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Deletion of the Akt/mTORC1 Repressor REDD1 Prevents
Visual Dysfunction in a Rodent Model of Type 1 Diabetes
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Diabetes-induced visual dysfunction is associated with
signi cant neuroretinal cell death. The current study was
designed to investigate the role of the Protein Regulated
in Development and DNA Damage Response 1 (REDD1) in
diabetes-induced retinal cell death and visual dysfunction.
We recently demonstrated that REDD1 protein expression
was elevated in response to hyperglycemia in the retina of
diabetic rodents. REDDL1 is an important regulator of Akt
and mammalian target of rapamycin and as such plays a
key role in neuronal function and survival. In R28 retinal
cells in culture, hyperglycemic conditions enhanced REDD1
protein expression concomitant with caspase activation and
cell death. By contrast, in REDD1-de cient R28 cells, neither
hyperglycemic conditions nor the absence of insulin in cul-
ture medium were suf cient to promote cell death. In the
retinas of streptozotocin-induced diabetic mice, retinal
apoptosis was dramatically elevated compared with non-
diabetic controls, whereas no difference was observed in
diabetic and nondiabetic REDD1-de cient mice. Electro-
retinogram abnormalities observed in b-wave and oscillatory
potentials of diabetic wild-type mice were also absent in
REDD1-de cient mice. Moreover, diabetic wild-type mice
exhibited functional de ciencies in visual acuity and
contrast sensitivity, whereas diabetic REDD1-de cient
mice had no visual dysfunction. The results support a role
for REDD1 in diabetes-induced retinal neurodegeneration.

Although diabetic retinopathy (DR) is commonly associated
with microvascular dysfunction, signi cant retinal neuro-
degeneration occurs early in the course of diabetes (1,2).
Altered electroretinograms (ERGs), diminished color vision,
and defects in contrast sensitivity (CS) manifest before the

clinical diagnosis of DR can be made by fundus examination
(3). A number of previous studies demonstrate that inten-
sive glycemic control is associated with the reduction of
pathologies associated with DR and the decline in functional
vision (2). Moreover, patients who have not yet developed
clinically evident symptoms of retinopathy represent the
greatest therapeutic opportunity to improve vision out-
comes, because these individuals respond better to interven-
tion (2). Thus, the current study set out to investigate the
early molecular mechanisms that mediate retinal neurode-
generation in a model of type 1 diabetes.

The primary cause of diabetes-induced retinal cell death
is a combination of hyperglycemia and reduced insulin
receptor-mediated signaling (4). In retinal neurons, activa-
tion of the insulin receptor drives a prosurvival pathway via
phosphatidylinositol 3-kinase (P13-K)/Akt signaling (5). The
retina possesses a constitutively active insulin receptor—
signaling system with high basal tyrosine kinase activity that
is attenuated by diabetes (6,7). In streptozotocin (STZ)-
induced diabetic rats, retinal Akt kinase activity is attenuated
as early as 4 weeks after the onset of diabetes (7). Retinal
neurons also begin to undergo apoptosis within the same
interval (8,9). Similarly, exposure of immortalized retinal
neurons (R28 cells) to hyperglycemic conditions reduces
insulin-stimulated Akt phosphorylation and cell survival
(10). Moreover, subconjunctival insulin administration or
systemic glycemic reduction are suf cient to restore activa-
tion of the retinal insulin-signaling cascade and promote
retinal cell survival in diabetic rats (4). Thus, the molecular
mechanisms whereby hyperglycemia contributes to attenu-
ated Akt signaling likely play a role in diabetes-induced
retinal neurodegeneration.
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Expression of the stress response Protein Regulated in De-
velopment and DNA Damage Response 1 (REDD1,; also known
as DDIT4/RTP801) in the retina of diabetic mice is enhanced
by hyperglycemia, coincident with attenuated activation
of the mammalian target of rapamycin (MTOR) in complex
1 (MTORC1) pathway (11). Several studies have identi ed
REDDL1 as a potent inhibitor of the mTORC1 pathway, which
is activated in response to mitogens (e.g., insulin) and nu-
trients (e.g., amino acids) and serves to coordinate the ef-
fects of such stimuli to regulate diverse cellular processes,
including protein synthesis, autophagy, and cell growth
(6-8). More recently, our laboratory demonstrated that
REDD1 acts to repress the mTORC1 pathway by promoting
the association of protein phosphatase 2A with Akt, leading
to site-speci ¢ dephosphorylation of the kinase, subsequent
reduction in Akt-mediated phosphorylation of tuberous
sclerosis complex 2, and a fall in the proportion of Rheb
in the active guanosine 59-triphosphate-bound state (12).
Direct interaction of Rheb—guanosine 59-triphosphate, but
not Rheb-guanosine 59-diphosphate, with mTORC1 results
in activation of the kinase. REDD1 expression is enhanced
In retinal cells in culture exposed to hyperglycemic condi-
tions, Akt phosphorylation is attenuated at the REDDI1-
sensitive Thr308 site (11). In cell and animal models of
Parkinson’s disease, enhanced REDD1 expression leads to
dephosphorylation of Akt in a manner that causes neuron
death (10). Accumulating evidence demonstrates that REDD1
overexpression is suf cient to promote neuronal apoptosis
(13,14) and that suppression of the protein has neuropro-
tective effects on retinal neurons (15,16). However, the
effect of diabetes-induced REDD1 expression on retinal cell
death has yet to be examined.

