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Diabetic retinopathy (DR) has long been recognized as a micro-
vasculopathy, but retinal diabetic neuropathy (RDN), characterized
by inner retinal neurodegeneration, also occurs in people with
diabetes mellitus (DM). We report that in 45 people with DM and
no to minimal DR there was significant, progressive loss of the
nerve fiber layer (NFL) (0.25 pum/y) and the ganglion cell (GC)/inner
plexiform layer (0.29 pm/y) on optical coherence tomography anal-
ysis (OCT) over a 4-y period, independent of glycated hemoglobin,
age, and sex. The NFL was significantly thinner (17.3 pm) in the
eyes of six donors with DM than in the eyes of six similarly aged
control donors (30.4 pm), although retinal capillary density did not
differ in the two groups. We confirmed significant, progressive
inner retinal thinning in streptozotocin-induced “type 1" and
B6.BKS(D)-Lepr?®/J “type 2" diabetic mouse models on OCT; immu-
nohistochemistry in type 1 mice showed GC loss but no difference
in pericyte density or acellular capillaries. The results suggest that
RDN may precede the established clinical and morphometric vas-
cular changes caused by DM and represent a paradigm shift in our
understanding of ocular diabetic complications.
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Diabetic retinopathy (DR), the most common cause of irre-
versible blindness in working-age adults, results in central
vision loss caused by microvascular damage to the inner lining of
the back of the eye known as the retina (1). Diabetes mellitus
(DM) is accompanied by retinal diabetic neuropathy (RDN), i.e.,
inner neuroretinal degeneration; this neuropathy is observed
structurally, as neural apoptosis, ganglion cell (GC) loss, reactive
gliosis, and thinning of the inner retina; and functionally, as def-
icits in the electroretinogram (ERG), dark adaptation, contrast
sensitivity, color vision, and microperimetric and perimetric psy-
chophysical testing (2-5). Because the neuroretina forms an ex-
tension of the brain embryologically, functional retinal changes
may correlate with the cognitive decline in people with DM (6).
Studies have shown that local functional loss on pattern ERG,
which measures GC function, predicts local microvasculopathy
and macular edema 1 y later (7). Pericyte loss is defined as the
earliest detectable microvascular marker of DR in the retina (8),
whereas microaneurysms on funduscopy or fundus photographs
are defined as the first marker of clinically manifest DR (9). So-
called “preclinical diabetic retinopathy” comprises additional
vascular abnormalities such as acellular capillaries (10-14).
Although ample evidence suggests that retinal damage, in-
cluding clinically detectable DR and macular edema, results from
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microvascular abnormalities, the relationship between RDN and
microvascular damage is unclear. Most assume that RDN is a
secondary effect of microvascular damage, but mounting evidence
shows that neuroretinal alterations are present even in the absence
of clinically detectable retinal vasculopathy, i.e., DR, both in do-
nor eyes of people with DM and on retinal optical coherence
tomography (OCT) image analysis (4, 14-18). However, these
studies were unable to show the temporal relationship between
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Diabetic retinopathy (DR), a primary cause of blindness, is
characterized by microvascular abnormalities. Recent evidence
suggests that retinal diabetic neuropathy (RDN) also occurs in
people with diabetes, but little is known about the temporal
relationship between DR and RDN. This longitudinal study in
people with diabetes with no or minimal DR shows that RDN
precedes signs of microvasculopathy and that RDN is pro-
gressive and independent of glycated hemoglobin, age, and
sex. This finding was further confirmed in human donor eyes
and in two experimental mouse models of diabetes. The results
suggest that RDN is not ischemic in origin and represent a shift
in our understanding of the pathophysiology of this compli-
cation of diabetes that potentially affects vision in all people
with diabetes mellitus.
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RDN and vasculopathy (19, 20). The purpose of this study was to
determine the time course of inner retinal neurodegeneration in
relation to microvasculopathy in people with DM with no or
minimal clinically detectable microvascular DR and to de-
termine whether these findings are further supported by exper-
imental murine models of DM.

Results

Longitudinal Human Study. Forty-five patients with type 1 DM
(mean age 31 + 10 y) were enrolled in this prospective, longi-
tudinal study. At baseline, 21 patients had no DR, and 24 pa-
tients showed minimal DR. None of the patients had a central
subfield retinal thickness over 250 pm, which is the cutoff for
diabetic macular edema in the Diabetic Retinopathy Clinical
Research Network studies for time-domain OCT (21). During
follow-up, 18 patients demonstrated progression of DR. The
mean glycated hemoglobin (HbAlc) at baseline was 8.2% (SD
1.2%). There were no statistically significant changes in mean
HbAlc, blood pressure, or best corrected visual acuity (BCVA)
during the four study visits. The median follow-up time was 73.0 mo
(range, 37-79 mo; interquartile range, 57.5-80 mo). Six patients
skipped intermediary visits, and 10 were lost to follow-up because of
migration (Table SI).

The thickness of the inner retinal layers of the macula —the
nerve fiber layer (NFL), GC layer (GCL), and inner plexiform layer
(IPL)—decreased significantly over time, after adjustment for sex,
age at inclusion, duration of DM before inclusion, HbAlc, presence
of DR at inclusion, and progression of DR after inclusion (Fig. 1
and Table 1). Specifically, the amount of thinning for the NFL in
the macula was 0.25 pm/y both parafoveally [95% confidence in-
terval (CI), —0.40 to —0.11 pm/y, P < 0.001] and perifoveally (95%
CI, —0.42 to —0.08 pm/y, P = 0.004). For the GCL+IPL the amount
of thinning was 0.29 pm (95% CI, —0.49 to —0.08 pm, P = 0.006)
parafoveally; there was no significant change in the perifoveal
GCLAIPL (95% CI, —0.04 to 0.36 pm) (Fig. 2 and Fig. S1).

