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Müller glial cells (MGCs) represent the most plastic cell type found in the retina. Following injury, zebrafish and
avian MGCs can efficiently re-enter the cell cycle, proliferate and generate new functional neurons. The regener-
ative potential of mammalian MGCs, however, is very limited. Here, we showed that N-methyl-D-aspartate
(NMDA) damage stimulates murine MGCs to re-enter the cell cycle and de-differentiate back to a progenitor-
like stage. These events are dependent on the recruitment of endogenous bone marrow cells (BMCs), which, in
turn, is regulated by the stromal cell-derived factor 1 (SDF1)-C-X-C motif chemokine receptor type 4 (CXCR4)
pathway. BMCs mobilized into the damaged retina can fuse with resident MGCs, and the resulting hybrids un-
dergo reprogramming followed by re-differentiation into cells expressingmarkers of ganglion and amacrineneu-
rons. Our findings constitute an important proof-of-principle that mammalian MGCs retain their regenerative
potential, and that such potential can be activated via cell fusion with recruited BMCs. In this perspective, our
study could contribute to the development of therapeutic strategies based on the enhancement of mammalian
endogenous repair capabilities.
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1. Introduction

Müller glia cells (MGCs) are the main glial cell type of the retina,
where they fulfill typical functions of glia in the brain. In particular,
they are responsible for the maintenance of retinal structure; they also
actively participate in the regulation of ion homeostasis and in neuro-
transmitter recycling (Bringmann et al., 2009; Reichenbach and
Bringmann, 2013; Newman and Reichenbach, 1996). Additionally,
MGCs can act as adult stem cells, especially in early vertebrates such
as teleost fish (Lenkowski and Raymond, 2014; Nagashima et al.,
2013), but also in chicken (Fischer and Reh, 2001, 2003; Gallina et al.,
2016). In these animals, MGCs respond to injury by reactivating expres-
sion of retinal stem cell genes. Like retinal progenitor cells, they re-enter
the cell cycle, proliferate, and eventually re-differentiate into functional
retinal neurons (Thummel et al., 2008; Fausett and Goldman, 2006;
Fischer and Reh, 2001, 2002). Following pharmacological damage of ei-
ther ganglion or photoreceptor cells, adult murine MGCs can also re-
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enter the cell cycle and contribute to neuronal regeneration (Karl et
al., 2008;Wan et al., 2008; Ooto et al., 2004; Todd et al., 2015). However,
the frequency of such events is extremely low. As a consequence, prolif-
erative MGCs are unable to fully rescue retinal functionality (Karl and
Reh, 2010).

The reasons underlying limited regenerative potential of MGCs in
mammals have not been clearly elucidated yet. However, a number of
studies have identified some of the key events that could contribute to
the enhancement of endogenous mammalian regeneration. In particu-
lar, proliferation of murine MGCs can be stimulated by overexpression
of Ascl1, a transcription factor essential during retinal development
(Pollak et al., 2013). Pharmacological perturbation of specific signaling
pathways can also stimulate the neural regenerative potential of mam-
malian MGCs; these include, for instance, Wnt/β-catenin, EGF, FGF, and
insulin pathways (Karl et al., 2008; Osakada et al., 2007; Close et al.,
2006; Todd et al., 2015; Ooto et al., 2004; Tao et al., 2016; Yao et al.,
2016).

Furthermore, we have previously shown thatMGCs can undergo de-
differentiation and re-entry into the cell cycle following fusion with
transplanted hematopoietic stem and progenitor cells (HSPCs)
(Sanges et al., 2013, 2016). Importantly, fusion events are largely dam-
age-dependent and result in the formation of tetraploid BM-derived
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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hybrids. Interestingly, the reprogramming efficiency of newly generated
hybrids is significantly increased when the Wnt/β-catenin pathway is
activated in the HSPCs prior to transplantation (Sanges et al., 2013,
2016).

Bone-marrow cells (BMCs, including HSPCs) have been extensively
shown to contribute to the repair of damaged tissues and organs
(Wang et al., 2003; Orlic et al., 2001; Weimann et al., 2003b; Lagasse
et al., 2000; Kale et al., 2003; Jackson et al., 2001). This can be attributed
to their plasticity and their ability to change identity via either
transdifferentiation or cell fusion-mediated events. In particular, endog-
enous BMCs have been shown to fuse with several cell types, including
glia (Altarche-Xifro et al., 2016), neurons (Johansson et al., 2008;
Alvarez-Dolado et al., 2003), hepatocytes (Vassilopoulos et al., 2003;
Pedone et al., 2017), cardiomyocytes (Nygren et al., 2004), and gut
cells (Rizvi et al., 2006; Davies et al., 2009).

Changes in cellular identity are intimately coupled to the recruit-
ment of BMCs to the site of damage. Several cytokines have been pro-
posed to facilitate BMC recruitment. Among these, stromal-derived
factor 1 (SDF1, also known as C-X-C motif chemokine 12 - CXCL12)
seems to play a crucially important role (Cheng and Qin, 2012; Nervi
et al., 2006; Aiuti et al., 1997).

SDF1 specifically binds to the C-X-Cmotif chemokine receptor type 4
(CXCR4). The SDF1/CXCR4 signaling axis has already been extensively
implicated in the regulation of BMC homing and mobilization (Nervi
et al., 2006; Kollet et al., 2003). Robust mobilization of CXCR4-express-
ingHSPCs in the peripheral blood occurswhen plasma levels of SDF1 are
increased (Hattori et al., 2001). Additionally, SDF1 is one of the major
players in the regulation of HSPC trans-endothelial migration (Aiuti et
al., 1997). Interestingly, SDF1 expression is also strongly up-regulated
following damage in several tissues, including the liver, the brain, and
the retina (Mocco et al., 2014; Lima E Silva et al., 2007; Pedone et al.,
2017).

We decided to use a model of N-methyl-D-aspartate (NMDA)-in-
duced excitotoxicity, characterized by apoptosis of ganglion and
amacrine neurons (Lucas and Newhouse, 1957; Siliprandi et al., 1992;
Sucher et al., 1997). We investigated damage-induced recruitment of
endogenous BMCs into the retina, showing its dependence on the activ-
ity of the SDF1/CXCR4 pathway. We also showed that NMDA-damage
could stimulateMGCs to dedifferentiate, and that such dedifferentiation
was the result of fusion events involvingMGCs and endogenouslymobi-
lized BMCs. Resulting hybrids were found to contribute to the replace-
ment of damaged neurons, generating calretinin-positive ganglion and
amacrine cells.

Overall, our data suggests that cell fusion is one of the mechanisms
underlying MGC plasticity. MGC ability to de-differentiate and prolifer-
ate is strongly dependent on the recruitment of their fusion partners,
endogenous BMCs. Migration of BMCs is, in turn, regulated by the
SDF1/CXCR4 signaling axis. As a result, modulation of the SDF1/CXCR4
pathway can affect MGC plasticity, and the extent to which MGCs can
contribute to regeneration of damaged retinal tissue.

2. Materials and Methods

2.1. Animal Care and Treatment

Mice were maintained under a 12-h light/dark cycle with access to
food and water ad libitum, in accordance with the Ethical Committee
for Animal Experimentation (CEEA) of the Government of Catalonia.
The CEEA of the Parc de Recerca Biomèdica de Barcelona (PRBB,
Spain) reviewed and approved all animal procedures. Additionally, pro-
cedures and experiments were performed in accordancewith the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research,
and with ARRIVE (Animal Research: Reporting of In Vivo Experiments)
guidelines (Kilkenny et al., 2011).

