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ABSTRACT OF THE DISSERTATION

Investigating Early Retinal Remodeling and Secondary Cone Degeneration

in Retinitis Pigmentosa

by

Erika Marie Ellis
Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology
University of California, Los Angeles, 2022

Professor Alapakkam P. Sampath, Chair

In retinitis pigmentosa (RP), primary rod degeneration leads to the secondary degeneration of
cones, resulting in loss of normal retinal input. Retinal function is further disrupted by
downstream retinal remodeling. The mechanisms underlying these degenerative processes are
currently incompletely understood. In my thesis research, | use whole-cell electrophysiology
recordings from retinal slices to investigate changes in retinal physiology during retinal
degeneration.

In the first section of my thesis, | investigate the changes in the rod-to-rod bipolar cell
synapse during the early stages of degeneration in the CNGB1 KO mouse model. Previous
studies show that rod bipolar cells lack light-evoked responses prior to the loss of light
responses in rods, despite intact rod-to-rod bipolar cell synapses. Using a weak mGIuR6
antagonist, CPPG, | show that although rod bipolar cells lose light-evoked responses they

retain the molecular machinery required to support mGIluR6-driven responses. These results



indicate that the breakdown in synaptic transmission between rods and rod bipolar cells is most
likely due to presynaptic dysfunction with impaired glutamate release from rods.

In the second section of my thesis | characterized changes in cone membrane
physiology during secondary cone degeneration by performing whole-cell patch clamp
recordings from degenerating cones in rd10 mice. | show that, despite significant morphological
changes, including the loss of the outer segment and cone pedicle, cones maintain relatively
normal membrane physiology. What's more, cones continue to produce small light-evoked
responses even at late stages of degeneration, and these responses are transmitted on to
second-order neurons. These findings are encouraging for future research aimed at
reactivating dormant cones to restore vision to patients with RP.

In the final section of my thesis | explore the evolutionary origins of one of the
vertebrate retina’s most unique features: the use of the metabotropic glutamate receptor in the
ON bipolar cell pathway. My results indicate that the division of light information into ON and
OFF pathways at the first synaptic connection and the mediation of the ON pathway through a
metabotropic glutamate receptor evolved over 500 million years ago and is a fundamental

feature of the vertebrate retina.
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CHAPTER 1:

An Introduction to the Retina and Retinitis Pigmentosa



Why Study Vision

Sensory systems create an internal representation of the world that enables us to appropriately
interact with our surroundings. As humans, we rely primarily on vision to form our perception of
the world. Vision plays a central role in almost every aspect our lives: it allows for object
identification used to pick out your clothes in the morning or find food at the grocery store, for
navigation enabling you to walk through a crowded room or drive to work, for communication
through the reading of signs and labels, and for socialization through the recognition of facial
expressions and body language. In addition to image-forming functions, visual input also has
critical non-image-forming functions, including balance, coordination, and control of circadian
rhythms?. Biologically, the importance of vision throughout our evolutionary development is
reflected in the amount of space our brain devotes to vision: over 30% of the cortex is involved in
the processing of visual information in more than 30 different visual areas?. Beyond its functional
role in our lives, vision creates a vibrant experience of the world. The importance of vision is
apparent in the societal value we place on visual aesthetic as seen in our art, architecture, fashion,
movies, and other cultural creations. Given the immense role that vision plays in our daily lives, it
is easy to understand the value of studying both normal visual information processing and

pathological disruption of vision in retinal diseases.

Brief Overview of the Structure of the Retina

Vision begins in the retina. As described over 100 years ago through the exquisite illustrations of
Ramon y Cajal (see Fig 1.1)3, visual information is processed as it flows from photoreceptors
through bipolar cells to the retinal ganglion cells. Along this path, additional processing occurs
through the lateral connections of horizontal cells and amacrine cells. The circuits established by

these five major neuronal cell types allow the retina to extract specific types of visual information—



such as color, size, speed, and the direction of motion of a stimulus—before forwarding this

information to various brain regions for more complex processing.

The initial and most critical step in vision is the detection of light. This task falls to the
highly specialized photoreceptor cells that convert light stimuli into an electrical signal. The
vertebrate retina contains two major types of photoreceptors: rods that mediate low light or
scotopic vision, and cones that mediate bright light or photopic vision. This duplex retinal structure
enables the retina to function over an extensive range of environments, encoding information
across almost 10 log units of light intensities (see Fig 1.2)*°. The rest of the visual system depends
on the ability of photoreceptors to reliably detect light, and defects in photoreceptor function result

in significant visual impairment.

The differences in sensitivity and other response properties between cones and rods
primarily arise from the expression of different isoforms of phototransduction proteins (see Fig
1.3). Evolutionary studies looking at the origin of photopigments demonstrate that cone
photoreceptors are much older than rods®®. Rods likely evolved from cones in our earliest
vertebrate ancestors through molecular and structural adaptations that optimized sensitivity®1°.
Rods are so sensitive they can produce a response to the absorption of a single photon of
light'12, This specialization comes at cost, as there is a tradeoff between sensitivity and
temporal/spatial resolution. To maximize sensitivity, rods have a longer integration period
resulting in slower responses that decrease temporal resolution. Additionally, rod signals
converge, and many rods synapse onto a single bipolar cell. The pooling of rod signals increases

sensitivity of the retina but decreases spatial resolution.

Cones are specialized for bright light conditions. Cones have significantly faster
responses, enabling a higher temporal resolution for better motion detection. Unlike rod circuits,
cone circuits prioritize spatial resolution over sensitivity, and cone circuits tend to diverge, with a
single cone often synapsing onto many different bipolar cells'®. The exception is the human fovea

3



where spatial resolution is the highest, and where each cone connects with only two bipolar cells,
passing information onto only two ganglion cells**. Cones also have multiple types of opsins with
different spectral sensitivities, allowing for detection of color information. Anatomically, cones are
shorter than rods with disks formed from invaginations of the cell membrane, while rods have fully
encapsulated intracellular disks with longer outer segments to increase the probability of light

absorption.

Photoreceptors are highly specialized and have many unique characteristics when
compared to other neurons. In the dark, photoreceptors maintain a depolarized resting membrane
potential at around -40 mV, compared to conventional neurons that typically rest at
approximately -70 mV. As a result of the depolarized resting membrane potential, photoreceptors
have continuous synaptic neurotransmitter release in the dark. Light stimulation leads to
hyperpolarization of the cell membrane and produces a decrease in neurotransmitter release??.
Additionally, while many neurons in the brain send digital signals with the all-or-none signaling of
action potentials, photoreceptors have an analog signaling system where graded changes in

membrane potential result in graded changes in the release of neurotransmitter*®.

While rods and cones have key anatomical and molecular differences, the basic
mechanism of phototransduction is the same, as illustrated in Figure 1.4%°. In the dark, cGMP
levels in the cell are elevated and cyclic nucleotide-gated channels (CNG channels) in the outer
segment remain open, allowing for a large influx of Na* that generates the dark current. The dark
current maintains a depolarized resting membrane potential and produces continuous release of
glutamate from the photoreceptor synapse. Absorption of light causes photoisomerization of the
visual pigment and activation of the opsin. Activated opsin catalyzes the exchange of GDP for
GTP on the a subunit of the G-protein transducin. The a-transducin-GTP complex dissociates
from the By subunit and binds to phosphodiesterase (PDE), activating PDE which hydrolyzes

cGMP to GMP. The resulting decrease in cGMP leads to closure of CNG channels, reducing the



dark current and hyperpolarizing the cell membrane. At the synapse, the membrane
hyperpolarization causes closure of voltage-gated Ca?" channels, ultimately producing a
reduction in synaptic glutamate release. In this way, light signals are converted into electrical
signals through phototransduction and passed on to the rest of the visual system through the

photoreceptor-bipolar cell synapse *’.

Cone Membrane Physiology and Energy Requirements

Phototransduction converts light stimuli into membrane voltage changes through the closure of
CNG channels. Other important membrane conductances act to shape the light-evoked
photoresponse and to facilitate the transmission of light signals to bipolar cells through the control

of neurotransmitter release®*®, Figure 1.5 shows the major membrane ion channels in the cone.

The primary ion channel of the outer segment is the CNG channel. The CNG channel is a
non-selective cation channel. As discussed above, CNG channels remain open in the dark to
produce the dark current that maintains the depolarized resting potential, and they close with light
exposure to produce the hyperpolarizing photoresponse. The outer segment also contains a
Na*/Ca?*-K* exchanger to remove Ca?* that enters through the CNG channel. Controlling outer-
segment Ca?* concentration is important, as Ca?* driven feedback regulates many components
of phototransduction, such as guanylate-cyclase cGMP production and cGMP binding affinity of

the CNG channel®-22, These feedback mechanisms play an important role in light adaptation?3.

The inner segment contains several important voltage-gated channels, including the
hyperpolarization-activated cyclic nucleotide-gated channel (HCN1) and voltage-gated K*
channels. As the name suggests, the HCN1 channel is activated by membrane hyperpolarization
to generate the in current, and it deactivates with depolarization. With light driven hyperpolarization
of the cell, HCNL1 is activated, resulting in an inward current that depolarizes the cell, speeding
the recovery from the light response?*%. The sustained voltage-gated K* channel is responsible

5



for the ik current. Ik is a hyperpolarizing current that is active at depolarized membrane potentials
and helps to stabilize the resting membrane potential?®?’. Ca*-activated K* BK channels and Ca*-

activated CI channels also act to stabilize the resting membrane potential?®2°,

Voltage-gated Ca?" channels in the cone pedicle control the synaptic release of
glutamate®. These channels are open at depolarized membrane potentials and close with light-
evoked hyperpolarization. They are tightly coupled with the synaptic ribbon, so that changes in

Ca?* influx quickly translate into changes in Ca?*-dependent synaptic vesicle exocytosis®.

Maintaining the ion gradients needed to generate these membrane currents is the most
energetically demanding process in a photoreceptor (see Fig. 1.6)%%2, In order to maintain the
outer segment dark current, the Na* that enters through open CNG channels must be removed.
This is achieved with an ATP-dependent Na*/K* pump. An ATP-driven pump is also required to
remove the influx of Ca?* through synaptic voltage-gated Ca?* channels. In rods, maintaining the
dark current is the dominant ATP expenditure (Fig 1.6A). Cones, on the other hand, have a much
larger synapse with multiple synaptic ribbons, and the voltage-gate Ca?* conductance dominates

cone ATP consumption (Fig. 1.6B).

Retinitis Pigmentosa

In inherited retinal dystrophies, genetic mutations of photoreceptor-specific genes cause the
dysfunction or death of photoreceptors, and the retina loses the ability to detect visual information.
The most common inherited retinal dystrophy is retinitis pigmentosa (RP)33, which is
characterized by primary rod photoreceptor death followed by secondary cone photoreceptor
death resulting in vision loss and eventual blindness. RP was first described in the modern
medical literature by A.C. van Trigt in 1853°%°, and the name ‘retinitis pigmentosa’ was coined a
few years later by the Dutch ophthalmologist FC Donders®®, who mistakenly thought it to be an
inflammatory-driven disease. However, descriptions of familial visual impairment likely to be RP

6



can be found dating back to ancient Egyptian times. RP has a prevalence of approximately 1 in
4000 people, affecting approximately 2 million people worldwide®. RP is highly genetically
heterogeneous, and over 3000 causative mutations have been identified in more than 60 genes
(see Fig 1.7)%*3738  There is also significant genetic overlap between RP and other inherited
retinal dystrophies, where different mutations in a given gene can lead to different forms of retinal

dystrophies with distinct clinical phenotypes.

Due to the heterogeneous nature of the disease, the presentation and progression of RP
varies greatly. In general, RP presents in early adolescents with signs of rod dysfunction, including
impaired night vision or nyctalopia, loss of peripheral vision, and abnormal dark adaptation®%4°,
Rod degeneration in RP begins in the mid-periphery of the retina and then progresses, extending
both outward to the far-periphery and inward toward the central retina. As the disease progresses,

cone photoreceptors also degenerate, and patients begin to lose their central vision.

Obtaining a thorough family history is a key part of the diagnosis of RP. RP can follow
autosomal recessive, autosomal dominant, or X-linked patterns of inheritance3*8. Examination
of the retina can reveal intraretinal pigment deposits, arteriolar attenuation, and a waxy pallor of
the optic disc, as seen in the fundus photo in Figure 1.8A%. In addition to family history and a
retinal exam, RP can be diagnosed with retinal imaging and electroretinography (ERG). Optical
coherence tomography (OCT) imaging allows examination of the retinal layers. In RP patients,
OCT imaging shows perifoveal loss of photoreceptors, with a centrally preserved island of
photoreceptors in the fovea (Fig 1.8B)*'. Fundus autofluorescence shows a hyperautofluorescent
ring, corresponding to the area of active degeneration around the edges of the preserved central
retina (Fig 1.8C)*. In the early stages of RP, ERG studies show abnormal rod function with
grossly normal cone function (see Fig 1.9)*. Early ERG changes can be detected prior to the
development of visual symptoms. As RP progresses, rod function continues to decline, and cone

function eventually also becomes impaired. In advanced stages of RP, the rod and cone ERG



responses are undetectable. The diagnosis of RP can be confirmed with genetic testing, although
testing is not necessary; for approximately 30% of cases, the genetic mutation cannot at present

be identified®.

