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Abstract

Expression of the Endothelin-2 (Edn2) mRNA is greatly increased in the photoreceptors (PRs) of mouse models of inherited
PR degeneration (IPD). To examine the role of Edn2 in mutant PR survival, we generated Edn2~/~ mice carrying homozygous
Pde6b™" alleles or the Tg(RHO P3475) transgene. In the Edn2™/~ background, PR survival increased 110% in Pde6b™""" mice
at post-natal (PN) day 15, and 60% in Tg(RHO P347S) mice at PN40. In contrast, PR survival was not increased in retinal
explants of Pde6b™"""; Edn2~/~ mice. This finding, together with systemic abnormalities in Edn2™~ mice, suggested that
the increased survival of mutant PRs in the Edn2™/~ background resulted at least partly from the systemic EDN2 loss of
function. To examine directly the role of EDN2 in mutant PRs, we used a scAAV5-Edn2 cDNA vector to restore Edn2
expression in Pde6b™""". Edn2~/~ PRs and observed an 18% increase in PR survival at PN14. Importantly, PR survival was
also increased after injection of scAAV5-Edn2 into Pde6b™""" retinas, by 31% at PN15. Together, these findings suggest that
increased Edn2 expression is protective to mutant PRs. To begin to elucidate Edn2-mediated mechanisms that contribute to
PR survival, we used microarray analysis and identified a cohort of 20 genes with >4-fold increased expression in Tg(RHO
P3475) retinas, including Fgf2. Notably, increased expression of the FGF2 protein in Tg(RHO P347S) PRs was ablated in
Tg(RHO P347S); Edn2~/~ retinas. Our findings indicate that the increased expression of PR Edn2 increases PR survival, and
suggest that the Edn2-dependent increase in PR expression of FGF2 may contribute to the augmented survival.
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One gene whose PR expression is strongly induced by PR
mutations is Edn2 [19]. Retinal Edn2 transcripts are up-regulated
in multiple models of photoreceptor degeneration [19,20,21], as
well as in other retina stresses including, for example, retinal

Introduction

IPDs are genetically heterogeneous disorders characterized by
the progressive death of mutant PRs. Although more than 160

IPD-associated genes have been identified in humans, with many
of these mutations modeled in mouse, relatively few studies have
examined the biochemical mechanisms that promote or resist
death in the mutant PR [1,2]. Factors shown to promote the
survival of mutant or injured PRs include IL-6 cytokines
[3,4,5,6,7], STAT3 [8], and neurotrophic factors including
FGF2 [9,10,11,12,13]. In contrast, other molecules including
GFAP and vimentin [14,15], complement factor D [16], TNFa
[17] and poly-ADP-ribose polymerase-1 [18] have been shown to
contribute to the death of mutant or injured PRs.
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detachment [19,22] and retinal hypoxia [23] amongst others.
These observations suggest that the increased expression of Edn2
may be a general response to retinal insult.

EDN2 is a vasoactive peptide that binds to two G-protein
coupled receptors, EDNRA and EDNRB, with equal affinity [24].
EDNRB is expressed in both Miiller glia [19] and horizontal cells
[25] in neural retina, whereas EDNRA is present in bipolar
dendrites [25]. Both receptors are detected in choroidal and retinal
vessels [26].

The biological roles of EDN2 are the least well-characterized of
the three endothelin family members [27]. EDN2 has been found
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to participate in macrophage chemoattraction in breast tumor cell
invasion [28,29], keratinocyte differentiation [30], and oviductal
contraction during ovulation [31,32]. Within the context of PR
injury, the effect of the increased expression of Edn2 on PR
survival is unclear. Whereas the intravitreal administration of an
EDNRB antagonist increased PR death in one IPD model [5] and
reduced the protective effects of Norrin in light damage [33], the
subcutaneous administration of a dual EDNRA-EDNRB receptor
antagonist after light damage reduced PR layer staining for
cleaved caspase-3, a cell death marker [25].

We used genetic analyses to determine whether the increased
expression of Fdn2 in mutant PRs is a pathogenic or a pro-survival
response, in two well-defined mouse models of IPDs, mice carrying
a mutant human rhodopsin transgene (Tg(RHO P3475)) [34]
associated with human PR degeneration, and Pde6b™ "™ mice,
with a mutation in the B subunit of the PR-specific phosphodi-
esterase-6 (PDE-6) gene [35]. We over-expressed Edn2 in mutant
PRs and found that it plays a protective role in one model of IPD.
We also provide evidence consistent with this protection being at
least partly mediated by FGF2, a known neuroprotective factor

[9].
Results

Increased expression of the Edn2 mRNA and peptide in
mutant PRs

To confirm that FEdn2 transcripts are up-regulated in the
Piph2™"*, Tg(RHO P3475), and Pde6b™’ """ mouse models of IPD
we studied, we measured retinal Edn2 mRINA abundance. As
reported by Rattner and Nathans in other models [19], we found
the Fdn2 mRNA to be greatly increased vs. wild-type (WT)
controls in Prph2 /" (32-fold), Tg(RHO P347S) (70-fold), and
Pde6h™ " (72-fold) retinas, using qRT-PCR (for each model
n=3; p<<0.005) (Fig. 1A).

We also confirmed, by in situ hybridization using Prph2*’* and
Tg(RHO P347S) mice, the observation of Rattner and Nathans
[19] that the increase in the Edn2 mRNA is PR-specific (Fig. 1B).
To determine if £dn2 mRNA up-regulation is a leading or lagging
indicator of PR death, we examined the temporal up-regulation of
Edn2 mRNA in Pde6b"™”"" retinas by qRT-PCR (Fig. 1C,D). The
abundance of the Edn2 transcript in Pde6b™ /™" retinas at PN8,
measured as the ratio of Edn2 mRNA:Gapdh mRNA expression,
was comparable to the expression of Edn2 transcripts in WT
retinas at all time points examined (data not shown). By PN10,
however, a statistically significant increase in Fdn2 transcripts was
detected in Pde6b’™ "™ retinas (Fig. 1C,D)("n =3, p<0.05 vs. WT
retinas; at this age, pycnotic nuclei are present in this mutant [36]).
The decrease in Edn2 mRNA expression with time (Fig. 1C) is
likely to reflect the decreasing number of PRs in the Pde6h™ /™
retina, since the mRINA expression of Edn2 relative to rhodopsin
increases with time (Fig. 1D), indicating that the expression of the
FEdn2 mRNA per PR increased as the number of PRs progressively
decreased. Edn2 transcripts remained substantially up-regulated as
late as PN18 (data not shown).

To determine whether the increase in FEdn2 transcripts in
mutant retinas is accompanied by increased levels of EDN2
peptide, we quantified EDN2 in Pph2 /" retinas by radioimmu-
noassay after separating the EDN2 peptide from EDNI and
EDN3 by HPLC. The abundance of EDN2 was below the
detection limit in W retinas (<0.05 fmol/retina; n =10 retinas),
making it impossible to determine the maximum fold increase in
EDN2 mutant retinas. However, 0.15 fmol/retina (n = 10 retinas)
of EDN2 was detected in Prph2™’* retinas, indicating that the
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EDN2 peptide is increased by a minimum of three-fold in
Piph2™’* retinas.

Retinal expression of components of endothelin
signaling biology

To evaluate whether the large increase in Fdn2 expression in
mutant PRs was accompanied by increases in other components of
endothelin biology, we first quantified the expression of the
mRNAs for Ednl, Edn3, EdwA, and EdwB in WT and mutant
retinas (Fig. S1). Overall, there were no significant differences at
PN21 between Edn2"*, Edn2™ ", Tg(RHO P3478);Edn2*"* and
Tg(RHO P3475);Edn2™ '~ retinas in the expression of these genes
(all n=3, p>0.05) (Fig. S1), with one exception: the mRNA of
EdwA in Tg(RHO P3 47S);Edn27/7 was modestly increased, by 2.3-
fold, compared to Edn2*" retinas (n = 3, p<0.03) (Fig. S1).

EDN2 is processed from a prepro peptide that undergoes
sequential cleavage events to generate mature EDN2 (mat EDN2)
(Fig. 4B). To determine where endothelin-converting enzyme 1
(ECE-1), an enzyme implicated in the processing of big EDN2 to
mature EDN2 [37], is expressed in retina, we used immunoflu-
orescence staining. We found that ECE-1 was expressed in Miiller
cell bodies and radial fibres (Fig. S2A), as shown by comparison
with the Miiller cell-specific marker glutamine synthetase [38].

To determine whether the expression pattern of the EDNRA
and EDNRB receptors was altered in Pde6b™ ™! retinas, in the
presence or absence of Edn2 expression, we used immunofluores-
cence staining (Fig. S2B). In mice of all four genotypes, EDNRA
expression was low, with only scattered staining in the choroid,
OPL, INL and GCL, which may represent retinal microglia (42)
that migrate to the mutant PRs in the ONL [39]. There was no
significant difference in EDNRA staining in Pde6b™" """, Edn2*"*
vs. Pde6y™ "™, Edn2™ ' retinas (Fig. S2B).

