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Wheel running exercise protects against retinal degeneration
in the I307N rhodopsin mouse model of inducible autosomal
dominant retinitis pigmentosa
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Purpose: We previously reported that modest running exercise protects photoreceptors in mice undergoing light-induced
retinal degeneration and in the rd10 mouse model of autosomal recessive retinitis pigmentosa (arRP). We hypothesized
that exercise would protect against other types of retinal degeneration, specifically, in autosomal dominant inherited
disease. We tested whether voluntary running wheel exercise is protective in a retinal degeneration mouse model of
class Bl autosomal dominant RP (adRP).

Methods: C57BL/6J mice heterozygous for the mutation in I307N rhodopsin (R%0) (also known as RHO™ ™, or Tvrm4)
are normal until exposed to brief but bright light, whereupon rod photoreceptor degeneration ensues. I307N Rho mice
were given access to free spinning (active) or locked (inactive) running wheels. Five weeks later, half of each cohort
was treated with 0.2% atropine eye drops and exposed to white LED light (6,000 lux) for 5 min, then returned to
maintenance housing with wheels. At 1 week or 4 weeks after induction, retinal and visual function was assessed with
electroretinogram (ERG) and optomotor response (OMR). In vivo retinal morphology was assessed with optical coher-
ence tomography (OCT), and fundus blue autofluorescence assessed using a scanning laser ophthalmoscope. The mice
were then euthanized, and the eyes fixed for paraffin sectioning or flatmounting. The paraffin sections were stained with
hematoxylin and eosin (H&E) and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) to assess
retina morphology and apoptosis. Half of the flatmounts were stained for ZO-1 and a-catenin to assess RPE cell struc-
ture and stress. (We previously reported that translocation of a-catenin from cell membranes into the cytosol indicates
RPE cell stress.) The remaining flatmounts were stained for ZO-1 and Iba-1 to assess the RPE cell size and shape, and
inflammatory responses.

Results: In vivo measures revealed that induction of the 307N Rho degeneration decreased retinal and visual function,
decreased the thickness of the retina and photoreceptor layers, and increased the number of blue autofluorescence spots at
the level of the photoreceptor—RPE interface. Post-mortem analyses showed that induction caused loss of photoreceptors
in the central retinal region, and increased TUNEL labeling in the outer nuclear layer (ONL). The RPE was disrupted 1
week after induction, with changes in cell size and shape accompanied by increased a-catenin translocation and Iba-1
staining. These outcomes were partially but statistically significantly prevented in the exercised mice. The exercised
mice that underwent induced I1307N RhAo degeneration exhibited retinal function and visual function measures that
were statistically indistinguishable from that of the uninduced mice, and compared to the unexercised induced mice,
had thicker retina and photoreceptor layers, and decreased numbers of subretinal autofluorescent spots. Post-mortem,
the retina sections from the exercised mice that had undergone induced 1307N Rho degeneration exhibited numbers
of photoreceptors that were statistically indistinguishable from those of uninduced mice. Similarly, exercise largely
precluded a degeneration-induced increase in TUNEL-positive cells in the ONL. Finally, the RPE of the exercised mice
appeared normal, with a regular cell shape and size, and little to no alpha-catenin translocation or Iba-1 immunosignal.
Conclusions: Voluntary wheel running partially protected against retinal degeneration and inflammation, and RPE
disruption in a model of inducible adRP. This is the first report of exercise protection in an adult adRP animal model. It
is also the first report of an RPE phenotype in the I307N RAzo mouse. These findings add to a growing literature reporting
that modest whole-body exercise is protective across a wide range of models of retinal damage and disease, and further
highlights the potential for this accessible and inexpensive therapeutic intervention in the ophthalmic clinic.
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(RetNet; July 1, 2019 update) [3-5]. Therapeutic strategies
targeting specific mutations are being pursued [2,6-8], but
with such a plethora of targets, it is arguably more efficient,
and may have greater impact, to develop treatments that span
genotypes. To that end, we tested and reported that treadmill
running or voluntary wheel running is protective in a rat
model of diabetic retinopathy [9], in mouse models of light-
induced retinal degeneration (LIRD) [10-12], and in the rd10
mouse [13], a model of autosomal recessive RP (arRP) [14,15].

We sought to extend the translational relevance of
our exercise intervention studies by testing in the I1307N
rhodopsin (Rho; also known as RHOY™¥*) mouse model
of autosomal dominant RP (adRP) [16-18]. This model is
considered distinctly suitable for preclinical efficacy studies
of potential RP therapies for several reasons [18]. First, muta-
tions in RHO (Gene ID: 6010, OMIM 180380) account for a
plurality of RP [3], and the I307N RAo mouse specifically
mimics several aspects of the class Bl adRP phenotype
[16-18]. Second, because the phenotype arises from chemical
mutagenesis [16], it avoids the potential confound present
for transgenic RP models that express mutant R4o in addi-
tion to wild-type [19], because overexpression of Rho alone
can cause retinal degeneration [20]. Third, the degeneration
is induced only upon brief exposure to bright light [16-18],
allowing coordinated degeneration across all experimental
subjects. Fourth, inducing in adolescence or later more
closely mimics RP than commonly used models, such as
rdl or rd10 mouse models, that have degeneration onset in
infancy, avoiding the potential developmental confounds of
those models [14,15,18,21-23].