Male and female animals between 8 and 12weekswere used for the
study. Theywere assigned randomly to the various treatment groups. A
minimum of three mice per treatment group was used. General anes-
thesia was inducedwhen neededwith intraperitoneal injection of keta-
mine (70 mg/kg) and medetomidine (10 mg/kg). Anesthesia was
reversed with atipamezole (2 mg/kg). At endpoints, mice were eutha-
nized using CO2.

2.2. Transgenic Mouse Lines

We used the following transgenic mouse lines: Vav-Cre (Stadtfeld
and Graf, 2005); CAG-RFP (Long et al., 2005); GFAP-Cre (Zhuo et al.,
2001); Calr-Cre (Taniguchi et al., 2011); R26Y (B6.129X1-Gt(ROSA)
26Sortm1(EYFP)Cos/J) (Srinivas et al., 2001).

Additionally, we generated GFAP-Cre/R26Y and Calr-Cre/R26Ymice.
These strains were generated by crossing R26Y mice with either GFAP-
Cre or Calr-Cre ones. As a result, mice possessed both the Rosa 26-LoxP-
stop-LoxP-YFP [R26Y] transgene and either the GFAP-Cre or the Calr-
Cre transgene.

2.3. Sub-lethal Irradiation and Bone Marrow Transplantation

Bonemarrow (BM) transplantationwas carried out as previously re-
ported (Fazel et al., 2006). Briefly, 8–12 weeks-old mice received total
body irradiation with 9 Gγ (double dose of 4,5 Gγ) six weeks prior to
retinal damage and/or drug treatment. 3–4 h after irradiation, they re-
ceived an intravenous injection of 1 × 107 BM cells from young donor
mice. Total BM cells were obtained by gently flushing femurs and tibias
with PBS.

R26Y/BMCRE-RFP chimeric animals were generated by replacing the
BM of transgenic mice carrying the R26Y allele with the BM of CAG-
RFP/Vav-Cre donor mice.

GFAP-Cre/BMR26Y chimeric mice were generated by replacing the
BM of GFAP-Cre mice with the BM of donor transgenic mice carrying
the R26Y allele.

Calr-Cre/R26Y/BMRFP mice were generated by replacing the BM of
Calr-Cre/R26Y mice with that of donor CAG-RFP mice.

2.4. Retinal Damage and Drug Treatment

Mice were anaesthetized and intravitreally injected with 2 μl of ei-
ther NMDA (20mmol/μl; Sigma) or PBS, as a control. Briefly, a 30-G nee-
dle was used to carefully make a small incision at the upper temporal
ora serrata. The 33-gauge needle of a Hamilton's syringe was then
inserted into the incision to inject PBS or NMDA into the vitreous. The
needle was left in place for 10 s before being retracted to avoid reflux.
Eye samples were isolated 24 h (24 hpi), 4 days (4 dpi) or 3 weeks
(3 wpi) post-injection.

To investigate the effects of SDF1/CXCR4 signaling modulation, we
intravitreally injected 1 μl of SDF1 (50 ng/μl, Sigma) immediately after
PBS or NMDA treatment. Control eyes were injected with an equivalent
volume of PBS. To block migration of bone marrow cells, mice received
intraperitoneal injections of the CXCR4 antagonist AMD3100 (1 mg/kg,
Sigma A5602). AMD3100 injections were performed every 24 h and for
a maximum of three consecutive days, starting the same day of the
NMDA treatment (a single injection for mice sacrificed at 24 hpi, and
three injections in total for mice sacrificed either 4 dpi or 3 wpi).

2.5. FACS Sorting of Müller Glia Cells and Hybrids for Gene Expression
Analysis

For FACS analysis and sorting, retinae were dissected from the enu-
cleated eyes and disaggregated in trypsin for 20–30min at 37 °C. Retinal
samples were then mechanically triturated, filtered, pelleted, and re-
suspended in PBS supplementedwith 2% fetal bovine serum (FBS). A so-
lution of 6-diamidino-2-phenylindole (DAPI, Sigma10236276)was also
added to exclude dead cells from the analysis (5 mg/ml, used 1:1′000).
Flow cytometry analysis was performed in a LSR Fortessa (Becton
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Dickinson) with FACSDiva (Becton Dickinson) software. Cell sorting
was performed using the BD FACSAria II sorting machine (Becton Dick-
inson). For macrophage analysis, we used a rat primary anti-MAC-1
(CD11b) antibody (1:100, eBioscience 17-0112).

2.6. RNA Extraction and Real-time PCR

RNA was extracted from sorted cells using either the RNA Isolation
Mini kit or the RNA Isolation Micro one (both QIAGEN), according to
the manufacturer protocol. RNA was reverse-transcribed with Super-
Script III (Invitrogen). Real-time PCR reactions were performed using
PlatinumSYBR green qPCR SuperMix-UDG(Invitrogen) in a LyghtCycler
480 (Roche) machine, according to the manufacturer recommenda-
tions. The oligos used are listed in supplementary table S1. The cycling
conditions were as follows: (1) denaturation [1 cycle, 95 °C for 5 min,
ramp rate (°C/s) = 4.4 °C]; (2) amplification [45 cycles: 95 °C for 10s,
ramp rate (°C/s) = 4.4 °C; 60 °C for 10s, ramp rate (°C/s) = 2.2 °C; 72
°C for 15 s, ramp rate (°C/s) = 4.4°]; (3) melting [1 cycle: 95 °C for
10s, ramp rate (°C/s) = 4.4 °C; 62 °C for 10s, ramp rate (°C/s) = 2.2
°C; 97 °C, ramp rate (°C/s) = 0.07 °C, acquisitions (per °C) = 8]; (4)
cooling [1 cycle, 40 °C, ramp rate (°C/s) = 1.5 °C].

RT-PCR data was normalized to Gapdh expression. We averaged at
least three independent experiments, and, for each sample, we had at
least a technical duplicate. Relative mRNA levels were presented as
fold-changes with respect to the appropriate control.

2.7. Fixing, Sectioning, Immunohistochemistry and Immuno-TUNEL

Eyes were enucleated and fixed by immersion in 4% paraformalde-
hyde (PFA) overnight at 4 °C. They were embedded in paraffin the fol-
lowing day. Serial transversal sections of 5 μm of thickness were
prepared and processed for immunofluorescence staining. Briefly, sec-
tions were de-paraffinized by sequential treatment with Xilene, EtOH
100%, EtOH 95%, EtOH 90%, EtOH 80%, EtOH 70%, EtOH 50% and H2O
(3 washes, 5 min per wash). Slices were placed in a plastic rack with
an antigen retrieval buffer (0.1 M NaCitrate and 0.3%Triton X-100 in
PBS) and boiled for 4′ in a domestic microwave. After a wash with
cold water, sections were blocked in 10% normal goat serum (NGS) for
30min and in 1% NGS for an additional 30min. Retinal sectionswere in-
cubated overnight at 4 °C with primary antibodies diluted in PBS. They
were then washed with PBS and incubated with secondary antibodies
for 1 h at room temperature.

For retinal flat mount immunostaining, whole retinae were dis-
sected and fixed for 1 h with 4% PFA. They were then permeabilized
and blocked (10% NGS, 0.3% Triton X-100 in PBS), prior to incubation
with primary antibodies (two consecutive overnights at 4 °C). Retinae
were then washed with PBS and incubated with secondary antibodies.

