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ABSTRACT

The goal of photoreceptor transplantation is to establish functional synaptic connectivity between
donor cells and second-order neurons in the host retina. There is, however, limited evidence of
donor-host photoreceptor connectivity post-transplant. In this report, we investigated the effect of
the host retinal environment on donor photoreceptor neurite outgrowth in vivo and identified a
neurite outgrowth-promoting effect of host ¢ retinas following transplantation of purified pho-
toreceptors expressing green fluorescent protein (GFP). To investigate the noncell autonomous fac-
tors that influence donor cell neurite outgrowth in vitro, we established a donor-host coculture
system using postnatal retinal aggregates. Retinal cell aggregation is sensitive to several factors,
including plate coating substrate, cell density, and the presence of Miiller glia. Donor photoreceptors
exhibit motility in aggregate cultures and can engraft into established aggregate structures. The neur-
ite outgrowth-promoting phenotype observed in =) recipients in vivo is recapitulated in donor-
host aggregate cocultures, demonstrating the utility of this surrogate in vitro approach. The removal
of Miiller glia from host aggregates reduced donor cell neurite outgrowth, identifying a role for this
cell type in donor-host signaling. Although disruption of chondroitin sulfate proteoglycans in aggre-
gates had no effect on the neurite outgrowth of donor photoreceptors, disruption of Rho/ROCK sig-
naling enhanced outgrowth. Collectively, these data show a novel role of Crx, Miiller glia, and
Rho/ROCK signaling in controlling neurite outgrowth and provide an accessible in vitro model that
can be used to screen for factors that regulate donor-host connectivity. STEM CELLS 2019;00:1-13

SIGNIFICANCE STATEMENT

Poor photoreceptor connectivity in transplants is an unresolved issue. Results of the study show
that photoreceptor neurite extension is regulated by Rho/ROCK signaling and report the use of
primary retinal cultures as an in vitro platform to investigate donor photoreceptor neurite out-
growth. The results could be used in future work to enhance the connectivity of transplanted
photoreceptors.

approach to restore the visual circuit following
photoreceptor loss [2]. As the survival of down-

INTRODUCTION

Inherited photoreceptor retinopathies and age-
related macular degeneration are retinal degener-
ative conditions that are characterized by the loss
of light-sensing photoreceptors that initiate vision
[1]. Photoreceptors are postmitotic neurons that
do not regenerate following loss, and there are no
treatments or cures currently available that can
restore vision after photoreceptor degeneration.
Cell replacement therapy, which involves the

stream retinal neurons does not depend on the
presence of photoreceptors, the potential suc-
cess of this approach hinges on the concept that
surgically transplanted healthy photoreceptors
would mature, extend axons, synapse onto their
targets, and restore light sensitivity to the ret-
ina. Indeed, there is evidence that transplanta-
tion of rod and cone photoreceptors results in

transplantation of healthy donor photoreceptor
cells adjacent to the surviving retina, is a proposed
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partial restoration of light sensitivity and visu-
ally guided behavior in murine models of retinal
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Modeling Photoreceptor Neuritogenesis

degeneration [3—7]. This rescue is associated with the presence
of GFP-labeled photoreceptors in mice transplanted with GFP-
tagged photoreceptor precursor cells, suggesting that donor
cells can migrate and synapse with the host retinal neural cir-
cuitry. However, more recent evidence indicates that grafted
photoreceptors do not integrate into the retina but instead
engage in an exchange of cytoplasmic and membrane proteins
(material exchange [ME]) [8-12]. In addition to phototransduc-
tion proteins, donor-derived GFP was shown to participate in
ME prompting a reinterpretation of the extent of donor-host
connectivity reported in previous studies. Bona fide synaptic
integration of donor photoreceptors with the host retinal cir-
cuitry is limited in retinal transplants [13], which is speculated
to be because of the absence or abundance of appropriate per-
missive or inhibitory cues, respectively.

In vivo, photoreceptor connectivity is initiated postnatally
and proceeds through several stages beginning with extension of
basal axons by postnatal day (P) O, onset of synapse formation
with bipolar and horizontal cells by P2, and refinement of synap-
tic laminae by P21 [14]. With the exception of Wnt5, which has
recently been shown to promote rod photoreceptor axon out-
growth and synaptogenesis with bipolar cells [14], the molecular
signals that initiate neurite extension and that guide axons
basally toward the inner nuclear layer remain largely unknown.
In vitro, rod photoreceptor neurite outgrowth is not enhanced
by typical culture substrates [15] but can be promoted by cocul-
ture with Miller glia [15] and secreted factors from the retinal
pigment epithelium [16]. Unfortunately, the molecular basis for
these cellular interactions is unknown, and by extension, the
question of how neuritogenesis and connectivity are affected in
the context of transplantation currently remains a black box.