Subjects with longer duration of DM before inclusion started with
thinner macular NFL and thinner GCL+IPL at inclusion (Table 1).
This prestudy thinning as a result of DM was in close agreement
with the NFL and GCLA+IPL loss per year observed during the study
period: Each year of DM duration before inclusion was associated
with a 0.19- to 0.21-um thinner macular NFL and with a 0.11- to
0.44-pm thinner macular GCLAIPL at inclusion. Neither the pres-

perifoveal parafoveal

Temporal fovea fovea

Human w/ diabetes (no retinopathy)

Fig. 1. Stratus OCT (horizontal B-scans through the fovea) automated
analysis of the right eye of one of the subjects, a 42-y-old female without DR,
at the baseline visit (A) and at the fourth-year visit (B) showing generalized
loss of the NFL and GCL+IPL over this time period in the parafoveal (yellow
outline) and perifoveal (green outline) regions (see Fig. S1B). The top red
line is the ILM that represents the inner boundary of the retina separating
the vitreous cavity and the NFL. The middle red line is the boundary between
the NFL and the GCL. The bottom red line is the boundary between the IPL
and INL. At year 4 (B), the loss of the NFL is so profound in this subject that it
is hard to differentiate the top and middle red lines on the temporal (left)
side of the fovea. (Scale bar, 1 mm; the width of the scan is 6 mm.)
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ence of any DR at inclusion, nor progression of DR after inclusion
was associated with any change in the NFL or GCL+IPL, nor did
age, blood pressure, or HbAlc level influence the thickness of the
NFL or GCL-IPL. As expected, female sex was associated with
significantly thinner parafoveal NFL and GCL at inclusion (22).

Results from Donor Eyes. We included six eyes from deceased donors
with DM and no or minimal DR and six eyes from similarly aged
deceased donors without DM (Table S2). In the five eyes from DM
donors with sufficient tissue quality, the NFL was significantly (P =
0.03) thinner (17.3 pm; 95% CI, 13.18-21.38 pm) than in five eyes
from the control group (30.4 pm; 95% CI, 22.37-38.47 pm) (Fig. 3
and Fig. S2). GC density was not significantly different in the five eyes
from the DM group (11.5 GC/1,000 pm; 95% CI, 6.49-16.56 GC/
1,000 pm) and the five eyes from the control group (14.1 GC/
1,000 pm; 95% CI, 13.28-15.01 GC/1,000 pm) (P = 0.37). No sig-
nificant difference in retinal capillary density (P = 0.13) was seen
among all eyes in the DM group (0.18; 95% CI, 0.15-0.18) and all
eyes in the control group (0.17; 95% CI, 0.17-0.20) (Fig. S3).

Results from the Streptozotocin-Induced Type 1 DM Mouse Model.
Mice in the streptozotocin (STZ)-treated group (a type 1 DM
model) and C57BL/6] age-matched controls (Fig. S4) underwent
OCT image analysis at 6 wk (n =21 DM, n = 15 controls) and 20 wk
(n =11 DM, n = 10 controls) of DM duration (Fig. S5). We found
that at 6 wk after DM induction the NFL+GCL was significantly
thinner in the STZ group (8.97 pm; 95% CI, 8.00-9.59 pm) than in
the control group (10.54 pm; 95% CI, 10.10-10.98 pm), an average
difference of 1.57 pm (17.5%). This thinning in the STZ group as
compared with controls progressed with time: At 20 wk of DM
duration, the STZ group had an NFL+GCL thickness of 6.45 pm
(95% (I, 5.89-7.02 pm), whereas controls had a thickness of 8.98 ym
(95% CI, 8.24-9.72 pm), an average difference of 2.53 pm (39.2%)
(Fig. 44). In the control group, there was significant age-related
thinning of the NFL+GCL of 0.084 pm/wk (95% CI, 0.073-
0.095 pm/wk, P = 0.001), whereas in the STZ group DM causes
significantly accelerated NFL+GCL thinning of 0.218 pm/wk
(95% CI, 0.212-0.224 pm/wk, P < 0.001).

Immunohistochemistry of a subset of the mice used in the
OCT imaging study at 6 wk after DM induction showed no re-
duction (P = 0.560) in GC density in STZ mice (45.7%; 95% ClI,
43.6-47.8%, n = 10) compared with C57BL/6] age-matched
controls (44.7%; 95% CI, 42.9-46.4%, n = 9). However, at 20 wk
after DM induction we found significant (P = 0.008) loss of GC
density in STZ mice (STZ mice: 45.8%; 95% CI, 44.2-47.4%, n =
10; controls: 50.2%; 95% CI, 48.2-52.2%, n = 10) (Fig. 4 B-D).

