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Abstract

Photochemical restoration of visual responses in blind mice
by
Aleksandra Polosukhina
Doctor of Philosophy in Vision Science
University of California, Berkeley

Professor Richard Kramer, Chair

This dissertation addresses two non-genetic therapeutic approaches for treating inher-
ited retinal diseases such as retinitis pigmentosa and age related retinal degeneration. The
first approach utilizes a light sensitive molecule Azobenzene-acrylomide-quaternary amonium
(AAQ) to restore light sensitivity to retinal degenerated (rdl) mice. AAQ molecules per-
meate through the cell membrane and photosensitize voltage-gated K* channels in response
to different wavelengths of light. Consequently, we achieved robust photosensitization of
most retinal cells ez-vivo upon application of AAQ on rdl mouse retinal explants. We then
characterized the effect of AAQ on mouse behavior and restored a pupillary light reflex and
light elicited behavior in these blind rd1 mice.

The third chapter addresses improvements to the AAQ therapeutic approach. We utilize
Di-ethyl-amine-azobenzene quaternary ammonium (DeNAQ) that also confers light sensi-
tivity on RGCs by photosensitizing voltage-gated channels in response to 480 nm light and
silencing the channels in the dark (trans form). The property of DeNAQ being sensitive in
the visible range is one of the major advantages of this therapeutic. The quick relaxation of
DeNAQ in the dark is also an advantage, since only one wavelength is required for photosen-
sitization. In addition to the red-shifted properties we found that DeNAQ can confer light
sensitivity to retinal cells for several weeks and restores light elicited behavioral responses.

The fourth chapter addresses the question of whether the physiological and anatomical
changes that accompany retinal degeneration lead to functional changes in the retinal gan-
glion cells (RGCs). We used a membrane impermeable Quarternary-azobenzene-quaternary
molecule (QAQ) molecule that can only enter the cells and render them light sensitive
through large pore openings, those seen during pore dilation of P2X and TRP channels. We
characterized the path of entry of QAQ using pharmacology and found that photosensiti-
zation of RGCs could be reduced by adding P2XR antagonists. In agreement with other
studies suggesting that pore dilation has been associated with neurodegenerative processes,
we show that QAQ can only confer light sensitivity to RGCs from rd1 and not from wild-
type (WT) mice. We also demonstrate that QAQ does not photosensitize RGCs in glaucoma
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mouse models, suggesting that this physiological change in permeability is specific to retinal
degenerating disease.

The therapeutic approaches addressed in this thesis apply to a variety of retinal disease
genotypes. The high promiscuity of AAQ delivery allows us to optically stimulate any cell
type in the retina. Additionally, the red-shifted molecule DeNAQ, combined with its ability
to target only diseased tissue, offers a promising clinical alternative for vision restoration.
Finally, using another photosensitive molecule, QAQ, we study the physiological impact
of retinal degeneration on pore-dilating ion channel activity. Understanding the sources
of physiological changes could help prevent further damage caused by degenerative retinal
diseases.
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Chapter 1

Introduction

Vision is one of the most vital senses, allowing us not only to effortlessly navigate through our
daily life, but to also appreciate the beauty of this world. This visual information consists
of movement, contrast, brightness, and color, each of which is encoded in different neural
circuits in the retina. Once extracted, the retinal ganglion cells send this information to
higher order processes of the brain. However, many diseases of the retina disrupt this intricate
circuitry rendering the person completely blind. It is crucial to enhance our understanding
of these diseases in order to find cures and develop more precise tools that could restore
visual sensitivity.

1.1 Retina

The retina is the first image processing unit in our body that extracts information from the
light reflecting off the objects. Vision begins when light is absorbed by the visual pigment
molecules in rod and cone photoreceptors. The visual pigment is found primarily in the
outer segments of photoreceptor cells and consists of an opsin protein that is covalently
attached to 11-cis-retinal. In the dark, photoreceptors rest at -40 mV and maximally release
glutamate. When a photon is absorbed, the 11-cis retinal is isomerized to all-trans and
activates the visual pigment. The visual pigment activates the G protein, where the Gt alpha
subunit in turn activates the phosphodiesterase (PDE) enzyme to break down cyclic GMP
(cGMP). The decrease in cGMP leads to the closure of cGMP-gated cation channels causing
hyperpolarization of the outer segment plasma membrane. Due to the hyperpolarization,
the photoreceptors decrease the amount of neurotransmitter (glutamate) released. These
changes in glutamate release drive information processing by bipolar cells, horizontal cells,
and amacrine cells in the inner nuclear layer (INL). Finally, all the signals converge onto
retinal ganglion cells (RGCs), which send information via action potentials to the visual
cortex and the lateral geniculate nucleus.

Photoreceptors synapse onto bipolar cells in the outer plexiform layer which then trans-
mit the signals to retinal ganglion cells in the inner plexiform layer. Horizontal cells play



an important role inregulating the signals from photoreceptors to bipolar cells and in for-
mation of bipolar cell receptive fields. Photoreceptors release glutamate in the dark thereby
depolarizing the OFF bipolar cells, located in the OFF lamina and hyperpolarizing the ON
bipolar cells. When photoreceptors are exposed to light, they hyperpolarize and cease re-
leasing glutamate, thereby depolarizing the ON bipolar cells and hyperpolarizing the OFF
bipolar cells (Nelson et al., 1978; Raviola and Dacheux, 1983). Signals from bipolar cells
to retinal ganglion cells are modulated by amacrine cells. The rod bipolar cells connect to
ON and OFF cone bipolar cells via the AIl amacrine cell. The AIl amacrine cell excites
ON cone bipolar cells through gap junctions and inhibits the OFF cone bipolar cell through
glycine release. Amacrine cells play a role in extracting contrast, color, movement, as well
as brightness. Ganglion cells then process the signals in terms of action potentials and send
them via the optic nerve to the higher order processes of the brain. However, diseases like
retinitis pigmentosa could slowly degenerate the sensitive photoreceptor layer, rendering the
rest of the circuitry mostly anatomically in tact but unable to respond to light.

1.2 Inherited Retinal Degenerating Diseases

1.2.1 Retinitis Pigmentosa

Millions of people suffer from retinal degenerating diseases, including retinitis pigmentosa,
age related macular degeneration, glaucoma, Lebers congenital amaurosis and many others.
Retinitis pigmentosa is the most commonly inherited retinal degeneration worldwide, occur-
ring in approximately 1 in 5000 individuals, affecting around 1.5 million people in the world
(Shintani et al., 2009). RP can develop due to a mutation in up to as many as 100 different
genes, 13% inphosphodiesterase-b. This disease can be inherited as an autosomal dominant
(30-40% of cases), autosomal recessive (50-60%), x-linked trait (5-15%), but though there
are genetic variations of this disease, they all share a common phenotype (Hartong et al.,
2006). RP is clinically characterized by lack of night vision and often progresses over time
to tunnel vision and then to complete blindness. These effects occur due to the progressive
degeneration of rod and then cone photoreceptors, followed by degeneration of the retinal
pigment epithelium layer.

1.2.2 Stages of Degeneration

The rd1 mouse model has a mutation in phosphodiesterase-b, and photoreceptor degenera-
tion begins around postnatal day (P)14 and by P17 only 2% of rod photoreceptors remain
(Carter-Dawson et al., 1978). This model goes through three main stages of degeneration.
The first phase of degeneration begins before eye opening, around P8. By P30-P40, only
the light insensitive photoreceptor bodies remain connected to bipolar cells. The dendritic
glutamate receptor expression of iGluRs and mGluRs in bipolar cells is down-regulated, but
the expression of iGLuRs on bipolar cells is double than in WT mouse retinas (Marc et al.,
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2007). At this time the retinas have normal spontaneous retinal waves, which consist of
correlated spontaneous action potentials.

The second stage begins after eye opening (P14), bipolar cells have retracted their den-
drites and have begun to form sprouts to make connections with the cone pedicles. The
full-field flashes of light induce ON and OFF responses; from P17 to P28, OFF responses
begin dominating (Stasheff, 2008). It is not clear though whether ON cells become OFF
cells, or whether they simply stop receiving the appropriate synaptic inputs. By the time
light-evoked responses have dissipated, rd1 RGCs fire at much higher spontaneous frequency
than normal and remain so after P28. Throughout the second and third stages of degener-
ation, neuronal sprouting occurs from bipolar and amacrine cells. Simultaneously, bipolar
and amacrine cells migrate into the RGC layer and sometimes RGCs have been observed to
migrate up to the IPL (Jones et al., 2012). It would be interesting to determine whether the
organizational change in the ONL and INL may have an effect on the physiological responses
of RGCs.

The degeneration of photoreceptors is accompanied and preceded by hyperactivity, which
appears to originate in the inner retina This hyperactivity has been found to be attributed
to inner retinal circuitry reorganization, similar to what has been observed in other sys-
tems (Cuenca et al., 2005). Margolis et al. (2008) have found the RGCs in rd1l mice fire
rhythmically at around 10 Hz, even in the later stages of degeneration, due to oscillatory
synaptic inputs (Margolis et al., 2008; Margolis and Detwiler, 2011). This oscillating net-
work is most likely to drive synaptic activity to downstream circuits. RGCs are affected by
these oscillations independently of their class. Oscillations have been identified to originate
from the electrically coupled network of ON cone bipolar and AIl amacrine cells (Borowska
et al., 2011). The hyperactivity of the retina is a very significant characteristic to be aware
of especially when developing vision restoration tools.

These oscillations could greatly interfere with the effectiveness of many vision restoration
tools; since the majority of these tools target the inner circuitry, they have to evoke a response
that is significantly greater or that silence this abnormally heightened activity. Anatomically,
RGCs retain normal dendritic morphology, structure and projections to higher visual centers
(Mazzoni et al., 2008). Margolis et al. (2008)also concluded that RGCs do not undergo any
significant physiological changes, by showing that throughout retinal degeneration ON and
OFF RGCs retain their firing properties, rebound spiking, and dendritic Ca2?* signaling
(Margolis et al., 2008). However, the studies did not investigate changes in channel or
receptor expression in RGCs during degeneration. It would be interesting to examine whether
these are affected since it could provide insight on the mechanisms accompanying RP diseases
and open new therapeutic targets to delay their progression.

Though the death of rod photoreceptors has been extensively studied, the consequent
death of cones is still poorly understood. Some studies posit that death of cones is caused
by toxins released by dying rods, or from the loss of rod-cone gap junctions, oxidative
stress, microglia mobilization, or cone starvation due to disruption of the epithelium cell
function (Ripps, 2002; Punzo et al., 2008; Cronin et al., 2007). Despite various causes that
evoke photoreceptor death, ultimately the cells die due to caspase-dependent and caspase-



independent apoptotic mechanisms (Doonan et al., 2005; Lohr et al., 2006; Sanges et al.,
2006). These are characterized by cell soma shrinkage, blebbing of the plasma membrane,
and breakdown of the cell into apoptotic bodies. Significant elevations of intracellular calcium
and an increase in channel permeability were found in rd1 photoreceptor cells compared to
wild-type (WT) (Acosta et al., 2005; Doonan et al., 2005). There have been two families of
receptors associated with an increased intracellular calcium upon activation, the first is the
purinergic family and the second is the transient potential super family, TRP.

P2X Receptors P2X7 receptor from the purinergic family has gained attention in due
to its involvement in neurotransmitter release and mediation of neuronal injury (Khakh and
North, 2012). ATP acts as a neurotransmitter and the expression of P2X7 receptors on
immune cells suggests their involvement in immune function and inflammatory responses.
A brief activation of P2X7Rs with low concentration of adenosene-tri-phosphate (ATP), a
P2XR agonist, causes an increase in intracellular calcium, whereas sustained activation at
high concentrations of ATP or benzyl-ATP (a very potent P2XR agonist) leads to pore for-
mation (Erb et al., 1990; Gonzalez et al., 1989), letting molecules up to 900 Da through,
such as the fluorescent YO-PRO dye (Surprenant et al., 1996) and Rassendren:1997wg. The
ability of this receptor to pore dilate may have a large impact on physiological function and
neuronal health (Sorge et al., 2012). Additional evidence of this receptors role in neurode-
generation was provided in an in-vivo study of spinal cord injury. In this study, extensive
oligodendrocyte death was found in areas located primarily around the injury site, as iden-
tified by high ATP release. Application of P2X antagonist oATP, significantly improved cell
survival and functional recovery, whereas bzATP enhanced cell death (Wang et al., 2004).

TRP channels A member of the TRP family, capsaicin-sensitive vanilloid subunit 1
(TRPV1) receptor is expressed throughout the CNS, including the retina. TRPV1 recep-
tors are expressed throughout the retina and have similar pore dilating properties as P2XRs
(Leonelli et al., 2009; Sappington et al., 2008). They’re expressed in retinal glia (microglia
and Muller cells) as well as localized to RGC dendrites and cell bodies. TRPV1 channels are
known to act as Ca?* entry pathways in the plasma membrane or modulating the driving
force for Ca?* by changing the membrane polarization, and thereby contributing to alter-
ations in the cytosolic free Ca?* concentrations. For example, activation of TRPV1 channel
has also been associated with a drastic Ca?* conductance linking them with neuronal cell
death, especially in glaucoma (Sappington et al., 2008). TRPV1 demonstrate pore dilat-
ing properties after prolonged exposure to capsaicin, a TRPV agonist, showing a five fold
increase in calcium conductance.

In the retina, these receptors may contribute to neuronal cell death during retinal degen-
eration. P2X7 receptors are expressed throughout various retinal cell layers: IPL, OPL, and
RGCs (Mitchell et al., 2009). In the early stages of development of the slow retinal degener-
ating mouse model (rds), P2X7 receptor expression is upregulated in the retina and the brain
compared to the WT mice (Franke et al., 2005). Injection of ATP led to photoreceptor death,
whereas injection of ATP and Pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic (PPADs), a
potent P2X receptor inhibitor, led to a decrease in the photoreceptor death (Fletcher, 2010).
High concentrations of intravitreal ATP that are seen during retinal degeneration may not
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only affect photoreceptors, but also may activate P2X7 receptors on other retinal neurons,
thereby compromising their health.

One way of characterizing pore dilation is to use a fluorescent dye in conjunction with an
agonist of a specific receptor and measure the amount of dye loaded in a cell of interest. The
most common fluorescent dye used is YO-PRO. The specific agonists used to induce pore
dilation in P2XRs and TRPV1 channels are bzATP or ATP and capsaicin, respectively. To
make sure that the dye is loading through the desired receptors, a variety of pharmacological
blockers are used; however, there are currently no specific pharmacological aqueous pore
blockers. Most of the blockers for P2XRs are competitive antagonists such as brilliant blue
G, PPADs, and TNP-ATP, all of which just block the ATP binding site rather than the
aqueous pore. For TRPV1 channels, capsazepine is commonly used antagonist; however,
just like the P2XR antagonists it does not block the aqueous pore. Ruthenium Red (RR)
has been widely used blocker of TRP channel aqueous pore, but it has a wide range of other
targets making results hard to interpret (Charuk et al., 1990; Cibulsky and Sather, 1999;
Hirano et al., 1998).

To demonstrate that activation of P2X receptors can have detrimental effects on RGCs, in
Hu et al, 2010, injections of bzATP into neonatal rats led to RGC death, which was prevented
by addition of P2X7 receptor blocker brilliant blue G (Hu et al., 2010). To determine whether
P2X7 receptors are susceptible to pore dilation, Innocenti et al. (2004), co-applied bzATP
and YO-PRO on WT rat retina, and observed YO-PRO loading only in microglia and not
in retinal neurons. Microglia were labeled in-vivo with Cy3-conjugated isolectin B4 (ILB-4)
and RGCs were loaded with crystals of micro-ruby. However, even though RGCs did not
load YO-PRO, loading was not tested in retinas undergoing retinal degeneration or under a
TRPV1 agonist conditions.

1.3 Glaucoma

P2X and TRPV1 receptors have also been implicated in diseases such as glaucoma, a family of
diseases that are clinically characterized by the visual field defects and excavation of the optic
disk. There are several factors that may lead to glaucoma: elevated intraocular pressure, age,
corneal thickness, vascular dysfunction, and genetic background. For example, intraocular
pressure (IOP) is usually accompanied with axonal degeneration of retinal ganglion cells and
followed by apoptotic death (Sommer, 1989).

Though the exact reason for the death of RGCs is still unknown, there are many possible
contributing factors. The reduction of IOP is one common method of slowing down the
degenerative effects of glaucoma; though it does not terminate the progression of neurofib-
erthinning and the visual field defects (Leske et al., 2004). The IOP elevation may lead to
changes in the optic nerve head extracellular matrix composition; disruption of retrograde
axonal transport of neurotrophic factors has been proposed to play a role in the RGC death
(Martin et al., 2006). Oxidative stress in RGCs has also been postulated in RGC death,
due to decrease of enzymes in the antioxidant defense system (Moreno et al., 2004). The
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next question was whether ATP release caused by heightened IOP leads to damage of the
RGCs. Mechanical stress and changes in pressure in the retina lead to ATP release in the
extracellular space via neural and non-neural cells (Bodin and Burnstock, 2001).

During the traumatic brain injury, cell death has also been linked to a rise in intracra-
nial pressure (Yang et al., 2005). In the eye, increase in IOP leads to an increase in the
extracellular ATP concentrations (Zhang et al., 2007). Another hypothesis that may ex-
plain the death of RGCs in glaucoma is that increase in IOP leads to activation of TRV1 or
P2X receptors, causing them to pore dilate and overload cells with Ca2*. Moreover, TRPV1
channels may serve as mechanosensors in addition to indirectly responding to ATP. Sapping-
ton et al. (2008), has demonstrated that RGCs also express TRPV1 channels which cause
Ca?* overload in cells under the increase of the hydrostatic pressure. To test whether reduc-
ing Ca?* would lead to a decrease of RGC death through the TRV1 channels, Sappington
et al. (2008), reduced the extracellular Ca?* concentration in these dissociated neurons and
showed a reduction in apoptotic cells. Moreover, elevated pressure increased intracellular
Ca?* concentrations, whereas TRPV1 antagonist reduced it fourfold. Thus, glaucoma is an-
other disease where it would be interesting to determine how P2X7 or TRV1 receptors affect
RGCs and whether these conditions cause pore dilation.

