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Muller Glial Expression of REDD1 Is Required for Retinal
Neurodegeneration and Visual Dysfunction in

Diabetic Mice
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Clinical studies support a role for the protein regulated
in development and DNA damage response 1 (REDD1)
in ischemic retinal complications. To better understand
how REDD1 contributes to retinal pathology, we exam-
ined human single-cell sequencing data sets and found
specificity of REDD1 expression that was consistent
with markers of retinal Miiller glia. Thus, we investi-
gated the hypothesis that REDD1 expression specifi-
cally in Muller glia contributes to diabetes-induced
retinal pathology. The retina of Miiller glia-specific
REDD1 knockout (REDD1-mgKO) mice exhibited dra-
matic attenuation of REDD1 transcript and protein
expression. In the retina of streptozotocin-induced dia-
betic control mice, REDD1 protein expression was
enhanced coincident with an increase in oxidative
stress. In the retina of diabetic REDD1-mgKO mice,
there was no increase in REDD1 protein expression,
and oxidative stress was reduced compared with dia-
betic control mice. In both Miiller glia within the retina
of diabetic mice and human Muller cell cultures
exposed to hyperglycemic conditions, REDD1 was nec-
essary for increased expression of the gliosis marker
glial fibrillary acidic protein. The effect of REDD1 dele-
tion in preventing gliosis was associated with suppres-
sion of oxidative stress and required the antioxidant
transcription factor nuclear factor erythroid-2-related
factor 2 (Nrf2). In contrast to diabetic control mice, dia-
betic REDD1-mgKO mice did not exhibit retinal thinning,
increased markers of neurodegeneration within the reti-
nal ganglion cell layer, or deficits in visual function.
Overall, the findings support a key role for Miiller glial

REDD1 in the failed adaptive response of the retina to
diabetes that includes gliosis, neurodegeneration, and
impaired vision.

Diabetic retinopathy (DR) is a common ocular complication
caused by both type 1 and type 2 diabetes. Despite signifi-
cant advances in therapeutic approaches to its treatment,
DR remains among the most frequent causes of new cases
of blindness (1). Recent clinical trials demonstrate that
blockade of vascular endothelial growth factor (VEGF) sig-
naling reduces edema and improves visual acuity in approxi-
mately half of patients (2). One of the limitations of the
current single-cytokine targeted approaches is that they
largely address the microvascular defects and neovasculari-
zation that occur in more advanced stages of retinal disease.
Importantly, significant neuroglial deficits often precede
and even predict the visible signs of microvascular disease
in the retina in patients with diabetes (3,4). In the retina of
patients with diabetes, glial activation likely serves as an
adaptive response to mitigate tissue damage prior to clinical
manifestation of DR (5,6). However, prolonged changes in
expression of glial-derived factors, including VEGF, contrib-
ute to disease progression (7,8).

Miller cells are the principal retinal glia that extend
radially across the entire retina to participate in both the
inner and outer limiting membranes (9). Owing to this ori-
entation, Muller glia contact virtually every other retinal
cell type. Miller cells provide critical homeostatic and tro-
phic support to both the retinal vasculature and neuronal
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layers. Among their many roles, Miiller cells recycle neuro-
transmitters to prevent excitotoxicity, provide spatial buff-
ering of ions, reabsorb fluid to prevent edema, participate
in the retinoid cycle, and regulate nutrient levels (10). In
addition, Muller cells release a variety of neurotrophic and
angiogenic growth factors and cytokines as well as critical
antioxidants such as glutathione (11). Shortly after the
onset of diabetes, Miiller cells become gliotic, undergoing
morphological and functional alterations (12). In DR,
Miiller cells exhibit a range of gene and protein expression
changes that contribute to retinal inflammation, microvas-
cular defects, and neuronal dysfunction (13).

In rodent models of both type 1 and type 2 diabetes,
expression of the stress response protein regulated in devel-
opment and DNA damage response 1 (REDD1, also known
as DDIT4/RTP801) is increased in the retina (14-17). A key
role for REDD1 in DR has been demonstrated in both pre-
clinical models and in patients with diabetes (14,18,19). The
Study Evaluating Efficacy and Safety of PF-04523655 Versus
Laser in Subjects with Diabetic Macular Edema (DEGAS)
phase 2 dinical trial intravitreally administered stabilized
siRNA targeting the REDD1 mRNA (PF-04523655) for treat-
ment of diabetic macular edema and found a trend toward
improvement in best corrected visual acuity (BCVA) when
compared with focal/grid laser photocoagulation (19). In a
secondary analysis of patients who completed 12-month fol-
low-up, mean improvement in BCVA with 3 mg PE-
04523655 was superior to laser (+9.1 letters vs. +3.2 let-
ters). However, much remains unknown regarding how
REDD1 contributes to retinal pathology in diabetes. Herein,
we found that retinal REDD1 expression was principally
localized to Miller glia. Moreover, we demonstrate the
necessity of Miiller glial REDD1 in development of retinal
defects and visual dysfunction in diabetic mice.

