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Photoreceptor cells and RPE contribute to the development of
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Abstract

Diabetic retinopathy (DR) is a leading cause of blindness. It has long been regarded as vascular
disease, but work in the past years has shown abnormalities also in the neural retina.
Unfortunately, research on the vascular and neural abnormalities have remained largely separate,
instead of being integrated into a comprehensive view of DR that includes both the neural and
vascular components. Recent evidence suggests that the most predominant neural cell in the retina
(photoreceptors) and the adjacent retinal pigment epithelium (RPE) play an important role in the
development of vascular lesions characteristic of DR. This review summarizes evidence that the
outer retina is altered in diabetes, and that photoreceptors and RPE contribute to retinal vascular
alterations in the early stages of the retinopathy. The possible molecular mechanisms by which
cells of the outer retina might contribute to retinal vascular damage in diabetes also are discussed.
Diabetes-induced alterations in the outer retina represent a novel therapeutic target to inhibit DR.
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1. Introduction

Diabetic retinopathy (DR) and diabetic macular edema (DME) are common microvascular
complications in patients with diabetes. DR is a leading cause of visual impairment and
blindness in people aged 24 to 64 years old, and it develops, to at least some degree, in the
majority of patients who have had diabetes for 10 or more years (Engelgau et al., 2004).
Clinically, there are two defined stages of DR. The first stage is non-proliferative DR
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(NPDR), which is characterized by microaneurysms, increased permeability, and vascular
occlusion and degeneration. Subsequently, proliferative diabetic retinopathy (PDR) develops
in some patients, and this is characterized by formation of new blood vessels of the retinal
vasculature that can migrate out of the retina into the vitreous, where they impair vision
secondary to leakage and fibrosis of the abnormal new vessels. Especially at later stages of
DR, patients with diabetes can also develop DME, which involves retinal thickening in the
macular area of the retina due to leaking blood vessels, and is the leading cause of visual
impairment in diabetic patients (Cunha-Vaz et al., 2014; Daruich et al., 2018; Klaassen et al.,
2013; Stitt et al., 2016).

The complications of diabetes within the eye develop gradually, and can go unnoticed by
patients until there is impairment or loss of vision. Once diabetes has damaged the retina,
vision can be lost permanently, so it is important to detect and treat the retinopathy as early
as possible. Current therapies to treat existing DR (including laser photocoagulation,
intravitreal injections of antibodies against Vascular Endothelial Growth Factor (VEGF) or
corticosteroids, and surgery) are effective, but not all patients respond to them and there can
be undesirable side effects. Good glycemic control has been shown to inhibit the
development and progression of DR in diabetic dogs and patients (Diabetes Control and
Complications Trial Research Group, 1993; Engerman et al., 1977; United Kingdom
Prospective Diabetes Study, 1998), but it remains difficult to achieve and maintain such
glycemic control for many patients. There remains a great need for therapies that prevent the
retinopathy from ever developing (Stitt et al., 2016).

Most studies of DR to date have focused on vascular abnormalities, which is appropriate
considering that diabetes-induced abnormalities of the retinal vasculature (i.e. capillary
degeneration, permeability, and neovascularization) have been directly implicated in vision
loss and impairment. Nevertheless, alterations in the neural retina also have been detected,
and their contribution to vision loss is under study (Simo et al., 2018). Abundant evidence
indicates that all retinal cell-types are affected by diabetes, including loss of inner retinal
neurons and their projections (Barber et al., 1998; Gastinger et al., 2001; Gastinger et al.,
2008; Gastinger et al., 2006), dysfunction of Mdiller cells and astrocytes (Barber et al., 2000;
Mizutani et al., 1998; Puro, 2002; Rungger-Brandle et al., 2000), activation of microglia
(Gaucher et al., 2007; Omri et al., 2011; Zeng et al., 2008; Zeng et al., 2000), and
dysfunction or degeneration of the RPE (Aizu et al., 2002; Bensaoula and Ottlecz, 2001;
Grimes and Laties, 1980; Omri et al., 2011; Samuels et al., 2015) (Fig 1). Although we
acknowledge that diabetes affects all cell-types in the retina and it is difficult to discuss
photoreceptors and RPE without considering also the cells of the inner retina and their
relation to the outer retina, there exists already a substantial literature focusing on the inner
retina in DR. Thus in this review, we focus on cells of the outer retina (photoreceptors and
RPE) and their alterations in diabetes, and summarize evidence that the outer retina
contributes to the development of the retinal vascular and neural lesions that are
characteristic of DR. We focus mainly on /in vivo studies, due to the growing recognition that
development of DR is influenced by multiple cell-types, a complexity that is difficult to
reproduce /n vitro.
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2. Outer retina

2.1 Photoreceptor cells

Photoreceptor cells are specialized neurons in the retina that convert light into neural signals
that are sent to the brain for image processing (Fain et al., 2010; Lagnado and Baylor, 1992).
They are the most abundant cells in the retina (about 6 million cells in mice (Jeon et al.,
1998) and 120 million cells in humans (Kolb, 1995)), and the most metabolically active cells
in the body (Ames, 1992; Ames et al., 1992; Hoang et al., 2002). There are two types of
photoreceptor cells, rods and cones. Rods have low spatial resolution but are very light
sensitive, while cones have high spatial resolution but are less light sensitive. Rods represent
about 90% of all photoreceptors in the human and 97% in the mouse retina (Jeon et al.,
1998), whereas cones represent about 5-10% of all photoreceptors in humans and 3% of all
photoreceptors in mice (Carter-Dawson and LaVail, 1979; Jeon et al., 1998). In humans,
rods dominate the peripheral retina, whereas cone density increases towards the macula,
reaching the highest density in the foveola. Mice lack a macula, and the density of cones
increases dorso-ventrally (Ortin-Martinez et al., 2014).

Rods and cones have four primary structural/functional regions: outer segment, inner
segment, cell body, and synaptic terminal. The outer segment is filled with a dense stack of
membrane disks which contain the visual pigment (rhodopsin in rods and cone pigment in
cones) and other proteins related to phototransduction or disk structure. Humans have a
single rod pigment, rhodopsin, and usually have three kinds of cones that provide color
vision by responding differently to light of different wavelengths (S-cones, M-cones and L-
cones, responding to short-, medium- and long-wavelength light) based on the opsin present.
Mice have a single rod pigment, rhodopsin, and two cone pigments (S- and M-cone
pigments), with some individual cone cells expressing both S- and M-cone pigments
(Applebury et al., 2000).

Photons cause conversion of 11-cisretinal to all-#rans retinal, leading to rhodopsin activation
and downstream signaling initiated by the G protein, transducin (Fain et al., 2010; Filipek et
al., 2003; Lagnado and Baylor, 1992; Palczewski, 2006). Subsequent signaling leads to the
hydrolysis of cGMP to GMP, resulting in the closing of cGMP-gated ion channels,
ultimately causing hyperpolarization and less glutamate release from those cells (Lagnado
and Baylor, 1992). The RPE works with photoreceptor cells to regenerate 11-¢/s retinal via
the classical visual cycle to support function of both rods and cones (Felius et al., 2002;
Saari, 2000; Samardzija et al., 2008). In the face of high rates of photon capture, cones are
supplemented with additional 11-cis-retinal production also from Mueller cells (Palczewski
and Kiser, 2020; Wang and Kefalov, 2011).

Phototransduction and replacement of shed photoreceptor outer segments during the day is
very energy intensive (Ng et al., 2015), but photoreceptor cells have been reported to use
more energy at night when photoreceptor ion channels are open (dark current) than in the
day (Arden et al., 2005; Arden et al., 1998; Haugh et al., 1990; Linsenmeier, 1986; Okawa et
al., 2008; Wang et al., 2010). In darkness, the outer segments of rod cells are depolarized,
and energy and oxygen are consumed within the inner segments to support ion pumping
(Ames et al., 1992), resulting in almost anoxic conditions at the proximal side of the inner
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segments (Wangsa-Wirawan and Linsenmeier, 2003). Likewise, a significant portion of rod
cell ATP consumption in the dark occurs from Na/K-ATPase pumping out excess Na+
entering the photoreceptors via cGMP-gated channels in the outer segments, thereby
maintaining the dark current and intracellular ion levels (Hagins et al., 1970; Lee et al.,
2018; Okawa et al., 2008). An inhibitor of RPE65 (and thus the visual cycle), emixustat,
reduced oxygen consumption and ion pumping in the dark (Kubota et al., 2019), a condition
in which visual cycle activity already is low. Additional research is needed to determine the
effect of such therapies on visual cycle activity under light-adapted conditions.

Light produces a large decrease in ATP consumption in photoreceptors resulting mostly
from the decrease in ion influx through the cGMP-gated and Ca2+ channels, which is not
compensated by the ATP needed for transduction (Okawa et al., 2008). Thus, the amount of
ATP and oxygen consumed during phototransduction is small compared to that consumed as
a result of the dark current (Lau and Linsenmeier, 2012; Linsenmeier, 1986; Okawa et al.,
2008). In bright light, individual cone cells use much more ATP than individual rods
(Medrano and Fox, 1995), but in darkness, ATP utilization by individual cones is regarded as
similar to that in individual rod cells, because the amplitude and voltage-dependence of the
dark current is similar in rods and cones (Nikonov et al., 2006; Yagi and Macleish, 1994).

Most of the glucose that reaches the retina is consumed by glycolysis and converted to
lactate (Krebs, 1927; Warburg et al., 1924), and concentrations of lactic acid in the
subretinal space can reach 19 mM (Adler and Southwick, 1992). Early evidence suggested
that lactate released by Mueller glial cells was metabolized by photoreceptor cells (Poitry-
Yamate et al., 1995), but other evidence suggests that photoreceptor cells themselves are the
major site of aerobic glycolysis (Chinchore et al., 2017; Du et al., 2016; Lindsay et al., 2014;
Medrano and Fox, 1995; Wang et al., 1997; Winkler, 1981). The purpose of aerobic
glycolysis in photoreceptor cells has been proposed to be for anabolic metabolism and to
release lactate to fuel MGC’s and suppress glycolysis in the RPE so that sufficient glucose
can flow through the RPE to support metabolism by the photoreceptor cells (Chinchore et
al., 2017; Kanow et al., 2017; Lindsay et al., 2014; Rajala et al., 2016). Both photoreceptors
and RPE express monocarboxylic acid transporters that permit the transport of lactic acid
between the two cell types (and other retinal cells).

In the mammalian retina, many cellular phenomena, including neuronal activity, are
regulated by a circadian clock. Evidence generated in nondiabetic rabbits indicates that a
circadian clock regulates the extracellular pH of the retina so that the pH is lower at night
than in the day, especially the vicinity of the inner segments of photoreceptor cells,
supporting the idea that photoreceptors serve as the primary source of protons (Dmitriev and
Mangel, 2001). Assuming that the drop in pH reflects increased production of lactic acid via
glycolysis, then the proportion of ATP generation by aerobic and anaerobic metabolism
during the dark phase might not strongly dependent on the metabolic need of the
photoreceptor in the dark. Perhaps the circadian clock increases photoreceptor cell
glycolysis and lactic acid production independent of illumination.

Prog Retin Eye Res. Author manuscript; available in PMC 2022 July 01.
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2.2 Retinal pigment epithelium

The RPE is a highly specialized monolayer of pigmented cells, located between the
choriocapillaris and the outer segment of photoreceptors (Marmorstein, 2001; Miller and
Steinberg, 1977; Rizzolo, 1997; Strauss, 2005). The apical side of the RPE faces the outer
segment of photoreceptors, while the basolateral side faces Bruch’s membrane, which
separates the RPE from the choriocapillaris (Strauss, 2005). The interaction between the
RPE and photoreceptor cells is important in maintaining the structural and functional
integrity of the photoreceptors, including maintenance of the visual cycle in which all-trans
retinal is recycled to 11-cisretinal. The RPE also helps maintain the photoreceptors by the
diurnal phagocytosis of shed photoreceptor outer segments, by transport of water, ions, and
metabolic products from the sub-retinal space to the blood, by secretion of neurotrophic
factors, and by transport of nutrients (such as glucose and fatty acids) from the blood to
photoreceptors (Strauss, 2005). The outer blood-retinal barrier exists at the RPE due to the
tight junctions between the epithelial cells that control the movement of fluid and
metabolites into and out of the neural retina.

2.3 Interphotoreceptor matrix

The interphotoreceptor matrix (IPM) is an extracellular matrix that lies in the subretinal
space between the photoreceptor cells and the RPE, and it plays important roles in
photoreceptor cell survival and dysfunction (Ishikawa et al., 2015). Functional roles of the
IPM include retinal adhesion to the RPE, providing receptors for growth factor presentation,
facilitating retinoid transport between photoreceptor cells and RPE, and transport of oxygen
and nutrients to the photoreceptor cells. Some genes encoding proteins that are localized to
the IPM have been associated with human inherited retinal diseases, including autosomal-
recessive retinitis pigmentosa (Bandah-Rozenfeld et al., 2010), autosomal-dominant and -
recessive forms of Best disease (Manes et al., 2013), Sorsby’s fundus dystrophy (Weber et
al., 1994), and Doyne honeycomb retinal dystrophy (Marmorstein et al., 2002).

2.4 Mueller cells

Moueller cells, the major type of glial cells in the retina, are known to maintain metabolic
support of retinal neurons via effects on ions, water, and bicarbonate regulation, regulation
of glutamate-mediated retinal synaptic activity, and anti-oxidative support and regulation of
the tightness of the blood-retinal barrier and neurovascular coupling (Reichenbach and
Bringmann, 2013). Mueller cells touch every cell type in the retina, and are the partners with
the photoreceptors in making the outer limiting membrane (OLM) with their tight junctions
(Omri et al., 2010). Meller cells also have been shown to participate in daylight vision by
regeneration of 11-cis retinal in cone cells via a process that is independent of the classical
visual cycle (Wang and Kefalov, 2011).

2.5 Photoreceptors and RPE as a unit

RPE and photoreceptors in the outer retina normally function as a unit for the maintenance
of proper visual function, and disturbance of that close relationship (such as in retinal
detachment) can ultimately lead to retinal degeneration and blindness. Likewise, mutations
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occurring in either the photoreceptor cells or the RPE can lead to retinal degeneration
(Bramall et al., 2010).

3. Effect of diabetes on cells of the outer retina

3.1 Methods used to evaluate photoreceptor survival.

Studies generally have relied on a limited number of methodologies to evaluate the loss of
cells of the outer retina. These techniques historically have been ophthalmoscopic and
histological methods, and more recently, also optical coherence tomography (OCT), adaptive
optics (AO), and 2-photon microscopy (Fig 2). Electrophysiology studies (see section 4.1)
are less reliable to assess photoreceptor cell survival in diabetes, because pre-clinical studies
clearly show diabetes-induced reductions in function despite the continued survival of
essentially all photoreceptor cells.

Because of the transparency of photoreceptor cells, conventional ophthalmoscopy has been
of limited value in evaluation of photoreceptors in vivo, but loss of RPE cells can be
monitored ophthalmoscopically. Histology of retinal tissue sections obviously is conducted
on autopsy tissue, but it has the advantages of high resolution and the ability to identify
specific cell-types and molecules by immunohistochemistry. OCT and AQ, on the other
hand, can be used non-invasively in vivo. State-of-the-art spectral domain-OCT devices
provide quick, non-invasive and reproducible high-definition images of the anatomical
changes in the laminar structure of the retinal layers and pathological modifications
occurring /n vivo. The images obtained allow discrimination and measurement of individual
retinal layers (including the outer nuclear layer (ONL) and RPE), identification and location
of cystoid bodies in the retina and vitreal-retinal attachments, and generation of 3D
reconstructions of the tissue, but it provides essentially no functional information. AO is a
technique allowing in vivo visualization and detection of changes in individual cone
photoreceptors, including cone density, interphotoreceptor distance, and cone packing
regularity (Lammer et al., 2016; Zaleska-Zmijewska et al., 2017). Adaptive optics scanning
laser ophthalmoscopy (AO-SLO) offers high transverse resolution noninvasively, as well as
the ability to detect fluorescent signals.

An indirect measure that has been reported to be relevant to outer retinal health is
reflectivity. A strong relationship was recently established between outer retinal reflectivity
and cone density measured with high-resolution adaptive optics (Flores et al., 2015; Saleh et
al., 2017). Moreover, a relationship was observed between reflectivity and visual acuity in
eyes having DME (Guyon et al., 2017). OCT image analysis in patients with DR showed
that the photoreceptor inner segment ellipsoid layer had significantly lower reflectivity in
eyes with mild NPDR compared with that of the control eyes, whereas the reflectivities of
RPE and external limiting membrane did not differ between the groups. This was interpreted
by the authors as possibly indicating early photoreceptor degeneration or outer segment
disorganization (Guyon et al., 2017; Toprak et al., 2015). Unoki et a/ (Unoki et al., 2007)
reported that within areas of nonperfusion of retinal capillaries, high-reflectivity deposits
were found between the outer segments of photoreceptor and the RPE, and Bek (Bek, 1994)
reported that a homogenous eosinophilic substance accumulated between the photoreceptor
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outer segments and the RPE corresponding to the areas of vascular nonperfusion and inner
retinal changes in patients with DR.

Two-photon microscopy is offering a new noninvasive approach to characterize the structure,
metabolic state and function of the retina (outer retina as well as inner retina). Infra-red (IR)
light, such as used in two-photon microscopy, offers several advantages for characterization
of the retina because IR is absorbed and scattered less than visible light by biological
materials (Hammer et al., 1995), and thus an IR light probing beam can be focused at deeper
levels in tissues. Second, the front of the human eye becomes progressively less transparent
to visible light than to IR with aging (Boettner and Wolter, 1962). To date, two-photon
microscopy has elucidated Vitamin A storage compartments within RPE and their role in the
visual retinoid cycle (Golczak et al., 2005a; Imanishi et al., 2004a; Imanishi et al., 2004b),
the efficiency of visual retinoid cycle /in vivo as determined by changes in fluorescence of
photoreceptor cells following light stimuli (Sharma et al., 2017), and the impact of candidate
drugs on retinal diseases (Zhang et al., 2015). More recent advances have reduced the IR
light power needed for safe application of two-photon excitation to the human retina
(Palczewska et al., 2020; Palczewska et al., 2018).

