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Purpose. Amphibian retinas regenerate after injury, making
them ideal for studying the mechanisms of retinal regeneration,
but this leaves their value as models of retinal degeneration in
question. The authors asked whether the initial cellular
changes after rod loss in the regenerative model Xenopus
laevis mimic those observed in nonregenerative models. They
also asked whether rod loss was reversible.

MEerHODS. The authors generated transgenic X. laevis express-
ing the Escherichia coli enzyme nitroreductase (NTR) under
the control of the rod-specific rhodopsin (XOP) promoter. NTR
converts the antibiotic metronidazole (Mtz) into an interstrand
DNA cross-linker. A visually mediated behavioral assay and
immunohistochemistry were used to determine the effects of
Mtz on the vision and retinas of XOPNTR F, tadpoles.

Resurts. NTR expression was detected only in the rods of
XOPNTR tadpoles. Mtz treatment resulted in rapid vision loss
and near complete ablation of rod photoreceptors by day 12.
Miiller glial cell hypertrophy and progressive cone degenera-
tion followed rod cell ablation. When animals were allowed to
recover, new rods were born and formed outer segments.

Concrusions. The initial secondary cellular changes detected in
the rodless tadpole retina mimic those observed in other mod-
els of retinal degeneration. The rapid and synchronous rod loss
in XOPNTR animals suggested this model may prove useful in
the study of retinal degeneration. Moreover, the regenerative
capacity of the Xenopus retina makes these animals a valuable
tool for identifying the cellular and molecular mechanisms at
work in lower vertebrates with the remarkable capacity of
retinal regeneration. (Invest Opbthalmol Vis Sci. 2011;52:
364-373) DOI:10.1167/i0vs.10-5347

etinitis pigmentosa (RP) is a heterogeneous group of in-
herited disorders characterized by the initial loss of rod
photoreceptors.' Rod photoreceptor death is followed by sec-
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ondary degenerative changes, the most notable and debilitating
of which is the subsequent death of cone photoreceptors.”
Other cellular changes include Miiller glial cell hypertrophy,
synaptic layer loss, and retinal interneuron death.?

Mammalian animal models that mimic aspects of RP have
been critical for investigating the mechanisms of rod cell death
and the secondary changes that follow.>* In contrast, amphib-
ian, fish, and, more recently, chicken model systems have been
predominantly used to study retinal regeneration because of
the remarkable ability of these species to partially or even fully
recover from retinal damage.>”” The retinal damage/regenera-
tion paradigms used in lower vertebrates have ranged from
complete and partial retinectomy to the ablation of individual
retinal cell classes using chemical and genetic approac-
hes.>%®-' Given their ability to replace dead or dying retinal
cells, we asked whether a regenerative animal model (Xenopus
laevis) would also exhibit the secondary cellular changes ob-
served in nonregenerative animal models.

To address this question, we generated a transgenic line of
X. laevis driving the expression of Escherichia coli nitroreduc-
tase (NTR) under the control of the rod-specific rhodopsin
promoter (XOP).'>'® Nitroreductase converts nitroimidazole
prodrugs, such as metronidazole (Mtz), into a cytotoxic DNA
cross-linker.'”'® Taking advantage of a low-light, visually based
behavioral assay, we show Mtz-treated XOPNTR transgenic
tadpoles rapidly lose their vision.'?° Rod cell death is swift,
specific, and parallels the loss in sight. Apoptotic rods were
detected at 24 hours, and rod outer segment degeneration was
extensive by 5 days. Miiller cell hypertrophy and cone photo-
receptor degeneration and death followed rod degeneration.
Furthermore, new rod photoreceptors were generated after
selective rod ablation. These results suggest that retinal degen-
eration after rod loss in Mtz-treated XOPNTR animals mimics
retinal degeneration in other animal models, despite the ability
of Xenopus to regenerate all retinal cell classes. Consequently,
Xenopus may serve not only as a model system for retinal
development and regeneration but also for understanding the
cellular and molecular mechanisms of retinal degeneration.

METHODS

Generation of XOPNTR Transgene
and Transgenic Animals

The transgene construct pXOP(—508/+41)-NTR was generated by
replacing eGFP of pXOP(—508/+41)GFP with the E. coli NTR gene
from plasmid F116.'® XOPNTR F, transgenic X. laevis were generated
using restriction enzyme-mediated integration, and four XOPNTR
founders, two males and two females, were grown to adulthood.?!
Progeny from the founder females, XOPNTR1 and XOPNTR2, were
generated, and only XOPNTR2 tadpoles responded to metronidazole
treatment.
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Generation of F, Tadpoles and Genotyping

The transgenic female was injected 1 week and 1 day before egg
collection with pregnant mare’s serum gonadotropin (Sigma Aldrich,
St. Louis, MO) and human chorionic gonadotropin (Intervet, Millsboro,
DE), respectively, to induce egg laying, and the eggs were fertilized in
vitro using wild-type sperm. DNA from tail snips of F, tadpoles was
isolated (DNeasy Blood and Tissue Kit; Qiagen Inc., Valencia, CA).
Primers specific for the XOPNTR transgene (5" XOPNTR, 5'-CGCTA-
AATCCTTTGTTGCTGACGC-3'; 3" XOPNTR, 5'-GTTGAACACGTAAT-
TACCGGCAGC-3") were used to identify transgenic tadpoles and their
nontransgenic siblings, which were used as wild-type controls. The
Committee for the Humane Use of Animals at SUNY Upstate Medical
University approved all procedures, and all procedures adhered to the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research.

