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Hedgehog signaling stimulates the formation of proliferating Miller
glia-derived progenitor cells in the chick retina

Levi Todd and Andy J. Fischer*

ABSTRACT

Miller glia can be stimulated to de-differentiate and become
proliferating progenitor cells that regenerate neurons in the retina.
The signaling pathways that regulate the formation of proliferating
Muller glia-derived progenitor cells (MGPCs) are beginning to be
revealed. The purpose of this study was to investigate whether
Hedgehog (Hh) signaling influences the formation of MGPCs in the
chick retina. We find that Hh signaling is increased in damaged
retinas where MGPCs are known to form. Sonic Hedgehog (Shh) is
normally present in the axons of ganglion cells, but becomes
associated with Miller glia and MGPCs following retinal damage.
Activation of Hh signaling with recombinant human SHH (rhShh) or
smoothened agonist (SAG) increased levels of Ptch1, Gli1, Gli2, Gli3,
Hes1 and Hes5, and stimulated the formation of proliferating MGPCs
in damaged retinas. In undamaged retinas, SAG or rhShh had no
apparent effect upon the Miller glia. However, SAG combined with
FGF2 potentiated the formation of MGPCs, whereas SAG combined
with IGF1 stimulated the nuclear migration of Muiller glia, but not the
formation of MGPCs. Conversely, inhibition of Hh signaling with
KAAD-cyclopamine, Gli antagonists or antibody to Shh reduced
numbers of proliferating MGPCs in damaged and FGF2-treated
retinas. Hh signaling potentiates Pax6, KlIf4 and cFos expression in
Muller glia during the formation of MGPCs. We find that FGF2/MAPK
signaling recruits Hh signaling into the signaling network that drives
the formation of proliferating MGPCs. Our findings implicate Hh
signaling as a key component of the network of signaling pathways
that promote the de-differentiation of Miiller glia and proliferation of
MGPCs.
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INTRODUCTION

Miiller glia are the predominant type of glial cell in the retina and
normally provide structural, synaptic and metabolic support to
neurons. However, Miiller glia can also act as a source of
proliferating progenitors to regenerate neurons. Miiller glia are
distinctly different from progenitor cells based on functions,
yet share a significant overlap of transcriptomes with retinal
progenitors (Blackshaw et al., 2004). Miiller glia are capable of de-
differentiating, acquiring a progenitor phenotype and proliferating
in response to damage or exogenous growth factors (reviewed by
Fischer and Bongini, 2010; Gallina et al., 2014a). Miiller glia have
been identified as the cellular source of retinal regeneration in birds
(Fischer et al., 2002b; Fischer and Reh, 2001), zebrafish (Bernardos
et al., 2007; Fausett and Goldman, 2006) and rodents (Karl et al.,
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2008; Ooto et al., 2004). Similar to the glia in mammalian retina,
Miiller glia in the chick retina have a limited capacity to generate
new neurons. By comparison, Miiller glia in the fish retina have an
extraordinary capacity to regenerate retinal neurons (reviewed by
Gallina et al., 2014a).

Proliferation is an integral step in the formation of Miiller glia-
derived progenitor cells (MGPCs; Fischer, 2005; Fischer and Reh,
2003b; Reh and Fischer, 2001). The identification of the signaling
pathways that influence de-differentiation, proliferation and
neurogenesis is key to harnessing the regenerative potential of
MGPCs. The Hh signaling pathway may be important to the
formation of MGPCs. Hh signaling is known to have many
important pleiotropic actions during early eye and retinal
development (Dakubo et al., 2003; Levine et al., 1997; Perron
et al.,, 2003; Wang et al.,, 2002; Zhang and Yang, 2001b). In
developing retina, Sonic Hedgehog (Shh) is expressed by the
ganglion cells, is exported from the eye via ganglion cell axons, and
stimulates the formation of glia in the optic nerve and chiasm (Gao
and Miller, 2006; Wallace and Raff, 1999). In the rodent retina,
patched (Ptchl; integral membrane receptor for Hh and antagonist
of Smo) and smoothened (Smo; co-receptor and activator of
intracellular signaling) are expressed by mature Miiller glia
(Moshiri and Reh, 2004; Nelson et al., 2011; Roesch et al., 2008,
2012). Studies in the embryonic chick have demonstrated
regeneration in peripheral regions of prospective retina, and this
regeneration requires coordination of Hh and FGF/MAPK signaling
(Spence et al., 2007a, 2004). In the rodent, it has been proposed that
MGPCs regenerate photoreceptors in response to Hh (Wan et al.,
2007). However, this study was performed in rats with retinal
damage elicited by systemic N-nitroso-methyl-urea on or before
postnatal day (P) 7, with Shh applied before P21, when the
proliferation of late-stage retinal progenitors progressively declines
and Miiller glia have not yet fully differentiated (Close et al., 2005;
Nelson et al., 2011). Thus, it remains unknown whether Hh
signaling influences mature Miiller glia in the rodent retina. In the
zebrafish, Shh produced by retinal neurons facilitates regeneration
from MGPCs (Sherpa et al., 2014). Here, we investigate Hh
signaling after retinal injury or in response to FGF2 treatment, and
how Hh signaling impacts the formation of MGPCs in the chick
retina in vivo.

RESULTS

Hedgehog signaling in normal and damaged retinas

Shh binds to the transmembrane receptor patched (Ptch) to relieve
repression of the transmembrane protein smoothened (Smo) to
permit activation of Gli proteins (Ruiz i Altaba et al., 2002).
Activated Smo liberates Gli second messengers from a cytoplasmic
retention complex permitting translocation of Gli proteins to the
nucleus to influence transcription (Hooper and Scott, 2005). Levels
of Ptch (Goodrich et al., 1996; Marigo and Tabin, 1996) and Gli
proteins (Bai et al., 2002; Litingtung and Chiang, 2000; Marigo
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et al.,, 1996) are upregulated in response to Hh signaling. We
analyzed whether components of the Hh pathway are expressed in
the chick retina using RT-PCR. In normal undamaged retina, we
detected mRNA for Shh, Glil, Gli2, Gli3, Ptchl, Smo and Sufu
(Fig. 1A), suggesting that Hh signaling is active in the avian retina
under normal conditions. Similar to a previous report (Dakubo
et al., 2003), we failed to detect mRNA for desert hedgehog and
indian hedgehog in normal and NMDA-damaged retinas or in
retinal pigmented epithelium (not shown).