We report that voluntary wheel running statistically
significantly preserved retinal function and morphology in
induced 1307 Rho mice. Additionally, we report for the first
time that the 1307N Rho degeneration includes RPE damage.
This, too, was protected against in the wheel running cohorts.

METHODS

Animals: All mouse handling procedures and care were
approved by the Emory Institutional Animal Care and Use
Committee, and followed the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research. A colony of
I307N Rho mice was established and maintained at Emory
by breeding homozygous I1307N RAo mice (gift of Dr. Patsy
Nishina of the Jackson Laboratory, Bar Harbor, ME; now
available as catalog number 030,638) with C57BL/6J mice
(Jackson Laboratories, catalog number 000,664) to produce
heterozygous progeny for use in experiments [16,24]. (N.B.:
The mice from Dr. Nishina originated from a two-generation
backcross mating scheme using chemically mutated F1 hybrid
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129/SvJae x C57BL/6J embryonic stem cells, followed by a
minimum of five backcrosses onto the C57BL/6J background
[16].) Mice were housed under a 12 h:12 h light-dark cycle
(7 AM on and 7 PM off). During the light cycle, light levels
measured at the bottom of the mouse cages ranged from 5 to
45 TIux. Mice had access to standard mouse chow (Rodent Diet
5053; LabDiet, Inc., St. Louis, MO) ad libitum, and weighed
25 to 30 g throughout the study. Male and female mice aged
10—20 months were used in approximately equal numbers.
Heterozygous [307N Rho mice were placed in single housing
cages with low-profile running wheels (Med-Associates, Inc.;
St. Albans, VT) that were either functional (active) or locked
(inactive). All mice housed with active running wheels were
observed twice daily to confirm running behavior. Mice had
continuous access to wheels for the remainder of the experi-
ment with the exception that, after 2 weeks of access, mice
were temporarily moved to light chambers for induction of
degeneration (detailed below), then transferred back to main-
tenance housing with active or inactive running wheels until
the end of the experiment. Mice were euthanized by asphyxi-
ation using CO, bottled gas for all experiments.

Induction of 1307N Rho degeneration: Atropine eye drops
(0.2% diluted from 1% atropine ophthalmic solution, Akorn
Inc., Lake Forest, IL; diluted with Refresh Tears (Allergan,
Irvine, TX)) were administered twice, with the last eye drops
applied 30 min before toxic light exposure. For experimental
light exposure to induce the I307N Rho degeneration, the
animals were individually housed in white opaque polypro-
pylene cages for 5 min without food or water while exposed
to 6,000 lux levels of light from a white light-emitting diode
light source. Exposure was between 10 and 11 AM (i.e., 3
to 4 h into the normal light cycle). After this exposure, the
animals were returned to their home cages under normal
lighting conditions for the remainder of the experiment. The
uninduced mice were exposed to 50 lux light.

Electroretinograms: The complete electroretinogram (ERG)
protocol was previously detailed [10,12,13,25,26]. Briefly,
mice were dark-adapted overnight. In preparation for the
ERGs, the mice were anesthetized with intraperitoneal (IP)
injections of 100 mg/kg ketamine and 15 mg/kg xylazine
(ketamine; KetaVed from Vedco, Saint Joseph, MO; xylazine.

Proparacaine (1%; Akorn Inc.) and tropicamide (1%;
Akorn Inc.) eye drops were administered to reduce eye sensi-
tivity and dilate the pupils. Once anesthetized, the mice were
placed on a heating pad (39 °C) inside a Faraday cage in front
of the desktop BigShot LED Ganzfeld stimulator (LKC Tech-
nologies, Gaithersburg, MD). A platinum wire fiber electrode,
produced in-house, was placed in contact with each cornea.
A drop of Refresh Tears (Allergan) was added to each eye to
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maintain conductivity with the electrode fibers. The reference
electrodes (LKC) were 1-cm needles inserted into each cheek,
and the ground electrode (LKC) was placed in the tail. ERGs
were recorded for the scotopic condition (0.00039-24.9000 cd
s/m? and increasing flash stimulus intervals from 2.0 to 70 s).
Mice recovered from anesthesia individually in cages placed
partly on top of heated water pads.

In vivo ocular imaging: Spectral domain optical coherence
tomography (SD-OCT) was conducted immediately after the
ERG measurement, when the mice were still anesthetized,
and their pupils were still dilated. A Micron IV SD-OCT
system with fundus camera (Phoenix Research Labs,
Pleasanton, CA) and a Heidelberg Spectralis HRA+OCT
instrument with 25D lens (Heidelberg Engineering, Heidel-
berg, Germany) were used in tandem sequentially to assess
ocular posterior segment morphology in section and en face.
Using the Micron IV system, image-guided OCT images
were obtained for the left and right eyes after a sharp and
clear image of the fundus (with the optic nerve centered)
was obtained. SD-OCT imaging was a circular scan about
100 um from the optic nerve head. Fifty scans were averaged.
The retinal layers were identified according to published
nomenclature [27]. The total retinal thickness and thickness
of the individual retinal layers were analyzed using Photo-
shop CS6 (Adobe Systems Inc., San Jose, CA). The number
of pixels was converted into micrometers by multiplying
by the micrometers per pixel conversion factor (1.3 um = 1
pixel). Immediately after imaging on the Micron IV system,
a rigid contact lens was placed on the eye (BOZR: 1.7 mm,
Diameter: 3.2 mm, PWR: Plano), and blue autofluorescence
imaging at the layer of the photoreceptor—RPE interface
was conducted using the Heidelberg Spectralis HRA+OCT
instrument. During imaging and afterward during anesthesia
recovery, the mice were kept on water-circulating heat pads
to maintain their body temperature.

