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ABSTRACT Anomalous neuritogenesis is a hallmark
of neurodegenerative disorders, including retinal de-
generations, epilepsy, and Alzheimer’s disease. The
neuritogenesis processes result in a partial reinnerva-
tion, new circuitry, and functional changes within the
deafferented retina and brain regions. Using the light-
induced retinal degeneration (LIRD) mouse model,
which provides a unique platform for exploring the
mechanisms underlying neuritogenesis, we found that
retinoid X receptors (RXRs) control neuritogenesis.
LIRD rapidly triggered retinal neuron neuritogenesis
and up-regulated several key elements of retinoic acid
(RA) signaling, including retinoid X receptors (RXRs).
Exogenous RA initiated neuritogenesis in normal adult
retinas and primary retinal cultures and exacerbated it
in LIRD retinas. However, LIRD-induced neuritogen-
esis was partly attenuated in retinol dehydrogenase knock-
out (Rdh12~/7) mice and by aldehyde dehydrogenase
inhibitors. We further found that LIRD rapidly increased
the expression of glutamate receptor 2 and B Ca**/
calmodulin-dependent protein kinase II (3 CaMKII). Pull-
down assays demonstrated interaction between 3CaMKII
and RXRs, suggesting that CaMKII pathway regulates the
activities of RXRs. RXR antagonists completely prevented
and RXR agonists were more effective than RA in induc-
ing neuritogenesis. Thus, RXRs are in the final common
path and may be therapeutic targets to attenuate retinal
remodeling and facilitate global intervention methods in
blinding diseases and other neurodegenerative disor-
ders.—Lin, Y., Jones, B. W., Liu, A., Tucker, J. F., Rapp,
K., Luo, L., Bachr, W., Bernstein, P. S., Watt, C. B., Yang,
J-H., Shaw, M. V., Marc, R. E. Retinoid receptors trigger
neuritogenesis in retinal degenerations. FASEB J. 26,
81-92 (2012). www.fasebj.org
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ADULT-ONSET NEURITOGENESIS IS activated in a range
of central nervous system (CNS) neurodegenerative
disorders, including retinal degeneration (1-5), tem-
poral lobe epilepsy (6, 7), amyotrophic lateral sclerosis
(8), Alzheimer’s disease (9), and stroke (10). Most of
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these conditions involve an initial disruption of afferent
drive followed by neural remodeling (1, 4), including
neuritogenesis (11-14), the consequences of which are
context dependent and may be beneficial, neutral, or
detrimental (11). In retinal degenerations, such as
age-related macular degeneration and retinitis pigmen-
tosa, neuritogenesis is corruptive (4, 15) and compro-
mises vision rescue strategies (16). Therapeutic win-
dows for genetic, optogenetic, molecular, cellular, and
bionic rescues are severely limited by bipolar cell
dendrite truncation, glutamate receptor reprogram-
ming, atypic de novo neuritogenesis, and rewiring (17,
18). Maximizing the outcomes of therapies for retinal
degeneration and many CNS disorders requires under-
standing the initiators of anomalous neuritogenesis
and discovery of molecular targets that may regulate
corruptive network formation.

Exploring the signaling mechanisms in neurodegen-
erations is hampered by slow disease onset, as well as
complex, episodic, and prolonged disease progressions
even in well-known systems, such as mouse models of
human retinitis pigmentosa (1). It is further compli-
cated by the high diversity of neural cells. The albino
rodent light-induced retinal degeneration (LIRD)
model is a rapid-onset adult retinal degeneration that
mimics, with temporal precision of hours, every remod-
eling feature of classic inherited retinal degeneration
in a compressed and orderly progression, including the
disruption of the choriocapillaris-retinal pigmented
epithelium (RPE) barrier in age-related macular de-
generation (AMD) (19). Analysis of neuritogenesis in
retina is also facilitated by the abundance of retinal
cell-specific markers and its precise lamination.

While many candidate mechanisms for neuritogen-
esis exist, it appears that key CNS development pro-
grams are accessible in mature brain to mediate plas-
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ticity, regeneration, and repair (20) or participate in
pathological events. Retinoic acid (RA), the active
metabolite of vitamin A, is an established signaling
molecule in vertebrate development. RA plays an im-
portant role in cellular patterning, differentiation, and
growth signal decoded by retinoic acid receptors
(RARa/B/7), nuclear hormone receptors selective for
all-transRA (atRA). RARs heterodimerize with RXRs
(RXRa/B/v) that bind a spectrum of ligands, includ-
ing 9-cisRA (9cRA). Liganded RAR/RXR complexes
associate with a large number of coactivator proteins to
modulate gene expression (21-23). The RA pathway is
clearly activated in adult neurogenesis (24), and RA
pathway dysfunction is potentially implicated in the
pathology of aging, Parkinson’s disease, Alzheimer’s
disease, and schizophrenia (21, 25). Notably, Duncan et
al. (26) showed that intense light exposure generates
atRA and identified an RA-like compound in the neural
retina and RPE of P23H-3 transgenic rats. Here, we
profile RA signaling in the LIRD retina and find that it
converges with a- and B Ca®"/calmodulin-dependent
protein kinase II (- and BCaMKII) signaling, poten-
tially regulating the availability or activity of RXRs. RXR
antagonists completely inhibit anomalous neuritogen-
esis, offering hope for attenuating neural remodeling
during retinal degeneration.