1.4 Treatments for Retinal Degeneration

1.4.1 Implantable Electrode Arrays

Neural prostheses have been widely accepted as possible treatment tools in a variety of fields
such as hearing as well as vision. For the implants to be successful in the eye, they need
to be made out of non-reactive material, must sense light, be able to directly stimulate
the corresponding ganglion cells, as well as have good spatial resolution as determined by
electrode spacing. The chip is usually implanted on the epiretinal surface (the inner limiting
membrane) or in the subretinal space, in place of the degenerated photoreceptors.

Currently, epiretinal prosthetics are implanted in the inner limiting membrane. Image
data is processed by an external image processor which then sends the information wirelessly
to the implant. The implant converts the data into a pattern of electrical stimulation and
excites the remaining retinal neurons. Wireless stimulation allows for minimal implantable
amount of microelectronics and thus easy technological upgrades without a need for surgery.
Another advantage is the heat from the electronics would mostly be absorbed by the vitreous
instead of the neuronal tissue. The disadvantages include inconsistent attachment of the
device to the inner retina as well as stimulation of the outer retina requires more sophisticated
algorithms, which have currently not been developed.

The subretinal approach requires a microchip to be surgically implanted between the
bipolar cell layer and the RPE. This implantation requires a surgical implantation of this
device via scleral incision or through the vitreous cavity. Such close proximity to retinal
cells allows for direct stimulation of surviving neurons, potentially shaping a clearer neu-



ral /processing response. The advantage of this technique is that it makes use of the inner
circuitry by directly stimulating the inner nuclear layer, either bipolar cells, amacrine cells,
or both. Also, this method does not require an external processing unit and the subjects
eye movements could still be used to locate objects, unlike in the epiretinal prosthetics.
However, because the electronics are so close to the neurons there is a high probability of
thermal injury, thus limiting the number of possible implantable electrodes. Moreover, since
the electrode array requires a cable to connect to the external electronics, the cable will be
crossing a highly vascularized choriocapillaris and in the long term may induce formation of
subretinal hemorrhages or retinal detachment (Weiland et al., 2005). Finally, the greatest
disadvantage is that the microphotodiodes do not provide enough current to stimulate the
retinal neurons (Javaheri et al., 2006).

1.4.2 Gene Therapy

Another approach to treating retinal degeneration is to introduce light sensitive proteins
such as channelrhodopsin and halorhodopsin, that render the surviving neurons that express
these proteins light sensitive. Upon exposure to light these opsins can bring the membrane
potential of the neurons to or away from the action potential firing threshold, overriding the
hyperactive natural activity of the rd1 retina.

Channelrhodopsin-2 (ChR2): Currently a widely used tool (Boyden et al., 2005), ChR2
is a non-selective seven transmembrane rhodopsin that has been cloned from the green algae
Chlamydomonas reinhardtii (Oesterhelt, 1998). It uses an attached chromophore to absorb
photons and allows for reversible photoisomerization of the all-trans isoform of retinaldehyde.
This conformation change directly allows ion movement through the membrane. Moreover,
ChR2 has been shown to drive neurons in a temporally and spatially precise manner. One of
the advantages to using ChR2 is that one can use viral delivery to target a specific subset of
cells. For example, in later stages of retinal degeneration, photoreceptors degenerate leaving
the rest of the circuitry intact. Photosensitization of cells presynaptic to the ganglion cells
may partially restore processing capacity such as center-surround. In fact, Lagali et al. (2008)
used ChR2 to target ON-Bipolar cells, using a 200-base pair promoter sequence of the mouse
Grm6 gene encoding mGluR6. Center surround responses as well as transient responses were
restored, verified by whole cell recording and multielectrode array. Moreover, ChR2 rd1 mice
seemed to have visually guided behavior restored in the light-dark box protocol as well as
the optomotor reflex (Lagali et al., 2008). Currently new types of channel-rhodopsins are
being developed in order to address the problem of low conductance and fast inactivation,
as well as the required high intensity of light (Lin et al., 2009).

Halorhodopsin (eNpHR): eNpHR is a chloride pump discovered in halobacteria. Unlike
ChR2, eNpHR is used to silence excited neurons. Brief flashes of 570 nm light cause an
opening of a Cl- channel thereby hyperpolarizing the neuron. eNpHR was also utilized
to restore visual function to mice suffering from retinal degeneration by expressing it in
photoreceptors via an adeno-associated virus (AAV) (Busskamp et al., 2010). After it was
introduced into a degenerating mouse retina it restored ON and OFF pathways of the retinal
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circuitry and reactivated some cone function, enabling mice to successfully perform visually
guided behavioral tasks.

1.4.3 Light Sensitive Molecules

Recently, another vision restoration technique was developed, which uses light sensitive
photochromic ligand compounds. These compounds are designed around the azobenzene
molecule which gives these chemicals a distinct advantage, by allowing for cis or trans
conversion under specific wavelengths, picosecond photoisomerization, and finally stability
therefore ability to repetitively photoisomerize. Since these light sensitive chemicals do not
require the use of gene expression, they allow for very quick and reversible studies of neu-
ronal circuits by taking advantage of the native channels and rendering them light sensitive.
Another advantage of using photoswitchable compounds is that it is relatively simple to alter
their function and target via modifying their chemical properties (Banghart et al., 2009).
The three main compounds this thesis focuses on are acrylamide-azobenzene-quarternary-
ammonium (AAQ), Quaternary ammonium-azobenzene-quaternary ammonium (QAQ), and
di-ethylamine-quarternary ammonium (DeNAQ).

AAQ AAQ permeates through cell membranes and photosensitizes voltage gated Kv
channels (Banghart et al., 2009). The quaternary ammonium group blocks the Kvs pore
by entering the intracellular vestibule. Under 500 nm light, the molecule turns into a trans
form and blocks the channels and thereby depolarizes cells. [lumination of 380 nm light
turns the molecule into a cis form and thereby relieves the block. Fortin et al. (2008) used
AAQ to photoregulate cultured hippocampal neurons in a non-invasive and precise manner
(Fortin et al., 2008). In Chapter 2, we use the AAQ molecule to restore light sensitivity to
blind rd1 mice in vitro and in vivo (Polosukhina et al., 2012).

DeNAQ Di-ethyl-amine-azobenzene quaternary ammonium is another light sensitive
molecule that we use to install vision sensitivity to blind mice, discussed in Chapter 3.
DeNAQ molecule is a red-shifted compound which is a cis-blocker, thus upon illumination
of 480 nm light, it blocks voltage gated channels, and in the dark it quickly relaxes into the
trans form and relieves the channels of a block (Mourot et al., 2011). One of the advantages
of DeNAQ is that the molecule has no effect on cells in the dark (trans form) and thus
prevents any possible cytotoxicity from continuously depolarizing the cells. Consequently,
we found that this new generation of compounds is an even more promising option for vision
restoration and lasts in the eye for a week longer than AAQ).

QAQ Another synthesized molecule is a doubly charged quarternary-azobenzene-quaternary
molecule (QAQ). Unlike AAQ and DeNAQ, QAQ is membrane impermeable and works like
lidocaine by entering a pore dilated channel and blocking voltage gated Na* channels, Ca?*,
and K* channels. Since it is membrane impermeant, Mourot et al. (2012) targeted the noci-
ceptors by applying capsaicin (TRPV1 agonist) and allowing QAQ entry through the pore
dilated channel. After entering a cell through these endogenous channels which are acti-
vated by noxious stimuli, it accumulates and blocks voltage-gated ion channels in the trans
but not the cis form and thereby in trans form prevents cells from firing action potentials.



Thus, QAQ provided selective photosensitivity to only those neurons that were involved in
pain signaling. In Chapter 4, we utilize QAQ to determine whether there are physiological
differences between rd1 and WT RGCs. Consequently, in conjunction with dye loading we
demonstrate that P2X receptors and/or TRPV receptors on RGCs undergo pore dilation
and allow us to target them with QAQ.






Chapter 2

Photochemical restoration of visual
responses in blind mice

Preface: This chapter has been published in the journal, Neuron: Aleksandra Polosukhina,
Jeffrey Litt, Ivan Tochitsky, Joseph Nemargut, Yivgeny Sychev, Ivan De Kouchkovsky, Tracy
Huang, Katharine Borges, Dirk Trauner, Russell N. Van Gelder, and Richard H. Kramer
(2012).
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2.1 Summary

Retinitis pigmentosa (RP) and age-related macular degeneration (AMD) are degenerative
blinding diseases caused by the death of rods and cones, leaving the remainder of the visual
system intact but largely unable to respond to light. Here we show that, AAQ, a synthetic
small molecule photoswitch, can restore light sensitivity to the retina and behavioral re-
sponses in vivo in mouse models of RP without exogenous gene delivery. Brief application
of AAQ bestows prolonged light sensitivity on multiple types of retinal neurons, resulting in
synaptically amplified responses and center-surround antagonism in arrays of retinal ganglion
cells (RGCs). Intraocular injection of AAQ restores the pupillary light reflex and locomotory
light avoidance responses in mice lacking retinal photoreceptors, indicating reconstitution of
light signaling to brain circuits. AAQ and related photoswitch molecules present a new drug
strategy for restoring retinal function in degenerative blinding diseases.
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2.2 Introduction

Inherited degenerative diseases of the retina including retinitis pigmentosa (RP) affect 1 in
3,000 people worldwide. As differentiation of rods and cones ceases soon after birth in mam-
mals, disorders resulting in photoreceptor degeneration lead to a permanent visual deficit.
At present, there is no effective treatment for preventing this degenerative process. Without
some means of restoring photoreception, patients with advanced RP face the prospect of
irreversible blindness.

Retinal ganglion cells (RGCs) are the sole output neurons of the retina. Hence all of the
information about a visual stimulus that reaches the brain is encoded by the spatial and
temporal pattern of RGC action potentials elicited by that stimulus. Several strategies have
been advanced to enable light to alter RGC firing in the absence of native rods and cones,
with the goal of restoring visual function after the photoreceptors are lost (Jiménez et al.,
1996; Marc et al., 2003; Punzo and Cepko, 2007; Strettoi and Pignatelli, 2000). Biomedi-
cal engineers have developed surgically implanted retinal “chip” prosthetics (Chader et al.,
2009; Gerding et al., 2007; Shire et al., 2009), which can be electronically controlled by an
external camera to enable optical stimuli to trigger RGC firing. Retinal implants have re-
stored simple shape discrimination to blind patients (Humayun et al., 2003; Yanai et al.,
2007) indicating that artificial stimulation of RGCs in vivo can create a useful visual ex-
perience. Second, genes encoding optogenetic tools, including light-activated ion channels
(Bi et al., 2006; Lagali et al., 2008; Tomita et al., 2010), transporters (Busskamp et al.,
2010) or receptors (Caporale et al., 2011; Lin et al., 2008) can be introduced with viruses to
bestow light-sensitivity on the various types of retinal neurons that survive after the natural
photoreceptive cells have degenerated. Expression of optogenetic proteins in RGCs (Capo-
rale et al., 2011; Tomita et al., 2010), bipolar cells (Lagali et al., 2008), and remnant cones
(Busskamp et al., 2010) can reinstate light-elicited behavioral responses in mouse models of
RP. Third, embryonic stem cells can be differentiated into photoreceptors in vitro (Lamba
et al., 2006). Injecting stem cell-derived retinal progenitors into blind animals results in
integration of photoreceptors and restoration of some electrical activity in response to light
(Lamba et al., 2009).

Each of these strategies has shown promise for functional restoration of visual responses,
but all require highly invasive and/or irreversible interventions that introduce hurdles to
further development as a therapeutic approach. Implantation of retinal chips or stem cell-
derived photoreceptors requires invasive surgery, while exogenous expression of optogenetic
tools leads to permanent genetic alterations in retinal neurons. Retinal chip prosthetics
rely on extracellular electrical stimulation of RGCs, which when excessive can be cytotoxic
(Winter et al., 2007). Stem cell therapies carry potential for teratoma formation (Chaudhry
et al., 2009). Optogenetic tools require viral vectors selective for particular retinal neurons,
but these can have off-target effects and the virus may elicit inflammatory responses (Beltran
et al., 2010)). While the potential permanence of optoelectronic, stem cell, or optogenetic
interventions would be a favorable feature in the absence of complications, any deleterious
effects of these treatments could be very difficult or impossible to reverse.
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Here we report an alternative strategy for restoring visual function, based on a small
molecule “photoswitch” that bestows light sensitivity onto neurons without requiring exoge-
nous gene expression. The photoswitch is injected into the vitreous cavity of the eye, but
unlike the other strategies, it does not require highly invasive surgical interventions and its
actions are reversible. We used AAQ (acrylamide-azobenzene-quaternary ammonium), a K+*
channel photoswitch that enables optical control of neuronal excitability (Banghart et al.,
2009; Fortin et al., 2008). AAQ was originally thought to conjugate to K* channels (Fortin
et al., 2008), but more recent work shows that the molecule interacts non-covalently with
the cytoplasmic side of the channels, similar to the mechanism of action of local anesthetics
(Banghart et al., 2009). The trans form of AAQ blocks K* channels and increases excitabil-
ity, whereas photoisomerization to the cis form with short wavelength light (e.g. 380 nm)
unblocks K* channels and decreases excitability. Relaxation from cis to trans occurs slowly
in darkness, but much more rapidly upon exposure to longer-wavelength light (e.g. 500 nm),
enabling rapid bidirectional photocontrol of neuronal firing with different wavelengths.

We show that AAQ confers robust light responses in RGCs in retinas from mutant mice
that lack rods and cones. Moreover, after a single intraocular injection, AAQ restores light-
driven behavior in blind mice in vivo. Because it is a rapid and reversible drug-like small
molecule, AAQ represents a class of compounds that has potential for the restoration of
visual function in humans with end-stage photoreceptor degenerative disease.

2.3 Materials and Methods

2.3.1 Animals

Wild-type mice (C57BL/6J strain, Jackson Laboratories) and homozygous rd1 mice (C3H
/Hel strain, Charles River Laboratories) >3 months old were used for the experiments.
Opn4-/- and Opn4-/- rd/rd mice were a gift of Satchidananda Panda and John Hogenesch.
Mutant genotypes were confirmed by PCR of genomic DNA. Opn4-/- rd/rd animals were
>3 months old and had no pupillary light reflex before treamtne . All animal use procedures
were approved by the UC Berkeley or University of Washington Institutional Animal Care
and Use Committee, and were in accord with guidelines from the Association of Vision
Research in Ophthalmology and the NIH.

2.3.2 Electrophysiology and pharmacology

Mouse retinas were dissected and kept in physiological saline at 36°C containing (in mM):
119 NaCl, 2.5 KCI, 1 KHyPOy, 1.3 MgCl,, 2.5 CaCl,y, 26.2 NaHCOg3, 20 D-glucose, aerated
with 95% O5/5% COs,. For extracellular recording, the retina was placed ganglion cell layer
down onto a multielectrode array system (model number MEA 1060-2-BC, Multi-Channel
Systems).
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The MEA array electrodes were 30 pm in diameter and arranged on an 8 x 8 rectangular
grid. Extracellular spikes were high-pass filtered at 200 Hz and digitized at 20 kHz. A spike
threshold of 4SD was set for each channel. Typically, each electrode recorded spikes from
1-3 RGCs. Principal component analysis of spike waveforms was used for sorting spikes
generated by individual cells (Offline Sorter; Plexon). Only cells with interspike intervals of
< 1 msec were included in the analysis.

Borosilicate glass electrodes of 6-11 MS2 were used for whole-cell voltage-clamp recordings.
Current records were low-pass filtered at 2 kHz. For measuring voltage-gated K* currents,
electrodes contained (in mM): 98.3 K+ gluconate, 1.7 KCI, 0.6 EGTA, 5 MgCl,, 40 HEPES, 2
ATP-Na, 0.3 GTP-Na (pH =7.25). For recording glutamatergic EPSCs electrodes contained
(in mM): 125 Cs* sulfate, 10 TEA-CI, 5 EGTA, 0.85 MgCl,, 10 HEPES, 2 QX-314, 4 ATP-
Nay (pH=7.25).

To block synaptic contributions of different retinal neurons to RGCs, the following neu-
rotransmitter receptor antagonists were used: 4 uM SR-95531 (gabazine) for GABA 4 re-
ceptors, 10 uM 1,2,5.6 tetrahydropyridin-4-yl)methylphosphinic acid (TPMPA) for GABA¢
receptors, 10 M initroquinoxaline-2,3-dione disodium salt (DNQX) for non-NMDA type
glutamate receptors, 50 uM d-(-)-2-Amino-5-phosphonopentanoic acid (AP5) for NMDA-
type glutamate receptors, 10 uM strychnine for glycine receptors, 50 pM d-tubocurarine
chloride (curare) for nicotinic acetylcholine receptors. To block voltage-gated Na* channels
we used 1 puM tetrodotoxin (TTX). All of these drugs were purchased from Sigma or Tocris.

2.3.3 Light Stimulation

In most MEA recordings, we used a 100 W mercury arc lamp filtered through 380 or 500 nm
filters (Chroma, Inc), and switched wavelengths with an electronically-controlled shutter and
filter wheel (SmartShutter, Sutter Instruments). Unless otherwise indicated, the standard
incident light intensity at the retina was 13.4 mW /cm? (2.56 * 10'6 photons/cm? /s) for 380
nm and 11.0 mW/em? (2.77 » 106 photons/cm? /s) for 500 nm.