To compare microvasculopathy in the STZ group and con-
trols, we examined capillaries and pericytes in the contralateral
eyes of the mice used for the GC study. At 6 wk after DM in-
duction, there was no difference between the STZ group and
controls in the density of endothelial-supporting retinal pericytes
(STZ group: 0.33; 95% CI, 0.31-0.35; controls: 0.33; 95% CI,
0.32-0.33, P = 0.72) or in the percentage of acellular capillaries
in trypsin-digested retina (STZ group: 1.1%; 95% CI, 0.8-1.4%;
controls: 0.9%; 95% CI, 0.7-1.1%, P = 0.22) (Fig. 5). Micro-
vascular changes typically occur in these diabetic mice between
18 and 24 wk after DM induction (19), but even at 20 wk pericyte
density was not statistically different in the NFL/GCL (STZ
group: 0.74; 95% CI, 0.78-1.02; controls 0.90; 95% CI, 0.62-0.85;
P = 0.063) (Fig. 5C) or in the inner (STZ group: 0.23, 95% CI,
0.20-0.27; controls: 0.27; 95% CI, 0.23-0.30; P = 0.30) and outer
(STZ group: 0.43: 95% CI, 0.40-0.46; controls: 0.47; 95% CI,
0.41-0.51; P = 0.18) vascular plexus. We measured retinal
microvessel density using Griffonia simplicifolia 1B4 isolectin
(GSL-IB4) at 20 wk and found no significant difference (P =
0.11) between the STZ group (0.0089; 95% CI, 0.0115-0.0091)
and controls (0.0103; 95% CI, 0.0101-0.0077).
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Table 1. Changes per year in the thickness of the parafoveal and perifoveal rings of the retinal NFL and GCL+IPL in patients with type
1 DM with no or minimal DR
Independent
variable Parafoveal NFL Perifoveal NFL Parafoveal GCL+IPL Perifoveal GCL+IPL
Intercept 15.05 pum, P < 0.001 38.72 pm, P < 0.001 104.18 pm, P < 0.001 71.21 pm, P < 0.001
(95% Cl, 10.05-20.05 pm) (95% Cl, 32.68-44.76 pm) (95% Cl, 93.58-114.78 pm) (95% Cl, 65.40-77.03pm )
Female sex —1.79 pm, P = 0.008 —0.27 pm, P = 0.739 —4.22 pm, P = 0.012 0.11 pm, P = 0.896
(95% Cl, —3.10 to —0.48 pm) (95% Cl, —1.84 to 1.31 um) (95% Cl, —7.49 to —0.95 pm) (95% Cl, —1.50 to 1.71 pm)
Age at 0.08 pm, P = 0.135 —0.02 pm, P = 0.612 0.04 pm, P = 0.786 —-0.06 pm, P = 0.374
inclusion, y (95% Cl, —0.02 to 0.15 pm) (95% Cl, —0.13 to 0.08 pm) (95% Cl, —0.19 to 0.27um ) (95% Cl, —0.15 to 0.06 um)
Duration prior —0.19 pm, P = 0.002 —0.21 pm, P = 0.005 —0.44 um, P = 0.004 —0.11 pm, P = 0.120
DM, y (95% Cl, —0.30 to —0.08 pm) (95% Cl, —0.34 to —0.06 pm) (95% Cl, -0.74 to —0.13) (95% Cl, —0.27 to 0.04 pm)
Follow-up, y —0.25 pm, P < 0.001 —0.25 pm, P = 0.004 —0.29 pm, P = 0.006 0.19 pm, P = 0.021
(95% Cl, —0.40 to —0.11 pm) (95% Cl, —0.42 to —0.08 um) (95% Cl, —0.49 to —0.08 pm) (95% Cl, 0.04-0.36 pm)
Minimal DR at 1.03 pm, P = 0.203 —0.19 pm, P = 0.838 1.71 pm, P = 0.361 0.17 um, P = 0.864
inclusion, (95% Cl, —0.55 to 2.60 um) (95% Cl, —2.09 to 1.69 pm) (95% Cl, —1.98 to 5.38 um) (95% Cl, —1.73 to 2.05 pm)
present/absent
DR grade 0.06 pm, P = 0.815 0.06 pm, P = 0.855 —0.63 pm, P = 0.147 —0.32 pm, P = 0.283
(95% Cl, —0.48 to 0.61 um) (95% Cl, —0.59 to 0.70 pm) (95% Cl, —1.48 to 0.23 um) (95% Cl, —0.93 to 0.29 pm)
HbA1c, % 0.13 pm, P = 0.432 —0.40 pm, P = 0.048 0.06 pm, P = 0.811 0.17 um, P = 0.366

(95% Cl, —0.19 to 0.46 pm)

(95% Cl, pm 0.80
to —0.00 pm)

(95% Cl, —0.42 to 0.53pym )

(95% Cl, —0.19 to 0.51 pm)

Shown are the change in thickness per year (in micrometers) per one unit change of each independent variable, the P value, and the 95% Cl. Significant

changes are shown in boldface type. Blood pressure and DR progression were not significantly associated.

Results from the db/db Type 2 DM Mouse Model. Although the at-
tenuation of the GCL and the NFL in the STZ-induced type I
DM mouse model was likely attributable to DM, we evaluated
the possibility that STZ had a direct toxic effect on the inner
retina (23) in the db/db mouse model of spontaneous DM, using
in vivo OCT imaging analysis of the retina. The db/db group
showed significant thinning of the NFL+GCL as compared with
age-matched control mice at both age 10 wk [9.47 pm (95% CI,
8.75-10.18 pm) vs. 11.00 pm (95% CI, 10.34-11.66 pm), P = 0.01]
and age 16 wk [8.08 ym (95% CI, 7.62-8.53 pm) vs. 10.11 um
(95% CI, 8.80-11.42 pm), P = 0.02] (Fig. 6). We also found a
significantly accelerated thinning of the NFL+GCL of 0.104 pm/wk
(95% (I, 0.086-0.123 pm/wk, P < 0.001) in the db/db group.

Discussion

The longitudinal results show that inner RDN may occur before
signs of microvasculopathy or DR in people with DM, according
to widely accepted definitions by Cogan (8) and Friedenwald (9),
respectively. Additionally, the results in donor eyes from people
with DM and no or minimal DR and in two different experi-
mental mouse models of DM confirm that RDN may precede
DR. RDN is progressive over the course of DM both in humans
and mice and outstrips the neurodegeneration associated with
normal aging. These key findings are supported by multiple
parallel, but independent, assays for retinal neurodegeneration
and vascular abnormalities: OCT imaging analysis, fundus im-
aging, and immunohistochemistry in diabetic humans and mouse
models of DM.

