UC Irvine
UC Irvine Previously Published Works

Title
Do photoreceptor cells cause the development of retinal vascular disease?

Permalink
https://escholarship.org/uc/item/9p70c26d

Author
Kern, Timothy S

Publication Date
2017-10-01

DOI
10.1016/j.visres.2017.03.011

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9p70c26q
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Vision Res. Author manuscript; available in PMC 2017 December 09.

-, HHS Public Access
«

Published in final edited form as:
Vision Res. 2017 October ; 139: 65-71. doi:10.1016/j.visres.2017.03.011.

Do photoreceptor cells cause the development of retinal
vascular disease?

Timothy S Kern

Departments of Pharmacology, Medicine, Ophthalmology and Visual Science, Case Western
Reserve University, Cleveland, OH 44106Veterans Administration Medical Center Research
Service 151, Cleveland, OH 44106

Abstract

The retinal vasculature is affected in a number of clinically important retinopathies, including
diabetic retinopathy. There has been a considerable amount of research into the pathogenesis of
retinal microvascular diseases, but the potential contribution of the most abundant cell population
in the retina, photoreceptor cells, has been largely overlooked. This review summarizes ongoing
research suggesting that photoreceptor cells play a critical role in the development of retinal
vascular disease in diabetic retinopathy and in models of photoreceptor degeneration.
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Introduction

The vasculature of the retina is adversely affected in a number of retinopathies, including
diabetic retinopathy, retinopathy of prematurity, and also in retinal degenerations. In
retinopathies where the vasculature is regarded as the central site of pathology (such as
diabetic retinopathy (DR)), a central research focus to explain the visual dysfunction has
been on the vasculature itself, but the potential contribution of photoreceptor cells (which
account for most of the mass and metabolic activity of the retina) to the vascular disease has
been largely overlooked. In genetic diseases that cause photoreceptor degeneration, in
contrast, there has been great focus on the photoreceptor damage, but little interest in the
retinal vasculature, even though the photoreceptor degeneration causes retinal capillaries to
become damaged or degenerate [1-7]. In recent years, evidence has begun to accumulate
implicating retinal photoreceptor cells in the pathogenesis of retinal vascular degeneration.
The goal of this review is to summarize recent evidence suggesting that photoreceptor cells
play a critical role in the development of retinal vascular disease in mouse models by
comparing DR (regarded clinically as a vascular disease) and models of photoreceptor
degeneration. The discussion will focus primarily on rods, since rod photoreceptor cells are
more prevalent than cones in the mammalian retina.
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Retinal photoreceptor cells

Photoreceptors are the most abundant cell-type in the retina [8], and are the most
metabolically active neuron in the central nervous system [9], and contain at least 75% of
total retinal mitochondria [10-14]. They serve a unique function in the body, absorbing light
and turning it into electrical energy that results in sight. When photoreceptors are struck by a
photon of light, ZZ-c/s retinal undergoes photoisomerization to a//-trans retinal, initiating a
signaling cascade that results in the closing of cGMP-gated ion channels, and
hyperpolarization of the photoreceptor cell. Even though it is clearly recognized that these
cells are metabolically active in light, they are active also in darkness, using ATP to maintain
ion gradients. The oxygen demand in rods has been calculated to more than double during
dark adaptation [15].

Photoreceptor cells and the retinal vasculature

Absorption of light by photoreceptors clearly affects the retinal vasculature under normal
physiologic conditions. This is easily demonstrated by the rapid change in retinal vascular
diameter after turning a light on and off (flicker) [16]. This neurovascular coupling likely
shows the response of the vasculature to changes in metabolic demand by photoreceptors
and other retinal cells in the presence and absence of light, although there is evidence that
light can directly influence the vasculature [17].

