Retinal Cell Biology

Mislocalized Opsin and cAMP Signaling: A Mechanism for
Sprouting by Rod Cells in Retinal Degeneration

Jianfeng Wang,' Nan Zbang,' Annie Beuve,” and Ellen Townes-Anderson’

Purpose. In human retinal degeneration, rod photoreceptors
reactively sprout neurites. The mechanism is unknown in part
because of the paucity of animal models displaying this feature
of human pathology. We tested the role of cAMP and opsin in
sprouting by tiger salamander rod cells, photoreceptors that
can produce reactive growth.

MEertHODS. In vitro systems of isolated photoreceptor cells and
intact neural retina were used. CAMP signaling was manipulat-
ed with nucleotide analogues, enzyme stimulators, agonists for
adenosine and dopamine receptors, and the opsin agonist, -
ionone. Levels of cAMP were determined by radioimmunoas-
say, and protein levels by Western blot and quantitative
immunocytochemistry. Neuritic growth was assayed by image
analysis and conventional and confocal microscopy.

Resurts. cCAMP analogues and stimulation of adenylyl cyclase
(AC) directly or through G-protein-coupled receptors resulted
in significant increases in neuritic growth of isolated rod, but
not cone, cells. The signaling pathway included protein kinase
A (PKA) and phosphorylation of the transcription factor CAMP
response element-binding protein (pCREB). Opsin, a G-linked
receptor, is present throughout the plasmalemma of isolated
cells; its activation also induced sprouting. In neural retina, rod
sprouting was significantly increased by p-ionone with
concomitant increases in CAMP, pCREB, and synaptic proteins.
Notably, opsin stimulated sprouting only when mislocalized to
the plasmalemma of the rod cell body.

Concrusions. CAMP causes neuritic sprouting in rod, but not
cone, cells through the AC-PKA-CREB pathway known to be
associated with synaptic plasticity. We propose that in retinal
disease, mislocalized rod opsin gains access to CAMP signaling,
which leads to neuritic sprouting. (Invest Ophthalmol Vis Sci.
2012;53:6355-6369) DOI:10.1167/i0vs.12-10180

prouting of new neuronal processes by adult nerve cells is
an injury-induced phenomenon expressed in both the
peripheral and central nervous systems (CNS). New growth
comes from both injured and uninjured, neighboring cells.!
Injury-induced sprouting has been described after lesion of the
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spinal cord and brain as well as in a number of neurodegen-
erative diseases including Alzheimer’s,?3 multiple sclerosis,*
and retinitis pigmentosa (RP).> For humans, perhaps the most
comprehensive descriptions of sprouting have come from
studies of the retina, where the cell type producing the sprouts
can be easily identified because of its well-known histology and
the abundance of cell type-specific markers. Multiple types of
RP show long neuritic sprouts emerging from rod photore-
ceptors>© and from the second- and third-order horizontal and
amacrine cells.” For rod cells, sprouting has also been observed
in agerelated macular degeneration (AMD),® after laser
damage,® and after reattachment of a detached retina, a
mechanical injury.1%11

Understanding the mechanisms leading to sprouting may
increase our ability to improve functional recovery after injury
to the CNS. It is thought that sprouting from rod cells, for
instance, inhibits restoration of normal visual function after
repair of a detached retina.'? Strategies to control photorecep-
tor neuritic growth, therefore, could be useful not only to
reduce sprouting in degenerative disease and mechanical
injury in order to preserve the normal retinal circuitry but
also to increase sprouting after transplantation of photorecep-
tor cells back into degenerate retinas, a strategy that continues
to be developed to restore sight in the blind.

Unfortunately, despite the ubiquitous nature of this reactive
growth in human retina and the potential therapeutic
importance, little is known about the mechanisms that
produce nerve cell sprouting. An obstacle to progress is the
lack of adequate animal models with which to experiment. For
the retina, photoreceptor sprouting has not been observed,
with one exception, in any of the numerous mouse models of
retinal degeneration. In the rdl mouse, cone cell sprouting
does occur.'? Sprouting from cone cells is, however, relatively
rare in human retinal disease and injury.” Rod cell sprouting
has been observed in an amphibian model of a common form
of RP, created by transgenic expression of a mutation in the rod
opsin gene.!? It has also been observed in genetically linked
retinal degeneration of the pig and cat,'®'> and in reattach-
ment of cat retina.'®

In this report, we use two in vitro models, one of isolated
retinal cells and the other of the intact neural retina, from an
amphibian—the adult tiger salamander. Adult photoreceptors
placed in culture sprout spontaneously. We can manipulate
their sprouting with exogenous drugs. In this way, we have
previously determined that sprouting by cone cells depends on
increases in cGMP!® Here, we examine the role of cAMP, a
well-established signaling molecule in pathways leading to the
regeneration of adult projection neurons'” and synaptic
plasticity,'® and opsin, a G-protein-linked transmembrane
protein, in sprouting by rod photoreceptors. We demonstrate
not only that rod cell sprouting is cCAMP dependent through
modulation of the activity of adenylyl cyclase (AC) but also that
the process increases phosphorylation of the cAMP response
element-binding protein (CREB). Further, we suggest how
CcAMP is increased in retinal degeneration and in the reattached
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retina, to produce sprouting in the intact retina. We
demonstrate that the mechanism includes activation of the
rod photopigment opsin, a pathway previous explored for rod
cell death.'® Opsin commonly mislocalized in disease and
injury and thus can gain access to the AC-protein kinase A
(PKA)-CREB pathway. For retinal disease and injury, the level of
cAMP may be key to whether rod cells die or produce sprouts.
Retina is a well-established model for the CNS. Understand-
ing the mechanism of sprouting here, therefore, may contrib-
ute to a deeper understanding of sprouting in neurons as well
as how mislocalized or novel membrane components can
contribute to disease processes in nerve and other tissues.
These results have been previously reported in part at
meetings of the Association for Researchers in Vision and
Ophthalmology and the Society for Neuroscience.