TUNEL staining was performed according tomanufacturer's instruc-
tions (In Situ Cell Death Detection Kit, Fluorescein). Briefly, retinal flat
mounts were permeabilized and blocked (10% NGS, 0.3% Triton X-100
in PBS). They were then incubated with the TUNEL reaction mixture at
37 °C. DAPI was also used to stain for cell nuclei.

For immuno-TUNEL staining, we first performed immunostaining
with primary antibodies, as described above. We then proceeded with
the TUNEL reaction, and, lastly, with the secondary antibody staining.

The list of primary antibodies used for both retinal flat mounts and
sections can be found in Table S2. We used the following secondary an-
tibodies: anti-chicken Alexa Fluor 488, anti-mouse Alexa Fluor 568,
anti-rabbit Alexa Fluor 568, anti-mouse Alexa Fluor 647 and anti-rabbit
Alexa Fluor 633. All secondary antibodies were provided by Molecular
Probes (Invitrogen) and used 1:1000 in PBS. DAPI was also used to
stain for cell nuclei.

Both retinal flat mounts and sections were mounted with
Vectashield (Vector Laboratories, 42 Burlingame, CA, USA) and imaged
using either Leica laser SP5 or SP8 confocal microscopy systems.
2.8. Image Processing and Quantification

Images from both sections andwhole retinal flatmounts were proc-
essed with the ImageJ software (US National Institutes of Health, Be-
thesda, Md., USA). Quantifications were based on analysis of at least
three animals. We analyzed a minimum of two sections per mouse,
and three random fields per section. For each flat mount, we imaged
at least three random fields.

To quantify the number of YFP+ cells differentiating into ganglion-
amacrine neurons in flat mounts, YFP+ total cells and double positive
YFP+/CALR+ cells were counted in at leastfive random fields per animal
(20× objective). The transdifferentiation rate was expressed as the per-
centage of YFP+/CALR+ cells over the total YFP+ cells present in each
field.

Similarly, the number of proliferatingMGCs (Fig. 1d, S1d)was repre-
sented as the percentage of phH3+/YFP+ or PCNA+/YFP+ cells over the
total YFP+ cells counted in each imaged field.

YFP+ and YFP+/Nestin+ cells were counted in at least five random
fields from two different retinae per treatment group. The percentage
of Nestin+ cells was expressed with respect to the total YFP+ MGCs
counted in each field (Fig. S2d, e).

Quantification of the YFP+ hybrids in retinal flat mounts of R26/
BMCRE-RFP and GFAP-Cre/BMR26Y mice was evaluated by counting the
YFP+ cells in ten randomfields per animal (20× objective). The percent-
age of YFP+ hybridswas expressedwith respect to either the total RFP+

BMCs (Fig. 3e, f) or the DAPI+ cells (Fig. S7e) present in each field.

2.9. Statistical Analysis

For statistical analysis, data were expressed as mean ± S.E.M. We
used either unpaired, two-tailed Student's t-test, One-way or Two-
way Anova (followed by Tukey's multiple comparisons test), as indi-
cated in the figure legends. All statistical tests and graphs were gener-
ated using the Prism 7.0 software (GraphPad, San Diego, CA). A p
value b 0.05 was considered significant (*, p b 0.05; **, p b 0.01; ***, p
b 0.001; ****, p b 0.0001; ns, not significant).

3. Results

3.1. NMDA-damage Stimulates Müller Glia Cells (MGCs) Proliferation and
Dedifferentiation

Intravitreal injection of NMDA was used to induce apoptosis of gan-
glion and amacrine neurons in a group of GFAP-Cre/R26Y mice, which
carry glial cells genetically labeled in green (Fig. 1a).

We investigated the localization and themorphology of YFP+ cells in
retinal sections, 24 h (24 hpi) and 4 days (4 dpi) post-injury. As ex-
pected, we found that YFP expression co-localized with glutamine syn-
thetase (GS), a known marker of glia cells that spans the entire
thickness of the retinal tissue (Fig. 1b, yellow arrows). To further distin-
guish between MGCs and astrocytes, we performed staining for
retinaldehyde-binding protein (CRALBP), which is specifically
expressed inMGCs, but not in astrocytes. Stainingwas performed in ret-
inal flat mounts, where expression of selected markers can be
pinpointed to a specific retinal layer (Fig. S1a). We only found a few
YFP+-CRALBP− cells localized just below the ganglion cells layer;
these cells were characterized by an astrocyte-like morphology (Fig.
S1b bottom panels). However, within the retinal layers, the YFP signal
co-localized with the MGC-specific marker CRALBP (Fig. S1b upper
panels), meaning that the GFAP-Cre/R26YFP mouse model can be used
to efficiently track MGCs.

We then FACS-sorted YFP-positive cells from either control (i.e.,
PBS-treated) or damaged (i.e., NMDA-treated) retinae at different
times post-injection (Fig. S1c) to analyze gene expression patterns.
Compared to those isolated from PBS-injected controls, YFP+ cells
sorted fromNMDA-damaged retinae showed a tendency to up-regulate
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numerous retinal progenitor genes 24 hpi, including Pax6,Nestin, Chx10,
Math3, Ascl1 and Sox2 (Fig. 1c, left panel). Some of these trends were
maintained 4 dpi (e.g. Chx10, Ascl1, Sox2), even though expression levels
were found to slightly decrease (Fig. 1d, right panel). Expression of
other genes, however, did not appear to be increased with respect to
the PBS-injected control 4 dpi (e.g. Pax6, Nestin, Math3). Interestingly,
Cyclin D1 expression was strongly upregulated 24 hpi, and its levels
remained high 4 dpi (Fig. S1d).

Image of Fig. 1
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Since Cyclin D1 is expressed in the G1 phase of the cell cycle and in
proliferative cells (Kohno et al., 2006), our results suggested that
MGCs could re-enter the cell cycle following NMDA damage. We vali-
dated these findings by staining both retinal sections (Fig. S1e) and
flatmounts (Fig. S1f) for twowell-knownproliferationmarkers, namely
proliferating cell nuclear antigen (PCNA) (Maga and Hubscher, 2003)
and phosphorylated histone H3 (phH3) (Goto et al., 1999). In NMDA-
damaged retinae, we found a number of YFP+ cells that were also pos-
itive for PCNA and phH3, both at 24 hpi and 4 dpi (Figs. 1d, S1e, f). In the
control samples, however, no PCNA+/YFP+ or phH3+/YFP+ cells were
present (Figs. 1d, S1e, f). Overall, our data indicates that, following
NMDA-damage, MGCs can re-enter the cell cycle and dedifferentiate,
re-activating expression of neural and retinal progenitor genes.

To characterize the differentiation potential of YFP+ cells, we
followed their fate in the long term. In particular, we stained retinal
flat mounts for calretinin (CALR), 3 weeks post-injection (3 wpi).
CALR is a specific marker of ganglion and amacrine cells (Chiquet et
al., 2005; Pasteels et al., 1990; Mojumder et al., 2008), which are the
cell types that undergo apoptosis following NMDA-damage (Lucas and
Newhouse, 1957; Siliprandi et al., 1992; Sucher et al., 1997). We found
that, 3 wpi, 5% of the YFP+ cells were also expressing CALR (Fig. 1e, f,
g), suggesting that reprogrammedMGCs could re-differentiate towards
a neuronal cell fate. We also qualitatively confirmed our data by finding
that, 3 wpi, some YFP+ cells were expressing beta-III tubulin (Fig. S1g),
another ganglion cell-specific marker (Jiang et al., 2015).
3.2. Dedifferentiation of Müller Glia Cells is Affected by Perturbation of the
SDF1/CXCR4 Signaling Axis

NMDA-damage was associated with an overall up-regulation of
SDF1 expression, 24 hpi (Fig. 2a). Moreover, YFP+ cells sorted from
damaged GFAP-Cre/R26Y retinae were found to express SDF1 at higher
levels than YFP+ cells isolated from control samples (Fig. S2a). On the
basis of these findings, we hypothesized that activation of the SDF1/
CXCR4 pathway could be involved in the de-differentiation process of
MGCs.