Specifically, using OCT image analysis in a 4-y longitudinal
study of people with DM with no or minimal DR on fundus
examination, we found a significant, progressive loss in the NFL
(0.25 pm/y) and GCLAIPL (0.29 pm/y) that was independent of
HbAI1C, DR, or progression of DR. This progressive neuro-
retinal degeneration was primarily related to DM duration, and
not to HbA1C (Table 1). Using these same methods, we have
previously shown that, in normal subjects in the same age range
without DM, the NFL thins by 0.133 pm/y parafoveally, and the
GCL+IPL thins by 0.149 pum/y parafoveally (Figs. 1 and 2 and
Table 1) (14). These findings confirm earlier cross-sectional
findings of neuroretinal degeneration in DM, independent of
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DR, by our group (4, 15, 16) and others (24) and show, for the
first time to our knowledge, that this loss continues over the
course of the disease. Postmortem study of the inner retina of
human donors allowed us to confirm at the histologic level that
the NFL is significantly thinner, without alterations in retinal
capillary density, in persons who had DM with no to minimal DR
compared with age-matched controls, Fig. 3.

We also evaluated two mouse models of DM to characterize
the temporal sequence of the observed changes directly, through
both OCT image analysis and immunohistochemistry at the mi-
croscopic level, analyses that are exceptionally difficult in hu-
mans. The STZ group had significant thinning of the NFL+GCL
on OCT image analysis, as compared with the age-matched
control group, at both 6 wk and 20 wk after DM induction, and
this difference increased over time, with a loss of 1.57 pm
(17.5%) at 6 wk and 2.53 pm (39.2%) at 20 wk (Fig. 4). In the
db/db group we also found significantly thinner NFL+GCL at
both 10 wk and 16 wk of age compared with age-matched con-
trols, again replicating the findings in people with DM and also
showing that the thinning is not a toxic effect of STZ adminis-
tration. As in humans, the thinning caused by DM in STZ-treated
mice is progressive and is significantly accelerated compared with
thinning in the age-matched control group. Immunohistochemis-
try at 6 wk after DM induction showed no reduction in GC density
in the STZ-treated group, but at 20 wk there was a significant loss
of GC density (Fig. 4), confirming the OCT findings in humans
and mice and the immunohistochemistry findings in donor eyes.
These findings confirm the GC loss in STZ-treated mice as early
as 10 wk and 16 wk described by others (25) and are in line with a
study in diabetic rats and human donor eyes showing neural ap-
optosis as early as 4 wk after DM onset, although a comprehensive
analysis comparing temporal changes in the vasculature and inner
retinal thinning was not performed in that study (20).

The STZ mouse model allowed us to study the sequence of
events. Specifically, we found (i) no difference between the
density of endothelial-supporting retinal pericytes in the STZ-
treated group compared with age-matched controls; (if) no dif-
ference in the number of acellular capillaries in the STZ-treated
group compared with age-matched controls; (i) no difference in
pericyte density in the NFL/GCL and inner and outer vascular
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-2 4 = Diabetic population: +0.191 (95%CI +0.029 to +0.352) pm/year

Subjects ranked by observed change in thickness over time

Fig. 2. Subjects with DM and no or minimal DR (n = 45) show significant neuroretinal thinning over time. (A-C) Observed changes in retinal layer thickness
per year, with subjects ranked (from left to right) by observed change in layer thickness over time, showing significant thinning of the parafoveal NFL (4),
perifoveal NFL (B), and perifoveal GCL+IPL (C). (D) Nonsignificant changes in parafoveal GCL+IPL. All layer thicknesses were measured by Stratus OCT imaging
analysis over a 4-y study period and are demonstrated by the linear mixed regression models shown in Table 1. Each vertical bar represents the change in
thickness per year in the parafoveal and perifoveal NFL and GCL+IPL regions for each subject. Dark-gray bars represent subjects without DR progression; light-
gray bars represent subjects with DR progression. The solid and dotted red lines show the mean and 95% Cl change in subjects in this study, respectively
(model derived as in Table 1). Solid and dotted blue lines show the previously published mean and 95% ClI loss, respectively, in normal control subjects (14).

plexus (Fig. 4); and (iv) no difference using the vessel stain IB4 at
20 wk; all confirming that there were no differences in the vas-
culature of the STZ-treated mice and controls. Although in
human donor eyes we were able to determine that RDN occurs
in the absence of DR or capillary loss, these results in mice show
that RDN occurs before any evidence of microvascular damage
as defined by Cogan (8).

RDN is clinically relevant, for example affecting the visual
outcome after successful treatment of diabetic macular edema
(26). Retinal neurodegeneration at the cellular and functional
(ERG) level has been described previously (27) in another
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mouse model of spontaneous DM. The functional consequences
of progressive RDN are not yet clear, although they have been
gaining recognition (4, 5, 28). In a previous study, using the same
OCT image analysis methods, we reported a high correlation
(0.68) between perimetric functional loss and RDN in people
with DM and no or minimal DR (4). In another recent study we
found that the difference in average thickness between patients
with early glaucoma (<6 dB perimetric loss) and those with se-
vere glaucoma (>12 dB loss) is 5-8 pm for the NFL and 1-8 pm
for the GCL (29). The present results show that, on average, DM
causes a progressive loss of 0.25 um/y in the NFL and a loss of
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Fig. 3. (A and B) Sections of eyes from human donors with DM and no retinopathy (A) and from age-matched controls (B) stained with y-synuclein antibody
to immunolabel GCs and the NFL (green); DAPI nuclear counterstaining is blue; the red-orange signal at the level of the RPE is caused by autofluorescence.
(C) The NFL was significantly thinner in the diabetic eyes (n = 6) than in controls (n = 5). (D) Retinal capillary density was measured from whole-mount
sections; vessels were immunolabeled with biotinylated UEA-I followed by avidin conjugated to Texas Red (Fig. S4). No significant difference in retinal
capillary density was found in eyes from diabetic donors (n = 6) and from controls (n = 5).

0.29 pum/y in the GCL; thus after 10-20 y, the loss caused by
RDN is similar in magnitude to that in severe glaucoma, al-
though it may be more diffuse than the typical scotomata in
glaucoma. Although glaucoma patients require regular peri-
metric examinations, such functional studies are not typically
used in routine care for people with DM. It will be critical to
expand on these previous studies to determine the short- and
long-term visual consequences of RDN.