METHODS

Animals

Retinal tissue and cells were obtained from adult, aquatic-phase tiger
salamanders (Ambystoma tigrinum, 18-25 cm in length; Charles
Sullivan, Nashville, TN) and maintained at 5°C on a 12-hour light/12-
hour dark cycle. Animals were adapted to the light cycle for at least 7
days before use. All protocols were approved by the Institutional
Animal Care and Use Committee at New Jersey Medical School and
adhere to the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Chemicals and Antibodies

Forskolin (FSK), 2-p-(2-carboxyethyl) phenethylamino-5'-N-ethylcar-
boxamidoadenosine hydrochloride hydrate (CGS-21680, CGS), and f-
ionone (Sigma, St. Louis, MO) were dissolved in 100% dimethyl
sulfoxide (DMSO, Sigma) and diluted with medium to obtain their final
concentration in 0.1% DMSO. Also, 9-(tetrahydro-2-furanyl)-9H-purin-6-
amine (8Q22536), propidium iodide (PI), (-)-quinpirole (QPR, Sigma),
adenosine-3’,5'-cyclic monophosphorothioate (Sp-cAMPS; Calbiochem,
La Jolla, CA), and other reagents were dissolved in Millipore deionized
water (Millipore, Billerica, MA). The salamander-specific antibody Sal-1
was generously provided by P. MacLeish (Morehouse School of
Medicine, Atlanta, GA), and the 4D2 antibody against rod opsin was
a gift from R. Molday (University of British Columbia, Vancouver,
British Columbia, Canada). Antibodies against synaptophysin 1 (SYSY,
Gottingen, Germany), CREB and phosphorylated CREB (pCREB) (Cell
Signaling, Danvers, MA), synaptic vesicle protein 2 (SV2; Developmen-
tal Studies Hybridoma Bank, Iowa City, IA), o-tubulin (Sigma), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Santa Cruz Bio-
technology, Santa Cruz, CA) were used. The molecular weights of the
bands revealed by these antibodies in Western blots of salamander
retinas were consistent with the antigens recognized in other species.
Alex Fluor (AF) conjugated antibodies (Invitrogen, Carlsbad, CA) or
horseradish peroxidase (HPR) conjugated antibodies (Jackson Immu-
noResearch Laboratories, West Grove, PA) and the VECTASTAIN Elite
ABC kit (VECTOR Laboratories, Burlingame, CA) were used as
secondaries to label primary antibodies.

Cell and Tissue Culture

Retinal dissociation was performed as described previously.'%2° Briefly,
animals were decapitated, pithed, and enucleated. For retinal cell
culture, the neural retina was digested for 45 minutes in a Ringer’s
solution containing papain. After rinsing and trituration, the cell
suspension was plated onto glass coverslips coated with Sal-1 antibody.
Culture dishes were maintained in a dark, humidified incubator at 10°C
in serum-free medium containing 108 mM NaCl, 2.5 mM KCI, 2 mM
HEPES, 1 mM NaHCO;, 1.8 mM CaCl,, 0.5 mM NaH,POj, 1 mM
NaHCO;, 24 mM glucose, 0.5 mM MgCl,, 1 mM Na pyruvate, 7%
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medium 199, 1X MEM vitamin mix, 0.1X MEM essential amino acids,
0.1X MEM nonessential amino acids, 2 mM glutamine, 2 ug/mL bovine
insulin, 1 pg/mL transferrin, 5 mM taurine, 0.8 pg/mL thyroxin, 10 ug/
mL gentamicin, and 1 mg/mL BSA (pH 7.7). For retinal tissue culture,
one-half of the detached retina was placed on a small piece of sterilized
3M filter paper (Whatman, Florham Park, NJ) with the ganglion cell
layer facing the filter paper; the filter paper was placed in 1 mL culture
medium and cultured in the same conditions described above. Cell or
tissue cultures or eyeballs were fixed for a minimum of 2 hours with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4.

Retinal Sections

Fixed retinal tissue was rinsed with 5% sucrose, placed in 30% (wt/vol)
sucrose/PBS, embedded in the Tissue-Tek embedding medium,
Optimum Cutting Temperature (OCT) Compound (Miles Inc., Elkhart,
IN), for approximately 2 hours at room temperature, and sectioned
with a cryostat (Leica, Allendale, NJ) at 35 um. The sections were
transferred to gelatin-coated slides and stored at —20°C.

Immunocytochemistry

For fluorescence immunolabeling, cultured cells or retinal sections
were washed with PBS three times and incubated in blocking buffer
(0.3% Triton X-100, 10% goat serum, 2mM NazVOy, in 1X TBS) for 30
minutes at 25°C to block nonspecific binding and permeabilize the
plasma membrane. Then, the specimens were labeled with polyclonal
and/or monoclonal antibodies diluted in blocking buffer at 1:50
overnight at 4°C, followed by three rinses with PBS-T (0.3% Triton X-
100 in PBS) and one incubation with blocking buffer for 1 hour at 25°C.
Secondary antibodies conjugated with AF 488, AF 594, AF 647 (1:100;
Invitrogen), and/or PI (0.1 mg/mL) were applied in the blocking buffer
for 1 hour at 25°C in the dark. Cultures were covered with antifade
medium (90% glycerol, 10% PBS, and 2.5% [wt/vol] 1,4-diazobicy-
clo[2,2,2]octane) to prevent bleaching and stored in the dark at 4°C.
The retinal sections were covered with Fluoromount-G (SouthernBio-
tech, Birmingham, AL) and sealed under coverglass with colorless nail
protector. Immunolabeling was examined with conventional fluores-
cence (Axiovert 135; Carl Zeiss, Thornwood, NY) using a 40X objective
and/or a confocal microscope (LSM510; Carl Zeiss) equipped with a
40X water immersion objective.

For immunolabeling using the avidin-biotin complex (ABO),
cultured cells were pretreated with 0.5% H,O, in PBS for 10 minutes
and washed three times with PBS to inhibit endogenous peroxidase
activity before incubation with the blocking buffer, and then labeled
with rabbit monoclonal anti-pCREB antibody overnight at 4°C. After
three rinses with PBS-T and incubation with blocking buffer for 1 hour
at 25°C, the cells were incubated with biotinylated goat-anti-rabbit
secondary antibody (1:100) in blocking buffer for 1 hour at 25°C. The
anti-pCREB antibody was visualized by using avidin-biotinylated HRP
complex developed with stable diaminobenzidene (DAB; Sigma). To
make quantitative comparisons possible, untreated/control cultures
were processed exactly the same as treated cultures, including length
of time, temperature, agitation, and light conditions of DAB develop-
ment. Then the labeled cells were subject to fluorescence immunolab-
eling as described above to stain rod cells with mouse monoclonal anti-
opsin antibody. The labeled cells were imaged with brightfield and
fluorescence microscopy and preserved in antifade medium at 4°C.

Analysis of Cell Growth and Densitometry

The analyses of growth were performed as described.?!22 Briefly, a
charge-coupled device (CCD) camera was used to capture images of
ABC-abeled photoreceptors under brightfield microscopy, cone cells
under phase-contrast microscopy, or rod cells under fluorescence
microscopy. The photoreceptors were identified by morphology (cell
shape, growth pattern, and presence of an ellipsoid), and rod cell
identification was confirmed by rod opsin staining. Only rod cells
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without outer segments were used in the analysis to reduce variability.
However, no attempt was made to distinguish between rod cells that
had lost and those that had retained their synaptic terminals after
isolation. Rod cells in both conditions produced neuritic sprouts.
Neurites of 5 um or longer, originating from the cell body, were
counted as main processes. Varicosities of 0.5 um or greater in
diameter were counted. The length of the longest neurite was also
measured with Image Pro 5.0 (Media Cybernetics, Inc., Bethesda, MD).
For densitometric analysis, the Quantity One software (Version 4.6; Bio-
Rad, Hercules, CA) was used to examine nuclei labeled for pCREB. All
data collection on cell growth and immunocytochemistry was done
blind or double blind.