To investigate the validity of our hypothesis, we injected the SDF1
chemokine in a group of NMDA-damaged GFAP-Cre/R26Y mice (Fig.
2b; Group B). Another group of NMDA-treated mice was intraperitone-
ally injected with the SDF1 antagonist AMD3100 (Fig. 2b; Group C). An
additional group only received NMDA-injection (Fig. 2b; Group A). We
FACS-sorted YFP+ cells 4 dpi from retinae belonging to each of these
treatment groups (Fig. S2b), and we analyzed the expression of neural
and retinal progenitor genes. We found that YFP+ cells sorted from
the SDF1-treated retinae showed a more de-differentiated, retinal pro-
genitor-like phenotype (Fig. 2c). In particular, expression of Pax6,Nestin,
Six3, Math3, Math5, and Prox1 was increased. Cyclin D1 expression was
also strongly up-regulated (Fig. 2d). Expression of these genes was
Fig. 1.Müller glial cells (MGCs) undergo reprogramming and differentiate into CALR+ cells follo
In thesemice, ubiquitous expression of YFP is impeded by the presence of a floxed-STOP codon
glial-specific GFAP promoter. As a consequence, the YFP reporter allows to trace glial cells. We in
PBS, as controls. We characterized YFP+ cells at various time-points post-injection. (b) Represe
24 hpi and 4 dpi. Highermagnification images (from the areas enclosed by thewhite boxes) are
glial marker (onl, outer nuclear layer; inl, inner nuclear layer; gc, ganglion cells layer). Scale ba
using total RNA harvested from FACS-sorted YFP+ cells of either PBS-treated (CTR) or NMDA-
expressed as fold-changes relative to YFP+ cells sorted from PBS-injected retinae. Data are rep
test (24 hpi: Pax6, p = 0.3533ns;Nestin, p = 0.1704ns; Chx10, p = 0.1009ns; Six3, p = 0.3896
Sox2, p = 0.2774ns; 4 dpi: Pax6, p = 0.2357ns; Nestin, p = 0.3592ns; Chx10, p = 0.0771ns; Six
p = 0.2790ns; Sox2, p = 0.0378⁎). (d) Quantification of proliferating MGCs. Results are prese
4 dpi, both for PBS-treated (CTR) and NMDA-damaged (NMDA) retinae. Data are represent
(phH3: 24 hpi, p = 0.0086⁎⁎; 4 dpi, p = 0.0042⁎⁎; PCNA: 24 hpi, p = 0.0103⁎; 4 dpi, p = 0
3 weeks post-injection. Representative fields from PBS-injected (CTR) and NMDA-damaged (N
yellow arrows. Nuclei were counterstained with DAPI (blue). Scale bar: 20 μm. (f) Schema
mounts. GFAP-Cre/R26Y mice were used for these experiments. YFP+ and YFP+/CALR+ cells w
treatment group. (g) Percentages of YFP+ cells expressing CALR, 3 wpi. Cells were counted i
damaged (NMDA) retinae. Data are represented as mean ± S.E.M. (n = 3). Statistical analysis
instead severely decreased in the YFP+ cells sorted from retinae of
mice that had received AMD3100 treatment (Fig. 2c, d).

Interestingly, SDF1 treatmentwas also associatedwith an increase in
the total number of YFP+ cells, as analyzed by FACS (Fig. S2c).Moreover,
compared to NMDA-injected controls, the number of YFP+/Nestin+

cells 4 dpi was increased in SDF1–treated retinae, and reduced in
AMD3100-treated ones (Fig. S2d, e). Overall, these results suggest that
SDF1-treatment can increase the de-differentiation and the prolifera-
tion of MGCs.

Importantly, even the number of YFP+/CALR+ cells 3wpiwas signif-
icantly higher in retinal flat mounts harvested from SDF1-treated mice,
as compared to NMDA-damaged controls (Fig. 2e, f). AMD3100-treat-
ment, instead, was associated with a strong reduction in the number
of YFP+/CALR+ cells (Fig. 2e, f). In other words, our results suggest
that the number of MGC-derived ganglion and amacrine cells is in-
creased by SDF1-treatment, and decreased by inhibition of the SDF1-
CXCR4 axis.

To investigate whether newly generated YFP+/CALR+ cells would
undergo apoptosis, we performed TUNEL staining on retinal flatmounts
of GFAP-Cre/R26Y lineage tracingmice. As a control, we confirmed that
the number of apoptotic TUNEL+ cells was significantly higher in dam-
aged retinae as compared to control ones, 1 week post-injection (1wpi,
Fig. S3a, c). The number of apoptotic cells was instead reduced 3 wpi
(Fig. S3b, c), most likely because NMDA-dependent cell death had al-
ready largely been completed at this time point. Indeed, 3 wpi, very
few YFP+/CALR+ cells were also TUNEL+, in all treatment groups (Fig.
S3d).

We also wondered whether NMDA-damage and SDF1 administra-
tion could cause infiltration of phagocytic cells, such as microglia and
macrophages. We therefore evaluated the presence of MAC-1 express-
ing cells in total retinae of wild type mice using FACS analysis, 24 hpi
and 4 dpi (Fig. S4a, b). We found a slight but not significant increase
in the percentage of MAC-1+ cells in the NMDA-damaged retinae har-
vested 24 hpi as compared to the PBS-injected controls (Fig. S4a, b).
The percentage of infiltrated MAC-1+ cells decreased drastically 4 dpi
(Fig. S4a). SDF1 administration did not alter the percentage of MAC-
1+ macrophages (Fig. S4a, b). Furthermore, CALR+ cells derived from
YFP+ cells were negative for the expression of MAC-1 3 wpi (Fig. S4c).

Collectively, our data suggest that, following NMDA-damage, MGCs
can undergo dedifferentiation and re-enter the cell cycle. They can
then re-differentiate into CALR+ cells, without undergoing apoptosis.
These events are regulated by the SDF1-CXCR4 signaling axis, at least
partially.

