
at SciVerse ScienceDirect

Experimental Eye Research 104 (2012) 65e73
Contents lists available
Experimental Eye Research

journal homepage: www.elsevier .com/locate/yexer
Optomotor and immunohistochemical changes in the juvenile S334ter rat

Trevor J. McGill a,*, Glen T. Prusky b, Gabriel Luna c, Matthew M. LaVail d, Steven K. Fisher c,
Geoffrey P. Lewis c

aCasey Eye Institute, Oregon Health & Science University, Portland, OR 97239, USA
bDepartment of Physiology and Biophysics, Weill Cornel Medical College, Burke Medical Research Institute, 785 Mamaroneck Avenue, White Plains, NY 10605, USA
cNeuroscience Research Institute, University of California Santa Barbara, Santa Barbara, CA 93106, USA
dBeckman Vision Center, University of California San Francisco, San Francisco, CA 94143, USA
a r t i c l e i n f o

Article history:
Received 5 June 2012
Accepted in revised form 17 September
2012
Available online 1 October 2012

Keywords:
rhodopsin
optokinetic tracking
transgenic
retinal degeneration
retinal remodeling
* Corresponding author. Casey Eye Institute, OHSU
ton, OR 97006, USA. Tel.: þ1 503 466 3829; fax: þ1 5

E-mail address: mcgilltr@ohsu.edu (T.J. McGill).

0014-4835/$ e see front matter � 2012 Elsevier Ltd.
http://dx.doi.org/10.1016/j.exer.2012.09.006
a b s t r a c t

The aim of this study was to examine the temporal relationship between behaviorally measured visual
thresholds, photoreceptor degeneration and dysfunction, synaptic and neuronal morphology changes in
the retina in the S334ter line 4 rat. Specifically, we examined the optokinetic tracking (OKT) behavior in
S334ter rats daily and found that OKT thresholds reflected normal values at eye opening but quickly
reduced to a non-response level by postnatal day (P) 22. By contrast, the scotopic electroretinogram
(ERG) showed a much slower degeneration, with substantial scotopic function remaining after P90 as
previously demonstrated for this line of rats. Photopic b-wave amplitudes revealed functional levels
between 70 and 100% of normal between P30 and P90. Histological evidence demonstrated that
photoreceptor degeneration occurred over many months, with an outer nuclear layer (ONL) roughly half
the thickness of a normal age-matched control at P90. Immunohistochemical analysis revealed a number
of changes in retinal morphology in the Tg S334ter line 4 rat that occur at or before P40 including:
elevated levels of rod opsin expression in the ONL, cone photoreceptor morphology changes, glial cell
activation, inner retinal neuron sprouting, and microglial cell activation. Many of these changes were
evident at P30 and in some cases as early as eye opening (P15). Thus, the morphological changes
occurred in concert with or before the very rapid loss of the behavioral (OKT) responses, and significantly
before the loss of photoreceptors and photoreceptor function.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Retinitis Pigmentosa (RP) is a collection of retinal degenerative
diseases (RDD) in which an inherited genetic mutation results in
the progressive death of photoreceptor cells leading to severe
photoreceptor loss and subsequent permanent visual impairment.
A popular model of RP used to examine retinal pigment epithelium
(RPE) dysfunction is the Royal College of Surgeons (RCS) rat, which
has been used extensively for functional, anatomical, and thera-
peutic studies. Indeed, numerous studies have shown that the RCS
rat undergoes a progressive decay of photoreceptors and subse-
quent loss of visual function (DiLoreto et al., 1996; LaVail et al.,
1975; McGill et al., 2004, 2007a; Mullen and LaVail, 1976;
Perlman, 1978; Trejo and Cicerone, 1987). Although the RCS rat is
a useful model for such studies, the patient population affected
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with the same MERTK gene mutation is relatively small, which
limits the translation of research findings to clinical application.