Clinicians-in-training are not made aware of RDN as a path-
ologic process resulting from DM (30), although the entity is well
recognized in diabetic animal and human studies (1, 3, 27, 31,
32). One reason is that any changes in the diabetic retina are
almost always attributed to the frequently recognized microvas-
cular alterations culminating in ischemia of the retina and sub-
sequent up-regulation of cytokines such as vascular endothelial
growth factor (8, 33-37). Our findings show that inner retinal
changes do occur before the markers of microvasculopathy in the
retina, as defined by Cogan in 1961 (8). Nevertheless, whether
RDN plays a role in the development of retinal ischemia in DM
is unclear. A second reason is that, before the advent of OCT
and automated image analysis, which allows the detection of
submicrometer changes, substantially below the resolution of the
OCT device’s individual A-scans, it was impossible to quantify
any in vivo effect of RDN (38). Third, there currently are no
treatment or management options to mitigate RDN. Although
we found that RDN progression is independent of the HbA1C
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level, the key marker for hyperglycemia over the previous 3 mo,
our results do not establish whether relatively poor glycemic
control will result in more rapid neuroretinal degeneration. In
addition, although current therapies for DR, such as the monthly
intravitreal administration of anti-VEGF (39) and steroids, are
highly successful clinically, there is some concern that the former
may cause or accelerate retinal neurodegeneration in rodents
(40). As the functional visual consequences of RDN are further
elaborated, neuroprotective strategies developed for glaucoma
and other neurodegenerative diseases may merit study for RDN,
especially during anti-VEGF treatment (32, 41, 42).

The goal of this study was to determine the temporal relationship
between RDN and microvascular manifestations of DM, including
DR. We did not focus on identifying the pathophysiological
mechanisms, because compelling mechanistic data from previous
studies demonstrate neural apoptosis, glial cell reactivity, and nu-
merous aberrant biochemical pathways associated with RDN that
appear to be independent of vascular changes (3, 32, 43, 44). In the
retina, glial, neural, and vascular cells are closely associated in a so-
called “neurovascular unit” to maintain the homeostasis necessary
for normal neuroretinal function (1). Intriguingly, although HbA1C
is well known to affect microvasculopathy and DR in people
with DM, we found no relationship between HbA1C and the
progression of RDN (45), possibly indicating that their patho-
physiologies are initially independent; this possibility is also sug-
gested by results from the Epidemiology of Diabetes Interventions
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(A) SD-OCT analysis (Fig. S5) showed significant NFL+GCL thinning in the mice with STZ-induced DM as compared with age-matched controls at both

6 wk (n = 21 diabetic mice, 15 controls) and 20 wk (n = 11 diabetic mice, 10 controls) of DM duration. (B) GC density is not significantly different in DM and
control mice at 6 wk but is significantly lower in diabetic mice than in controls at 20 wk (n = 10 diabetic mice, 10 controls). (C and D) Representative sections of
the inner retina of mice with STZ-induced DM at 20 wk (C) and age-matched controls (D). Anti—y-synuclein antibody was used to immunolabel GCs (green);

DAPI nuclear counterstaining is shown in blue.

and Complications/Diabetes Control and Complications Trial study
showing that HbA1C explains only 9.1-14.1% of the variance in
development of DR (45).

There are varying definitions of the first manifestation of mi-
crovascular damage in DR. The most widely accepted earliest
preclinical sign is the loss of pericytes, using trypsin-digestion
methods first described by Cogan et al. (8); this was the primary
marker we used in the mouse experiments. On the other hand,
microaneurysms are the first clinical sign of DR as established by
Friedenwald et al. (9) [although others have proposed capillary
nonperfusion (46)] and were the marker we used in the longitu-
dinal study. We did not perform fluorescein angiography, however,
because even small areas of capillary nonperfusion are typically
accompanied by microaneurysms and/or hemorrhages noted on
fundus photography at the same visit; nor did we perform OCT
angiography, which has the potential to quantify capillary non-
perfusion, because it has become available only recently. Moreover,
immunohistochemistry results in eyes from donors with DM and no
or minimal DR show that neurodegeneration occurs without evi-
dence of capillary loss as compared with controls (Fig. 2) (34).

In summary, neuroretinal degeneration precedes micro-
vasculopathy in people with DM, and these findings were confirmed
in two different mouse models of DM using both OCT image
analysis and immunohistochemistry. The retinal neurodegeneration
is not mediated by retinal microvascular disease in the form of
microscopic capillary loss or the earliest manifestation of DR, i.e.,
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pericyte loss, but is primarily related to DM duration. These results
suggest that RDN is not ischemic in origin and represent a shift in
our understanding of the pathophysiology of this complication of
DM that potentially affects vision in all people with DM.

Methods

Study Approval. The research adhered to the tenets of the Declaration of
Helsinki. Institutional Review Board approval was obtained at both the
University of lowa and the Academic Medical Center at the University of
Amsterdam, and all participants provided written informed consent before
inclusion in study.

All animal studies were performed in accordance with the guidelines of the
Association for Research in Vision and Ophthalmology and were approved by
the Institutional Animal Care and Use Committee of the University of lowa.

Donor eyes were obtained from the lowa Lions Eye Bank within 9 h of
death (Table S2), following informed consent of the donor’s next of kin.
Approval was obtained from the Internal Review Board of the University of
lowa, and all research adhered to the tenets of the Declaration of Helsinki.