3.3. The SDF1/CXCR4 Axis Regulates Recruitment of Endogenous Bone Mar-
row Cells (BMCs), Which can Then Fuse With Retinal Cells

As MGC de-differentiation is regulated by the SDF1/CXCR4 signaling
axis, which also induces mobilization of endogenous BMCs, we
wingNMDA-damage. (a) Experimental scheme.Weused transgenic GFAP-Cre/R26Ymice.
, which can be excised by Cre recombinase. Expression of Cre recombinase is driven by the
jectedNMDA in the right eyes to induce retinal degeneration. Left eyeswere injectedwith
ntative immunostaining of retinal sections harvested from GFAP-Cre/R26Y mice sacrificed
shown in the bottompanel. YFP+ cells (green) are also positive for GS (red), awell-known
r: 100 μm. (c) RT-PCR expression analysis of neural stem cell and retinal progenitor genes
damaged (NMDA) retinae of GFAP-Cre/R26Y mice, 24 hpi and 4 dpi. Transcript levels are
resented as mean ± S.E.M. (n = 4). Statistical analysis is based on unpaired Student's t-

ns; Math3, p = 0.1157ns; Math5, p = 0.5200ns; Prox1, p = 0.8599ns; Ascl1, p = 0.3695ns;
3, p = 0.8952ns; Math3, p = 0.4317ns; Math5, p = 0.1218ns; Prox1, p = 0.3917ns; Ascl1,
nted as number of counted PCNA+/YFP+ and phH3+/YFP+ cells per section, 24 hpi and
ed as mean ± S.E.M. (n = 3). Statistical analysis is based on unpaired Student's t-test
.0203⁎). (e) Immunostaining of retinal flat mounts from GFAP-Cre/R26Y mice sacrificed
MDA) retinae. YFP+ cells (green) differentiating into CALR+ cells (red) are indicated by

tic representation of the method used for counting marker-positive cells in retinal flat
ere counted in 10 random fields from at least three different retinal flat mounts for each
n 6–10 random fields for each flat mount harvested from either PBS-injected (CTR) and
is based on unpaired Student's t-test (p b 0.0001⁎⁎⁎⁎).
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evaluated whether mobilized BMCs could fuse with retinal MGCs. To
test this hypothesis, we used chimeric R26Y/BMCRE-RFP mice, which
carry BMCs expressing CRE and RFP. In this model, BMCs can be tracked
by looking at RFP expression, whereas fusion events involving mobi-
lized BMCs can be tracked by looking at simultaneous expression of
RFP and YFP (Fig. 3a).
Firstly, we investigated the extent of BMC recruitment using FACS
analysis. We injected a group of chimeric R26Y/BMCRE-RFP mice with ei-
ther PBS or NMDA. We found NMDA-damage to be associated with en-
hanced recruitment of RFP+ BMCs, which come to represent 4% of the
total retinal cells 24 hpi (Fig. 3b, Fig. S5a). The amount of RFP+ BMCs
in damaged retinae decreased 4 dpi (Fig. 3b, Fig. S5a).

Image of Fig. 2
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Secondly, we explored the effects of SDF1/CXCR4 axismodulation on
damage-dependent BMC recruitment. We performed FACS analysis on
retinal samples from R26Y/BMCRE-RFP mice that had been previously
injected with NMDA, NMDA + SDF1 or NMDA + AMD3100 (Fig. 3a).
As expected, the percentage of RFP+ BMCs was significantly higher in
the eyes that had received SDF1-treatment as compared to the ones
that only received an NMDA injection, 24 hpi (Figs. 3c, S5b). In contrast,
the percentage of RFP+ BMCs was decreased in the group of mice that
had been treated with AMD3100 (Figs. 3c, S5b).

Overall, our findings indicate that endogenous BMCs can be effi-
cientlymobilized in response to tissue injury in b24 h, and that theirmi-
gration is regulated by the SDF1-CXCR4 signaling axis.

Next, we evaluated fusion events. FACS analysis of retinae harvested
from R26Y/BMCRE-RFP chimeric mice revealed that, after 24 h from
NMDA-damage, approximately 3% of recruited RFP+ BMCs were also
expressing YFP, which we interpreted as bona fide hybrids derived
from fusion events (Figs. 3d, S5c). These findings were also confirmed
in retinal flat mounts (Fig. 3e, f). Interestingly, the percentage of RFP+/
YFP+ hybrids further increased to 5.2% 4 dpi (Figs. 3d, S5c).

When compared to the total number of retinal cells, however, the
number of YFP+/RFP+ hybrids was extremely low, suggesting that cell
fusionwith endogenous BMCs only occurredwith low frequency. None-
theless, we probably underestimated the number of hybrids formed in
vivo due to BM chimerism. In fact, 6 weeks after BM replacement, only
about 45% of BMCs were found to be RFP+ (Fig. S5d, e).

Collectively, our data indicate that endogenous BMCs can be re-
cruited through the activity of the SDF1/CXCR4 signaling axis and can
fuse with resident retinal cells.

3.4. Mobilized BoneMarrow Cells Preferentially Fuse With Müller Glia Cells

To identify the retinal cell types capable of fusingwith BMCs,we per-
formed immunofluorescence staining for several markers, both in reti-
nal flat mounts and in retinal sections of chimeric R26Y/BMCRE-RFP

mice. In NMDA-damaged retinae, 24 hpi, we found that several RFP+/
YFP+ hybrids were also expressing GS (Fig. 4a, b). This indicated that
endogenous BMCs could fuse with glial cells of the retina. Importantly,
the large majority of YFP+/RFP+ hybrids were also found to express
CRALBP (Fig. S6a, b), indicating that fusion mainly occurs with MGCs,
and notwith astrocytes. Furthermore, we stained for bipolar (PKC), hor-
izontal (calbindin, CALB), and photoreceptor (recoverin, REC) markers,
but we could not observe any co-localization of these neuronal markers
with YFP. However, we found some CALR+ hybrids, suggesting that
ganglion and amacrine neurons could also act as fusion partners (Fig.
S6c).

To better characterize the frequencies of fusion events involving
MGCs and ganglion/amacrine neurons, we generated two different
types of chimeric mice, namely GFAP-Cre/BMR26Y (Fig. 4c) and Calr-
Cre/R26Y/BMRFP (Fig. S6d). In the former, BMCs-MGCs fusion could be
tracked by looking at YFP expression. In the latter, instead, co-localiza-
tion of YFP and RFP was indicative of fusion between BMCs and
Fig. 2.Modulation of the SDF1/CXCR4 axis affects Müller glial cell reprogramming and their diff
from PBS-treated (CTR) and NMDA-damaged (NMDA) retinae, 24 hpi. Transcript levels are exp
3). Statistical analysis is based on unpaired Student's t-test (p = 0.0372⁎). (b) Experimental s
groups: NMDA-damage (group A); NMDA-damage followed by SDF1-treatment (group B); N
investigate changes in the dedifferentiation and reprogramming state of YFP+ cells, using FAC
gene expression in YFP+ cells FACS-sorted 4 dpi from GFAP-Cre/R26Y mice belonging to the f
are expressed as fold-changes relative to YFP+ cells sorted from PBS-injected retinae. Data ar
(Pax6, p = 0.0023⁎⁎; Nestin, p = 0.0052⁎⁎; Chx10, p = 0.2315ns; Six3, p = 0.0081⁎⁎; Math3,
= 0.0015⁎⁎), followed by Tukey's multiple comparisons test (significance indicated in the figu
from GFAP-Cre/R26Y lineage tracing mice belonging to the four treatment groups (NMDA, NM
indicated by yellow arrows. Cell nuclei were counterstained with DAPI (blue). Representative
random fields for each retinal flat mount, from at least three different mice per treatment gro
respect to total YFP+ cells in retinal flat mounts of GFAP-Cre/R26Y lineage tracing mice bel
sacrificed 3 wpi. YFP and CALR immunopositive cells were counted in random fields (20× obj
fields = 43; NMDA+AMD3100, fields = 21). Statistical analysis is based on One-way Anova (
the figure).
ganglion/amacrine neurons. We found that 0.6% of the total retinal
cells were positive for YFP expression in NMDA-damaged GFAP-Cre/
BMR26Y eyes (Fig. 4d, e). However, only 0.7% of the RFP+ BMCs recruited
into damaged Calr-Cre/R26Y/BMRFP retinae were found to express YFP.
This corresponded to the 0.03% of the total retinal cells (Fig. S6e–g).
Therefore, we could conclude that fusion events involving ganglion/
amacrine neurons were extremely rare, and that BMCs preferentially
fused with MGCs.