Transgenic (Tg) rats have been developed that express a muta-
tion encoding the rhodopsin protein and some of these mutations
represent the largest patient population with autosomal dominant
RP (Dryja et al., 1990a, 1990b). In total, three P23H and five S334ter
Tg lines have been developed, each with a different degree of
transgene expression that results in vastly different rates of
photoreceptor degeneration (http://www.ucsfeye.net/mlavailRDra
tmodels.shtml). The slowest degenerating lines maintain an outer
nuclear layer (ONL) thickness similar to that of normal Long-Evans
(LE) controls until 120 days of age or later (S334ter line 9; S334ter-9
hereafter), at which point photoreceptor death becomes more
evident. Conversely, the early onset of photoreceptor degenerations
are seen as an increase in the incidence of pyknotic photoreceptor
nuclei in the ONL beginning at postnatal day 8 (P8), with many
more present and obvious disorganization of photoreceptor inner
segments at P10, just as photoreceptor outer segment development
begins (Liu et al., 1999). Photoreceptor cell loss is then rapid, and
only a single row of photoreceptor nuclei remains in the central
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Table 1
Primary and secondary antibodies.

Antibody Species Concentration Source

Rod opsin Mouse 1e100 Gift from Dr. Robert Molday, UBC
Chat Goat 1e50 Chemicon, Temcula, CA
Neurofilament Rabbit 1e400 Chemicon, Temcula, CA
PDE gamma Rabbit 1e100 Cytosignal, Irvine, CA
Calbindin Mouse 1e1000 Abcam, Cambridge, MA
Synaptophysin Rabbit 1e400 Dako, Carpinteria, CA
PKC beta Mouse 1e50 Santa Cruz Biotech
GFAP Rabbit 1e400 Dako, Carpinteria, CA
Vimentin Mouse 1e500 Dako, Carpinteria, CA
CtBP2 (ribeye) Mouse 1e250 BD Transduction labs, San Jose, CA
Biotinlyated lectins
PNA 1e200 Vector Labs, Burlingame, CA
Isolectin B4 1e50 Vector Labs, Burlingame, CA

Secondary Antibodies

Donkey anti-mouse, anti-rabit, anti-goat conjugated to either Cy2, Cy3 or Cy 5
Streptavidin conjugated to either Cy2, Cy3, or Cy5 (to detect biotinylated lectins)
All from Jackson ImmunoResearch, West Grove, PA
All used at 1e200 concentration
Blocking serum (normal donkey serum), 1e20, Jackson ImmunoResearch
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retina at P20 (Liu et al., 1999), and no rod outer segments ever
develop in the S334ter-3 rat (Liu et al., 1999; Martinez-Navarrete
et al., 2011).

Previously, we have found that the optokinetic tracking (OKT)
behavior in the lines of Tg rats is almost reciprocal to the daily rate
of their photoreceptor degeneration. That is, the rapidly degener-
ating lines maintain OKT thresholds for months after loss of
photoreceptor cells, and more slowly degenerating lines showed
a reduction and loss of OKT threshold responses long before the
loss of photoreceptor cells (McGill et al., 2007a Invest Ophthalmol
Vis Sci; 48: E-Abstract 3448). Therefore, we asked the question of
what changes in the retina occur that might cause the dramatic
reduction of OKT thresholds before or during the photoreceptor
degeneration. To address this issue in the present study, we have
examined functional, anatomical, and morphological changes in
the S334ter-4 Tg rat retinal prior to significant photoreceptor
degeneration.

2. Materials and methods

2.1. Experimental animals

All animals were maintained in accordance with the NIH
statement for the use of animals in research, and the research was
approved by the Animal Care and Use Committees at the University
of Lethbridge and University of California, San Francisco. The Tg
S334ter rats were produced by Xenogen Biosciences (formerly
Chrysalis DNX Tg Sciences, Princeton, NJ), with the support of the
National Eye Institute and were supplied by Dr. Matthew LaVail,
University of California San Francisco (http://www.ucsfeye.net/
mlavailRDratmodels.shtml). Pigmented animals were required for
this study because albino animals have significant visual deficits
including significantly impaired OKT thresholds. Therefore,
homozygous albino S334ter-4 rats were crossed with Long-Evans
(LE) rats (Charles River) to produce pigmented heterozygous
offspring used in this study.