Metronidazole Preparation and Use

Metronidazole (Sigma Aldrich; product no. M-1547) was dissolved in
0.1X MMR containing 0.4% dimethyl sulfoxide (DMSO; Sigma-Aldrich;
product no. D8418) to a final concentration of 10 mM immediately
before use.?> Control animals were cultured in the same solution
without Mtz. Preliminary experiments demonstrated that higher con-
centrations of Mtz were toxic. No more than 30 stage 50 to stage 53
(stages are noted in figure legends) transgenic or nontransgenic sibling
tadpoles were cultured in 600 mL Mtz solution and raised at 22°C in
complete darkness (Mtz is light sensitive) for the indicated time.
Preliminary experiments demonstrated that there were no differences
in the response to Mtz for tadpoles between stages 50 and 53. For
regeneration experiments, animals were Mtz-treated then allowed to
recover for periods of up to 30 days in 0.1 X MMR in ambient labora-
tory lighting.

Cryosectioning, Immunohistochemistry, and In
Situ Hybridizations

Tadpoles were euthanatized in 1% methanesulfonate (Tricaine; Sigma-
Aldrich), fixed in 4% paraformaldehyde for 1 hour, immersed in 20%
sucrose, mounted in OCT, and cryostat sectioned (12 um). When
staining for rod transducin, animals were incubated for 2 hours in
room light to ensure labeling of rod somata. The following primary
antibodies were used for immunostaining: anti-transducin polyclonal
(1:100; product no. sc-389; Santa Cruz Biotechnology, Santa Cruz, CA),
anti-XAP2 monoclonal (1:10; clone 5B9; Developmental Studies Hy-
bridoma Bank [DSHB], Iowa City, IA), anti-calbindin polyclonal (1:
500; product no. 80001-624; VWR, West Chester, PA), anti-islet-1
monoclonal (1:100; clone 39.4D5; DSHB), anti- calretinin polyclonal
(1:100; product no. NB200-618; Novus Biologicals, Littleton, CO),
anti-GABA polyclonal (1:500; product no. 20094; Immunostar, Hud-
son, WI), mouse R5 monoclonal (1:5; kindly provided by W.A. Harris,
Cambridge University), and anti-vimentin monoclonal (1:50; clone
14h7; DSHB). The following secondary antibodies tagged with fluores-
cent molecules were used for immunostaining: goat anti-mouse IgM
Alexa 555 (1:500; product no. A-21426), donkey anti-rabbit IgG Alexa
488 (1:500; product no. A-212006), goat anti-mouse IgG Alexa 488
(1:500; product no. A-11001), goat anti-mouse IgG3 Alexa 594 (1:750;
product no. A-21155), goat anti-mouse IgG2b Alexa 555 (1:500; prod-
uct no. A-21147), and goat anti-mouse I1gG1 Alexa 488 (1:500; product
no. A-21121). All secondary antibodies were purchased from Invitro-
gen (Carlsbad, CA). In situ hybridizations were performed as previ-
ously described.?® Substrate (Fast Red; Roche Applied Science, India-
napolis, IN) was used for the in situ hybridization procedure. The slides
were mounted in a solution of reagent (FluorSave; VWR), 2% 1,4-
diazabicyclo[2.2.2]octane (DABCO; Sigma-Aldrich), and 10 mg/mL 4,6-
diamidino-2-phenyindole, dilactate (DAPI; Sigma-Aldrich).

EdU Labeling

EdU (5-ethynyl-2’-deoxyuridine; 10 mM) was injected intra-abdomi-
nally on days 3 and 10 of Mtz treatment and on days 3, 10, and 21
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during recovery. On day 30 of recovery, animals were processed for
immunohistochemistry, as described, and then for EAU using an Alexa-
Fluor 488 imaging kit according to the manufacturer’s instructions
(Click-iT EdU; product no. C10337; Invitrogen).

TUNEL Cell Apoptosis Assay

Dying cells were detected with an in situ apoptosis detection kit in
accordance with the manufacturer’s instructions (ApopTag Red; prod-
uct no. $7165; Millipore, Billerica, MA). A rhodamine-conjugated pri-
mary antibody was used to detect labeled cells.

Imaging and Cell Counts

Stained sections were visualized using an upright fluorescence light
microscope with motorized Z-focusing (DM6000 B; Leica Microsys-
tems, Bannockburn, IL) fitted with a camera (Retiga-SRV; Q-Imaging,
Surrey, BC, Canada) for image capture. Images were processed (Vo-
locity software, version 5.0.3; Improvision Inc., a PerkinElmer Com-
pany, Waltham, MA). For each treatment group, no fewer than three
animals were used. A single central retinal section from each animal
was scored. In Figure 6, a region between the ventro-temporal and the
central retina was selected for scoring. Cells were counted within a
region spanning 100 um. Unless otherwise noted, n equals the number
of animals analyzed ("P = 0.05; **P = 0.01). Statistical analysis was
performed using a Student’s #test, paired two-tailed distribution.

