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Subretinal Human Umbilical Tissue-Derived Cell
Transplantation Preserves Retinal Synaptic Connectivity
and Attenuates Miiller Glial Reactivity
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Human umbilical tissue-derived cells (hUTC or palucorcel) are currently under clinical investigation for the treatment of geographic
atrophy, a late stage of macular degeneration, but how hUTC transplantation mediates vision recovery is not fully elucidated. Subretinal
administration of hUTC preserves visual function in the Royal College of Surgeons (RCS) rat, a genetic model of retinal degeneration
caused by Mertk loss of function. hUTC secrete synaptogenic and neurotrophic factors that improve the health and connectivity of the
neural retina. Therefore, we investigated the progression of synapse and photoreceptor loss and whether hUTC treatment preserves
photoreceptors and synaptic connectivity in the RCS rats of both sexes. We found that RCS retinas display significant deficits in synaptic
development already by postnatal day 21 (P21), before the onset of photoreceptor degeneration. Subretinal transplantation of hUTC at
P21 is necessary to rescue visual function in RCS rats, and the therapeutic effect is enhanced with repeated injections. Synaptic develop-
ment defects occurred concurrently with morphological changes in Miiller glia, the major perisynaptic glia in the retina. hUTC trans-
plantation strongly diminished Miiller glia reactivity and specifically protected the a25-1-containing retinal synapses, which are
responsive to thrombospondin family synaptogenic proteins secreted by Miiller glia. Miiller glial reactivity and reduced synaptogenesis
observed in RCS retinas could be recapitulated by CRISPR/Cas9-mediated loss-of-Mertk in Miiller glia in wild-type rats. Together, our
results show that hUTC transplantation supports the health of retina at least in part by preserving the functions of Miiller glial cells,
revealing a previously unknown aspect of hUTC transplantation-based therapy.
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Despite the promising effects observed in clinical trials and preclinical studies, how subretinal human umbilical tissue-derived cell
(hUTC) transplantation mediates vision improvements is not fully known. Using a rat model of retinal degeneration, the RCS rat
(lacking Mertk), here we provide evidence that hUTC transplantation protects visual function and health by protecting photore-
ceptors and preserving retinal synaptic connectivity. Furthermore, we find that loss of Mertk function only in Miiller glia is
sufficient to impair synaptic development and cause activation of Miiller glia. hUTC transplantation strongly attenuates the
reactivity of Miiller glia in RCS rats. These findings highlight novel cellular and molecular mechanisms within the neural retina,
which underlie disease mechanisms and pinpoint Miiller glia as a novel cellular target for hUTC transplantation. /

ignificance Statement

there are no effective treatments available for most of these pa-
tients, particularly those afflicted with geographic atrophy, the

Introduction
Age-related macular degeneration is the leading cause of blind-
ness in individuals over the age of 60 (Lim et al., 2012). Currently,
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advanced form of dry age-related macular degeneration, charac-
terized by degeneration of the retinal pigment epithelium (RPE),
choriocapillaris, and death of photoreceptors (PRs) (Bird et al.,
2014).

Multiple cell-based therapies are currently under clinical in-
vestigation for the treatment of geographic atrophy and fall into
two categories: (1) cell replacement strategies that focus on replacing
dysfunctional RPE cells; and (2) cell preservation strategies in which
transplanted cells provide trophic support to promote multiple as-
pects of retinal health, including neuronal survival and connec-
tivity (Klassen, 2016; Venugopalan et al., 2016; Zhao et al., 2017).
Human umbilical tissue-derived cells (hUTC; palucorcel), har-
vested from postpartum umbilical cord, that is void of cord
blood, are thought to use the latter strategy (Lund et al., 2007).
These cells have been successfully tested in a Phase 1/2a, multi-
center, open-label, dose escalation, safety study (Ho et al., 2017).
A Phase 2b, multicenter, double-masked, randomized study is
ongoing to evaluate the safety and clinical response to the sub-
retinal administration of hUTC (www.ClinicalTrials.gov, Identi-
fier NCT02659098).

The therapeutic potential of hUTC administration has also
been demonstrated in various animal disease models of stroke
(Zhang et al., 2011, 2012, 2013; Jiang et al., 2012; Moore et al.,
2013) and in a rat model of retinal degeneration, the Royal Col-
lege of Surgeons (RCS) rat, which has a loss-of-function muta-
tion in the Mertk gene (Lund et al., 2007). Previous studies,
including our recent report, have provided strong evidence that
paracrine factors secreted by hUTC enhance functional recovery
and protect neurons from progressive degeneration and rescue
RPE phagocytic dysfunction (Alder et al., 2012; Koh et al., 2015;
Cao et al., 2016).

The factors secreted by hUTC include growth factors and cy-
tokines with general neuroprotective effects. Moreover, hUTC
enhance synaptic connectivity and promote neuronal outgrowth
by secreting thrombospondin (TSP) family proteins, TSP1, TSP2,
and TSP4 (Koh et al., 2015). TSPs induce synaptogenesis by their
interaction with their neuronal receptor, the gabapentin receptor
a26-1 (Eroglu et al., 2009). TSPs and «26-1 are also present in
adult rodent retina; however, the cell source that provides TSPs in
the retina has not been confirmed (Huang et al., 2013; Yafai et al.,
2014). Furthermore, the involvement of impaired TSP/a268-1 sig-
naling and abnormal synaptic development in the diseased retina
has not been explored.

In the brain, astrocytes secrete TSPs to control excitatory syn-
apse formation between neurons (Christopherson et al., 2005).
However, retinal astrocytes reside outside of the synaptic layers.
Instead, a specialized radial glial cell type, Miiller glia (MG), spans
the entire neural retina and extends their processes into the syn-
aptic plexiform layers. MG are required for maintenance of PR
health and connectivity (Williams et al., 2010); however, mo-
lecular mechanisms that underlie MG-neuron interactions are
understudied.

In this study, we focused on the effects of hUTC on neural
retina and investigated the cellular mechanisms that underlie
how subretinal hUTC transplantation rescues vision in the RCS
rat. We found that the RCS rat displayed significant deficits in
synaptic development and these deficits strongly correlated with
early morphological and reactivity changes in the MG and
reduced expression of MG-secreted TSP1 and TSP2 and their
neuronal receptor, @26-1. hUTC transplantation significantly
preserved PRs and protected synaptic connectivity. In particular,
the multiple hUTC injection paradigm, which provided best vi-
sual recovery, also attenuated the reactive changes in MG and
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Table 1. Rat groups and subretinal hUTC treatments used in this study

Group  Animals Treatment  Day of treatment ~ Total cells/eye  Injection volume

1 Long Evans  None — — —

2 RCS None — — —

3 RCS huTC P22 20,000 2l

4 RCS BSS P21 — 2l

5 RCS hUTC P60 20,000 2pul

6 RCS huTC P21 and P60 20,000 (P21) 2 ul (P21)
20,000 (P60) 2 pul (P60)

specifically protected the a28-1-containing synapses. Further-
more, we found that loss-of-Mertk function only in MG of wild-
type (WT) rats is sufficient to impair synaptic development and
cause activation of MG, similar to what is observed in the RCS
rats. Our findings highlight novel cellular and molecular mecha-
nisms within the neural retina, which underlie disease mechanisms
and pinpoint MG as an important cellular target for treatment of
retinal degeneration.

Materials and Methods

Animal welfare statement. All animal procedures were conducted accord-
ing to the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and in accordance with the institutional animal care
and use committee guidelines: Institutional Animal Care and Use
Committee Protocol Numbers A-173-14-07, A147-17-06 (Duke University)
and Institutional Animal Care and Use Committee 003801 (Cedars-Sinai
Medical Center).

hUTC preparation for subretinal injection. hUTC were isolated and
cryopreserved as previously described (Koh et al., 2015). Cryopreserved
hUTC (~31.3 population doublings; 2 X 10° viable cells/ml) were used
for the present study. On each day of injection, frozen cells (2 or 3 vials)
were thawed at 37°C in a water bath for ~2 min. Upon thaw, cells were
transferred to a single 15 ml conical tube containing 8 ml of balanced
saline solution (BSS) Sterile Irrigating Solution (Alcon). An additional 1
ml of BSS was added to the cryovials, and the rinse was subsequently
transferred to the 15 ml conical tube. Cells were centrifuged at 250 X g for
5 min at room temperature. The supernatant was removed, and the pellet
was resuspended in 5 ml BSS. Cells were counted using a C-Chip Neu-
bauer Improved Disposable Hemocytometer (IN CYTO) to determine
the total number of viable cells. Remaining cells were subsequently cen-
trifuged for 5 min at 250 X g. The supernatant was removed, and the cells
were resuspended to a final concentration of ~10,000 cells/ul in BSS.
Each cell suspension was transferred from the conical tube to an Eppen-
dorf tube and placed on ice. The time that cells were placed on ice was
recorded. This time was used to set a 2 h window to complete the sub-
retinal injections.

Isolation and culture of primary rat retinal ganglion cells (RGCs). RGCs
were purified by sequential immunopanning from P7 (postnatal day 7)
Sprague Dawley rat retinas (Charles River) as previously described (Win-
zeler and Wang, 2013). Briefly, retinas were dissected and dissociated
with papain (6 U/ml, Worthington). Dissociated cells were panned first
with Bandeiraea Simplicifolia Lectin I (Vector Laboratories) coated Petri
dishes to remove immune cells, cell debris, and fibroblasts. The unbound
cells were transferred to a Petri dish coated with anti-Thy1 (clone T11D7)
antibody for specific isolation of RGCs. The purified RGCs were gently
trypsinized and replated onto poly-p-lysine and laminin-coated glass
coverslips in 24-well plates (35,000 cells/coverslip). RGCs were cultured
in a serum-free growth medium containing B27 (Invitrogen), BDNF,
CNTF, insulin, and forskolin (full recipe of the media can be found in
Winzeler and Wang, 2013).

Experimental design for subretinal hUTC injection. Pigmented female
and male dystrophic RCS rats (postnatal day P21-P22, P60) were used
for the study. Age-matched Long—Evans (LE) rats served as controls.
Animals were divided into 6 study groups, with 6 study animals per
group (Table 1). All animals were maintained at Cedars-Sinai Medical
Center.
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Subretinal injections. Subretinal injections were performed in RCS rats
on P21-P22 (Groups 3 and 4) and P60 (Group 5). Group 6 animals
received 2 injections in the same eye. The first injection was administered
on P21 and the second injection on P60. All injections were performed in
the right eye. The left eyes were not treated. Animals were anesthetized
intraperitoneally with 75 mg/kg zetamine (VetOne) and 0.25 mg/kg dex-
medetomidine (Zoetis) diluted in bacteriostatic 0.9% NaCl (Hospira).
The eye was dilated with 1% tropicamide ophthalmic solution USP
(Bausch & Lomb) followed by 2.5% phenylephrine hydrochloride oph-
thalmic solution (Paragon, BioTek). The eye was stabilized using a non-
absorbable suture (4-0) (Ethicon). The suture was placed behind the
equator of the eyeball to pull the eyeball forward and allow for exposure
of the dorsal-temporal portion of the eye.