3.5. BMC–MGCHybrids Undergo Reprogramming to Then Differentiate Into
Ganglion and Amacrine Cells

As the majority of fusion events occurred between BMCs and MGCs,
we decided to follow up our study using chimeric GFAP-Cre/BMR26Y

mice.
Firstly, we confirmed that YFP+ hybrids generated followingNMDA-

damage expressed CRALBP (Fig. S7a, b). We also found that some of the
YFP+ hybrids were positive for MAC-1 24 hpi (Fig. S7c). However, we
found that only 0.13% of the total Dapi+ cells were TUNEL+/YFP+ hy-
brids in the NMDA-damaged retinae (Fig. S7d, e). In other words, only
24% of the total YFP+ were found to be apoptotic. This suggested that
BMCs largely fused with non-apoptotic MGCs and/or that the majority
of the hybrids did not undergo apoptosis 24 hpi. Of note, very few hy-
brids were present in the control samples (0.02%) and none of them
was found to be TUNEL+ (Fig. S7d, e).

Secondly, to investigate the proliferative potential of these hybrids,
we stained retinal sections for phH3. We found that, 24 hpi, many
YFP+ hybrids were positive for phH3 (Fig. S7f). Accordingly, YFP+ hy-
brids sorted 24 hpi showed increased levels of the cell-cycle gene cyclin
D1, as compared to the pull of total retinal cells (Fig. 5a).

Thirdly, to determine whether these hybrids were associated with a
dedifferentiation phenotype, we also looked at expression of various
pluripotency genes and retinal progenitor markers. With respect to
YFP− retinal cells, hybrids were found to significantly up-regulate
Sox2, Pax6, Math3 and CyclinD1 (Fig. 5a). We also observed a tendency
for up-regulation of other retinal progenitor genes (i.e. Nestin, Ascl1,
Six3, Prox1, and Chx10) and pluripotency markers (Oct4 and SSEA1),
but such increases were not statistically significant (Fig. 5a).

Lastly, we assessed whether MGCs-derived hybrids could ultimately
differentiate into retinal neurons. Due to the nature of the induced dam-
age, we focused on hybrids conversion into ganglion and amacrine neu-
rons, using GFAP-Cre/BMR26Y chimeric mice. As a control, we excluded
that irradiation and BM replacement could significantly alter the num-
ber of these neurons. More specifically, we compared the number of
ganglion/amacrine cells in retinae of wild type mice with that of irradi-
ated and transplanted animals. The absolute numbers of CALR+neurons
were comparable in both groups, and, therefore, unaffected by the irra-
diation and transplantation procedures (Fig. S8a). Approximately 15% of
the YFP+ cells were expressing CALR 3 wpi (Fig. 5b, c, Fig. S8b, yellow
arrows), suggesting that MGC-derived hybrids could differentiate to-
wards a neuronal fate following NMDA-damage. However, many of
erentiation into CALR+ cells. (a) RT-PCR analysis of SDF1 expression using RNAs extracted
ressed as fold-changes relative to CTR retinae. Data are represented as mean± S.E.M. (n=
cheme: GFAP-Cre/R26Y lineage tracing mice were randomly divided into three treatment
MDA-damage followed by AMD3100-treatment (group C). Mice were sacrificed 4 dpi to
S and RT-PCR analysis. (c, d) RT-PCR analysis of retinal progenitors (c) and cell-cycle (d)
our treatment groups (CTR, NMDA, NMDA+SDF-1, NMDA+AMD3100). Transcript levels
e represented as mean ± S.E.M. (n ≥ 5). Statistical analysis is based on One-way Anova
p = 0.0233⁎; Math5, p = 0.0393⁎; Prox1, p = 0.0189⁎; Ascl1, p = 0.3125ns; cyclinD1, p
re). (e) Representative immunostaining images from retinal flat mounts harvested 3 wpi
DA+SDF-1, NMDA+AMD3100). Co-localization between YFP (green) and CALR (red) is
higher magnification images are shown in the white boxes. Images were taken from 10
up (n = 3). Scale bar: 40 μm. (f) Percentages of YFP+/CALR+ double positive cells with
onging to the different treatment groups (NMDA, NMDA+SDF-1, NMDA+AMD3100),
ective) from three independent experiments (n = 3, NMDA, fields = 30; NMDA+SDF-1,
p b 0.0001⁎⁎⁎⁎) followed by Tukey's multiple comparisons test (significance indicated in
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the hybrids were still positive for GS expression, indicating that they
retained their glia identity (Fig. S8b, magenta arrows). Additionally, a
percentage of YFP+/GS+ cells was also expressing CALR (Fig. S8b, red
arrows), suggesting that, 3 wpi, hybrids could be found in an
intermediate differentiation stage. Of note, none of the hybridswere ex-
pressing MAC-1 3 wpi (Fig. S8c).

Collectively, our data indicate that, following damage-induced re-
cruitment of BMCs, MGCs can undergo fusion-mediated

Image of Fig. 3
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reprogramming. Importantly, reprogrammed BMC-MGC hybrids can
differentiate towards a neuronal fate, expressing markers of ganglion
and amacrine cells.

4. Discussion

In this study, we have shown that NMDA-induced mobilization of
BMCs into the retina is associated with fusion events that stimulate
MGC proliferation and dedifferentiation. Newly generated hybrids can
give rise to CALR+ cells three weeks post-injury. All of these events
are affected by modulation of the SDF1/CXCR4 signaling axis.

Damage-induced up-regulation of SDF1 is not unexpected, as in-
creased SDF1 expression has been extensively correlated with tissue in-
jury and hypoxia (Lima E Silva et al., 2007; DeLeve et al., 2016;Mocco et
al., 2014; Yu et al., 2010), even in retinal models of ischemia (Lai et al.,
2008) and RPE damage (Li et al., 2006). Similarly, the SDF1/CXCR4
axis is well known to play a major role in BMC mobilization (Cheng
and Qin, 2012; Nervi et al., 2006; Hattori et al., 2001; Lima E Silva et
al., 2007). Indeed, intravitreal administration of SDF1 has already been
shown to enhance BMC recruitment in a model of sodium iodate-in-
duced retinal degeneration (Enzmann et al., 2017).

Our study further elucidates the possible mechanisms underlying
BMC-dependent regeneration in the retina, investigating the role and
contribution of cell fusion events. In fact, fusion of BMCs with resident
cells has already been implicated in the repair of several tissues and or-
gans, including heart (Nygren et al., 2004), liver (Petersen et al., 1999;
Lagasse et al., 2000; Pedone et al., 2017), gut (Rizvi et al., 2006), skeletal
muscle (Ferrari et al., 1998) and central nervous system (Johansson et
al., 2008; Altarche-Xifro et al., 2016; Sanges et al., 2013, 2016).