RESEARCH DESIGN AND METHODS

Animals

Generation of REDD1™" (20) and Miiller glia-specific REDD1
knockout (mgKO) mice is described in the Supplementary
Materials (Supplementary Fig. 1). In REDD1-mgKO mice,
Cre expression is directed to retinal Miller glia by the Pdgfra
(platelet-derived growth factor receptor, a polypeptide) pro-
moter (21). Pdgfra-Cre; HA-Rpl22 mice were generated as
previously described (22). REDD1"" and REDD1-mgKO lit-
termates were administered streptozotocin (STZ) or sodium
citrate buffer for 5 consecutive days to induce diabetes. As
previously described (23), male and female mice were admin-
istered 50 or 75 mg/kg STZ, respectively. Diabetic phenotype
was assessed with fasting blood glucose levels >250 mg/dL.
All procedures were approved by the Penn State College of
Medicine Institutional Animal Care and Use Committee and
were in accordance with the Association for Research in
Vision and Ophthalmology statement for the ethical use of
animals in ophthalmic and vision research.
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Miuiller Cell Culture

Isolation of primary Miller cells was performed using the
Worthington Papain Kit (Worthington Biochemical Corp.).
Briefly, mouse retinas were enucleated, dissected free of the
retinal pigment epithelium, exposed to papain and DNase,
and diced. Retinas were incubated at 37°C for 1 h, tritu-
rated, and spun at 300g for 5 min. The cell pellet was resus-
pended in an ovomucoid inhibitor-BSA solution with DNase
and centrifuged at 70g for 6 min. The cell pellet was resus-
pended in DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin. Cells were transferred to culture
dishes coated with 0.1% gelatin and incubated at 37°C in
5% CO,. Cultures were enriched for Miller cells in three
passages. MIO-M1 Miiller cell culture, REDD1 deletion by
clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9, and stable nuclear factor erythroid-2-related
factor 2 (Nrf2) knockdown were previously described (16).

RNA Isolation and Quantitative PCR

Total RNA was extracted with TRIzol (Invitrogen), reverse
transcribed, and subjected to quantitative real-time PCR,
as previously described (15). Primer sequences for the tar-
gets of interest are in Supplementary Table 1.

Western Blot Analysis

Retinas were flash frozen in liquid nitrogen and homoge-
nized as previously described (14). Cell lysates and retinal
homogenates were combined with Laemmli buffer, boiled,
and fractionated in Criterion Precast 4-20% gels (Bio-Rad
Laboratories). Proteins were transferred to a polyvinylidene
fluoride membrane, blocked in 5% milk in Tris-buffered
saline Tween 20, and evaluated with antibodies (Supple-
mentary Table 2).

Immunofluorescent Microscopy

Whole eyes were excised, and corneas were punctured fol-
lowed by incubation in 4% paraformaldehyde (pH 7.5) for
30 min. Eyes were washed with PBS and incubated at 4°C
in 30% sucrose solution containing 0.05% sodium azide
for 48 h. Eyes were embedded in optimal cutting tempera-
ture compound, flash frozen, and sectioned. Cryosections
(10 pm) were permeabilized in PBS + 0.1% Triton-X-100
and blocked in 10% normal donkey serum. Sections were
labeled with anti-glutamine synthetase (GS) and Alexa
Fluor 488 secondary antibodies, blocked, and then labeled
with anti-hemagglutinin (HA) and Alexa Fluor 647 over 2
consecutive days (Supplementary Table 2). Alternatively,
sections were stained as described above, substituting
anti-glial fibrillary acidic protein (GFAP) for anti-HA. Sec-
tions were also stained for cleaved caspase-3 with Alexa
Fluor 488. All sections were costained with 1.6 pmol/L
Hoechst. Slides were mounted with Fluoromount aqueous
mounting media (Sigma-Aldrich) and imaged by confocal
laser microscope (Leica SP8; Leica) with frame-stack
sequential scanning.
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Reactive Oxygen Species Measurement

Retinal reactive oxygen species (ROS) levels were measured
as described previously (17). Retinal cryosections were fixed
with 2% paraformaldehyde, stained with 1.6 wmol/L
Hoechst and 10 pmol/L 2,7-dichlorofluoroscein (DCF;
Aex = 504 nm), and imaged by confocal laser microscopy.
Alternatively, fluorescence was measured from retinal
lysates exposed to 10 pwmol/L DCF using a plate reader
(Spectra Max M5; Molecular Devices) (excitation/emission =
504/529 nm). Additionally, nuclei were isolated from retinal
tissue (24), and Nrf2 activity was assessed as previously
described (16).