Currently there are no treatments to slow or stop the progression of RP. Strategies for
developing potential treatments tend to fall into one of three broad approaches: 1) correction of
the underlying genetic defect, 2) neuroprotective therapy to slow degeneration, or 3) restoration

of light sensitivity in late stages of degeneration.

Significant advances are being made in the development of gene therapies. The FDA
recently approved the first in vivo gene therapy which treats Leber congenital amaurosis*®, a
different form of inherited retinal dystrophy. Gene therapy techniques include the use of
Crisper/Cas9 systems*4¢ gene replacement therapy*’*°, and RNA therapeutics®®°! to correct
the causative genetic defect and theoretically cure the disease. A major obstacle in gene therapy
for RP is the diversity of genetic mutations underlying the disease. For the most part, each gene
therapy has to be tailored to a specific genetic defect. With the large number of causative
mutations, any specific mutation can be quite rare, and each developed gene therapy will only be
applicable to a small subset of RP patients. Additionally, gene therapy must be used at the early
stages of RP before significant vision loss. Treating patients at later stages of degeneration after
significant photoreceptor death will have little benefit. Despite these obstacles, gene therapies
are being developed for some of the more common RP mutations, and there are a number of

clinical trials currently underway®2.

Neuroprotective therapies do not address the causative genetic mutation, but aim to slow
photoreceptor loss in other ways. A major benefit of neuroprotective treatments is that they are
more broadly applicable to different forms of RP. Examples of neuroprotective therapies include
treatment with neurotrophic factors®*®*, antioxidant therapies®>®¢, and anti-apoptotic drugs.
Treatment with neurotrophic factors is challenging due to the short half-life of these agents. To

8



overcome this obstacle, gene therapy can be used to mediate continuous expression of these
factors®’. Targeting microglial cells to activate their neuroprotective functions has been shown to
promote photoreceptor survival in RP%8-%° Additionally, genetic manipulation of specific metabolic
pathways can also be used to promote photoreceptor survival. Several studies have shown that
upregulating the mTOR pathway in cones increases aerobic glycolysis and anabolic pathways
and delays cone degeneration 6. Other studies have identified key enzymes of aerobic glycolysis
or oxidative phosphorylation that could be possible targets for metabolic reprogramming®2-%¢. Like

gene therapy, neuroprotective treatment is most beneficial at early stages of retinal degeneration.

For patients in the late stages of RP who already have significant or even complete vision
loss, treatments are being developed to restore photosensitivity to the retina. Retinal prosthetics
have successfully restored light perception to patients with advanced RP. These devices consist
of an electrical chip implanted onto the retina to provide direct electrical stimulation to retinal cells.
Retinal prosthetics are limited by their low spatial resolution and inability to stimulate individual
targeted cells. As a result, patients require significant training to interpret the visual signals their

brains receive.

Optogenetics and small molecule therapies aim to produce more precise photostimulation
to better mimic normal visual input. In optogenetic therapy, light-sensitive ion channels are
introduced into specific retinal cell types. In addition to allowing for cell-specific light stimulation,
depolarizing and hyperpolarizing optogenetic channels could be combined in order to mimic
normal retinal ON and OFF pathways. Optogenetics is a promising technique, and the first

optogenetic therapy for RP is currently in phase 2 clinical trials.

The best way to harness complete visual processing power of the retina, and restore the
most physiologically normal vision, would be to restore light sensitivity at the level of the
photoreceptor. One way to restore the function of photoreceptors is to replace them with a
photoreceptor transplant®’. Recent work suggests that transplanted photoreceptors are capable
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of integrating into the existing retinal circuitry®®. Another approach is to target surviving dormant
cones, which have been shown to persist in the retina into the late stages of RP. Restoring light
sensitivity to these dormant cones, either artificially through optogenetic techniques or through
metabolic and cellular manipulations to reactive these cells, is another promising approach to
restoring vision at the level of the photoreceptor. One of the major challenges in vision restoration
is retinal remodeling, and no matter which approach is used, it may not be possible to restore
normal vision if there are permanent remodeling changes to the inner retinal circuitry.
Nonetheless, restoration of even crude light perception can have a significant impact on patient

guality of life.

Degenerative Processes in RP: Mechanisms of Primary Rod Death

The mechanism of primary rod death in RP differs depending on the causative mutation. Figure
1.10 illustrates some of the cellular systems that can be disrupted in RP. Because photoreceptors
are among the most metabolically active cells in the body, they are particularly susceptible to
mitochondrial dysfunction and other defects in retinal metabolism. Mutations that lead to ciliary
dysfunction are associated with syndromic forms of RP, which often present with concurrent
hearing loss due to degeneration of cochlear hair cells. Mutations in a wide variety of genes can
lead to protein misfolding, and the accumulation of misfolded proteins results in endoplasmic

reticulum stress that activates pro-apoptotic pathways.

Defects in rod phototransduction are among the most common causes of RP.
Phototransduction dysfunction can be roughly categorized into two groups: 1) mutations leading
to inactivation of the phototransduction cascade, and 2) mutations leading to over-activation of
the phototransduction cascade. Inactivation of the phototransduction cascade will result in
permanently elevated levels of cGMP and open CNG channels (refer to Fig 1.4). These defects

effectively keep rods in a “dark” state and can be expected to result in persistent glutamate release
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at the synaptic terminal. Examples of mutations leading to phototransduction inactivation include
loss-of-function mutations in rod phosphodiesterase genes, such as those seen in rd1 and rd10
mouse models. Over-activation of phototransduction results in closure of the CNG channels,
effectively keeping the rods in a “light activated” state and are predicted to cause chronically low
levels of glutamate release at the synaptic terminal. Given that these two types of
phototransduction defects may have opposite effects on synaptic glutamate release, they may
also result in different mechanisms of downstream retinal remodeling, especially early remodeling
changes at the rod-to-rod bipolar cell synapse. Such differences could have significant
implications for therapeutic approaches. There is a need for more research into the mechanisms

of downstream retinal remodeling, and how different forms of RP affect these mechanisms.

Degenerative Processes in RP: Retinal Remodeling

Photoreceptor death results in changes to downstream retinal neurons, including synaptic
rewiring, changes in expression of synaptic structures, cell migration, and growth of abnormal
neuronal processes*®®-72_ Together, these changes are known as retinal remodeling. Retinal
remodeling disrupts normal retinal circuitry, may interfere with early interventions, and poses a
significant challenge to restoring functional vision to patients with late stage RP. Understanding
the mechanisms behind retinal remodeling is critical for the development of vision restoration

therapies.

Retinal remodeling in the outer retina begins at the synapse between rods and rod bipolar
cells (see Fig. 1.11). Rod dysfunction in early degeneration is accompanied by retraction of rod
spherules and downregulation of presynaptic and postsynaptic structures’>-"®. As rods die, rod
bipolar cells begin to extend aberrant dendritic processes, searching for new synaptic partners in
an attempt to restore normal synaptic input’®. Studies have shown that prior to rod death, there is

a disruption in the synaptic transmission between rods and rod bipolar cells. Figure 1.12 shows
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ex vivo ERG recordings, comparing retinal responses between wildtype mice and Cngbl
knockout mice, a model of RP"3. These recordings reveal a larger relative desensitization of the
rod bipolar-dominated b-wave compared to the rod-driven a-wave, indicating a functional
uncoupling of the rod-to-rod bipolar synapse. The functional deficit seen from the ERG is
disproportionate to histological changes (see Fig. 1.13) and cannot be explained simply by the
loss of synaptic connections. Investigating the mechanism underlying this functional uncoupling

is the focus of the second chapter of my thesis.

As photoreceptor degeneration progresses and the retina loses light driven input, the outer
retina continues to undergo remodeling. Despite significant disruption of the outer retina, inner
retinal structures appear to remain largely intact until the end stages of degeneration’’-"°. Some
retinal ganglion cells show abnormally small dendritic arborizations®, but they continue to

maintain cell-type specific stratification into ON, OFF, and ON-OFF inner plexiform layers.

Although the inner retinal structure remains relatively intact, the inner retina does exhibit
functional abnormalities. Paradoxically, the loss of photoreceptor input results in increased
spontaneous activity which manifests as oscillatory waves of retinal activity®'=23, This retinal
hyperactivity is likely responsible for some of the visual hallucinations that patients experience in
the late stages of RP. At the end stage of RP, the inner retina also undergoes degeneration with
cellular migration, neurite formation, and reactive gliosis resulting in significant disorganization
across the entire retina. At the end stage of retinal degeneration, it is highly unlikely that any vision

restoration treatments will be able to restore functional vision.

Degenerative Processes in RP: Mechanisms of Secondary Cone Death

Currently, the mechanisms of secondary cone degeneration in RP are only partially understood.
Secondary cone degeneration begins only after rod death has reached a critical threshold. Prior
to cell death, cones undergo a degenerative process, progressively losing their outer segment
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and cone pedicle®. The resulting dormant cone cell bodies can remain alive in the retina into the
late stages of RP®. Early proposed mechanisms for secondary cone death, such as the release
of toxins during rod death®?®’ failed to explain the delay in cone death or the preceding
degeneration of cones into dormant cells. Recently, a significant amount of research has begun

to elucidate the complex mechanisms behind secondary cone degeneration.

One of the first discoveries directly linking rod death to secondary cone dysfunction was
the identification of rod-derived cone viability factor (RACVF), a soluble protein secreted by rods
that regulates cone glucose metabolism®-°, RACVF modulates the activity of the GLUT-1
glucose transporter, promoting increased glucose uptake and stimulating aerobic glycolysis®?.
Loss of RACVF with rod death leads to a decrease in the ability of cones to take up glucose.
Cones must balance glucose utilization between three major metabolic pathways: ATP production
for maintaining ion gradients, reducing agents for an antioxidant defense system, and anabolic
pathways for outer segment regeneration. The glucose deficiency caused by the loss of RACVF
disrupts the careful balance between these three processes. Since the discovery of RACVF, there
has been a growing body of evidence linking secondary cone degeneration to metabolic

dysregulation®2-%

In addition to metabolic dysfunction, oxidative stress has been shown to play an important
role in secondary cone degeneration °~%°, As rods die, the oxygen demand in the outer retina
decreases. Unfortunately, the choroid is unable to downregulate the oxygen supply in response
to this decreased demand, and the loss of rods is accompanied by an increase in outer-retina
oxygen tension. The resulting hyperoxia leads to formation of toxic reactive oxygen species, which
can cause irreversible damage to proteins, lipids and DNA. In addition to directly damaging

surviving cones, oxidative stress also leads to microglial activation.

Microglial cells are the resident immune cells in the retina, and one of their primary
functions is to monitor tissue health and to remove damaged cells®®?, Microglial activation is
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complex; depending on the pathways involved, it can lead to pro- or anti-inflammatory responses.
Unfortunately, in RP, over-activation of the inflammatory response can cause the release of toxic
inflammatory cytokines and excessive phagocytosis, resulting in further retinal damage. Microglial
cells are an important target for the treatment of RP, and it may be possible to reprogram them to

decrease their cytotoxic effects and promote their cytoprotective effects.

Although we are making advances in our understanding of the mechanisms involved in
secondary cone degeneration, there is still little known about how cone membrane physiology
changes during this process. One unexpected finding is that dormant cone cell bodies maintain a
depolarized resting membrane potential'®2. This is surprising because the loss of the cone outer
segment, along with the outer segment CNG channels, should result in the hyperpolarization of
the cell. Additionally, degenerating cones are essentially in an energy deficient state. Because
the most energetically demanding process in a photoreceptor is the maintenance of the ion
gradients required to generate membrane currents (see Fig 1.6)%% it is reasonable to
hypothesize that degenerating cones may make significant changes to their membrane
physiology in order to reduce their energy requirements. Investigating changes in cone membrane

physiology during secondary cone degeneration is the focus of the third chapter of my thesis.
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Figure 1.1 Structure of the retinaillustrated by Ramon y Cajal

Ramon y Cajal depicted the major layers of the retina: photoreceptor outer segments (A), outer
nuclear layer with photoreceptor cell bodies (B), outer plexiform layer with photoreceptor and
bipolar cell synaptic connections (C), inner nuclear layer with bipolar cell bodies (D), inner
plexiform layer with bipolar cell and retinal ganglion cell synaptic connections (E), retinal ganglion
cell layer (F) and retinal nerve fiber layer with retinal ganglion cell axons which project to the brain
through the optic nerve (G). He also predicted the flow of visual information from rods (b) and
cones (a) through bipolar cells (e and d) to retinal ganglion cells (g). Additionally, he depicted the
lateral connections of horizontal cells (c), and amacrine cells (k and ). Figure adapted from:

https://braintour.harvard.edu/archives/portfolio-items/seeing-is-believing.
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Figure 1.2 Sensitivity of rod and cone photoreceptors

Responses of mouse rod photoreceptors (A) and cone photoreceptors (B) to flashes of light of
increasing intensity. Note the difference in time scales, with significantly faster response rates in
cones. Using the peak responses at each light intensity, normalized to the saturating response, a

response intensity curve can be generated (C) to show the functional range of light intensities for

rods and cones. Figure adapted from Ingram et al (2016)
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Figure 1.3 Anatomical and molecular differences between rod and cone photoreceptors