Statistical significance of differences was calculated by the unpaired
Student’s #test or the Mann-Whitney rank sum test, using SigmaPlot
(Version 11; SPSS Inc., Chicago, IL). Significance was considered to be
achieved at P < 0.05. The results were plotted in either SigmaPlot or
Excel (Office 2003; Microsoft, Redmond, WA), and the data were
expressed as mean + SEM.

Western Blot Analysis

Retinas were triturated and lysed for 30 minutes in ice-cold 1X TBS
(Tris-buffered saline) with 1% Triton X-100, 1 mM NazVOy4, 1 mM DTT
(dithiothreitol), 10 pg/mL leupeptin, 10 pg/mL aprotinin, and 1 mM
phenylmethylsulfonyl fluoride. The cell lysate was mixed with 1
volume of 2X Laemmli sample buffer (Sigma) and boiled for 5 minutes,
followed by 10 minutes centrifugation at 21,130g (Eppendorf, West-
bury, NY) at 25°C to clarify the solution. Proteins were separated on a
10% Tris-HCI polyacrylamide gel at 200 V or NuPAGE Novex 3% to 8%
Tris-acetate gel at 150V (Invitrogen) along with molecular weight
markers (Full-Range RPN8OOE; Amersham Biosciences, Piscataway, NJ;
and Precision Plus Protein prestained Standards, Bio-Rad). Separated
proteins were electrophoretically transferred to a nitrocellulose
membrane, and the latter was treated with 5.0% nonfat milk in TBS
buffer for 1 hour at room temperature. This was followed by incubating
with anti-pCREB (1:1000), anti-CREB (1:1000), anti-opsin (1:300), anti-
SV2 (1:300), anti-synaptophysin (1:1000), anti-o-tubulin, or anti-
GAPDH (1:6000) in TBS buffer containing 2.5% nonfat milk and
0.05% Tween-20, overnight at 4°C. After extensive washing with PBS-
0.05% Tween-20 (vol/vol), incubation was carried out with corre-
sponding goat anti-mouse or goat anti-rabbit IgG linked to HRP at room
temperature for 1 hour. Blots were developed on Denville Blue Bio film
with ECL reagent (Amersham). For quantification, target protein bands
were normalized with the density of GAPDH bands on the same gel and
compared with control groups.

Radioimmunoassay (RIA)

For cultured cells, the cell density was determined before the cells
were lysed in 215 pL medium containing 2.3% perchloric acid (PCA).
For cultured retinas, each retina was frozen in liquid nitrogen,
pulverized into powder, and solubilized in 100 pL HEPES (50 mM,
pH 8), followed by adding 7.5 pL of 33% PCA. The lysed cell or tissue
extracts were collected and stored at —20°C. RIA was conducted using
techniques developed for salamander retina as previously described.'®
Briefly, 15 pL or 7.5 pL of 10 N KOH was added to each sample for
neutralization. Protein concentration was determined using Bradford
Dye Reagent according to the manufacturer’s instruction (Bio-Rad).
cAMP or ¢cGMP in samples and standards was acetylated with a
triethylamine and acetic anhydride mixture. Samples were diluted
(usually 1:2) for the assay. '*>IHabeled cAMP or ¢cGMP (20,000 cpm)
and 20 pL of anti-cAMP or anti-cCMP antibody (1:3333) were added to
samples, and the standards and complexes were precipitated by
centrifugation after overnight incubation at 4°C with polyethylene
glycol (PEG)-8000. Radioactivity was determined by a Cobra II Auto-
Gamma counter (PerkinElmer, Wellesley, MA). The concentration of
cAMP or cGMP was determined by referring to the respective standard
curve.
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Analysis of Rod Cell Sprouting in Intact Retina

After 7 days culture, retina samples were sectioned, immunolabeled for
rod opsin as described above, and examined with confocal microscopy.
For quantitation, digitized images were acquired from sections of the
entire extent of the retina and manually aligned to create a complete
retinal montage using Adobe Photoshop 7.01 (Adobe Systems Inc., San
Jose, CA). Rod neurites that penetrated from the outer plexiform layer
into the inner nuclear layer for more than 5 um were regarded as
sprouts. Neurites were visible because of opsin immunolabel. Some
opsin appears in the plasmalemma of rod cells outside the outer
segments even in normal cells.?>24 Thus, to confirm inclusion of all
sprouts, even those that may not have been heavily labeled for opsin,
selected sections were saturated in the channel used for opsin
immunolabeling. The total number of sprouts from one retina section
was divided by the total retinal length to yield a normalized number,
which was used to compare the effects of different drugs on rod cell
sprouting.

RESULTS

Effect of cAMP Analogues on Neuritic Growth by
Photoreceptors

CcAMP analogues were applied to the salamander retinal culture
system.2® In this system, retinal neurons are isolated from
adult, aquatic-phase animals, and thus photoreceptors are fully
differentiated as they would be in retinal injury and most
diseases. Soon after plating, rod and cone cells extend
filopodia. Some of these filopodia differentiate over a few days
into neurites filled with microtubules and form presynaptic
varicosities filled with synaptic vesicles.?> These neuritic
processes mimic the appearance of neuritic sprouts seen in
the diseased or injured human retina.

Retinal cultures containing predominately photoreceptors
were maintained in serum-free medium with 2, 20, and 200
UM Sp-cAMPS. Sp-cAMPS is a highly membrane-permeable,
phosphodiesterase (PDE)-resistant analogue.Z(”27 After 3 days,
rod and cone cells were individually examined for the
number of neuritic processes, the length of the longest
process, and the number of presynaptic varicosities, as
previously described.'® For rod cells, 20 and 200 uM Sp-
cAMPS increased the number of processes by 34.0% (P =
0.002) and 46.3% (P < 0.001), respectively. The length of the
longest process was also increased significantly at all
concentrations; moreover, the effect of Sp-cAMPS on the
number and length of processes was highly correlated (R* =
0.88). Sp-cAMPS (2 and 20 uM) also increased the number of
varicosities by 89.6% (P < 0.001) and 59.8% (P = 0.002),
respectively (Figs. 1A, 1C, 1E). The increase in the number of
processes of rod cells was linear, whereas the increase in the
number of varicosities was a bell-shaped curve. Varicosities
therefore have a maximal cAMP concentration beyond which
their formation becomes inhibited. In contrast, for cone cells,
2 and 20 uM Sp-cAMPS caused almost no change in both the
number of processes and varicosities. However, 200 M Sp-
CAMPS caused a significant increase in the number of
processes by 33.1% (P = 0.002), but an insignificant increase
in the number of varicosities (Figs. 1B, 1D, 1F).

