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ABSTRACT

Many photoreceptor degenerations initially affect rods, secondarily leading to cone death. It
has long been assumed that the surviving neural retina is largely resistant to this sensory
deafferentation. New evidence from fast retinal degenerations reveals that subtle plasticities in
neuronal form and connectivity emerge early in disease. By screening mature natural, trans-
genic, and knockout retinal degeneration models with computational molecular phenotyping, we
have found an extended late phase of negative remodeling that radically changes retinal struc-
ture. Three major transformations emerge: 1) Miiller cell hypertrophy and elaboration of a distal
glial seal between retina and the choroid/retinal pigmented epithelium; 2) apparent neuronal
migration along glial surfaces to ectopic sites; and 3) rewiring through evolution of complex
neurite fascicles, new synaptic foci in the remnant inner nuclear layer, and new connections
throughout the retina. Although some neurons die, survivors express molecular signatures
characteristic of normal bipolar, amacrine, and ganglion cells. Remodeling in human and rodent
retinas is independent of the initial molecular targets of retinal degenerations, including defects
in the retinal pigmented epithelium, rhodopsin, or downstream phototransduction elements.
Although remodeling may constrain therapeutic intervals for molecular, cellular, or bionic rescue,
it suggests that the neural retina may be more plastic than previously believed. J. Comp. Neurol.
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Rod and cone photoreceptors of the sensory retina drive
signal-processing circuitries of the neural retina. Most
retinal degenerations such as retinitis pigmentosa (RP)
affect the sensory retina, and the resultant loss of photo-
receptor input constitutes deafferentation of the neural
retina. RP is a family of inherited retinal degenerations
involving more than 40 known genes, with many muta-
tions in the rhodopsin gene (http:/www.sph.uth.tmec.edu/
RetNet). These disorders progress through night blind-
ness and photopic vision impairment at different rates,
advancing to severe and sometimes total vision loss. Pri-
mary rod cell death is often followed by secondary loss of
cones, effecting a substantial and sometimes complete
destruction of the sensory retina, and a complete deaffer-
entation of the neural retina. As clinical rescue of rods or
cones is not yet feasible, cell-based (Young et al., 2000;
Coffey et al., 2002) and bionic (Humayun et al., 1996;
Chow and Chow, 1997; Zrenner et al., 1998) therapies
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have been explored as methods to provide surrogate in-
puts to the surviving neural retina.
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The presumed preservation of the neural retina in ad-
vanced RP and allied diseases is central to cellular and
bionic rescue and is often asserted or assumed (Scarlatis,
2000; Zrenner, 2002), although such preservation is based
on limited evidence from early stages in rodent models of
retinal degeneration. However, the neural retina in hu-
man RP is highly remodeled (Li et al., 1995; Fariss et al.,
2000) and severely depleted of neurons in areas devoid of
cones. Anatomical surveys of the macula in human RP
(Stone et al., 1992; Santos et al., 1997; Humayun et al.,
1999) document variable ganglion cell loss, from mild to
severe, but well-preserved regions of the neural retina
invariably possess surviving sensory retina harboring cones.
Conversely, regions of high cone loss express both neuronal
loss and remodeling (Marc et al., 2001), suggesting that cone
loss and subsequent neuronal loss are related.

Analyses of acquired (de Raad et al., 1996) and inherited
(Fletcher and Kalloniatis, 1996) rodent degeneration mod-
els reveal subtle changes in cellular molecular phenotypes
in the neural retina, some even preceding rod degenera-
tion. Subtle remodeling of rod pathways emerges rapidly
in the rd1 mouse (Strettoi and Pignatelli, 2000; Strettoi et
al., 2002), in which a phototransduction defect evokes
death of rods by postnatal day (pnd) 21. Rod-driven bipo-
lar cells and horizontal cell axon terminals retract their
fine dendrites, and rod bipolar cell axon terminals assume
immature synaptic structures. Defects extend to cone cir-
cuits: both cones (Fei, 2002) and cone horizontal cells
(Strettoi et al., 2002) in the young rdI mouse sprout new
neurites, whereas cone bipolar cells retract dendrites
(Strettoi et al., 2003). During human rod degeneration,
surviving rods and horizontal and amacrine cells similarly
extend anomalous neurites throughout the retina (Li et
al., 1995; Fariss et al., 2000). However, many human and
rodent retinal degenerations progress slowly, and no con-
sensus on the fate of the inner retina has emerged, as aged
rodent retinal degeneration specimens are rare and stud-
ies rarely extend beyond pnd 90. Furthermore, standard
histology and ad hoc immunocytochemistry, in which
small sets of probes are employed, are ineffective tools for
tracking the fates of the 55—60 classes of cells (Masland,
2001) in the mammalian retina.

To explore the impact of advanced stages of deafferen-
tation on the neural retina, we screened all retinal cells in
a library of 20 human and 86 aged natural, transgenic,
and knockout rodent retinal degenerations using compu-
tational molecular phenotyping (Marc et al., 1995; Marc
and Cameron, 2002; Marc and Jones, 2002) and overlay
electron microscopy (Marc and Liu, 2000). Most animal
sample ages were in the pnd 150-900 interval. Although
samples of retinas from advanced rodent ages are rare,
our findings are consistent across many different forms of
retinal degeneration: massive neural and glial remodeling
follows loss of the sensory retina in rodents, mimicking
the progression of human RP. Sensory deafferentation
consequent to photoreceptor degeneration can thus acti-
vate neuronal and glial plasticity in the mature mammalian
retina, perhaps through activation of the same plasticity
mechanisms underlying sensory experience-induced rewir-
ing in young mouse retina (Tian and Copenhagen, 2001).

MATERIALS AND METHODS
Specimens

Human RP tissue was obtained from The Foundation
Fighting Blindness Retina Donor Program. Institutional

B.W. JONES ET AL.

approval for use of human eyes was obtained from the
University of Pennsylvania and followed the tenets of the
Declaration of Helsinki.

Our 20 samples of advanced RP included 16 simplex, 1
X-linked, 1 autosomal dominant (ad) RP, and 2 Usher’s
syndrome. All were fixed in phosphate-buffered aldehydes
(pH 7.4), including 0.5-2% glutaraldehyde with postmor-
tem intervals of 0.5—6.5 hours, and stored in 2% parafor-
maldehyde in 0.1 M phosphate buffer at pH 7.4 (in 1988—
2000) until they were resin-embedded in 2000. Eighty-six
samples, mostly of advanced ages (pnd 150-900) from 13
rodent models of retinal degeneration, were analyzed. All
animal experiments were conducted according to the
ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research, with approval of the Institutional
Animal Care Committee at the University of Utah.