MATERIALS AND METHODS
LIRD and subretinal injections

All animals were age matched, with ad libitum access to food
and water. Except during light-exposure treatment, animals
were maintained in dim light (~20 lux) on a 12-h in normal
phase (lights on 7 AM to 7 PM). Albino mice (The Jackson
Laboratory, Bar Harbor, ME, USA) were mainly used in the
LIRD model. Albino mice retinas lack melanin, which pro-
tects the retina, probably by the absorption of light, and
therefore are particularly sensitive to the deleterious effects of
artificial constant light (27). The Rdh12™/~ mice were gen-
erated as described previously (28). The LIRD model was
established according to literature (29, 30) with mirror alter-
ations (Supplemental Data and Supplemental Fig. SI).
Briefly, adult Balb/C albino mice and Rdh12~/~ mice were
exposed to ~2500- to 3000-lux constant visible light for 24
and 96 h, respectively. Subretinal injection was performed
based on literature (31, 32) with minor modifications. Briefly,
under ketamine-xylazine anesthesia, 0.5 WM RA (atRA+9cRA), 200
M citral, 5 uM KN-62, 1 pM SR11237, and 10 pM UVI3003
were injected into the subretinal space (central region) of
albino mice in 0.5 pl volumes using a 33-gauge microsyringe
(Hamilton, Reno, NV, USA) 30 min before light exposure or
on post-light-exposure day 7 (pLX7). A successful subretinal
injection caused swelling of the retina. Control eyes were
injected with vehicle (DMSO).

Primary retinal cell culture

Primary retinal cell cultures were prepared from 9 d postnatal
mice and maintained in 2 ml of culture medium (DMEM/
F12; Invitrogen, Carlsbad, CA, USA), 0.6% glucose, 0.1125%
NaHCO,, 5 mM HEPES, 1% heat-inactivated fetal bovine
serum, 1.5 pM thymidine, glutamax (0.5X; Invitrogen), 25
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wg/ml insulin (Sigma, St. Louis, MO, USA), 100 pg/ml
transferrin (Sigma), 60 uM putrescine (Sigma), 30 nM sele-
nium (Sigma), 20 nM progesterone (Sigma), and penicillin/
streptomycin (1X; Invitrogen) (33). Retinas were harvested
and dissected in cold HBSS containing 15 mM HEPES,
incubated with 0.25% trypsin for 8.5 min at 37°C, and rinsed
3X in 5% DMEM/F12. Retinal cells were seeded (3-6Xx10°
cells/ml) into 24-well plates containing poly-L-lysine and
laminin-coated glass coverslips, and incubated at 37°C and
5% CO,. Basic fibroblast growth factor (10 ng/ml) was added
2 h after seeding. When retinal cell confluence was 50-80%
after 24 h, RA (atRA+9cRA) was added with the final
concentration of 0.05 wM and incubated for 4 d.

HPLC analysis

All tissue preparations and extractions were performed under
dim red light. A 2-step acid-base extraction protocol was used
to recover RA (34). Retinas from 3 mice were pooled and
homogenized 2X in 1 ml of homogenizing beads and 1 ml of
0.05 M KOH/80% methanol plus 0.1% butylated hydroxy-
toluene using a Mini-Beadbeater homogenizer (BioSpec
Products, Bartlesville, OK, USA). Homogenates were ex-
tracted twice with 4 ml of hexane:isopropanol (9:1). The
remaining aqueous phase was acidified with 80 pl of 4 M HCI
and extracted 4X with 4 ml of hexane:isopropanol (9:1); the
extracts were combined and dried under nitrogen gas. HPLC
mobile phase [70% A (acetonitrile with 0.1% formic acid):
30% B (H,O with 0.1% formic acid), 70 pl] was added to
dissolve the dried film, and 30-ul aliquots were injected onto
a Thermo Separations Surveyor HPLC system (Thermo, West
Palm Beach, FL, USA) with a UV6000 photodiode array
detector and an MSQ single-quadrupole mass spectrometer.
HPLC analysis was performed on a C18 column (150X4.6
mm, 2.6 pm; Phenomenex, Torrance, CA, USA) with a linear
gradient rising from 70% A:30% B to 95% A:5% B in 20 min
at a flow rate of 0.6 ml/min. Identification of atRA was based
on retention time, UV absorbance, and mass spectrum.
Quantification was based on standard curves of authentic
atRA standards injected onto the HPLC system wvs. integrated
UV absorbance of their eluted peaks.

Immunoprecipitation analysis

Retinas were lysed in RIPA buffer (RIPA lysis buffer kit; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h at 4°C with
gentle agitation. Lysates were immunoprecipitated for 1 h at
4°C using specific antibodies («CaMKII 1:1000, Upstate Bio-
technology, Lake Placid, NY, USA; BCaMKII 1:1000, Invitro-
gen) and protein G agarose beads (Roche, Indianapolis, IN,
USA) modified from literature (35). Samples were analyzed
by Western blotting.