The above results indicate that both rod and cone cells
respond to the activation of the cAMP signaling pathway. The
stimulation of neuritic growth in cone cells, however, required
a high concentration of Sp-cAMPS (200 uM), suggesting that
the neuritic growth of rod cells is more sensitive than that of
cone cells to increased levels of cAMP. We have previously
shown that another purine cyclic nucleotide signaling path-
way, cGMP-dependent signaling, plays a more important role in
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Figure 1. cAMP analogues modulate neuritic growth of rod and cone cells after 3 days in vitro. (A) An untreated rod cell labeled for rod opsin;
neuritic processes with presynaptic varicosities (arrows) have grown in culture. (B) An untreated cone cell under phase-contrast microscopy;
varicosities (arrows) occur on neuritic growth. (C) A rod cell treated with Sp-cAMPS (2 pM) has numerous processes and varicosities (arrows); (D)
A cone cell treated with Sp-cAMPS (2 uM) forms neuritic processes and varicosities (arrows) but appears similar to the control cone cell. (E) For rod
cells, 2 and 20 pM Sp-cAMPS increased the number of varicosities, whereas 20 and 200 pM Sp-cAMPS increased the number of processes. Red lines
indicate shape of the response. (F) Cone cells show significant changes only in the number of processes and only when treated with 200 pM Sp-
CAMPS. (G) Ten and one hundred micromolar Rp-cAMPS, an inhibitor of PKA, decreased varicosities of rod cells. (H) Cone cells show no significant
difference in varicosities with Rp-cAMPS treatment. (E, F) n=3800 cells; 16 cultures, 2 animals. (G, H) 7z =400 cells; 16 cultures, 1 animal. *P < 0.05;
P < 0.01; P < 0.001; Scale bar = 20 pm.

stimulation of neuritic growth for cone cells.’® Thus, the cCAMP longest processes in this and subsequent experiments. At
signaling pathway appears to be primarily working in rod 0.1, 1, and 10 uM, FSK significantly increased the longest
photoreceptors. neuritic length of rod cells by 11.8% (P < 0.01), 14.7% (P <

Elevation of intracellular cAMP activates PKA.?® Therefore, 0.001), and 48.0% (P < 0.001), respectively, and of cone
we applied the nonhydrolyzable cAMP analogue Rp-cAMPS to cells by 23.2% (P < 0.01), 26% (P < 0.001), and 48.6% (P <
inhibit PKA activity and to test for inhibition of neuritic 0.001), respectively. However, FSK at these concentrations
development. For rod cells, 10 and 100 uM Rp-cAMPS caused failed to significantly affect the varicosity numbers of rod or
decreases in the number of varicosities by 34.2% (P = 0.012) cone cells (Figs. 2A, 2B, 2E, 2F). Radioimmunologic analysis
and 35.4% (P = 0.014), respectively (Fig. 1G), compared with showed that intracellular cAMP of retinal cells was upregu-
the 0.1% DMSO-treated controls. In contrast, for cone cells, lated by 1 puM FSK after 11 hours and 3 days of treatment; by

treatment of Rp-cAMPS for 3 days at 1, 10, and 100 pM caused 5550 ximately 100% in the latter case (Fig. 2C). These cCAMP
no significant change in the number of varicosities (Fig. 1H). concentrations are presumed to be higher than those

The same concentrations of Rp-cAMPS caused no change in reached with cAMP analogues and thus perhaps had a
retm:ill‘cell density, indicating that the effect of Rp—g§MPS on nonspecific effect on cone cells. Additionally, although
neuritic growth was not a result of cytotoxicity (see CcGMP levels were much lower than cAMP there were
Supp Ie'mentary/lM atkerla; and Is/lép p.lfgleinltg?;.ﬁg. IS ;Al’olllgg/ ; significant increases in cGMP in experiments both with and
WWW.10VS.0rg/rooxup/supp’/dot: 19. 1ovs. Fa- - without IBMX, a phosphodiesterase inhibitor (see Supple-

51CCS;II) eps le;rele?l;:i)s. gll(lxsz’lcriic;gm growth in rod cells, but not mentary Material and Supplementary Fig. S1B, http://www.
» ed ' iovs.org/lookup/suppl/doi:10.1167/iovs.12-10180/-/

. DCSupplemental). Increased cGMP could have stimulated

MOdlflfltlon of Adenylyl Cyclase Affects the cone cell growth.

Neuritic Growth by Photoreceptors In contrast to increased growth with FSK, SQ22536, an

Adenylyl cyclase catalyzes the conversion of adenosine adenylyl cyclase inhibitor,3? significantly reduced varicosity
triphosphate (ATP) into cAMP. At least nine closely related number in rod cells at all doses and process number at 200 pM
AC isoforms have been cloned and characterized.?® Photo-  (Fig. 2D). $Q22536, however, did not significantly affect either
receptors have been reported to contain AC1,3%3! although the number of varicosities or processes of cone cells at any
the presence of other types cannot be ruled out. Diterpene dose (see Supplementary Material and Supplementary Fig. S1C,
FSK, an alkaloid extracted from the herb Coleus forskoblii, ~ http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.
activates almost all forms of the enzyme except AC9 and the 12-10180/-/DCSupplemental).

newly described testis form.?° Forskolin was applied to Thus, these results, like those from the use of analogues,
retinal cultures for 3 days. Because process number and suggest that the modulation of neuritic outgrowth of rod cells
longest length were highly correlated in experiments with is more sensitive to changes in the cAMP signaling pathway
the Sp-cAMPS analogue, we tested only the length of the than that of cone cells.
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FSK, an activator of, and SQ22536, an inhibitor of, AC activity, affect photoreceptor growth after 3 days in vitro. (A, B) 0.1, 1, and 10 uM

FSK increased the longest neuritic length but not varicosities of rod and cone cells (7 = 814 cells; 16 cultures, 2 animals). (C) Radioimmunoassay
showed that intracellular cAMP was upregulated by 1 uM FSK after 11 hours and 3 days of treatment (7 = 16 cultures, 3 animals). (D) SQ22536
reduced varicosity formation by rod cells at all doses and process number at 200 pM (7 = 400 cells; 8 cultures, 1 animal). (E, F) Rod cells
immunolabeled for opsin (red) and synaptophysin (green) from a control culture (0.1% DMSO) and a culture treated with 10 uM FSK. Opsin is
present throughout the plasma membrane; synaptophysin is present in small varicosities along the neurites (arrows) and in the Golgi apparatus. **P

< 0.01; ™P < 0.001; Scale bar =20 pm.

Modulation of Adenylyl Cyclase by Activation of
the Adenosine or Dopamine Receptor

To avoid the possible nonspecific effects of high levels of cCAMP
resulting from long-term treatment with analogues or FSK, and
to stimulate cAMP signaling more physiologically, we tested
neurotransmitters known to affect cCAMP levels. Histochemical
and pharmacologic evidence suggest that the actions of
adenosine on photoreceptors are mediated by A2a receptors
and linked to stimulation of adenylyl cyclase.33-3¢ Therefore,
an adenosine A2a receptor agonist, CGS-21680 (CGS),?” was
applied to retinal cell cultures for 3 days. The agonist
significantly increased the length of the longest neurite of
rod cells by 23.8% (P < 0.001) and 28.3% (P < 0.001) at 20 and
200 pM, respectively. The varicosity development of rod cells
was increased by 40.1% (P=0.001) at 20 pM (Figs. 3A, 3C, 3E).
The change in neuritic length was linear, whereas the
varicosities data were suggestive of a bell-shaped curve. For
cone cells, CGS showed no clear effects at all doses (Figs. 3B,
3D, 3G).