Animal tissues were harvested after halothane or intra-
peritoneal barbiturate anesthesia, followed by perfusion
with or enucleation and immersion in buffered 0.5-2.5%
glutaraldehyde/1% paraformaldehyde. Some tissues were
postfixed in 1% buffered osmium tetroxide pH 6.0, and all
were resin-embedded over the years 1987-2002.

All were processed for computational molecular pheno-
typing and electron microscopy as previously described
(Marc et al., 1995; Marc and Liu, 2000; Marc and Jones,
2002). Specific models included the transgenic S334ter rat
expressing a truncated rhodopsin at Ser334 (Steinberg et
al., 1996); the transgenic P23H rat model of autosomal
dominant (ad) RP with an N-terminal rhodopsin H muta-
tion at P23 (Steinberg et al., 1996; Machida et al., 2000);
the natural RCS rat with a mertk defect impairing rod
outer segment phagocytosis (LaVail et al., 1975; D’Cruz et
al., 2000); the natural rd1 mouse model of autosomal
recessive (ar) RP with a pde6p nonsense mutation (Keeler,
1996; Pittler et al., 1993); the transgenic GHL mouse
model of adRP, with a triple V20G, P23H, P27L rhodopsin
mutation (Frederick et al., 2001); the transgenic TGN
mouse, expressing the N-terminal fragment of mouse
RGS9 (Chen et al., 1993); the natural nr mouse, with a
chromosome 8 defect causing Purkinje cell and rod degen-
eration (Landis, 1975; LaVail et al., 1993; Campbell and
Hess, 1996); the natural or mouse model of human mi-
crophthalmia, with a null mutation in the chxI0 ho-
meobox gene (Robb et al., 1978; Buirmeister et al., 1996);
the Chx10/p27%51 mouse—p275?? knockout rescue model
of the or mouse (Green et al., 2003); the natural AgtpbpI
(formerly pcd) mouse with Purkinje cell and slow rod
degeneration (Mullen and LaVail, 1975; Blanks et al.,
1982; LaVail et al.,, 1982; Fernandez-Gonzalez et al.,
2002); the natural rd2 (formerly rds) mouse with a partial
dominant prph2 defect and slow rod degeneration (van
Nie et al., 1978); the rho”" knockout mouse model of hu-
man RP (Humphries et al., 1997); and the transgenic rhoA
CTA mouse with truncated rhodopsin at Ser334. Sample
numbers are indicated in Table 1.

Computational molecular phenotyping

Computational molecular phenotyping transforms cell
anatomical data into multidimensional molecular signa-
tures that can be parsed by classification algorithms to
classify all cells formally into the major neuronal types,
subtypes, and, ultimately, natural classes (Marc and Cam-
eron, 2002; Marc and Jones, 2002), providing quantitative
visualization as tissue theme maps. Unlike other immu-
nocytochemical strategies, computational molecular phe-
notyping classifies all cell space and tracks the fates of the
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TABLE 1. Remodeling in Retinal Degenerations®

Species HS tRN tRN RN MM tMM  tMM MM MM koMM MM MM tMM tMM
Gene defect Mixed rho rho  mertk pde6B rho  rgs9 ? chxl0 p275P1  Agtpbpl  prp2 rho rho
Model RP S334ter P23H  RCS rdl GHL TG9N nr or chx10? ped rd2 rho~’~ rhoACTA
Specimens 20 9 12 7 9 8 19 3 3 1 2 1 4 8
Onset ? P340 P372 P270 P610 P555 P160 P300 <P0O <P63 P321 >P151 >P365 >P541
Neurons
Cell death + + + + + + + o + + o o o o
Strictures + + + + + + + + + + o o o 0
dGly ACs/mm 2 4 6 12 2 6 35 2 -3 5 o o o o
Fascicles + + + + + + + + + + o o o 0
Microneuromas + + + + + + + + + + o o + +
Glia
Migration + + + + + + + + + + o o o o
Columns + + + + + + + + + + + o o 0
Seals + + + + + + + + o o + + + +
Other
VC invasion ? + + + + + + + + [ o o o 0
RPE invasion + + + + + + + + + o o o o o

1+, present; o, absent; ?, undetermined; IPL, inner plexiform layer; dGly ACs, displaced glycinergic amacrine cells; t, transgenic; ko, knockout; HS, Homo sapiens; RN, Rattus

norvegicus; MM, Mus musculus; RPE, retinal pigmented epithelium; VC, vascular cell.
2The p275%! ko rescues hypocellularity in chx10 but also exhibits neuronal remodeling.
30nly isolated retinal patches survive in chx10.

major retinal cell types and subtypes across different mod-
els and species with constant performance. All samples
were processed in resin matrices as single specimens or
stacks (Marc, 1999) for thin sectioning at 250 nm into
serial arrays. The arrays were surface-probed (Marc et al.,
1995) with IgGs targeting L-alanine, L-aspartate,
L-glutamate, L-glutamine, glutathione, glycine, taurine,
v-aminobutyric acid (GABA; Signature Immunologics,
Salt Lake City, UT), captured as 8-bit high-resolution (243
nm/pixel) images (Marc and Jones, 2002), mosaicked, and
registered (PCI Geomatica V8.2, PCI Geomatics, Rich-
mond Hill, Ontario, Canada) into large image databases,
~ 2 Gb/sample. Classifications using isodata clustering
(Marc and Jones, 2002), theme map generation, and anal-
ysis were performed on raw data channels by PCI Geo-
matica and custom software written in IDL (Research
Systems, Boulder, CO). Molecular signals are visualized
as selected rgb maps encoding three molecular signals as
red, green, and blue, respectively, e.g., yGE — rgb assigns
v-aminobutyric acid, glycine and L-glutamate to red,
green, and blue color channels, respectively.