In the current study, we assessed the role of diabetes-
induced REDDL in retinal dysfunction. In R28 retinal cells
in culture, hyperglycemic conditions enhanced REDD1
protein expression, which was associated with increased
cell death. However, neither hyperglycemic conditions nor
serum deprivation were suf cient to promote cell death in
REDD1-de cient retinal cells. Because REDD1 was neces-
sary for retinal cell death, we evaluated retinal dysfunction
in REDD1-de cient STZ-induced diabetic mice. Remarkably,
markers of retinal apoptosis and ERG abnormalities were
not only absent, but functional vision was also protected in
diabetic REDD1-de cient compared with diabetic wild-type
mice. Overall, these ndings demonstrate a key role for
REDDL in diabetes-induced retinal cell death and vision loss.

RESEARCH DESIGN AND METHODS

Cell Culture

R28 CRISPR (Clustered Regularly Interspaced Short Palin-
dromic Repeats)/Cas9 genome editing to ablate REDD1
expression is described in the Supplementary Data. Cells
were maintained on CellBIND culture plates (Corning)
with DMEM containing 5 mmol/L glucose, 10% FBS, 13
MEM Non-Essential Amino acids, 13 MEM Vitamin So-
lution, and 0.14% gentamicin. Where indicated, cells were
serum deprived for 24 h in the presence or absence of
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100 nmol/L insulin. Cells were also exposed to medium
containing 30 mmol/L glucose for 0-24 h. Where indi-
cated, cells were transfected with pCMV5-empty or pCMV5-
FOXO1ADA (Addgene Cat # 12149) using Lipofectamine
2000 (Life Technologies).

Animals

Male wild-type and REDD1 knockout C57BI/6 3 129SvEv
mice (16) were given 50 mg/kg STZ for 5 consecutive days
to induce diabetes. Control mice were injected with equiv-
alent volumes of sodium citrate buffer. Diabetic phenotype
was con rmed by blood glucose concentration - 250 mg/dL
in freely fed animals. All procedures were approved by the
Penn State College of Medicine Institutional Animal Care
and Use Committee.

Cell Death ELISA

Cells were lysed in buffer A (see Supplementary Data for
buffer compositions). Retinas were homogenized in buffer
B using an Eppendorf plastic homogenizer and pellet pestle
motor. Relative cell death was assessed using a Cell Death
Detection ELISA Kit from Roche (Cat # 11774425001), as
previously described (4,17).

AKT Activity Assay

Retinas were homogenized in buffer C. R28 cells were lysed
in buffer D. Lysates were spun at 13,000 rpm for 15 min at
4°C. Kinase activity was assessed in supernatants using an
Akt Kinase Activity Kit (Abcam, Cat # ab139436).

Western Blot Analysis

Retinas were harvested after 4 weeks of diabetes, ash
frozen in liquid nitrogen, and later homogenized in 250 mL
extraction buffer, as previously described (18,19). Cell ly-
sates and retinal homogenates were fractionated using Cri-
terion Precast 4-20% gels (Bio-Rad Laboratories, Hercules,
CA). Proteins were transferred to polyvinylidene uoride,
reversibly stained to assess protein loading (Pierce), blocked
in 5% milk in Tris-buffered saline Tween 20, washed, and
incubated overnight at 4°C with the appropriate antibodies
found in Supplementary Table 1.

