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Optopharmacological tools for restoring visual function in
degenerative retinal diseases

lvan Tochitsky! and Richard H Kramer
Department of Molecular and Cell Biology, University of California, Berkeley, CA 94720, USA

Abstract

Retinitis pigmentosa (RP) and age-related macular degeneration (AMD) are progressive retinal
diseases that result from the death of rod and cone photoreceptors, ultimately leading to blindness.
The only currently approved vision restoration treatment employs an implanted retinal ‘chip’ as a
prosthetic device to electrically stimulate retinal neurons that survive after the photoreceptors are
gone, thereby restoring light-driven neural signaling to the brain. An alternative strategy has been
proposed, which would utilize optogenetic or opto-pharmacological tools to enable direct optical
stimulation of surviving retinal neurons. Here, we review the latest studies evaluating the
feasibility of these molecular tools as potential therapeutics for restoring visual function in human
blinding disease.

Retinitis pigmentosa (RP) and age-related macular degeneration (AMD) are degenerative
retinal disorders that lead to the progressive loss of rod and cone photoreceptors from the
retina, leading to varying degrees of vision loss. Unfortunately, rods and cones do not
regenerate, so the two million people around the world suffering from RP face the prospect
of irreversible visual decline [1]. To address this unmet clinical need, several methods for
reanimating the blind retina have been advanced in recent years [2-4]. Broadly speaking, the
proposed strategies for restoring visual function focus either on replacing the photoreceptor
cells lost due to degeneration (e.g. with stem cell progenitors) or electrically or chemically
manipulating the surviving non-photoreceptive neurons to restore light-driven signaling to
the brain. This review will focus on the latter strategy, with a special focus on recent
developments in the field.

The light response of rods and cones is transmitted through the neural circuitry of the retina,
culminating in the retinal ganglion cells (RGCs), through which all visual information is
funneled to the brain. Synaptic connections in the retina undergo profound remodeling as
photoreceptor degeneration progresses [5-7], with morphological changes happening
quickly in the outer retina and extending to the inner retina in late stages of disease [8].
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However, the number of RGCs somata and the number of their axons in the optic nerve
stays constant, implying that RGCs retain their normal connections to the brain. Since visual
information is transmitted to the brain via a spatially and temporally encoded pattern of
RGC action potentials, vision might, in principle, be restored by artificially stimulating
RGCs to reproduce their normal output.

The first method for stimulating surviving retinal neurons involves the use of a surgically
implanted electronic prosthetic — an array of stimulating electrodes that triggers the firing
of nearby neurons. These stimulating electrodes can be electronically controlled by an
external camera or contain a photovoltaic diode [9] to convert optical stimuli into electrical
currents. Current electronic prosthetics can be implanted either subretinally or epiretinally
and typically consist of a few dozen to a few hundred electrodes [10] although newer
devices with higher electrode density are under development [9]. The 60 electrode ARGUS
Il epiretinal implant has restored simple shape discrimination to blind patients [11]
indicating that artificial stimulation of RGCs in vivo can generate a useful visual experience.
Recently, this implant was approved for clinical use by the FDA — making electronic
prosthetics the only currently available treatment for blind RP patients.

Despite promising results from early clinical trials, retinal implants suffer from a number of
limitations. First, implantation of the retinal chip requires invasive surgery. Second, even if
the procedure is successful, the restored visual acuity is low. The healthy human retina
contains ~1.2 million RGCs, but current retinal chips contain only a few dozen to a few
hundred electrodes spaced 100-200 um apart, up to 10-fold wider than the packing density
of RGCs [12]. In the central retina, RGCs are not spread in a monolayer but rather piled
several stories high, making selective electrical stimulation of individual cells difficult if not
impossible. At present, the resolution provided by retinal prosthetics is several orders of
magnitude lower than the theoretical limits imposed by the RGC density in the macula, the
retinal region crucial for high-acuity vision. The stimulated area of the retina is likewise
limited by the physical size of the chip, which typically only covers the central 20 degrees of
vision in the macula [13]. Larger chips with higher electrode densities can be manufactured,
but may result in problems with power delivery or crosstalk between neighboring electrodes
[14].

