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a b s t r a c t

Aim of this study was to examine synaptic connectivity changes in the retina and the location and rate of
apoptosis in transgenic S334ter line-3 and line-5 rats with photoreceptor degeneration. Heterozygous
S334ter-line-3 and line-5 at P11-13, P30, P60, P90 and several control non-dystrophic rats (Long Evans
and SpragueeDawley) at P60, were studied anatomically by immunohistochemistry for various cell and
synaptic markers, and by PNA and TUNEL label.- S334ter line-3 exhibited the fastest rate of degeneration
with an early loss of photoreceptors, with 1e2 layers remaining at P30, and only cones left at P60. Line-5
had 4e5 layers left at P30, and very few rods left at P60-90. In both lines, horizontal cell processes
(including dendrites and axon) were diminished at P11-13, showing gaps in the outer plexiform layer
(OPL) at P60, and at P90, almost no terminal tips could be seen. Bipolar cells showed a retraction of their
dendrites forming clusters along the OPL. Synaptic terminals of A-II amacrine cells in the IPL lost most of
their parvalbumin-immunoreactivity. The apoptosis rate was different in both lines. Line-3 rats showed
many photoreceptors affected at P11, occupying the innermost part of the outer nuclear layer. Line-5
showed a lower number of apoptotic cells within the same location at P13. In summary, the S334ter line-
3 rat has a faster progression of degeneration than line-5. The horizontal and bipolar terminals are
already affected at P11-P13 in both models. Apoptosis is related to the mutated rhodopsin transgene; the
first photoreceptor cells affected are those close to the OPL.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Retinitis Pigmentosa (RP) is a group of inherited mutations
causing photoreceptor degeneration, loss of night vision and
blindness (review Berger et al., 2010; Lin and LaVail, 2010). In the
developed world, about 1:3500 people are affected.
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A subgroup of RP involves mutations of photoreceptor proteins.
More than 25% of the autosomal dominant RP cases are caused by
rhodopsin mutations (Rosenfeld et al., 1992; Shastry, 1994; Sohocki
et al., 2001; Wang et al., 2001, 2005). As a model for RP, several rat
lines have been created expressing mutant human rhodopsins
(Steinberg et al.,1996). The S334termutation causes the formationof
a truncated rhodopsin that is not trafficked to the outer segments
(Green et al., 2000; Lee and Flannery, 2007). Heterozygous rats of
the fast degenerating line S334ter line-3 never develop rod photo-
receptor outer segments and show photoreceptor degeneration
starting from P11 (Liu et al., 1999; Li et al., 2010), whereas retinal
degeneration occurs after full retinal development in the S334ter
line-5 rat (Thomas et al., 2004; Pennesi et al., 2008). However, the
S334ter line-5 rat never develops a normal ERG (LaVail, personal
communication; Thomas et al., unpublished results).

In retinal degeneration, the loss of photoreceptors affects the
morphology and synaptic connectivity at the outer and inner
plexiform layers (OPL, IPL) (Cuenca et al., 2004, 2005) (review Jones
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and Marc, 2005; Marc et al., 2007). In advanced disease, these
changes can be extensive, with marked disorganization and
rewiring of the remaining inner retinal neurons (Jones et al., 2003;
Marc et al., 2003; Strettoi et al., 2003). This process is thought to be
due to denervation of the inner retinal neurons and subsequent
attempts by these neurons to find new synaptic inputs. It involves
cell death, rewiring (formation of new circuits to replace lost
innervation) and cell migration.

Although the S334ter line-3 rat has been used in different
experimental paradigms (An et al., 2002; Sagdullaev et al., 2003;
Pennesi et al., 2008; Seiler et al., 2008a,b, 2010), only few studies
about the S334ter line-5 have been published (Thomas et al., 2004;
Pennesi et al., 2008).

The aim of this study was to compare the changes in the inner
retina in these two different retinal degeneration models and to
investigate the mechanism of retinal degeneration in order to
establish which model would be more suitable for different
experimental therapy studies.

2. Materials and methods

2.1. Experimental animals

All animals were maintained in accordance with the NIH state-
ment for the use of animals in research, and the research was
approved by the Animal Care and Use Committee of the University of
Louisville, University of Southern California, and University of Ali-
cante. Animals studied included three pigmented S334ter line-3, and
three albino line-5 for each time point at P11e13, P30, P60, P90; two
Long-Evans (LE) rats as controls for S334ter line-3 and two Spra-
gueeDawley rats as controls for S334ter line-5 (both at P60). The
transgenic S334ter rats were produced by Xenogen Biosciences
(formerly Chrysalis DNX Transgenic Sciences, Princeton, NJ), and
developed and suppliedwith the support of theNational Eye Institute
by Dr. Matthew LaVail, University of California San Francisco (http://
www.ucsfeye.net/mlavailRDratmodels.shtml). Pigmented heterozy-
gous S334ter line-3 rats were a cross between homozygous albino
line-3 rats and Copenhagen rats (Harlan, Indianapolis, IN). The rats
werebredonapigmentedbackground forotherexperimental reasons
(electrophysiological and optokinetic testing). Since there are no
homozygous line-5 rats available, heterozygous line-5 rats were bred
either among themselves or with albino Sprague-Dawley rats. The
offspring was genotyped by PCR for the S334ter rhodopsin transgene.