Western blotting analysis

Protein samples were combined with NuPAGE LDS sample
buffer (4X; Invitrogen) and NuPAGE sample reducing agent
(10X; Invitrogen), then boiled for 10 min at 95°C. Western
blotting analysis was carried out using NuPAGE 4-12%
Bis-Tris gels (Invitrogen) at 200 V for 35-40 min. Gels were
electroblotted onto PVDF membrane (Millipore, Bedford,
MA, USA) for 1.5 h at 25 V using a wet electroblotting system
(XCell SureLock Mini-Cell; Invitrogen). Blots were blocked
for 1 h in PBS (8 mg/ml NaCl, 0.2 mg/ml KCl 0.2, 1.44
mg/ml Na,HPO,, and 0.24 mg/ml KH,PO,, pH 7.4) with
0.1% Triton-X100 (pH 7.4; PBST) containing 5% nonfat dry
milk (NFDM). Blots were incubated overnight at 4°C in
primary antibodies diluted in 5% NFDM-PBST solution
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[RARa: 1:1000, Chemicon; RARR: 1:400, Santa Cruz Biotech-
nology; RXRa: 1:400, Santa Cruz Biotechnology; RXRf:
1:1000, Upstate; RXRy: 1:400, Santa Cruz Biotechnology;
cellular retinoic acid binding protein II (CRABPII): 1:200,
Santa Cruz Biotechnology; aCaMKII 1:1000; BCaMKII:
1:1000; GluAl: 1:3000, Millipore; GluA2: 1:1000, Millipore].
Blots were washed 3X for 10 min in PBST, incubated for 2 h
in secondary antibodies (IgG-HRP, Santa Cruz Biotechnol-
ogy; 1:5000 in 5% NFDM-PBST) followed by 3 more washes of
10 min in PBST. Immunostaining was revealed by the Super-
Signal West Dura Extended Duration Substrate kit (Thermo
Scientific, Waltham, MA, USA), and scanned using the Quan-
tity One imaging system (Bio-Rad). Densitometry for each
band was measured using Image] (U.S. National Institutes of
Health, Bethesda, MD, USA). B-Actin was used as a loading
control.

Immunohistochemistry and confocal imaging

Whole eyes were removed and rinsed in HBSS, fixed in 4%
paraformaldehyde (PFA) for 2 h at 4°C, and then washed with
PBS twice for 10 min each. Eyes were incubated in PBS with
20% sucrose for 4 h at 4°C. Serial 12-pm coronal sections
were made with a cryostat microtome (Leica CM3050 S; Leica
Microsystems, Wetzlar, Germany) and collected on Super-
frost/plus microscope slides (Fisher Scientific, Pittsburgh,
PA, USA). Cryosections were washed 2X for 10 min in PBS,
then blocked with blocking buffer (1X PBS, 0.15% Triton-
X100, 2% donkey serum or 2% goat serum, and 0.01%
sodium azide) for 30 min. Cultured cells were rinsed 2X for
10 min in PBS, fixed in 4% PFA for 20 min at room
temperature, washed 2X for 10 min in PBS, and blocked with
blocking buffer for 1 h. Cryosections and fixed cells were
incubated overnight at 4°C in primary antibodies diluted in
blocking buffer [RARa, 1:200; RARB, 1:200; RXRa, 1:300;
RXR}, 1:400; RXRy, 1:200; CRABPII, 1:50; cellular retinalde-
hyde binding protein (CRALBP), 1:2000 (kindly provided by
Dr. John Saari, University of Washington, Seattle, WA, USA);
aCaMKII, 1:500; BCaMKII, 1:500; protein kinase C a (PKCat),
1:2000, Sigma; postsynaptic density-95 (PSD-95), 1:1000,
Chemicon, Temecula, CA, USA]. After washing 3X for 10
min in PBS, sections and cells were incubated for 45 min at
room temperature in secondary antibodies (goat anti-rabbit
Cy3, Jackson; goat anti-rabbit 488, Invitrogen; goat anti-
mouse Cy3, Chemicon; goat anti-mouse 647, Invitrogen; and
donkey anti-goat 488, Invitrogen) diluted 1:1000 in blocking
buffer. For double or triple staining, sections and cells were
sequentially incubated with primary antibodies and secondary
antibodies as above. After incubation with antibodies, sections
or cells were washed 3X for 10 min in PBS, then treated with
10 uM DAPI for 5 min at room temperature. Sections and
cells were washed 3X for 10 min in PBS and mounted with
PermaFluor mounting medium (Thermo). Sections and cells
from all groups were processed simultaneously to reduce
staining artifacts or intensity differences. Negative controls
were performed by omission of the primary antibody. Images
of fixed tissue or primary retinal neurons were acquired on an
Olympus FV1000 confocal microscope (Olympus, Tokyo,
Japan), and neuritogenesis was analyzed as described previ-
ously (36-38). In brief, neurite length was measured from the
point of emergence at the cell body to the tip of each
segment. For studies of in vivo neuritogenesis, one section was
selected from each animal, and the 20 longest dendrites from
20 rod bipolar cells in a specific region (ventral midperiph-
eral region, 120 wm in length) were measured and calculated
as the mean. For studies of in vitro neuritogenesis, 3 cover-
slips/treatment were analyzed in each experiment (~20
cells). Quantification of the morphological parameters was

RXRs TRIGGER NEURITOGENESIS

carried out using Image] by investigators masked to experi-
mental conditions.

Electron microscopy and overlay microscopy

Conventional transmission electron microscopy was per-
formed as described previously (39) on 90-nm lead-stained
sections on single-hole grids. Sections serial to the section
reserved for electron microscopy were processed for molecu-
lar phenotyping, and the optical RGB images were registered
(IR-Tweak; Scientific Computing Institute, University of
Utah) to the ultrastructure. Both high- and low-magnification
montages were captured as conventional electron micro-
graphs and scanned as 8-bit monochrome channels at 300—
600 dpi. Large montages were assembled from the ultrastruc-
tural images (NCR toolset; Scientific Computing Institute)
and then registered to the scaled optical microscope data
(IR-Tweak).