Optomotor response: Visual acuity as a function of the spatial
frequency threshold was measured by a trained observer-
operator inducing and recording visual, reflexive, tracking
behavior of individual mice using a virtual optomotor system
(OptoMotry; Cerebral Mechanics, Inc., Lethbridge, Canada)
as previously described [13,28]. The observer-operator was
masked to the cohort membership of the mice. Briefly, a
mouse was placed on a platform inside a chamber with four
walls comprised of computer monitors displaying vertical
dark and white lines in motion. The perceived visual environ-
ment was that of being inside a revolving cylinder of vertical
stripes. The mouse moved its head left or right (depending
on the direction the lines were spinning) to visually follow
the movement of the lines in a reflexive tracking motion
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[29,30]. The spatial frequency in cycles per degree (i.e., the
thickness of the dark lines) was progressively narrowed in
a staircase pattern by the observer-operator until the mouse
no longer made detectable head-tracking movements. The
highest spatial frequency threshold at which tracking motions
were still present was recorded as the mouse’s visual acuity
capability. Optomotor response (OMR) assessments were
conducted under photopic conditions and at 100% line
contrast 1 week and 4 weeks following toxic light exposure
[30,31].

Histology and morphometrics of ocular sections: Histologic
and morphometric procedures followed standard tech-
niques [26]. Eyes were dehydrated, embedded in paraffin,
and sectioned through the sagittal plane on a microtome at
5 um increments. Sections containing the optic nerve and
the center of the cornea were selected for staining to ensure
that consistent regions were examined between animals. The
slides were deparaffinized across five Coplin jars with 100 ml
of xylene for 2 min each, consecutively. Then the slides were
rehydrated in a series of 100 ml ethanol solutions for 2 min
each: 100%, 90%, 80%, 70%, 60%, and 50%. The slides
were immersed in PBS (137 mM NaCl, 2.7 mM KCI, 9.5 mM
Phosphate buffer. pH 7.35) for 5 min each. After rehydra-
tion, terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay was performed on some sections
according to the protocol for the DeadEnd Fluorometric
TUNEL Kit (Promega, Fitchburg, WI). Stained sections were
imaged using fluorescent microscopy, and TUNEL-positive
cells in the outer-nuclear layer (ONL) were manually counted
for each whole retina using Adobe Photoshop Creative Suite
6 [25]. Some sections were used for hematoxylin and eosin
(H&E) staining. ONL nuclei were counted in a semiauto-
mated fashion using QuPath (University of Edinburgh, Divi-
sion of Pathology, Edinburgh, Scotland; https:/qupath.github.
i0) to outline the regions of the nuclei, and then to identify
and count them within 100-um-wide segments spaced at 250,
750, and 1,250 pum from the optic nerve head in the dorsal and
ventral directions.

RPE flatmount tissue processing: The flatmounts were
prepared similarly to our published approach [32-34]. Briefly,
the superior side of the eye was marked with a blue Sharpie
pen. Globes were fixed in Z-Fix (Anatech Ltd, Battle Creek,
MI) for 10 min, and then washed three times with Hank’s
Balanced Salt Solution (HSBB; Cat. # 14025092, Gibco
by Life Technologies, Grand Island, NY). RPE flatmounts
were prepared using a microdissection technique as follows.
Extraocular tissue was removed. The center of the cornea
was punctured using 3 mm scissors, and four cuts were made
extending from the cornea toward the optic nerve. The iris
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Figure 1. Exercise partially preserves retinal function in the I307N R/Zo mouse. Scotopic electroretinogram (ERG) a-wave (A, C) and
b-wave (B, D) mean amplitudes from [307N RAo mice at 1 (A, B) and 4 weeks (C, D) after degeneration was induced. Mice with inactive
running wheels and exposed to 6,000 lux light for 5 min to induce degeneration exhibited a- and b-wave mean amplitudes (red) that were
statistically significantly diminished compared to those of the uninduced groups (blue and black). However, with the exception of the data
in C, the mean ERG amplitudes of the mice undergoing retinal degeneration but with active running wheels (green) were either statistically
indistinguishable from those of uninduced mice or were statistically significantly greater than those of the inactive induced mice. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001 with two-way ANOVA with the Newman-Keuls multiple comparisons test; comparisons as noted in
the image. See Appendix 1, Appendix 2, Appendix 3, Appendix 4 for detailed tabular results and multiple comparisons. For each group in
panels A-D, n=10—14 eyes. Error bars represent standard error of the mean (SEM).
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Figure 2. Exercise provides partial preservation of spatial frequency
in induced I1307N R/o degeneration mice. The inactive mice that
underwent induced retinal degeneration (red bar) exhibited spatial
frequency thresholds (as measured with optomotor response
[OMRY]) that were statistically significantly lower than those of the
uninduced mice (black and blue bars) 4 weeks degeneration was
induced. The induced mice that were active (green bar), however,
exhibited a mean spatial frequency threshold that was statisti-
cally indistinguishable from those of the uninduced groups, but
was statistically significantly greater than inactive, induced mice.
**p<0.01 and *p<0.5 with one-way ANOVA with the Newman-
Keuls multiple comparisons test; comparisons as indicated in figure.
n=5-7 mice/group. Error bars represent standard error of the mean
(SEM).
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Figure 3. Exercise partially preserves photoreceptor layer thickness and total retinal thickness following induction of I307N R/o degenera-
tion. Photoreceptor thickness (A, C) and retinal thickness (B, D) from I307N R/o mice at 1 (A, B) and 4 weeks (C, D) after degeneration
was induced. The mice with inactive running wheels and exposed to 6,000 lux light for 5 min (red bar) exhibited losses in the thickness
of the photoreceptor and retina layers, whereas the induced mice with active running wheels (green bar) exhibited statistically significant
preservation of layer thickness. E. Representative fundus images and corresponding optical coherence tomography (OCT) images from each
group. *p<0.05 versus all other groups. Other comparisons as indicated in the figure; **p<0.01, ***p<0.001 with one-way ANOVA with the
Newman-Keuls multiple comparisons test. n=5—7 mice/group. Error bars represent standard error of the mean (SEM).