3.2 Diabetes-induced changes in photoreceptor cell shape or cell death.

Conflicting results have been reported with respect to whether or not photoreceptor cells die
in diabetes; some groups have presented evidence that some photoreceptor cells do
degenerate in diabetes (Table 1), whereas others have presented evidence showing little to no
loss of photoreceptor cells in diabetes (Table 2). Until recently, there has been little attempt
to differentiate effects of diabetes on rods versus cones, but it seems likely that most reports
have focused on rod cells due to their greater number in mammalian retinas,.

Even though diabetes-associated changes in the inner retina are more apparent and better
studied than those in the outer retina, visible retinopathy has been found to be negatively
associated with thickness of the retina and photoreceptor layer (Tavares Ferreira et al.,
2017). In another cross-sectional study by the same group (Tavares Ferreira et al., 2016), the
thickness of the photoreceptor layer (measured by OCT using automatic segmentation
software) was significantly thinner in patients with durations of less than 5 years or greater
than 10 years compared to control patients. In contrast to this retinal thinning at <5 years and
>10 years of diabetes, however, the thickness of the photoreceptor layer for patients who had
been diabetic for an intermediate duration (between 5 and 10 years) was not significantly
thinner. The authors concluded that the thinning of the photoreceptor layer was not linear
with duration of diabetes. This finding has not been replicated, however, so it is not clear
whether this might have been due to a sampling error. In a cross-sectional spectral domain-
OCT study of diabetic patients, the photoreceptor outer segment layer at the foveal center
was thinner in patients who had DR or DME than in either healthy volunteers and diabetic
patients without retinopathy, thus indicating that the severity of DR is associated with
changes in the photoreceptor layer (Ozkaya et al., 2017). This apparent loss of
photoreceptors did not occur generally across the retina, because no significant differences
between groups were found 750 um temporal to and nasal to the center (Ozkaya et al.,
2017). Other investigators likewise observed that abnormal packing of cone (increase in 4-
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and 8-sided cones compared to 6-sided cones (Lombardo et al., 2016)) within the
photoreceptor layer occurred in tiny local foci that were geographically associated with
defects in the deep capillary network of the retinal vasculature (Nesper et al., 2017; Scarinci
et al., 2015; Scarinci et al., 2016). Some evidence even suggests that the photoreceptor layer
undergoes shrinkage before the onset of hyperglycemia and overt diabetes; patients with
metabolic syndrome were found to have a thinner than normal photoreceptor layer via OCT
segmentation analysis, raising a possibility that insulin resistance or adipose tissue-derived
inflammation might have an adverse effect on photoreceptor cell integrity independent of the
hyperglycemia (Karaca and Karaca, 2018).

Photoreceptor alterations that are less severe than outright cell loss are represented by
disruption of the external limiting membrane or the junction between the inner and outer
segments (Table 3), and this alteration has been correlated with visual impairment. Hyper-
reflective foci in the outer retinal layers on spectral domain-OCT images, another marker of
visual disturbance, have been associated with foveal photoreceptor damage (Murakami and
Yoshimura, 2013).

The majority of pre-clinical studies investigating photoreceptor cell health in diabetes have
been conducted in rodents, and accordingly, for only a relatively short duration of diabetes.
In some studies of diabetic rats, photoreceptor outer segments, which normally are in contact
with the RPE, were found to be disorganized and reduced in number (Enzsoly et al., 2014;
Tso et al., 1980), but these studies suffered from methodological or design weaknesses (brief
fixation, a small number of animals, and/or very short duration of diabetes) that make their
conclusions suspect. In Sprague—Dawley (SD) rats diabetic for one month, the thickness of
the photoreceptor segment layers was significantly reduced by almost 19% compared to
nondiabetics (Aizu et al., 2002). Wistar rats diabetic for 6 weeks showed an average of 31%
lower density of photoreceptor cells across all retinal quadrants (Bueno et al., 2020). A
model of type 2 diabetes, the BTBR 0b/0b mouse, showed a modest, but statistically
significant, reduction in thickness in the ONL at 20 weeks of age, but not at 6 weeks of age
(Lee et al., 2018). In another model of type 2 diabetes (Otsuka Long-Evans Tokushima Fatty
(OLETF) rats), the number of photoreceptor cell nuclei decreased, RPE decreased in height
and basal infoldings were poorly developed by 19 months of age (approximately 14 months
duration of diabetes) (Lu et al., 2003). Another study, however, evaluated photoreceptor
survival in dogs which had been maintained in intentionally good glycemic control or
intentionally poor glycemic control for five years (Tonade and Kern, 2017). Retinas from
these dogs previously had been evaluated with respect to retinal vascular pathology of DR,
and the vascular pathology had been reported to be significantly worsened by poorly
controlled glycemia, and significantly inhibited by good glycemic control (Engerman et al.,
1977). In contrast to the demonstrable effects of glycemic control on the retinal vasculature,
however, the five years of chronic hyperglycemia did not cause any reduction in thickness of
the ONL (assessed in tissue sections of non-tapetal inferior, nasal retina), thus showing no
evidence of loss of retinal photoreceptors due to diabetes in this large animal. In retinas of a
single hypertensive monkey who spontaneously developed type 2 diabetes, a severe decline
in number of photoreceptor inner and outer segments was observed (Johnson et al., 2005).

Prog Retin Eye Res. Author manuscript; available in PMC 2022 July 01.
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Cones also are affected in diabetes. Compared with age-matched control subjects, Lombardo
et al (Lombardo et al., 2014) found a 10% decrease of parafoveal cone density in type 1
diabetic patients without maculopathy (mean duration of diabetes of 13 years) via high-
resolution adaptive optics retinal imaging. Cone density, dispersion index, and packing index
also were significantly different between patients lacking or those having mild NPDR, with
these differences increasing with duration of diabetes (Lombardo et al., 2016; Soliman et al.,
2016). Some diabetic patients showed localized areas of either missing or nonreflecting
cones that persisted over time (Sawides et al., 2017). The data suggests more than merely an
association between these cone cell defects and diabetes, because cone density was not
significantly lower in prediabetic patients than that in a group of nondiabetic control patients
(Zaleska-Zmijewska et al., 2017), but was significantly less than normal in patients with
mild or moderate nonproliferative DR (Zaleska-Zmijewska et al., 2019). Decreased
regularity of cone arrangement in the macula was correlated with presence of diabetes,
increasing severity of DR, and presence of DME (Lammer et al., 2016), but investigators
have not found a correlation between cone density and the level of severity of glycemic
control (as estimated from HbAZ1c) or the duration of diabetes (Lammer et al., 2016;
Soliman et al., 2016).

Diabetes has been shown to damage cone photoreceptors also in some animal studies. At 12
weeks of diabetes, Wistar and Sprague Dawley rats showed morphologic abnormalities in
the outer segments of rods, most M-cones, and some S-cones (Enzsoly et al., 2014),
although retinal thickness and the density of cones expressing M- and S-sensitive opsins was
unchanged, and no significant increase in the number of apoptotic cells was detected.
Retinas of spontaneously diabetic Goto-Kakazaki rats (a model of Type 2 diabetes) were
found to have a 20% decrease in cell cone density compared to controls by 12 months of age
(Omri et al., 2013). Cone photoreceptor outer and inner segments were disorganized in Akita
diabetic mice, and the thickness of rod photoreceptor segments was reduced, but
administration of a long-acting FGF21 analog (PF-05231023) inhibited these defects (Fu et
al., 2018). Hyperglycemia in zebrafish (induced by oscillating levels of glucose in the tank
for 30 days) disrupted cone photoreceptor neurons, as evidenced by prominent
morphological degeneration and dysfunctional cone-mediated ERG (Alvarez et al., 2010).

3.3  Which photoreceptors die in diabetes?

Although some studies have reported thinning of the ONL or the presence of TUNEL-
positive cells in the ONL, positive identification of which cell-types undergo the cell death
are incomplete. The only photoreceptor cell-type that has positively been identified as being
lost in diabetes is the S-cone (Fig 3).

Loss of S-cones in diabetes has been detected in several studies of post-mortem retinae of
human subjects with background or proliferative DR (Adams et al., 1987; Cho et al., 2000;
Yamamoto et al., 1996). Analysis revealed incomplete and patchy loss of S-cones only in
retinas from diabetics, and this cell loss did not occur in L/M cones. A statistically
significant reduction in the density of S-cones was found at nearly all foveal eccentricities
across the tissue, and the fraction of S-cones relative to the total number of cones was
decreased by more than 20% with respect to the controls (Cho et al., 2000). A significant
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disruption of some S-cone outer segments was observed in rats by 6 months of diabetes,
whereas discontinuities additionally were observed at the OLM at 12 months of diabetes,
and the organized honeycomb pattern of tight junctions in the OLM around photoreceptor
inner segments was markedly disrupted in diabetes (Omri et al., 2013).

It is not known why blue cones seem selectively affected in diabetes, but blue-sensitive
cones differ appreciably from L- or M-cones. More than 95% of the amino acid sequences of
L- or M-cone opsins are homologous, compared with only a 43% identity with S-cone opsin
(Nathans et al., 1986).

Not all investigators have found evidence of photoreceptor cell loss in diabetes, or that it was
consistent between types of diabetes. ONL thickness was found to be increased compared to
controls in diabetic patients without retinopathy (Wanek et al., 2016), and others found that
the outer retina seemed not to be affected at early stages of diabetes (Vujosevic and Midena,
2013). In another study, ONL thickness was decreased in parts of the pericentral and
peripheral areas in the patients with Type 1 diabetes, but increased in patients having Type 2
diabetes (Chen et al., 2016). Studies conducted using Spontaneously Diabetic Torii (SDT)
fatty rats reported that retinal thickness was significantly thicker than normal in this model,
and this thickening occurred in both the ONL and all layers of the inner retina (Motohashi et
al., 2018). Obviously, thickening of retinal layers might be due to accumulation of fluid
within those layers (edema).

3.4 Photoreceptors and retinal edema.

DME, characterized by retinal thickening resulting from leaky blood vessels is more
prevalent during the later phases of the retinopathy (Antonetti et al., 2012; Cunha-Vaz et al.,
2014). It significantly impacts the photoreceptor layer in affected diabetic patients. Patients
having DME had subnormal thickness of the outer retinal layer, and there was a stronger
correlation between thickness of the outer retinal layer and vision than between central
foveal point thickness and vision (Eliwa et al., 2018). In another cross-sectional clinical
study, the mean thickness of the macular outer retinal layers were decreased significantly in
both DME and non-DME groups compared with the control group (Wang et al., 2018).

Several studies have reported foveal microstructural defects of the photoreceptor layer
occurring after DME that are closely associated with impaired visual acuity (Maheshwary et
al., 2010; Oster et al., 2010; Otani et al., 2010; Sakamoto et al., 2009; Shen et al., 2016; Uji
etal., 2012; Yanyali et al., 2011). These foveal microstructural abnormalities in
photoreceptor cells have prognostic value. About half of eyes from patients who had DME
with IS/OS damage in DME achieved complete restoration of 1S/OS after resolution of
DME, but those eyes in which IS/OS was not restored had more 1S/OS damage at baseline, a
longer duration of DME, and ended up with worse vision at follow-up (Muftuoglu et al.,
2017a; Muftuoglu et al., 2017b).

Evidence of retinal edema in diabetic animal models has been infrequently reported, but
noninvasive quantitative MRI measurements of whole central retinal thickness, intraretinal
water content and apparent diffusion coefficients (water material) showed that diabetes
caused an increase in whole central retinal thickness and water content metrics in male
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Sprague Dawley rats after as little as 2—4 months of diabetes (Berkowitz et al., 2012b). This
is relevant to the present discussion because significant differences between water mobility
(apparent diffusion coefficient) between diabetic and controls were restricted to the far outer
half of the retina. Likewise at 2 months of diabetes, others (Danilova et al., 2018) reported
partial destruction of photoreceptors as well as interstitial retinal edema, resulting in a
reduction in the thickness of the retina in rats experimentally diabetic for 2 months. Retinal
vascular hyperpermeability and thickening of the retina and layers between the retinal
internal limiting membrane and the outer nuclear layer were reported in spontaneously
diabetic Torii fatty rats at longer than 16 weeks of age (Motohashi et al., 2018; Toyoda et al.,
2016). In spontaneously diabetic (type 2 diabetes) Goto-Kakizaki rats at 12 months of age,
Omiri et al (Omri et al., 2013) found the outer retina to be swollen and disorganized, notably
having increased extracellular spaces between nuclei of photoreceptors.

3.5 Retinal pigment epithelium

Diabetes-induced alterations in the RPE have been reported (Omri et al., 2011; Vinores et
al., 1988; Xu et al., 2011). Twelve weeks of diabetes in Wistar and Sprague Dawley rats was
reported to cause RPE thinning and reduced RPEG5 protein immunoreactivity (Enzsoly et
al., 2014). Electron microscopy of diabetic rats showed disruptions in the RPE layer,
shrunken nuclei, dilated and reduced endoplasmic reticulum, in-folding of cell membrane,
altered melanosome distribution, as well as loss/degeneration of RPE cells (Blair et al.,
1984; Tarchick et al., 2016; Tso et al., 1980; Wallow, 1983). A retrospective comparison of
PDR patients having granular hypo- or hyper-autofluorescence (identified as diabetic retinal
pigment epitheliopathy) with age- and sex-matched PDR patients lacking the
autofluorescence defects found that eyes having the epitheliopathy had a thinner outer retina
and thicker choroid, and had a worse logMAR (Logarithm of the Minimum Angle of
Resolution) visual acuity than eyes in the PDR controls (Kang et al., 2016). In a study of
diabetic patients with and without DME, RPE thickness was decreased in both groups
compared with the control group, except in the macular and central ring (Wang et al., 2018).

3.6 Molecular alterations in photoreceptor cells and RPE in diabetes

3.6.1 Oxidative stress—Diabetes gives rise to increased oxidative stress in the retina
(Al-Shabrawey et al., 2008a; Al-Shabrawey et al., 2008b; Berkowitz et al., 2015c; Caldwell
et al., 2005; Du et al., 2013; Kanwar et al., 2007; Kowluru et al., 2015; Kowluru et al.,
2001b). This stress plays a critical role in the development of DR, because vascular lesions
such as capillary degeneration are inhibited by administration of anti-oxidants (Kowluru et
al., 2001b) or over-expression of anti-oxidant enzymes such as superoxide dismutase
(Berkowitz et al., 2009a; Kanwar et al., 2007). In vitro studies have shown that cultured
endothelial cells, pericytes, and Miiller cells can contribute to superoxide production, but the
relative amount of oxidative stress coming from those cells is minor compared to that
coming from photoreceptors at 8 weeks of diabetes (Du et al., 2013; Lee et al., 2012).
Adherent or diapedesed leukocytes in retinas from diabetics might contribute to the diabetes-
induced increase in retinal superoxide, but dicholorofluorescein- or dihydroethidium staining
of retinal cryosections clearly shows that the majority of the diabetes-induced retinal
oxidative stress comes from photoreceptors (Du et al., 2013; Liu et al., 2019), at least in
early diabetes (Fig 4). Superoxide generation in diabetic db/db mice was greater at 8 weeks
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of age than that in nondiabetic controls (notably in the ONL), and it continued to progress
and involve additional retinal cell-types by 20 weeks of age (Xiao et al., 2012). Consistent
with photoreceptor cells being major contributors to the retinal oxidative stress of diabetes,
the diabetes-induced increase in retinal superoxide was inhibited in retinas in which
photoreceptor cells had degenerated due to opsin deficiency or chemically (via iodoacetic
acid) (Du et al., 2013). Also, when photoreceptors are still present but “stressed” (such as in
diabetes) or degenerating (such as in gpsin™rodent models), they produce supranormal
levels of superoxide in the retina (Liu et al., 2016). For reasons that remain unexplained,
superoxide levels in retinas in which photoreceptor cells expressed a mutant opsin (P23H)
became greater than normal and remained elevated even after the mutant photoreceptors had
degenerated (Liu et al., 2016). Rod dysfunction and oxidative stress in diabetes are partially
corrected by acute 11-cis-retinaldehyde treatment (Berkowitz et al., 2015c), which may be
due to antioxidant properties. Nrf2 likewise is an important endogenous protective factor
against oxidative stress in photoreceptor cells in light-induced damage and diabetes (Chen et
al., 2017; Xu et al., 2014).

Leukocytes circulating in the blood also play a role in the diabetes-induced increase in
retinal superoxide generation. Deletion of INOS, PARP1, TLR2/4, IL-1B, or MyD88 only
from marrow-derived cells inhibited the diabetes-induced increase in superoxide production
in the retina (Li et al., 2012a; Tang et al., 2013). In addition, an example of cell-to-cell
communication between leukocytes and retinal cells can be exemplified with 5-lipoxygenase
(5-Lox). 5-Lox is found in leukocytes but not in retinal cells, and the deletion of 5-Lox
solely from myeloid-derived cells significantly inhibited the increased generation of
superoxide by the retina in diabetes (Gubitosi-Klug et al., 2008). Based on the evidence that
the excess superoxide produced in the retina is generated mainly by photoreceptor cells, the
release of leukotrienes and perhaps other lipid mediators or soluble factors from myeloid-
derived cells are strong candidates to influence superoxide production by photoreceptor cells
in diabetes.