2.2. Tissue processing

For immunohistochemistry, at least three animals were studied
at each time point. Animals were killed with a lethal dose of
Table 1
Primary antibodies.

Molecular marker Specific for Antibody (reference)

Calbindin D-28 K Horizontal cells Rabbit polyclonal (Cuenca et
Protein kinase C,

a isoform (PKCa)
Rod bipolar cells Rabbit polyclonal (Pinilla et a

Protein kinase C,
a isoform (PKCa)

Rod bipolar cells Mouse, clone MC5 (Johnson e

Recoverin Photoreceptors;
cone bipolar cells

Mouse monoclonal (McGinni

Transducin, g subunit Cones and subpopulation
of cone bipolars

Rabbit polyclonal (Peng et al
Zhang et al., 2003)

Bassoon OPL: ribbon synapses;
IPL: conventional
amacrine synapses

Mouse monoclonal (Brandsta

Parvalbumin A-II amacrine cells Rabbit polyclonal (Wässle et
Cuenca et al., 2005)
pentobarbital, and the eyes were enucleated and immersion-fixed
with 4% paraformaldehyde for two hours at 4 �C, and then washed
with 0.1 MNa-phosphate buffer, pH 7.2. The eyes were cut in dorso-
ventral orientation, and the lens removed. The eye cups were then
placed in a small cryovial in 30% sucrose in 0.1 M Na-phosphate
buffer, left there overnight, frozen in isopentane on dry ice and
shipped to the University of Alicante. Sixteen mm thick cryostat
sections (Leica CM 1900, Leica Microsystems) were mounted on
Plus glass slides.
2.3. Immunohistochemistry

For blocking non-specific staining, sections were incubated in
10% normal donkey serum for 1 h (Jackson, West Grove, PA, USA)
with 0.5% Triton X-100 and then incubated overnight at room
temperature with combinations of different primary antibodies
diluted in PBS containing 0.5% Triton X-100. All primary antibodies
used in this study had been previously shown to be useful in the rat
retina (Table 1). Subsequently, the sections werewashed in PBS and
incubated in the secondary antibodies, Alexa Fluor 488-conjugated
donkey anti-rabbit IgG (green) and Alexa 546-conjugated donkey
anti mouse IgG (red, Molecular Probes, Eugene, OR, USA) at a 1:100
dilution for 1 h. The sections were finally washed in PBS, mounted
in fluoromount Vectashield (Vector Laboratories) and coverslipped
for viewing by laser-confocal microscopy (Leica TCS SP2 Leica
Microsystems). Immunohistochemical controls were performed by
omission of either the primary or secondary antibodies. Unless
otherwise indicated, images were obtained from central retinal
sections. Final images were created from the projections of four to
six single frames. TIFF images were enhanced using Adobe Photo-
shop CS3.
2.4. PNA label

For labeling of cone photoreceptors, sections were incubated in
fluorescein isothiocyanate (FITC)-conjugated PNA (FITC-PNA,
1:400, Vector Labs, Burlingame, CA) for 1 h, after rhodopsin
primary antibody for double labeling and 1 h alone for single
labeling.
2.5. TUNEL label

Apoptosis was analyzed by the terminal deoxynucleotidyl
transferase-mediated fluorescein-dUTP nick-end labeling (TUNEL)
technique using the In Situ Cell Death Detection Kit from Roche
Applied Science (Penzberg, Germany).
Source Working dilution

al., 2004) Swant (Bellinzona, Switzerland) 1:500
l., 2007) Santa Cruz Biotechnology

(Santa Cruz, CA, USA)
1:100

t al., 2003) Santa Cruz Biotechnology 1:100

s et al., 1997) J.F. McGinnis, University of Oklahoma
(Oklahoma City, OK,USA)

1:2000

., 2003; Cytosignal (Irvine, CA, USA) 1:200

tter et al., 1999) Stressgen (Ann Arbor, MI, USA) 1:5000

al., 1993; Swant (Bellinzona, Switzerland) 1:300
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3. Results

3.1. Photoreceptors and subtypes of cone bipolar cells (Recoverin,
cone transducin, rhodopsin and PNA) (Figs. 1e5)

The outer nuclear layer (ONL) including cones and rods in normal
control LE and SD rats, stained strongly for recoverin (Fig. 1A,B,D,E).
In addition, two types of cone bipolar cells are labeled with anti-
bodies against recoverin. Type 2 OFF-cone bipolar cells have large
somata and strong immunoreactivity in their cell bodies located in
the center of the inner nuclear layer (INL) (Fig.1A,B,D,E arrows) with
a dense continuous plexus of axons terminating in the sublamina
a of the inner plexiform layer (IPL) (small arrows); and Type 8
ON-cone bipolar cells have small somata (Fig. 1A,B,D,E arrowheads)
and their diffuse plexus of axons ends in sublamina b of the IPL close
to the ganglion cell layer (GCL) (Fig. 1A,B,D,E small arrowheads)
(Euler and Wässle, 1995; Cuenca et al., 2004).