Detailed theme map generation first involved produc-
tion of raw classification theme maps (Marc et al., 1995;
Kalloniatis et al., 1996), which is equivalent to the spatial
logical and of all the classified channels. Thus no single
channel completely matches the raw theme map, and
there is an error kerf surrounding classified structures
(Marc et al., 1995). Refined theme maps were produced by
assigning all cells and structures in a single channel (e.g.,
the toluidine blue channel) to their aligned classes in the
theme map (Marc and Cameron, 2002; Marc and Jones,
2002). All theme maps displayed in this manuscript were
refined. For display only, raw data channels were linearly
contrast-stretched over a 30—220-pixel value range and
sharpened with unsharp masking. Monochrome images
were density mapped and rgb images were intensity
mapped (Marc et al., 1995). All images were prepared in
Adobe Photoshop V7.01 (Adobe Systems, San Jose, CA).

Electron microscopy and overlay microscopy

Conventional transmission electron microscopy was
performed as previously described (Marc and Liu, 2000)
on 90-nm lead-stained sections on single-hole grids. Sec-
tions serial to the section reserved for electron microscopy

were processed for molecular phenotyping, and the optical
rgb or theme maps were registered to the ultrastructure
as described above. Both high- and low-magnification
montages were captured as conventional electron micro-
graphs and scanned as 8-bit monochrome channels at
300-600 dpi. Large databases were assembled from the
ultrastructural images as described in Marc and Liu
(2000) and then registered to scaled optical microscope
data.

RESULTS
Computational molecular phenotyping of
retinal degenerations

The objective of this work was to track the fates of all
the major groups of retinal cells. Serial monochrome im-
ages of normal rat retina probed for different small mole-
cules display patterns of labeling similar to those of other
mammals (Fig. 1). No single probe captures all cells, but,
taken together, virtually all cellular elements can be
grouped into well-known classes or superclasses. The
mapping of signals as yGE — rgb triplets permits visual-
ization of large cohorts, such as GABA+ and glycine+
amacrine cells, photoreceptors, bipolar cells, and ganglion
cells (Fig. 2A), whereas the mapping of TQE — rgb sets
apart Miiller cells, the retinal pigmented epithelium, and
other elements from all other cells (Fig. 2B). The rat shows
essentially the same composite patterns of small-molecule
signatures as those in the primate, cat, and rabbit retinas
(Fletcher and Kalloniatis, 1996; Kalloniatis et al., 1996;
Marc et al., 1998; Marc, 1999). Classifying all the data
with isodata clustering produces raw theme maps, which
are then converted to refined theme maps (see Materials
and Methods) superimposed on a single reference channel
(Fig. 2C,D). Theme maps and rgb displays simplify track-
ing of 10 major cell phenotypes in retinal degeneration
material: photoreceptors, horizontal cells, ON-center cone
bipolar cells identified as glycine+ bipolar cells (e.g., Kal-
loniatis et al., 1996), all remaining bipolar cells as a mixed
group of rod and OFF-center cone bipolar cells, glycine+
amacrine cells, GABA+ amacrine cells, ganglion cells,
Muiller cells, vascular elements, and the retinal pigmented
epithelium. These 10 phenotypes account for virtually all
retinal space.



Fig. 1. Normal rat retina. Ten monochrome images from a series of
12,250-nm sections. Each section was also double-labeled with DAPI.
A: alanine, section 1. B: Aspartate, section 2. C: Glutamate, section 9.
D: Glycine, section 10. E: Glutathione, section 5. F: Glutamine, sec-
tion 6. G: Taurine, section 7. H: GABA, section 11. I: Toluidine blue

(tol blue), section 12. J: DAPI, section 11. Layers indicated in I: gcl,
ganglion cell layer; inl, inner nuclear layer; ipl, inner plexiform layer;
isl, inner segment layer; opl, outer plexiform layer; osl, outer segment
layer; onl, outer nuclear layer; RPE, retinal pigmented epithelium.
Scale bar = 20 pm.
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Fig. 2. Multichannel rgb mappings and theme maps from normal
rat retina. A: yGE — rgb mapping. B: TQE — rgb mapping. C: Refined
theme map superimposed on a monochrome digital phase version of
the toluidine blue channel. D: The theme map key superimposed on
raw toluidine blue monochrome channel. AsC, astrocyte; ax, axon
bundle; BC, OFF-center cone and ON-center rod bipolar cell super-
class; ON ¢BC, ON center cone bipolar cell; G AC, glycine+ amacrine
cell; vy AC, GABA+ amacrine cell; GC, ganglion cell; HC, horizontal
cell; MC, Miiller cell; VC, vascular cells (endothelia + pericytes).
Outlines, cone nuclei. Asterisk, unclassified cell. Scale bar = 20 um.
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Analysis of theme and rgb maps of 13 retinal degener-
ation models reveals that late remodeling does not appear
until the outer nuclear layer is depleted of rods and cones
and a seal of Miiller cell processes is formed between the
remnant retina and the choroid or any surviving retinal
pigmented epithelium (Figs. 3, 4). Different initial defects
in the various rodent models influence the timing and
coherence of cell death in the sensory retina, resulting in
different earliest onset times for remodeling of the neural
retina (Table 1), spanning rapid (TG9N, P160) to slow
onsets (RCS, P270) for models for which we have sufficient
numbers of samples. Later onset times in Table 1 (e.g.,
rdl) reflect large gaps in our age samples between very
young and old animals. As the study progressed, it became
clear that it would be desirable to screen intermediate
times, but that would require breeding new animals, re-
quiring many years to produce complete chronologies. De-
spite uncertainty regarding precise onset times, two
things are clear: as long as identifiable photoreceptors
exist in the residual outer nuclear layer, remodeling is
absent or cryptic; when remodeling is present, it exists in
stereotyped form in most of retinal degenerations. Remod-
eling involves 10 major types of restructuring of the ret-
ina, as follows:

1. Neuronal death as evidenced by focal or global cell
depletion, including instances of massive ganglion cell
loss.

2. Relocation of all types of surviving neurons, including
eversions of amacrine cell somata to the distal surface
of the remnant retina and inversion of amacrine and
bipolar cell somata to the ganglion cell layer.

3. Fragmentation of the inner plexiform layer lamina-
tion into frequent, small tracts of processes we term
strictures.

4. Evolution of new neurites in complex fascicles sur-
rounded by Miiller cell processes.

5. Evolution of new foci of synaptic neuropil (microneu-
romas) in the remnant inner nuclear layer and forma-
tion of new synapses throughout the retina.