ERG

ERG analysis was used to assess light-induced electrical
activity in the eyes of mice after 4 weeks of diabetes. Mice
were dark adapted overnight and anesthetized by an
intraperitoneal injection of 100 mg ketamine/10 mg
xylazine per kg of body weight. All ERG recordings were
performed in a dark room under dim red light. Pupils
were dilated with 1% tropicamide (Bausch and Lomb).
Custom designed ERG recording equipment (Espion E
Diagnosys, Boston MA) was used. A contact lens recording
electrode was placed over the cornea with GenTeal gel
(Novartis). A reference electrode was inserted subcutane-
ously below the eye socket, and a ground electrode was
attached to the hind foot. A ganzfeld stimulator (Color-
Dome) was lowered over the animal’s head and used to
generate calibrated ashes of white light ranging from
1 3 10%° to 100 candela per square meter (cd-s/m?). The
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a-wave amplitude was measured from the average pretrial
base line to the most negative point of the trace, and the
b-wave amplitude was measured from that point to the
highest positive point, after subtracting oscillatory poten-
tials (OPs). OPs were isolated using a digital high-pass Iter
and summed for analysis.

Behavioral Assessment of Vision

The OptoMotry virtual optomotor system (CerebralMechanics,
White Plains, NY) was used to evaluate visual function in
control and diabetic mice, as previously described (19).
Spatial frequency (SF) threshold and CS were assessed using
a video camera to monitor elicitation of the optomotor
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re ex. CS was assessed at a SF of 0.092 cycles/degree. SF
was assessed at 100% contrast. The CS and SF thresholds
were identi ed as the highest values that elicited the re-
exive head movement. Both thresholds were averaged over
three trials on consecutive days. CS was expressed as an
inverse percentage to make data interpretation more intu-
itive.
Statistical Analysis
Data are expressed as mean 6 SEM. Data in Figs. 1-3 and
Fig. 6 were analyzed overall with ANOVA, and trend test
and pairwise comparisons were conducted with the Tukey
test for multiple comparisons. The ERG responses for
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Figure 1—Deletion of REDD1 protects against hyperglycemia-induced retinal cell death. R28 cells were maintained in DMEM containing
5 mmol/L glucose and supplemented with 10% FBS. A and B: Cells were serum deprived for 24 h in medium containing 5 or 30 mmol/L
glucose plus the presence or absence of insulin (+Ins). C: Wild-type and REDD1 CRISPR R28 cells were serum deprived for 24 h in medium
containing 5 or 30 mmol/L glucose plus the presence or absence of insulin. D-H: Wild-type and REDD1 CRISPR R28 cells were exposed to

medium containing 10% FBS and 5 or 30 mmol/L glucose for 0-24 h.

treated with 2 mg/mL tunicamycin (TM) for 4 h. Relative cell death was
Akt, FOXO1, GAPDH, caspase-3 cleavage, and phosphorylation of Akt

As a positive control for the induction of REDD1 expression, cells were
assessed by ELISA for cytoplasmic nucleosomes. Expression of REDD1,
and FOXOL1 were assessed by Western blotting. Protein molecular mass

in kDa is indicated at the left of the blots. Gel loading was assessed by protein stain. Akt activity in cell lysates was assessed by ELISA using a
synthetic peptide substrate. Quanti cation of Western blots is presented in Supplementary Fig. 2. Values are means 6 SE for two independent
experiments (n = 9-10). Statistical signi cance is denoted by the presence of different letters above each scatter plot on the graphs. Scatter plots

with different letters are statistically different, P , 0.05.
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diabetic and nondiabetic wild-type or REDD1-de cient mice
were compared using repeated-measures ANOVA. In Figs.
4H, 5D, and 5G, a two-sample t test compared mean dif-
ferences in ERG responses between diabetic and nondia-
betic mice for wild-type and REDD1-de cient groups.
Signi cance was set at P , 0.05 for all analyses.