Transducin g-subunit is a cone marker (Peng et al., 2003). The
antibody against cone g-transducin labeled cone cell bodies, axon
terminals and outer segments (Fig. 1B,C,E,F). Cone cell bodies are
located in the outer most rows of the ONL. In addition, a more
faintly stained subpopulation of cone bipolar cells and terminals in
Fig. 1. Normal retina controls e Photoreceptors (recoverin, cone transducin, rhodopsin, PNA
(DeI) SpragueeDawley (SD) rat (control for S334ter-5). (A,B,D,E): Recoverin (labels photorec
large somata; small arrows indicate their axon terminals in sublamina a of the IPL. Arrowhea
their terminals in sublamina b of the IPL. (B,E): Recoverin (red)/cone transducin (green). (C,F
the outer limiting membrane. Outer segments and cone pedicles are clearly labeled. G,H) rh
(PNA, green) labels the extracellular matrix around cone outer segments. Magnification ba
the IPL were labeledwith g-transducin antibodies (Fig.1B,E). One of
these subpopulations corresponds to the Type 8 ON bipolar cells
because they are also immunoreactive for recoverin (Fig. 1B,E
arrowheads).

In normal SD retina, antibodies against rhodopsin only stain rod
outer segments (Fig. 1G,H). Peanut agglutinin (PNA) label showed
cones outer segments (Fig. 1H,I). Similar results were seen in LE
retinas (data not shown).

At P11, S334ter line-3 rats still contained a full-thickness ONL
(Fig. 2A). All rod cell bodies stained for rhodopsin (Fig. 4A). Rods
contained inner segments, but no developed outer segments
(Fig. 2C). Cone cell bodies were present in the center of the ONL, but
with only few and short outer segments (Fig. 2B,C) as confirmed by
PNA stain (Fig. 5A). Some ectopic rod nuclei could be identified on
top of the inner segments (Fig. 2C arrows).

The ONL in line-5 rats looked normal at P13 (Fig. 3A). Rod inner
and outer segments could be identified, but cone cell bodies were
located in the middle of the ONL; their outer segments were better
developed than in line-3 (Fig. 3B,C arrowheads). Similar to line-3,
line-5 rod cells bodies all stained for rhodopsin (Fig. 4B). Cone
outer segments stained with PNA appeared longer than in line-3
(Fig. 5B).
) and cone bipolar cells (recoverin). (AeC) Long-Evans (LE) rat (control for S334ter-3).
eptors and cone bipolar cells). Large arrows point to type 2 OFF cone bipolar cells with
ds point to type 8 ON cone bipolar cells with smaller somata; small arrowheads indicate
): cone transducin (green; higher magnification). Cone cell bodies are localized close to
odopsin (red) stains only rod outer segments in a normal SD rat. H,I) Peanut agglutinin
rs¼ 20 mm.



Fig. 2. Photoreceptor degeneration in S334ter line 3. Left column (A,D,G,J): recoverin (red); middle column (B,E,H,K): cone transducin (green); right column (C,F,I,L): double staining
recoverin/cone transducin. (AeC): At P11, the photoreceptor layer shows full thickness, but without rod outer segments (A,C) and only few short cone outer segments (B,C). (C) Double
label recoverin (red)/transducin (green). Arrows point to ectopic rod cells outside ONL. Arrowheads indicate cone outer segments. (DeF): At P30 there are approximately 2 layers of
nuclei in the ONL, and no outer segments. (E): Cone cell bodies look disorganized without outer segments and are randomly distributed, not lined up close to outer limitingmembrane.
(F): Remaining rods appear red, remaining cones yellow. (GeI): At P60, the ONL is reduced to one, non-continuous layer of nuclei with only cones which appear yellow in recoverin/
transducin double stain. (JeK): Further degeneration at P90: Remaining cones sprout processes at the outermost edge of the retina. Magnification bars¼ 20 mm.
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Line-3 rats exhibited a faster rate of degeneration with an early
loss of photoreceptors, with two layers of nuclei remaining in the
ONL at P30 (Fig. 2D,F). At this age, in the remaining photorecep-
tors, no outer or inner segments could be identified. Double
labeling with recoverin and transducin showed one to two rows of
rods (red cells) (Fig. 2F) which was confirmed by rhodopsin
staining (Fig. 4C). Cones (yellow cells in Fig. 2F) appeared
completely disorganized in the line-3 rat at P30, with short
remnants of outer segments and abnormal morphology of axon
terminals (Figs. 2E,F and 5C).

Line-5 rats had still 4e5 layers of nuclei in the ONL remaining at
P30, but with distorted outer segments (Fig. 3D,F; Fig. 4D). Cones at
this age still had a bipolar appearance with small size shortened
outer segments and axon terminals (Fig. 3E,F), and short outer
segments (Fig. 5D). Cone bipolar cells still made synaptic contacts
with cone pedicles (Fig. 3F turquoise arrowheads).
At P60 and P90 in line-3, only one row of photoreceptors could
be identified at the ONL (Fig. 2G,J). Double immunolabeling with
recoverin and g-transducin showed that only cone cells remained
at this age (yellow, double staining with the two markers) and no
rods were present (Fig. 2IeL). However, rhodopsin staining iden-
tified very few rods without any cell processes (Fig. 4E) only in the
central retina. Cones appeared to be oriented horizontally and only
cell bodies could be identified (Fig. 2H,I,K,L) which had lost their
PNA stain (Fig. 5E).

