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Abstract 
 

 
Remodeling of the Retina Following Photoreceptor Degeneration That Enables 

Targeted Azobenzene Photosensitization 
 

by 
 

Zachary Helft 
 

Doctor of Philosophy in Vision Science 
 

University of California, Berkeley 
 

Professor Richard H. Kramer, Chair 
 
 

Azobenzene photoswitches confer light sensitivity onto retinal ganglion cells in blind 
mice, making these compounds promising candidates as vision-restoring drugs in 
humans with degenerative blindness. Remarkably, photosensitization manifests only in 
animals with photoreceptor degeneration and is absent in wild-type animals with intact 
rods and cones. While retinal ganglion cells survive following photoreceptor death, they 
exhibit physiological changes, leading to heightened spontaneous activity and 
permissiveness to azobenzene photoswitch-reanimation. Here it is shown show that 
P2X receptors mediate photoswitch entry into retinal ganglion cells where they 
associate with upregulated hyperpolarization-activated cyclic nucleotide–gated 
channels, enabling light to control action potential firing. This remodeling is limited to 
morphologically identified OFF-retinal ganglion cells s, enabling selective and specific 
chemical photosensitization. This selectivity is not only for OFF-retinal ganglion cells 
within a degenerated retina, but also displays selectivity within a focally degenerated 
retina, where photoreceptor death is non-uniform. Retinoic acid, an important 
developmental morphogen, is also shown to be the signal that triggers 
pathophysiological retinal remodeling. Blocking retinoic acid signaling reduces 
remodeling and enhances light sensitivity in degenerating retinas. Enhancing retinoic 
acid signaling mimics pathophysiological remodeling in healthy retinas. A genetically-
encoded fluorescent reporter shows increased retinoic acid signaling during 
degeneration. Identification of retinoic acid as the local, degeneration-dependent 
initiator of remodeling presents a new therapeutic opportunity for boosting low-level 
vision and performance of retinal prosthetics during degenerative blindness. 
Understanding the changes that occur in a degenerating retina and the signal for these 
changes has broad implications for disease-specific drug delivery.  
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CHAPTER 1: Introduction 
 
1.1 Retinal Physiology and Degeneration 

1.1.1 General Physiology 
 

At the back of the eye, lies the very front of the brain. The retina is a highly organized 
neural tissue that is responsible for transducing electromagnetic radiation into a reliable 
and repeatable neural signal which the brain can then interpret to produce a visual 
perception of the world around it. The organized and relatively simple structure of the 
retina, compounded with the ease of access, has made it an appealing system to study 
neural function and circuit development. It is viewed as an exclusively efferent system 
with the only inputs being those introduced by light, and while the retina may be one of 
the most well understood neural circuits, there is still much to be learned both about its 
normal function and disease pathology.   
 
The retina is organized into three cell body layers (Fig 1.1, Kolb 2011). Light is focused 
by two refractive surfaces at the anterior of the eye, the cornea, followed by a crystalline 
lens (Rodieck, 1998), onto the retina, and more specifically, photoreceptor outer 
segments. In order to reach its cellular target, light must pass through the retina, making 
optical transparency of this tissue of utmost importance. Once light reaches the outer 
segments of photoreceptors, it causes a photoisomerization of 11-cis retinaldehyde 
which is covalently attached to a visual opsin, setting in motion a G-protein signaling 
cascade that hyperpolarizes the membrane and reduces neurotransmitter release 
(Arshavsky et al., 2002). In humans, rods, which mediate scotopic vision, make up 95% 
of photoreceptors and cones, which mediate photopic color vision, comprise only 5% of 
photoreceptors. Furthermore, most cones are found within the macula, the center of the 
visual field, to mediate the high-acuity color vision (Rodieck, 1998).  
 
Photoreceptors are extremely specialized and metabolically active neurons. They 
contain a large and highly modified cilium to house and transport the machinery of the 
phototransduction cascade. A single rod photoreceptor will have approximately 100 
million opsins organized onto 1000 discs within the outer segment, making them near 
single photon detectors (Lyubarsky et al., 2004). Maintenance of phototransduction 
machinery is accomplished by shedding apical discs which are phagocytosed by the 
RPE, which is also responsible for isomerizing all-trans retinal into the active 11-cis 
form, forming what is referred to as the visual cycle (Bok, 1993).  
 
Photoreceptors synapse onto horizontal cells and bipolar cells whose somas lie within 
the INL. Horizontal cells mediate negative feedback onto photoreceptors, representing 
the first tuning of receptive fields in the visual stream beyond the physical properties of 
the photoreceptors themselves (Rodieck, 1998). Bipolar cells split the visual signal into 
two response polarities, ON and OFF. That is, ON bipolar cells increase 
neurotransmitter release in response to an increment of light, while OFF bipolar cells 
increase neurotransmitter release in response to a decrement of incident light. This 
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discrepancy is mediated by differential glutamate receptor expression; kianate receptors 
mediate OFF responses and metabotropic glutamate receptors mediate ON responses 
(Borghuis et al., 2014).  Bipolar cells operate using graded potentials and release 
glutamate onto ganglion cells in the final and innermost nuclear layer of the retina, the 
ganglion cell layer (GCL). Again, at this synapse, receptive fields are further fine-tuned 
by both positive and negative feedback mediated by amacrine cells, whose cell bodies 
primarily lie within the INL of primate retinas. This feedback further refines receptive 
fields and begins the process of complex feature detection, such as motion, within the 
visual stream (Wei et al., 2010). 
 
Retinal ganglion cells convert the analog input from bipolar and amacrine cells into a 
digital output by encoding visual information into action potentials. All visual information 
that is communicated to the brain is funneled through ganglion cells which project to 
vision forming areas in the lateral geniculate nucleus (LGN), circadian photoentrainment 
areas within the suprachiasmatic nucleus (SCN), and oculomotor areas in the superior 
colliculus (Rodieck, 1998). Ganglion cells are the gatekeepers to vision, and without the 
integrity of their connections to the rest of the central nervous system (CNS) during 
blinding diseases, retinal prosthetics would be rendered ineffective. 

 
Figure 1.1 The Structure of the Human Retina  
From Kolb 2011. Rod and cone PRs, the transducers of visual signals, lie in the outermost layer 
of the retina. They are closely interdigitated with villi of the RPE which provide metabolic and 
visual cycle support. PRs release neurotransmitters onto horizontal cells, which provide 
negative feedback onto surrounding PRs, and bipolar cells, which relay this signal onto RGCs. 
At the synapse between RGCs and bipolar cells, amacrine cells further tune the receptive fields 
of RGCs via positive or negative feedback mechanisms. RGCs encode this signal into action 
potentials which travel along their axons in the nerve fiber layer and exit the globe to form the 
optic nerve. 

1.1.2 Hereditary Blindness 
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Mendelian inherited retinal disease affects approximately 1 in 2,000 people worldwide. 
Half of all cases of inherited blindness fall within the category of retinitis pigmentosa 
(RP) (Hartong et al., 2006) which exhibit a phenotypical retinal deposit termed a bone 
spicule (Heckenlively, 1988). This phenotypically classified degenerative disease is 
genetically extremely diverse, with over 100 genes implicated to date. Genes implicated 
in retinal disease fall into many structural and metabolic classes ranging from the 
obvious phototransduction cascade proteins (e.g. PDE6, Danciger et al., 1996), visual 
cycle genes (e.g. RPE65, Gu et al., 1997), to trophic factors (rdCVF, Leveillard et al., 
2004) as well as many others. RP can have x-linked, autosomal recessive, or 
autosomal dominant inheritance patterns. All of these manifestations point to the 
extremely diverse epidemiology of a phenotypical degeneration of photoreceptors (Fig 
1.2). 
 

 
Figure 1.2 The Diverse Genetics of Retinitis Pigmentosa  
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From Hurting et al., 2006. Many genes have been implicated in the formation of RP and can be 
either autosomal recessive (A), autosome dominant(B), or x-linked(C). The proteins encoded 
within these genes function is a wide variety of roles from phototransduction, to vitamin A 
metabolism, to cytoskeletal and structural proteins. Many more have yet to be identified within 
this genetically diverse, phenotypically classified disorder.  
 
Canonically, RP first affects rod photoreceptors and begins in the peripheral retina 
where rods dominate the photoreceptor mosaic. Photoreceptors undergo cell death via 
apoptosis as determined by DNA fragmentation without excessive inflammation (Milam 
et al., 1998). Onset of the disease is usually diagnosed by fundus observation of retinal 
deposits such as bone spicules, drusen, and/or neovascularization. Neovascularization 
can be enhanced further using fluorescein angiography, though this technique is more 
often applied to detect diabetic retinopathy or  age-related macular degeneration (AMD). 
Optical coherence tomography (OCT) can also be employed to view cross sectional 
areas of the retina and when combined with real-time eye tracking, can perform 
extremely high-resolution angiography necessary to visualize vascularization in the 
perifoveal area (Braaf et al., 2013). 
 
RP has many subset diseases, but the most prevalent is Usher syndrome, which affects 
approximately 20-40% of RP patients (Boughman et al., 1983). Usher syndrome is also 
a genetically diverse disorder, with onset varying from childhood to mid-adulthood, and 
is hallmarked by combined hearing and vision loss. At least 11 genes have been 
implicated is Usher syndrome and the particular mutation determines the age of onset 
and severity of both vision and hearing loss (Pennings et al., 2003). Genetically 
identified causes of RP represent just over half of all cases, indicating the challenges 
that must be met and overcome when treating this disease through genetic means.  

1.1.3 Age-Related Macular Degeneration 
 
Age-related macular degeneration is the leading cause of blindness in developed 
nations for the aging population (Resnikof et al., 2004). In contrast to RP, it primarily 
affects the macula, the central area of the retina containing the highest concentration of 
cones which is responsible for high-acuity vision. AMD, as the nomenclature implies, 
has a late onset, usually past the age of 50 years (Congdon et al., 2004). Fundoscopy is 
usually the first diagnostic screen beyond acuity that will detect structural changes 
occurring in the retina in the aging patient. Drusen, a hallmark of AMD, are extracellular, 
yellowish, deposits that can be classified based upon their size and edge characteristics 
(Bird et al., 1995). Late-stage macular degeneration can be classified as either wet 
(associated with neovascularization) or dry. Wet-AMD neovascularization from the 
choroid is caused by excess secretion of vascular endothelial growth factor (VEGF) 
which has been the target of several successful therapies for disease management 
(Ferrara et al., 2003).  
 
Risk factors for AMD include both genetic inheritance and lifestyle habits such as 
smoking (Tomany et al., 2004). Race has been indicated as a general risk factor with 
Caucasian populations having the highest incidence, east Asian and Hispanic having 
intermediate risk levels, and black populations having the lowest risk of developing AMD 
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(Klein et al., 2006). Like RP, macular degeneration is a heterogeneous disease with 
many implicated genes as risk factors, but as the onset is part of the aging process, 
there is no definitive genetic test that can indicate whether an individual will develop 
AMD or at what age. Four main genes have been identified as high risk factors for AMD. 
Polymorphisms in CFH, CFB, ARMS2 and C2 account for over 75% of AMD cases 
(Gold et al., 2006; Rivera et al., 2005). However, the late onset of the disease makes 
gathering data from previous generations difficult, and there are most likely many 
genetic factors that have yet to be identified.  
 
1.2 Vision Restoration Strategies 
 
The phenotypical manifestations of retinal degenerations coupled with the accessibility 
of the retina have made retinitis pigmentosa and AMD enticing targets for many 
strategies to impart meaningful light sensitivity onto remaining retinal neurons. The 
native visual code has been extensively studied resulting in the classification of over 32 
functional subtypes of RGCs (Baden et al., 2016) falling into ~20 morphologically 
defined subtypes (Masland et al., 2012). In the broadest terms, RGCs can be divided by 
the polarity of response to light (ON vs. OFF) or by their receptive field size 
(magnocellular vs. parvocellular). Following photoreceptor degeneration, RGCs persist 
(Medeiros et al., 2001) making vision restoration theoretically possible if light sensitivity 
can be directly or indirectly imparted onto these cells or reintroducing light sensitive 
cells into the circuit. To this end several strategies have been undertaken to stop 
degeneration, reintroduce photoreceptors, or impart light sensitivity onto remaining 
retinal neurons. While many gene therapy or neuroprotective approaches have been 
undertaken to stop further photoreceptor degeneration (Maguire et al., 2008; Byrne et 
al., 2015; Wen et al., 2012), restoration of vision following PR degeneration will be the 
topic of focus in the sections to follow. In contrast to gene replacement therapy, these 
approaches are applicable regardless of the specific genetic defect causing PR 
degeneration. 
 
1.2.1 Electrical Retinal Prosthetics 
 
Retinal prosthetics attempt to impart light sensitivity by directly electrically stimulating 
remaining retinal neurons. This can be done by inserting an MEA (for stimulation rather 
than recording) between the sclera and the choroid (Fujikado et al., 2011) in the 
subretinal space where photoreceptors would normally reside (Zrenner et al., 2011), 
epiretinally, on the GCL side of the retina (Humayun et al., 2012; Da Cruz et al., 2013), 
or on the optic nerve itself (Delbeke et al., 2003). The Argus II, produced by 
SecondSight, is the only FDA approved retinal prosthetic and allows for coarse visual 
discrimination of letters. These arrays initially use charge-balanced biphasic waves with 
cathodic stimulation followed by an anodic phase, however, this paradigm may be 
shifting in the near future as the opposite strategy has been shown to be more effective 
in stimulating RGCs (Yue et al., 2016).  
 
There is still much to be improved regarding the performance of these technologies to 
impart visual perception beyond light detection and coarse discrimination of letters. 
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Epiretinal implants bypass the processing of the outer retina. Imparting light onto 
neurons earlier in the visual stream has been a strategy not only for visual prosthetics, 
but other vision restoration strategies as well, because more native visual processing 
should lead to more meaningful imparted vision. Altering the arrays and their location on 
the retina has been employed to boost the level of meaningful visual perception. The 
Argus II spans 20 degrees of the visual field yet only has 60 electrodes (Humayun et al., 
2012). Increasing the electrode density, changing the geometry of electrodes, 
increasing flexibility of the array to better conform to the curvature of the eye, and 
introducing a grounding grid around electrodes to increase electrical “contrast” have all 
demonstrated positive preliminary results (Bendali et al., 2015; Lee et al., 2009). 
Principles from other sensory systems may be used as guides to impart the most 
successful vision restoration to be realized (Niparko, 2009). 
 
1.2.2 Stem-Cell Therapy 
 
Stem-cell based therapies aim to reintroduce photoreceptors or photoreceptor 
progenitor cells into the subretinal space to incorporate into the remaining visual 
circuitry to effectively replace lost rods and cones. Alternatively, in retinal degenerations 
caused by a primary RPE loss, RPE progenitors can be introduced subretinally and do 
not need to incorporate into the neural circuitry, making their chances for success 
significantly higher (Klimanskaya, et al., 2004). In fact, RPE-based stem-cell therapies 
have advanced as far as Phase II clinical trials (Schwartz et al., 2015) but have a 
narrow therapeutic window, as once photoreceptors are lost, they cannot be 
regenerated even with an intact RPE. 
 
There have been great successes in the area of stem-cell therapy to treat retinal 
degeneration, but also many hurdles yet to overcome. The human retina is highly 
organized even at the photoreceptor level, exhibiting patterned mosaic cone spectral 
sensitivities (Sabesan et al., 2015). Introduction of rods alone may be sufficient to 
impart meaningful vision as demonstrated in the rd1 mouse (Signh et al., 2013), but 
cone-like cells have also been introduced into animal models of retinal degeneration 
(Santos-Fierra et al., 2015) representing a step toward a more wild-type-like retina. 
Importantly, it has been shown that in partially degenerated retinae, as is the case with 
most retinal degenerations in humans, reintroduction of induced pluripotent stem-cells 
can improve function in degenerated areas (Tucker et al., 2012). Induction of 
pluripotency and successful integration into the retinal circuit represents an important 
milestone as ethical considerations have been an issue in stem-cell based therapies in 
the past. Introduction of stem-cells along with RPE cultured ex vivo has also raised the 
possibility of carefully controlling the relationship between PRs and RPE as well as 
mosaic patterns before implantation (Radtke et al., 2008). However, there are many 
safety concerns surrounding stem-cell based therapy including immune responses and 
invasion, unregulated cell proliferation resulting in retinoblastoma, and the permanence 
of misintegration into the neural circuit.  
 
1.2.3 Optogenetics and Optopharmacology 
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Strategies for imparting light sensitivity onto remaining retinal neurons following PR 
degeneration has been a goal almost since the inception of optogenetics. Optogenetics 
is an umbrella term for the strategy of imparting light sensitivity onto cells by expressing 
an exogenous opsin which conjugates with an endogenous chromophore to pass 
current, either excitatory or inhibitory, in a light dependent manner (Fenno, Yizhar, & 
Deisseroth, 2011). This is an enticing strategy for control of neural circuits as genes can 
be expressed in a cell-type-specific manner and light can be presented in high spatial 
and temporal resolutions. The first optogenetic manipulation of neurons came in 2002 
by expressing arrestin-1, rhodopsin, and the α subunit of the cognate heterotrimeric G 
protein (dubbed chARGe; Zemelman et al., 2002) and was soon followed by the 
expression of a single gene, channelrhodopsin-2 (Boyden et al., 2005).  
 
Optogenetics as an approach to vision restoration first came in 2010 via the expression 
of halorhodopsin in the inner segment of cone photoreceptors that had lost their outer 
segments and, therefore, light sensitivity (Busskamp et al., 2010). Since that time, 
alternative strategies which loosely lie within the realm of optogenetics have also been 
developed and deployed including optogenetic pharmacology (Caporale et al., 2011), 
which involves the expression of an exogenous opsin coupled to an introduced 
exogenous opsin, and optopharmacology (Polosukhina et al., 2012), which employs an 
exogenous chromophore that associates with an endogenous ion channels to impart 
light sensitivity (Fig. 1.3). 
 

 
Figure 1.3 Tools for Optically Controlling Neuronal Firing 
From Kramer, Mourot, & Adesnik, 2013. Imparting light sensitive currents onto cells can be 
accomplished via (A) optogenetics, which requires an exogenous opsin (e.g. channelrhodopsin, 
halorhodopsin) coupled with an endogenous opsin (e.g. 11-cis retinaldehyde), (B) 
optopharmacology using a light-activated channel ligand or exogenous photoswitch that 
associates with endogenous ion channels, or (C) optogenetic pharmacology which employs an 
engineered channel with a point mutation to introduce an extracellular cysteine residue onto 
which an exogenous photoswitch can covalently attach.  
 
Optogenetic pharmacology has the advantage of genetic specificity, i.e. light sensitivity can be 
targeted to OFF bipolar cells, ON bipolar cells, or retinal ganglion cells. This approach might 
enable specific photosensitization of a particular visual signaling pathway in an effort to more 
effectively recapitulate native visual signal processing. However, genetic approaches have 
higher barriers for regulatory approval as they permanently alter the patient’s DNA in those cells 
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expressing the channel of interest and may result in unchecked cellular proliferation if the 
insertion point is not carefully controlled. A small molecule approach could alleviate these 
barriers at the expense of permanence. Initially, it was thought that optopharmacology would 
also compromise the targeting ability of light sensitization. However, when this approach was 
employed, it was discovered that photoswitches only affect degenerated retinae (Tochitsky et 
al., 2014) and achieved OFF-pathway specificity through requisite cellular machinery that was 
only upregulated in the OFF-RGCs of degenerated retinae (Tochitsky et al., 2016, Chapter 2). 
The cellular machinery required for photoswitch efficacy is part of a greater phenomenon of 
changes in the remaining neurons in the retina deemed “remodeling”.  
 
1.3. Retinal Remodeling 
 
After photoreceptor degeneration occurs in the adult retina, RGCs maintain synaptic 
connectivity with the rest of the central nervous system (Medeiros et al., 2001; Mazzoni 
et al., 2008). The strategies for restoring visual function by imparting light sensitivity 
onto the remaining retinal neurons rely of the integrity of remaining circuitry. However, 
one often overlooked facet of retinal degeneration is the changes that occur following 
death of rods and cones. Over the last twenty years, this phenomenon, collectively 
known as remodeling, has been well characterized into different phases (Fig 1.3) and 
the impact of those changes on vision restoration are still yet to be fully appreciated. 
 

 
 

Figure 1.4 Phases of retinal remodeling during retinal degeneration 
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From Jones & Marc, 2005. Schematic of retinal remodeling showing photoreceptors (orange), 
bipolar cells (blue), RGCs (purple), horizontal cells (dark green), and amacrine cells (red and 
light green). 
 
The first phase of retinal remodeling occurs before the death of photoreceptors, when 
rods and cones are under cellular distress. This is characterized in many ways, and in 
humans the most apparent change that occurs is the dislocation of opsins to the inner 
segments of photoreceptors that begin to extend into the inner nuclear layer (Milam et 
al., 1998). Phase I retinal remodeling also includes more subtle changes of 
neurotransmitter receptor expression on bipolar dendrites, shifting their functional 
responses from ON to OFF (Marc et al., 2007, Jones et al., 2011).  
 
Phase II of retinal remodeling occurs mainly during photoreceptor cell death, resulting in 
the deafferentation of bipolar cells. There is a complete loss of glutamate release onto 
bipolar cells (Varela et al., 2003). However, the activation of metabotropic glutamate 
receptors on bipolar cells is decreased even in the presence of normal levels of 
glutamate. Other neurotransmitter receptors are also altered including reduced 
activation of NMDA receptors on amacrine cells (Chua et al., 2009). The main feature of 
phase II remodeling, besides loss of photoreceptors, is the proliferation of Müller glia to 
form a fibrotic seal, which physically isolates the neuronal retina from the RPE and 
choriocapillaries (Jones et al., 2003). Neuritogenesis also occurs, resulting in the 
formation of microneuromas from process of bipolar, amacrine, and horizontal cells 
(Strettoi & Pignatelli, 2000; Strettoi et al., 2003). 
 
Phase III is the most complex and prolonged stage of retinal remodeling. This phase 
involves the most severe and obvious facets of remodeling that occur after 
photoreceptor loss. Vertical migration of neurons is manifest by RGCs migrating into the 
INL, and bipolar and horizontal migrating to the GCL (Marc & Jones, 2003; Jones et al., 
2005). Neuritogenesis and microneuroma formation continues with large fascicular 
bundles forming to reach over 100 µm long (Jones et al., 2003). The bone spicules that 
are observed as a hallmark of RP are translocated into the neural retina (Li et al., 1995). 
This cellular migration, lamellar disruption, and bone spicule formation co-localizes with 
Müller glia, indicating a mediation of migration using vertical glial columns which span 
the layers of the retina and expand during retinal remodeling. In late phase III retinal 
remodeling, Bruch’s membrane is breached, allowing for migration of neuronal cells out 
of the classical neural retina as well as invasion of RPE cells into the neural retina (Marc 
et al., 2008). CMP studies have corroborated all findings in animal models resulting in 
PR death in the adult human retina, indicating a stereotyped remodeling progression 
that remains constant across mammalian species (Jones et al., 2016). 