Anatomically, cones (left) have shorter outer segments with disks formed from membrane
invaginations, while rods (right) have longer outer segments with intracellular disks. The cone
synaptic pedicle has multiple synaptic ribbons transmitting information into diverging circuits. In
contrast, rods have a single synaptic ribbon and transmit information into converging circuits.
Different isoforms of phototransduction proteins result in the major differences in cone and rod
photoreceptor sensitivity and other response properties. Abbreviations: Rh, photoreceptor
photopigment; cGMP, guanosine 3'5-cyclic monophosphate; GAP, GTPase-accelerating

protein. Figure adapted from Ingram et al (2016)
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Figure 1.4 Phototransduction in the vertebrate photoreceptor
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Current Biclogy

A) The basic structure of a vertebrate ciliary photoreceptors. B). Phototransduction occurs in the
disks of the photoreceptor outer segment. cGMP levels in the outer segment are maintained
through the balance of cGMP production by cyclase and hydrolysis by phosphodiesterase (PDE).
In the dark, cGMP levels remain elevated, allowing cyclic nucleotide-gated channels (CNG
channels) to remain open. Light absorption leads to photoisomerization and activation of the
photoreceptor opsin. This in turn activates the G-protein transducin, which then activates PDE.
Activated PDE hydrolyzes cGMP to GMP, resulting in a decrease in cGMP levels and closure of
CNG channels. Abbreviations: hv, light; Rh, rod photopigment rhodopsin; Rhx, activated
rhodopsin; GTP, guanosine triphosphate; GDP, guanosine diphosphate; cGMP, guanosine 3',5'-
cyclic monophosphate; GMP, guanosine monophosphate; PDE, guanosine nucleotide
phosphodiesterase; RK, rhodopsin kinase; RGS complex, group of three proteins including RGS9
which accelerate the hydrolysis of GTP by the alpha subunit of transducin; and Pi, inorganic

phosphate. Figure adapted from Fain et al (2010)
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Figure 1.5 Major membrane conductances of the cone photoreceptor

lllustration of the major cone conductances of the cone. The primary ion channel of the outer
segment is the CNG channel, which is responsible for generating the photoresponse. Inner
segment conductances, including I, and voltage-gated K* channels, help to shape the
photoresponse. Synaptic voltage-gated Ca?" channels mediate synaptic glutamate release.

Schematic by Margie Fain
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Figure 1.6 ATP consumption of rods and cones in steady light

ATP consumption required to maintain photoreceptor membrane conductances in rods (A)
compared to cones (B) as a function of light intensity. A direct comparison of the total ATP
required for cones vs rods (C) shows that cones require significantly more ATP than rods at all
light levels. Note that rod energy requirements drop off quickly with increasing light levels, and
are minimal in bright light. Cones, on the other hand, have only a small decrease in their ATP
requirement at bright light levels. When comparing the relative contributions of different
conductances, note the significantly larger contribution of the synaptic Ca?* current (cyan) to the
energy requirement of cones compared to rods. Abbreviations: icne, CNG channel conductance;
GC, guanine cyclase; in, HCN channel conductance; ica, Synaptic voltage-gated Ca?* channel

conductance; Adapted from Ingram et al. (2020)
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Figure 1.7 Genetic diversity of RP and overlap with other inherited retinal dystrophies

This Venn diagram illustrates the genetic diversity of RP, listing the genes that have been
associated with RP within the central blue circle. Different mutations in these same genes can
result in other forms of inherited retinal dystrophies that have a different clinical phenotype.
Abbreviations: CRD, cone-rod dystrophy; CSNB, congenital stationary night blindness; ESCS,

enhanced S-cone syndrome; LCA, Leber congenital amaurosis; MD, macular dystrophy; RP,

retinitis pigmentosa. Figure adapted from Verbakel et al (2018)
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Figure 1.8 Retinal imaging in RP

Retinal imaging can be a useful tool for the diagnoisis of RP and to monitor disease progression.
In this figure you can see retinal imaging studies from an RP patient (right) compared to a normal
healthy patient (left) A) Fundus photography of an RP patient showing characteristic retinal
findings. Note the intraretinal pigment deposits, arteriolar attenuation, and waxy pallor of the optic
disc. B) Optical coherence tomography (OCT) imaging studies. The green arrows on the healthy
retina (left) highlight the thick dark band of outer nuclear layer (ONL) and a prominent bright
ellipsoide zone (EZ) band indicating healthy photoreceptors. The RP patient (right) shows
perifoveal loss of the ONL and EZ band indicating photoreceptor loss, with a preserved island of
ONL and EZ layers (red arrow). C) Fundus autofluorescence shows a hyperautofluorescent ring,
corresponding to the area of active degeneration around the edges of the preserved central retina.

Figures adapted from http://eyerounds.org/index.htm
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Figure 1.9 ERG findings in RP

This schematic shows the electroretinogram (ERG) findings at various stages of RP compared to
a normal study (top). In the early stages of RP there are decreased responses in the dark adapted
scotopic and dark adapted photopic conditions, with relatively normal light-adapted photopic and
flicker responses. This indicates abnormal rod function with grossly normal cone function and
these early ERG changes can be detected prior to the development of visual symptoms. As RP
progresses, rod function continues to decline and cone function eventually also becomes
impaired. In advanced RP, the ERG responses are extinguished under all four testing conditions.

Figure adapted from Verbakel et al (2018)
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Figure 1.10 Mechanisms of rod death in RP
The mechanism of rod death in RP depends on the underlying genetic defect. This schematic
illustrates a number of systems that can be disrupted with RP, and lists some of the RP associated

genes that affect these systems. Figure adapted from Dias et al. (2018)
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Figure 1.11 Retinal remodeling between rod photoreceptors and rod bipolar cells

Schematic of retinal remodeling between rods and rod bipolar cells. During early stages of retinal
degeneration, rod dysfunction is accompanied by retraction of rod spherules and down regulation
of synaptic structures, including loss of the rod synaptic ribbons (illustrated in green)
presynaptically and rod bipolar cell mGIuR®6 receptors (illustrated in dark red) postsynaptically. As
rods die, rod bipolar cells begin to extend aberrant dendritic processes in search of new synaptic

partners in an attempt to restore normal synaptic input. Schematic by Erika Ellis
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Figure 1.12 Characterization of rod and rod bipolar function by ex vivo ERGs

A) ERG recordings from a C57 wildtype mouse (black) and from a 1-month-old Cngbl1 knockout
mouse (red) show photoresponses of the retina following flashes of light of increasing intensity.
The rod-driven a-wave was isolated using pharmacological blockers of synaptic transmission. The
b-wave, which is dominated by rod bipolar cell responses, was then derived by subtracting the a-
wave from the Full ERG recording. B) A-wave (top) and b-wave (bottom) response intensity
curves show the sensitivity of rods and rod bipolar cell responses in WT mice compared to Chgbl
knockout mice. Note the b-wave shows a larger desensitization compared to the a-wave,
suggesting defective synaptic transmission between rods and rod bipolar cells. Adapted from

Wang et al. (2019)
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Figure 1.13 Rod-to-rod bipolar cell synaptic remodeling

Retinal flat mounts (left) and retinal sections (right) from P30 C57 wildtype (top) and Cngbl
knockout (bottom) mice. Flat mounts are stained for presynaptic ribbon CtBP2 (blue),
postsynaptic mGIuR®6 (red), and cone arrestin (green). Sections are stained for mGIluR6 (red) and
rod bipolar cell PkCa (cyan). Note that the Cnhgb1 knockout retina has fewer presynaptic ribbons
and postsynaptic mGIuR6, smaller mGIuR6 puncta, and migration of synaptic structures into the

outer nuclear layer. Adapted from Wang et al. (2019)
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CHAPTER 2:

Changes in Signaling at Synapses Between Rods and Rod Bipolar Cells in

the Early Stages of Retinal Degeneration
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ABSTRACT

Retinal remodeling poses a major obstacle to restoring normal retinal function to patients with
retinitis pigmentosa (RP). Understanding the mechanisms underlying retinal remodeling is vital
for research into new RP treatments. To investigate early changes in the rod-to-rod bipolar cell
synapse, | used an RP mouse model with knockout of the rod-specific B-subunit of the cyclic
nucleotide-gated channel (CNGB1 KO). The CNGB1 KO mouse displays a relatively slow retinal
degeneration over approximately 6 months, making it an ideal model for studying early changes
in retinal degeneration. Previous studies from CNGB1 KO mice have shown that rod bipolar cells
lack light-evoked responses prior to the loss of light responses in rods, despite histological
evidence of intact rod-to-rod bipolar cell synapses at this stage of degeneration. To test whether
the lack of rod bipolar cell light-evoked responses is due to impaired glutamate release from rods
or due to deficient mGIuRG6 transduction in rod bipolar cell dendrites, | performed whole-cell patch
clamp recordings from rod bipolar cells in retinal slices from CNGB1 KO mice 2 — 3 months old.
Light responses were evoked with bright flashes from a 405-nm LED. To test for mGIluR6-driven
responses in the absence of light, a weak mGIuR6 antagonist, CPPG, was puffed onto the bipolar-
cell dendrites. Consistent with previous studies, | showed that light-evoked responses of rod
bipolar cells in CNGB1 KO mice 2 — 3 months old are impaired. These same bipolar cells,
however, produced an mGIluR6-driven response with exposure to 1 mM CPPG. These results
suggest that impaired synaptic transmission between rods and rod bipolar cells is due to
presynaptic dysfunction in rods rather than post-synaptic dysfunction in rod bipolar cells. This
finding may explain why synaptic transmission between rods and rod bipolar cell can be restored

following the early rescue of rod function.
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INTRODUCTION

Retinitis pigmentosa (RP) is an inherited retinal dystrophy characterized by autonomous rod
photoreceptor degeneration followed by non-autonomous cone photoreceptor degeneration, with
concurrent remodeling of downstream retinal circuits. RP is the most common form of inherited
retinal dystrophy, affecting approximately two million people worldwide!. At the present time, there
are no disease-modifying treatments that can slow or stop the progression of retinal degeneration
in RP. Substantial progress is being made in the development of treatments, including gene
therapy to rescue rod function and treatments to restore light sensitivity to the retina after
photoreceptors have been lost?3. A major obstacle to restoring normal retinal function to patients
with RP is retinal remodeling, which disrupts the normal retinal circuits and interferes with visual
information processing*. Understanding the mechanisms underlying remodeling is critical for the

development of RP treatments.

During early retinal remodeling, rod bipolar cells undergo dendritic retraction and develop
aberrant dendritic processes®®. In an attempt to maintain normal synaptic input, rod bipolar cells
can form ectopic synaptic connections with cones*®*!, Bipolar cells also show changes in the
expression of synaptic receptors, with downregulation and miss-location of metabotropic
glutamate receptors (mGIuR6)*?13, Studies investigating the effect remodeling on rod bipolar cell
function reveal conflicting results. Varela et al. (2003) found that rod bipolar cells from adult rd1
mice lacked responses to glutamate®3. Degeneration in rd1 mice begins, however, before retinal
development is complete, and abnormal rod-to-rod bipolar synaptic development in the rd1 retina
could have confounded these results*. Barhoum et al. (2008) performed similar experiments with
rd10 mice, in which degeneration begins later, and found no difference in rod bipolar-cell
glutamate responses between wildtype mice and 1-month-old rd10 mice®. On the other hand,
Puthussery et al. (2009) showed significant changes in mGIuR6-driven responses from rd10 rod

bipolar cells, with initial signs of dysfunction beginning at P20 and complete loss of responses by
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P45%5, Additional studies are clearly needed to understand better the remodeling of the rod-to-rod

bipolar cell synapse during retinal degeneration.

In this study, | used the CNGB1 knockout mouse model of RP to investigate early changes
in the rod-to-rod bipolar cell synapse. Knockout of CNG1, the rod-specific B-subunit of the cyclic
nucleotide-gated channel (CNG channel), results in a slow rod-cone retinal degeneration. The
CNG channel is the outer segment channel responsible for generating the photoreceptor’s dark
current and maintaining a depolarized resting membrane potential. It is a non-selective cation
channel with a heteromeric structure composed of three a-subunits and one B-subunit!®. The B1-
subunit is specific to rod photoreceptors, and mutations in the CNGB1 gene lead to impaired
expression of rod CNG channels. Due to the formation of homomeric CNGa channels, these rods
are still able to generate small light-evoked responses!’. Retinal degeneration in the CNGB1
knockout mouse progresses relatively slowly, with ~10% of rods lost at P21, ~20% at P30, ~40%
at P60, ~60% at P90, and complete loss of rods by P120°. The slow rate of degeneration makes

this mouse an ideal model for studying early changes in retinal degeneration.

Our lab previously showed early impairment of rod bipolar-cell light responses in CNG[31
knockout mice. Ex vivo ERG recordings from 1-month-old CNGB1 knockout mice revealed a
larger relative desensitization of the rod bipolar-dominated b-wave when compared to the rod
photoreceptor-driven a-wave. Additionally, data from single-cell electrophysiology showed a
complete loss of light-evoked rod bipolar-cell responses. Histological data from 1-month-old
CNGp1 mice showed changes in the structure of the rod-to-rod bipolar cell synapse . However,
the functional deficit was disproportionate to the level of observed synaptic remodeling. These
findings suggest that there is early disruption in synaptic transmission between rods and rod

bipolar cells in CNGB1 knockout mice.