6. Migration of Miiller cell somata to both distal and
proximal borders of the retina.

7. Formation of hypertrophic columns of Miiller cells.

8. Formation of a thick seal of Miiller cell processes at
the distal margin of the retina.

9. Invasion of blood vessels from both the vitreal and
choroidal margins of the retina.

10. Invasion of retinal pigmented epithelium cells or api-
cal processes deep into the retina.

Each of these events is a complex process, and this
paper will be restricted to analysis of the neuronal and
glial events in remodeling.

Figures 3 and 4 survey instances of remodeling in hu-
man and rodent retinal degenerations as YGE — rgb maps
and theme maps. Taken together, most retinal degenera-
tions display extensive remodeling, and the examples
shown are unexceptional, culled from thousands of exam-
ples and more than 100 Gb of optical and electron micro-
scopic image data. Due to space considerations, the com-
panion TQE maps identifying Miiller cells are not shown,
but Miiller cells and their processes are indicated on the
rgb images of Figure 3 and the theme maps of Figure 4.

In advanced human RP, regions devoid of cones display
massive remodeling, and the remnant tissue bears no
resemblance to a normal retina. Evidence of neuronal
migration is supported by the presence of glycinergic am-
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Fig. 3. Representative yGE — rgb mappings of retinal degenera-
tion models. Downward arrows indicate inversions from the inner
nuclear layer to the ganglion cell layer; upward arrows indicate ever-
sions from the inner nuclear layer to the distal margin of the remnant
retina; vertical arrowheads indicate glial columns; circles denote
blood vessels. M, inner nuclear layer microneuroma; S, stricture; P,
neuropil patch. All other abbreviations are as shown in Figures 1 and
2. A: Human RP retina, FFB accession #378, 76-year-old female, 2
hours post mortem, RP diagnosed at age 33, no vision at death. This
vertical image demonstrates the massive cell loss typical of late-stage
RP, with complete loss of the inner nuclear and ganglion cell layers at
the right margin. A column of apparent neuronal migration is bor-
dered by glycinergic amacrine cells in the ganglion cell layer and
GABAergic amacrine cells at the distal margin of the remnant. Stric-
tures distort the remaining inner plexiform layer, and a Miiller cell
fibrotic seal separates the retina from the choroid/retinal pigmented
epithelium. B: rdI mouse, pnd 630. A large column of neurons bridges
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the depleted inner nuclear layer, displaying inverted amacrine and
bipolar cells and everted amacrine cells. C: RCS rat retina, pnd 900.
This image shows three columns of neuronal migration (vertical ar-
rowheads) in which bipolar and amacrine cells are displaced from
their proper locations. Distorted regions of the inner plexiform layer
often pass through strictures as small as 5 pm. D: S334ter rat, pnd
363. This image shows two glial columns (vertical arrowheads), with
right column exhibiting Miiller cell hypertrophy breaking up the
normal tiling of the retina. Everted and inverted glycinergic amacrine
cells are abundant. E: P23H rat, pnd 372. A glial column (vertical
arrowhead) traverses the inner plexiform layer accompanied by mi-
grating glycinergic and GABAergic amacrine cells. F: GHL mouse,
pnd 746. A broad glial column (vertical arrowhead) serves as a path-
way for migration for amacrine and bipolar cells into the ganglion cell
layer. A microneuroma has formed distal to the heavily depleted inner
nuclear layer.
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Fig. 3. (Continued). G: TGIN mouse, pnd 160. An oblique column
forms a neuron migration path with both inverted and everted cells.
Strictures deform the inner plexiform layer, and microneuromas form
in the midst of the inner nuclear layer, but a mere 5 pm from the
distal glial seal. H: nr mouse, pnd 720. Two columns of neuronal
migration are indicated, with inversion and eversion of amacrine
cells. The inner nuclear layer is thinned to less than half its normal
thickness. I: chxI0 mouse, pnd 365. Few neurons survive in this
defect, and only in small clusters with tiny patches of apparent neu-
ropil surrounded by massive fields of apparent Miiller cells. J: Chx10/
P27%iP1=/~ hypocellularity rescue mouse, pnd 60. This model initially
displays roughly normal lamination, but with few bipolar cells and
severely reduced photoreceptor numbers. However, even in the ab-
sence of clear glial columns or seals, microneuromas emerge, and
columns of neurons strung through the inner plexiform layer are

common, as are misplaced amacrine cells in the ganglion cell layer.
K: RKO mouse, pnd 365. No neuron migration has emerged, and
positions of amacrine cells, including presumed starburst amacrine
cells (S AC), are normal. However, microneuromas are forming next to
the glial seal. L: RhoACTA mouse, pnd 541. Migration across the
inner plexiform layer has not begun, but microneuromas are emerging
and the entire inner nuclear layer displays disordering of neurons,
with everted amacrine cells and bipolar cells moving into the former
amacrine cell layer. M: ped mouse, pnd 321. At this age, retinal
lamination appears normal and no microneuromas have emerged.
N: rd2 mouse, pnd 151. At this age, retinal lamination appears nor-
mal and no microneuromas have emerged. These image data will be
available for public access at http:/prometheus.med.utah.edu/
~marclab/. Scale bar = 20 pm.
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Fig. 4. Theme maps of (A) normal pnd 700 Sprague-Dawley (SD)
rat, (B) pnd 900 RCS rat, (C) P372 P23H line 1 transgenic rat, and
(D) human RP (Foundation Fighting Blindness accession #133-OD,
67-year-old female, advanced RP, simplex, fixed 2.5 hours post mor-
tem). In normal retina, cell layers are precisely defined. Remodeling
clearly disrupts lamination via migration on Miiller glia columns (C),
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yielding eversion (E) of GABAergic and glycinergic amacrine cells to
the distal Miiller glial seal (M) and inversion of amacrine and bipolar
cells (I) to the ganglion cell layer. Glial hypertrophy and neuronal
movement can be so extensive that the inner plexiform layer is seg-
mented, distorted. and forced through strictures (S) as small as
10 pm. Abbreviations as in Figures 1 and 2.
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acrine cells at the proximal margin of the retina, nomi-
nally the remnant ganglion cell layer, and by GABAergic
amacrine cells at the distal margin of the retina (Fig. 3A).
Using the inversion of glycinergic amacrine cell somata to
the ganglion cell layer as a semiquantitative index of
remodeling, we determined the incidence of misplaced
glycinergic amacrine cells in the normal mammalian ret-
ina (human, monkey, cat, rabbit, rat, mouse) in a linear
aggregate of mammalian samples totaling over 1 meter
(>500 individual glycine-probed sections ranging from 0.5
to 2 mm long). The probability of encountering a mis-
placed glycinergic amacrine cell in a vertical section is <
0.001/mm. The incidence of misplaced glycinergic ama-
crine cells in human, rat, and mouse retinal degeneration
tissue ranges from 2 to 35/mm (Table 1) representing a
10%-10* fold increase over misplaced glycinergic amacrine
cells in the normal retina. In human and many rodent
models, patches of retina completely devoid of neuronal
somata in the inner nuclear or ganglion cell layers, or
both, can also be located. These are so frequent that they
cannot be due simply to depopulation by migration, and
we interpret them as evidence of focal neuronal death. For
example, a case of advanced human RP viewed as a theme
map of all cellular space displays a complete absence of
ganglion cells, virtually complete scrambling of the inner
nuclear layer, and depletion of inner plexiform layer pro-
cesses, accompanied by extensive Miiller cell hypertrophy
(e.g., Fig. 4D).