RPE contribution to retinal oxidative stress in diabetes has also been studied /in vivoand in
vitro. Li et al showed in vitro that RPE cells cultured in diabetes-like conditions produced
increased levels of reactive oxygen species compared to those incubated under nondiabetic
conditions (Li et al., 2012b). Although not directly studying oxidative stress in the RPE,
administration of retinylamine (an inhibitor of RPE65 in RPE) to mice inhibited the
diabetes-induced increase of superoxide in the retina (Liu et al., 2015), suggesting that the
visual cycle in RPE cells contributes to the increase in retinal (and especially photoreceptor
cell) oxidative stress in diabetes. In that study, retinylamine was administered at low doses
only once per week, so direct anti-oxidant effects seem unlikely (Liu et al., 2015). The effect
of superoxide on the RPE has also been demonstrated by Bailey and colleagues, who
showed that chronic oxidative stress can disrupt RPE cell junctions and barrier integrity
(Bailey et al., 2004). Oxidative stress is reported to cleave RPE65 in RPE cells /n vitro, but
whether or not this occurs also /7 vivoremains unclear (Lee et al., 2010).

Several relatively noninvasive methods to assess retinal oxidative stress or free radical
generation recently have been described. A reactive oxygen species-activated, near-infrared
hydrocyanine-800CW fluorescent probe was tested in light-induced retinal degeneration
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mouse models (detected by scanning laser ophthalmoscopy), and was found to appear in
photoreceptor inner segments, similar to the established marker for reactive oxygen species,
dichlorofluorescein (Prunty et al., 2015). Likewise, L-012, a chemiluminescent probe, was
shown to safely demonstrate reactive oxygen species in the mouse retina following optic
nerve crush or retinal ischemia/reperfusion injury models (Fan et al., 2017). Berkowitz and
coworkers have used high-resolution 1/T1 magnetic resonance imaging (MRI) to
noninvasively measure and localize paramagnetic free radicals generated in the retina. In
both diabetes and the sodium iodate model, 1/T1 values in the outer retina were significantly
greater than normal, and corrected to baseline with the combination of methylene blue and
a-lipoic acid (Berkowitz et al., 2015a; Berkowitz et al., 2016b). Likewise, OCT studies have
demonstrated that exposure to light causes an expansion of the outer retina, which can be
inhibited by diltiazem (Berkowitz et al., 2019), which has been reported to cause retinal
oxidative stress in retinal photoreceptor cells (Berkowitz et al., 2018). Inhibition of the
diltiazem effect on retinal expansion by lipoic acid and methylene blue led the authors to
conclude that the light-induced expansion of the outer retina was inhibited by oxidative
stress, and that this phenomena might be used noninvasively to assess oxidative stress in the
outer retina (Berkowitz et al., 2019). Nevertheless, the multitude of actions of diltiazem,
lipoic acid and methylene blue suggest that additional research is warranted before
attributing the inhibition of light-induced thickening of the outer retina solely to oxidative
stress.

3.6.2 Inflammation—Induction of pro-inflammatory proteins, such as iNOS, ICAM1,
and TNF-a, have been shown to be induced in the retina in diabetes, and to contribute to the
development of microvascular lesions characteristic of DR, including vascular degeneration
and permeability (Huang et al., 2011; Joussen et al., 2009; Joussen et al., 2004; Zheng et al.,
2007). Recent evidence indicates that photoreceptor cells contribute to the diabetes-induced
increases in inflammatory proteins in the retina (de Gooyer et al., 2006b; Du et al., 2013),
and photoreceptor cells themselves are a source of increased inflammatory proteins (e.g.
IL-1a, IL-1p, IL-6, IL-12, chemokine C-X-C motif ligand 1 (CXCL1), monocyte
chemoattractant protein 1 (MCP-1), CXCL12a, 1-309, chemokine ligand 25 (CCL25) and
TNF-a) in diabetes (Tonade et al., 2017). Scuderi et a/ showed that photoreceptor cells are a
source of IL-1p and its component receptors in the retina in diabetes (Scuderi et al., 2015).
Evidence that photoreceptor cells can in fact be a source of pro-inflammatory proteins
should not be surprising, since photoreceptor cells were shown to produce TNF-a and
iNOS, respectively, in sympathetic ophthalmia and experimental uveitis (Parikh et al., 2008;
Rajendram et al., 2007). ICAM-1 is elevated also in the retinal and choroidal vasculatures of
diabetic patients (McLeod et al., 1995).

Inflammation within photoreceptor cells might be regulated by NF-xB signaling. When
incubated under diabetes-like conditions, NF-xB signaling was activated in 661W cells
(which show properties of both retinal ganglion and cone photoreceptor cells (Sayyad et al.,
2017)), and transforming growth factor p-activated kinase 1 (TAK1) and NADPH oxidase
were involved in that hyperglycemia-induced activation of NF-xB signaling and the release
of soluble inflammatory products in those cells (Tonade et al., 2017). TAK1 is known to
regulate IKK/NF-xB and MAPK pathways (Ajibade et al., 2013; Landstrom, 2010; Wang et
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al., 2001). Whether hyperglycemia causes activation of NF-xB signaling in photoreceptor or
RPE cells /n vivois not yet known.

There is evidence that the RPE also contributes to retinal inflammation in diabetes.
Administration of the RPE65 inhibitor, retinylamine, mitigated the diabetes-induced increase
in expression of inflammatory proteins in the neural retina (Liu et al., 2015). How metabolic
activity in RPE cells in diabetes influences expression of inflammatory proteins in retinal
cells is not yet clear, but RPE cells have been shown to produce inflammatory proteins in
other retinal diseases, such as proliferative vitreoretinopathy and uveitis (Jaffe et al., 1995;
Ponnalagu et al., 2017). It was reported that activated monocytes release products that
induce the expression of IL-1p, IL-6, IL-8, and other factors in human RPE cells (Jaffe et al.,
1995).

3.6.3 lon flux in photoreceptors—Ilon flux into photoreceptor cells plays a critical
role in processes that lead to vision, and these processes become disturbed in diabetes.
Subnormal ion movement into photoreceptor cells of diabetic rodents has been demonstrated
noninvasively using manganese-enhanced MRI (described below in section 4.3). Diabetes-
induced decreases in activities of enzymes regulating ion movement in cells, such as calcium
ATPase and Na/K-ATPase, in retina and RPE have been described (Bensaoula and Ottlecz,
1995, 2001; Crider et al., 1997; Kern et al., 1994; Kowluru, 2002; Kowluru et al., 1999;
Kowluru et al., 1998; MacGregor and Matschinsky, 1986a; MacGregor and Matschinsky,
1986b; Ottlecz and Bensaoula, 1996; Ottlecz et al., 1993). Inasmuch as photoreceptor cells
represent the majority of the cellular mass of the retina, the majority of the diabetes-induced
decrease in Na/K-ATPase activity might occur in photoreceptor cells, but that assumption
has not been directly verified to date. The diabetes-induced defect in ion movement into
photoreceptor cells has been found to be inhibited by the antioxidants, lipoic acid or
catalase, deletion of the inducible isoform of nitric oxide synthase (iNOS), or by
photobiomodulation therapy with brief daily treatment with far-red light (Berkowitz et al.,
2009a; Berkowitz et al., 2007b; Giordano et al., 2015; Saliba et al., 2015; Zheng et al.,
2007).

3.6.4 Insulin signaling—The insulin receptor is known to be present in multiple layers
of the human retina, including the outer nuclear layer, inner segments of rods and cones, the
outer limiting membrane and in the pigment epithelium, and diabetes reduced expression of
the receptor, particularly in the inner segments of the rods and cones (Albert-Fort et al.,
2014; Naeser, 1997; Natalini et al., 2016; Rajala et al., 2007; Rajala et al., 2013; Rajala et
al., 2008; Rajala et al., 2006; Samuels et al., 2015). Reiter and colleagues have reported that
diabetes-induced losses of insulin receptor and Akt kinase activity in the retina were
inhibited by systemic insulin treatment, and acute intravitreal insulin restored insulin
receptor kinase activity (Imai et al., 2015; Reiter et al., 2003; Reiter et al., 2006). Various
approaches have been reported to address the insulin resistance in the retina and retinal cells
(Jiang et al., 2018; Jiang et al., 2015; Jiang et al., 2014a; Jiang et al., 2014b; Jiang et al.,
2014c), but whether this resistance occurs in photoreceptors is not clear.

Exogenous insulin has been reported to disrupt tight junctions on cultured RPE cells, leading
to an increase in permeability across the RPE (Sugimoto et al., 2013), but this has not yet
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been confirmed /n vivo. A recent study showed evidence of endogenous insulin signaling in
the RPE that is relevant to diabetes. Use of an RPE-specific insulin receptor knockout
resulted in lower ERG a- and b-wave amplitudes in diabetic mice as compared to diabetic
mice that expressed the insulin receptor on the RPE (Tarchick et al., 2019). Moreover, loss
of insulin receptor-mediated signaling in the RPE reduced levels of reactive oxygen species
and the expression of pro-inflammatory cytokines in the retinas of the diabetic mice.
Apparently, insulin receptor-mediated signaling in the RPE regulates photoreceptor function
and may play a role in the generation of oxidative stress and inflammation in the retina in
diabetes.

3.6.5 Hypoxia—Photoreceptor cells have very high levels of mitochondria in their inner
segment, and consume most of the oxygen in the retina (Ahmed et al., 1993; Linsenmeier
and Braun, 1992), especially in the dark (Arden et al., 2005; Arden et al., 1998; Wang et al.,
2010), when rod dark current becomes maximal (Haugh et al., 1990; Linsenmeier, 1986).
Hypoxia-inducible factor 1 alpha (HIF-1a), a master regulator of cellular responses,
becomes activated during hypoxic events, and has been shown to be increased in the
photoreceptors and other layers in diabetes (D’Amico et al., 2015). HIF-1a has been
implicated in hypoxia-driven abnormalities in DR, but the contribution of the outer retina to
HIF-1a-driven events is unclear. Intraretinal oxygen (PO,) profiles in nondiabetic and
diabetic Long-Evans rats indicated that diabetes did not affect oxygen consumption in the
photoreceptors in either dark or light adaptation at 4 and 12 weeks of diabetes (Lau and
Linsenmeier, 2014).

Retinal hypoxia or ischemia in diabetes (and other conditions) is known to cause the
excessive release of VEGF, thus leading to diabetes-induced retinal vascular permeability
and neovascularization (Barham et al., 2017; Campochiaro et al., 2016; Simo et al., 2014).
Current therapies that use repeated intravitreal injections of VEGF inhibitors to lower intra-
ocular levels of VEGF have become a mainstream therapy for the management of DME.
Unfortunately, VEGF also mediates protective actions in cells, and Ins2(Akita) mice treated
with anti-VEGF therapy exhibited reduced scotopic a- and b-wave and oscillatory potentials,
a reduction in the length of the cone photoreceptor segments, and a reduction in cone
photoreceptor cell density (Hombrebueno et al., 2015). Despite the widespread use of anti-
VEGF therapies clinically, additional evidence on effects of this therapy on the outer retina
is lacking.

3.6 Therapies reported to protect photoreceptors in diabetes

A number of therapies have been reported to have beneficial effects on preservation of
photoreceptor cell survival or function in diabetes. These reports are not yet sufficient to
draw conclusions about the mechanisms responsible for the photoreceptor abnormalities
caused by diabetes, but they can serve as starting points to identify potential mechanisms
and targets to further study the role of the outer retina in DR.

1. Selective inactivation of the insulin receptor gene in rod photoreceptors (Rajala
et al., 2008) resulted in a reduction in phosphoinositide 3-kinase and Akt survival
signal in rod photoreceptors, and resulted in loss of photoreceptor cells and
decreased retinal function in mice exposed to bright light stress. These data
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suggest that the insulin receptor and its downstream signaling are important for
photoreceptor metabolism and survival (Rajala et al., 2013; Rajala et al., 2008;
Rajala and Anderson, 2010). Since abnormalities in insulin release or signaling
are fundamental abnormalities that underlie the development of diabetes, these
findings certainly seem relevant to photoreceptor function in diabetes.

2. Administration of the pyridoxamine, a form of vitamin B6 that can inhibit the
formation of advanced glycation endproducts as well as form weak interactions
with transition metal ions (Booth et al., 1996; Murakoshi et al., 2009; Stitt et al.,
2002), inhibited photoreceptor loss in diabetic BALB/c mice exposed to bright
light, potentially via upregulation of Trx, pErk1/2 and Nrf2 expression, and
downregulation of ASK1 (Ren et al., 2016).

3. PKCzeta is required for NF-xB-mediated cell death, and a marked accumulation
of the phosphorylated p65 subunit of NF-kB staining was detected in the
photoreceptor layer of diabetic rodents (Omri et al., 2013). An inhibitor of
PKCzeta was claimed to have inhibited photoreceptor cell death in diabetes, but
no data was provided to support this claim.

4. Administration of pituitary adenylate cyclase activating polypeptide (PACAP)
ameliorated the shortening of rod outer segments and degeneration of cone
photoreceptor cells in diabetic rats (Szabadfi et al., 2012), resulting in terminals
of the cone photoreceptors being better preserved, with a significant increase in
outer segment length and number. The very short duration of diabetes (only 3
weeks) in this study, however, makes interpretation of the relevance of these
results to long-standing diabetes difficult to assess.

5. FGF21 therapy, which decreases body weight and improves the lipid profile in
type 2 diabetes (Talukdar et al., 2016), inhibited disorganization and thinning of
photoreceptor inner and outer segments in streptozotocin diabetic mice and
Ins2Akita diabetic mice (Fu et al., 2018).

Conclusions.—There is now abundant clinical evidence that there can be some
photoreceptor cell loss in diabetes, but the extent of that loss is modest compared to that
occurring in many genetic retinal degenerative diseases. Whether the degree of
photoreceptor cell loss occurring in diabetic patients has a significant impact on visual
function in diabetic patients currently is not clear, but the continued presence of most
photoreceptor cells makes this seem unlikely. Overall, the differences between studies that
do and do not detect photoreceptor death seem not to be attributable simply to differences in
duration of diabetes or species studied. Most clinical studies describing photoreceptor
survival in diabetes have not differentiated between type 1 and type 2 diabetes, so there
currently is not enough information to determine at present whether the type of diabetes has
a particular effect on photoreceptor cell loss in diabetes. Animal studies where diabetes type
is clearer do not show clear differences between diabetes type. Since the amount of thinning
of the ONL seen in most studies related to diabetes is relatively modest, OCT image quality
might contribute to differences between clinical studies, but this seems less likely in many
animal studies that used histologic methods. Since retinal thickness differs in central and
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peripheral retina, differences in areas sampled or how photoreceptor death was assessed
could affect both clinical and pre-clinical studies. The possibility that photoreceptor cell loss
is patchy and does not occur uniformly across the retina also could be an important variable
in the differences between reports.

4. Functional and molecular changes of the outer retina in diabetes

Numerous changes in retinal function have been reported in diabetes (Harrison et al., 2011;
Holfort et al., 2010), but the present discussion will focus on those that are relevant to
photoreceptors and RPE.

4.1 Electrophysiology and color perception

The electroretinogram (ERG) is a noninvasive method to evaluate the function of specific
layers or neurons of the retina, and the multifocal ERG has been reported to predict the
development of diabetic retinopathy (Bearse et al., 2006; Harrison et al., 2011). ERG defects
in diabetes are especially notable in inner retina, as evidenced by the almost universal
detection of diabetes-induced changes in the b-wave, but a-wave abnormalities also have
been reported. Photoreceptors are the source of the negative a-wave (Penn and Hagins,
1969), and reductions in a-wave amplitude have been used as indications of photoreceptor
cell dysfunction. Bresnick and Palta reported that a-wave was significantly delayed in the
patients with diabetes compared to non-diabetic control patients (Bresnick and Palta, 1987;
Liu and Deng, 2001) (Fig 5), and patients with diabetes and varying levels of retinopathy
were detected to have rod and cone deficits in the a-wave compared to age matched control
subjects (Holopigian et al., 1997). It is interesting that such inner-retina abnormalities have
been reported to be fully accounted for by photoreceptor dysfunction in some, but not all,
patients having DR (Holopigian et al., 1992). Amplitude of the a wave has not been found to
be abnormal in some studies of diabetic patients (Holopigian et al., 1992; Lovasik and
Spafford, 1988).

Greenstein et al reported losses of S-cone pathway sensitivity (using an increment threshold
technique) in diabetic patients with either early or no retinopathy (Greenstein et al., 1990).
Bavinger et a/ showed that there were reductions in cone sensitivity and rod recovery rates
(upon bleaching with stimulus light) in patients having moderate NPDR or PDR compared
to control subjects (Bavinger et al., 2016). Subjects with untreated PDR compared with
subjects treated with PRP exhibited similar rod recovery rates and cone sensitivities. Thinner
RPE as assessed by OCT was associated with slower rod recovery and lower cone
sensitivity, and thinner photoreceptor inner and outer segments were associated with lower
cone sensitivity (Bavinger et al., 2016). The results suggested that RPE and photoreceptor
cell dysfunction, as assessed by cone sensitivity level and rod- and RPE-mediated dark
adaptation, progresses with worsening DR, and that rod recovery dysfunction occurs earlier
than cone dysfunction. In contrast to reports of changes in photoreceptor function in
diabetes, Longhin et a/reported that diabetic patients without DR and with mild NPDR did
not show alterations in rod-based function (as examined by microperimetry and ERG)
compared to healthy subjects (Longhin et al., 2016).
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Reduced cone sensitivity and attenuated high-frequency flicker ERGs have provided
evidence for impaired cone function even in diabetics who have mild or no retinopathy
(McAnany et al., 2020; McAnany and Park, 2019). Other tests now are being shown to
provide new insight into the functional defects of the outer retina in diabetes (Bavinger et al.,
2016; Boynton et al., 2015).

