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Introduction:

Our understanding of retinal structure and function has been a 150 year journey through
biological science with the goal of understanding precisely how the retina is
anatomically composed and how that structure interacts physiologically. Unfortunately
this goal while close to completion in some areas, remains woefully lacking in complete
detail of development, participants, connectivity, physiology and pathology, particularly
in disease processes. This chapter examines the retina in disease and will attempt to
clarify some of the long misunderstood aspects of retinal pathology, discussing how
those pathologies impact bionic and/or biological strategies in the rescue of vision.
Other chapters in this book will discuss bionic and biological approaches to delaying or
“curing” vision loss using various prosthetics, leaving this chapter to function as a
biological primer of sorts to introduce some of the biological realities that any
therapeutic intervention will have to deal with as all of the inherited retinal degenerations
studied to date reveal a biological moving target that must be considered prior to
therapy.
The question of whether or not the neural retina is receptive to bionic or biological
intervention is one that historically has been investigated without consideration of the
actual disease process neural systems proceed through when they experience loss of
photoreceptors. Though the neural retina grossly appears to survive photoreceptor loss
in diseases such as retinitis pigmentosa (RP) and age-related macular degeneration
(AMD), the reality is that the retina is no different from other CNS pathways when their
afferent inputs are lost. When photoreceptor inputs are lost, the retina engages in a
wide variety of remodeling events driven by loss of signaling inputs. These
transformations include glial hypertrophy and possible hyperplasia, neuronal
translocations, neuronal loss and the emergence of retinal circuit alteration with the

formation of novel synaptically active neuronal processes. These new processes are
perhaps the most significant impediment to prosthetic retinal rescue through bionic or
biological interventions as the disease process corrupts and modifies the normal visual
information processing so as to make it indecipherable by the visual cortex. If we are to
proceed, vision rescue strategies need to contend with the biological realities of retinal
remodeling.
Background:
The effort to build, design and implement neuroprosthetic devices has been challenging
due to not just the complexity of the retina, but also the difficulty of dealing with a
complex, reactive biological tissue that changes its fundamental connectivity in disease
processes. Efforts from a variety of labs now make it clear that the neural retina does
not adopt a passive role with respect to photoreceptor degenerations and that extensive
alterations and remodeling occur from the molecular scale up through the synaptic,
cellular and tissue levels (Kolb and Gouras, 1974; Li et al., 1995; de Raad et al., 1996;
Fletcher and Kalloniatis, 1996; Fariss et al., 2000; Machida et al., 2000; Strettoi and
Pignatelli, 2000; Strettoi et al., 2002; Jones et al., 2003; Marc and Jones, 2003; Marc et
al., 2003; Strettoi et al., 2003; Cuenca et al., 2004; Cuenca et al., 2005; Jones and
Marc, 2005; Jones et al., 2005; Pu et al., 2006; Aleman et al., 2007; Marc et al., 2007;
Specht et al., 2007; Sullivan et al., 2007; Marc et al., 2008; Stasheff, 2008). Regardless
of whether the intervention is survival factor delivery (Faktorovich et al., 1990, 1992),
genetic (Bainbridge et al., 2008; Maguire et al., 2008), cellular (Young et al., 2000; Gias
et al., 2007; Vugler et al., 2007) or bionic (Humayun et al., 1996; Zrenner, 2002b, a;
Lakhanpal et al., 2003; Eckhorn et al., 2006; Yanai et al., 2007), approaches will have to
address the ongoing process of neuronal death, alterations to gene expression,
neuronal circuit rewiring and migration and the elaboration of novel glial barriers. While
these prospects may appear daunting, prosthetic devices may in fact be the ideal
intervention with which to rescue and reconfigure neural retinas altered by disease.
Retinal Disease and its Diversity:
Retinal disease including the well characterized retinitis pigmentosa (Figure 1) with an
incidence of 1-4000 (Bunker et al., 1984) and the less well understood, yet far more
prevalent age related macular degeneration affect millions of people world wide. While
RP affects a significant portion of the population, AMD is far more common with an
incidence in the United States alone estimated to reach 3 million by 2020 (Friedman et
al., 2004). Indeed, it has been estimated that AMD is the leading cause of new cases of
blindness in Americans over 60 with an estimated 18% of Americans between 65 and
74 and 30% of Americans older than 74 showing signs of early AMD (Zarbin, 2004).
Regardless of the form retinal degenerative disease takes, the final common pathway of
photoreceptor loss followed by downstream reactive biological processes results in a
system that has proven difficult to rescue. While rescues of vision targeted towards the