RESULTS

Hyperglycemic Conditions Promote REDD1 Expression
and Cell Death in R28 Cells

To induce hyperglycemic conditions, R28 cells were main-
tained in medium containing 5 mmol/L glucose, followed
by exposure to medium containing 30 mmol/L glucose. In
support of previous studies (10), hyperglycemic conditions
impaired the effect of insulin to rescue R28 cells from
serum deprivation—induced cell death as assessed by the
presence of cytoplasmic nucleosomes (Fig. 1A). Insulin treat-
ment also led to a reduction in REDD1 protein expression
in serum-deprived R28 cells, whereas hyperglycemic condi-
tions impaired the effect of insulin to do so (Fig. 1B). To
determine whether REDD1 played a causal role in cell death,
a REDD1-de cient R28 cell line was generated by CRISPR
(Supplementary Fig. 1). Cell death induced by serum depri-
vation was attenuated in REDD1 CRISPR R28 cells com-
pared with wild-type cells when assessed by the presence of
cytoplasmic nucleosomes or cleavage of caspase-3, a cysteine
protease that becomes active during the late stages of apo-
ptosis (Fig. 1C, and Supplementary Fig. 2A). Increased
cleaved caspase-3 expression was not observed in wild-
type cells exposed to medium containing 5 mmol/L glucose
plus 25 mmol/L mannitol (Supplementary Fig. 3A). Notably,
markers of cell death observed in REDD1-de cient cells
cultured in the absence of insulin were similar to those
observed in wild-type cells cultured in the presence of the
hormone (Fig. 1C, and Supplementary Fig. 2A). Moreover,
neither insulin nor hyperglycemic conditions had any
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effect on the relative level of cell death in REDD1-de cient
cells. Similar observations were made in multiple clonal cell
lines.

Because serum deprivation (20) and hyperglycemic con-
ditions (11) both promote REDD1 expression, we evaluated
the effect of hyperglycemic conditions on REDD1 expres-
sion independent of serum deprivation. Compared with
cells maintained in medium containing 5 mmol/L glucose,
exposure to medium containing 30 mmol/L glucose en-
hanced the presence of cytoplasmic nucleosomes (Fig. 1D)
and caspase-3 cleavage (Fig. 1E and F and Supplementary
Fig. 2B) in wild-type R28 cells. In support of the previous
report (11), REDD1 protein expression was also enhanced
by hyperglycemic conditions. However, in REDD1-de cient
cells, exposure to hyperglycemic conditions failed to pro-
mote cell death (Fig. 1C and F and Supplementary Fig. 2).

REDDL1 Deletion Promotes Akt Activity After Exposure

to Hyperglycemic Conditions

Cell death in R28 cells in culture has been previously linked
to attenuated activation of PI3-K/Akt signaling (10). Akt-
dependent phosphorylation of FOXO transcription factors
represses their nuclear localization and thus transcription
of proapoptotic target genes (21). Because REDDL is a key
regulator of Akt (12), we investigated phosphorylation of
Akt and FOXO1 as well as Akt kinase activity. In serum-
deprived cells, phosphorylation of Akt at Thr308 and
FOXOL1 at Thr24 was enhanced when low-glucose medium
was supplemented with insulin (Fig. 1C and Supplementary
Fig. 2C and D). By contrast, in serum-deprived REDD1-
de cient R28 cells, phosphorylation of Akt and FOXO1 was
similar to that observed in wild-type cells cultured in the
presence of insulin. Moreover, insulin failed to enhance
phosphorylation of Akt or FOXO1 in serum-deprived
REDD1-de cient cells. In the absence of hyperglycemic con-
ditions, insulin (Fig. 1C and Supplementary Fig. 2C and D)
or the presence of serum in complete cell culture medium
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Figure 2—Constitutively nuclear FOXO1 prevents the protective effect of REDD1 deletion. Wild-type and REDD1 CRISPR R28 cells were
maintained in DMEM containing 5 mmol/L glucose and supplemented with 10% FBS. Cells were transfected with empty vector (EV) or FOXO1n.
Cells were exposed to medium containing 10% FBS and 5 or 30 mmol/L glucose for 24 h. Expression of cleaved caspase-3, phosphorylation of
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blots. Gel loading was assessed by protein stain. Values are means 6 SE for two independent experiments (n = 4). Statistical signi cance is
denoted by the presence of different letters above each scatter plot on the graphs. Scatter plots with different letters are statistically different,