and the neural retina were removed. Four additional cuts
were made in each of the four RPE-scleral flaps to enable
the tissue to be flattened. After dissection, the tissues were
flatmounted, RPE side up, on conventional microscope slides
to which a silicon gasket had been applied (Grace Bio-Labs,
Bend, OR). The flatmounts were rinsed with HBSS, followed
by incubation with blocking buffer made with 1% bovine
serum albumin (BSA; Sigma, St. Louis, MO) in 0.3% Triton
X-100 (Sigma) HBSS solution 1 h at room temperature (RT).

Immunohistochemistry and confocal imaging of RPE flat-
mounts: The flatmounts were incubated with primary anti-
bodies (1:250 anti-ZO-1, Cat. # MABT11, Sigma; 1:500 anti-
CTAAN!I, Cat. #EP1793Y, Abcam, Cambridge, MA; 1:1,000
anti-Iba-1, Cat. # 019-19741, Wako, Richmond, VA) overnight
at RT. On the second day, the flatmounts were washed five
times with 0.3% Triton X-100 in HBSS buffer, and then
incubated with secondary antibodies (Alexa Fluor 488,1:1,000
donkey anti-rat immunoglobulin G (IgG), Cat. # A21208,
Thermo Fisher Scientific, Waltham, MA; Alexa Fluor 568,
1:1,000 goat anti-rabbit IgG, Cat. # A11036, Thermo Fisher

Scientific) overnight at RT. On the third day, the flatmounts
were washed with Hoechst 33,258 (1:250, Cat. #H3569,
Thermo Fisher Scientific) in blocking buffer three times,
and then washed with HBSS in 0.3% Triton X-100 twice.
Next, they were mounted with two drops of Fluoromount-G
(Cat. #17984-25, Electron Microscopy Sciences, Signal Hill,
CA), coverslipped, and allowed to set overnight. The slides
were stored in the dark at 4 °C until imaging using a Nikon
Ti inverted microscope with C1 confocal scanner (Nikon
Instruments Inc., Melville, NY). Using an automated XY
stage control within the EZ-C1 software, the flatmount was
imaged with a 10X objective lens. Images were processed as
described previously [33]. Briefly, confocal images from the
entire flatmount were photomerged using Adobe Photoshop
CS2, and zoning layers were applied.

Statistical analyses: One- and two-way repeated measures
ANOVAs with post-hoc Newman-Keuls multiple compari-
sons test [35] and Student’s ¢ tests were performed for the
ERG, OMR, and morphometric data. For all analyses, a p
value of less than 0.05 was considered statistically significant.
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Figure 4. Exercise partially preserves outer nuclear layer in the I307N Rho retinal degeneration. I307N Rho degeneration was induced
in active and inactive mice. A week later, the mice were euthanized, and ocular sections stained with hematoxylin and eosin (H&E). A:
Representative H&E images of retina sections from each treatment group are from a region of 250—750 um from the optic nerve. Examples
of complete sections are shown in Appendix 5. B: Nuclei were counted in six discrete regions of the retinal sections starting at 250 pm from
the optic nerve head and extending every 500 um outward along the dorsal or superior (positive values on abscissa) and ventral periphery
or inferior (negative numbers on abscissa); spacing and counting overlay templates are shown in Appendix 5. The inactive, induced mice
(red) showed statistically significant loss of nuclei at four distances from the optic nerve head compared to the uninduced group (black);
*#p<0.01 and ****p<0.0001 versus the inactive, uninduced group. However, the induced mice that were active (green) exhibited mean
nuclei counts statistically indistinguishable from those of the inactive, uninduced group (black) throughout the length of the retina. In the
region of 250750 um superior and inferior from optic nerve, the nuclei counts were statistically greater in the active versus inactive induced
mice; **p<0.01 and *p<0.05, comparisons as shown in the figure. All comparisons tested with two-way ANOVA with the Newman-Keuls
multiple comparisons test. n=10—14 retinal images/group (five to seven mice/group). Error bars represent standard error of the mean (SEM).

All graphs display data as mean + standard error of the mean
(SEM). The stated n is the number of animals used in each
group. Graphs and analyses were conducted using Prism 8.1.1
Software (GraphPad Software Inc., La Jolla, CA).