It has been shown that activation of D, 4 dopamine
receptor decreases cAMP levels in photoreceptors.3!:38:39
Retinal cultures were treated with QPR, a dopamine D2/D3/
D4 agonist,*® to examine for inhibition of photoreceptor
growth. Ten micromolar QPR caused a significant decrease in
neuritic length of rod cells by 15.7% (P < 0.001, Fig. 3F) but
did not significantly affect the growth of cone cells (the longest
neuritic length was decreased by 6.1%, P = 0.29). To further
confirm the effect of QPR on rod cell sprouting, 10 pM FSK
plus 10 pM QPR were used to treat cultures for 3 days. Neuritic
growth of rod cells treated with FSK 4+ QPR was downregulated
by 22.7% (P < 0.01) compared with that of FSK treatment
alone (Fig. 3G). Cone cells were not affected by either
adenosine or dopamine. Thus, modulation of AC by the
neurotransmitter receptors for adenosine increased, and for
dopamine decreased, aspects of rod cell neuritic development
as expected if rod neuritic growth were cAMP-dependent (see
Supplementary Material and Supplementary Table S1 for

summary, http://www.iovs.org/lookup/suppl/doi:10.1167/
iovs.12-10180/-/DCSupplemental).

Forskolin and Transmitter Agonists Modulate
CREB Phosphorylation

One of the major effects of the activation of the cCAMP signaling
pathway is phosphorylation of nuclear transcription factors by
PKA. The transcription factor CREB is the best-characterized
nuclear protein mediating transcriptional stimulation by
cAMP#! We used either FSK or transmitter agonists to test if
modulation of CREB phosphorylation occurred in salamander
photoreceptors coincidentally with changes in neuritic
growth.

Isolated photoreceptors treated with FSK for 3 days were
analyzed for levels of pCREB using densitometry of ABC-HRP
immunocytochemistry. FSK increased the density of pCREB
immunolabel in both rod and cone cells in a dose-dependent
manner (Fig. 4A). One and ten micromolar FSK significantly
increased the pCREB level of rod cells by 56.3% and 172.6%
(Figs. 4A-C), respectively, and also correspondingly increased
the neuritic length of rod cells by 14.7% and 48.0% but failed to
significantly affect the varicosity number as described above
(Fig. 2A). Similarly, FSK at all doses increased the pCREB level
as well as the neuritic length of cone cells (Fig. 2B). The levels
of pCREB immunolabeling were lower in rod than in cone
cells. This may be due to the faster rise and fall of pCREB in rod
than in cone cells (Figs. 5A, 5B) so that at 3 days pCREB levels
in rod cells had already begun to subside. Nonetheless,
increases in the length of neuritic sprouts by FSK correlate
with activation of the pCREB signaling pathway in both rod
and cone cells.

The effects of adenosine A2a receptor agonist CGS (20 pM)
and dopamine D2 receptor agonist QPR (10 uM) on pCREB
signaling in photoreceptors were also determined (Fig. 5). CGS
moderately increased pCREB protein levels in rod cells by
41.7% (P < 0.05) and 56.4% (P < 0.05) at 4 and 24 hours,
respectively, while there were no significant changes of pCREB
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FiGure 3. Agonists to neurotransmitter receptors—CGS-21680, an adenosine A,, receptor agonist, and QPR, a D,_4 receptor agonist—which
modulate AC activity, affect rod cell growth after 3 days. (A, B) Control rod (opsin-immunolabeled) and cone (phase-contrast) cells. (C, D) Rod and
cone cells treated with CGS (20 pM). Arrows indicate varicosities. (E) In rod cells, CGS increased the length of neuritic processes and, at the lower
concentration, the number of presynaptic varicosities (see arrows in C), while there was no clear effect on the growth of cone cells (see arrows in
B, D). (A-E: n =472 cells; 12 cultures, 2 animals). (F) Rod cells treated with QPR show reduced neuritic growth compared with the control group
(0.1% DMSO) (1 = 1018 cells; 24 cultures, 4 animals). (G) Neurotransmitter agonists modulated FSK-stimulated growth of rod but not cone cells.
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cells treated with FSK + QPR compared with the group treated with FSK alone. CGS treatment also increased rod but not cone growth but to a lesser
extent than FSK (7 = 353 cells; 12 cultures, 2 animals). *P < 0.05; *P < 0.01; **P < 0.001; Scale bar = 20 um.

levels in cone cells at any time point. Moreover, rod cells
treated with FSK + QPR (10 uM + 10 pM) had lower pCREB
levels than those treated with FSK alone at all time points (Fig.
5A). No significant differences in pCREB levels were present in
cone cells treated with FSK + QPR compared with FSK alone
(Fig. 5B). Thus, cAMP signaling, evidenced by phosphorylation

Activation of Mislocalized Opsin by f-Ionone
Promotes Neuritic Growth by Rod Cells

If activation of the cAMP-PKA-pCREB pathway is responsible
for rod cell sprouting, what would promote stimulation of this
pathway in vivo? Adenosine is present in the retina, but its
effects can be countered by dopamine. Thus, although these

of CREB, could be modulated through the adenosine or
dopamine receptor in rod but not in cone cells. Additionally,
changes in pCREB occurred relatively quickly, already by 4
hours after FSK or receptor-agonist application.

neurotransmitters may have a role, there are likely to be other
factors more central to cAMP-dependent signaling and neuritic
growth in the diseased or injured retina. In a previous study on
isolated rod photoreceptors, it was determined that activation
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of opsin, which spreads throughout the plasma membrane of
cultured cells, promotes rod cell death by stimulation of
adenylyl cyclase, an enzyme not normally accessible as a
downstream target (see Supplementary Material and Supple-
mentary Fig. S2, http://www.iovs.org/lookup/suppl/
d0i:10.1167/i0ovs.12-10180/-/DCSupplemental).'® So-called
“mislocalized opsin,” appearing on the plasma membrane of
all parts of the rod cell, is seen not only in isolated cultured
cells but in virtually all types of retinal degeneration (see
Discussion) and after injury such as detachment and reattach-
ment. %42 In the course of this previous study, preliminary data
indicated that cells that did not die had increased neuritic
growth.