2.3.4 PLR Measurement

Mice were sedated with an intraperitoneal injection of ketamine (6.7mg/ml) and xylazine
(0.45 mg/ml) in normal saline. Animals were immobilized on a stereotaxic table (Stoelting
Co.). Under microscopic visualization, an intravitreal injection of 1 ul of 80 mM AAQ
in a vehicle solution (40% DMSO in saline). Injections were performed with a tapered,
graduated glass micropipette (Drummond Scientific Co.) advanced through the sclerotomy
with a micromanipulator.

Videos of pupillary light responses of unanaesthetized mice were recorded before and
3 hours after intraocular AAQ injection. White light was derived from halogen dissecting
lamp, and intensity was controlled with neutral density filters. Animals were dark-adapted
for at least 20 minutes prior to testing. An infrared CCD camera (focused 15 c¢m from
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the objective) was used to measure pupil dilation, as described (Van Gelder, 2005). Light
intensity was measured by a calibrated radiometer (Macam Photometrics Ltd.).

2.3.5 Locomotory Light Avoidance

Wildtype and opnj~/~ rd/rd mice were sedated and intravitreal injection of 1 ul of 80mM
AAQ was performed as described previously (See PLR Measurement). Following 30 minutes
of dark adaptation, individual mice were placed into a narrow cylindrical transparent tube
sealed with glass plates on both ends and behavior was recorded with an infrared video
camera in the dark. For each light trial, a 385nm LED (log IR 15.7) was shown towards the
face of mouse followed by a superimposed 480nm LED (log IR 15.2) switched on and off at
5 second intervals. Videos were recorded at three time points for each mouse: pre-injection,
and 2 and 24 hours post-injection. Two light trials (one at each end of the tube) and one dark
trial were performed for each time point. Two graders were asked to score rapid movements
away from the light while masked to mouse genotype, injection status, and trial conditions.
Light avoidance behaviors were determined as rapid aversive movements within 30 seconds
of the light stimulus or the beginning of the dark trial.

2.3.6 Open-Field Test

Rd1 mice were placed in a 190 mm x 100 mm cylindrical UV-transparent chamber. The
chamber was surrounded by 6 panels of 380 nm LEDs (Roithner Laserteknik), providing a
light intensity of 7 mW /cm? uniformly across the test apparatus. Heating of LEDs was
negligible during the time span encompassing each trial. The mice were dark adapted in
their cages for 1 hr, prior to each experiment. The mice were placed in the experimental
chamber and allowed to acclimate for 5 minutes. The behavior was then recorded using an
IR sensitive video camera (Logitech C310) for 5 minutes in darkness under IR illumination.
After 5 minutes, the 380 nm LED-panels were then illuminated, and behavior was monitored
for an additional 5 minutes. The apparatus was cleaned and thoroughly dried prior to each
experiment. After the open-field test, each mouse was given an intravitreal injection of AAQ
(20 mM AAQ, 9:1 saline: DMSO ) under general anesthesia, as previously described. The
mice were allowed to recover for 6 hours on a heating pad with open access to food and
water in their cage located in the dark room. The behavioral protocol described above was
repeated to determine the effect of AAQ. The videos were analyzed utilizing motion tracking
video analysis software (Tracker) in order to quantify the average velocity of the mice, the
trajectory of motion throughout the test, and the total distance traveled. The animals were
then immediately sacrificed and MEA recordings were conducted on their retinas.
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2.3.7 Data analysis and statistics

Light-elicited changes in firing rate during test flashes were normalized with respect to initial
firing rate and expressed as a Photoswitch Index (PI), defined as follows:

_ test firing rate — initial firing rate

* test firing rate + initial firing rate’
Relative pupillary light responses were calculated as

] pupil area minimum during thirty seconds of the light stimulus

pupil area minimum during five seconds preceding the stimulus

Relative response data for wild type and opnj~/~ rd/rd mice were fitted with a three param-
eter Hill equation (SigmaPlot, Systat Software, Inc.). Data is mean + s.e.m, unless otherwise
indicated.

Latencies were calculated for every cell with a PI greater than 0.011, the upper median
confidence interval PI of our control experiments (n = 13 retinas; n = 409 cells). For each
cell, cellular firing rate was averaged over the first two light periods (dark and 380nm light),
with a 10 msec bin size. Cellular basal activity was defined as the upper median confidence
interval firing rate in 500 nm light. Cellular latency was then calculated as the time difference
between the onset of 380 nm light and the first bin with a firing rate greater or equal to
the cells basal activity. The median cellular latency was 45 msec (n = 10 retinas; n =
368 cells). The shortest cellular latency was 5 msec. All statistics were performed using
commercially available algorithms (Matlab). Distributions were first tested for normality
using the Shapiro-Wilk test. For non-normal distributions, the Wilcoxon rank sum test was
used for pairwise comparisons. The 95% confidence intervals for medians were generated
by resampling the original distributions and applying the bias-corrected percentile method
(Efron and Tibshirani, 1986). Results with p < 0.05 were considered significant.

2.4 Results

2.4.1 Imparting light sensitivity on rd1 mouse retina with AAQ

We tested whether AAQ can impart light sensitivity on retinas from 6-month old rd1 mice,
a murine model of retinitis pigmentosa (RP). The homozygous rd1 mouse (rd1/rdl) has a
mutation in the gene encoding the S-subunit of cGMP phosphodiesterase-6 (PDE-6), essen-
tial for rod phototransduction. Rods and cones in these mice degenerate nearly completely
within 3 months after birth, leading to a loss of electrical and behavioral light responses
(Sancho-Pelluz et al., 2008). We placed the rd1 mouse retina onto a multi-electrode array
(MEA) that enables simultaneous extracellular recording from many RGCs (Meister et al.,
1994). Before AAQ application, light generated no measurable change in RGC firing. How-
ever, after 30 min treatment with AAQ, nearly all RGCs responded to light (Figure 2.1A).
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Concentration (uM) # Cells Median PI | 95% Confidence Interval
10 128 (3 retinas) -0.016 -0.043 to 0.015
100 37 (2 retinas) -0.233 -0.725 to 0.258
200 38 (1 retina) 0.221 -0.197 to 0.640
300 1025 (21 retinas) 0.423 0.394 to 0.457
800 359 ( 5 retinas) 0.717 0.627 to 0.762

Table 2.1: Supplemental Table 1

Time after treatment (hrs) # Cells Median PI | 95% Confidence Interval
1 51 (1 retina) 0.787 0.728 to 0.841
3 61 (1 retina) 0.597 0.457 to 0.678
5 66 (1 retina) | 0.167 -0.314 to 0.649

Table 2.2: Supplemental Table 2

Photosensitization increased with AAQ concentration (Figure 2.2, Table 2.1), but we used
300 uM for our standard ex wivo treatment. Light responses slowly diminished, but were
still robust for >5 hours after removing AAQ from the bathing medium, (Figure 2.3a). Light
responses could also be detected in 3 of 4 recordings from retinas removed from rd1 mice
that 12 hours previously had received in vivo intravitreal AAQ injections (Figure 2.3a).
The degree of photosensitivity varied, reflecting inaccurate injection in the small intravitreal
volume of the mouse eye (2-3 ul).

Most RGCs exhibited an increase in firing rate in response to 380 nm light and a decrease
in 500 nm light, opposite to AAQ-mediated light responses in neurons in culture (Fortin
et al., 2008). To quantify the effects of light, we calculated a Photoswitch Index (PI),
representing the normalized change in firing rate upon switching from darkness to 380 nm
light. Positive or negative PI values reflect an increase or decrease, respectively, of firing.
Before AAQ treatment, RGCs had almost no light response (median PI = 0.02); but after
treatment, nearly all were activated by 380 nm light (median PI = 0.42) (Figure 2.1B).
The rare light responses before AAQ treatment might result from melanopsin-containing
intrinsically photosensitive RGCs (ipRGCs), which account for 3% of the RGCs in the
adult mouse retina (Hattar et al., 2002). Significant photosensitization was observed in each
of 21 AAQ-treated retinas. On average, we observed an 8-fold increase in RGC firing rate
in response to 380 nm light (Figure 2.1C).
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Figure 2.1: AAQ imparts light sensitivity onto blind retinas from rd1 mice. (A) Multi-electrode recordings from flat-mounted rd1 mouse
retinas before and after treatment with AAQ (300 uM for 25 min, followed by washout). Top, raster plot of spiking from RGCs; bottom,
average RGC firing rate calculated in 100 msec time bins. Color bars represent illumination with 380 nm (violet) or 500 nm light (green),
separated by periods of darkness. (B) Analysis of photoswitching of the entire population of RGCs from all untreated retinas and all
AAQ-treated retinas. Untreated retinas (n=12) had PI values near 0, indicating no photoswitching, AAQ-treated retinas (n=21) had PI
values > 0, indicating an increase in firing frequency after switching from darkness to 380 nm light. (C) AAQ-mediated photosensitivity
results from an increase in firing rate in 380 nm light. Average RGC firing rates in untreated retinas and AAQ-treated retinas in darkness
and during the first 5 s in 380 nm light. Note that untreated retinas (n=12) fail to respond to light, but AAQ-treated retinas have RGCs
that increase firing rate with 380 nm light. Red symbols show median values and error bars represent 95% confidence intervals for untreated

and treated retinas (p < 0.0001, Mann-Whitney test).
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Figure 2.2: Concentration-dependence of AAQ photosensitization of rd1 retinas. See Table 2.1 for values.

2.4.2 AAQ acts on RGCs, bipolar, and amacrine cells in rd1
retinas

We were surprised that 380 nm light stimulated RGC firing because this wavelength un-
blocks K* channels which should reduce neuronal excitability. However, since RGCs receive
inhibitory input from amacrine cells, RGC stimulation might be indirect, resulting from
amacrine cell-dependent disinhibition. To test this hypothesis, we applied antagonists of
receptors for GABA and glycine, the two inhibitory neurotransmitters released by amacrine
cells. Photosensitization of RGCs by AAQ persisted after adding inhibitors of GABA 4,
GABA(, and glycine receptors (Figure 2.4A), but the polarity of photoswitching was re-
versed, with nearly all neurons inhibited rather than activated by 380 nm light (Figure 2.4B).
These results indicate that photoregulation of amacrine cells is the dominant factor that gov-
erns the AAQ-mediated light response of RGCs.

After blocking amacrine cell synaptic transmission, the remaining light response could
result from photoregulation of K* channels intrinsic to RGCs and/or photoregulation of
excitatory inputs from bipolar cells. To explore the contribution of intrinsic K* channels, we
obtained whole-cell patch clamp recordings from RGCs and pharmacologically blocked nearly
all synaptic inputs (glutamatergic, GABAergic, and glycinergic). Depolarizing voltage steps
activated outward K* currents that were smaller and decayed more rapidly in 500 nm light
than in 380 nm light (Figure 2.4C). Comparison of current vs. voltage (I-V) curves shows
that the current was reduced by ~50% in 500 nm light (Figure 2.4D), similar to previous
results (Fortin et al., 2008). However, MEA recordings indicate that photoregulation of
RGC firing was nearly eliminated by blocking all excitatory and inhibitory synaptic inputs
(Figure 2.5), suggesting that the light response is driven primarily by photoregulation of
upstream neurons synapsing with RGCs.

To examine directly the contribution of retinal bipolar cells to the RGC light response,
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Figure 2.3: AAQ photosensitization abates slowly after treatment. (A) Decay of photosensitization follow-

ing ex vivo treatment of rdl retinas. See Table 2.2 for values. (B) Examples of MEA recordings obtained
12 hrs after intravitreal injection of AAQ in vivo.
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Figure 2.4: Multiple types of retinal neurons contribute to the AAQ-mediated light response of RGCs.
(A) Amacrine cell-mediated synaptic inhibition dominates the RGC light response. MEA recording with
antagonists of GABA 4 (gabazine; 4 M), GABA¢ (TPMPA; 10 M), and glycine receptors (strychnine; 10
uM). Top, raster plot of RGC spiking. Bottom, average RGC firing rate. (B) After blocking inhibition, PI
values show a decrease in firing frequency upon switching from darkness to 380 nm light (n=11 retinas). (C)
Endogenous K* channels contribute to the RGC light response. Whole-cell patch clamp recording from an
RGC. Currents were evoked by voltage steps from -80 to +40 mV in 20-mV increments in 380 nm and 500
nm light. Inhibitory GABAergic and glycinergic inputs were blocked as in (a), and excitatory glutamatergic
inputs were blocked with DNQX (10 pM) and AP5 (50 pM). (D). Photoregulation of endogenous K* channels
evaluated in steady-state I-V curves obtained in 380 and 500 nm light (n = 5 RGCs). Current is normalized
to the maximal value at +40 mV (380 nm light). Variability among data is expressed as mean + s.e.m..
(E) Bipolar cell-mediated synaptic excitation also contributes to the RGC light response. Whole-cell patch
clamp recording from an RGC. Blockade of inhibitory synaptic inputs (as in panel A) and endogenous RGC
K* channels (as in panel C) reveals photoregulation of EPSCs. Note the disappearance of EPSCs after
superfusion with glutamate receptor antagonists DNQX (10 uM) and AP5 (50 uM). Holding potential =
-60 mV. (F) Average EPSC rate in 380 nm and 500 nm light. Note the significant increase in EPSC rate
in 500 nm light (p < 0.05, Mann-Whitney test; n=9 cells). Red symbols show median values and error bars
represent 95% confidence intervals.
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Figure 2.5: Blocking retinal synapses greatly reduces AAQ photosensitization. (A) Top, raster plot of
spiking from RGCs; bottom, average RGC firing rate calculated in 100 msec time bins. Color bars represent
illumination with 380 nm (violet) or 500 nm light (green). Stimulation of RGC firing in an AAQ treated
retina with D-APV, Curare, DNQX, Strychnine, Gabazine, and TPMPA. (B) Analysis of photoswitching of
the entire population of RGCs (n = 66) from one treated retina. PI median was -0.063 (95% CI: -0.384 to
0.258).

we blocked RGC K* channels with intracellular Cs* and added GABA and glycine receptor
antagonists to block amacrine cell inputs. Flashes of 500 nm light triggered excitatory post-
synaptic currents (EPSCs) in RGCs and 380 nm light suppressed these events (Figures 2.4E
and 2.4F). Blocking glutamate receptors eliminated these events and bipolar cells provide the
only known glutamatergic input to RGCs. Hence, we conclude that inputs from amacrine
cells, bipolar cells, and to a lesser extent, the intrinsic K* conductances of RGCs, all combine
to shape and amplify the AAQ-mediated RGC light response.

2.4.3 Spatial localization and center-surround antagonism of
RGC light responses in AAQ-treated retina

Visual acuity is determined by the size of receptive fields of neurons in the visual system.
In the healthy retina, the receptive field of an RGC is defined by the spatial extent of all of
the photoreceptors that influence its activity. By definition, the receptive fields of RGCs in
rd]l mice are eliminated after the photoreceptors have degenerated. However because AAQ
makes presynaptic neurons light-sensitive, it is possible to measure the spatial extent of their
light-driven influence on RGC firing. While this is not a conventional measurement of the
RGC receptive field, it does indicate the spatial precision of the AAQ-mediated RGC light
response.

We illuminated AAQ-treated retinas with small spots (60 um diameter) of 380 nm light
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Distance (um) | # Cells | Median PI | 95% Confidence Interval
Target 11 0.517 0.455 to 0.812
200-400 95 -0.165 -0.239 to -0.090
400-600 143 -0.213 -0.284 to -0.150
600-800 97 -0.256 -0.294 to -0.206

800-1200 20 -0.296 -0.626 to 0.034
Table 2.3:

centered on one of the 60 electrodes in an MEA (Figure 2.6A). In the example shown in
Figure 2.6A, upon switching from 500 to 380 nm light, the average RGC activity increased
in the targeted electrode by #81%, but not in the surrounding electrodes. In each of a total of
8 targeted spots from 3 different retinas, only neurons near the targeted electrode exhibited
a significant increase in firing (median PI = 0.517; Figure 2.6B). Since RGCs are detected
by only one electrode and they are spaced 200 pm apart, this puts an upper limit on the
radius of the AAQ-mediated RGC collecting area of 100 pm.

Analysis of electrodes outside the illuminated spot showed that 380 nm light significant
decreased RGC firing. Decreased firing was detected in electrodes centered at 300, 500,
and 700 pm from the mid-point of the targeted electrode (Figure 2.6C, Table 2.3). Hence
RGCs in the center of an illuminated spot are stimulated, whereas those in a surrounding
annulus (from 200 to 800 pm) are inhibited. Inhibition in the surrounding RGCs implies
that a sign-inverting synapse from a laterally-projecting neuron is involved in transmitting
information from the center illuminated area to the surround. Amacrine cells are known to
form a mutually inhibitory network, making them the likely source of the inhibitory signal.