CHAPTER 2: How azobenzene photoswitches bestow degeneration-dependent 
light sensitivity on the blind retina 
 
2.1 Abstract 
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This Chapter is a full reprint of Tochistky et al., Neuron (2016), in which I was a primary 
author. The work is included with permission from all authors. 
 
Relevant Publication:  
Tochitsky, I., Helft, Z., Meseguer, V., Fletcher, R. B., Vessey, K. A., Telias, M., 
Denlinger B., Malis, J., Fletcher E., & Kramer, R. H. (2016). How azobenzene 
photoswitches restore visual responses to the blind retina. Neuron, 92(1), 100-113. 
 
Azobenzene photoswitches confer light sensitivity onto retinal ganglion cells (RGCs) in 
blind mice, making these compounds promising candidates as vision-restoring drugs in 
humans with degenerative blindness. Remarkably, photosensitization manifests only in 
animals with photoreceptor degeneration and is absent from wild-type animals with 
intact rods and cones. Here we show that P2X receptors mediate the entry of 
photoswitches into retinal ganglion cells where they associate with voltage-gated ion 
channels, enabling light to control action potential firing. All charged photoswitch 
compounds require permeation through P2X receptors, whose gene expression is 
upregulated in the blind retina. Photoswitches and membrane-impermeant fluorescent 
dyes likewise penetrate through P2X receptors to label a selective subset of retinal 
ganglion cells in the degenerated retina. Electrophysiological recordings from 
photoswitch-treated cells indicate that OFF-retinal ganglion cells are selectively 
photosensitized only in the blind retina. Hence P2X receptors are a natural conduit 
allowing cell type-selective and degeneration-specific delivery of photoswitches to 
restore visual function in blinding disease. 
 
2.2 Introduction 
 
Retinitis pigmentosa (RP) and age-related macular degeneration (AMD) are blinding 
diseases caused by the progressive loss of rod and cone photoreceptors. Downstream 
neurons in the retinal circuit survive but no longer respond to visual input. We have 
recently developed a vision restoration strategy that employs azobenzene 
photoswitches to impart light sensitivity onto voltage-gated ion channels in these 
neurons. We showed that photoswitches can restore electrophysiological and 
behavioral light responses in mutant strains of blind mice (Polosukhina et al., 2012). Our 
most promising photoswitch, named DENAQ, acts primarily on retinal ganglion cells 
(RGCs). Intraocular injection of DENAQ enables moderate intensity white light to trigger 
action potential firing in RGCs, restoring visual signaling through neural circuits in the 
brain (Tochitsky et al., 2014). 
 
Our studies on DENAQ-treated retinas revealed a surprising feature. While the 
compound photosensitizes RGCs from mutant mice with degenerated rods and cones, it 
has almost no effect on RGCs from wild-type mice with healthy retinas (Tochitsky et al., 
2014). Apparently, the death of rods and cones leads to changes that allow DENAQ to 
bestow light sensitivity on RGCs. Previous studies have characterized structural and 
functional changes in the retina that occur subsequent to photoreceptor degeneration, 
collectively known as retinal remodeling (Jones et al., 2012). Over time, synaptic 
connectivity is altered and neurons gradually migrate, disrupting the highly layered 
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architecture of the retina. The electrical excitability of retinal neurons is also altered 
(Sekirnjak et al., 2011) perhaps as a result of changes in gene expression of ion 
channels and neurotransmitter receptors (Cheng and Molday, 2013; Uren et al., 2014). 
Despite the many changes in the retina during remodeling, RGC connections to the 
brain remain intact, encouraging the idea that photosensitizing these cells might restore 
light perception and perhaps image-forming vision to blind animals. The aspects of 
retinal remodeling which lead to photoswitch degeneration-specificity are an intriguing 
puzzle, but the phenomenon is also of potential therapeutic significance because it 
implies that photosensitization will be constrained to local degenerated regions of the 
retina (e.g. geographic atrophy) while having minimal effects on regions that are still 
healthy.  
 
Two events must occur for a photoswitch compound to photosensitize a cell. First, the 
compound, which carries a permanent positive charge, must cross the surface 
membrane into the cell.  Second, it must bind to a voltage-gated ion channel, allowing 
the channel to be controlled with light (Banghart et al., 2009). Biophysical features of 
photoswitching and its persistence for hours after the compounds are removed from the 
extracellular saline indicate that ion channel control is exerted from the intracellular side 
(Banghart et al., 2009). We have shown that Hyperpolarization-activated, Cyclic 
Nucleotide-gated (HCN) channels are the crucial type of channel photosensitized by 
DENAQ in RGCs (Tochitsky et al., 2014), but here we explore how DENAQ and related 
photoswitches cross the plasma membrane, and ask if this process is also altered 
during retinal remodeling following photoreceptor loss.  
 
Specifically, we focus on P2X receptors, which are ionotropic receptors that are 
activated by extracellular ATP (Burnstock and Kennedy, 2011). ATP is elevated in many 
tissues in response to traumatic injury, inflammation, and degenerative disease 
processes (Tewari and Seth, 2015). Long-term activation of some types of P2X 
receptors triggers pore-dilation, allowing permeation of large (up to ~900 Da) molecules 
that are ordinarily membrane-impermeant. We have previously shown that activation of 
large-pore Transient Receptor Potential (TRPV1) channels in nociceptive neurons from 
dorsal root ganglia enables the entry of QAQ, a divalent cation photoswitch that is 
normally excluded from cells (Mourot et al., 2012). Here we report that 
photosensitization of RGCs by DENAQ, QAQ, and other photoswitches is mediated by 
P2X receptors. Apparently, the dilated pore of these receptors serves as a conduit that 
allows these compounds to enter into RGCs, but this only occurs after retinal 
remodeling. 

 
In the healthy retina, RGC light responses are heterogeneous, with some cells firing 
action potentials at light onset (ON-RGCs), some at light offset (OFF-RGCs) and some 
responding to both light onset and offset (ON/OFF-RGCs). In the degenerated retina, 
chemical photosensitization could conceivably be indiscriminate, for example causing all 
RGCs to fire at light onset. Having disparate types of RGCs simultaneously respond to 
light might be a confusing perceptual signal for visual regions in the brain, whereas 
selective photosensitization of only one class of RGCs might be easier to interpret. 
Remarkably, we find that P2X-receptor-mediated photoswitch photosensitization is not 
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indiscriminate, but rather selective for OFF-RGCs in the blind retina. The mechanisms 
of disease-specific and cell-selective photosensitization provide important insights into 
the pathology of retinal degeneration and may be advantageous for the use of 
photoswitch compounds as vision-restoring drugs.  
 
2.3 Experimental Procedures 

2.3.1 Chemicals 
Photoswitch compounds were synthesized as previously described (Fortin et al., 2008; 
Mourot et al., 2012; Mourot et al., 2011). All other chemicals were purchased from 
Sigma-Aldrich or Tocris Bioscience. 

2.3.2 Animals 
All animal use procedures were approved by the UC Berkeley Institutional Animal Care 
and Use Committee. Retinas from WT mice (C57BL/6J strain, Jackson Laboratory), 
homozygous rd1/rd1 mice (C3H/HeJ strain, Charles River Laboratories), WT rats (Long 
Evans strain, Charles River Laboratories) and S334-ter rats (line 3, gift of Matthew 
LaVail, UCSF) 3–6 months old were used in the MEA experiments. 

2.3.3 Multielectrode Array Electrophysiology 
MEA recordings were done as previously described (Tochitsky et al., 2014). Retinas 
were dissected and kept in physiological saline (artificial cerebrospinal fluid [ACSF]) at 
37°C containing (in mM) 119 NaCl, 2.5 KCl, 1 KH2PO4, 1.3 MgCl2, 2.5 CaCl2, 26.2 
NaHCO3, and 20 D-glucose, aerated with 95% O2/5% CO2. A solution containing (in 
μM) 10 AP4, 40 DNQX, 30 AP5, 10 SR-95531, 50 TPMPA, 10 strychnine, and 50 
tubocurarine was used in MEA experiments to pharmacologically isolate RGCs from 
outer retinal synaptic inputs. For extracellular recordings, a flat-mounted retina was 
placed ganglion cell layer down onto an MEA system (MEA 1060-2-BC, Multi-Channel 
Systems). The MEA electrodes were 30 μm in diameter, spaced 200 μm apart, and 
arranged in an 8 × 8 rectangular grid. Photoswitches were added to the retina on the 
MEA for 30 min, followed by a 15 min wash. Standard concentrations of photoswitch 
compounds were: 1mM DENAQ, 300µM BENAQ, 100µM AAQ and 1mM QAQ. 30µM 
BENAQ was used for in the P2X/TRPV1 pharmacology experiments. In some 
experiments, P2X or TRPV1 channels were blocked by pretreatment of the retina in the 
MEA chamber with 500 μM TNP-ATP, 1mM PPADS, 10μM A740003, 10μM 
capsazepine or 1μM AMG517 for 10 min prior to photoswitch treatment in a solution 
containing the P2X/TRPV1 channel blocker. Extracellular ATP was digested with 5 
units/mL of apyrase for 10 min, followed by photoswitch treatment in the apyrase 
solution. 2mM ATPγS or 250µM bzATP were applied together with the photoswitches 
for 30min in order to activate P2X receptors. HCN channels were blocked by a 30 min 
perfusion of 50μM ivabradine after photoswitch treatment. Extracellular spikes were 
high-pass filtered at 200Hz and digitized at 20kHz. A spike threshold of 4 SD was set for 
each channel. Typically, each electrode recorded spikes from one to three RGCs. 
Principal component analysis of the spike waveforms was used for sorting spikes 
generated by individual cells (Offline Sorter, Plexon). 



 
 

13 

2.3.4 Light Stimulation 
Light stimulation was done as previously described (Polosukhina et al., 2012; Tochitsky 
et al., 2014). A 100W arc lamp (Ushio USH-103D) was used for MEA light stimulation. 
QAQ and AAQ-treated retinas were stimulated with filtered 380nm and 500nm light from 
the same lamp using narrow-band filters (Chroma), with the same light intensity as 
previously described (Polosukhina et al., 2012). A xenon lamp was used to deliver 
1x1016 photons/cm2/s of 480 nm light to RGCs in patch-clamp experiments. A typical 
MEA stimulation protocol consisted of ten cycles of alternating 15 s light/dark intervals. 

2.3.5 Data Analysis and Statistics 
 
We analyzed MEA RGC activity as previously described (Tochitsky et al., 2014). We 
calculated the average RGC firing rate for individual retinas in light and in darkness for 
DENAQ and BENAQ treated retinas and RGC firing rate in 380nm light and 500nm light 
for QAQ and AAQ treated retinas. In order to normalize light-elicited changes in firing 
rate of individual mouse and rat RGCs, we calculated the Photoswitch Index (PI). For 
DENAQ and BENAQ treated retinas, PI = (mean firing rate in the light − mean firing rate 
in darkness)/(mean firing rate in the light + mean firing rate in darkness). For QAQ and 
AAQ treated retinas, PI = (mean firing rate in 380nm light − mean firing rate in 500nm 
light)/(mean firing rate in 380nm light + mean firing rate in 500nm light). Unless 
otherwise stated, all statistical significance (p-value) calculations were performed using 
the two-tailed unpaired Student’s t test. Results with p < 0.05 were considered 
significant. P-values are: * < 0.05, ** < 0.01, *** < 0.001. 

2.3.6 Intravitreal Injections 
 
Before injection, mice were anesthetized with isoflurane (2%) and their pupils were 
dilated with tropicamide (1%). An incision was made through the sclera, below the ora 
serrata with a 30G needle and 2 μl of 10mM DENAQ in 90% PBS/10% DMSO was 
injected into the vitreous with a blunt-ended 32G Hamilton syringe. In some 
experiments, 10mM DENAQ was injected together with 2mM TNP-ATP or 4mM PPADS 
to block P2X receptors in vivo. The animals were sacrificed 1 hr after injection. 

2.3.7 qPCR 
 
Whole retinas were dissected, placed into Trizol (Invitrogen), and flash frozen. Two 
retinas per animal were collected for each biological replicate, and five WT and five rd1 
replicates were compared. RNA was extracted in line with the manufacturer instructions 
with an additional chloroform extraction and additional ethanol washes. RNA was 
DNAse treated. cDNA was synthesized with SuperScript RTIII reverse transcriptase 
(Invitrogen) at 50°C. qPCR was performed on a BioRad CFX96 thermocycler. Three 
technical replicates were averaged, the dCt values were calculated for each biological 
replicate and then ddCt values were calculated for WT and rd1 retinas. Five 
housekeeping genes (Gapdh, Actb, Ddx31, Vps13a, Pdf) were examined as potential 
normalizers for loss of rods and cones and consequent over-representation of other 
cells. The pattern of the changes in gene expression were in agreement among all 5 of 
these genes. The data were then plotted with rd1 mutant expression relative to WT 



 
 

14 

expression, normalized to Actb expression. Significance was determined by a two-tailed 
Welch’s t-test (assuming unequal variance) of the dCt values. The oligo sequences are 
presented in Table S1. 

2.3.8 Retinal immunohistochemistry after DENAQ injection 
 
At four months of age, C57Bl6/J (WT; n=10) and rd1 (n=10) mice were anaesthetized 
by administration of a mixture of ketamine (60 mg/kg, Provet Pty. Ltd., VIC, Australia) 
and xylazine (13 mg/kg, Provet). In addition, the corneal reflex was anaesthetized with 
topical administration of Alcaine (0.5%, Alcon laboratories, VIC, Australia). Using a 30G 
needle, a single injection of 1 µL of 20 mM DENAQ prepared in 10% DMSO/90% saline 
was administered into the vitreous of one eye using a Hamilton syringe. The 
contralateral control eye received 1 µL of vehicle (10% DMSO/90% saline).  
At 1 and 7 days after intraocular injection, mice were first deeply anesthetized (as 
above), euthanized by cervical dislocation and the posterior eye cup isolated. Eye cups 
were fixed for 30 minutes in 4% paraformaldehyde in phosphate buffer (PB) and 
cryoprotected in a series of graded sucrose solutions (10%, 20%, and 30% in PB). 
Vehicle- and DENAQ-treated eyes were then embedded together in optimal cutting 
temperature compound (OCT; Tissue-Tek, Sakura, Torrance, CA), frozen and sectioned 
transversely at either 8 or 14 μm on a cryostat at −20°C (Microm, Walldorf, Germany). 
Sections were collected on Poly-L-lysine coated slides (Menzel-Gläser, Braunschweig, 
Germany) and stored at −20°C.  
 
For immuno-labeling of frozen 14µm retinal sections, the slides were thawed, rinsed 3 
times in PB and then incubated overnight with primary antibody diluted in PB containing 
3% normal goat serum, 1% bovine serum albumin and 0.5% Triton X-100. Müller glia 
were labeled using rabbit anti-glial fibrillary acidic protein (GFAP; Cat. No# Z0334; 
Dako, Carpinteria, CA, USA) diluted 1:10,000 to label astrocytes and gliotic Müller cells 
and mouse anti-Glutamine Synthetase (GS, clone GS-6; Cat. No# MAB302; Merck-
Millipore, NSW, Australia) diluted 1:1000 to label Müller cells. Microglia and infiltrating 
macrophages were labeled with rabbit anti-ionized calcium binding adaptor molecule 1 
(IbA1, 1:1500; Cat. No# 019-19741; Wako Pure Chemical Industries, VA, USA). Cone 
photoreceptors were labeled with rhodamine-labeled peanut agglutinin (PNA, 1:2500; 
Vector Laboratories, Burlingame, CA). Sections were rinsed 3 times in PB and were 
incubated with secondary antibody: goat anti-mouse, or goat anti-rabbit conjugated to 
AlexaFluor®488 or AlexaFluor® 594 (Thermofisher Scientific, VIC, Australia; diluted 
1:500) as required for 90 minutes. Sections were washed in PB, coated in a 
glycerol/Mowiol-based mounting media, and covered with a glass coverslip. Cell death 
was assessed using a commercially available TUNEL kit (Dead End Fluorometric 
TUNEL System, Promega, Madison, WI) 1 day after injection following the 
manufacturer’s instructions (Fletcher et al., 2010). Cell nuclei were labeled with DAPI 
(1:300; Molecular Probes). A Zeiss Meta or Pascal confocal microscope (air X10, air 
X20 and oil X40 objective) was used to examine and image immunolabeled tissue 
samples (Carl Zeiss AG, Oberkochen, Germany). 

 
Gross histology was investigated using 8 µm thick sections labeled with toluidine blue 
(1%) (Vessey et al., 2014). An Axioplan microscope (Carl Zeiss, Göttingen, Germany) 
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was used to view retinal sections, and images were captured using a digital camera and 
computer software (SPOT, version 3.5.2; Diagnostic Instruments, WA, Australia). 
Retinal layer thickness was determined using a custom segmentation script generated 
in Image J (NIH, USA). Images were adjusted for white levels, brightness, and contrast 
with graphics editing software (Adobe Photoshop CS4; Adobe Systems, San Jose, CA). 

2.3.9 P2X7 immunohistochemistry 
 
At three months of age, C57Bl6/J (WT; n=4 mice) and rd1 (n=4 mice) mice were 
anaesthetized by administration of a mixture of ketamine (60 mg/kg, Provet Pty. Ltd., 
VIC, Australia) and xylazine (13 mg/kg, Provet), euthanized by cervical dislocation and 
the posterior eye cup isolated. Eye cups were fixed for 30 minutes in 4% 
paraformaldehyde in phosphate buffer (PB) and cryoprotected in a series of graded 
sucrose solutions (10%, 20%, and 30% in PB). Some eyes were then embedded in 
optimal cutting temperature compound (OCT; Tissue-Tek, Sakura, Torrance, CA), 
frozen and sectioned transversely at 14 μm on a cryostat at −20°C (Microm, Walldorf, 
Germany). Sections were collected on Poly-L-lysine coated slides (Menzel-Gläser, 
Braunschweig, Germany) and stored at −20°C. For immuno-labeling of frozen 14µm 
retinal sections, the slides were thawed, rinsed 3 times in PB and then incubated 
overnight with primary antibody diluted in PB containing 3% normal goat serum, 1% 
bovine serum albumin and 0.5% Triton X-100. P2X7 receptors were labeled using rabbit 
anti-P2X7 receptor antibody (1:500; Cat. No# APR-008; Alomone, Jerusalem, Israel) 
(Vessey and Fletcher, 2012) and ganglion cells were labeled using mouse anti-RNA-
binding protein with multiple splicing (RBPMS, 1:500; Clone, 3B7; Cat. No# Ab128081; 
Abcam, VIC, Australia). Sections were rinsed 3 times in PB and were incubated with 
secondary antibody: goat anti-mouse, or goat anti-rabbit conjugated to AlexaFluor®488 
or AlexaFluor® 594 (Thermofisher Scientific, VIC, Australia; diluted 1:500) as required 
for 90 minutes. Cell nuclei were labelled with DAPI (1:300; Molecular Probes). Sections 
were washed in PB, coated in a glycerol/Mowiol-based mounting media, and covered 
with a glass coverslip. A Zeiss LSM800 with Airyscan (oil X63 objective) was used to 
examine and image immunolabeled tissue samples (Carl Zeiss AG, Oberkochen, 
Germany). 

2.3.10 P2X permeant dye loading, imaging, and analysis 
 
Three-month-old rd1 retinas were isolated and mounted onto windowed nitrocellulose 
filters. Isolated retinas were treated with 100nM YO-PRO-1 (Life Technologies), 100nM 
YO-PRO-3 (Life Technologies) or 5µM fluorescein isothiocyanate (FITC; Sigma Aldrich) 
in oxygenated ACSF for 15 minutes. Retinas were then transferred to a bath containing 
Nuclear-ID at a 1:2000 dilution for 3 minutes. The tissue was then perfused with ACSF 
to wash away any remaining extracellular YO-PRO and imaged using a spinning disc 
confocal microscope (Olympus BX61WI) with 488nm excitation light and emission 
collected at 519nm. In cases where channel antagonists were used, identical 
concentrations to those used during photoswitch blocking were applied in baths for 10 
minutes before transferring to a separate bath containing both YO-PRO and the blocker 
of choice. Image analysis was performed using ImageJ. A threshold for YO-PRO 
loading was established by measuring the level of autofluorescence in each channel 
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and finding a baseline value with +2SD being the threshold for a YO-PRO positive cell. 
Nuclear-ID was used to count the total number of cells within a field of view. The 
percentage of cells above the threshold was then calculated for comparison. In cases 
where YO-PRO-3 was loaded into cells expressing YFP, there was significant bleed-
through of signals between channels. In order to controls for this, a threshold of nuclear 
fluorescence was calculated by measuring a line profile averaged over a 4 pixel width. 
The peak value and the three flanking values of either side, which approximates the 
size of a nucleus, were averaged to determine the level of nuclear loading. The 
remaining values were then averaged and +2SD from this value was then set as a 
nuclear threshold for YO-PRO loading. This controls for variable bleed-through and 
image acquisition parameters for simple comparison across all cells.  

2.3.11 Confocal microscopy 
 
RGCs were filled with the fluorescent dye Alexa Fluor 488 dye at 40µM (Life 
Technologies) via diffusion from the recording pipette, and cell nuclei were stained with 
Nuclear-ID Red DNA (10µM) (Enzo Life Sciences, Inc.) for the discrimination of inner 
nuclear layer (INL) and ganglion cell layer (GCL). Images were taken by using a 
spinning disk confocal microscope (Olympus BX61WI). The excitation source was a 
mercury lamp and fluorescence was collected by a 40x water immersion imaging 
objective. 1.5µm wide Z-stacks were acquired in image series and analyzed off-line 
using ImageJ. RGCs were identified as ON, ON/OFF (bi-stratified) or OFF types based 
on the depth of their dendritic stratification in the IPL. Those cells stratifying in the outer 
50% of IPL were considered OFF cells, whereas the ones that stratified in the inner 
50% of IPL were considered ON cells. 