2.2. Optokinetic tracking (OKT)

In brief, S334ter and LE rats were placed on a platform in the
center of an arena consisting of 4 computer monitors forming the
faces of an open cube that displayed sine wave gratings as a virtual
cylinder. Each animal’s daily maximal threshold was generated by
incrementally increasing the spatial frequency until the rats no
longer tracked the stimulus as described previously (Douglas et al.,
2005; Prusky et al., 2004). The spatial frequency threshold of naïve
adult LE rats is 0.53 cycles-per-degree (c/d) (Douglas et al., 2005;
McGill et al., 2007b), which was used to generate percent of control
values to describe the developmental pattern of OKT thresholds in
the Tg rats.

2.3. Tissue processing and morphometry

Rats were killed with an overdose of carbon dioxide, then
immediately perfused with a fixative of 2% paraformaldehyde and
2.5% glutaraldehyde in phosphate buffered saline. Both eyes were
enucleated following marking for orientation and were immersed
in the same fixative for 1 h. The eyes were then bisected along the
vertical meridian and embedded in an Epon-Araldite mixture, with
sections cut at 1 mm thickness as described (LaVail and Battelle,
1975). Measurements of the ONL thickness were taken as an
index of the stage of retinal degeneration (Michon et al., 1991), and
were obtained from 54 locations around the retina (Faktorovich
et al., 1992).
2.4. Electroretinography

The ERG procedure has been described previously (McGill et al.,
2007b). Briefly, the rats were dark-adapted overnight and then, in
dim red light, were anesthetized as described earlier. Bilateral,
simultaneous, full-field scotopic ERGs were elicited with 10-ms
flashes of white light, and responses were recorded with contact
lens electrodes (UTAS-E 3000 Visual Electrodiagnostic System; LKC
Technologies, Inc., Gaithersburg, MD). Scotopic stimuli were pre-
sented at an intensity of 0.4 log cd-s/m2 at 2-min intervals, and the
response to two successive flashes was averaged, followed by
a single stimulus at 2.4 log cd-s/m2. The rats were then exposed to
a background light of 29 cd/m2 for 10 min before photopic
responses were recorded to stimuli presented at a rate of 2 Hz at
0.4 log cd-s/m2; 20 successive flashes were averaged. Responses
were amplified at a gain of 4000, filtered between 0.3 and 500 Hz,
and digitized at a rate of 2000 Hz on two channels. The amplitude
of the a- and b-waves was measured. Scotopic a-waves were
measured from the baseline to the peak in the cornea-negative
direction in response to a stimulus of þ2.4 log cd-s/m2, and the
b-waves were measured from the cornea-negative peak to the
major cornea positive peak in response to a stimulus ofþ0.4 log cd-
s/m2.

2.5. Immunohistochemistry

Pigmented S334ter-4 rats (n ¼ 18; 3 at each age, P15, 20, 25, 30,
35, 40) and Long-Evans (LE) rats (n ¼ 18; 3 at each age, P15, 19, 25,
30, 35, 50) were euthanized using a lethal dose of sodium pento-
barbital (120 mg/kg). Eyes were enucleated and immersion-fixed in
4% paraformaldehyde for 24 h at 4 �C, at which time they were
washed with 0.1 M Na-phosphate buffer, pH 7.2 and shipped to the
University of California Santa Barbara. Upon arrival, the corneas and
lenses were removed, and the eyecups rinsed in PBS, embedded in
low-melt agarose (5%; Sigma, St Louis, MO), and sectioned at
100 mm using a vibratome (Technical Products International, Poly-
sciences, Warrington, PA). Sections were incubated in normal
donkey serum (1:20) in PBS containing 0.5% BSA, 0.1% Triton X-100,
and 0.1% Azide (PBTA) overnight at 4 �C on a rotator. After rinsing in
PBTA, specific probes were added and incubated overnight at 4 �C
on a rotator in PBTA. A list of probes is found in Table 1. Following
rinsing of the primary antibodies in PBTA, the secondary probes
(Table 1) were added together, each at 1:200 in PBTA, overnight at
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4 �C on a rotator. The sections were then rinsed in PBTA, mounted
on glass slides in 5% n-propyl gallate in glycerol, and viewed on an
Olympus Fluoview 500 laser scanning confocal microscope (Center
Valley, PA). Each image represents a projection from a z-stack of 6e
10 images collected at 0.5-mm increments. Images were opened in
Photoshop CS2 for study. (Adjustments to image parameters were
applied equally to images from control and experimental animals.)