Line-5 had one row of photoreceptors at P60 and P90 (Fig. 3G,J).
Most of the remaining photoreceptors were cones (Fig. 3H,K).
Double labeling with recoverin and g-transducin (Fig. 3I,L arrows)
and rhodopsin immunostain (Fig. 4F) showed a few rods remaining
in line-5 at P60-90 exhibiting rhodopsin immunoreactivity
concentrated along the complete cell body (Fig. 4F). Cones at P60
and P90 had a distorted morphology but outer segments could still



Fig. 3. Photoreceptor degeneration in S334ter line 5. Left column (A,D,G,J): recoverin (red); middle column (B,E,H,K): cone transducin (green); right column (C,F,I,L): double staining
recoverin/cone transducin. White arrowheads indicate cone outer segments; turquoise arrowheads indicate synapses between cone pedicles and cone bipolar cells; arrows in (I)
and (L) indicate remaining rods. (AeC): At P13 the photoreceptor layer is fully developed, with short rod outer segments (A) and prominent cone outer segments (B,C, arrowheads).
(B,C): Cone outer segments and pedicles are more strongly stained than in line-3. e (DeF): At P30 there are approximately 4e5 layers of nuclei in ONL, short outer segments. (F):
Cones (yellow) are still regularly arranged close to the outer limiting membrane, with stubby outer segments. Remaining rods appear red.e (GeI): At P60, the ONL is reduced to one,
non-continuous layer of cone nuclei. Cone cell bodies are oriented parallel to the outer limiting membrane. (JeL): Further degeneration at P90. Magnification bars¼ 20 mm.
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be recognized (Fig. 3H,I,K,L white arrowheads; Fig. 5F) and cone
bipolar cells made synaptic contacts with remaining cone pedicles
(Fig. 3I turquoise arrowheads).

3.2. Horizontal, bipolar, and A-II amacrine cell changes in relation
to photoreceptor and synaptic loss (Figs. 6e9; Supplemental Figs.
S1eS3) (calbindin, PKC, recoverin, rhodopsin, parvalbumin,
bassoon)

Horizontal cells can be identified using antibodies against cal-
bindin. In control rat retinae (Fig. 6A,B), the dendrites of the single
horizontal cell type, the B-type cell, contact cone terminals, and the
axon terminal contacts rod terminals in the outer plexiform layer
(OPL). The terminal tips making synaptic contact with spherules of
rods and pedicles of cones are easy to identify in LE (Fig. 6A
arrowheads) and SD rats (Fig. 6B arrowheads).
At P11e13, in both S334ter transgenic lines, the regular and
dense plexus of horizontal cells processes and tip terminals in the
OPL was different from control retinas and there was a clear
reduction of dendrites and axon terminal tips (Fig. 6C,D). However,
horizontal cells dendrites appear to be less complex in line-3 than
in line-5. Horizontal cell processes were gradually diminished
between P11e13 and P30, both in line-3 (Fig. 6C,E) and in line-5
(Fig. 6D,F). In line-5, calbindin-immunoreactive terminal tips could
be identified (Fig. 6F arrowheads); however, in line-3, clear
terminal tips were difficult to recognize at P30 (Fig. 6E).

At P60, the horizontal cell plexus showed gaps in the OPL in both
lines (Fig. 6G,H). Almost no terminal tips could be seen in line-3
(Fig. 6G) and a few of them could be observed in line-5 (Fig. 6H
arrowheads). At P90, no terminal tips were found. The horizontal
cell plexus was almost gone in line-3 (Fig. 6I) and a few processes
remained in line-5 (Fig. 6J).



Fig. 4. Rhodopsin stain in line-3 (A,C,E) and line-5 (B,D,F) retina. A) Line-3 at P11: rod photoreceptor cell bodies stain abnormally for rhodopsin. No developed rod outer segments.
B) Line-5 at P13: abnormal rhodopsin stain of rod cell bodies, short rod outer segments. C) Line-3 at P30: few rods left. D) Line-5 at P30: four rows of rods left with distorted outer
segments. E) Line-3 at P90: No rods left, except for one cell body without any cell processes. No rod outer segments. F) Line-5 at P90: One row of rods left. No recognizable rod outer
segments. Magnification bars¼ 20 mm.
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In normal SD retina at P60, a single type of rod bipolar cells is
PKC (protein kinase C alpha) immunoreactive. The ON-rod bipolar
cell bodies were mostly aligned in the outermost part of the INL.
Each rod bipolar cell had a single primary dendrite and a tuft of
dendritic terminals contacting rod cells. Their single axon ran
perpendicularly through the IPL ending in stratum S5 of the IPL as
large axon terminal end-bulbs together with some lateral terminal
varicosities, close to the ganglion cell layer (Supplemental Fig. S1A).
Fig. 5. PNA stain in line-3 (A,C,E) and line-5 (B,D,F) retina. A) Line-3 at P11: Very short cone
more numerous than in line-3. C) Line-3 at P30: Reduced number of short cone outer segme
E) Line-3 at P90: no PNA stain. F) Line-5 at P90: PNA staining of distorted short cone outer
During the course of photoreceptor degeneration in line-5, ON-
rod bipolar cell terminals in the IPL showed decreased staining
intensity at P32 and P60 (Supplemental Fig. S1 B,C). In addition,
their dendritic terminals appeared to be reduced in length and in
density (Supplemental Fig. S1 B,C). The entire length of their cell
body was reduced by P60.