2.3.12 Patch-Clamp Electrophysiology 
 
Retinas were flat-mounted on a piece of filter paper and placed in the recording 
chamber with the ganglion cell layer facing up. The inner limiting membrane was 
mechanically removed by advancing an empty electrode. Cell-attached and whole-cell 
voltage-clamp recordings were performed with standard patch-pipettes (4–6 MΩ 
resistance) made of borosilicate glass capillaries (Warner Instruments, USA) and 
contained (in mM): 116 K Gluconate, 6 KCl, 2 NaCl 0.5 EGTA, 20 HEPES, 4 ATP-Mg, 
0.3 GTP-Na, 10 mM phosphocreatine (280 mOsm/kg; pH 7.2, adjusted with KOH). The 
control bath solution (ACSF) was kept at room temperature and was as follows: 119 
NaCl, 2.5 KCl, 1.3 MgCl2, 2.5 CaCl2, 1 K2HPO4, 26 NaHCO3, 1 EGTA, 11 D-glucose, 
(293 mOsm/kg; pH 7.4 adjusted with carbogen-gassed 95% O2, 5% CO2). Flat-
mounted retinas were treated with 200µM BENAQ for 20 min in ACSF at 25 ºC, 
followed by a 15 min wash. Synaptic inputs were blocked with a solution containing the 
same synaptic blockers as those used in the MEA experiments. Current signals were 
recorded with a Multiclamp 700B patch-clamp amplifier (Molecular Devices). Cell-
attached recordings were performed under voltage clamp at 0 mV and transient 
capacitive currents generated by action potentials across the somatic membrane were 
recorded from RGCs. Stimulus delivery and data acquisition were performed using 
pClamp 10.4 software (Molecular Devices). Current development was monitored with 
injections of 5 secs duration voltage steps from -60 to -100 mV, followed by a pulse to -
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60mV (350 ms). The holding potential was set to -60mV. Ih current density data was 
obtained under 480 nm illumination. Patch-clamp data were analyzed with Clampfit 10.5 
software (Molecular Devices) and Origin 7.0 (OriginLab Corporation). 
2.4 Results 

2.4.1 Retinal ganglion cell photosensitization requires photoreceptor degeneration 
  
In pursuit of compounds suitable for treating human blindness, we have developed a 
family of photoswitches with different photochemical properties and different specificities 
for voltage-gated ion channels (Fig. 2.1A,B). AAQ blocks hyperpolarizing K+ channels 
and depolarizing HCN channels (Fortin et al., 2008; Ko et al., 2016). Short wavelength 
light (380 nm) photoisomerizes AAQ from trans to cis, relieving channel block and 
longer wavelength light (500 nm) promotes cis to trans photoisomerization, restoring 
block. Channel blockade by AAQ can produce either a net hyperpolarization (Fortin et 
al., 2008) or depolarization (Ko et al., 2016), depending on which ion channel 
predominates in a cell. DENAQ and BENAQ convert from trans to cis with longer 
wavelengths of light (Mourot et al., 2011) (e.g. 480 nm) and quickly relax back to trans 
in darkness.  

 
Figure 2.1 Photoswitch compounds photosensitize RGCs from rd1 but not wild-type 
mice. 
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A) Photoswitch structures. Visible light converts DENAQ and BENAQ from trans to cis; the 
compounds then quickly relax back to trans in the dark. 380nm light converts AAQ and QAQ 
from trans to cis and then the compounds can be converted back to trans by 500nm light. 
B) Ion channels targeted by the photoswitches. DENAQ, BENAQ and AAQ block HCN channels 
and K+ channels, while QAQ blocks Na+ and K+ channels but not HCN channels. 
C-F) MEA recordings of RGC activity from DENAQ treated (Fig. 1B), BENAQ treated (Fig. 1C), 
AAQ treated (Fig. 1D) and QAQ treated (Fig. 1E) WT (left) and rd1 (right) synaptically isolated 
mouse RGCs. White light (white) stimulation and dark (black) intervals are shown in panels B-C. 
380nm (purple) and 500nm (green) stimulation intervals are shown in panels D-E. 
G) Photoswitch Index (PI) value box plots for RGCs from photoswitch treated WT and rd1 
mouse retinas. DENAQ WT RGC median PI=-0.01; DENAQ rd1 RGC median PI=0.67, p<0.001. 
BENAQ WT RGC median PI=-0.01; BENAQ rd1 RGC median PI=0.73, p<0.001. QAQ WT RGC 
median PI=0.06; QAQ rd1 RGC median PI=0.77, p<0.001. AAQ WT RGC median PI=0.01; AAQ 
rd1 RGC median PI=0.86, p<0.001. Box plots are median (red) and 1st/3rd quartiles (blue) with 
outliers (green). N’s are RGCs. All p-values obtained using rank sum test. 
H) Average PI values from photoswitch treated synaptically isolated WT and rd1 mouse retinas. 
DENAQ WT PI=-0.01±0.02, DENAQ rd1 PI=0.70±0.05, n=8 retinas, p<0.001. BENAQ WT PI=-
0.01±0.01, BENAQ rd1 PI=0.77±0.03, n=6 retinas, p<0.001. QAQ WT PI=0.03±0.04, QAQ rd1 
PI=0.68±0.12, n=5 retinas, p<0.001. AAQ WT PI=0.021±0.004, AAQ rd1 PI=0.77±0.04, n=5 
retinas, p<0.001. Data are mean±SEM. 
 
In RGCs from degenerated retina, the effect of DENAQ and BENAQ is primarily on 
HCN channels, such that light leads to RGC depolarization and increased firing 
(Tochitsky et al., 2014). Finally, QAQ, which operates at the same wavelengths as AAQ, 
blocks a broader array of voltage-gated channels including Na+, Ca+, and K+ channels, 
similar to local anesthetics (Mourot et al., 2012). For QAQ, Na+ channel blockade 
predominates, such that 380 nm light suppresses firing and 500 nm light restores firing. 
 
To compare photosensitization of the retina by DENAQ, BENAQ, AAQ and QAQ we 
used a multielectrode array (MEA) and recorded RGC firing. We eliminated 
contributions from rod- and cone-mediated phototransduction with a cocktail of 
excitatory and inhibitory neurotransmitter receptor antagonists, blocking synaptic 
transmission throughout the retina (Tochitsky et al., 2014).  This treatment eliminates 
the synaptically-driven RGC light response except in rare intrinsically-photosensitive  
 
We calculated the Photoswitch Index (PI) (see materials and methods) to quantify the 
effect of light on RGC firing. DENAQ selectively photosensitized synaptically-isolated 
RGCs from rd1 mice but not from wild-type (WT) mice (Figures 2.1C,G,H). BENAQ, a 
closely related derivative of DENAQ (Mourot et al., 2011), also photosensitized RGCs 
from rd1 but not WT mice (Figures 2.1, G, H). Degeneration-specific photosensitization 
also applied to QAQ (Figures 2.1D,G,H) and AAQ (Figures 2.1E,G,H). Thus, all of the 
compounds photosensitized RGCs in rd1 retina, but not in WT retina. 
 
We next asked whether the degeneration-dependence of photosensitization is limited to 
rapidly degenerating rd1 mice or if it extends to other animal models that degenerate 
more slowly during postnatal life, as in human RP. We first compared the 
photosensitization of postnatal day 90 WT and transgenic S334-ter rats (Ray et al., 
2010). In this rat strain, photoreceptors degenerate over several months after birth, 
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owing to a rhodopsin mutation that is also found in some cases of human RP. BENAQ 
photosensitized the S334-ter but not the WT rat RGCs (Figure 2.2). Likewise, DENAQ 
photosensitized RGCs from slowly-degenerating blind dogs (rcd1 strain) but not from  

2.2. BENAQ photosensitizes RGCs from blind rd10 mice and S334-ter rats. 
A-B) Raster plots of RGC activity from BENAQ treated synaptically isolated WT rat RGCs (Fig. 
S1A) and S334-ter rat RGCs (Fig. S1B).  
C) Average PI values from BENAQ treated synaptically isolated WT rat and S334-ter rat retinas. 
WT rat RGC PI=0.02±0.03, S334-ter rat RGC PI=0.87±0.02, n=6 retinas, p<0.001. Data are 
mean±SEM. 
 
sighted dogs with healthy retinas (William Beltran, University of Pennsylvania, personal 
communication). These results, together with our previous studies on other mouse 
models of RP (Tochitsky et al., 2014) suggest that the degeneration-selective action of 
photoswitches might also occur in humans with degenerative blindness. 

2.4.2 P2X receptors mediate photoswitch entry into RGCs 
 
Our photoswitch compounds are permanently charged, which should make them 
relatively membrane-impermeant. We were especially surprised to find that QAQ, a 
divalent cation (Mourot et al., 2012), can enter into rd1 mouse RGCs and photosensitize 
firing activity. In nociceptor neurons, photosensitization by QAQ requires large-pore ion 
channels, such as TRPV1 channels or P2X receptors (Mourot et al., 2012). 
Immunohistochemical studies have suggested that these channels are expressed in 
many types of neurons, including RGCs (Ho et al., 2016; Sappington et al., 2009). 

 
To test whether large-pore channels mediate photoswitch entry in the degenerated 
retina, we applied photoswitches together with pharmacological antagonists. After 
washing with normal saline, we measured the amount of RGC photosensitization that 
had been induced. The non-selective P2X receptor antagonist TNP-ATP (North and 
Jarvis, 2013) prevented photosensitization by QAQ, AAQ, DENAQ and BENAQ 
(Figures 2.3A,B). PPADS, another non-selective P2X receptor blocker (North and 
Jarvis, 2013) also eliminated photosensitization. The selective P2X7 receptor blocker, 
A740003 (North and Jarvis, 2013), reduced photosensitization by ~50% (Figure 2.3B). 
By contrast, the selective TRPV1 antagonists AMG517 and capsazepine (Vriens et al., 
2009) had no effect on photosensitization (Figure 2.3B).  
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These results implicate P2X receptors and not TRPV1 channels as the crucial conduit 
that enables photoswitches to enter into rd1 RGCs in vitro. To confirm that P2X 
receptors also mediate photoswitch entry in vivo, we injected DENAQ alone or together 
with P2X receptor antagonists into the vitreous cavity of the eye. One hour after  

 
 

Figure 2.3 Photoswitches enter rd1 RGCs through activated P2X receptors. 
A) Representative MEA recording from synaptically isolated rd1 RGCs treated with DENAQ and 
the P2X receptor antagonist TNP-ATP. Photoswitching is absent. 
B) PI quantification from in vitro photoswitch treated rd1 retinas after pretreatment with P2X and 
TRPV1 receptor antagonists. QAQ+TNP-ATP PI=0.04±0.04, n=4 retinas, p<0.001; AAQ+TNP-
ATP PI=0.03±0.02, n=4 retinas, p<0.001; DENAQ+TNP-ATP PI=0.02±0.02, n=6 retinas, 
p<0.001; BENAQ+TNP-ATP PI=-0.01±0.01, n=4 retinas, p<0.001. QAQ+PPADS PI=0.05±0.03, 
n=4 retinas, p<0.001; AAQ+PPADS PI=0.11±0.02, n=6 retinas, p<0.001; DENAQ+PPADS 
PI=0.02±0.02, n=5 retinas, p<0.001; BENAQ+PPADS PI=0.02±0.01, n=4 retinas, p<0.001. 
QAQ+A740003 PI=0.27±0.08, n=5 retinas, p<0.001; AAQ+A740003 PI=0.33±0.10, n=5 retinas, 
p=0.004; DENAQ+A740003 PI=0.26±0.17, n=6 retinas, p<0.001; BENAQ+A740003 mean 
PI=0.39±0.03, n=4 retinas, p<0.001. Data are mean±SEM. All p values compare the PI values 
for rd1 retinas treated with photoswitch alone and the PI values for retinas treated with the 
respective photoswitch + P2XR blocker.  
C) Average PI values from in vitro DENAQ treated rd1 retinas after pretreatment with apyrase 
with or without the addition of ATPγS. DENAQ PI=0.70±0.05; DENAQ + apyrase PI=0.17±0.02, 
p<0.001; DENAQ + apyrase + ATPγS PI=0.73±0.08, p=0.89, n=5 retinas each). Data are 
mean±SEM. All p values compare the PI values for rd1 retinas treated with DENAQ alone and 
the PI values for retinas treated with DENAQ + apyrase/ATPγS.  
D) Average PI values from rd1 retinas treated in vitro with photoswitches with or without the 
addition of bzATP. QAQ WT PI=0.03±0.04, QAQ+bzATP WT PI=0.05±0.02, n=4 retinas, 
p=0.72. AAQ WT PI=0.021±0.004, AAQ+bzATP WT PI=0.01±0.01, n=4 retinas, p=0.26. 
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DENAQ WT PI=-0.01±0.02, DENAQ+bzATP WT PI=-0.02±0.03, n=4 retinas, p=0.77. BENAQ 
WT PI=-0.01±0.01, BENAQ+bzATP WT PI=0.01±0.04, n=4 retinas, p=0.63. Data are 
mean±SEM. All p values compare the PI values for rd1 retinas treated with photoswitch alone 
and the PI values for retinas treated with the respective photoswitch + bzATP. 
 

  
Figure 2.4, related to Figure 2. DENAQ enters rd1 RGCs through P2X receptors in vivo. 
P2X receptors are not required for DENAQ-mediated photosensitization of RGCs after the 
compound has already entered the cells. 
A-B) Raster plots of ex vivo RGC activity 1 hr after intravitreal DENAQ injection into WT (Fig. 
S2A) and rd1 (Fig. S2B) mice. 
C) Average PI values from WT and rd1 retinas 1 hr after intravitreal injection of DENAQ with or 
without P2X receptor antagonists. WT RGC PI=0.02±0.01, n=5 retinas; rd1 RGCs mean 
PI=0.35±0.06, n=7 retinas, p<0.001. Rd1 RGC + TNP-ATP PI=0.07±0.03, n=5 retinas, p<0.01; 
rd1 RGC + PPADS PI=0.08±0.04, n=5 retinas, p<0.001). Data are mean±SEM. P values are 
from unpaired, two-tailed Student’s t-test. 
D) Raster plot of RGC activity after in vitro treatment with DENAQ, followed by perfusion of the 
P2X receptor antagonist TNP-ATP.   
E) Average PI values from rd1 RGCs treated with DENAQ alone or DENAQ followed by 
perfusion of TNP-ATP. DENAQ PI=0.70±0.05, DENAQ followed by TNP-ATP PI=0.65±0.05, 
n=4 retinas, p=0.59. Data are mean±SEM. P values are from unpaired, two-tailed Student’s t-
test. 
 
injection, we sacrificed the mouse, removed the retina, and recorded from synaptically-
isolated RGCs with the MEA. We found that intravitreal injection of DENAQ selectively 
photosensitized rd1 RGCs but not WT RGCs (Figures 2.4A-C). P2X receptor 
antagonists TNP-ATP or PPADS significantly reduced the photosensitization of rd1 
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RGCs when injected intravitreally together with DENAQ (Figure 2.4C). Hence P2X 
receptors also mediate photoswitch entry in vivo. TNP-ATP had no effect when added 
after DENAQ had already been loaded into RGCs (Figures 2.4D,E). Hence P2X 
receptors are necessary for photoswitch loading, but they are not necessary for 
photoswitch action.  

2.4.3 P2X receptors must be activated by ATP to enable photoswitch entry 
 

P2X receptors are activated by extracellular ATP. Prolonged activation of certain P2X 
receptors enables the intracellular accumulation of large cations (Virginio et al., 1999). 
Having discovered that P2X receptors are necessary for photoswitch entry, we asked 
whether activation by extracellular ATP is also required. Treatment with the ecto-
ATPase apyrase (Cohn and Meek, 1957) prior to and during DENAQ application 
reduced the photosensitization of rd1 RGCs (Figure 2.3C). However, photosensitization 
was preserved when apyrase was applied together with ATPγS, a non-hydrolysable 
ATP analog (Figure 2.3C). The rescue of photosensitization by ATPγS supports the 
conclusion that P2X receptor activation is necessary for photoswitch entry. 
 
Intraocular ATP is known to be elevated in some retinal diseases, including neovascular 
AMD (Notomi et al., 2013) and diabetic retinopathy (Loukovaara et al., 2015). If ATP is 
also elevated in the RP retina, it could chronically activate the normal complement of 
P2X receptors, mediating enhanced DENAQ photosensitization. To test this possibility, 
we asked whether activating P2X receptors in WT retina with an exogenous agonist is 
sufficient to enable DENAQ photosensitization in WT RGCs. We found that bzATP, a 
selective P2X receptor agonist, did not enable the photosensitization of WT RGCs by 
QAQ, AAQ, DENAQ or BENAQ (Figure 2.3D). BzATP also had no effect on 
photosensitization of rd1 RGCs by a sub-saturating (300µM) concentration of DENAQ. 
Hence while some ATP is necessary for photoswitch entry, elevating ATP alone is not 
sufficient to induce or enhance RGC photosensitization. This conclusion points to 
intrinsic changes in the rd1 RGCs as critical for degeneration-specific 
photosensitization. 

2.4.4 Some, but not all, of the photoswitches target HCN channels to photosensitize 
RGCs 
 
All of the photoswitches enter RGCs through a common pathway, involving activated 
P2X receptors. But once the compounds are in an RGC, do they act on the same, or 
different, types of ion channels to mediate light-elicited firing? Our previous studies 
established that DENAQ-elicited photosensitivity in RGCs is mediated primarily by HCN 
channels (Tochitsky et al., 2014). We now find that photosensitization by BENAQ, like 
DENAQ, is eliminated by the highly selective HCN antagonist ivabradine (Postea and 
Biel, 2011) (Figures 2.5A,D), which also induces burst-like firing in RGCs (Bemme et al., 
2014). By contrast, ivabradine did not impair the ability of QAQ to photosensitize RGC 
firing (Figures 2.5B,D). This is consistent with our previous finding that QAQ does not 
block HCN channels, but instead has as its primary target voltage-gated Na+ channels 
(Mourot et al., 2012).   
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For AAQ, we found a more complex effect of ivabradine. Rather than blocking 
photoswitching, ivabradine reversed its polarity, such that 380nm light reduced rather 
than enhanced RGC firing rate (Figures 2.5C,D). This result suggests that the primary 

  

Figure 2.5 HCN channels are necessary for RGC photosensitization by some, but not all, 
photoswitches.  

A-C) MEA recordings from synaptically isolated rd1 RGCs treated with BENAQ (A), QAQ (B) or 
AAQ (C) and the HCN channel blocker ivabradine. BENAQ-treated RGCs (A) are no longer light 
sensitive after HCN channel block. QAQ-treated RGCs (B) remain photosensitive even after 
HCN channel block, with the same response polarity. AAQ-treated RGCs (C) remain 
photosensitive even after HCN channel block, but the polarity of photoswitching reverses.        
D) Average PI values from rd1 retinas treated with various photoswitches alone or with 
photoswitches followed by ivabradine. BENAQ PI=0.77±0.03; BENAQ + ivabradine 
PI=0.03±0.03, n=5 retinas, p<0.001. QAQ PI=0.68±0.12; QAQ + ivabradine PI=0.64±0.04, n=5 
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retinas, p=0.74. AAQ PI=0.77±0.04; AAQ + ivabradine PI=-0.48±0.11, n=5 retinas, p<0.001. 
Data are mean±SEM. 

 
target of AAQ in RGCs is again the HCN channel, which tends to depolarize the cells 
and enhance firing. However, when the HCN channels are pharmacologically blocked, 
photocontrol of K+ channels begins to dominate, and these channels tend to 
hyperpolarize the cell and reduce firing. The reduced firing is similar to previously 
observed effect of AAQ on hippocampal and cerebellar neurons (Fortin et al., 2008). 
Taken together, these data indicate that DENAQ and BENAQ require HCN channels to 
render RGCs light sensitive, whereas QAQ and AAQ strongly affect other types of 
channels, and therefore do not require HCN channels. 

2.4.5 Genes encoding photoswitch conduits and targets are up-regulated in 
degenerated retina 
 
We next tested if the expression of P2X receptor genes is altered in rd1 mice, as has 
been shown in mouse strains with other types of retinal degeneration (Cheng and 
Molday, 2013; Franke et al., 2005). Analysis by qRT-PCR (Figure 2.6A) showed a 
significant increase in expression of P2X4 (1.7 fold) and P2X7 receptors (2.5 fold) in rd1 
retina as compared to WT. These two isoforms form large conductance channels that 
can conduct organic cations (Browne et al., 2013). Expression of P2X2 and P2X3 
receptors was reduced in the rd1 retina, but since these isoforms are ordinarily 
expressed in cholinergic amacrine cells (Kaneda et al., 2004; Shigematsu et al., 2007), 
down-regulation of these genes in rd1 may not involve changes in RGCs. P2X5 and 
P2X6 receptor expression was not significantly altered in rd1 retina and mRNA for P2X1 
was not detected, consistent with previous WT expression studies (Brandle et al., 
1998). Immunofluorescent labeling showed that P2X7 receptors co-localized with 
RPBMS (Figures 2.7A-H), an RGC-selective marker (Rodriguez et al., 2014). We could 
resolve no significant difference in antibody labeling of P2X7 receptors between rd1 and 
WT RGCs (Figures 2.7A-H), but immunohistochemistry may be insufficiently sensitive 
and specific to accurately report relatively small changes of P2X7 at the protein level. 

 

 
Figure 2.6 Genes encoding photoswitch conduits and targets are up-regulated in WT and 
rd1 mouse retinas. 
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A-C) Bar graph showing fold differences in gene expression in rd1 retinas relative to WT retinas 
based on the ddCt values from RT-qPCR. Target gene expression was normalized to β-actin 
(Actb) expression. Data are mean±SEM. P-value: *<0.05, **<0.01, ***<0.001, n=5 retinas.  

 
 

 
Figure 2.7 P2X7-receptor immunolabeling in WT and rd1 retina. P2X7-receptor expression 
was assessed in WT (A-D) and rd1 (E-H) mice using immunohistochemistry. 
A) In the WT retina, P2X7-receptor immunolabeling was apparent throughout the inner retina. 
B) RPBMS labelled RGCs, (C) DAPI labelled cell nuclei and (D) the merged image from a WT 
retina are shown.  
E) In the rd1 retina, P2X7-receptor immunolabeling was also apparent throughout the inner 
retina. F) RPBMS labelled RGCs, (G) DAPI labelled cell nuclei and (H) the merged image from 
an rd1 retina is shown. We could detect no obvious difference in P2X7-receptor 
immunoreactivity between WT and rd1 retinas. IPL, inner plexiform layer; GCL, ganglion cell 
layer. Scale bars = 20 µm. 
 
We also analyzed the expression of genes encoding HCN channel subunits, the primary 
electrophysiological targets of DENAQ and BENAQ (Figure 2.6B). HCN1 is expressed 
in rod photoreceptors (Della Santina et al., 2012), so it is not surprising that the HCN1 
transcript was greatly reduced in rd1 retina (0.3 fold), similar to previous findings 
(Cheng and Molday, 2013; Uren et al., 2014). However, HCN3 and HCN4 were 
significantly up-regulated (increased by 2.7 and 2.1 fold, respectively). Immunolabeling 
has shown that these two HCN channel subtypes are found primarily in the inner retina, 
with HCN4 expressed in the dendrites, soma, and axons of RGCs (Stradleigh et al., 
2011). These results, together with our previous functional characterization of HCN 
channels in rd1 RGCs (Tochitsky et al., 2014), demonstrate that both the channel 
conduits for photoswitch entry (P2X receptors) and channel targets for photoswitch 
action (HCN channels) are up-regulated in the rd1 retina, explaining, at least in part, the 
molecular basis of degeneration-specific photosensitization.  
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Finally, we measured the expression of several other RGC markers. We detected 
almost no rhodopsin (Rho) expression in the rd1 retina (8×10-5 fold of normal) (Figure 
2.6C), consistent with nearly complete loss of rods. 