Grating acuity

Grating acuity of animals was measured with a virtual
optomotor system as described previously (40). In brief, an
optomotor system with a computer program (Cerebral-
Mechanics; http://www.cerebralmechanics.com) was used.
The mice were tested during their daylight cycle, normally
for 5 to 30 min. Mice were placed one at a time on the
platform and were habituated for a few minutes before the
onset of testing. The gray was set with a low-spatial-
frequency (0.1 cyc/deg) sine wave grating (100% contrast)
of the same mean luminance and moving in one direction.
The process of incrementally changing the spatial fre-
quency of the test grating was repeated until the highest
spatial frequency that the mouse could track was identified
as the threshold. A contrast-sensitivity function was assessed
using the same procedures. The highest spatial frequency
tracked in either direction was recorded as threshold. Exper-
imenters were masked to the treatment.

Data analysis

Data are expressed as means * st and were analyzed with
SPSS 12.0 (SPSS Inc., Chicago, IL, USA) for optometry,
neuritogenesis, and levels of atRA. Statistical comparisons
were made using Bonferroni tests and analysis of variance
(ANOVA); P < 0.05 was defined as the level of significance.
Protein levels represent pooled data of entire groups and are
expressed as means only.

RESULTS

Photoreceptor degeneration triggers anomalous
neuritogenesis

Among the downstream victims of rod photoreceptor
loss are the rod bipolar cells, readily tracked via PKCa
immunoreactivity. We used them as surrogate for com-
plex neuritogenesis throughout the retina. LIRD reti-
nas conveniently partition into survivor zones where
stressed photoreceptors and retinal neurons survive, yet
express explicit remodeling defects, such as neurito-
genesis and reprogramming, and light-damage (LD)
zones where rods and cones die and retinal neurons
undergo extreme remodeling (19). PKCa immunore-
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activity mapping showed obvious rod bipolar cell neu-
ritogenesis in the survivor zone, extending their den-
drites past the outer plexiform layer (OPL) into the
outer nuclear layer (ONL). PSD-95 staining revealed
that rod spherules and cone pedicles (41) retracted
into the survivor zone ONL (Fig. 14-F). Subsequently,
ectopic microneuromas (the tangles of cell processes),
which contain numerous synapses formed de novo and
possess active synaptic elements corruptive of normal
signaling (1), bridged the OPL and inner plexiform
layer (IPL) in the survivor zone (Fig. 1G). In human
retinitis pigmentosa and animal models of human
retinitis pigmentosa (15), rod bipolar cells switch their
target to cones. Similarly, LIRD induced a shift of
PKCa/PSD-95 colocalization to survivor cone pedicles
(Fig. 1C, F). Though photoreceptors and second-order
neurons persisted for months in the survivor zone,
visual function continued to decline (Fig. 1H), which
suggests that corruptive neuritogenesis, target switch-

ON

Control

Figure 1. LIRD induces anomalous neuritogen-
esis. A—F) PKCa staining (A, D) demonstrating
early morphological changes in rod bipolar cell
dendrites as they extended beyond their nor-
mal confines of the OPL into the ONL, while
PSD-95 immunoreactivity (B, £) demonstrated
that terminals of photoreceptors were retracted
into the ONL in the survivor zone (pLX30).
LIRD induced a shift of PKCa/PSD-95 colocal-
ization to survivor cone pedicles (C, F). D'-F)
High-magnification views of boxed areas in D-F-
G) Transmission electron microscopy image of
a microneuroma showing a bundle of 100- to
400-nm-thick processes running perpendicu-
larly through this plane of section. Apparent
dyad-like synaptic structures bereft of ribbons
were present (circle). H) Progressive decrease
in visual acuity of the LIRD mouse, n = 5. ¥¥P < OPL
0.01, ***P < 0.001 vs. control. Scale bars = 20

pm (A-F); 4 pm (D'="); 1 pm (G).

Survivor zone (pLX30)

ONL
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ing, and reprogramming progressively impair visual
signaling (16, 15).

RA signaling is activated during LIRD

Duncan et al. (26) showed that intense light exposure
generates atRA in rhodopsin P23H mutant rats. Here,
we characterized the RA signaling in detail. The normal
retina harbors a large depot of retinoids, bound pri-
marily to photoreceptor opsins at a millimolar scale, or
stored as retinylesters in oil droplets in the RPE (42).
Photoreceptor degeneration removes the opsin-con-
taining compartment and disrupts the retinoid cycle,
but other retinoid binding proteins, such as CRALBP,
were still strongly expressed by the RPE and Miiller
cells and were even up-regulated (Fig. 24). High-
performance liquid chromatography (HPLC) and mass
spectrometry analysis showed increased atRA levels
early in LIRD (Fig. 2B-E). CRABPII is a transcriptional
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Figure 2. CRALBP and atRA levels are increased during
LIRD. A) CRALBP immunohistochemistry in the LIRD reti-
nas, demonstrating increased levels at light damage onset.
Scale bar = 20 pm. B-D) atRA concentrations increase
during LIRD. Typical HPLC chromatograms of atRA standard
(B), control (C), and LIRD retinas (pLXO0; D). Peak 1 denotes
atRA. £) Quantification analysis showed an increase in atRA
levels during LIRD. *P < 0.05 vs. control, n = 9.

coactivator that channels RA to the receptor complex
(43-45), thus sensitizing cells to RA and tracking RA
signaling. CRABPII promoter harbors RA response
elements (46), establishing CRABPII as an RA sensor.