The effect of photoreceptors on the development of vascular diseases in the retina has been
less obvious. Two pieces of evidence, however, suggest an important role of retinal
photoreceptor cells in the development and progression of retinal vascular disease:

i. Beneficial effects of photocoagulation

Laser photocoagulation has been known for many years to inhibit progression of advanced
retinopathies including DR and age-related macular degeneration [18,19]. It has long been
accepted that one mechanism by which this beneficial effect is mediated in ischemic retinas
is at least in part by destroying significant numbers of photoreceptors and RPE cells, thus
resulting in reduced oxygen consumption due to fewer photoreceptor cells. As a result, there
is increased availability of oxygen for use by the remaining retinal cells. Since acute
destruction of photoreceptor cells can inhibit the progression of these retinal vascular
diseases, the data strongly suggests that photoreceptors are important in at least advanced
stages of those diseases. Evidence from the ETDRS (Early Treatment of Diabetic
Retinopathy Study) [20] indicates that photocoagulation has benefit also in somewhat earlier
stages of DR, but how much earlier in the development of the retinopathy that
photoreceptors contribute is not clear.

ii. Degeneration of the retinal vasculature in photoreceptor-specific diseases

The retinal vasculature is attenuated in genetic diseases that affect only photoreceptors,
including retinitis pigmentosa [21], and degeneration of the retinal microvasculature has
been detected also in mouse models of photoreceptor degeneration [2,4,7,22]. Since
rhodopsin expression is unique for the photoreceptor cells, the studies in opsin-deficient or
opsin-mutant animals clearly illustrate that photoreceptors can initiate dysfunction and
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degeneration of retinal capillaries (Fig 1). The vascular loss in retinal degenerations has
escaped widespread recognition, likely because photoreceptor degeneration is more serious
under those circumstances.

The mechanism by which the absence or degeneration of retinal photoreceptor cells in
diseases could cause degeneration of the retinal vasculature is only beginning to be
considered. The studies by de Gooyer et al [4] showed that opsin-deficient animals (whose
photoreceptors had undergone degeneration as a consequence of the opsin deficiency)
developed a significant reduction in vascular density, consistent with vaso-obliteration. Liu
et al [7] compared two mouse models of photoreceptor degeneration (gpsin™~ and
RhoP23H/P23Hy and control C57BI/5J mice, and showed that retinal capillary degeneration in
the two opsin mutants was substantial while photoreceptors were still present, but slowed
after the photoreceptors degenerated. Photoreceptor degeneration in the opsin mutants
studied happened quickly (essentially all photoreceptors were lost by 3-4 months of age),
and capillary degeneration likewise ensued rapidly in these animals, with a doubling of the
number of degenerate capillaries within the first month of life [7]. Thus, it was not the
absence of photoreceptors that damaged the retinal vasculature, but the presence of “sick” or
stressed photoreceptors that damaged the vasculature, likely by release of soluble factors
from the stressed photoreceptor cells that directly or indirectly led to the capillary
degeneration.

Both of the opsin mutants developed retinal oxidative stress and activation of leukocytes,
which might have contributed to the development of the retinal vascular disease. Activated
leukocytes have been shown by us to cause cytotoxicity to retinal endothelial cells [23-31].

Do retinal photoreceptors contribute to vascular lesions of DR?

Merely because photoreceptor cells play a role in dysfunction and degeneration of retinal
capillaries in severe degenerative retinopathies like those mentioned above, it is not
necessarily certain that similar mechanisms cause vascular lesions in DR. Nevertheless, it
has been recognized for years that the retinal vasculature is especially sensitive to diabetes,
even in comparison to the vasculature of the embryologically similar brain (grey matter)
[32]. This raises a possibility that something unique to the retina plays an important role in
the pathogenesis of the spectrum of lesions regarded as characteristic of DR. Consistent with
this, there is data specifically related to DR that suggests that photoreceptors play an
important role in the development of at least early stages of DR.

i. Influence of photoreceptor degeneration on retinal vessel disease in diabetes

Compared to nondiabetic /0™~ mice, de Gooyer et a/[6] reported that experimentally
diabetic R70™~ mice showed a significant survival of the retinal vasculature in both the
peripheral and central retina. The authors concluded that loss of the outer retina reduced the
severity of DR in that model. Feng et al likewise reported that diabetes (in a ciliopathy-
induced retinal degeneration rat) inhibited the vasoregression that occurred secondary to the
photoreceptor degeneration [33]. In contrast, other investigators studying the effects of
diabetes on the opsin-deficient mouse, as well as a different mouse having mutant opsin
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knocked in (RhoP23H/P23H) found that diabetes did not protect against the photoreceptor-
mediated degeneration of the retinal microvasculature [7].