 
Figure 2.8. DENAQ is non-toxic in both healthy and blind mouse retina. 
A-D) TUNEL assay after DENAQ injection. Staining of sections from WT and rd1 retina treated 
with DENAQ vs. vehicle. Positive TUNEL staining shown in green, cones labeling with 
rhodamine-PNA is shown in red, and cell nuclei with DAPI staining shown in blue. TUNEL 
staining was not substantially increased after DENAQ treatment. Note staining of one cell (white 
arrow in B).  
E-H) Analysis of retinal layer thickness 7 days after DENAQ injection. Nuclei were labeled with 
toluidine blue. Outer layers of the retinal are shrunken in rd1, but DENAQ did not alter the 
thickness of any of the retinal cellular layers in either WT or rd1.  
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I-L) Analysis of microglia activation, 7 days after DENAQ injection. Activated microglia labeled 
with Iba1 (green). Cell nuclei labeled with DAPI (blue). The rd1 retina had an altered density of 
activated microglia, but DENAQ did not affect the density in any of the retinal cellular layers in 
either WT or rd1. 
 
We also found no significant change in the expression level of 3 RGC-selective marker 
genes (Sncg, Pou4f1, and Thy1), consistent with maintenance of a normal number of 
RGCs in rd1 retina. Expression of all transcripts was normalized with respect to cellular 
housekeeping genes compensating for the decrease in total cell number in the rd1 
retina. 

2.4.6 DENAQ exhibits no toxicity on healthy or degenerated retina. 
 
We previously showed that DENAQ injected into the eye has no apparent deleterious 
effects on the retinas of wild-type mice. However, now that we have established that 
photoswitches only enter into RGCs if the retina is degenerated, it is important to also 
evaluate toxicity in blind mice. Therefore, we compared neuronal survival after injecting 
either DENAQ-containing or DENAQ-free saline in both WT and rd1 mice. We counted 
cell nuclei at 1 and 7 days after injection, standard times for measuring acute and 
chronic retinotoxicity by drug candidates (Puthussery and Fletcher, 2009). In WT retina 
(Figs. 2.8A-B) the density of cell nuclei was the same in DENAQ- and vehicle-injected 
eyes at both 1 and 7 days. Likewise, the TUNEL assay showed no significant cell death 
after DENAQ injection (DENAQ-treated, (0.21±0.11 TUNEL vehicle-treated: 0.04±0.05, 
positive (green) cells/mm2 retina, p=0.122) (Figures 2.8C- D), (vehicle = 0.06±0.06 vs 
WT, DENAQ 0.00±0.00 TUNEL positive cells/mm2 retina, p=0.391). DENAQ caused no 
change in the thickness of individual retinal layers (IS/OS, ONL, INL, IPL, GCL; p>0.05) 
(Figures 2.8E-F) or thickness of the entire retina (vehicle-treated 110±4 vs DENAQ-
treated 118±5 µm, p=0.26) in rd1 and WT mice, measured at 1 and 7 days (Figures 
2.8G-H) (rd1 vehicle 69±5 vs. DENAQ 71±4 µm, p=0.70). The degree of microglia 
activation, a sign of chronic retinotoxicity (Puthussery and Fletcher, 2009), was 
unaffected by DENAQ injection (Figures 2.8J-L). Finally, Müller glial cell morphology 
was unaffected by DENAQ in WT (Figure 2.8M) or rd1 (Figure 2.8N). Müller glia cells in 
rd1 retina display gliosis, but there was no additional effect of DENAQ (Figures S2O-P).  

2.4.7 P2X receptor-permeant dyes label a subset of RGCs in a degeneration-dependent 
manner. 
 
To corroborate the increase in membrane permeability of RGCs in degenerated retina, 
we tested fluorescent molecules that can enter cells only through large-pore channels. 
YO-PRO-1, a dye similar in size (376Da) and charge to DENAQ (403Da), can enter 
cells through some types of activated P2X receptors to label cell nuclei (Virginio et al., 
1999). Consistent with previous studies (Innocenti et al., 2004), in wild-type retina there 
were very few YO-PRO-1 labeled neurons in the ganglion cell layer (GCL). We did 
observe sparse labeling of some vascular cells (Figure 2.9A), which are known to 
express a high density of P2X7 receptors (North and Jarvis, 2013). By contrast, in the 
rd1 retina, YO-PRO-1 clearly labeled many cells within the GCL (Figure 2.9B). Hence 
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there is a population of highly fluorescent cells present in rd1 retinas and not in WT 
retinas, corresponding to cells that are permeable to YO-PRO-1 (Figures 2.9C&D).    
 
To quantify the difference in labeling in wild-type vs. rd1 retina, we first determined the 
total number of cells in a given field of view by counter-staining with  

 
Figure 2.9. P2X receptors are necessary for dye entry into RGCs in the rd1 retina. 
A) WT retina loading of YO-PRO-1 (green) counterstained with Nuclear I.D. (red) shows loading 
primarily in vasculature with neuronal populations being almost completely absent of YO-PRO-1 
labeling. 
B) By contrast, a subpopulation of rd1 RGCs are readily labeled with YO-PRO-1. 
C-D) Fluorescence histograms of YO-PRO-1 labeling. The threshold for labeled cells was set at 
+2SD above autofluorescence values. YO-PRO-1 labels a larger fraction of rd1 RGCs (C) 
compared to WT RGCs (D) (p<0.001). 
E) Percentage of YO-PRO labeled cells in rd1 and WT RGCs. YO-PRO labeled WT 
RGCs=3.7±1.3%, n=1854; rd1=29.0±6.9%, n=1106, p<0.001, two-tailed unpaired Student’s t-
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test. P2X channel blockers TNP-ATP (5±2%) and A740003 (9±1.5%); and breakdown of 
extracellular ATP with apyrase (12±5%) all reduced YO-PRO labeling while capsazepine had no 
effect. Data are mean±SEM. 
 
 
Nuclear-ID, which labels nuclei of all cells. We then measured the fraction of cells 
labeled with YO-PRO-1 by setting a threshold of +2 standard deviations over the auto-
fluorescence observed in unlabeled retina. This analysis showed a significantly higher 
fraction of cells that were YO-PRO-1 labeled in rd1 retina than in wild-type retina (Figure 
2.9E). The GCL contains cell bodies of displaced amacrine cells in addition to RGCs. 
The cell bodies of the two cell types can be of similar size, but only the RGCs have 
axons. To determine specifically whether the RGCs show enhanced dye permeability, 
we used FITC, a dye that distributes evenly throughout the cytoplasm of cells, including 
in axons, instead of concentrating in the nucleus. Like YO-PRO-1, FITC loading into 
cells requires the activity of large-pore ion channels (Browne et al., 2013). We observed 
many FITC labeled axons in the nerve fiber layer (NFL) in rd1 but not WT retinas 
(Figures 2.10A-C) indicating the dye labeled RGCs.  
 

    
Figure 2.10. Axonal labeling confirms that RGCs admit dye in the rd1 retina. 
A) In WT retina, RGC axons in the NFL show no labeling with FITC (green dye). Red represents 
counterstaining with Nuclear ID, which labels all cells. 
B) In rd1 retina, RGC axons label strongly with FITC. 
C) Quantification of fluorescence in the NFL of rd1 vs. WT retinas. Data are mean ± SEM. 
 
 
TRPV1 channels and P2X receptors have pores of sufficient size to pass YO-PRO-1 
into cells (Browne et al., 2013; Virginio et al., 1999). To determine which of these 
mediates YO-PRO-1 loading into rd1 RGCs, we treated retinas with pharmacological 
blockers of these channels prior to and during dye-treatment. For this analysis, student- 
t-tests were employed for pairwise comparisons only as the data set is undercomplete 
for an ANOVA analysis. The non-selective P2X receptor antagonist TNP-ATP 
completely eliminated YO-PRO-1 staining (p<0.001), reducing the fraction of YO-PRO-1 
positive RGCs to the level found in WT retina (p=0.590) (Figure 2.9E). The selective 
P2X7 receptor antagonist A740003 also reduced staining (p<0.001), whereas 
capsazepine, a TRPV1 antagonist, had no effect (p=0.46). YO-PRO-1 labeling was also 
reduced by treating the retina with apyrase (p<0.05). Taken together, these results 
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indicate that P2X receptors are the main conduits allowing entry of both YO-PRO-1 and 
photoswitch compounds into RGCs.  

 
Figure 2.11. Activation of over-expressed P2X7R enables permeation of dye and 
photoswitch into WT RGCs.  
A-B) Confocal images (A) and quantification (B) of YO-PRO-1 loading (green) into WT RGCs.  
No dye loading is observed in non-infected WT RGCs with or without extra exogenous ATPgS. 
Likewise, P2X7R overexpression (OE) alone is insufficient to cause dye loading into WT RGCs, 
but P2X7R OE together with the addition of ATPgS enable dye loading into WT RGCs (2x2 
ANOVA p<0.0001, TukeyHSD Interaction p<0.01). By comparison, YO-PRO-1 robustly loads 
into rd1 RGCs without any genetic or pharmacological manipulation.  
C) Sample MEA recording from synaptically isolated WT RGCs overexpressing P2X7 and 
treated with QAQ + bzATP.  
D) Average PI values from photoswitch treated WT mouse retinas overexpressing P2X7 and 
treated with bzATP. WT RGCs + 300 m M QAQ + bzATP PI = 0.00±.03, n=3 retinas; WT RGCs 
+ P2X7R OE + 300 m M QAQ + bzATP PI=.28±.06, n=5, p=.02; WT RGCs + P2X7R OE + 
DENAQ + bzATP PI=.05±.06, n=4; WT RGCs + P2X7R OE + BENAQ + bzATP PI=-.05±.02, 
n=4. All data are mean±SEM. 
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2.4.8 Genetic perturbation of P2X receptor expression alters RGC permeability to dyes 
and photoswitches 
 
As an independent test of whether P2X7 receptors can support permeation of dyes and 
photoswitches into RGCs, we over-expressed the P2X7 receptor in the WT mouse 
retina by intravitreal injection of an AAV2 viral vector, with mCherry as a co-expression 
marker. YO-PRO-1 failed to enter and label virally-transduced RGCs (Figures 2.11 
A&B), but application of a P2X7R agonist promoted YO-PRO-1 loading, similar to that of 
rd1 RGCs.  In non-transduced RGCs, the P2X7R agonist failed to promote YO-PRO-1 
loading (Figures 2.11 A&B). Taken together, these results show that WT RGCs can 
admit YO-PRO-1, but only upon overexpression and activation of P2X7Rs. 
  
Does P2X7R over-expression also enable photosensitization? We found that neither 
DENAQ nor BENAQ, which act preferentially on HCN channels, photosensitized virally-
transduced WT RGCs, even when a P2XR agonist was added. However, QAQ, a 
photoswitch that acts preferentially on voltage-gated Na+ channels, photosensitized 
RGCs when co-applied with the agonist (Figure 2.11 C&D). QAQ was ineffective when 
either the over-expressed P2X7 receptor or the agonist were absent. These results are 
consistent with the requirement of both an active conduit (P2XRs) and an appropriate 
target ion channel to enable the photocontrol of RGC activity. 
  
To further test the involvement of P2X7Rs in degeneration-specific photosensitization, 
we crossed rd1 mice with P2X7R knock-out mice, to obtain a homozygous strain of 
blind mice that also lack P2X7Rs. While DENAQ photosensitization of RGCs was not 
eliminated, retinal MEA recordings showed that it was significantly reduced as 
compared to rd1 retinas (PI=0.31 for P2X7R-KO; 158 RGCs in 3 retinal samples; 
PI=0.38 for rd1; 695 RGCs in 8 retinal samples; p=0.032; Mann-Whitney U test). 
Considerable photoswitching remained in the P2X7 receptor knock-out, consistent with 
other P2XR isoforms also contributing to DENAQ permeation. It is also possible that 
genetic removal of P2X7R leads to compensatory changes in the expression of the 
other isoforms. 

2.4.9 Dye-labeling is specific for OFF-RGCs 
 
Different types of RGCs play different roles in visual perception making it important to 
determine which types of RGCs are affected by photoswitches. Classifying ON, OFF, 
and ON/OFF RGCs based on physiological light responses is impossible in the fully 
blind rd1 retina. However, the stratification of RGC dendrites to ON vs. OFF sublamina 
of the inner plexiform layer (IPL) is preserved until very late stages of degeneration 
(Mazzoni et al., 2008). This provides a morphological basis for RGC classification.  
 
We used this approach to ask which RGCs accumulate YO-PRO. To visualize RGC 
dendrites we used a mouse line expressing a genetically-encoded fluorescent protein in 
a sparse assortment of cells, specifically, by expressing YFP under the control  
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Figure 2.12. P2X receptor permeant dyes selectively enter OFF-RGCs in rd1 retina.  
A) (Top) Rd1 RGC filled with a cytoplasmic fluorophore (Alexa 488). The outlined area was 
aggregated to a single plane for analysis (Bottom) Nuclear-ID labeling of RGCs. 
B) Orthogonal views of aggregated fluorescence data show the GCL and INL. The location of 
the peak of the dendritic fluorescence was used to differentiate between putative ON and OFF 
RGCs. 
C) RGCs with dendrites stratifying in the ON sublamina lacked the nuclear labeling that is 
present in those cells whose dendrites lay in the OFF sublamina.  
D) RGC YO-PRO nuclear fluorescence plotted as a function of RGC dendritic stratification in the 
IPL. Cells with a nuclear labeling index greater than 1 (red dashed line) are above threshold for 
labeling. At a certain depth in the IPL (black dashed line) cells with dendrites deeper than this 
demarcation point readily label  
E) Nuclear labeling index for putative ON (n=17) and OFF (n=12) RGC’s as well as bistratified 
ON/OFF RGCs (n=9) shows preferential loading in ON RGCs. Data are mean±SEM. (1x3 
ANOVA p<0.001, TukeyHSD p<0.001) 
 
 
of the Thy-1 promoter (O'Brien et al., 2014). This line was crossed with rd1 mice to 
produce a Thy1-YFP-rd1 strain, allowing visualization of the dendritic morphology of 
individual RGCs in a degenerated retina (Fig. 2.12A, B). We treated these retinas with 
YO-PRO and determined which particular RGCs accumulate the dye. YO-PRO binds to 
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DNA and is therefore concentrated in the nucleus, whereas YFP is dispersed uniformly 
throughout the cytoplasm (Fig. 2.12C). We found that nearly all of the RGCs with YO-
PRO-labeled nuclei had dendrites ramifying exclusively in the outer, presumptive OFF-
sublamina (n=11 of 13) and none exclusively in the inner, presumptive ON-sublamina 
(n=0 of 17) (Fig. 2.12D, E). None of the 9 RGCs with bistratified dendrites were YO-
PRO-labeled. Hence YO-PRO labeling in the rd1 retina appears to be specific for OFF-
RGCs.  

2.4.10 Photosensitization is selective for OFF-RGCs 
 
Since the same membrane conduits underlie photoswitch-loading and dye-entry, we 
wondered whether photoswitching, like dye-labeling, occurs selectively in OFF-RGCs. 
To answer this, we obtained patch clamp recordings from individual RGCs to measure 
photosensitization by extracellular bath application of BENAQ and injected a fluorescent 
dye (AlexaFluor 488) through the patch pipette to map each cell’s dendritic stratification. 
We first recorded RGC activity in the absence of synaptic blockers to determine whether 
upstream neurons were photosensitized and then applied synaptic blockers to measure 
RGCs’ intrinsic light responses. We found a light-elicited increase in action potential 
frequency in RGCs with dendrites in the OFF-sublamina (n=5 of 6; Fig. 2.13A-C) which 
persisted after we blocked synaptic inputs. RGCs with dendrites in the ON-sublamina 
did not respond to light either in the absence or presence of synaptic blockers (Fig. 
2.13A-C; 1 out of 7; p=0.029, Fisher Exact Test), indicating that the ON visual pathway 
was not photosensitized. On average, light increased firing rate by 6.4 Hz in OFF-RGCs 
(n=6), but only 0.2 Hz in ON-RGCs (n=7), a significant difference (p=0.016) (Fig 213B). 
Light had no effect on firing in bistratified cells, classified as presumptive ON-OFF 
RGCs (n=6). Hence photosensitization is highly selective for OFF-RGCs. 
 
Trans-DENAQ and trans-BENAQ block HCN channels (Tochitsky et al., 2014) and HCN 
channel function is necessary to photosensitize RGCs (Figures 2.5A & D). BENAQ’s 
apparent selectivity for OFF-RGCs vs. ON-RGCs could be due to a difference in the 
light-elicited HCN current (Ih). To test this, we treated rd1 retinas with BENAQ in the 
bath and measured Ih using whole-cell patch clamp recordings. Once again, dye was 
injected into the RGCs to visualize their dendritic stratification. We found that the light-
elicited change in Ih was significantly larger in OFF-RGCs (Figures 2.13E, 2.14A) than 
in either ON-RGCs (Figures 7E, S4A) or in bistratified ON-OFF RGCs (Figures 
2.13D&E). This larger light-elicited current is presumably sufficient to depolarize OFF-
RGCs and cause them to fire, while being too small to trigger firing in ON-RGCs. The 
larger light-elicited current might be caused by a biochemical change that alters HCN 
channel sensitivity to photoswitches or may simply reflect an increased number of active 
HCN channels in OFF-RGCs. To test this possibility, we measured the current density 
of Ih in ON-RGCs and OFF-RGCs. We found that the Ih current density is higher in 
OFF-RGCs than in ON-RGCs (Figures 2.14B&C), suggesting a higher expression of 
these channels in OFF RGCs, which may be associated with the high level of 
spontaneous activity exhibited by OFF-RGCs in the blind retina (Sekirnjak et al., 2011). 
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Figure 2.13. BENAQ selectively photosensitizes OFF-RGCs in rd1 retina.  
A) Light-elicited increase in firing rate in BENAQ-treated rd1 RGCs plotted in relation to the 
depth of the RGC dendritic stratification in the IPL. Bistratified ON/OFF RGCs are not shown. 
Putative ON-RGC/OFF-RGC classification shown in gray/blue. 
B) Light elicits a larger firing rate increase in BENAQ-treated OFF-RGCs (mean=6.4 Hz, n=6) 
compared to ON-RGCs (0.2 Hz, n=7, p=0.016). Light evoked no response in ON-OFF RGCs 
(n=6).   
C) Example traces from BENAQ-treated ON (left) and OFF (right) RGCs. The bar above the 
trace represents the presence or absence of light.  
D) Light elicited increase in Ih in extracellular bath BENAQ-treated rd1 RGCs plotted in relation 
to the depth of the RGC dendritic stratification in the IPL. Putative ON/OFF-RGC classification 
shown in gray/blue.  
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E) Average light elicited increase in Ih in extracellular bath BENAQ-treated OFF-RGCs 
(mean=151.8±15.5 pA, n=5), ON/OFF-RGCs (mean=80.6±9.3 pA, n=6, p<0.001), and ON-
RGCs (mean=45.3±10.7 pA, n=11, p<0.001, Bonferroni post hoc test). Data are mean±SEM.  
F) Light elicited increase in Ih in intracellular patch-pipette BENAQ-treated WT (red) and rd1 
(blue) RGCs plotted in relation to the depth of the RGC dendritic stratification in the IPL. 
Putative ON/OFF-RGC classification shown in gray/teal. 
G) Average light elicited increase in Ih in intracellular patch-pipette BENAQ-treated WT ON-
RGCs (mean=7.8±5.6 pA, n=5), WT OFF-RGCs (mean=3.9±1.0 pA, n=5), rd1 ON-RGCs 
(mean=7.0±5.4 pA, n=6), and rd1 ON-RGCs (mean=135±65 pA, n=8, p=0.046). Data are 
mean±SEM.  
 
To determine whether cell-type selective entry contributes to selective 
photosensitization of OFF rd1 RGCs, we bypassed membrane conduits and included 
BENAQ in the patch pipette during whole-cell recording, allowing it to diffuse into the 
cytoplasm. Direct intracellular dialysis of BENAQ resulted in robust photosensitization of 
Ih in OFF rd1 RGCs but not in ON rd1 RGCs, (Figures 2.13F&G). This indicates a 
functional difference in the channels underlying Ih in ON vs. OFF RGCs in the rd1 
retina. In contrast, BENAQ dialysis failed to photosensitize Ih in ON and OFF RGCs in 
wild-type retina (Figures 2.13F&G). Hence degeneration leads to a change in Ih, but 
only in OFF RGCs, enabling photoswitch compounds to impart light responses with cell-
type selectivity.  
 

 
Figure 2.14 Ih is larger in OFF-RGCs compared to ON-RGCs.  
A) Voltage clamp recordings of Ih from BENAQ-treated rd1 OFF-RGCs and ON-RGCs. Ih was 
activated by a voltage step to -100mV. Light evokes an increase in Ih in BENAQ treated OFF-
RGCs (top) but not ON-RGCs (middle).  
B) Ih current density in rd1 RGCs plotted as a function of RGC dendritic stratification in the IPL. 
Ih current density is larger in RGCs (OFF-RGCs) with dendrites located deeper in the IPL. 
Putative ON-RGC/OFF-RGC classification shown in gray/blue.  
C) Average Ih current density in rd1 ON-RGCs (mean=6.5±1.3 pA/pF) and OFF-RGCs 
(mean=11.2±1.5 pA/pF, p<0.01). The Ih current density is larger in OFF-RGCs compared to 
ON-RGCs.  
 
2.5 Discussion 

2.5.1 Photoswitching is degeneration-dependent and cell-type selective 
 
Neurons can be photosensitized with optogenetic or optopharmacological tools (Kramer 
et al., 2013). Optogenetics involves the genetic expression of an exogenous protein 
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(e.g. an opsin), which associates with an endogenous photoswitch (11-cis retinal). 
Optopharmacology involves the delivery of an exogenous photoswitch (e.g. BENAQ), 
which associates with an endogenous protein (a voltage-gated ion channel). For 
optogenetic control, the exogenous protein can be targeted to a particular cell type with 
a viral vector that incorporates a cell-selective promoter. Until now, there was no 
obvious way to target a particular retinal cell type with optopharmacological tools. 
Without cell-type specificity, retinal neurons would indiscriminately respond to light, 
conceivably degrading the ability of the visual system to process and perceive images. 
Our new findings overturn these assumptions about the optopharmacological approach. 
Surprisingly, photoswitch compounds are targeted to a particular cell type, not by a 
rationally designed engineering method, but by natural processes that occur upon 
rod/cone degeneration. In the degenerating retina, BENAQ nearly exclusively 
photosensitizes OFF-retinal ganglion cells (RGCs), sidestepping ON-RGCs and 
ON/OFF-RGCs. The preference for OFF-RGCs is also seen with normally cell-
impermeant dye molecules such as YO-PRO.  
 
All of our photoswitches enter RGCs through a common P2X receptor-dependent 
mechanism that is set in motion in degenerated retinas. However, different 
photoswitches act preferentially on different types of voltage-gated ion channels. Hence 
the primary target for DENAQ, BENAQ and AAQ is the HCN conductance, whereas for 
QAQ, it is the Na+ conductance (Mourot et al., 2012). The net consequence of optical 
stimulation is an increase in firing rate in RGCs treated with any of the four photoswitch 
compounds, as cis photoisomerization relieves channel blockade in each case, 
depolarizing RGCs. 
 