3. Results

3.1. Tg rhodopsin mutation e S334ter-4

The rate of photoreceptor degeneration in the pigmented
S334ter-4 rat has been described elsewhere [Leonard et al., 2007
Fig. 1. Quantification of S334ter-4 OKT thresholds, ONL thickness and ERG response ampl
circles) measured daily increased from P15 to P19, as expected with retinal development. Ho
thickness (solid squares) shows a relatively slow degeneration resulting in decline from w6
diamonds) were reduced from normal closely resembling the ONL thickness, while scotopic
to less than 20% by P90. Photopic ERG b-waves (inverted solid triangles) were least impaired
70% of control at P90. (B) ONL thickness. In this and the remaining panels, the data are shown
within the symbols. Unless indicated n ¼ 4 in every case. The ONL thickness reflected the lo
the Long-Evans (LE) wild-type control rats (each P < 1 �10�5). (C) OKT measurements from e
close to one another that the symbols overlapped. The error bars are smaller than the sym
amplitudes to stimulus intensities of 0.4 log cd s/m2 for dark-adapted b-wave (D) and light-
are the mean � SEM of normal control (LE) values. All of the scotopic responses from the mu
the photopic b-wave at P90 (all P < 0.005), but the photopic b-wave responses at P30 and
#1117; http://www.ucsfeye.net/mlavailRDratmodels.shtml], and
the rate of degeneration, as measured by ONL thickness, was
virtually identical to those published values. Briefly, by P30, ONL
thickness was approximately 65% of age-matched non-dystrophic
LE controls and decreased to 60% by P90 (Fig. 1A and B). Scotopic
ERG b-wave amplitudes followed ONL thickness closely (Fig. 1A and
D). Scotopic a-wave amplitudes were significantly reduced from
w30% of normal control values at P30 down to w10% by P90
(Fig. 1A and E). Photopic b-wave amplitudes ranged from w80% to
almost 100% of control values at P30 and P60, respectively, subse-
quently declining tow70% by P90 (Fig. 1A and F). By contrast, daily
testing of behavioral OKT thresholds that began at eye opening
(P15) (Fig. 1A and C) revealed a developmental pattern similar to
that observed in LE rats (Prusky et al., 2008), but by P19, OKT
itudes. (A) Mean values expressed as percent of control mean. OKT thresholds (open
wever, they fell dramatically thereafter, and were no longer measurable after P22. ONL
5%e60% of normal thickness from P30 to P90. Scotopic ERG b-wave amplitudes (solid
a-waves (solid triangles) were severely impaired, onlyw30% of normal at P30 declining
, ranging from w80% to almost 100% of control at P30 and P60, declining to about 65e
as mean � SEM; the variance was so small in many of the values that the error bars fell

ss of photoreceptor cells in the S334ter-4 animals and was significantly thinner than in
ach eye of 6 rats tested daily from P15 to P22 (open circles). Many of the values were so
bols and therefore are not visible. The line represents the mean. (DeF) ERG response
adapted b-wave (F), and 2.4 log cd s/m2 for dark-adapted a-wave (E). The shaded areas
tant S334ter-4 rats were significantly lower than those of LE controls, as were those for
P60 were not different from those of the controls.
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thresholds declined sharply to a near unmeasurable level, and
S334ter-4 rats no longer tracked the rotating stimulus after P22
(Fig. 1A and C). The absolute values of the ONL, OKT and ERG
measurements are given in Fig. 1BeF, respectively.

3.2. Photoreceptors

Rod photoreceptor OS of both LE and S334ter-4 rats stained
strongly for rod opsin (Rho-4D2, gift from Dr. Robert Molday) at
both P15 and P30 (Fig. 2; Red). At P15, rod opsin also stained the
photoreceptor cell bodies in the ONL in both LE and S334ter-4
animals as well as an occasional cell body in the inner nuclear
layer (INL; Fig. 2A and C). These displaced rod photoreceptors are
most likely the result of the normal developmental pattern
(Johnson et al., 1999). By P30 in LE rats, rod opsin staining was
primarily localized to the OS with the exception of the occasional
positively stained cell in the ONL and INL (Fig. 2B). By contrast, rod
opsin staining was still present in the ONL in S334-4 rats by P30.