2.4.4 Spectral requirements of AAQ-mediated light responses

We determined the optimal wavelength for turning off RGC firing when the AAQ photoswitch
is driven from the cis to the trans configuration. First, a conditioning 380 nm stimulus
was used to turn on firing and then we measured suppression of firing in response to test
flashes of different wavelengths. We found that 500 nm light is best at suppressing activity
(Figure 2.7A), as expected from previous results (Fortin et al., 2008). To determine which
wavelengths are best at triggering firing when AAQ photoisomerizes from trans to cis, we
again applied test flashes of different wavelengths, but to ensure that the photoswitch started
maximally in the trans configuration, the stimulation protocol began with a reset flash of
500 nm light followed by a period of darkness. We found that the optimal wavelength for
stimulating firing was 380 nm under these conditions. However, robust firing could also
be activated with 420 or 460 nm light (Figure 2.7B), and even 500 nm light could trigger
an increase in firing frequency, if the preceding dark interval was sufficiently long. The
history-dependence of photoswitching is a consequence of the initial ratio of the cis and
trans photoisomers. Starting with all molecules in the trans state, even 500 nm light can

24



A B 1 . _

x +*
2 08| '
[lluminated spot £ 06| .
S 04| , :
% 0.2 | I |
-.8 0 | £ 1
< -0.2
o
c 0.4 ,
o —-0.6] I
= 08| 1
-1 . +
Target Surround
C 1 . ° o
s 0.8 |
x 2 06| . 0
© o o
E g’ 04 1 e o o
:Cg :Cg 0.2 ; o
% % o L - _ 8 _ - - §- - -
o o -04
o o -0.6;
~0.8 8 ° 8 o
-1 1 ? % ¢ ¢ S
& M P a°
,‘r&( ,LQQ b«QQ 600 %QQ

Distance (um)
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increase the fraction of cis molecules. Hence UV light is not essential for eliciting retinal
responses. We also found that broad spectrum white light can trigger an increase in firing
frequency in RGCs (Figures 2.7C and 2.7D).

We measured the absolute light intensity required to photoregulate AAQ-treated reti-
nas from rdl mice. The threshold intensity required to induce RGC firing was 2.6 x 1015
photons/cm? /s of 380 nm light (Figure 2.7E). RGC firing rate increased progressively with
brighter light, up to 10'7 photons/cm?/s, but even this intensity did not saturate the re-
sponse. By comparison, retinas from rdl mouse expressing ChR2 in bipolar cells (Lagali
et al., 2008) have RGCs that exhibit a firing threshold of 6 * 10! photons/cm?*s.

2.4.5 Restoring behavioral light responses in vivo with AAQ

Given that AAQ can bestow photosensitivity onto blind retinas ez vivo, we asked whether it
can confer light-induced behavior in blind mice in vivo. Although rd1 mice lose all morpho-
logically recognizable rods and cones, a small fraction of cones with altered morphology can
survive, allowing correct performance of a visual discrimination task under some illumination
conditions (Thyagarajan et al., 2010). Rd1 mice also exhibit a pupillary light reflex (PLR),
but this behavior is completely absent from rd1 mice lacking melanopsin, the photopigment
found in the small percentage (#3%) of RGCs that are intrinsically photosensitive (Hattar
et al., 2002; Panda et al., 2003) (ipRGCs). Therefore, we tested the PLR of adult rd1 mice
lacking the melanopsin gene (opnd~/~ rd1/rd1) (Panda et al., 2003). After 3 months of age,
no PLR could be elicited in any of the mice that we tested, even with brightest light avail-
able (Figure 2.8A). However, in a subset of these mice (9 out of 25), intravitreal injection of
AAQ resulted in a substantial PLR, with a maximal pupillary constriction ~65% as large as
wild-type. Control experiments showed no restoration of the PLR following sham injection
of vehicle alone (n = 4; Figure ??7). The AAQ-mediated response was attributable to the
retina, as direct application of AAQ to the isolated iris in vitro did not produce light-elicited
constriction. In the remaining mice, suboptimal intravitreal placement or leakage resulting
from puncture damage may have limited retinal access to injected AAQ, precluding effective
photosensitization.

The AAQ-mediated PLR in opnj~/~ rd1/rd1 mice could be triggered by photopic irradi-
ance levels normally encountered during daytime, but the PLR threshold was 2-3 log units
higher than the normal PLR in wild-type mice (Figure 2.8B). The AAQ-mediated PLR was
slower than in wild-type mice and AAQ induced some basal pupillary constriction in dark-
ness. Nonetheless, these results show that light responses in AAQ-treated retina can drive
brain circuits, leading to a behavioral response that is absent from untreated blind animals.

We next tested whether locomotory light-avoidance behavior (Johnson et al., 2010; Kan-
del et al., 1987) could be restored in blind opnj~/~ rd1/rd1 mice treated with a unilateral
intravitreal injection of AAQ. We placed a mouse into a narrow cylindrical transparent tube
and recorded behavior with an infrared video camera (Figure 2.9A). An automated image
anlaysis system was used to detect the mouse and measure how quickly it moved away from
the illuminated end of the tube, toward the center. The latency to movement was signifi-
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Figure 2.7: Spectral and illuminance sensitivity of AAQ-mediated photocontrol of RGC firing. (A) Spectral sensitivity of light-elicited
suppression of RGC firing. Top: Light stimulation protocol. AAQ was first driven into its cis configuration with 380 nm light (5 s) and various
test wavelengths triggered photoisomerization to the trans configuration. Bottom: PI values reveal the effectiveness of different wavelengths
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triggered photoisomerization to the cis configuration. Bottom: PI values reveal the effectiveness of different wavelengths in stimulating
RGC firing (n = 5 retinas). For (A) and (B) the PI was measured over the first 1 s after applying the test wavelength. (C) Stimulation
of RGC firing in an AAQ-treated retina with white light. Top, raster plot of spiking from RGCs; bottom, average RGC firing rate. (D)
Box plot representation of increased firing rate in white light vs. 500 nm. White light significantly increases peak firing rate (p < 0.05,
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Figure 2.8: AAQ restores the pupillary light response in mice lacking all retinal photoreceptors. (A)
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parameter Hill equation.
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cantly shorter in light than in darkness in wild-type mice (n=13, 26 trials, p < 0.01), but
not in opnj~/~ rdi/rdl mice (n = 7, 14 trials) indicating light-avoidance in the wild-type
but not in the mutant mice. AAQ reinstated the light vs. dark latency difference, measured
2 hours after injection (n=7, 14 trials, p < 0.02), indicating restoration of light avoidance.
At 24 hours after AAQ injection, there was no difference in latency in light vs. darkness,
consistent with dissipation of the AAQ. These results indicate that an active light-avoidance
behavior can be elicited by AAQ following a single injection into the eye.

Wild-type mice exhibit a decrease in open-field locomotion in response to light (Hascoét
and Bourin, 2009). In contrast, rd1 mice exhibit no change in locomotion over at least a 10
minute period of illumination (Lin et al., 2008). We tested whether AAQ could restore this
behavior by placing an rd1 mouse into a circular test chamber and monitoring movement
during 5 min in darkness followed by 5 min in 380 nm light. Figure 2.10A and 2.10B show an
example of the effect of AAQ on one rd1 mouse. Before AAQ), light had no effect on movement
trajectory (Figure 2.10A) or total distance traveled (Figure 2.10B). After AAQ), light caused
an almost immediate decrease in exploratory behavior, quantified as diminished distance
traveled. Average data from 8 rdl mice showed no light vs dark difference in movement
before AAQ (Figure 2.10C). However, after AAQ there was a decrease in movement that
occurred within 30 seconds of light onset. This decrease was sustained throughout the
illumination period. Before AAQ there was no statistically significantly change in the speed
of locomotion in light as compared to darkness (Figure 2.10D), but after AAQ injection,
light caused a significant 40% slowing of locomotion. Sham injections with vehicle alone
elicited no significant change in light modulated behavior (n = 4, p > 0.6 ). Further analysis
of the 8 mice showed that 7 of them exhibited significant light-evoked slowing of locomotion
after AAQ injection (Figure 2.10E).

After termination of the behavioral test, mice were sacrificed and retinas were placed
on the MEA for electrophysiological analysis. In 5 cases, we successfully obtained MEA
recordings and we were able to directly compare the AAQ-mediated photosensitization of
the retina ex wvivo with the behavioral responses in wvivo. The one mouse that failed to
exhibit light-modulated behavior (mouse A in Figure 2.10E) also failed to exhibit light-
sensitive retinal responses. For all of the other 4 mice, light-elicited behavior was correlated
with a light-elicited change in firing rate.

Rd1 mice possess ipRGCs, which should respond to the light used in this behavioral test.
However, previous studies (Lin et al., 2008) show that ipRGCs do not mediate short-term
light-elicited changes in exploratory behavior. Hence we propose that AAQ restores this
behavior by photosensitizing types of RGCs that are not intrinsically photosensitive.

2.5 Discussion

The ultimate goal of vision restoration research is to develop a technology that recreates as
closely as possible the activity of the entire population of RGCs in response to a natural
visual scene. Since only a small fraction of RGCs are intrinsically light-sensitive (Ecker
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Figure 2.9: AAQ restores active light avoidance behavior in mice lacking all retinal photoreceptors. (A)
Schematic diagram of the locomotory light-avoidance test chamber. (B) Restoration of light avoidance
behavior in opn4-/- rd/rd mice following AAQ injection. Bars represent mean latency of movement from
the East to the Center third of the tube.
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Figure 2.10: AAQ restores light-modulated locomotor behavior in an open-field test (A) Paths traveled
by an rdl mouse before and after injection with AAQ in darkness and with 380 nm illumination. (B)
Cumulative distance traveled by the mouse in darkness and in 380 nm light, before and after AAQ. (C)
Average cumulative distance traveled of all mice in darkness and 380 nm light, before and after AAQ.
Closed squares represent time spent in darkness while open squares represent time spent in 380 nm light.
(x SEM, n = 8 ). (D) Mean locomotory velocity in light normalized to basal velocity in darkness. Velocity
decreases significantly in light (n = 8, p < 0.0006). (E) Light evoked change in the velocity of each of the
eight mice, before and after AAQ. Red line shows the mean light evoked change, before and after AAQ. (F)
Light induced behavior is correlated with the light induced change in firing rate. Data were from the five
mice for which both in vivo behavioral measurement and ez vivo retinal MEA recordings were obtained (as
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et al., 2010; Panda et al., 2003), photosensitivity must be conferred artificially by directly or
indirectly making the neurons sensitive to light. Ideally, the kinetics and absolute sensitivity
to light should be equivalent to natural RGC responses. The healthy retina has a remarkably
broad operating range owing to light-adaptation mechanisms, so the artificial system should
include gain adjustment and range extension capabilities. Ideally, the system would replicate
normal encoding of contrast and color and highlight movement, with certain RGCs being
directionally selective, accomplished with a minimally invasive and safe technology. To
date, no restorative technology is close to meeting these criteria, but new developments are
providing reason for optimism.

Broadly, three approaches have been suggested for restoring visual function to the eye in
the absence of rods and cones: optoelectronic engineering with retinal chip prosthetics; ge-
netic engineering with viral-mediated delivery of optogenetic tools; and cellular engineering,
with rod or cone progenitors differentiated from stem cells in vitro. We now describe a fourth
approach, photochemical engineering with a small molecule photoswitch. The following func-
tional considerations suggest that the photoswitch approach would compare favorably with
other methods for restoring visual function. and offers some practical advantages.

2.5.1 Kinetics

AAQ-mediated retinal light responses are rapid. MEA recordings show that the median
response latency of RGC spiking is 45 msec in the AAQ-treated rd1 mouse retina, compared
to ~50 msec (Farrow and Masland, 2011) to several hundred msec (Carcieri et al., 2003) for
photopic light responses from RGCs in wild-type retina. Retinal chips electrically stimulate
RGCs directly, and therefore can elicit spikes with latencies of several msec. For optogenetic
tools, depending on which retinal cell type expresses the tool the response latency of RGCs
ranges from several msec to 150 msec (Bi et al., 2006; Busskamp et al., 2010; Lagali et al.,
2008). Stem-cell based therapies would presumably restore wild-type kinetics assuming the
differentiated rods and cones have full function.

2.5.2 Sensitivity

MEA recordings in vitro and PLR measurements in vivo indicate that the AAQ-treated rd1l
mouse retina responds under bright photopic conditions, comparable to levels achieved in
natural outdoor illumination. This is similar to light sensitivity conferred onto RGCs by
optogenetic tools (Bi et al., 2006; Thyagarajan et al., 2010). Exogenous expression of NpHR
in cone remnants can result in higher light sensitivity (Busskamp et al., 2010). However, it
is unclear whether many patients with advanced RP have sufficient cone remnants to allow
this to be a broadly applicable approach (Milam et al., 1998). High sensitivity can also
be conferred by exogenously expressing melanopsin in RGCs that are not normally light-
sensitive (Lin et al., 2008), but the responses are variable and slow (on the order of seconds).
Stem cell-based therapies in theory might recapitulate the wild-type sensitivity of rods and
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cones. However, the human retina normally contains > 100,000,000 rods and cones, and
whether a significant fraction can be restored with stem cells remains unclear.

2.5.3 Spatial resolution and extent of retinal functional
restoration

AAQ-mediated retinal responses have a high spatial resolution. Our spot illumination ex-
periments places a 100 um radius upper limit on the AAQ-mediated receptive field size.
Amacrine cells, which predominate in driving RGC responses, can project over several hun-
dred m, but mutual inhibition between these cells presumably spatially constrains RGCs
responses to a smaller area. Because AAQ is a diffusible small molecule, in principle it
should reach the entire retina and confer light sensitivity on all RGCs. In practice, we
observed robust light responses in almost all RGCs when AAQ was applied in wvitro, but
intravitreal injections in vivo were less effective, with only 25-36% of injections resulting in
behavioral responses to light. Drug delivery via intravitreal injections in mice can be unreli-
able because of the very small vitreal volume (~5 ul), which is <1,000-fold the vitreal volume
of the human eye (#5.5 ml). Further experiments using animals with larger vitreal volumes
are needed to better test and optimize the effectiveness of intravireal AAQ administration.

In contrast to the relatively high spatial resolution that could be conferred by AAQ, the
spatial resolution of a retinal chip is limited by the relatively large size of the stimulating
electrodes and the spread of current emanating from each electrode. While the healthy
human retina contains ~1.2 million RGCs, current retinal chips have 16-64 electrodes spaced
100-200 micrometers apart (Winter et al., 2007). Chips with electrodes more densely packed
exhibit crosstalk between electrodes, limiting their effectiveness. At present, the resolution
that could be provided by retinal chip stimulation is several orders of magnitude lower than
the theoretical limits imposed by RGC density in the macula, crucial for high-acuity vision.
The area of RGC stimulation is limited by the physical size of the chip implant, which
typically covers only the central 20 degrees of vision in the macula (Chader et al., 2009).
Larger chips are possible, but there are challenges in power delivery and achieving stable
adherence to the retina.

Similar to photoswitches, the spatial resolution conferred by optogenetic tools is defined
by the size of the cell type targeted for expressing a given light-activated protein. In principle,
the smaller the cell type and the more densely they are packed together, the higher the spatial
resolution. In practice, viral transduction with current vectors has resulted in expression of
optogenetic tools in a minority of targeted cells (e.g. 5% of bipolar cells in mice (Lagali
et al., 2008); and 5-10% of RGCs in marmosets (Ivanova et al., 2010)), but it is possible
that new viral vectors will be developed that improve transduction efficiency (Vandenberghe
et al., 2011). Viral transduction of NpHR has resulted in more efficient transduction (50-
75%) of remnant cones in blind mice (Busskamp et al., 2010), but this approach is only
appropriate for the few patients thought to possess remnant cones. Viral transduction of
cones requires subretinal injection, which involves local detachment of a portion of the retina
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from the underlying retinal pigment epithelium. Effective viral gene transfer is limited to
the detached area (Hauswirth et al., 2008).

Stem cell approaches offer the potential for greater spatial resolution but this is depen-
dent on having a high density of differentiated photoreceptor cells that form functional and
anatomically correct synapses with appropriate retinal neuron partners, and at present only
a very low density of cells has been achieved (Lamba et al., 2009).

2.5.4 ON and OFF retinal output channels

Optogenetic tools have the advantage of being genetically-targetable to particular types of
neurons to generate the appropriate stimulation or inhibition of firing, for example to ON-
or OFF-RGCs (Busskamp et al., 2010; Lagali et al., 2008), Moreover, ChR2 and NpHR
can be co-expressed in the same RGC and trafficked to different compartments to restore
antagonistic center-surround responses (Greenberg et al., 2011). In contrast, all RGCs in
AAQ-treated retina respond with the same polarity light response. While this pattern of
responsiveness is different than the normal retina, it may not preclude a useful visual experi-
ence. Behavioral studies in primates demonstrate that selective pharmacological blockade of
ON neurons does not severely impair recognition of shapes or detection of light decrements
(Schiller et al., 1986). Moreover, in RP patients, electronic retinal prosthetics can restore
shape recognition, even though the devices stimulate ON- and OFF-RGCs indiscriminately
(Sekirnjak et al., 2009). Hence while two channels of visual information flow are important
for normal vision, simultaneous activation of ON- and OFF-pathways is sufficient for visual
perception. AAQ treatment enables RGCs surrounding an illuminated area to respond with
the opposite polarity to those in the center. Since all RGCs respond with the same polar-
ity light response to full-field illumination (Figure 2.1A), the opposite center vs. surround
responses to spot illumination suggests that inhibitory neurons that project laterally invert
the sign of the response. It seems likely that the opposite center vs. surround response
would enhance perception of spatial contrast and facilitate edge detection in downstream
visual regions of the brain. But ultimately, the evaluation of the quality of images produced
by photoswitch activation of retinal cells will require study in primates or human patients.

2.5.5 Spectral sensitivity

In AAQ-treated retinas, RGCs respond most strongly to short wavelength light, consistent
with the photochemical properties of the molecule (Fortin et al., 2008). Although 380 nm
light is optimal for enhancing firing frequency, longer wavelengths (up to 500 nm) can still
generate excitatory light responses, reflecting the spectral range of trans to cis azobenzene
photoisomerization. This is important, because unlike in the mouse, the human lens mini-
mally transmits 380 nm light (Kessel et al., 2010). Newly-developed red-shifted azobenzene
derivatives allow K* channel regulation with even longer wavelengths of light and chemi-
cal modification of the azobenzene moiety results in compounds with improved quantum
efficiency (Mourot et al., 2011). Ideally, second-generation AAQ derivatives would enable
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photostimulation of the retina with intensities and wavelengths experienced during normal
photopic vision. Alternatively, a head-mounted optoelectronic visual aid (Degenaar et al.,
2009) designed to intensify and transform the palette of visual scenes to a blue-shifted wave-
length could enhance the effectiveness of AAQ and related agents. Such a device would
also allow switching of individual RGCs ON and OFF by rapid modulation of shorter- and
longer-wavelength light.