Spectral Domain Optical Coherence Tomography

Mice were anesthetized with a mixture of ketamine (100
mg/kg) and xylazine (10 mg/kg) delivered by intraperitoneal
injection. Pupils were dilated with topical phenylephrine
HCI (0.5%). Spectral domain optical coherence tomography
(SD-OCT) was performed with the Envisu R2210 (Biopti-
gen) mouse adapted lens with a 50° field of view, centered
on the optic disk. Cross-sections from radial scan images
were averaged and analyzed with the Bioptigen InVivoVue
2.2 software. Six measurements were obtained from each
image, 0.287 mm on either side of the optic disk, and aver-
aged. Autosegmentation reports were generated using Bio-
ptigen InVivoVue Diver 3.4.4 software.

TUNEL

Cryosections were analyzed with an In Situ Cell Death
Detection Kit (Millipore-Sigma). Slides were washed three
times in PBS for 10 min and permeabilized in PBS with
0.1% Triton-X-100 for 2 min on ice. Sections were washed
twice in PBS for 10 min and incubated with 50 pL of
TUNEL reaction mixture for 60 min at 37°C. Slides were
washed three times for 10 min with PBS and incubated
with 1.6 pmol/L Hoechst nuclear stain and imaged by con-
focal laser microscopy (Aex = 488 nm) with frame-stack
sequential scanning,

Behavioral Assessment of Visual Function

The OptoMotry virtual optomotor system (Cerebral-
Mechanics, White Plains, NY) was used to evaluate visual
function, as previously described (25). Spatial frequency
(SE) threshold and contrast sensitivity (CS) were assessed
using a video camera to monitor the optomotor reflex eli-
cited in response to a vertical grating pattern rotating
around the mouse on four inward-facing computer moni-
tors. SF and CS were tested at different parameters in a
random step-wise protocol (26). CS was assessed at a SF
of 0.092 cycles/degree. SF was assessed at 100% contrast.
The CS and SF thresholds were identified as the highest
values that elicited the reflexive head movement. Thresh-
olds were averaged for each mouse over three trials on
consecutive days.
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Statistical Analysis

In Fig. 2C-E, a two-sample t test was used to compare
groups. In Figs. 3-6, data were analyzed overall with two-
way ANOVA, and pairwise comparisons were conducted
with the Dunnett or Tukey test for multiple comparisons.
Significance was defined as P < 0.05 for all analyses.

Data and Resource Availability

The data sets and resources generated during this study
are available from the corresponding author upon reason-
able request.

RESULTS

REDD1 Expression Was Dominant in Miiller Glia

Single cell transcriptomic analysis of human retinas was
previously used to identify major retinal cell types and
their corresponding gene expression signatures (27,28).
The specificity of REDD1 expression was examined in the
single-cell RNA sequencing (scRNA-seq) data sets on the
Human Protein Atlas. Remarkably, Miller glia exhibited
the highest REDD1 expression of the 43 single-cell types
included in the meta-analysis (Fig. 14). Miller glia were
the only cell type in which REDD1 expression was defined
as enhanced, due to a normalized expression value 5.5
times the mean of all other cell types. A Uniform Manifold
Approximation and Projection (UMAP) plot was used to
visualize 13 single-cell clusters of retinal cells observed by
scRNA-seq (Fig. 1B). Heterogeneity of Muller glia gene
expression profiles was demonstrated by three unique cell
clusters (c-1, ¢-6, and c-7). REDD1 expression in retinal cell
clusters was greatest in the three Miiller glia cell clusters,
with ¢-6 Miller glia exhibiting 6.4 times the mean expres-
sion of other retinal cell types (Fig. 1C). Owing to the dom-
inant pattern of expression in Miller glia, the specificity of
REDD1 expression in retina cells was consistent with other
established markers for this cell type (Fig. 1D). Examina-
tion of resource data from Cowan et al. (28) was consistent
with the dominant expression in Miller glia that was
observed in the meta-analysis (Supplementary Fig. 2).