We used quantitative RT-PCR to assay for components of the Hh
pathway following NMDA treatment in regions where MGPCs are
known to form. Shh was rapidly upregulated within 4 h of NMDA
treatment, downregulated at 1 and 2 days after treatment, and returned
to control levels by 3 days after treatment (Fig. 1B). By comparison,
Glil and GIi2 were upregulated from 4 h to 3 days after treatment, and
Gli3 was upregulated from 1 to 3 days after treatment (Fig. 1B).
Levels of Ptchl were increased after NMDA treatment with
levels peaking at 1 day after treatment, and levels of Smo were
elevated from 4 h to 3 days after treatment (Fig. 1B). In older animals
(>P27), we found that levels of Ptchl, Smo and GIli2, but not
Glil, were significantly increased at 1 day after NMDA treatment
(supplementary material Fig. S2), suggesting that the upregulation of
Hh signaling is not diminished with age. These data suggest that Hh
signaling is rapidly upregulated after damage, with signaling peaking
at 24 h after treatment. This peak in Hh signaling coincides with when
Miiller glia are known to de-differentiate and is prior to entry into the
cell cycle following NMDA treatment (Fischer and Reh, 2001).

We next examined patterns of Ptchl expression within normal
and damaged retinas. Ptch is expressed at low levels by mature
Miiller glia and some cells (possibly astrocytes) in the ganglion cell
layer (GCL) in the rodent retina (Moshiri and Reh, 2004; Wang
et al., 2002). In addition, microarray data from single or sorted
Miiller glia indicate low levels of expression of Ptch, Smo and Gli
genes in mature mouse retina (Roesch et al., 2008, 2012). Although
Ptch and Smo are expressed by retinal progenitors in the embryonic
chick (Zhang and Yang, 2001a), the identity of the cells that are
receptive to Hh in the mature chick retina remains uncertain.
In undamaged retina, weak signal for Ptchl was observed in the
proximal inner nuclear layer (INL) and GCL (Fig. 1C). By
comparison, 24 h after NMDA-induced damage there was a
robust induction of Ptchl (Fig. 1D), consistent with data from
qRT-PCR analysis. We found Ptchl in the GCL, in cells scattered in
the inner plexiform layer (IPL), and in the inner half of the INL
(Fig. 1D), suggesting that Ptchl may be upregulated by ganglion
cells, amacrine cells, non-astrocytic inner retinal glial (NIRG) cells
in the IPL, and Miiller glia. NIRG cells have been characterized as a
unique type of glial cell that reside in the inner retina (Fischer et al.,
2010). At 72 h after NMDA treatment, Ptchl remained prevalent in
the GCL and INL, and in cells scattered across the IPL and nerve
fiber layer (NFL; Fig. 1E). In addition to diffuse labeling across
inner retinal layers, Ptchl appeared to be colocalized with
proliferating cell nuclear antigen (PCNA) cells in the IPL/GCL
and INL (Fig. 1E), suggesting that Prtchl is expressed by
proliferating NIRG cells and MGPCs.

Fig. 1. Components of the Hh pathway in normal and

A B = B50{ k* shh 400, glit
RT+ RJ- g B0 - e damaged retinas. (A,B) RT-PCR (A) and qRT-PCR (B) were
E 8 0 used to probe for Gapdh, Shh, Gli1, Gli2, Gli3, Ptch1, Smo and
gapdh | 2% 8 il B - Sufu. Beginning at P7, RNA was extracted from normal retinas
8= \ 1001 (A) or from retinas treated with saline or 2 umol NMDA at 4, 24,
shh - “% & *\ﬁ\./{ R 48 and 72 h after treatment (B). Significance of difference
s 2ehes  ddes Tabes anrs  2anrs  ashis  72hrs (*P<0.05, **P<0.01, ***P<0.005) was determined using a two-
gli1  — = 40 g2 gli3 tailed Mann—-Whitney U-test (n>4). (C-E") In situ hybridization
) £ ” 200 . was used to detect Ptch1 in control retinas (C) and NMDA-
gli2 g § e = o damaged retinas at 24 h (D) and 72 h (E-E") after treatment.
- — E 5™ -, 1 Gi Immunolabeling for PCNA (red) was included to indicate
=y s Z s0. proliferating cells (E-E”). Arrows indicate presumptive Miiller
oo £ 04 aned  2anrs  dshrs  T2hrs glia and small double arrows indicate presumptive NIRG cells.
tch1 PR S s GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner
P S = 1000. e ptch1 2o s O plexiform layer; ONL, outer nuclear layer. Scale bars: 50 ym
S5 o £ x 200 b (in D for C,D; in E for E alone).
——— £ ® ek
S— £ 8 o 150
SIm .
. ;é; 5 200 100
sufu “ % % :053 **i/ w so4 %
[-% g 50.
© 0

48hrs. T2hrs 4hrs

4hrs 24hrs

T2hrs

2611


http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.121616/-/DC1

RESEARCH ARTICLE

Development (2015) 142, 2610-2622 doi:10.1242/dev.121616

We next characterized patterns of expression for Shh. Shh
immunofluorescence is normally present in the axons of ganglion
cells in the NFL (Fig. 2A), consistent with the notion that Shh is
normally expressed by ganglion cells and exported out of the eye
(Dakubo et al., 2003; Traiffort et al., 2001; Wallace and Raff,
1999). At 2 days after NMDA treatment, Shh immunoreactivity
remains prominent in the NFL and appears as distinct puncta in the
INL (Fig. 2B). By 3 days after treatment, Shh immunofluorescence
is diminished in the NFL, further accumulates as puncta in the INL,
and accumulates in the OPL (Fig. 2C). By 5 days after treatment,
Shh is no longer present in the NFL, whereas Shh appears in the
OPL and in puncta scattered across the INL and ONL (Fig. 2D).
The Shh™ puncta were associated with Pax6-expressing MGPCs
that accumulate in the distal INL and ONL at 3 days after NMDA
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Fig. 2. Shh expression in normal and NMDA-damaged retinas.

(A-P) Retinas were obtained from eyes that were injected with saline (control;
A,E,N) or 2 umol NMDA and harvested 4 h (O), 2 days (B), 3 days (C,F-I,P) or
5 days (D,J-M) later. Retinal sections were labeled with antibodies to Shh (red;
A-M), Pax6 (green; E-I), and calbindin (green; J-M). In situ hybridization for
Shh was performed on control retina (N) and NMDA-treated retinas (O,P).
Arrows indicate Mdiller glia labeled for Pax6 and Shh puncta. G-I show high-
magnification images of Shh-immunoreactive puncta in Pax6” nuclei of
MGPCs. K-M show high-magnification images of the boxed area in J. GCL,
ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL,
outer nuclear layer. Scale bars: 50 ym (in D for A-D; in F for E,F; in J for J alone;
in P for P alone).
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treatment (Fig. 2E-I). The Shh immunoreactivity that accumulates
in the OPL overlaps, in part, with the axon terminals of calbindin®*
cone photoreceptors (Fig. 2J-M). It remains uncertain whether the
Shh accumulates within or at the surface of photoreceptor
terminals. To investigate further the expression patterns of Shh
we performed in situ hybridization. We detected Shk in the GCL of
control retinas (Fig. 2N), and this pattern of expression was
prominent at 4 h after NMDA treatment (Fig. 20). However, signal
for Shh was diminished at 3 days after NMDA treatment (Fig. 2N),
consistent with data from qRT-PCR and immunolabeling
experiments.