Dim-Light Visually Mediated Behavioral Assay

Behavioral assays were performed as previously described with several
changes.'® Stage 50 tadpoles were housed individually during drug
treatment and behavioral testing. Twelve hours before testing, tanks
containing transgenic or control animals were wrapped in aluminum
foil (Mtz-treated tadpoles and their respective controls were exposed
to room light during feeding and, therefore, had to be dark adapted).
The behavioral response was recorded with a digital camcorder using
infrared illumination for off-line analysis. (Preliminary experiments
demonstrated the infrared light source on the camcorder did not elicit
a behavioral response.) Stimulus light was provided from a 70-W
tungsten-halide lamp collimated and attenuated in 0.5-log increments
with neutral density filters. The beam was focused onto the entrance
aperture of a fiberoptics light pipe. The light pipe terminated in a ring
illuminator (2-inch inside diameter, 3.5-inch outside diameter; product
no. NT54-173; Edmund Optics, Barrington, NJ) centered 9 inches
above the tank housing the tadpoles. Maximal luminance at the tank
was 120 photometric cd/m* measured with a photometer (model 370;
Graseby Optronics, Orlando, FL). See Supplementary Movie S1, http://
www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-5347/-/DCSupplemental,
for further details and an example of the response observed before and after
Mtz treatment. Calculations used to determine the light threshold needed to
elicit the observed response can be found in the Supplementary Text, http://
www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-5347/-/DCSupplemental.
Results in figures are shown as the mean percentage of time spent on the
white side of the tank = SE mean. A two-tailed Student’s #test with P = 0.05
was considered significant.

RESULTS

Expression of Nitroreductase in Rod
Photoreceptors of F;, XOPNTR Tadpoles

We generated F,, transgenic X. laevis expressing NTR under
the control of the —508 to +41 region of the X. laevis rho-
dopsin promoter (XOP).'®?* Transgenics were identified by
genotyping using XOPNTR-specific PCR primers, then grown
to adulthood. Tadpoles generated from one founder female
(XOPNTR) were used for all experiments in this study.

In situ hybridization was used to determine the expression
pattern of NTR in stage 50 F, tadpoles. Consistent with the
known activity of the —508 to +41 region of the rhodopsin
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XOPNTR

gene, NTR expression was detected only in the outer nuclear
layer (ONL) of transgenic tadpoles (Fig. 1A; n = £.2* In
contrast, NTR was undetectable in wild-type (nontransgenic
sibling) retinas (Fig. 1B; 7 = 4). The intensity and distribution
of NTR expression in the ONL varied from animal to animal,
consistent with previous reports attributing these differences
to position-effect variegation, which can result in altered trans-
gene expression on the order of days or even hours in genet-
ically nonmosaic animals.?> To determine whether NTR ex-
pression was detectable in cone photoreceptors, retinas were
costained for the NTR transcript and calbindin, which specif-
ically labels cone photoreceptors in Xenopus.?® NTR expres-
sion was never detected in cones (156 cells from four retinas;
Figs. 1C, 1C’, and 1C"), suggesting that NTR expression was
rod photoreceptor specific.

Rapid Vision Loss and Rod Photoreceptor
Ablation in Mtz-Treated XOPNTR Tadpoles

Nitroreductase reduces the antibiotic Mtz to a cytotoxic DNA
cross-linker.'” Therefore, Mtz treatment of transgenic tadpoles
should result in rod photoreceptor ablation. We used both a
visually based behavioral assay and immunohistochemistry to
determine the effect of Mtz on rod cell function and viability in
control and XOPNTR transgenic tadpoles (Fig. 2). The behavior
and retinal histology of nontransgenic, sibling tadpoles gener-
ated from XOPNTR adults and wild-type tadpoles were indis-
tinguishable (not shown). Therefore, nontransgenic tadpoles
generated from the same clutch of XOPNTR eggs were used as
controls and are labeled here as wild-type.

Transgenic and control tadpoles were cultured in 10 mM Mtz
for 17 days. At 6-day intervals, the effect of Mtz treatment on the
dim light vision of tadpoles was determined using a modified
visually mediated behavioral assay.'®2° The behavioral responses
of untreated XOPNTR tadpoles and controls were similar (Fig. 2A,
day 0). In contrast, we observed a significant drop in the behav-
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FIGURE 1. NTR expression in rod
photoreceptors of stage 50 F,
XOPNTR tadpoles. (A, B) In situ hy-
bridization was used to detect NTR
expression (purple) in transgenic
and control tadpoles. NTR expres-
sion was detected in the outer nu-
clear layer of XOPNTR tadpoles (A)
but was undetectable in wild-type
sibling embryos (B). (C-C") Retinas
were triple stained to label NTR-ex-
pressing cells (Fast red; red), cones
(calbindin; green), and nuclei (DAPI;
blue). NTR-expressing cells (C, ar-
rowheads) do not express calbindin
(C', C"). Scale bars: 100 um (A, B);
25 pm (C-C").

ioral response of Mtztreated XOPNTR transgenic tadpoles in as
little as 6 days (Fig. 2A; n = 17). By day 12, Mtztreated XOPNTR
animals were unable to distinguish between the white and black
sides of the test tank (z = 14). In contrast, the responses of
DMSO-only treated XOPNTR transgenic (z = 5) and Mtz-treated
wild-type tadpoles (# = 6) were unchanged.

Immunohistochemistry using the rod-specific XAP2 antibody
was used to determine the effect of Mtz on rod cells.”” The
morphology of rods in Mtztreated wild-type (z = 14) and un-
treated XOPNTR tadpoles (# = 16) was normal (Figs. 2B, 2C,
2C"). In contrast, the retinas of all Mtz-treated, XOPNTR tadpoles
were severely altered. At 5 days, rod outer segments were re-
duced in number, shorter, and fragmented (Figs. 2D, 2D’; n = 8).
After 10 days of exposure there was a near complete lack of rod
outer segments (Figs. 2E, 2E’; n = 15). Intact rod outer segments
were sometimes, but not consistently, observed in the most pe-
ripheral region of the retina (Fig. 2E; n = 15). However, no
consistent pattern of rod loss was observed. Together, these
results suggest Mtz treatment results in vision loss because of
rapid rod outer segment degeneration and possibly rod photore-
ceptor ablation in XOPNTR animals.