Two alternative strategies have been proposed to overcome these limitations. The first
involves the expression of light-sensitive microbial opsins, which can generate depolarizing
or hyperpolarizing electrical currents in response to light (Figure 1a). Viral delivery of genes
encoding optogenetic tools, including light-activated channels [15¢,16-18], transporters
[19¢], or receptors [20-22] can bestow light-sensitivity on retinal neurons that survive after
photoreceptor degeneration. Expression of optogenetic tools in RGCs [20], bipolar cells
[16,23], or surviving cone remnants [19¢] can restore light-elicited behavioral responses in
mouse models of RP. In principle, such treatments can confer light-sensitivity to all neurons
of a particular cell type, allowing for high visual acuity. However, in practice, the efficiency
of viral transduction tends to be low, resulting in the expression in a minority of targeted
cells, for example ~5% of mouse bipolar cells [16] or 5-10% of marmoset RGCs [24],
although new viral vectors with improved transduction efficiencies are under development
[23].
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So far, the only type of gene therapy approved for clinical trials involves adding a wild-type
human gene to compensate for a dysfunctional or null mutant allele, as has been
accomplished successfully in treating Leber’s congential amaurosis [25]. All viral-mediated
gene therapies carry the risk of triggering immune responses [26], but there are additional
challenges in genetically introducing a microbial opsin for vision restoration. Microbial
optogenetics require the robust expression of an alien gene in humans, an unprecedented
medical intervention. High level expression of a microbial opsin can alter neuronal
morphology and function [27], with uncertain long-term consequences. Light responses can
be restored with the gene encoding melanopsin, an opsin from intrinsically photosensitive
RGCs [21], but melanopsin-mediated light responses are small, slow and persistent, and they
may not be adequate for visual perception. A two-component approach, involving
exogenous introduction of a kainate receptor and intraocular drug injection, can also restore
light responses [20], but the combined hurdles of gene therapy and repeated intraocular drug
administration will be difficult to surmount for clinical applications. In general, the potential
permanence of optogenetic interventions might be favorable in the absence of complications
but any deleterious side effects of these treatments could be very difficult or even impossible
to reverse.

We have developed yet another strategy, which utilizes light-sensitive drugs (opto-
pharmacological tools) for conferring light-sensitivity onto endogenous voltage-gated ion
channels in retinal neurons. This approach requires no genetic modification. By adding a
photoisomerizable small molecule (a ‘photoswitch’) light can be used to manipulate
endogenous channels and thereby control action potential firing in retinal neurons (Figure
1b) [28-30]. The first such photoswitch developed, called AAQ (Figure 2a), is a light
sensitive potassium channel blocker. When applied onto the retina of blind rd1 mice, AAQ
enables robust light responses, as observed in extracellular and intracellular
electrophysiological recordings [31+¢]. AAQ photosensitizes multiple types of retinal
neurons, primarily amacrine cells, resulting in synaptically amplified responses and center-
surround antagonism in RGCs. Beyond electrophysiology, a single intravitreal injection of
AAQ is sufficient to restore the pupillary light reflex and simple light avoidance behaviors
in blind mice in vivo.

Despite its ability to restore visual function to blind mice, several adverse properties of AAQ
probably preclude its therapeutic use in humans. Photoswitching of AAQ requires high
intensity, UV light and its effect in vivo lasts for only one day after an intravitreal injection
[31e¢]. The human lens filters out most UV light [32] and repeated exposure to high intensity
light can be damaging [33]. AAQ’s short half-life (<one day) would necessitate frequent
injections of the compound into the eye, which is unsuitable for long-term treatment in
humans. To overcome these shortcomings we tested several candidate photoswitch
compounds whose action spectra we found to be red-shifted. The most promising is
DENAQ (Figure 2b), which responds to visible light in the blue-green range (450-550 nm)
and turns off rapidly in the dark [34].

Like AAQ, DENAQ confers robust light responses onto RGCs from blind rd1 mice (Figure
2c,d) [35¢¢]. These responses can be elicited with broad spectrum white light of intensity
typical of daylight, in the mid-photopic range. The light response terminates within several
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hundred milliseconds after light offset [35¢], allowing for the detection of moderate
frequency visual stimuli. The DENAQ-mediated light response is spatially precise, allowing
for pinpoint stimulation of illuminated RGCs and suggesting that high-acuity vision might
be possible. Unlike AAQ, DENAQ primarily targets RGCs themselves, since blocking
synaptic inputs onto RGCs did not alter the light response.