Our results do not exclude the possibility that photoswitches also have effects on 
presynaptic neurons in the retinal circuit. Pharmacological experiments show that the 
dominant effect of AAQ is on inhibitory amacrine cells, with bipolar cells and RGCs 
playing a less important role (Polosukhina et al., 2012). However, for all of the other 
photoswitches, neurotransmitter antagonists that isolate RGCs from synaptic inputs 
cause no reduction in the strength of light-elicited firing. Furthermore, the selective 
photosensitization of OFF-RGCs was observed in both the presence and absence of 
synaptic blockers. Hence for DENAQ, BENAQ, and QAQ, RGC-autologous effects 
dominate over synaptic-mediated effects.  

2.5.2 Photoswitches provide new insights into retinal remodeling 
  
These findings reveal new aspects of retinal remodeling that occur as a consequence of 
degenerative disease. The loss of rods and cones leads to progressive structural, 
functional and signaling changes that begin in the outer retina and spread gradually to 
the inner retina (Jones et al., 2012). The dendritic projections of RGCs in the inner 
plexiform layer (IPL) remain remarkably unchanged for >6 months after the loss of rods 
and cones in rd1 mice (O'Brien et al., 2014) and their axonal projections to the brain 
also remain intact (Mazzoni et al., 2008). However, functional changes in RGCs occur 
much earlier (i.e. within the first 3 months), as revealed by photoswitches and dye 
molecules.   
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Degeneration-dependent remodeling must be initiated by a cue from the outer retina. 
The nature of the signal is unclear, but our findings suggest that photoreceptor death 
per se is necessary for the changes in RGCs to occur. Mutations that disrupt 
phototransduction and light-dependent synaptic signaling without leading to rod and 
cone degeneration do not enable DENAQ photosensitization (Tochitsky et al., 2014). 
Possible initiation cues include the loss of neurotrophic factor(s) (Leveillard et al., 2004), 
release of cytoplasmic constituents by degenerating photoreceptors, and disruption of 
the outer limiting membrane, which could allow retinal neurons to be exposed to RPE-
derived retinoids (Lin et al., 2012). Once the degeneration cue reaches RGCs, changes 
ensue that allow permeation of photoswitches, dyes, and perhaps natural extracellular 
and cytoplasmic constituents. Genes encoding P2X4 and P2X7 receptor subunits are 
up-regulated, and the resulting channels mediate heightened membrane permeability to 
large molecules.  
 
Remodeling also changes the electrical excitability of RGCs. Spontaneous firing 
increases in OFF-RGCs and decreases in ON-RGCs, attributable, at least in part, to 
cell-autologous changes (Sekirnjak et al., 2011). We find that Ih is larger and more 
sensitive to photoswitching in OFF-RGCs than in ON-RGCs. HCN channels contribute 
to spontaneous activity in many neurons and HCN blockers prevent the actions of 
DENAQ and BENAQ in RGCs (Fig. 3D and (Tochitsky et al., 2014)), leading us to 
propose that these channels mediate both the hyperexcitability and the photoswitch-
sensitivity of RGCs. Thus, photoswitches inhibit spontaneous RGC activity in darkness 
when HCN channels are blocked, and photoisomerization increases RGC activity in the 
light when HCN channel blockade is relieved. To summarize our model, we propose 
that P2X receptor functional upregulation allows degeneration-dependent photoswitch 
entry and HCN channel functional upregulation allows degeneration-dependent 
photoswitch action. Both of these phenomena are more prominent in OFF-RGCs 
compared to other types of RGCs allowing for their selective photosensitization. The 
discovery of the mechanism for the disease-selective and cell-type selective 
photoswitching identifies new drug targets for potentially treating retinal degenerative 
disease and informs efforts to optimize photoswitch compounds for clinical use.  

2.5.3 Implications for vision restoration 
 
The goal of the photoswitch strategy is to develop a safe and effective drug that can 
restore some degree of visual perception to patients suffering from photoreceptor 
degeneration. A number of alternative methods for vision restoration are currently being 
developed both in the laboratory and in the clinic. Electronic retinal prosthetics such as 
the Argus II, the only FDA approved treatment for end-stage RP, have been able to 
restore some visual function to blind patients (Yue et al., 2016). Gene therapy 
approaches either focus on correcting the inherited defects that cause photoreceptor 
degeneration (Trapani et al., 2015) or seek to convert surviving neurons in the blind 
retina into artificial photoreceptors via the expression of optogenetic tools using viral 
vectors (Busskamp et al., 2010; Lagali et al., 2008). Stem-cell-based treatments aim to 
deliver photoreceptor progenitors or other cells into the blind retina to replace cells lost 
due to disease (Jayakody et al., 2015). Neither gene therapy nor stem-cell based 
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treatments for vision restoration have yet been approved by the FDA, although some of 
them are currently in clinical trials (Kimbrel and Lanza, 2015).  
 
The photoswitch approach offers a more straightforward path to the clinic than that 
offered by gene and stem-cell based therapeutics, due to a more established FDA 
regulatory process for testing the safety and efficacy of small molecules. A drug-based 
treatment would be less invasive than implanting optoelectronic devices (Yue et al., 
2016) and more reversible than delivering genes encoding optogenetic tools (Busskamp 
et al., 2010; Lagali et al., 2008). The degeneration-dependence of photoswitches is 
another advantage, raising the possibility that photoswitches may act selectively on 
diseased retinal tissue. Most retinitis pigmentosa (RP) or age-related macular 
degeneration (AMD) patients exhibit regional degeneration, with some retinal regions 
exhibiting loss of rods and cones and other regions remaining healthy for years. In RP, 
degeneration slowly progresses from the periphery to the center (Hartong et al., 2006), 
whereas AMD affects the macula, the central 2-3% of the retina (Holz et al., 2014) 
potentially causing a blind spot in the center of the visual field (Holz et al., 2014). 
Ideally, a vision restoring therapy would target these blind retinal areas without affecting 
healthy areas that are functioning normally. If the degeneration-dependence of RGC 
photosensitization in mice extends to humans, photoswitches might be useful for 
delivering light-sensitivity only where it is needed.  
 
Likewise, selective photosensitization of particular types of RGCs might be 
advantageous for visual perception. The simultaneous activation of ON and OFF RGCs 
generates potentially conflicting signals, a possible factor in limiting the acuity of blind 
patients implanted with electronic chip prosthetics (Cottaris and Elfar, 2005). 
Optogenetic tools can be targeted with a cell-selective gene promoter to one cell type, 
for example ON-bipolar cells (Lagali et al., 2008), or remnant cones (Busskamp et al., 
2010). Now we know that photoswitches can also be targeted to a particular cell type, 
OFF-RGCs, but by a natural process. It may seem imperfect that the compounds 
generate an ON-like response in these cells, eliciting activity at light onset, not offset. 
However, this sign reversal may be obviated with an optical display that projects 
negative images of visual scenes onto the retina. Reanimation of only the OFF-RGCs 
should, in principle, be sufficient to restore relatively normal vision, as patients with a 
dysfunctional ON pathway due to congenital stationary night blindness (Dryja et al., 
2005) or Duchenne Muscular Dystrophy (Barboni et al., 2013) retain nearly normal 
photopic visual perception.  

2.5.4 Broader translational implications 
 
Our discovery of a disease-associated and cell type-selective change in P2X receptor 
function also has potential implications for treating other neurological disorders. 
Changes in P2X receptor expression or function accompany a wide variety of 
neurodegenerative disorders and P2X receptor antagonists are being explored as 
potential treatments thereof (Burnstock and Kennedy, 2011). Here, we highlight an 
alternative potential approach to treating diseases involving purinergic receptor 
dysfunction – exploiting the large-pore property of P2X receptors to deliver membrane 
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impermeable drugs to diseased cells and tissues for therapeutic benefit. This strategy 
may find broader application in treating other diseases of the nervous system. 
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CHAPTER 3: Retinoic acid mediates electrophysiological remodeling during 
retinal degeneration, making the retinoic acid receptor a drug target for 
enhancing vision. 
 
3.1 Abstract 
This Chapter is a full reprint of Helft et al., Nature Medicine (2017), in which I was the 
primary author. The work is included with permission from all authors. 
 
Relevant Publication 
Helft, Z., Denlinger, B., Telias, M., Thornton, C., and Kramer, R.H. (2017) Retinoic acid 
mediates electrophysiological remodeling during retinal degeneration. Nature Medicine. 
Submitted 2017. 
 
Light responses are initiated in rod and cone photoreceptors, processed by 
interneurons, and synaptically transmitted to retinal ganglion cells (RGCs), which 
generate action potentials that carry visual information to the brain.  In mouse models of 
inherited retinal degeneration, the retinal ganglion cells survive but exhibit 
electrophysiological remodeling, including heightened spontaneous activity that 
obscures responses to dim light. Here we show that retinoic acid (RA), a developmental 
morphogen, is the signal that triggers electrophysiological remodeling. Blocking retinoic 
acid signaling reduces RGC remodeling and unmasks light responses in degenerating 
retinas, enhancing retinoic acid signaling mimics remodeling in healthy retinas, and a 
genetically-encoded fluorescent reporter verifies that retinoic acid signaling is actually 
increased during degeneration.  Identification of retinoic acid as the initiator of 
remodeling presents a new therapeutic opportunity for boosting low-level vision and 
enhancing the effectiveness of visual prosthetic technologies during degenerative 
blindness. 
 
3.2 Introduction 
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Retinitis pigmentosa (RP) and age-related macular degeneration (AMD) are blinding 
diseases caused by the progressive degeneration of rod and cone photoreceptors. 
Nevertheless, downstream retinal neurons survive and the axons of retinal ganglion 
cells (RGCs) remain intact, maintaining synaptic connectivity with the brain (Medeiros et 
al., 2001; Mazzoni et al., 2008). The integrity of RGCs is the foundation for several 
technologies aimed at restoring visual perception in RP and AMD. Electronic implants 
(Hayuman et al., 2012), optogenetic tools (Bi et al., 2006), and optopharmacological 
tools (Polosukhina et al., 2012) can either directly or indirectly impart artificial light 
responses onto RGCs and restore light-elicited behavioral responses mediated by 
visual circuits in the brain.  
  
Even though downstream retinal neurons remain alive, they show gradual changes in 
morphology in both human RP patients and animal models of RP.  In the rd1 mouse 
model, new dendritic branches appear and cell body position begins to change months 
after the photoreceptors die (Jones et al., 2016; Phillips et al., 2010; Anderson et al., 
2016). In contrast, biochemical and physiological changes in retinal neurons start soon 
after photoreceptor death and may exacerbate vision loss. As discussed in the previous 
chapter, membrane receptors for ATP (P2X receptors) are up-regulated and become 
chronically active, resulting in increased membrane permeability. A type of ion channel 
that underlies spontaneous firing (the HCN channel), is up-regulated, causing RGCs to 
become hyperexcitable (Stasheff 2008; Stasheff et al., 2011; Tochitsky et al., 2016). 
The combination of increased membrane permeability and hyperexcitability allows 
azobenzene photoswitches to cross the plasma membrane into the cytoplasm and bind 
to the intracellular side of voltage-gated ion channels to confer light-dependent firing on 
RGCs in degenerated retinas (Tochitsky et al., 2016).   
  
What biochemical signal informs RGCs that rods and cones are degenerating?  
Perhaps rod and cone death leads to a decrease in a light-dependent-synaptic signal, 
such as glutamate, which might act as a suppressor of remodeling in healthy retina.  
Inconsistent with this idea, mice with mutations that eliminate phototransduction without 
causing degeneration show no remodeling (Tochitsky et al., 2014). Rods synthesize 
and release trophic factors, including rod-derived cone viability factor (RdCVF, 
Leveillard et al., 2004), another possible suppressor of RGC remodeling. However, the 
receptor for RdCVF is undetected in the inner retina (Aït-Ali et al., 2015), making this 
possibility unlikely.   
  
An alternative scenario is that rod and cone death results in an increase in an inducer of 
remodeling. Retinal pigment epithelium (RPE)-derived retinoids, normally sequestered 
by photoreceptor outer segment opsins (Palczewski et al., 2012), may gain access to 
the inner retina after photoreceptor degeneration. Retinoic acid (RA), a molecule 
derived from the visual chromophore retinaldehyde, is a transcriptional regulator that 
plays crucial roles in embryonic development (Duester, 2008). RA has also been 
implicated as a neural signal in adulthood, mediating synaptic plasticity in the cortex and 
hippocampus during learning (May & McCaffery, 2004; Chen et al., 2014; McCaffery et 
al., 2006; Lin et al., 2012) and triggering dendritic growth in the outer retina after light-
induced damage (Innocenti et al., 2004). Here we examine whether RA is the trigger of 
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degeneration-dependent remodeling of RGCs in rodent models of hereditary blindness. 
Treatments that interfere with RA production or signaling should disrupt or prevent RGC 
remodeling, testing whether RA is necessary. Treatments that enhance RA signaling 
should mimic remodeling in RGCs, testing whether RA is sufficient. Lastly, an RA-
selective transcription reporter could reveal whether elevated RA signaling is actually 
occurring during degenerative disease, validating its role as the initiator of 
electrophysiological remodeling. 
 
3.3 Experimental Procedures 

3.3.1. Reagents 
 
Photoswitch compounds were synthesized and prepared as formate salts as previously 
described (Mourot et al., 2012, Fortin et al., 2008, Mourot et al., 2011). All other 
chemicals were purchased from Sigma-Aldrich, Tocris Bioscience, Life Technologies, or 
Santa Cruz Biotech. Those chemicals that are insoluble in water were first dissolved in 
DMSO and diluted in ACSF to a final concentration containing <1% DMSO. 

3.3.2. Animals 
 
Retinas were isolated from WT mice (C57BL/6J strain, Jackson Laboratory or Charles 
River), homozygous rd1/rd1 mice (C3H/HeJ strain, Charles River Laboratories), WT rats 
(Long Evans strain, Charles River Laboratories) and S334-ter rats (line 3, gift of 
Matthew LaVail, UCSF). All animal use procedures were approved by the UC Berkeley 
Institutional Animal Care and Use Committee. 

3.3.3. Intravitreal Injections 
 
Before injection, mice were anesthetized with isoflurane (2%) and their pupils were 
dilated with tropicamide (1%) and phenylephrine (2.5%). Proparacaine (0.5%) was used 
as a topical analgesic. Genteal was applied under a glass coverslip to keep the cornea 
lubricated.  An incision was made through the sclera below the ora serrata with a 30G 
needle and ~1 μl of solution was injected into the vitreous with a blunt-ended 33G 
Hamilton syringe. After injection, the antibiotic tobramycin (0.3%) was applied to the 
eye. Final drug concentrations after intravitreal injection were:  all-trans retinoic acid 
(ATRA, 100 nM), liarozole (100 μM), diethylaminobenzaldehyde (DEAB, 20 μM), citral 
(50 μM), BMS493 (500 nM), and retinaldehyde (1 μM).  The above values correspond to 
the final concentration in the eye after injecting 1 μl of drug accounting for a 5-fold 
dilution.  An injection of PBS including 1% DMSO was used as vehicle control.     

3.3.4. Tissue Preparation 
 
Eyes were enucleated immediately following euthanasia. Corneas were punctured and 
globes were placed into oxygenated artificial cerebral spinal fluid (ACSF) containing (in 
mM) 119 NaCl, 2.5 KCl, 1 KH 2 PO 4 , 1.3 MgCl 2 , 2.5 CaCl 2 , 26.2 NaHCO 3, and 20 
D-glucose, aerated with 95% O 2 /5% CO 2. Retinas were dissected and kept in ACSF 
at room temperature until recording.  
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3.3.5. Multi Electrode Array Recordings 
 
For extracellular recordings, a flat-mounted retina was placed ganglion cell layer down 
onto a 60-electrode Multi-Electrode Array (MEA 1060-2- BC, Multi-Channel Systems). 
After mounting the retina, photoswitches were applied for 30 min, followed by a 15 min 
wash. BENAQ was applied at a concentration of 100 µM and QAQ at 300 µM. A 
solution containing a mixture of neurotransmitter receptor blockers isolated RGCs from 
synaptic inputs: (in μM) 10 AP4, 40 DNQX, 30 AP5, 10 SR-95531, 50 TPMPA, 10 
strychnine, and 50 tubocurarine. Extracellular spikes were high-pass filtered at 200 Hz 
and digitized at 20 kHz and were counted when exceeding 4 SD from the mean 
background voltage signal. Typically, each electrode recorded spikes from one to three 
individual RGCs. Principal component analysis of the spike waveforms was used for 
sorting spikes generated by individual cells (Offline Sorter, Plexon). Stimulation light 
was generated from a mercury arc lamp. Unfiltered broad spectrum light was used for 
BENAQ-treated retinas. Narrow band optical filters (Chroma) were used to deliver 
alternating intervals of 380 nm and 500 nm for stimulation of QAQ-treated as described 
previously (Polosukhina et al., 2012; Tochitsky et al., 2014). The Photoswitch Index 
(Polosukhina et al., 2012) (PI) was established for individual retinas in light/darkness for 
treatment with BENAQ or in 380 nm/500 nm light for treatment with QAQ (Tochitsky et 
al., 2014; Tochitsky et al., 2016).   

3.3.6. Yo-PRO-1 Loading Assay 
 
After dissection, retinas were cut into thirds and mounted on a windowed nitrocellulose 
filter paper. Retinas were treated with 200 nM Yo-PRO-1 (Life Technologies) in 
oxygenated ACSF for 15 minutes, followed by treatment and then treated with nuclear 
ID (Enzo Life Sciences) at a 1:500 dilution for 3 minutes. ACSF was perfused 
continuously at 3ml/min for a period of 5 minutes to wash away excess dye. In 
experiments employing TNP-ATP (200 μm), the retinas were pretreated with the 
compound for ten minutes before beginning YO-PRO-1 treatment. 

3.3.7. RAR reporter virus assay 
 
A plasmid was designed and synthesized (Vigene Biosci., Maryland, USA) to include a 
cytomegalovirus promoter (CMV) upstream to the coding sequence for RFP, followed 
by poly-A and a stop sequence. A fragment containing three repetitions of the retinoic 
acid response element (RARE) sequence followed by the weak promoter SV40 was 
sub-cloned from an original plasmid containing RARE-SV40-LacZ (Karttunen et al., 
1992). The final construct was packaged in an AAV viral backbone, and viral yields 
were purified from HEK293T cells (1013-1014 particles/µl). An AAV9 serotype was used 
for intravenous infection of P0-P2 WT and rd1 mice (Bostick et al., 2007), while an 
AAV2 serotype was used for intravitreal infection of P90-P120 WT and s334ter rats. 
Mice were sacrificed and analyzed at P60 – P90 and rats ~15 days after infection. 
Retinas were isolated and imaged in flat-mount configuration using transparent PDFA 
membranes (Millipore). During imaging, retinas were continuously perfused with 
oxygenated ACSF. In every retina, at least 6 fields were imaged.  
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3.3.8. Immunolabeling and TUNEL assay 
 
S334ter rat retinas infected with the RARE double reporter were dissected, fixed and 
frozen, as previously described (Ray et al., 2010). The tissue was cut in 14 µm thick 
cross-sections using a Leica cryostat. Immunocytochemical solution (ICC) was 
composed of standard 1x PBS (Gibco), 2.5% BSA (Sigma) and 0.1% Triton (Sigma). 
The tissue was blocked using ICC solution supplemented with unconjugated rabbit anti-
mouse secondary antibody (Life Technologies) at RT for 1 hr. Slides were incubated 
with primary mouse anti-GFP antibody (#JL8, Clontech), with no RFP cross-reactivity, at 
4ºC ON. An Alexa Fluor-488 conjugated goat anti-mouse secondary antibody (Life 
Technologies) was used at room temperature for 1 hr in the dark. The same procedure 
was carried out for detection of RARβ in mouse retinas following injection of vehicle or 
ATRA. Slides were incubated with a primary rabbit anti-RARβ antibody (ab53161, 
Abcam) and detected using an Alexa Fluor-488 conjugated goat anti-rabbit secondary 
antibody (Life Technologies). TUNEL assay (In Situ Cell Death Detection Kit, Roche) 
was carried out per manufacturer’s instructions. Retinas were collected 5-6 days 
following injection with vehicle, ATRA, or ATRA and Liarozole.       

3.3.9. Imaging and Analysis 
 
Confocal microscopy. Yo-PRO-1 loading assays and RARE double reporter virus assay 
in mice were imaged using a spinning disk confocal microscope (Olympus BX61WI). 
The excitation source was a mercury lamp and fluorescence was collected by a 40x 
water immersion imaging objective. Standard GFP and RFP filter cubes (Olympus, U-
URA) with excitation and emission spectral peaks at ex: 488 nm, 561nm, em: 519 nm, 
>575 nm, respectively. 1.5µm section Z-stacks were acquired using a Hamamatsu 
ImageEM CCD C9100-13. RARE double reporter virus in rats, RARb immunolabeling 
and TUNEL assay were imaged using a Laser Scanning Confocal Microscope (LSM 
780 NLO, Zeiss), using Zen software and default configuration for RFP, GFP, AF488 
and nuclear-ID detection.  
  
Image analysis. All image analysis was performed using ImageJ or Fiji software 
(Schneider et al., 2012; Schindelin et al., 2012). Yo-PRO-1 loading assay, ROIs were 
manually selected using the nuclear-ID channel based upon morphological 
characteristics. This was performed after computationally flattening the retina by 
performing a maximum Z projection onto a single plane. Following this, a background 
subtraction was performed with a rolling radius of 50 pixels. Cells identified as vascular 
endothelial cells or pericytes were not included in the analysis. This was confirmed 
using transillumination. A threshold for YO-PRO-1 loading was established by 
measuring the level of autofluorescence of untreated retinas in each channel and 
finding a baseline value with +2SD being the threshold for a YO-PRO-1 positive cell. 
Nuclear-ID was used to count the total number of cells within a field of view. The 
percentage of cells above the threshold was then calculated for comparison. For 
analysis of RARE double reporter virus assay, ROIs were manually selected on the 
RFP channel first and then superimposed to the GFP channel. Single cell values for 
both RFP and GFP were filtered by using a RFP minimum threshold established in 
naive unlabeled retinas.    
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3.3.10. Data Analysis and Statistics 
 
Unless otherwise stated, all statistical significance (p- value) calculations were 
performed using the two-tailed unpaired Student’s t test. Results with p<0.05 were 
considered significant. P-values are: *<0.05, **<0.01, ***<0.001. Pairwise comparisons 
for non-parametric data employed the Wilcoxon Rank Sum Test or the Mann-Whitney 
U-test. In the case where ANOVA was employed, bootstrapping was used to account 
for unequal group sizes and a Tukey HSD test was employed as a post-hoc test to 
define which comparisons and interactions produced statistically significant changes. A 
modified Thompson-Tau method was employed for the detection of outliers. Non-normal 
data distributions were analyzed using the Kruskal-Wallis ANOVA with a Dunn’s post 
hoc test. Sigmoidal curves were fit using OriginProTM and the output curves for vehicle 
and BMS-493 are y = START + (END - START) * x^n  /  (k^n  +  x^n).  
 