Except for some of the optogenetic tools, the other vision restoration methods pose no
particular spectral challenges. NpHR and ChR2 respond optimally to 580 and 470 nm
light, respectively (Nagel et al., 2003; Zhang et al., 2007), but newly discovered red-shifted
homologs (Govorunova et al., 2011) expand the toolkit for potential use for photosensitizing
retinal neurons. Since they are driven by images captured by an external camera, retinal
chip prosthetics can be engineered to operate over the entire visual spectrum. Similarly,
assuming stem-cell derived photoreceptors express the full complement of cone opsins, these
should be responsive to a broad range of wavelengths.

2.5.6 Invasiveness, safety, and reversibility

The phototswitch approach has the advantage of being relatively non-invasive and readily
reversible. We envision photoswitch molecules being administered therapeutically by in-
travitreal injection, a safe and frequent procedure for treating macular degeneration with
anti-vasoproliferative agents. Because AAQ photosensitization dissipates within 24 hrs, it
may be possible to titrate the most effective dose with repeated intravitreal injections. The
reversibility of AAQ will allow for upgrades as newer agents become available, perhaps with
improved spectral or kinetic properties. Longer-term therapy would require an extended
release formulation. We estimate that a several month supply of AAQ could be packaged
into an intravitreal device like those currently used for long-term steroid treatment of ocular
inflammation (London et al., 2011b).

In contrast, retinal chip prosthetics require invasive intraocular surgery. Optogenetic
treatment of remnant cones and stem cell therapy both require subretinal injection, a risky
procedure that begins with iatrogenic retinal detachment, which could further damage the
retina. These three approaches are essentially irreversible. Should they produce undesired
effects (such as chronic photophobia or disturbing visual sensations) there is no ready means
for reversal of either stem cell implantation or gene therapy, and removal of chip prosthetics
would require additional significant surgery.

Both retinal chip prosthetics and human gene replacement therapy have received inves-
tigational new device/drug status and have been tested in human patients under research
protocols (Ahuja et al., 2011; Benav et al., 2010), without significant toxicity. However, mi-
crobial optogenetic tools would require trans-specific gene therapy, which is unprecedented.
Viral gene expression in the eye can elicit late-onset inflammation, indicating an immune
reaction (Beltran et al., 2010). Because the unitary conductance of ChR2 and NpHR is quite
small (Feldbauer et al., 2009; Sjulson and Miesenbdck, 2008; Zhang et al., 2007), photosen-
sitivity requires very high levels of exogenous expression, raising concerns about an immune
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response to the microbially-derived protein or cytotoxicity. While long-term safety of AAQ
or similar compounds will require toxicology studies, to date we have not seen acute toxicity
of AAQ on neural function in vitro (Fortin et al., 2008) or in vivo (Figure 2.3). The pathway
for evaluating photoswitch compounds for toxicity is straightforward and will mirror those
that have been followed for other approved, intravitreal agents.

Finally, in addition to its potential clinical use, AAQ has utility as a scientific tool for
understanding normal retinal function and development. Using AAQ the firing activity of
single cells or small regions of the retina can be controlled with high temporal and spatial
resolution. This may be useful for better understanding information processing by the retina
and for studying developmental plasticity in animals before rods and cones are functional
(Huberman et al., 2008). AAQ-mediated photocontrol of retinal neurons also provides a
unique way to investigate circuit remodeling after the rods and cones have degenerated in
mouse models of RP (Marc et al., 2003).
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Chapter 3

Restoring visual function to blind
mice with red-shifted chemical
photoswitches

Preface: This work was conducted in collaboration with Ivan Tochitsky, a graduate student
at UC Berkeley. Aaron Friedman, a graduate student in Dr. Daniela Kauffer’s lab conducted
visual fear conditioning test. Nick Gallerani provided valuable technical assistance for his-
tology experiments.
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3.1 Summary

A large number of human retinal degenerative diseases are caused by the degeneration of
rods and cones, leading to irreversible blindness. Visual responses can be restored in a
mouse model of RP, by applying a synthetic ion channel photoswitch compound that con-
fers light-sensitivity onto retinal neurons, downstream from the degenerated rods and cones
(Polosukhina et al., 2012). However photosensitization persists for only a few hours and
requires very high intensity, near-UV light, unsuitable for clinical application. Here we
report red-shifted photoswitch compounds that generate robust responses to light with in-
tensity equivalent to ordinary daylight. A single intravitreal injection can photosensitize
the retina for several weeks, restoring electrophysiological and behavioral responses with no
toxicity. We compared different strains of mice with rods and cones that were functional,
non-functional, or degenerated. We found that the red-shifted photoswitches only affected
mice lacking rods and cones, indicating a drug target that is selectively expressed in retinas
with degenerative disease. The high light sensitivity, favorable spectral sensitivity, and selec-
tive targeting to diseased tissue make these red-shifted photoswitches prime drug candidates
for clinical vision restoration in patients with end-stage RP and AMD.
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3.2 Introduction

Degenerative retinal diseases including age related macular degeneration (AMD) and retinitis
pigmentosa (RP) affect millions of people around the world. At present, there are no effective
treatments to prevent the progressive degeneration of rod and cone photoreceptors that
characterizes these disorders. Without a means for restoring photoreception, patients with
advanced RP face the prospect of irreversible blindness. Several technologies are being
developed to confer information about the visual world to the retinal neurons that survive
after the rods and cones have degenerated. Surgically implanted electronic retinal prosthetics
can stimulate RGC firing in response to light (Weiland et al., 2011), restoring some visual
perception to blind human (Weiland et al., 2011). Transplantation of stem cell-derived
photoreceptor progenitors can improve visual function in patients with RP (Lamba et al.,
2009). Viral expression of microbial opsins (i.e. optogenetic tools) (Bi et al., 2006; Busskamp
et al., 2010; Lagali et al., 2008; Thyagarajan et al., 2010) can restore visual responses to
strains of blind mouse, that serve as animal models of RP. All of these strategies have
shown promise for restoring visual function, but they are either invasive (i.e. implantation
of electronic chips) or irreversible (i.e. transplantation of photoreceptor progenitors or viral
expression of optogenetic tools). The potential permanence of stem cell or gene therapies
could be a benefit if complications are absent, but the possibility of irreversible adverse
effects makes these interventions risky to implement in humans.

We have introduced another strategy for restoring visual function: adding a synthetic
small molecule “photoswitch” to confer light sensitivity onto retinal neurons without involv-
ing exogenous gene expression. We showed that a K* channel photoswitch named AAQ
could bestow light responses onto RGCs and drive behavior in blind mice in vivo (Polo-
sukhina et al., 2012). As a small molecule, AAQ has some advantages over alternative
approaches for vision restoration. Unlike microbial opsin or stem cell-based therapies, the
effect of AAQ is reversible and wears off quickly, allowing for titration of the compound in
vivo to maximize its effect and minimize toxicity. Furthermore, AAQ can potentially pho-
tosensitize all remaining retinal ganglion cells and thus provide vision with a higher spatial
resolution compared to an optoelectronic prosthetic with a limited number of stimulation
electrodes.

However, several properties of AAQ limit its potential for therapeutic development. AAQ
requires high intensity, UV wavelength light and the compound dissipates from the eye
within a day after intravitreal injection. The human lens filters out most UV light (Artigas
et al., 2012) and repeated exposure to high intensity light can be damaging (van Norren and
Gorgels, 2011). AAQs short time course would necessitate daily injections of the compound
into the eye, a delivery schedule unsuitable for long-term treatment. Furthermore, AAQ
contains a reactive acrylamide moiety and its toxicity in vivo is unknown.

In order to be used in the clinic, our opto-pharmacological therapy needs to overcome
all of AAQs shortcomings. This can be accomplished via new photoswitch molecules that
would respond to visible, rather than UV light, and be at least as sensitive to light as the
microbial opsins previously tested for vision restoration (Busskamp et al., 2010; Thyagarajan
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et al., 2010). These molecules would persist in vivo for days to weeks and demonstrate no
toxicity in the eye. In order to extend our therapy to the largest number of patients suffering
from vision loss, including those with non-end-stage RP or AMD, we also need to ensure
that our compounds do not interfere with any remaining photoreceptor-mediated vision. To
address these requirements, we have synthesized several red-shifted K+ channel photoswitches
(Mourot et al., 2011) and have now tested them for their ability to photosensitize blind retinas
and restore visual function to blind mice.

3.3 Materials and methods

3.3.1 Animals

WT mice (C57BL/6J strain, Jackson Laboratory), homozygous rdl/rdl mice (C3H/HelJ
strain, Charles River Laboratories), heterozygous rd4/+ mice (In56Rk-Rd4 strain, Jackson
Laboratory) and triple knockout mice (tra~/~ cngad3~/~ opnd~/~, gift of King-Wai Yau) >3
months old were used in our experiments. All animal use procedures were approved by the
UC Berkeley Institutional Animal Care and Use Committee.

3.3.2 Electrophysiology

Mouse retinas were dissected and kept in physiological saline at 37C containing (in mM) 119
NaCl, 2.5 KCI, 1 KHyPOy, 1.3 MgCl,, 2.5 CaCl,, 26.2 NaHCO3, and 20 D-glucose, aerated
with 95%0,/5%CO0,. For extracellular recordings, the retina was placed ganglion cell layer
down onto a multielectrode array system (MEA 1060-2-BC, Multi-Channel Systems). The
MEA electrodes were 30 m in diameter and arranged in an 8x8 rectangular grid. Extracellular
spikes were high-pass ltered at 200 Hz and digitized at 20 kHz. A spike threshold of 45D
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 (Ofine Sorter, Plexon).

3.3.3 Light Stimulation

A 100W mercury arc lamp was used for MEA light stimulation. The photon flux equiva-
lent for DENAQ-treated retinas was calculated using 470nm (photoswitch absorbance peak)
photon energy, and 450nm photon energy for BENAQ-treated retinas. The incident white
light intensity for rdl, WT and TKO retinas was 3.3 x 10'® photons/cm? /sec, and 3 x 1014
photons/cm?/sec for rd4 retinas, unless stated otherwise. AAQ-treated retinas were stim-
ulated with filtered 380nm and 500nm light from the same lamp using narrow-pass filters
(Chroma, Inc), with the same light intensity as previously described (Polosukhina et al.,
2012). A Polychrome 5000 (Till Photonics, Germany) monochromator was used to deter-
mine the action spectrum of DENAQ in the retina.
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3.3.4 Data Analysis and Statistics

Light-elicited changes in ring rate in rdl, rd4 and TKO retinas during test ashes were
normalized and expressed as the Light Response Index (LRI), defined as follows:

LR] - mean firing rate in the light — mean ring rate in darkness

mean firing rate in the light + mean ring rate in darkness’

and Light sensitivity = abs(LRI). Light-elicited changes in ring rate in WT retinas during
test ashes were normalized and expressed as the Peak Light Response Index (PLRI), dened
as follows:

peak firing rate in the light — peak ring rate in darkness

PLRI = .
peak firing rate in the light + peak ring rate in darkness

The first second of the light and dark intervals was used to measure the peak firing rate.
Statistical significance (p value) calculations were performed using the two tailed unpaired
Students t test, unless stated otherwise. LRI and PLRI distributions were rst tested for
normality using the Shapiro-Wilk test. For non-normal distributions, the Wilcoxon rank
sum test (Matlab) was used for pairwise comparisons. Results with p<0.05 were considered
signicant.

3.3.5 Cryosections

Animals were euthanized by CO, asphyxiation and cervical dislocation. For retinal cross
sections, the eyes were enucleated, the cornea and lens were removed, and the resulting
eye-cups were fixed in 4% PFA for 1 hour at room temperature. The tissues were then
cryoprotected in 30% sucrose overnight at 4C and frozen in OCT compound (Tissue-TEK,
Sakura) with dry-ice ethanol slurry. Retinal sections were cut (15um) with a cryostat and
collected on Superfrost Plus slides (MenzelGlaser, Braunschweig, Germany).

3.3.6 Histology

Slides were incubated in nuclei stained with 1 M DAPI in PBS (GIBCO, pH 7.4) for
30 minutes. They were then washed with PBS (GIBCO, pH 7.4) and incubated in 2.5
uM sulforhodamine in PBS (GIBCO, pH 7.4) for five minutes. Fluoromount-G (Southern
Biotech) was used to mount coverslips (Fisherbrand 22x50-1.5) onto slides. Images were
captured using a Pris microscope through the 40x oil objective. One section from each eye
was selected and four 2-6 um thick z-stack images were taken at the periphery and center
of the section. Images were analyzed using ImageJ. Inner and outer nuclear layer thickness
was measured in microns at four equidistant positions along the image. RGCs were counted
over a 100 pm section. Two counts were made per image and averaged.
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3.3.7 Open-Field Test

Rd1 mice were placed in a 190x100 mm circular chamber. The chamber was surrounded by
six panels of 500nm LEDs (Roithner Laserteknik), providing uniform illumination with a light
intensity of 10 mW /cm?. The mice were dark-adapted for 1 hour prior to each experiment,
then habituated to the experimental chamber for 5 min. The exploratory behavior was
recorded using an IR sensitive video camera (Logitech C310) for 5 min in darkness under
IR illumination, then the chamber was illuminated by the 500nm LEDs, and locomotory
behavior was monitored for an additional 5 min. The apparatus was cleaned after each
experiment. After the open-eld test, mice were given an intravitreal injection of DENAQ
(20 mM DENAQ), in 90%PBS/10%DMSO) or sham (90%PBS/10%DMSO) and were allowed
to recover for 6 hours on a heating pad with open access to food and water in their cage
located in a dark room followed by a second round of behavioral testing. The videos were
analyzed with motion tracking software (Tracker) in order to record the animals’ velocity
and position. The ratio of

activity light ~ mean velocity in the light

activity darkness mean velocity in darkness’

3.3.8 Visual Fear Conditioning Test

Fear conditioning was conducted in 12 x 10 x 12 inch chambers with 3 metal and one clear
plastic wall and electrified metal bar floors (context A), closed within outer sound and
light attenuating chambers (Coulbourn Instruments, Whitehall, PA, USA). Prior to experi-
ments, animals were habituated by two days of handling and one five minute exposure to the
chamber. On day one, groups of WT mice, uninjected and DENAQ-injected (6 hours after
intravitreal injection of 10 mM DENAQ in 90%PBS/10%DMSO) rdl mice, were subjected
to paired conditioning (5 min of habituation with no stimuli, followed by three 10 s full
field constant white light cues co-terminating with 2 s footshock, with 15 s between cues,
followed by 5 min of no stimuli) or unpaired stimuli (same procedure except stimuli were
3 footshocks and 3 light cues randomly interleaved with 5-12 s between stimuli). On day
two, the chamber context was altered (context B) by removing the electric grid floor and
inserting laminated cork board walls. The mice were then tested for recall of the light-cued
conditioning (5 min habituation with no stimuli followed by 2 min continuous light cue fol-
lowed by 5 min no stimuli). Chambers were cleaned with 70% ethanol before and after each
animal. Two house lights provided very dim illumination (5 pW/cm?) sufficient to allow
video recording throughout the experiment, but below the threshold for DENAQ activity.
The bright light cue was provided by two white LED arrays attached to the inner chamber
ceiling (500 pW /ecm?). Locomotor activity was analyzed as in the open field assay.
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Figure 3.1: Solubility of the photoswitch compounds in PBS, pH 7.4 with 10% DMSO. Absorbance
measurements were normalized to 1.

3.4 Results

Mourot et al. (2011) described 3 red-shifted photoswitch compounds that confer light sen-
sitivity on K* channels: DENAQ, BENAQ, and PhENAQ. As a first step in evaluating the
potential suitability of these compounds for therapeutic vision restoration, we measured their
solubility in aqueous solution. Both DENAQ and BENAQ were soluble up to at least 1 mM
in phosphate buffer saline (pH 7.4), but PhENAQ proved highly insoluble (Figure 3.1) and
therefore was not used in further experiments.

We tested the actions of DENAQ and BENAQ on the retinas of >3 month old rd1l
mice, which lose nearly all rods and cones within 1 month after birth (Sancho-Pelluz et al.,
2008). We measured the effect of light on action potential firing by RGCs recorded with
an extracellular multi-electrode array (MEA). Before photoswitch application, light caused
no significant change in firing (Figure 3.2A). A subsequent 20 min treatment with 300 M
DENAQ rendered the same retina photosensitive, with nearly all units responding to the
onset of white light with an increase in firing rate (Figure 3.2B). The firing frequency declined
somewhat during the 15 sec light flash. At light offset, firing rate returned quickly to baseline
(within 45 msec). BENAQ application resulted in a similar light response (Figure 3.1). The
rapid dark turn-off of DENAQ and BENAQ response reflects the fast spontaneous cis to
trans relaxation rate of these compounds in the dark (Mourot et al., 2011). This is in
contrast to AAQ, which persists in the cis state for minutes (Fortin et al., 2008).