Because of the close relationship between rod bipolar cells and
A-II amacrine cells, it was important to see whether A-II amacrine
outer segments (arrowheads). B) Line-5 at P13: Cone outer segments appear longer and
nts (arrowheads). D) Line-5 at P30: Short cone outer segments; density similar to P13.
segments (arrowheads). Magnification bars¼ 20 mm.



Fig. 6. Horizontal cells (calbindin). Normal Long-Evans and Sprague-Dawley rat (A,B) compared with S334ter-3 rats (C,E,G,I) and S334ter-5 rats (D,F,H,J):. Arrowheads in A,B,F,H
indicate terminal tips, making synaptic contacts with spherules of rods and pedicles of cones. (C,D) Relatively normal morphology of horizontal cells at P11e13. At later ages (P30:
E,F; P60: G,H; and P90: I,J), the morphology of horizontal cell dendrites deteriorates in both transgenic strains. Magnification bars¼ 20 mm.
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cells also changed with time. In normal SD retina, A-II amacrine
cells exhibit a characteristic morphology conserved in all mammals
that can be identified upon immunostaining for parvalbumin,
a calcium-binding protein that constitutes an excellent phenotypic
Fig. 7. Rod bipolar cells and A-II amacrine cells of normal SD rat (A,B) compared with S334te
rod bipolar synapses in IPL, close to ganglion cells (sublamina a). (B) Parvalbumin, normal SD
S334ter-5 at P60: A-II amacrine cells appear shrunken; no synapses labeled in IPL sublamin
marker for this neuronal type in rat retina. A-II amacrine cells bear
a mitral-shaped cell body, located in the innermost INL stratum,
and a primary, stout dendrite fromwhich lobular appendages full of
mitochondria emerge restricted to sublamina a of the IPL (Fig. 7A,B
r-5 rat (C). (A) PKC/parvalbumin: Normal SD rat at P60. Arrows point to A-II amacrine e

rat at P60: arrowheads point to synaptic terminals in IPL sublamina a. (C) Parvalbumin,
a b, reduced synapses in sublamina a. Magnification bars¼ 40 mm.



Fig. 8. Normal Long-Evans rat (LE; A, B) compared with S334ter-3 rat (C-F): Rod
bipolar cells (PKC, green) and ribbon synapses (bassoon, red). (A) Normal LE rat. At
high magnification, the interaction of rod bipolar cell dendrites (green) with photo-
receptor ribbon synapses (red) can be seen. (B) shows the same image of just the red
bassoon channel. (C) Higher magnification of Supplemental Fig. S2 C: At P11, there are
still numerous photoreceptor ribbon synapses interacting with rod bipolar dendrites.
Arrowheads point to bipolar cell dendrites sprouting into the ONL. (D) Higher
magnification of Supplemental Fig. S2D): at P30, most photoreceptor synaptic ribbons
have been lost. There is abnormal sprouting of bipolar cell dendrites (arrow). (E) Few
photoreceptor ribbon synapses left at P60. F) Almost complete loss of photoreceptor
ribbon synapses at P90. Aberrant retraction of bipolar cell dendrites that are clumped
together. Magnification bars¼ 20 mm.

Fig. 9. Normal SpragueeDawley rat (SD; A,B) compared with S334ter-5 rat (C-F): Rod
bipolar cells (PKC, green) and synapses (bassoon, red). (A) At high magnification, the
interaction of rod bipolar cell dendrites (green) with photoreceptor ribbon synapses
(red) can be seen. (B) shows the same image of just the red bassoon channel. (C) Higher
magnification of Supplemental Fig. S 3C: at P13, there are still numerous photoreceptor
synaptic ribbons interacting with rod bipolar dendrites. Arrowheads point to bipolar
cell dendrites sprouting into the ONL. (D) Higher magnification of Supplemental Fig. S3
D: at P30, many photoreceptor ribbon synapses have been lost. There is abnormal
sprouting of bipolar cell dendrites (arrows). - PKC/bassoon stain at P60 (E) and P90 (F):
Further reduction of photoreceptor ribbon synapses, abnormal morphology of rod
bipolar cells. Magnification bars¼ 20 mm.
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arrowheads) (Voigt andWässle, 1987; Kolb et al., 2002). Also, distal
dendrites ramify down into sublamina b in the IPL where they
receive excitatory inputs from rod bipolar cells (Fig. 7A arrows) and
transfer the rod signal to the cone pathway by means of conven-
tional, chemical synapses with OFF-cone bipolars and gap junction-
mediated electrical synapses with ON-type cone bipolars. At P60 in
line-5, A-II amacrine cells lost parvalbumin stain of their synaptic
terminals completely in sublamina b and a few lobular appendages
could be observed in sublamina a (Fig. 7C arrowheads). Line-3 rats
showed similar, but faster changes (data not shown).