There was no depletion of neurofilament” axons or Brn3a"
ganglion cells in NMDA-treated retinas (supplementary material
Fig. S1), indicating that the loss of Shh immunoreactivity from the
NFL did not result from the destruction of ganglion cells, consistent
with findings that NMDA does not destroy ganglion cells in the
chick retina (Fischer et al., 1998). We found that the neurofilament™
axons in the NFL were displaced away from the vitreal surface of the
retina by the end-feet of GFAP/Top,p Miiller glia (supplementary
material Fig. S1). This probably resulted from the swelling or
expansion of glial end-feet in response to damage.

Hh signaling stimulates the proliferation of MGPCs in
damaged retinas

We next examined whether Hh signaling influenced the formation
of MGPCs. Four consecutive daily injections of rhShh failed to
stimulate the formation of MGPCs in undamaged retinas (not
shown). Thus, we investigated whether activation of Hh signaling
influenced the formation of MGPCs following retinal injury in
which components of the Hh pathway are upregulated. A low dose
of NMDA failed to stimulate the accumulation of large numbers of
BrdU" MGPCs (Fig. 3A,E). Application of thShh following a low
dose of NMDA significantly increased numbers of proliferating
MGPCs in central and peripheral regions of the retina (Fig. 3B,E).
Numbers of proliferating NIRG cells and microglia/macrophages
were unaffected by rhShh (Fig. 3C-E). Hh signaling has been
shown to coordinate with Notch signaling effectors in retinal
progenitor cells (Wall et al., 2009), and Notch signaling stimulates
the formation of MGPCs (Ghai et al., 2010; Hayes et al., 2007).
Thus, we tested whether Notch influenced the formation of MGPCs
in retinas treated with NMDA and rhShh. We found that inhibition
of Notch with DAPT reduced the number of proliferating MGPCs
in retinas treated with NMDA and rhShh (Fig. 3F). We next tested
whether smoothened agonist (SAG), which bypasses Ptch and
activates Smo (Chen et al., 2002), influences the formation of
MGPCs. Similar to rhShh, four consecutive daily intraocular
injections of SAG failed to stimulate the formation of MGPCs in
undamaged retinas (not shown). Using antibodies to pERK, p38
MAPK, cFos, pS6, vimentin, GFAP and transitin, we failed to find
activation of different signaling pathways or reactivity in Miiller
glia treated with rhShh or SAG (data not shown), suggesting that
Miiller glia are normally not receptive to rhShh or SAG. However,
following a low dose of NMDA, SAG stimulated the accumulation
of BrdU" MGPCs in central and peripheral regions of retina
(Fig. 3G). Similar to thShh, SAG had no influence upon the
proliferation of NIRG cells or microglia/macrophages in NMDA-
damaged retinas (not shown). In older animals (>P27), we found
that numbers of proliferating MGPCs were significantly increased
by SAG following NMDA treatment (supplementary material
Fig. S2), suggesting that Hh signaling retains the capacity to
stimulate Miiller glia to become MGPCs in older damaged retinas.
Hh-mediated regeneration of embryonic chick retina is known
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Fig. 3. Activation of Hh signaling following retinal injury stimulates the formation of proliferating MGPCs. Eyes were injected with 60 nmol NMDA, followed
by vehicle (control), rhShh or SAG (treated) 4 and 24 h later and BrdU at 48 h; retinas were harvested 24 h after injection of BrdU. (A-D) Sections of the retinas
were immunolabeled for Sox2 (red), BrdU (green) and PCNA (magenta; A,B), BrdU (green) and Nkx2.2 (red; C), or BrdU (green) and CD45 (red; D). Arrows
indicate proliferating MGPCs, small double arrows indicate proliferating microglia, and arrowheads indicate proliferating NIRG cells. Scale bars: 50 um (in B for
A,B; in D for C,D). GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer. (E-H) Histograms illustrating the mean
number (£s.d.) of proliferating MGPCs (BrdU/Sox2* Nkx2.2") in rhShh-treated (E), rhShh+DAPT-treated (F), SAG-treated (G) and SAG+U0126-treated

(H) central and peripheral retinas (ts.d.; n>6). Significance of difference (*P<0.05, **P<0.01, ***P<0.005) was determined using a two-tailed t-test. (I) gqRT-PCR
was used to measure relative levels of Ptch1, Gli1 and Gli2 in retinas at 2 days after treatment with NDMA+U0126. (J) gRT-PCR was used to measure relative
levels of Ptch1, Gli1, Gli2, Gli3, Pax2, Hes1, Hes5, Notch1, Ascl1a, Lin28, Yap, c3aR and c3 in retinas at 3 days after treatment with NMDA+rhShh. The mean
(xs.d.; n>4) percentage change in mMRNA levels was determined, and the significance of difference (*P<0.05) between NMDA/vehicle- and NMDA/U0126- or
rhShh-treated samples was determined using a Mann—Whitney U-test. ns, not significant.

to require MAPK signaling (Spence et al.,, 2007b, 2004). after NMDA+SAG (treated 82.2+21.1 versus control 155+30.2,
Accordingly, we tested whether MAPK signaling influenced the #=5; P=0.002). Consistent with this finding, we found that level of
ability of SAG to stimulate the proliferation of MGPCs. We found  Ptchl, Glil and Gli2 were decreased in NMDA-damaged retinas
that inhibition of MAPK signaling with U0126 reduced the number  treated with U0126 (Fig. 31), suggesting that MAPK signaling is
of BrdU-labeled MGPCs in retinas treated with NMDA+SAG required to enable Hh signaling during the reprogramming of
(Fig. 3H). U0126 also reduced the number of Sox2"/PCNA" cells  Miiller glia into MGPCs.
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To understand better how rhShh stimulates the formation of
MGPCs in damaged retinas, we used qRT-PCR to assess changes in
expression of components of the Hh pathway and genes that are
known to be upregulated in MGPCs. In NMDA-damaged retinas
treated with rhShh, we found significant increases in mRNAs of
components of the Hh pathway (Fig. 3J). We found that injections
of thShh following NMDA treatment significantly increased levels
of Ptchl, Glil, Gli2 and Gli3 (Fig. 3J). In addition, rhShh increased
levels of transcription factors that are associated with progenitors,
including Pax2, Hesl, Hes5 and Yap, whereas levels of Notchl,
Asclla and Lin28 were unaffected (Fig. 3J).

To investigate further how activation of Hh signaling in damaged
retinas stimulates the proliferation of MGPCs, we probed for
expression of components of the complement system. In embryonic
chick, the complement peptide C3a and the C3a Receptor (C3aR)
stimulate retinal regeneration during early stages of development
(Haynes et al., 2013). In post-hatch chicks, levels of ¢3 and c3aR are
elevated in NMDA-damaged retinas, but are significantly reduced
when the microglia were ablated; in the latter case, MGPCs fail to
form (Fischer et al., 2014). We found that levels of ¢3 were not
affected by rhShh, whereas levels of c3aR were significantly
increased (Fig. 3J).