To address the issues of impaired connectivity in the con-
text of transplantation, we compared neurite outgrowth of
transplanted photoreceptors in wild-type and degenerating
murine adult retinas. Although we observed donor cell neurite
outgrowth in both contexts, we discovered that this phenome-
non was enhanced in degenerating retina recipients. To fur-
ther characterize the cellular basis for this difference, we
developed aggregate cultures from wild-type and crd=) perina-
tal mouse retinas onto which we seeded donor-age (P4) Nrl-GFP
rod photoreceptors [17] or er(’/7);Ccdcl36(GFP/GFP) cone-like
photoreceptors [18]. Using this approach, we probed the func-
tion of several variables including Miiller glia, chondroitin
sulfate proteoglycans (CSPGs), and Rho/ROCK signaling on pho-
toreceptor neurite outgrowth. Our findings indicate that Mdller
glia and Rho/ROCK signaling affect outgrowth and that these
effects are independent of the neurite-promoting effects of
=), Collectively, these data demonstrate that ex vivo analy-
sis of donor-host cellular interaction can be used to investigate
the regulation of photoreceptor neuritogenesis.

MATERIALS AND METHODS

Animal and Genotyping

The use of animals in this study was in accordance to the
guidelines set out in the Association for Research in Vision and
Ophthalmology’s statement for use of animals in ophthalmic
and vision research. All experiments performed were approved
by the University Health Network Research Ethics Board, in
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accordance with the guidelines of the Canadian Council on
Animal Care and in conformity with the University Health Net-
work Care Committee (protocol 3499.10). The following mouse
strains were used in this study: C57BL/6J (wild type) (Charles
River), Nri-GFP [17], Nrl'™/7):Ccdc136'°7P/¢FP) 18], and crx!™/)
[19, 20] (summarized in Supporting Information Table S1). Gen-
otyping was performed by extracting genomic DNA from ear
clips or tail snips using an alkaline lysis buffer (25 mM NaOH
[221465, Millipore-Sigma, Oakville, Canada], 0.2 mM EDTA
[EDT001.1, BioShop, Burlington, Canadal, pH 8.0) for 1 hour at
95°C. The samples were then neutralized with 40 mM Tris-HCI
(BP153, Fisher Scientific, Ottawa, Canada), and polymerase
chain reaction was performed using gene-specific primer sets
(Supporting Information Table S2).

Fluorescence-Activated Cell Sorting Enrichment of
Photoreceptors

To enrich for photoreceptors, retinal dissociates from Nrl-GFP or
Nr/("/");Ccdc136(GFP/GFP) mice were resuspended in 0.5% bovine
serum albumin (BSA; A9418, Millipore-Sigma), 25 mM HEPES
(HEP0O01.1, BioShop), 2 mM EDTA, and 0.005% DNase (D5025,
Millipore-Sigma) in Ca**/Mg®*-free phosphate-buffered saline
(PBS), and the GFP' cells were isolated using fluorescence-
activated cell sorting (FACS-Aria llu, BD Biosciences, Mississauga,
Canada) into 10% BSA in Ca>*/Mg>*-free PBS (D8537, Millipore-
Sigma) followed by a cell viability assessment using a hemocy-
tometer and 0.4% trypan blue (15250061, Thermo Fisher).

Subretinal Injections and Tissue Processing

Purified photoreceptors were injected into the subretinal space
of adult wild-type and crd™7) mice as previously described in [9].
Briefly, a blunt 32-gauge needle was inserted tangentially into the
subretinal space and 1 pl of cell suspension of 200,000 donor cells
was injected. Mice were harvested 21 days postsurgery by exsan-
guination by PBS and transcardially perfused with 4% paraformal-
dehyde (PFA; PAR0O70, Bioshop). For cryosectioning, tissues were
fixed for an additional 30 minutes in 4% PFA on ice and then
cryoprotected overnight in 30% sucrose (BP-220-1, Fisher Scien-
tific) at 4°C in PBS. After overnight cryoprotection, tissues were
equilibrated in 50:50 30% sucrose in PBS:optimal cutting tempera-
ture (25608-903, Tissue-Tek, Sakura Finetek, Japan) for 1 hour and
subsequently oriented and embedded in plastic molds and sliced
at a thickness of 20 um. Retinal flat mounts were prepared as pre-
viously described [21]. Briefly, a suture was placed on the dorsal
pole of each eye to maintain the orientation. Retinas were dis-
sected as flattened whole mounts by making four radial cuts (the
deepest one in the dorsal pole), postfixed for an additional
30 min in 4% PFA, and kept in PBS until further processing.