Multi-focal ERG (mfERG) simultaneously collects many local cone-driven ERG signals
from the retina under light-adapted conditions (Hood et al., 2012). Waveforms in the mfERG
are similar in shape to those of the light-adapted full-field ERG, with an initial negative
deflection (termed N1) that has generators similar to those of the a-wave of the light-adapted
full-field ERG (Kumar et al., 2013). The N1 component was found to have decreased
amplitude in all regions across the retina in diabetic patients with little to no retinopathy
(including normal BRB permeability without any clinical signs of DR), as well as in
diabetics showing BRB breakdown with no clinical signs of DR or mild nonproliferative DR
(Reis et al., 2014; Yu et al., 2002; Ziccardi et al., 2018), but there were no differences in
amplitude or implicit time between these groups. DME causes functional impairment in the
outer retina, as demonstrated by significantly reduced amplitudes and delayed latencies of
mfERG components (Bearse and Ozawa, 2014; Nagesh et al., 2016; Tehrani et al., 2015; Xia
etal., 2020).

Unlike the clinical studies using patients with long-standing diabetes, there has been
disagreement regarding effects of diabetes on the function of the outer retina in animals. As
assessed by amplitude and latency of the ERG a-wave, losses in the function of rod
photoreceptors were seen in diabetic Sprague-Dawley rats as early as 2 days after the
induction of diabetes, with recovery in some components by 4 weeks and a secondary loss of
function at 12 weeks (Bui et al., 2003; Kusari et al., 2007; Phipps et al., 2004). Likewise,
Type | and Il diabetic mice models were shown to have a progressive decline in a-wave and
b-wave amplitudes after the onset of hyperglycemia (Hancock and Kraft, 2004; Samuels et
al., 2015). Reichhart et a/showed evidence of photoreceptor malfunction (based on the ratio
between scotopic a- and b-waves) in that there was a reduction in scotopic a-wave in TetO
rats (a type 1l diabetes model in which the insulin receptor is knocked down) (Reichhart et
al., 2017). Similarly, spontaneously diabetic db/ab mice and Ins2Akita mice were shown to
have defects in a-wave amplitude and implicit time compared to non-diabetic controls
(Bogdanov et al., 2014; Hombrebueno et al., 2014).

In contrast, Kohzaki et alreported that there was no significant reduction in a-wave ERG in
11 weeks diabetic rats compared to non-diabetic rats (Kohzaki et al., 2008). Rats diabetic for
12 weeks were shown to have no change in a-wave at the brightest luminous energy (Bui et
al., 2009). Ramsey ef a/ observed no significant changes in the sensitivity or amplitude of a-
and b-waves in diabetic rats compared to non-diabetic rats (Ramsey et al., 2006). Also, at 22
weeks of diabetes, C57BI/6 mice were detected to have no significant differences in a-wave
amplitudes compared to non-diabetic animals (Samuels et al., 2012), and /7s2*Kita mice
showed no defect in a-wave at 7-8 months of age (likely 5-6 months diabetes) (Fu et al.,
2018).
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In an effort to evaluate the cause of compromised neural retinal response to light in early
diabetes, ERG studies of the dim light retinal rod pathway were conducted in C57BL/6J
mice diabetic for 6 weeks. Those studies showed that rod bipolar cells had no change in
excitatory input from rod photoreceptors, although they did show reduced light-evoked
inhibitory input from amacrine cells. Although early diabetes causes deficits in the rod
pathway, these results provided no evidence that the deficit arises in rods themselves
(Moore-Dotson et al., 2016). Slower rod recovery or lower cone sensitivity was associated
with thinner RPE or photoreceptor inner/outer segment layer (as assessed by OCT) in
diabetes (Bavinger et al., 2016), suggesting that RPE and photoreceptor cell dysfunction
progress in parallel with structural changes in the retina in diabetes.

Consistent with other published reports, Becker et a/. found that transduction and
transmission of light signals by photoreceptor cells (as reflected in amplitude and implicit
time of the ERG a-wave) were compromised in ab/db mice diabetic (type 2) for 6 months.
Using an ex vivo ERG system that eliminates effects of external (systemic) factors, however,
rod signaling in retinas from diabetic animals exposed to a normoglycemic environment was
found to be similar to that in age-matched nondiabetic controls. Conversely, acutely elevated
glucose ex vivo increased light-evoked photoreceptor responses in nondiabetic control mice,
but did not affect light responses in diabetic mice. This data suggests that long-term diabetes
does not irreversibly change the ability of rod photoreceptors to transduce and mediate light
signals, but that rod cells from diabetic mice adapt to the abnormal environment of diabetes
to make them less sensitive to increased availability of glucose. Thus, the dysfunction of the
light signal transduction or transmission in diabetic rods might not be intrinsic, but instead
secondary to systemic abnormalities of the diabetic mileau (Becker et al., 2020). Similarly,
the scotopic ERG a- and b-waves were reported to be increased in Zucker diabetic fatty
(ZDF) rats, but acute insulin treatment led to blood sugar reduction and a reduction in a-
wave amplitudes (Johnson et al., 2013). Apparently, the photoreceptor cells could not
quickly adapt to the lower availability of glucose.

Reports of a deterioration in color vision prior to the development of gross vascular
pathology of DR are numerous (Green et al., 1985; Hardy et al., 1995; Hardy et al., 1992;
Ismail and Whitaker, 1998; Kurtenbach et al., 1994; Moloney and Drury, 1982; Tregear et
al., 1997; Trick et al., 1988), and loss of color discrimination for shades of blue and yellow
have been reported at this early stage of the disease (Banford et al., 1994; Cho et al., 2000;
Dean et al., 1997; Kurtenbach et al., 2002; North et al., 1997a; North et al., 1997b; Roy et
al., 1986). This defect has been explained at least in part by selective cone loss (Cho et al.,
2000).

There is considerable evidence to suggest that there is a selective vulnerability of the short
wavelength photoreceptors (S-cones) and their associated pathway in ocular and systemic
disease (Greenstein et al., 1990). This has been demonstrated subjectively in diabetic
subjects through psychophysical testing (Banford et al., 1994; North et al., 1997b; Roy et al.,
1986) and objectively using the S-cone electroretinogram (Yamamoto et al., 1996;
Yamamoto et al., 1997). A clinical test of blue cone pathway sensitivity showed that
diabetics were 40 times less sensitive than a group of normal patients, whereas the diabetic
group was only 2 times less sensitive than the nondiabetic controls with respect to sensitivity
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of the red and green cone pathways. The blue cone sensitivity loss was detectable in
diabetics who had no macular edema, but was worsened in the presence of edema (Adams et
al., 1987). Yamamoto ef a/ (Yamamoto et al., 1996) recorded the S-cone ERG in a group of
subjects with Type 1 or 2 diabetes mellitus having either no retinopathy or background DR.
The amplitude of the S-cone ERG b-wave was found to be significantly reduced in both
diabetic groups (while the amplitude of the L- and M-cone ERG was unaffected), but
whether or not this was due to a photoreceptor cell defect per seis not clear. Changes in the
S-cone ERG are not universal findings. Some studies report S-cone pathway deficits only
apparent when background DR develops (Greenstein et al., 1990; Ismail and Whitaker,
1998; Mortlock et al., 2005).

Alterations in the RPE in diabetes affect both electrophysiology and integrity of the outer
blood-retinal barrier (BRB). The c-wave of the ERG is a parameter of RPE function,
resulting from the change in trans-epithelial potential due to the hyperpolarization at the
apical membrane of the RPE cells (Fishman et al., 2001). Several investigators reported that
there is a reduction of c-wave ERG in diabetic rodent models (Fishman et al., 2001;
Reichhart et al., 2017; Samuels et al., 2015). Samuels et a/demonstrated that different
models of Type | diabetes (streptozotocin-induced) and Type Il diabetes (mice having the
diabetogenic mutation of the leptin receptor (Lepr?@) on two different backgrounds)
developed a reduction in c-wave ERG compared to non-diabetic controls (Samuels et al.,
2015). Reichhart et a/also showed a reduction in scotopic c-wave in TetO diabetic rats
(Reichhart et al., 2017).

4.2 Permeability across the outer BRB.

The blood-retina barrier (BRB) occurs in the endothelial cells of the retinal microvasculature
and at the RPE cell layer, and the RPE maintains fluid homeostasis in the retina by removing
fluid that is extravasated by the retinal vasculature. Disruption of normal outer BRB function
occurs during diabetes (Antonetti et al., 2008; Beasley et al., 2014; Xu et al., 2011),
potentially allowing leakage of fluid into the outer retina from the choriocapillaris.
Histology of post-mortem eyes from diabetic and control patients showed leakage of
albumin from both the inner BRB and outer BRB (Vinores et al., 1989). Likewise, clinical
study of patients having NPDR reported that all of the patients enrolled in the study
appeared to have fluorescein leakage on fluorescein angiograms which appeared to diffuse
from the RPE, suggesting that the outer blood-retinal barrier contributed to increased
permeability and leakage in diabetes (Weinberger et al., 1995). In rodent models, diabetic
animals showed increased tracer leakage through the RPE compared to controls (Grimes and
Laties, 1980; Kirber et al., 1980; Wallow, 1983; Xu and Le, 2011). Diabetes leads to loss of
tight junctions around photoreceptors at the OLM, including decreased expression of
occludin and dissociation of junctions between photoreceptor cells (Omri et al., 2010;
Scarinci et al., 2015).

The RPE also exhibits impaired fluid clearance from the neural retina in diabetes, which in
combination with loss of outer BRB integrity, might contribute to retinal edema (Simo et al.,
2010). The ability of RPE to pump fluid from the apical to the basal side of the RPE was
measured by injecting a small amount of fluid into the subretinal space, and then measuring
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the rate at which that retinal bleb was resorbed using OCT (Dahrouj et al., 2013; Dahrou;j et
al., 2014; Desjardins et al., 2016a; Desjardins et al., 2016b). The time required for fluid
resorption was longer in diabetic rats compared to controls, and possibly resulted from a
reduction of active fluid transport by the RPE (or via a simple leakage of the fluid out of the
bleb). Na/K-ATPase is one of the pumps that regulate cellular fluid levels, and the activity of
this enzyme in the total retina and RPE is significantly decreased in diabetes (Bensaoula and
Ottlecz, 1995; Crider et al., 1997; Kern et al., 1994; Kowluru, 2002; Kowluru et al., 1998;
MacGregor and Matschinsky, 1986b; Ottlecz and Bensaoula, 1996). Inadequate activity of
Na/K-ATPase in the photoreceptor cells or RPE could contribute to retinal edema, but
several other molecular abnormalities, including altered paracellular diffusion, facilitated
diffusion, and active transport, likely contribute also to the disruption of the outer BRB in
diabetes (Xia and Rizzolo, 2017).

4.3 lon transport in outer retina.

lon movement mediates a variety of critical functions for cells, including signaling, pH
balance, and volume regulation. lon transport into photoreceptor cells and RPE has been
evaluated /n vivo using manganese-enhanced MRI (MEMRI) in vivo. MEMRI is a
noninvasive imaging modality that uses manganese (Mn2*), a strong MRI contrast agent, as
a surrogate to monitor movement of ionic calcium into excitable cells via L-type calcium
channels (Berkowitz et al., 2012a; Berkowitz et al., 2016a; Berkowitz et al., 2009a;
Berkowitz et al., 2014; Berkowitz et al., 2006; Berkowitz et al., 2007a; Berkowitz et al.,
2009b; Berkowitz et al., 2007b). Using this method, rod cell ion channels, which are
normally open in the dark, were found to become paradoxically closed in dark-adapted
diabetic animals (Berkowitz et al., 2012a; Berkowitz et al., 2009a; Berkowitz et al., 2007b),
and a single injection of 11-c/s-retinaldehyde, which is normally produced by the visual
cycle, caused the closed calcium channels in rod cells to partially open (Berkowitz et al.,
2015¢). Inasmuch as Na/K-ATPase is known to play an important role in ion movement
across photoreceptors and the majority of retinal Na/K-ATPase activity resides in
photoreceptor cells and RPE (Berkowitz et al., 2007a; Wong-Riley, 2010), the diabetes-
induced reductions in activities of retinal Na/K-ATPase (Bensaoula and Ottlecz, 1995;
Crider et al., 1997; Kern et al., 1994; Kowluru, 2002; Kowluru et al., 1998; MacGregor and
Matschinsky, 1986b; Ottlecz and Bensaoula, 1996) and calcium ATPase (Kern et al., 1994;
Kowluru et al., 1999) likely contribute to a reduction in ion transport in retinal
photoreceptors in diabetes (Berkowitz et al., 2015d). This has not been directly
demonstrated however.

4.4 Molecular abnormalities that contribute to dysfunction of the outer retina.

In the retinas of Sprague-Dawley rats diabetic for 6 weeks, the expression of rhodopsin
kinase increased compared to that in nondiabetic animals, while that of transducin (alpha
subunit) and recoverin decreased. The diabetes-induced increase in rhodopsin kinase
immunostaining occurred in the outer limiting membrane, some rod cells in the outer
segment layer, and at the tip of the OPL, whereas the expression of transducin
immunoreactivity was significantly decreased in the OPL (Kim et al., 2005). Other
molecular changes occurring in photoreceptor cells of diabetic rodents have been
summarized elsewhere (Kern and Berkowitz, 2015).
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Defects in insulin signaling can contribute to diabetes-induced defects in retinal function.
Compared to results in normal nondiabetic controls, ERG studies of animals in which the
insulin receptor was knocked down (whole body) showed evidence of photoreceptor
malfunction (based on the ratio between photopic and scotopic a- and b-waves) and impaired
RPE function (based on reduced c-wave amplitudes) which was largely inhibited by
pharmacologic blockage of the angiotensin-11 receptor 1 (Reichhart et al., 2017). The
authors pointed out that the a/c-wave ratio remained unchanged compared to normal
controls, which they interpreted as suggesting that the c-wave reduction was secondary to
the a-wave reduction and, thus, of the functional loss of photoreceptors. Other evidence,
however, suggests that insulin does affect RPE cells. In that study, experimental diabetes
(streptozotocin) of 4 weeks duration did not result in a significant reduction in a- (or b-)
wave amplitudes, but did cause significant reductions in those amplitudes if the insulin
receptor also was deleted selectively from RPE cells. Knocking out the insulin receptor from
RPE cells did not result in significant abnormalities in the amplitude of the RPE-dependent
c-wave. This data suggests that photoreceptors were more severely affected by diabetes
when RPE cells lacked the insulin receptor, but seems in contrast to evidence from the same
animals that diabetes-induced increases in retinal oxidative stress and expression of pro-
inflammatory cytokines in retina were inhibited if RPE cells lacked the insulin receptor
(Tarchick et al., 2019). Both oxidative stress and expression of pro-inflammatory proteins
have been implicated in the pathogenesis of DR.

RPE isolated from cadaver donors who had been diabetic showed that insulin-mediated
stimulation of glucose uptake and lactate production by the RPE was decreased significantly
compared with that in nondiabetic controls. Thus, diabetes-mediated effects on the RPE
(previously thought to be insulin-independent) might occur at least in part via reduced
insulin signaling (Miceli and Newsome, 1991). In contrast, oxygen consumption and the
percentage of endogenous oxygen consumption from fatty acid oxidation were similar in
both the diabetic and nondiabetic groups.

Access to glucose also can affect the function of photoreceptor cells and other retinal
neurons. Transport of glucose across the BRB is regulated largely via facilitated glucose
transporters (Gluts) that permit ATP- and sodium-independent movement of glucose across
plasma membranes. Once glucose crosses the RPE or the retinal endothelial cells, it can
reach other cell-types via additional glucose transporters (predominantly Glutl in the outer
segments and cell bodies of photoreceptors and most other cells of the retina, as well as via
Glut3 found in retinal neurons (Wong-Riley, 2010)). In animal studies, diabetes reduced the
expression of Glutl in the retinal vasculature, but had no effect on the transporter in the RPE
or on Glut 3 in retinal neurons (Badr et al., 2000). Glut4, a glucose transporter that differs
from other glucose-transporters in that its transport of glucose is stimulated by insulin also
has been detected in retinal photoreceptor cells (Sanchez-Chavez et al., 2012). Although
expression of Glut4 was not modified in retinas of type 1 diabetic rats, activity of this
transporter (and thus transport of glucose into retinal photoreceptors cells) would be
expected to be subnormal in insulin-resistant or -deficient diabetes.

Immunohistochemical staining of eyes from patients with and without diabetes using an
antibody against the Glutl glucose transporter showed that the transporter was present in
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photoreceptor cells and RPE of the retina, as well as in other ocular cells. The pattern of
Glutl immunoreactivity in the diabetic eyes was virtually identical to that in the nondiabetic
specimens (Kumagai et al., 1994). Results from an in vitro study of RPE under
hyperglycemic conditions differed from the in vivo study described above, in that they
showed Glutl expression to be downregulated in high glucose (Kim et al., 2007). Another
study found that elevated glucose increased the Vmax for glucose uptake without affecting
glucose transporter-1 expression in primary cultures of human adult RPE (Busik et al.,
2002).

Even acutely, oxygen and glucose levels have effects on photoreceptor cell function.
Kurtenbach et a/ (Kurtenbach et al., 2006) reported that acute increases in oxygen and
glucose cause a significant enhancement of cone metabolism compared with rod
metabolism. These investigators also found that dark-adapted cone sensitivity was improved
by an increase in blood oxygen saturation or by acute hyperglycemia in nondiabetic patients,
whereas rod sensitivity was unchanged by these conditions. The dark-adapted cone threshold
was comparable to that found in normal subjects, whereas the final rod threshold was
impaired, suggesting that dark-adapted rods of diabetic patients are hypoxic before the onset
of retinopathy. Likewise, retinal oxygen tension in dark-adapted diabetic cats reached a
minimum PO, of nearly 0 mmHg in the outer retina (Linsenmeier, 1986; Wangsa-Wirawan
and Linsenmeier, 2003). Although photoreceptors have been known to utilize glucose for
many years, recent evidence shows that they metabolize also fatty acids (Joyal et al., 2018).
The importance of glucose as a critical regulator of photoreceptor cell metabolism and
function needs to be re-interpreted in light of contributions also of fatty acid metabolism,
especially in diseases like diabetes (Fu et al., 2017; Joyal et al., 2017; Joyal et al., 2018).