anterior eye have been possible for a great many years due to the accessibility and
amenability of the tissues involved to pharmacological and surgical interventions, retinal
disease presents a significantly larger challenge that has proven more difficult to
combat due to its complex and progressive nature and the number of potential gene loci
involved. These diverse pathological insults currently number close to 200 gene defects
associated associated with various retinal diseases http://www.sph.uth.tmc.edu/RetNet/
including AMD, RP, diabetic retinopathy and glaucoma. These disease loci are located
on 23 different genes in addition to mitochondrial gene loci and result in vision loss
through diverse mechanisms including defects in retinal pigment epithelium cells seen
in recessive Leber congenital amaurosis (Gu et al., 1997; Aguirre et al., 1998; Morimura
et al., 1998), defects in the ATP binding cassette transporter seen in recessive Stargardt
disease (Allikmets, 1997; Allikmets et al., 1997a; Allikmets et al., 1997b; Cremers et al.,
1998; Allikmets, 2000) , the c-mer protooncogene receptor tyrosine kinase (D'Cruz et
al., 2000; Gal et al., 2000; Duncan et al., 2003), alterations in cilia function and
intraflagellar transport (Li et al., 2004; Yen et al., 2006), arrestin (Sommer et al., 2005;
Sommer and Farrens, 2006), and transducin defects (Dryja et al., 1993; Zeitz et al.,
2008), rod cGMP phosphodiesterase defects (McLaughlin et al., 1993; Huang et al.,
1995; McLaughlin et al., 1995), metabotropic glutamate receptor defects (Dryja et al.,
2005; Zeitz et al., 2005), peripherin defects (Clarke et al., 2000), fatty acid biosynthetic
enzymes (Zhang et al., 2001; Vasireddy et al., 2007), and a diverse assortment of other
gene loci encoding proteins responsible for signaling (Chen et al., 2000; Hu and
Wensel, 2002; Hu et al., 2003; Wensel, 2008).
Defects for AMD are likely as numerous and complex as the RP causes, (Kaplan et al.,
1993; Allikmets et al., 1997a; Cremers et al., 1998; Molday et al., 2000; Stone et al.,
2004; Wang et al., 2004; Edwards et al., 2005; Hageman et al., 2005; Jakobsdottir et
al., 2005; Dewan et al., 2006; Gold et al., 2006; Cameron et al., 2007; Maller et al.,
2007; Yates et al., 2007; Boon et al., 2008; Chen et al., 2008), yet are dependent upon a
number of potential gene defect interactions that over time and with the accumulation of
other risk factors result in retinal degeneration of the central portion of the retina
responsible for high acuity vision (Yates et al., 2007). Additionally, because no one
specific cause of AMD has been identified, there is some difficulty defining a precise
definition complicated by significant overlap of clinical manifestations. Indeed there is
even some degree of controversy over whether or not the pathophysiological processes
responsible for many of the sequelae of AMD including drusen accumulation,
geographic atrophy, pigmentary changes and alterations in the vascular network are
even directly related. Whatever the mechanism(s) involved, the end result of AMD is
likely the same; photoreceptor cell death followed by retinal remodeling.

Figure 1: Fundascopic image from 46 year old male with a diagnosis of X-linked retinitis
pigmentosa, showing ʻpigmented bone spiculesʼ, accumulations of pigment epithelium
that are formed by migration of the pigment epithelium into the neural retina along glial
columns. These clinically pathologic findings are often seen in the peripheral retina in
patients with RP.