RESULTS

Exercise partially preserves retina and visual function in the
I307N Rho mouse model of adRP: For mice housed with inac-
tive running wheels, the I307N RhAo degeneration resulted in
significant diminution of ERG a- and b-wave mean amplitudes
by 1 week following induction of degeneration compared to
non-induced mice (Figure 1A,B; Appendix 1 and Appendix
2). This functional loss was partially prevented in induced
mice with access to active running wheels, as their mean ERG
amplitudes were not statistically significantly different from
of those of the uninduced groups. In a replicate experiment,

partial protection was obtained out to 4 weeks after degenera-
tion was induced (Figure 1C,D; Appendix 3 and Appendix 4).
Similarly, the I307N Rho degeneration resulted in about 40%
diminution of the OMR spatial frequency threshold measured
4 weeks after induction (p<0.05). This functional loss was
prevented in the induced mice with access to active running
wheels: The spatial frequency of the exercised, induced mice
was statistically indistinguishable from either group of unin-
duced mice, but was statistically significantly greater than
that of the unexercised, induced mice (Figure 2). These data
suggest that voluntary exercise protects photoreceptor and
inner retina cell function and vision-directed behavior in this
mouse model of adRP.

Exercise partially preserves retinal morphology in the
1307N Rho mouse model of adRP: As imaged in vivo with
SD-OCT 1 or 4 weeks after degeneration was induced, the
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Figure 5. Exercise prevents increases in TUNEL-positive cells following induction of I307N Rho retinal degeneration. The active and
inactive I307N Rho mice received toxic light exposure and were euthanized 1 week after exposure. Retinas were collected, sectioned, and
sections were assayed for terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL). A: Representative morphological images
of each group are from the region of 250—750 um from the optic nerve. Complete sections are shown in Appendix 6. B: TUNEL-positive
cells were counted across complete retina sections. The uninduced mice had few TUNEL-positive cells (black bar). Induction statistically
significantly increased the number of TUNEL-positive cells per section (red bar). This increase did not occur in the active mice (green bar).
*p<0.05 versus other groups with one-way ANOVA with the Newman-Keuls multiple comparisons test. n=3 sections/group. Error bars
represent standard error of the mean (SEM). Size marker represents 50 pm.

retinas of I307N Rho mice housed with inactive running
wheels thinned statistically significantly compared to those
of the non-induced I1307N Rko mice, largely due to thinning
of the photoreceptor layer (Figure 3). Induced mice that ran
on wheels showed statistically significantly less thinning
of the retinas and photoreceptor layers as early as 1 week
(Figure 3A,B), and as late as 4 weeks post-induction (Figure
3C,D). Representative fundus images and corresponding
OCT images from each treatment group taken 1 week after
degeneration was induced are shown in Figure 3E.

Photomicroscopy of H&E-stained sections of eyes
harvested 1 week after induction showed marked degrada-
tion of morphology in the outer retina in the induced 1307N
Rho mice housed with inactive running wheels compared to
those of the non-induced 1307N Rho mice (Figure 4A,B and

Appendix 5). Photoreceptor cell inner and outer segments
and much of the nuclei of the ONL were eliminated, with
the loss predominantly centrally (Figure 4A and Appendix
5) in induced mice housed with inactive running wheels.
Conversely, much of this degeneration was prevented in the
mice with active running wheels (Figure 4A and Appendix
5). Quantification of ONL nuclei counts confirmed statis-
tically significant losses due to degeneration, and a lack of
statistically significant loss in the exercised mice (Figure
4B). The morphological and morphometric data confirmed
the 1307N Rho phenotype previously reported [16-18], and
indicated that voluntary wheel running is protective in this
mouse model of adRP.

Exercise prevents accumulation of TUNEL signals in
photoreceptor cells of induced I307N Rho mice: The

468


http://www.molvis.org/molvis/v25/462

Molecular Vision 2019; 25:462-476 <http://www.molvis.org/molvis/v25/462>

D k%K

250 1
200+
150

100

Number of white dots
(3]
o
1

0-

© 2019 Molecular Vision

C active induced

Il inactive uninduced
I inactive induced
[ active induced

Figure 6. Exercise suppresses subretinal autofluorescence observed in the 307N Rho retinal degeneration. A—C: Representative morphology
images from each group at the level of the photoreceptor—RPE interface. In vivo Spectralis HRA+OCT images (with blue autofluorescence
detection) were taken 1 week after degeneration was induced. The top of each image is dorsal or superior, and the bottom is ventral periphery
or inferior. In the mice induced to degenerate, autofluorescent white spots are numerous and widespread (B and C), though generally less
dense in the inferior hemisphere in the exercised mice (C). D: Autofluorescent white spots were counted across the entire captured field of
the fundus. None were detected in the uninduced mice. Active mice undergoing induced degeneration (green bar) exhibited statistically
significantly fewer white spots compared to the inactive group (red bar). **p<0.005 by the Student ¢ test. n=5-7 mice/group. Error bars are

standard error of the mean (SEM). Size marker represents 200 um.

paraffin-embedded ocular sections from the mice eutha-
nized a week after induction were stained for TUNEL and
4'.6-diamidino-2-phenylindole (DAPI) to label nuclei with
double-stranded DNA breaks (a hallmark of programmed
cell death [apoptosis] or other forms of cell death). The
ONL TUNEL signal was high in the retinas from the
induced I307N RKo mice that had inactive running wheels
compared to the retinas from the uninduced mice (Figure SA
and Appendix 6). The induced I307N RAo mice that ran on
wheels exhibited statistically significantly less TUNEL signal
(Figure 5B and Appendix 6). These data suggest that volun-
tary wheel running exercise diminished or delayed apoptosis
in photoreceptor cells.