EDNRB expression in WT retina was seen predominantly in
the outer plexiform layer (OPL) as well as in cells, possibly
astrocytes, in the GCL (Fig. S2B). In the Pde6b™ ™ retina,
EDNRB expression in the Pde6b™’™" retina was increased
throughout Miiller cell radial fibres, with stronger staining in the
inner limiting membrane (ILM), which contains the end feet of
Miiller cells. In contrast to the OLM staining observed in light-
damaged retinas [19], no outer limiting membrane (OLM)
staining of ENDRB was detected in the Pde66™"™ retina.
EDNRB expression remained increased in the absence of EDN2
in the Pde6b™ /™", Edn2™’" retina (Fig. S2B), indicating that the
up-regulation of EDNRB expression in the mutant retina is not
EDN2-dependent.

A simple model consistent with the expression pattern of the
endothelin receptors and converting enzyme in the PR mutant
retina is therefore that big EDN2 produced in mutant PRs is
released into the PR extracellular space, and converted to mat
EDN2 by the extracellular moiety of ECE-1 [40] located on
Miiller cell radial fibres that surround the PRs. The mat EDN2
could then bind to EDNRB, also located on Miiller cell radial
fibres.

EDN2 loss of function increases PR survival in vivo, but
not ex vivo

To determine whether EDN2 promotes, resists, or has no
influence on PR survival in IPDs, we used Edn2 /" mice to
generate Tg(RHO P3475); Edn2™ '~ and Pde6b™™; Edn2™ '~
animals. We first determined that EDN2 is not required for
normal retinal or PR formation or survival by examining the
morphology of adult Edn2~"~ retinas. No significant difference in
gross morphology, or in ONL thickness (n=25; p>0.05), was
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Figure 1. Retinal £dn2 mRNA is increased in several models of IPD. (A) qRT-PCR assays of the Edn2 mRNA. Edn2 was increased 32-fold, 70-
fold, and 72-fold in the Prph2'®* (7 weeks), Tg(RHO P3475) (3 weeks) and Pde6b™™" (PN12) models of IPD, respectively (“n=3; Student's t-test
p<<0.005). At the three time points chosen, >40% of the PR population remained. Edn2 mRNA expression was assigned a value of 1 in WT retinas, to
calculate its relative expression in the IPD models. qRT-PCR values were normalized to the mRNA expression of Gapdh. (B) In situ hybridization of Edn2
mMRNA in Prph2®’* and Tg(RHO P3475) retinas. Edn2 transcripts were undetectable in WT retina, but were detected exclusively in the ONL of the
mutant PRs (arrowheads) in Prph2™®/* and Tg(RHO P3475) retinas. (C,D) Temporal expression of Edn2 transcripts during PR degeneration in Pde6b™"/!
retinas, relative to WT Edn2 mRNA expression at PN12 and normalized to Gapdh mRNA (C), or rhodopsin mRNA (D). Edn2 mRNA was not significantly
increased until PN10 ('n=3; p<<0.05 vs. WT). RPE, retinal pigment epithelium; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell
layer. Error bars indicate SEM; scale bar=10 pum.

doi:10.1371/journal.pone.0058023.g001

observed between WT and Edn2™ '~ retinas at PN40 (Fig. 2A). using a liquid diet and daily subcutaneous injections of normal
Edn2’~ mice were born at normal Mendelian ratios but saline to maintain fluid and electrolyte balance.
exhibited runting by PN7 and a survival rate of only 25% at Remarkably, the loss of EDN2 function led to dramatically

PN20 (unpublished observations). Edn2*’~ mice displayed no increased PR survival in both Pde6b’” and Tg(RHO P347S)
overt phenotype. To allow observation of the effects of EDN2 loss mice. At PN15, the thickness of the ONL increased by 110% in
in the slower degenerating 7g(RHO P347S) retinas, we were able PdeGH™ "™ Edn2™"" vs. Pde6b™ ™", Edn2*'* retinas at PN15
to extend the lifespan of Edn2” /™ mice to a maximum of PN50 by (n=6; p<<0.05) (Fig. 2B), and by 63% in Tg(RHO P347S);
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ONL (n=5;p>0.05) was normal in toluidine-blue stained Edn2"* and Edn2™/" retinas. (B,C) The loss of EDN2 in Tg(RHO P3475) retinas resulted in a
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explants at PN12 following retinal dissection at PN7, likely as a result of dissection-induced mechanical stress. (F) WT retinal explants cultured ex vivo
from PN7-PN17 had an average of 7-8 rows of PR nuclei at PN17 (n=10 retinas, one representative shown). Owing to artifacts in frozen sections, the
number of nuclei, instead of ONL thickness, was assessed in retinal explants. The absence of EDN2 in Pde6b™™ . Edn2™/~ retinal explants did not
increase PR survival. Both Pdesb™"" and Pdesb™/""; Edn2™"~ explants cultured from PN7-PN17 had an average of 3 rows of PR nuclei at PN17
(n=4;p>0.05, one representative shown) (H&E staining). ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. (Black bar=25 um
in A-C, and F). Error bars indicate SEM.

doi:10.1371/journal.pone.0058023.g002

PLOS ONE | www.plosone.org 4 February 2013 | Volume 8 | Issue 2 | 58023



>
w

Endothelin-2 and Retinal Degeneration

40 - *% :100 1 %%
T ® 2 ] Edn2*
E Edn2* @ 4. "
g 301 @
o g 701
205 g
% {":l @ 60 1
~ N
O& 20 N 50 4
i = 40 1
"; 15 "
S w 3071  Edn2ve
g 107 = 20 1 T
0 ®
51  Edn2* £ 10
] &
0 © o
Genotype Genotype

Figure 3. Systemic erythropoietin (EPO) and retinal vascular endothelial growth factor (VEGF) is increased in Edn2 "~ mice. At PN21,
serum EPO was increased 11-fold in Edn2 ™/~ vs. Edn2"* mice (n=7; p<<0.005) (A) and retinal VEGF was increased 4-fold (n=4; p<<0.005) (B). EPO and

VEGF were both measured using ELISA assays. Error bars indicate SEM.
doi:10.1371/journal.pone.0058023.9003

Edn2™’" vs. Tg(RHO P347S); Edn2*’* retinas at PN40 (n=6;
p<<0.05) (Fig. 2C). The increased PR survival was not due to a
compensatory change in the expression of Fdn/ and Edn3 mRNAs
due to the absence of EDN2 in Edn2 /'~ retinas, because the
abundance of these two mRNAs in Edn2”’~ retinas was not
significantly different from WT (Fig. S1). In summary, these
findings indicate that the systemic loss of EDN2 in mouse models
of IPD strongly protects PRs from death (Fig. 2D).

To separate the effects of increased retinal Edn2 in Pde6b™ "
retinas from potentially confounding systemic FEdn2 '~ pheno-
types, such as hypoxia (see below), we examined the impact of
EDN2 loss on PR death in an ex viwo retinal explant system.
Pde6b™ "™ retinas were used for the retinal explant assays because
they recapitulate, in the explant, the PR death seen in the
Pde6b™ mouse (40), manifesting substantial PR death well
before the explant is no longer viable (at four weeks in culture).
Retinas were removed from mice sacrificed at PN7, well before the
onset of PR degeneration [36] and, owing to a slightly slower rate
of degeneration ex vivo, examined at PN17. qRT-PCR measure-
ments of Edn2 transcripts in retinal explants showed that Fdn2
mRNA is induced both in WT and Pde65™ /™ retinal explants at
PN12 (Fig. 2E). The induction of £Zdn2 mRNA in WT explants was
anticipated, since fidn2 transcripts are induced as a result of retinal
detachment [19], and retinal dissections are associated with
substantial mechanical stress. WT retinas cultured from PN7 until
PN17 had 7-8 rows of PRs at PN17 (n=6), as expected [41]
(Fig. 2F). In contrast to the increased survival of mutant PRs
observed in Pde6b™”""; Edn2”’~ and Tg(RHO P3475); Edn2™ '~
retinas  viwo, the absence of EDN2 had no effect on PR survival in
Pde6H™"™"; Edn2™'" retinal explants: both Pde6b™”""" and
Pde6b™"; Edn2” '~ explants had 4-5 rows of PRs at PN16
(data not shown) and 2-3 rows of PRs at PN17 (Fig. 2F) (n=6;
p>0.05). Consequently, the fact that the rate of PR death in
Pde6b™™; Eqn2™’" retinas is slowed i vivo but not in retinal
explants suggests the possibility that the increased PR survival seen
in vivo may be partly or entirely due to extra-ocular effects of the
loss of EDN2 function.
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Hypoxia as one mechanism for PR protection in
Pde6b™""; Edn2~'~ and Tg(RHO P347S); Edn2~'~ mice

To identify possible systemically-mediated causes of the
increased in vivo survival of PRs in Tg(RHO P347S); Edn2™ '~
and Pde6b™™; Edn2™’" retinas, we examined Edn2” "~ mice for
gross morphological abnormalities. Among other phenotypes, we
found that Edn2” /" mice have defective lungs leading to systemic
hypoxia (unpublished data). The hypoxia was associated with an
11-fold increase in erythropoietin (EPO) levels at PN21 (n=17;
p<<0.05)(Fig. 3A). Moreover, vascular endothelial growth factor
(VEGF) levels in Edn2™ '~ retinas were 4.2-fold clevated (n=4;
p<<0.05), an increase consistent with the presence of retinal
hypoxia (Fig. 3B). The presence of systemic and probable retinal
hypoxia in Edn2 ’~ mice suggests that hypoxia may be at least
partially responsible for the increased in wvwo PR survival in
Pde6b™"™; Edn2~’~ and Tg(RHO P347S); Edn2~ '~ retinas, since
we have previously demonstrated that hypoxia increases PR
survival in Pde6b™ ™" retinal explants [42].