Early impairment of rod-to-rod bipolar cell responses could be caused by either (1),
presynaptic dysfunction due to loss of glutamate release from rods; or (2), postsynaptic
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dysfunction due to loss of rod bipolar-cell mGIuRG6 receptors or dysfunction in the mGIuR6/TRPM1
transduction cascade. In this study, | used whole-cell patch-clamp recordings to determine which

of these mechanisms underlies the early loss of rod bipolar-cell light responses.

MATERIALS AND METHODS

Animal Care

All experiments were performed in accordance with rules and regulations of the National Institutes
of Health guidelines for research animals, as approved by the Institutional Animal Care and Use
Committee of the University of California, Los Angeles, California. Mice were housed with ad
libitum food and water and kept under a 12 hr light cycle (12 on/12 off). Equal numbers of female
and male mice were used. The CNGB1 knockout mice (denoted as CNGB1 KO) were originally
obtained from the lab of Jeannie Chen at the University of Southern California, then propagated
and maintained in the UCLA vivarium. This is a specially designed mouse line, in which a loxP-
neomycin-loxP cassette has been inserted into intron 19 of the CNGB1 gene to knock out
expression of CNGB1. This mouse line can be crossed with an inducible Cre-line, making it
possible to restore normal CNGB1 expression with administration of Tamoxifen. This powerful
mouse model with inducible recombination not only permits the study of the process of retinal
degeneration, it also enables investigation into the reversibility of retinal remodeling. This current
study focuses on understanding the degenerative process itself; in consequence, the mice used
in the following experiments did not express the inducible Cre. Control experiments for normal
rod bipolar-cell function were performed with 129S wildtype mice, referred to simply as WT, which
were obtained as needed (129SvPas from Charles River). Rod bipolar-cell function was studied

in animals aged 2 — 3 months.
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Solutions

After retinal dissection, retinal tissue was kept alive in a specially formulated Ames medium (pH
7.4, osmolarity 284 mOsm), either buffered with bicarbonate (Ames-bicarb) and bubbled with
carbogen gas (95% O-, 5% COy); or, for embedding and slicing, buffered with HEPES (Ames-
HEPES) and bubbled with 100% oxygen. The standard internal solution for whole-cell patch
clamp recordings was a potassium aspartate solution (K-Asp) containing (in mM): 125 potassium
aspartate, 10 KCL, 10 HEPES, 5 NMDG-HEDTA, 0.5 CaCl;, 0.5 MgCl,, 0.1 ATP-Mg, 0.5 GTP-
Tris, 2.5 NADPH (pH 7.3, osmolarity 280 mOsm). 1 mM CPPG in Ames-HEPES solution was
used to test for mGIuRG6 driven responses in the absence of light. CPPG is a weak metabotropic
glutamate-receptor antagonist. Blocking the mGIuR6 receptor with CPPG mimics light-induced

decrease in rod glutamate release and produces a simulated light response in the rod bipolar cell.

In some experiments, a low concentration of a strong metabotropic glutamate receptor
agonist, DL-AP4 (5 uM), was added to the Ames-bicarb bath. This low level of DL-AP4 mimics the
dark release of glutamate; in the setting of deficient glutamate release from rods, pL-AP4 could

act to dark-adapt the rod bipolar cells artificially and increase CPPG sensitivity.

Preparation of Retinal Slices

Prior to each experiment, animals were dark-adapted overnight. The retinal dissection and
preparation of retinal slices were performed under infrared illumination. Animals were euthanized
by cervical dislocation. The dorsal aspect of each eye was marked prior to enucleation. After
enucleation, the globes were moved to an Ames-bicarb bath. The anterior segment, including the
cornea and the lens, was carefully removed. The posterior eye cup was bisected into dorsal and
ventral halves. From one half, a rectangular section of retina was cut and then carefully separated
from the retinal pigment epithelium. The isolated section of retina was embedded in 3% low-

temperature-gelling agar dissolved in Ames-HEPES solution. The retina was sliced in cold Ames-
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HEPES with a vibratome to obtain 200 um-thick slices of retina. Slices were made perpendicular
to the retina in order to obtain a cross-section of retinal tissue with intact retinal circuitry. The
retinal slice selected for recording was mounted on a recording dish; the slice was held in place
by a custom-made anchor, and moved to the microscope. The remaining retinal tissue and retinal
slices were stored in a light-tight container with Ames-bicarb solution and kept at 32°C. The tissue

under the microscope was perfused with Ames-bicarb solution and kept at 35°C.

Whole-cell Patch-clamp Recordings

Whole-cell patch-clamp recordings were performed with borosilicate glass micropipettes (15-19
MOhm) filled with a K-Asp internal solution. Cells were broken into in the voltage-clamp mode.
Rods were held at -50 mV, while bipolar cells were held at -70 mV. Resistance was compensated
at 75-80%. Light stimuli were delivered as bright flashes (10 ms) from a monochromatic 405 nm
LED. Light intensities are given in photons ym=2 rather than in the conventional units of light-
activated rhodopsin (R*). Conversion from photons um requires knowledge of the photoreceptor
outer-segment collecting area, and degenerating photoreceptors have abnormal outer segments.
CPPG was puffed onto the dendrites of rod bipolar cells with a second micropipette having a tip
diameter of 1-2 ym and attached to a custom-built microinjector. Delivery of the CPPG puff was
visualized with an Alexa-750 fluorescent dye, which could be imaged without evoking a light
response in the retina. A lack of responses to both light and CPPG will implicate postsynaptic
dysfunction, while responses to CPPG in the absence of light responses will indicate presynaptic

dysfunction.

Electrophysiology data were filtered at 500 Hz, sampled at 10 kHz, and acquired with
Symphony (https://open-ephys.org/symphony/), an open-source MATLAB-based data-acquisition

system. All reported membrane voltages have been corrected for the liquid junction potential,
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which was approximately 10 mV for the solutions used in these experiments. Data were analyzed

with custom scripts written in MATLAB. All averages are reported as mean * standard deviation.

RESULTS

Recordings of rod bipolar cells from CNGB1 KO mice 2 — 3 months old showed impaired light-
evoked responses (see Fig 2.1, and Table 2.1). For recording conditions in external Ames
solution, no light response could be evoked in 4 of 5 rod bipolar cells; however, one rod bipolar
cell produced a -40 pA photocurrent (see Fig 2.1E). In all five of these rod bipolar cells, an mGlur6-
driven current was seen upon application of 1 mM CPPG (mean: -11 + 10 pA, range: -5 to -24
pA, n = 5). For three of these cells, including the cell with the light-evoked response, recordings
were made after washing on 5 uM DL-AP4 external solution. The application of bL-AP4 had no
clear effect on the size of the CPPG induced response, with one cell showing a 14 pA decrease
in response, one cell showing no change in response, and one cell showing a 5 pA increase in
response. The cell that produced a light-evoked response in Ames solution also produced a 15
pA light-evoked response in the bL-AP4 solution. Light responses in bL-AP4 were not recorded
from the two cells that showed no light-evoked responses in Ames. Recordings were made in one
cell only in the bL-AP4 solution. This cell showed no light-evoked response and a -33 pA CPPG

driven response.

WT rod bipolar cells showed light responses in Ames solution (mean: -62 + 16 pA, n = 3).
Of note, these responses were evoked with significantly less light than used in the CNG(31 KO
mice (WT light intensities, 4x10? to 6x10° photons um; versus CNGB1 KO light intensities, 1x10°
to 2x10° photons um). All three WT rod bipolar cells produced mGIluR6-driven responses with
application of 1 mM CPPG (mean: -36 + 17 pA). For two of these cells, recordings were made
after washing on 5 yM DL-AP4 in the external solution. The application of DL-AP4 had no clear

effect on the size of the CPPG induced response, with one cell showing a large 71 pA increase
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in response, and the other cell showing 14 pA decrease in response. Both cells showed

persistent—but decreased—Ilight-evoked responses in the DL-AP4 solution.

A recording from a rod in a CNGB1 KO mouse showed persistent light-evoked responses.
As expected, the CNGB1 KO rod response was substantially smaller than the light-evoked

responses seen in WT rods (see Fig 2.2).

DISCUSSION

During RP, the degeneration of photoreceptors leads to changes in downstream retinal neurons,
including synaptic rewiring, changes in expression of synaptic structures, cell migration, and
growth of abnormal neuronal processes*®!12, This retinal remodeling disrupts the normal
information-processing circuitry of the retina, and poses a significant challenge to developing RP
treatments. Remodeling of the inner retina begins early during degeneration, and rod bipolar cell
function can be disrupted prior to the death of rods. Currently, we are making progress in
developing gene therapies that can restore normal rod function in certain forms of RP. The rescue
of rod function will not however restore vision if rod bipolar cell function remains impaired.
Understanding the early changes in retinal degeneration is critical to the development of effective

treatments.

Early impairment of rod bipolar-cell function has previously been reported in the CNGB1
KO mouse model, with evidence of disruption in rod-to-rod bipolar-cell synaptic transmission®. In
this study, | used whole-cell patch clamp recordings to determine if the rod bipolar-cell dysfunction
is presynaptic in rods or postsynaptic in the mGIuR6/TRPM1 rod bipolar-cell transduction
cascade. First, | tested for light-evoked responses with bright flashes from a monochromatic 405
nm LED. After testing for light-evoked responses, | tested for mGluR6-driven responses in the
absence of light by puffing CPPG, a weak mGIuR6 antagonist, onto the bipolar cell dendrites. The
puffing of CPPG should simulate an mGIluR6-driven light response in the rod bipolar cell. A lack
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of responses to both light and CPPG would implicate postsynaptic dysfunction, while responses
to CPPG in the absence of light-evoked responses would indicate presynaptic dysfunction. My
data confirm previous findings, which show impaired light-evoked responses of rod bipolar cells
in CNGB1 KO mice®. Rod bipolar cells that lacked a light-evoked response were still able to
produce a CPPG-driven response. These results indicate that rod bipolar cells retain mGIluR6

transduction to open TRPM1 channels, even after the loss of light-evoked responses.

In the CNGB1 KO mouse, expression of the rod CNG channel responsible for producing
the rod dark current is significantly impaired. Loss of the rod CNG channel would be expected to
lead to a decrease in synaptic glutamate release, simulating the effects of persistent light
exposure. It is unclear, however, whether rod glutamate release is decreased in the CNGB1 KO
mouse as expected, or if changes in glutamate release are altering downstream signaling. In a
healthy retina, light exposure leads to light adaptation of the rod pathway, resulting in changes in
synaptic signaling of rods and rod bipolar cells'®!°. The impaired light responses seen in CNGB1
KO rod bipolar cells could be the result of an artificially induced “light-adapted” state due to

chronically decreased rod glutamate release.

To test if CNGB1 KO rod bipolar cells are in a light-adapted state, | recorded light-evoked
and CPPG-evoked responses with and without 5 uM DL-AP4, a strong mGIuR6 receptor agonist.
If the rod bipolar cells are in a light-adapted state, the bL-AP4 should mimic the dark release of
glutamate and return the rod bipolar cells to a dark-adapted state, increasing their sensitivity to
CPPG. The results of this experiment were inconclusive, with one cell showing an increased
CPPG-driven response, one cell showing no change in the CPPG-driven response, and one cell
showing a decrease in the CPPG-driven response. Interpretation of these results is further
confounded by the technical difficulties involved with performing these experiments. With the
custom built microinjector, it was difficult to balance the solution pressure in the pipette used to

deliver the CPPG pulffs, resulting in inconsistencies in the amount of CPPG delivered with each
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puff. This puff technique needs to be optimized, and additional data need to be collected before

any conclusions can be drawn from this approach.

Future studies should directly investigate changes in rod glutamate release to confirm
presynaptic dysfunction. Additionally, my findings do not rule out the possibility that the rod-to-rod
bipolar cell synaptic dysfunction could be caused by structural synaptic changes that were not
detectable on previous histological studies. A more thorough examination of synaptic structure
with higher resolution EM imaging techniques will be needed to conclusively investigate changes

in synaptic structures between rods and rod bipolar cells.