In order to identify the synaptic contacts between photoreceptors
and rod ON-bipolar cells in the OPL during the degeneration of both
lines, antibodies against bassoon and PKC were used. Bassoon is
a presynaptic protein located at the synaptic ribbon in cone and rod
terminals in the OPL. In the IPL, bassoon is concentrated at conven-
tional GABAergic amacrine synapses but is absent from the bipolar
cell ribbon synapses (Brandstatter et al., 1999). We used antibodies
against PKC to identify the dendritic terminals of rod bipolar cells that
represent one of the postsynaptic elements to rod photoreceptors.

Double labeling with bassoon and PKC showed the relationship
between photoreceptors and rod bipolar cells. In LE rats (Fig. 8A,B;
Supplemental Fig. S2 A,B) and SD rats (Fig. 9A,B; Supplemental
Fig. S3A,B), dendritic terminals of rod bipolar cells (green) could
be seen paired with red bassoon staining (Figs. 8A, 9A;
Supplemental Figs. S2 A, S3 A). Figs. 8B and 9B show the typical
horseshoe morphology corresponding to synaptic ribbon sites of
rod spherules on rod ON- bipolar cells.
In contrast, in both lines 3 and 5 rats even by 11e13 days of age,
changes were already evident (Figs. 8C, 9C; Supplemental Figs. S2C,
S3C). The dendritic terminals of rod bipolar cells appeared to be
reduced in length and in density. Some sprouting of their dendrites
into the ONL had already started (Figs. 8C and 9C arrowheads).
Bassoon immunoreactive spots on top of rod bipolar dendrites were
also reduced and lost the typical horseshoe morphology. Rod
bipolar cell bodies in line 3 had lost their typical alignment in the
INL and their axons did not run perpendicular in the IPL compared
with that seen in control and line 5 rats at this age (compare Fig. 8C
with Fig. 9C; and Supplemental Fig. S2C with S3C).

At P30 in both lines (Figs. 8D, 9D; Supplemental Figs. S2 D, S3 D),
rod bipolar cell shape and location was irregular compared with
that seen in control retinas. The normal plexus of bipolar cell
dendrites in the OPL was dramatically altered, and almost no
secondary dendrites and terminal tips could be recognized.
Bassoon immunoreactive spots were mostly lost and the few
remaining were seen as dots in the atypical portion of the bipolar
cell bodies. Some of the bassoon immunoreactivity spots were also
associated with the sprouted dendritic terminals in the ONL (Figs.
8D and 9D, arrows) suggesting ectopic synapses.

With the progression of the degeneration at P60 (Fig. 8E;
Supplemental Fig. S2 E for line-3 and Fig. 9E, Supplemental Fig. S3 E
for line-5) and P90 (Fig. 8F, Supplemental Fig. 2 F for line-3 and
Fig. 9F, Supplemental Fig. S3 F for line-5), rod bipolar cell bodies
were highly irregular, some were even located upside down. Clear
gaps between cell bodies suggested a loss of rod bipolar cells with
time. Their dendritic branches were much diminished, and many
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cells appeared without processes on their outer surface. The few
immunoreactive bassoon spots found in the OPL at P60-P90 may
correspond to the remaining degenerating cone pedicles.

During the time course from P11e13 to P90, the axonal arbori-
zations of rod bipolar cells in the IPL were simpler and the terminal
varicosities were smaller than in the control rats. The axons and the
terminal varicosities had reduced size and immunoreactivity
(Supplemental Fig. S2 CeF for line 3 and Supplemental Fig. S3 CeF
for line 5).

3.3. Apoptosis (Fig. 10)

S334ter line-3 rats showed a significant number of photorecep-
tors affected at P11, occupying the innermost part of the ONL close
to the OPL (Fig. 10A). Line-5 showed a lower number of apoptotic
cells within the same location at P13 (Fig. 10B). At P30, most of
remaining photoreceptor in line-3 rats were apoptotic (Fig. 10C),
whereas the percentage of apoptotic nuclei in the ONL remained
smaller in line-5 rats (which had still 4 rows of nuclei remaining)
(Fig. 10D). In addition, in both lines, apoptotic nuclei were found in
the ganglion cell layer. At later stages (data not shown), horizontal
cells, cones, and more ganglion cells became apoptotic.

4. Discussion

This paper presents a detailed exploration of degenerative
processes in the S334ter line-3 and, for the first time, in S334ter
line-5 transgenic rat models. The results complement similar
studies in S334ter line-3 rats (Hombrebueno et al., 2010; Li et al.,
2010; Ray et al., 2010), P23H line-1 transgenic rats (Cuenca et al.,
2004; Kolomiets et al., 2010), RCS rats (Cuenca et al., 2005), rd
mice (Strettoi et al., 2003; Barhoum et al., 2008; Lin et al., 2009) and
other retinal degeneration models (Jones et al., 2003; Sullivan et al.,
Fig. 10. Apoptosis (TUNEL stain, green) in combination with recoverin stain (red),
comparison of line-3 (A,C) with line-5 (B,D). (A) S334ter-3 rat at P11. Numerous
TUNELþ cells in ONL. (B) S334ter-5 rat at P13: Strong TUNEL stain in ONL, but less cells
than in line 3. (C) S334ter-3 rat at P30: strong TUNEL stain in remnant of ONL. ONL
reduced to 2-3 layers of nuclei. Faint stain of some cells in INL and GCL. (D) S334ter-5
rat at P30: Thicker ONL (5 layers of nuclei) e strong TUNEL stain of cells in ONL. In
addition, some cells in GCL are also strongly TUNEL stained. Fainter stain of cells in INL
and GCL. Magnification bars¼ 20 mm.
2003; Marc et al., 2008; Nagar et al., 2009) (review Jones and Marc,
2005; Marc et al., 2007).