B pLX day(s)
CRABP || Ct o 1 7 30 60 9 120
T s e CRABP I
B-actin
(?ontrol 017 30 60 20 120
pLX day(s)

Normal mouse retina expressed nuclear CRABPII in
the ganglion cell layer (GCL) and inner nuclear layer
(INL), and CRABPII levels increased immediately fol-
lowing LIRD exposure, but were almost undetectable
by pLX7 (Fig. 34-C), suggesting transient RA produc-
tion. Normal mouse retina also expressed nuclear
RXRa/B/v, and RARa/B in the GCL and INL were
highly colocalized with RXRa/B/y (Fig. 3D-I), sup-
porting the potential for heterodimerization. RARs and
RXRs showed normal distributions in the survivor zone.
Many signals were transient as shown by Western blot-
ting. RARB, RXRa, and RARYy levels increased during
LIRD, while RARa and RXRp levels showed no change
(Fig. 3], K). We further demonstrated RAR and RXR
immunoreactivity in PKCa immunoreactive cells in
primary retinal neuron cultures (Fig. 4), proving that
rod bipolar cells express RA signaling. All these results
suggest a role of RA signaling in the initiation of
neuritogenesis by rod bipolar cells.

Exogenous RA leads to neuritogenesis

RA treatment led to exuberant neurite outgrowth in
primary cultured rod bipolar cells (Fig. 5), spontaneous
in vivo neuritogenesis by rod bipolar cells in control
mice, and accelerated neuritogenesis in LIRD mice,
where rod bipolar cell dendrites extended halfway into
the ONL (Fig. 64-D, H). RA injection with vehicle had
no obvious effect on neuritogenesis in the ventral
midperipheral region (Fig. 64). RA injection at pLX7,
when CRABPII had nearly disappeared, had no effect
on neuritogenesis (Fig. 6E, H), which suggests a critical
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Figure 3. RA signaling is present in adult retinas and activated during LIRD. A) CRABPII was observed in the INL and GCL of
control retinas. B, C) Western blots (C) and data quantification (D) showed that CRABPII levels increased immediately following
LIRD, but reduced to almost undetectable levels by pLX7 before oscillating around normal levels from pLX30 to pLX120, n =
9. D-I) RARa (D-F), RARB (G-I), RXRa (D, G), RXRB (E, H), RXRy (F, I), and colocalization of RARs/RXRs were observed
in the INL and GCL of control retinas. /-K) Western blots (/) and data quantification (K) showed that RA signaling was activated
during LIRD. RARB, RXRa, and RARy levels increased, while RARa and RXR levels showed no change, n = 9. Scale bars =

20 pm.
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Figure 4. RARa/B and RXRa/B/vy are expressed in rod
bipolar cells. RARa/ and RXRa/B/y were expressed in the
nuclei, while PKCa was expressed in the cell body and
neurites. Among the RARa/B* and RXRa/B/y" retinal
neurons, some cells were PKCa™*. Some amacrine cells were
also PKCa™ but were easily differentiated from rod bipolar
cells (arrows) by morphology. Scale bar = 20 pum.
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channeling role of CRABPII in RA signaling, as seen in
adipocytes (47). Citral is a potent inhibitor of aldehyde
dehydrogenases (ALDHs) responsible for the in vivo
production of RA (48). Our study showed that citral
only partially attenuated neuritogenesis in LIRD mice
(Fig. 6F, H) if administered 30 min prior to light stress,
which suggests that other signaling pathways may par-
ticipate in neuritogenesis during retinal degeneration.
When citral was administered at pLX7, it had no effect
on neuritogenesis (Fig. 6G, H), which underscores the
transient nature of RA signaling in LIRD. Similarly,
LIRD RdhI2™/~ mice, in which retinoid levels are
significantly decreased (49), showed decreased levels of
neuritogenesis compared with heterozygous LIRD
Rdh12"/~ mice (Fig. 6I-L). These findings suggest that
RA is sufficient to induce neuritogenesis.

LIRD activates CaMKII signaling

Our next question was what the partners of RA signal-
ing might be or which signaling is involved in neurito-
genesis during retinal degeneration. We then studied
the role of CaMKII in neuritogenesis. CaMKII plays a
central role in synaptic plasticity; both «- and BCaMKII
are neuron-specific and expressed in retinal neurons
(50). LIRD selectively evoked a rapid increase in
3CaMKII levels but had no obvious effect on aCaMKII
levels (Fig. 74, B). LIRD mice also showed increases in
low calcium permeability GluA2 AMPA receptor sub-
unit expression but no change in high calcium perme-
ability GluAl subunits (Fig. 7C, D). Combined with
deafferentation due to photoreceptor loss and concom-
itant decreases in mGIluR6 signaling (18), light signal-
ing in retinal degeneration should be blunted. Notably,
the CaMKII inhibitor KN-62 (mimicking a low-Ca®"
environment) accelerated neuritogenesis (Fig. 75-G),
suggesting the involvement of CaMKII in neuritogen-
esis during retinal degeneration. Consistently, LIRD
RdhI12~/~ mice that showed lower neuritogenesis
had lower protein levels of BCaMKII compared with
Rdh12*/~ mice. However, LIRD RdhI27/~ and
Rdh12"/~ mice demonstrated no difference in
aCaMKII levels (Fig. 7H, I).

o- and BCaMKII interact with and regulate RXRs

What is the link between activity and RA signaling?
CaMKIIy regulates RARa transcription in myeloid leuke-
mia cells (51), so we tested for interactions in retina.
Antibodies against CaMKII immunoprecipitated RXRa/
/v but not RARa/B (Fig. 84), suggesting that CaMKII
may regulate the availability of RXRs for coactivation
events. Notably, modulation of RXRs directly influenced
neuritogenesis. The RXR agonist SR11237 was more
potent than RA in activating neuritogenesis in control
and LIRD mice, and no significant difference was found
between the SR11237 group and the pLX21 + SR11237
group (Fig. 8B, C, E). However, RXR antagonist UVI3003,
which renders the RXR subunit transcriptionally inactive
(52), completely prevented neuritogenesis (Fig. 8D, L),
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which suggests that RXRs are in the final common path.
Thus, we uncovered the mechanisms leading to neurito-
genesis during retinal degeneration (Fig. 9).