To observe the fundus clearly, Gonak (Hub Pharmaceuticals) was
placed on the cornea of the globe. A plastic ring was subsequently placed
on the eyelid to keep the Gonak in place. A scissor was used to cut away
conjunctiva, and a 30 ¥2 G metal needle was used to make a sclerotomy at
upper temporal region of the eye; 2 ul cell suspension was drawn into a
sterile glass pipette (internal diameter 50—-150 pwm) via a plastic tube
filled with BSS that was attached to a 25 ul Hamilton syringe. To reduce
intraocular pressure and to limit the efflux of cells, the cornea was
punctured using a 30 2 G metal needle. Cells or BSS (2 ul volume)
were injected through the site of the sclerotomy. Immediately after injec-
tion, the fundus was examined for retinal damage or signs of vascular
distress. The wound was sutured with a nonabsorbable surgical suture
(10-0) (Ethicon). The suture around the eyeball was removed, and then
the eyelid was put into its normal position. Finally, 0.5% erythromycin
ophthalmic ointment (Bausch & Lomb) was used locally. Rats were given
1 mg/kg atipamezole (Orion) intraperitoneally to reverse the effects of
the dexmedetomidine. The animals recovered from anesthesia on warm
pads (37°C) before they were returned to their holding room. Animals
that received hUTC and BSS injections received daily dexamethasone
(Fresenius Kabi) injections (1.6 mg/kg, i.p.) for 2 weeks following the
subretinal procedure. Additionally, these animals received cyclosporine-A
(Teva Pharmaceuticals) in their drinking water (210 mg/L) throughout the
course of the entire experiment.

Visual function assessments. All animals were tested for spatial visual
acuity at different predetermined time points (P30/31, P60, and P88-
P93) using an optomotor testing apparatus (Cerebral Mechanics) as pre-
viously described (Prusky et al., 2004; Lund et al., 2007). Optokinetic
response (OKR) allowed for noninvasive gross measures of visual acuity
as a function of reflexive image stabilization.

Luminance threshold (LT) recordings were performed on 3 animals
from each group on P90-P95, as previously described (Girman et al.,
2005). Recordings were made from both the treated and untreated eyes.
Briefly, animals were anesthetized, a small skin incision was made over
the superior colliculi (SC), and 15-20 openings were drilled through the
skull over the area of the SC dorsal projection. Glass-coated tungsten
microelectrodes (resistance: 0.5 M{); bandpass 500 Hz to 5 kHz) were
introduced through the openings into the SC. The brightness of a 5° spot
was varied using neutral density filters (minimum steps of 0.1 log unit)
over a baseline level of 5.2 log units until a response double the back-
ground activity was obtained: this was defined as the threshold level for
that point on the visual field. A total of 15 positions were recorded from
each SC. Data were expressed as a graph of percentage of the SC area with
a LT below defined levels.

Retina preparation for immunohistochemistry (IHC). After visual func-
tion assessments, the retinas from LE and RCS rats were collected. Ani-
mals were terminated on P94-P96 by CO, asphyxiation, followed by
bilateral pneumothorax. Eyes were removed and immersed in 2% PFA
for 1 h and subsequently infiltrated with 10%, 20%, and 30% sucrose.
Eyes were maintained in each solution for 1 h at room temperature and
then transferred to 4°C overnight in 30% sucrose. Eyes were embedded in
OCT (frozen tissue matrix) and cut in sequence (10 wm horizontal sec-
tions apart) on a cryostat. Every sixth section was placed on the same slide
as the first section, and a total of four sections (50 wm apart) were col-
lected per slide. A total 4050 slides/eye were cut.

For the IHC analyses during development, age-matched LE and RCS
retinas (P14, P21, and P30) were collected by intracardially perfusing
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with TBS (25 mM Tris-base, 135 mm NaCl, 3 mm KCI, pH 7.6) supple-
mented with 7.5 um heparin followed with 4% PFA (Electron Micros-
copy Sciences) in TBS. The eyes are enucleated and lens was removed by
making an incision in the cornea. The eyecups were fixed with 4% PFA in
TBS for 2 h at room temperature. The eyecups were cryoprotected with
30% sucrose in TBS overnight and were then embedded in OCT (Tissue-
Tek) compound and frozen.

Identification of synapses by immunocytochemistry. Retina sections
were washed three times and then permeabilized in PBS with 0.4% Triton
X-100 (PBST; Roche) at room temperature. Sections were blocked in 5%
NGS, normal donkey serum, or BSA in PBST for 1 h at room temperature.
Primary antibodies (mouse anti-Bassoon 1:500 [RRID:AB_10618753, ADI-
VAM-PS003-F, Enzo], rabbit anti-mGluR6 1:150 [RRID:not applicable,
RA13105, Neuromics], guinea pig anti-VGlutl 1:750 [AB5905, Milli-
pore], rabbit anti-PSD95 1:500 [RRID:AB_87705, 51-6900, Invitrogen]|,
mouse anti-Gephyrin 1:250 [RRID:AB_1279448, 147-021, Synaptic
Systems], goat anti-TSP1 1:200 [RRID:AB_2201958, AF3074, R&D Sys-
tems], goat-anti-TSP2 1:200 [RRID:AB_2202068, AF1635, R&D Sys-
tems]|, mouse anti-glutamine synthetase 1:1000 [RRID:AB_397879,
610517, BD Biosciences], rabbit anti-SOX9 1:4000 [RRID:AB_2239761,
AB5535, Millipore], goat anti-ChAT[RRID:AB_11214092, AB144P, Mil-
lipore], rabbit anti-a28-1 [RRID:AB_258885, C5105, Sigma-Aldrich]), rab-
bit anti-a28-1 [RRID:AB_2039785, ACC-015, Alomone Labs], and rabbit
anti-GFAP [RRID:AB_10013382, Z033429-2, Dako] were diluted in 5%
NGS or 5% BSA containing PBST. Sections were incubated overnight at
4°C with primary antibodies. For TSP staining, the primary antibodies
were incubated for 48 h at 4°C as previously described (Huang et al.,
2013). Secondary Alexa-fluorophore-conjugated antibodies (Invitro-
gen) were added (1:200 in PBST with 5% NGS or 5% BSA) for 2 h atroom
temperature. Slides were mounted in Vectashield with DAPI (Vector
Laboratories), and images were acquired on a Leica SP5 and SP8 confocal
laser-scanning microscopy.

Quantification of synapses (synapse analysis). Three or four animals per
age of LE or RCS were used for synapse analysis. Three independent
retina sections per each group of treatments (Groups 1-6) or age (P14,
P21, and P30) were used for IHC. The 5-um-thick confocal z stacks
(optical section depth 0.33 wm, 15 sections/z stack) of the retinas were
imaged at 63X magnification on a Leica SP5 confocal laser-scanning
microscope. Maximum projections of three consecutive optical sections
(corresponding to 1 wm total depth) were generated from the original z
stack. Analyses were performed blind as to strain and/or treatments. The
Puncta Analyzer plugin (written by Barry Wark, available upon request
from C.E.; c.eroglu@cellbio.duke.edu) for ImageJ 1.29 (National Insti-
tutes of Health; http://imagej.nih.gov/ij/; version ImageJ 1.29 is available
at https://sites.duke.edu/eroglulab/quantification-of-synapses/) was used to
count the number of colocalized puncta. This quantification method is
based on the fact that presynaptic and postsynaptic proteins (e.g.,
VGIuT1 and PSD95) are not within the same cellular compartments of
neurons (axons vs dendrites, respectively) and would only appear to
partially colocalized at synaptic junctions due to their close proximity.
This quantification method yields an accurate estimation of the number
of synapses both in vitro and in vivo because it measures colocalization as
opposed to staining of a single presynaptic or postsynaptic protein be-
cause synaptic proteins also often accumulate in extrasynaptic regions
during the course of their life cycle. In agreement, numerous previous
studies by us and others showed that synaptic changes observed by this
quantification method is verified by techniques such as EM and electro-
physiology (Christopherson et al., 2005; Eroglu et al., 2009; Kucukdereli
etal.,2011; Allen et al., 2012; Risher et al., 2014; Koh et al., 2015; Singh et
al., 2016). Details of the quantification method have been described pre-
viously (Ippolito and Eroglu, 2010). Briefly, 1-um-thick maximum pro-
jections are separated into red and green channels, backgrounds are
subtracted (rolling ball radius = 50), and thresholds are determined to
detect discrete puncta without introducing noise. Minimum pixel size of
puncta was set as 4 to remove any background noise. The Puncta Ana-
lyzer plugin then uses an algorithm to detect the number of puncta that
are in close proximity across the two channels, yielding quantified colo-
calized puncta. To calculate percentage of WT colocalization, colocalized
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puncta values for WT were averaged, then all image values (WT and KO)
were converted to percentage of the calculated WT average.

TUNEL assay. To detect degenerative PRs, apoptotic cells were de-
tected by TUNEL (In Situ Cell Death Detection Kit, Roche) staining
according to the manufacturer’s protocol. Briefly, cryosectioned (10—12
um) retina was washed with PBS for 30 min and permeabilized in 0.1%
Triton X-100 for 2 min on ice. The slides were washed twice with PBS
followed by incubation with TUNEL reaction mixture for 6 min at 37°C
in the dark. The slides were washed three times with PBS and mounted in
Vectashield with DAPI (Vector Laboratories). The images of TUNEL-
positive cells were acquired on a Leica SP5 confocal laser-scanning
microscope.

RNA FISH. A set of FISH probes targeting either rat Thbsl or Thbs2
was purchased from Stellaris (LGC Biosearch Technologies). Each probe
set was composed of 48 oligonucleotides (20 nucleotides each) that se-
lectively bind to transcripts of either TSP1 (Thbs1) or TSP2 (Thbs2). The
probe sets were labeled with fluorescent dye CAL Fluor Red 610 or Qua-
sar 670, for Thbs1 or Thbs2, respectively. Briefly, 10 uwm retina sections
were fixed with 4% PFA for 15 min and washed twice with PBS contain-
ing RNase inhibitor (Invitrogen). The sections were permeabilized with
ethanol for 2 h at room temperature. After wash and rehydration with PBS,
the sections were sequentially incubated with primary (mouse anti-
glutamine synthetase [GS], 1:200) and secondary (anti mouse-IgG
AlexaFluor-488, 1:200) antibodies for 1 h at room temperature with PBS
washes between steps. After immunostaining, the sections were postfixed
with 4% PFA for 15 min at room temperature followed by a PBS wash. Then,
RNA FISH was performed following the manufacturer’s recommended
protocol.

CRISPR/SaCas9-mediated ablation of MER receptor tyrosine kinase
(MERTK), adeno-associated virus (AAV) design, virus production, and
intravitreal injection. To ablate Mertk gene specifically in MG, we pur-
chased Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/SaCas9 vector from Addgene (pX601, Plasmid #61591) and
cloned an sgRNA (GCTGGATGTGATCTTCCAGTC) targeting rat Mertk gene
between Bsal sites. AAVs containing CRISPR/SaCas9 were produced by
the Duke Viral Vector Core using MG-specific capsid (ShH10) from Dr.
John Flannery (University of California—Berkley) (Klimczak et al., 2009).