The diabetes-induced deterioration of the c-wave was arrested by treatment of the diabetic
animals with either myo-inositol supplementation or an inhibitor of aldose reductase in
diabetic rodents, suggesting that hyperglycemia-associated defects in myo-inositol or
sorbitol metabolism may be involved in the pathogenesis of the electrophysiological deficits
of the diabetic retina (Crider et al., 1997; Hotta et al., 1995; Hotta et al., 1997; MacGregor
and Matschinsky, 1985, 1986a). Administration of FGF21 to diabetic mice improved a-wave
in ERG to levels above normal (Fu et al., 2018). Studies of the Goto-Kakizaki rat model
(type 2 diabetes) showed that PKCC is localized predominantly in tight junction protein
complexes of the RPE and in photoreceptor inner segments and outer segments of cone
photoreceptors (Omri et al., 2013), and short-term hyperglycemia led to delocalization of the
enzyme. In long-term diabetes, outer blood retinal barrier was disrupted, but reduction of the
PKCC( over-activation using a PKC(-specific inhibitory peptide inhibited the mis-
localization of the kinase, improved the outer blood retinal barrier integrity, and inhibited
photoreceptor cell death (Omri et al., 2013). Injection of Placental Growth Factor-1
(PLGF-1) into the vitreous of the rat eye induced an opening of the RPE tight junctions with
subsequent sub-retinal fluid accumulation and retinal edema (Miyamoto et al., 2007).

A recent study found that intravitreal levels of retinol binding protein 3 (RBP3; also known
as Interphotoreceptor retinol-binding protein (IRBP)) were elevated in patients having type 1
diabetes for 50+ years and no or only mild DR (Yokomizo et al., 2019). Moreover, the
intravitreal RBP3 concentration in this population was inversely associated with DR severity,
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raising a possibility that RBP3 might be an endogenous protective factor in those patients.
RBP3 is secreted mainly by retinal photoreceptor cells, and plays an important role in the
visual cycle by shuttling retinols between the photoreceptor cells and the RPE (Gonzalez-
Fernandez and Ghosh, 2008; Jin et al., 2009). Further experimental studies demonstrated
that intravitreal injection or photoreceptor-specific overexpression of RBP3 in rodents
inhibited the detrimental effects of vascular endothelial growth factor (VEGF) and
hyperglycemia, in part by inhibiting VEGF receptor activation and decreasing glucose
uptake into retinal cells (Yokomizo et al., 2019). Other investigators have reported that
diabetes-induced oxidative stress impairs dark—light regulation of subretinal space hydration,
which regulates the distribution of IRBP (Berkowitz, 2020).

Conclusions.—The function of cells in the outer retina is affected by diabetes. There is
abundant evidence that visual function, as assessed by electrophysiology, becomes impaired
in many diabetic patients. This functional abnormality involves cells of the outer retina, and
the level of glycemia likely is one factor in the dysfunction. The failure to detect ERG
functional defects seems to be most common at short durations of diabetes, but there is
variability in the ability to detect a-wave defects in diabetic rodents.. Defects in visual
function not uncommonly have been detected before the clinical manifestation of overt
vascular pathology. Diabetes-induced increases in permeability across the outer BRB has
been demonstrated in animals, but its significance in patients and in animals remains to be
determined.

5. Can the outer retina affect the retinal vasculature?

The neurons, glia and vascular cells of the retina act together as a neurovascular unit, and
each influences the metabolism and function of the others (Fu et al., 2020; Simo et al.,
2018). The retina is served by multiple vascular beds, with three interconnected capillary
plexuses (superficial plexus in the retinal nerve fiber layer, middle plexus at the inner border
of the inner nuclear layer, and deep plexus at the outer border of the inner nuclear layer)
serving predominantly the inner retina, and the choriocapillaris below the retina providing
nutrients to the photoreceptors and RPE (Fig 1). Choroidal blood flow greatly exceeds that
provided by the retinal vasculature (Nair et al., 2011), accounting for almost 80% of the
glucose and oxygen metabolized by the retina (Alm and Bill, 1972; Tornquist and Alm,
1979). Diabetes frequently causes a progressive increase in the fraction of microvessels that
are leaky, remodeled, nonperfused and degenerated in the retina (Kohner and Henkind,
1970; Shimizu et al., 1981; Sleightholm et al., 1988) as well as in the choriocapillaris (Cao
etal., 1998; Lutty, 2017). In the early non-proliferative phases of the retinopathy, some
retinal endothelial cells and pericytes undergo an apoptotic death in diabetes (Mizutani et al.,
1996), which occurs at least in part secondary to oxidative stress (generated by mitochondria
(Du et al., 2003; Kowluru, 2013; Kowluru and Mishra, 2015; Santos et al., 2013) and
NADPH oxidase (Du et al., 2015; Sahajpal et al., 2019)), inflammation (Tang and Kern,
2011) and glucose modification of extracellular macromolecules (Hammes et al., 2011).
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5.1 Methods used to evaluate the retinal vasculature.

Several methods have been used to evaluate the retinal vasculature in diabetes. In living
patients and animals, techniques available to assess vascular structure and function include
ophthalmoscopy, fluorescein angiography, and more recently, OCT-angiography, and
adaptive optics-scanning laser ophthalmoscopy (Fig 6). From autopsy tissue, histologic
techniques including immunohistochemical staining to identify microvessels in retinal
wholemounts, and preparations of the isolated retinal microvasculature have provided great
insight into the effects of diabetes on the microvessels. An important difference between
clinical and histologic techniques to visualize the retinal vasculature is that clinically,
microaneurysms are visible in the retina only for a period of time, but then disappear
clinically as they become nonperfused, whereas all of the lesions that have developed in
those microvessels over the lifetime of the subject remain visible in the histologic
preparations because that methodology does not rely on intact perfusion to view the
vasculature. Retinal blood flow can be determined /n7 vivo in diabetes, but that topic is not
directly related to the topic of this manuscript, and will not be discussed here. In the near
future, advances in 2-photon microscopy also are expected to be suitable for analysis of the
vasculature.

Retinal wholemounts.—Immunostaining of the retinal vasculature within the intact
retina in situ allows preservation of the 3-D structure of the vasculature, and allows study of
the interaction of the microvessels with the surrounding neural environment. Because the
retina remains intact, however, the immunohistochemical technique is time-consuming.
Comparable methods have been developed for analysis of the morphology of the
choriocapillaris (Cao et al., 1998; McLeod and Lutty, 1994).

“Trypsin digest” preparation.—Incubation of the formalin-fixed retina in a proteolytic
solution (crude trypsin or elastase (Cogan et al., 1961; Kuwabara and Cogan, 1960; Laver et
al., 1993; Veenstra et al., 2015)) results in the removal of retinal neurons and glia, leaving
only the delicate “spider-web”-like network of the entire retinal vasculature that can be
stained using conventional colorimetric stains or studied by immunohistochemistry. The
result yields a high-resolution evaluation of the vascular morphology, however, the 3-D
organization of the vascular bed in the retina is lost.

Fluorescein angiography (FA).—FA provides 2-D image sets that allow dynamic
visualization of retinal vascular circulation with a wide field of view, as well as patterns of
dye leakage and pooling, and the speed at which fluorescein transits from the arterial to
venous portions of the retina (Kohner and Dollery, 1970; Sleightholm et al., 1988). FA
resolution does not allow visualization of capillary beds, and thus it cannot separately
visualize the different capillary networks within the retina. Other drawbacks that limit the
use of FA include its invasive nature, its cost, and the time it takes to perform. Although
considered safe, the dye poses risks ranging from nausea to allergic reactions, including,
anaphylaxis. AO-SLO is able to image fine vessel structures like the capillary and the
arteriole wall, and to detect fluorescence making it highly suitable for FA. Indocyanin green
likewise has been used for clinical assessment of flow in the choriocapillaris (Weinberger et
al., 1998).
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OCT-angiography (OCT-A).—OCT-A is a noninvasive technique that acquires volumetric
angiographic information without the use of a dye. It detects movement of red blood cells
within the vessels, and uses that information to allow high-resolution visualization of the
individual layers of the retinal vasculature as well as the choroidal vasculature. OCT-A can
show both structural and blood flow information, and it provides a detailed view of the
retinal vasculature, making it possible to accurately delineate microvascular abnormalities
(Chalam and Sambhav, 2016). Unlike FA, however, OCT-A is a static image, and has a
smaller field of view than FA.

Adaptive optics scanning laser ophthalmoscopy (AO-SLO).—AO-SLO has been
used to visualize the retinal vasculature in vivo, demonstrating extensive capillary
remodeling in mild or moderate NPDR and varying blood flow patterns (Burns et al., 2014).
The authors concluded that existing clinical classifications based on lower magnification
clinical assessment may not adequately measure key vascular differences among individuals
with NPDR.

5.2 Photoreceptor cells contribute to the degeneration of retinal capillaries in the
absence of diabetes.

A number of reports have shown that abnormalities in the outer retina correlate with or
contribute to damage of the retinal vasculature (Bhutto and Amemiya, 2001; May and
Narfstrom, 2012; Vessey et al., 2014; Wang et al., 2019), and that pharmacologic treatments,
such as safranal (Fernandez-Sanchez et al., 2012; Fernandez-Sanchez et al., 2015b)) or
RTL220 (Adamus et al., 2012) which inhibited outer retina degeneration in rodent models,
also partially inhibited capillary degeneration. Intravitreal injection of tunicamycin into the
eye induced photoreceptor ER stress and apoptosis, followed by a significant degeneration
of retinal capillaries. The authors concluded that the retinal vascular degeneration was
secondary to ER stress-mediated dysfunction and/or loss of photoreceptor cells (Wang et al.,
2019), but effects of the drug on other cells (including capillary cells themselves) has not
been ruled out. Since none of those pharmacologic treatments were specific for
photoreceptor cells, however, the link between photoreceptor cells and vascular
abnormalities was not clearly established in these studies.

Some studies provide a more direct link between photoreceptors and degeneration of the
retinal vasculature. Overexpression of a mutant cilia gene (polycystin-2), a gene that is
found in photoreceptor cells, resulted in a spatial-temporal correlation between the loss of
photoreceptor cells and degeneration of capillaries in the retina (Feng et al., 2009). In
addition, an established model for hereditary retinal degeneration (based on the mutation in
CEP290, a gene in photoreceptor cells) showed outer retina degeneration which correlated
with the degeneration of retinal capillaries (May and Narfstrom, 2012). Some studies
indicate that photoreceptor cell loss in patients (Heegaard et al., 2003) or animal models (de
Gooyer et al., 2006a; Fernandez-Sanchez et al., 2012; Penn et al., 2000) with retinitis
pigmentosa is associated with reduced blood flow or atrophy of retinal capillaries
(Beutelspacher et al., 2011).
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Most convincingly, genetic alterations that affect only photoreceptor cells have been found
to lead to appreciable degeneration of the retinal vasculature in nondiabetic animals
(Caldwell et al., 1989; de Gooyer et al., 2006b; Fernandez-Sanchez et al., 2015a; Hanna et
al., 2018; lvanova et al., 2019; Liu et al., 2016). The temporal relationship between vascular
and photoreceptor cell degeneration in the mouse was examined by Blanks & Johnson
(Blanks and Johnson, 1986), who concluded that photoreceptor death in rd (retinal
degeneration) mutant mice appeared to precede vascular regression. The diabetes-induced
degeneration of the retinal vasculature that is characteristic of wildtype animals was not
observed in diabetic mice lacking rhodopsin (and thus, lacking photoreceptor cells) (de
Gooyer et al., 2006b; Liu et al., 2016). Liu et a/ further showed that photoreceptor cells
stressed as a result of the P23H mutation of opsin or deletion of opsin caused retinal vascular
damage while the photoreceptor cells were still present (Fig 7), but further damage to the
vasculature diminished after the photoreceptor cells had degenerated (Liu et al., 2016). They
also showed that the stressed photoreceptor cells stimulated leukocytes to kill retinal
endothelial cells (studied ex vivo), and this cytotoxicity against endothelial cells was
diminished when leukocytes were collected from older animals in which photoreceptor cells
had already degenerated (Liu et al., 2016). Thus, activation of leukocytes by some
unidentified soluble product from stressed photoreceptors might contribute to the retinal
capillary degeneration observed in patients and animals showing photoreceptor stress or
degeneration.

Photoreceptor activity has been reported to affect the vasculature also in other retinal
diseases, including retinopathy of prematurity (ROP) and ischemia/reperfusion. Using
oxygen-induced retinopathy as a model of ROP, alterations in structure of both the outer and
inner segments of photoreceptors (Fulton et al., 1999) were reported to precede (Reynaud
and Dorey, 1994; Reynaud et al., 1995) and predict later vascular changes (Akula et al.,
2007; Akula et al., 2008) in retinas of rats. It has been postulated that oxygen demands of
the photoreceptors cause the development of the vascular abnormalities that are
characteristic of ROP (Akula et al., 2007; Fulton et al., 2009). With regard to retinal
ischemia/reperfusion injury, inhibition of the visual cycle by the RPEG5 inhibitor, emixustat,
or dark adaptation both significantly reduced the ischemia/reperfusion-induced vascular
permeability in mice (Dreffs et al., 2020), suggesting that vision-related molecular processes
in the outer retina contribute to vascular permeability in this condition (Fig 8). Deletion of
Lrat, the enzyme preceding RPEG5 on the visual cycle, likewise inhibited the ischemia/
reperfusion-induced vascular permeability in mice (Dreffs et al., 2020), but interpretation of
those results is confounded by evidence that retinas from those animals were significantly
thinner than normal, and thus might have had lower blood flow (and thus, permeability).

The relationship between photoreceptor cells and degeneration of the retinal
microvasculature seems complex. In addition to potential direct release of cytoactive
products from the photoreceptor cells that can damage the vasculature either directly or
indirectly (such as via activation of leukocytes as described above), diseases in which
photoreceptors have already degenerated also could cause vascular changes by retinal
remodeling as a result of the decreased metabolic demand by the fewer photoreceptor cells
in the remaining retina (Yu and Cringle, 2005). Metabolism of photoreceptor cells and the
RPE show strong differences between day and night, and the diabetes-induced increase in
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retinal superoxide (generated primarily by photoreceptor cells) is greater at night than in the
day (Du et al., 2013). Thus, diurnal differences in the effects of the outer retina on health and
function of the retinal vasculature also are an important possibility. Unfortunately, there is
no data yet available related to diurnal effects of the outer retina on the retinal
microvasculature.

5.3 Photoreceptor cells and retinal neovascularization in the absence of diabetes.

Retinal ischemia is a potent stimulus for neovascularization, and the huge metabolic demand
by photoreceptor cells has long been recognized to contribute to retinal ischemia,
particularly in situations of compromised vascular supply (such as in diabetes). Laser
photocoagulation is postulated to exert its documented beneficial effects to inhibit and
reverse retinal neovascularization via the destruction of photoreceptor cells (Pournaras et al.,
1990) and RPE. Consistent with a role of photoreceptors in ischemia-driven retinal
neovascularization, studies of oxygen-induced retinopathy in mice with rapid retinal
photoreceptor cell degeneration found that VEGF expression, vascular leakage,
nonperfusion and preretinal neovascularization were less severe in mice lacking
photoreceptors than that in control mice (Zhang and Zhang, 2014). Likewise, neonatal mice
with classic inherited retinal degeneration as a result of the rdZ mutation failed to mount
reactive retinal neovascularization in oxygen-induced proliferative retinopathy (Lahdenranta
et al., 2001). These data indicate that retinal neovascularization fails to develop or at least is
inhibited significantly when the number of photoreceptor cells is markedly reduced.

5.4 Photoreceptor cells contribute to damage of retinal capillaries in diabetes.

Retinitis pigmentosa leads to photoreceptor degeneration, and results of a survey sent to a
group of diabetic patients who also had retinitis pigmentosa suggested that diabetics who
also had photoreceptor degeneration were protected from the development of DR (Arden,
2001). This study lacked the photographic documentation or systematic quantitation of
retinopathy that is found in clinical trials, but it does provide supportive evidence for the
hypothesis that photoreceptor cells play an important role in the development of DR. A
mechanism postulated by Arden and colleagues for this effect was that the dark current in
rods accounts for considerable utilization of energy and oxygen in the dark, making the
retina borderline hypoxic at night (Arden and Sivaprasad, 2012; Braun et al., 1995).
Therefore, elimination of some rods (as can happen in retinitis pigmentosa or following laser
photocoagulation) could reduce this metabolic stress, and thereby reduce the metabolic
abnormalities that contribute to the retinopathy. This topic will be covered more in section
6.3. A survey of published manuscripts indicated that the deep vascular layer (adjacent to
retinal photoreceptor cells) of diabetic patients with NPDR was affected more severely than
was the superficial vascular layer (Dimitrova and Chihara, 2019), thus being consistent with
the possibility that photoreceptor cells contribute to the retinal vascular disease of DR.
Supplementing with oxygen has been reported to reduce DME and improve aspects of visual
function in some diabetic patients (Nguyen et al., 2004). Photoreceptor cells are the major
consumer of oxygen in the retina, but there is no direct proof at present that the beneficial
effects of oxygen supplementation are due to effects on photoreceptor cells.
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Animal studies have directly implicated photoreceptors in the capillary degeneration of DR.
As mentioned above, opsin-deficient mice which were diabetic for 5 months were partially
protected from the diabetes-induced retinal vascular damage and loss (measured by
microvascular density) compared to wild-type diabetic animals (de Gooyer et al., 2006b),
whereas if diabetes was not induced until most of the photoreceptors already had
degenerated in opsin-deficient or P23H mutant mice, the expected diabetes-induced retinal
capillary degeneration failed to develop (Liu et al., 2016) (Fig 7). Mechanisms by which the
photoreceptors contribute to the vascular degeneration remain unclear, but degeneration of
retinal capillaries in diabetes seems less in the absence of those photoreceptor cells.