Muiller Glia-Specific REDD1 Deletion Nearly Eliminated
Retinal REDD1 Expression

REDD1 mRNA abundance was dramatically attenuated in
the retina of REDD1-mgKO mice compared with REDD1%#
mice (Fig. 24), demonstrating that REDD1 expression in
murine retina was almost exclusively localized to Pdgfra-
Cre-positive cells. By contrast, REDD1 mRNA abundance
was similar in the kidney and liver. A modest decrease in
REDD1 mRNA was observed in the heart, supporting the
presence of Pdgfra-Cre-positive cells in that tissue. The
decline in REDD1 expression in the retina of REDD1-
mgKO mice was not observed in association with changes
in other key markers of Miiller glia (Fig. 2B). Unlike
whole-body REDD1 ™/~ mice, REDD1 mRNA expression
was detectable in the retina of REDD1-mgKO mice, sup-
porting the presence of a Cre-negative REDD1-expressing
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Figure 1—REDD1 expression was dominant in retinal Mdller glia. REDD1 expression was evaluated in the meta-analysis of scRNA-seq
data sets on the Human Protein Atlas (available from https://www.proteinatlas.org). A: Bar graph depicting top 15 normalized expression
(NX) values for REDD1 in all single cell types within the meta-analysis. Color coding is based on groups of cells that share common func-
tional features. B: Visualization of 13 single-cell clusters (c1-13) observed in the sequencing analysis of postmortem human retina by a
Uniform Manifold Approximation and Projection (UMAP) plot. Each dot represents a single cell. Color intensity for individual cells is
according to the percentage of maximum expression (log,(read_count + 1)/logx(max(read_count + 1) * 100) in five different bins (i.e.,
<1%,<25%,<50%,<75%, and =75%). C: Bar graph illustrating REDD1 expression for each retinal cell cluster. pTPM, protein-transcripts
per million. D: Heat map of Z-scores for REDD1 expression in retinal cell clusters relative to other established markers of cell type. Image
credit: Human Protein Atlas (https://www.proteinatlas.org/ENSG00000168209-DDIT4/celltype).

retinal cell population (Fig. 2C). To evaluate REDD1
expression in Miiller glia, primary Miller cell cultures
were generated. Miiller cells from the retina of REDD1-
mgKO mice lacked REDD1 mRNA but expressed REDD2

and the Miiller cell marker GS similarly to Miuller cells

from the retina of REDD1"" mice (Fig. 2D). Specificity of
PDGFRa-Cre for Miiller cells was assessed by expression
of an epitope-tagged Cre-reporter protein in retinal cross-
sections. Consistent with the orientation of Miuller glia,
HA-Rpl22 expression was observed in radially oriented
processes that spanned the entire thickness of the

Retina

neuroretina and in branching end feet that ensheathed
neurons within the ganglion cell layer (GCL) (Fig. 2D).
HA-tagged Rpl22 expression in the retina strongly colocal-
ized with GS.

Muiiller Cell-Specific REDD1 Deletion Prevented
Diabetes-Induced REDD1 Protein Expression in the

To evaluate the role of Miiller cell-specific REDD1 expres-
sion in the effect of diabetes on the retina, mice were
administered STZ. After 6 weeks of STZ-induced diabetes,
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Figure 2—Conditional deletion of REDD1 nearly eliminated retinal REDD1 expression. A: REDD1 mRNA abundance was evaluated in ret-
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and REDD1-mgKO mice. D: REDD1, REDD2, and GS expression in primary retinal Muller cells was evaluated. Data points represent bio-
logical replicates. Bars are means = SD (n = 4-7). *P = 0.05 vs. REDD1"" in A, B, and D or REDD1~~ in C. E: Miiller cell-specific Cre
expression was assessed by crossing Pdgfra-Cre mice with mice homozygous for a mutation targeted to the Rpl22 locus harboring a
loxP-flanked wild-type C-terminal exon 4, followed by an identical C-terminal exon 4 that is tagged with three copies of the hemagglutinin
(HA) epitope before the stop codon. Whole eyes were isolated and cryo-sectioned into sagittally oriented longitudinal cross-sections. HA-
Rpl22 reporter colocalization with the Miiller cell-specific marker GS was evaluated in retinal cross-sections by immunofluorescence.
Hoechst was used to visualize nuclei. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment

epithelium.

REDD1"" mice and REDD1-mgKO mice exhibited similar
elevations in postprandial blood glucose concentrations
(Fig. 3A). Consistent with the previous observations in
wild-type mice (14,16-18), retinal REDD1 protein expres-
sion was enhanced in the retina of STZ-diabetic REDD1™"
mice compared with nondiabetic REDD1™" controls (Fig.
3B). By contrast, REDD1 protein expression was attenu-
ated in the retina of REDD1-mgKO mice compared with
REDD1™" mice, and diabetes failed to promote REDD1
expression.

Diabetes-Induced Oxidative Stress Was Attenuated in
the Retina of REDD1-mgKO Mice

The principle pathways responsible for hyperglycemia-
induced tissue damage are all linked to the accumulation of
ROS (29). One key way cells combat elevated ROS levels is
activation of the transcription factor Nrf2. We recently
demonstrated that REDD1 acts, at least in part, by suppres-
sion of the Nrf2 antioxidant response (16). Nrf2 activity in
nuclear isolates obtained from retinal lysates of STZ-diabetic
REDD1™" mice was attenuated compared with nondiabetic
controls (Fig. 3C). By contrast, Nrf2 activity in the retina of
STZ-diabetic REDD1-mgKO mice was enhanced compared

with STZ-diabetic REDD1"" mice, and the suppressive
effect of diabetes was absent. To determine the impact of
Miiller cell-specific REDD1 expression on diabetes-induced
oxidative stress, ROS were quantified in retinal superna-
tants from whole retina. ROS were moderately enhanced
in the retina of STZ-diabetic REDD1-mgKO mice compared
with nondiabetic REDD1-mgKO mice (Fig. 3D). Notably, ROS
were attenuated in the retina of STZ-diabetic REDD1-mgKO
mice compared with STZ-diabetic REDD1™" controls
(Fig. 3D and E). Visualization of ROS in retinal cross-sections
suggests the decline in diabetes-induced ROS with Miiller
cell-specific REDD1 deletion was not localized to a particu-
lar retinal layer (Fig. 3E).