Retinal remodeling:
While work prior to the last decade assumed that retinal degenerative disease only
affected the sensory retina, it is now commonly understood that these diseases also
involve the neural retina to dramatic fashion (Jones et al., 2003; Strettoi et al., 2003;
Sullivan et al., 2003; Jones and Marc, 2005; Jones et al., 2005; Aleman et al., 2007;
Marc et al., 2007; Specht et al., 2007; Sullivan et al., 2007; Marc et al., 2008). The
reality of retinal degenerative disease and the subsequent changes that occur to the
anatomy and physiology of the retina present profound difficulties to prospects of
rescue, whether that rescue is biologically based or bionic in nature. Retinas that have
lost their principal inputs, the photoreceptors, have been effectively deafferented and
undergo changes to their circuitry early and likely initially clinically occult. Regardless of
the initial molecular or environmental insult, the proverb omnes viae Romam ducunt or
all roads lead to Rome summarizes where these mechanisms take us with respect to
retinal remodeling. All defects resulting in loss of photoreceptor input to the neural
retina initiate a series of events that change the fundamental ground truth of the retinal
neural circuitry. This alteration in how the retina processes signals presents a

significant challenge to retinal rescue through bionic prosthetic devices or biological
interventions and it can be argued that most approaches to intervention have waited far
too long in the degenerative process to hope for any substantiative visual rescue. By
the time photoreceptors are gone (Figure 1), the changes to wiring are well underway.
Most implant strategies presume substantial survival of retinal outflow architectures and
while it has long been claimed that the neural retina remains unchanged after the death
of the sensory retina, this perspective is incorrect. In retinal degenerations, the neural
retina undergoes a series of phases initiated by a period of photoreceptor or retinal
pigment epithelial cell stress (Figure 2). The standard metabolic phenotypes of some
cells (Müller cells) becomes altered possibly indicating fundamental changes in the
abilities of these cells to maintain their function and viability, but neuronal metabolic
profiles appear to be maintained until cell death. Initially clinically occult changes also
occur to the circuitry of the neural retina as well in even early stages of retinal
degeneration. Subsequent to phase one, the neural retina enters into a phase of outer
nuclear layer modification that includes photoreceptor cell death, apparent death of
bystander neurons, phagocytic consumption of dying neurons and the walling off or
entombment of the remnant neural retina beneath Müller cell processes. The final
tertiary phase of retinal degeneration occurs as the retina enters a protracted period of
remodeling characterized by disruption of topology by glial hypertrophy and continued
neuronal migration, continued neuronal cell death and extensive rewiring with
elaboration of de novo neurite and synaptic formation (Jones et al., 2003; Marc et al.,
2003; Jones and Marc, 2005; Jones et al., 2005). Late in the course of retinal
degeneration, neuronal death becomes extensive. Though many neurons persist after
death of the sensory retina, all are susceptible to cell death in varying fractions and
patterns. Focal depletion of the inner nuclear layer is common and some genetic types
of photoreceptor degenerations express massive ganglion cell loss in large patches of
retina. In the most extreme cases, the Müller cell seal breaks down and neurons do in
fact emigrate from the retina into the remnant choroid (Jones et al., 2006).
These three phases of retinal remodeling culminate in the rewiring of all cell classes and
essentially reprogram the retina rendering the circuitry incapable of processing visual
data and delivering those data to visual cortex (Marc et al., 2007). It should be noted
that even though the first report of aberrant circuity in the human RP retina goes back to
1974 (Kolb and Gouras, 1974), the concept of neural remodeling events are abundant
in the epilepsy literature (Pollard et al., 1994; Sutula, 2002; Koyama et al., 2004) and
the vision community is coming late to the game. These alterations in retinal
morphology and physiology are seen across the spectrum of retinal degenerations from
inherited (Fletcher and Kalloniatis, 1996) to engineered (Jones et al., 2003) and induced
photoreceptor degenerations (de Raad et al., 1996) with changes occurring relatively
early after photoreceptor cell stress and death (Marc et al., 2007).