Longitudinal Observational Study of Neuroretina in DM. Subjects with type 1
DM were recruited from the outpatient clinic of the Department of Internal
Medicine at the Academic Medical Center at the University of Amsterdam,
the Netherlands, between July 2004 and June 2005. Patients were included if
they had no DR or minimal DR as determined by a retinal specialist through
slit-lamp stereo biomicroscopy and fundus photographs (TRC-501X; Topcon
Corporation). No and minimal DR were defined by the International Clinical
Diabetic Retinopathy Disease Severity Scale, on which minimal DR means
microaneurysms only, or equal to or less than level 20 according to the Early
Treatment Diabetic Retinopathy Study criteria (47). Patients with current or a
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(A and B) STZ-induced DM in a mouse model does not significantly affect acellular capillaries (n = 6 diabetic mice, 6 controls) (A) or pericyte density

(n = 6 diabetic mice, 6 controls) (B) at 6-wk DM duration. (C) There was a trend favoring pericyte dropout in mice at 20 wk of DM duration, but this trend was
not significant (n = 8 diabetic mice, 8 controls). (D and E) Images of trypsin-digested whole-mount retina show similar numbers of acellular capillaries (black
arrows) in diabetic (D) and control (E) mice. (F and G) Histologic sections of retinas from diabetic (F) and control (G) mice dual-immunolabeled with NG-2 (red)
and 1B4 (green) show similar numbers of pericytes and vessels. DAPI nuclear counterstaining is shown in blue.

history of diabetic macular edema were excluded. Other exclusion criteria were
refractive errors over S+5 or under S-8 diopters, BCVA below 0.1 (logMAR
notation), significant media opacities, previous ocular surgery, and a previous
diagnosis of glaucoma, uveitis, or other retinal disease. All patients underwent
imaging at baseline and approximately every 12 mo thereafter, as well as oph-
thalmic and general examinations including blood pressure and HbA1c. Visual
acuity was measured using an Early Treatment Diabetic Retinopathy Study chart
at 4 m (48). Two cross-sectional studies of these subjects have been published
previously, one using time-domain OCT (TD-OCT) and one using spectral domain
OCT (SD-OCT), showing comparable thinning of the inner retina (4, 15, 16).

Visit Protocol, OCT, and Fundus Imaging. At each visit, subjects were imaged
with Stratus OCT (Model 3000; Carl Zeiss Meditec; software version 4.0.1). The
fast macular-thickness OCT scan protocol was used. This scan protocol obtains six
cross-sectional B-scans, 6 mm in length, at equally spaced angular orientations
(30°) in a radial pattern centered on the fovea. Retinal color images were taken
with a Topcon NW6 Fundus camera and were evaluated by a retinal specialist
according to a previously published standardized protocol (grade 0 = no
microaneurysms; grade 1 = 0-5 microaneurysms; grade 2 = 5-10 micro-
aneurysms; grade 3 = 10-20 microaneurysms; grade 4 = more than 20
microaneurysms) (4, 15, 16). DR progression was defined by patients with no
DR progressing to minimal or more DR at the next visit or by the number of
microaneurysms increasing by at least one grade from any previous visit. Al-
though SD-OCT allows a higher number of A-scans and thus higher resolution
than Stratus OCT, we used TD-OCT in this prospective longitudinal study be-
cause SD-OCT was not available at the start of the study. The use of TD-OCT
throughout the study ensured that the images collected were directly com-
parable. In a prior study we used Topcon SD-OCT to confirm neuroretinal
thinning of the subjects with DM as compared with normal controls using
cross-sectional analysis at the 4-y visit (49). Other studies also have used TD-
OCT (50, 51), and we and others have shown that outcome does not differ
between TD- and SD-OCT (4, 16, 49). The thickness of the NFL and GCL+IPL in
the macula was quantified for parafoveal and perifoveal rings centered on the
fovea (see below).

OCT Automated Image Analysis. All OCT scans were analyzed automatically
with the 3D segmentation algorithm referred to as the lowa Reference Al-
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gorithms, and the six retinal layers that can be identified in the six cross-
sectional B-scans using Stratus OCT automated segmentation were inter-
preted as follows (from the inner to the outer surface): NFL, GCL+IPL, inner
nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL) +
inner segments (of the photoreceptors), and outer segments (of the pho-
toreceptors). These algorithms have been validated extensively (52). On
Stratus OCT it is not possible to differentiate the boundary between the GCL
and the IPL reliably, so these were combined, as we have always done (4, 16,
49). After segmentation, two retinal regions of interest were defined: the
parafoveal region, a donut-shaped ring centered on the fovea with an inner
diameter of 1 mm and an outer diameter of 3 mm, and the perifoveal re-
gion, with an inner diameter of 3 mm and outer diameter of 6 mm (Fig. S1).
The lowa Reference Algorithms are available to researchers for free in the
public domain at www.iibi.uiowa.edu/content/shared-software-download/.

Human Donor Eye Studies. Whole eyes or superotemporal and macular
wedges were fixed in toto in 4% paraformaldehyde in PBS. The average age
of eyes used in this study was 77.8 y in the DM group and 72.5 y in the control
group with an age range of 49-86 y (Table S2); controls were matched in age
as closely as possible (noted as “similarly aged” in the text). Exclusion criteria
for all subjects consisted of a diagnosis of glaucoma or suspected glaucoma,
ocular hypertension, or a history of any condition affecting the retina in-
cluding age-related macular degeneration, vein occlusion, uveitis, and vit-
reoretinal surgery. Donor eye records, fundus photographs, and gross
eyecups were reviewed in detail to ensure that patients in the DM group did
not have more than a single isolated hemorrhage, consistent with the
condition of no or minimal nonproliferative diabetic retinopathy (NPDR);
eyes with a history of macular edema, moderate, severe or proliferative DR,
laser treatment, or intraocular injections were excluded (Table S2).