Aggregate Culture

To establish retinal aggregate cultures, retinas from wild-type,
Nrl-GFP or Crx"™™ mice at P1 to P2 were harvested in CO,-
independent media (18045088, Thermo Fisher) and dissociated
with papain (Worthington Biochemical, Lakewood, New Jersey) in
accordance to manufacturer’s directions. The cells were then
washed in Ca**/Mg**-free PBS and counted using a hemocytome-
ter and 0.4% trypan blue (15250061, Thermo Fisher) viability stain.
Dissociated retinal cells were resuspended in retinal explant
medium (Supporting Information Tables S3 and S4) and plated at
250,000 cells in 100 pl of media per well of glass-bottomed 96-well
plates (P96G-1.5-5-F, Mat-Tek) coated with 70-150 kDa poly-p-lysine
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(PDL; P0899, Millipore-Sigma) and laminin (23,017,015, Thermo
Fisher). Plates were coated with PDL diluted in sterile water for
3 hours at a concentration of 10 pg/ml at 37°C, followed by three
washes with sterile water and coating with laminin diluted in sterile
water at a concentration of 1 pg/ml for 1 hour at 37°C, which was
removed immediately before plating cells. All cultures were grown
in 5% CO,-buffered incubators at 37°C. After 3 days in vitro (DIV),
cultures were refreshed by a 50% media change and cultured for
an additional 3 days. For photoreceptor coculture experiments,
FACS-enriched GFP* photoreceptors from P3 to P6 Nrf=/7);
Cedc136'°7P/°) and Nrl-GFP mice were seeded at 25,000 cells per
well into established aggregate cultures and cocultured for 3 DIV.

5-Ethynyl-2-deoxyuridine Staining

To label cells in S-phase, cells were cultured in the presence of
5-ethynyl-2-deoxyuridine (EdU; C10338, Thermo Fisher, 10 pM)
diluted in retinal explant medium at the start of the culture or
24 hours after plating. EdU was visualized using the Click-iT
EdU Alexa-Fluor 555 kit (C10338, Thermo Fisher) in accordance
with manufacturer’s instructions.

Conditioned Media Experiments

Crx-conditioned media was prepared by removing retinal explant
media that had been cultured with Crx'™" aggregates for
3 DIV. Treatment of established aggregate cultures with
crx™/")-conditioned medium was performed by replacing
50% of the stock media with conditioned media before addi-
tion of donor cells.

Experimental Treatment of Aggregate Cultures

Chondroitinase ABC (ChABC; AMS.E1028-2, Amsbio, Cambridge,
Massachusetts, 5 U/ml) or the Rho/ROCK inhibitor Y27632
(13624S, Cell Signaling Technologies, Danvers, Massachusetts,
50 pM) was added to the media following the addition of donor
cells. To ablate Miiller glia in culture, oi-a-aminoadipic acid (AAA;
A0637, Millipore-Sigma, 0.4 mM) was added to culture media
4 days prior and washed before the addition of donor cells.

Miiller Glia Cell Culture

Mouse Miiller glia cells were isolated as previously described [22].
Briefly, 2—4-week-old wild-type retinas were harvested and disso-
ciated with papain (Worthington Biochemical) in accordance to
manufacturer’s directions. All the dissociated cells were then
plated onto 0.1% gelatin (G1890, Millipore-Sigma)-coated 35-mm
culture dish (83.3900, Sarstedt, Niimbrecht, Germany) and grown
in 5% CO,-buffered incubators using Dulbecco’s modified Eagle’s
medium (11965092, Thermo Fisher) supplemented with 10% fetal
bovine serum (080-150, Wisent, Saint-Jean-Baptiste, Canada) and
1% Pen/Strep (15140122, Thermo Fisher) medium, which was
refreshed every 5 days. After two passages, 99% of the remaining
cells are Muiller glia by immunostaining for glutamine synthetase
(GS; data not shown). Miiller glia were passaged at least twice to
ensure purity before being used in coculture experiments. For
coculture experiments, Mdller glia were seeded at 50% confluence
and cultured for 2-3 days in retinal explant medium before addi-
tion of donor photoreceptors and cocultured for an additional
3 days.