To verify that designed sgRNA targeted Mertk locus and disrupted
MERTK expression, cortical astrocytes or retinal glia were isolated from
P1 Sprague Dawley rat pups using standard methods as described by
(McCarthy and de Vellis, 1980). The 2 X 10° cells in a 10 cm dish were
transduced with AAV-CRISPR/SaCas9. We verified CRISPR/SaCas9-
mediated genome excision, first by conducting T7 endonuclease I assay
(T7E1). To do so, rat genomic DNA was isolated from cortical or retinal
astroglial cultures at day 3 after transduction, and ~1100 bp of genomic
region around sgRNA target site was amplified by PCR using the follow-
ing primers: forward, TCGTGTGGGTGAGGCAGTGTTC; and reverse,
CATGCTCAAGGCTCTGGGTTCC. The PCR amplicon was then sub-
jected to T7E1 assay to verify cleavage, and the mutations visualized by
the T7E1 assay were further confirmed by sequencing.

P7-P10 LE pups were used for intravitreal injections; then, retinas were
collected at P21 and P45. A total of 2 ul containing 1 X 10'? vg/ml of
AAV-CRISPR was intravitreally injected per eye using 5 ul Hamilton
syringes.

Preparation of retinal glia-conditioned media. Retinal glia were isolated
from P1 Sprague Dawley pups and cultured as previously described (Mc-
Carthy and de Vellis, 1980; Trachtenberg and Packey, 1983). Retinal glia
were grown in 10 cm tissue culture dishes (Corning) and treated with 5 ul
of 1 X 10" vg/ml AAV viral particles, then incubated overnight. At day 5
after transduction, the retina glia were washed twice with warm DPBS
(Invitrogen) and 10 ml of conditioning media, composed of DMEM
(Invitrogen) supplemented with r-glutamine (2 mwm, Invitrogen), so-
dium pyruvate (1 mwm, Invitrogen), penicillin (100 U/ml), and strepto-
mycin (100 ug/ml, Invitrogen), was added to each dish. Media were
conditioned for 5 d, then collected and concentrated 10 times by using 5
kDa molecular weight cutoff Vivaspin 20 centrifugal concentrators (Sar-
torius). The protein concentration of each conditioned media was
measured by the standard BCA assay (Thermo Scientific) following the
manufacturer’s recommendations. Aliquots of retinal glia-conditioned
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media in low protein-binding tubes (Eppendorf) were rapidly frozen in
liquid nitrogen and were stored at —80°C until use.

Retinal glia RGC coculture experiments. For neuron/glia coculture
experiments, 150,000 retinal glial cells were seeded into transwell inserts
in growth media, described above. The next day, these cells were treated
with AAV-CRISPR containing either control or Mertk-targeting sgRNA. At
day 5 after transduction, retina glia were treated with hUTC-conditioned
medium (UCM) prepared as previously described (Koh et al., 2015) for
3 d before coculture. On the day of coculture, the inserts with cells were
washed twice with DPBS, then medium was replaced with RGC growth
media. Transwell inserts were transferred into 24-well plates with 4 DIV
RGCs that were grown on glass coverslips. The RGCs and retinal glial
cells were then cocultured for 6 d to allow for synapses to form between
cells. RGCs cultured alone (without inserts) served as a control.

Western blot analysis. Either retinal glia-conditioned media or glial cell
lysates were used for Western blot analysis. The conditioned media were
prepared as described above. Whole-cell lysates were prepared using
RIPA lysis buffer supplemented with protease inhibitor (Sigma-Aldrich).
Protein concentration was determined for each sample by standard BCA
assay (Thermo Scientific), and 20 ug of protein from each sample was
boiled at 95°C for 5 min. Proteins were separated in 10% SDS-PAGE gels
(Bio-Rad) and were then transferred onto PVDF membranes (Millipore).
To detect protein expression, goat anti-TSP1 (1:250, RRID:AB_2201958),
TSP2 (1:250, RRID:AB_2202068) (R&D Systems), mouse anti-GS (1:
1000, RRID:AB_397879, BD Biosciences), goat anti-MERTK (1:250,
RRID:AB_2098563, R&D Systems), and rabbit anti-GFAP (1:2000,
RRID:AB_10013382, Dako) were used. HRP-conjugated anti-goat anti-
body (1:5000, RRID:AB_357236, R&D Systems) or, fluorescent anti-goat
antibody (1:5000, RRID:AB_2650427, LI-COR Biosciences) was used as
secondary antibody. The detection was performed with an ECL Western
Blotting Analysis System kit (GE Healthcare) or Odyssey System (LI-
COR Biosciences).

Statistical analysis. Statistical analyses of the quantified data were per-
formed using Student’s ¢ test or one-way ANOVA followed by post hoc
test (Tukey’s HSD), if applicable. For luminance threshold analyses, we
performed Levene’s test for homogeneity of variance to confirm that the
variances of different groups were the same and then we applied Tukey’s
HSD multiple comparisons. JMP Genomics Pro 13.0 software (SAS) was
used for all statistical analysis of the data. All data were expressed as
mean * SEM.

Results

Recovery of visual function by subretinal h(UTC
transplantation depends on the time of cell administration

A previous study demonstrated that subretinal transplantation of
hUTC on P21 recovers visual function in the RCS rats (Lund et
al., 2007). The therapeutic effects of hUTC transplantation were
gained without transdifferentiation of transplanted cells into ret-
inal cells. This observation suggested that hUTC support visual
function recovery via paracrine effects that promote the health
and function of the retinal cells. To achieve a better understand-
ing of the cellular and molecular mechanisms involved in thera-
peutic effects of these cells on visual function, we first questioned
whether it is necessary to administer hUTC to the RCS rats within
aspecific period of time to observe benefits. Furthermore, we also
tested whether the therapeutic benefits of this treatment could be
enhanced by repeated cell administration. To do so, we compared
the efficacy of hUTC injection at two different time points: P21
and P60. Cryopreserved hUTC were freshly thawed and prepared
on the day of transplantation at 10,000 cells/ul in BSS and then
subretinally injected to right eyes of RCS rats on P21 (G3), P60
(G5), or both at P21 and P60 (G6) (Fig. 1A). Left eyes did not
receive any treatment. All rats were under immunosuppression
to eliminate the effects of cell transplantation-driven immune
response to the experimental outcomes. Age-matched LE (G1),
RCS rats receiving no treatment (G2), and RCS rats receiving
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Collectively, these results demonstrate
that it is critical to inject hUTC at an early
stage of retinal degeneration to maximize
vision preservation in RCS rats, and the
therapeutic effects of hUTC transplanta-
tion are enhanced by repeated injections.

Right Eyes - Treated

hUTC treatment prevents PR apoptosis
and delays outer nuclear layer (ONL)
degeneration

Why is it critical to inject hUTC at P21 to
have a therapeutic effect? We hypothe-
sized that in this model it is necessary to
conduct hUTC transplantation before

60 90
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significant PR cell loss occurs. The pro-
gressive PR loss in RCS rats has been ex-
tensively characterized with PR death first

detected as early as P22 (Dowling and Sid-
man, 1962). Few TUNEL-positive “apo-
ptotic” cells appear at P20, and notable
TUNEL-positive PR cell staining is ob-
served by P25 (Tso et al., 1994).

To determine the detailed timeline of
retinal degeneration in this rat model, we
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Figure 1. Recovery of visual function by subretinal hUTC transplantation depends on cell injection on P21. 4, Schematic

representation of the experimental design. hUTC were injected into the subretinal space on P21 and/or P60. Visual function
recovery was assessed on P30, P60, and P90 —P95, and then retina samples were harvested from the same animals on P95. B, OKR
tests demonstrated that left eyes without injection showed progressive loss of vision in RCS rats. €, Right eyes of RCS rats that
received hUTC subretinally on P21 alone (G3) or on P21 and P60 (G6) demonstrated vision responses that were comparable with
healthy control LE rats (G1), whereas the vehicle control group (BSS, G4) or P60 hUTC-treated group (G5) progressively lost visual
function similar to that of untreated controls (G2). D, OKR results of right eyes on P90 demonstrate that G3 and G6 had significantly
improved visual function. p << 0.05 (one-way ANOVA and Tukey's post hoc test). Different letters are statistically different. E, LTR
on P90—P95 demonstrated that the superior colliculus of G6 animals was significantly more responsive to light stimuli than
animalsin G3. Data are mean == SEM. OKR tests were performed in all animals in each group (n = 6). Luminance recordings were

performed on 3 animals in each group.

vehicle (i.e., BSS only, G4) served as controls. Visual function was
assessed by measuring the OKR on P30, P60 and P90 followed by
luminance threshold response (LTR) on P90-P95. Following
LTR testing, the retinas were collected for THC analyses.

OKR testing did not reveal any significant differences in visual
function among the 6 study groups on P30 or P60; however, by
P90 untreated RCS rats (G2), the vehicle-injected group (G4) and
those RCS rats treated with cells on P60 (G5) showed significant
vision loss. On the other hand, RCS rats receiving subretinal
hUTC transplantation once on P21 (G3) or twice on P21 and P60
(G6) showed optokinetic responses that were equivalent to healthy
LE rats (Fig. 1C,D; one-way ANOVA (Fs 46) = 16.7772, p < 0.0001)
and Tukey’s post hoc test). The left eyes (without treatment) from all
RCS animals displayed impaired visual function at P90 (Fig. 1B).

To evaluate the effects of hUTC transplantation on retinal
synaptic function, we measured the retinal response to light stim-
uli by recording luminance thresholds (LTRs) from the superior
colliculus, a brain region that receives direct synaptic inputs from
the RGCs. LTRs were performed as previously described (Girman
et al., 2005). Interestingly, the retinas of G6 (repeated injections
at P21 and P60) demonstrated significantly lower luminance
thresholds and broader area under the curve than G3 (single
injection at P21, Tukey’s HSD, p = 0.003) and G4 (vehicle-
injected P21, Tukey’s HSD p = 0.002) at all the luminance levels
(Fig. 1E).