Exercise prevents an inflammatory response following
induction of the I1307N Rho retinal degeneration: Subretinal

autofluorescent spots, dots, specks, or flecks observed in
vivo with fundus examination are considered diagnostic
markers for inflammatory responses in retinal damage and
disease [36]. Similarly, the increased Iba-1 immunosignal in
post-mortem RPE flatmounts is considered indicative of the
presence of activated microglia and other inflammatory cells
in models of retinal degeneration [37,38], including the 307N
Rho mouse [17]. To test whether exercise alters inflammatory
responses of the 1307N phenotype, in vivo fundus examina-
tion at the level of the subretinal space was conducted 1 week
following induction of 1307N Rho degeneration, followed
by euthanasia and harvest of the eyes for the subsequent
fixation and immunohistochemical confocal microscopy
on the RPE flatmounts. Uninduced eyes showed scant blue
autofluorescence at the level of the subretinal space in vivo
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Figure 7. Exercise decreases an inflammatory response observed at the level of the RPE in I307N Rho retinal degeneration. The RPE
flatmounts from the mice euthanized 1 week after degeneration was induced were immunostained for Iba-1 (red), ZO-1 (green), and
4',6-diamidino-2-phenylindole (DAPI) (blue). A—C: Representative 100X fluorescent confocal microscopy images of flatmounts, RPE apical
side facing up. A: Flatmounts from the uninduced, inactive mice had little or no Iba-1 immunosignal. B: Flatmounts from the inactive
induced mice exhibited heavy Iba-1 staining. C: Flatmounts from the induced but active mice exhibited almost no Iba-1 staining, similar to
samples from the uninduced mice. D: High-resolution image of the superior region from the inactive induced group; image taken at 600X
magnification. E: High-resolution image of the superior region from the active induced group; image taken at 600X magnification. The size

markers represent 30 pm.

(Figure 6A). In the eyes of the induced 1307N RAo mice
housed with inactive running wheels, numerous and wide-
spread autofluorescent spots were observed in vivo (Figure
6B). This was prevented in the I307N R0 mice housed with
active running wheels, which exhibited fewer autofluores-
cent spots in vivo (Figure 6C), confirmed with statistical
testing of the counts of these spots (Figure 6D). The Iba-1
immunosignal in the post-mortem RPE flatmounts showed
parallel outcomes. Flatmounts from uninduced mice showed
few Iba-1-positive cells (Figure 7A), whereas numerous Iba-
I-positive cells were observed in flatmounts from mice that
had undergone degeneration (Figure 7B,D). This increase
in Iba-1-positive cells was greatly diminished in the mice
housed with active running wheels (Figure 7C,E). Additional
examples of fundus autofluorescence images are paired with
whole images of RPE flatmounts in Appendix 7. The overall
patterns of the signal appear similar in the paired fundus and

flatmount images. Finally, induction of degeneration statisti-
cally significantly increased the number of nucleated cellular
infiltrates observed in the interphotoreceptor space (near the
outer segment layers) of the inactive mice, but not that in the
exercised mice (Appendix 5 and Figure 8). Similar infiltrates
were seen in previous reports of the I307N RAo phenotype
[16], but were not commented upon by the authors. The obser-
vations of autofluorescent spots, Iba-1 immunolabeled cells,
and nucleated cellular infiltrates indicate that induction of the
1307N Rho degeneration leads to an inflammatory response
that is lessened by exercise, either indirectly (by partially
preventing early rod photoreceptor injury) or more directly
via as-yet undefined actions.

Exercise prevents RPE disruption: We previously reported
that alpha-catenin, a member of the adherens junction protein
complex that is required for maintaining the integrity of
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epithelial cells [39], including RPE cells [40,41], translocates
into the RPE cytosol following severe retinal degeneration
[42], and that this may be an early event in the eventual RPE
disruption. To assess whether the I307N Rho degeneration
includes similar RPE disruption, the RPE flatmounts were
stained with ZO-1 antibody to define the RPE cell borders,
and with alpha-catenin antibody to locate alpha-catenin. The
RPE of the uninduced I307N RAo mice had well-ordered
RPE sheets with a high proportion of cells showing hexago-
nality (Figure 9A) and scant cytosolic alpha-catenin signal.
Conversely, the RPE of the induced 1307N R/o mice that had
inactive running wheels was disrupted, with changes in size
and shape, and high levels of alpha-catenin in the cytosol
(Figure 9B,D). The RPE from the induced 1307N Rho mice
that had active running wheels looked similar to the RPE
from the uninduced mice, with a high degree of ordered
hexagonality and little or no cytosolic alpha-catenin signal
(Figure 9C,E). Similar to our subretinal autofluorescence
observation, these data indicate that exercise may prevent
RPE disruption. This may be epiphenomenal, e.g., secondary
to protection of photoreceptors, or it may be by undefined
direct actions on the RPE.