Transcriptomic Analysis. The publicly available dataset accompanying Mullins RF et al 
2012 (“Dataset S1; http://iovs.arvojournals.org/data/Journals/IOVS/933465/IOVS-12-
9477-1883-s01.xls ) (36) was mined for retinoic-acid associated genes. Only probes 
that were present (“P”) in both samples, healthy (“Ctl”) and retinitis pigmentosa (“RP”) 
were included in the analysis.  
 
3.4 Results  

 
Figure 3.1. Blocking RA signaling in degenerated retinas decreases dye permeability in 
RGCs 
(A) Representative images of YO-PRO-1 (green) loading into RGCs in a WT retina (left), an rd1 
retina injected with vehicle (middle) and an rd1 retina injected with the pan-RAR inhibitor 
BMS493 (right). Ganglion cells (1) were included in the analysis while vascular associated cells 
(2) were excluded 
(B) Quantification of the fraction of cells in the GCL permeable to YO-PRO-1. ~1.0 μl of solution 
was intravitreally injected 3-7 days prior to dye loading. Injections included: 1% DMSO in PBS 
(vehicle), DEAB 20 μM, Citral 50 μM and BMS493 0.5 μM. Data from WT animals is shown in 
black, data from rd1 in blue. Data are shown as the percentage of YO-PRO-1 positive cells in a 
field of view (counterstained with Nuclear I.D., not shown). All values greater than 40% are 
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represented visually at a single level for effective data visualization. Values are shown as mean 
% ± SEM. *p<0.05, ***p<0.001, unpaired 2-tailed Student’s T-tests. 

3.4.1 Blocking RA signaling prevents pathophysiological remodeling of RGCs in 
degenerated retina 
 
When photoreceptors degenerate, retinal ganglion cells (RGCs) become more 
permeant to fluorescent dyes, such as the DNA-binding dye YO-PRO-1. Increased 
permeability is mediated by up-regulation and hyperactivity of P2X receptors (Tochitsky 
et al., 2016). We found that the fraction of RGC nuclei labeled with YO-PRO-1 was 10-
fold greater in rd1 retina than in WT retina (Fig. 3.1), consistent with heightened 
permeability (rd1=28.97±3.54%; WT=3.74±0.66%, n=12 retinal samples each, 
p<0.001). However, intravitreal injection of BMS-493, a retinoic acid receptor (RAR) 
antagonist, reduced YO-PRO-1 labeling in rd1 mice to near WT levels (BMS-
493=6.13±1.43%; measured 3-7 days after injection).  There was no difference in YO-
PRO-1 labeling in rd1 mice between vehicle-injected and uninjected controls (n=30,18 
respectively, p=0.56).   
 
We next tested whether blocking retinoic acid (RA) synthesis can inhibit remodeling by 
injecting inhibitors of retinaldehyde dehydrogenase (RALDH), the enzyme that converts 
retinaldehyde to RA. Intravitreal injection of diethylaminobenzaldehyde (DEAB; 20uM) 
or citral (50 uM) reduced, but did not completely eliminate YO-PRO-1 labeling 
measured 3-7 days after injection (DEAB=19.77±2.32%, n=30, and citral=9.87±2.39%, 
n=24; p<0.001).  Blocking the receptor for RA is more effective than acutely blocking 
synthesis of RA, which would spare any RA that was present before drug treatment 
(Conlon et al., 1992).  

 
Figure 3.2. Blocking RA signaling in degenerated retinas decreases photoswitch-
mediated photosensitization and spontaneous activity in RGCs 
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(A) Blocking RA signaling reduces rd1 photosensitization with QAQ. Representative raster plots 
and multi-electrode array (MEA) recordings of QAQ-mediated photosensitization of the rd1 
retina, untreated (left) and after intravitreal injection with the RAR antagonist BMS-493 (right). 
Light responses were elicited by cycling between 380 nm (purple) and 500 nm (green) light.  
(B) Quantification of (A). RGC activity was recorded under synaptic isolation. For BMS-493 
treatment, retinas were analyzed 3-7 days post-injection. QAQ was bath-loaded at 300 μM. rd1 
n = 4 retinas, rd1 + BMS-493 n = 8 retinas. Values represent the mean Photoswitch Index ± 
SEM. **p<0.005, unpaired 2-tailed Student’s t-test. 
(C) Blocking RA signaling reduces rd1 photosensitization with BENAQ. Representative raster 
plots and MEA recordings of BENAQ-mediated photosensitization in the rd1 retina, untreated 
(left), and after an intravitreal injection of BMS-493 (right). Light responses were elicited by 
cycling between white light and darkness. 
(D) Quantification of (c). RGC activity was recorded under synaptic isolation. For BMS-493 
treatment, retinas were analyzed 3-7 days post-injection. BENAQ was bath-loaded at 30 μM. 
rd1 n = 7 retinas, rd1 + BMS-493 n = 8 retinas. Values represent the mean Photoswitch Index ± 
SEM. *p<0.05, unpaired 2-tailed Student’s t-test. 
(E) Representative raster plots and MEA recordings of RGC spontaneous activity in darkness, 
in the untreated rd1 retina (left), and after an intravitreal injection of BMS-493 (right).  
(F) Quantification of (e). RGC activity was recorded in ACSF. For BMS-493 treatment, retinas 
were analyzed 3-7 days post-injection. rd1 n = 10 retinas, rd1 + BMS-493 n = 16 retinas. Values 
represent the mean Firing Rate (Hz) ± SEM. **p<0.005, unpaired 2-tailed Student's T-test. 
 
Heightened membrane permeability is also necessary for degeneration-dependent 
photosensitization of RGCs by azobenzene photoswitches (Tochitsky et al, 2016). 
These compounds bestow light-sensitive action potential firing on RGCs from rd1 retina, 
but have no effect on RGCs from WT retina (Tochitsky et al., 2014). We measured 
photoswitching in isolated rd1 retina with a multi-electrode array (MEA). BMS-493 
injection reduced photosensitization elicited by two different photoswitches, QAQ and 
BENAQ, which act on different ion channels and respond to different wavelengths of 
light (Fig. 3.2A,C). For both photoswitches, the Photoswitch Index (PI), was significantly 
reduced in rd1 retina treated with BMS-493 (PIQAQ=0.15±0.06, n=8; PIBENAQ=0.35±0.05, 
n=7) as compared to untreated rd1 retina (PIQAQ=0.63±0.12, n=4, p=0.002; 
PIBENAQ=0.56±0.03, n=7, pQAQ=0.002, pBENAQ=0.005; Fig. 3.2B,D).  
  
Photoreceptor degeneration leads to RGC hyperexcitability, manifest as an increase in 
the frequency of spontaneous action potential firing in darkness (Stasheff 2008; 
Stasheff et al., 2011). Our results suggest that RGC hyperexcitability, like other aspects 
of remodeling, is also dependent on RA signaling. Within 3-7 days following a single 
intravitreal injection, BMS-493 led to lower spontaneous firing of rd1 RGCs from 
5.13±0.74 Hz (n=10), to 2.67±0.33 Hz (n=16, p=0.002) (Fig. 3.2E,F). In most patients 
with retinitis pigmentosa, at least some photoreceptors persist for years during the 
progression of retinal degeneration. During the period when their retinas are 
incompletely degenerated, high background firing of RGCs could obscure light 
responses, particularly to low-intensity stimuli. By reducing spontaneous firing, blockers 
of RA signaling might augment light responses and enhance visual performance. To 
test this idea, we used the rd10 strain of mice, whose photoreceptors degenerate more 
slowly than rd1 mice. At 6 weeks, when their retinas were incompletely degenerated, we 
injected one eye with BMS-493 and the other with vehicle.  At 3-7 days post-injection, 
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we evaluated retinal sensitivity with light flashes of varying intensity. BMS-493-treated 
retinas showed a transient increase in RGC firing in response to a flash of dim light, 
whereas vehicle-treated retinas showed no RGC response to the same flash (Kruskal-
Wallis ANOVA, Dunn’s post-hoc p=0.0263, Fig. 3.3A,B). The emergence of the light 
response was associated with a decrease in the background firing rate in darkness. A 
BMS-493-augmented light response was observed in all 5 animals tested, comparing 
between drug-injected and vehicle-injected eyes (paired t-test, p=0.015, n=5, Fig. 3.3C). 
Measuring the response over a variety of intensities revealed a leftward shift in the 
midpoint of the intensity vs. response curve and an increase in the peak response 
(BMS-493 I50=0.35 μW, Max=4.77; Vehicle I50=1.73 μW, Max=3.68). Moreover, 
response threshold was lower for BMS-493-injected than for vehicle-injected eyes (0.2 
μW vs. 0.85 μW; Kruskal-Wallis ANOVA with Dunn’s post hoc, pBMS-493=0.033, 
pvehicle=0.005). Hence, inhibiting RA signaling improves the light response of RGCs in 
partially degenerated retinas. 

 
Figure 3.3. Blocking RA signaling improves light sensitivity of the retina in vision-
impaired rd10 mice.  
6-week-old rd10 mice were injected with BMS-493 in one eye and received a vehicle injection in 
the other.                                                                                                                                         
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A) MEA recordings of a single 50 ms light flash of 0.2 µW light shows a response in BMS-493 
injected animals but not vehicle injected mice. (Top) Bar represents the light state presented to 
the retina showing the location of the flash. (Middle) Raster plots for each unit show reduced 
spontaneous activity and simultaneous action potential firing during the flash for BMS-493 
injected animals. (Bottom) Averaged responses for all units.                                                                                                                                           
B) Averaged response over 9 light flash cycles shows robust light responses and reduced 
spontaneous activity in BMS-493 injected retinas but not vehicle.                                                                                                                        
C) Comparing the light responses within an individual mouse between eyes reveals a 
significantly increased light response in every subject at 0.2 µW light intensity. Data are 
represented as mean ± SEM. Paired t-test, n=5.                                                                                                              
D) Response curves within the same pieces of retina over a range of light intensities. BMS-493 
injected retinas (red) showed a leftward and upward shift of fitted sigmoidal curves as 
represented by the ratio of firing rate in the light: firing rate in the dark compared to vehicle 
(black). Data are represented as mean ± SEM. 
 

3.4.2 Activating RA signaling in WT retina mimics pathophysiological remodeling  
 
To test whether RA is sufficient for triggering remodeling, we intravitreally injected all-
trans retinoic acid (ATRA), the most photostable RA isomer. At 3-7 days after injection, 
we found increased YO-PRO-1 labeling as compared to vehicle-injected controls (Fig. 
3.4A). The P2X antagonist TNP-ATP (Virginio et al., 1998) prevented dye labeling, 
indicating the P2X receptor is required, just as in degenerating retinas.  YO-PRO-1 
labeling was increased 2-fold with ATRA (Fig. 3.4B), but did not change significantly 
with liarozole alone, which inhibits RA degradation (Van Wauwe et al., 1992) 
(Uninjected= 3.74±0.66%, n=12; Vehicle=7.21±0.80%, n=36; ATRA=15.80±3.10%, 
n=34, p<0.001, liarozole: 8.66±1.36%, n=30 p=0.078).  However, ATRA plus liarozole 
had a synergistic effect, increasing labeling by almost 3-fold (ATRA+Liarozole= 
19.79±2.85%, n=35, p<0.0001). Even though dye-labeling was increased, it was 
somewhat lower than in rd1 mice (28.98±6.93%, n=18, p=0.022) whose RGCs may be 
chronically exposed to elevated RA from early in life when photoreceptors begin to 
degenerate (i.e. within 14 days after birth). Treatment with TNP-ATP abolished RGC 
dye-labeling induced by ATRA (0.39±0.31%, n=9, p<0.001), consistent with mediation 
by P2X receptors. The effect of ATRA was blocked by co-injection of BMS-493, which 
prevents signaling through RAR (Fig. 3.4C; 5.74±1.54%, n=28, p<0.001). Taken 
together, these results indicate that RA-mediated signaling is sufficient to induce high 
permeability via P2X channels in WT RGCs, mimicking degeneration-dependent 
changes in rd1 RGCs.  
  
We considered a possible alternative explanation for these results. If ATRA were toxic, 
it might induce rod and cone cell death and thereby indirectly trigger RGC remodeling.  
However, a TUNEL assay showed no cell death after ATRA (Fig. 3.5A). Moreover, YO-
PRO-1 loading induced by ATRA disappeared 6 weeks after injection, inconsistent with 
irreversible loss of photoreceptors (Fig. 3.5B). In contrast, immunolabeling of RGCs 
showed upregulation of the β-subunit of RAR (Fig. 3.6), a gene product indicative of 
canonical RA transcriptional activation (del Mar Vivanco-Ruiz et al., 1990). These 
findings indicate that RA acts directly on RGCs to induce gene transcription. 
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RA is produced through dehydrogenation of retinaldehyde by RALDH (Kam et al., 
2012), which is expressed in RPE and some retinal neurons (Fischer et al., 1999). 
Supplying the WT retina with exogenous retinaldehyde could enhance production of RA, 
perhaps mimicking remodeling. We injected retinaldehyde at 3-7 days before imaging 
YO-PRO-1 fluorescence (Fig. 3.4C). Retinaldehyde increased YO-PRO-1 labeling 
(14.6±2.29%, n=28, p<0.001), nearly as much as ATRA itself (p=0.550). Co-injecting 
retinaldehyde with the RALDH inhibitor DEAB (Chute et al., 2006) resulted in no 
enhancement of YO-PRO-1 labeling (7.65±1.34%, n=23, p=0.583). Injection of DEAB 
alone caused no change in YO-PRO1 labeling in WT retina (7.47±1.21%, n=21; 
p=0.728). These results suggest that in WT retinas, the supply of retinaldehyde is rate-
limiting for the production of RA, which is sufficient to trigger RGC remodeling. 

 
Figure 3.4. Activating RA signaling in WT retinas increases dye permeability in RGCs.  
(A) Representative images of YO-PRO-1 (green) loading into RGCs in an rd1 retina (left), and in 
WT retinas treated with vehicle (middle left), all-trans retinoic acid (ATRA; middle right), and 
ATRA + the P2X receptor antagonist TNP-ATP during dye loading (right). 
(B-C) Quantification of the fraction of cells in the GCL permeable to YO-PRO-1. Treatments 
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included in B: 1% DMSO in PBS (vehicle), ATRA 0.1 μM, Liarozole 100 μM and TNP-ATP 200 
μM. Treatments included in C: ATRA 0.1 μM, BMS493 0.5 μM, retinaldehyde 1 μM, and DEAB 
20 μM. All treatments were administered as ~1.0 μl intravitreal injections, 3-7 days prior to dye 
loading, with the exception of TNP-ATP which was bath-applied ex-vivo. Data from WT animals 
are shown in black; rd1 in blue. Data are shown as the percentage of YO-PRO-1 in a field of 
view (counterstained with Nuclear I.D., not shown). All values greater than 40% are represented 
visually at a single level for effective data visualization. Values are shown as mean % ± SEM. 
*p<0.05, ***p<0.001, ANOVA with Tukey HSD (in B) and unpaired 2-tailed Student’s T-test (in 
B&C). 

 
Figure 3.5. ATRA does not cause retinal neuron degeneration 
(A) Representative images of a TUNEL assay carried out in order to assess whether intravitreal 
injections of retinoic acid trigger apoptosis in the inner retina. Insets emphasize the 
photoreceptor nuclear layer. Positive controls were obtained using DNAse, as per the 
manufacturer’s instructions. Nuclear I.D. was used as counterstaining. Vehicle was PBS 
containing DMSO 0.1%. The final concentration of ATRA and Liarozole in the eye was 100 nM 
100 µM respectively. Eyes were collected 5-6 days post-injection. The experiment was repeated 
2-3 times for each condition. 
(B) Quantification of the fraction of WT RGCs loading YO-PRO-1 following intravitreal ATRA 
injection with a final concentration of 100 nM in the eye. Loading was evaluated 1hr, 3, 7, 14, 
and 42 days after injection. Cell nuclei were counterstained with Nuclear I.D. Uninjected data is 
the same as that shown in Figure 3. All data are represented as mean % ± SEM. 
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Figure 3.6. Intraocular injections of ATRA result in increased expression of RARβ in 
RGCs.  
Representative images (A) and quantification (B) of immunohistochemistry assays for the 
detection of retinoic acid receptor β (RARβ) relative levels in retinal cross-sections, 5-6 days 
following intravitreal injections of vehicle (PBS w/DMSO 0.1%) or all-trans retinoic acid (ATRA, 
100 nM). A significant increase in RARβ was detected in the ganglion cell layer (GCL; yellow 
box). Background fluorescence levels were established in assays including secondary antibody 
only (not shown), and results are shown as the intensity of fluorescence in vehicle or ATRA 
treatments over background. Values are shown as mean ± SEM, ***p<0.001, Student’s T-test. 

3.4.3 Activating RA signaling in WT retina enables chemical photosensitization of RGCs  
  
Azobenzene photoswitches impart light-sensitivity on RGCs in rd1 mice but fail to 
photosensitize RGCs in WT mice (Tochitsky et al., 2016; Tochitsky et al., 2014). To test 
whether RA can enable photosensitization in WT RGCs, we used photoswitches that 
have different spectral sensitivities and target different types of ion channels. Both QAQ 
and BENAQ require active P2X receptors to permeate into RGCs, but whereas QAQ 
acts primarily on voltage-gated Na+ channels, BENAQ acts primarily on HCN channels.  
Treatment with ATRA plus liarozole enabled QAQ, which photoisomerizes between 
trans and cis with 380 or 500 nm light, to elicit light-dependent firing (Fig. 3.7A,B), 
similar to QAQ photosensitization in untreated rd1 (PIQAQ=0.61±0.08, n=8, p=0.002,). 
Neither ATRA (PI=0.1±0.05, n=7) nor liarozole alone (PIQAQ=0.27±0.13, n=4) enabled 
significant QAQ photosensitization. The P2X receptor antagonist TNP-ATP blocked 
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QAQ photosensitization induced by ATRA plus liarozole (PIQAQ=0.19±0.14, n=5, 
p=0.018) as is the case in rd1 mice. The effect of ATRA plus liarozole wore off within 6 
weeks after intravitreal injection (PIQAQ=-0.03±0.05, n=5), consistent with reversible 
enhancement of RA signaling. These features, including synergy between ATRA and 
liarozole, block by P2X receptor antagonists, and reversibility weeks after injection, 
mirror the effects of RA signaling on YO-PRO-1 labeling, consistent with a common 
mechanism. 

 
Figure 3.7.  Inducing RA signaling in WT retinas mimics photosensitization with QAQ but 
not BENAQ.  
(A&B) Representative raster plots of multi-electrode array (MEA) recordings of QAQ-mediated 
photosensitization of the WT retina, untreated (A) and after intravitreal injection with all-trans 
retinoic acid (ATRA) and the cyp26 antagonist liarozole (B). Light responses were elicited by 
cycling between 380 nm (purple) and 500 nm (green) light.  
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(C&D) Representative raster plots of MEA recordings of BENAQ-application to WT retinas, 
untreated (C), and after an intravitreal injection with ATRA and liarozole (D). Light responses 
were elicited by cycling between white light and darkness. 
(E) Quantification of (A-D). RGC activity was recorded under synaptic isolation. All retinas were 
analyzed 3-7 days post-injection, with the exception of “6wk ATRA + Liarozole”, analyzed 6 
weeks post-injection. Data from WT animals is shown in black, data from rd1 in blue. All eyes 
were intravitreally injected with a volume of ~1.0 μl. Injections included: ATRA 0.1 μM and 
Liarozole 100 μM. TNP-ATP 100 μM and QAQ 300 μM were bath-loaded. The number of 
experiments carried out for each group was as follows: rd1 n = 4, WT n = 4, ATRA n = 7, 
Liarozole n = 4, ATRA + Liarozole n = 8, ATRA + Liarozole + TNP-ATP n = 5, 6 WK n = 5. 
Values represent the mean Photoswitch Index ± SEM. **p<0.005, unpaired 2-tailed Student’s T-
test. 
 
We next tested photosensitization by BENAQ. Unlike QAQ, BENAQ-elicited firing 
occurs in white light, and ceases abruptly in darkness (Fig. 3.2C). We observed no 
BENAQ photosensitization in WT retina after injection of ATRA plus liarozole (PIBENAQ=-
0.08±0.1, n=4) (Fig. 3.7C,D), suggesting insufficient  up-regulation of HCN channels. 
We also found no increase in the spontaneous firing rate of RGCs following ATRA plus 
liarozole injection (Fig. 3.8). Overall, short-term activation of RA signaling in WT enables 
QAQ photosensitization, but it does not enable BENAQ photosensitization or 
hyperexcitability, which may require the longer-term RA exposure that occurs during 
retinal degeneration.  

 
Figure 3.8. Spontaneous activity of WT RGCs following acute induction of RA signaling  
(A) Representative raster plots and MEA recordings of RGC spontaneous activity in darkness, 
in the WT retina, untreated (top), and after an intravitreal injection of ATRA+Liarozole (bottom).  
(B) Quantification of (A). RGC activity was recorded in ACSF. Retinas were analyzed 3-7 days 
post-injection. WT n = 8 retinas, WT+ATRA+Liarozole n = 16 retinas. Values represent the 
mean Firing Rate (Hz) ± SEM; unpaired 2-tailed Student's T-test. 
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If RGC remodeling is mediated by RA signaling through RAR, then there should be an 
increase in RA-dependent transcription. Free RA can be directly detected in intact 
tissue with a fluorescent probe (Shimozono et al., 2013) and RA-mediated transcription 
can be detected in tissue homogenates with a lac-Z-based reporter (Heyman et al., 
1992). However, verifying that RA mediates remodeling and identifying which cells are 
impacted by RA is best accomplished by visualization and quantification of RA-elicited 
transcription in intact retina. To achieve this, we have developed an RAR reporter that 
employs two fluorescent proteins for ratiometric measurement of RAR-dependent 
transcriptional activation. Multiple RA response elements (RAREs) are inserted 
upstream of a weak promoter (SV40) to drive GFP expression in response to activated 
RAR. A constitutive promoter (CMV) drives expression of red fluorescent protein (RFP) 
to report transfection or transduction efficiency (Fig. 3.9A). 

 
Figure 3.9. A retinoic acid receptor-dependent genetically-encoded dual reporter 
(A) Schematic representation of the reporter sequences, including the constitutive expression of 
red fluorescence protein (RFP) under the cytomegalovirus promoter (CMV), and the retinoic-
acid regulated expression of green fluorescence protein (GFP), obtained by inserting three 
repetitions of the retinoic acid response element (RARE) sequence upstream to the week SV40 
promoter. 
(B) Representative images of in-vitro transfection of human embryonic kidney (HEK) cells with 
the reporter. Cells were transfected using lipofectamine and 48 hrs later vehicle or all-trans 
retinoic acid (ATRA) were added for an additional 48 hrs. Images show strong RFP expression 
in both vehicle and ATRA treatment, but a significant increase in GFP only following ATRA 
treatment.  
(C) Quantification of RFP and GFP fluorescence corresponding to (B). Data are shown as 
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normalized values for RFP and GFP in cells treated with vehicle (0.1% DMSO in PBS) or with 
ATRA (1 µM). The experiment was repeated 3 times. Values are shown as mean ± SEM. n.s.: 
non-significant, ***p<0.001, unpaired 2-tailed Student’s T-test. 
 