1.9 25 31 37  collected and quantitatively analyzed RCS
and LE retinas from untreated animals at
different time points between P14 (early
postnatal development, shortly after eye-
opening) and P90 (late stages of the de-
generative process). As previously noted,
occasional apoptotic PR nuclei are pres-
entat P21 in the RCS rats, but thickness of
the ONL, where the PRs reside, does not
significantly differ from that of LE control
rats at this time (Fig. 2A). On the other
hand, we found a significant loss of ONL
thickness and extensive TUNEL-positive
PRs in RCS rat retinas at P30 compared
with LE retinas (Fig. 2B,D; Student’s ¢ test, p < 0.0001). The
majority of the PRs are lost in RCS rats by P60 (Fig. 2C,D; Stu-
dent’s f test, p < 0.0001). These results show that significant PR
apoptosis and loss starts to occur between P21 and P30 in the
RCS retinas. We next investigated how subretinal hUTC ad-
ministration affects the PR cell layer thickness and TUNEL
positivity at P95. We found that hUTC injection on P21 (G3)
or repeated administrations on P21 and P60 (G6) both delay
PR loss as demonstrated by a significant increase in ONL
thickness compared with the vehicle-injected RCS group (G4
on P95 (Fig. 2 E, F; one-way ANOVA, p < 0.0001). However,
significant PR loss still occurs in these rats compared with WT
LE controls at P95 (Fig. 2 E, F; one-way ANOVA, p < 0.0001).
Notably, many of the remaining PRs in the vehicle-injected
RCS rat retinas are TUNEL-positive; however, hUTC trans-
plantation significantly reduces the density of TUNEL-positive cells
(Fig. 2E, G; one-way ANOVA, p < 0.0001). Repeated administra-
tion of hUTC at P21 and P60 further diminishes TUNEL positivity
in the PR layer (Fig. 2G; one-way ANOVA, p < 0.0001). To-
gether, these results show that hUTC administration at P21 is
critical for preserving PRs in the RCS rat. These results also indi-
cate that preservation of visual function triggered by hUTC ad-
ministration is at least in part due to protection of PR numbers
and health.
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sex and expressed as mean == SEM. *p << 0.05, ***p << 0.0001.

Deficits in synapse development precede retinal degeneration

in the RCS rat

Synaptic dysfunction and synapse loss are known to accompany
retinal degeneration in the RCS rats (Griinder et al., 2001; Peng et
al., 2003; Cuenca et al., 2005). However, it is not yet clear whether
synapses are formed normally in these rats and then are lost dur-
ing the degenerative process, or whether synapse development is
already impaired in RCS retinas. Furthermore, previous findings
suggest that the therapeutic effects of hUTC are mediated via
paracrine effects (Lund et al., 2007), and hUTC-secreted factors
enhance synaptic connectivity in vitro (Koh et al., 2015). There-
fore, next we tested whether synaptic development is normal or
impaired in the RCS rat retinas. To do so, we quantitatively ana-
lyzed the number of synapses in the RCS retinas compared with
age-matched WT LE controls at P14 (before PR loss), P21 (onset
of PR death), and P30 (after significant PR death has already
occurred).

The neural retina is a well-organized structure with three dis-
tinct cellular layers, namely, the ONL, inner nuclear layer (INL),
and the ganglion cell layer, respectively). Neurons that reside in
each of these layers are connected with each other through ste-
reotypical synaptic contacts located within the synaptic zones
known as outer and inner plexiform layers (OPL and IPL, respec-
tively) (Fig. 3A). To determine the number of synapses formed in
these layers, we visualized and quantified the synapses by the
colocalization of synapse type-specific presynaptic (green) and
postsynaptic (red, excitatory; blue, inhibitory) markers using a
previously standardized method (Ippolito and Eroglu, 2010).
This method takes advantage of the fact that presynaptic and
postsynaptic proteins are not in same cellular compartments (ax-
ons and dendrites, respectively), but they come in close proximity
at synapses, and thus appear to colocalize when imaged at the
resolution level of light microscopy.

In the OPL, the PRs form excitatory ribbon synapses onto the
bipolar interneurons. We analyzed the number of OPL ribbon
synapses by quantifying the colocalization of presynaptic Bassoon
(green) and postsynaptic mGluR6 (red) puncta in age-matched LE
and RCS retinas (Fig. 3B). We found that the number of OPL
ribbon synapses in RCS retinas is significantly reduced compared
with age-matched LE rats at all the time points analyzed (i.e., P14,
P21, and P30; Fig. 3C; Student’s ¢ test, p = 0.0084). This result
shows that ribbon synapse development in the OPL of RCS rats is
already diminished at P14 and P21, before significant PR death
occurs.

Vision-driven synaptic signals from PRs are relayed by bipolar
cells of the INL. Bipolar cells project their axons into the IPL to
provide presynaptic excitatory inputs onto the dendrites of RGCs
(Fig. 3A). To determine whether the development of IPL bipolar
cell synapses between bipolar cells and RGCs is also altered in the
RCS rats, we marked these synapses by using vesicular glutamate
transporter 1 (VGluT1, green) and postsynaptic density protein
95 (PSD-95, red) as presynaptic and postsynaptic markers, re-
spectively (Fig. 3D). We found that similar to OPL, the IPL bipo-
lar cell synapse development is also impaired in the RCS rat (Fig.
3E; P21 p = 0.0024 and P30 p < 0.0001, Student’s ¢ test). Inter-
estingly, in the LE retinas, the density of bipolar cell synapses
increases dramatically between P14 and P21, whereas in the RCS
rat retinas this rapid synaptic growth does not take place (Fig.
3E). Together, these results show that both OPL and IPL excit-
atory synapse development is negatively affected in the RCS rats.
These results also show that impairments in synaptic develop-
ment precede significant PR loss, indicating a possible involve-
ment of synaptic dysfunction in the onset of retinal degeneration.

In addition to VGluT1-positive bipolar cell synapses, IPL
hosts a large number of other synaptic connections. Therefore,
we further characterized the deficits of synaptic development in
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Figure 3.  Synaptic development is impaired in RCS rats preceding PR loss. A, Schematic representation of the retinal layers.
Presynapse (green) and postsynapse (red represents excitatory; blue represents inhibitory) are labeled in the synaptic layers.
B, Representative images of the OPL with the PR ribbon synapses labeled for Bassoon (green) and mGluR6 (red) from LE (healthy)
and RCS (degenerative) retinas on P14, P21, and P30. €, Quantification of ribbon synapses in the OPL between P14 and P30 revealed
that synapse development in the RCS was already impaired on P14. D, Representative images of the IPL with the bipolar excitatory
synapses labeled for VGIuT1 (green) and PSD95 (red) from LE (healthy) and RCS (degenerative) retinas at P21. E, Quantification of
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the IPL of the RCS rats by staining the
retinas with the presynaptic marker Bas-
soon, which marks both excitatory and
inhibitory presynapses, in combination
with antibodies specific for excitatory
(PSD95) and inhibitory (Gephyrin) post-
synapses (Fig. 3F). We quantified the
number of excitatory and inhibitory syn-
apses by counting the colocalization
between Bassoon/PSD-95 or Bassoon/
Gephyrin, respectively. We found no sig-
nificant differences in the numbers of
either excitatory or inhibitory synapses
between LE and RCS rats at P14 (Fig. 3G,
p =0.2981; Fig. 3H, p = 0.6730, Student’s
t test). However, at P21, there is a sharp
reduction in the numbers of excitatory
synapses in the RCS rats, whereas the
number of inhibitory synapses is compa-
rable with LE controls (Fig. 3G, p <
0.0001; Fig. 3H, p = 0.1840, Student’s ¢
test). By P30, we observed significantly
fewer excitatory and inhibitory synapses
in the RCS rat compared with LE controls
(Fig. 3G, p = 0.0492; Fig. 3H, p < 0.0001,
Student’s t test). To ensure that the colo-
calization we observe between presynap-
tic and postsynaptic markers are specific
and are not due to chance, we reanalyzed
the same images after we randomized the
puncta by rotating one channel 90° with
respect to the other. In the randomized
images, the colocalization was sharply di-
minished, confirming that the VGIuT1/
PSD95 overlap we observe is not due to
random chance (Fig. 31,J; one-way ANOVA,
p < 0.0001). These results show that for-
mations of multiple classes of synapses are
altered in the RCS rats. The excitatory
synapse development is impaired before

<«

bipolar excitatory synapses in the IPL between P14 and P30
revealed that synapse development in the RCS rat is compro-
mised between P14 and P21. F, Representative images of the
IPLwith the excitatory and inhibitory synapses labeled for Bas-
soon (pre, green), PSD95 (excitatory post, red), and Gephyrin
(inhibitory post, blue) from LE (healthy) and RCS (degenera-
tive) retinas at P21. Quantification of (G) excitatory and (H)
inhibitory synapses formed in the IPL between P14 and P30
revealed that deficits in excitatory synapse development oc-
curred before deficits in inhibitory synapses. To demonstrate
that the overlap in VGlut1 and PSD95 puncta is specific to syn-
apses and is not due to random chance in densely stained tis-
sue, confocal z stacks were split into two channels (VGlut1and
PSD95), the PSD95 channel was rotated 90° out of alignment,
then the two channels were remerged and analyzed for appar-
ent colocalization of presynaptic puncta. /, Representative LE
retina IHC image of fixed (original) and rotated image. J, For
both LE and RCS rat retinas, overlap frequency was signifi-
cantly decreased in the rotated images compared with the
original images. Data were obtained from a minimum of 3
animals of either sex and expressed as mean == SEM. *p <
0.05.
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Synapses in both on- and off-sublaminae layers are developmentally impaired. 4, Representative images in the IPL with the excitatory and inhibitory synapses labeled for Bassoon (pre,

green), PSD95 (excitatory post, red), and Gephyrin (inhibitory post, blue) from LE (healthy) and RCS (degenerative) retinas on P21. OFF and ON layers were identified by layered enrichment of
Bassoon. Excitatory synapse quantification shows both (B) OFF and (D) ON layer have reduced number of synapses in RCS rats on P21, although there were no significant changes in the number of
inhibitory synapses formed in both (€) OFF and (E) ON layers. F, Representative P21 LE retinaimage of IPL costained with antibodies against Bassoon (green) and ChAT (red). Data were obtained from

aminimum of 3 animals of either sex and expressed as mean = SEM. *p < 0.05.

P21, whereas inhibitory synapses are affected by P30, only after
significant PR death occurs.

The synaptic connections of the IPL can be approximately
divided into two sublayers, namely, the ON and OFF layers (Fig.
4A), based on the response of these synaptic connections to light
stimuli (Werblin and Dowling, 1969; Hoon et al., 2014). To de-
termine whether the synaptic deficits we observed in P21 RCS rat
retinas were specific to one of these sublayers, we quantified
the numbers of synapses formed in ON and OFF layers at P21.
These sublayers were identified by costaining one of the pre-
synaptic markers, Bassoon, with ChAT (Fig. 4F). The excit-
atory or inhibitory synapses located in S1-S2 and S3-S5 were
categorized as ON and OFF layer synapses, respectively. Our
results demonstrated that excitatory synaptic development is
impaired concurrently in both ON and OFF layers (Fig. 4 B, D;
Student’s t test, p < 0.0001); however, there were no signifi-
cant differences in the number of inhibitory synapses in either
sublayer (Fig. 4C, p = 0.3374; and Fig. 4E, p = 0.4045, Stu-
dent’s t test), paralleling the results obtained from the entire
IPL (Fig. 3H).

Collectively, these results illustrate that excitatory synaptic
development in RCS rat retinas is impaired by P21, before the
onset of significant retinal degeneration. The deficits in excit-
atory synaptic development occur in both the OPL and IPL.
Furthermore, these results suggest that signaling mechanisms

that control retinal synapse development is impaired in the
RCS rat retinas.