Overall, my data suggest that the impaired rod bipolar cell function seen in the CNGB1 KO
mouse model is due to presynaptic dysfunction in rods, and that rod bipolar cells retain the ability
to produce mGIluR6-driven responses after the loss of light-evoked responses. This may explain
the findings of Wang et al (2019), showing that rod bipolar cell function in this model can be
restored following the early rescue of rod function. Wang et al (2019) also showed that rescuing
rod function at later stages of degeneration was not effective in restoring retinal function. It would
be useful to look at rod bipolar cell function at later stages of degeneration to determine if rod
bipolar cells do eventually develop defects in mGlur6-driven responses. While there is much
research still to be done, this study lays the groundwork for future investigation into early retinal

remodeling between rods and rod bipolar cells.
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Figure 2.1 Light-evoked and CPPG-evoked responses in rod bipolar cells of WT and
CNGB1 KO mice

Representative recording of a WT rod bipolar cells (A and B) and two CNGA1 KO rod bipolar
cells (C-F). Light responses (left) were evoked using a 10 ms flash from a 405 nm LED,
indicated by the arrow (light intensities used in the WT recording in A: 6x10° photons ym%; and
the CNGB1 KO recordings in C and E: 1x10° photons um-?). Following the recording of light-
evoked responses, mMGIuRG6 driven responses in the absence of light were evoked by puffing 1
MM CPPG onto the bipolar cell dendrites (right, delivery of the CPPG pulff is indicated by the
dashed line). All three of the recordings from WT rod bipolar cells showed both light-evoked and
CPPG-evoked responses, as in the representative cell shown in A and B. 5 out of 6 CNGB1 KO
rod bipolar cells showed no response to the flash of light, but were able to generate a CPPG-
evoked response, as illustrated by the representative cell in C and D. One CNGB1 KO rod
bipolar cell was able to produce a light response, and this cell also generated a CPPG-evoked

response (E and F).
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Figure 2.2 Light responses in rods of WT and CNGB1 KO mice

Representative rod recordings from a WT (A and B), and a CNG(1 KO (C and D). Light
responses (left) were evoked using 10 ms flashes from a 405 nm LED (arrow). Flash intensities
for the WT rod: 8x10?, 8x10° 4x10%, 1x102, 5x10? 1x103, and 4x10° photons uym2; and for the
CNGB1 KO rod: 9x10?, 3x10% 1x10%, 3x10%, and 1x10° photons um2 Note that the CNGB1 KO
rod is still able to produce a light-evoked response, although as expected this response is
substantially smaller and desensitized when compared to the WT rod. The maximum response
for each stimulus was normalized to the maximum response of the saturating stimulus (R/Rmax)
and plotted as a function of intensity (B and D). The curves represent the fit to the Michaelis-
Menten equation, with the intensity of the half-maximal response (l12) indicated by the dashed
lines. WT rods: average Rmax = 13 + 2 pA, average li2 = 6.2 + 1.6 x10* photons pm2, n = 4);
CNGB1 KO rod: Rmax = 3 pA, l12 = 5.2x102 photons um2, n = 1.
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CHAPTER 3:

Characterization of Cone Membrane Physiology During Secondary Cone

Degeneration in the rd10 Model of Retinitis Pigmentosa
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ABSTRACT

In retinitis pigmentosa, secondary degeneration of cones leads to loss of high-acuity central vision
and is one of the most debilitating features of the disease. Currently, we have an incomplete
understanding of the mechanisms underlying secondary cone degeneration, and there is little
known about how cone membrane physiology changes during degeneration. In this study, I
characterized changes in cone membrane physiology during secondary cone degeneration by
performing whole-cell patch clamp recordings from degenerating cones in rd10 mice. My data
support previous reports that cones maintain a normal depolarized resting membrane potential,
despite the loss of their outer segment. My findings suggest that degenerating cones have ectopic
expression of cyclic nucleotide-gated channels, which likely contribute to maintaining the
depolarized membrane potential. Additionally, | show that degenerating cones are still able to
produce small light-evoked responses, even at late stages of degeneration. The presence of a
robust voltage-gated Ca?* conductance suggests cones continue to express synaptic voltage-
gated Ca?* channels after the loss of the cone pedicle. Degenerating cones also maintain a normal
hyperpolarization-activated cyclic nucleotide-gated K* channel conductance. Together these
findings show that cones maintain much of their normal membrane physiology, an encouraging
result for future research aimed at reactivating dormant cones to restore vision to patients with

RP.
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INTRODUCTION

Retinitis pigmentosa (RP) represents a group of inherited retinal degenerative diseases
characterized by progressive photoreceptor death resulting in vision loss and eventual blindness.
RP is the most common cause of inherited blindness, with an incidence of approximately 1 in
4000 people worldwide!. RP is highly genetically heterogeneous, with over 3000 causative
mutations identified in more than 60 genes?3. The majority of genes associated with RP are rod-
specific genes, which lead to an intrinsic defect of the rod photoreceptors. As a result, retinal
degeneration in RP progresses from primary rod photoreceptor death to secondary cone
photoreceptor death. The heterogeneous nature of RP poses a major challenge to the
development of treatments, and currently there are no treatments to slow or stop the progression
of retinal degeneration in RP. There is progress being made towards the development of gene
therapies to treat some of the more common RP mutations. However, given there are thousands
of causative mutations, it is unfeasible to develop gene-specific therapies for each genetic defect.
One approach to developing mutation-independent therapies is to target secondary cone
degeneration. While rod photoreceptors mediate night vision and peripheral vision, cone
photoreceptors provide us with high-acuity daylight vision and are of paramount importance in the
majority of our functional vision. Therefore, treatments aimed at preventing secondary cone
degeneration will be both broadly applicable and have the most significant impact on patient

guality of life.

As rod photoreceptors die in RP, cones begin to show signs of dysfunction and
progressively lose their outer segments and synaptic pedicles. These dormant cone cell bodies
can persist into the late stages of RP “°, making them a potential target for vision restoration 2.
The mechanisms of secondary cone degeneration are not completely understood, but metabolic
dysfunction appears to play an important role®-*3. This effect may be due in part to the loss of rod-

derived cone viability factor (RACVF), which promotes glucose uptake in cones'*¢, Rod death
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and the loss of RACVF ultimately leads to an energy deficiency in cones. The most energetically
demanding process in a photoreceptor is the maintenance of ion gradients required to generate
membrane currents'’8, It is therefore reasonable to predict that metabolic dysfunction during
secondary cone degeneration could lead to changes in the expression of cone membrane
channels. There is, however, almost nothing known at present about how cone membrane

physiology changes during secondary cone degeneration.

In healthy cones, cyclic nucleotide-gated channels (CNG channels) in the outer segment
remain open in the dark, allowing for a large influx of Na* that generates the resting dark current.
The Na* must be removed from the outer segment by an ATP-dependent Na*/K* pump. The high
energy requirement for generating the dark current may partially explain why degenerating cones
lose their outer segment, as shortening of the outer segment would reduce the number of CNG
channels and decrease the energy required to maintain the dark current. The CNG dark current
generates a depolarized resting membrane potential, which keeps voltage-gated Ca?* channels
at the synapse open. The Ca?* influx through these channels stimulates the continuous synaptic
release of glutamate in the dark. The Ca?* that enters through the synaptic Ca?* channels must
also be removed by an ATP-dependent ion pump. Because the energy demand to maintain the
synaptic Ca?* current is even higher than that need for the dark current8, it is possible that

degenerating cones would downregulate synaptic voltage-gated Ca?* channels to save energy.

Other membrane conductance may also play an important role in secondary cone
degeneration. For example, loss of the hyperpolarization-activated cyclic nucleotide-gated K*
channel (HCN1 channel) has been thought to accelerate photoreceptor degeneration in several
models of retinal dystrophy?®. Another mystery surrounding secondary cone degeneration is the
finding that dormant cone cell bodies maintain a depolarized resting membrane potential despite
the loss of the outer segment and outer segment CNG channels’. It is unclear which currents are

responsible for maintaining the depolarized state in degenerating cones. Understanding how cone
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membrane physiology is changing during secondary cone degeneration could help us understand
the mechanisms underlying cone degeneration and identify potential targets to prevent cone loss

or to reactivate dormant cones.

To study secondary cone degeneration, | used the well-characterized rd10 mouse model
of RP. The rd10 mouse has a missense mutation in the rod-specific PDE6-B subunit?, resulting
in dysfunctional rod phosphodiesterase (PDE) and disruption of the phototransduction cascade.
Cones express a different isoform of PDE6 and are not directly affected by this mutation?. In
humans, mutations in the PDE6-8 gene account for approximately 5% of autosomal recessive
cases of RP, and mice strains with PDEG6-B mutations are excellent models for studying RP.
Compared to the rd1 mouse, which has a nonsense mutation in PDE6-8 that completely knocks
out rod PDE function??, the rd10 rods PDE maintain a low level of enzymatic activity. Rod
degeneration in the rd1 mouse is aggressive and overlaps with postnatal development, making it
challenging to differentiate the effects of retinal degeneration from those of disrupted retinal
development. The limited PDE activity in rd10 rods is sufficient to delay the onset of degeneration
until after retinal development has completed and to slow the progression of degeneration, making
the rd10 mouse a more suitable model for studying the mechanisms of retinal degeneration in
RP. Rod degeneration in the rd10 mouse begins around P16 and peaks around P21, with the
majority of rods lost by P30. Cone degeneration starts after rod degeneration, and cone cell

bodies in the rd10 mouse can survive for up to 9 months.

In this study, | performed whole-cell patch clamp recordings from degenerating cone
photoreceptors in retinal slices from rd10 mice at different stages of degeneration. Using this
powerful electrophysiological technique, | measured passive membrane properties including
resting membrane potential and membrane capacitance, | recorded light-evoked currents in
response to flashes of light, and | used voltage-clamp protocols in combination with specific

channel-blocking agents to characterize some of the major cone membrane conductances.
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MATERIALS AND METHODS

Animal Care

All experiments were performed in accordance with rules and regulations of the National Institutes
of Health guidelines for research animals, as approved by the Institutional Animal Care and Use
Committee of the University of California, Los Angeles, California. Mice were housed with ad
libitum food and water and kept under a 12 hr light cycle (12 on/12 off). Equal numbers of female
and male mice were used. Rd10 mice were originally obtained from Jackson Laboratories (strain
B6.CXB1-Pde6brd10/J), then propagated and maintained in the UCLA vivarium. Control
experiments looking at normal cone function were performed in C57BL (C57BL/6J from Jackson
Laboratories) or 129S (129SvPas from Charles River) wildtype mice, obtained as needed. No
differentiation is made between C57BL and 129S mice, and in the following both are referred to

simply as WT. Cone function was studied in animals ages 3 to 15 weeks.

Solutions

After retinal dissection, retinal tissue was kept alive in a specially formulated Ames medium (pH
7.4, osmolarity 284 mOsm), either buffered with bicarbonate (Ames-Bicarb) and bubbled with
carbogen gas (95% O, 5% COy); or, for embedding and slicing, buffered with HEPES (Ames-
HEPES) and bubbled with 100% oxygen. For certain experiments, channel-blocking agents were
added to the Ames-bicarb bath solution as follows: isradipine (ISR, 10 uM), to block L-type
voltage-gated Ca?* channels; niflumic acid (NFA 250 uM, NFA), to block Ca?'-activated CI
channels; tetraethylammonium (TEA, 25 mM), to block sustained voltage-gated K* channels;
cesium (Cs*, 5 mM), to block HCN channels; and L-cis-diltiazem (DILT, 500 pM), to block CNG
channels. The standard internal solution for whole-cell patch clamp recordings was a potassium
aspartate solution (K-Asp) containing (in mM): 125 potassium aspartate, 10 KCL, 10 HEPES, 5

NMDG-HEDTA, 0.5 CaCly, 0.5 MgCl, 0.1 ATP-Mg, 0.5 GTP-Tris, 2.5 NADPH (pH 7.3, osmolarity
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280 mOsm). For experiments investigating the presence of CNG channels, cGMP (50-100 uM)
was added to the standard internal solution. In other experiments, a cesium-TEA (Cs-TEA) based
internal solution was used to block K* conductances. The Cs-TEA internal solution contained (in
mM) 110 CsCHs0sS, 12 TEA-CI, 10 HEPES, 10 EGTA, 2 QX-314-Br, 11 ATP-Mg, 0.5 GTP-Tris,
0.5 MgClz, 1 NAD* (pH 7.3, osmolarity 280 mOsm). QX-314 is 2-[(2,6-dimethylphenyl) amino]-
N,N,N-triethyl-2-oxoethanaminium; it is a derivative of the anesthetic lidocaine and is a blocker of

voltage-gated Na* channels.

Preparation of retinal slices

Prior to each experiment, animals were dark adapted overnight. The retinal dissection and
preparation of retinal slices were performed under infrared illumination. Animals were euthanized
by cervical dislocation. The dorsal aspect of each eye was marked prior to enucleation. After
enucleation, the globes were moved to an Ames-bicarb bath. The anterior segment, including the
cornea and the lens, was carefully removed. The posterior eye cup was bisected into dorsal and
ventral halves. From one half, a rectangular section of retina was cut and then carefully separated
from the retinal pigment epithelium. The isolated section of retina was embedded in 3% low-
temperature-gelling agar dissolved in Ames-HEPES solution. The retina was sliced in cold Ames-
HEPES with a vibratome to obtain 200 um-thick slices of retina. Slices were made perpendicular
to the retina in order to obtain a cross-section of retinal tissue with intact retinal circuitry. The
retinal slice selected for recording was mounted on a recording dish; the slice was held in place
by a custom-made anchor and moved to the microscope. The remaining retinal tissue and retinal
slices were stored in a light-tight container with Ames-bicarb solution and kept at 32°C. The tissue

under the microscope was perfused with Ames-bicarb solution and kept at 35°C.
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Identifying Cones

Infrared illumination was used to view the tissue under the microscope. In WT tissue, cones can
be easily distinguished from rods by their characteristic morphological and somatic features. Cone
cell bodies are larger and slightly more elongated than rod cell bodies, and cone somata sit
primarily on the outermost layer of the outer nuclear layer (ONL). Another prominent feature of
cones is their nuclear architecture. Cone nuclei have multiple chromocenters, which create a
distinct pattern under the microscope when compared to the single chromocenter in rod nuclei.
Identifying cones in the degenerated tissue was more challenging than in WT tissue, as many of
the rod somata are swollen and have disrupted nuclear architecture. Additionally, it was difficult
to remove cell layers from the ONL of the degenerating tissue with a vacuum pipette, as is
normally done in WT tissue to expose healthy cell bodies deeper in the retinal slice. | found that
in the degenerating tissue, cones could be found along the top edge of the outer nuclear layer
and had a prominent inner segment. Targeting the inner segment was the most reliable way to

make patch-clamp recordings from cones in degenerating tissue.