@ Control 4 . .
,,'ﬁ'ﬂL“':’:&li’,J Figure 5. Exogenous RA administration pro-

i i motes rod bipolar cell neurite outgrowth. A,
B) Retinal neurons from control (A) and RA
(atRA+9cRA)-treated primary cell cultures (B)
were immunostained for PKCa. Scale bar = 10
pm. C) Quantitative comparisons showed that
RA significantly increased the length of both
dendrites and axons of rod bipolar cells. **P <
0.01 wvs. control.

*k

Axon Dendrite

atRA (34). Elevation of RA has also been reported in
Mitf"" (vitiligo) mice of retinal degeneration (54).
These findings suggest that activation in RA signaling

may be a common mechanism in retinal degeneration,
regardless of the initiating event (light) or gene defect.
As CRABPII expression is up-regulated by RA (46), the
early spike in CRABPII expression is further evidence
for increased endogenous RA availability. Exogenous
RA initiates neurite outgrowth in control and primary
retinal cell cultures. Then it is reasonable that increases
in RA levels during retinal degeneration will trigger
anomalous neuritogenesis and network formation. The
role of RA in neurite remodeling is further proved by
its effect on the formation of spinules by horizontal
cells in carp kept in complete darkness (55). RA also
induces neurite outgrowth in invertebrate neurons
(Lymnaea stagnalis central ring ganglia culture), which
suggests that these actions of RA on neuritogenesis are

DISCUSSION

The first consequence of light absorption by rhodopsin
in the retina is the generation of all-transretinaldehyde
and its rapid conversion to all-transretinol. RA is gen-
erated from all-transretinol biogenically, as a conse-
quence of retinol dehydrogenase (RDH) and ALDH
enzymatic activities in the retina (53). Given that RA
signaling elements are abundant in the neural retina, it
is not surprising that RA is detectable in the neural
retina after inherited degenerations (26, 54) and in
LIRD mice. We found activation in RA signaling in
LIRD mice. Previous studies reported that even 10 min
of intense light exposure causes a doubling in retinal

Control (vehicle) pLX21 (vehicle) RA RA at pLX7 pLX21 + citral  Citral at pLX7

/PSD-95/DAPI

u o

Figure 6. Exogenous RA
initiates neuritogenesis
in normal adult bipolar
cells and exacerbates it
in LIRD retinas. A) Sub-
retinal injection with ve-
hicle had no obvious ef-
fect on neuritogenesis
after 21 d. B) LIRD in-
duced neuritogenesis at
pLX21, as evidenced by
PKCa staining. C) RA initiated rod bipolar cell neuritogenesis in control mouse retinas. D) RA accelerated neuritogenesis
in LIRD mouse retinas. E) RA had no effect on neuritogenesis when it was injected at pLX7. F) Partial inhibition of
neuritogenesis by citral in LIRD mouse retinas. G) Citral had no effect on neuritogenesis when it was injected at pLX7. B-G)
Terminals of photoreceptors (PSD-95 staining) were retracted to the ONL paralleling with neuritogenesis by rod bipolar
cells. H) Summary data (means*sg) for the length of rod bipolar cell dendrites, n = 5. ¥*P < 0.05, ¥*P < 0.01, ***P < 0.001
vs. control (vehicle); *P < 0.05 wvs. pLX21 (vehicle). I-K) Rates of neuritogenesis were slower in LIRD Rdh12™/~ mice
compared with LIRD Rdh12'/~ mice. PKCa and PSD-95 staining was normal in control RdhI2"/~ retinas (I) but
demonstrated LIRD-induced neuritogenesis in the survivor zones of both Rdh12'/~ ()) and Rdh12™/~ retinas (K).
L) Compared to LIRD RdhI2"/~ mice, neuritogenesis in LIRD Rdh12~/~ mice was less obvious. *P < 0.05 vs. control
Rdh12*/7;"P < 0.05 vs. Rdh12%/~ + pLX2l. Scale bars = 20 wm.
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Figure 7. CaMKII signaling is involved in neuritogenesis during LIRD. A, B) Western blots (A) and data quantification (B)
showed that LIRD increased BCaMKII protein levels, while aCaMKII protein levels showed no change. Ratio of a«CaMKII/
BCaMKII proteins decreased, n = 9. C, D) Western blots (C) and data quantification (D) showed that LIRD increased the protein
levels of GluA2, but GluAl levels showed no change, n = 9. I, I) KN-62 (F) accelerated neuritogenesis compared to vehicle (E).
Scale bar = 20 wm. G) Summary data (means*sk) for the length of rod bipolar cell dendrites. **P < 0.01 vs. pLX21 (vehicle),
n = 5. H, I) Western blots (H) and data quantification (/) showed that LIRD had no effect on the protein levels of aCaMKII
but increased the protein levels of BCaMKII and RARB, especially in Rdh12"/~ mice. Ratio of «CaMKII to BCaMKII proteins
was therefore reduced; n = 3.

highly conserved across species (56). Because neurito-
genesis by rod bipolar cells was noted in animals older
than 1 yr (37), the effect of aging on neuritogenesis in
our study should be excluded (~3 mo).