We next examined the spectral sensitivity of DENAQ-mediated photosensitization of
the rdl retina. A wide range of wavelengths, between ~420 to ~540 nm, can elicit the
light response, with blue-green light (480-500 nm) being most effective (Figure 3.2C). The
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Figure 3.2: A-B) MEA recording from an rdl retina before DENAQ treatment (A) and after treatment
with 300uM DENAQ (B). C) Spectral sensitivity of the DENAQ-mediated light response. D) LRI value
distributions for RGCs from untreated (black) (median LRI=0, n=12 retinas) and DENAQ-treated (blue)
rdl retinas (median LRI=0.42, n=12 retinas, p<0.001, rank sum test). E-F) Mean RGC firing rate in light
and darkness before (n=12 retinas, p=0.94, rank sum test) (E) and after DENAQ treatment (n=12 retinas,
p<0.001, rank sum test) (F). MeanSEM values are shown in red.
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Figure 3.3: A) MEA recording from a BENAQ-treated rd1 retina. B) LRI values for RGCs from untreated
(black) and BENAQ-treated (green) rdl retinas (median LRI=0.46, n=11 retinas, p<0.001, rank sum test).

action spectrum of retinal photosensitization closes matches the absorption spectrum of
trans-DENAQ in solution (Mourot et al., 2011). Stimulation with broad spectrum white
light is also quite effective. To quantify the degree of photosensitization, we calculated a
Light Response Index (LRI), which represents the normalized change in average firing rate
upon switching from darkness to white light. RGCs from untreated rdl retinas showed no
detectable light response (median LRI=0, n=12 retinas); while nearly all DENAQ-treated
rd1 RGCs were activated by white light (median LRI=0.42, n=12 retinas, p<0.001, rank sum
test) (Figure 3.2D). We observed no significant change in firing rate upon light stimulation of
untreated rdl retinas (n=12 retinas, p=0.94, rank sum test) (Figure 3.2E), while DENAQ-
treated rd1l retinas increased the RGC firing rate by an average of 2.4-fold in response to
light (n=12 retinas, p<0.001, rank sum test) (Figure 3.2F). Treatment of rdl retinas with
BENAQ likewise resulted in a robust light response upon white light stimulation (median
LRI=0.46, n=11 retinas, p<0.001, rank sum test) (Figures 3.3A, 3.3B).

We found that the light intensity threshold for DENAQ-mediated RGC responses in the
rd1 retina was 4x10'3 photons/cm?/sec (Figure 3.4A), with slightly brighter light (3x104
photons/cm?/sec) needed to photosensitize the majority of RGCs (Figure 3.4B). BENAQ
treated retinas were slightly less sensitive to light (threshold = 8x10'? photons/cm?/sec).
For comparison, the intensity threshold for responses mediated by AAQ (Polosukhina et al.,
2012), ChR2 expressed in RGCs (Thyagarajan et al., 2010) and halorhodopsin (NpHR)
expressed in remnant cones (Busskamp et al., 2010) was 4 x 10'°, 4 x 104, and 1 x 10"
photons/cm? /sec, respectively. The sensitivity of DENAQ-treated retinas is thus at least as
great as that of retinas expressing microbial optogenetic tools.

Photosensitivity can also be installed into the rdl retina by injecting DENAQ into the
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Figure 3.4: A) Light intensity dose response curves for DENAQ (blue) and BENAQ (green). The thresholds
for activation of DENAQ (blue), BENAQ (green), ChR2 (red), NpHR (red) and AAQ (red) are represented
by dotted lines and labeled appropriately. B) MEA recording from a DENAQ-treated rd1 retina stimulated
with low intensity (3x10'4 photons/cm? /sec) white light. C) MEA-recorded ez vivo light responses of retinas
after intravitreal injection of various concentrations of DENAQ (n=4 retinas each). Data are mean + SEM.
D) Persistence of AAQ (red, half-life=3.6 hours), DENAQ (blue, half-life=2.1 days) and BENAQ (green,
half-life=7 days) in the retina as measured on the MEA ez vivo after intravitreal injection (n=4 retinas per
time point). The rate of photoswitch decay was calculated by fitting the data with monoexponential decay
function.
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vitreous cavity of eye in vivo. The effectiveness of in vivo injection was assessed 6 hours
later by sacrificing the mouse and obtaining ex vivo MEA recordings from isolated retinas.
A single 2 pl bolus injection containing >2 mM DENAQ was necessary to produce significant
photosensitization and the effect increased with DENAQ concentration (Figure 3.4C). This
is likely an over-estimate of the minimum required dose because of the efflux of some of
the injected compound from the eye. MEA recordings at later times after injection showed
that DENAQ photosensitization persists for several days (half-life=2.1 days) and BENAQ
photosensitization for several weeks (half-life=7 days), in contrast to AAQ, which dissipates
within 24 hours after intravitreal injection (half-life of 3.6 hours) (Figure 3.4D).

Photoreceptor degeneration slowly progresses from peripheral to central retina in RP and
regions retain intact neural circuitry for years. It would be ideal for any vision restoration
treatment to selectively act on diseased retinal tissue while sparing healthy tissue. To as-
sess the actions of photoswitch compounds on healthy and diseased retina, we compared
the effects of DENAQ in wild-type (WT) and rdl retinas. The light stimulus parameters
were the same as employed above. In WT retina, almost all RGCs exhibited strong light
responses before photoswitch treatment, with light-onset triggering an increase in firing fre-
quency in some ON-RGCs exhibiting a decrease in OFF-RGCs (Figure 3.5A). Surprisingly,
DENAQ treatment resulted in little change in the light response, with no apparent change
in the number of RGCs generating On or Off responses (Figure 3.5B). In order to quantify
photoreceptor-mediated RGC light responses, we calculated the Peak Light Response Index
(PLRI) value, which represents the normalized change in peak firing rate upon switching from
darkness to light. The distributions of PLRI values from RGCs measured from six WT reti-
nas before and after DENAQ treatment were not significantly different (n==6 retinas, p=0.34,
rank sum test) (Figure 3.6C). Likewise, the light responses of a wild type retina prior to and
after treatment with BENAQ were quite similar (Figures 3.7A, 3.7B). The distributions of
PLRI values measured from untreated and BENAQ-treated WT RGCs were not significantly
different from one another (n==6 retinas, p=0.76, rank sum test) (Figures 3.7C, 3.7D).

We decided to investigate this apparent selectivity of DENAQ and BENAQ for degen-
erated but not healthy retinas further. For our next target, we tested DENAQ on a triple
knockout (TKO) (tra™/~ cnga3~/~ opnd~/~) mouse retina, which lacks functional rods and
cones, as well as the photopigment melanopsin, but retains the architecture and connectiv-
ity of a healthy retina (Hattar et al., 2003). These TKO retinas did not respond to white
light stimulation prior to or after DENAQ treatment (n=6 retinas, p=0.21, rank sum test)
(Figure 3.5D), suggesting that intact, healthy retinas are not affected by DENAQ to any
noticeable extent. In order to determine whether the action of DENAQ was specific to rdl
mice or was broadly applicable to other degenerated retinas, we applied the photoswitch
onto an rd4/+ mouse retina. Rd4 mice suffer from a different genetic defect compared to
rdl mice (Kitamura et al., 2006), but share a similar phenotype where photoreceptors die
soon after birth, eventually leading to complete blindness (Roderick et al., 1997). Untreated
rd4 mouse retinas did not generate a light response as measured on the MEA, but DENAQ
treatment conferred robust photosensitivity to these retinas (n==6 retinas, p<0.001, rank sum
test) (Figure 3.5D). Thus, it seems that retinal degeneration itself, and not any particular
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Figure 3.5: A-B) MEA recording from a WT retina before (A) and after (B) treatment with 300 uM
DENAQ. C) RGC PLRI values for WT retinas before (black) and after (blue) DENAQ treatment (n=6
retinas, p=0.34, rank sum test) D) Light responses of untreated and DENAQ-treated WT (n=6 retinas,
p=0.72), TKO (n=6 retinas, p=0.97), rd1 (n=12 retinas, p<0.001) and rd4 retinas (n=6 retinas, p<0.001).
Mean PLRI values are shown for WT retinas and mean LRI values for TKO, rdl and rd4 retinas. Data are
mean + SEM.
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mutation, is the factor enabling the selectivity of DENAQ. This selectivity is highly advanta-
geous for the proposed clinical use of these red-shifted photoswitches, as it would in principle
allow us to target our therapy specifically to degenerated tissue.

In order to ensure the safety of the photoswitch compounds in vivo, we performed a his-
tological analysis of WT retinas after intravitreal injection of 5mM DENAQ. Cross-sections
of retinas from 8 WT mice injected with PBS or DENAQ were examined 10 days post
injection. No gross pathological changes were observed in either the DENAQ-injected or
PBS-injected retinas (Figure 3.6A). There was no significant difference in the thickness of
the outer nuclear layers (n=8 retinas, p=0.5) (Figure 3.6B) or the inner nuclear layers (n==8
retinas, p=0.7) between the two groups. The retinas showed normal organization of all cell
layers and there was no change in total RGC number in the central (n=8 retinas, p=0.62)
or peripheral retina (n==8 retinas, p=0.1) (Figure 3.6C).

We then evaluated the ability of DENAQ to restore visually guided behavior in wvivo.
Blind rd1 mice showed no difference in exploratory behavior during 5 minutes spent in green
light versus 5 minutes in darkness in an open field locomotory assay (Figures 3.8A, 3.8B).
Six hours after intravitreal injection of 20mM DENAQ), the animals displayed an increase in
locomotory activity in light compared to darkness (Figures 3.8A, 3.8B). This is consistent
with previously reported results from an rd1 mouse expressing ChR2 in its ON-bipolar cells
(Lagali et al., 2008). We quantified the activity of mice in the open field experiment by
measuring the ratio of mean velocity in the light divided by mean velocity in darkness. The
ratio of activity in the light to activity in darkness increased by an average of 48% after
injection of DENAQ (n=20 mice, p<0.001) (Figure 3.8C). Sham injection of PBS produced
no significant change in basal activity or relative activity in light versus darkness (n=6 mice,
p=0.88) (Figure 3.8C).

Sensory perception, e.g. visual object recognition, may not be immediate after photo-
switch treatment, but rather could improve with training. To test whether rd1 mice can use
DEAQ-mediated light responses as a stimulus for a learned behavior, we performed a visual
cued fear conditioning assay. In sighted mice, this classical conditioning paradigm associates
a light cue with a fearful electric foot shock, such that subsequent exposure to the light cue
alone elicits a learned fear response including freezing behavior (Li et al., 2012; Newton et al.,
2004; Sacco and Sacchetti, 2010). We exposed animals to either paired conditioning (3 trials
of 10 s full field constant white light cues co-terminating with 2 s foot shock) or unpaired
stimuli (same light and shock cues randomly interleaved rather than overlapping), and then
presented a 30 s light cue alone (recall) one day later (Figure 3.9A). We analyzed the locomo-
tor activity in the recall trial using the same metric as in the open field task (mean velocity
in the light divided by mean velocity in darkness), so that we could directly compare changes
in activity in the two assays. Basal activity in darkness was not significantly different among
the three groups of animals that had undergone paired-conditioning. As expected, paired
conditioned wild-type mice responded to light onset in the recall trial by decreasing their
locomotor activity (n=10 mice, p<0.001) (Figures 3.9B, 3.9C). Wild-type C57BL/6J mice
exposed to unpaired stimuli instead showed an increase in locomotor activity in the light
compared to darkness (n=10 mice) (Figure 3.9C), similarly to previously reported observa-

51



A B — Before DENAQ — After DENAQ

1.0 1.0
B Bos
Darkness Light % 08 T>: 2
£ 06 Eos
[v] [}]
le] é 0.4 § 04
= B 02 202
o &) B .
o % 200 400 600 0 200 400 600
"3 Time (s) i Time (s)
@ €
3
i,:’ 1.6
©
he)
>
g g
e g 14
L ©
o =
@ S
2 2 1.2;
§
=1
<
1.0-

Before After Before After
DENAQ DENAQ sham sham

Figure 3.8: A) Movement trajectory of an rd1 mouse exploring an open cylindrical cage in the dark (top
left) and under 500nm illumination (top right) before DENAQ injection. Movement trajectory for the same
rd1 mouse exploring the cage in the dark (bottom left) and under 500nm illumination (bottom right) after
intravitreal injection of 20mM DENAQ. B) Cumulative distance traveled by an rd1 mouse before (left) and
after (right) injection of DENAQ. C) Bar graph of activity in the light divided by activity in darkness for
rd1 mice before and after intravitreal injection of 20mM DENAQ (n=20 mice, p<0.001) or 20mM PBS (n=6,
p=0.88) (sham). Data are mean +SEM.

tions (Trullas and Skolnick, 1993). Uninjected blind rdl mice did not show any change in
locomotor activity upon light onset following either paired or unpaired conditioning (n=10
mice, p=0.98) (Figures 3.9B, 3.9C), suggesting that the melanopsin containing ipRGCs are
incapable of driving learned visual freezing behavior. After intravitreal injection of 10mM
DENAQ), only the rd1 mice that received paired conditioning, but not those exposed to un-
paired stimuli, displayed a decrease in locomotor activity in the light compared to darkness
during the recall trial (n=10 mice, p<0.001), exhibiting the same degree of freezing as the
paired conditioned wild-type mice (n=10, p=0.51).

3.5 Discussion

Vision restoration to blind patients is the ultimate goal of all of the therapeutic interventions
currently being investigated, including optoelectronic prosthetics, cell replacement therapy
and gene therapy with light-sensitive microbial opsins. Our novel opto-pharmacological
strategy for vision restoration has been shown to be effective in restoring light sensitivity to
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Figure 3.9: A) Diagram of the paired, unpaired conditioning and recall protocols for the visual fear condi-
tioning assay. Electric footshock (yellow) and light flash episodes (blue) are shown. B) Bar graph of activity
in light divided by activity in darkness for uninjected rdl (n=10 mice, p=0.98), 10mM DENAQ-injected
rdl (n=10 mice, p<0.001) and WT mice (n=10 mice, p<0.001) during the recall trial of the experiment.
Data are mean + SEM. C) Cumulative distance traveled by an uninjected rd1 mouse (left, black), a 10mM
DENAQ-injected rd1 mouse (middle, blue) and a WT mouse (right, red) during the 30 seconds in darkness
preceding the light flash and subsequent 30 seconds in the light.

blind mice in vitro and in vivo. However, the first generation photoswitch AAQ possessed a
number of properties which rendered it unsuitable for clinical testing in patients. The novel
compounds presented in this study, DENAQ and BENAQ), overcome all of AAQs shortcom-
ings. They obviate the need for retinal stimulation with UV light as well as demonstrate
greatly increased light sensitivity, even proving to be more sensitive to light than the mi-
crobial opsins ChR2 and NpHR. Unlike AAQ, these compounds persist up to several weeks
in the eye and are not toxic in wvivo. Given their long-lasting effect, DENAQ and BENAQ
can potentially be administrated in the clinic through a monthly schedule of intraocular
injections, which is already well-established and safely utilized for other treatments of AMD
(Comparison of Age-related Macular Degeneration Treatments Trials Research et al., 2012).
Additionally, we hope to extend the compounds lifetime in vivo through the use of appro-
priate slow release formulations (London et al., 2011a). The pharmacological nature of our
therapy means that a molecules dose can be titrated for optimal effect in individual patients,
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and its reversibility should minimize potential retinal damage. Additionally, a preliminary
injection of a photoswitch molecule can also be used to evaluate the function of remaining
visual pathways in a blind patient, before selecting the therapeutic approach most suited to
that individual.

Our red-shifted photoswitches are selective for degenerated, but not healthy retinal tis-
sue, suggesting there may be a difference in the molecules access to degenerated retinal
neurons or a molecular target upregulated during degeneration. The fact that DENAQ and
BENAQ do not alter WT mouse retinal light responses suggests they will not interfere with
photoreceptor-mediated light responses in human patients. Our compounds may thus not
only provide a therapeutic benefit to patients with end-stage degenerative diseases by restor-
ing light sensitivity to the entire retina, but also improve the diminishing vision of patients
with mid-stage degeneration by selectively photosensitizing areas of the retina undergoing
degeneration while leaving the remaining intrinsic light responses intact.

Intravitreal injection of DENAQ not only restores light sensitivity to blind mice in an
open field locomotory assay, but creates a sufficiently useful visual perception for learning
to take place. More sophisticated tests of visual acuity, such as restoration of the opto-
motor response, have not yet been conclusively demonstrated after expression of microbial
optogenetic tools (Thyagarajan et al., 2010). These assays may require extended training
of the animals. Training has also been shown to improve the visual task performance of
patients implanted with optoelectronic prosthetics (Humayun et al., 2012), and the hearing
of patients with cochlear implants (Stacey et al., 2010). The fact that the polarity of the
behavioral response to light in DENAQ-injected mice can be reversed by the appropriate con-
ditioning leads us to believe that, with the appropriate training, human patients should be
able to interpret the novel visual stimulus conferred by the administration of our red-shifted
photoswitches and obtain a useful visual perception of their surroundings.

While further screening of our chemical library may well generate molecules with even
more favorable properties, DENAQ and BENAQ are the first candidate molecules ready to
be tested in large animal models of blindness and eventually in humans suffering from retinal
degeneration. We believe that these compounds and our opto-pharmacological approach in
general, will prove capable of restoring vision to blind patients.
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Chapter 4

Physiological Changes of Retinal
Ganglion Cells during Retinal
Degeneration

Preface: Laboratory technician Andy Noblet provided valuable technical assistance.
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4.1 Summary

During retinal degeneration, anatomical and physiological changes have been observed in the
outer nuclear layer (ONL); however, it is unclear whether RGCs also undergo physiological
changes. We specifically focused on P2XRs and TRPV1 channels, due to their active role
in many neurodegenerative diseases. Our lab developed a molecule, QAQ, which enters
cells through active P2XRs and TRPV channels and acts as a reporter of inflammatory
events in the nervous system. This method enables us to optically manipulate RGCs from
retinal degenerated mice. Using QAQ we found that P2XRs and TRPV1 channels are either
upregulated or chronically activated on RGCs only during retinal degeneration.
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4.2 Introduction

Retinal degeneration is a blinding disease that leads to degeneration of rods and then cones,
causing drastic anatomical and physiological changes of the downstream retinal circuitry
(Punzo and Cepko, 2007; Strettoi and Pignatelli, 2000). One of the outcomes of this de-
generation is an increased activity of the retina, characterized by heightened firing rates of
RGCs (Stasheff, 2008). Margolis et al. (2008) found that rd1 RGCs experience rhythmic
spike activity which was abolished by using synaptic blockers, therefore concluding that the
hyperactivity arises exclusively from the synaptic inputs in the rd1 mice. Also, no difference
was found between the rd1l and WT RGC ON and OFF RGCs rebound spiking. Anatomi-
cally, by filling the RGCs with fluorescent Ca?* indicator imaging the dendritic stratification
of the RGCs with two-photon fluorescence microscopy Margolis et al. (2008) also found no
difference compared to the WT. Consequently, these findings suggest that retinal degenera-
tion does not lead to any physiological or anatomical changes of the RGCs . However, during
retinal degeneration apoptotic photoreceptors release large amounts of ATP and other neu-
rotransmitters into the extracellular space and it is unknown how these high concentrations
of neurotransmitters influence the physiological state of RGCs.