The contribution of retinal neurons, particularly photoreceptor cells, to permeability defects
in diabetes has been studied less, but recent evidence shows that photoreceptor cells can
contribute to enhanced retinal capillary permeability in diabetes (Tonade et al., 2017). In
wildtype mice, diabetes increased retinal permeability in all three layers of the retina where
the vasculature is located, whereas the permeability defect was inhibited only in some layers
of the vasculature in photoreceptor-deficient diabetics (Tonade et al., 2017). In those opsin-
deficient diabetics, the permeability defect was significantly inhibited in layers closest to the
photoreceptor cells, and inhibited less at distances further from the photoreceptor layer.
Photoreceptor cells from diabetic mice have been shown to release soluble inflammatory
products that can directly enhance retinal endothelial cell permeability in vitro (Tonade et
al., 2017). It seems possible that photoreceptor cells (and neuronal cells in general) release
factors that contribute to the permeability defect locally, but have less effect on vessels
further away. Likewise, surrounding neurons and glia might release inflammatory mediators
that contribute to endothelial cell dropout (Cuenca et al., 2014), which also can increase
permeability.

5.5 Can degeneration of the retinal microvasculature in diabetes adversely affect the
photoreceptors?

Not all studies have suggested that photoreceptor abnormalities in diabetes lead to damage
of the retinal microvasculature. Some clinical investigators came to the opposite conclusion.
Using adaptive optics, OCT-A and spectral domain-OCT, investigators observed an
association between capillary non-perfusion of the deep retinal capillary plexus and
abnormalities in the photoreceptor layer in eyes with DR (Nesper et al., 2017; Scarinci et al.,
2016), leading them to consider that the disruption of the photoreceptors was secondary to
underlying capillary non-perfusion in DR (Scarinci et al., 2015). Likewise, other
investigators interpreted their findings as indicating that retinal vascular degeneration causes
the degeneration of photoreceptor cells (van Dijk et al., 2009; van Eeden et al., 2006).
Although not involving diabetes, other investigators likewise have provided evidence that
cone cell loss in rdZ20 mice was facilitated by reductions in retinal blood flow and vascular
barrier function (lvanova et al., 2019). Why the retinal vasculature would have such a strong
effect on photoreceptor survival seems unclear, since available evidence indicates that the
choriocapillaris, and not the retinal vasculature, provides photoreceptors with most of their
oxygen and nutrients. Nevertheless, this is a very important area for future investigation.
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If damage to the retinal microvasculature contributes to photoreceptor cell disruption, then
perhaps maintaining the integrity of the vasculature might help enhance the survival of
damaged retinal photoreceptor cells in diabetes. Injection of bone marrow-derived stem cells
containing endothelial precursors into eyes of mouse models of retinal degeneration was
found to stabilize and rescue retinal blood vessels that ordinarily would have completely
degenerated, and led also to a substantial rescue of cone photoreceptors and partial
restoration of retinal ERG responses of some photoreceptor cells (Otani et al., 2004). Similar
studies have not yet been conducted in diabetes, but the outcome of such studies would be
expected to provide valuable perspective on the relation between photoreceptor cells and the
retinal vasculature.

5.6 Inter-relationship between abnormalities in photoreceptor cells and choriocapillaris

in diabetes

Retinal photoreceptor cells are in close proximity to vascular beds in both the retina and
underlying choroid. If photoreceptor cells are releasing soluble factors that adversely affect
the retinal vasculature, one would expect that such factors might affect also other
vasculatures in the region. Diabetes does affect the choriocapillaris (Lutty, 2017; Muir et al.,
2012), and this could have a subsequent, profound impact on RPE and the outer retinal
layers. Histopathological studies of diabetic choroids demonstrated thinning of the choroid
or its capillary bed with lesions such as vessel drop-out, aneurysms, ischemia, vascular
tortuosity, and in some cases, intrachoroidal neovascularization (Berkowitz et al., 2015b;
Cao et al., 1998; Fryczkowski et al., 1989; Fryczkowski et al., 1988; Hidayat and Fine,
1985; Hua et al., 2013; Kim et al., 2013). These alterations were interpreted as being due to
local inflammation (Lutty, 2017; Lutty et al., 1997). It is not known whether or not
photoreceptor cells contribute to the diabetes-induced inflammation and damage to the
choriocapillaris, and neither is it known if the opposite possibility (that vascular lesions in
choriocapillaris contribute to photoreceptor dysfunction or degeneration in diabetes) occurs.

Conclusions.—Evidence in patients and animals suggests that photoreceptor cells play an
important role in the structural and functional integrity of the retinal vasculature, and that the
vascular lesions of DR are significantly inhibited or do not develop in the absence of
photoreceptor cells. Whether this is a consequence of factors directly released by
photoreceptor cells in the abnormal mileau of diabetes, or is caused indirectly by
photoreceptor-driven alterations in other

6. Does the outer retina contribute to abnormalities of neuroglial cells in

diabetes?

In light of the cell-to-cell connections among neural cells in the retina, it seems likely that
altered function of photoreceptor cells or RPE in diabetes will alter the function of
downstream cell-types, even if those other cells otherwise were otherwise normal.

Glutamate is regarded as the most important excitatory neurotransmitter in the retina, and it
is released by photoreceptors onto horizontal and bipolar cells (and by bipolar cells onto
amacrine and ganglion cells) in darkness, whereas the absorption of light decreases its
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release (Copenhagen and Jahr, 1989). In retinal cells expressing glutamate receptors
(especially NMDA receptors (Hahn et al., 1988; Sucher et al., 1991)), however,
overstimulation of those receptors by glutamate can lead to neuronal calcium overload and
neurotoxicity. In the retina, expression of receptors is found on retinal ganglion cells and
subsets of amacrine cells (Brandstatter et al., 1994; Griinder et al., 2000; Hartveit et al.,
1994), and a progressive upregulation of these receptors was observed in the ganglion,
amacrine and bipolar cells as well as in the inner and outer plexiform layers (IPL and OPL)
after 1 and 4 months of diabetes (Ng et al., 2004).

Accumulation of glutamate was found in the vitreous of diabetic patients with PDR (Ambati
et al., 1997), and supranormal levels of glutamate have been detected in retinas of rats
diabetic for 2 to 3 months (Kowluru et al., 2001a; Lieth et al., 1998; Lieth et al., 2000). The
mechanism by which retinal glutamate is elevated in diabetes likely involves changes in
glutamate uptake and utilization (Fernandez-Bueno et al., 2017; Hernandez et al., 2013;
Zhang et al., 2011), or subnormal glutamine-synthase activity (Lieth et al., 2000; Mizutani et
al., 1998) Decreased expression of a glutamate transporter, GLAST, in retina has been
reported in diabetes induced by streptozotocin, a genetic model of type 2 diabetes.. Kowluru
et al demonstrated that the accumulation of glutamate in the retina of diabetic rats could be
inhibited by administering a mixture of antioxidant compounds, indicating that oxidative
stress can contribute to the increase in retinal glutamate in diabetes (Kowluru et al., 2001a).
Likewise, oxidative stress has been shown to elevate glutamate levels by stimulating the
activity of A-methyl-D-aspartate (NMDA) receptors (Agostinho et al., 1996). Since
photoreceptor cells are the most populous cell-types in the retina, it is likely that
photoreceptor cells are major producers or regulators of increased glutamate in diabetic
conditions, but the extent to which accumulation of this neurotransmitter is involved in the
pathogenesis of the neural cell dysfunction or degeneration that occurs in diabetes remains
to be determined. Products released by photoreceptor cells or RPE also might affect even
local non-neuronal cells such as glial cells and retinal neuroglia. This is yet to be
investigated.

As described above, deletion of the insulin receptor specifically from RPE cells significantly
reduced a- and the inner retina b-wave amplitudes in diabetic animals, as well as reducing
the diabetes-induced oxidative stress and greater-than-normal expression of pro-
inflammatory cytokines in the retinas of those diabetic mice (Tarchick et al., 2019). Thus,
insulin signaling in RPE cells has important effects on other retinal neural cells in diabetes.
The contribution of outer retina to abnormalities in glial cells in diabetes remains to be
studied.

7. Visual processes and their relation to vascular and neural

abnormalities of diabetic retinopathy

The vertebrate visual system relies on two key pathways to detect and transform light into
perceived images; phototransduction and the visual (or retinoid) cycle. Phototransduction
describes the process of converting light into stimuli that are processed by the brain to form
an image. This occurs via a G-protein signaling cascade in photoreceptor outer segments that
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converts incoming light stimuli into an electrical response, leading to the activation of
transducin and cGMP phosphodiesterase, closure of cGMP-gated ion channels, and
hyperpolarization of the photoreceptor cells (Arshavsky et al., 2002; Fu and Yau, 2007; Luo
et al., 2008) (Fig 9a). The visual cycle is a multistep process that regenerates the light-
sensitive photopigments (11-c/s-retinal in mammals) so that phototransduction can occur
again (Fig 10a). Recently, research has emerged that shows that these processes that underlie
vision itself can contribute to the development of early lesions of DR.

7.1 Phototransduction and diabetic retinopathy.

Transducinl is a subunit of the heterotrimeric G-protein encoded by Gnatl (Hurley, 1987),
and is a key component of the vertebrate phototransduction pathway. It is found only in rod
photoreceptor cells in the retina. The absence of transducinl prevents phototransduction in
rods, causing the cGMP-gated ion channels on the rod cells to remain continually open.
Diabetes has been reported to cause a reduction in expression of transducin in retinal
photoreceptors (Kim et al., 2005), but permanent inhibition of phototransduction in rod cells
using diabetic GnatI” mice showed that elimination of phototransduction in rod cells
significantly inhibited the diabetes-induced degeneration of retinal capillaries and some
molecular processes believed to participate in the pathogenesis of the retinopathy (Liu et al.,
2019) (Fig 9). Studies of Gnat1™~ mice by other investigators confirmed that deletion of
transducinl significantly inhibited the diabetes-induced increase in inflammatory mRNAs,
ERG defects, and degeneration of retinal capillaries (Thebeau et al., 2020). Thus,
elimination of phototransduction in rod cells inhibited diabetes-induced abnormalities in
both retinal vasculature structure and neural function. Deletion of GnatI did not result in
significant degeneration of photoreceptor cells, which would have confounded interpretation
of results. GnatI deletion had an unexplained effect on the diabetes-induced increase in
permeability, in that the leakage of albumin was not uniformly distributed across the retina
in those animals (Liu et al., 2019). The abnormal accumulation of albumin in the neural
retina was inhibited in diabetic GnatZ ™~ mice in the inner plexiform layer, but not in the
outer plexiform or inner nuclear layers. In Gnat-deficient animals, the diabetes-induced
increase in inflammatory proteins in the retina and the leukocyte-mediated killing of retinal
endothelial cells were inhibited, however, the diabetes-mediated induction of oxidative stress
was not inhibited in these aniamls. Since anti-oxidant approaches have been found to inhibit
the diabetes-induced degeneration of retinal capillaries in previous long-term rodent studies
(Berkowitz et al., 2009a; Du et al., 2015; Du et al., 2003; Kanwar et al., 2007; Kowluru et
al., 2001b; Zheng and Kern, 2009), the finding that the diabetes-induced increase in retinal
capillary degeneration was inhibited in diabetic GnatZ~~ mice even though the oxidative
stress in the retina was not inhibited is unexplained.

Whether or not Gnat2in cone cells has any similar effect on development of the retinopathy
in diabetes has not been explored, but the number of cones in rodents is very small compared
to the number of rod cells.

A physiologic way to demonstrate the importance of light-initiated processes in the
development of DR is to eliminate light. Following 3 or 5 months of hyperglycemia,
Thebeau et a/ (Thebeau et al., 2020) housed 2 different diabetic animal models in total
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darkness for 1-3 months. Results indicated that the mice housed under conditions of light
deprivation developed significantly less diabetes-induced visual dysfunction (a-wave, b-
wave, and oscillatory potential), upregulation of pro-inflammatory mRNA in the retina, and
retinal neurodegeneration. As the major light-sensing cells in the body, these studies clearly
implicate retinal photoreceptors as an early contributor to the retinal dysfunction and
pathology in diabetes, and illustrate the importance of light in the diabetes-induced
abnormalities (Fig 11).

Exposure to light normally results in expansion of the choroidal space, suggesting that this
phenomenon is secondary to phototransduction or its downstream signaling (Longo et al.,
2000). The light-induced expansion of the subretinal space becomes abnormal in diabetes
(Berkowitz et al., 2015b), and this defect in diabetes can be inhibited with the antioxidant,
lipoic acid, suggesting that oxidative stress might underlie that abnormality. Imunoreactivity
of rhodopsin kinase has been reported to be increased in the outer limiting membrane and in
the outer segments of some rod cells in diabetes (Kim et al., 2005). Rhodopsin kinase
activity in retinal rod cells phosphorylates light-activated rhodopsin to terminate the
phototransduction signaling cascade, but how this activity in rod cells is affected by diabetes
is not known.

7.2 Visual cycle and diabetic retinopathy.

Subnormal rates of adaptation and absolute final threshold sensitivity have been
demonstrated in subjects with diabetes (Amemiya, 1977; Greenstein et al., 1993; Henson
and North, 1979). Consistent with this, a number of studies have provided biochemical,
molecular or functional evidence that diabetes results in subnormal levels of enzymes
involved in the visual cycle (Garcia-Ramirez et al., 2009; Ostroy, 1998; Ostroy et al., 1994).
After 2-3 months of diabetes, microarray revealed reduced expression of several genes
encoding visual cycle proteins, including lecithin/retinol acyltransferase (LRAT), RPE65,
and RPE retinal G protein-coupled receptor (RGR) (Kirwin et al., 2011; Zhao et al., 2017).
Among visual cycle proteins, interphotoreceptor retinoid-binding protein (IRBP) and
Stimulated by Retinoic Acid 6 protein (STRA6) showed significantly lower levels in
diabetic rats than those in nondiabetic controls. STRAG is the receptor for retinol-binding
protein 4 (RBP4) which is critical for the transport of vitamin A to the eye from the
peripheral blood (Ruiz et al., 2012), and IRBP is an essential protein of the visual cycle
which facilitates the transport of retinoids between the RPE and the retina (Crouch et al.,
1992). Serum levels of retinol-binding protein 4, a transporter protein for retinol, have been
found to be significantly lower in diabetic rats (Malechka et al., 2017). Spontaneously
diabetic ab/db mice showed reductions in levels of retinoid binding proteins, CRALBP,
IRBP, STRAG6, LRAT, and retinol dehydrogenase 5 (RDH5) compared to nondiabetic
controls, and 10-week treatment with chrysin, a naturally occurring flavonoid, inhibited
these defects as well as augmenting levels of RPE6G5 and rhodopsin (probably by decreasing
hyperglycemia) (Kang et al., 2018).

Several rodent studies have demonstrated that diabetes can cause a retinoid deficiency in the
retina. Although Western blot analysis revealed no difference in expression of the opsin
protein, rhodopsin content of retinas from diabetic animals has been reported to be
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subnormal (as shown by a difference in absorbance before and after bleaching with light)
and levels of 11-cis-retinal were significantly lower in retinas from diabetic rats compared to
those in controls (Malechka et al., 2017; Tuitoek et al., 1996). Diabetes has been reported to
generate a more acidic environment within rod photoreceptors that causes a delay in
rhodopsin regeneration (Ostroy, 1998; Ostroy et al., 1994). Rod cell ion channels, which are
normally open in the dark, become partially closed in dark-adapted diabetic mice, and
injection of 11-c¢/s-retinaldehyde partially restored the channel-mediated ion movement into
rod cells towards normal (Berkowitz et al., 2012a). Likewise, a single administration of the
retinoid, 9-cis-retinal, to diabetic Akita mice inhibited diabetes-induced abnormalities in
ERG (a- and b-wave amplitudes of scotopic ERG), retinal oxidative stress (as estimated by
levels of 3-nitrotyrosine), and apoptosis of retinal cells (Malechka et al., 2020). How long
this effect lasted was not investigated. Retinyl esters, which are produced in the visual cycle
and stored in the RPE, accumulated to abnormal amounts in diabetes of diabetic mice,
suggesting that the visual cycle was disturbed at the level of RPE65 or downstream (Liu et
al., 2015). Overall, these results would seem to suggest that retinoid metabolism in the eye
can be impaired in diabetes, which can lead to deficient generation of visual pigments and
neural retinal dysfunction in early diabetes.

Acute hyperglycemia accelerated rod dark adaptation after bleach in Type 2 diabetic patients
who had a subnormal dark adaptation response (compared to historical controls) (Holfort et
al., 2010). It is not obvious why acute hyperglycemia would accelerate visual cycle activity
and rod recovery rate in patients whose diabetes (or hyperglycemia) initially caused the
subnormal rod recovery rate, but other investigators show an increase in retinal blood flow
and oxygen consumption during acute hyperglycemia (Tiedeman et al., 1998). A different
study found that dark-adapted rod- and cone-sensitivity thresholds were normalized by
hyperoxia and moderate hyperglycemia in diabetic subjects, and that cone threshold
sensitivity was improved also in non-diabetics during hyperoxia and hyperglycemia
(Kurtenbach et al., 2006). Apparently, the disruptions in outer retinal visual processes that
develop in diabetes are not irreversible.