Of the rodent models examined, the natural pde6 non-
sense mutation in the rdI model is an aggressive defect
that rapidly kills rods, with eventual degeneration of the
entire outer nuclear layer. By pnd 630, large columns of
cells traverse the inner plexiform layer, with inversions of
all types of amacrine and bipolar cells into the ganglion
cell layer (Fig. 3B). We do not know the precise onset of
remodeling in the rd1 model.

Another transduction pathway defect model, the TGON
mouse, is a very aggressive degeneration that starts neu-
ral remodeling by pnd 160, with large tracts of neurons
traversing the inner plexiform layer, numerous inversions
of amacrine cells and bipolar cells to the ganglion cell
layer, and eversions of amacrine cells to the distal seal
(Fig. 3G). Disruptions of the inner plexiform layer lead to
numerous neuropil strictures.

Defects in RPE function and rhodopsin expression gen-
erally lead to slower rod degenerations and later onsets of
remodeling, but the outcomes are the same as the faster
models. The RCS rat begins remodeling by pnd 270 and
eventually displays massive reorganization of the inner
nuclear and ganglion cell layers, with numerous hypertro-
phic columns of Miiller cells surrounded by displaced neu-
rons and disrupted inner plexiform layer segments (Figs.
3C, 4B). Very few identifiable normal ganglion cells re-
main in these regions, and most of the ganglion cell layer
appears to be repopulated by new cells. Axon tracts be-
come captured by the inward movement of vitreal vessels
(Villegas-Perez et al., 1998), which also leads to the com-
pression or displacement of neuropil, forming strictures
(Fig. 4B). The theme map of glial processes in the RCS rat
also shows the characteristic thick fibrotic layer that seals
the neural retina from the choroid or any remaining reti-
nal pigmented epithelium. This seal is often incomplete in
advanced remodeling, and the remnant inner plexiform
layer often approaches the distal limit of the retina at
these breaks (Fig. 4B). This highly disordered neural ret-
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ina can clearly be seen to bear little resemblance to a
theme map of the normal rat retina.

In a transgenic model of rhodopsin truncation, we have
examined advanced age samples (pnd 340—418) of four
lines of the S334ter rat, which display different rates of
rod degeneration, probably due to different transgene in-
tegration sites or integration of different transgene copy
number. All lines show remodeling ranging from inner
plexiform layer thinning and mild cell loss to severe re-
structuring, as shown in Figure 3D (pnd 363). As is com-
mon in almost all remodeling retinas, the inner nuclear
layer is often reduced to a single layer of amacrine cells at
the distal margin of the retina, whereas columns of ama-
crine cell and bipolar cells reposition into the ganglion cell
layer. The depletion of the ganglion cell layer is difficult to
gauge in the absence of whole mounts, for which aged
animals would have to be raised, especially in the pres-
ence of amacrine cell migration from the inner nuclear
layer, but long tracts of the ganglion cell layer spanning
several hundred microns are depleted of cells.

We examined three lines of the P23H transgenic rat, a
model for the most common form of human adRP. All show
some remodeling, but again the severity varies. Over the
pnd 372-410 interval, glial columns emerge, and with
them the migration of inner nuclear layer neurons into the
ganglion cell layer begins (Fig. 3E). Line 1 of the P23H
transgenic rat is particularly aggressive and displays ex-
tensive neuronal cell death throughout the retina, deplet-
ing in excess of 90% of the retinal ganglion cells, thinning
the amacrine cell layer to <10 wm in many regions, and
often reducing the inner nuclear layer to a single layer of
amacrine and bipolar cells (Fig. 4C).

The GHL transgenic model is the murine homologue of
human adRP, the first system in which late remodeling
was found (Jones et al., 1999) and the original impetus for
this survey. The GHL mouse displays slow rod and cone
loss in the first year of life (Frederick et al., 2001), but no
major remodeling occurs in this phase, although rod cir-
cuitry may be altered in early degeneration stages, as in
the rd1 mouse (Strettoi and Pignatelli, 2000; Strettoi et
al., 2002). An unknown mechanism eventually leads to
cone death in this and other models (e.g., Mohand-Said et
al., 1998; Fintz et al., 2003), and remodeling of the neural
retina begins prior to pnd 555-746, by which time the
GHL mouse retina displays many migrating neuronal col-
umns, hypertrophic Miller cells, microneuromas, and
glial seals (Fig. 3F). We do not have a precise onset of
chronology for this model.

The rhoACTA model is the murine homologue of the
S334ter rat and, although it displays rapid loss of rod
photoreceptors, it does not remodel as quickly as the rat
systems. By pnd 541, major glial columns have yet to
emerge, but the distal seal is complete and microneuro-
mas are forming in the distal retina (Fig. 3L). Despite a
lack of migration through the inner plexiform layer, the
inner nuclear layer is clearly disordered in the aged
rhoACTA mouse, with Miller and amacrine cell somata
repositioned at the distal margin of the retina and many
bipolar cells in the amacrine cell layer.