DISCUSSION

Induction of I307N Rho retinal degeneration resulted in
retinal and visual function deficits and degeneration of photo-
receptor cells, corroborating outcomes well documented by
three independent groups reporting characterizations of this
adRP model [16-18]. We add to this characterization with
the observations that the degeneration etiology includes the
appearance of subretinal autofluorescent spots, evidence
of rammified Iba-1-positive cells (presumptive activated
microglia) observed at the apical surface of the RPE, and
RPE disruption. Voluntary wheel running statistically
significantly protected against these pathological processes,
observed as better retinal and visual outcomes, suppressed
inflammatory response, and preservation of RPE cell and
sheet morphology. The functional and morphological protec-
tive effects are in agreement with similar outcomes from our
exercise studies with other retinal disease or damage models
[9-13] and those of others [43-46]. With the exception of our
study [12] of the effects of voluntary wheel running on the
rd10 mouse (an arRP model confounded by the degeneration
occurring during development), these studies were conducted
with forced exercise (e.g., swimming or treadmill running),
which can induce stress [12], and thus, confound interpreta-
tion of results. Thus, we report protection with a clinically
relevant exercise modality in a model of adRP that extends
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Figure 8. Exercise prevents accumulation of nucleated cellular
infiltrates in the interphotoreceptor space. As observed in Figure
4 and Appendix 5, induction of 307N R/o degeneration increased
the number of nucleated cellular infiltrates in the interphotore-
ceptor space (near the outer segment layer) of the inactive mice.
Counting these infiltrates across entire retinal sections revealed that
the induced, inactive mice (red bar) had statistically significantly
more infiltrates compared to uninduced mice (black bar). However,
this increase was prevented in exercised mice (green bar). *p<0.05
versus other groups with one-way ANOVA with the Newman-Keuls
multiple comparisons test. n=3 sections/group. Error bars represent
standard error of the mean (SEM).

the potentially clinical significance of studies testing effects
of exercise on models of ocular disease.

The RPE disruption we observed in the present study
is suggested by changes in RPE cell size and shape, and
alpha-catenin translocation from RPE cell membrane to the
cytosol (Figure 9). Alpha-catenin is a mechanosensor that
binds F-actin to couple the cadherin-catenin complex to the
actin cytoskeleton at adherens junctions [47] that are required
for maintaining the integrity of epithelial cells [39], including
RPE cells [40]. Mutations in alpha-catenin lead to RPE
abnormalities and butterfly pattern macular dystrophy [41].
Release of alpha-catenin into the cytosol thus may represent
an early and significant event in RPE cell degradation [42].
That exercise protects against alpha-catenin translocation
may be simply due to exercise partially preventing photo-
receptor degeneration that would have eventually induced
RPE disruption, or exercise may have direct effects on RPE
physiology. Testing the potential causative paths requires
additional study.

Although the specific I307N Rho mutation has not been
reported in humans, and its associated retinal degeneration
is rapid, rather than slow as in most presentations of RP, the
I307N Rho mouse model is useful for preclinical studies
[16-18]. It is significant translationally due to its autosomal
dominant genetics, its clear pattern and time course of
photoreceptor cell degeneration, and its ease of study with
common clinical diagnostic approaches, e.g., ERG, fundus
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examination, and SD-OCT [16-18]. The observation of
autofluorescent spots with fundus examination adds to this
potential translational significance in that such hyperauto-

fluorescence is considered a useful in vivo diagnostic tool in
the clinic [36].

Autofluorescent spots similar to those observed here
are postulated to be components of inflammatory responses
(e.g., activated microglial cells [48], lipofuscin in RPE cells,
and bisretinoids in the photoreceptors [49-51], RPE cells
undergoing epithelial-mesenchymal transition (EMT) that
are migrating into the neural retina [52,53], etc.). The present
data indicated that exercise prevents the appearance of these
autofluorescing entities, and thus, may be preventing retinal
inflammation, either indirectly by partially preventing early

© 2019 Molecular Vision

rod photoreceptor injury, or more directly by some as-yet
undefined action. Comparing the patterns of autofluorescent
spots in images in Figure 6 with the Iba-1-postive cells in
images in Figure 7, it appears likely that at least some of these
autofluorescent spots are microglia in the subretinal space
(the plane of focus for the images of Figure 6 and Figure
7), possibly activated due to photoreceptor degeneration or
RPE disruption. Similar Iba-1 immunostaining indicating
activation of microglia and migration into the outer retina
was thoroughly documented for the I307N RZo mouse by
Strettoi and colleagues [17], while Swaroop and colleagues
have suggested that autofluorescent spots in the subretinal
space are subretinal accumulations of microglia activated by
RPE atrophy [48]. Though speculative, the nucleated cellular

A inactive uninduced

B inactive induced

C active induced

Figure 9. Exercise prevents RPE stress in [307N Rho retinal degeneration. RPE stress is suggested by alpha-catenin translocation from cell
borders into cytosol [42]. RPE flatmounts (RPE apical side facing up) from the mice euthanized 1 week after degeneration was induced
were immunostained for alpha-catenin (red), ZO-1 (green), and 4',6-diamidino-2-phenylindole (DAPI) (blue). A—C: Representative 100X
fluorescent confocal microscopy images of flatmounts. D—F: High-resolution images of the superior region from the inactive uninduced
(D), inactive induced (E), or active induced group (F); images taken at 600X magnification. Flatmounts from the uninduced, inactive mice
had little or no cytosolic alpha-catenin immunosignal (A and D). Flatmounts from the inactive induced mice exhibited heavy cytosolic
alpha-catenin immunostaining, particularly in the regions of cells with distortion in shape and changes in size (B and E). Flatmounts from
the induced but active mice exhibited almost no cytosolic alpha-catenin staining, similar to the samples from the uninduced mice, with
nearly unperturbed RPE cell shape and size (C and F). The size markers represent 30 um.
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infiltrates observed in the interphotoreceptor space of mice
undergoing 1307N R/o retinal degeneration may be activated
microglia or invading macrophages. If so, the finding that
mice with active running wheels had significantly fewer
infiltrates additionally suggests that exercise prevents or
suppresses degeneration-induced retinal inflammation.