In light of evidence that visual cycle activity is subnormal in diabetes, it is very surprising
that other evidence indicates that slowing the visual cycle can inhibit the development of
lesions of early DR. Retinylamine is a retinoid inhibitor of RPE65, and its administration
significantly inhibited both the diabetes-induced increase in retinal vascular permeability
and retinal capillary degeneration over an 8 month period (Liu et al., 2015) (Fig 10).
Administration of the retinoid, however, had less effect on retinal function; retinylamine
partially inhibited the diabetes-induced defect in contrast sensitivity, but had no effect on the
defect in spatial frequency threshold. Since RPE65 is a critical component of the visual
cycle (regenerating 11-cis retinal after activation of the photoreceptors by light), the
beneficial effects of retinylamine on the early vascular lesions of DR are consistent with the
possibility that inhibition of the visual cycle inhibits the development of the retinopathy.
Retinylamine conceivably might have other effects, but it does not affect the retinoic acid-
metabolizing cytochrome P450 enzymes, is not a substrate for cytochrome P450 CYP26
enzymes, does not activate the retinoid-X receptor, and interacts with the retinoic acid
receptor only at micromolar concentrations (Golczak et al., 2005b). Retinylamine is
acetylated by LRAT and stored in the RPE (Golczak et al., 2005a; Golczak et al., 2005b;
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Golczak et al., 2008; Liu et al., 2015; Maeda et al., 2006) from which it is then released
slowly, thus allowing the compound to be administered only once per week. In addition to
implicating the visual cycle in the development of vascular lesions of early DR, this data
provides novel evidence also that the RPE contributes in an important way to the
pathogenesis of the retinopathy.

Rpe65~~ mice made experimentally diabetic provide further evidence that photoreceptor
cells play an important role in the development of molecular, functional and histologic
lesions characteristic of DR (Thebeau et al., 2020). Those investigators found that RPE65-
deficient mice diabetic for 6 months were protected from the adverse effects of diabetes on
expression of inflammatory genes, on visual function, and on the integrity of retinal
capillaries (Fig 10).

Other molecular players in the visual cycle also have been implicated in the molecular or
physiologic alterations in the retina in diabetes. For example, genetic deletion of Lrat, which
catalyzes the esterification of all-frans-retinol into all-frans-retinyl ester during
phototransduction, inhibited the diabetes-induced increase in retinal oxidative stress (Liu et
al., 2015). Whether or not genetic or pharmacologic manipulation of Lrator other enzymes
in the visual cycle affect the retinal vasculature or neuroglial retina in diabetes has not yet
been explored.

7.3 Light as a potential therapy to inhibit diabetic retinopathy.

In contrast to the evidence that light-mediated processes play a role in the development of
vascular and neural abnormalities of DR, others have postulated that the absence of light
plays a critical role in the development of at least the advanced stages of DR. Photoreceptor
cells have very high levels of mitochondria in their inner segment, and consume most of the
oxygen in the retina (Ahmed et al., 1993; Linsenmeier and Braun, 1992), especially in the
dark (Arden et al., 2005; Arden et al., 1998; Wang et al., 2010), when rod dark currents
become maximal (Haugh et al., 1990; Linsenmeier, 1986). Because photoreceptors have an
especially high metabolic activity at night, Arden and colleagues postulated that increased
photoreceptor metabolic activity would make the retina more hypoxic in the night than
during the day, especially in compromised or diseased environments such as in diabetes.

Arden and colleagues reported that application of blue-green (505nm) light all night long
could mitigate aspects of DR, presumably by inhibiting the expected increase in metabolic
activity of the retina that occurs in darkness (Arden et al., 2010; Arden et al., 2011; Arden et
al., 2005; Arden and Sivaprasad, 2011, 2012; Ramsey and Arden, 2015). Their studies were
based on evidence that dark-adaptation exacerbates hypoxia in the diabetic retina, acting as a
powerful stimulus for the overproduction of VEGF and other less well understood factors.
Patients with mild non-proliferative DR and early, untreated non-sight-threatening macular
edema slept for 6 months wearing masks that illuminated one closed eye with 505 nm light
of sufficient intensity to suppress dark current in that eye (Arden et al., 2011). At 6 months,
the number of treated eyes showing intraretinal cysts was reduced by about one third,
whereas the number of untreated fellow eyes showing cysts nearly doubled. In the treated
eyes, retinal thickness was significantly reduced toward normal, and visual acuity,
achromatic contrast sensitivity, and microperimetric thresholds improved significantly.

Prog Retin Eye Res. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tonade and Kern

Page 36

Unfortunately, a larger 2-year Phase 3 clinical trial (CLEOPATRA) of this hypothesis
recently was reported (Sivaprasad et al., 2018), and it failed to support the hypothesis that
suppression of photoreceptor “dark current” at night would inhibit DME. Review of the
results however, suggest that a major factor in the failure of this trial was poor patient
compliance to wear the goggles all night long for the duration of the study. An animal study
investigating this concept reported that preventing rod cells from dark-adapting did not
inhibit retinal neuronal and glial abnormalities in early stages of diabetes (Kur et al., 2016).

Others also have been investigating the use of light (photobiomodulation) to inhibit the
development of early DR, but those studies used far-red light (670 nm) for only 3—4 min per
day, and do not postulate that the mechanism involves suppression of dark current. Animal
studies using albino rats and pigmented mice showed that whole-body photobiomodulation
inhibited diabetes-induced abnormalities in retinal oxidative stress, inflammation, and
electrophysiology (Saliba et al., 2015; Tang et al., 2014), and very effectively inhibited
diabetes-induced increases in capillary degeneration and accumulation of albumin in neural
retina (Cheng et al., 2017) (Fig12). Whether or not the beneficial effects of this light therapy
involve the outer retina is not clear, because shielding of the head from the light treatment
each day nevertheless still had a beneficial effect on molecular abnormalities induced in the
retina by diabetes (Saliba et al., 2015). Nevertheless, photobiomodulation is being found to
have benefits in a number of disease (Tsai and Hamblin, 2017). Two different research
groups (Eells et al., 2017; Tang et al., 2014) have presented pilot studies describing a small
number of diabetic patients having retinal edema who were treated with brief sessions of
light at 670nm, and both of these reports showed that the light therapy had beneficial effects
to reverse the edema in the treated eye. A prospective multi-center pilot study evaluating
photobiomodulation therapy for DME currently is being conducted by the Diabetic
Retinopathy Clinical Research Network (DRCR).

Conclusions.—In total, available evidence suggests that the visual cycle and
phototransduction play previously unrecognized roles in the development of the
microvascular and neural lesions that characterize the early stages of DR, but additional
studies will be needed to determine how this occurs. Manipulation of phototransduction or
visual cycle activity as a therapeutic approach would need to be approached cautiously to
avoid undesirable effects on vision. Application of low intensity light at certain wavelengths
is showing interesting potential to inhibit the retinopathy, but again, the mechanisms remain
to be clarified.

8. Do clinical therapies for diabetic retinopathy act on the outer retina?

Results of the Diabetic Retinopathy study (DRS) and Early Treatment for Diabetic
Retinopathy study (ETDRS) clearly demonstrated the ability of laser photocoagulation to
inhibit the progression of clinically significant DR or DME (1981; 1985; 1991), thus
significantly reducing the risk of visual loss due to diabetes. Since it is well appreciated that
laser photocoagulation leads to focal destruction of the retinal photoreceptors cells and RPE,
it seems highly likely that this therapy is mediating its beneficial effects on DR and/or DME
via effects on the outer retina. Other therapies used clinically do not have the specificity for
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the outer retina to judge whether or not they are mediating their beneficial effects via the
outer retina.

VEGF is known to be a major contributor to DME and altered vision in diabetic patients,
and anti-VEGF agents have become the mainstay of treatment for DME. Evidence in
patients and animals implicates VEGF in the pathogenesis in functional defects of the outer
retina in diabetes, as illustrated by VEGF-induced modification of RPE tight junction
proteins and barrier function (Ablonczy and Crosson, 2007; Ghassemifar et al., 20063, b). /n
vivo OCT studies indicated that disruption of photoreceptor layer segments improved after
anti-VEGF treatment, at least raising a possibility that the integrity of the inner and outer
photoreceptor segments and the OLM might contribute to improvement of functional
outcomes in DME patients getting anti-VEGF therapy (Fursova et al., 2017).

9. Molecular mechanisms by which the outer retina might contribute to

retinal vascular and neuroglial damage

9.1 Oxidative stress

Diabetes gives rise to increased oxidative stress in the retina (Al-Shabrawey et al., 2008a;
Al-Shabrawey et al., 2008b; Berkowitz et al., 2015c; Caldwell et al., 2005; Du et al., 2013;
Kanwar et al., 2007; Kowluru et al., 2001b), and the major site of the oxidative stress in
diabetes is in photoreceptor cells (Du et al., 2013; Kern and Berkowitz, 2015; Liu et al.,
2019). This stress plays a critical role in the development of DR, because vascular lesions
such as capillary degeneration are inhibited by administering anti-oxidants (Kowluru et al.,
2001b) or over-expression of anti-oxidant enzymes such as superoxide dismutase (Berkowitz
et al., 2009a; Kanwar et al., 2007). The extent and mechanisms by which oxidative stress in
outer retinal cells affects the retinal neural, glial or vascular cells in diabetes has not yet been
clarified.

9.2 Inflammation

Photoreceptor cells contribute to the diabetes-induced increases in inflammatory proteins in
the retina (de Gooyer et al., 2006b; Du et al., 2013), and photoreceptor cells themselves are a
source of increased inflammatory proteins (e.g. IL-1a, IL-1p, IL-6, IL-12, chemokine C-X-
C motif ligand 1 (CXCL1), monocyte chemoattractant protein 1 (MCP-1), CXCL12a, 1-309,
chemokine ligand 25 (CCL25) and TNF-a) in the retina in diabetes (Scuderi et al., 2015;
Tonade et al., 2017). Soluble inflammatory products released from retinal photoreceptors
isolated from diabetic mice have been found to induce inflammatory changes in retinal
endothelial cells but not to cause endothelial death /n vitro (Tonade et al., 2016; Tonade et
al., 2017). However, direct evidence that inflammatory mediators released from
photoreceptor cells or RPE have adverse effects on the retinal neural, glial or vascular cells
in vivo has not been reported to date.

9.3 Glutamate

Glutamate release from photoreceptor cells can alter the function of cells of the inner retina,
and excessive release of the neurotransmitter might contribute to degeneration of cells that
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express the NMDA receptor (such as retinal ganglion cells), but this has not been directly
demonstrated to date.

lon flux in photoreceptors

The role that ATPases and ion flux in photoreceptor cells may play in retinal vascular
damage in diabetes is largely unexplored, but is of interest because of the importance of ion
regulation in cell function and integrity, and the strong association between effects of various
experimental therapies on retinal ion regulation or ATPase activities in diabetic rodents and
the effect of those therapies on the development of vascular lesions of early DR. For
example, captopril, anti-oxidant therapies, deletion of iINOS, and photobiomodulation
(Berkowitz et al., 2009a; Berkowitz et al., 2007b; Kern et al., 2010; Ottlecz and Bensaoula,
1996; Zhang and Kern, 2003) have been shown to beneficially affect both of these endpoints.
The potential roles of ion transport in cells of the outer retina on diabetes-induced injury to
other neuronal or glial cells have not been reported.

Insulin signaling

Insulin clearly lowers blood glucose in diabetes, and that has a strong influence on the
development of DR. Direct evidence that insulin acts on cells of the outer retina to affect the
response of the retina to diabetes is limited, but diabetic mice with an RPE-specific knockout
of the insulin receptor showed lower a- and b-wave electroretinogram amplitudes compared
to diabetic mice that expressed the insulin receptor on the RPE (Tarchick et al., 2019). Since
photoreceptor cell-specific deletion of the insulin receptor gene results in loss of those
photoreceptors (Rajala et al., 2008; Yi et al., 2005), the loss of photoreceptor cells that has
been detected in diabetic patients and animals might be due in part to the subnormal insulin
and insulin signaling. Several drugs have been reported to treat insulin resistance in retinas
of diabetic animals (Fort et al., 2011; Jiang et al., 2015; Jiang et al., 2014a), but whether this
effect is mediated also in photoreceptor cells is not known.

8.6 Hypoxia

Photoreceptor cells are known to be major consumers of oxygen, thus resulting in hypoxic
conditions at night or when the retinal or choroidal vasculatures are compromised, such as in
DR (Wangsa-Wirawan and Linsenmeier, 2003). Retinal oxygen tension in dark-adapted
diabetic cats reached a minimum PO, of nearly 0 mmHg in the outer retina (Linsenmeier,
1986; Wangsa-Wirawan and Linsenmeier, 2003). The resulting hypoxia-induced increase in
levels of VEGF in the retina can lead to increased permeability and neovascularization of the
retinal vasculature (Miller et al., 2013; Zhang et al., 2009). Effects of hypoxia potentially
caused by cells of the outer retina on diabetes-induced abnormalities of other neural or glial
cells have not been reported.

10. Future directions

The current clinical definition of DR focuses on microvascular disease, and thus overlooks
the potential contribution of neuronal cells, whether direct or indirect, in diabetes-induced
vision loss (Simo et al., 2018). Photoreceptor cells are specialized neurons, and as the most
numerous and metabolically active cell in the retina, they can have an undue influence on the
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function and integrity of other retinal cells (Fu et al., 2020). Evidence that photoreceptor
cells and RPE contribute to the lesions of DR is accumulating, but is yet incomplete.
Additional research is needed.

Patient studies that describe effects of diabetes on the outer retina to date have included
relatively small numbers of patients, but available evidence suggests that diabetes can cause
thinning or loss of some photoreceptors. The retinal neurodegeneration in diabetes seems to
be initiated before gross clinical signs of vasculopathy become apparent, but the importance
of that observation needs to be tempered by the modest amount of photoreceptor death that
has been detected (which seems minor compared to that in retinal degenerative diseases such
as AMD). Thus, the contribution of such minor photoreceptor cell loss on visual impairment
in diabetes remains questionable. Cellular dysfunction (as compared to degeneration) of
photoreceptor cells, however, is likely to affect many more cells than the number that die in
diabetes, and the impact of that photoreceptor cell dysfunction on other retinal cells and
vision could be large.

Although Type 1 diabetes and Type 2 diabetes share the common symptom hyperglycemia,
they differ in a variety of other ways, including levels of circulating lipids and insulin/insulin
signaling. Not enough information is available to know if the type of diabetes affects the
involvement of photoreceptor or RPE cells in the pathogenesis of neural, glia or vascular
lesions of DR.

Evidence that photoreceptor cells and RPE contribute to the development of DR is strongest
with respect to the microvascular disease. The potential contributions of the outer retina to
development of diabetes-induced abnormalities of other neuronal cells or glia is less studied.
The extent to which photoreceptors affect also non-neuronal cells such as microglia and glial
cells in diabetes requires future study.

Evidence is beginning to suggest that the response of the retina to light and dark contributes
to its susceptibility to diabetes, so future studies will be needed to identify the mechanisms
for how light and dark influence the development of DR. Seemingly contradictory evidence
(summarized above in Section 6) suggests that although dark adaptation (and thus visual
cycle activity) seem subnormal in diabetes, inhibition of visual cycle activity can inhibit at
least the vascular lesions of early DR. The evidence underlying both conclusions seems
solid, and so a reasonable interpretation is that both conclusions are correct. Perhaps the new
(subnormal) rate of visual cycle activity still causes an adverse effect on the metabolism or
integrity of the photoreceptors/RPE in the abnormal mileau of diabetes. Additional work in
this area is critical.

Phototransduction and the visual cycle may be novel therapeutic targets to inhibit the
retinopathy, but those pathways cannot be casually manipulated due to their importance in
visual function. The recent evidence that physiologic levels of light also can be used to
inhibit the disease process could open new avenues to treatment of retinal and ocular
diseases, but data is yet needed to establish safety and efficacy. The recent failure of the
CLEOPATRA trial (testing if chronic suppression of the rod cell “dark current” at night via
low intensity light could inhibit DME) is disappointing, but the results obtained suggest that
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the failure might have been due more to patient non-compliance due to how the light was
delivered, rather than a flaw in the scientific hypothesis being tested. Additional research on
light and photobiomodulation as a therapeutic approach to inhibit DR, other retinopathies,
and other systemic diseases is warranted, especially in light of the uncertainty of whether the
outer retina plays a primary role in the effects of the light (as opposed to the light therapy
acting systemically).

Altogether, results suggest that cells of the outer retina play an important role in the
pathogenesis of retinal vascular and neuronal damage or dysfunction in diabetes (either
directly or indirectly) (Fig 13). Abundant evidence has been developed regarding the
participation also of other cell-types in the development of the retinopathy, so evaluation of
the relative importance of all of these various cell-types can be expected to provide useful
insight into the best therapeutic targets at which to inhibit the retinopathy.
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Fig 1.

Drgawing of retinal architecture and the relation of the retinal vasculature to retinal
photoreceptor cells. The retina is highly organized, with nuclei in the ganglion cell layer,
inner nuclear layer and outer nuclear layer appearing in discrete layers. Between these
nuclear layers are plexiform layers where processes from neural and glial cell-types
intermix. Outer segments of the retinal photoreceptors interdigitate with the retinal pigment
epithelium (RPE) to maintain the visual cycle and vision. The vasculature supplying the
retina comes from two different sides, with the photoreceptors supplied by choroidal vessels
below the retina, and the inner retina supplied by vascular networks within the inner retinas.
Retinal microvessels do not directly interact with photoreceptor cells. Drawing of retina
showing neural cells and the 3 layers of the retinal vasculature (left side of figure) is
reproduced from Z. Fu et al, International Journal of Molecular Sciences 2020, 21, 1503
under the terms of the Creative Commons Attribution 4.0 International License (http:/
creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium.
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Fig 2.