Cone photoreceptor survival was examined through immuno-
histochemistry: cones were double-labeled with antibodies against
phosphodiesterase (PDE) gamma and peanut agglutinin (PNA;
biotinylated). PDE stains the entire cone profile, while PNA
primarily only stains cone matrix sheaths. In the normal LE retina,
there were no obvious changes in the thickness of the ONL, cone
number, or cone OS length from P15 to P30 (Fig. 3A and B). At P15,
Fig. 2. LE controls and S334ter-4 rats at P15 and P30. Rod Opsin (red) was expressed throug
C). By P30, expression of rod opsin was localized only to the OS in the LE rat (Fig. 2B), howev
(blue, Chat) were unremarkable. Neurofilament antibody was present in horizontal cell proce
were observed between normal and Tg S334-4 retinas from P15 to P30. Scale bar: 50 mm. (Fo
the web version of this article.)
Tg retinas were similar to LE retinas (Fig. 3C). At P30, Tg retinas
exhibited marked differences in cone structure. The thickness of
the ONL and overall length of the cone photoreceptors appeared
reduced. Cone OS were much more disorganized, tortuous, and
reduced in length (Fig. 3D, white box).

3.3. Inner retinal neurons

Cholinergic amacrine cells are stained in both the normal and Tg
retina by the ChATantibody (Fig. 2; Blue). The cells form twomirror
symmetric populations of neurons in the inner nuclear layer (INL)
and ganglion cell layer (GCL; (Strettoi and Volpini, 2002)) and do
not exhibit sprouting of neurites from P15 to P30 in either the
normal or Tg retina. Anti-neurofilament labeling of horizontal cell
processes (Fig. 2; Green) and ganglion cell axons appeared identical
in control and Tg S334-4 retinas at P15 and P30, however, by P40,
horizontal cells exhibited extensive outgrowths into the ONL in the
Tg animals (Fig. 4). Anti-CtBP2 and -synaptophysin, which stain
synaptic ribbons and synaptic terminals, respectively, showed
some disorganization of synaptic proteins at the junction of the
ONL and outer plexiform layer (OPL) and gaps in staining in the OPL
in the Tg retina. This pattern became more prominent as the
animals aged (Fig. 5C and D arrows). Anti-PKC beta positive bipolar
cells, exhibited normal morphology with the exception of minor
attenuation of bipolar cell dendrites (Fig. 6B).
hout the ONL and occasionally in the INL in both LE and S334ter rats at P15 (Fig. 2A and
er, in the S334ter-4 rats, rod opsin did not localize to the ONL (Fig. 2D). Amacrine cells
sses (green) and ganglion cell axons in the optic fiber layer. No differences in these cells
r interpretation of the references to colour in this figure legend, the reader is referred to



Fig. 3. Cone photoreceptors were double-labeled with antibodies against phosphodiesterase (PDE) gamma and peanut agglutinin (PNA; biotinylated). In the normal LE retina at P15
and P30 and the Tg retinas at P15, there were no obvious changes in the thickness of the ONL, cone number, or apparent cone OS length (Fig. 3A, B and C). At P30, Tg retinas (Fig. 3D)
exhibited marked differences in cone structure: the thickness of the ONL and overall length of the cone photoreceptors appeared shortened, and the cone OS were much more
disorganized, tortuous, and in some cases absent as highlighted within the white square. Scale bar: 50 mm.
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3.4. Müller cells and microglia

In the LE retina, anti-glial fibrillary acidic protein (GFAP), stains
only astrocytes, whereas anti-vimentin staining, is present
primarily in Müller cells (data not shown; (Luna et al., 2010)). In
degenerating retinas, increased expression of both GFAP and
vimentin are evident (Jones and Marc, 2005; Jones et al., 2003).
Fig. 4. Horizontal cells (Neurofilament, green) exhibit outgrowth (arrows in B) from the o
references to colour in this figure legend, the reader is referred to the web version of this
Here, at P15 in Tg retinas, Müller cells exhibit normal expression of
GFAP and vimentin (Fig. 7A and B). However, at P30, both proteins
were upregulated in Müller cells, and outgrowths fromMüller cells
often were observed extending past the outer limiting membrane
into the OS layer (Fig. 7C and D, arrow). The hypertrophy of these
cells can disrupt normal retinal architecture, ultimately causing the
disruption of photoreceptors in the immediate area (Fig. 7E, arrow).
uter plexiform layer into the ONL by P40. Scale bar: 20 mm. (For interpretation of the
article.)