Purinergic receptors are activated by ATP and have been found to play a role in neuro-
transmitter release and mediation of neuronal injury (Khakh and North, 2012). P2X2, P2X4,
and P2X7 receptors when exposed to a brief agonist application become permeable to Ca?*,
Na*, and K* ions. However, under a prolonged exposure to an agonist they enhance perme-
ability to cations that are up to 900 Da, such as the fluorescent YO-PRO dye (Surprenant
et al., 1996; Rassendren et al., 1997). TRPV1 channel from a TRP family is also expressed
throughout the CNS and has similar pore dilating properties as P2X2, 4, and 7 receptors
and is highly permeable to Ca?* and larger cations. Due to their high permeability to Ca?*
and ability to pore dilate, P2XRs and TRPV1 channels have been implicated in many neu-
rodegenerative diseases, brain trauma, and ischemia (Sorge et al., 2012; Sappington et al.,
2008; Sharp et al., 2008).

P2XRs and TRPV1 channels are expressed in bipolar, amacrine, retinal ganglion cells and
retinal microglia (Mitchell et al., 2009) and have also been suggested to play a pathological
role during retinal degeneration and glaucoma. For example, in-vivo intraocular injections of
bzATP, a potent P2XR agonist, into neonatal rats led to RGC death, which was prevented by
the addition of P2X7 receptor blocker brilliant blue G (Hu et al., 2010). In DBA /2 glaucoma
mouse model, TRPV1 levels increased with elevated intraocular pressure (Sappington et al.,
2008). In the same study, TRPV1 antagonist reduced apoptosis and RGC intracellular Ca?*
in isolated RGCs under pressure.

To determine whether pore dilation plays a role in inducing RGC death, Innocenti et al.
(2004) applied a P2X7R agonist bzATP and only induced YO-PRO (a fluorescent dye)
loading in microglia and not in RGCs of WT freshly isolated WT rat retinas, implicating
that these receptors do not pore dilate on RGCs. P2XR and TRPV channel pore dilation
has not been explored in detail in RGCs of retinal degenerating mouse models. Given the
possible pathological and functional role of these receptors, it is important to determine
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whether they play a role in altering physiological state of RGCs during retinal degeneration
and glaucoma.

We used a novel molecule QAQ that enables optical control of ion channels without
genetic manipulation during inflammatory condition (Mourot et al., 2012). Application of
ATP or capsaicin, a potent P2XR or TRPV1 agonist respectively, caused QAQ loading
into HEK-293 cells through P2X7 and TRPV1 pores, which was quantified by measuring
the amount of photosensitization of the cell. Using QAQ we demonstrate that P2XRs and
TRPV1 channels are upregulated and/or activated during retinal degeneration. QAQ does
not photosensitize RGCs in WT and glaucoma mice, enabling us to only optically control
RGCs undergoing molecular remodeling during degeneration.

4.3 Materials and Methods

4.3.1 Animals

WT mice (C57BL/6J strain, Jackson Laboratory), for glaucoma experiments WT mice
SV129, Jackson Laboratory) and (homozygous rd1/rd1 mice (C3H/HeJ strain, Charles River
Laboratories) >3 months old were used in our experiments. All animal use procedures were
approved by the UC Berkeley Institutional Animal Care and Use Committee.

4.3.2 Electrophysiology and pharmacology

Mouse retinas were dissected and kept in physiological saline at 36°C containing (in mM):
119 NaCl, 2.5 KCI, 1 KHyPOy, 1.3 MgCl,, 2.5 CaCl,y, 26.2 NaHCOg3, 20 D-glucose, aerated
with 95% O5/5% COs,. For extracellular recording, the retina was placed ganglion cell layer
down onto a multielectrode array system (model number MEA 1060-2-BC, Multi-Channel
Systems).

Mouse retinas were dissected and kept in physiological saline at 37°C containing (in
mM) 119 NaCl, 2.5 KCl, 1 KH,PO,, 1.3 MgCl,, 2.5 CaCly, 26.2 NaHCO3, and 20 D-
glucose, aerated with 95%05/5%CO,. For extracellular recordings, the retina was placed
ganglion cell layer down onto a multielectrode array system (MEA 1060-2-BC, Multi-Channel
Systems). The MEA electrodes were 30 ym in diameter and arranged in an 8 x 8 rectangular
grid. Extracellular spikes were high-pass filtered at 200 Hz and digitized at 20 kHz. A
spike threshold of 4SD 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). Only cells with
interspike intervals of <1 ms were included in the analysis.

To block synaptic contributions of different retinal neurons to RGCs, the following neu-
rotransmitter receptor antagonists were used: 4 uM SR-95531 (gabazine) for GABA 4 re-
ceptors, 10 uM 1,2,5.6 tetrahydropyridin-4-yl)methylphosphinic acid (TPMPA) for GABA¢
receptors, 10 uM initroquinoxaline-2,3-dione disodium salt (DNQX) for non-NMDA type glu-
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tamate receptors, 50 uM d-(-)-2-Amino-5-phosphonopentanoic acid (AP5) for NMDA-type
glutamate receptors, 10 uM strychnine for glycine receptors, 50 uM d-tubocurarine chloride
(curare) for nicotinic acetylcholine receptors, 10 uM D, L-2-amino-4-phosphonobutyric acid
(L-AP4) mGluR4 agonist. 100uM 2’,3’-0-(2,4,6-Trinitrophenyl)adenosine-5’-triphosphate
tetra(triethylammonium) salt (TNP-ATP) for P2XR inhibition,

250uM 2’(3")-O-(4-Benzoylbenzoyl)adenosine-5'-triphosphate tri(triethylammonium) salt (bzATP)
as a P2XR agonist, 50uM Ruthenium red (RR) as TRP channel andtagonist. All of these
drugs were purchased from Sigma or Tocris.

4.3.3 Light Stimulation

In most MEA recordings, we used a 100 W mercury arc lamp filtered through 380 or 500 nm
filters (Chroma, Inc), and switched wavelengths with an electronically-controlled shutter and
filter wheel (SmartShutter, Sutter Instruments). Unless otherwise indicated, the standard
incident light intensity at the retina was 13.4 mW /cm? (2.56 * 1016 photons/cm?/s) for 380
nm and 11.0 mW/cm? (2.77 * 1016 photons/cm?/s) for 500 nm.

4.3.4 10P elevation protocol

Mice were injected with microbeads (2 ul of 10 pm in diameter) in the left eye and the
IOP was maintained with repeated injections of microbeads every 2-4 weeks. Right eye was
injected with 2 microliter of PBS (commercial grade from Invitrogen).

4.3.5 Data Analysis and Statistics

Protocol Each retina was exposed to 20 trials of 5 second alternating 380 and 500 nm lights.
Photoswitch Index (PI) To characterize RGC photosensitivity as normalized responses
to light, we first calculated Photoswitch Index (PI) values defined as

Firs to i _ Firi .
Photoswitch Index (PT) iring rate in 380 — Firing rate in 500

B Firing rate in 380 + Firing rate in 500

For PI calculations we take only the first 1/2 of the 380 nm light and 500 nm light intervals.
The threshold for 'photoswitching’ is defined as RGC PI values >0.37 (n = 11 retinas, n =
803 cells). This value is the median PI for QAQ alone experiments that divided the two
distributions in two, cells centered around zero and cells centered around higher positive PI
values. Maximum Firing Rate (MFR) The firing rates for each cell are condensed into
one 380 nm and 500 nm light set. Then, the MFR is calculated by finding the maximum
firing rate of each cell across the two lights. The maximum firing rate is plotted in red. Blue
bars denote the average MFR across cells binned at 200 ms.

Latencies Latencies are calculated only for cells that passed the photoswitching threshold
of PI > 0.37 and defined as the time it took to reach the first 100 ms MFR density bin.
Distributions were first tested for normality using the Shapiro-Wilk test. For non-normal
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distributions, the Wilcoxon rank sum test was used for pairwise comparisons. The 95%
confidence intervals for medians were generated by resampling the original distributions and
applying the bias-corrected percentile method (Efron and Tibshirani, 1986). Results with p
< 0.05 were considered significant.

4.4 Results

We first determined whether we can load a membrane impermeant molecule (QAQ), that
enters cells through large pores in the membrane, into RGCs. After the molecule permeates
into a cell we can use it to silence RGCs by optically regulating voltage gated Nat, Ca?*, and
K* channels with 380 and 500 nm light. As described in the Thesis Introduction, 500 nm
light turns the molecule into trans-form thus blocking voltage-gated channels and 380 nm
light turns the molecule back into the cis-form unblocking the channels. In order to isolate
RGC responses, all of the experiments were recorded from retinas on a multielectrode array
in the presence of synaptic blockers (DNQX, AP5, AP4, TPMPA, Gabazine, strychnine, and
curare).

In the presence of synaptic blockers and absence of QAQ treatment, light did not have
any effect on the control rd1 and WT RGC firing, rd1 median PI = -0.048 [95% CI: -0.067
t0 -0.034] (n = 277) and WT median PI = 0 [95% CI: -0.041 to 0.01] (n = 134, p > 0.5), see
Figure 4.1 and Figure 4.2. A PI value of +/- 0.37 was chosen to characterize the cells into
photoswitching and non-photoswitching (see Methods for details). Cells that were either
higher than 0.37 or lower than -0.37, were considered photoswitching. We found that out of
all the RGCs recorded, only 8 % of cells photoswitched (PIs > 0.37) in both WT and rd1
retinas. Out of those RGCs, maximum firing rate densities (MFRDs) for rd1 and WT group
were spread out across the two intervals, with 55% of rd1 RGCs having MFRs in the 380 nm
light and for WT, 54.5% of RGCs had MFRs in 380 nm light. Intrinsically light sensitive
ipRGCs could potentially account for small part of these light responses, since these cells
account for about 3% of the RGCs in a mouse retina (Hattar et al., 2002).

4.4.1 QAQ only photosensitizes rd1 RGCs

We asked whether rd1 or WT RGCs have active P2XRs or TRPV channels that admit QAQ.
If they are chronically active or highly expressed, QAQ would permeate into the cells and we
would optically regulate the RGC firing. After treating WT retinas with 1mM QAQ for 30
minutes followed by washout, we show in Figure 4.1 that QAQ (30 minute treatment with
1mM QAQ) has no significant difference from the control untreated WT retinas, with PI =
0.05 [95% CI: 0.03 to 0.07], p > 0.05, only photosensitizing 7.4% of cells(Figure 4.1B,C,D).
However, when we conducted the same treatment on rdl mice, QAQ clearly photosen-
sitized RGCs with a significant increase of cells responding to 380 nm light and inhibiting
firing to 500 nm light (median PI = 0.36 [95% CI: 0.32 to 0.41] , n = 803, p < 0.05) (Fig-
ure 4.2B,C,D). QAQ photosensitized 51% of rd1 RGCs with 89% of these cells having MFRs
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Figure 4.1: QAQ does not load into WT mouse RGCs. (A) Multi-electrode recordings from flat-mounted
WT mouse retinas before (left) after treatment with QAQ (1mM for 30 min, followed by washout). Record-
ings were done in the presence of synaptic blockers (see Methods for details). Top, raster plot of spiking from
RGCs; bottom, average RGC firing rate calculated in 100 msec time bins. Color bars represent illumination
with 380 nm (violet) or 500 nm light (green). (B,C)Analysis of photoswitching of the entire population
of RGCs from all untreated retinas and all QAQ-treated WT retinas. Comparison of Pls of RGCs from
untreated Control retinas (n = 4) and QAQ treated retinas (n = 3), displayed in a box plot (B) and as
a histogram (C). For untreated WT median PI = 0 [95% CI: -0.041to 0.01] (n = 134 cells), and for QAQ
treated WT RGCs median PI = 0.05 [95% CI: 0.03 to 0.07] (n = 162 cells), indicating no photoswitching.
Whiskers denote 1.5 times the interquartile range from the 25th and 75th percentile. The two groups are
not significantly different (p > 0.05, Mann-Whitney test). (D)Average RGC PI for individual retinas in Con-
trol and QAQ treated conditions (black circles). Red symbols show mean values and error bars represent
standard error of the mean (s.e.m.). (E) Maximum Firing Rate density plot of of QAQ treated RGCs that
photoswitched (8% ), with with 47% of RGCs, MFR density is in the light. Blue line represents the Mean
Latency for the cells in the light.
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Figure 4.2: QAQ only photosensetizes rdl RGCs. (A) Multi-electrode recordings from flat-mounted rd1
mouse retinas before (left) and after QAQ treatment (right) under the same conditions as WT. Top, raster
plot of spiking from RGCs; bottom, average RGC firing rate calculated in 100 msec time bins. Color bars
represent illumination with 380 nm (violet) or 500 nm light (green). (B,C)Analysis of photoswitching of
the entire population of RGCs from all untreated retinas (n = 4) and QAQ-treated rdl retinas (n = 3).
Comparison of PIs of RGCs are displayed in a box plot and as a histogram (C). Median PI value for control
untreated rd1 RGCs is -0.048 [95% CI: -0.041to 0.01] (n = 277) signifying no photoswitching and after QAQ
treatment we see a significant increase in firing rates with median PI = 0.36 [95% CI: 0.32 to 0.41] (n =
803, p < 0.05, Mann-Whitney test). (D) Average RGC PI for individual retinas in Control and QAQ treated
conditions (black circles). Red symbols show mean values and error bars represent standard error of the
mean (s.e.m) (E) Analysis of photoswitching of the entire population of RGCs from all WT QAQ-treated
retinas (n = 5 retinas) and QAQ-treated rdl retinas (n = 3 retinas). Comparison of PIs of RGCs are
displayed in a box plot and as a histogram (F). Median PI value for WT QAQ-treated RGCs is 0.01 [95%
CI: 0 to 0.033] (276) signifying no photoswitching and after QAQ treatment we see a significant increase in
firing rates with median PI = 0.36 [95% CI: 0.32 to 0.41] (n = 803, p < 0.05, Mann-Whitney test). (G) Box
plots represent grouped photosensitive RGC latencies of WT and rd1 QAQ injected conditions. Open black
circles represent RGC latencies, the green circles indicating the median plus or minus the bootstrapped 95%
confidence intervals.
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in the 380 nm light (Figure 4.4F). The majority of the cells had MFR densities concentrated
at the beginning of the 380 nm light pulse, taking only 1 s for 50% of the RGCs to reach the
MFR, with with median latency of 765 ms (Figure 4.4G).

4.4.2 P2XR agonist enhances QAQ induced photosensitization in
rdl RGCs

The next two questions were whether we could induce QAQ loading in WT mice by applying
bzATP, a potent P2XR agonist, and if bzATP could increase photosensitization of the rd1l
RGCs. We found that bzATP (250 uM) has no effect on QAQ loading in WT RGCs (median
PI = 0.03, p >0.05), with no significant difference from the QAQ only (Figure 4.3), with only
7% of WT RGCs photoswitching. This is consistent with Innocenti et al. (2004) study, where
bzATP did not induce YO-PRO (a large fluorescent dye ) loading in WT RGCs.

However, bzATP seemed to slightly increase QAQ loading in rd1 RGCs compared to QAQ
alone, with mean PI = 0.365 and p < 0.05 and 57% of RGCs responding to light(Figure 4.4).
Out of the photoswitching cells, 58% had MFRs in the 380 nm light (Figure 4.4F) and
even though it’s a smaller percentage than was observed during QAQ-only treatment we
found that the median latency light response was significantly shorter, 286 ms (p < 0.05)
(Figure 4.4G) As expected, if the intracellular concentration of QAQ is higher, the time it
should take for the cell to photoswitch would be much shorter. Consequently, it is possible
that bzATP induced more QAQ loading by opening more pore dilated channels and thereby
enhances photosensitization of RGCs, allowing for fast optical control of its firing rate.

4.4.3 TNP-ATP, P2XR antagonist, decreases QAQ induced
photosensitization (loading)

In order to determine whether QAQ loading occurs only through the P2XRs, we co-applied
a high concentration of a potent P2XR antagonist TNP-ATP (100 pM) with QAQ (1mM)
for 30 minutes (Figure 4.5A). The TNP-ATP + QAQ treatment shows a significant de-
crease across all the pooled RGCs, with median PI = 0.17 (n = 525 RGCs, p < 0.05,
Figure 4.5A B,C). The average PI for individual retinas also showed a significant decrease
compared to the QAQ only condition (Figure 4.5D). TNP-ATP does not completely elimi-
nate QAQ loading, with only 34.9% of RGCs responding to light, and taking 2.3 seconds for
50% of the cells in the light to reach MFR (Figure 4.5EF).