Immunocytochemistry

To prepare the aggregate cultures for immunostaining, plates
were fixed in 4% PFA for 10 minutes followed by three washes
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with PBS. Fixed cultures, cryosectioned slides, and flat-mounted
retinas were stained in a similar fashion: samples were first
blocked in 10% donkey serum (566460, Millipore-Sigma) in 0.5%
Triton-X (X100, Millipore-Sigma) PBS for 1 hour at room tempera-
ture. Primary antibodies were diluted at the concentrations indi-
cated in Supporting Information Table S5 in 5% donkey serum and
0.25% Triton-X in PBS and were incubated overnight at 4°C. Cul-
tures were then washed three times and incubated with second-
ary antibodies (summarized in Supporting Information Table S5) in
PBS for 1.5 hours at room temperature in a light-protected humid-
ified box. Cell nuclei were counterstained with Hoechst 33342
(62249, Thermo Fisher) diluted in PBS at a concentration 1:15,000
for 20 minutes at room temperature. Cultures were then washed
one last time with PBS before being stored in a light-protected
container.

Confocal Microscopy, Quantification, and Statistics

Aggregate cultures were imaged using a Zeiss LSM 780 confocal
microscope using X20 and x40 objective lenses. Acquisition
parameters were as follows: resolution was 2048 by 2048 pixels,
laser intensity was set at 2%, digital gain at no more than
800, averaging was four, and pinhole size was one airy unit.
Comparative images were taken using identical parameters.
Live imaging was performed using identical parameters at
X20 magnification and acquired at 15-minute intervals in a
CO,-buffered imaging chamber. Four fields per replicate were
sampled for quantification. Both aggregate size and number
were quantified using ImageJ (NIH). Aggregates were counted
if their lumen stained positive for peanut agglutinin (PNA) in
wild-type cultures and/or rhodopsin in purified rod cultures.
Neurite quantification was performed on Z-stack images using
semiautomatic quantification with the filaments module in Imaris
9.0.2 software (Bitplane, Concord, Massachusetts) (Supporting
Information Fig. S1). A two-tailed student’s t test or a one-way
analysis of variance with Scheffe post hoc tests were used to
determine significance where appropriate (*p < .05, **p < .01,
and ***p < .001) using Microsoft Excel (Microsoft, Redmond,
Washington) or Prism 8 (GraphPad, San Diego, California). All
data are presented as mean + SEM.

RESULTS

Donor Photoreceptors Extend Neurites that Are
Affected by the Host Retinal Environment

To investigate the morphology of transplanted donor cells both
in control recipients and a model of congenital blindness and
photoreceptor degeneration, we transplanted P3 to P6 unsorted
Nrl-GFP cells into the subretinal space of adult wild-type and
crxd=7) [19, 20, 23] retinas, respectively (Fig. 1). ™) mice
were transplanted at 6-8 weeks of age, a stage of progressed
but incomplete outer nuclear layer degeneration. Initial screening
of donor cells revealed the presence of elaborated, GFP* cellular
processes (Fig. 1A), indicating that heterotopic placement of pho-
toreceptors initiates neuritogenesis from these cells. Evaluation
of serial sections revealed a qualitative increase in donor cell neur-
ite formation in Crx™/") recipients (Fig. 1B). These observations
were corroborated when visualized in whole-mount preparations
of transplanted retinas imaged using confocal microscopy scans at
the apical surface, where the majority of donor cells reside. Specif-
ically, we observed donor cells exhibiting an extensive network of
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Figure 1. Photoreceptor maturation attenuates neurite extension in vivo. Confocal micrographs of retinal sections (A—-A’, B-B') and reti-

nal flat mounts (C-C’, D-D) from Crx™"™) and WT transplanted eyes. Quantification of Nrl-GFP total neurite length per cell (E), average
neurite length (F), and number of neurites per cell (G) in Crx'™'7) retinas compared with WT (n = 4). *, p < .05; **, p < .01; *** p < .001.
Scale bar in (A, B) = 100 pm. Scale bar in (C, D) = 50 pm. Abbreviation: WT, wild type.

neurites that extend radially along the apical subretinal surface,
which is enhanced in crx{™/~ compared with wild-type recipients
(Fig. 1A, 1D). Three-dimensional reconstruction and analysis of
GFP-expressing donors in wild-type and Crx ~/7) retinas revealed
an increase in (a) total neurite length per donor cell, (b) average
neurite length, and (c) number of neurites per cell in =) recip-
ients (Fig. 1E, 1G). These data indicate that transplanted photore-
ceptor precursor cells can extend neurites after transplantation,
and furthermore, this phenomenon is increased in Crxd™/7 retinas.