Levels of cell death and damage can impact the formation
of MGPCs (Fischer and Reh, 2001; Fischer et al., 2004b).
Accordingly, we tested whether thShh influenced cell death when
applied after NMDA. The terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay revealed no difference in
the numbers of dying cells in retinas treated with thShh compared

with numbers of dying cells in retinas treated with vehicle (treated
46.3£11.1 versus control 43.1+11.6, n=6; P=0.64).

Inhibition of Hh signaling reduces the proliferation of MGPCs
We next tested whether KA AD-cyclopamine, which directly binds to
and inhibits Smo, influenced the formation of MGPCs. KAAD-
cyclopamine significantly reduced numbers of proliferating MGPCs
in retinas damaged by a high dose of NMDA (Fig. 4A-C). This
inhibition of proliferation was specific to MGPCs, as the proliferation
of CD45" microglia and Nkx2.2" NIRG cells was unaffected by
KAAD-cyclopamine (Fig. 4C). Inhibition of Hh signaling with
KAAD-cyclopamine after NMDA resulted in significant decreases
in retinal levels of Ptchl and Glil, whereas levels of Hesl were
unaffected (Fig. 4D). In older animals (>P27), we found that
numbers of proliferating MGPCs were significantly decreased by
KAAD-cyclopamine following NMDA treatment (supplementary
material Fig. S2), suggesting that Hh signaling retains the capacity to
stimulate Miiller glia to become proliferating MGPCs in older
damaged retinas.

Cyclopamine can have off-target effects (Yauch et al., 2008) by
acting independently of Smo function and activating neutral
sphingomyelinase 2 and ceramide production (Ponnusamy et al.,
2010). Accordingly, we tested whether inhibition of Hh signaling
with drugs that target different components of the Hh pathway
influences the formation of MGPCs. We inhibited Gli proteins with
the small molecule inhibitors GANTS58, which interferes with Glil-
DNA binding, and GANT61, which interferes with Glil/2-DNA
binding (Lauth et al., 2007). Similar to treatment with KAAD-

1 1 1

P6  4hrs P7 P8
control 500 nmol NMDA  vehicle vehicle+BrdU
treated 500 nmol NMDA Hh-antag  Hh-antag+BrdU

KAAD-cyclopamine-tr

MGPCs MGPCs G
[ 5 : :

C C o, g, centralretina _ peripheral retina microola NIRG ols D <
='E 150 g
ES 30 ns oo

=
R ns s 3 -20
el 100 10 2%
O B 40 *k 23 -40
e * c =
m P 5 2 60
2 a5
@ 0 0 0 ER)
control treated  control treated  control treated control treated

MGPCs

m

MGPCs F G

10, Plch? glit hest
0

1 Fig. 4. Inhibition of Hh signaling suppresses the formation

Pg of MGPCs. Eyes were injected with 500 nmol NMDA, followed

by injections of vehicle (control) or KAAD-cyclopamine,
GANT58, GANT61 or anti-Shh (treated) at 4 and 24 h later, and
BrdU at 48 h later. Retinas were harvested 24 h after the last
injection of BrdU. (A,B) Retinal sections were immunolabeled
for Sox2 (red), BrdU (green) and PCNA (magenta; A,B). Arrows
indicate proliferating MGPCs and small double arrows indicate
proliferating NIRG cells. GCL, ganglion cell layer; INL, inner
nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear
layer. Scale bar: 50 um (in B for A,B). (C,E-G) Histograms
illustrating the mean number (ts.d.; n>6) of proliferating
MGPCs (BrdU/Sox2" Nkx2.2") in central and peripheral retina,
NIRG cells (BrdU/Sox2/Nkx2.2") and microglia (BrdU/CD45").
(G) The effects of 5E1 monoclonal were relatively small and
significant differences were found only when accounting for
inter-individual differences (treated — control). Significance of
difference (*P<0.05, **P<0.01) was determined using a two-
tailed t-test. (D) qRT-PCR for Ptch1, Gli1 and Hes1 in retinas at
3 days after treatment with NMDA+KAAD-cyclopamine. The
mean (xs.d.; n>4) percentage change in mRNA levels was
determined and the significance of difference (*P<0.05) was
determined using a Mann—Whitney U-test. ns, not significant.

*

MGPCs peripheral retina
ns

*

; : ) ) o 150

B & 20, Peripheral refina Bt 150, peripheral refina o5
= = 3 © S 100
3 S o eF
g3 5 =10 i LW

= s z
% € 100 * E g = z; 0
[ = 2 5 [k

3 50 8 L 50
z = ! =

5 <3 =
52 Oa o T & 100

[=3]

control  treated control treated

N
[o)]
—_
N

control treated treated

minus control


http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.121616/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.121616/-/DC1

RESEARCH ARTICLE

Development (2015) 142, 2610-2622 doi:10.1242/dev.121616

cyclopamine, GANT58 or GANT61 suppressed the formation
of proliferating MGPCs in NMDA-damaged retinas (Fig. 4E,F),
whereas the proliferation of microglia and NIRG cells was not
affected (not shown). To block Shh ligand, we injected the SEI
monoclonal antibody into eyes with damaged retinas. Application of
the SE1 antibody after NMDA treatment caused a significant decrease
in the number of proliferating MPGCs (Fig. 4G), whereas the
proliferation of microglia and NIRG cells was unaffected (not shown).
The decrease in proliferation of MGPCs with SE1 treatment was not as
pronounced as that observed with KAAD-cyclopamine or GANT
treatment, and only became statistically significant when accounting
for inter-individual variability (Fig. 4G). TUNEL was performed
3 days after NMDA treatment, 24 h after the last dose of BrdU+Hh
inhibitor, to assess whether decreases in cell death might underlie
decreases in proliferation of MGPCs. We found that the Hh inhibitors
did not influence cell death in NMDA-damaged retinas (KAAD-
cyclopamine: control 49.25434.2 versus treated 64.5+31.8, P=0.45;
GANTS58: control 39.0+40.1 versus treated 71+36.4, P=0.27).