Apoptotic Cell Death Is Initially Photoreceptor
Specific in Mtz-Treated XOPNTR Tadpoles

The restricted expression pattern of NTR predicts rod photo-
receptors would be primarily affected by Mtz treatment. To
determine which retinal cell classes were initially affected,
stage 53 tadpoles were cultured in Mtz for 1 day and apoptotic
cells were identified using terminal deoxynucleotidyl trans-
ferase-mediated deoxyuridine triphosphate nick end-labeling
(TUNEL) detection. TUNEL-positive cells were seldom ob-
served in either Mtz-treated wild-type or untreated XOPNTR
tadpoles (Figs. 3A, 3B). In the retinas of untreated XOPNTR
tadpoles, TUNEL-positive cells were infrequently observed in
the ganglion cell layer (GCL; 0.5% of cells; n = 7), whereas the
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FIGURE 2. Rapid vision loss and rod 90% ) . XOPNTR; Mtz
outer segment loss in Mtz-treated
stage 50 XOPNTR tadpoles. (A) A be-
havioral assay was used to determine
the effect of metronidazole on the
dim-light vision of XOPNTR trans-
genic tadpoles and their wild-type
(WT) siblings. Histogram bars indi-
cate the average percentage of time
spent on the white side of the test
tank. Blue, red, and green bars de-
note wild-type Mtz-treated, XOPNTR 50%
DMSO-treated (referred to as un-
treated), and XOPNTR Mtz-treated
tadpoles, respectively. The mean *
SEM is indicated. The behavioral
responses of WT Mtz-treated and
XOPNTR untreated animals were not
statistically different at any time
point, whereas the Mtz-treated ani-
mals were significantly different from
both control groups on treatment
days 6, 12, and 17. Immunohisto-
chemistry was used to determine the
effect of Mtz treatment on rod pho-
toreceptors. Retinal sections were
stained to detect rod photoreceptor
outer segments (XAP2; red) and cell
nuclei (DAPI; blue). Wild-type (B)
and transgenic (C-E) tadpoles were
treated for 5 days with DMSO only
(C) or for 5 or 10 days with Mtz
(B, D, E). Higher magnification
views of the boxed regions in C-E
are shown in C'-E’. Scale bars: 100
um (B-E); 25 um (C'-E’). #*P =
0.01.

80%

70%

60%-

Percent of time

XOPNTR

only TUNEL-positive cells detected in Mtz-treated wild-type
animals were located in the inner nuclear layer (INL; 0.4% of
cells; n = 10). Although a similarly small number of INL cells
were apoptotic in the retinas of Mtz-treated XOPNTR animals
(0.4% of INL cells), we observed dramatic cell death in the
outer nuclear layer (Fig. 3C; n = 8).

To determine the extent to which rods and cones were
affected, we costained retinas for TUNEL and cone calbindin.

WT; Mtz d1 XOPNTR

| XOPNTR; Mtz d5
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l

WT; Mtz d10

XOPNTR; Mtz d10

No TUNEL-positive cells were detected in the central retina
ONL of either Mtz-treated wild-type or untreated XOPNTR
tadpoles. In contrast, in Mtz-treated XOPNTR tadpoles, 50.3%
of rods but only 3.4% of cone nuclei were TUNEL-positive
(Figs. 3D, 3D’, 3D").

The Xenopus retina contains approximately equivalent
numbers of rod and cone photoreceptors. Therefore, these
results suggest nearly 15-fold more rods than cones are TUNEL-

Dvyy

\

DAPI

XOPNTR; Mtz d1  —
Dvy

P

DAPI
Calb (cPR)

XOPNTR; Mtz d1

FIGURE 3. Rapid rod cell death in stage 53 transgenic XOPNTR tadpoles treated with metronidazole. (A-C) Retinal sections were labeled to detect
apoptotic cells (TUNEL; red) and all cell nuclei (DAPI; blue). Wild-type (A) and transgenic (B, C) tadpoles were left untreated (B) or were treated
with Mtz (A, ©) for 1 day. (D-D") To identify the class of apoptotic cells in the ONL, retinal sections were stained for TUNEL (D; red) and the cone
marker calbindin (D'; green). D and D’ are merged in D”". Scale bars: 200 um (A-C); 25 um (D-D"). Arrowhbeads: TUNEL-positive cells.
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positive after 1 day of treatment. This is to be expected be-
cause NTR should only be expressed in rods given that it is
under the control of the rhodopsin promoter. Another expla-
nation for the relatively low number of TUNEL-positive cones
is that cones might have been rapidly killed, cleared from the
retina, and therefore not detected. To test this hypothesis, we
compared the number of cones in treated and control trans-
genic animals. We found no statistically significant difference
in the number of cones after 1 day of Mtz-treatment (XOPNTR
untreated 20.1 = 0.8, XOPNTR Mtztreated 20.5 = 1.2; P >
0.79). Taken together, these results suggest rod photorecep-
tors are the initial and predominant cell type ablated in Mtz-
treated XOPNTR tadpoles.

