 16 Weeks of Hyperglycemia

After the detection of the neuronal deficits in diabetic retinas, we tested for signs of vascular abnormalities in the hyperglycemic tree shrews by fluorescein angiography. Neither vascular leakage nor retinal vessel abnormalities were observed after 16 weeks of hyperglycemia (Figure S1). This finding suggests that the retinal cell function loss was not accompanied by compromised vascular health in diabetic tree shrews.



Sustained Hyperglycemia Correlates With the Upregulation of the p-AKT/p-mTOR Pathway in the Diabetic Tree Shrew’s Retina

We next investigated the activity of the ISR/AKT/mTOR pathway in the retina of the cone-dominant diabetic tree shrew. The insulin signal receptor (ISR) was significantly downregulated in diabetic retinas compared with control animals (p < 0.05; Figure 6). This decrease was associated with the 1.4-fold increase in both p-AKT and p-mTOR (p < 0.01 and p < 0.05, respectively). Because of our recent findings suggesting the regulation of p-AKT/p-mTOR by the pseudokinase TRIB3 in mice with inherited retinal degeneration (46) and the TRIB3 upregulation in human and mouse diabetic retinas (37), we tested the TRIB3 levels as well. Similar to diabetic patients and mice, diabetic tree shrews’ retinas showed an upregulation of TRIB3 (Figure 6). This upregulation was associated with a 20% increase in the level of VEGFP.




Figure 6 | Sustained hyperglycemia results in the alteration of cellular signaling in diabetic retinas. Representative images of the western blot membranes are shown on the left. The measured normalized values of the proteins in question are shown on the right. Reduced IRS expression was detected in diabetic retinas along with an increase in the p-AKT/p-mTOR pathway. In addition, we observed an increase in TRIB3 and VEGF expression, supporting our previous findings in human and mouse diabetic retinas. *p < 0.05, **p < 0.01, (n= 5-6).






Discussion

The results of the present study indicate that tree shrews develop sustained hyperglycemia and manifest type 1 diabetic biomarkers and circulating markers of lipid metabolism dysfunction as well as loss of retinal function and peripheral SWS cone and global RGC death at 16 weeks after STZ injection.

STZ is a widely used pharmacological compound applied to induce experimental diabetes mellitus. However, the experimental doses of STZ and the severity and onset of diabetes vary across species. Here, we provided the evidence that a single injection of 175 mg/kg STZ in tree shrews leads to sustained hyperglycemia and, eventually, culminates in T1D and diabetic retinopathy.

Cone photoreceptor dysfunction is a clinical manifestation of DR (10, 12), and a substantial decrease in parafoveal cone density has been reported in patients with non-proliferative DR (9, 47). Despite the reports on cone photoreceptor degeneration in patients with DR, some controversy still exists over the relationship between cone density decline and HbA1c levels (9, 47). Here, we report that increased HbA1C and Glucagon and reduced insulin levels correlate with retinal neuronal dystrophy and SWS cone photoreceptor cell death.

A recent study on basal physiological parameters suggested that tree shrews could be an ideal animal model for metabolic diseases (48). Since spontaneous diabetes in tree shrews has many similarities to human diabetes (49), tree shrews could be an attractive model for DR. However, to date, diabetes research in tree shrews has been limited to the study of the liver or kidneys and has not yet focused on the retina (50–52). Here, we show that hyperglycemic tree shrews manifest changes in circulating FFA, TC, HDL, LDL, and TG (Figure 2).

Although FFA is an important link between obesity, insulin resistance, and type 2 diabetes, little is known about their levels in T1D. A recent study conducted in patients with T1D identified an increase in the ratio of saturated to unsaturated FFA compared to nondiabetic controls (53). Despite this increase, total FFA in the serum of T1D patients was lower compared to the control group (Figure 2). Our study, in contrast, indicates an increase in total FFA in diabetic tree shrews compared with the control group. This could be explained, in part, by the particular metabolic processes of tree shrews or the need for controlled clinical studies of diabetes in patients. For example, normal tree shrews have a high basal HDL/LDL ratio compared to humans (54). Therefore, it is not surprising that both HDL and LDL respond to hyperglycemia. Interestingly, the above-mentioned study also provided evidence for a positive correlation between FFA and cholesterol and HDL. Evidence from our study showed that diabetic tree shrews also manifested a positive correlation between FFA and TC, FFA, HDL, and BGL further supporting this notion.