Tissue Preparation and Immunolabeling. Four-millimeter biopsy punches cen-
tered 6 mm superior to the fovea were cryoprotected in serial sucrose solution
and embedded for cryostat sectioning, as described previously (53). Cryostat
sections (10 pm) were collected and stained with 1 pug/mL anti-y-synuclein
(Abcam) to immunolabel GCs, and DAPI was used to counterstain nucleated
cells. Additional 4-mm biopsy punches centered 6 mm inferior to the fovea
were collected for flat-mount histochemistry with biotinylated-conjugated
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Fig. 6. Progressive thinning of the NFL/GCL layer also is seen on OCT im-
aging analysis in 10-wk-old (n = 18 diabetic mice, 14 controls) and 16-wk-old
(n = 18 diabetic mice, 9 controls) db/db mice, which have a spontaneous
young-onset form of DM.

Ulex europaeus agglutinin-l (UEA-I) (Vector Laboratories) followed by in-
cubation with avidin conjugated to Texas Red to visualize retinal vasculatures
(54). Negative controls for immunostaining were performed in parallel by
omission of primary antibodies. Sections were imaged with an Olympus BX41
fluorescence microscope and analyzed in ImageJ (55).

Determination of Donor Eye GC Density and NFL Thickness. All morphometric
measurements were combined from two masked graders. Analysis of each
grader’s dataset separately showed statistically significant differences be-
tween the diabetic and control groups. To determine GC density and NFL
thickness, the number of cells positively labeled with anti-y-synuclein and
the length and thickness of retinal NFL were computed at 200-um intervals
in each 4-mm punch. A total of 30-40 images obtained with a high-power
(20x) objective from 8-12 sections of each donor eye were analyzed.

Determination of Donor Eye Retinal Capillary Density. Following visualization
of UEA-I, images were analyzed in ImageJ (55). Local threshold was opti-
mized automatically for maximal capillary contrast using Phansalkar’'s ap-
proach (56) with a round window, with (dimensionless) algorithmic standard
parameters k = 0.01-0.05 depending on the amount of background fluo-
rescence, r = 0.5, P = 2, and q = 10. After thresholding, a single morpho-
logical closing and then erosion was performed to remove single pixels
erroneously thresholded as capillary. All regions of interest containing
capillaries outside arterioles and venules and larger vessels were selected,
and capillary density was quantified as the fraction of pixels that were part
of a capillary in the regions of interest. In other words, a capillary density 0.2
means that 20% of the (projected) fluorescence image is covered by capil-
laries (Fig. S3). Capillary density was averaged over all 21 or 22 images
representing the 4-mm punches for each eye.

Animal Studies. For the STZ-induced mouse model of type 1 DM, C57BL/6) male
mice (The Jackson Laboratory) at 8-12 wk of age were randomly assigned to
diabetic (STZ-induced) or nondiabetic control groups. In the STZ group, DM was
induced between 8 wk and 10 wk of age by i.p. injections of STZ (Sigma
Chemical Co.); mice were injected with 60 mg/kg STZ daily for 5 d. Serum
glucose levels were measured 3 d after the last injection and were monitored
monthly thereafter. If serum glucose was less than 300 mg/dL, mice were in-
jected for an additional 3 d with 50-60 mg/kg of STZ (Fig. S4). Only mice with
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glucose levels consistently elevated above 350 mg/dL were considered diabetic
and included in the study (Fig. S4). Severely diabetic mice were treated s.c. with
2.7 U/20 g insulin (Sigma Chemical Co.) daily. Serum glucose levels in the age-
matched C57BL/6) male control mice averaged 120-220 mg/dL. Randomly
assigned STZ-treated mice underwent OCT imaging 6 wk (approximate age 16
wk) and 20 wk (approximate age 30 wk) after DM was confirmed and were
killed at these time points.

Genetically modified B6.BKS(D)-Lepr® /) mice (db/db; The Jackson Labo-
ratory) were used as a model of type 2 DM not requiring exogenous STZ,
with spontaneous, young-onset DM that persists until 16 wk of age. Blood
glucose of these db/db mice was monitored weekly, and mice with a glucose
level >350 mg/dL were considered diabetic. Online STZ was administered
starting at 16 wk to maintain hyperglycemia once euglycemia began. The
db/db mice underwent OCT imaging at age 10 wk and 16 wk.

For the control group, we used the age-matched C57BL/6J mice that were
not randomized to receive STZ. These mice were OCT imaged at age 8-10 wk
(controls for the db/db group were imaged at age 10 wk, and controls for
the STZ group were imaged at baseline), at age 16 wk (controls for the db/db
group were imaged at age 16 wk, and controls for the STZ group were
imaged 6 wk after DM induction), and at age 30 wk (controls for the STZ
group were imaged at 20 wk after DM induction). These mice were killed at
either 16 wk or 30 wk of age.

Mouse OCT Imaging and Analysis. After the animals were anesthetized with
ketamine/xylazine (87.5 mg/kg ketamine, 12.5 mg/kg xylazine), the pupils
were dilated with 1% tropicamide (Akorn, Inc.). To lubricate the eyes, 0.2%
hypromellose eye gel (GenTeal; Novartis) was used. The animals were placed
onto an adjustable cassette for SD-OCT imaging (Bioptigen Envisu R2200),
and the cassette was connected to a platform that allowed 3D alignment.

OCT scanning was initially directed to the center (posterior pole) of the
mouse eye, facilitated by the aiming laser beam of the scanner. For the
volume scans, the aiming laser was centered on the optic nerve head (Fig. S5).
The dimension of the scan (in depth and transverse extent) was adjusted
until optimal signal intensity and contrast were achieved. OCT volume di-
mensions were 400 x 400 x 1,024 voxels (1.4 x 1.4 x 1.566 mm?3). After
storage, offline automated segmentation of the boundaries of the inner
limiting membrane (ILM), GCL, IPL, INL, OPL, OPL, external limiting mem-
brane, inner/outer photoreceptor segment (IS/OS) junction, retinal pigment
epithelium (RPE) superior surface, and Bruch’s membrane was performed
using the lowa Reference Algorithms for 3D automated layer segmentation;
the thickness of the NFL+GCL was quantified as the distance between the
ILM and the bottom surface of the GCL (52, 57). Current SD-OCT technology
does not allow the NFL to be differentiated from the GCL in mice. The lowa
Reference Algorithms are available for free in the public domain at www.
iibi.uiowa.edu/content/shared-software-download/ (52), and a recent in-
dependent validation showed superior performance for the inner retina
in mice (58).