Exogenous application of -ionone activates rod opsin and
its associated G protein, transducin (Gp.* B-ionone also binds
to cone opsin. It works as an inverse agonist, depressing
transduction signaling in the red-sensitive cones, 85% of the
salamander cone cells,** but activating the blue- and ultravio-
let-sensitive salamander cone cells.*>4¢ Salamander retinal cells
were continuously treated with 0.5, 2.5, and 10 pM B-ionone
for 3 days, or treated with 2.5 uM B-ionone for 1 day and then
cultured for another 2 days in control medium. For rod cells,
treatment with f-ionone at all concentrations significantly
increased the length of the longest neurite after 3 days culture.
In addition, both the number of presynaptic varicosities and
neuritic length of the rod cells treated with 2.5 uM B-ionone for
1 day and cultured for another 2 days were significantly
increased by 50.1% (P < 0.05) and 31.6% (P < 0.001),
respectively (Fig. 6A). In contrast, the results for cone cells in
all pB-ionone-treated groups were not significant (see Supple-

mentary Material and Supplementary Fig. S1D, http://www.
iovs.org/lookup/suppl/doi:10.1167/iovs.12-10180/-/
DCSupplemental). Cell death, previously seen with B-ionone
treatment,'® was also examined. Rod cell numbers were
reduced by 19.0% (P < 0.05) with 2.5 uM B-ionone, and by
37.2% (P < 0.001) with the treatment of 10 uM B-ionone for 3
days. Cells treated with 2.5 uM B-ionone for only 1 day did not
show significant cell death (Fig. 6B).

The protein level of pCREB was determined in the same
cultures by immunolabeling. Rod cells treated with 2.5 or 10
UM B-ionone showed higher density of pCREB staining than the
control group by 66.4% (P < 0.001) and 98.4% (P < 0.001),
respectively, while cells pulse-treated with 2.5 UM [-ionone
showed a dramatic upregulation of pCREB protein level by
92.0% (P < 0.001) (Figs. 6C, 6F, 6G). In cone cells, the 10 pM f-
ionone- treated group and 2.5-uM pulse-treated group showed
moderate (33% and 36%; P < 0.05) increases of pCREB staining
compared with that of the control group treated with 0.1%
DMSO. This may be due in part to the activation of opsin in a
subpopulation of cones.#® Thus, B-ionone activates the cAMP-
PKA pathway as evidenced by pCREB upregulation. However,
rod cells are much more responsive than cone cells to the
treatment of B-ionone. Indeed, treatment of B-ionone at 2.5 UM
for 1 day was enough to almost double pCREB immunolabel
density and increase both neuritic length and the development
of presynaptic varicosities in rod cells.

Finally, to ensure that the effect of B-ionone was specific for
opsin, cultures were kept in the dark and treated with B-ionone
in the presence of an excess of 9-cisretinal, an additional
chromophore for opsin, which activates opsin in the presence
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of light. Treatment with 9-cis-retinal alone in the dark had no
effect on neuritic development of rod cells. The stimulatory
effect of P-ionone on rod cell outgrowth was significantly
inhibited by 9-cis-retinal, reducing the length of the longest
neurite by 29.1% (P < 0.001) and the number of varicosities by
84.7% (P < 0.001) (Figs. 6D, 6E). These results indicate that the
promotion of neurite growth of rod cells by B-ionone is
primarily through the specific activation of opsin.

Rod Cell Sprouting in Cultured Neural Retina

If activating opsin present on the plasma membrane of the cell
soma and synaptic terminal of isolated cells increases neuritic
sprouting, does opsin activation also increase sprouting in the
intact neural retina? It has previously been reported that when
neural retina is detached from the underlying retinal pigment-
ed epithelium (RPE), the opsin photopigment spreads into the
plasma membranes of the rod cell soma and even up to the
synaptic terminal.!® For salamander, neural retina that was
isolated from the eyeball and cultured on a piece of filter paper
had much more mislocalization of opsin than retina cultured
inside the eyeball (Figs. 7A, 7B). This agrees with previous
findings. Detached retina with mislocalized opsin showed
some sprouting (Fig. 7B). Somewhat surprising, however, was
that activating the cAMP pathway in detached retinas with 10
UM FSK did not show a significant increase in sprouting (Fig.
7C). FSK presumably boosted AC activity in all cell types
presenting a complex scenario. This complexity may include
changes in glia as well as neurons and inhibitory as well as

stimulatory signals. Alternatively, FSK may have influenced
(i.e., reduced) the amount of mislocalization by preserving
retinal structure.?” In contrast, retinas treated with 10 uM B-
ionone showed increased sprouting as expected but only if the
retina was detached and thus had abundant mislocalized opsin
(Fig. 7D attached; Fig. 7E detached). Indeed, detached retinas
treated with 10 uM PB-ionone had an 87.2% increase in rod
neurites penetrating more than 5 pm into the inner nuclear
layer per millimeter of retina compared with untreated
detached control retinas (Fig. 7F; P < 0.001). Thus, although
some sprouting is present when opsin is mislocalized, both
opsin mislocalization and exogenous activation must occur for
significant sprouting to develop (see Supplementary Material
and summary in Supplementary Table S2, http://www.iovs.
org/lookup/suppl/doi:10.1167/iovs.12-10180/-/
DCSupplemental).

Activation of CREB Correlates with Synthesis of
Synaptic Proteins

Assuming that activation of opsin in the intact neural retina
works through activation of adenylyl cyclase, then cAMP
should be elevated in retinas treated with B-ionone. Indeed,
neural retinas treated with B-ionone had significantly higher
levels of cAMP after 24 hours, as determined by radioimmu-
noassay (Fig. 8A). The increase in cAMP concentration
supports our scheme whereby activated opsin stimulates AC
(see Supplementary Material and Supplementary Fig. S2,
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http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.
12-10180/-/DCSupplemental).

To determine possible cAMP-dependent changes in protein
synthesis, two retinas isolated from the same animal were
treated with FSK (10 pM) and 0.1% DMSO, respectively, for 4
hours, followed by Western blot analysis of CREB and the
pCREB targets, synaptophysin and synaptic vesicle protein 2
(SV2) (see CREB Target Gene Database; provided in the public
domain at http://natural.salk.edu/CREB). pCREB, CREB, syn-
aptophysin, and SV2 were all elevated, while o-tubulin and
opsin did not change (Fig. 8B, representative of two
experiments). Therefore, CAMP elevation resulted in modula-
tion of CREB, which in turn appeared to target specific,
synaptic proteins that contained the CRE element in their gene
promoter. Similarly, treatment of neural retinas with B-ionone
for 24 hours significantly increased the protein levels of pCREB
(40.1%), synaptophysin (19.3%), and SV2 (57.4%) in Western
blots (Figs. 8C, 8D).

Thus, the effect of B-ionone in the intact retina was identical
to results on isolated cells, increased neuritic growth and
expression of pCREB, and supports a mechanism where
activation of mislocalized opsin stimulates the AC-PKA-pCREB

pathway. Phosphorylation of CREB in turn promoted increased
expression of proteins involved in neuritic differentiation.