The retinal changes in STZ-injected animals are likely due to hyperglycemia and not STZ toxicity. Indeed, direct toxicity of STZ on lymphocytes, particularly on CD8+ cells, Treg, and B cells have been previously shown in vitro (55). Although STZ, a toxic glucose analog, targets pancreatic β-cells via GLUT2 transporter uptake, a great deal of the literature suggests that expression of GLUT2 is more robust in the pancreas than in the retina (56). Next, considering the very short half-life of STZ (approximately 15 min) (57), it is unlikely that its direct effect could be sustained for a few months after the administration. Therefore, most likely that the observed functional, morphological, and molecular changes in injected animals are due to STZ-induced hyperglycemia. These changes include minor but significant loss of peripheral SWS cones, similar to the S cone damage found in patients with T1D (12, 58). Thus, we confirmed that the tree shrew retina contains SWS cones at a percentage of approximately 10% of the total number of cones (Figures 4). The decline in the cone-derived photopic ERG amplitudes in the diabetic group is in agreement with this finding. However, given that the reduction in LWS cones, a major cone type in the tree shrew’s retina, is not observed, most likely, the ERG abnormalities arise from dysfunction of the cones in diabetic retinas. This hyperglycemia-induced dysfunction of photoreceptors has been previously reported (59). Therefore, together with the observed decline in RGC function and cell death detected in patients and diabetic animals, this feature indicates the neuronal deficit in hyperglycemic retinas. Future studies investigating prolonged hyperglycemia (>16 weeks) will help determine whether SWS cone loss remains isolated to the periphery or migrates slowly toward the central retina surrounding the optic nerve head. Additionally, these studies will help determine if LWS cones remain resistant to damage caused by prolonged hyperglycemia.

Notably, the lack of compromised retinal vascular health in diabetic tree shrews despite a 20% increase in VEGF at this timepoint indicates that the neuronal retinal pathogenesis most likely occurs before major vascular damage, making it a limitation of the diabetic tree shrew model for advanced stages of DR in humans. Indeed, the retinal neurons could be more vulnerable to hyperglycemia as compared to retinal endothelial cells. In turn, signal transmission from deteriorating retinal neurons together with elevated glucose, diminished insulin, and variations in the circulating lipids, lipoproteins, and proteins collectively may damage the vascular tissue at later stages of diabetes. Therefore, the selected experimental period (16 weeks) could be the reason why we did not observe vascular changes with non-invasive imaging analysis yet.

The deficit in circulating insulin is in agreement with reduced ISR-1 levels in diabetic retinas. This finding is in agreement with previous studies in diabetic rats after 12 weeks of hyperglycemia (60). However, in the rat model, the authors observed a decline in the AKT activity, while our study showed an upregulation of the p-AKT/p-mTOR pathway after 16 weeks of hyperglycemia. Interestingly, TRIB3, a metabolic stress indicator, is elevated in response to hyperglycemia as documented in another study by our group on diabetic humans and mice (37). However, the TRIB3-mediated control of p-AKT in the retina of mice with inherited retinal degeneration did not coincide with the present results on the diabetic retina, implying that the cellular signaling may be differentially activated depending on the type of stress.



Conclusions

We propose a new tree shrew model of DR with the retinal phenotypes of cone photoreceptor degeneration and RGC dysfunction to investigate the hyperglycemia-induced retinal degeneration at early stages of DR. This model also lays the groundwork for better understanding molecular pathophysiology of DR and opens an avenue for improving the treatment of human eye disease. Moreover, this model can be an ideal bridge between the non-human primate and rodent models of diabetes. Finally, by simulating critical pathophysiological aspects of human DR, this model could also serve to evaluate the effect of systemic pathogenesis of human diabetes, including the affected pancreas, liver, and kidneys on the development and progression of DR.
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