A single injection of DENAQ in vivo photosensitizes blind mouse retinas for up to a week,
considerably longer than AAQ, without any evidence of toxicity. Newer photoswitches with
more prolonged lifetimes in the eye are under development and encapsulation in slow
release biodegradable polymers may enable even longer-term drug delivery to minimize the
frequency of intraocular injections [36]. Like AAQ, DENAQ restores light perception in
blind mice, allowing treated animals to use light stimuli in a learned behavioral task.

Photoreceptor degeneration in human RP begins in the periphery and progresses centrally
over many years, leaving most patients with ‘tunnel vision’, long before complete loss of
light perception [1]. DENAQ injected into the eye can diffuse through the vitreous to reach
the entire retina, potentially affecting both degenerated and normal regions. This makes it
important to evaluate the effects of DENAQ not only on degenerated retinas from mutant
mice, but also on normal retinas from wild-type mice. To our great surprise, we discovered
that DENAQ has almost no effect on the normal, rod/cone-mediated light response of wild-
type retinas, in contrast to its robust effect on retinas from a variety of animal models of RP
[35¢¢]. DENAQ affects several types of voltage-gated ion channels in rd1 RGCs, including
potassium channels and hyperpolarization activated, cyclic nucleotide gated (HCN)
channels. Nonetheless, we determined that HCN is crucial for the DENAQ-mediated light
response. Presumably, rod/cone degeneration leads to changes in HCN channel expression
or function in RGCs, and these underlie DENAQ’s disease-specific effects. The nature of
the ‘degeneration signal’ that triggers changes in RGCs is still unknown.

Since photoswitches are drug-like small molecules, they have several potential advantages
over optogenetic and retinal prosthetic strategies for vision restoration. The effect of the
photoswitches is reversible, allowing dosage to be adjusted to maximize efficacy and
minimize toxicity. Unlike other vision restoration technologies that commit a patient to one
course of treatment, photoswitch treatment can be initiated or terminated as necessary, and
improved photoswitch compounds with higher light sensitivity and faster response kinetics
can be deployed to patients as they are developed. The disease-selectivity of DENAQ and
related compounds could also prove useful in the clinic. These compounds might bypass
healthy parts of the retina and target blind regions. If so, this could fill in the gaps in the
visual world, which would be especially valuable for patients suffering from localized forms
of degeneration, perhaps including AMD. Finally, if they prove safe in preclinical testing on
animals, the simplicity and reversibility of the photoswitch approach may streamline
regulatory approval by the FDA for clinical trials as an Investigational New Drug (IND).

Ideally, a vision restoring therapy would be tested in primates with eyes similar to ours, but
no good primate model of inherited retinal degeneration is available. Instead of primates,
mouse and rat models of RP are the best available options for preclinical testing. In mice and
rats, various mutations in the phototransduction machinery can lead to photoreceptor
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degeneration that progresses at different rates [37,38]. Large animal models of inherited
photoreceptor degeneration such as dogs and pigs also exist [38—40], but are expensive and
have long generation times. Despite the well characterized retinal degeneration in animal
models, the integrity of the downstream components of the visual system in the brain has
received remarkably little attention. It is unknown whether the circuitry of the thalamus or
the visual cortex is altered, as has been shown in blind human patients [41]. Moreover, it is
possible that gain-adjusting modulatory mechanisms involved in visual attention may be
altered in blind animals, perhaps taking visual recognition partly or fully ‘offline’. Our
incomplete understanding of the visual system in a blind animal makes it difficult to predict
whether visual perception will be regained when retinal light responses are restored. Till
date, both optogenentics and opto-pharmacology have been able to restore simple light/dark
discrimination behaviors in blind rodents, but no treatment has yet convincingly restored
object recognition.

The ultimate test of how well restoration of retinal photosensitivity translates into vision will
depend on evaluation in blind humans. The recent technological advances discussed in this
article are highly encouraging and the next few years may see one or more clinical trials
employing these technologies on RP patients, hopefully with a successful outcome.
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Figure 1.
Optogenetics and Optopharmacology: two strategies for restoring visual responsiveness to

degenerated retina.
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Figure2.
Optopharmacological tools restore light responses to the retinas of blind mice. (a, b)

Photoisomerization of AAQ and DENAQ, two ion channel photoswitches. (¢) Multi-
electrode array recordings from retinal ganglion cells (RGCs) in the retina of blind rd1 mice.
Before DENAQ treatment light has no effect on firing, after DENAQ treatment light
increases RGC firing. Top shows raster plots of individual RGC activities, bottom shown
average of all RGCs.
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