ii. Absence of DR in diabetic patients having also retinitis pigmentosa

Results of a survey sent to a group of diabetic patients who also had retinitis pigmentosa
[34] suggested that diabetics who also had retinitis pigmentosa (and therefore, photoreceptor
degeneration) were protected from the development of DR. 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. The postulated mechanism for this
effect is that the dark current in rods accounts for considerable utilization of energy and
oxygen in the dark, making the retina borderline hypoxic at night. Therefore, elimination of
some rods (as happens in retinitis pigmentosa) should reduce this metabolic stress, and
thereby reduce the metabolic abnormalities that contribute to the retinopathy. Supplementing
with oxygen has been reported to reduce diabetic macular edema and improve aspects of
visual function in some diabetic patients [35], suggesting that oxygen insufficiency is
impacting the retina in these patients [36]). Whether or not oxygen insufficiency contributes
to the characteristic vascular pathology that develops early in DR is not known.

iii. Inhibitory effects of light on DR

Since there is overwhelming evidence that photoreceptor cells absorb light, studies using
light to inhibit or reverse vascular lesions of DR [31,37-42] strongly suggest that
photoreceptor cells are involved in the development of those retinopathies. Nevertheless,
those studies do not directly demonstrate a role of photoreceptors in development of the
retinopathy. Arden et a/[37,43] has studied diabetic patients to determine if sleeping without
total darkness (to reduce rod dark current) could improve diabetes-induced abnormalities in
retinal function and retinal thickness. Patients with mild non-proliferative diabetic
retinopathy and early, untreated non-sight-threatening macular edema slept for 6 months
wearing masks that illuminated the eyelid of one closed eye with 505 nm light of sufficient
intensity to suppress dark current in that eye. At 6 months, the number of treated eyes
showing intraretinal cysts was reduced by about one third, whereas untreated fellow eyes
showed almost a doubling of eyes showing intraretinal cysts. In the treated eyes, retinal
thickness was significantly reduced, and visual acuity, achromatic contrast sensitivity, and
microperimetric thresholds improved significantly. The authors concluded that sleeping in
dim light that keeps rods light-adapted has clinical benefit. A larger study of this approach is
ongoing [40]. An animal study investigating whether retinal neuronal and glial abnormalities
in early stages of diabetes were alleviated by preventing the rods from dark-adapting failed
to find a benefit in short-term studies [44], and the authors concluded that at least those
abnormalities were not exacerbated by rod photoreceptor O, consumption in the dark.

Kern and colleagues have been using a similar light-based approach (referred to as
photobiomodulation) to inhibit early DR, except that they have used far-red light (670 nm)
for only 3-4 minutes per day. Animal studies using albino rats and pigmented mice showed
that whole-body photobiomodulation inhibited diabetes-induced abnormalities in retinal
oxidative stress, inflammation, and electroretinogram [31,38], and very effectively inhibited
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diabetes-induced increases in capillary degeneration and accumulation of albumin in neural
retina (unpublished). In a case report series of diabetic patients having non-center involved
retinal edema, application of the same wavelength of light for an equally short interval daily
showed beneficial effects to reverse the edema in the treated eye [39].

A general conclusion of the studies described above is that metabolic stress that develops
within photoreceptors in certain diseases can contribute to the damage or degeneration of
retinal capillaries, and that the absence of photoreceptors can inhibit this capillary damage.
In contrast, evidence has been reported recently that comes to the opposite conclusion
[45,46]. Using Optical Coherence Tomography-Angiography on a small number of patients
with diabetic retinopathy, investigators found that macular photoreceptor disruption
corresponded with areas of capillary nonperfusion in the deep retinal vasculature. The
authors interpreted this as indicating that disruption of the deep retinal vasculature might
contribute to photoreceptor degeneration. Why the deep retinal vasculature would have such
a strong effect on photoreceptor survival seems puzzling, since available evidence has
indicated that the choriocapillaris, and not the retinal vasculature, provides photoreceptors
with most their oxygen and nutrients.