DISCUSSION

Virtually all human retinal degenerations and injuries describe
the presence of the rod photopigment, opsin in abnormal
plasma membrane locations in rod photoreceptors, often
throughout the plasma membranes of the inner segment,
soma, and even the synaptic terminal. Concomitantly, rod cell
sprouting is ubiquitously described in AMD,® RP>-7 and retinal
reattachment.'®1! We are proposing that these phenomena are
linked through the signaling molecule cAMP by suggesting that
opsin, if active when abnormally located on the plasmalemma,
will stimulate adenylyl cyclase activity and change gene
expression through the transcription factor CREB (see
Supplementary Material and Supplementary Fig. S2, http://
www.iovs.org/lookup/suppl/doi:10.1167/iovs.12-10180/-/
DCSupplemental). Presumably opsin is activated by retinal and
light in degenerate retinas, although normal opsin on its own
has a low rate of constitutive activity,® which suggests that
sprouting could occur even in retinas maintained in the dark.
Moreover, in dark conditions, the presence of extracellular
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adenosine and increased intracellular calcium could work
synergistically with opsin to increase AC activity.

In this report, we have experimentally produced sprouting
in the normal retina by activating mislocalized opsin with B-
ionone. The specific stimulation of rod opsin was dramatically
more effective in producing rod neurites than application of
forskolin to the entire retina. We suggest that stimulating ACs
throughout the retina with forskolin produced a variety of
effects, which either worked to maintain synaptic structure”
or inhibit sprouting. f-ionone in contrast specifically targets
photoreceptors. The effect of forskolin on the photoreceptor
cell may have been too generalized as well. Compartmental-
ization of PKA signaling is recognized as a feature of growth-
cone activity®® and may also be necessary for synaptic
sprouting. B-ionone applied to retina also upregulated the
levels of pCREB and synaptic proteins. CREB stimulates a large
array of genes but is recognized to be involved in synaptic
plasticity.>® In rod cells, B-ionone-induced CREB phosphory-
lation correlated with increased neuritic growth and presyn-
aptic varicosity formation in isolated cells as well as in the
intact neural retina. Moreover, pCREB had increased by 24
hours in the intact retina, prior to sprouting. In addition,
previous work has shown that opsin mislocalization can occur
very rapidly. Fusion of inner and outer segment membranes,
for instance, which allows mislocalization, occurs within
minutes after detachment of the neural retina,®! and mis-
localized opsin is present in the plasma membranes of rod cells
40 minutes after isolation.?> Thus, mislocalization is the initial
event, followed by transcription events, and finally neuritic
growth.

Our observations were made possible by use of the adult
salamander. Robust sprouting similar to that observed in
degenerate or reattached human retina is present in some
other animal models as well including Xenopus'? and cat.'® A
pig model of retinal degeneration also showed neuritic growth,
albeit relatively short sprouts, from rod cells.!> Sprouting in
human retina seems to coincide with increased pCREB: human
retinas with AMD have increased pCREB immunolabel.>?
Injured cat retina®® and, as shown here, salamander retina
also have increased pCREB in photoreceptors. In contrast,
rodent models of retinal degeneration do not show significant
rod cell sprouting® in spite of the fact that high cAMP has been
reported for several mouse models of retinal degeneration>4-57
and that dopamine does not reduce cAMP in the rd2 mouse,
suggesting unusual AC activity.>® Increased pCREB has been
reported for rat photoreceptors after penetrating trauma,>® but
decreases in pCREB occur in the rd1 mouse retina.>® One can
only speculate at this point why the rodent retinas do not
display human pathology. It is known that metabolic rates of
mice are very high. Do mice produce so much more cAMP that
cells die before there is time to grow neuritic sprouts? Rapid
cell death as an explanation for the lack of rod sprouting has
been previously proposed.®> Reducing AC activity could test the
link between cAMP and sprouting in mice. In the rd1 mice,
long sprouts do form from cone cells,'? suggesting that retinal
conditions in mice can support sprouting. Thus, not all animals
are equally useful for examining retinal synaptic plasticity, at
least with regard to rod terminals. The salamander, however, is
able to mimic human rod cell reactive change.

Mislocalization of rod opsin is key to the process we
describe. This is evidenced by the lack of sprouting in the
presence of opsin activation when there was little opsin
mislocalization (i.e., when the neural retina was retained next
to the RPE). Rod opsin is normally targeted to and retained in
the membranes of the photosensitive outer segment through a
C-terminal targeting sequence and by the presence of a
periciliary barrier mechanism.®>°! Rod opsin is thought to
mislocalize to inner segment plasma membranes for primarily
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three reasons: (1) the targeting machinery for opsin is faulty,
and the opsin protein is misdirected to inner segment plasma
membrane; (2) the barrier between the base of the cilium and
the inner segment is changed, allowing backflow from the
outer segment into the inner segment plasma membrane; or
(3) there is fusion of the inner and outer segment membranes
at regions lateral to the base of the cilium, allowing backflow of
opsin from the outer into the inner segment by circumventing
the ciliary barrier. In animal models, retinal degenerations
associated with mutation of proteins in the targeting processes,
including mutations of the opsin C-terminal (type-1 RP), show
mislocalized opsin.®?> However, it also appears that as outer
segments degenerate, even if the targeting mechanisms have
not been directly affected (in type-2 RP and in mutations in
proteins other than opsin, for instance), opsin will appear in
high concentrations in the plasma membrane of the inner
segment/cell body.?3-2463 Although some damage to the outer
segment seems necessary, inner-segment immunolabel for
opsin can occur in the presence of intact cilia,®* suggesting
that obvious breakdown in the ciliary transport and barrier
mechanisms may not be involved. Moreover, in the presence of
degeneration, rod opsin continues to be synthesized, at least
for awhile, providing more protein that can mislocalize.®>-¢7
Finally, mechanical injury, such as detachment, can promote
fusion of the inner and outer segments to allow backflow of
opsin from outer to inner segment membranes, 5! and
mislocalization occurs.®? Similar fusion has been seen in
genetic retinal disease with accompanying opsin mislocaliza-
tion.°® Thus, in virtually all situations in which rod cell outer
segments become compromised, regardless of the specific
mutation or injury, abnormal amounts of opsin appear on inner
segment, cell body, and/or synaptic terminal plasma mem-
brane. We are proposing that this mislocalized opsin leads to
sprouting. However, there is one situation in which mislocal-
ized opsin does not immediately produce notable sprouting
(excluding the lack of sprouting in rodent models of retinal
degeneration): although detachment causes mislocalization of
opsin, sprouting is not observed in the detached retina.'? It is
only when the retina is reattached that sprouting occurs,
although only in retinal areas that display mislocalized opsin.®®
A possible explanation is that when the retina is detached, rod
cell metabolism slows,”® and there is a downregulation of the
visual cycle genes, presumably reducing the production of the
chromophore, 11-cis-retinal.”! Moreover, any retinal produced
by the RPE may not reach the rod cells, so there is little opsin
activation. Once there is reattachment, retinal has better access
to opsin in the inner segment, cell body, and synaptic terminal,
and opsin bound to retinal can now be activated by light. In
our case, mislocalized opsin produced by detachment was
experimentally activated by infusion of the opsin agonist, -
ionone. Without the opsin agonist, only a small amount of
sprouting occurred in detached retina.