MG exhibit altered morphology during early development
preceding PR loss
Astrocytes are powerful controllers of excitatory synapse for-
mation in the brain by secreting multiple synaptogenic fac-
tors, including TSPs (Christopherson et al., 2005; Eroglu et al.,
2009). However, in the retina, the MG undertake astrocyte-
like functions by extending their processes into the synaptic
plexiform layers and positioning themselves at close proximity
to the axons and dendrites. The MG processes span the retina
and infiltrate the plexiform layers to clear synaptically released
neurotransmitters and to maintain ion homeostasis. MG cel-
lular processes can be labeled by staining with an antibody
specific for GS (an important enzyme that is required for the
ability of MG to convert glutamate to glutamine to be shuttled
back to neurons), and the MG cell nuclei can be visualized by
staining with an antibody against SOX9 (SRY-box 9; Fig. 5A).
Previous studies showed that, in the RCS retinas, MG progres-
sively become “reactive” during the course of retinal degenera-
tion (Hartig et al., 1995; Dyer and Cepko, 2000; Wang et al., 2005;
Zhao et al., 2010; Fernandez-Sénchez et al., 2015; Hippert et al.,
2015). For example, analysis of retinal sections from RCS rats at
P1 through P100 showed that MG become positive for GFAP as
early as P35 (Kimura et al., 2000), an indication that reactive
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MG exhibit reactive morphology during early development preceding PR loss in the RCS rat. A, Schematic representation of the retinal layers and MG. Processes (GS, green) and nuclei

(S0X9, red) of MG are labeled by IHCat (B) P14 and (€) P21. Representative pictures of GS * MG processes in (D) OPL and (E) IPL. The percentages of area covered by MG processes are reduced in both
(F)OPLand (G) IPLin RCSrat. H, Number of SOX9 ™ cell bodies and (/) distance between SOX9 cell bodies were increased in RCS rats, suggesting proliferative changes of MG. Data were obtained from

aminimum of 3 animals of either sex and expressed as mean = SEM. *p < 0.05.

gliosis is initiated in RCS retinas at this age. On the other hand, no
significant changes in the overall expression levels of GS were
detected in RCS rats compared with healthy controls (Kimura et
al., 2000). However, whether the number, distribution, and mor-
phology of the MG are affected in RCS rats before the onset of
GFAP expression is not known. To determine whether there are
early changes in the MG of the RCS rats, preceding the onset of
neuronal death, we immunostained age-matched LE and RCS
retinas with antibodies against MG-specific markers, GS and
SOX9, at P14 and P21. This analysis revealed that during the third
week of postnatal development (P14-P21), the GS™ MG pro-
cesses become more arborized within the synaptic layers in LE
rats; however, this arborization is impaired in the RCS rat (Fig.
5B-E). We further analyzed the GS * MG process infiltration into
the synaptic layers at P21 by quantifying the percentage area
of the plexiform neuropil covered by GS™ staining. We found
that the percentage coverage of the neuropil by MG processes is
significantly reduced in the IPL and trended toward a decrease in
the OPL (Fig. 5F, p < 0.0001; and Fig. 5G, p = 0.0351, Student’s
t test) of the RCS rats compared with LE controls. Furthermore,
we found a significant increase in the number of MG (marked by
SOXO9) in the RCS rat retinas compared with LE WT rats (Fig. 5H;
Student’s ¢ test, p = 0.0351), and the SOX9 * nuclei appeared to
have a disorganized distribution within the INL (Fig. 5C). In
agreement with this, we found that the SOX9 ™ cell nuclei were
more broadly distributed within the INL, as determined by a
slight, but statistically significant, increase in the average distance
from the mean SOX9 * nuclei position in the INL (Fig. 5I; Stu-
dent’s f test, p = 0.0012). Together, these findings indicate that
MG in RCS rats display morphological and proliferative changes
at P21, preceding significant PR loss. These changes in RCS MG
coincide with the impaired synaptic development in these rats,
suggesting that early activation of MG is linked to observed syn-
aptic abnormalities.

Synaptogenic TSP1 and TSP2 are produced by MG, and their
expression is reduced in the RCS rat retinas

We hypothesized that the synaptogenic signaling mediated by
MG in the RCS rat retina is hampered, resulting in failure to
promote synaptic development. Astrocyte-secreted TSP family
proteins play an important role in excitatory synapse formation
in the brain (Christopherson et al., 2005), and it has previously
been reported that TSP-1 is also secreted by cultured MG in vitro
(Yafai et al., 2014). Furthermore, IHC analyses of rat retina re-
vealed the presence of TSP1 and TSP2 in the adult retina (Huang
et al., 2013). TSPs are secreted proteins, and the signals for the
proteins do not necessarily colocalize with the cell type that pro-
duces them. Therefore, to verify whether MG produce TSP1 and
TSP2 in the rat retina, we used a combined approach of IHC and
RNA FISH. We coimmunolabeled P21 LE retinal sections with an
antibody against GS to mark MG and specific RNA FISH probes
to localize the mRNAs that translate TSP1 and TSP2 (Thbs1 and
Thbs2, respectively). The results demonstrated that, in the INL,
where MG cell bodies are located, both Thbs1 and Thbs2 mRNAs
arelocalized to the cytoplasm of GS  cells (Fig. 6A). Interestingly, we
also found Thbs1 and Thbs?2 to be highly enriched within the GS ™
MG processes in the OPL (Fig. 6B). These results confirm that
mRNAs for TSP1 and TSP2 are produced by MG in the rat retina.
These results also suggest that Thbs1 and Thbs2 mRNAs, which
are present in perisynaptic MG processes, are locally translated
for direct secretion of TSPs into the OPL to control retinal syn-
apse formation and maintenance.

To determine whether TSP expression is affected in the RCS
retinas, we immunostained retinal sections from RCS and LE rats
for TSP1 or TSP2 at P14 and P30, coinciding with early and late
postnatal development (Fig. 6C—J). We found noticeable differ-
ences in both TSP1 and TSP2 expression between genotypes at
both ages, although the reduction in TSP1 or TSP2 expression in
RCS rats was most evident at P30 (Fig. 6G—J). Furthermore, we
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Figure 6.  TSP1and TSP2, expressed by MG, are reduced in RCS rat retinas. 4, Representative images of the retina stained for TSP1 from LE (healthy) and RCS (degenerative) rats on P14 and (B)
P30. Quantitative staining intensity analysis demonstrated that TSP1 is enriched in the synaptic layers, the expression was reduced in the RCS rat as early as (€) P14, and the expression gap became
more distinct on (D) P30. Representative images of the retina stained for TSP2 on (E) P14 and (F) P30. Quantitative staining intensity analysis demonstrated that TSP2 was enriched in the OPL, the
expression was reduced in RCS rat as early as (G) P14, and the expression gap became larger on (H) P30. 1, Confocal microscopy images showing fluorescent spots corresponding to Thbs1 (cyan) and
Thbs2 (yellow) mRNA in GS * cell bodies (dashed line) in rat retina. J, The Thbs1 and Thbs2 mRNAs were also enriched in the synaptic layers in GS * processes. 3D rendered images (right panels).
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TSP-receptor 28-1is synaptically expressed in the retina, and its expression is reduced in RCS rats. A, Representative images of the retina stained for c:26-1from LE (healthy) and RCS

(degenerative) retinas at P14 and (B) P30. €, Quantitative staining intensity analysis demonstrated that «28-1 expression was reduced in RCS rat as early as P14. D, 2 6-1 was enriched in both the
OPLand IPL, and the expression gap became more distinct at P30. Representative images of the (F) OPLand (F and G) IPL with the synapses labeled for Bassoon (F, green), VGIuT1 (G, green), a26-1
(red), and NRT (blue) from LE retina on P21 demonstrated postsynaptic expression of a25-1. Representative images of the (H) OPL and (J) IPL synapses labeled for Bassoon (green) and c25-1 (red)
from LE (healthy) and RCS (degenerative) retinas on P21. Quantification of a2 8-1-containing synapses formed in the (/) OPLand (K) IPL reveals that the number of a2 6-1 synapse is already reduced
in RCS rat by P21. Data were obtained from a minimum of 3 animals of either sex and expressed as mean == SEM. ***p < 0.0001.

also detected differences in the localization of TSP1 and TSP2
in the retina. Even though we detected staining for both TSPs
throughout all the retinal layers at P30, we found TSP1 to be
enriched in the IPL (Fig. 6G,I), whereas TSP2 is enriched in the
OPL (Fig. 6 H,J). Together, these results show that TSP1 and
TSP2 are expressed in rat retinas from early to late postnatal
development coinciding with periods of extensive synapse devel-
opment, and their expressions are reduced in RCS rat retinas.

TSP-receptor a26-1 is localized to retinal synapses, and
a28-1-containing synapses are diminished in RCS rats

Our results strongly suggest that the synaptogenic signaling pro-
vided by MG-secreted TSPs is impaired in the RCS rat, resulting
in deficits in synaptic development. TSPs interact with their syn-
aptogenic receptor, calcium channel subunit a28-1, to promote
excitatory synapse formation (Eroglu et al., 2009). Hence, the
expression of @26-1 in the retina is necessary for TSP-mediated
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synaptogenesis. To determine develop-
mental expression pattern of «28-1 in the
rat retina, we used an antibody against
a26-1 to examine the expression pattern
in healthy LE rats. We found that the ex-
pression of a28-1 is sharply increased be-
tween P14 and P30 (Fig. 7A,B, left). In
addition, we found a28-1 to be primarily
localized to the OPL and IPL (Fig. 7B,
left), where the TSPs are also enriched
(Fig. 6). In contrast in the RCS retinas,
a28-1 expression is not sharply increased
between P14 and P30, resulting in dimin-
ished expression of a28-1 compared with

Koh et al. ® Cellular Mechanisms of hUTC-Induced Vision Rescue

RCS+hUTC
P21&60

RCS+BSS

age-matched LE controls (Fig. 7A, B, right). ‘g £1.0 kkk 8e

The staining intensity analysis between LE 25 é 2

and RCS rats further confirmed enrich- 3 £os 3 %

ment of a28-1 in synaptic layers and de- s o % 2

creased expression of @26-1 in the RCS rat § E: 0.0 23 0.0

retinas (Fig. 7C,D). el hUTC hUTC o hUTC hUTC
To deté;rmine whether a28-1 is local- LE BMGO LE 55 et priaco

ized to synapses, retinal sections from P21 RCS RCS

LE rats were stained with an antibody
against a26-1 in conjunction with pre-
(Bassoon, green) and postsynaptic (NMDA
receptor subunit 1, NR1) markers. The re-
sults showed that a28-1 closely colocalizes
with NR1™ postsynaptic terminals in both
the OPL and IPL, whereas «26-1 puncta
juxtaposes a subset of Bassoon positive presynaptic puncta (Fig.
7E,F). These staining patterns suggest that a26-1 is predomi-
nantly localized to glutamatergic postsynapses in the retina. Im-
portantly, quantitative analyses of @28-1" synapses (marked as
Bassoon/a28-1 oppositions) in P21 LE and RCS rat retinas
showed that a26-1-containing synapses are severely reduced in
the IPL and OPL of RCS rats at this age before significant retinal
degeneration occurs (Fig. 7H-K; Student’s t test, p < 0.0001).