In normal retina, neuronal ALDH likely encounters
little retinaldehyde, but photoreceptor loss provides an
opportunity for abundant access to RPE- or Miiller
cell-derived retinaldehyde. In this scenario, the trigger-

ing of neuritogenesis by RA would be pathological
rather than homeostatic. The spike in RA corresponds
with transient CRABPII expression, suggesting that
direct anti-RA therapies may have impractically narrow
therapeutic windows in coherent models. However,
many forms of retinitis pigmentosa involve prolonged,
geometrically complex photoreceptor loss, so that RA
triggering may be ongoing. Direct measures of RA

A aCalMKiIl BCaMKII pLX21+ pLX21+ E_ e
N | P SR11237 SR11237 UVI3003 £ s -
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Pulldown IgG Input  Pulldown 1gG Input 2 4
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Figure 8. a- and BCaMKII regulate the activity of RXRs during retinal degeneration. A) a/BCaMKII directly interacted with
RXRa/B/7v, but not RARa/B, in mouse retinas. B, C) SR11237 initiated rod bipolar cell neuritogenesis in control mouse retinas
(B), and accelerated neuritogenesis in LIRD mice retinas (C). D) UVI3003 completely inhibited neuritogenesis. Scale bar = 20
pm. E) Summary data (means*sg) for the length of rod bipolar cell dendrites, n = 5. **P < 0.01 vs. UVI3003 group.
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Figure 9. Schematic mechanisms leading to neuritogenesis
during retinal degeneration. Activation in RA signaling, in-
cluding RA, CRABPII, and RARs/RXRs, activates neuritogen-
esis during LIRD. Exogenous administration of RA initiates
neuritogenesis in control mouse retinas and accelerates neu-
ritogenesis in LIRD mouse retinas, while citral partially inhib-
its neuritogenesis. Meanwhile, RXRs directly interact with
aCaMKII and BCaMKII, and the activity of RXRs is regulated
by CaMKII signaling. LIRD up-regulates the AMPAR GluA2
subunit and decreases the ratio of aCaMKII/BCaMKII pro-
teins, which increases the activity of RXRs. RXR agonist
SR11237 initiates neuritogenesis, while RXR antagonist
UVI3003 completely prevents neuritogenesis.

signaling in human retinitis pigmentosa tissue would be
immensely valuable. In contrast to the transient occur-
rence of RA signaling, neuritogenesis is enduring.
Citral injection 30 min prior to light stress is effective,
but when injected at pLX7, it can no longer attenuate
neuritogenesis, which persists to at least pLX120 in our
experiment. This suggests that largely irreversible
downstream pathways are activated.

LIRD clearly attenuates glutamate signaling (due to
photoreceptor loss) by increasing the expression of
GluA2. This protective response decreases the Ca®"
permeability of the entire AMPA receptor complex and
prevents GluAl subunit phosphorylation-dependent in-
creases in AMPA receptor conductance (57, 58). In-
creasing the ratio of GluA2 subunits in iGluRs could
potentially play a role in neuritogenesis by decreasing
Ca®" loads in neurons. In contrast, sustained elevation
of intracellular Ca®" in response to GluR activation
results in depolymerization of microfilaments and mi-
crotubules, leading to dendrite outgrowth cessation
and regression (59). CaMKII senses cytosolic Ca?*
fluxes, which are largely mediated by glutamate-acti-
vated AMPA or NMDA receptors in CNS neurons (60),
but also likely by mGluR6 receptors in rod bipolar cells
(18). aCaMKII is activated by high Ca®" levels, while
BCaMKII is more sensitive to lower levels, and hetero-
meric CaMKII Ca®" responsivity and activity depends
on the a/fB subunit ratio (61). Decreases in neuronal
activity decrease the CaMKII o/ ratio, likely by up-
regulating transcription of BCaMKII (62), which posi-
tively correlates with the increase in low calcium per-
meability GluA2 expression in our study. o- and
B-CaMKII isoforms have markedly different roles in

RXRs TRIGGER NEURITOGENESIS

neuronal plasticity, with aCaMKII regulating synaptic
strength and BCaMKII controlling the dendritic mor-
phology and number of synapses (63). Therefore, our
results indicate decreased retinal activity during early
LIRD, and highlight the important role of glutamate
signaling and CaMKII in regulating neuritogenesis.