Whole-cell patch clamp recordings

Whole-cell patch-clamp recordings were performed with borosilicate glass micropipettes (15-19
MOhm) filled with a K-Asp internal solution. Different internal solutions were used for specific
experiments, as noted below. Cells were broken into in the voltage-clamp mode and initially held
at -50 mV. After breaking into the cell, recordings could be made in voltage-clamp or switched to
current-clamp mode. Specific electrophysiology protocols for each experiment are described in
detail below. While in voltage-clamp, series resistance was compensated at 75-80%. Light stimuli
were delivered as bright flashes (10-20 ms) from a monochromatic 405nm LED, which is
approximately the isosbestic point of the S and M mouse cone opsins and stimulates both opsins

with nearly equal efficiency. Light intensities are given in photons ym=2 rather than in the
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conventional unit of light-activated rhodopsin (R*). Conversion from photons ym2 to R* requires
knowledge of the cone outer-segment collecting area, and degenerating cones lack an outer

segment.

For most experiments, recording pipettes included a fluorescent dye, either Alexa-750 or
Alexa-647, so that the cellular morphology could be imaged after electrophysiological recordings
were completed. Electrophysiology data were filtered at 500 Hz, sampled at 10kHz, and acquired
with Symphony (https://open-ephys.org/symphony/), an open-source MATLAB-based data-
acquisition system. All reported membrane voltages have been corrected for the liquid junction

potential, which was approximately 10 mV for the solutions used in these experiments.

Statistical Analysis

Data were analyzed with custom scripts written in MATLAB. All averages are reported as mean
+ standard deviation. Comparison between WT control data and rd10 data was performed using
the Wilcoxon Rank Sum test, a non-parametric comparison that does not assume equal variance.
A p-value of less than 0.05 was considered a significant difference. To analyze changes in
parameters over time, data as a function of time was fit with a linear regression, without fixing the
y-intercept. Linear regression produced an equation of y=xb+c, with the 95% confidence intervals
(CI) reported for the regression coefficients b and c. Fits in which the 95% CI for the slope (b)

included O were considered to have no significant change over time.

RESULTS

Membrane Capacitance

Membrane capacitance correlates with total membrane area, with a relationship of approximately
1uF cm2. Therefore, | expected to see membrane capacitance in the rd10 cones decline during
the degenerative process, as they lose their outer segments and pedicles. In line with this
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expectation, | found that membrane capacitance in rd10 cones was significantly decreased, with
an average membrane capacitance of 2 + 1 pF in rd10 cones (n = 43) compared to 6 + 2 in WT
cones (n = 22) (p<0.01). Rd10 cone membrane capacitance was already significantly decreased
at the earliest time point | examined of 3%2 weeks (Fig 3.1), and imaging showed that rd10 cones
had already lost their outer segments (see Fig 3.1C). Linear regression showed no change in WT
membrane capacitance with animal age (WT slope = 0.05, 95% CI = [-0.06, 0.17]); however, for
rd10 cones there was a small but statistically significant increase in membrane capacitance with
age (rd10 slope = 0.14, 95% CI = [0.03, 0.26]). Rd10 cones may show an increase in membrane
capacitance over time due to the growth of aberrant axonal processes, which were often seen at

later time points (see Fig 3.1D, arrowheads).

Resting Membrane Potential

| found that rd10 cones maintained a normal resting membrane potential of -50 £ 9 mV (n = 40),
compared to -47 £ 5 mV (n = 18) in WT cones (p = 0.085). Additionally, linear regression showed
no significant change in resting membrane potential with age (Fig 3.2) for either WT or rd10 cones

(WT slope = 0.51, 95% CI = [-0.46, 1.49]); (rd10 slope = -0.62, 95% CI = [-2.16, 0.92]).

To determine which channels were responsible for maintaining this depolarized state, |
measured the change in resting membrane potential with application of channel blocking agents.
The first channel | considered was the HCN1 channel, which is responsible for the i, current. The
HCNL1 channel is a major channel in the cone inner segment. In WT cones, HCNL1 is activated by
the hyperpolarizing light response and acts to speed the photoreceptor response decay, returning
the photoreceptor to a depolarized potential so that it can respond to the next light stimulus. It is

not normally active at rest.

I hypothesized that loss of the outer segment CNG channels could cause the cones to
drift to a more hyperpolarized potential, leading to abnormal activation of HCN1 channels.
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Blocking the HCN1 channel with 5 mM external Cs* solution did not however significantly change
the resting membrane potential in rd10 or WT cones (Fix 3.3A). Next, | considered the sustained
voltage-gated K* channel that is responsible for the ikx current. This channel is open at
depolarized membrane potentials and inactivates with hyperpolarization. In healthy cones, ikx is
active at rest and helps to stabilize the resting membrane potential with a small hyperpolarizing
effect. | hypothesized that degenerating cones could down-regulate expression of sustained
voltage-gated K* channels, to decrease their normal hyperpolarizing effect. Blocking the
sustained voltage-gated K* channel using 25 uM external TEA resulted in no significant change
to the resting membrane potential in rd10 or WT cones (Fig 3.3B). In WT cones, the Ca?*-activated
CI channel is active at rest. This channel has a hyperpolarizing effect on the membrane potential
and it is thought to primarily stabilize the synaptic membrane voltage. Blocking the Ca?*-activated
CI channel with 250 yuM NFA had no significant effect of the resting membrane potential in rd10

cones (n = 3; Fig 3.3C).

In examining the resting membrane potential of these degenerating cones, | frequently
saw cells with spontaneous Ca?* spikes, which were suppressed with light stimulus (Fig 3.4).
Although blocking sustained voltage-gated K* channels with TEA did not affect the resting
membrane potential, it did significantly increase the presence Ca?* spikes®24. All four of the
degenerating cones that were exposed to TEA exhibited an increase in Ca?* spiking. In contrast,
| did not observe spontaneous Ca?* spikes in any WT cones, under normal conditions or with the
addition of channel blocking agents. These data suggest that ik is still present in degenerating

cones and continues to play an important role in stabilizing the membrane potential.

CNG Channels and Light-evoked Responses
In healthy cones, the depolarized resting membrane potential is produced by CNG channels in

the outer segment. As degenerating cones lose their outer segments, they might be expected
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also to lose these CNG channels. However, | hypothesized that degenerating cone cell bodies
could have ectopic expression of CNG channels, and these channels may be contributing to the
depolarized resting membrane potential in the dormant cone cell bodies. Initially | attempted to
block CNG channels using L-cis-diltiazem. These experiments were unfortunately unsuccessful,
so | decided to take a different approach. Under normal conditions, less than 10% of CNG
channels are open in the dark. Instead of blocking these open channels, | attempted to open the

remaining closed channels by dialyzing the cell with cGMP.

In Figure 3.5A, | show the change in membrane current in a WT cone as it is dialyzed with
100 uM cGMP. The recording is started immediately upon breaking into the cell. As cGMP diffuses
into the outer segment, it opens CNG channels and produces a large inward current. The resulting
current is still light suppressible, as can be seen in Figure 3.5B. As the cell is stimulated with light,
PDE is activated and cGMP levels decrease, causing CNG channels to close. Each successive
flash of light is brighter, activating PDE more and more strongly, until PDE is able to consume
cGMP faster than it can diffuse into the outer segment from the pipette. As a result, the membrane

current went back toward the level of the normal dark current.

Dialyzing rd10 cones with cGMP produced a similar inward current (Fig 3.5C), although
this current often developed much faster in rd10 cones than in the WT cones. These results
support my hypothesis that degenerating cones have ectopic expression of CNG channels either
on the cell body or inner segment. The response to cGMP is more rapid because cGMP does not
have to diffuse through the cone cilia into the outer segment to reach channels in the outer
segment. There was no significant difference in the change in current produced by cGMP in rd10
cones at 4 weeks compared to 9 weeks (4 wks: mean = -45 £ 15 pA, n = 5; 9 wks: mean = -67 *
23 pA, n =4; p = 1.00). The average change in current in WT cones was almost twice that seen

in rd10 cones (WT: mean = -95 = 10 pA, n = 3; rd10: mean = -55 + 21 pA, n = 9; p = 0.018); the
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larger current seen in WT cones is expected, as WT cones should have significantly more CNG

channels than rd10 cones.

The rd10 cone in Figure 3.5C initially displayed a small 9 pA light-evoked response. The
presence of light-evoked responses also supports the hypothesis that degenerating cones
ectopically express CNG channels. | was able to elicit light responses from many of the
degenerating cones, despite the lack of an outer segment (Fig 3.6). Light responses could be
found at the latest time point that was studied (9 weeks). Light responses from degenerated cones
were small, with an average response of 3 + 2 pA (n = 15), and required over two orders of
magnitude more light than the WT cone saturating response (2.7x107 vs 1.5x10° photons um-?).
Nonetheless, it is still significant that any light response could be generated in the absence of an

outer segment.

Voltage-gated Ca?* Channel Conductance

For these small light responses to produce vision, they must be passed on to cone bipolar cells
through functional synapses. Morphologically, the degenerating cones appear to have lost their
axonal process and synaptic pedicle (see Fig 3.6); however, it is unclear if they maintain synaptic
connections with downstream neurons. The synaptic voltage-gated Ca?* channel is an essential
component of the cone synapse and is required for synaptic release of glutamate. The presence
of spontaneous Ca?* spikes in degenerating cones (see Fig 3.4) suggests that, although these

cones have lost their synaptic pedicle, they may continue to express voltage-gated Ca?* channels.

To make direct recordings of voltage-gated Ca?* current, | used a Cs-TEA internal solution
to block K* currents (including the HCN1-channel current and the sustained voltage-gated K*
current). The voltage-gated Ca?* channel is gated open by depolarized membrane potentials and
gated closed by hyperpolarization. To record the voltage-gated Ca?* current, | used one of two
ramp protocols. In both protocols, cells were initially held at -50 mV. In the first protocol, cells
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were stepped to -70 mV and held here for 200-500 ms to allow all the Ca?* channels to first close,
before gradually ramping the voltage up to +20 mV. In the second protocol, cells were stepped
to -100 mV and immediately ramped up to +30 mV. In both protocols, the membrane voltage was
changed at a rate of 80 mV/sec. Leak subtraction was performed by calculating the leak from a
select section of the trace prior to the opening of the Ca?* channels, where the change in current
was linear and proportional to the leak. Data from the two protocols were combined for the

population analysis.

Figure 3.7 shows the average current produced as a function of membrane voltage for WT
and rd10 cones. Degenerating cones showed a robust Ca?* current, with an average peak current
of -29 + 10 pA (n = 19). The peak Ca?* current of rd10 cones did not significantly differ from the
peak current of WT cones which was -23 + 9 pA (n = 9) (p = 0.13). Additionally, there was no
significant difference in the voltage sensitivity of the channel, with the peak current in rd10 cones
seen at an average membrane voltage of -40 £ 5 mV (n = 19) comparted to WT cones at -36 +
10 mV (n = 9) (p = 0.28). When the peak current of rd10 cones was plotted as a function of age
(Fig 3.7B), linear regression showed no significant change with time (slope = -1.15, 95% CI [-
3.51, 1.21]). WT cone Ca?" current data were primarily from 5-week-old animals, and there were
insufficient time points to analyze Ca?* current as a function of age in WT cones; no significant

change would be expected.

Light Responses in Second-order Retinal Neurons

The data from Fig 3.7 suggest that degenerating cones continue to express synaptic voltage-
gated Ca?* channels. The voltage-gated Ca?* channel is however only one component of the cone
synapse, and these data alone are insufficient to confirm the presence of functional synaptic
structures. To see if degenerating cones are able to make functional synapses, | recorded light-

evoked responses from second-order retinal neurons from retinas of 8-9 week-old rd10 mice (Fig
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3.8). By 6 weeks rod degeneration in the rd10 retina should be nearly complete?. By 8-9 weeks
it is highly unlikely that any rods are present, therefore the light responses in these second-order
neurons are most likely driven by input from degenerating cones. The recordings in Figure 3.8
are representative of 10 ON bipolar cells from four mice, 5 OFF bipolar cells from 2 mice, and 3
horizontal cells from 3 mice. Response amplitudes were quite variable, ranging from 3 to 52 pA

for ON bipolar cells, 12 to 284 pA for OFF bipolar cells, and 34 to 240 pA for horizontal cells..

HCN1 Channel Conductance

The HCN1 channel is a major ion channel of the cone inner segment. As mentioned earlier, the
HCNL1 channel is activated at hyperpolarized membrane potentials, resulting in an inward current
known at ih. To characterize the HCN1 channel conductance, cells were held at -50 mV, then
stepped to hyperpolarized potentials from -55 to -115 mV in increments of 10 mV. The protocol
also included a single depolarizing step to -45 mV to allow for the calculation of the leak current.
As can be seen in Figure 3.9A, hyperpolarizing voltage steps produced an inward current (in). The
steady-state current was calculated from the last 500 ms of each stimulus. To compare current
amplitudes of WT and rd10 cones and to look at the change in inas a function of animal age, we

used the steady-state current in response to the -105 mV step (red trace in Fig 3.9A).