How might photoreceptor cells contribute to vascular damage in the retina?

i. Hypoxia

It is well known that photoreceptors account for much of the oxygen consumed by the retina,
and that this metabolism is increased during the dark [47,48], when the rod dark current
becomes maximal [49-51]. In the dark, oxygen consumption is greater than any other cell in
the retina [52]. Arden and coworkers provided evidence that the metabolic activity of
photoreceptors substantially affects the health and function of nearby retinal cells, especially
in the dark [36,37,53], and reported that the oxygen supply of the healthy retina is barely
adequate in the dark. Diseases might further impair oxygenation or health of the retina by
any of a variety of mechanisms. One potential mechanism might involve expression of
hypoxia-inducible factor (HIF)1a, which is a known master transcriptional regulator of a
variety of relevant cellular processes including vascularization and angiogenesis, energy
metabolism, cell survival, as well as tumor invasion. de Gooyer et al [4] showed that hypoxia
and expression of HIF1a and VEGF were significantly reduced in gpsin™~ mice compared
to wildtype mice, consistent with the postulate that the appreciable metabolism of
photoreceptors under wildtype conditions can induce retinal hypoxia, and the absence of
those photoreceptors reduced local oxygen consumption (and thus hypoxia and factors
induced by it). The extent to which the hypothesis that hypoxia drives the development also
of early DR (before the vasculature is compromised) requires additional study [54], but it is
interesting that the extensive capillary degeneration observed opsin-deficient animals by
both de Gooyer [6] and Liu [7] developed despite the apparent absence of hypoxia [4].

ii. Oxidative stress and induction of inflammatory proteins

Oxidative stress is a characteristic molecular abnormality in of the retina in diabetes, and
inhibition of that oxidative stress by feeding antioxidants or overexpressing antioxidant
enzymes has been shown to inhibit development of local retinal inflammation and
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subsequent vascular lesions of early DR [55-58]. Several years ago, we reported that
photoreceptor cells are the major site of that oxidative stress in the retina in diabetes [59],
and experimental or genetic degeneration of those photoreceptors inhibited the diabetes-
induced oxidative stress and upregulation of pro-inflammatory proteins. Consistent with the
theories of Arden and colleagues [37,41,53], the presence or absence of light affects the
retinal oxidative stress, resulting in the retinal oxidative stress caused by diabetes being
worse in the dark [59]. Photoreceptors express NADPH oxidase [60] and contain most of the
mitochondria found in the retina [61], and both of these can be sources of reactive oxygen
species [59,62,63].

Inflammation processes likewise have been implicated in the development of vascular
lesions of early DR [23-27,64]. With regard to contribution of photoreceptor cells to the
induction of pro-inflammatory cells in the retina in diabetes, laser microdissection to isolate
photoreceptor cells away from remaining retinal cells showed that diabetes increased mRNA
for inflammatory proteins such as iNOS and COX2 only in photoreceptors (and not in the
inner retina), demonstrating that induction of at least some inflammatory proteins within the
retina in diabetes occurs in photoreceptors. Expression of ICAM-1, in contrast, was induced
by diabetes in both the inner retina and photoreceptor cells [65].

iii. Release of soluble factors that activate nearby cells to damage the vasculature

Accumulating /n vitro and ex vivo evidence demonstrates that products released from
photoreceptors under diabetes-like conditions can alter nearby cells. 117 vitro studies showed
that incubation of photoreceptor-like (661W) cells in elevated glucose led to the release of
soluble factors that caused induction of TNFa production by leukocytes and endothelial
cells [65]. Likewise, using freshly isolated sheets of retinal photoreceptor cells [65], we are
finding that photoreceptors from diabetic mice (and R#0™~ mice) release numerous
cytokines and other products into the media in greater amounts than do photoreceptors from
normal control mice (unpublished). We postulate that the metabolic stress of diabetes (or
other abnormalities) causes retinal photoreceptor cells to the release soluble factors which
contribute to the damage of retinal microvessels, in part by activating nearby cells such as
endothelial cells and circulating leukocytes. We have previously reported that leukocytes
from diabetic patients or mice or from opsin mutant mice become activated to kill retinal
endothelial cells [7,23,26,28,29], and diabetic animals in whom photoreceptors degenerated
many months before no longer show the leukocyte-mediated killing of retinal endothelial
cells (Fig 2).