Preparation and Inmunolabeling of Mouse Tissue. Mice were lethally injected
with ketamine/xylazine (175.0 mg/kg ketamine and 25.0 mg/kg xylazine);
after cervical dislocation, eyes were enucleated and fixed with PBS con-
taining 4% paraformaldehyde at room temperature for 4 h. The cornea and
lens were removed carefully; then the mouse eyes were cryoprotected by
sequential immersion in 5%, 10%, and 20% (wt/vol) sucrose solutions and
were embedded in Tissue-Tek Optimum Cutting Temperature (OCT) com-
pound (Sakura) in liquid nitrogen. Transverse 10-um serial frozen sections
were cut and mounted onto Superfrost Plus glass slides (Thermo Scientific)
and stored at —80 °C until use. One eye per mouse from each experimental
group was used. Every 20th frozen section throughout the entire eye was
selected for immunohistochemical quantitative assessment. Sections were
treated and blocked for 30 min at room temperature with 0.3% Triton/0.1%
BSA/PBS, incubated overnight (4 °C) with 0.5 pg/mL anti—y-synuclein (Abnova),
2 pg/mL anti-NG2 (Abcam), or 2.5 pg/mL biotinylated lectin GSL-IB4 (Vector
Laboratories) to immunolabel GCs, pericytes, or blood vessels, respectively. Af-
ter washing with PBS, sections were probed with 7.5 pg/mL Cy2 anti-mouse, Cy3
anti-mouse (Jackson ImmunoResearch Laboratories), or 5 pg/mL Dylight 488
streptavidin (Vector Laboratories) secondary fluorescence antibody for 1 h at
room temperature and then were mounted with anti-fade medium with DAPI.
Negative controls for immunohistochemistry were performed in parallel by
using isotype-matched IgG. Images were captured by an Olympus BX41 fluo-
rescence microscope, and were digitally analyzed using Image J software (55).

Mouse Morphometry Analysis. All morphometric measurements were made by

two masked graders. Analysis of each grader’s dataset showed statistically
significant differences between the same groups. Assessment of acellular
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capillaries was performed on trypsin-digested retina as described previously
(59). To determine GC density (GC/total cells), the number of anti—y-synu-
clein-immunolabeled cells and the total number of nucleated cells in the
superficial layer were measured in every 20th section (i.e., every 200 pm). A
total of 40-50 images taken with a high-power (20x) objective from 8-12
sections of each eye per animal were quantified. The number of pericytes
per area of vascular plexus was traced and computed by total number of
anti-NG2-stained cells over the vascular plexus area in every 20th section
(number of pericytes/1,000 pm? of the total vascular plexus area).

Statistical Analysis.

Longitudinal data. Statistical analysis was performed using SPSS software
version 20.0 (SPSS Inc.) and SAS software version 9.2 (SAS Institute Inc.).
ANOVA was used to assess differences in mean HbA1c, mean blood pressure,
and mean BCVA in the four follow-up visits. In a previous study it was
demonstrated that there was no statistical difference in the measurements in
a subject’s two eyes, and one eye was at random chosen for the present
analysis (60). Changes over time in the thickness of the inner retinal layers
were assessed using linear mixed regression models with a first-order auto-
regressive covariance structure to take into account that repeated measure-
ments on the same subject over time are highly correlated and that
observations on the same subject that are closer in time are more highly
correlated than measurements at times further apart. The correlation between
two measurements within the same subject decreases exponentially as the
length of time between the measurements increases. The mixed-effects model
is also robust to missing data and can handle uneven intervals between the
repeat measurements. The model was adjusted for age, sex, DM duration,
HbA1c, DR at inclusion, and progression of DR, which were included as fixed
effects in the model. Age, HbA1c, and progression of DR were included in the
model as time-updated covariates. Four models were used, for parafoveal and
perifoveal NFL and parafoveal and perifoveal GCL+IPL, respectively. The pri-
mary research objective was to test if there was progressive thinning of the
parafoveal and perifoveal NFL and/or GCL+IPL. We considered 95% Cls that
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did not straddle zero to be statistically significant. All reported P values
are two-sided.

Human donor eye data. Morphometric data were averaged on a per-eye basis.
Data were analyzed by two-tailed Student t test to compare two groups of
variables. One-way ANOVA followed by Bonferroni post hoc analysis was
used to compare the differences in multiple groups using SPSS software 11.0
(SPSS Inc.). Results are expressed as mean + 95% Cl. P < 0 0.05 was consid-
ered statistically significant. The intraclass correlation coefficient (ICC) was
used in each study to measure the reliability of the rating between two
graders with a 95% Cl. The reliability of each measurement from two
graders was 0.86 for human donor eye NFL thickness, 0.94 for mouse GC
density, 0.97 for mouse acellular capillary assessment, and 0.90 for mouse
pericyte density. There was no significant difference between the two ob-
servers in all assessments.

Mouse data. Morphometric data were averaged on a per-eye basis. Data were
analyzed by two-tailed Student t test to compare two groups of variables.
One-way ANOVA followed by Bonferroni post hoc analysis was used to
compare the differences in multiple groups using SPSS software 11.0 (SPSS
Inc.). Results are reported as mean + 95% Cl and as mean + SEM in graphs.
P < 0 0.05 was considered statistically significant. The ICC was used in each
study to measure the reliability of the rating between two graders with a
95% Cl. The reliability of each measurement from two graders was 0.86 for
human donor eye NFL thickness, 0.94 for mouse GC density, 0.97 for mouse
acellular capillary assessment, and 0.90 for mouse pericyte density. There
was no significant difference between the two observers in all assessments.
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