Over-expression of Edn2 in PRs increases their survival in
Pde6b™"™" mice

To examine directly the role of increased FEdn2 expression in
mutant PRs, we introduced an Edn2 cDNA into Pde66™ ™" and
Pde6b™ ", Edn2™’" retinas using the scAAV5-smCBA vector
[43]. Due to the low survival rate of Edn2” '~ mice, we performed
the scAAV5 experiments in Pde6b™”™ mice. We initially
confirmed the PR expression of this vector by assessing the spatial
and temporal expression of GFP from a scAAV5-smCBA-Gfp
(AAV-Gfp) vector in frozen sections (Fig. 4A, panels 1-4). Using
paraffin sections, GFP staining was observed in PR nuclei, as
reported by others [43] (Fig. 4A, panel 5). AAV-Gfp was injected
subretinally on PN8 and GFP expression examined on PNI10,
PN12 and PN14 (Fig 4A). PR expression of GFP was evident
throughout the ONL and retinal pigment epithelium (RPE), with
the highest expression adjacent to the injection site (Fig 4A, arrow)
and in half of the retina extending from the optic disc to periphery
(data not shown). Minimal GFP staining was seen two days post-
injection, with significantly stronger expression at PN12 and PN14
(Fig. 4A), an increase comparable to the observed temporal
increase in the endogenous Edn2 transcript in Pde6b™ "™ retinas
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matEdn2 constructs at PN8. scAAV5-derived Edn2 mRNA expression values are shown relative to the levels of endogenous Edn2 mRNA (from the same
retina) and all values were normalized to Gapdh. scAAV5-preproEdn2 transcripts were increased between 1.7 and 7.2-fold (n =4; average 4.3-fold) over
endogenous Edn2 mRNA, while scAAV5-matEdn2 transcripts increased between 2.5 to 11.3-fold over the endogenous Edn2 mRNA (n =4; average 6.9-
fold). ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Error bars indicate SEM.

doi:10.1371/journal.pone.0058023.g004

Injected construct

(Fig. 1C,D). In subsequent studies, we therefore introduced the matldn? vs. the preprofdn? vectors could suggest that the

AAV vectors at PN8, to assure strong expression by PN12 and
later.

To establish that robust retinal expression of a cDNA encoding
mature EDN2 could be obtained from a scAAV5-smCBA-matEdn2
vector (AAV-matFdn2), we injected it into Pde6b™ ™" retinas at
PN8. At PN12, expression of the mature Fdn2 mRNA was 2.5- to
11.3-fold greater (mean 6.9-fold; n=4) than the level of the
endogenous Edn2 mRNA in Pde6b™’ /™ retinas (Fig. 4C, left bar).
Similarly, we quantified the expression of a prepro Edn2 cDNA
from an scAAV5-smCBA-preprokdn? (AAV-preproFEdn?) vector.
Any difference between outcomes in PR survival using the

PLOS ONE | www.plosone.org

processing of prepro EDN2 to mat EDN2 is rate-limiting. We
found that expression of the prepro £dn2 mRNA was 1.7- to 7.2-
fold (average 4.3-fold; n=4) greater than the level of the
endogenous Edn2 mRNA in Pde6b™ """ retinas (Fig. 4C, right
bar). In summary, in Pde6b™/™*" retinas both the AAV-matFdn2
and the AAV-preprofidn? vectors expressed their respective
mRNAs at levels on average 4.3- to 6.9-fold above the expression
level of the native £dn2 mRNA.

To examine the role of the increased PR expression of £dn2 on
PR survival in IPD, we augmented the endogenous increase in
Edn2 expression in PRs in Pde6b™’™" mice using AAV vectors
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Figure 5. scAAV5-mediated transfer of the mature £dn2 cDNA at PN8 increases mutant PR survival. (A) Micrographs showing ONL
thickness in individual retinas at PN14-15. (a) Injection of the scAAV5-smCBA-matEdn2 vector into WT retinas at PN8 did not alter retinal morphology
at PN15. (b) Injection of the scAAV5-smCBA-matEdn2 vector at PN8 increased PR ONL thickness of Pde6b™ "' retinas by 31% (n =9; *p<<0.05) at PN15,
and (c) of Pde6b™"™"; Edn2™/~ retinas at PN14 by 18% (n=>5; *p<<0.05). (d) In contrast, injection of the scAAV5-smCBA-preproEdn2 vector at PN8 had
no effect on PR ONL thickness of Pde6b™"?" retinas (n=6;p>0.05) at PN15, although (e) this vector improved PR survival in Pde6b™"""; Edn2™~"~
retinas by 14% (n=6; *p<<0.05). (B) A bar graph summarizing the effects of AAV vectors expressing Edn2 cDNAs, injected at PN8, on mutant PR
survival in Pde6b’d’/’d' and Pde6b™¥"; Edn2™/~ retinas at PN14-15. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. (Black
bar=25 um). Error bars indicate SEM.

doi:10.1371/journal.pone.0058023.g005

(Fig. 5). We used 1X PBS injection as the control injection in the endogenous increase in FEdn2 expression is combined with the
contralateral eye, because when we compared ONL thickness in production of prepro Edn2 from the AAV vector. We also restored
1X PBS injected retinas to AAV-Gfp injected Pde6h’™ "™ retinas, the PR expression of Edn2 in Pde6b™”""'; Edn2™’™ mice using the
we observed no difference. The introduction of AAV-matFdn2 at AAV vectors. In this instance, the injection of either the matlfidn?
PN8 in WT retinas did not alter PR morphology or survival at or preproEdn? vectors increased ONL thickness at PN14 and
PNI15 (n=6; p>0.05) (Fig. 5A(a)). Remarkably, the injection of PN15, by 18% n=25; p<<0.05) (Fig. 5A(c)) and 14% (Mm=6;
AAV-matEdn? increased retinal ONL thickness in Pde6h™ /™ p<<0.05) (Fig. 5A(e)), respectively. The effects of the AAV vectors
retinas at PN15 by 31% (n=9; p<0.05) compared to the injection on PR survival are summarized in Fig. 5B. Overall, these findings
of 1X PBS in the contralateral eye (Fig. 5A(b)). In contrast, the provide evidence that the increase in Fdn2 expression is a
AAV-preproFdn2 vector failed to improve PR survival in Pde6b"™’ protective response that increases the survival of mutant PRs, at
! retinas (n=6; p>0.05) (Fig. 5A(d)), Fig. 5B), suggesting that  least in Pde66’™ "™ retinas.

ECE enzyme sites may be saturated in this context, in which the
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Evidence that EDN2-mediated up-regulation of FGF2
expression is a survival response

To identify retinal genes whose expression is directly or
indirectly regulated by EDN2 in the presence of the Tg(RHO
P347S) mutant allele, we identified mRNAs that were differentially
expressed in Tg(RHO P347S); Edn2™"* vs. Edn2"'* retinas, to
mRNAs that were differentially expressed between 7g(RHO
P3478); Edn2™ '~ vs. Edn2™’" retinas (Fig. 6). This comparison
was used, rather than contrasting the mRNAs of Tg(RHO P3475);
Edn2*"* vs. Tg(RHO P3475); Edn2™ '~ retinas, because this latter
comparison would fail to distinguish between mRINA changes due
the absence of EDN2 alone and indirect changes due to the
absence of EDN2 in the presence of the Tg(RHO P347S5) mutant
allele.

The mRNA populations were examined using Mouse 430_2.0
Affymetrix arrays (two retinas from one mouse/array, four arrays/
genotype). Retinal mRNA was collected at PN21, three days after
the onset (at PN18) of Edn2 mRNA expression in Tg(RHO P3475)
retinas (data not shown). Transcripts with a >2.0-fold difference in
expression in these two comparisons (p<<0.05 using a two class
unpaired ¢ test) are shown in Figure 6.