4.4.4 TRPYV channel pores may be involved in QAQ loading

To determine whether TRP channels are involved in QAQ loading, we co-applied QAQ
(ImM) and ruthenium red (RR) (50 pM), a widely used TRPV channel pore and aqueous
pore blocker (Vriens et al., 2009). We found that RR reduced QAQ + bzATP loading even
more compared to TNP-ATP with only with only 20.1% of cells photoswitching. There was
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Figure 4.3: bzATP does not enhance QAQ loading in WT RGCs. (A) Multi-electrode recordings from
flat-mounted rd1 mouse retinas before (left) after 30 min loading of QAQ + bzATP. Top, raster plot of
spiking from RGCs; bottom, average RGC firing rate calculated in 100 msec time bins. Color bars rep-
resent illumination with 380 nm (violet) or 500 nm light (green). (B,C)Analysis of photoswitching of the
entire population of RGCs from QAQ treated (n = 4) and bzATPand QAQ-treated WT retinas (n = 11).
Comparison of PIs of RGCs are displayed in a box plot and as a histogram (C). Median PI value for QAQ
and bzATP is -0.028 [95% CI: -0.018 to 0.037] signifying no photoswitching (n = 872 cells, p > 0.05, Mann-
Whitney test). (D) Average Pls per individual retina in QAQ and QAQ+bzATP treated conditions (open
black circles). Red symbols show mean values and error bars represent standard error of the mean (s.e.m.)t
(E) Box plots represent grouped photosensitive RGC latencies in QAQ and QAQ+bzATP WT conditions.
Open black circles represent individual RGC latencies, the green circles indicating the median plus or minus
the bootstrapped 95% confidence intervals.
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Figure 4.4: bzATP enhances QAQ loading in rd1 RGCs. (A) Multi-electrode recordings from flat-mounted
rd1 mouse retinas before (left) under the same conditions as WT. Top, raster plot of spiking from RGCs;
bottom, average RGC firing rate calculated in 100 msec time bins. Color bars represent illumination with 380
nm (violet) or 500 nm light (green). (B,C)Analysis of photoswitching of the entire population of RGCs from
QAQ treated (n = 11) and bzATPand QAQ-treated rd1l retinas (n = 8). Comparison of PIs of RGCs are
displayed in a box plot and as a histogram (C). Median PI value (shown as a blue line on the histogram) for
QAQ and bzATP is 0.46 [95% CI: 0.38 to 0.57] demonstrating a significant increase in firing rate compared
to QAQ only condition, (n = 525, p < 0.05, Mann-Whitney test). (D) Average PIs per individual retina
in QAQ and QAQ+bzATP treated conditions (black circles). Red symbols show mean values and error
bars represent standard error of the mean (s.e.m.) (E) Maximum Firing Rate density plot of QAQ only
treated RGCs that photoswitched (51.06%), with 89.4% of these cells having MFR densities is in the light.
Blue line represents the Mean Latency for the cells in the light. (F) Maximum Firing Rate density plot of
QAQ + bzATP treated RGCs that photoswitched (57.39%), with with 47% of RGCs, MFR density is in
the light. Blue line represents the Mean Latency for the cells in the light. (G) Box plots represent grouped
photosensitive RGC latencies in QAQ and QAQ+bzATP conditions. Open black circles represent individual
RGC latencies, while the green circles indicating the median plus or minus the bootstrapped 95% confidence
intervals.
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Figure 4.5: TNP-ATP decreases QAQ loading in rd1 RGCs. (A) Multi-electrode recordings from flat-
mounted rdl mouse retinas after 10 min TNP-ATP (100 uM) application, followed by a 30 min TNP-ATP
+ QAQ application and a washout. Top, raster plot of spiking from RGCs; bottom, average RGC firing rate
calculated in 100 msec time bins. Color bars represent illumination with 380 nm (violet) or 500 nm light
(green). (B,C) Analysis of photoswitching of the entire population of RGCs from QAQ treated (n = 11)
and TNP-ATP + QAQ rdl retinas (n = 8). Comparison of PIs of RGCs are displayed in a box plot and
as a histogram (C). Median PI value (shown as a blue line on the histogram) for QAQ and TNP-ATP is
0.17 [95% CI: 0.14 to 0.20] signifying an significant decrease in firing rate compared to QAQ only condition,
(p < 0.05, Mann-Whitney test). (D) Average PIs per individual retina in treated conditions (black circles).
Red symbols show mean values and error bars represent standard error of the mean (s.e.m.). (E) Maximum
Firing Rate density plot of QAQ +TNP-ATP treated RGCs that photoswitched (34.9%), with with only
33.3% of those RGCs have their MFR density in 380 nm light. Blue line represents the Mean Latency for
the cells in the light. (F) Box plots shows a comparison of rd1 RGC latencies in QAQ and QAQ+TNP-ATP
conditions. Open black circles represent individual RGC latencies, The green circles indicating the median
plus or minus the bootstrapped 95% confidence intervals.

also a significant decrease in firing rates compared to the QAQ only treatment with median
PI for all cells -0.056 [95% CI: -0.08 to -0.03] ( n = 177, p < 0.05, Figure 4.6A,B). However, it
is important to emphasize that RR is a non-selective blocker TRPV channel blocker and also
an inhibitor of a variety of Ca?* binding proteins (Charuk et al., 1990), voltage-gated L-type
Ca?* channels (Cibulsky and Sather, 1999), Ca?* activated K* channels (Hirano et al., 1998),
and whether it blocks P2XR pores is still to be determined.

Given the nonspecific effects of RR, we wanted to confirm that it blocks the channel
pores and doesn’t interfere with QAQ’s ability to photosensitize voltage-gated channels.
We pre-loaded the rdl retina with QAQ and bzATP followed by a 20 min perfusion of
RR with presynaptic blockers (described in Methods). In (Figure 4.6A,B) we clearly see
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that QAQ was able to photosensitize 49.4% of RGCs even with RR with Median PI values
of 0.40 [95% CI: 0.32 to 0.49], thus demonstrating that it does not significantly change
QAQ’s photosensitization ability (p > 0.05). (Figure 4.6D,E) shows that out of the cells that
photoswitched, 83.5% of cells had their MFRs in the 380 nm light with median latency of
0.9s [95% CI: 0.5 to 1.3 ].

4.4.5 In-vivo QAQ application induces the same amount of QAQ
loading into RGCs

Another concern we addressed was whether the state of pore dilation of P2XRs or TRPV
channels in-vivo was different than ez-vivo. Since all the QAQ treatments were conducted
after extraction of the retina, as described in the Thesis Introduction, the amount of ATP
and the effects of IOP in an intact eye could lead to more activated pore dilating channels
leading to different results in-vivo vs ex-vivo. Consequently, we injected 2uL of ImM QAQ
into WT and rd1 mice, extracted the retinas, and measured the amount of QAQ loading on
the MEA. We found that similar to the ex-vivo preparation, QAQ loaded only into the rd1
mice and not into the WT (Figure 4.2E,F), WT median PI = 0.01 [95% CI: 0 to 0.033] (n =
276 cells) and rd1 median PI = 0.216 [95% CI: 0.16 to 0.251] (n = 140 cells, p < 0.05). The
amount of photoswitching was similar to QAQ loading in an ez-vivo preparation (p > 0.05),
photoswitching 34.1% of the RGCs, with 100 ms median MFR latencies for rd1 RGCs. This
may imply that the difference in ATP concentrations and the IOP between the ex-vivo and
in-vivo setups is not enough to trigger pore dilation in either animal model and that the
ex-vivo experimental setup is a valid model for studying physiological changes in the RGCs.

4.4.6 QAQ does not photosensitize RGCs from induced
glaucoma mice

To our surprise, QAQ did not photosensitize RGCs in the mouse model of glaucoma. In-
creased Intraocular Pressure (IOP) was induced in WT mice via microbead injections and
maintained for either one or 10 weeks. IOP measurement curves at 1 and 10 weeks show
that only the mice with microbead injections experienced heightened IOP, whereas the sham
(PBS) injected mice did not (Figure 4.7A,B). We treated retinas of 1 and 10 week post bead
injection WT animals for 30 minutes with QAQ and bzATP and found that QAQ does not
load into any of the RGCs. Animals with high IOP after 1 week had median RGC PI =
0.065 [95% CI: 0.047 : 0.085 | (n = 174) compared with sham injected animals with PI =
0.03038 [95% CI: 0.018 to 0.042] (n = 161, p > 0.05) (Figure 4.7CD). Retinas from the 10
week elevated IOP mice had median PI = 0.11 [95% CI: 0.088 to 0.138] (n = 486) and sham
injected animals median PI = 0.143 [95% CI: 0.1 to 0.19 | (n = 415, p > 0.05)(Figure 4.7EF).
There was also no significant difference between the PI's of RGCs from both distributions
(p > 0.05). After 10 weeks of high IOP, RGC death is usually observed, therefore the lack of
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Figure 4.6: RR greatly reduces QAQ photosensitization. (A) LEFT: Multi-electrode recordings from flat-
mounted rd1 mouse retinas after 10 min RR, (50 uM) application, followed by a 30 min RR + QAQ + bzATP
application, washout and continuous perfusion with synaptic blockers. Top, raster plot of spiking from RGCs;
bottom, average RGC firing rate calculated in 100 msec time bins. Color bars represent illumination with
380 nm (violet) or 500 nm light (green). RIGHT: Multi-electrode recordings from flat-mounted rd1 mouse
retinas after 30 min QAQ + bzATP treatment, a washout and perfusion with RR + synaptic blockers . Top,
raster plot of spiking from RGCs; bottom, average RGC firing rate calculated in 100 msec time bins. Color
bars represent illumination with 380 nm (violet) or 500 nm light (green). (B) Analysis of photoswitching of
the entire population of RGCs from QAQ treated (n = 11 retinas) and RR+ bzATP + QAQ rdl retinas (n
= 3 retinas ) and QAQ +bzATP with post treatment with RR (n = 2). Comparison of PIs of RGCs are
displayed in a box plot and as a histogram (C). Median PI value (shown as a blue line on the histogram)
for QAQ + bzATP + RR is -0.056 [95% CI: -0.08 to -0.03] signifying an significant decrease in firing rate
compared to QAQ only condition, (n = 177 RGCs, p < 0.05, Mann-Whitney test). Median PI value for QAQ
+ bzATP with post-RR treatment is 0.40 [95% CI: 0.32 to 0.49], showing that RR did not alter QAQ’s ability
to photosensitize cells, (n = 162 RGCs, p > 0.05, Mann-Whitney test). (C) Maximum Firing Rate density
plot of pre-RR and QAQ + bzATP treated RGCs that photoswitched ( 20.5 %), with 90% of those cells
having FMRs in the 380 nm light. (D) Maximum Firing Rate density plot of QAQ + bzATP with post-RR
treatment showing only the cells that photoswitched (49.38%), with with 83.5% cells having MFRs in the
380 nm light. (E) Box plots represent latencies in QAQ + bzATP pre and post-RR treatment conditions.
Open black circles represent individual RGC latencies, The green cricles indicating the median plus or minus
the bootstrapped 95% confidence intervals.
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significant RGC photosensitization may suggest that the pore dilated state is more common
under specific to conditions where photoreceptors degenerate, rdl.

4.5 Discussion

P2XRs and TRPV channels are the main focus of this study because of their unique ability
to act as ligand-gated ion channels that become permeable to large cations and induce cell
death from prolonged exposure to an agonist (bzATP or capsaicin) (Virginio et al., 1999;
Virgilio et al., 2001). Their neurodegenerative function during inflammatory conditions
in the CNS makes them a viable candidate for signifying pathological changes of retinal
neurons during retinal degeneration. Using a QAQ molecule we showed that only during
retinal degeneration, P2XRs and TRP channels on RGCs transition to an open/closed pore
dilated state.

4.5.1 P2XRs are involved in pore dilation during retinal
degeneration

We show that QAQ photosensitizes RGCs only in mouse models of retinal degeneration and
not in WT mice. Photosensitization of 84% of rdl RGCs with QAQ alone suggests that
there are already pore dilated channels in RGCs, but it’s not clear whether TRP channel or
P2XRs play a bigger role. Loading QAQ with a potent P2XR agonist, bzATP, caused 64%
of cells to respond to light with medium latencies of MFRs of 284 ms, compared with 780 ms
of QAQ alone. This data clearly shows that bzATP alters QAQ induced responses to light,
most likely by opening residual P2XR pores. This may lead to higher QAQ loading and
shorter latencies due to QAQ molecules taking less time to block the voltage-gated channels.

In WT mice on the other hand, bzATP does not lead to any QAQ loading, suggesting
that P2XRs are not active or not as highly expressed on RGCs under healthy conditions,
which is consistent with previous studies (Innocenti et al., 2004). To confirm P2XRs role in
QAQ loading, a competitive antagonist TNP-ATP led to a reduction of photosensitization of
rdl RGCs. It is thus possible that the TNP-ATP is competing for the ATP binding site and
prevents channels from going into pore dilated state, but does not block the opened aqueous
pores, or does not compete away all the ATP. Alternately there may be an additional pore
dilating protein responsible for the remaining photoswitching.

4.5.2 TRPV Channels and Pore Dilation

TRPYV channels could also be involved in QAQ loading but the lack of specific pore blocker
pharmacology makes it difficult to test this hypothesis. Co-application of QAQ and RR
completely prevented QAQ from loading into rd1 RGCs, suggesting that QAQ is getting
into rdl1 RGCs through the same pores as what RR blocks. Aware of RRs wide range of
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Figure 4.7: One and 10 weeks of IOP elevation is not sufficient to induce QAQ loading in WT RGCs.
(A,B) IOP measurements of 10 mice over 60 days with one eye injected with microbeads in order to elevate
IOP and the other (sham) injected with PBS (purple). (C) There is no photoswitching difference found
between the entire population of RGCs from mice with elevated IOP for 7 days and sham (PBS-injected)
mice. Comparison of all the PIs of RGCs are displayed in a box plot and as a histogram (D). Median PI
value (shown as a blue line on the histogram) for microbead injected mice is PI = 0.065 [95% CI: 0.047 to
0.085 ] (n = 174) and the PI Median for the sham injected mice is 0.03038 [95% CI: 0.018 to 0.042] (n = 161,
p > 0.05, Mann-Whitney test). (E) We also found no photoswitching difference found between the entire
population of RGCs from mice with elevated IOP for 10 weeks and sham (PBS-injected) mice. Comparison
of PIs of RGCs are displayed in a box plot and as a histogram (F). Median PI value (shown as a blue line
on the histogram) for microbead injected mice is PI = 0.108 [95% CI: 0.08 to 0.136] (n = 486) and the PI
Median for the sham injected mice is 0.142 [ 95% CI: 0.1 to 0.19] (n = 415, p > 0.05, Mann-Whitney test).
(G) The histogram shows that there is no significant difference between the PI values of RGCs from 1 week
and 10 week elevated IOP eyes (p > 0.05, Mann-Whitney test). (H) Box plots represent latencies one and
ten week high IOP QAQ+bzATP conditions. Open black circles represent individual RGC latencies, The
green circles indicating the median plus or minus the bootstrapped 95% confidence intervals.
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targets, we made sure that it was not blocking the same voltage-gated channels that QAQ
photoregulates.

4.5.3 Pore Dilation in Glaucoma

TRPV1 channels have also been implicated in cell death during glaucoma. We hypothesized
that under a prolonged elevated IOP (1 and 8 weeks), RGCs would be more prone to QAQ
loading. However, we were very surprised to find that even after 8 weeks of elevated 10P,
QAQ did not load and photosensitize WT RGCs. Even an addition of bzATP with QAQ
onto retinas extracted from the glaucoma induced mice did not lead to QAQ loading. We
also saw no differences in photosensitization of RGCs in 1 week elevated IOP mice compared
to 8 week IOP. It is not clear what conditions are needed in order to cause P2XRs or TRPV
channels to pore dilate under these conditions, but perhaps high IOP leads to RGC death
more quickly.

Finally, pore dilation is known to occur and let large dye molecules through the channels
or via second messenger cascade (Browne et al., 2013). Though no dye or QAQ loading
was seen in the healthy WT RGCs and glaucoma WT RGCs, photosensitization of RGCs in
retinal degenerated mouse model may implicate pore dilation of these receptors as the first
sign of a pathological state of the RGCs. This study clearly shows that RGCs undergo a
physiological change during retinal degeneration.

4.6 Future Directions

This study demonstrates changes in the physiological state of the RGCs during retinal de-
generation and provides a number of interesting future directions. A number of follow-up
studies could help determine the pathways QAQ uses to get into the RGCs and the causes
of lack of QAQ photosensitization of WT RGCs. Since clean pharmacology for blocking
pore dilating channels is not available, to determine the path of entry of QAQ it would be
interesting to cross TRPV1 or P2X7R knockout mice with rd1l mice, allowing us to elimi-
nate one or both of these pore dilating channels from the system. This experiment would
include MEA recordings from the knockout-rdl mouse retinas to measure if the amount of
photosensitization of RGCs has been altered compared to rd1 mice. If one of these receptors
is involved in QAQ loading, then we expect to see a significant loss of QAQ induced photo-
sensitization of RGCs. It is also possible that multiple pore dilating channels are involved
and thus knocking out one of them may not have a very significant effect on QAQ loading;
it may therefore be also necessary to knock out multiple channels.

It is also still unclear why QAQ does not load into WT RGCs, a few potential causes may
be the inability of receptors to pore dilate or the low expression of P2XRs or TRPV channels.
To address whether the protein levels of these receptors in RGCs differ in the two strains, a
Western blot could be done on dissociated rd1 RGCs and wt RGCs. Fluorescence-activated
cell sorting (FACS) could be used on dissociated retinas to determine which cell types and
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how many cells express the desired P2XRs and TRP channels. Another possibility is that
the voltage-gated channels that QAQ is photosensitizing may not be as highly expressed in
the WT as in the rd1 mice, therefore in order to photosensitize the WT RGCs the same as
rdl RGCs, a higher concentration of QAQ would be required. This could be addressed by
using FACS to look for surface expression of the possible candidate channels.
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