Establishment of a Reproducible Aggregate Culture
Protocol for Perinatal Mouse Retinal Cells

Many factors could contribute to the enhanced neuritogenesis
observed in cells transplanted into the Crx'™/~ eye, including
degeneration, injury responses (e.g., gliosis), and altered expres-
sion of neurite outgrowth regulators. Although informative, the
in vivo transplantation model is exceedingly complex and low
throughput, prompting us to develop an aggregate coculture sys-
tem using donor photoreceptors seeded onto established perina-
tal retinal cultures (Fig. 2A and Supporting Information Fig. S2).
Although not an age-matched proxy to the adult recipient in vivo
model, we chose the perinatal time point for aggregate cultures,
because it corresponds to a stage when neuritogenesis is maximal
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and when dissociated retina cells establish some degree of cellular
organization by reaggregation [24]. We therefore optimized tissue
age, cell density, well size, and coating substrate to generate a
reproducible, serum-free aggregate assay for perinatal retinal
dissociates on confocal microscope-compatible glass. We deter-
mined that the most reproducible cultures were derived from
plating PO to P2 retinal dissociates at 1.28 x 10° cells per centime-
ter square on PDL/laminin, which supported the aggregation of
maximally sized structures by 6 DIV (data not shown). PDL and
laminin coating are required, as the former helps aggregates
adhere to the culture surface and the latter is essential for aggre-
gate formation. With the exception of retinal ganglion cells, aggre-
gates contained all major retinal lineages in reproducible
proportions (Fig. 2B, 2K). Further analysis also showed absence
of microglia and endothelial cells in retinal aggregate cultures
(Supporting Information Fig. S3). Imaging of the apical rod and
cone outer segment markers rhodopsin and PNA, respectively,
revealed their localization to the lumen of aggregates, indicating
that cells adopt a degree of polarization and maturation under
these conditions (Fig. 2B, 2D). To characterize proliferative activ-
ity in aggregates, we pulsed cultures with EdU at day 0 and day
1 postplating and quantified the number of EdU" cells 24 hours
later. We found a significant decrease in the number of EdU" cells

STEM CELLS
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20 pm. Abbreviations: EdU, 5-ethynyl-2-deoxyuridine; FACS, fluorescence-activated cell sorting; GS, glutamine synthetase.
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present in individual aggregate structures when the cultures were
pulsed 1 day after plating, indicating that the majority of cycling
cells detected at day 0 completed their final cell cycle within
24 hours of culture (Fig. 2L, 2N). We then tested whether aggre-
gate formation requires a nonphotoreceptor cell type by compar-
ing the assembly of aggregates derived from either unsorted
dissociates or photoreceptors FACS enriched by GFP expression
(Fig. 20, 2P). Aggregate formation was significantly reduced in
cultures of FACS-enriched photoreceptors (Fig. 2R), indicating
that nonphotoreceptor cells facilitate aggregate assembly. Inter-
estingly, the few aggregates that did form in photoreceptor-only
cultures contained Mdiller glia (Fig. 2Q, 2R), further supporting
the interpretation that aggregate formation is dependent on
a nonphotoreceptor cell, possibly Miiller glia. Although self-
organization of retinal cells has been primarily investigated in
the context of proliferating cultures [25], the postnatal and postmi-
totic cultures described here retain the ability to organize with
reproducible cell type composition. Furthermore, this cellular orga-
nization behavior is associated with the presence of Miiller glia.

Purified Photoreceptors Exhibit Motility and Can
Integrate into Retinal Aggregates

Recent work from our group and others reports that cells pre-
viously thought to arise from donor cell integration following
photoreceptor transplantation are a result of transfer of cyto-
plasmic GFP (ME) from donor to host cells [8-11], reviewed in
[26]. We tested whether exogenous GFP-labeled Nr/-GFP and
Nri'="7):ccdc136'°FP/SFP) photoreceptors (henceforth referred to
as donors) can intercept, physically associate with and transfer
GFP to preformed retinal aggregates. Initial screening of donor-
host aggregate cocultures revealed many examples of donors that
appeared to have integrated into wild-type aggregates (Fig. 3A,
3B’). Previous work has established that the thymidine-analog EdU
does not transfer from donor to host photoreceptors (reviewed in
[26]), allowing us to determine whether donors truly integrate.
We therefore prelabeled donor cells with EAU prenatally and
quantified the colocalization of EdU and GFP 3 days after com-
mencement of donor-host aggregate cocultures. EdU*GFP* cells
were observed in established aggregates (Fig. 3C, 3D), indicat-
ing that they are of donor cell origin. We then independently
compared the integration rates of Nri-GFP and Nrl™7);
Cede136'°F7/°P) donors by quantifying the proportion of aggre-
gates that contain GFP-expressing cells in each donor condition.
Nrl-GFP and er(7/’);Ccdcl36(GFP/GFP) donors show differences
in their integration rates, as indicated by the percentage of
aggregates that contained GFP cells (Fig. 3E, 3F). We used live
imaging to conclusively confirm that donor cell integration
resulted from donor cell motility rather than aggregates rolling
and picking up donor cells (Fig. 3G). Taken together, these data
indicate that perinatal Nrl-GFP and er(7/’);Ccdc136(GFP/GFP)
photoreceptors can migrate, intercept with, and integrate into
postnatal retinal aggregates. This phenomenon occurs at differ-
ential rates when comparing Nrl-GFP and Nri*™"7);Cedc136'°7/
SFP) photoreceptors, and while we cannot rule out the possibil-
ity that photoreceptors can also undergo ME in this context, we
show that donor cell integration into aggregates does occur.