Together, our results show that TSP1 and TSP 2 and their neu-
ronal receptor a28-1 are expressed in the synaptic layers of the rat
retina during the time period of extensive excitatory synapse for-
mation (i.e., P14-P30). This finding indicates a critical role for
TSP signaling in the establishment of retinal synaptic connectiv-
ity during normal development. Our results also suggest that
reduced TSP/a26-1 signaling in RCS rat retinas may underlie
impaired synapse formation.

Figure 8.

hUTC transplantation specifically preserves
«28-1-containing synapses in RCS rats

hUTC-secreted TSPs enhance synapse formation, maturation, and
function in cultured retinal neurons in vitro (Koh et al., 2015). We
found that in the neural retina MG secrete TSPs. Furthermore, we
showed that TSP production and development of TSP receptor
@258-1" synapses are severely hampered in the RCS rats. Hence,
we hypothesized that subretinal injection of hUTC may restore
visual function by preserving synaptic connectivity and restoring
TSP/a26-1 signaling in the RCS retinas.

To test this possibility, we first quantified the number of OPL
ribbon synapses in P95 LE rats (G1), RCS rats treated subretinally
with BSS at P21(G4), RCS rats treated subretinally with hUTC at
P21 (G3), or both at P21 and P60 (G6). To do so, retinal sections
were stained with antibodies against the presynaptic marker
Bassoon (green) and the postsynaptic marker mGIuR6 (red) (Fig.
8A). As expected from visual function assessments (Fig. 1), P21

Subretinal hUTC transplantation preserves OPL synapses in RCS rats. Representative images of the OPL with the PR
ribbon synapses labeled for (4) Bassoon (green) and mGIuR6 (red) and (B) Bassoon (green) and «28-1 (red) from LE (control), RCS +
BSS, and RCS + hUTC P21 and P60 retinas on P95. Quantification of the number of synapses in the OPL revealed that hUTC
transplantation protected (€) ribbon synapses. D, Particularly, a2 5-1-containing synapses were specifically preserved following
hUTC treatment. Data were obtained from a minimum of 3 animals of either sex and expressed as mean == SEM. ***p <C0.0001.

BSS-injected RCS rats (G4) displayed dramatic loss in their OPL
ribbon synapses at P95 compared with the WT LE controls (G,
Fig. 8 A, C). Significantly higher numbers of OPL ribbon synapses
were preserved in the RCS rat retinas that underwent hUTC ad-
ministration at P21 (i.e., both G3 and G6). This result shows that,
in addition to preserving PRs (Fig. 2E, F), hUTC injection at P21
also protects OPL ribbon synapse connectivity.

The preservation of ribbon synapses is not significantly
different between animals receiving one (P21) or two (P21 +
P60) injections (i.e., G3 and G6), respectively. However, the as-
sessment of visual function revealed a marked improvement in
the luminescence threshold responses of only the latter group
(G6, Fig. 1E). To determine whether this difference could be
explained by preservation of TSP/a28-1 signaling in the OPL, we
measured the number of synapses containing TSP receptor a28-1
(visualized by the colocalization of Bassoon and a28-1). We
found that a28-1-containing synapses are specifically preserved
only in the RCS rats that received P21 and P60 double injections
(Fig. 8 B, D; one-way ANOVA, F; ;56 = 69.2185, p < 0.0001).
This result strongly suggests that protection of @25-1-containing
synapses may underlie enhanced functional recovery with the
double injection treatment regimen.

To determine whether hUTC injections also affected synaptic
connectivity in the IPL, we quantified the number of VGlutl/
PSD95 * bipolar cell synapses of the same experimental groups:
LE rats (G1), RCS rats treated subretinally with BSS at P21(G4),
or RCS rats treated subretinally with hUTC at P21 (G3) or both at
P21 and P60 (G6). Similar to the OPL, P21 BSS-injected RCS rats
(G4) display a dramatic loss in their IPL bipolar cell synapses at
P95 compared with the WT LE controls (Fig. 9A,B; one-way
ANOVA, F3 163y = 12.3739, p < 0.0001). Subretinal injection of
hUTC did not protect IPL bipolar cell synapses; however, double
injection of hUTC (G6, P21 and P60) protected a large majority
of the TSP-receptor «26-1-containing synapses in the IPL (Fig.
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from a minimum of 3 animals of either sex and expressed as mean = SEM. *p < 0.05.

9C,D; one-way ANOVA, F; 157y = 82.9958, p < 0.0001). How-
ever, subretinal injection of hUTC did not rescue inhibitory syn-
apses visualized by the colocalization of Bassoon (presynaptic)
and Gephyrin (postsynaptic; Fig. 9E, F).

Collectively, these results show that hUTC transplantation in
RCS rats enhances synaptic connectivity. Importantly, we found
that hUTC transplantation protects specific subsets of retinal
synapses. In particular, repeated hUTC transplantation preserves
synapses that contain TSP-receptor «28-1 in both OPL and IPL.
These results suggest an important role for TSP/a28-1- signaling
in the proper connectivity and function of the retina and signify
their importance as therapeutic molecular targets for treatment
of retinal degeneration.

hUTC transplantation attenuates reactivity and preserves

MG morphology

MG secrete TSPs and also provide important trophic and main-
tenance roles that enable proper retinal function (Williams et al.,
2010). Therefore, we next tested whether hUTC injection im-
proved MG morphology and function in the RCS rat retinas. To
do so, we visualized MG in three groups of P95 rat retinas: that
is, LE rats (G1), RCS rats treated subretinally with BSS at P21
(G4), and RCS rats treated subretinally with hUTC both at P21
and P60 (G6), by immunostaining with GS and SOX9 (Fig. 10A).

-
o

J*

- )Fﬁi

Subretinal hUTC transplantation preserves «28-1-containing synapses in the IPL of RCS rats. A, Representative
images of the IPL labeled for VGIuT1 (green) and PSD95 (red) from LE (control), RCS+BSS, and RCS+hUTC P21 and P60 retinas on
P95. B, Quantification of excitatory synapses in the IPL revealed that synapse numbers did not differ between RCS+BSS and
RCS+hUTC P21 and P60. C, Representative images of the IPL labeled for Bassoon (green) and «26-1 (red) from LE (control),
RCS+BSS, and RCS+hUTCP21and P60 retinas on P95. D, The o2 5-1-containing synapses were specifically preserved with hUTC
transplantation. E, Representative images of the IPL stained for Bassoon (green) and Gephyrin (blue) from LE (control), RCS+BSS,
and RCS+hUTC P21 and P60 retinas on P95. F, hUTC transplantation did not preserve inhibitory synapses. Data were obtained
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Interestingly, the RCS rats that received
two injections of hUTC (G6) display sig-
nificantly improved MG structure and GS
expression compared with those treated
with vehicle (BSS) (Fig. 10A). In the dou-
ble injection group (G6), GS™ MG pro-
cesses localized to the outer limiting
membrane (white arrow) maintained their

I

LE sss UTC huTC ! ‘

p21_P21860 tightly closed structure, which was compa-

RCS rable with healthy controls (LE). In contrast,

* the P21 vehicle-injected group (G4) showed
——

* abnormally extended and opened structures
at the outer limiting membrane (Fig. 10A).
GS is a crucial enzyme that is required
for the clearance and recycling of synapti-
cally released glutamate. Loss of GS ex-
pression in astroglia is an indication of

reactivity and loss of synaptic homeostasis

LE sss hUTc hutc o : ' !
P21&60 (Hartig et al., 1995; Fernandez-Sanchez et

RCS al., 2015; Hippert et al., 2015). We found

* that GS expression is preserved in the
1 double hUTC-injected RCS rat retinas

n.s (G6), whereas vehicle-injected RCS rat

* * retinas had a severe reduction in GS ex-
£ pression, particularly within the synaptic
layers (Fig. 10B,C; one-way ANOVA,
F(578) = 34.7322, p < 0.0001). The num-

LE sss "5° WTC ber of SOX9" MG cell bodies was not
RCS different between the LE (G1) and vehicle-

injected RCS rat groups (G4), but we ob-
served a small but significant reduction in
the number of SOX9 ™ cells in the double
hUTC-injected group (G6, Fig. 10D; one-
way ANOVA, F, ) = 3.6584, p = 0.041).
On the other hand, the double hUTC in-
jection group (G6) displayed a lesser de-
gree of disorganization of MG cell bodies
in the INL as determined by a significantly
reduced distance between MG cell bodies
and the average y axis of the INL (Fig. 10E; one-way ANOVA,
F 3 445) = 15.1905, p < 0.0001). This result further indicates that
subretinal hUTC transplantation reduces reactive changes in
the MG.

In agreement with this possibility, the reactive glia marker
GFAP is absent from MG in P95 healthy control rat retinas (LE)
but heavily upregulated in the vehicle-injected RCS rat group.
Remarkably, double hUTC injection greatly subdued GFAP ex-
pression in the RCS rat retinas (Fig. 10E). These results show that
repeated hUTC transplantation at P21 and P60 prevents reactive
MG changes in RCS rat retinas, revealing a novel therapeutic
effect for hUTC transplantation.

Cell-autonomous loss of MERTK expression is sufficient to
induce reactive changes in MG

The RCS rat contains a deletion mutation in the gene that en-
codes MERTK. MERTK protein has well-established roles in reg-
ulation of phagocytosis and is expressed by the RPE cells (Feng et
al., 2002); therefore, it is widely accepted that MERTK loss of
function causes retinal degeneration by impairing the phagocy-
tosis of the PR outer segment debris by RPE (D’Cruz et al., 2000;
Nandrot et al., 2000). However, MERTK is also expressed by
microglia and MG in the retina (Roesch et al., 2008, 2012; Siegert
etal., 2012). Importantly, the expression level of MERTK in MG



2936 - J. Neurosci., March 21, 2018 - 38(12):2923-2943

Koh et al. ® Cellular Mechanisms of hUTC-Induced Vision Rescue

RCS+hUTC

RCS+BSS

P21&60

*kk
,_, C * %Kk
I —
20 — >0 Fok ok
—

OPL GS Area (%) D
IPL GS Area (%)

N

(3]

hUTC huTC
P21860 LE BSS p2ize0
RCS RCS
D * E
=0.06
2 I_Ip g 6
£ Z
g S=
o 323
(] c
7] 8
‘S 2
» hute .~ 0 Bss hutc
P21&60 LE =° p21aeo
RCS RCS

GFAPDAPI

Figure 10.