Fig. 5. Synaptic makers CtbP2 (green) and synaptophysin (blue). Disorganization of synaptic proteins at the junction of the ONL and OPL in Tg retina compared to the normal retina
by P30 (Fig. 5), which occurs more frequently as the animals aged (Fig. 5C and D). Arrows indicate gaps in labeling. Scale bar: 20 mm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Isolectin B4 stained microglia in retinal sections at P15, and P30.
At P15, some microglia are present in the IPL (Fig. 8A). By P30, the
size of the microglia cell bodies appears to have increased (Fig. 8B).

4. Discussion

The data reported here show a number of morphological
changes that occur early in the degeneration profile of the Tg
S334ter-4 rhodopsin mutant rat. These changes include mis-
localization of the rod opsin protein, disorganization and short-
ening of the photoreceptor OS, occasional sprouting of horizontal
cell neurites, abnormal expression pattern of synaptic proteins such
as synaptophysin and CtbP2 likely due to a loss of terminals, and
activation of Müller glial cells. These morphologic changes occur
concurrently with the drastic decline in OKT thresholds, while ERG
responses remain near the higher, expected values given the rela-
tively slow rate of photoreceptor degeneration.

Previous studies using models of retinal degeneration have re-
ported discordant anatomical, functional, and behavioral
measurements. For example, behavioral studies that examined
Royal College of Surgeons (RCS) rat vision report visual acuity
measured long after significant photoreceptor degeneration has
occurred (McGill et al., 2004, 2007a). Specifically, in the Visual
Water Task, visual acuity was measured at w0.5 cpd (50% of non-
dystrophic value) (McGill et al., 2004) and OKT thresholds
remained at 0.300 cpd (w60% of non-dystrophic values) (McGill
et al., 2007b) at P90, an age at which the ONL is reduced to 1 or
fewer photoreceptor cell nuclei in these rats (Cuenca et al., 2005;
Fig. 6. Attenuation of dendrites in Anti-PKC
LaVail and Battelle, 1975). In addition, acuity measurements in both
tasks have been measured up to w300 days of age, despite the
highly pathological state of the retina. Visual stimuli in both tasks
were generated with average luminance levels bright enough to
saturate rod photoreceptors, indicating that the thresholds are
likely a reflection of the function of remaining cone photoreceptors.
Photopic flicker ERG waves in RCS rats can be measured up to P200
suggesting that some cones remain in the retina, and retain some
function at late ages (Pinilla et al., 2005). The fact that vision
measured in the RCS rat using behavioral tasks extends beyond
ages at which electrophysiological responses are elicited, suggests
that behavioral assessments of vision are perhaps more sensitive
than current electrophysiological techniques. This pattern has also
been described in S334ter line 3 rats. Sagdullaev et al. (2003) re-
ported that by P28, photoreceptor cell death is nearly complete in
the central retina, and multi-unit recordings from a corresponding
area of the superior colliculus (SC) are non-responsive. By P63, the
entire SC was non-responsive (Sagdullaev et al., 2003), however,
Thomas et al. (2004) reported OKT at P205 in the same line. In the
present study, however, despite the changes in cone morphology
and substantial photopic ERG b-wave amplitude values, minimal
cone function is lost before P60, indicating that cone function, or
the lack thereof, is not responsible for the lack of OKT thresholds
beyond P22 in the S334ter line 4 rat.

Numerous studies have examined inner retinal changes that
occur during retinal degeneration. Martinez-Navarrete et al. (2011)
report the retraction of rod bipolar cells dendrites forming clusters
along the OPL in both S334ter-3 and S334ter-5 rats. Similarly,
positive bipolar cells. Scale bar: 20 mm.