We have shown that NMDA-damage and cell fusion are associated
with MGC spontaneous re-entry into the cell cycle and re-activation of
multiple retinal progenitor genes. Our observations are consistent
with numerous studies that have revealed how MGCs and retinal pro-
genitor cells are similar with respect to gene expression patterns
(Blackshaw et al., 2004; Livesey et al., 2004). This is not particularly sur-
prising, as MGCs are derived frommultipotent progenitor cells (Young,
1985; Turner and Cepko, 1987). Astrocytes, instead, have a different de-
velopmental origin, and migrate into the retina through the optic nerve
after being generated in the brain (Stone and Dreher, 1987; Watanabe
and Raff, 1988). Consequently, MGCs are more similar to progenitor
cells than retinal neurons or astrocytes are, and they somehow retain
the potential to reacquire their progenitor state under certain circum-
stances (Jadhav et al., 2009; Blackshawet al., 2004). For instance, rodent
MGCs can dedifferentiate and re-enter the cell cycle following cytotox-
icity induced by intravitreal administration of various chemicals, includ-
ing ouabain and NMDA (Sahel et al., 1990; Ooto et al., 2004; Karl et al.,
2008; Todd et al., 2015). Similarly, they can start proliferating following
MNU-mediated damage of the photoreceptors layer (Wan et al., 2008).
Fig. 3. Endogenous bone-marrow cells migrate into NMDA-damaged retinae and fuse with resid
R26Y/BMCRE-RFP mice, generated by replacing the BMof R26Ymicewith the BMof CAG-RFP/Vav
a floxed-STOP codon, which can be excised by Cre recombinase. BMCs from CAG-RFP/Vav-Cre m
promoter, whereas Cre recombinase is under the control of the hematopoietic-specific Vav prom
and retinal cells (R26Y) can be tracked by looking at YFP expression. Six weeks after BM replac
into three treatment groups: NMDA-damage (group A); NMDA-damage followed by SDF1-tre
were injected with PBS as a control. Mice were sacrificed 24 hpi and 4 dpi for RT-PCR and FA
PBS- and NMDA-injected chimeric R26Y/BMCRE-RFP mice, as analyzed by FACS 24 hpi and 4 dpi
is based on unpaired Student's t-test (24 hpi, p = 0.0004⁎⁎⁎; 4 dpi, p = 0.4244ns). (c) Per
chimeric mice belonging to the various treatment groups (NMDA, NMDA + SDF1, NMDA +
NMDA+SDF-1, n = 10; NMDA+AMD3100, n = 10). Statistical analysis is based on One-w
indicated in the figure). (d) Percentages of YFP+ hybrids in PBS- and NMDA-treated retinae
4 dpi. Values represent means ± S.E.M. (24 hpi: CTR, n = 13 and NMDA, n = 8; 4 dpi: CTR, n
p = 0.0105⁎; 4 dpi, p = 0.0083⁎⁎). (e) Representative immunostaining of PBS- (CTR) and NM
3). Recruited RFP+ BMCs are indicated by red arrows, whereas RFP+/YFP+ hybrids are indica
of representative areas included in the white boxes are shown in the upper-right corners. Sc
PBS- and NMDA-injected retinae of chimeric R26Y/BMCRE-RFP mice sacrificed 24 hpi. We coun
based on unpaired Student's t-test (p b 0.0001⁎⁎⁎⁎).
The frequency of such events, however, is extremely low, and the
endogenous neurogenic potential of mammalian MGCs is not sufficient
for the rescue of retinal functionality (Karl and Reh, 2010). Nonetheless,
various studies have shown that MGC dedifferentiation can be pro-
moted in a number of ways, that include, for instance, treatment with
mitogenic factors, such as insulin, EGF and Wnt3a (Close et al., 2006;
Karl et al., 2008; Takeda et al., 2008; Osakada et al., 2007; Todd et al.,
2015; Ringuette et al., 2016). In this study, we decided to use the SDF1
chemokine. Alternatively, the neurogenic state of MGCs can also be in-
duced by over-expression of specific transcription factors, such as
Ascl1 (Ueki et al., 2015; Pollak et al., 2013). Ascl1 is of particular interest
because it has been extensively described as a key player in the MGC-
mediated retinal regeneration in early vertebrates, but it is not sponta-
neously upregulated in mammalian MGCs after injury (Goldman,
2014). Remarkably, MGC reprogramming ability can be further in-
creased when Ascl1 over-expression is combined with inhibition of a
histone deacetylase, which results in a more open chromatin state
that favors accessibility at key gene loci (Jorstad et al., 2017).

In this context, MGC-derived neurons were reported to be mainly
generated through direct transdifferentiation, unless combined with
EGF-treatment (Jorstad et al., 2017). In our study, instead, we detected
a dedifferentiation-associated proliferative phase, followed by re-differ-
entiation. We believe that our results complement the ones from
Jordstad and colleagues. In fact, transdifferentiation and cell fusion
could both be mechanisms contributing to tissue regeneration, and
there is no conclusive evidence showing that they are mutually exclu-
sive. They could occur independently from each other under different
conditions or, alternatively, they could act simultaneously and, possibly,
synergistically. In accordance with our hypothesis, it has been shown
that, following retinal damage, adult murine MGCs can contribute to
neuronal regeneration by passing through a proliferative stage (Karl et
al., 2008; Ooto et al., 2004; Todd et al., 2015;Webster et al., 2017). Inter-
estingly, this re-entry into the cell cyclewas found to bemediated by cy-
clin D1-related pathways, which is also consistent with our findings
(Osakada et al., 2007; Ooto et al., 2004). Additionally, it is important to
specify that we decided to focus on cell fusion, without using any of
the genetic manipulations or chemical inhibition that are now known
to enhance transdifferentiation. However, we cannot fully exclude that
some of the cell identity changes we reported could be due to
transdifferentiation events.

In accordancewith published literature (Alvarez-Dolado et al., 2003;
Weimann et al., 2003a, 2003b), we found that fusion events occur with
an extremely low frequency. In this direction, it is interesting to note
that fusion frequency can significantly increase following injury, degen-
eration or chronic inflammation of the central nervous system
(Johansson et al., 2008; Sanges et al., 2013). This could be explained
by the fact that neuropathology is associated with an enhancement of
the chemokine-mediated recruitment and engraftment of BMCs,
ent retinal cells. (a) Schematic representation of the experimental plan.We used chimeric
-Cre donormice. In R26Ymice, ubiquitous expression of YFP is impeded by the presence of
ice express both RFP and Cre recombinase: RFP expression is driven by a ubiquitous CAG
oter. As a result, following BMreplacement, cell fusion events between BMCs (Cre+/RFP+)
ement, we intravitreally injected the right eyes of R26Y/BMCRE-RFP mice randomly divided
atment (group B); NMDA-damage followed by AMD3100-treatment (group C). Left eyes
CS analysis. (b) Percentages of recruited RFP+ BMCs with respect to total retinal cells of
. Data are represented as mean ± S.E.M. (24 hpi, n = 8; 4 dpi: n = 4). Statistical analysis
centages of recruited RFP+ BMCs with respect to total retinal cells of R26Y/BMCRE-RFP

AMD3100), as analyzed by FACS. Data are represented as mean ± S.E.M. (NMDA, n = 8;
ay Anova (p = 0.0023⁎⁎) followed by Tukey's multiple comparisons test (significance
of R26Y/BMCRE-RFP chimeric mice, with respect to total recruited RFP+ BMCs, 24 hpi and
= 4 and NMDA, n = 4). Statistical analysis is based on unpaired Student's t-test (24 hpi,
DA-injected retinal flat mounts of chimeric R26Y/BMCRE-RFP mice, harvested 24 hpi (n =
ted by yellow arrows. Cell nuclei were counterstained with DAPI (blue). Zoomed images
ale bar: 40 μm. (f) Percentage of RFP+/YFP+ hybrids with respect to total RFP+ BMCs in
ted cells in 7–10 random fields for each retinal flat mount (n = 3). Statistical analysis is
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Image of Fig. 4
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especially around the injury site (Priller et al., 2001). Accordingly, we
found that retinal damage is essential for hybrid formation in vivo,
and that fusion frequency can be enhanced via modulation of the
SDF1/CXCR4 signaling axis.