Progressive Cone Outer Segment Degeneration
and Death Follow Rod Ablation

In mammals, cone degeneration follows rod cell loss. We
wondered whether a similar dynamic was detectable in the

A

25
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50.3% 93.7%
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# of Cells/100 pym of Retinal Length
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@ # of Rods ©® # of Cones
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WT; Mtz d35 XOPNTR

# of Cones w/OS
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Xenopus retina. XOPNTR tadpoles were treated with Mtz for 1,
3,5, 10, and 17 days. The total number and the percentage of
TUNEL-positive rods and cones were determined at each time
point. Rod transducin and cone calbindin were used to label
photoreceptors because these markers are detected in both the
outer segments and the somata of these respective cell types.
No change in the number of rods or cones was observed in
XOPNTR tadpoles during the first 3 days of Mtz treatment
(rods: day 0, 21.6 £ 1.2 [n = 7] vs. day 3, 21.0 = 0.6 [z = 3];
cones: day 0, 15.4 * 0.9 [n = 7] vs. day 3, 15.0 = 1.5 [z = 3]).
Similar rod (20.6 = 0.9; n = 7) and cone (159 = 0.6; n =
7) numbers were detected in age-matched nontransgenic
siblings. However, 93.7% of rods and only 6.7% of cones
were TUNEL-positive on day 3. By day 5, rod cell loss was
obvious, and by day 10, the few remaining rods (0.7 £ 0.7;
n = 3) were all TUNEL-positive (Fig. 4A). Rod transducin
was undetectable on day 17 of treatment. By comparison,
the number of cones was unchanged through day 10 of

HEH

-
-

"’Z
© 0

No Rods

Day 10 Day 17

FIGURE 4. Cones degenerate after
rod ablation. Stage 52 XOPNTR tad-
poles were treated with Mtz for 1 to 17
days. Retinal sections were stained for
rods (transducin), cones (calbindin),
apoptotic cells (TUNEL), and nuclei
(DAPD. The blue, green, and orange
lines indicate the number of rods,
cones, and cones with outer segments
over time, respectively. The percent-
age of TUNEL-labeled cells at each time
point is shown. The numbers of rods
(blue) and cones (green) in control
wild-type animals treated with Mtz for
17 days are shown for comparison (all
cones had outer segments). Similar re-
sults were observed in transgenic
control animals treated with DMSO
for 17 days (18.3 £ 0.9 rods; 16.3 =
0.9 cones). Retinal sections of wild-
type Mtz-treated (B, C), XOPNTR
untreated (B’, C’) and XOPNTR
Mtz-treated (B”, C") tadpoles were
stained for calbindin. Animals were
treated for either 17 (B, B") or 35
(C, C") days. All sections were
counterstained for nuclei (DAPI).
Asterisks: region lacking an outer
plexiform layer (C"). Arrowbeads:
cones with outer segments. ND,
not determined. Scale bar, 20 um.
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treatment (compare day 0 [15.4 = 0.9] with day 10 [16.3 *
0.9D), and the percentage of TUNEL-positive cones remained
relatively constant (Fig. 4A). No cone cell loss was detected
until day 17 of treatment (Fig. 4A).

In mammalian model systems, cone outer segment loss
precedes and is an indicator of pending cone cell death.??%*°
Therefore, we also monitored cone outer segment loss in
Mtz-treated XOPNTR tadpoles. A progressive reduction in the
number of cones with outer segments was observed from day
0 (154 = 0.9; n = 7) through day 10 (8.7 = 4.3; n = 3),
despite no apparent change in the total number of calbindin-
positive cells (Fig. 4A). By day 17, approximately one-third of
surviving cones had outer segments (z = 8; Fig. 4A). To
determine whether more prolonged exposure to Mtz would
result in more dramatic cone outer segment degeneration, we
treated XOPNTR transgenics for 17 and 35 days and stained
central retinal sections for calbindin. In contrast to retinas from
35-day controls (100% of the cones had outer segments) and
17-day Mtz-treated XOPNTR animals (38% of the cones had
outer segments), the retinas of transgenics treated for 35 days
lacked cone outer segments (Figs. 4B” — 4C"; compare with
calbindin-positive cells with outer segments: wild-type Mtz-
treated, 20.5 = 1.2 [n = 4]; XOPNTR untreated, 19.8 = 0.6
[ = 5]; XOPNTR Mtz-treated, O [z = 4]). In addition, the
retinas of Mtz-treated XOPNTR tadpoles lacked a distinct outer
plexiform layer (OPL) compared with control retinas. Small
patches of calbindin-positive cone somata were separated by
acellular gaps in the ONL in the retinas of Mtz-treated XOPNTR
tadpoles (Figs. 4C", asterisks).

Together, these results suggest the rapid loss of rod photo-
receptors followed by more gradual cone outer segment de-
generation, and eventually cone cell death, in Mtz-treated
XOPNTR tadpoles.