Figure 2:
1 Truncation of photoreceptors
2 Rod axon extension
3 Cone axon extension
4 Rod bipolar cell dendrite
retraction
5 Cone bipolar cell dendrite
retraction
6 Horizontal Cell axon
remodeling
7 Glial seal
8 Phenotype revisions
9 Neurite fascicle formation
10 Microneuroma formation
11 Neuronal migration
12 Neuronal death
13 IPL rewiring
14 Laminar deformation
A schematic representation of
the three stages of retinal
degeneration showing both rod
and cone photoreceptors, rod
and cone bipolar cells, ganglion
cells, a horizontal cell,
GABAergic amacrine and
glycinergic amacrine cells. The
two nuclear layers are
illustrated as horizontal bands.
The first frame, native retina
shows normal lamination and
connectivity of cell classes in
the retina. Phase 1 reveals
early photoreceptor stress and
outer segment shortening (1)
along with rod and cone neurite
extensions projecting down into
inner nuclear layer and ganglion
cell layer (2, 3). Horizontal cells are also seen contributing to the neurite projections (6)
along with rod and cone bipolar cells undergoing dendrite retraction (4,5). Müller cells

may also begin to hypertrophy in this stage. By the end of phase 2 there is a complete
loss of photoreceptors and elaboration of a Müller cell seal over the neural retina (7),
sealing it-off away from the remnant choroid. Neuronal phenotypic revisions are
underway or complete at this time (8). Early phase 3 events ensue with the elaboration
of neurite extensions from glycinergic and GABAergic amacrine cells along with
contributions from bipolar cells and ganglion cells forming complex tangles of processes
called microneuromas (9, 10) that form outside the normal lamination of the inner
plexiform layer, sometimes merging with the inner plexiform layer. These
microneuromas possess active synaptic elements corruptive of normal signaling. By late
phase 3, retinal degeneration is advanced with neuronal migration or translocation
events occurring in a bi-directional fashion (11) along with neuronal death of many cell
classes (12). IPL rewiring and laminar deformation of the plexiform layers can also be
observed.
Retinal circuitry:
Though analysis of the neural retina and its circuitry goes back over 100 years ago to
Ramón y Cajalʼs work, most work examining the anatomy of circuitry in retinal disease
is more recent, encompassing efforts in the last three decades to understand the
components and their function. This work has revealed the retina to be a bi-laminar
device with sensory and computational layers.
The sensory retina is composed of photoreceptors and is the photon transduction layer,
while the neural retina is composed of the remaining neuron classes that comprise the
image-processing layer. Even in a simple retina like the mammalian, the retinal circuitry
is complex, comprising approximately 14 patterned outflow channels, realized as
ganglion cells. The number of cell classes in the mammalian retina includes 1 rod
class, 1 rod horizontal cell, 1 rod bipolar cell, 2-3 cone classes, 1-3 cone horizontal
cells, 9+ cone bipolar cells, 27 amacrine cells, and about 15-20 ganglion cells. Thus,
about 60-70 cellular devices form the outflow channels (Masland, 2001b, a; Wässle,
2004; Marc, 2008). These outflow channels involve the flow of information through a
set of stereotypical circuits from photoreceptors to bipolar cells to ganglion and
amacrine cells with amacrine cells providing both feedback and feedforward control
(Masland, 2001b, a; Marc, 2004; Wässle, 2004). It should be noted however that even
two bipolar cells providing input to two separate ganglion cells, interconnected by a
single amacrine cell provides a combinatorial 90 distinct and separate motifs assuming
lumped-parameter circuitry. Assuming distributed parameter circuitry (Weiss, 1996)
expands the number of combinatorials to over 2000 potential motifs. This
approximation of a circuit diagram does not include any weightings for differential
synaptic strength, cell class diversity, and coupling by gap junctions. Nor does this
approximation include the most common form of synaptic connection in the retina
between cells, the amacrine-amacrine cell serial synaptic chain. However, we know that
the outflow of signals from the mammalian retina is represented by only 15-20 ganglion
cell classes (Marc and Jones, 2002; Rockhill et al., 2002), greatly simplifying the
number of possible outputs, though we do not know what the total network topology is.