REDD1 Contributed to Development of Retinal Gliosis

Recent studies support that chemical activation of Nrf2 is
sufficient to prevent Miiller cell gliosis (30-32). Diabetes pro-
motes expression of glial fibrillary acidic protein (GFAP) in
Miiller cells (33), which serves as a marker of gliosis. Retinal
cross-sections stained for GS demonstrated similar localiza-
tion and distribution of Muller glia in the retina of REDD1-
mgKO and REDD1™" mice (Fig. 44). GFAP expression in

retinal cross-sections from diabetic REDD1" mice was
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enhanced compared with nondiabetic controls; however, a
similar increase was not observed in STZ-diabetic REDD1-
mgKO mice (Fig. 4A and B). To investigate the role of
REDD1 and Nrf2 in development of gliosis in humans, we

used a previously characterized immortalized human
Miller (MIO-M1) cell line (34). Consistent with the prior
report (17), REDD1 expression was enhanced in cells
exposed to hyperglycemic conditions, and the ROS
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medium containing 5 mmol/L glucose and exposed to culture medium containing 30 mmol/L glucose (HG) or 5 mmol/L glucose and
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scavenger N-acetylcysteine (NAC) prevented the effect (Fig.
4C). Extending on the prior report, we found that GFAP
expression was also increased in MIO-M1 cells exposed to
hyperglycemic conditions in a manner that was prevented
by NAC (Fig. 4C and D). Similarly, REDD1 and GFAP pro-
tein expression were enhanced in a coordinate manner in
cells exposed to the oxidant hydrogen peroxide (Fig. 4E and
F). Together, the data are consistent with a model wherein
hyperglycemia-induced ROS promote REDD1 and GFAP
expression. However, exposure to hyperglycemic conditions
failed to promote GFAP protein content in the absence of
REDD1 (Fig. 4G and H). Consistent with the prior observa-
tion (16), Nrf2 protein expression was enhanced in REDD1-
deficient MIO-M1 cells exposed to hyperglycemic conditions
compared with wild-type cells (Fig. 4I). In REDD1-deficient
cells exposed to hyperglycemic culture conditions, Nrf2
knockdown reduced Nrf2 protein expression and increased
GFAP protein expression compared with a scramble shRNA
(Fig. 41 and J).

Diabetes-Induced Retinal Thinning Was Absent in
REDD1-mgKO Mice

SD-OCT was used to measure the thickness of retinal
layers (Fig. 5A). Neuronal retinal thickness measured from
the inner limiting membrane to the photoreceptor outer
segments (OS) was similar in the retina of nondiabetic
REDD1”" and REDD1-mgKO mice (Fig. 5B). A significant
deficit in neuronal retinal thickness was observed in the
retina of STZ-diabetic REDD1"" mice compared with non-
diabetic REDD1™" controls, but a diabetes-induced deficit
was not observed in REDD1-mgKO mice. Automated seg-
mentation of OCT images was performed to further exam-
ine the impact of diabetes and REDD1 on specific retinal
layers. Deficits in thickness were detected in the middle
and outer retinal layers of STZ-diabetic REDD1"" mice but
not in the inner retinal layer (Supplementary Fig. 34). Sur-
prisingly, a deficit in the combined retinal nerve fiber layer
(RNFL) and GCL was not observed in STZ-diabetic
REDD1™" mice compared with nondiabetic controls
(Supplementary Fig. 3B). The most dramatic retinal thin-
ning in STZ-diabetic REDD1™" mice was localized to the
outer nuclear layer (Supplementary Fig. 3C), which con-
tains photoreceptor cell bodies. A deficit in photoreceptors
was also reflected by decreased thickness in both the pho-
toreceptor inner segments and OS (Supplementary Fig.
3D). No differences in thickness were observed in STZ-dia-
betic versus nondiabetic REDD1-mgKO mice.
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Markers of Diabetes-Induced Retinal
Neurodegeneration Were Absent in REDD1-mgKO
Mice