4.1. S334ter mutation

Three transgenic rat lineswith the P23H rhodopsinmutation and
five lines with the S334ter rhodopsin mutation (derived from the
albino SpragueeDawley strain) were created in 1996 (Steinberg
et al., 1996; Pennesi et al., 2008). P23H rats carry a single amino
acid mutation at codon 23 of the opsin gene. S334ter transgenic rats
express an opsin gene with a termination codon at residue 334,
resulting in a C-terminal truncated opsin protein which cannot be
phosphorylated. Two lines with relatively fast photoreceptor
degeneration, lines 3 and 5, were selected for the current study. In
the line 3 rat, the ONL is reduced to 2 layers at the age of 20 days
whereas this stage is reached at the age of 60 days in the line-5 rat
(Pennesi et al., 2008). With some opsin mutations, photoreceptor
degeneration is faster in albino animals (Naash et al.,1996). Although
it would have been ideal to compare lines with the same genetic
background, the line-3 rats in our studywere pigmented, in contrast
to the original albino founders of this strain (Steinberg et al., 1996)
because they were bred for transplantation studies and different
functional tests which can only be performed in pigmented rats (e.g.
optokinetic testing). Pigmented line-3 rats have been investigated in
other studies (Hombrebueno et al., 2010; Ray et al., 2010).

4.2. Time course of photoreceptor degeneration

Although both transgenic rat models used in this study carry the
same mutant human rhodopsin, S334ter, the time course of
degeneration is different. Line-3 rod photoreceptors never develop
outer segments whereas line 5 photoreceptors do. In both lines,
rhodopsin immunoreactivity was found in rod cell bodies around
P11e13 showing an early stage of degeneration, similar to what has
been seen in other retinal degeneration models (Cuenca et al.,
2004, 2005). However, at P13, there were numerous apoptotic
cells in the ONL even in line-5 (before photoreceptor development
was completed) corresponding to a previous study that showed
a 50% reduction of the ONL in line-5 at P15 (Pennesi et al., 2008).
Line-5 rod outer segments appeared normal at P13 but were
already abnormal and distorted at P30 when more than 50% of the
photoreceptors had died. At P60, there was not very much differ-
ence between the two models although some rod photoreceptors
could still be found in line-5 and almost none in line-3. In
comparison, photoreceptor degeneration in RCS rats takes 120 days
(Cuenca et al., 2005) to reach a stage comparable to S334ter line-3
at P30 or S334 line-5 at P60. In homozygous P23H line-1 transgenic
rats, this stage is reached after 150 days and later (Cuenca et al.,
2004). In S334ter line-3 (albino) rats, Peanut agglutinin (PNA)
staining of retinal wholemounts at P10 showed that outer segments
of cones are present and cover the whole retina, but start to drop
out at P20e30, and are reduced to few spots at P60-90 (Li et al.,
2010). Our results showed that in S334ter line-3 pigmented rats
at P11, cone cell bodies are displaced to the center of the ONL and
that cone outer segments are present but shorter than in normal
rats. We were not able to identify any PNA stain at P90 in line-3.
Using S-opsin immunohistochemistry, it has been demonstrated
that in pigmented line-3, cone photoreceptors completely change
to an amacrine-like morphology and lack outer segments at P180
(Hombrebueno et al., 2010). In albino S334ter line-5 although cone
cell bodies are also localized in the middle of the ONL, the outer
segments of cones look normal and keep a rudimentary
morphology at least until P90. These data indicate that line-3 rats
do not develop normal cone outer segments, but line-5 rats reach
the normal photoreceptor morphology by P13.
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4.3. Changes in outer plexiform layer and inner retina

A major purpose of the present study was to examine how
synaptic contacts between photoreceptors and their postsynaptic
elements were differentially affected by progressive loss of photo-
receptors in line 3 and 5.

The loss of photoreceptor terminals in the OPL (indicated by
bassoon staining) was reflected in the reduction of calbindin
immunoreactive horizontal cell dendrites. The density of horizontal
cells appeared to be reduced by P90 in both lines. A recent study
quantified the density of horizontal cells in wholemounts of pig-
mented S334ter line-3 rat retinas at P60 and P90 and found
a significant reduction in the central, not the peripheral retina (Ray
et al., 2010). In the RCS rat, horizontal cells sprout processes into the
INL at P90 (Cuenca et al., 2005); similar findings could be found in
rd10 mice at P20, in which horizontal cells send similar processes
into the INL surrounding the blood vessels (Barhoum et al., 2008).
In these two S334ter rhodopsin-mutants of the current study, this
was not observed to this extent.