Blocking neuronal activity by tetrodotoxin (TTX)
increases neuronal RA levels (36). Here we also show
increased levels of RA during early LIRD. Further, we
demonstrate that RA and CaMKII pathways converge at
RXRs in LIRD neuritogenesis. o- and BCaMKII inter-
acted with RXRs, not RARs. It may be that RXRs
themselves function predominantly, if not exclusively,
as critical auxiliary receptors that enhance signaling of
many nuclear receptors, including RARs (64). In con-
trast, RARs seem to operate effectively only as heterodi-
meric RAR/RXR complexes (65). The interaction sug-
gests that CaMKII signaling may regulate the activity of
RXRs, although the motif where RXRs and CaMKII
interacts remains unknown. Enhanced BCaMKII ex-
pression would ultimately enhance RXR activity and
neuritogenesis. This is confirmed by our findings that
CaMKII inhibitor KN-62 enhances neuritogenesis,
while RXRs antagonists completely inhibit neuritogen-
esis. Similarly, CaMKII inhibitor KN-62 enhances RAR
transcriptional activity in myeloid leukemia cells (51)
and prevents retraction of spinules of horizontal cells in
vivo (66). The similar effects of RA and KN-62 on the
formation of spinules by horizontal cells (55, 66) fur-
ther confirm crosstalk between RA and CaMKII signal-
ing pathways. Given the more extensive partnering of
RXRs with other ligands and nuclear receptors, the
persistence of neuritogenesis may have other yet undis-
covered drivers. Nevertheless, our results suggest that
RXRs are in the final common path.

The full consequences of retinal degeneration for
retinoid metabolism are unclear. But it is certain that
prolonged bleaching events can release very high levels
of all-transretinal, which is potentially retinotoxic (67).
Rod photoreceptor outer segments are estimated to
contain 3-5 mM rod opsin (68) based on protein mass,
but the effective membrane concentration is likely
much higher (69), representing a massive depot for
11-cisretinal provisioned by the RPE. Under normal
homeostasis, most all-transretinal formed by bleaching
is converted to 1l-cisretinol by photoreceptor RDH,
and little or none appears to reach the neural retina,
consistent with the absence of detectable neuritogen-
esis in the normal retina. However, coincident with the
rapid degeneration of photoreceptors in either light
damage or retinal degeneration, it is evident that
sufficient all-transretinal reaches cells containing ADH
to result in RA production, consistent with prior reports
(26) and our finding of elevated RA-like species in
retinal degeneration. Given that the RA dissociation
constant for the coactivator CRABP-II is on the order of
2 nm (70), even access to as little as 10~ °® of the normal
all-transretinal pool should be enough to strongly
activate neural RA response elements. Considering the
insensitivity of molecular assay methods, the detection
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in RA in LIRD retinas implies that a high RA level
(based on the affinities of nuclear receptors) is evoked
by retinal degenerations. The activation of RAR/RXR
signaling is clearly a major component of the remodel-
ing that accompanies retinal degenerations. What can
be done about it? Indeed, why even bother?

We used the accessible, sensitive, and rapid pheno-
type of rod bipolar cell dendrite remodeling to assess
neuritogenesis in the LIRD model. However, true reti-
nitis pigmentosa manifests a slower, more pervasive,
and complex neuritogenesis that includes anomalous
fasiculation and microneuroma formation by bipolar,
amacrine, and ganglion cells. These pose severe chal-
lenges to interventions (71). Two late-stage down-
stream approaches could potentially bypass some re-
modeling defects: epiretinal prostheses (72) and
optogenetic targeting of retinal ganglion cells (73, 74).
However, it is unlikely that ganglion cell excitation via
prosthetics or channelrhodopsins can ever be isolated
from local networks that drive ganglion cells. Direct
synaptic activation of bipolar and amacrine cells by
field currents is likely (75), and heterocellular ama-
crine cell-ganglion cell coupling is abundant in mam-
malians (76). If microneuromas are the primary
sources of photopsias (4) and trigger anomalous exci-
tation waves in rodent models of RP (77), then atten-
uation of neuritogenesis may significantly improve
downstream intervention outcomes. Conversely, up-
stream interventions, such as suprachoroidal or subreti-
nal implants (78, 79), fetal transplants into the subreti-
nal space (80), and optogenetic interventions targeting
remnant cones (81) or bipolar cells (82), all depend on
the integrity of downstream connectivity to generate
visual signals. Indeed, the poor visual outcomes of even
the most surgically successful subretinal implants can-
not be readily explained. It is clear that late-stage
retinas can be extremely corrupted by neuritogenesis
and that many patients may not be candidates for
intervention. In those instances, attenuation of neuri-
togenesis may be essential, and RAR/RXR antagonists
are a logical place to start, considering the significant
development of RAR/RXR modulators in cancer ther-
apeutics (83, 84).

Strategies to attenuate neuritogenesis with RXR an-
tagonists, such as UVI 3003, are now being assessed in
animal models of human adRP. Those studies should
determine windows of opportunity for intervention.
LIRD rodents display a very coherent photoreceptor
stress event spanning only a few days and an apparent
RAR/RXR signaling epoch of similar duration. In
contrast, human RP remodeling is likely continuous
and heterogeneous over retinal space (15). Thus, neu-
ritogenesis in RP is likely ongoing, rather than a
precisely timed event. Any attentuation of neuritogen-
esis, especially when macular vision is at risk, is poten-
tially beneficial or even essential. In practice, these
interventions are likely to take the form of periodic
intravitreal injections similar to treatments for neovas-
cular AMD.

The LIRD model, because of its unique mimicry of
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remodeling in retinal disease and its extremely stereo-
typed and coherent kinetics, has facilitated discovery of
key mechanisms underlying pathological neuritogenesis
common to retinal degenerations. It may be a powerful
surrogate system for the study of CNS rewiring neuropa-
thologies in general. Our observations show that RXRs
play a critical role in the pathological process of retinal
remodeling and suggest that anti-RXR therapies have the
potential to attenuate neuritogenesis and, perhaps, net-
work remodeling via microneuromas. This capability
would strongly enhance or enable diverse human thera-
peutic interventions in retinitis pigmentosa and AMD that
have been, to date, marginally effective.
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