Secondary Cellular Changes in the Rodless
Tadpole Retina

In addition to cone loss, other secondary retinal changes follow
rod photoreceptor death in all nonregenerative animal models.
To determine whether this was also true in the rodless tadpole
retina, stage 52 XOPNTR transgenics were cultured in Mtz for
17 days, and immunostaining for neuronal and glial markers
was used to identify retinal cell classes. Markers used included
islet-1 (retinal ganglion and a subset of inner nuclear layer
cells), y-aminobutyric acid (GABA; horizontal and GABAergic
amacrine cells), calretinin (bipolar, GABAergic and serotoner-
gic amacrine and a subset of retinal ganglion cells), R5 and
vimentin (Miiller glia), and calbindin.?* 3% The number of cells
stained for each marker was determined and compared with
results from control untreated XOPNTR and Mtz-treated wild-
type animals. Only the number of calbindin-positive cells
(cones) differed significantly when the retinas from control
and Mtz-treated XOPNTR animals were compared (Fig. 5A and
Supplementary Fig. S1, http://www.iovs.org/lookup/suppl/
d0i:10.1167/i0vs.10-5347/-/DCSupplemental).

The number of Miiller glia was unchanged in rodless retinas
(Fig. 5A; wild-type Mtztreated, 8.0 £ 0.2 [# = 7]; XOPNTR-
untreated, 8.9 = 0.4 [n = 7]; XOPNTR Mtz-treated, 8.5 + 0.3
[# = 8]). However, the morphology of Miiller cells was dra-
matically altered in Mtztreated transgenic animals. We ob-
served a time-dependent increase in R5 immunoreactivity in
the retinas of Mtz-treated XOPNTR transgenic animals (Figs.
5D-G). The increase in R5 staining was most notable in the
outer nuclear (Figs. 5D-G, asterisks) and ganglion cell (Figs.
5D-G, double asterisks) layers. An increase in R5 immunore-
activity with no apparent change in Miiller cell number could
result from either cell hypertrophy or an increase in the ex-
pression of the protein recognized by the R5 monoclonal
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antibody (the R5 epitope is unknown). To distinguish between
these two possibilities, we stained control and day 17 treated
retinas with a second Miiller cell marker, vimentin.>* We ob-
served no change in the number of vimentin-positive cells in
rodless day 17 tadpoles (wild-type Mtz-treated, 9.2 = 0.4 [n =
6]; XOPNTR untreated, 9.1 = 0.4 [n = 8]; XOPNTR Mtz-
treated, 9.0 = 0.2 [n = 7]). As with R5, vimentin staining was
unchanged in controls but was dramatically increased in de-
generating retinas (not shown), suggesting hypertrophy of
Miiller cells is also a secondary effect of rod cell loss in Mtz-
treated XOPNTR transgenic tadpoles.

Regeneration of Rod Photoreceptors after
Mtz Removal

The retinas of X. laevis frogs can completely regenerate after
partial or complete retinectomy.®'"'# To determine whether
rod loss was reversible in the intact retinas of transgenic
XOPNTR tadpoles, stage 53 tadpoles were treated with Mtz for
12 days and allowed to recover for 30 days.

XOPNTR transgenic animals treated with Mtz showed no
central retina XAP2 staining (Figs. 6A, A’; n = 4). The only rod
outer segments detected were located in the most peripheral
region of the outer nuclear layer immediately adjacent to the
ciliary marginal zone (CMZ) and consisted, on average, of
fewer than five cells per section (Fig. GA; asterisk). As ex-
pected, rod outer segments of both control groups were unaf-
fected (not shown; n = 4 for both wild-type treated and
XOPNTR untreated groups). After 30 days of recovery, XAP2-
positive rod outer segments were once again observed in
Mtz-treated XOPNTR transgenic animals (compare Figs. 6A, A’
with 6B, B"). Rods were detected throughout the outer nuclear
layer, but their regeneration was incomplete, with some rod-
less regions persisting (Fig. 6B, arrowheads; n = 3). Compared
with the long finger-like outer segments of control retinas
(Figs. 6C’, 6D"), the regenerated rod outer segments were
shorter and wider in appearance, resembling the immature
rods of younger retinas (Fig. 6B"). We compared the number of
ONL nuclei in Mtztreated XOPNTR tadpoles with those of
controls. Metronidazole treatment reduced the number of ONL
nuclei by approximately 50% (XOPNTR untreated 12 days,
38.7 = 1.7 [n = 3]; XOPNTR Mtz-treated 12 days, 19.5 * 1.6
[n = 3]). After recovery, the density of nuclei in ONL regions
containing rod outer segments was similar to that of untreated
transgenics, suggesting the new outer segments are generated
from newly born rod photoreceptors (XOPNTR untreated 12
days, recovery 30 days, 39.7 * 0.7 [n = 3]; XOPNTR Mtz-
treated 12 days, recovery 30 days, 40.7 = 0.3 [z = 3]).

The marker XAP2 labels only rod outer segments. There-
fore, regenerated outer segments could originate from either
newly born rods or from undetected rod somata that had lost
their outer segments. To distinguish between these possibili-
ties, we treated XOPNTR tadpoles with Mtz for 17 days, al-
lowed them to recover for 30 days, and periodically injected
the animals with the thymidine analog EdU, which is incorpo-
rated into the DNA of replicating cells during S phase. Trans-
ducin-expressing cells were not detected in the central retinas
of Mtz-treated XOPNTR tadpoles (Fig. 6E). Similar to the XAP2
staining, transducin was only detected in the most peripheral
retina, immediately adjacent to the CMZ (two to three cells on
average per section, not shown). By comparison, transducin
was strongly expressed in both the soma and the outer seg-
ments of control rods (compare Figs. 6E and 6G: XOPNTR
Mtz-treated, 0 = O [n = 3] vs. XOPNTR untreated, 19.3 = 0.3
[7 = 3]). Transducin-positive rods were once again observed in
Mtz-treated transgenics after a 30-day recovery phase (compare
Figs. GE and GOF; XOPNTR Mtz-treated 17 days, recovery 30
days, 5.2 £ 1.3 [#n = 5]). Importantly, 65.4% of the rods
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observed were EdU-positive, demonstrating these outer seg-
ments were generated by newly born rods (Fig. 6F; XOPNTR
Mtz-treated 17 days, recovery 30 days, 65.4% EdU+ [n = 5] vs.
control XOPNTR untreated 17 days, recovery 30 days, 1.5%
EdU+ [n = 4]). Together, these results indicate that rod loss is
reversible in XOPNTR transgenic tadpoles. Within 30 days of
rod ablation, new rods were born and generated outer seg-
ments.