The rhodopsin gene knockout mouse (RKO) also has a
fairly gentle remodeling retina, as the initial waves of cell
death seem highly rod-restricted. Eventually the entire
outer nuclear layer appears ablated, and, similar to the
rhoACT A model, microneuromas and inner nuclear layer
cell migration occur (Fig. 3K). By at least pnd 365, how-
ever, no migration into the ganglion cell layer has
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microneuro

Fig. 5. Microneuromas and apparent retinal rewiring. A: yGE —
rgb mapping of RCS rat retina showing the emergence of new neuropil
beneath the distal Miiller cell (MC) seal. Microneuromas are tangles
of GABAergic (red), glycinergic (green), and glutamate+ (blue) neu-
rites. B: Microneuroma amacrine — amacrine — target synapse
chains. C: Anomalous bipolar — amacrine cell soma and bipolar —
bipolar synapses. D: Presynaptic multiprojection amacrine — bipolar
and bipolar — bipolar cell contacts. E: Multi-ribbon synapses. F: Clas-
sic bipolar cell presynaptic dyad element in a process ~ 100 nm

emerged. Given the slowness of the remodeling in the
GHL model, we might expect the RKO to show more
complete remodeling by pnd 500.

Two Purkinje cell degeneration mutants are well known
for inducing slow photoreceptor degenerations, although
the mechanisms remain unclear. The nervous (nr) mutant
expresses Miiller cell seals and columns, neuronal inver-
sion and eversion events, microneuromas, and significant
neuron depletion in the inner nuclear layer (Fig. 3H).
Remodeling is absent at 1 year, well under way by pnd
450, and extensive by pnd 730. Our oldest pcd sample (pnd
321) shows no evidence of remodeling, although the Miil-
ler cell seal is complete (Fig. 3M). If it progresses at the
same rate as the nr mouse, we would not expect to see
remodeling at this stage.

As in our pcd murine model, our oldest sample of the rd2
mouse (formerly the rds, rd slow model) is still rather
young by remodeling standards (pnd 151) and still pos-
sesses remnant cones and some rod nuclei (Fig. 3N). It
displays no remodeling in the neural retina, and we would
expect that, given the availability of older models, we
would begin to see the same sequelae of retinal degener-
ation observed in other models.

The or hypocellularity mutant is a developmental defect
caused by a natural chx10 transcription factor gene null
mutation. Although it is not a true post-maturation pho-
toreceptor degeneration model, being a defect caused by
impaired production of inner nuclear layer neurons, espe-
cially bipolar cells (Liu et al., 1994), the sequelae of the or
defect far exceed simple loss of inner nuclear layer neu-
rons. By pnd 365, there are no photoreceptors and no
identifiable lamination, and virtually all of the retina is
absent, except for tiny patches of roughly a dozen neurons
accompanied by tiny foci of apparent neuropil (Fig. 3I).
Although this may not represent the same kind of remod-
eling observed in retinal degenerations, it suggests that
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diameter, with few vesicles. G: Anomalous dyad-like synapse (D) with
amacrine cell feedback. The presynaptic element contains few vesicles
and resembles an amacrine cell dendrite. H: Theme map of a large
bipolar cell terminal lacking ribbons but making large conventional
contacts onto amacrine cell dendrites. The blue overlay denotes the
signature of an ON-center cone bipolar cell; orange denotes GABAer-
gic amacrine cells. Synaptic directions are indicated by arrows; white
arrows, bipolar — bipolar cell contacts; r indicates synaptic ribbons.
Scale bars = 20 pm in A; 200 nm in B-H.

maintenance of a normal retinal structure may require a
nearly complete cohort of neurons. The chx10/p275? dou-
ble null mutation represents a quantitative but not qual-
itative proliferation rescue from hypocellularity, resulting
in an abundance of amacrine cells, a reduced number of
photoreceptors, and partially normal retinal lamination
(Green et al., 2003). GABAergic and glycinergic amacrine
cells are found in bands throughout the inner plexiform
layer, misplaced to the ganglion cell layer, adjacent to the
thinned outer nuclear layer, and engaged in microneu-
roma formation (Fig. 3J). However, the chx10/p27%?* dou-
ble null mouse expresses neither a distal glial seal nor
hypertrophic Miiller cell columns.

Rewiring, microneuromas, and neurite
fascicles

Remodeling neurons make new connections. Ectopic
fascicles of hundreds of small neurites traverse the disor-
dered inner nuclear layer along glial surfaces, elaborating
20-100-pm-diameter microneuromas at densities exceed-
ing ~ 30,000/retina in some models (GHL, TG9N, RCS).
Microneuromas are tangles of GABAergic and glycinergic
amacrine cell and glutamate+ cell processes (Fig. 5A),
some extending additional tracts of neurites along glial
seals and others merging with the remaining inner plex-
iform layer. New synapses are formed within these new
sites in the remnant inner nuclear layer and around the
somata of survivor neurons. Microneuromas contain both
conventional and ribbon synapses and display abundant
common synaptic arrangements: amacrine — amacrine
(Fig. 5B), bipolar — amacrine (Fig. 5C), and amacrine —
bipolar (Fig. 5D). The amacrine — bipolar contact of Fig-
ure 5D also bears a resemblance to multiprojection syn-
apses of the cortex. Unusual bipolar — bipolar contacts
are present in both microneuromas and the remnant inner
plexiform layer (e.g., Fig. 5C,D), and various synapses are
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made by and onto neuronal somata in the fragmented
inner nuclear layer (e.g., Fig. 5C). Multi-ribbon and ex-
tremely small ribbon contacts are abundant (Fig. 5E,F),
but we have also found these to be common in the normal
rat retina. Complex contacts, such as amacrine cell feed-
back arrangements (Fig. 5G), are common but not detect-
ably more so than in normal retina.

Finally, we have used multichannel overlay microscopy
(Marc and Liu, 2000) to identify characteristic synaptic
profiles as definitively bipolar or GABAergic amacrine cell
elements (Fig. 5H). Unlike normal bipolar cells, this pro-
cess in the remnant inner plexiform layer appeared to
make large ribbon-free conventional, flat contacts onto
target GABAergic amacrine cells. Although many forms of
contacts in the inner plexiform layer proper appeared
quite normal, including gap junctions between ON-center
cone bipolar cells and glycinergic amacrine cells, we can-
not determine whether most synaptic contacts in micro-
neuromas represent proper or improper assemblies. The
exceptions are bipolar — bipolar contacts, which do not
occur in normal retina, new contacts associated with mi-
grating neurons, ribbon contacts made by bipolar cell so-
mata, and ribbon synapses onto the distal or lateral as-
pects of amacrine cells.