To further interrogate the cause of retinal thinning, cross-
sections were analyzed for evidence of neurodegeneration.
Caspase-3 is a cysteine protease that becomes active during
the late stages of apoptosis. Increased cleaved caspase-3 was
observed throughout the retina of STZ-diabetic REDD1
mice compared with nondiabetic controls (Fig. 5C and D)
and was particularly localized to the GCL. A similar increase
in cleaved caspase-3 was not observed in the retina of STZ-
diabetic REDD1-mgKO mice. Increased TUNEL was also
observed throughout the retina of STZ-diabetic REDD1™
controls compared with nondiabetic mice, and there was a
dramatic increase in TUNEL-positive nuclei localized to the
GCL (Supplementary Fig. 4). By contrast, no significant dif-
ference was found in TUNEL in STZ-diabetic and nondia-
betic REDD1-mgKO retinas, and only a few TUNEL-positive
nuclei were observed in retinal cross-sections from STZ-dia-
betic REDD1-mgKO mice.

Miiller Cell-Specific REDD1 Deletion Prevented
Diabetes-Induced Visual Dysfunction

The effect of diabetes on functional vision was assessed
by measurement of the optomotor response. STZ-diabetic
REDD1## mice exhibited deficits in both SF (Fig. 6A) and
CS (Fig. 6B) compared with nondiabetic controls. By com-
parison, neither SF nor CS was attenuated in the retina of
STZ-diabetic REDD1-mgKO mice compared with nondia-
betic REDD1-mgKO mice. Moreover, both thresholds
were increased in STZ-diabetic mgKO mice compared
with diabetic REDD1" mice.

DISCUSSION

A mounting body of evidence supports that REDD1 plays a
critical role in the development of diabetes-induced retinal
dysfunction (19,35). To gain a better understanding of how
REDD1 contributes to vision loss in patients with diabetes,
we evaluated REDD1 expression in human scRNA-seq data
sets and found a pattern of expression that was consistent
with other markers of Miller glia. To manipulate REDD1
expression in Miller glia, we used Pdgfra-Cre. REDD1 dele-
tion upon Cre-lox recombination nearly eliminated REDD1
content in whole retinal lysates and primary Miuller cell cul-
tures. An important caveat is the possibility that other
retinal glia may also exhibit recombinase activity, as
Pdgfra expression has been identified in astrocytes of
the developing retina (36). In support of Miller glia

25 mmol/L mannitol as an osmotic control (OC) in the presence of NAC or a vehicle (Veh) control for 4 h. Whole-cell lysates were analyzed
by Western blotting. Protein molecular mass (kDa) is indicated at the right of blots. D: GFAP protein expression in C was quantified. E:
MIO-M1 cells were exposed to medium supplemented with 1 mmol/L hydrogen peroxide (HP). F: GFAP and REDD1 protein expression in
E were quantified. G: Wild-type (WT) and REDD1-KO MIO-M1 cells were exposed to OC or HG as described above. H: GFAP protein
expression in G was quantified. / and J: Nrf2 was knocked down by stable expression of a shRNA (shNrf2). Control cells expressed a
scramble shRNA (shScram). All analysis was performed 4 h after exposure to medium containing 30 mmol/L glucose. Bars are means +
SD (n = 4-9). *P = 0.05 vs. Veh, time 0, or WT in B and D, F, and H, respectively; #P < 0.05 vs. REDD1™"" or OC in B and H, respectively;

$P < 0.05 vs. shScram.
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Figure 5—Retinal thinning was not observed in diabetic mice with Miller cell-specific REDD1 deletion. Diabetes was induced in REDD1"
 and REDD1-mgKO mice by administration of STZ. Control mice received a vehicle (Veh). All retinal analysis was performed after 6 weeks
of diabetes. A: Retinal thickness was evaluated by SD-OCT. Representative images are shown. B: Retinal thickness from the RNFL to the
photoreceptor OS was manually measured as indicated by red calipers. C: Whole eyes were isolated and cryosectioned into sagittally ori-
ented longitudinal cross-sections, and cleaved caspase-3 was evaluated by immunohistochemistry. The red box indicates the area pre-
sented at higher magnification. White arrowheads indicate cleaved caspase-3-positive immunoreactivity. D: Cleaved caspase-3 intensity
was quantified in retinal cross-sections. Bars are means + SD (n = 5-7). *P =< 0.05 vs. Veh; #P = 0.05 vs REDD1™"_ INL, inner nuclear
layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium; RFI, relative fluorescent intensity.

specificity, Pdgfra-Cre-dependent recombination was
observed in radially oriented processes that strongly
colocalized with the Miiller glia-specific marker GS. The
finding is consistent with prior demonstration that
Pdgfra-Cre recombinase-dependent nuclear lacZ expres-
sion in adult murine retina is exclusively localized to
the inner nuclear layer (21). Cell bodies of Miller glia
localize to the inner nuclear layer, whereas the cell bod-
ies of astrocytes are more commonly found in the
RNFL (37). Regardless, the studies here support that
retinal REDD1 expression in murine retina is princi-
pally localized to Pdgfra-Cre-positive glia and plays a
key role in their response to diabetes.