Photoreceptor cells and retinal neovascularization

Retinal photoreceptor cells have long been accepted to play a major role in retinal
neovascularization in ischemic diseases such as DR and oxygen-induced retinopathy, as a
result of their substantial metabolic activity consuming the limited amounts of oxygen. A
recent study of V/dlr”~ mice showed that dysregulated lipid and glucose metabolism within
photoreceptors leads to stabilization of HIF1a in the absence of hypoxia, with resulting
induction of VEGF and invasion of the normally avascular photoreceptor layer by new
vessels originating from the retinal vasculature [66]. Over-expression of VEGF in
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photoreceptor cells also causes neovascularization into the photoreceptor layer [67]. Thus,
this data provides further evidence that retinal photoreceptor cells influence the retinal
vasculature also in a stimulatory manner, potentially resulting in neovascularization in some
diseases.

Retinal pigment epithelium

This review has focused on photoreceptors, but the RPE has an important influence on
photoreceptors, thus potentially making the RPE a novel therapeutic target to inhibit
photoreceptor-mediated damage to the retinal vasculature. Retinylamine is a retinoid that
inhibits RPEG5 in the RPE, and has been found to significantly inhibit the diabetes-induced
oxidative stress, induction of inflammatory proteins, capillary permeability and capillary
degeneration that are characteristic of DR [29]. Because RPE65 is part of the visual cycle
that regenerates retinoids, this study raises a possibility also that the visual cycle might play
a previously unappreciated role in the pathogenesis of DR. The possibility that retinylamine
might interact also with retinoid receptors requires further study.

Future directions

Available evidence provides strong support for the concept that photoreceptors play an
important role in the pathogenesis of retinal vascular pathology in a variety of different
retinal diseases. The mechanisms known at present are summarized in Fig 3.

In order to more firmly establish the role of photoreceptors in the pathogenesis of retinal
vascular diseases such as DR, modern molecular approaches, such as photoreceptor-specific
gene knockouts of relevant enzymes will be useful. Very important for further investigation,
however, are the therapeutic opportunities of using photoreceptor cells as targets at which to
inhibit the development of diseases such as DR. Potential approaches include the use of light
(photobiomodulation) or agents that affect photoreceptors by direct or indirect means,
including retinylamine, and agonists and antagonists of G-protein coupled receptors [28]
(which are known to be prevalent in photoreceptors). Administration of other retinaldehydes
has corrected diabetes-induced photoreceptor dysfunction (including subnormal dark-
adapted rod photoresponses, rod-dominated light-stimulated expansion of the subretinal
space, and cone-dominated contrast sensitivity), potentially via an antioxidant mechanism
[68]. The extent to which the visual cycle contribute to the retinopathy, and the possibility
that light-initiated phototransduction or subsequent changes in photoreceptor ion channel
activities also might contribute to the molecular processes leading to DR merit further
investigation.
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Fig 1.

Phgotomicrographs illustrating degeneration of the retinal vasculature in response to a
molecular defect that occurs only in photoreceptor cells (P23H mutation of opsin). Diabetes
likewise causes capillary degeneration in wildtype animals, but at a much slower pace.
Samples collected at 10 months of age (8 months of diabetes). Representative degenerated
retinal capillaries are identified by arrows.
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Photoreceptor cells contribute to leukocyte-mediated killing of retinal endothelial cells.
Leukocytes from wildtype (WT) mice diabetic for 8 months were co-cultured with mouse
retinal endothelial cells. Leukocytes from WT diabetic mice caused more endothelial cell
death than did leukocytes from WT nondiabetic animals. Leukocytes from gpsin™~ animals
lacking photoreceptor cells who were likewise diabetic for the same duration were protected
from the diabetes-induced increase in leukocyte-mediated cytotoxicity to retinal endothelial
cells.Reprinted without change from Tonade, Liu; and Kern (2016) Photoreceptor Cells
Produce Inflammatory Mediators That Contribute to Endothelial Cell Death in Diabetes,
Invest Ophthalmol Vis Sci, .57, 4264-4271. Creative Commons Attribution (CC BY) license
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Summary of postulated roles of photoreceptors in the development of dysfunctional and

degenerating retinal capillaries.
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