Mgethods currently used to assess retinal morphology, including the outer retina. () Retinal
cross-section (hematoxylin and eosin stained retina); (b) optical coherence tomography
(OCT) showing various retinal layers (ILM, Inner Limiting membrane; ONL, Outer Nuclear
membrane; BM, Bruch’s membrane; RPE, retinal pigment epithelium); (c) color fundus
photography (optic nervehead is indicated by O.N.; retinal vasculature is indicated by
arrows; exudates are seen to the left of the fovea (yellow dashed circle)); (d) 2-photon
microscopy with adaptive optics to generate a 3-dimensional picture of the retina/RPE
interface in wildtype mice after intravitreal injection with peanut agglutinin tagged with
rhodamine. RPE is at the top of the image at z=0 pm, cone synaptic terminals are at the
bottom, around z=80 um. A macrophage, just under the RPE and around 30 um in diameter,
is indicated with yellow arrow. Cone outer segments are indicated with blue arrows and cone
inner segments are indicated with red arrows.
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Fig 3.
Rgduction in number of S-cones in retinas from diabetic patients. Enzyme histochemical
reaction for carbonic anhydrase produces a black reaction product which labels L/M-cones,
but not S-cones (arrows) or rods. Figs a and b are from the photoreceptor layer of the retina.
Compared to nondiabetic patients (a), retinas from diabetic patients have a relative absence
of carbonic anhydrase-negative S-cones (b). A summary of the density of (c) S-cones and (d)
L/M cones at various retinal eccentricities shows significantly lower mean S-cone density at
most eccentricities in diabetic patients compared to nondiabetic controls. Asterisks (*)
indicate that differences in means are significant different between diabetic and nondiabetic
patients. This figure is modified from figures 9, 12 and 13 in an article entitled, “Acquired
color vision loss and a possible mechanism of ganglion cell death in glaucoma” in the Trans
Am Ophthalmol Soc 2000;98: 331-63, and is republished with permission of the American
Ophthalmological Society.
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Fig 4.

Diabetes increases oxidative stress in the outer retina of diabetic rodents. (a) Oxidative stress
was detected particularly in inner/outer segments of retinal photoreceptor cells of mice
diabetic for 2 months compared to age-matched nondiabetic mice. Oxidative stress was
detected in cryosections stained with dichlorofluorescein, with green indicates sites of
oxidative stress, and blue staining of nuclei stained (DAPI). Retinal layers are indicated by
abbreviations between the two figures. (b) Diabetes (D) of 2 months duration also decreased
retinal activity of superoxide dismutase compared to that in nondiabetic (N) rats, and this
decrease was inhibited by dietary supplementation with antioxidants. (c) Continuously
produced paramagnetic free radicals from the outer retina measured in vivo using high-
resolution 1/T1 magnetic resonance imaging (MRI) shows that only the outer retinal 1/T1
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values from diabetic animals were significantly greater than normal, and were corrected to
baseline with antioxidant therapy. Fig 4b reproduces a portion of Fig 2 in Free Radic Biol
Med, Vol 26, Kowluru RA, Engerman RL, Kern TS, 1999. Abnormalities of retinal
metabolism in diabetes or experimental galactosemia. VVI. Comparison of retinal and
cerebral cortex metabolism, and effects of antioxidant therapy. Pages 371-378,1999, with
permission from Elsevier. Fig 4c was reprinted with permission from Berkowitz BA, Bredell
BX, Davis C, Samardzija M, Grimm C, Roberts R. Measuring In Vivo Free Radical
Production by the Outer Retina. /nvest Ophthalmol Vis Sci. 2015;56:7931-7938. © 2015
ARVO.
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Fig 5.

Digabetes impairs rod cell function as assessed by ERG. Figure (a) illustrates how latency
and amplitude (L, and a, respectively) of the a-wave, as well as latency and amplitude (L
and b respectively) of the b-wave of the ERG are determined. Figure (b) illustrates that
diabetes significantly slows a-wave implicit time in diabetic patients (n=58) compared to
nondiabetic patients (n=21). (a) is reproduced from Perlman, Ido. “The Electroretinogram:
ERG . Webvision. Moran Eye Center, January 25, 2012. Web. June 10, 2020. http://
webvision.med.utah.edu/book/Part X1: Electrophysiology /The Electroretinogram: ERG/
under a Attribution, Noncommercial 4.0 International (CC BY-NC) Creative Commons
license. Fig 5b is drawn from data reported in (Bresnick and Palta, 1987).
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Fig 6.

Mgethods used to assess the retinal vasculature. (a) fluorescein angiogram, (b) optical
coherence tomography-angiography (OCT-A), (c) trypsin digest preparation. In (a), optic
nervehead is indicated by O.N., retinal arterioles (thinner arrows) and venules (thicker
arrows) are indicated by yellow arrows, fovea is indicated by yellow dashed circle, and
numerous microaneurysms are indicated by small fluorescent dots (thin white arrows). In
(b), the yellow dashed circle outlines the fovea. Erythrocyte flow is indicated as white lines
in this static image. There are no microvessels within the fovea. Red circles demonstrate
microaneurysms, and yellow arrows point out areas of capillary nonperfusion in a diabetic
patient. In isolated microvessels (c), endothelial cell nuclei (e; red arrows) are oval shape,
whereas pericytes (p; black arrows) are darkly stained and protrude out from the vascular
profile. Degenerated retinal capillaries (thick yellow arrows) occur in both nondiabetic and
diabetic animals and humans, but are more numerous in diabetics.
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Fig 7.
Two lines of evidence indicate that retinal photoreceptor cells play a role in retinal capillary
degeneration. First, molecular alterations that are unique to retinal photoreceptor cells
(deletion of opsin (gpsin™") or knock-in of the P23H mutant opsin (Rho”23/P23H)) led to
the degeneration of retinal capillaries in nondiabetic animals. Second, the diabetes-induced
degeneration of retinal capillaries was inhibited if induction of diabetes was delayed until
after photoreceptors had degenerated in these models. (a) summarizes retinal capillary
degeneration in nondiabetic (N) and diabetic (D) wildtype (Wt), opsin™~ and RhoP23H/P23H
mice (10 months of age, 8 months of diabetes). (b) shows representative preparations of the
isolated retinal vasculature from each of the experimental groups. Arrows illustrate
representative degenerate capillaries. Data summarized in (c) show that retinal capillaries
actively degenerate in young opsin™~ nondiabetic mice while photoreceptors are present but
degenerating due to the opsin deficiency (up to approx. 14 weeks of age), but then the
capillary degeneration slows substantially after the photoreceptors have degenerated (after
14 weeks of age). Reprinted from Liu H, Tang J, Du Y, et al. Photoreceptor Cells Influence
Retinal Vascular Degeneration in Mouse Models of Retinal Degeneration and Diabetes.
Invest Ophthalmol Vis Sci 2016;57:4272-4281. © The Authors. Licensed under a CC BY-
NC-ND license.

Prog Retin Eye Res. Author manuscript; available in PMC 2022 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Tonade and Kern

Q

Relative Retina Permeability

6

Ocular ischemia-reperfusion injury (IR) increases retinal vascular permeability in normal
mice, and this increase is significantly (but partially) inhibited in the absence of visual cycle
activity (due to knockout of Lrat (a) or the absence of light (b)). *< 0.05, **< 0.01, ***<
0.001, or ****< (0.0001 Reprinted from Figs 2c and 3c in Dreffs A, Lin CM, Liu X, et al.
All-trans-Retinaldehyde Contributes to Retinal Vascular Permeability in Ischemia
Reperfusion. /nvest Ophthalmol Vis Sci. 2020;61(6):8. © The Authors. Licensed under a CC
BY-NC-ND license.
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Phototransduction and its role in the development of early stages of diabetic retinopathy. (a)

Absorption of a photon of light by rhodopsin results in photoisomerization of the

chromophore to all-frans-retinal, which leads to transduction of this signal to cGMP-gated
ion channels on photoreceptor cells. Deletion of Gnatl, the gene responsible for expression
of transducinl in rod cells, prevents phototransduction in those photoreceptor cells. Deletion

of Gnatl in diabetic mice did not inhibit the diabetes-induced increase in (b) retinal
superoxide, but did significantly inhibit the (c) degeneration of retinal capillaries in mice
diabetic for 8 months. This inhibition of phototransduction had variable effects on
permeability, significantly inhibiting the leakage of albumin into the neural retina in the

inner plexiform layer (c), but not significantly inhibiting it in the outer plexiform layer (d).

(N; nondiabetic mice, WT, wildtype mice). Figures (b) and (c) are reprinted from Liu H,

Tang J, Du Y, et al. Transducinl, Phototransduction and the Development of Early Diabetic

Retinopathy. /nvest Ophthalmol Vis Sci. 2019;60:1538-1546. © The Authors. Licensed
under a CC BY-NC-ND license.
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Fig 10.

Visual cycle and its role in the development of early stages of diabetic retinopathy. (a) The
visual cycle refers to the steps to regenerate 11-c/sretinal after photoisomerization to all-

trans-retinal. Rod photoreceptor cells depend on the output of 11-cis-retinal from adjacent
RPE cells, and activity of RPE65 in RPE cells is a critical step in this process. (b) Deletion
of RPEG5 inhibited the diabetes-induced degeneration of retinal capillaries compared to that
in wild type control mice diabetic for ~6 months. Likewise, daily administration of the
RPEB5 inhibitor, retinylamine (Ret-NHy), to diabetic (D) mice for 8 months inhibited the (c)
degeneration of retinal capillaries and (d) leakage of albumin into the neural retina in mice
compared to age-matched nondiabetic (N) controls. The leakage of albumin into the neural
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retina was determined by the leakage of injected FITC-BSA into the neural retina. Figure b
was modified from (Thebeau et al., 2020) and available under the Creative Commons CC-
BY-NC-ND license, and (c) and (d) are reprinted from (Liu et al., 2015) with permission of
the American Society for Biochemistry and Molecular Biology.
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Fig 11.
Diabetes reduces functional activity of photoreceptors (a-wave; initial downward deflection

of ERG line) and inner retina (b-wave; upward curve after a-wave), as determined by
scotopic ERG using sub-maximal flashes (a, b). These studies were conducted using db/db
mice, a genetic model of type 2 diabetes. After 3 months of continuous darkness, the db/db
mice displayed a-wave responses across all stimulus luminances that were similar to those of
nondiabetic db/m controls (b). These figures are Figs 3c and e from (Thebeau et al., 2020),
and are reprinted under a Under a Creative Commons license.
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Noninvasive application of far-red light (670 nm; 6 joules/cm?2) for 4 minutes per day to
diabetic (D) mice for 8 months inhibited the diabetes-induced (a) degeneration of retinal
capillaries, (b) leakage of FITC-albumin into neural retina at the level of the outer plexiform
layer, and reductions in (c) spatial frequency threshold and (d) contrast sensitivity. N;
nondiabetic controls. Reproduced from (Cheng et al., 2017) © 2017 by the American

Diabetes Association.
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Fig 13.
Postulated contribution of the outer retina to the development of early stages of DR. Grey
lines represent areas that are outside of the topic of this review.
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Table 1.

Studies that report structural changes in the outer retina in diabetes.

Page 84

in the moderate/severe
NPDR and PDR

Species | Strain Duration of Type of Diabetes Photoreceptor RPE Reference
diabetes abnormality abnormality
Rats Wistar 6 weeks Streptozotocin (Type Reduced photoreceptor - (Bueno et al., 2020)
| diabetes) cell density
Rats Wistar & 12 weeks Streptozotocin (Type OS shortening in rods, Reduced RPE (Enzsoly et al., 2014)
Sprague- | diabetes) M-cones, and S-cones. thickness
Dawley
Rats Sprague- 1- 24 weeks Streptozotocin (Type Apoptosis - (Park et al., 2003)
Dawley | diabetes)
Rats Goto- 6-12 months Type Il diabetes Outer retinal edema and | - (Omri et al., 2013)
Kakizaki rat loss of S-cone
photoreceptors
Rats Otsuka Long- | ~14 months Type Il diabetes Reduction in number of | Decreased (Lu etal., 2003)
Evans nuclei in ONL height of RPE
Tokushima
Fatty
(OLETF)
Mice BALB/c Unspecified Streptozotocin & Reduction in ONL - (Ren etal., 2016)
high fat diet (Type Il thickness
diabetes)
Mice C57BL/6J 8 weeks Streptozotocin (Type Loss of rods but not - (Piano et al., 2016)
| diabetes) cones
Mice C57BKS/ 8 weeks ab/ab (Type Il Reduced ONL - (Tang et al., 2011)
diabetes) thickness
Mice C57BKS/ 8-24 weeks ab/ab (Type Il Reduced ONL - (Bogdanov et al.,
diabetes) thickness 2014)
Mice C57BL/6J 3-9 months Ins2Kia (Type | Modest cone - (Hombrebueno et al.,
diabetes) photoreceptor 2014)
Mice Not stated 7-8 months Ins2Kia (Type | Disorganization and - (Fuetal., 2018)
diabetes) thinning of inner and
outer segments
Rodent | Meriones Up to 7 months | High fat diet (Type Il Decrease in number of Damaged RPE (Hammoum et al.,
shawi diabetes) cones and 2017)
photoreceptor OS
Human | - 18 + 5 years Type | or 1l diabetes Oulter retina layer - (Eliwa et al., 2018)
thinner in DME
Human | - 22+13 years Type | or 1l diabetes Decreased cone density | - (Lammer et al., 2016)
Human | - 13 years Type | or 1l diabetes Abnormal cone packing | - (Nesper et al., 2017)
arrangement
Human | - Unspecified Type | or 1l diabetes Selective S-cone loss - (Cho et al., 2000)
Human | - Unspecified Type | or 1l diabetes Thinning of (Boynton et al., 2015)
RPE in PDR
Human | - 8-37 years Type | diabetes Reduced cone density - (Lombardo et al.,
2014; Lombardo et
al., 2016)
Human | - Unspecified Unspecified Increase in ONL - (Wanek et al., 2016)
thickness
Human | - 16-18 years Type Il diabetes Reduced cone density - (Soliman et al., 2016)

Key:0S, Outer Segment; IS, Inner Segment; ONL, Outer Nuclear Layer; RPE, Retinal Pigment Epithelium; DME, diabetic macular edema; DR,
diabetic retinopathy, PDR, proliferative diabetic retinopathy;
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Table 2.

Studies that report no structural changes in the outer retina in diabetes.
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Species Strain Duration of Type of Diabetes Photoreceptor RPE Reference
diabetes abnormality abnormality
Rats Sprague- 12 weeks Streptozotocin No apoptosis in ONL - (Enzsoly et al., 2014)
Dawley (Type | diabetes)
Rats Sprague- 4-5 weeks TetO rats (Type Il No change in ONL - (Reichhart et al.,
Dawley diabetes) nuclear density 2017)
Mice C57BL/6J 6 weeks Streptozotocin No change in ONL cell - (Moore-Dotson et al.,
(Type | diabetes) number 2016)
Mice C57BL/6J 2-14 weeks Alloxan (Type | No apoptosis or reduction - (Martin et al., 2004)
diabetes) in thickness of the outer
retina
Mice C57BL/6J 15-90 days Alloxan (Type | No apoptosis or reduced - (Gaucher et al., 2007)
diabetes) thickness in the outer
retina
Mice C57BL/6J 3-9 months Ins2AKita (Type | No rod photoreceptor loss | - (Hombrebueno et al.,
diabetes) 2014)
Mice C57BL/6J 8 months Streptozotocin No change in ONL - (Liu etal., 2016)
(Type | diabetes) thickness; no ONL cell
loss
Mice C57BL/6J 8 months Streptozotocin No change in ONL - (Tonade et al., 2017)
(Type I) thickness; no ONL cell
loss
Canine Beagle 5 years Alloxan (Type | No change in ONL, IS/OS | - (Tonade and Kern,
(Dogs) diabetes) thickness 2017)
Human Unspecified Unspecified ONL thickness increased - (Wanek et al., 2016)
in no DR diabetics; no
change in NPDR
Human - > 5 years Type | diabetes No change in cone density | - (Tan et al., 2015)
Human - Unspecified Unspecified No reduction in ONL - (Wanek et al., 2016)
thickness
Human - 5-10 years or Type Il diabetes No change in No reduction (Tavares Ferreira et
more photoreceptor ONL in RPE al., 2016)
thickness
Human - 9-15 years - No change in ONL - (Gerhardinger et al.,

1998)

Key:0S, Outer Segment; IS, Inner Segment; ONL, Outer Nuclear Layer; RPE, Retinal Pigment Epithelium
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Table 3.

Reported changes in shape of outer retinal cells in diabetes.

Page 86

Species | Strain | Duration of Type of Diabetes Photoreceptor abnormality RPE abnormality Reference
diabetes
Rats Wistar | 3 weeks Streptozotocin (Type | Reduced cone cell OS and - (Szabadfi et al.,
| diabetes) number 2012)
Human | - 5-25 years Unspecified PDR patients having abnormal | PDR patients (Kang et al., 2016)
RPE fluorescence had thinner having abnormal
outer retina than patients with RPE fluorescence
normal RPE fluorescence had thinner outer
retina than patients
with normal RPE
fluorescence
Human | - Unspecified Type | or 1l diabetes Thinning of Outer Segments - (Ozkaya et al.,
at foveal center in DME 2017)
Human | - 1S/OS damage due to DME - (Muftuoglu et al.,
2017a)
Human | - Unspecified Type |l diabetes Reduced thickness of ONL - (Tavares Ferreira et
al., 2017)
Human | - 5-10 years or Type Il diabetes Reduced thickness of 1S/OS - (Tavares Ferreira et
more al., 2016)
Human | - Unspecified Type | or 1l diabetes Selective S-cone loss; Thinning of RPE (Cho et al., 2000)
Reduced ONL, IS, and OS
thickness
Human | - Unspecified Type | or 1l diabetes Selective S-cone loss; Thinning of RPE (Boynton et al.,
Reduced ONL, IS, and OS 2015)
thickness
Human | - > 5 years Type I and I1 Reduced thickness in Thinning of RPE (Bavinger et al.,
diabetes photoreceptor IS and OS 2016)
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