Even rich models (Hennig et al., 2002) that mimic physiologic data acquired over limited
spatiotemporal domains predict little about network topology or emergent features.
Despite a broad view of the bounds of biophysical performance provided by physiology,
models derived from physiology are essentially degenerate: not unique to any one
network topology. In addition, remodeling and reprogramming of neural networks in
retinal disease strongly argues that network scrambling is a key pathology (Marc et al.,
2007). Network motif diversity is analogous to genetic diversity: many connective
motifs (gene sequences) are possible, but only a subset form good filters (proteins), and
mutating motifs generates neural malfunction (genetic disease).
In theory, subretinal implants drive remnant circuits with cone-like inputs and epiretinal
implants drive ganglion cell channels by mimicking bipolar-amacrine cell networks.
Both schemes require survival of retinal neurons to drive perceptual and oculomotor
systems, and presume no alterations in cell patterning or connectivity, nor any
corruptive signal invasion into retinal networks. Subretinal strategies uniquely require
positioning within the subretinal space. These presumptions (preservation of topology,
cell numbers and wiring) are false for most retinal degenerations.

Figure 3: EM image of a microneuroma underneath a distal retinal Müller cell seal on
the left with a blood vessel and portion of an erythrocyte on the right. 100-400nm
diameter processes are running parallel together, perpendicularly through this plane of
section comprised of five TEM images mosaiced together. Synaptic profiles are present
in this microneuroma with apparent bipolar cell (BC) like synapses with dyads, yet bereft
of ribbons as well as conventional synapses from amacrine cells (AC) shown in the
inset indicating that microneuromas are potentially not passive structures with respect to
circuitry. Efforts to reconstruct microneuromas are underway to define the pathology of
circuitry in these retinas. Scale bars = 1 micrometer.

Retinal Circuitry revision:
Neuronal translocations in the remodeling retina are complex and do not just involve
migrations of cell somata that leave their dendrites and axons in the original locations,
preserving connectivity. The reality is far more insideous as the elaboration of new
neurite, axonal, and synaptic structures occurs before gross cellular migration ensues