Overlay microscopy permitted us to determine the na-
ture of some of the connections made by migrating neu-
rons in remodeling retinas. Figure 6A is the ultrastruc-
tural channel (a montage) from a 6-channel registered
dataset (GABA, glycine, glutamate, glutamine, taurine,
ultrastructure) and shows a cluster of neuronal somata
separated from the vitreous by a thin border of Miiller cell
processes and overlain by an irregular strip of remnant
inner plexiform layer. The yGt — rgb mapping (Fig. 6B)
reveals that most of the cells are glycinergic amacrine
cells that have migrated into the former ganglion cell
layer. By using the rgb image as a transparent overlay, a
complete map of cell identities is realized (Fig. 6D), includ-
ing a glycinergic cell in the midst of the remnant inner
plexiform layer and two classes of bipolar cell terminals:
glycine+ (ON-center cone bipolar cells) and glycine- (ei-
ther rod or OFF-center cone bipolar cells). At higher res-
olution, a small GABAergic terminal can be seen to make
focal presynaptic specializations on the proximal aspect of
the repositioned glycinergic amacrine cell. This probably
represents formation of a new contact by GABAergic am-
acrine cell processes invading the ganglion cell layer.

Neurite fascicles are common within and distal to the
remnant inner nuclear layer in remodeling retinas and
are often visualized as bands of parallel processes or small
punctae bearing characteristic inner plexiform layer sig-
natures. At the optical level it is difficult to distinguish
cross-sectioned neurite fascicles from small microneuro-
mas, but overlay electron microscopy clearly reveals their
nature and composition. Serial section channels of the
distal RCS rat retina were probed for GABA, glycine,
glutamine, taurine, and glutamate in addition to ultra-
structure. The five-dimensional signatures from this sig-
nature dataset can be used uniquely to classify structures
into ganglion, GABAergic amacrine, glycinergic amacrine,
bipolar, and Miiller cell profiles in all species (Marc et al.,
1995; Kalloniatis et al., 1996). The aligned channels and
theme maps may then be used to classify ultrastructural
data at resolutions often exceeding the Rayleigh limit and
with far superior signal-to-noise ratios than immunogold
methods (see appendix in Marc and Liu, 2000). Figure 7A
displays an ultrastructural theme map of a neurite posi-
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tioned ~ 2 pm proximal to the remnant retinal pigmented
epithelium, and Figure 7B is the underlying monochrome
image. The fascicle contains clear accumulations of gan-
glion, GABAergic amacrine, glycinergic amacrine, and bi-
polar cell-like processes, apparently segmented into pref-
erential groups. The large ganglion cell dendrites (blue)
tend to run together, as do the smaller GABAergic ama-
crine cell processes (red). The entire fascicle is encased
and partially invaded by Miiller cell processes. Similar
structures were observed by ultrastructural analysis in
GHL mouse retinas and by optical microscopy in S334ter
rat, P23H rat, TGON mouse, and rd1 mouse retinas.

DISCUSSION

After loss of the outer nuclear layer, retinal remodeling
ensues, leading to substantial topological, cell population,
and connectivity changes. These include the emergence of
a distal glial seal, inversions of amacrine and bipolar cell
somata to the ganglion cell layer, eversions of amacrine
cells to the distal margin of the retina, neuronal death,
and extensive rewiring. The rodent neural retina clearly
remodels in the same manner as human RP retinas. No
normal vertebrate retina in our archive of more than 6,000
specimens and 40 species, including human retinas older
than 65 years and rodent retinas of pnd 700 and greater,
ever display any of these features of remodeling. Remod-
eling is not associated with senescence and is uniquely the
sequel of disease. Remarkably, however, the basic signa-
tures of retinal cells in advanced retinal degenerations are
essentially indistinguishable from those of normal retinas.
In some instances, glutamate levels are slightly elevated
in Miiller cells. In no cases do intermediate signatures
emerge, and this suggests that remodeling phenomena do
not trigger significant changes in the gene expression
profiles that create the molecular phenotypes of the ret-
ina. This then allows us to track anatomical changes un-
derlying remodeling with good cellular precision. Virtu-
ally all retinal degenerations display remodeling
regardless of whether they are triggered by RPE failure,
defects in rhodopsin expression, defects in transduction
pathway elements, alterations in retinal progenitor cell
proliferation patterns, or other mechanisms. Some genetic
defects elicit little or no late remodeling (rd2, rho™", ped, or
RhoACTA), as remnant cones persist for hundreds of days
beneath the glial seal, albeit transformed in structure.
However, given enough time, remodeling may emerge, as
patches of cone loss in the pcd mouse retina are associated
with deformations in the borders of the inner plexiform
layer, and the nr Purkinje cell degeneration model even-
tually progresses to severe remodeling with time.

Cone loss in most retinal degenerations appears to ac-
tivate formation of glial columns and seals, cell migration,
neuronal loss, and rewiring. This large-scale glial remod-
eling is similar to that triggered in retinal detachment,
including the migration of glial somata to the distal mar-
gin (Lewis et al., 2002). The repositioning of neurons is
dramatic, and the presence of entire columns of neurons
spanning the inner plexiform layer suggests that a non-
selective migratory process is triggered. We have observed
few instances of ganglion cell eversion to the inner nuclear
layer, but this rarity is complicated by sampling, as inner
nuclear layer inversion is roughly five times more proba-
ble just because of the number of cells involved. On bal-
ance, it appears that all cells can migrate once hypertro-
phied glial tracts have developed.
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Fig. 6. Repositioned glycine+ and GABA+ amacrine cells in the
former ganglion cell layer. A: Monochrome digital montage of gly-
cine+ and GABA+ amacrine cells after migration into the ganglion
cell layer, bordered proximally by Miiller cell processes and the vit-
reous and distally by a strip of remnant inner plexiform layer, out-
lined in blue. A single glycine+ amacrine cell (outlined in green)
within the remnant inner plexiform layer is completely surrounded by
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neuropil. B: Registered yGt — rgb mapping of the same field. C: Over-
lay of the yGt image on the ultrastructural channel. D: Enlarged inset
(box) of two GABA+ amacrine cell presynaptic sites (arrows) on the
soma of a repositioned glycine+ amacrine cell. Abbreviations as in
Figure 2. ECM, extracellular matrix. Scales bars = 10 pm in A—C; 500
nm in D.
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Fig. 7. Neurite fascicle ~ 2 um away from the distal margin of the
retina and the Miiller cell seal. A: Ultrastructural theme map. Six
classes of elements are color-coded according to characteristic signa-
tures: ganglion cells (blue; high glutamate, low taurine); GABAergic
amacrine cells (light red; high GABA), glycinergic amacrine cells
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(olive; high glycine), a mixed glycine+ and GABA+ class (dark red);
bipolar cells (cyan, high glutamate, high taurine); Miiller cells (yellow,
high taurine, high glutamine). Unclassified elements are not colored.
B: The corresponding monochrome ultrastructural channel. Scale