Although we did not investigate the exact nature of the recruited
BMCs, we observed that some hybrids were positive for MAC-1 in the
short term. This could indicate that hybrids are phagocytized bymacro-
phages in the short term. Nonetheless, we also found plenty of MAC-1-
negative hybrids, suggesting that fusionwith other BM sub-populations
occurs. In support of this hypothesis, we found that SDF1 treatment
does not significantly alter macrophage infiltration. In other words,
the increase in fusion frequency associated with SDF1 administration
does not correlatewith an increase in the number ofmacrophages. Sim-
ilar findings were reported by Enzmann and colleagues, who actually
showed that SDF1 increases migration of Sca-1+ primitive hematopoi-
etic cells (Enzmann et al., 2017).

Importantly, in the long-term, none of hybrids were expressing
MAC-1, suggesting that they were not cleared from the tissue. More-
over, the majority of BMC-MGC hybrids were not apoptotic in the
short term and they were able to survive within the retinal tissues.
This was indicated by the fact that their number increased from 24 hpi
to 4 dpi, while the amount of total BMCs recruited into the retina
decreased.

Our finding that BMC-MGC hybrids can then re-differentiate to-
wards a neuronal fate is also consistent with numerous published stud-
ies that show how MGCs can convert into retinal neurons upon injury
(Wan et al., 2008; Ooto et al., 2004; Karl et al., 2008). Indeed, generally
speaking, glial cells of the central nervous system can be induced to-
wards a neuronal fate (Heins et al., 2002; Berninger et al., 2007;
Heinrich et al., 2011, 2014; Karow et al., 2012; Guo et al., 2014; Su et
al., 2014; Niu et al., 2013).

In many cases, however, we observed that cell fate conversion was
not complete, at least 3 weeks post-injury: many hybrids were found
to express only GS,while otherswere found in an intermediate differen-
tiation stage, expressing both glial and neuronal markers. More time
could be needed in order for hybrid-derived neurons to acquire a ma-
ture phenotype; alternatively, they could beunable to fully differentiate.
Indeed, glia-derived new neurons in the CNS generally fail tomature on
their own (Niu et al., 2013; Su et al., 2014). Nonetheless, they can be in-
duced to acquire amore complete neuronal phenotype by various treat-
ments, including exposure to BDNF, noggin and BMP (Niu et al., 2013, Su
et al., 2014). Similarly, the maturity of MGC-derived neurons could po-
tentially be controlled by extrinsic and/or intrinsic factors. Accordingly,
the specific fate of MGC-derived neurons can be regulated via adminis-
tration of specific factors [e.g. RA, promoting generation of bipolar cells
(Ooto et al., 2004)] or via over-expression of defined genes [e.g.Math3-
NeuroD or Crx-NeuroD, promoting formation of amacrine cells and pho-
toreceptors respectively (Ooto et al., 2004), or Atoh7, stimulating differ-
entiation into retinal ganglion cells (Song et al., 2015)]. This could be of
valuable importance to ensure generation of the exact neuronal type
that has been injured or lost.

Finally, it is important to stress that we mainly focused on hybrid
conversion into ganglion and amacrine neurons, since activated MGCs
tend to differentiate into the cell type that has been damaged (Wan et
Fig. 4. Recruited endogenous bone-marrow cells preferentially fuse with Müller glial cells. (a, b
R26Y/BMCRE-RFP chimeric mice, showing co-localization of YFP+ hybrids (green) with the glial
images are shown in the white boxes. Scale bar: A, 10 μm; B, 50 μm. (c) Schematic represent
replacing the BM of GFAP-Cre mice with the BM of donor transgenic mice carrying the R26Y
specific GFAP promoter. BMCs from R26Y donors will become YFP+ following Cre-mediated e
result of fusion events between R26Y BMCs and Cre-expressing glial cells. We injected NMDA
a control. Mice were sacrificed 24 hpi and 3 wpi for immunostaining and FACS analysis. (d) P
damaged (NMDA) retinae of GFAP-Cre/BMR26Y chimeric mice, as analyzed by FACS 24 hpi. Val
t-test (p = 0.2029ns). (e) Representative immunostaining images of retinal sections from PBS
Co-localization of YFP+ hybrids (green) and GS (red) is indicated by the yellow arrows. Nuc
enclosed by the white boxes) are shown in the left panels. Sections from at least three differe
bar: 25 μm.
al., 2008; Sanges et al., 2013, 2016). However, we cannot fully exclude
that reprogrammed MGCs could generate other retinal cell types.

Unfortunately, electroretinogram (ERG) tests did not allow us to sat-
isfactorily evaluate the extent to which hybrid-derived neurons could
contribute to functional recovery. This is most likely due to the fact
that the frequency of fusion events and the number of newly generated
neurons are currently too low to affect global retinal function. Func-
tional conversion of hybrid-derived cells could probably be confirmed
via patch clamp recording of individual neurons. In our opinion, how-
ever, a therapeutic readout could possibly be achieved only in the fu-
ture, after optimization of multiple aspects, including: BMC
mobilization, fusion efficiency, hybrids reprogramming and acquisition
of a fully mature neuronal phenotype. As an example, we exclusively
mobilized BMCs by local administration of SDF1 in the eye. Such treat-
ment is probably less efficient than the use of other mobilizing agents
at the systemic level. The use of G-CSF, for instance, could improve the
efficiency of BMC recruitment into the damaged retina and lead to en-
hanced functional rescue, especially if coupledwith local SDF1 adminis-
tration. Indeed, coupling SDF1 intravitreal administrationwith systemic
mobilization has been shown to result in significantly enhanced BMC
recruitment into damaged retinae (Enzmann et al., 2017).

In conclusion, we have shown that cell fusion is one of the mecha-
nisms underlying MGC plasticity in the adult mammalian retina. MGC
ability to dedifferentiate and proliferate is dependent on the recruit-
ment of their fusion partners, endogenous BMCs. Migration of BMCs is,
in turn, regulated by the SDF1/CXCR4 signaling axis. As a result, modu-
lation of the SDF1/CXCR4 pathway can affectMGC plasticity, and the ex-
tent to which MGCs can contribute to the endogenous regeneration of
damaged retinal tissue.

Compared to cell therapy approaches, strategies aiming at the en-
hancement of endogenous regenerationwould offer a number of signif-
icant advantages. In fact, despite being promising for the treatment of
retina-related conditions, cell therapy can raise controversial concerns
with respect to the risk of tumorigenesis (Tucker et al., 2011). Addition-
ally, it is associated with problems regarding the correct integration of
the transplanted cells within the host tissue. Approaches focusing on
the enhancement of endogenous regenerative capacities could over-
come many of these limitations. As an example, new neurons would
be autologous by definition, and they would be generated directly in
the vicinity of the injury, where they are needed.

Undoubtedly, we still are in the very early stages of therapies based
on the endogenous regeneration. In this perspective, our study repre-
sents an important proof-of-principle that such therapeutic strategies
could be possible in mammals.
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