The Hh pathway synergizes with FGF/MAPK signaling to
influence MGPCs
Previous work in regeneration of prospective retina in the embryonic
chick has implicated a requirement and interdependence of Hh
signaling and FGF/MAPK signaling (Spence et al., 2007b, 2004).
How these pathways interact in the context of MGPCs remains to be
determined. Recently, it has been shown that sustained FGF/MAPK
signaling is sufficient to stimulate the formation of MGPCs in the
absence of damage (Fischer et al., 2014). Furthermore, FGF2 is
known to activate and upregulate components of the Notch pathway,
including Notchl, DIl4, Jagged, Hes5, Heyl and Hey2 (Ghai et al.,
2010), and activation of this pathway is required for the formation of
MGPCs (Ghai et al., 2010; Hayes et al., 2007). We sought to
investigate whether Hh signaling is activated by FGF/MAPK
signaling and whether the Hh pathway contributes to the formation
of MGPCs in FGF2-treated retinas. We began by probing for
changes in expression of components of the Hh pathway in response
to Smo agonist (SAG), FGF2 or IGF1. Consistent with findings that
intraocular injections of SAG fail to stimulate the formation of
MGPCs in undamaged retinas, treatment with SAG failed to increase
retinal levels of Smo, Ptchl or Gli2, whereas levels of Glil were
increased (Fig. 5A). We found that FGF2 treatment, which
selectively activates MAPK signaling in Miiller glia (Fischer et al.,
2009a), upregulated levels of Smo and GI/i2, but not Ptchl or Glil
(Fig. 5A). By comparison, we detected no significant increases in
components of the Hh pathway in response to IGF1 (data not shown).

We found that three consecutive daily injections of the
combination of FGF2 and SAG stimulated increased numbers of
proliferating MGPCs compared with injection of FGF2 alone
(Fig. 5B). To understand better the mechanism of the synergistic
effects of FGF2 and SAG we assayed for cell-level changes in
Miiller glia following an acute dose of these factors. FGF2 is known
to stimulate MAPK signaling in Miiller glia (Fischer et al., 2009a).
Thus, we probed for changes in expression levels of the MAPK
effectors pERK, p38 MAPK, pCREB, Egrl and cFos. Miiller glia
treated with FGF2 and SAG had elevated levels of the immediate
early gene cFos compared with levels seen in Miiller glia treated
with FGF2 alone (Fig. 5C), whereas levels of pERK (supplementary
material Fig. S3), Egrl, p38 MAPK, pS6 or pCREB (data not
shown) in Miiller glia were unaffected.

Because Hh agonist stimulated the formation of MGPCs in FGF2-
treated retinas whereas Hh agonist alone had no effect, we tested
whether Hh signaling was part of a signaling network activated by

FGF2. Four consecutive daily doses of FGF2 are known to stimulate
the formation of MGPCs in the absence of damage (Fischer et al.,
2014). Co-application of KAAD-cyclopamine with FGF2
significantly reduced numbers of proliferating MGPCs compared
with numbers seen in retinas treated with FGF2 alone (Fig. 5D). To
understand better how KA AD-cyclopamine attenuates the formation
of MGPCs, we investigated cell-level expression of signaling
components in Miiller glia following FGF/KAAD treatment. One
day after two consecutive daily injections of FGF2 all of the Sox2"
Miiller glia (320 of 320 cells, n=4) were positive for cFos (Fig. SE).
KAAD-cyclopamine significantly reduced FGF-induced cFos in
Miiller glia (Fig. 5D). In contrast to the embryonic chick (Spence
et al., 2007a), we observed no differences between FGF-induced
pERK in Miiller glia following KAAD-cyclopamine treatment
(supplementary material Fig. S3). Furthermore, we observed no
KAAD-cyclopamine-induced differences in p38 MAPK, Egrl and
PCREB (not shown). Collectively, these data suggest that: (1) Hh
signaling amplifies the ability of FGF2/MAPK signaling to stimulate
the formation of MGPCs; (2) FGF2/MAPK signaling renders Miiller
glia receptive to Hh signaling; and (3) inhibition of Hh signaling
disrupts FGF2/MAPK-mediated formation of MGPCs downstream
of MAPK signaling, possibly at the level of cFos expression.

Hedgehog and IGF1 signaling

It has recently been shown that Shh and PI3K/mTOR pathways
synergize to promote proliferation of human glioblastoma cells
(Gruber Filbin et al., 2013). Accordingly, we tested whether co-
activation of PI3K/mTor and Hh pathways stimulates proliferation of
MGPCs in the uninjured retina. We applied four consecutive daily
doses of SAG, IGF1, or SAG and IGF1. There was no nuclear
migration of Miiller glia in retinas treated with SAG alone, whereas
there was some nuclear migration in retinas treated with IGF alone
(Fig. 6A,B), consistent with a previous report (Fischer et al., 2010).
By comparison, treatment with SAG+IGF1 caused widespread
migration of Miiller glia nuclei (Fig. 6A,B). The nuclei that migrated
were ovoid shape in retinas treated with IGF1+SAG, compared with
the more fusiform nuclei of Miiller glia treated with SAG or IGF1,
which did not undergo widespread nuclear migration (Fig. 6A,B).
Proliferating MGPCs are known to undergo nuclear migration,
reminiscent of proliferating embryonic retinal progenitors (Fischer
et al., 2002b; Fischer and Reh, 2001). Despite widespread nuclear
migration, Miller glia failed to incorporate BrdU or express
significant levels of PCNA, GFAP or vimentin (not shown). Few
BrdU*" MGPCs were found in far peripheral regions of the retina
(Fig. 6C,D). Although numbers of Sox2™* Miiller glia appeared to be
increased in retinas treated with IGF1+SAG, cell counts revealed no
significant difference in total numbers of Miiller glia in retinas
treated with IGF1 versus IGFI+SAG (Fig. 6E), consistent with
the notion that treatment with IGF1+SAG fails to stimulate the
formation of proliferating MGPCs.

To examine further the effects of IGF1 and SAG on proliferation,
we tested whether the proliferation of progenitors in the
circumferential marginal zone (CMZ) was affected. Intraocular
injections of IGF1 or SAG stimulated the CMZ progenitors and the
addition of new cells to the far peripheral edge of the retina by
stimulating the proliferation of retinal progenitors (Fig. 6F,G),
consistent with previous reports (Fischer and Reh, 2000; Moshiri
et al,, 2005). By comparison, the combination of IGF1 and
SAG further stimulated the proliferation of retinal progenitors in the
CMZ (Fig. 6F,G). These findings indicate that the doses of IGF1
and SAG were sufficient to stimulate the proliferation of progenitors
that were capable of responding, unlike the Miiller glia.
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Fig. 5. Hh signaling influences the formation of proliferating MGPCs in FGF2-treated retinas in the absence of damage. Eyes were treated with different
regimens involving FGF2/vehicle (control), FGF2/SAG (treated) or FGF2/KAAD-cyclopamine (treated). The injection paradigms for each data set are shown.
(A) gRT-PCR was used to measure retinal levels of components of the Hh pathway. (A) Histograms illustrate the mean (+s.d.; n>4) percent change in levels for
Smo, Ptch1, Gli1 and Gli2 in retinas treated with SAG or FGF2. Significance of difference (*P<0.05) was determined using a Mann—-Whitney U-test. (B-E) Retinal
sections were immunolabeled for BrdU (green) and Sox2 (red; B,D), or cFos (green) and Sox2 (red; C,E). Sox2 (red; C,E) is included as a partial-field overlay to
indicate nuclear colocalization with cFos (green). The histograms in B and D illustrate the mean number (zs.d.; n=6) of proliferating MGPCs (BrdU/Sox2" Nkx2.27)
in peripheral retina. The histograms in C and E illustrate the mean (+s.d.; n=6) density sum for cFos immunofluorescence in Sox2" Miiller glia. Arrows indicate the
nuclei of Miiller glia and/or MGPCs. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer. Scale bars: 50 ym.
Significance of difference (*P<0.05, **P<0.01) was determined using a two-tailed t-test. ns, not significant.