In summary, we present data that extend the potential
translational relevance of studies testing the effects of whole-
body exercise on retinal damage and disease. The I307N Rho
model of adRP, though having aggressive retinal degenera-
tion, responded well to a wheel-running exercise intervention,
which is voluntary, and may more closely mimic human exer-
cise compared to forced exercise in animal models. Evidence
continues to accumulate suggesting that modest exercise
may be an accessible and inexpensive intervention for retinal
degenerative diseases.

APPENDIX 1.

Detailed tabular results and multiple comparisons from
two-way ANOVA of ERG a-wave data from experiment
testing effects of exercise on induced and uninduced 1307N
Rho mice one week following induction (graphically shown
in Figure 1A). To access the data, click or select the words
“Appendix 1.”

APPENDIX 2.

Detailed tabular results and multiple comparisons from
two-way ANOVA of ERG b-wave data from experiment
testing effects of exercise on induced and uninduced 1307N
Rho mice one week following induction (graphically shown
in Figure 1B). To access the data, click or select the words
“Appendix 2.”

APPENDIX 3.

Detailed tabular results and multiple comparisons from
two-way ANOVA of ERG a-wave data from experiment
testing effects of exercise on induced and uninduced 1307N
Rho mice four weeks following induction (graphically shown
in Figure 1C). To access the data, click or select the words
“Appendix 3.”

APPENDIX 4.

Detailed tabular results and multiple comparisons from
two-way ANOVA of ERG b-wave data from experiment
testing effects of exercise on induced and uninduced 1307N
Rho mice four weeks following induction (graphically shown

© 2019 Molecular Vision

in Figure 1D).To access the data, click or select the words
“Appendix 4.”

APPENDIX 5.

Figure showing full-sized images that suggest that exercise
partially preserves nuclei of the outer nuclear layer in the
I307N Rho retinal degeneration. The I1307N Rho degenera-
tion was induced in active and inactive mice. A week later
the mice were euthanized and ocular sections stained with
hematoxylin and eosin (H&E). Representative H&E images
of complete retina sections from each treatment group are
shown with six spacing and counting overlay templates
per section as used for quantification of nuclei of the outer
nuclear layer starting at 250 pm from the optic nerve head
and extending every 500 pm outward along both the dorsal/
superior (right half of each section) and ventral periphery/
inferior (left half of each section). The same set of high-
resolution images of complete retina sections were used
for quantification of nucleated cell infiltrates observed the
interphotoreceptor space (quantification presented in Figure
8). Examples of nucleated infitrates are pointed to by arrows.
A: Section from an inactive, uninduced mouse shows unper-
turbed ONL across the span of the retina. B: Section from
an inactive, induced mouse shows extreme thinning in the
central, superior (right side of section) ONL. C: Section from
an active, induced mouse shows diminished thinning ONL
relative to inactive mouse. To access the data, click or select
the words “Appendix 5.”

APPENDIX 6.

Figure showing full-sized images that suggest that exercise
prevents accumulation of TUNEL signal in photoreceptor
cells of induced 1307N Rho mice. The I1307N Rho degenera-
tion was induced in active and inactive mice. A week later the
mice were euthanized and ocular sections stained for TUNEL
(green) and DAPI (blue). Representative images of complete
retina sections from each treatment group are shown. The
right half of each section is dorsal/superior and the left half
is ventral periphery/inferior. A: Section from an inactive,
uninduced mouse shows little to no TUNEL-positive ONL
nuclei across the span of the retina. B: Section from an
inactive, induced mouse shows numerous TUNEL-positive
ONL nuclei in both superior and inferior halves. C: Section
from an active, induced mouse shows almost no TUNEL-
positive ONL nuclei in inferior half and diminished numbers
of TUNEL-positive ONL nuclei relative to inactive mouse
sections in the superior half. To access the data, click or select
the words “Appendix 6.”
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APPENDIX 7.

Figure showing full-sized images that allow comparison of
fundus autofluorescent spots observed in vivo with Iba-1
immuno-signal in post-mortem RPE flatmount from the
same eye. In vivo fundus examination at the level of the
subretinal space was conducted one week following induction
of the I307N Rho degeneration, followed by euthanization
and harvest of eyes for subsequent fixation and immuno-
histochemical confocal microscopy on RPE flatmounts. A:
Uninduced eyes showed scant blue autofluorescence at the
level of the subretinal space in vivo (left) and RPE flatmouns
of those same eyes showed little Iba-1 immuno-signal (right).
B: In eyes of induced I307N Rko mice housed with inactive
running wheels, numerous and widespread autofluorescent
spots were observed in vivo (left) and matching flatmounts
exhibited numerous Iba-1-positive cells (right). C: Exercised
mice that had undergone degeneration induction showed
greatly diminished numbers of autofluorescent spots (left) and
Iba-1-positive cells (right). Overall patterns of signal appear
similar in paired fundus and flatmount images, suggesting
the possibility that some autoflourescent spots observed via
in vivo fundus imaging are likely to be overexpressing Iba-1
and may be microglia or other inflammatory cells. To access
the data, click or select the words “Appendix 7.”
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