We have shown that the mechanisms for rod and cone cell
sprouting are distinct. Rod cells depended on increases in
cAMP, with cone cells responding very little to increased cAMP.
Cone cells depend on increases in ¢cGMP.'® Thus, cone cell
sprouting in rd1 mice, which contain a mutation in the cGMP-
specific phosphodiesterase, is presumably a result of increased
cGMP (see Discussion in Ref. 16). In contrast, rod cell neuritic
growth is inhibited by cGMP.'® Some increases in growth and
pCREB immunolabel were seen in cone cells with forskolin,
but the cAMP levels in this case were high, increasing the
possibility of some cross-talk between cAMP and cGMP
pathways.”? In addition, forskolin produced some increase in
cGMP, which could directly promote cone cell growth. No
cone responses were detected with the use of adenosine
agonists, which arguably produce lower and more physiologic
levels of cAMP, or with PKA inhibition. The low sensitivity of
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cone cells to cAMP, compared with that of rod cells, has also
been documented for teleost photoreceptor elongation and
contraction in light and dark.”® In summary, the separation of
rod and cone sprouting into cAMP- and cGMP-dependent
mechanisms is supported by our present and previous results.
Furthermore, mislocalization of cone opsin would not be
expected to stimulate soluble guanylyl cyclase, the cGMP-
producing enzyme, because it is not a G-protein-coupled
enzyme. The presence of more than one signaling pathway for
sprouting of these sensory neurons supports the reports of
contradictory results regarding the effects of CAMP on mature
neurons in vitro.”* And, it is illustrative of a general condition
in the nervous system—that the potential for, and presumably
mechanism of, regenerative growth is cell-type specific. This is
true not only in mammals’> but also in amphibians, in spite of
their reputation as prodigious regenerators, where certain
nerve-cell types grow after injury and others do not.”®

For rod cells, our results suggest that the levels of
intracellular cAMP are critical. For length of the longest
process, growth was dose dependent, increasing with increas-
ing stimulation of AC whether by forskolin or neurotransmitter-
receptor agonist. But, for the rod cell presynaptic varicosities,
the relationship was more complex, suggesting a bell-shaped
curve, with optimal varicosity development at a specific
concentration, and reduction in development with increased
dose. This is similar to the effects of cGMP on presynaptic
varicosity development on cone cell processes in the
salamander.'® Concentration dependency for development of
new varicosities may presage rod cell death. Indeed, in our
cultures, B-ionone stimulation of sprouting also produced
significant cell death. As cAMP levels increase, a lethal
concentration appears to be reached. Thus, we suggest that,
like calcium,”” cAMP is both a survival/growth promoter and a
death mediator so that whether a rod cell sprouts or dies is
related to the level of intracellular cAMP. Cyclic AMP levels in
turn may be related to levels of mislocalized opsin, as rod cell
death is related to levels of mislocalized opsin.”®

The nature of the link between mislocalized rod opsin and
AC stimulation may be multifaceted. In tests on stimulation of
mislocalized opsin as a cause of cell death in isolated
salamander rod cells,'® we found that pertussis toxin reduced
cell death, indicating that a G; protein, like transducin, was
involved. Moreover light-stimulation of rhodopsin in cell-free
systems can enhance AC activity in a transducin-dependent
manner.”?8° Chinese hamster ovary cells expressing bovine
rhodopsin showed inhibition of AC in the presence of light;
however, the AC isotype in question appeared to be Type VI8!
not Type I, the primary isotype in photoreceptors.3%3! Since
our publication, there have been mixed reports in cold-
blooded vertebrate models, testing our idea that G-protein
activation by mislocalized opsin is involved in rod cell death. In
Xenopus, our model was examined by creating a transgenic
animal that expressed normal rod opsin as well as opsin with a
double mutation at Q350ter (equivalent to Q344ter in
mammals, to cause mislocalization) and K296R (to prevent
11-cis-retinal binding and therefore transducin activation).!®
Because the double mutation did not appear to reduce
degeneration, the authors concluded that activation of trans-
ducin by mislocalized opsin was not a factor in rod cell death.
Their conclusion seems plausible if mutated protein was the
only type of opsin on the membranes of the inner segment/
synaptic terminal. Immunocytochemical analysis of normal
opsin localization was done at only one time point and without
quantitative controls for immunolabel density. Wild-type opsin
is transported to the plasmalemma of inner segments in
transgenic mice with Q344ter or S334ter mutated rhodop-
sin.%282 Moreover, from other animal studies (see above),
elevated amounts of normal opsin in the inner segment would
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be expected as outer segments degenerate. Mislocalized
normal opsin could have interacted with transducin and
contributed, in parallel with other causes like overexpression
of opsin,®3 to cell death in the Xenopus model. In ovl zebra fish
with a retinal degeneration caused by a mutant ciliary gene,
which therefore displays opsin mislocalization, both transducin
and AC activity were shown to contribute to rod cell death3* in
a pathway identical to our initial proposed pathway.'® In
murine retina, Nakao et al.8% also demonstrated that rod cell
death in rd10 mice was AC dependent. In another mouse study,
a Q344ter-induced retinal degeneration was created on a rho —/
— background to minimize retinal degeneration by rhodopsin
overexpression.®> In these retinas, opsin is mutated at the C-
terminal and thus missorts to the inner segment but still
interacts with transducin. Degeneration was exacerbated by
light. Additionally, the authors demonstrated that mislocalized
opsin was capable of light activation in vivo and that cell death
was reduced in animals bred on a Troo —/— background,
indicating dependence on transducin signaling, supporting our
model. In our study,'® and in this latter study,®> there was the
recognition that other G proteins could be involved. For us, for
instance, pertussis toxin did not completely prevent rod cell
death. Other opsin family members in retinal ganglion cells and
invertebrate photoreceptors interact with a G protein to cause
an increase in calcium through activation of phospholipase
C.8%87 Calcium/calmodulin in turn can stimulate photorecep-
tor AC type 1. Rod cells in fact contain a homolog of G, called
Gy11.58 Additionally, it is likely that cAMP mechanisms are not
the only pathways contributing to rod-cell regenerative
growth. In retinal ganglion cells, for example, increased cCAMP
combined with controlled inflammation and decreased PTEN
activity determine the length of new regenerating processes
and work through separate signaling cascades.?®

Cyclic AMP has been recognized as a critical signaling
molecule for nerve process regeneration and synaptic plasticity
in the adult.'”%° We have tested the premise that cAMP must
be involved in reactive sprouting as well. However, our
previous data'® and this report clearly demonstrate that not
all neurons use cAMP-dependent pathways to sprout. More-
over, the way that cAMP is increased in a neuron is likely to be
cell-type specific, allowing cell-specific activation of cAMP-
dependent pathways. In the retina, for instance, B-ionone
could be used to specifically stimulate sprouting of rod
photoreceptors after transplantation when the immature
precursors, as well as mature, isolated rod cells (depending
on what cells are used for transplantation), have mislocalized
opsin.1??1 Finally, our results emphasize the importance of
nerve cell polarity and compartmentalization by describing
how a mislocalized membrane protein is linked to reactive cell
behaviors.
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