Figures 3 and 4). These structures occur individually and may assemble into fascicles
and microneuromas that may run for many microns underneath the Müller cell seal,
forever changing and corrupting completely the neuronal circuitry of the retina (Jones et
al., 2003; Marc and Jones, 2003; Marc et al., 2003; Jones and Marc, 2005; Jones et al.,
2005; Jones et al., 2006; Marc et al., 2007; Marc et al., 2008). Modeling of new circuits
demonstrates that all observed circuits are corruptive and many form resonant circuits,
rendering the remnant neural retina no longer effective as an image processor (Jones et
al., 2003; Jones and Marc, 2005; Marc et al., 2007).
While most analyses of retinal degeneration have focused on events surrounding phase
2 and photoreceptor death, rewiring of the neural retina occurs in all phases of retinal
degeneration, and likely begins prior to photoreceptor death during the stress phase
(Marc et al., 2003; Marc et al., 2007). Early in phase 2, ganglion cell light responses are
altered, resulting in the loss of ON responses with the simultaneous preservation of OFF
responses (Pu et al., 2006). Once the photoreceptors are completely lost, ganglion
cells spike throughout the retina of the Pde6brd1 mouse retina (Stasheff, 2008), possibly
providing a mechanism behind the scintillating scotomas reported by many patients with
RP (Delbeke et al., 2001).
Therefore, passive anatomy alone does not reveal the scope of neural change in
response to retinal degenerative disease. The growing evidence supports retinal
rewiring as a common feature in retinal degenerations that involve photoreceptor loss
and recent work (Marc et al., 2007) indicates profound changes in physiology through
the use of excitation mapping (Marc, 1999a, b) and mapping cellular identity across
disease states with single-cell resolution (Marc and Jones, 2002) along with in vivo and
in vitro ligand activation in wild-type mice and rdcl and hrhoG mutant mice exhibiting
rapid photoreceptor degeneration. In addition, the Marc 2007 study included in vitro
excitation mapping in a sample of human RP retina revealing reprogramming events in
bipolar cells that likely impact all forms of proposed retinal rescue strategies as the
remodeling goes beyond rewiring and morphological change to include molecular
reprogramming.
These findings are perhaps not surprising in that changes in circuitry have been
documented in the literature for years. Other than the previously noted 1974 study by
Kolb, some of the earliest indications of retinal rewiring or connectivity defects can be
seen in a paper by Li et al in 1995 (Li et al., 1995) where the authors documented
aberrantly sprouting rod photoreceptors. Fei in 2002 (Fei, 2002) documented sprouting
cones, Machida et. al. (Machida et al., 2000) found abnormal sprouting of
photoreceptors and horizontal cells in the degenerating retinas of the P23H transgenic
rat and Fariss (Fariss et al., 2000) documented anomalous extension of rod, horizontal
and amacrine cell neurites throughout the neural retina while Gregory-Evans et. al.
identified abnormal cone synapses in human cone-rod dystrophy (Gregory-Evans et al.,
1998). Peng et. al. identified ectopic synapses in the RCS rat (Peng et al., 2003) while
other investigators working concurrently in mouse models of RP identified some of the
earliest changes in the second order neurons, with dendritic retraction of rod bipolar and
horizontal cells after photoreceptor cell loss (Strettoi and Pignatelli, 2000; Strettoi et al.,

2002; Varela et al., 2003). Documentation of neuronal migration (Jones et al., 2003;
Marc et al., 2003; Jones and Marc, 2005; Jones et al., 2005), the identification of
corruptive synaptic machinery in rod and cone bipolar cells as well as horizontal cells
(Cuenca et al., 2004; Cuenca et al., 2005) and most significantly, formation of new
neuronal connectivities and reprogramming (Marc et al., 2007) have made for a
compelling literature that will absolutely impact the implementation and success of
rescues designed to preserve or restore vision.

Figure 4: Additional synaptic structures often present in microneuromas, though with
immature forms. This example shows a aberrant presynaptic multi-projection amacrine
cell (AC) making synaptic contact onto a bipolar cell in parallel with another bipolar cell
(BC) profile making a simultaneous synapse complete with synaptic ribbon, onto the
same bipolar cell profile. Scale bar = 200 nanometers.