Compared to WT cones, rd10 cones showed no significant difference between the steady-
state in current at -105 mV (WT mean = -56 + 20pA, n = 8; rdl0 mean = -74 £+ 34 pAn =23;p =
0.12). Figure 3.9B shows the steady-state i» current in response to the -105 mV step as a function
of animal age. Linear regression showed no significant change in i with age for either WT or rd10
cones (WT slope = -2.17, 95% CI = [-6.00,1.66], n = 8; rd10 slope = -2.12, 95% CI = [-10.51,
6.11], n = 23). Steady-state current for each stimulus was plotted as a function of membrane

potential to generate a current-voltage curve (Fig 3.9C).
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It should be noted that the current-voltage curve for i, seen here is shifted left by
approximately -10 mV when compared to the cone i, current-voltage curve reported by Ingram et
al. (2020). My i, recordings were conducted with external Ames solution without the addition of
blockers, while the i recordings made by Ingram et al included 25 mM TEA and 10 uM ISR in the
bath solution in order to block i and the voltage-gated Ca?* current. Both i and the voltage-
gated Ca?" current are inactive at hyperpolarized membrane potentials and activate with
depolarization. Therefore, while ix and the voltage-gated Ca?* currents may have contributed to
my recordings at some of the more depolarized steps, producing the left shift of the current-
voltage curve, both currents should be relatively negligible at the -105 mV step used to look at
changes in in with degeneration. Additionally, my WT recordings were made in an identical manner
as my rd10 recordings without blockers added to the Ames, and my data show no significant

difference in voltage-dependence of in in WT cones and rd10 cone under these conditions.

DISCUSSION

Cone photoreceptors provide us with high-acuity central vision, and it is the secondary loss of
cones that is the most debilitating feature of RP. There is a clear need for treatments that can
preserve or restore cone function in RP. Treatments targeting secondary cone degeneration have
the added benefit of being mutation-independent, and therefore broadly applicable to all forms of
RP. To develop such treatments, we need to have a better understanding of the mechanisms of

secondary cone degeneration and the changes cones undergo as they degenerate.

Research indicates that secondary cone degeneration is a complex and multifactorial
process; however, metabolic dysfunction has been shown to play a central role. The loss of
RACVF after the death of rods impairs cone glucose uptake®®. The resulting glucose deficiency

disrupts normal cone metabolism. Metabolic reprogram of degenerating cones is a promising
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approach to slowing cone degeneration, and recent research has identified several potential

targets for intervention®>?7,

Upregulation of the mTOR pathway in cones has been shown to prolong cone survival
and function by increasing glucose uptake and promoting anabolic metabolism. Zhang et al (2016)
identified SirtuinG, a protein that regulates the expression of multiple glycolytic genes, as a target
for metabolic reprogramming?®. They found that suppression of Sirtuin6 increased photoreceptor
glycolysis and slowed degeneration. Xue et al (2021) recently found that increased expression of
Txnip, a known regulator of glucose metabolism, promoted cone survival?®®. This finding was
somewhat surprising because Txnip is known to reduce glucose uptake and inhibit antioxidant
pathways, therefore increased Txnip expression might be expected to exacerbate cone
degeneration. However, their study suggests that Txnip expression promoted lactate metabolism,
enabling cones to use lactate as an alternative fuel source in the setting of decreased glucose

availability.

These manipulations of cone metabolism slowed the progression of cone degeneration,
but it is unclear if they can also reactive dormant cone cell bodies and promote the regrowth of
cone outer segments and cone pedicles. Wang et al (2016) showed that dormant cones are
capable of regenerating outer segments and regaining photosensitivity if provided with sufficient
access to glucose. They achieved this either through replacement of RACVF by transplanting WT
rods or by direct glucose injection into the subretinal space®. Optogenetics is another approach
that can be used to restore photosensitivity to dormant cones. Buskamp et al (2010) used
halorhodopsin, a light-gated chloride ion pump, to restore photosensitivity to cones. They showed

that halorhodopsin-expressing cones could drive light responses in retinal ganglion cells’.

Despite the significant interest in treating secondary cone degeneration, there is little
known about how cone membrane physiology changes during degeneration. In this work | have
characterized the membrane physiology of degenerating cones in the rd10 mouse model of RP.
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| found that cones lose their outer segments early in the degenerative process. At the earliest
timepoint investigated (3“2 weeks old), rd10 cones already had a significantly decreased
membrane capacitance, and imaging showed no evidence of an outer segment or pedicle.
Despite the loss of the outer segments, these cones continued to maintain a depolarized resting
membrane potential, supporting previous reports by Buskamp et al (2010). | showed that the
HCN1 channel responsible for in and the sustained voltage-gated K* channel responsible for
generating the ik« do not significantly contribute to depolarizing the membrane at rest. However,
ix does appear to play a role in stabilization of the membrane potential, as blocking ik with 25 uM
TEA resulted in the generation of spontaneous Ca?* spikes. These results are in line with reports

on the normal function of ik in healthy photoreceptors?324,

Dialyzing degenerated cones with cGMP resulted in a large inward current. In combination
with my finding that degenerated cones have persistent light responses, these cGMP experiments
suggest that degenerating cone cell bodies have ectopic expression of CNG channels. In support
of this conclusion, Xu et al (2021) recently found evidence that CNG channels contribute to the
depolarized membrane potential in cones without an outer segment°. While investigating the
effects of knocking out cone opsins, they found that opsin-deficient cones maintain a depolarized
resting membrane potential in the absence of an outer segment. Additionally, they showed that
the current maintaining the depolarized potential is carried by Na*, as would be expected for the
CNG channel current. It is still possible some other Na* channel that is sensitive to changes in
cGMP could be carrying this depolarizing current, although this seems unlikely. Unfortunately,
neither Xu et al nor | myself were able to successfully block cone CNG channels in WT cones
using L-cis-diltiazem. Because L-cis-diltiazem is a specific blocker of CNG channels, these
experiments would have provided strong evidence for the presence of ectopic CNG channels in
degenerated cones. Ectopic CNG channel expression may be able to be verified in future studies

with immunohistochemistry, or by measuring RNA expression in degenerating cones.
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One of the most surprising findings of my study was the presence of light-evoked
responses in degenerating cones. These light responses were small, averaging only 3 pA, and
were significantly desensitized, requiring two orders of magnitude more light than the WT cone
saturating response. In healthy cones, the outer segment is highly specialized to optimize
photodetection. The probability of light absorption depends on the concentration of opsins and
the length of the outer segment. Additionally, outer segment disks provide a compartmentalized
region for the components of phototransduction to interact. It is therefore unsurprising that light
responses recorded from cones lacking outer segments were small and significantly desensitized.
Nonetheless, light-evoked responses were present in some cells even at the latest time point

investigated (9 weeks-old).

A recent study looking at opsin-deficient cones also recorded light-evoked potentials from
cones that lacked outer segments; however, they showed that these responses originated from
rods and were transmitted to cones through gap junctions®. It should be noted that the cone-
opsin knockout mouse model they used does not have rod degeneration. While it is possible that
there was a rod component to the light-evoked responses | recorded in cones from younger rd10
mice, | continued to see light-evoked cone responses at later stages of retinal degeneration, when
there were no rods remaining. This observation indicates that degenerated cones are able to
generate light-evoked responses without an outer segment. If this is true, it not only supports the
presence of ectopic CNG channel expression but also suggests continued expression of all the
components of phototransduction including rhodopsin. Recording from degenerating cones in the
presence of a gap junction blocker would confirm that the light-evoked responses seen in my
experiments originate from cones. Additionally, single-cell RNA sequencing of degenerating

cones would be helpful in confirming the continued expression of phototransduction proteins.

Degenerating cones showed a robust voltage-gated Ca?* current that was not significantly

different from the voltage-gated Ca?* current in WT cones, despite the fact that the degenerating
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cones lacked a cone pedicle on imaging. Continued expression of voltage-gated Ca?* channels
could allow for synaptic transmission of light responses, and, indeed my recordings from second
order neurons in 8-9-week-old rd10 animals show that degenerating cones are able to drive light
responses in downstream neurons. There data are supported by the finding of Lin et al (2008)
showing the presence of synaptic ribbons on aberrant axonal processes of degenerating cones®.
Additionally, the finding that expression of halorhodopsin allows dormant cones to drive RGC
responses supports the idea that degenerating cones maintain some synaptic connections with

second-order retinal neurons’.

Overall, my results indicate that there are surprisingly few significant changes in cone
membrane physiology, even at late stages of degeneration. My work characterizes only a few of
the major cone conductances, and future electrophysiology studies should look at other
membrane conductances, such as the Ca?*-activated Cl- and K* conductances, as well as
transient voltage-gated K* conductances. Looking at the effects of knocking out individual
membrane channels in RP mice may also reveal important roles for these conductances, and my
lab is currently working on generating these animal lines. The electrophysiology data from my
study would also be enhanced by a more detailed analysis of structural and genetic changes
occurring during secondary cone degeneration. Changes in cone synaptic structure are of
particular importance, as any attempts to restore vision through reactivation of dormant cones will
require functional synaptic connections with downstream retinal neurons. Additionally, changes
in downstream bipolar cells and retinal ganglion cell responses should also be examined more
closely. While there is still much research to be done, the results of my experiments are
encouraging and suggest that degenerating cones maintain much of their normal physiology,

making them a promising target for vision restoration in RP.
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Figure 3.1 Membrane capacitance as a function of age

A) Membrane capacitance was measured for WT cones (gray, n = 22) and rd10 cones (blue, n
= 42) and plotted as a function of animal age. Dash lines represent a linear fit. B-D) Images of
cones filled with Alexa-750 from a WT mouse (B), and rd10 mice ages 4 weeks old (C), and 9
weeks old (D). Note the large outer segment (asterisk) and cone pedicle (arrow) of the WT
cone. Scale bar, 20 ym. Membrane capacitance in rd10 cones was significantly decreased, with
an average membrane capacitance of 2 + 1 pF in rd10 cones (n = 43) compared to 6 £ 2 in WT
cones (n = 22) (p < 0.01, Wilcoxon Rank Sum test). This decrease is already apparent at 3%
weeks, the earliest time points examined, and imaging shows that rd10 cones have already lost
their outer segments at this age (see image C). There is no significant change in membrane
capacitance with age for WT cones (WT slope = 0.05, 95% CI = [-0.06, 0.17]), however for rd10
cones there is a small but statistically significant increase in membrane capacitance with age
(rd10 slope = 0.14, 95% CI = [0.03, 0.26]). This increase may be due to the growth of aberrant

axonal arbors (arrowheads in D).
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Figure 3.2 Resting membrane potential as a function of age

Resting membrane potential was measured for WT cones (gray, n = 18) and rd10 cones (blue,
n = 40) and plotted as a function of age. Dashed lines represent a linear regression. There is no
significant change in resting membrane potential with age for either WT or rd10 cones (WT
slope=-0.51, 95% CI = (-0.46, 1.49)); (rd10 slope=-0.62, 95% CI = (-2.16, 0.92)). Additionally,
the resting membrane potential of rd10 cones does not significantly differ from WT cones (rd10

mean = -50 £ 9 mV, WT mean =-47 + 5 mV, p = 0.085, Wilcoxon rank sum test).
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Figure 3.3 Change in resting membrane potential with drug washes

To assess the contribution of I, and |, to the resting membrane potential, the change in resting

membrane potential was measured in Ames, after washing on an external channel blocking
agent, and after washing off the channel blocker. WT cones are shown in black and rd10 cones

in blue; dotted lines represent individual cells, solid lines represent average data, bars represent
standard of deviation. A) Blocking I, using 5 mM Cs had no significant effect on resting
membrane potential in either WT (n = 2) or rd10 cones (n = 6). B) Blocking I, with 25 uM TEA
had no significant effect on resting membrane potential in either WT (n = 4) or rd10 cones (n =

4). C) Blocking Ca2+—gated Cl channels with 250 uM NFA had no significant effect on resting

membrane potential in rd10 cones (n = 3).
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Figure 3.4 Calcium spikes in degenerating cones

A) Spontaneous calcium spike (left) in a degenerating cone from a 9-week-old rd10 animal
which are suppressed by a bright flash of light (right, flash indicated by the arrow). B) Washing
on 25uM external TEA triggers calcium spikes in a degenerating cone from a 5-week-old rd10
animal. C) Enlarged view the membrane voltage of the cell in B while in Ames solution (left) and
after washing on TEA (right).
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Figure 3.5 Change in resting membrane current with dialysis of cGMP

To test for the presence of CNG channels in the degenerated cones, cells were dialyzed cells
with 100uM cGMP, added to the standard K-Asp internal solution. Because less than 10% of
CNG channels are open at rest, the dialyzed cGMP should produce a large inward current as is
opens the closed CNG channels. A) Change in current with cGMP in a WT cone. Recording
was started immediately upon breaking into the cell. Note the delay before the inward current
develops, as cGMP must diffuses out to the outer segment. B) The current produced by cGMP
was still light suppressible. Once the cell from panel A reached a new steady state current, it
was exposed to 10ms flashes from a 405nm LED as indicated by the arrows. Each successive
flash increased in intensity, activating PDE more strongly. With the last flash PDE is consuming

cGMP faster than it can diffuse back into the outer segment from the pipette, causing the
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membrane current to return to the normal dark current. Flashes intensities: 6.Ox102, 7.5x103,