RCS+hUTC P21&60

hUTCtransplantation preserves MG morphology and attenuates reactivity. 4, Representative images of the MG labeled for GS (green) and SOX9 (red) from LE (control), RCS+BSS, and

RCS+hUTCP21and P60 retinae on P95. Percentages of (B) OPL and (C) IPL area covered by GS ™ processes were increased following hUTC transplantation in the RCS rat. The number of SOX9 ™ cell
bodies (D) distance between SOX9 cell bodies (E) were decreased in RCS rat with hUTC transplantation, suggesting reduced proliferative change of MG. F, Representative images of the MG labeled
for GS (green) and GFAP (red) from LE (control), RCS +BSS, and RCS+hUTC P21 and P60 retinas on P95 demonstrate a sharply reduced reactive glial phenotype in the RCS+hUTCP21and P60. Data
were obtained from a minimum of 3 animals of either sex and expressed as mean = SEM. *p < 0.05, ***p << 0.0001.

significantly increases with degenerative stress (Roesch et al.,
2012). Thus, the loss of this gene in MG could have significant
effects on the health and connectivity of the RCS rats. To test this
possibility, we selectively ablated MERTK expression in MG of LE
rats using CRISPR/SaCas9 system. To do so, we cloned an sgRNA
against rat Mertk gene into a vector that contains SaCas9, a short
Cas9 homolog that can be packaged into an AAV together with
the sgRNA (Ran et al., 2015). AAVs were produced with a capsid
protein that provides MG-selective transduction (Klimczak et al.,

2009). AAVs were intravitreally injected into the eyes of P7-P10
LE pups (Fig. 11 A, B). The left eyes were injected with the sgRNA
targeting Mertk (MERTK KO), and the right eyes received the
AAVs, which does not include an sgRNA, serving as controls (Fig.
11C). We confirmed that the sgRNA specific for Mertk causes
genetic mutations in the Mertk locus and reduces MERTK pro-
tein production in cultured astrocytes (Fig. 11D,E). Further-
more, [HC analyses demonstrated highly selective expression of
HA-tagged SaCas9 in MG because the HA-tagged SaCas9 was
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Figure 11.  MG-specific deletion of MERTK using AAV-CRISPR/SaCas9 system. 4, To accomplish MG-specific MERTK deletion, CRISPR/SaCas9 vector targeting the MERTK gene is enveloped with

shH10 mutant AAV capsid. B, AAVs are intravitreally delivered to target MG. €, In vivo intravitreal injection of AAV-CRISPR-MERTK (left eye) or AAV-CRISPR-Control (right eye). D, T7 Endonuclease
| assay confirms CRISPR/SaCas9-induced cleavage in MERTK target sequence. Arrows indicate cleaved PCR amplicon. E, Western blot of rat cortical astrocytes transduced with AAVs confirms
reduced MERTK protein expression by CRISPR/SaCas9-AAV. F, Colocalization of GS (green, MG) and HA-tagged SaCas9 (red) demonstrates cell-type-specific transduction of CRISPR/

SaCas9-AAV. Scale bar, 10 wm.

exclusively enriched in the GS * MG cell bodies and processes in
both left (treatment) and right eyes (control) (Fig. 11F).

Loss of MERTK specifically in MG did not cause any overt PR
cellloss (Fig. 12). To determine whether knocking out MERTK in
MG of LE rats induces reactive changes similar to what we ob-
served in RCS rats, we quantitatively analyzed the expression of
GS and the number and distribution of (SOX9 ™) MG cell bodies
at P21 and P45 (Fig. 12A). We found a significant reduction in the
infiltration of GS™ processes in both synaptic layers in MG-
specific MERTK KOs at P21, similar to our findings in the RCS
rats (Fig. 5). At this age, there was already a significant reduction
in the area covered by GS* staining in the IPL (Fig. 12C; Stu-
dent’s ttest, p = 0.0080), whereas there was no significant change
in the OPL (Fig. 12B; Student’s t test, p = 0.3402) or the number
of SOX9 between left and right retinas (Fig. 12D; Student’s ¢ test,
p = 0.6862). The reactive changes became more severe by P45,
demonstrated by significantly reduced GS * area in both OPL
(Fig. 12E; Student’s t test, p < 0.0001) and IPL (Fig. 12F; Stu-
dent’s ¢ test, p < 0.0001). These changes were coincident with
increased number of SOX9 * MG cell bodies within the INL (Fig.
12G; Student’s f test, p < 0.0001). The increased MG number was
accompanied by atypical distribution of MG cell bodies. The dis-
organization was analyzed by comparing average SOX9 intensity
profiles within the INL between left and right eyeball retinas (Fig.
12I). The results demonstrated that increased numbers of SOX9 *
MG at P45 had greater disorganization of MG cell bodies within
the INL, whereas MG organization remained the same at P21
(Fig. 12],K; ANCOVA, p < 0.0001). Together, these findings

demonstrate that deleting MERTK in WT MG induces morpho-
logical and proliferative changes similar to the RCS rats, suggest-
ing that MG dysfunction of the RCS rat may be independent of
RPE dysfunction. It is important to note that, despite the severe
reactive changes in MG upon MERTK deletion, the PR layer
thickness did not appear to be affected in the MG-specific
MERTK KO retinas.

Loss of MERTK in MG impairs retinal synapse development

To determine whether loss of MERTK in MG is sufficient to cause
synapse development problems similar to those observed in RCS
rat retinas, we quantitatively analyzed the number of synapses
in the inner and outer synaptic layers of right (control) and left
(MERTK KO) retinas at P21 and P45. In the OPL, the number of
ribbon synapses analyzed by the colocalization of Bassoon (pre-
synaptic) and mGluR6 (postsynaptic) was significantly reduced
in MERTK KO retinas compared with controls at both P21 and
P45 (Fig. 13 A, B; Student’s t test, p < 0.0001). We next analyzed
IPL excitatory synapses based on colocalization of VGIuT1 (pre-
synaptic) and PSD95 (postsynaptic) and found that there was a
significant defect during early development (P21); however, the
defect was no longer detectible at P45 (Fig. 13C, p < 0.0001; and
Fig. 13D, p = 0.2323, Student’s ¢ test). Furthermore, a28-17
synapses determined by colocalization with Bassoon were se-
verely reduced in both synaptic layers (OPL and IPL) and time
points (P21 and P45; Fig. 13E-H). These results provide strong
evidence that loss of MERTK in MG could significantly contrib-
ute to diminished visual function in retinal degeneration caused
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Loss of MERTK in MG induces reactive changes. A, Representative images of MG labeled with GS (green) and SOX9 (red) from P45 CTR (injected with Control-AAV, which only contains

SaCas9) or P45 KO (injected with AAV containing CRISPR against Mertk). Loss of GS * MG processes and disorganized SOX9 * MG nuclei in the INL are easily noticeable at this time point. Percentages
of OPL and IPL area covered by GS * MG processes in MERTK-KO retinas compared with CTR (B, €) at P21 and (E, F) at P45 (D, G). (H) GFAP (red) expression is sharply increased in P45 MERTK-KO
retinas. The number of SOX9 ™ cell bodies is increased. I~K, The distribution of SOX9 cell bodies is disorganized in P45 MERTK-KO retinas, suggesting proliferative and reactive changes in MG. The
disorganization was analyzed by measuring average SOX9 intensity profiles within the INL, then comparing between CTR and KO retinas. All data were obtained from a minimum of 3 animals of

either sex and expressed as mean = SEM. *p << 0.05.

by MERTK mutations by impairing the formation and/or main-
tenance of retinal synapses.

MERTK KO impairs synaptogenic function of cultured
retinal glia

Astrocyte-secreted synaptogenic proteins, such as TSP1 and TSP2,
induce formation of excitatory synapses between purified RGC
cultures (Christopherson et al., 2005). We next used this cell

culture system to test whether loss-of-function mutations in
MERTK impair synaptogenic activity of retinal glia. To do so, we
first isolated rat retinal glia (Trachtenberg and Packey, 1983), which
then were treated with the same control or MERTK-targeting
CRISPR/SaCas9 AAVs (as described in Fig. 11) for 5 d. MERTK
KO or control retinal glia were next cocultured with RGCs for
another 6 d. The number of synapses formed between RGCs was
assessed by the colocalization of Bassoon (presynaptic) and
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Figure13. KO of MERTK in MG results in impaired synapse development in vivo. A, Representative images of the OPL synapses
labeled by Bassoon (green) and mGluR6 (red) from Control (CTR, right eyeballs) and MERTK KO (KO, left eyeballs) at P21 and P45.
B, Quantification of synapses in the OPL revealed that synapse development is impaired in MG-specific MERTK-KO at both P21 and
P45. C, IPL excitatory synapses are visualized by VGIuT1 (green) and PSD95 (red). D, Quantification of synapse number demon-
strates that early synaptic development at P21 is significantly affected by MERTK KO but not at P45. Representative images of the
(E) OPL and (G) IPL synapses labeled for Bassoon (green) and «28-1 (red). Quantification of the number of «28-1-containing
synapses in both (F) OPLand (H) IPL revealed that KO of MERTK in MG induces severely reduced number of c28-1-containing synapses at
P21 and P45. Data were obtained from a minimum of 3 animals of either sex and expressed as mean == SEM. *p << 0.05.
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Homer (postsynaptic) as previously de-
scribed (Koh et al., 2015) (see also Mate-
rials and Methods). Retinal glia strongly
induced excitatory synapse formation be-
tween RGCs compared with RGCs cul-
tured alone (Fig. 14D; one-way ANOVA,
Fo87) = 14.2296, p < 0.0001). However,
the MERTK-KO retinal glia did not induce
significant excitatory synapse formation
(Fig. 14D). To confirm that synaptogenic
effect of retinal glia was mediated via
secreted factors, the CRISPR/SaCas9 AAV-
treated retinal glia were cultured separately
and conditioned media (CM) were col-
lected as previously described (Christopher-
son et al., 2005; Koh et al., 2015). Then
RGCs were treated with control or MERTK
KO retinal glia-conditioned medium for 6 d
(Fig. 14B). Because astrocytes are known to
secrete multiple synaptogenic factors (Ul-
lian et al., 2001), astrocyte CM was used as a
positive control. The results demonstrated
that addition of retinal glia CM is sufficient
to induce excitatory synapse formation,
comparable with astrocyte CM treatment
(Fig. 14E; one-way ANOVA, Fg 6 =
9.3117, p < 0.0001). Importantly, retinal
glia CM collected from MERTK KO cells
did not promote synaptogenesis, which fur-
ther indicates that deletion of MERTK from
the retina glia impairs synaptogenic activity
of these cells (Fig. 14E).

hUTC-secreted factors recover
synaptogenic function of MERTK KO
retina glia

Because subretinal hUTC transplantation
attenuates reactivity of MG and rescues
retinal synaptic connectivity in vivo (Figs.
8-10), we tested whether hUTC secrete
factors that could rescue synaptogenic
function of the MERTK KO retina glia. In
our previous study, we found that hUTC
secrete synaptogenic TSP1, TSP2, and TSP4
(Koh et al., 2015), which may directly in-
fluence synaptic rewiring in vivo, or may
signal to MG to regulate their synapto-
genic functions. Therefore, we also exam-
ined whether UCM from hUTC in which
TSP1, TSP2, and TSP4 were knocked
down could still rescue the impaired syn-
aptogenic function of the MERTK KO ret-
ina glia.