Nonphotoreceptor Cell Types Are Necessary for Donor
Photoreceptor Neurite Growth

Taking advantage of the sporadic distribution of GFP* photore-
ceptors in these cocultures allowed us to acquire a detailed
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evaluation of the morphology of individual donor photoreceptors.
We chose to use Nrl-GFP instead of Nr/(’/’);Ccdcl36(GFP/GFP )
donors, as Nrl-GFP donors have a higher GFP intensity, which
facilitates morphological analysis. When FACS-enriched Nrl-GFP
cells are plated on their own at the same density, they fail to
elaborate processes, and this effect was independent of coat-
ing substrate or cell density (Fig. 4A—4A”). In contrast, we
observed that Nrl-GFP donors elaborated many GFP-labeled
neurite-like processes in cocultures with wild-type aggregates,
and this effect was independent of their location within or
outside of individual aggregates (Fig. 4B, 4B’"). Analysis of indi-
vidual donor cells revealed that donor cell neurites stain with
the presynaptic marker SV2, indicative of axon-like neurites
(Fig. 4C, 4C'"). To rule out the influence of substrate stiffness
and rigidity on the inhibition of neurite extension [27], we
compared cultures grown on gelatin substrate to those using
PDL/laminin. No differences in neurite extension were observed
when comparing gelatin to PDL/Laminin (data not shown). Col-
lectively, these data indicate that the initiation of neurite exten-
sion by donor cells in this context requires noncell autonomous
signaling in the form or the cellular organization provided by
the aggregates or a nonphotoreceptor cell type.

The in vivo Crx'™/~) Phenotype Can Be Recapitulated in
Donor-Host Aggregate Cocultures

We next sought to identify whether perinatal Crx™/7) retinas
can be used to generate aggregate cultures. Retinal dissociates
from Crx'™/7) mice formed aggregates of similar appearance to
wild type (Fig. 5). In vivo, photoreceptors in the Crx'™/~) retina
are specified but fail to differentiate, upregulate phototrans-
duction pathway proteins and mature morphologically [19].
Similarly, photoreceptors in Crx'=/") aggregates express Otx2,
consistent with their specification to the photoreceptor lineage
(Fig. 5A-5A"). Unlike wild-type photoreceptors, which normally
downregulate Otx2 as they mature [28], =) aggregate cul-
tures maintained Otx2 expression. To determine whether the
neurite-promoting effect of the Crx'™'7) retina that we observed
in vivo is recapitulated in vitro, we generated Nrl-GFP donor-
™ host aggregate cocultures and quantified the formation
of GFP* neurites (Fig. 5D, 5D'). Crx'™/™) aggregate cocultures
exhibited a significant increase in (a) the frequency of donor cells
that have neurites, (b) the number of neurites per cell, and
(b) total neurite length per cell compared with wild-type cocul-
tures (Fig. 5F, 5H). We next investigated whether the neurite-
promoting property of =) aggregates was mediated by a
secreted factor(s), by treating Nrl-GFP donor-wild-type host
aggregate cocultures with conditioned medium from e~/
cultures (Fig. 5G) and observed a significant increase in neurite
length following addition of crx™/)-conditioned media. Collec-
tively, these data indicate that aspects of photoreceptor matu-
ration regulated by Crx expression influence donor cell neurite
outgrowth, in part, through diffusible cues.

Miiller Glia Are Essential for Efficient Photoreceptor
Neurite Outgrowth in Aggregates

Our evidence that a diffusible cue from Crx™/~ aggregates
stimulates photoreceptor neurite outgrowth prompted us to
test known cellular sources that may mediate this behavior.
Observations from our aggregate system implicate Muller glia
as active players in aggregate assembly, and previous work
demonstrated a role for these cells in neurite extension in
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SV2 (arrowhead) (n = 3). Scale bar in (C) = 10 um.

dissociated rat retinal cultures [15]. Aggregates were immuno-
labeled with GS, glial fibrillary acidic protein (GFAP) and Sox2
to distinguish between Miiller glia and retinal astrocytes [29].
The absence of GFAP*GS™ (retinal astrocytes) cells and the pres-
ence of Sox2*'GFAP" and GS'GFAP" colabeled cells (Supporting
Information Fig. S3) indicated the presence of Miiller glia that
were associated with aggregate structures. Colabeling of aggre-
gates with GFAP and Nrl-GFP indicated that donor photoreceptor
neurite outgrowth does not typically follow the trajectory of
Miiller glia processes (Fig. 6A, 6B'). To test the requirement for
Miiller glia on donor cell association with aggregates and neurite