The 20 genes whose expression was most induced (>4-fold;
p<<0.05) in Tg(RHO P3475); Edn2"'* vs. Edn2*'* retinas were also
induced in Tg(RHO P3475); Edn2™ '~ vs. Edn2™ '™ retinas (Fig. 6).
Notably, the expression of all 20 of these Tg(RHO P3475)-induced
genes was down-regulated in Tg(RHO P3475); Edn2™'" retinas
(Fig. 6). This finding suggests that EDN2 may have broad effects
on the transcription of a cohort of retinal genes (including the 20
genes shown in Fig. 6), a cohort that respond to the presence of a
PR mutation, in this instance the Tg(RHO P347S) transgene.

Of the 20 genes whose expression is most reduced by the loss of
EDNZ2, only Fgf2 [9,44,45] has been shown to increase PR survival
in IPDs, and only the loss of Gfap has been demonstrated to
attenuate PR death due to retinal injury [14]. To investigate the
role of Fgf2 and Gfap in the response of the Tg(RHO P3475) retina
to the loss of EDN2 function, we first used gRT-PCR to confirm
and to quantify the decrease in the expression of Fgf2 and Gfap in
Te(RHO P3478); Edn2~ '~ retinas compared to Tg(RHO P3475);
Edn2""" retinas (Fig. 7A). We also quantified the expression of
Gm12541 because the microarray analyses indicated that the
dramatic increase in Gml2541 expression in Tg(RHO P347S);
Edn2*'* retinas was reduced in Tg(RHO P347S); Edn2~ '~ retinas
(Fig. 6). The qRT-PCR analyses confirmed remarkable increases
in the expression of Edn2 and Gm12541 in Tg(RHO P347S); Edn2""*
vs. Edn2""* retinas (70.3- and 29.8-fold respectively), as well as a
substantial increase in Fgf2 and Gfap expression (3.0- and 2.0-fold
respectively; Fig. 7A). In the absence of EDN2 in Tg(RHO P3475);
Edn2™ '~ retinas, the expression of Gml2541, Fgf2 and Gfap
decreased significantly (from 1.6-2.6 fold;Fig. 7A).

We then used FGF immunostaining to ask whether expression
of the FGF?2 protein was also increased in Tg(RHO P3475) retinas,
in the presence and absence of EDN2, and whether the increase
occurred in the mutant PRs or other retinal cell types (Fig. 7B).
Low levels of FGI2 expression were detectable in all three nuclear
layers of both Edn2"* and Edn2™ '™ retinas (Fig. 7B). In Tg(RHO
P347S); Edn2"’* retinas, FGF2 expression was strongly up-
regulated, predominantly in PRs (Fig. 7B). In contrast, the
increase in the PR FGF2 expression was abolished in the 7g(RHO
P347S); Edn2™’" retina (Fig. 7B), demonstrating that EDN2
directly or indirectly regulates the induction of PR FGI2
expression induced by the Tg(RHO P347S) mutation. Altogether,
these findings establish that the increased expression of both the
Fgf2 mRNA and the FGF2 protein in the mutant retina are largely
dependent on the expression of EDN2.
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An increase in the Miiller cell expression of GFAP was also
observed in the Tg(RHO P347S); Edn2*’* retina, as has been
reported in other IPDs [19,46] (Fig. 7B). GFAP expression in
Miiller cells decreased significantly in the 7g(RHO P3475);
Edn2™'" retina, although not entirely, indicating that the
expression of GFAP in Miiller cells in the mutant retina is partly
regulated, directly or indirectly, by EDN2 (Fig. 7B).

Discussion

Increased PR Edn2 expression appears to be a survival

response

We have shown that Edn2 mRNA is induced in Pph2®’*,
Tg(RHO P347S), and Pde6b’™ "™ retinas at early stages of mutant
PR degeneration. This finding, combined with those of Rattner
and Nathans [19], and others [5,47], establish that the greatly
increased expression of Edn2 is a common and possibly general
response of PRs (including cones [5]) to the presence of an IPD
mutation in either the PRs or in the RPE [21], and is elicited even
though the mutations affect proteins with widely diverse functions.
The increased PR expression of Edn?2 appears to be an early
response imposed by a mutation [19] or other insults, including
mechanical and light damage [19,20], rather than an event in a
death-signaling cascade, because the increase occurs early in
mutant PRs, the majority of which will not die for weeks to months
after birth, at least in the Ppph2®’* and Tg(RHO P3475) models.

Using the Pde6" /™" model mouse, we have presented two lines
of evidence that the increased expression of £dn2 in mutant PRs is
a survival response. First, augmentation of the endogenous
increase in Edn2 expression in the Pde6b™’™" mouse with the
AAV-matFEdn?2 ¢cDNA vector improved PR survival, by 31%
between PN8 and PNI15. Second, the restoration of Fdn2
expression with either the AAV-matFdn? or AAV-preproLdn?
vectors enhanced PR survival in Pde6b™”"; Edn2™ '~ retinas by
14-18%. Although not large, this latter increase is notable,
because it is additive to the enhanced PR survival that we
identified in the systemic absence of EDN2 function, in
Pde6b™ !, Edn2™’" mice in vivo. The increased survival are also
notable given that the rate of PR death in Pde65™ /™" retinas is the
most rapid of all IPD models, with the great majority of PRs being
ablated by PN21 [48].

Although the 31% increase in PR survival in Pde6™ "™ mice
observed using the AAV-matLdn?2 ¢cDNA vector is modest, we
suggest that this finding is important. First, it provides the initial
evidence that Fdn2 gene transfer can improve mutant PR survival.
Second, the rate of PR death in the Pde66™’™ retina is much
more rapid than any other mouse model known; the biological
insult to the PR is extreme.

The improved PR survival observed with AAV-FEdn2 gene
transfer suggests future studies to determine if even greater survival
can be obtained by additional enhancement of the EDN2 signaling
pathway. For example, since the conversion of prepro EDN2 to
mat EDN2 by ECEs may be the rate-limiting step in controlling
the availability of EDN2, AAV-mediated transfer of the ECE-1
c¢cDNA may increase mutant PR survival. The possibility that
ECE-mediated cleavage of big EDN2 (Fig. 4B) is the rate-limiting
step in the formation of EDN2 is supported by the finding of
Telemaque et al. [49], who found that increased systemic blood
pressure following adenovirus-mediated over-expression of prepro
EDNI1 required the co-injection of an ECE-1 expression construct.

Other strategies to augment EDN2 signaling should also be
examined, such as the use of agonists of the EDN2 signaling
pathway to increase the response to EDN2. For example, the
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Figure 6. Identification of possible EDN2 regulated genes using microarrays. Gene expression was examined using the Mouse 430_2.0
Affymetrix array (4 arrays/genotype) and the 20 most differentially expressed mRNAs in Tg(RHO P3475); Edn2"* vs. Edn2"* retinas, and in Tg(RHO
P347S); Edn2™'~ vs. Edn2™~ retinas, at PN21 are shown. All differentially expressed genes in Tg(RHO P3475); Edn2™* retinas showed a significant
reduction in expression in Tg(RHO P3475); Edn2~/" retinas, with the exception of Nuclear protein 1. The fold reduction is shown to the right of each
pair of bars. The detection of Edn2 transcripts in Tg(RHO P3475); Edn2~’~ retinas is due to the expression of partial Edn2 mRNAs from the Edn2 ™/~
locus, in which part of exon 1 and all of exon 2 were replaced with the Neo cassette. n.s.= no statistically significant increase in expression.

doi:10.1371/journal.pone.0058023.g006

administration of an EDNRB agonist in light damaged retinas has
been shown to reduce the number of dying cells [5].
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A role for Edn2-dependent increased FGF2 expression in
mutant PR survival

The mechanism by which EDN2 mediates its protective effect
in mutant PRs remain to be elucidated. One starting point for
mechanistic analysis will be to define the roles of the 20 genes we
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doi:10.1371/journal.pone.0058023.9g007

found to have a >4-fold increased expression in Tg(RHO P3475) absence of EDN2 in Tg(RHO P347S); Edn2™ ' retinas. Second,
retinas, including Fgf2. We have shown that the increased we demonstrated, that FGF2 immunolabelling was increased in
expression of Fgf2 may be EDN2-dependent. First, we found that Tg(RHO P347S) PRs, but not in the absence of EDN2 in Tg(RHO
Fgf2 mRNA in whole retina is 3-fold increased in Tg(RHO P5475) P347S); Edn2”’~ PRes.