Implications for bionic rescue:
Because of the vast diversity of potential insults in both RP and AMD, any one, targeted
intervention will be useful for only a small percentage of potential individuals.
Therefore, approaches designed to replace entire systems with bionic and biological
solutions may appear attractive. However, as noted all retinal degenerations lead to
problems of access and alterations to the fundamental image processing circuitry. The
problem of how to rescue vision is further compounded by the issue of when to
intervene. Current therapies or interventions are limited to those patients who have lost
a considerable portion of their vision and are legally blind. These patients often present
at late stage with advanced retinal degeneration (Figure 1) and already likely exhibit
profound alterations to the retinal circuitry that corrupt any surrogate inputs.
While modern engineering has allowed significant advancements in miniaturization of
circuitry combined with the ability to power potentially prosthetic devices (Asher et al.,
2007; Loudin et al., 2007), we still are lacking in our development and implementation of
visual system interfaces to those devices. Additionally, the design and implementation
will depend upon where in the visual system we intend to attempt an intervention and at
what stage of retinal degeneration the subject might be in. Specifically, intervening in a
degenerative retina will present an entirely different set of engineering difficulties than
intervening at the optic nerve or the visual cortex and it could be argued that until we
understand how each component of the visual system processes information, we will
not be successful in the implementation of vision rescue prosthetics that attempt a
simulation of the retinotopically organized flow of information to the visual cortex where
properly patterned inputs result in spatiotemporally correct percepts.
Furthermore, how to actually stimulate the retina is one consideration, but unless one
knows the circuitry, or can model the circuitry, there is no predicting the possible output
of the neural retina. Additionally, given that neurons in the retina appear to be relatively
promiscuous with respect to contacts on cell classes they make during the degenerative
process and that those contacts appear to be impoverished, predicting the output of the
retina irrespective of the type or methodology of stimulus will be difficult at best. Some
modeling (Marc et al., 2007) predicts that circuits may “ring” for many seconds,
essentially leaving the visual cortex no option but to filter these inputs out. Additionally,
since retinal degeneration is a progressive disease, one might suspect that the neural
retina will continue to remodel, possibly even recruiting and corrupting interventions or
rescues into a continued degenerative process.
Implications for biological rescue:
These critiques and findings can also be applied to biological rescues in that certain
transplantation schemes may slow some forms of retinal degeneration when
implemented before degeneration of the sensory retina is complete and remodeling

becomes dominant. This however, is not a viable strategy for most human disease.
Further, it is likely that the outcomes of most transplants will be impacted by at least
three factors including cell fusion, improper rewiring, and co-opting of transplanted cells
into defective or non-functional forms by resident neurons and glia. Many reports of
transplanted stem cells assuming phenotypes of host cells are now known to be
instances of cell fusion (Terada et al., 2002). It is also a distinct possibility that when
delivery of exogenous cells induces trauma from the surgery, aberrant protein and DNA
uptake can also alter host and guest phenotypes, confounding analysis.
In addition to the corruptive local and global rewiring that occurs in retinal remodeling,
retinas appear to have lost patterning restrictions as well. Naïve cells do not carry the
normally present developmental structuring that occurs during retinal maturation and do
not induce re-patterning. Moreover, transplanted photoreceptors or any other fragments
of retina will certainly engage in wide-area neurite extensions if they survive, and
degenerating retinas already engage in profuse generation of aberrant neurites. There
is no evidence that any of these processes make proper connections.
This of course also begs the question: What phenotype should an uncommitted stem
cell assume and how will it be transcriptionally guided in forming that phenotype?
Additionally, properly phenotyping transplanted cells (Canola et al., 2007) is critical and
most transplant studies fail in this regard. Any emergent phenotypes, if informed by
local signaling from negatively remodeling cells, will most likely be co-opted into an
aberrant phenotype. Additionally, most transplanted cells are rejected (Bull et al., 2008)
or slowly lose their own mature phenotypes after transplantation. In short, the key error
in transplant designs is a belief that the neural retina is normal. It is not normal and in
the degenerate retina, there is hardly a cell type that demonstrates normality. The basic
assumptions of transplant technologies (intactness, receptivity and instructional capacity
of the host neural retina) are false for most retinal degenerations. Moreover,
expectations that cells transplanted into negatively remodeling environments will restore
normalcy to host cells, maintain mature phenotypes or assume proper phenotypes
seem baseless and are as yet, untested.
It should be noted that biological approaches should not necessarily be thought of as
impossible as there are a number of “lower” organisms that possess retinas far more
complex than mammalian retinas. Yet, these organisms with more complex retinas are
able to restore or repair to some extent damage incurred to their retinas through stem
cell dedifferentiation and recapitulation of an approximate structure and function of the
retina (Raymond et al., 2006). However, these appraisals are gross as there have been
no efforts that these authors are aware of that describes the nature of the circuitry in
repair zones.