  
We first tested the RAR reporter in a human cell line (HEK293). Transfected cells 
expressed RFP, but very little GFP (Fig. 3.9B,C). Treatment with ATRA (1 μM, 48 hrs) 
induced GFP expression. The increase in GFP to RFP ratio was dose- and time-
dependent (Fig. 3.10). Next, an AAV-packaged RAR reporter was used for intravitreal 
injections in vivo. In WT retina, many RGCs were transduced by the virus and therefore 
expressed RFP, but very few expressed GFP. In contrast, many rd1-RGCs expressed 
both RFP and GFP (Fig. 3.11A).  
 
To quantify these observations, we compared the distribution of GFP fluorescence 
values across RFP-expressing RGCs from rd1 and WT retina. In rd1, ~70% of cells had 
GFP values above threshold (>2 SD above background), in contrast to only ~20% of 
cells in WT.  The mean GFP fluorescence intensity in rd1 RGCs was 4-fold higher than 
the mean GFP value measured in WT retinas (851.3±66.7 vs. 213.4±11.1; n=8, 
p<0.001).  
 
We also observed increased RA signaling in transgenic s334ter rats, in which 
photoreceptor degeneration is caused by a rhodopsin mutation identical to a genetic 
subtype of human RP (Green et al., 2000). The RAR reporter virus showed that all of 
the RFP-expressing cells expressed GFP above threshold in s334ter retina, whereas 
only about half expressed GFP in WT retina (Fig. 3.11B). The mean GFP fluorescence 
in s334ter RGCs was almost 3-fold higher than the WT value (1336.1±9.4 vs. 
476.8±7.5; n=10, p<0.001). These findings show that in two different animal models, 
photoreceptor degeneration is correlated with an increase in RA signaling in RGCs.  
P2X and HCN up-regulation in RGCs is limited to presumptive OFF-RGCs (Tochitsky et 
al., 2016), whose dendrites ramify in the outer sublamina of the IPL. The RPE, which is 
the main source of retinoids for the retina, is located beneath the photoreceptors, raising 
the possibility of an RA gradient, with the dendrites of OFF-RGCs exposed to a higher 
concentration than the dendrites of ON-RGCs. We used a GFP-specific antibody to 
amplify the signal produced by the RAR reporter. However, we found no difference in 
GFP immunolabeling across the ON- vs. OFF-sublamina of the IPL (Fig. 3.11C), 
inconsistent with an RA gradient. This finding implies that cell-type specific differences 
in pathophysiological remodeling of RGCs are mediated downstream of the RAR, 
consistent with distinct genetic and/or epigenetic programs intrinsic to OFF- vs. ON-
RGCs. 
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Figure 3.10. In-vitro ratiometric calibration of RA-dual reporter dose and time response.  
(A) Ratiometric analysis of dose-dependent induction of GFP by ATRA. Transfected HEK cells 
were treated with different doses of ATRA for 48 hrs and then fixed. Images were analyzed for 
RFP and GFP fluorescence levels. ATRA treatments included also 100 µM Liarozole to prevent 
ATRA degradation. Individual data points and mean ± SEM values are shown.  
(B) Ratiometric analysis of time-dependent induction of GFP by ATRA. Transfected HEK cells 
were treated with 1 µM ATRA + 100 µM Liarozole, and fixed after 1, 2, 4, 12 and 24 hrs. Images 
were analyzed for RFP and GFP fluorescence levels. Individual data points and mean ± SEM 
values are shown.  
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Figure 3.11. Retinal degeneration is associated with increased retinoic acid in the inner 
retina.  
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(A) Representative images of flat-mounted whole retinas with the GCL facing up from WT (left, 
up) and rd1 (left, bottom) mice infected with the RA dual reporter virus at birth and analyzed at 
2-3 months of age. Distribution of GFP values in RFP+ cells and mean F value for GFP ± SEM, 
in WT (right, up) and rd1 (right, bottom) mice. In unlabeled naive rd1 and WT retina, we 
measured background fluorescence levels and established a threshold composed of the mean 
fluorescence value + 2SD (vertical black line). Analysis was conducted on Z-stacks comprising 
the RGC and the IPL layers. Data were pulled from 6-8 retinas for each strain. Images 
correspond to 2D projections of Z-stacks using a spinning disk confocal microscope. 
(B) Similar to (A), carried out in WT (up) and s334ter (bottom) rats. Viral infection was carried 
out through intravitreal injections in 3-4 months old animals, and retinas were analyzed 2-3 
weeks post-injection. Images correspond to 2D projections of Z-stacks using a laser-scanning 
confocal microscope. 
(C) Representative images of DAPI and GFP staining in cross-sections obtained from a s334ter 
rat retina following infection with RARE double reporter virus (left). Dotted lines indicate the 
limits of the inner nuclear layer (INL), the inner plexiform layer (IPL), ganglion cell layer (GCL) 
and the two different sub-laminae, A and B. Quantification of GFP levels in A vs B sub-lamina 
(OFF- and ON-RGCs stratification, respectively) was carried out using a GFP-specific antibody 
with no RFP cross-reaction. Data are shown as the normalized mean GFP fluorescence ± SEM. 
n.s.: non- significant difference, unpaired 2-tailed Student’s T-test.  
 
3.5 Discussion  
 
Our results show that retinoic acid (RA) signaling is necessary and sufficient for 
pathophysiological remodeling of retinal ganglion cells (RGCs) during degenerative 
blindness. Moreover, we can actually detect elevated RA signaling in RGCs during rod 
and cone degeneration. Although the time course of degeneration differs between 
mouse and man, retinal remodeling follows a stereotyped progression across species 
(Humphries et al., 1997; Marc et al., 2003; Marc & Jones 2003; Jones et al., 2016). 
These parallels suggest remodeling is initiated by a common signal, namely RA. Data 
mining of human transcriptomes (Mullins et al, 2012) shows heightened expression of 
RA-induced genes in RP (Table 3.1).  
  
The immediate precursor to RA is retinaldehyde, the vitamin A derivative that serves as 
the chromophore (Palczewski et al., 2012). Retinaldehyde is produced in RPE cells and 
shuttled across the subretinal space by the extracellular carrier Interphotoreceptor 
Retinoid Binding Protein (IRBP) where it binds opsins in photoreceptor outer segments. 
Since the retina contains millions of rods and cones each with millions of opsins, loss of 
the outer segments removes an enormous molecular sink that would normally 
sequester retinaldehyde. Moreover, loss of the inner segments creates a breach in the 
outer limiting membrane (OLM), which may allow retinaldehyde to diffuse through the 
remaining layers. Several retinal cell types, including amacrine cells and Müller glial 
cells, express the enzyme RALDH (Fischer et al., 1990), which can convert 
retinaldehyde to RA. In WT mice, the low concentration of free retinaldehyde limits 
production of RA. However, when we experimentally bypassed the outer segment 
retinoid sink by injecting retinaldehyde into the vitreous, we observed the same 
physiological remodeling of RGCs as when we injected all-trans RA (ATRA; Fig 3.4). 
This implies enzymatic conversion of retinaldehyde to RA. Supporting this idea, co-
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injection of retinaldehyde with a retinaldehyde dehydrogenase inhibitor prevented 
remodeling. A working model of this signaling cascade is diagramed in Figure 3.12. 
  
RA can signal in two distinct ways. First, it binds to and activates nuclear receptors 
(RARs) that control gene transcription (Hackam et al., 2004, Marletaz et al., 2006). 
However, there is also evidence that RA can regulate protein kinases and 
phosphatases in the cytoplasm, altering protein phosphorylation (Aggarwal et al., 2006). 
Retinal remodeling is associated with changes in gene transcription (Hackam et al., 
2004), including P2X receptors and HCN channels (Tochitsky et al., 2016). We found 
that BMS-493, a drug that specifically blocks RA receptors (RARs), nearly eliminates 
degeneration-dependent remodeling in rd1 and P2X activity caused by injecting ATRA. 
This strongly suggests that RA signals through RAR to change the transcriptional 
program of RGCs during photoreceptor degeneration.  

 
Figure 3.12 A working model of the signaling cascade for retinal remodeling following PR 
degeneration. Following photoreceptor degeneration, retinal neurons such as bipolar cells 
(BP), amacrine cells (AC), and ganglion cells (GC) persist. In addition, Mueller glia (MG) and 
retinal pigment epithelium (RPE) also remain in many cases retinal degeneration. RPE cells 
release the active chromophore for phototransduction, 11-cis retinaldehyde. However, with no 
PR outer segments to act as a molecular sink, retinoids are free to diffuse into the inner retina 
where it is converted to retinoic acid (RA) via raldh in MG and ACs. RA then binds to retinoic 
acid receptors (RAR) in the ganglion cell. This causes downstream upregulation of P2X7R, 
which mediates GC permeability, and HCN, which mediates hyperactivity. 
 
Biophysical studies show that upon chronic activation, the pore of P2X receptors dilates, 
allowing large molecules (up to ~14Å) to pass (Virginio et al., 1999; Browne et al., 2013; 
Li et al., 2015). We find that treatments that increase RA in wild-type retina allow YO-
PRO-1 to enter RGCs, and this is prevented by blocking P2X receptors (Fig 3.4). 
Dilated P2X receptors also allow photoswitches into RGCs, enabling light to control 
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action potential firing (Tochistsky et al., 2016). We found that RA treatment enabled 
QAQ to photosensitize WT RGCs, which are otherwise resistant to photosensitization 
(Fig 3.7). RGC photosensitization by azobenzene photoswitches might be facilitated by 
co-administering drugs that activate RA signaling, such as ATRA (tretinoin, Allergan, 
NDA#090098) or its isomer, 13-cis retinoic acid (Accutane, Hoffmann-La Roche Inc., 
NDA#018662), both of which are already FDA-approved for unrelated indications.  
 
Why did RA enable QAQ to photosensitize WT RGCs, but not BENAQ? QAQ acts 
primarily on voltage-gated Na+ channels (Mourot et al., 2012) that are in all RGCs, both 
in healthy and degenerating retina. However, HCN channels, the primary target for 
BENAQ, are sparse in RGCs of healthy retina, but up-regulated in degenerated retina 
(Tochitsky et al., 2016). While a single injection of ATRA into the eye of an adult WT 
mouse triggered P2X-dependent membrane permeabilization, ATRA is rapidly 
degraded and therefore exposure to the drug may have been too brief to up-regulate 
HCN channels, rendering BENAQ ineffective. Likewise, while blocking RA signaling 
reduced the heightened firing of RGCs in darkness, a single injection of ATRA in WT 
retina was insufficient to increase spontaneous firing. While transient enhancement of 
RA signaling was not able to recapitulate all aspects of remodeling (Sekernja et al., 
2011), apparently chronic exposure to RA, as it occurs in a degenerated retina, is able 
to up-regulate HCN and induce hyperexcitability.  
  
We have shown that blocking RAR leads to an enhancement of light responses in 
RGCs, suggesting a therapeutic strategy for improving low-level vision before 
photoreceptor degeneration is complete. Signals from the few remaining rods and 
cones can be maximized by blocking RA signaling, reducing noisy background firing in 
RGCs. An analogous decrease in signal-to-noise occurs with tinnitus in hearing loss, 
where degeneration of a subset of cochlear hair cells leads to hyperactivity of auditory 
neurons (Middleton et al., 2011), corrupting the remaining sound-elicited neural signals 
that are transmitted to the brain. By reducing the background noise, treatment with RA 
blockers lowered light detection threshold and increased the maximal response, 
enabling RGCs to more effectively encode visual information. 
 
There are several targets along the RA-signaling pathway for possible pharmacological 
intervention. RA synthesis can be inhibited with an ALDH inhibitor such as disulfiram 
(Antabuse, Odyssey Pharms, NDA#088482). However, we found that directly 
antagonizing RARs was most effective for mitigating remodeling. RAR antagonists have 
been developed as cancer therapeutics (Germain et al., 2006) but may be repurposed 
for enhancing visual function after death of rods and cones, which is incomplete in the 
vast majority of patients with retinal degenerative diseases.  
  
Artificial light responses evoked with electrical, optogenetic, or optopharmacological 
stimulation will be superimposed on the heightened background activity of remodeled 
RGCs, limiting the ability to imitate the natural neural code for vision (Nirenberg & 
Pandarinath, 2012). The only vision restoration technology currently approved by the 
FDA, the Argus II multi-electrode retinal prosthetic, provides spatial acuity that is 3-4 
fold lower than predicted by the spacing of the electrodes (Stronks & Dagnelie, 2014). 
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Reducing the spontaneous activity of RGCs by blocking RA signaling might boost the 
performance of this and other vision-restoration technologies (Barrett et al., 2016). 
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CHAPTER 4: Local Photoreceptor Degeneration Causes Focal Remodeling of 
Inner Retinal Neurons 

 
4.1 Abstract 
 
Retinitis pigmentosa (RP) and age-related macular degeneration (AMD) patients have 
phenotypical, non-uniform photoreceptor (PR) degeneration. While the end stages of 
both disorders vary based upon genetic and environmental factors, a hallmark of each 
is some degree of remaining photoreceptor persistence for many years. Attempts to 
impart light sensitivity onto remaining retinal neurons highlighted the remodeling that 
occurs in retinal ganglion cells (RGCs) following photoreceptor degeneration, making 
them permeant, hyperactive, and permissible to photoswitches. Determining if 
remodeling is limited only to areas where photoreceptor degeneration has occurred is 
an important step in ensuring that vision restoration strategies do not disrupt remaining 
intact retinal circuits and visual signaling. The following experiments demonstrate that 
remodeling is constrained only to those areas of the retina in which photoreceptors have 
degenerated and that photoswitches have no effect on remaining, intact retinal circuitry 
in an animal model of local photoreceptor degeneration.  
 
4.2 Introduction 
 
Age-related macular degeneration (AMD) and retinitis pigmentosa (RP) are two forms of 
inherited blindness which affect almost 9% and 0.05% of the US population respectively 
(Wong et al., 2014, Sohocki et al., 2001). While both genetically and phenotypically 
heterogeneous diseases, a hallmark of each is non-uniform photoreceptor 
degeneration; that is, geographically, not all areas of the retina experience the same 
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rate of degeneration. RP tends to affect peripheral rods in early stages and progresses 
towards the central visual field in later stages of the disease. In contrast, AMD, as the 
name implies, affects the central visual field first and proceeds to spread outwards into 
the periphery.   
 
Following photoreceptor degeneration, remaining visual neurons in the retina persist for 
many years (Medeiros & Curcio, 2001, Mazzoni, Novelli, & Strettoi 2009). This has 
given researchers targets for vision restoration by using optogenetics, 
optopharmacology, and retinal prosthetics to confer light sensitivity onto remaining 
downstream visual neurons (Marc, Pfeiffer, & Jones, 2014). However, these strategies 
can currently only be employed in extreme late-stage disease due to their invasiveness 
& permanence, as any disruption to normally functioning retinal coding could 
exacerbate the partial vision loss that has already occurred.   
 
Animal models of inherited retinal degeneration occur globally and uniformly in mice 
(Pennesi et al., 2012, Marc et al., 2008), rats (Kaur et al., 2009), dogs (Beltran, 2009), 
and pigs (Ross et al., 2012). Research of practical therapeutics for early-stage retinal 
degenerations has been hampered by a lack of localized retinal degeneration models 
(Zeiss, 2010). Recently an animal model of local photoreceptor degeneration has been 
developed by chronically separating the photoreceptors from the retinal pigment 
epithelium (RPE) and choroid (Lorach et al., 2015). In vascularized retinas such as 
those found in rodents, subretinally implanting a physical barrier between the 
photoreceptor outer segments and the RPE causes PR degeneration only above the 
barrier, while inner retinal neurons survive, and areas outside of the embedded chip 
remain unaffected. The RPE forms the outer blood retinal barrier and is responsible for 
supplying PR nutrients from fenestrated choriocapillaries (Kaur et al., 2008), 
phagocytosing PR outer segments for renewal (Edwards et al., 1977), participating in 
the visual cycle (Redmond et al., 1998), and removing metabolic byproducts from the 
outer retina. Disrupting this tight-knit relationship is responsible for the local 
degeneration of PRs over subretinal implants.   
 
Azobenzene photoswitches have been successful in reanimating inner retinal neurons 
(Polosukhina et al., 2012). Remarkably, these chemicals were found to affect only 
retinas which lack photoreceptors (Tochitsky et al., 2014). This specificity for 
degenerated retinas was demonstrated in mice, rats, and dogs and is caused by P2X-
induced permeation and heightened HCN-mediated currents of retinal ganglion cells 
(RGCs) (Tochitsky et al., 2016, Chapter 2). These changes occur due to signaling 
cascades initiated by retinoic acid (RA) signaling which causes permeation of RGCs 
(Chapter 3). However, specificity of photoswitch action has yet to be demonstrated 
within a single retina experiencing localized photoreceptor degeneration. Using the local 
degeneration model developed by Lorach et al. (2015), we have assessed the level of 
RA signaling, permeation, and photoswitch specificity to degenerated areas of a single 
retina.  
 
4.3 Experimental Procedures 
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4.3.1 Reagents 
 
Photoswitch compounds were synthesized and prepared as formate salts as previously 
described (Mourot et al., 2012, Fortin et al., 2008, Mourot et al., 2011). All other 
chemicals were purchased from Sigma-Aldrich, Tocris Bioscience, Life Technologies, or 
Santa Cruz Biotech. Those chemicals that are insoluble in water were first dissolved in 
DMSO and diluted in ACSF to a final concentration containing <1% DMSO. 

4.3.2 Animals 
 
Retinas were isolated from WT Long-Evans rats (Charles River strain code:006). All 
animal use procedures were approved by the UC Berkeley Institutional Animal Care and 
Use Committee. 

4.3.3 Chip Implantation 
 
Before injection, P35-50 rats were anesthetized with ketamine (75mg/kg) and xylazine 
(5mg/kg). Proparacaine (0.5%) was used as a topical analgesic. Genteal was applied 
under a glass coverslip to keep the cornea lubricated. Using a blunt tip Hamilton 
syringe, the globe was rotated nasally. The sclera and choroid were incised on the 
temporal side of the eye while rotated nasally. 0.5 μl of PBS was injected using the blunt 
tip Hamilton syringe to create a retinal detachment. A non-permeable plastic disc (SU-8 
2025, permanent epoxy negative photoresist) coated with parylene-N for 
biocompatibility was then inserted into the subretinal space. The disc was 1 mm in 
diameter and 30 µm in thickness as previously described (Lorach et al., 2015). The 
incisions were sutured. The eye was then allowed to relax back to a natural position. A 
drop of tobramycin 0.3% Ophthalmic Solution was applied as an antibiotic. After 30 
seconds, artificial tears were applied as an ocular lubricant and anesthesia was 
discontinued. Fluorescein angiography (FA) and optical coherence tomography (OCT; 
Spectralis; Heidelberg Engineering, Heidelberg, Germany) were used to assess retinal 
condition in the treated area in vivo.  

4.3.4. Intravitreal Injections 
 
Before injection, rats were anesthetized with isoflurane (2%) and their pupils were 
dilated with tropicamide (1%) and phenylephrine (2.5%). Proparacaine (0.5%) was used 
as a topical analgesic. Genteal was applied under a glass coverslip to keep the cornea 
lubricated. An incision was made through the sclera below the ora serrata with a 30G 
needle and ~1 μl of solution was injected into the vitreous with a blunt-ended 33G 
Hamilton syringe. After injection, the antibiotic tobramycin (0.3%) was applied to the 
eye. Virus was injected at a titer of 1013-1014 particles/µl. An injection of PBS including 
1% DMSO was used as vehicle control.     

4.3.5 Tissue Preparation 
 
Eyes were enucleated immediately following euthanasia. Corneas were punctured and 
globes were placed into oxygenated artificial cerebral spinal fluid (ACSF) containing (in 
mM) 119 NaCl, 2.5 KCl, 1 KH 2 PO 4 , 1.3 MgCl 2 , 2.5 CaCl 2 , 26.2 NaHCO 3, and 20 
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D-glucose, aerated with 95% O 2 /5% CO 2. Retinas were dissected and kept in ACSF 
at room temperature until recording.  

4.3.6 Multi Electrode Array Recordings 
 
For extracellular recordings, retinas were cut into two pieces through the middle of the 
implant area. A flat-mounted retinal piece was placed ganglion cell layer down onto a 
60-electrode Multi-Electrode Array (MEA 1060-2- BC, Multi-Channel Systems). After 
mounting the retina, photoswitches were applied for 30 min, followed by a 15 min wash. 
QAQ was applied at a concentration of 300 µM. A solution containing a mixture of 
neurotransmitter receptor blockers isolated RGCs from synaptic inputs: (in μM) 10 AP4, 
40 DNQX, 30 AP5, 10 SR-95531, 50 TPMPA, 10 strychnine, and 50 tubocurarine. 
Extracellular spikes were high-pass filtered at 200 Hz and digitized at 20 kHz and were 
counted when exceeding 4 SD from the mean background voltage signal. Typically, 
each electrode recorded spikes from one to three individual RGCs. Principal component 
analysis of the spike waveforms was used for sorting spikes generated by individual 
cells (Offline Sorter, Plexon). Stimulation light was generated from a mercury arc 
lamp. Narrow band optical filters (Chroma) were used to deliver alternating intervals of 
380 nm and 500 nm for stimulation of QAQ-treated as described previously 
(Polosukhina et al., 2012). The Photoswitch Index (Polosukhina et al., 2012) (PI) was 
established for individual retinas in 380 nm/500 nm light for treatment with QAQ.   

4.3.7 Yo-PRO-1 Loading Assay 
 
After dissection, retinas were whole- mounted on a cell culture tissue membrane. 
Retinas were treated with 500 nM Yo-PRO-1 (Life Technologies) in oxygenated ACSF 
for 15 minutes, followed by treatment with nuclear ID (Enzo Life Sciences) at a 1:500 
dilution for 3 minutes. ACSF was perfused continuously at 3ml/min for a period of 5 
minutes to wash away excess dye.  

4.3.8 RAR reporter virus assay 
 

A plasmid was designed and synthesized (Vigene Biosci., Maryland, USA) to include a 
cytomegalovirus promoter (CMV) upstream to the coding sequence for RFP, followed 
by poly-A and a stop sequence. A fragment containing three repetitions of the retinoic 
acid response element (RARE) sequence followed by the weak promoter SV40 was 
sub-cloned from an original plasmid containing RARE-SV40-LacZ (Karttunen et al., 
1992). The final construct was packaged in an AAV viral backbone, and viral yields 
were purified from HEK293T cells (1013-1014 particles/µl). An AAV2 serotype was used 
for intravitreal infection of 2 weeks prior to measurement. Mice were sacrificed and 
analyzed ~15 days after infection. Retinas were isolated and imaged in flat-mount 
configuration using transparent PDFA membranes (Millipore). During imaging, retinas 
were continuously perfused with oxygenated ACSF.   