mice compared to WT mice. This increase did not occur in the
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Other evidence supports our proposal that the protective effect
of increased Edn2 expression in mutant PRs is due, at least in part,
to the Fdn2-dependent increase in the expression of PR FGF2.
First, exogenous FGF?2 is an established survival factor for mutant
PRs [9,45]. Second, like Edn2, retinal Fgf2 transcripts are induced
under conditions of both genetic and environmental PR injury
[50]. Third, Fg2 mRNA [51] and FGF2 protein expression is
increased in Miiller cells [52] in models of PR injury, and
increased FGI2 immunofluorescence has been observed in PR cell
bodies after optic nerve section. This increase may represent
increased FGI2 expression, increased binding of FGF2 to FGFR1
[53], or both. Fourth, intravitreal administration of an EDNRB
agonist increases Fgf2 mRNA levels in whole WT retina, also
consistent with FGF2 being part of an EDN2/EDNRB signaling
pathway [5]. Finally, EDN1, which exhibits the same selectivity of
binding to endothelin receptors as EDN2, is known to induce Fgf2
mRNA expression in vascular smooth muscle cells [54]. Our data
highlights a putative EDN2/EDNRB/FGF?2 signaling pathway
that may be downstream of leukemia inhibitory factor (LIF)-
activated signals. A key role for LIF has been identified in PR
survival in response to retinal insult. LIF was found to be necessary
for the up-regulation of the Fdn2 and Fgf2 mRNAs and for
increased PR survival in both rhodopsin VPP mutant retinas [5]
and light-damaged retinas [4]. Furthermore, intravitreal injection
of recombinant LIF into Lif '~ retinas strongly induced the
expression of Edn2. Since Lifis expressed in a subset of Miiller glia
in response to PR injury [3], we propose that one PR survival
pathway may involve Miiller cell-derived LIF induction of PR
EDN2, which then binds to EDNRB on Miiller cells; an as yet
unidentified Miiller cell signal then acts on the PRs to increase
FGF?2 expression. LIF signaling is mediated through gp130, and
PR gp130 has been shown to contribute to PR survival in VPP
retinas [55], indicating that PR gp130 may also be a component of
the EDN2/EDNRB signaling pathway. Recent work by Braunger
et al. suggests that EDN2 may participate in more than one PR
survival pathway, depending on the upstream stimulus. In a light
damage model, PR protection mediated by the over-expression of
Norrin, a Wnt/B-catenin signaling molecule, was also found to be
dependent on EDN2/EDNRB signaling [33]. In this model,
however, the authors concluded that a LIF/EDN2/FGF2
signaling pathway was likely not associated with the protective
effects against light damage observed in Rpe65-Norrin-2 trans-
genic animals. Taken together, the data suggest that EDN2
signaling may participate in the PR response to retinal injury via
multiple survival pathways, including a LIF-independent Norrin-
activated pathway and a LIF- and FGF2-dependent pathway.

It is noteworthy that three of the genes whose expression
decreased the most in Tg(RHO P347S) retinas in the absence of
EDNZ2: Fgf2, Gm12541 and Nudt6, are all located and overlap on
mouse chromosome 3. Fgf2 is sandwiched between Gm/2541 and
Nudt6, which are transcribed from the opposite DNA strand from
Fgf2. Gm12541 overlaps the coding region of Fgf2 at its 5" end, and
Nudt6 overlaps the 3" UTR of Fg/2 at its 3" end. This arrangement,
together with the coordinate expression of these three genes in the
Tg(RHO P347S) retina, suggests that regulatory relationships may
exist between them. Indeed, the mRNA of Nudi6 is a known Fgf2
antisense transcript (Fgf2-AS) that inhibits Fgf2 expression [56,57].
The Gmi12541 gene predicts a hypothetical protein, but it may also
be a non-coding RNA that acts as an Fgf2 regulatory antisense
transcript. Some natural antisense transcripts regulate their sense
partners positively, whereas others are negative regulators [58,59].
A variety of regulatory models involving Fgf2, Nudt6 and Gm12541
could account for our finding that the expression of these three
genes is coordinately regulated in the Tg(RHO P35475) retina.
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Systemic loss of EDN2 function also increases the survival
of mutant PRs

In addition to the enhanced PR survival observed with AAV-
mediated transfer of the matfdn2 gene to mutant PRs, we also
found that systemic loss of EDN2 function was also protective to
PRs. We propose that the increased PR survival in Pde6b™ ™/,
Edn2~"~ retinas in vivo (vs. in explants) is not due to the loss of PR
Edn2 expression from mutant PRs because i) the restoration of PR
Fdn2 expression using either the AAV-matlidn? or AAV-
preproEdn? vectors enhanced PR survival in  Pde6h "™
Edn2~’ mice, rather than accelerating PR death; and i) PR
survival was not increased in Pde6b™ /™, Edn27’" retinal
explants, consistent with the increased survival observed in
Pde6b™ ™, Edn2™ '~ retinas in vivo being due to extraocular
mechanisms.

We propose that the pulmonary abnormalities and consequent
systemic hypoxia of Edn2” '~ mice (unpublished data), perhaps
together with other changes due to the systemic loss of Edn2
expression, may be responsible for the increased i vivo PR survival
in Pde6b™ "™ Edn2~’" and Tg(RHO P347S); Edn2” '~ mutant
retinas. A role for hypoxia in the increased PR survival is
supported by our finding of increased serum EPO and increased
retinal VEGF levels in Edn2” /" mice, and by our previous
demonstration that the maintenance of Pde6b™ ™ retinal explants
in 6% Oy increased PR survival [42]. Moreover, Grimm et al. [60]
found that preconditioning mice in 6% Oy up-regulated retinal
EPO, VEGF and FGI-2 and fully protected PRs from light
damage. In addition, systemic EPO administration has been
shown to increase PR survival in response to both light damage or
IPD mutations [60,61]. Increased retinal VEGF expression may
also contribute to the increased PR survival observed with
hypoxia, since VEGF was found to be protective of ex vivo retinal
cultures in a model of ischemia-reperfusion injury [62], and to
reduce PR apoptosis in isolated PR cell and outer nuclear layer
explants [63]. Altogether, these findings suggest that the >60%
increase in PR survival that we observed in Tg(RHO P347S);
Edn2™’" and Pde66™"™; Edn2™’" mice in vivo may be the result,
at least in part, of retinal hypoxia and the attendant increases in
systemic EPO and intraocular VEGF.

Therapeutic implications of the common Edn2 response
in IPDs

We previously demonstrated that, like the increase in Fdn2
expression in mutant PRs, a diverse set of IPDs display another
common behavior, exponential kinetics of PR death [64,65]. We
proposed that the shared kinetics suggest a commonality in the
biochemical responses of mutant PRs to a mutation. The
biochemical changes that occur downstream of a PR mutation
may converge on a relatively small number of shared pre-
apoptotic biochemical pathways that resist or mediate PR death
[65]. The increase in PR FEdn2 expression in multiple models of
IPD would appear to be one such shared downstream biochemical
response. Consequently, therapies to enhance EDN2 signaling
may have potential as a general therapy for IPDs, irrespective of
the gene affected.

Other animal models of IPD must now be examined, to
determine if AAV-matFEdn2 gene transfer increases mutant PR
survival in additional models, and whether the increase is greater
with less severe mutational insults than that which occurs in the
Pde6b™*! vetina. In addition, tests must be undertaken to
establish that the improved PR survival seen with AAV-matFEdn2
gene transfer is accompanied by conservation of vision, and that
long-term increased Fdn2 expression does not have adverse effects
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on retinal function or survival. The development of general
therapies that are safe and effective in a broad range of animal
models of IPDs has important potential for patients for whom a
gene-specific therapy has not yet been developed.

Finally, our studies add to the principle, as shown with FGI2
therapy for IPDs [9,10], that augmentation of the endogenous
survival responses of mutant PRs merits on-going examination to
identify potential general therapies for this debilitating group of
monogenic diseases.

Materials and Methods

Ethics Statement

Animals were raised under 12-hr/light dark cycles and treated
in accordance with the guidelines and principles outlined by the
Animal Care Committee at the Hospital for Sick Children
(Toronto, ON).

Mice

Mice carrying the Pde6b™ ™ (C3H/HeOu]) and Prph2™™’™
(C3A.BLiA-Pde6b™.020-Prph2R9?/]) alleles, including Prph2*’*
(C3A.BLiA-Pde6b™/]) and C57BL/6] controls were obtained
from The Jackson Laboratory (Bar Harbor, ME). Prph2®’* mice
were generated by crossing Pph2 /™ and Prph2*"* mice. Tg(RHO
P3475) mice were obtained as a gift from Dr. Tiansen Li (Boston,
MA). EDN2 null mice (129Sv/Ev Taconic) were generated by
replacing part of exon 1 and all of exon 2 (corresponding to
mature EDN2), with a Neo cassette. Unflavored Peptamen (a
complete elemental nutritional supplement; Nestle, North York,
ON) was given to EDN2 mull mice to improve survival.

RNA preparation, cDNA synthesis and gRT-PCR

Total retinal RNA was extracted with Trizol (Invitrogen,
Burlington, ON) and purified using the RNeasy Mini kit (Qiagen,
Mississauga, ON) with on-column DNA digestion using the
RNase-free DNase set (Qiagen). Purified RNA was resuspended
m 30 ul RNase-free ddH20 and cDNA generated using the
Omniscript Reverse Transcription Kit (Qiagen). qRT-PCR was
performed using the ABI Prism® 7900HT sequence detection
system (Applied Biosystems, Foster City, CA), and Sequence
Detector System 2.2.1 software (Applied Biosystems) was used to
analyze the data.