Final:
The diversity of potential defects is impressive because of the complex specialization
and highly optimized function of the mammalian retina. Because of this complexity, it
may seem tempting to attempt a rescue or target a solution that would bypass all of the
potential defects through a straightforward bionic approach, solving all potential blinding
diseases with a single solution. Fifty years from now, this may in fact be how history
records a cure for vision loss, but any intervention, bionic or otherwise is going to have
to deal with a progressive disease that exhibits a plastic, reactive neural retina with
likely downstream visual alterations in the circuitry of visual elements in cortex that
display their own ability to adapt (Gutnisky and Dragoi, 2008) and potentially remodel in
response to retinal deafferentation or alteration in efferent retinal signals resulting from
retinal rewiring. These diseases are not focal and will spread, possibly even involving
interventions designed to rescue the retina.
FIGURES:
Figure 1: Fundascopic image from 46 year old male with a diagnosis of X-linked retinitis
pigmentosa, showing ʻpigmented bone spiculesʼ, accumulations of pigment epithelium
that are formed by migration of the pigment epithelium into the neural retina along glial
columns. These clinically pathologic findings are often seen in the peripheral retina in
patients with RP.
Figure 2:
1 Truncation of photoreceptors
2 Rod axon extension
3 Cone axon extension
4 Rod bipolar cell dendrite retraction
5 Cone bipolar cell dendrite retraction
6 Horizontal Cell axon remodeling
7 Glial seal
8 Phenotype revisions
9 Neurite fascicle formation
10 Microneuroma formation
11 Neuronal migration
12 Neuronal death
13 IPL rewiring
14 Laminar deformation
A schematic representation of the three stages of retinal degeneration showing both rod
and cone photoreceptors, rod and cone bipolar cells, ganglion cells, a horizontal cell,
GABAergic amacrine and glycinergic amacrine cells. The two nuclear layers are

illustrated as horizontal bands. The first frame, native retina shows normal lamination
and connectivity of cell classes in the retina. Phase 1 reveals early photoreceptor stress
and outer segment shortening (1) along with rod and cone neurite extensions projecting
down into inner nuclear layer and ganglion cell layer (2, 3). Horizontal cells are also
seen contributing to the neurite projections (6) along with rod and cone bipolar cells
undergoing dendrite retraction (4,5). Müller cells may also begin to hypertrophy in this
stage. By the end of phase 2 there is a complete loss of photoreceptors and elaboration
of a Müller cell seal over the neural retina (7), sealing it-off away from the remnant
choroid. Neuronal phenotypic revisions are underway or complete at this time (8). Early
phase 3 events ensue with the elaboration of neurite extensions from glycinergic and
GABAergic amacrine cells along with contributions from bipolar cells and ganglion cells
forming complex tangles of processes called microneuromas (9, 10) that form outside
the normal lamination of the inner plexiform layer, sometimes merging with the inner
plexiform layer. These microneuromas possess active synaptic elements corruptive of
normal signaling. By late phase 3, retinal degeneration is advanced with neuronal
migration or translocation events occurring in a bi-directional fashion (11) along with
neuronal death of many cell classes (12). IPL rewiring and laminar deformation of the
plexiform layers can also be observed.
Figure 3: EM image of a microneuroma underneath a distal retinal Müller cell seal on
the left with a blood vessel and portion of an erythrocyte on the right. 100-400nm
diameter processes are running parallel together, perpendicularly through this plane of
section comprised of five TEM images mosaiced together. Synaptic profiles are present
in this microneuroma with apparent bipolar cell (BC) like synapses with dyads, yet bereft
of ribbons as well as conventional synapses from amacrine cells (AC) shown in the
inset indicating that microneuromas are potentially not passive structures with respect to
circuitry. Efforts to reconstruct microneuromas are underway to define the pathology of
circuitry in these retinas.
Figure 4: Additional synaptic structures often present in microneuromas, though with
immature forms. This example shows a aberrant presynaptic multi-projection amacrine
cell (AC) making synaptic contact onto a bipolar cell in parallel with another bipolar cell
(BC) profile making a simultaneous synapse complete with synaptic ribbon, onto the
same bipolar cell profile.
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