Most, if not all, proliferating MGPCs undergo nuclear migration
that is accompanied by proliferation (Fischer and Reh, 2001). Thus,
we investigated whether delaminated Miiller glia de-differentiated
to upregulate Pax6 in response to IGF1 and SAG. Miiller glia
express little or no Pax6 (Fischer et al., 2014), whereas MGPCs
upregulate a number of different transcription factors, including
Pax6, that are characteristic of retinal progenitors [reviewed by
Gallina et al. (2014a); Fischer et al. (2010)]. In Miiller glia treated
with four consecutive daily doses of SAG, levels of Pax6 remain
low and nuclei remain laminated in the middle of the INL (Fig. 7A),
consistent with the notion that Hh signaling does not influence
Miiller glia. By comparison, nuclei migrated away from the middle
of'the INL and levels of Pax6 remained relatively low in Miiller glia
treated with four consecutive daily doses of SAG and IGFI
(Fig. 7A). Levels of Pax6 appeared elevated with relatively little
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nuclear migration in Miiller glia treated with three consecutive daily
doses of FGF2 (Fig. 7A), a treatment regime in which relatively few
MGPCs proliferate (see Fig. 5). Levels of Pax6 were increased most
and nuclear migration was widespread in Miiller glia treated with
three doses of FGF2+SAG or four doses of FGF2 alone (Fig. 7A),
coincident with significant numbers of proliferating MGPCs (Fig. 5;
Fischer et al., 2014). By comparison, levels of Pax6 were reduced
and nuclear migration remained prominent in Miiller glia treated
with four doses of FGF2+KAAD-cyclopmine (Fig. 7A), suggesting
that inhibition of Hh signaling might, in part, suppress the
proliferation of MGPCs by inhibiting Pax6 expression.

To understand better how different combinations of growth
factors influence the de-differentiation of Miiller glia into progenitor
cells, we probed for the expression of Kif4. KIf4 is one of the key
transcription factors, when combined with Sox2, Myc and Oct4,
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Fig. 6. The combination of IGF1 and Hh agonist (SAG)
stimulates nuclear migration of Miiller glia and proliferation
of CMZ progenitors, but fails to stimulate the formation of
MGPCs. (A-G) Retinal sections were immunolabeled for Sox2
(red; A-D) and BrdU (green; C,D,G). Arrows indicate the nuclei of
Miiller glia/MGPCs, and small double arrows indicate BrdU/Sox2*
NIRG cells. GCL, ganglion cell layer; INL, inner nuclear layer; IPL,
inner plexiform layer; ONL, outer nuclear layer. (E) Mean (ts.d.;
n>8) number of Sox2"™ Milller glia in the INL of retinas treated with
IGF1 or IGF1+SAG. (F) Mean (+s.d.) number of BrdU™ cells within
the temporal CMZ treated with saline, IGF1, SAG or IGF1+SAG.
Significance of difference (P<0.001) among the treatment groups
was determined using one-way ANOVA. Significance of
difference (*P<0.05) between treatment groups was determined
using a two-tailed t-test with Bonferroni’s correction. ns, not
significant. Scale bars: 50 um (in D for A,C,D; in G for G alone).
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that is capable of reprogramming cells into iPSCs (Takahashi and
Yamanaka, 2006). We found that K14 is not expressed at detectable
levels in normal Miiller glia (Fig. 7B). By comparison, treatment
with three consecutive daily intraocular injections of FGF2, IGF1 or
the combination of IGF1+SAG induced robust expression of KIf4 in
Miiller glia (Fig. 7B). The upregulation of KIf4 in Miiller glia
appeared to be uniform across central and peripheral regions of
retinas treated with FGF2, IGF1 or IGF1+SAG (data not shown). In
central regions of retinas treated with FGF2+KAAD-cyclopamine,
levels of KIf4 in Miiller glia appeared to be diminished, and the
nuclei remained laminated near the middle of the INL (Fig. 7B).
By comparison, in peripheral regions of retinas treated with
FGF2+KAAD-cyclopamine, levels of KIf4 in the Miiller glia
appeared to be reduced compared with those seen in glia treated with
FGF2 alone, and the nuclei migrated away from the middle of the
INL (Fig. 7B).

DISCUSSION

Collectively, our findings indicate that the Hh pathway plays an
important role in the signaling network that underlies the formation
of MGPCs. We found that components of the Hh signaling pathway
are present in normal retina. It is possible that Hh signaling remains
active in mature glia in order to maintain homeostasis (Alvarez
et al., 2011). Deletion of Smo in adult astrocytes results in reactive
gliosis, suggesting that baseline Hh signaling maintains
homeostasis or glial quiescence (Garcia et al., 2010). In response
to NMDA-induced damage, there was a rapid and sustained increase
in retinal levels of Hh signaling components. Similarly, injury to the
cerebral cortex induces Hh signaling (Amankulor et al., 2009; Sirko
et al., 2013). Our data suggests that in NMDA-treated retinas,
neuron-to-glia signaling mechanisms exists to direct Shh from

ganglion cells to Miiller glia and/or MGPCs. Re-distribution of Shh
from the axons of ganglion cells to retinal cells following damage is
similar to the re-distribution of Shh observed in zebrafish retina in
response to injury (Sherpa et al., 2014). Additionally, our data are
consistent with other reports on the nervous system demonstrating
that neurons release Hh, whereas glia are receptive to Hh (Garcia
et al., 2010; Sirko et al., 2013; Traiffort et al., 1999).