HPLC, RIA and ELISA

Control peptides (EDN1, EDN2, and EDN3) were obtained
from Peptides International (Louisville, KY). Retention times and
peak areas were recorded on a tracer (BBC Goerz Metrawatt,
Sevigor 120, Markham, ON). Samples were chloroform: methanol
extracted and run through a C-2 column (GE Healthcare, QC)
before lyophilization. Isolation of EDN2 was performed using a
Zorbax SB-C18 HPLC column (5 micron, 300A pore size, Agilent
technologies, Mississauga, ON) and the peptide was quantified
using an Endothelin RIA kit (RPA 555, GE Healthcare). Retinal
VEGTF was assayed using the mouse VEGF Quantikine ELISA kit
(MMVO00, R&D Systems, MN) and serum EPO using the Mouse/
Rat EPO Quantikine ELISA kit (MEP0O, R&D Systems).

In situ hybridization, histology and immunostaining

In situ hybridization was performed using digoxygenin-labeled
riboprobes transcribed from cloned PCR products as previously
described [19]. For frozen sections, eyes were enucleated, fresh
frozen in OCT compound (Tissue-Tek, Miles, Elkhart, IN), and
10 uM  sections prepared. Sections were post-fixed in 4%
paraformaldehyde (GFP) or ice-cold acetone (EDNRA, EDNRB)
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and blocked with 5% normal goat serum. Sections were incubated
with rabbit ant-EDNRA (1:100, AER-001, Alomone Labs,
Jerusalem, Israel), anti-EDNRB (1:100, AER-002, Alomone Labs,
Jerusalem, Israel) or rabbit anti-GFP (1:1000, ab290, Abcam,
Cambridge, MA) followed by goat anti-rabbit secondary Alexa488
(1:500, Invitrogen).

For paraffin sections, eyes were fixed with 4% paraformalde-
hyde solution. 7 uM sections were cut and deparaffinized in
xylene. Antigen retrieval was performed with 0.05% trypsin for
15 min at 37°C (ECE-1) or incubation for 20 min at boiling in
sodium citrate buffer solution (10 mM Sodium Citrate, 0.05%
Tween 20, pH 6.0) (GS, GFAP, FGF2). Sections were either
stained with H&E or blocked with 5% normal goat serum and
incubated with anti-GS (1:5000, G2781, Sigma-Aldrich, Oakville,
ON), anti-ECE-1 (1:100, AP6855b, Abgent, Brockville, ON), anti-
GFAP (1:500, G9269, Sigma-Aldrich) or FGF2 (1:400, ab106245,
Abcam). Fluorescence was visualized with Alexa488 secondary
antibodies (1:500, Invitrogen).

For histology of retinal explants, retinas were fixed in 4%
paraformaldehyde for 2 hours at RT, embedded in OCT
compound medium (Tissue-Tek), and stained with H&E.

Retinal ONL measurements

Enucleated eyes were marked with a flamed needle to identify
the superior (dorsal) hemisphere and fixed in 2% gluteraldehyde/
0.1 M phosphate buffer. Superior and inferior globes were cut into
three equivalent parts and the rostral (superior) and caudal
(inferior) slices of the nasal quadrants embedded in Jembed 812
(Canemco, Lakefield, QC). 800 nm sections taken from nasal
rostral and caudal quadrants were cut and stained with 1%
toluidine blue. The width of the ONL was measured using
SigmaScan Pro (Systat Software Inc., San Jose, California). To
preclude variations in local retinal degeneration rates from
influencing ONL measurements, ONL thickness was determined
in orthogonal sections, by measuring thickness at a point 25% of
the distance from central to peripheral retina in Pde6b™ " mice,
and at 75% of this distance in Tg(RHO P347S) retinas. The %
change in ONL thickness as indicated refers to (|[M—N|/
Nx100%), where N is the normal condition and M can indicate
the loss of EDN2 or introduction of the Edn2 cDNA vector.

Retinal Explants

Mice were decapitated at PN7 and retinal explants with
attached retinal pigment epithelium (RPE) were obtained as
previously described [41]. Eyes were incubated in proteinase K
solution (1.2 mg/mL) (Roche, Laval, Quebec) for 15-20 minutes
at 37°C to separate the sclera and RPE, and dissected retinas were
laid flat on MillicellHA 0.45 uM filter membranes (Millipore,
Billera, CA). Explants were maintained under serum and
antibiotic-free conditions in R16 basal culture medium (Invitro-
gen, CA). Media was changed every two days.

AAV production and subretinal delivery

Self-complementary AAV vectors containing the small, hybrid
cytomegalovirus-chicken B-actin (smCBA) promoter driving ex-
pression of either Gfp, preproFdn2 or matkdn2 were generated and
purified by previously described methods [66]. Vector titer was
determined by qRT-PCR and final aliquots were resuspended in
balanced salt solution (Alcon Laboratories, Forth Worth TX,
USA) containing 0.014% Tween 20. qRT-PCR expression of the
AAV-specific Edn2 mRNA was measured using a 3'primer specific
to the 3’ tail of the mRNA, including the polyA sequence.

For subretinal injections, mice were anaesthetized with keta-
mine/xylazine (IP, 150 mg/kg ketamine, 10 mg/kg xylazine) and

February 2013 | Volume 8 | Issue 2 | 58023



the cornea punctured with a 30-gauge needle between the
corneoscleral junction and the ora serrata. A 33-gauge blunt
needle attached to a 10 pl Hamilton syringe (Hamilton Company,
Reno, NV) was used to dispense 1 pl of fluid (viral titre 1-
5%10" VG/mL) containing 0.1 mg/mL fluorescein (Alcon,
Mississauga, ON) to aid visualization of the subretinal injection
site. Mice were treated with topical tropicamide ointment (Alcon)
following injection and administered 300 pl normal saline S.C. to
prevent dehydration.

Microarrays

For microarray studies, retinas were homogenized in GIT
buffer (4 M guanidine isothiocyanate, 25 mM sodium acetate
(pH 6), 120 mM B-mercaptoethanol). Total RNA was further
isolated by cesium chloride density gradient centrifugation and
purified using the RNeasy Mini kit (Qiagen). RNA quality was
assessed using a Bioanalyzer (Agilent Technologies, Mississauga,
ON). Briefly, labeled cRNA was hybridized to the Mouse 430_2.0
Array representing over 39,000 mouse transcripts and probe
sequences from GenBank®, dbEST, and RefSeq (Affymetrix,
Santa Clara, CA). Affymetrix Gene Chip Operating Software
(GCOS) was then used to generate.cel microarray files which were
further analyzed using Robust Multi-chip Averaging (RMA)
algorithms (Affymetrix). Significance analysis was performed using
the Significance Analysis of Microarrays program (SAM, Stanford
University Labs) [67], and a list of differentially expressed genes
generated. For the Edn2"* vs. Tg(RHO P347S) Edn2™’* and
Edn2™ "~ vs. Tg(RHO P3475) Edn2~ '~ comparisons, an FDR of
5% was used, whereas for the Edn2""* vs. Edn2™ '~ analysis, an
FDR of 25% was used (NCBI GEO Accession GSE38797).

Supporting Information

Figure S1 Quantification of mRNA expression of Ednl,
Edn3, EdnrA and EdnrB in mouse retinas. qRT-PCR was
used to quantify the expression of Ednl, Edn3, EdnA and EdnrB in
Tg(RHO P347S) retinas in the presence and absence of EDN2
function. Bar graphs show the expression of mRNAs in retinas of
the indicated genotypes relative to the expression levels seen in
Edn2™"* (WT) retinas (arbitrarily assigned a value of 1). There
were no significant differences in expression except for a slight

References

1. Bramall AN, Wright AF, Jacobson SG, Mclnnes RR (2010) The genomic,
biochemical, and cellular responses of the retina in inherited photoreceptor
degenerations and prospects for the treatment of these disorders. Annu Rev
Neurosci 33: 441-472.

2. Wright AF, Chakarova CF, Abd El-Aziz MM, Bhattacharya SS (2010)
Photoreceptor degeneration: genetic and mechanistic dissection of a complex
trait. Nat Rev Genet 11: 273-284.

3. Xia X, Li' Y, Huang D, Wang Z, Luo L, et al. (2011) Oncostatin M protects rod
and cone photoreceptors and promotes regeneration of cone outer segment in a
rat model of retinal degeneration. PLoS One 6: ¢18282.

4. Burgi S, Samardzija M, Grimm C (2009) Endogenous leukemia inhibitory factor
protects photoreceptor cells against light-induced degeneration. Mol Vis 15:
1631-1637.

5. Joly S, Lange C, Thiersch M, Samardzija M, Grimm C (2008) Leukemia
inhibitory factor extends the lifespan of injured photoreceptors in vivo. J Neurosci
28: 13765-13774.