Significant neuroglial dysfunction occurs early in the
progression of retinal defects that lead to DR (3,4,13). In
fact, gliosis, neurodegeneration, changes in neuroretinal
thickness, and deficits in visual function are hallmarks of

the retinal disease caused by diabetes (38-40). In the retina
of REDD1-mgKO mice, diabetes failed to promote REDD1
protein expression, and the diabetes-induced increase in
Miiller cell gliosis was absent. A similar role for REDD1 in
the development of gliosis was recently demonstrated in a
rodent model of Alzheimer disease (41). The most well-
established marker of reactive gliosis is expression of the
intermediate filament GFAP. In the healthy retina, GFAP is
mostly observed in astrocytes, with only minimal expres-
sion in Miller cells. Shortly after the onset of diabetes,
GFAP expression in astrocytes declines, and Miiller cells
exhibit robust upregulation of GFAP levels (38). In the cur-
rent study, enhanced GFAP expression was not observed in
the retina of STZ-diabetic REDD1-mgKO mice. Cleaved cas-
pase-3 staining in the retinal GCL layer and retinal thin-
ning were also reduced in diabetic REDD1-mgKO mice
compared with diabetic controls, while visual function was
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Figure 6—Diabetes-induced visual dysfunction was absent in mice with Muller cell-specific REDD1 deletion. Diabetes was induced in
REDD1"" and REDD1-mgKO mice by administration of STZ. Control mice received a vehicle (Veh). All analysis was performed after 6
weeks of diabetes. Behavioral optometry was performed by displaying rotating bars on inward-facing monitors to elicit an optomotor
reflex. Thresholds were averaged over three trials on consecutive days. A: SF was assessed at 100% contrast. B: CS was assessed at a
spatial frequency of 0.092 cycles (c)/degree (d). CS is expressed as an inverse percentage to make data interpretation more intuitive. Bars

are means + SD (n = 8). *P = 0.05 vs. Veh; #P = 0.05 vs. REDD1"".

preserved. Together, the observations support a key role
for Miiller glial REDD1 expression in the failed adaptive
response of the retina to diabetes.

In the current study, spatial frequency threshold was
similar in nondiabetic REDD1-mgKO and REDD1¥" con-
trols, and a suppressive effect of diabetes required Miuller
glial REDD1 expression. A protective effect on contrast
sensitivity was also observed in diabetic REDD1-mgKO
mice. The observations support our prior findings that
neither spatial frequency nor contrast sensitivity is
impaired in the retina of diabetic REDD1™/~ mice com-
pared with diabetic controls (18). However, the protective
effect of whole-body REDD1 ablation was principally
observed in contrast sensitivity, which is associated with
inner retinal information processing. In fact, nondiabetic
REDD1 /™ mice exhibit a modest deficit in the spatial fre-
quency threshold compared with REDD1"" controls
(18). Thus, whole-body REDD1 ablation prevents an addi-
tive deficit in spatial frequency threshold with the induc-
tion of diabetes. Reduced spatial frequency threshold with
whole-body REDD1 deletion likely reflects deficits in glu-
cose and insulin tolerance in the nondiabetic REDD1 ™/~
mice (42). Herein, Miller glial REDD1 deletion was suffi-
cient to prevent the diabetes-induced deficits in visual
function, and there was no evidence for a change in visual
thresholds in nondiabetic mice.

It is well established that thinning of inner retinal layers
correlates positively with loss of visual function in patients
with diabetes (43). This is consistent with modest thinning
observed in the inner retinal layers of C57BL/6J mice that
is observed after 6 weeks of diabetes (44). Despite the pres-
ence of significant TUNEL and cleaved caspase-3 immuno-
reactivity observed in the GCL of diabetic REDD1™" mice, a
deficit in thickness of the combined RNFL and GCL was

not detected in our analysis after 6 weeks of STZ diabetes.
The dramatic increase in TUNEL labeling was higher than
expected based on our prior analysis of whole mounted reti-
nas (45). Thus, widespread TUNEL labeling within the GCL
may indicate over amplification of minor DNA nick events
in cells undergoing early and possibly reversible stages of
apoptosis, as it seems unlikely that so many retinal gan-
glion cells would be undergoing terminal apoptosis simulta-
neously. Another important caveat is the potential limitations
of the layer segmentation software, as we observed obvious
thinning of the total retina in response to diabetes. Surpris-
ingly, thickness of the inner plexiform layer in STZ-diabetic
REDD1™" mice was attenuated compared with nondiabetic
controls, which was prevented by Miller cell-specific REDD1
deletion. However, the inner nuclear layer of STZ-diabetic
REDD1™" mice exhibited an increase in thickness. A likely
possibility is that thickness of the combined RNFL and GCL
edema within the inner retinal layers of the diabetic control
mice may be masking the loss of retinal cells at this relatively
early stage of disease.