8.0x104, and 2.5x10° photons pm'2 sec”. C) Change in current with cGMP in a degenerating
cone from a 9-week-old rd10 retina. The recording was started immediately upon breaking into
the cell. In this recording the cone was periodically flashed with a bright light at the start of the
protocol, as well as at the end (indicated by the arrows). Note that this cell initially showed a

relatively large light response. Light stimulus was a 10ms flash from a 405nm LED delivering

2.7x10’ photons pm'2 sec’. Asa control, the gray dashed line represents the average change in
membrane current over time when recording from rd10 cones using regular K-Asp internal (n =

13).
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Figure 3.6 Light-evoked responses in degenerating cones

Small light responses were seen in many of the degenerating cone cell bodies. Panel A shows
a WT cone light response (left) and image (right) Panel B shows a light response and image
from a degenerating cone in a 6 week old rd 10 retina; note the difference of scale for the
photocurrent on the x-axis. Photoresponses were produced using 10ms flashes from a 405nm
LED, indicated by the arrow. The flash intensity used to evoke responses from the WT cone
were: 3.0x10?, 4.0x103, 1.5 x10%, 4.0x10%, and 1.5x10° photons um2 sec™. The flash intensity

used for rd10 cones was: 2.7x107 photons um2 sec™. Images of each cell were taken after the
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recording. The cells were filled with Alexa-750 added to the K-Asp internal solution. Both
images are oriented with the photoreceptor layer at the top-right. In B, note that the outer
nuclear layer is almost entirely degenerated and only a few cone cell bodies remain. The filled
cone lacks an outer segment or cone pedicle, which are both clearly visible in the WT cone from
A. Scale bars 20 ym. In rd10 retinas, light-evoked responses were seen in 4 of 4 cones at 3.5-

weeks-old, 7 of 10 cones at 6-weeks-old, and 1 of 3 cones at 9-weeks-old.
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Figure 3.7 Voltage-gated ca” current

The voltage-gated Ca?* current was recorded using a ramp protocol with a Cs-TEA internal

solution to block voltage-gated K" currents. Panel A shows the average current generated as a

function of membrane voltage for WT (gray, n = 9) and rd10 (blue, n = 19) cones. Shaded area

represents the standard of deviation. Points indicate the average peak current, with error bars

representing the standard of deviation. Degenerating cones showed a robust ca”’ current, and

there was no significant difference in the peak current between the rd10 and WT cones (rd10
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mean = 29 = 10 pA; WT mean = 23 + 9 pA; p = 0.13, Wilcoxon Rank Sum test). Additionally,
there was no significant difference in the voltage sensitivity of the channel, with the peak current
in rd10 cones seen at an average membrane voltage of -40 £ 5 mV compared to WT cones
at-36 + 10 mV (p = 0.28, Wilcoxon Rank Sum test). Panel B shows the peak current of rd10
cones as a function of age. Linear regression (dashed line) showed no significant change in the

peak current with time (slope = -1.15, 95% CI [-3.51, 1.21]).
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Figure 3.8 Light-evoked responses in second-order retinal neurons

Light-evoked responses (top) and images (bottom) of second-order neurons from rd10 animals
ages 8-9 weeks old. A) an ON Bipolar Cell, B) an OFF bipolar cell, C) a horizontal cell. Stimuli
were 10 ms flashes at 405 nm (arrow); flash intensities were 6.1x10?, 2.4x103, 2.6x10%, and
1.5x107 photons ym2in A; 2.4x103, 2.6x10%, 2.6x10° and 5.4x107 photons pm2in B; and
2.6x10°, 8.7x10°, 9.1x108, and 3.0x10’ photons um in C. Images of each cell were taken after
the recording. The cells were filled with Alexa-750 added to the K-Asp internal solution. Images
are oriented with the photoreceptor layer at the top, however note the complete absence of an
outer nuclear layer. In A and B, note the long axonal process of the bipolar cell extending into
the inner plexiform layer. In C, note the long dendritic processes of the horizontal cell extending

along the outer edge of the inner nuclear layer. Scale bar: 20 um.
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Figure 3.9 HCN1 channel current

The HCN1 channel current i, was recorded using a step protocol. Cells were held at -50 mV,
then stepped to hyperpolarized potentials from -55 to -115 mV in increments of 10 mV. A)
Average inward i, current produced by hyperpolarizing voltage steps seen in rd10 cones (n =
23). The steady-state current was calculated from the last 500ms of each step, indicated by the
thick bar. B) The steady-state current of the -105 mV step (red trace in A) was plotted as a
function of animal age for WT (gray, n = 8) and rd10 (blue, n = 23) cones. There was no

significant difference in the steady-state i, current at -105 mV between WT and rd10 cones (WT

mean = -56 + 20pA, n = 8; rd10 mean = -74 + 34 pA, n = 23; p = 0.12, Wilcoxon Rank Sum
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test). Linear regression (dashed lines) showed no significant change in i, with age for either WT
or rd10 cones (WT slope =-2.17, 95% CI = [-6.00,1.66], n = 8; rd10 slope = -2.12, 95% CI = [-
10.51, 6.11], n = 23). C) Steady-state current for each stimulus was plotted as a function of
membrane potential to generate a current-voltage curve. Shaded area represents SD. There

was no significant difference in the voltage-dependence of i, in WT and rd10 cones.
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A universal feature of the visual system
in all previously studied vertebrates
is the division of information into
pathways specific for the onset and
offset of illumination, called ON and
OFF pathways [1]. ON and OFF
pathways have a central role in the
detection of contrast and combine
in downstream neurons to produce
complicated receptive fields, which
detect diverse aspects of the visual
world. This ON/OFF division occurs at
the first synapse of the visual system
between the photoreceptor cells — the
rods and cones, and separate groups
of ON and OFF bipolar cells [2]. We
now show that the separation of visual
information into ON and OFF pathways,
and the novel metabotropic glutamate
receptors which underlie ON bipolar
cell light-evoked responses, are both
present in the retina of lamprey. The
simplest interpretation of this result is
that ON and OFF bipolar cells were
already present over 500 million years
ago when cyclostomes diverged from
other vertebrates in the late Cambrian,
and that this fundamental organizing
principle of the visual system probably
arose not long after vertebrates first
appeared.

Vertebrate photoreceptors remain
depolarized and continuously
release glutamate in darkness; light
hyperpolarizes their membrane potential
and decreases glutamate release. In
OFF bipolar cells, the glutamate binds
to AMPA/kainate receptors, with the
result that the bipolar-cell membrane
potential is depolarized in darkness
and hyperpolarized by light. ON bipolar
cells, in contrast, use a G-protein
signal transduction cascade based on
the mGIuRe6 receptor and the TRPM1
channel [2]. Glutamate binds to the
mGIuR6 receptor in darkness and
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Figure 1. Voltage-clamp recordings from lamprey bipolar cells in retinal slices.

Cells were perfused in Ames’ medium and maintained at a holding potential of -60 mV. (A) OFF
and (B) ON bipolar cell filled with Alexa Flour 750 and imaged after the recording. The fluorescent
images are overlaid with full-field infrared images. Dendritic and axonal arbors extend above and
below the cell bodies. The photoreceptor layer is at the top of each image. Scale bars: 50 pm.
Insets show light responses to a single, near-saturating 10-ms light stimulus indicated by ar-
rowheads; flashes were 970 (in A) and 140 (in B) 502-nm photons pym™. Inset scale bars: 5 pA
and 500 ms. (C-F) bL-AP4 blocks light response in an ON bipolar cell. (C) Responses to a series
of 10 ms 405-nm flashes indicated by the arrowhead, at the following strengths: 3, 10, 30, 100,
300, 990, 3000, 9900 photons pm2. (D) Responses to the same set of light stimuli as in (C) after
perfusion with Ames’ medium containing 50 pM DL-AP4, which completely blocked the light re-
sponse. (E) Response family after returning to Ames’ medium. (F) Maximum inward current from
16 ON bipolar cells in Ames’ medium, after perfusion with bL-AP4, and after returning to Ames’
medium (Rec.). DL-AP4 completely blocked the light response in all cells. Ten cells recovered their
light responses after returning to Ames’ medium, and 6 cells showed no recovery. In two of the
recordings we used L-AP4 (the active isomer) instead of DL-AP4, with results similar to the racemic
mixture. The recording presented in panels C-E is highlighted in red.

keeps TRPM1 channels mostly closed; vertebrates during the late Cambrian

light decreases activation of mGIuR6
and allows the channels to open,
depolarizing the cell and inverting the
photoreceptor signal. The ON bipolar
light response is, we believe, the only
known example of a metabotropic
glutamate receptor acting as the
primary postsynaptic mediator of
synaptic transmission.

We were curious to know whether
ON and OFF pathways and mGIuR6
receptors are also present in the retina
of lamprey. Lamprey are cyclostomes,
a line that separated from all other
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[3]. Earlier research has shown that
lamprey rods and cones share many of
the same transduction proteins as the
photoreceptors of other vertebrates
[4] and respond to light in a nearly
identical manner [5,6], indicating that
the mechanisms of phototransduction
were established in vertebrates quite
early. However, the organization of
the remainder of the lamprey retina is
rather different from other vertebrates
[7]. In the lamprey, the nerve fiber
layer runs within the retina between
the inner nuclear layer (INL) and the
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inner plexiform layer (IPL), with retinal
ganglion cell bodies distributed in both
the ganglion cell layer and the INL.
Additionally, some retinal ganglion
cells extend dendrites into the outer
plexiform layer (OPL), suggesting
that they may synapse directly with
photoreceptors. These differences
indicate that signal processing in the
lamprey retina may diverge significantly
from other vertebrates.

To explore this possibility, we made
patch-clamp recordings from cells
in the INL of lamprey retinal slices,
using methods we have previously
described [8]. We discovered clear
examples of both OFF and ON bipolar
cells (Figure 1A,B), with responses
and morphology similar to those in the
retina of other vertebrates [9]. Both
kinds of cells had dendritic terminations
in the OPL and axonal terminations
in the IPL, and some had a process
extending beyond the OPL up into
the photoreceptor layer (not shown in
Figure 1), similar to the Landolt club of
lower vertebrates [10]. Light stimulation
of the retina produced changes in
current in both kinds of bipolar cell.
The cell in Figure 1A is representative
of 10 recordings for which full-field
light produced an initial outward
current response in voltage clamp and
a hyperpolarization in current clamp;
these were therefore OFF cells. The
cell in Figure 1B is representative of
35 recordings for which light produced
an initial inward current response in
voltage clamp and a depolarization in
current clamp; these were therefore ON
cells. In many cells, the initial inward
or outward current was followed by a
delayed response producing a rapid
inflection in the response waveform.
This inflection may be produced in part
by the different time courses of rod and
cone inputs to the bipolar cell [5,6] and/
or surround inhibition from horizontal
cells.

To investigate the synaptic
receptors underlying the ON bipolar-
cell responses, we applied DL-
AP4, a specific agonist of group Il
metabotropic glutamate receptors,
including mGIuRB. In vertebrates, DL-
AP4 blocks the responses of ON bipolar
cells by activating mGIuRS, thereby
driving TRPM1 channels further into the
closed state and preventing a light-
evoked response [2]. In Figure 1C-E, we
show the responses of an ON bipolar

cell to a series of flashes of increasing
intensity. We then perfused the retina
with 50 pM DL-AP4, which completely
eliminated the light responses

(Figure 1D). When DL-AP4 was washed
off (Figure 1E), the responses returned.
These recordings are representative

of 16 similar experiments, 10 of which
showed full recovery after washout
(Figure 1F). While not every cell
recovered, it is notable that the light-
evoked response was suppressed in
every ON bipolar cell we exposed to
DL-AP4.

These experiments indicate that the
lamprey retina establishes ON and OFF
pathways at the level of the bipolar
cells. Furthermore, the ON pathway
is mediated by glutamate receptors
sensitive to DL-AP4 similar to the ON
bipolar cells of other vertebrates,
suggesting that the lamprey glutamate
receptor is also mGIuR6. Because
the mechanism of the ON bipolar-
cell response is novel and unique to
retina, we think it highly unlikely that
the formation of this response could
have emerged by parallel evolution
in the retinas of lamprey and other
vertebrates. The more likely explanation
is that the fundamental division of
retinal processing into ON and OFF
pathways and the metabotropic
mechanism producing the ON bipolar-
cell response first appeared in the
Cambrian and have remained relatively
unchanged for 500 million years.

Our preliminary findings indicate
that both ON and OFF bipolar cells
can receive input from rods and
cones. It remains to be seen whether
separate classes of bipolar cells
process distinct aspects of these
photoreceptor signals. In addition,
preliminary recordings from horizontal
cells resemble those in other species.
Thus, the OPL of lamprey retina seems
to be organized much as in other
vertebrates. We have occasionally
encountered responses resembling
those of vertebrate amacrine and
ganglion cells but have not studied
them in detail. It will be interesting to
establish whether ganglion cells also
come in ON and OFF varieties and to
explore the organization of the laPL,
given the striking peculiarities of the
anatomy of the lamprey inner retina [7].
We hope that continued investigation
of the structure and function of lamprey
retina will provide further insight into
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the evolution of vertebrate mechanisms
of visual integration and contrast
detection.
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