6. Adamus G, Sugden B, Shiraga S, Timmers AM, Hauswirth WW (2003) Anti-
apoptotic effects of CNTF gene transfer on photoreceptor degeneration in
experimental antibody-induced retinopathy. J Autoimmun 21: 121-129.

7. Huang SP, Lin PK, Liu JH, Khor CN, Lee YJ (2004) Intraocular gene transfer
of ciliary neurotrophic factor rescues photoreceptor degeneration in RCS rats.
J Biomed Sci 11: 37-48.

8. Ueki Y, Wang J, Chollangi S, Ash JD (2008) STAT3 activation in
photoreceptors by leukemia inhibitory factor is associated with protection from
light damage. J Neurochem 105: 784-796.

PLOS ONE | www.plosone.org

13

Endothelin-2 and Retinal Degeneration

increase in the Edmwd mRNA in Tg(RHO P347S);Edn27/7 vs.
Edn2*"* retinas (m=3, p<0.05) (n=3;p>0.05 for all other
comparisons). All qRT-PCR values were normalized to Gapdh
mRNA.

(TIF)

Figure $2 Immunostaining of ECE-1, EDNRA and
EDNRB in mouse retinas. (A) The localization of ECE-1
immunofluorescence in WT retina overlaps that of the Miiller cell
marker glutamine synthetase. ECE-1 expression was observed in
both Miiller cell extensions and cell bodies. (B) Immunofluores-
cence localization of EDNRA and EDNRB in mouse retinas.
EDNRA staining was sporadically observed in the GCL, INL,
OPL and choroid plexus, irrespective of genotype. Although
EDNRA staining in choroid, GCL and OPL is indicative of vessels
[26], EDNRA expression in the INL and ONL of Pde6b™ /"™
Edn2”’" retinas may represent retinal microglia (42), which
migrate to the mutant PRs in the ONL [39]. EDNRB
immunoreactivity was predominantly observed in Miiller cell
radial fibres and in the OPL and GCL, possibly representing
horizontal cells and astrocytes, respectively [25]. In the Pde6b™ ™!
retina, EDNRB expression was significantly increased in Miiller
cell radial fibres, with stronger staining in the inner limiting
membrane; this stronger staining may correspond to the end feet
of Miiller cells as well as astrocytes [69]. OLM, outer limiting
membrane; ONL, outer nuclear layer; OPL, outer plexiform layer;
INL, inner nuclear layer; GCL, ganglion cell layer; ILM, inner
limiting membrane. (Bar =25 pm).

(TTEF)

Acknowledgments

We would especially like to thank Dr. Per Ekstrom and Dr. Theo Van
Veen at the University of Lund in Lund, Sweden, for help with the retinal
explant technique.

Author Contributions

Editing: WH. Conceived and designed the experiments: AB RM IC.
Performed the experiments: AB IC. Analyzed the data: AB RM MS LP
ED. Contributed reagents/materials/analysis tools: IC MY WH PD DS.
Wrote the paper: AB RM.

9. Lau D, McGee LH, Zhou S, Rendahl KG, Manning WC, et al. (2000) Retinal
degeneration is slowed in transgenic rats by AAV-mediated delivery of FGF-2.
Invest Ophthalmol Vis Sci 41: 3622-3633.

. Faktorovich EG, Steinberg RH, Yasumura D, Matthes MT, LaVail MM (1990)
Photoreceptor degeneration in inherited retinal dystrophy delayed by basic
fibroblast growth factor. Nature 347: 83-86.

. Okoye G, Zimmer J, Sung J, Gehlbach P, Deering T, et al. (2003) Increased
expression of brain-derived neurotrophic factor preserves retinal function and
slows cell death from rhodopsin mutation or oxidative damage. J Neurosci 23:
4164-4172.

. Gauthier R, Joly S, Pernet V, Lachapelle P, Di Polo A (2005) Brain-derived
neurotrophic factor gene delivery to muller glia preserves structure and function
of light-damaged photoreceptors. Invest Ophthalmol Vis Sci 46: 3383-3392.

. Dalkara D, Kolstad KD, Guerin KI, Hoffmann NV, Visel M, et al. (2011) AAV
mediated GDNF secretion from retinal glia slows down retinal degeneration in a
rat model of retinitis pigmentosa. Mol Ther 19: 1602-1608.

. Nakazawa T, Takeda M, Lewis GP, Cho KS, Jiao ], et al. (2007) Attenuated
glial reactions and photoreceptor degeneration after retinal detachment in mice
deficient in glial fibrillary acidic protein and vimentin. Invest Ophthalmol Vis
Sci 48: 2760-2768.

15. Verardo MR, Lewis GP, Takeda M, Linberg KA, Byun J, et al. (2008)
Abnormal reactivity of muller cells after retinal detachment in mice deficient in
GFAP and vimentin. Invest Ophthalmol Vis Sci 49: 3659-3665.

. Rohrer B, Guo Y, Kunchithapautham K, Gilkeson GS (2007) Eliminating
complement factor D reduces photoreceptor susceptibility to light-induced
damage. Invest Ophthalmol Vis Sci 48: 5282-5289.

February 2013 | Volume 8 | Issue 2 | 58023



20.

21.

22.

27.

28.

29.

30.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

. Nakazawa T, Kayama M, Ryu M, Kunikata H, Watanabe R, et al. (2011)

Tumor necrosis factor-alpha mediates photoreceptor death in a rodent model of
retinal detachment. Invest Ophthalmol Vis Sci 52: 1384-1391.

Sahaboglu A, Tanimoto N, Kaur J, Sancho-Pelluz J, Huber G, et al. (2010)
PARPI gene knock-out increases resistance to retinal degeneration without
affecting retinal function. PLoS One 5: e15495.

. Rattner A, Nathans J (2005) The genomic response to retinal disease and injury:

evidence for endothelin signaling from photoreceptors to glia. J Neurosci 25:
4540-4549.

Chen L, Wu W, Dentchev T, Zeng Y, Wang ], et al. (2004) Light damage
induced changes in mouse retinal gene expression. Exp Eye Res 79: 239-247.
Cottet S, Michaut L, Boisset G, Schlecht U, Gehring W, et al. (2006) Biological
characterization of gene response in Rpe65—/— mouse model of Leber’s
congenital amaurosis during progression of the disease. FASEB J 20: 2036-2049.
Zacks DN, Han Y, Zeng Y, Swaroop A (2006) Activation of signaling pathways
and stress-response genes in an experimental model of retinal detachment. Invest

Ophthalmol Vis Sci 47: 1691-1695.

. Kamphuis W, Dijk F, van Soest S, Bergen AA (2007) Global gene expression

profiling of ischemic preconditioning in the rat retina. Mol Vis 13: 1020-1030.

. Prasanna G, Narayan S, Krishnamoorthy RR, Yorio T (2003) Eyeing

endothelins: a cellular perspective. Mol Cell Biochem 253: 71-88.

. Torbidoni V, Iribarne M, Suburo AM (2006) Endothelin receptors in light-

induced retinal degeneration. Exp Biol Med (Maywood) 231: 1095-1100.

Stitt AW, Chakravarthy U, Gardiner TA, Archer DB (1996) Endothelin-like
immunoreactivity and receptor binding in the choroid and retina. Curr Eye Res
15: 111-117.

Ling L, Maguire JJ, Davenport AP (2011) Endothelin-2, the Forgotten Isoform:
Emerging Role in the Cardiovascular System, Ovarian Development,
Immunology and Cancer. Br J Pharmacol.

Grimshaw M]J, Wilson JL, Balkwill FR (2002) Endothelin-2 is a macrophage
chemoattractant: implications for macrophage distribution in tumors.
Eur J Immunol 32: 2393-2400.

Grimshaw MJ, Hagemann T, Ayhan A, Gillett CE, Binder C, et al. (2004) A role
for endothelin-2 and its receptors in breast tumor cell invasion. Cancer Res 64:
2461-2468.

Kotake-Nara E, Takizawa S, Saida K (2007) Endothelin-2/vasoactive intestinal
contractor via ROCK regulates transglutaminase 1 on differentiation of mouse
keratinocytes. Biochem Biophys Res Commun 357: 168-173.

. Al-Alem L, Bridges PJ, Su W, Gong MC, Iglarz M, et al. (2007) Endothelin-2

induces oviductal contraction via endothelin receptor subtype A in rats.
J Endocrinol 193: 383-391.

Ko C, Gieske MC, Al-Alem L, Hahn Y, Su W, et al. (2006) Endothelin-2 in
ovarian follicle rupture. Endocrinology 147: 1770-1779.

Braunger BM, Ohlmann A, Koch M, Tanimoto N, Volz C, et al. (2012)
Constitutive overexpression of Norrin activates Wnt/beta-catenin and endothe-
lin-2 signaling to protect photoreceptors from light damage. Neurobiol Dis 50C:
1-12.