©AlphaMed Press 2019

outgrowth, we selectively eliminated Miiller glia by treating the
cultures with the gliotoxin AAA [30-32] 2 days before the addi-
tion of donor cells. In both wild-type and =) aggregate cul-
tures (Fig. 6C, 6F'), AAA treatment resulted in a reduction in
both total neurite length and average neurite length per Nrl-GFP
cell (Fig. 6G, 6H). Furthermore, coculturing donor photoreceptors
with isolated Miiller glia resulted in a marked increase in both
the number of neurites per donor cell and total neurite
length per cell (Fig. 61, 6L). These data corroborate previous
observations [33] that Mdller glia play a role in photorecep-
tor neuritogenesis.
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Photoreceptor Neurite Outgrowth Is Sensitive to
Rho/ROCK Signaling

One variable that could account for differences in neurite outgrowth
activity observed between wild-type and ) aggregates is the
presence of inhibitory cues. Previous work has established that
CSPGs, inhibitory substrates for neurite outgrowth [34], are
expressed in wild-type mouse outer retinas and are downregulated
in multiple models of retinal degeneration [35]. Consistent with
these reports, we observed a reduction in CSPG staining in cryosec-
tions of adult Crx!~/~ retinas compared with wild-type counterparts
(Fig. 7A, 7B). To test the role for CSPGs on donor photoreceptor
neurite outgrowth in vitro, we depleted CSPGs in aggregate cul-
tures by treatment with the enzyme ChABC. Neurite outgrowth
was unaffected following application of ChABC, suggesting that
CSPGs do not play a significant role in photoreceptor neurite out-
growth, at least in this context (Fig. 7E, 7G). Alternatively, many
neurite-promoting and growth-inhibiting cues converge on the
Rho/ROCK pathway [36], and thus, we asked whether the modula-
tion of this pathway with a ROCK inhibitor (Y27632) would affect
photoreceptor neurite outgrowth. Treatment with the ROCK
inhibitor significantly increased donor photoreceptor neurite
outgrowth in wild-type and ™) cocultures (Fig. 7H, 7L). Taken
together, these data suggest Rho/ROCK signaling together with
Crx-dependent processes contribute to donor cell neurite out-
growth in this coculture model.

The mechanisms that regulate photoreceptor connectivity follow-
ing transplant into the adult retina are poorly understood. Here,
we investigated donor photoreceptor competence for neurite
extension in vivo and in vitro using cells from the P4 to P6 retina,
as this corresponds to the most commonly used stage for mouse
photoreceptor precursor transplantation in vivo (reviewed in
[37]) and corresponds to the initiation of photoreceptor synapto-
genesis in vivo. Establishment of this aggregation culture is both
economical and efficient, as primary cells from a single litter of
pups can be plated and ready to receive donor cells within 6 days.

www.StemCells.com

-conditioned media (n = 9). *, p < .05; **, p < .01. Scale bars = 20 pm. Abbreviations: GS, glutamine synthetase; WT, wild type.

Although the retinal aggregates described in our assay exhibit
less laminar organization than culture preparations of embryonic
and induced retinal organoids [38, 39], these perinatal aggregates
did form with a high degree of reproducibly. Furthermore, we
require minimal starting material to establish our experiments, as
an average yield of 1.0 x 107 cells per pup can be used to run
40 experimental replicates in a 96-well plate.

Based on recent findings, few if any donor photoreceptor
cell bodies integrate into the host photoreceptor layer post-
transplantation [8-12]. We provide evidence that Nrl-GFP* cells
can migrate in the cultures and donor cells colabeled with a
nuclear marker (EdU) can incorporate into cellular aggregates.
Thus, the lack of donor integration in vivo is not because of an
inherent inability of photoreceptors to migrate and may instead
be related to differences in the environment in terms of age
(perinatal in vitro versus adult retina in vivo) [9]. It is unlikely
that GFP* cells monitored for neurite formation represent cells
that have acquired GFP from the Nrl-GFP cells, because if this
was the case, the levels of GFP would be lower as we have
observed for host cells with GFP transfer in vivo. We cannot
rule out the possibility that ME does take place in our assay;
however, it is not convincingly detectable by visual inspection of
the cultures and will thus require more sensitive detection
methods that are beyond the scope and focus of this study.