Miiller cells surround photoreceptors from their synap-
tic terminals to inner segments, and adherens junctions
between these two cells form the outer limiting mem-
brane. In patients with diabetic macular edema, thickness
of the photoreceptor OS is an important predictor of
visual acuity (46). Thinning of the OS was observed in the
retina of STZ-diabetic REDD1™" controls, concomitant
with the deficits in visual function. By contrast, no deficit
in OS thickness was observed in the diabetic REDD1-
mgKO mice compared with nondiabetic controls, and
visual function was preserved. Each OS is continuously
being renewed from its proximal end; thus, OS thinning
may be due to a deficit in trophic support provided to pho-
toreceptors by Miller cells that occurs as a response to
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REDD1. In support of this possibility, the production of the
neurotrophic factors brain-derived neurotrophic factor
(BDNF), nerve growth factor (NGF), and neurotrophin-3
(NT-3) by activated Miiller glia is enhanced by REDD1
knockdown following optic nerve crush (47).

REDD1 mediates the cellular stress response to a num-
ber of adverse conditions by suppression of mechanistic tar-
get of rapamycin complex 1 (mTORC1) (48,49). Evidence
supports that REDD1 facilitates recruitment of protein
phosphatase 2A (PP2A) to dephosphorylate Akt, which in
turn activates tuberous sclerosis complex 2 (TSC2) guano-
sine-5'-triphosphatase (GTPase) activity, leading to reduced
Rheb-GTP loading, and suppressed mTORCI1 activation
(50). Signaling through mTORC1 plays a critical role in
determining the selection of specific mRNAs for translation
in part through phosphorylation of the translational repres-
sor 4E-BP1 (51). In the retina of STZ-diabetic mice, REDD1
is required for dephosphorylation of 4E-BP1 and upregu-
lated translation of the mRNA encoding VEGF (14). Nota-
bly, REDD1 is not required for basal VEGF expression, but
rather, the REDD1-dependent increase in expression repre-
sents a stress response to diabetes and hyperglycemic con-
ditions. In addition to its role as a repressor of mTORC1
(50), a growing body of evidence also supports a key role
for REDD1 in the development of oxidative stress through
both enhanced mitochondrial superoxide production and
repression of the antioxidant response (35).

REDD1 acts to promote glycogen synthase kinase 3
(GSK3)-dependent Nrf2 proteasomal degradation (16). Nrf2
activity in whole retinal lysates was attenuated by diabetes
in control mice, whereas REDD1 deletion in retinal Miller
cells was sufficient to prevent the suppressive effect. Analy-
sis of scRNA-seq data from the Human Protein Atlas sup-
ports that retinal Nrf2 expression is enhanced in Mtuller
cells, with Miller cells exhibiting >2.5-fold the average
expression of other retinal cell types. In our prior study
(16), retinal Nrf2 activity was robustly enhanced in retinal
lysates from REDD1 ™/~ mice. This is in contrast to
REDD1-mgKO mice, where no effect of Miiller cell-specific
REDD1 deletion was observed in the absence of diabetes.
Owing to the dominant pattern of REDD1 expression in
retinal Miller cells, REDD1 is essentially absent from both
the retina of REDD1-mgKO and REDD1 ™/~ mice. Thus,
systemic loss of REDD1 may contribute to chronic Nrf2
hyperactivation observed in the retina of REDD1 /"~ mice.
Regardless, the data here suggest that hyperactivation of
retinal Nrf2 and absolute normalization of local ROS levels
are not necessary for the benefits of REDD1 deletion.
Rather, development of diabetes-induced neuroglial defects
and visual dysfunction was not observed upon Miller glial
REDD1 deletion, which prevented diabetes-induced sup-
pression of Nrf2 and attenuation of retinal ROS levels.

Muller glial REDD1 deletion prevented increased expres-
sion of the gliosis marker GFAP in Miiller cells of diabetic
mice. A similar REDD1-dependent increase in GFAP was
observed in human MIO-M1 Miiller cell cultures exposed to
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hyperglycemic conditions, and the absence of an increase in
GFAP in REDD1-deficient cells required Nrf2. Miiller glia
provide critical homeostatic and trophic support for both the
retinal vasculature and neuronal layers. Thus, the data are
consistent with a model wherein enhanced REDD1 expres-
sion leads to a failure of Miiller cells to properly respond to
the diabetic metabolic environment. Suppression of the Nrf2
antioxidant response in Muller glia appears to be a key player
of that failed response. Overall, the findings support the pur-
suit of therapeutic strategies targeting REDD1 suppression
and the downstream signaling events whereby this key stress
response protein influences Miiller cell function in diabetes.
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