4.3.9 Imaging and Analysis 
 
Confocal microscopy. Yo-PRO-1 loading assays and RARE double reporter virus assay 
in mice were imaged using a spinning disk confocal microscope (Olympus BX61WI). 
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The excitation source was a mercury lamp and fluorescence was collected by a 20x or 
40x water immersion imaging objective. Standard GFP and RFP filter cubes (Olympus, 
U-URA) with excitation and emission spectral peaks at ex: 488 nm, 561nm, em: 519 
nm, >575 nm, respectively. 1.5µm section Z-stacks were acquired using a Hamamatsu 
ImageEM CCD C9100-13. RARE double reporter virus in rats were imaged using a 
Laser Scanning Confocal Microscope (LSM 780 NLO, Zeiss), using Zen software and 
default configuration for RFP, GFP, AF488 and nuclear-ID detection.  
  
Image analysis. All image analysis was performed using ImageJ or Fiji software. Yo-
PRO-1 loading assay, ROIs were manually selected using the nuclear-ID channel 
based upon morphological characteristics. This was performed after computationally 
flattening the retina by performing a maximum Z projection onto a single plane. 
Following this, a background subtraction was performed with a rolling radius of 50 
pixels. Cells identified as vascular endothelial cells or pericytes were not included in the 
analysis. This was confirmed using transillumination. A threshold for YO-PRO-1 loading 
was established by measuring the level of autofluorescence of untreated retinas in each 
channel and finding a baseline value with +2SD being the threshold for a YO-PRO-1 
positive cell. Nuclear-ID was used to count the total number of cells within a field of 
view. The percentage of cells above the threshold was then calculated for comparison. 
For analysis of RARE double reporter virus assay, ROIs were manually selected on the 
RFP channel first and then superimposed to the GFP channel. Single cell values for 
both RFP and GFP were filtered by using a RFP minimum threshold established in 
naive unlabeled retinas.    

4.3.10 Data Analysis and Statistics 
 
Unless otherwise stated, all statistical significance (p- value) calculations were 
performed using the two-tailed unpaired Student’s t test. Results with p<0.05 were 
considered significant. P-values are: *<0.05, **<0.01, ***<0.001. Pairwise comparisons 
for non-parametric data employed the Wilcoxon Rank Sum Test or the Mann-Whitney 
U-test. In the case where ANOVA was employed, bootstrapping was used to account 
for unequal group sizes and a Tukey HSD test was employed as a post-hoc test to 
define which comparisons and interactions produced statistically significant changes. A 
modified Thompson-Tau method was employed for the detection of outliers. Non-normal 
data distributions were analyzed using the Kruskal-Wallis ANOVA with a Dunn’s post 
hoc test.  
 
4.4 Results 

4.4.1 Disrupting Photoreceptor Outer Segment-RPE Contact Results in Focal 
Degeneration of Photoreceptors 
 
Murine models of retinal degeneration have been broadly employed for vision 
restoration research. However, large shortcomings of these models include their lack of 
foveated retinas and their uniform degeneration, representing important differences 
from many blinding diseases that occur in humans. Subretinal photoelectric implants 
have been employed for restoration of visual responses in blind retinas (Lorach et al., 
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2015 Nat Med). However, an unintended consequence of such implantation was the 
degeneration of remaining photoreceptors above the implant. This phenomenon was 
extended to create a model of local retinal degeneration in afoveated murine retinas 
(Lorach et al., 2015 IOVS).  

 
Figure 4.1 Subretinal implants cause local degeneration of photoreceptor outer 
segments. Subretinal implantation of an inert physical barrier disrupts the metabolic 
relationship between photoreceptor and RPE.  
(A) En Face OCT images shows a 1mm circular implant in the periphery of the retina. The 
green arrow represents the location of the B-scan, transectional view. The optic disk (OD) is 
observable at the bottom of the image for orientation purposes.  
(B) B-scan OCT image going through the middle of the disc. Under the disc photoreceptor outer 
segments (PR OS) are absent while the ganglion cell layer (GCL) persists. Outside of the chip 
implant area, the retinal architecture is unaffected.  
 
2-3 month old Long-Evans rats were implanted with inert chips between photoreceptor 
outer segments and the retinal pigment epithelium (RPE). Optical coherence 
tomography (OCT) imaging was employed to confirm that photoreceptor degeneration 
was successfully achieved with other retinal layers persisting and areas outside of the 
chip remaining healthy. En face images show the intact implant remaining in the same 
retinal location for the entire duration of implantation (Figure 4.1 A). Transectional views 
of the chip implant area show thinning and degeneration of the photoreceptor layer with 
other layers remaining intact (Fig 4.1 B). Rats were left implanted for three months to 
ensure complete loss of photoreceptor outer segments before being used as a model of 
local degeneration. These observations further substantiate sub-retinal chip 
implantation as a model of focal retinal degeneration and ensure a successful model of 
local degeneration for the following assessments. 
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Figure 4.2 Local Photoreceptor degeneration causes localized permeability of RGCs.  
(A) Stitched 4x images of YO-PRO-1 loading over a large portion of an implanted rat retina. The 
white circle represents the exact location of the chip. The white square is an example of a 
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control field of view. The percentage of cells that are permeable to YO-PRO-1 is much greater 
in areas directly over the chip compared to control areas.  
(B) Exemplar images of fluorescence using a 20x objective. While control pieces have some 
level of loading, there is much more loading in RGCs over the chip.  
(C) Quantification of loading in control and chip areas of each of the 4 animals that were 
implanted. Every retina shows greater levels of loading over the chip compared to control areas. 
p=0.015, one-tailed paired t-test. 

4.4.2. Local Photoreceptor Degeneration Causes Focal Permeability of the Inner Retina 
 
Previous studies have documented remodeling in the inner retina that occurs following 
photoreceptor degeneration. Morphological remodeling (Anderson et al., 2016) is 
preceded by electrophysiological remodeling (Stasheff et al., 2011) caused by 
functionally upregulated HCN and P2X channels (Tochitsky et al., 2016). Increased P2X 
activation can be measured using the nuclear dye YO-PRO-1, which is normally 
impermeant to RGCs, but can penetrate membranes through pore-dilated P2X channels 
(Virgino et al., 1999). In order to determine if focal photoreceptor degeneration would 
lead to a geographically constrained remodeling of the inner retina, YO-PRO-1 was 
applied ex vivo to retinas that had been subretinally implanted with a chip 3 months 
prior to measurement.  
 
Stitched low-magnification images show a definitive pattern of YO-PRO-1 labeling 
directly over the implant area (Fig. 4.2 A). There also appears to be a ring of enhanced 
loading that persists just outside the implant area. Higher magnification images were 
used for quantification of the percent of retinal ganglion cells (RGCs) within a given field 
of view that were labeled with YO-PRO-1 (Fig. 4.2 B). Control images were captured by 
examining the ganglion cell layer (GCL) in the same retina, but from an area that was 
>1mm from the chip area. Quantification revealed low YO-PRO-1 labeling (10.6±1.9%) 
in control areas and statistically higher labeling in areas centered over the chip 
(20.9±4.4%; p=0.015, n=4, paired t-test). High magnification images at the edge of the 
implant area enabled examination of increased permeability as a function of distance 
from the chip (Fig 4.3A). Heightened YO-PRO-1 labeling induced by the implant 
persisted for 200 μm outside of the chip area (Fig. 4.3B; correlated sample ANOVA with 
Tukey HSD post-hoc, p<0.001), consistent with the presence of a diffusible signal that 
induces remodeling. Although on average loading increased slightly just outside of the 
chip, this did not reach statistical significance (Tukey HSD p=0.26, chip vs. 150-200 μM, 
n=4 each). 

4.4.3 Focal Remodeling is Associated with Increased Retinoic Acid Signaling 
 
Previous work shows that increased retinoic acid signaling triggers heightened RGC 
permeability in retinitis pigmentosa (RP) models (Chapter 2). To determine if the same 
mechanism is being evoked in our local photoreceptor degeneration model, retinoic acid 
signaling was evaluated using a previously developed retinoic acid receptor (RAR) 
reporter. This reporter constitutively expresses red fluorescent protein (RFP) as an 
indicator of successful transfection, and green fluorescent protein (GFP) in an RAR-
dependent manner. The two channels can then be compared ratiometrically to 
determine the level of RA induced transcription. Two and a half months following 
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implantation, rats were intravitreally injected with the RAR reporter packaged into an 
AAV2 vector. Two weeks following injection, the expression of both GFP and RFP were 
evaluated using fluorescence microscopy. 
 
 

 
Figure 4.3 Permeability of the GCL persists for 200 μm outside of the chip area.  
(A) 20x images of YO-PRO-1 loading were taken to include just the edge of the chip and the 
surrounding retinal area. The RFP channel shows the precise location of the chip for 
topographic ROI determination as a function of distance from the edge of the chip (top) 100 μm 
bins are shows for effective visualization. YO-PRO-1 labeling is strongest just outside of the 
chip area and rapidly falls off as a function of distance from the chip.  
(B) Quantification of YO-PRO-1 labeling as a function of distance from the chip edge. “Center” 
correlates to the level of loading using the FOV centered over the chip while “edge” corresponds 
to the area over the chip of the current FOV. Similarly, “control” corresponds to the level of 
loading in areas greater than 1 mm from the chip area. Correlated sample ANOVA with Tukey 
HSD post-hoc analysis reveal significantly different levels of loading as compared to control 
pieces over the center of the chip persisting for 200 μm outside of the chip edge. * =p<0.05, 
**=p<0.01, ***=p<0.001 
 
Images centered around the chip area show a clear pattern of GFP expression within 
and especially around the chip (Fig. 4.4A). Areas within the same retina but >1 mm 
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away from the chip area show clear expression of RFP, with little GFP (Fig. 4.4B). 
Ratiometric analysis shows significantly more RA-induced transcription in areas over 
the chip as compared to isolateral control pieces of retina. For thoroughness, 
contralateral eyes, which were not implanted, were also examined and had similar 
levels of RA-induced transcription compared to isolateral controls indicating localized 
damage and focal RD-induced transcription. Overall, these results indicate that 
following local photoreceptor degeneration induced via subretinal chip implantation, 
there is increased RA signaling in the inner retina that is localized to the degenerated 
area of the outer retina.  

 
Figure 4.4 Local photoreceptor degeneration causes a local increase in retinoic acid 
signaling. An AAV2-RAR reporter was injected into the vitreous of implanted rats.  
(A) Images of  GCL in both the RFP and GFP channels centered around the chip area. RFP 
expression is widespread, whereas GFP expression is limited to the chip area.  
(B) Images from an area >1 mm away from the implant in the isolateral retina. Again, RFP 
expression is widespread, but GFP expression is all but absent.  
(C) Quantification of the ratio of RFP fluorescence to GFP fluorescence. Chip areas show much 
greater levels of GFP expression, indicative of greater RA mediated signaling. However, RGCs 
outside of the implant area, both in the isolateral and contralateral eye, show much less RAR-
mediated signaling. ***=p<0.001 paired, two-tailed t-test.  
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4.4.4. Focal Degeneration Permits Specific Local Chemical Photosensitization Using 
Azobenzene Photoswitches 
 
Azobenzene photoswitches have previously been used to restore visual responses in 
ganglion cells following photoreceptor degeneration (Polosukhina et al., 2012). 
However, they require pathophysiological remodeling in order to permeate RGCs and 
affect action potential firing, and therefore do not affect WT retinas (Tochitsky et al.,  
2016). Previous studies have primarily used the rd1 mouse as a model of retinal 
degeneration. These mice exhibit global photoreceptor degeneration and are afoveated 
(Ray et al., 2010), making comparisons to retinal degeneration in humans, which occurs 
geographically and in relation to the fovea, difficult. Using implant-induced 
photoreceptor degeneration as previously described, we examined the specificity of 
action of azobenzene photoswitches for degenerated areas within a single retina. 

 
 
Figure 4.5 Local photoreceptor degeneration allows for targeted action of azobenzene 
photosensitization.  
(A) Representative raster plots of MEA recordings from RGCs over and around chip implant 
areas. Untreated retinas show intact visual signaling in areas outside of the implant with 
severely impaired visual responses over the chip. Once treated with BENAQ and synaptically 
isolated, only the RGCs that were over the implant are photosensitized. Following a wash, 
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phototransduction and visual signaling in areas outside of the retina are still intact and visual 
responses over the chip are improved.  
(B) Visualization of the PI for the units over each electrode. The chip area is indicated by the 
black arc over the bottom of the array. Each electrode may have up to 3 units that are averaged 
together. White squares indicate no units that meets the selection criteria for firing rate.   
 
Retinas were mounted onto 60 channel multi-electrode arrays ganglion cell side down. 
White light was used for photostimulation and firing rate in the light was compared to 
firing rate in the dark as expressed by a photoswitch index (Polosukhina et al., 2012). 
Transillumination was used to determine electrode that were over the implant area and 
those that lied outside. Before applying the photoswitch to the retina, the native light 
response was recorded.  
 
The change of firing rate in response to light was greatly diminished in RGCs over the 
implant while leaving light responses intact in other areas of the retina (Fig. 4.5A). 
Following native light response assessment, retinas were treated with BENAQ, a 
photoswitch that targets HCN channels and responds to white light (Tochitsky et al., 
2016). RGCs were then decoupled from the rest of the retina by application of a 
synaptic blocker cocktail, which blocks all neurotransmission in the retina. This allows 
for direct observation of BENAQ efficacy on RGCs rather than indirect effects mediated 
through retinal networks. Only RGCs that were over the implant area responded to light 
(Fig. 4.5B). This is consistent with the hypothesis that local photoreceptor degeneration 
causes local RGC remodeling, and restricts the action of photoswitches specifically to 
degenerated areas of retina. Synaptic blockers and photoswitch were then washed 
away to demonstrate the reversibility of these effects leaving native phototransduction 
intact. 
 
4.5 Discussion 
 
Non-uniform photoreceptor degeneration is a hallmark of retinal disease in humans. 
Furthermore,  retinitis pigmentosa (RP) most often affects patients once they have 
reached adulthood, while age-related macular degeneration (AMD) affects patients over 
the age of 50 (Jager et al., 2008, Lim et al., 2012, Hartong et al., 2006).  However, the 
most common model of inherited retinal degeneration, the rd1 mouse, is a particularly 
aggressive form of inherited retinal degeneration showing disruption in the external 
limiting membrane at p14, just after eye opening (Pennesi et al., 2012). Not only is the 
does the rd1 strain exhibit a more aggressive form of blindness than is found in 
humans, mouse retinas are afoveated and exhibit global and uniform degenerations. 
This has led to the critique that rd1 mice do not represent any form of human blindness 
as the retinal and cortical circuitry for vision have not yet fully developed by the onset of 
degeneration (Zeiss et al., 2010, Olney, 1968). Even in the rd10 mouse, the “slow” 
model for inherited retinal degenerations, electrophysiological remodeling is present at 
eye opening (Stasheff et al., 2010). 
 
The current study uses a physical barrier to disrupt the relationship between 
photoreceptors and the retinal pigment epithelium (RPE), causing a local photoreceptor 
(PR) degeneration only where the chip is present and leaving surrounding retinal 
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circuitry intact. Our model has an advantage over laser ablation of PRs, as the latter 
causes simultaneous RPE death and requires pigmentation. The strategy employed 
here broadens the strains in which this can be employed to albino animals and leaves 
the RPE intact. However, RPE cells have the ability to migrate back into the damaged 
area, though this takes weeks to occur, while PRs cannot migrate over distances >0.1 
mm (Paulus et al., 2008, Sher et al., 2013).  
 
It is important to note the plasticity that is observed in human AMD patients and how 
this may obfuscate defined regions of retinal degeneration (Sullivan et al., 2007). In the 
current model, there were still some responses to light even over the implant area. This 
may be due to lateral spreading of the visual signal, which was much weaker toward the 
center of the chip. The remaining inner retinal neurons over the chip are not unchanged, 
but do retain some basic properties of normal vision such as flicker fusion rate (Lorach 
et al., 2015). This animal model also taps into the same remodeling signaling cascades 
that are observed in inherited retinal degenerations such as in the rd1 mouse, manifest 
in P2X hyperactivity, increased retinoic acid (RA) signaling, and permissiveness to 
azobenzene photoswitches. All of these facets of remodeling are limited to an area 
within 200 μm of degenerated photoreceptors. 
 
The current study provides an interesting observation of the interaction between vision 
restoration using azobenzene photoswitches and native visual signaling. Only those 
retinal ganglion cells (RGCs) over the implant, where PR degeneration has occurred, 
were affected by photoswitches. This clearly demonstrates degeneration-specific 
photosensitization within a single retina. However, upon washing out the blockers which 
synaptically isolate RGCs, the visual responses over the chip were greatly diminished. 
This wash most likely did not wash out photoswitches as these compounds act on the 
intracellular side of channels and have been shown to persist for hours following a wash 
(Polosukhina et al., 2012). This means that lateral spread of visual information or 
hyperactivity may reduce the efficacy of these compounds by mitigating the change in 
firing rate in response to light. The shape and size of RGC responses in areas 
surrounding the implant showed no change following a wash, indicating successful 
degeneration-specific photosensitization and non-contamination of native light 
responses, a powerful and important finding for the future of these drugs as therapeutic 
approaches to blindness. 
 
Although RA has been implicated as the signal for retinal remodeling, the source has 
yet to be definitively identified. Inner retinal cells have the machinery to convert 
retinaldehyde to retinoic acid and intravitreally injecting retinaldehyde is sufficient to 
cause permeation of RGCs identical to that caused by ATRA alone. Endogenous 
retinaldehyde can come from two possible locations. The first is the outer segments of 
photoreceptors, which can have concentrations of retinoids in the millimolar range 
(Kane & Napoli, 2014) as each rod can have up to 100 million rhodopsins each bound 
to a retinaldehyde molecule. The other possibility is that the RPE is still participating in 
the visual cycle, producing retinaldehyde, but has no partner to take up these active 
retinoids. These are not mutually exclusive situations, and the current study seems to 
support both hypotheses. Both RA signaling and YO-PRO-1 labeling are strongest at 
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the borders of the implant area indicating a diffusible signal coming from the underside 
of the chip. However, remodeling only persists for 200 μm outside of the chip area.  
 
How then, can the RGCs at the center of the implant receive this signal? It could be that 
dying photoreceptors release retinoids, which are converted to RA and act at the center 
of the implant are inducing remodeling. It is also important to note that photoswitches 
and YO-PRO-1 labeling are greatly reduced in rd1 mice that are >6 months. This could 
be due to a lack of retinoid release from degenerating outer segments, as they have 
completely deteriorated in older animals, or that the RPE at some point stops 
participating in the visual cycle if there are no photoreceptors present. This could be a 
major hurdle for vision restoration approaches such as stem-cell therapy which would 
rely on a functioning RPE to complete the visual cycle.  
 
Another possibility is that a specific class of cells mediates the lateral spread of retinoic 
acid. Müller glia possess the machinery to convert retinaldehyde to retinoic acid 
(Gianelli et al., 2011). However, their processes are not long enough to account for this 
spread under normal conditions in the mouse retina (Wang et al., 2017). Upon damage 
to the retina, however, Müller glia can become active as far as 5mm away from a lesion 
site (Humphrey et al., 1993) and this activation has been implicated in furthering, rather 
than preventing, the spread of photoreceptor degeneration (Franke et al., 2005). 
However, even under these activated conditions, the processes of Müller glia do not 
possess the morphological characteristics to account for the diffusion of remodeling 200 
μM outside of the lesion area. 
 
The current study demonstrates that the lateral spread of remodeling is minimal, 200 
μM, which represents less than one degree of visual angle in the human eye. 
Furthermore, this spread of remodeling is associated with a similar spread of retinoic 
acid signaling, and indeed the diffusion of RA, either active or passive, may be 
responsible for the spread of remodeling. Lastly, chemical photosensitization using 
azobenzene photoswitches is specific to remodeled areas of the retina and does not 
affect healthy surrounding tissue, furthering its potential as a viable vision restoration 
strategy.  
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Dissertation Summary 
 
The primary aims of the studies outlined in this document were to: (1) Determine the 
changes that occur in RGCs following photoreceptor degeneration that enable 
azobenzene photoswitches to impart light sensitivity in a degeneration-dependent 
manner, (2) Ascertain the signal that RGCs detect which cause the aforementioned 
remodeling and (3) Elucidate the level of specificity of photoswitch action to reanimate 
the blind retina in terms of RGC type and geographic area. 
 
The first aim was accomplished using strategies that employed pharmacology and 
genetic manipulations to determine the channels necessary for photoswitches to be 
effective in imparting light sensitivity. P2X channels were found to be upregulated and 
cause a permeability of RGCs which is required for photoswitch entry. This facet of 
remodeling affect all photoswitches equally. Two examined photoswitches, DENAQ and 
BENAQ, also required the upregulation of HCN channels, adding another layer of 
degeneration-specific photosensitization. HCN channels also underlie the observed 
hyperactivity of RGCs that occurs as photoreceptors die. 
 
Retinoic acid (RA) was identified as the signal which causes functional P2X and HCN 
upregulation. Retinoic acid is a powerful morphogen that regulates gene transcription 
through a nuclear receptor. Blocking RA-signaling stopped both DENAQ and QAQ 
photosensitization of RGCs in retinae lacking photoreceptors. Enhancing RA-signaling 
enabled QAQ to photosensitize WT RGCs by causing permeability of these neurons by 
P2X functional upregulation. Finally, measuring RA-mediated transcription revealed 
increased RA-signaling in the RGCs of both rd1 mice and S334Ter rats. This knowledge 
was then used to enhance visual encoding by blocking RA-signaling and thus 
decreasing the spontaneous activity of RGCs, which uncovered light responses at low 
light levels that were obscured by such activity.  
 
Finally, the specificity of photosensitization was further probed within a focally 
degenerated retina. Using a physical barrier implanted into the subretinal space, it was 
shown that permeability, retinoic acid signaling, and photosensitization using 
azobenzene photoswitches were all constrained to an area within 200 μm of 
photoreceptor degeneration. Furthermore, morphological characterization of cells 
permeable to dyes and with heighted HCN activity revealed that only putative OFF-
RGCs remodel is such a way that enables photosensitization using azobenzene 
photoswitches.  
 
In conclusion, small molecule approaches to vision restoration using photoswitches is 
specific to areas of retinae that have degenerated photoreceptors and for OFF RGCs. 
These changes are signaled by retinoic acid that is derived from visual retinoids. 
Enhancing this signaling may enable more efficient drug delivery and blocking this 
signaling may help improve remaining vision. The perceptual experience of imparted 
vision using photoswitches still has yet to be elucidated, but these findings represent 
important steps for bringing such drugs to the clinic to probe their efficacy as a vision 
restoration tool in humans.   
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