Although Hh agonists failed to influence Miiller glia in normal
retinas, Hh agonists stimulated the proliferation of MGPCs in
damaged retinas and in retinas treated with FGF2 in the absence of
damage. Our findings suggest that damage or FGF2 treatment
render Miiller glia responsive to Hh signaling and, thereafter,
activation of Hh signaling stimulates the proliferation of MGPCs.
We find that Hh signaling in Miiller glia is downstream of MAPK in
retinas damaged by NMDA: inhibition of MAPK signaling
downregulated components of the Hh pathway and inhibited the
ability of Hh agonists to stimulate the proliferation of MGPCs. In
undamaged retinas, by comparison, activation of FGF2/MAPK
signaling in Miiller glia upregulated components of the Hh pathway
and enabled Hh agonists/antagonists to influence the formation of
MGPCs. Our findings suggest that rhShh activates a proliferative
program through Gli effectors and/or Notch signaling and the
Notch effectors Hes1 and Hes5 (Fig. 8). Additionally, inhibition of
Notch signaling attenuated the ability of thShh to stimulate the
proliferation of MGPCs. Hh signaling is known to stimulate
proliferation of neuronal precursors via activation of D-type cyclins,
and Gli2 is able to regulate these cyclins directly (Kenney and
Rowitch, 2000; Mill et al., 2003). In addition, Hh signaling is
known to stimulate the expression of Hesl and increase the
proliferation of retinal progenitor cells (Wall et al., 2009) and
subventricular zone neural stem cells (Ferent et al., 2014). We did
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Fig. 7. Miiller glia and MGPCs express Pax6 and KIf4 in
response to treatment with different growth factors
and/or Hh agonists/antagonists. (A,B) Retinas were
treated with consecutive daily doses of saline x4, SAG x4,
SAG and IGF1 x4, FGF2 x3, FGF2 and SAG x3, FGF2 x4
or FGF2 and KAAD-cyclopamine x4. Retinas were
immunolabeled for Pax6 (green; A) and Sox9 (red; A), or
KIf4 (green; B) and Topap (red; B). Arrows indicate the
nuclei of Miller glia and/or MGPCs. Images were obtained
by confocal microscopy, projecting four optical sections;
therefore, there was some overlap of adjacent amacrine
and glial nuclei through the z axis, indicated by small double
arrows. GCL, ganglion cell layer; INL, inner nuclear layer;
IPL, inner plexiform layer; ONL, outer nuclear layer. Scale
bars: 50 ym.
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not observe upregulation of Ascl1, a factor known to stimulate the
formation of MGPCs in zebrafish and mouse retinas (Pollak et al.,
2013; Ramachandran et al., 2010). It is possible that we failed to
detect increases in Asclla owing to the time point of our analysis;
following NMDA damage Asclla upregulation is maximal at 4 days
after damage (Hayes et al., 2007), whereas our analysis took place
3 days after damage. We observed increases in Pax2 after treatment
with rthShh in the damaged retina. During development, the
expression of Pax2 is stimulated in optic nerve glia by Shh
(Dakubo et al., 2003; Take-uchi et al., 2003; Wallace and Raff,
1999). By comparison, Pax2 is expressed by Miiller glia in central
regions of the chick and zebrafish retina (Boije et al., 2010; Stanke
etal., 2010). Interestingly, we observed Hh-induced upregulation of
C3aR, the receptor recently discovered to mediate the regeneration
of embryonic chick retina in response to complement factor C3
(Haynes et al., 2013). These data suggest that C3aR-mediated

signaling could play a role in Hh-stimulated regeneration of mature
retina.
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We found that inhibition of Hh signaling by targeting the Hh
ligand, receptor or transcriptional effectors significantly reduced
numbers of proliferating MGPCs in damage retinas. Blockade of Hh
signaling pharmacologically in retinal progenitors is known to
suppress progression through the cell cycle (Locker et al., 2006).
Similarly, the FGF2-mediated regeneration of prospective retina in
the embryonic chick fails when Hh signaling is inhibited
(Spence et al., 2007a). In mature Miller glia in vivo, FGF2
selectively activates MAPK signaling (Fischer et al., 2009a), and
stimulates the formation of proliferating MGPCs in the absence of
damage (Fischer et al., 2014). Collectively, these data suggest that
FGF2/MAPK signaling ‘kick-starts’ a network of interdependent
pathways to stimulate the formation of proliferating MGPCs. These
pathways are known to include upregulation of Notch signaling
(Ghai et al., 2010), upregulation of Hh signaling (current study) and
downregulation of glucocorticoid signaling (Gallina et al., 2014b).
Our current findings suggest that Notch signaling is downstream of
both MAPK and Hh pathways (Fig. 8).
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In the chick eye, CMZ progenitors normally respond to Hh
signaling (Fig. 6; Moshiri et al., 2005), whereas Miiller glia must be
‘primed’ by damage or FGF2/MAPK signaling to become
responsive to Hh. Our data indicate that IGF1 is not sufficient to
stimulate Miiller to respond to the mitogenic effects of Hh agonists.
In response to the combination of IGF1 and Hh agonist, we
observed widespread nuclear migration of Miiller glia nuclei and
changes in nuclear morphology, but no proliferation. These data
suggest that nuclear migration of Miller glia can occur
independently of cell cycle re-entry. By comparison, proliferation
of MGPCs may require nuclear migration away from the center of
the INL. For example, the vast majority of pHisH3" mitotic figures
for MGPCs are observed in the distal INL or ONL (Fischer and Reh,
2001). In retinal development, nuclear migration of progenitor cells
is coordinated with cell cycle regulation. However, nuclear
migration can be uncoupled from cell cycle re-entry (reviewed by
Baye and Link, 2008).

Stimulation of Miiller glia with IGF1 and Hh agonist is not
sufficient to upregulate Pax6 to levels seen in proliferating MGPCs.
In normal Miiller glia, Pax6 is expressed at very low levels but is
rapidly induced during the formation of proliferating MGPCs
(Fischer and Reh, 2001). Upregulation of Pax6 is symptomatic of
Miiller glial de-differentiation. In addition, Pax6 plays a key role in
the proliferation and multipotency of retinal progenitor cells in
development (reviewed by Ashery-Padan and Gruss, 2001) and is
required for Miiller glia-mediated retinal regeneration in zebrafish
(Thummel et al., 2010). Consistent with the notion that upregulation
of Pax6 is an important step in the formation of MGPCs, inhibition
of Hh signaling suppressed the formation of MGPCs and prevented
the upregulation Pax6, in addition to Klf4, in Miiller glia treated
with FGF2.

Our data suggest that in response to IGF1 and Hh agonist Miiller
glia make initial steps to becoming ‘progenitor-like’ by migrating
away from the INL and upregulating low levels of Pax6 and Klf4,

but fail to fully de-differentiate and re-enter the cell cycle as
MGPCs. Alternatively, Miiller glia that respond to IGF1 and Hh
agonist may migrate as part of a gliotic response. Inhibition of Hh
signaling in FGF2-treated retinas suppressed Pax6 expression in
Miiller glia, but does not suppress nuclear migration, suggesting that
Hh signaling and FGF2/MAPK signaling synergize to stimulate
Pax6 expression during the transition in phenotype from Miiller glia
to MGPC. Miiller glia are known to undergo nuclear migration in
response to various retinopathies [reviewed by Bringmann et al.
(2006); Gruber Filbin et al. (2013)]. However, we failed to detect
markers of glial reactivity, such as elevated vimentin or GFAP, in
retinas treated with IGF1 and Hh agonist.