Li T, Snyder WK, Olsson JE, Dryja TP (1996) Transgenic mice carrying the
dominant rhodopsin mutation P347S: evidence for defective vectorial transport
of rhodopsin to the outer segments. Proc Natl Acad Sci U S A 93: 14176-14181.

. Dryja TP, Rucinski DE, Chen SH, Berson EL (1999) Frequency of mutations in

the gene encoding the alpha subunit of rod c¢GMP-phosphodiesterase in
autosomal recessive retinitis pigmentosa. Invest Ophthalmol Vis Sci 40: 1859—
1865.

Acosta ML, Fletcher EL, Azizoglu S, Foster LE, Farber DB, et al. (2005) Early
markers of retinal degeneration in rd/rd mice. Mol Vis 11: 717-728.

Lambert GL, Barker S, Lees DM, Corder R (2000) Endothelin-2 synthesis is
stimulated by the type-1 tumour necrosis factor receptor and cAMP: comparison
with endothelin-converting enzyme-1 expression. J Mol Endocrinol 24: 273-
283.

Li YC, Beard D, Hayes S, Young AP (1995) A transcriptional enhancer of the
glutamine synthetase gene that is selective for retinal Muller glial cells. ] Mol
Neurosci 6: 169-183.

Zeng HY, Zhu XA, Zhang C, Yang LP, Wu LM, et al. (2005) Identification of
sequential events and factors associated with microglial activation, migration,
and cytotoxicity in retinal degeneration in rd mice. Invest Ophthalmol Vis Sci
46: 2992-2999.

Meidan R, Klipper E, Gilboa T, Muller L, Levy N (2005) Endothelin-converting
enzyme-1, abundance of isoforms a-d and identification of a novel alternatively
spliced variant lacking a transmembrane domain. J Biol Chem 280: 40867
40874.

Caffe AR, Ahuja P, Holmqvist B, Azadi S, Forsell J, et al. (2001) Mouse retina
explants after long-term culture in serum free medium. J] Chem Neuroanat 22:
263-273.

Vlachantoni D, Bramall AN, Murphy MP, Taylor RW, Shu X, et al. (2010)
Evidence of severe mitochondrial oxidative stress and a protective effect of low
oxygen in mouse models of inherited photoreceptor degeneration. Hum Mol
Genet 20: 322-335.

Kong F, Li W, Li X, Zheng Q, Dai X, et al. (2010) Self-complementary AAV5
vector facilitates quicker transgene expression in photoreceptor and retinal
pigment epithelial cells of normal mouse. Exp Eye Res 90: 546-554.

PLOS ONE | www.plosone.org

44.

46.

47.

48.

49.

50.

51.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

Endothelin-2 and Retinal Degeneration

Lin N, Fan W, Sheedlo HJ, Turner JE (1997) Basic fibroblast growth factor
treatment delays age-related photoreceptor degeneration in Fischer 344 rats.
Exp Eye Res 64: 239-248.

. Neuner-Jehle M, Berghe LV, Bonnel S, Uteza Y, Benmeziane F, et al. (2000)

Ocular cell transfection with the human basic fibroblast growth factor gene
delays photoreceptor cell degeneration in RCS rats. Hum Gene Ther 11: 1875—
1890.

Hackam AS, Strom R, Liu D, Qian J, Wang C, et al. (2004) Identification of
gene expression changes associated with the progression of retinal degeneration
in the rdl mouse. Invest Ophthalmol Vis Sci 45: 2929-2942.

Swiderski RE, Nishimura DY, Mullins RF, Olvera MA, Ross JL, et al. (2007)
Gene expression analysis of photoreceptor cell loss in bbs4-knockout mice
reveals an early stress gene response and photoreceptor cell damage. Invest
Ophthalmol Vis Sci 48: 3329-3340.

Sanyal S, Hawkins RK (1981) Genetic interaction in the retinal degeneration of
mice. Exp Eye Res 33: 213-222.

Telemaque S, Emoto N, deWit D, Yanagisawa M (1998) In vivo role of
endothelin-converting enzyme-1 as examined by adenovirus-mediated overex-
pression in rats. ] Cardiovasc Pharmacol 31 Suppl 1: S548-550.

Gao H, Hollyfield JG (1996) Basic fibroblast growth factor: increased gene
expression in inherited and light-induced photoreceptor degeneration. Exp Eye
Res 62: 181-189.

Wen TC, Matsuda S, Yoshimura H, Aburaya J, Kushihata F, et al. (1995)
Protective effect of basic fibroblast growth factor-heparin and neurotoxic effect
of platelet factor 4 on ischemic neuronal loss and learning disability in gerbils.
Neuroscience 65: 513-521.

. Joly S, Pernet V, Chemtob S, Di Polo A, Lachapelle P (2007) Neuroprotection in

the juvenile rat model of light-induced retinopathy: evidence suggesting a role
for FGF-2 and CNTF. Invest Ophthalmol Vis Sci 48: 2311-2320.

. Valter K, Bisti S, Gargini C, Di Loreto S, Maccarone R, et al. (2005) Time

course of neurotrophic factor upregulation and retinal protection against light-
induced damage after optic nerve section. Invest Ophthalmol Vis Sci 46: 1748
1754.

Liu G, Wang H, Ou D, Huang H, Liao D (2002) Endothelin-1, an important
mitogen of smooth muscle cells of spontancously hypertensive rats. Chin

Med J (Engl) 115: 750-752.

. Ueki Y, Le YZ, Chollangi S, Muller W, Ash JD (2009) Preconditioning-induced

protection of photoreceptors requires activation of the signal-transducing
receptor gp130 in photoreceptors. Proc Natl Acad Sci U S A 106: 21389-21394.
Knee R, Li AW, Murphy PR (1997) Characterization and tissue-specific
expression of the rat basic fibroblast growth factor antisense mRNA and protein.
Proc Natl Acad Sci U S A 94: 4943-4947.

Baguma-Nibasheka M, Li AW, Murphy PR (2007) The fibroblast growth factor-
2 antisense gene inhibits nuclear accumulation of FGF-2 and delays cell cycle
progression in C6 glioma cells. Mol Cell Endocrinol 267: 127-136.

Su WY, Xiong H, Fang JY (2010) Natural antisense transcripts regulate gene
expression in an epigenetic manner. Biochem Biophys Res Commun 396: 177—
181.

Faghihi MA, Modarresi F, Khalil AM, Wood DE, Sahagan BG, et al. (2008)
Expression of a noncoding RNA is elevated in Alzheimer’s disease and drives
rapid feed-forward regulation of beta-secretase. Nat Med 14: 723-730.

Grimm C, Wenzel A, Groszer M, Mayser H, Seeliger M, et al. (2002) HIF-1-
induced erythropoietin in the hypoxic retina protects against light-induced
retinal degeneration. Nat Med 8: 718-724.

Rex TS, Allocca M, Domenici L, Surace EM, Maguire AM, et al. (2004)
Systemic but not intraocular Epo gene transfer protects the retina from light-and
genetic-induced degeneration. Mol Ther 10: 855-861.

Nishijima K, Ng YS, Zhong L, Bradley J, Schubert W, et al. (2007) Vascular
endothelial growth factor-A is a survival factor for retinal neurons and a critical
neuroprotectant during the adaptive response to ischemic injury. Am J Pathol
171: 53-67.

Saint-Geniez M, Maharaj AS, Walshe TE, Tucker BA, Sekiyama E, et al. (2008)
Endogenous VEGF is required for visual function: evidence for a survival role on
muller cells and photoreceptors. PLoS One 3: ¢3554.

Clarke G, Collins RA, Leavitt BR, Andrews DF, Hayden MR, et al. (2000) A
one-hit model of cell death in inherited neuronal degenerations. Nature 406:
195-199.

. Pacione LR, Szego M]J, Ikeda S, Nishina PM, Mclnnes RR (2003) Progress

toward understanding the genetic and biochemical mechanisms of inherited
photoreceptor degenerations. Annu Rev Neurosci 26: 657-700.

Hauswirth WW, LaVail MM, Flannery JG, Lewin AS (2000) Ribozyme gene
therapy for autosomal dominant retinal disease. Clin Chem Lab Med 38: 147—
153.

Tusher VG, Tibshirani R, Chu G (2001) Significance analysis of microarrays
applied to the ionizing radiation response. Proc Natl Acad Sci U S A 98: 5116

5121.

Saida K, Hashimoto M, Mitsui Y, Ishida N, Uchide T (2000) The prepro
vasoactive intestinal contractor (VIC)/endothelin-2 gene (EDN2): structure,
evolution, production, and embryonic expression. Genomics 64: 51-61.

Wang X, LeVatte TL, Archibald ML, Chauhan BC (2009) Increase in
endothelin B receptor expression in optic nerve astrocytes in endothelin-1
induced chronic experimental optic neuropathy. Exp Eye Res 88: 378-385.

February 2013 | Volume 8 | Issue 2 | 58023