P , 0.05.
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(Fig. 1E and Supplementary Fig. 2E and F) maintained
phosphorylation of Akt and FOXO1. However, in the pres-
ence of insulin or serum, exposure to medium containing
30 mmol/L glucose was suf cient to repress phosphoryla-
tion of Akt and FOXO1 (Figs. 1C and F and 3B), an effect
that was absent in REDD1-de cient cells (Fig. 1C and G).
Moreover, Akt kinase activity in whole-cell lysates from
wild-type cells exposed to hyperglycemic conditions was
attenuated, and REDDL1 deletion prevented the effect (Fig.
1H). To evaluate the mechanism whereby REDD1 deletion
was protective against cell death, we expressed a constitu-
tively nuclear FOXOL1 variant (FOXO1n) (22). Compared
with wild-type R28 cells, REDD1-de cient cells expressing
an empty vector exhibited reduced cleaved caspase-3
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expression upon exposure to hyperglycemic conditions;
however, the expression of FOXO1n was suf cient to pro-
mote cell death in REDD1-de cient cells, such that it was
similar to that observed in wild-type cells (Fig. 2).

To evaluate the role of REDDL1 in the effect of diabetes
on the retina, mice with a germline disruption of REDD1
(16) were administered STZ. After 4 weeks of diabetes, di-
abetic and nondiabetic REDD1-de cient mice exhibit sim-
ilar postprandial blood glucose concentrations as those
observed in diabetic and nondiabetic wild-type mice (11). In
support of our previous report (11), REDD1 protein expres-
sion was enhanced in the retina of diabetic wild-type mice
compared with nondiabetic controls (Fig. 3A). Alternatively,
REDD1 expression was undetectable in the retina of
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diabetic and nondiabetic REDD1-knockout mice. A previous
study demonstrated that Akt activity is decreased in the
retina of rats after 4 weeks of diabetes (7). In support of
the previous data, Akt activity (Fig. 3B) and FOXO1 phos-
phorylation at Thr24 (Fig. 3C) were both attenuated in the
retina of diabetic wild-type mice. However, no difference in
either of these measures was observed between nondiabetic
and diabetic REDD1-de cient mice, and Akt activity and
phosphorylation of FOXO1 were both similar to that ob-
served in nondiabetic wild-type mice (Fig. 3B and C).

REDDL1 Deletion Prevents Diabetes-Induced Retinal Cell
Death

Because REDD1-de cient retinal cells exhibited reduced cell
death and Akt activity was maintained in the retina of
diabetic REDD1-de cient mice, we next assessed the role of
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REDDL1 in diabetes-induced cell death in the retina using a
cell death ELISA. The presence of cytoplasmic nucleosomes
in retinal lysates from diabetic wild-type mice was increased
compared with nondiabetic wild-type mice (Fig. 3D). How-
ever, no signi cant difference was found in cytoplasmic
nucleosomes in lysates from retinas of diabetic REDD1-
de cient mice compared with nondiabetic wild-type mice
or nondiabetic REDD1-de cient mice.

Diabetes-Induced Neural Dysfunction Is Absent

in REDD1-De cient Mice

To determine whether REDD1 ablation was suf cient to
prevent diabetes-induced retinal dysfunction, we evaluated
full- eld stimulus-evoked ERGs in eyes of diabetic and non-
diabetic REDD1-de cient mice. Scotopic ERGs were recorded
at increasing stimulus intensities and then analyzed for a- and

Figure 4—REDD1 ablation reduces the attenuation of b-wave amplitudes in response to diabetes. At 4 weeks after STZ administration, scotopic
ERG responses were recorded from the eyes of diabetic and nondiabetic wild-type and REDD1-knockout (KO) mice at increasing stimulus
intensities. A: Representative ERG response elicited from 21.0 cd-s/m? log ash intensity. ERG a-wave amplitudes are plotted against the
stimulus ash intensity for nondiabetic and diabetic wild-type (B) and REDD1-de cient mice (C). The corresponding implicit times are shown for
a-waves of nondiabetic and diabetic wild-type (D) and REDD1-de cient mice (E). ERG b-wave amplitudes are plotted against the ash intensity
of stimulus luminance for nondiabetic and diabetic wild-type (F) and REDD1-de cient mice (G). H: Mean difference in b-wave amplitudes of
nondiabetic and diabetic mice across ash intensities. The corresponding implicit times are shown for b-waves of nondiabetic and diabetic wild-
type (I) and REDD1-de cient mice (J). Values are means 6 SE for two independent experiments (n = 8). *P , 0.05 vs. wild-type. Graphs in C, E,

G, and J share the y-axis with B, D, F, and |, respectively.
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Figure 5—REDDL1 ablation prevents attenuated OP amplitudes in response to diabetes. At 4 weeks after STZ administration, scotopic ERG
responses were recorded from diabetic and nondiabetic wild-type and REDD1-knockout (KO) mice after overnight dark adaptation. A high-pass