We observed that photoreceptor precursors require cocul-
ture with retinal aggregates to elaborate long neurite process.
This observation is in contrast with the robust neuritogenesis
observed in other central nervous system (CNS) neuron cultures,
such as transplantable cortical interneurons (reviewed in [40]).
Our data are consistent with previous in vitro studies [15] report-
ing that standard substrates, such as collagen I, laminin, or fibro-
nectin, are insufficient on their own to stimulate photoreceptor
neurite outgrowth. The nature of the photoreceptor neurite-
promoting activity provided by retinal aggregate in our cocul-
tures is not known, but we suggest that it involves positive cues,
as opposed to the suppression of inhibitory cues. We base this
reasoning on (a) the observation that culturing photoreceptors
at low density, which could dilute inhibitory cues, does not ame-
liorate neurite outgrowth and (b) reduction of CSPGs, which

©AlphaMed Press 2019
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inhibit axon outgrowth in other contexts (reviewed in [41]), does
not significantly affect photoreceptor neurite outgrowth in our
cultures. We do show, however, that Rho/ROCK inhibition is suf-
ficient to increase neurite outgrowth in cocultures, suggesting
that this phenomenon is regulated by similar pathways observed
in other CNS neuron subtypes.

Neurons and glia have mutual interactions that are required
for the formation of synaptic connections in the CNS, particularly
the callosal neuronal pathfinding [42—44]. Work done in chick and
zebrafish models have implicated Maller glia as key players in the
laminar organization of retinal cells [45, 46]. Consistent with these
observations, our findings also support a role for Miiller glia on
mouse retinal cell organization in vitro, as the only aggregates that
formed in photoreceptor-only cultures contained contaminating
Miller glia. Our findings also suggest that Mdiller glia promote pho-
toreceptor neurite outgrowth, as depleting these cells in the
aggregate cultures attenuates donor photoreceptor neurite out-
growth. This observation is consistent with previous studies

©AlphaMed Press 2019

showing purified Miiller glia had significant neurite-promoting
effects on rod photoreceptors that appears to be mediated, in part
by neural cell adhesion molecules [15]. Curiously, the relationship
between photoreceptors in aggregate versus purified Mdller glia
cocultures is quite different. In cocultures with aggregates, photo-
receptor neurites did not appear to be in direct contact or aligned
with Muller glia. This is in contrast to photoreceptor-Miiller glia
cocultures, where photoreceptor neurites grow in very close
proximity to Mdiller glia. The basis for these differences could
be severalfold, including culture-associated differences. For
example, enriched Miiller glia are cultured for several weeks in
the presence of serum, whereas the aggregate cultures are
serum-free and cultured for up to 1 week. Finally, our findings
do not rule out the possibility that other cell types, such as
bipolar cells, are also playing a role in neurite outgrowth in our
in vitro system.

We observed a striking increase in photoreceptor neurite
formation in transplanted ¢rx™7) retinas and in donor-host

STEM CELLS
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cocultures with Crxt™/~) aggregates. This effect may be mediated
in part, by soluble factors, as Crx™-conditioned medium pro-
moted neurite outgrowth. This diffusible cue(s) appears to be
independent of Rho/ROCK signaling, as ROCK inhibition further
potentiates neurite outgrowth in cultures with =) aggregates.
Although the developing and adult €rx'™/7) environments are neur-
ite outgrowth promoting, it is plausible that these effects are
mediated by different mechanisms. For example, it is possible
that (a) growth-promoting cues persist in the e eye
because of the impairment of photoreceptor maturation or
(b) the effect may be caused by the effects of photoreceptor
degeneration. Somewhat paradoxically, the neuritogenic pheno-
type in Crd™7) cultures is an interesting contrast to the reported
deficiency in synapse formation and connectivity to second-order
neurons in the Crx™’™) retina [47]. The basis for these effects
could be related to altered expression of synaptic connectivity
factors in the Crx™/~ environment, which is consistent with tran-
scriptome analysis of crd™7) retinas showing altered expression
of at least 18 synapse-related genes [48]. It is possible that the
abnormalities in synapse formation may actually promote neuri-
togenesis if it results in a failure to suppress neurite outgrowth-
promoting cues [49]. Consistent with this possibility, aberrant
neurite sprouting has been reported in murine retinal degenera-
tion models [50].

CONCLUSION

Establishment of photoreceptor connectivity is poorly understood.
In this current study, we have identified Crx, Miller glia, and
Rho/ROCK signaling as regulators of photoreceptor neurite

outgrowth. Moreover, we have established a novel in vitro plat-
form for studying engraftment, photoreceptor neurogenesis, and
axon guidance in the context of photoreceptor transplantation
that can be used to uncover mechanisms that mediate this
phenomenon.
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