DISCUSSION

We report that in spite of its regenerative capacity, rod pho-
toreceptor loss in X. laevis results in secondary cellular
changes similar to those observed in nonregenerative models.
Cone cell degeneration and death are observed in patients with
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FIGURE 5. Secondary changes follow
rod photoreceptor ablation. The reti-
nas of control and XOPNTR stage 52
tadpoles treated with Mtz for 17 days
were immunostained with retinal cell
markers. (A) Blue, red, and green bars
indicate the average number of cells
detected in wildtype Mtz-treated,
XOPNTR untreated, and XOPNTR Mtz-
treated tadpoles for each respective

type Mtztreated (B), XOPNTR un-
treated (C), and XOPNTR Mtz-treated
(D-G) tadpoles stained for R5 (Miiller
glia). Animals were treated for 3 (D), 5
(E), 10 ), and 17 (G) days. All sec-
tions were counterstained for nuclei
(DAPD). Single asterisks: Miiller cell gli-
osis spreading to the subretinal layer.
Double asterisks: Miller cell gliosis
spreading to the GCL. RGC, retinal
ganglion cells; SRGC, subset of retinal
ganglion cells; BPC, bipolar cells; SAM,
subset of amacrine cells; sHC, subset
of horizontal cells; sINL, subset of in-
ner nuclear layer cells; MGC, Miiller
glial cells. Mean * SEM is indicated.
**P < 0.0001. Scale bar, 20 um. See
also Supplementary Fig. S1, http://www.
iovs.org/lookup/suppl/doi:10.1167/iovs.
10-5347/-/DCSupplemental.

DAPI

RP and in all nonregenerative RP animal models.?>> % Simi-
larly, ablation of rod photoreceptors using the NTR-metronida-
zole enzyme-prodrug system resulted in outer segment degen-
eration and cone cell death in X. laevis (Fig. 4). In contrast to
these results, a recent study also using X. laevis did not report
cone loss after rod cell ablation.® Activation of a modified
caspase-9 (iCasp9) in rod photoreceptors resulted in rod cell
death in both premetamorphic and postmetamorphic X. lae-
vis. Although cone death was not reported, cone function was
compromised after 3 months in postmetamorphic animals.
Interestingly, photopic ERGs recovered by 5 months, prompt-
ing the speculation that recovery resulted from either func-
tional restoration or regeneration of cones. The differences
observed in these two Xenopus models might have been due
to the enzyme-prodrug system used, the time at which it was
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FiGURe 6. Rod photoreceptor regeneration in XOPNTR tadpoles. Stage 53 tadpoles were cultured in Mtz for 12 days and proc d immediately
(A, A" or were allowed to recover an additional 30 days (B-D") before immunohistochemistry. Retinal sections were stained for XAP2 to detect
outer segments of rod photoreceptors. In XOPNTR animals treated with Mtz for 12 days, rod outer segments were only detected in the most
peripheral retina (A, asterisk). After a 30-day recovery, rod outer segments were again detected in the central retina (B, B"), but they were shorter
than rods of wild-type Mtz-treated (C, C") and XOPNTR untreated (D, D) tadpoles. (A’-D’) Magnified views of the boxed regions in (A-D).
(B, arrowheads) Regions lacking rod outer segments. Regenerated rods are EdU-positive. Mtz-treated (E, F) and untreated (G, H) stage 53
XOPNTR tadpoles were injected intra-abdominally with EdU, cultured for 17 days, and processed immediately (E, G) or allowed to recover
in Mtz-free media for an additional 30 days (F, H) before immunohistochemistry. Retinal sections were stained to detect nuclei (DAPI; blue),
rod photoreceptors (transducin; red), and cells that had passed through S-phase during treatment (EdU; green). Scale bars: 100 um (A-D);
25 um (A'-D’, E-H).

activated, or both. For instance, XOPNTR tadpoles were con-
tinuously treated with metronidazole, whereas post-metamor-
phic frogs received periodic subcutaneous injections of the
iCasp9 activator AP20187 (the effect of AP20187 on cone
survival in tadpoles was not addressed). The discontinuous
delivery method that must be used in older animals may not
result in cone cell degeneration and death. Alternatively, the
extent and rate of secondary degeneration may be age depen-
dent. Frog cones may be more resistant to the effects of rod

ablation than are the cones of the tadpole retina. Examining
the fate of cones in metronidazole-treated XOPNTR frogs and
AP20187-treated iCasp9 tadpoles should distinguish between
these possibilities.