Iter was used to extract OPs from raw ERG recordings. A: Representative OPs elicited from 21.0 cd-s/m? log ash intensity. Summed OP
amplitudes are plotted against the stimulus ash intensity for nondiabetic and diabetic wild-type (B) and REDD1-KO mice (C). D: Comparison of
the mean difference in summed OP amplitudes for wild-type and REDD1-KO mice. The corresponding implicit times of nondiabetic and diabetic
wild-type (E) and REDD1-de cient mice (F) are shown. G: Comparison of the mean difference in summed OP implicit times for wild-type and
REDD1-KO mice between nondiabetic and diabetic mice. Values are means 6 SE for two independent experiments (n = 8). *P , 0.05 vs. wild-

type. Graphs in C and F share the y-axis with B and E, respectively.

b-wave amplitudes and implicit times (Fig. 4A). After 4 weeks
of diabetes, a-wave amplitudes and implicit times were not
different in wild-type or REDD1-de cient mice (Fig. 4B and
E). In contrast, b-wave amplitudes were reduced in diabetic
wild-type mice compared with nondiabetic controls (Fig. 4F).
Moreover, diabetic REDD1-de cient mice also exhibited a
small but signi cant reduction in b-wave amplitudes com-
pared with nondiabetic REDD1-de cient mice (Fig. 4G).
Speci cally, the de cit in the mean b-wave amplitude be-
tween diabetic and nondiabetic REDD1-de cient mice was
; 20% of that observed in wild-type mice (Fig. 4H). The
implicit time of maximal b-wave response was not altered
by diabetes in wild-type or REDD1-de cient mice (Fig. 4l
and J).

Raw ERG waves were processed through a digital high-
pass Iter to isolate OPs (Fig. 5A). Whereas OP amplitudes
were attenuated in diabetic wild-type mice (Fig. 5B), diabetic
and nondiabetic REDD1-de cient mice exhibited similar OP
amplitudes (Fig. 5C). Thus, wild-type mice exhibited a greater
de cit in mean OP amplitude between diabetic and nondi-
abetic mice compared with REDD1-de cient mice (Fig. 5D).
The implicit time of OPs of diabetic wild-type mice was
signi cantly increased compared with nondiabetic con-
trols (Fig. 5E). Alternatively, the implicit time of OPs of
diabetic and nondiabetic REDD1-de cient mice was not

different (Fig. 5F). However, the mean difference in OP
latency for REDD1-de cient mice was not signi cantly dif-
ferent from the mean difference in OP latency of wild-type
mice (Fig. 5G).

REDDL1 Ablation Protects Mice From the Early Effects

of Diabetes on Functional Vision

The effect of diabetes on functional vision was directly
assessed in REDD1-de cient mice by measurement of the
optomotor response. Diabetic wild-type mice exhibited a
de cit in SF 4 weeks after STZ administration, but REDD1-
de cient mice failed to do so (Fig. 6A). Similarly, CS was
attenuated in diabetic wild-type mice compared with non-
diabetic wild-type mice; however, the CS results of diabetic
and nondiabetic REDD1-de cient mice were similar to
those of nondiabetic wild-type mice (Fig. 6B). Importantly,
the CS of diabetic REDD1-de cient mice was signi cantly
elevated compared with diabetic wild-type controls. A sim-
ilar protective effect of REDD1 ablation was observed in SF
and CS after 8 weeks of diabetes, because both values were
attenuated in diabetic wild-type mice compared with non-
diabetic controls yet were not different in diabetic and non-
diabetic REDD1-de cient mice (Fig. 6C and D). However, SF
at 8 weeks was attenuated in nondiabetic REDD1-de cient
mice compared with wild-type controls.
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Figure 6—Diabetes-induced visual dysfunction is absent in REDD1-
de cient mice. Visual function was assessed by virtual optomotor
testing after 4 (A and B) and 8 weeks (C and D) of diabetes. SF (A
and C) and CS (B and D) thresholds and were obtained in nondiabetic
(ND) and diabetic (D) wild-type and REDD1-knockout (KO) mice. The
CS threshold is expressed as the reciprocal value of the CS score.
Values are means 6 SE for two independent experiments (n = 5-7).
*P , 0.05 vs. control and #P , 0.05 vs. wild-type. Graphs in C and D
share the y-axis labels with A and B, respectively. c/d, cycles/degree.