bar = 250 nm in A.
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We cannot discount the effects of glial hypertrophy in
reshaping the retina, but this hypothesis does not easily
account for phenomena such as bidirectional displacement
of cells. We believe that these data, although composed of
static images, do reflect dynamic activity and cellular mi-
gration similar to a developmental time series. For in-
stance, relocated amacrine cells from the inner nuclear
layer have distinctive signatures and are not present in
the ganglion cell layer of younger animals within models
that, at later time points, exhibit bona fide glycinergic
amacrine cells in the ganglion cell layer, leading us to
conclude that these cells are either migrating (Sullivan et
al., 2003) or are being forced by glial elements into the
ganglion cell layer. Conversely, other neuronal classes do
not migrate, but are in abnormal locations due to massive
loss of photoreceptor and bipolar cell populations.

We have not used cell counts to document cell death for
three reasons. First, many retinal degeneration models
display obvious depletion of the ganglion cell and inner
nuclear layers, with regions devoid of ganglion or ama-
crine cell and bipolar cells (Fig. 4D) or with reduction of
the inner nuclear layer to a thickness of only two cells at
certain points (Fig 4C). Second, nearly all the samples we
have employed were archival, osmicated resin-embedded
tissues acquired over a span of 30 years and could not be
used for conventional whole mount methods. Third, cell
loss is clearly focal in many cases, and patches of depleted
retina are adjacent to those containing nearly normal
numbers (Fig. 4B). Global cell counts would not capture
this spatial inhomogeneity. We have not observed com-
pensatory thickening of any cell layers that would reason-
ably account for depletion in others. It is also unlikely that
neurons could be caught in apoptotic states (if generic
apoptosis is the mechanism) during remodeling. If the
inner nuclear layer is reduced in thickness by 50% over a
period of 150 days, a uniform rate of cell death would
mean that only 3 in 1,000 cells would actually be in the
process of dying at any sample point. This number would
be smaller for slower remodeling systems and undetect-
able in most cell death visualization protocols.

Rewiring accompanying new neurite extension, micro-
neuroma formation, evolution of new synaptic contacts in
the ganglion cell and remnant inner nuclear layers, loss of
retinal neurons, and globally disturbed retinal topology
implies that remodeled retinas are unlikely to process
visual signals properly. Furthermore, if the apparent bi-
polar — bipolar cell contacts we have observed are func-
tional, they represent re-entrant circuits that can display
resonance and instability, providing network-driven exci-
tation in the absence of photoreceptor inputs. The triggers
for this profusion of new synapses and the mechanisms by
which partners are found are clearly important issues.
However, remodeling appears to be a classical CNS deaf-
ferentation response in many respects, and we expect that
similar molecular mechanisms are probably involved.
Physical or environmental deafferentation of sensory
pathways evokes atrophy of targeted neurons (Von Noor-
den and Crawford, 1978; Levitt et al., 2001) and remodel-
ing in corticothalamic circuits in adult mammals (Buono-
mano and Merzenich, 1998; Jones and Pons, 1998).
Degeneration of the sensory retina clearly triggers similar
effects in the surviving neural retina. Defects in cone-
driven OFF channel circuits occur long before photorecep-
tor degeneration is complete in transgenic pigs with rho-
dopsin gene defects (Banin et al., 1999), suggesting that
subtle rewiring (Peng et al., 2000) may be a persistent
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process that erupts into full-scale late remodeling upon
loss of all afferent signaling. We hypothesize that global
neural remodeling in degenerating retinas is, in part, an
active process that restores essential trophic signals to
neurons, perhaps through re-entrant signals that set up
oscillatory excitations. Indeed, RP patients often report
photopsias (scintillating photic illusions) consistent with
erratic, nonspecific signaling in the surviving neural ret-
ina (Weleber and Gregory-Evans, 2001). More impor-
tantly, recent physiological data suggest that retinal con-
nectivity, or at least synaptic efficacy, is shaped by
postnatal visual experience (Tian and Copenhagen, 2001),
and, considering the extent of plasticity in adult neural
retinas long after the degeneration of the sensory retina, it
is plausible to hypothesize incipient plasticity as an at-
tribute of the normal adult retina.

Retinal rescue strategies will have to confront remodel-
ing and circuit corruption in addition to overcoming sim-
ple neuronal loss. The distal glial seal must be breached to
add new progenitor/stem cells, and, even then, cell-based
therapies may not reverse degeneration, as new cells may
be co-opted to produce aberrant wiring by the remodeling
retina (Li et al., 1995). The possibility of stem cell fusion
(Terada et al., 2002) with host neurons is also a serious
impediment to rescue and analysis. There is as yet no
evidence that transplantation can stop or delay remodel-
ing, and the possibility of transplanting cells into the
retina without triggering further remodeling seems doubt-
ful. Bionic implants are similarly impacted. The subreti-
nal chip strategy also requires traumatic breach of the
glial seal and depends on normal retinal topology (Zrenner
et al., 1998; Zrenner, 2002), which remodeling abrogates.
Epiretinal implants are compromised by rewiring, proba-
ble re-entrant excitation of the retina through ganglion
cell-amacrine cell coupling (Xin and Bloomfield, 1997,
Marc and dJones, 2002), ganglion cell death, and
migration-induced disorder in the ganglion cell layer.

The initiators of remodeling are unknown and may con-
strain therapeutic windows for genetic and molecular res-
cues, such as survival factor delivery (Faktorovich et al.,
1990). If rescues are to proceed, prevention of remodeling
may have to precede intervention. On the other hand, the
exuberance of synaptic remodeling is provocative, for if
neurons in the retina can make novel synapses and cir-
cuits, might they not be retrained with patterned compet-
itive inputs?
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