Leakage of the cytotoxic-form of the drug into neighboring
cells could also explain the loss of cones in XOPNTR animals.
Several lines of evidence, however, suggest that this mecha-
nism is unlikely to be driving cone loss in rod-ablated Xenopus
retinas. First, cone cell loss was progressive, mimicking the




372 Choi et al.

temporal sequence of morphologic changes observed in other
animal RP models in which outer segments degenerate first,
followed by the loss of cone soma.*®2° Second, cones continue
to die in the absence of rods, which suggests cone loss is
independent of the NTR-Mtz system because rods are no longer
present to convert Mtz to its cytotoxic form. Consistent with
this interpretation, cones lacking outer segments were ob-
served in the ONL nearly 3 weeks after the last rods had been
ablated (Fig. 4C"). Third, metronidazole was specifically devel-
oped as a substrate for NTR to avoid the prodrugrelated death
of neighboring cells observed with previous substrates. In cell
culture studies, the death of neighboring cells was minimal,
even under conditions in which targeted and nontargeted cells
share gap jun<:tions.44 Fourth, a recent study investigating the
regenerative response of the zebrafish retina to rod ablation
found no evidence of cone cell death when using the NTR-Mtz
system.'?

In addition to cone loss, Miiller glia hypertrophy was also
observed in the retinas of Mtz-treated XOPNTR tadpoles. Ex-
pression of the Miiller cell marker R5 (Fig. 5) and the interme-
diate filament protein vimentin (not shown) were dramatically
increased in Mtz-treated animals. Enlarged Miiller processes
extend throughout the retina, most notably into the subretinal
space (Fig. 5G). These changes mimic those observed in mam-
malian retinal degenerations.>*> Zebrafish Miiller glia also re-
spond to rod loss by upregulating the expression of interme-
diate filaments such as glial fibrillary acidic protein.***” In
contrast to Xenopus, however, extensive gliosis in the subreti-
nal space has not been reported in fish. These results are
intriguing given the distinct response of these two regenerative
models to rod ablation. Cone loss is not observed in the rodless
zebrafish retina.'>% Rod ablation driven by misexpression of a
membrane-targeted form of cyan fluorescent protein under the
control of the Xenopus rhodopsin promoter did not result in
cone degeneration.*® Similarly, cone loss was not detected in
Mtz-treated, rodless transgenic fish expressing NTR under the
control of the zebrafish rod opsin promoter.’® In zebrafish,
retinal damage results in the activation of Miller glia, which
reenter the cell cycle to produce neuronal progenitors that
differentiate into retinal neurons and heal the damaged re-
gion.“**=>% In contrast to fish, retinectomy experiments in
both premetamorphic and postmetamorphic Xenopus indicate
transdifferentiating RPE is the source of new retinal neu-
rons.'>'" The correlation between the extent of Miiller cell
hypertrophy and cone cell death may point to a role for gliosis
in cone cell degeneration.

In Xenopus, rod ablation also resulted in a reduction in the
thickness of the outer plexiform layer (Fig. 4C"; asterisks)
observed in other models of photoreceptor degeneration.”>>®
In contrast to nonregenerative models, however, we observed
no statistically significant change in the number of INL or GCL
cells in Mtz-treated tadpoles. Previous studies indicate that near
complete cone cell loss is necessary for extensive neuronal
remodeling, including the death of INL and GCL cells.*® After
17 days of Mtz exposure, the number of cone cells was re-
duced to approximately 30% of wild-type levels, possibly ex-
plaining the lack of cell death in other retinal layers. In future
experiments, it will be important to determine whether the
late phases of degeneration (INL, GCL cell death, and neuronal
remodeling) are observed in rodless and coneless XOPNTR
tadpoles.

When given time to recover, the retinas of rod-ablated
XOPNTR tadpoles generated new rod photoreceptors with
outer segments; however, regeneration was not complete,
possibly because of insufficient recovery time. Alternatively,
secondary cellular or molecular changes in these regions might
have permanently inhibited rod regeneration. Consistent with
this hypothesis, rod regeneration appeared less robust in trans-
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genic animals treated with Mtz for 17 days compared with
12-day treated animals (not shown). However, additional ex-
periments will be necessary to distinguish between these two
possibilities.

Two sources of new cells in the amphibian retina are the
adult retinal stem cells of the CMZ and the retinal pigment
epithelium (RPE). Additional experiments will be necessary to
determine whether the CMZ, RPE, or an unidentified cell class
is the source of the newly born rods. Recently, Miiller glial cells
have been speculated to contribute to the regeneration of the
retina of higher order vertebrates, as occurs in teleost fish.>%>7
However, our preliminary evidence shows no statistically sig-
nificant difference in the number of mitotic or EdU-labeled
Miiller glial cells between Mtz-treated transgenic and control
animals after 3, 5, or 10 days (data not shown). A more exten-
sive study is necessary to conclusively determine whether
Miiller glial cells play a role in retinal regeneration.

During normal retinal development, cell classes are born in
a stereotypical order. Retinal ganglion, horizontal, and cone
cells are born early, followed by rods, bipolar, amacrine, and
Miiller cells. Are the mechanisms of rod regeneration distinct
from those of retinal development? Are the early retinal cell
fates skipped to directly generate rods in XOPNTR tadpoles?
How rapidly is rod vision restored during regeneration? If
retinal degeneration is allowed to progress, will regeneration
no longer be possible? Or will rods, cones, INL, and RGCs all
regenerate and reform the complex neural network necessary
for functional vision? The rapid, synchronous degeneration of
rods, their regeneration, and the ability to control the timing of
these events, coupled with the behavioral assay, makes the
XOPNTR model useful for studying the mechanisms regulating
both retinal degeneration and regeneration.
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