DISCUSSION

The current study investigated the role of REDD1
protein expression in diabetes-induced retinal dysfunc-
tion. Overall, the ndings support a model whereby
diabetes promotes REDD1 expression in a manner that
contributes to retinal cell death and visual dysfunction.
In R28 retinal cells in culture, hyperglycemic conditions
enhanced REDD1 protein expression and apoptosis.
Alternatively, when REDD1 expression was ablated by
CRISPR, neither serum deprivation nor hyperglycemic
conditions were suf cient to promote cell death. Because
REDD1 expression was necessary for the effects of
hyperglycemic conditions and serum deprivation on retinal
cell death in culture, we evaluated apoptosis in the retina
of diabetic mice. In accordance with previous reports of
diabetes-induced neuroretinal apoptosis (8), diabetic mice
exhibited an increase in cell death 4 weeks after STZ ad-
ministration. However, the effect of diabetes was absent in
retinas from REDD1-de cient mice.
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In a previous study, we provided evidence that diabetes-
induced hyperglycemia enhanced REDD1 expression, atten-
uated Akt/mTORC1 signaling, and promoted translation
of vascular endothelial growth factor (VEGF) mRNA (11).
VEGF levels are elevated in the vitreous uid of patients
with DR (23), and the cytokine is considered a major mo-
lecular mechanism in retinal vascular complications (24).
Therapeutic blockade of VEGF has seen widespread use in
the treatment of diabetic macular edema and proliferative
DR. However, systemic VEGF neutralization is associated
with signi cant neural cell death and decline of retinal func-
tion as assessed by ERG (25). Importantly, REDD1 deletion
does not attenuate basal VEGF expression but rather pre-
vents the increase in its expression in response to hyper-
glycemic conditions (11). The current study extends our
previous work by demonstrating that REDD1 also contrib-
utes to retinal apoptosis and visual dysfunction in a model
of type 1 diabetes. However, reduced neuroretinal function
observed in STZ-induced REDD1-de cient mice is unlikely
to be due to normalized VEGF expression. Rather, the cur-
rent study supports a mechanism whereby REDD1 de ciency
maintains Akt activity and prevents FOXO1-dependent neu-
ronal apoptosis.

In retinal neurons, activation of Akt plays a key role
in survival (5). Akt activity is regulated by the coordi-
nate phosphorylation and dephosphorylation of multiple
Ser/Thr residues. In response to insulin and growth factors,
the activation loop of Akt is phosphorylated by PDK1 at
Thr308 (26), and the hydrophobic motif is subsequently
phosphorylated by mTORC2 at Ser473 (27). Hyperglycemic
conditions attenuate insulin-stimulated phosphorylation of
Akt in R28 cells in culture through a mechanism down-
stream of insulin receptor substrate 1 (IRS-1) and PI3-K
(10). Unlike Akt, insulin-stimulated phosphorylation of
IRS-1 and coimmunoprecipitation of IRS-1 with the p85
subunit of PI3-K are not attenuated in R28 cells after ex-
posure to hyperglycemic conditions (10). One possible
mechanism that could account for the repressive effect of
hyperglycemic conditions on Akt activation in the absence
of a reduction in IRS-1/PI3-K activity is enhanced REDD1
expression.

REDD1 represses Akt activity through recruitment of
protein phosphatase 2A and dephosphorylation of the
kinase on Thr308 (12). Enhanced REDD1 expression is
associated with attenuated phosphorylation of Akt sub-
strates, including tuberous sclerosis complex 2, glycogen
synthase kinase 3, and FOX01/3 (12). When R28 retinal
cells were exposed to medium containing high glucose con-
centrations, enhanced REDD1 protein expression mediated
a reduction in Akt phosphorylation at Thr-308 and atten-
uated phosphorylation of FOXO1. Akt-mediated phosphor-
ylation of FOXO1 promotes association of the protein with
14-3-3, translocation from the nucleus and thus transcrip-
tional inactivation (28). In the current study, expression of
a FOXO1 variant that resists phosphorylation-dependent
exclusion from the nucleus was suf cient to prevent the
protective effects of REDD1 deletion on caspase-3 cleavage
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in response to hyperglycemic conditions in R28 cells. This
observation supports the previous report that FOXO1 DNA
binding and nuclear translocation is enhanced in the retinal
microvasculature of diabetic rodents and that FOXO1
knockdown by small interfering (si)RNA reduces microvas-
cular cell apoptosis in diabetic retinas and in retinal endo-
thelial cells exposed to hyperglycemic conditions (29).