Rod bipolar cells responded to photoreceptor death by loss of
dendrites and aberrant sprouting into the ONL (as long as it was
present). Sprouting is a common finding in retinal degenerative
disease. After the loss of the photoreceptor cells, both bipolar and
horizontal cell dendrites try to find synaptic inputs in the remain-
ing cells. This change is a general finding in RP models but is very
evident in the RCS rats, where the dendrites try to find a contact
into the debris zone (Cuenca et al., 2004). These changes can be
prevented with cell based photoreceptor rescue therapy and could
be related to the preservation of the morphology of photoreceptors
(Pinilla et al., 2007, 2009).

Retractions of dendrites of rod bipolar cells at P11-13 and the
decreaseof bassoonspots indicate that the synaptic contacts in theOPL
were not well developed. The few bassoon immunoreactive dots on
top of bipolar cell dendrites and the more irregular alignment of their
cell bodies and axons in line-3 than in line-5 also indicate the slower
degeneration of line-5. The changes at the OPL synaptic contacts are
related to the rate of photoreceptor loss. However, in some models,
such as short hyperoxiamodels in rodents, with awell developedONL
and apreservednumberof cells, changes betweenphotoreceptors and
their postsynaptic neurons could be found at early stages with not
evident changes in rods or cones (Dorfman et al., 2006). In addition,
there were changes in rod bipolar cell terminals which showed
changes in the IPL already at P11e13whenmost photoreceptors were
still present in both lines. At later stages, bipolar cell bodies migrated
within the INL. It is known that rod bipolar cells make ectopic
connections to cones after rod photoreceptor death (Peng et al., 2003;
Cuenca et al., 2004; Strettoi et al., 2004; Marc et al., 2007).

4.4. Changes in A-II amacrine cells

Parvalbumin-immunoreactive A-II amacrine cells are major inter-
neurons of the rod pathway and make synaptic connections between
rodbipolarcells andconebipolar cells (Voigt andWässle,1987;Wässle
et al., 1993). At P60 in the S334ter line-5 rat, A-II amacrine cells were
directlyaffectedbythe lossof synaptic input fromrodbipolarcellswith
loss of parvalbumin immunoreactivity of most synaptic terminals in
the IPL. Our results could not determine whether the processes
regressed or changed their parvalbumin expression. Similar changes
have been observed at P270 in the P23H line 1 transgenic rat (Cuenca
et al., 2004) and at P30 in rd10 mice (Barhoum et al., 2008).

4.5. Cell death

Similar to what has been observed in other studies (Liu et al.,
1999; Ray et al., 2010), our study showed that photoreceptor
apoptosis appears in early stages in line-3 rats, with a great number
of apoptotic cells at P11. Line-5 showed a slower death rate with 4
rows of cells surviving around P30. Fast retinal degenerative
models, such as the rd10 mouse, show an early apoptotic peak,
around P20 (Barhoum et al., 2008). In the ONL, apoptosis affected
the rods first closest to the OPL. This is different to the RCS rat
where apoptotic nuclei are seen throughout the ONL with no
selective location (Martinez-Navarrete et al., 2006) (unpublished
data). The location was the same in both pigmented line-3 rats and
albino line-5 rats, so pigmentation had not a preventive effect of the
cell death. Cones were affected only after all rods had died
consistent with the type of mutation. In contrast to another study of
the S334ter line 3 rat (Ray et al., 2010), our study found indications
for apoptosis in inner retinal neurons and ganglion cells after
degeneration of photoreceptors. In the P23H line-1 model of retinal
degeneration, there is a progressive loss of retinal ganglion cells,
but the remaining cells are still functional at the age of 12e16
months when no light responses can be recorded (Kolomiets et al.,
2010). Several studies in different other retinal degeneration
models (rd 10 and rd 1 mice) have also found that retinal ganglion
cells survive long-term, maintain normal morphology and remain
functional (Margolis et al., 2008; Mazzoni et al., 2008; Jensen and
Rizzo, 2009).

5. Summary

In both investigated rat models of retinal degeneration,
changes in rod bipolar and horizontal cells could be observed before
complete rod photoreceptor death. Surviving cones persisted in the
retina up to the oldest age studied (P90) and longer (Hombrebueno
et al., 2010; Li et al., 2010). Both models show a similar pattern of
degeneration and remodeling to other investigated rhodopsin
mutants, (e.g. P23H line-1, S334ter line-4) but in a shorter time frame.
The S334ter-3 model has been used in many experimental studies
(An et al., 2002; Sagdullaev et al., 2003; Pennesi et al., 2008; Seiler
et al., 2008a,b, 2010; Li et al., 2010; Ray et al., 2010). Because line-3
rats do not reach normal photoreceptor morphology, fewer hori-
zontal processes and bipolar dendrites are present at P13 and P30
comparedwith line-5. It is difficult to treat the retinal degeneration if
the disease progress is so fast that does not allow normal photore-
ceptor development. Based on this reason, it could be more appro-
priate to use line-5 for photoreceptor rescue therapy approaches.
However, a recent study using S334ter line-3 found a good outer
segment rescue effect in cones using CNTF (Li et al., 2010). On
the other hand, cell replacement therapies in line-3 rats need to
include other retinal cells besides photoreceptors for successful
restoration of visual responses (Sagdullaev et al., 2003; Seiler et al.,
2008a,b, 2010).
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