We cannot exclude the possibility that the Hh agonists and
antagonists act through amacrine or ganglion cells to influence the
proliferation of MGPCs in damaged retinas. We find that Ptchl is
expressed by neurons in addition to Miiller glia and/or MPGCs in
damaged retinas. Thus, it is possible that Hh signaling through inner
retinal neurons impacts the formation of proliferating MGPCs.
Consistent with this hypothesis, a recent study in zebrafish retina
demonstrated that regeneration from MGPCs is delayed with a
partial loss-of-function mutation in Shh, which is produced by inner
retinal neurons (Sherpa et al., 2014). In FGF2-treated retinas in the
absence of damage, where Miiller glia are known to be selectively
activated (Fischer et al., 2009a), we find that activation or inhibition
of Hh signaling influences the expression of cFos and the
proliferation of MGPCs. It remains uncertain whether the
influences of Hh signaling on FGF2-induced MGPCs are
manifested directly through the Miiller glia or through inner
retinal neurons.

Conclusions

We conclude that Hh signaling influences the proliferation of
MGPCs in NMDA-damaged retinas and in FGF2-treated retinas in
the absence of damage. In damaged retinas, Shh signaling is
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dynamically regulated and is correlated with a redistribution of Shh
from ganglion cell axons to MGPCs. In addition, we find that FGF2/
MAPK signaling stimulates Miiller glia to become responsive to Hh
signaling, and that Hh signaling contributes to the network of
signaling pathways and to Pax6 expression to stimulate the de-
differentiation and proliferation of MGPCs. We find that the
combined activation of IGF1 and Hh signaling is sufficient to
stimulate some aspects of de-differentiation, such as nuclear
migration and induction of low levels of Pax6, but fails to promote
fully the de-differentiation of Miiller glia into proliferating MGPCs.

MATERIALS AND METHODS

Animals

The use of animals in these experiments was in accordance with the
guidelines established by the National Institutes of Health and the Ohio
State University. Newly hatched male and female wild-type leghorn
chickens (Gallus gallus domesticus) were obtained from Meyer Hatchery
(Polk, OH, USA). Chicks were kept on a cycle of 12 h light, 12 h dark (lights
on at 08:00 h). Chicks were housed in a stainless steel brooder at ~25°C and
received water and Purina chick starter ad libitum. All of the chicks used in
these studies were between 6 and 28 days of age.

Intraocular injections

Chickens were anesthetized and intraocular injections were performed as
described previously (Fischer et al., 2008, 2009a). Injected compounds
included NMDA (6.4 or 154 pg/dose; Sigma-Aldrich), FGF2 (250 ng/dose;
Sigma-Aldrich), IGF1 (400 ng/dose; R&D Systems), rhShh (500 ng/dose;
R&D Systems), KAAD-cyclopamine (1 pg/dose; Selleck Chemicals; CAS
306387-90-6), SE1 anti-Shh (20 pl/dose; Developmental Studies Hybridoma
Bank), Gli antagonist GANTS8 (1 pg/dose; Selleck Chemicals), Gli
antagonist GANT61 (1 pg/dose; Tocris Bioscience), smoothened agonist
(SAG) (500 ng/dose; EMD Millipore; CAS 364590-63-6), DAPT {N-[N-
(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine #-butyl ester; 865 ng/
dose; Sigma-Aldrich}, UO126 (1.7 ug/dose; Calbiochem) and 5-bromo-2'-
deoxyuridine (BrdU; 2 pg/dose; Sigma-Aldrich). Hydrophobic compounds
were diluted and injected in 30% DMSO in saline. Injection paradigms are
included in the figures and legends.

PCR

Tissue dissections, RNA isolation, reverse transcriptase reactions and PCR
reactions were performed as described previously (Fischer et al., 2004a,
2010; Ghai et al., 2010). PCR primers were designed by using the Primer-
BLAST primer design tool at NCBI (http:/www.ncbi.nlm.nih.gov/tools/
primer-blast/). Primer sequences are included in supplementary material
Table S1. qPCR reactions were performed using SYBR Green Master Mix
and StepOnePlus Real-Time system (Applied BioSystems). Samples were
run in triplicate on a minimum of four individuals. Ct values obtained from
real-time PCR were normalized to GAPDH for each sample and the fold
change between control and treated samples was determined using the 2—AACt
method [=fold change 2"22“Y] and represented as a percentage change
from the control, which was assigned a value of 100. Significance of
difference for percent change was determined by using a non-parametric
Mann—Whitney U-test.

TUNEL

To identify dying cells that contained fragmented DNA, the TUNEL method
was used. We used an /n Situ Cell Death Kit (TMR red; Roche Applied
Science), as per the manufacturer’s instructions.

In situ hybridization

The plasmid carrying a ¢cDNA fragment of Ptchl was provided by
Dr Clifford Tabin (Department of Genetics, Harvard University, Boston,
USA). The riboprobe to Ptchi covered nucleotides 900 to 3.4 kb. Riboprobe
to Shh was generated from PCR product using primers that included RNA
polymerase initiation sites, as described elsewhere (Stanke et al., 2010). The
riboprobe to Shh covered nucleotides 332 to 1415. Digoxigenin-labeled
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riboprobes were synthesized using the DIG RNA Labeling Kit (Roche), and
stored at —80°C until use. Eyes were dissected, fixed, sectioned and
processed for in situ hybridization as described previously (Fischer et al.,
2002a, 2004a; Ghai et al., 2009, 2010).

Fixation, sectioning and immunocytochemistry

Tissues were fixed, sectioned and immunolabeled as described previously
(Fischer and Reh, 2000, 2002; Fischer et al., 1998). Primary and secondary
antibodies are listed in supplementary material Table S2.

Photography, cell counts and statistics

Digital photomicroscopy was performed as described in previous studies
(Fischeretal., 2008, 2010; Ghai et al., 2009, 2010). Central retina was defined
as the region within a 3 mm radius of the posterior pole of the eye, and
peripheral retina was defined as an annular region between 3 mm and 0.5 mm
from the CMZ. The identity of BrdU-labeled cells was determined based on
previous findings that all proliferating cells in the chick retina are Sox2/9™
Miiller glia in the INL/ONL, Sox2/9/Nkx2.2" NIRG cells in the IPL, GCL and
NFL (the NIRG cells do not migrate distally into the retina), and CD45" (Sox2/
97) microglia (Fischer et al., 2010; Zelinka et al., 2012). Sox2" nuclei in the
INL were identified as Miiller glia based on their large size and fusiform
shape, which was distinctly different from the Sox2" nuclei of cholinergic
amacrine cells, which are small and round (Fischer et al., 2010). None of the
proliferating Sox2/Sox9-positive cells within peripheral regions of the retina
was derived from CMZ progenitors; cells produced by CMZ progenitors do
not migrate laterally into the retina (Fischer and Reh, 2003a). Similar to
previous studies (Fischer et al., 2009a,b, 2010; Ghai et al., 2009),
immunofluorescence was quantified by using ImagePro 6.2 (Media
Cybernetics, Bethesda, MD, USA). The mean area, intensity and density
sum was calculated for the pixels within threshold regions from at least five
retinas for each experimental condition. GraphPad Prism 6 was used for
statistical analyses.
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