To test these possibilities, MERTK KO
retina glia were first treated with UCM for
5 d before coculture with RGCs. UCM
were collected from hUTC transduced
with lentiviruses containing either scram-
bled shRNAs or a combination of TSP1,
TSP2, and TSP4 targeting shRNAs as pre-
viously described (Koh et al., 2015). The
transwell inserts in which the retinal glia
were treated with UCM were thoroughly
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TSP1

TSP2

=
Q
<
2
o
®
o
[

02 N ()
2’ &
- ®© P N ©
58| —— 52
- o |_o1
= .2 = .2
% o%
o) o
@0 o

T

CTR MTK KO MTK KO



Koh et al. ® Cellular Mechanisms of hUTC-Induced Vision Rescue

washed with DPBS before coculture with RGCs to prevent direct
interaction of the factors within the UCM and the RGCs. Quan-
tification of the number of synapses in cultured RGCs revealed
that pretreating MERTK KO retina glia with UCM rescued im-
paired synaptogenic function of these glial cells, as demonstrated
by significantly greater number of synapses after coculture (Fig.
14F; one-way ANOVA, F, 145, = 8.8020, p < 0.0001). Triple knock-
down of TSP family proteins from the hUTC did not completely
inhibit this rescue effect of UCM, suggesting that TSP family
proteins are not the only constituents of the hUTC-MG signaling
that is involved in the rescue of the glial synaptogenic signaling.

Why do MERTK-KO retinal glia lose their synaptogenic func-
tion? To determine whether deletion of MERTK affects retinal glia-
secreted synaptogenic TSPs, we examined the expression level of
TSPs from the cell lysates and conditioned medium of CRISPR/
SaCas9 AAV-transduced cells. Quantitative analyses of the pro-
tein abundance indicated that the total amount of synaptogenic
proteins TSP1 and TSP2 or glial markers GS and GFAP in the cell
lysates were unchanged between control and MERTK-KO con-
ditions (Fig. 14H-K ). However, the amount of secreted TSP1 was
significantly reduced in the retinal glia CM (Fig. 14M; Student’s ¢
test, p = 0.0115), whereas the TSP2 abundance was not affected
(Fig. 14N; Student’s ¢ test, p = 0.8002). These results suggest that
KO of MERTK in retinal glia affects TSP1 secretion and changes
the composition of the glial-secretome that would impact many
different aspects of retinal synaptogenesis and health.

Discussion

Our results provide novel insights into the mechanisms by which
subretinal hUTC transplantation provides therapeutic effects in
retinal degenerative diseases. Here we show that subretinal deliv-
ery of hUTC to RCS rats at P21, before PR loss, is critical to
protect visual function, and repeating cell administration on P60
enhances the therapeutic benefits. We also demonstrate that syn-
aptic impairments alongside morphological and functional changes
in MG occur before the onset of significant PR loss in RCS rat
retinas. hUTC transplantation protects synaptic connectivity and
attenuates MG reactivity. In particular, MG-secreted synapto-
genic factors TSP1 and TSP2 and their neuronal receptor a28-1
are sharply reduced, indicating an important role for diminished
synaptogenic TSP signaling in the pathophysiology of the retinal
degeneration observed in RCS rats. Interestingly, rescue of retinal
function by hUTC transplantation strongly correlates with the
protection of a28-1-containing synapses and attenuation of MG
activation. CRISPR/SaCas9-mediated deletion of MERTK specif-
ically in retinal glial cells was sufficient to recapitulate the reactive
changes seen in the MG of RCS retinas. These reactive changes
were also accompanied by reduced synaptic development providing
a strong link between MG dysfunction and synaptic pathologies ob-
served in RCS retinas. Furthermore, our in vitro experiments pro-
vide evidence that MERTK mutation has cell autonomous effects
in MG, causing them to be less synaptogenic, potentially by disrupt-
ing TSP1 secretion. Importantly, secreted factors from hUTC re-
store the synaptogenic functions of retinal glia. Together, our
findings reveal that the protective paracrine signals provided by
hUTC improve the retinal microenvironment and synaptic con-
nectivity at least in part through supporting MG function. Here
we also provide the first evidence that MERTK mutation affects
retinal health, not solely through the role of this protein in RPE.
MG dysfunction due to loss of MERTK function in these glial
cells may contribute significantly to loss of vision. Thus, our find-
ings provide novel cellular mechanisms of action for hUTC in
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treating retinal degeneration and pinpoint MG as important cel-
lular targets for therapy.

Subretinal hUTC transplantation at P21 protects visual
function and PRs

Previous studies using the RCS rats have tested therapeutic effi-
cacy of various cell sources, including hUTC (Lund et al., 2007),
RPE (Wang et al., 2008), Schwann cells (McGill et al., 2007),
retinal progenitor cells (Qu et al., 2015), and stem cell-derived
RPE (Thomas et al., 2016). These studies showed that injection of
cell therapy products between P21 and P28 could rescue visual
function. Each of these studies administered their cell therapy of
interest between P21 and P28, whereas only one study (Wang et
al., 2008) compared the efficacy of RPE transplantation with a
later time at P60. Similar to our findings, injection of RPE cells at
P21 provides a superior therapeutic effect than administration at
P60 (Wang et al., 2008). Even though it is not clear whether cell
transplantation of another cell type on P60 could have potential
beneficial effects, our results clearly show that subretinal trans-
plantation of hUTC on P21, before significant PR death, is nec-
essary for positive functional outcomes (Figs. 1, 2). Visual acuity
analysis and electrophysiological outcomes revealed that a re-
peated cell injection at P60 (in addition to P21) further enhances
the rescue effect. This result indicates that the paracrine effects of
hUTC last much longer than the cells; however, they diminish
over time. Thus, repeated administration may present important
benefits.

Impaired synaptic development, TSP signaling, and MG
reactivity precede PR loss in RCS rats

The RCS rat contains a deletion mutation in the MERTK gene. It
is widely accepted that MERTK deletion, which causes retinal
degeneration in RCS rats, primarily affects phagocytosis of the PR
outer segment debris by RPE cells (D’Cruz et al., 2000; Nandrot et
al.,, 2000). MERTK is also expressed by microglia and MG in the
retina (Roesch et al., 2008, 2012; Siegert et al., 2012). Importantly,
the expression level of MERTK in MG significantly increases with
degenerative stress (Roesch et al., 2012). Thus, the loss of this
gene could have important effects on retinal function via multiple
cell types and cellular mechanisms. In this study, we found that
MERTK loss in MG is sufficient to induce reactive changes in
these cells. These reactive changes are accompanied by reduced
expression of GS. Furthermore, excitatory synapses formed in the
OPL and IPL are severely affected, indicating that the ability of
MG to support synapse development and maintenance is im-
paired. These results mimic the early MG-reactive changes and
synaptic development deficits of the RCS rats that precede PR
(PR) death (Fig. 2) and overt RPE dysfunction (Feng et al., 2002).
These results show that loss of MERTK not only causes RPE
dysfunction but also impairs MG contributing to important dis-
ease phenotypes. Interestingly, we did not find any evidence of PR
loss in the MERTK KO retinas at P45, the latest time point we
studied (data not shown). These combined results suggest that
degeneration of PRs is mainly driven by loss of MERTK in other
retinal cells, such as RPE, as previously reported (D’Cruz et al.,
2000; Nandrot et al., 2000), whereas the synaptic development
and connectivity deficits in the RCS rats are primarily driven by
the MG dysfunction.

Previous studies demonstrated that astrocyte-secreted TSP1
and TSP2, which signal through their neuronal receptor a28-1,
are necessary and sufficient for synapse formation in the brain
(Christopherson et al., 2005; Eroglu et al., 2009; Risher and Ero-
glu, 2012). However, whether these proteins play important roles
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in retinal connectivity is not known. MG were previously pro-
posed as a source of TSP1 in vitro and in vivo (Eichler et al., 2004;
Yafai et al., 2014). Our study further extends these observations;
and importantly, our findings put forth that impaired TSP/a26-1
signaling is an underlying molecular mechanism in retinal degen-
erative diseases. In parallel with the reactive changes that occur in
MG during early development (P14-P30), the expressions of TSP1,
TSP2, and a26-1 are sharply decreased in the RCS rat retinas (Figs.
5-7). The reduced TSP/a28-1 signaling strongly correlates with
severely impaired synaptic development in both synaptic layers,
OPL and IPL (Figs. 3, 4). The deficits in synaptic development are
found before the onset of PR degeneration, and both synaptic
layers are affected, suggesting that the failure in retinal synapse
formation is caused by dysfunctional MG-driven synaptogenesis
rather than PR loss.

Subretinal hUTC transplantation attenuates reactive changes
in MG and protects a26-1-containing synapses

MG play a crucial role in modulating retinal function by provid-
ing physiological support to retinal neurons and regulating syn-
aptic connectivity (Vecino etal., 2016). Thus, it is critical that MG
function is preserved to maintain normal visual function. Dys-
functional MG are a common feature found in many animal
models of retinal degeneration, including the RCS rat (Hirtig et
al., 1995; Fletcher and Kalloniatis, 1997; Dyer and Cepko, 2000;
Zhao et al., 2010; Fernandez-Sénchez et al., 2015; Hippert et al.,
2015). The reactive changes of MG are characterized by morpho-
logical changes, including the loss of the “honeycomb”-like en-
sheathment surrounding PRs, process extension toward the
subretinal space, and increased numbers of cell bodies as a result
of MG proliferation (Dyer and Cepko, 2000; Fernandez-Sanchez
etal., 2015). Expression of GFAP is increased while GS expression
is downregulated (Hirtig et al., 1995). In our study, we show that
early morphological changes indicating MG activation precede
PR loss. Remarkably, subretinal hUTC transplantation attenu-
ates the reactive changes in the RCS rat retina. Our in vitro studies
further demonstrate that retinal glia secrete synaptogenic factors,
including TSP1 and TSP2, that induce synapse formation in
RGCs. Ablating MERTK abolished retinal glia-induced synapse
formation, and treatment of MERTK KO retina glia with UCM
was sufficient to rescue the synaptogenic function. These results
indicate that hUTC-secreted factors are sufficient to rescue the
synaptogenic functions of MG. In parallel, previous studies have
shown that hUTC secrete receptor tyrosine kinase ligands and
rescue phagocytic defect in the of the RPE cells in RCS rats (Alder
et al., 2012; Cao et al., 2016). These combined results strongly
suggest that the therapeutic effects of subretinal hUTC transplan-
tation are mediated by improving MG and RPE function, thus
nurturing a healthy physiological microenvironment within the
retina.

We found that «28-1-containing synapses are greatly reduced
in RCS rats and are specifically preserved after hUTC transplan-
tation. Furthermore, MERTK deletion in retinal glia decreases
TSP1 secretion. Together, these results strongly indicate the impor-
tance of maintaining TSP/a28-1-mediated synaptogenic signaling
in preserving normal visual function. Our results also suggest that,
even though hUTC themselves secrete TSPs, they preserve retinal
synaptic connectivity primarily by improving MG-secretion of TSP1.

In conclusion, our findings reveal novel synaptic and glial
mechanisms of subretinal hUTC transplantation for retinal de-
generation. These findings indicate that hUTC provide signals
that support PR health and MG function, and protects subsets of
retinal synapses that are critical for maintaining vision. Further-
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more, our findings suggest that TSP/a28-1 signaling is important
for retinal function and is impaired in RCS retinas. These find-
ings highlight MG and TSP/a28-1 signaling as cellular and mo-
lecular targets for curing retinal degenerative diseases.
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