Fig. 7. Glial cell activation. Panels B, D, and F are identical to A, C, and E, respectively, with the red channel removed. At P15 in Tg retinas, Müller cells show little evidence of
activation with either GFAP (green) or Vimentin (red; Fig. 6A and B). However, at P30, both proteins were upregulated in Müller cells and often outgrowths from Müller cells were
observed extending past the outer limiting membrane into the OS layer (Fig. 6C and D, arrow). A glial scar is observed (Fig. 6E and F, arrow). Scale bar: 100 mm. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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P23H-1 rats (Cuenca et al., 2004) and rd10 mice (Barhoum et al.,
2008) have been observed to express these same bipolar cell
changes at P270 and P30, respectively. In this study, it appeared
that there was some attenuation of bipolar cell dendrites, but not to
the extent observed in previous studies with other models. Hori-
zontal cell processes diminish between P11 and P30 in both line 3
and 5 (Martinez-Navarrete et al., 2011) and horizontal cell density is
decreased by P60 in line 3 (Ray et al., 2010). Here, we found that
horizontal cells exhibit process outgrowth by P40, but these
outgrowths were not evident at earlier ages (data not shown). We
did not see evidence of horizontal cell death or a decrease in
horizontal cell density, although we did not quantify this as done in
previous studies. In the present study, the horizontal cell process
outgrowth is observed at an agewhere the retina retains more than
60% of normal photoreceptor counts suggesting that these changes
are more likely to occur concurrent with advanced photoreceptor



Fig. 8. Arrows indicate positively stained (Isolectin B4), activated microglia throughout the retina. Microglia increased both in number and size from P15 to P30. Scale bar: 50 mm.

T.J. McGill et al. / Experimental Eye Research 104 (2012) 65e7372
degeneration. Martinez-Navarrete et al. (2011) also report that in
both S334ter-3 and S334ter-5 rats, synaptic terminals were
different from controls as early as P11-13, and by P30, clear synaptic
terminals were difficult to recognize in the mutant retinas.
Furthermore, they found that at P60, gaps exist in the OPL of both
lines, and by P90 no synaptic terminal exist (Martinez-Navarrete
et al., 2011). In the present study, we also found differences in
synaptic terminals, which became more evident with age, consis-
tent with previous reports.

Several hypotheses have been put forward for the role of acti-
vated microglia in degenerating retinas. While it is generally
presumed that activation of microglia benefits surviving cells by
removing debris that may be toxic, recent evidence suggests that
activated microglia may be detrimental to central nervous system
neuron survival ((Langmann, 2007); for review). Indeed, it has been
shown that media taken from microglial cell cultures kills photo-
receptors (Roque et al., 1999), while inhibiting the activation of
microglia slows photoreceptor degeneration in the RCS rat (Glybina
et al., 2009). Finally, microglia are known to secrete molecules such
as proteases, pro-inflammatory cytokines, tumor necrosis factor,
and nitric oxide, all of which can kill neurons and presumably lead
to reduced visual acuity (Langmann, 2007; Ma and Streilein, 1999;
Ng and Streilein, 2001; Thanos, 1992).

The cause of the dramatic decline in OKT thresholds at wP20
remains unclear. The relatively minor degree of reorganization of
retinal neurons, minimal cone photoreceptor cell loss, and retained
photopic ERG function suggest that the cause might not be retina
specific. Prusky et al. (2008) report that repeated testing of OKT
thresholds from eye opening through P25 in LE rats can engage
visual system plasticity that is cortex dependent, enhancing OKT
thresholds above that of naïve rats. Monocular deprivation (MD)
during this period causes function measured through both eyes to
decline sharply to sub-naïve rat levels after the MD is removed.
Bilateral visual cortex ablation in these same animals at P30
restores thresholds measured through the deprived eye to naïve
levels, indicating that the cortex can actively inhibit OKT thresh-
olds. In addition, a dramatic loss of function in the non-deprived
eye can be observed when early OKT experience is combined
with MD and the MD is removed restoring binocular vision
(Tschetter et al., 2011). The mechanism of visual cortex mediated
enhancement and suppression of OKT thresholds is not yet eluci-
dated but may help explain the unique OKT results observed in the
present study.

5. Conclusion

This report describes changes in visual thresholds and retinal
morphology in the Tg S334ter-4 rat that occur prior to photore-
ceptor degeneration in this model; changes in cell morphology
occurred as early as P30, and in some cases as early as eye opening
(P15). These morphological changes occurred in concert with, or
before rapid loss of the behavioral (OKT) responses and signifi-
cantly before the loss of photoreceptors and photoreceptor
function.
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