To evaluate the functional consequences of REDD1 dele-
tion on diabetes-induced retinal dysfunction, we performed
ERG analysis and assessed functional vision using a behav-
ioral optokinetic apparatus. STZ induced ERG waveform
abnormalities in wild-type mice; however, these abnormal-
ities were absent or greatly diminished in REDD1-de cient
mice. Although measures of functional vision were reduced
in diabetic wild-type mice compared with nondiabetic
controls, a similar de cit could not be observed in diabetic
REDD1-de cient mice compared with nondiabetic REDD1-
knockout mice or nondiabetic wild-type mice. One caveat to
this observation is that SF at 8 weeks was attenuated in
nondiabetic REDD1-de cient mice compared with wild-type
controls. Thus, these observations fail to indicate a protective
effect of REDD1 deletion on SF but rather the absence of an
additive diabetes-induced de ciency. The protective effects of
REDDL1 deletion were principally observed in CS, which is
associated with inner retinal information processing, com-
pared with the outer retina and photoreceptors. Diabetes-
induced hyperglycemia enhances REDDL1 protein expression
in the retina of diabetic wild-type mice compared with
nondiabetic controls (11). Unfortunately, presently available
REDD1 antibodies are not suf cient to evaluate localization
of REDD1 protein expression by immunohistochemistry.
However, in situ hybridization has been used to demon-
strate that REDD1 mRNA expression is enhanced in the
inner retina of a mouse model of retinopathy of prematu-
rity and necessary for hypoxia-induced retinal apoptosis
(16). Whereas the retinas of normoxic mice display only a
weak background hybridization signal in all retinal layers,
retinas from hypoxic mice exhibit a signi cantly elevated
signal with maximum concentrations in the outer portion
of the inner nuclear layer. Overall, the effects of REDD1
deletion on diabetes-induced ERG abnormalities and defects
in CS are consistent with a model wherein diabetes-induced
REDD1 promotes inner retinal dysfunction.

Alterations in the electrical response of the neural retina
to ashes of light are one of the earliest symptoms of DR in
patients (30). Alterations in the OP of the b-wave are the
most cited and studied ERG abnormality associated with
DR (31), because OP abnormalities have been shown to
predict the onset and progression of DR (32). These high-
frequency wavelets occur during the rising phase of the
b-wave and arise from the inner retina (33). In diabetic
rats, OP abnormalities are observed as early as 2 weeks after
STZ is administered (34). In the current study, we observed
a reduction in the mean OP amplitude and an extended OP
latency in diabetic wild-type mice 4 weeks after STZ was
administered; however, neither of these measures was al-
tered by diabetes in REDD1-de cient mice. Diabetes also
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reduced b-wave amplitudes in both mouse strains, although
the magnitude of reduction in wild-type mice was vefold
more than that observed in REDD1-de cient mice. This

nding supports previous reports that b-wave amplitudes
are attenuated in rodent models of diabetes after only a
few weeks of hyperglycemia (35).

Apoptosis of retinal neurons is accelerated by diabetes,
and the onset of the increase in cell death is early in the
nonproliferative stages of disease progression. Accordingly,
therapeutic approaches that prevent neuroretinal dysfunc-
tion are of particular interest. One such approach would be
intravitreal injection of the siRNA PF-04523655 (36), which
reduces REDD1 mRNA expression in the retina of diabetic
rodents (37) and improves visual acuity in patients with
diabetic macular edema (38). Notably, improved vision in
patients treated with PF-04523655 occurs in the absence of
altered anatomical features or uorescein leakage, sug-
gesting a mechanism independent of reduced vascular
permeability (38). The ndings here provide new insight
into the mechanism whereby REDD1-targeted siRNAs im-
prove vision outcomes in patients with diabetic macular
edema. In the retina of STZ-induced diabetic mice,
REDD1 protein expression was increased concomitant
with retinal cell death and impaired visual function. How-
ever, REDD1 deletion was suf cient to prevent diabetes-
induced retinal cell death and visual dysfunction in a
rodent model of type 1 diabetes. Thus, the ndings here
support a neuroprotective mechanism for REDD1-targeted
therapeutics in the prevention of diabetes-induced visual
dysfunction.
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