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PURPOSE. Retinitis pigmentosa represents a leading cause of blindness in developed coun-
tries, yet effective treatments for the disease remain unestablished. Previous studies have
demonstrated the potential of stem cell-derived retinal organoid (SC-RO) sheet transplan-
tation to form host-graft synapses and to improve light responsiveness in animal models
of retinal degeneration. However, the detailed microstructures of these de novo synapses
and their functional contribution have not been well elucidated. This study aims to (1)
elucidate the microstructures of the host-graft synapse, and (2) investigate the overall
distribution and contribution of these synapses to host retinal light responses.

METHODS. We identified host-graft synapses using a reporter system in mouse SC-RO and
rd1 mice, a well-established model of end-stage retinal degeneration. Correlative array
tomography was used to reveal the microstructure of host-graft synapses. Furthermore,
we developed a semi-automated algorithm that robustly detects the host-graft photore-
ceptor synapses in the overall grafted area using the same reporter system in flat-mount
retinas. We then integrated the spatial distribution of the host-graft synapses with light
responses detected by multi-electrode array recording.

RESULTS. Correlative array tomography revealed that host-graft synapses recapitulate the
developmental process of photoreceptor synapse formation involving horizontal cells
first and then rod bipolar cells. By integrating the spatial distribution of host-graft synapse
and multi-electrode array recording, we showed that the number of light-responsive host
retinal ganglion cells is positively correlated with the local density of host-graft synapses.

CONCLUSIONS. De novo host-graft synapses recapitulate the developmental microstructure
of the photoreceptor synapse, and their formation contributes to the light responsiveness
after SC-RO transplantation.

Keywords: stem cell therapy, retinal degeneration, synaptogenesis, electron microscopy,
photoreceptor transplantation

Retinitis pigmentosa (RP) is the second leading cause of
vision loss in adulthood in Japan,1 and predominantly

contributes to blindness in developed countries worldwide.
RP is characterized by retinal degeneration resulting from
a multitude of gene mutations2 that lead to photoreceptor
cell death. Despite the prevalence and influence of RP, there
is no established treatment so far. Promising results have
been reported in previous studies investigating cell trans-
plantation therapy for RP.3–6 Embryonic stem (ES) cells7–10

or induced pluripotent stem (iPS) cells11–14 can be useful
source of photoceptor cells for transplantation. Transplanta-
tion of photoreceptor (precursor) cells have been reported

to recover visual function in the animal models of reti-
nal degeneration.15–18 We have also demonstrated that the
transplanted mouse stem cell-derived retinal organoid (SC-
RO) sheet can integrate into the host retinal network and
restore visual function in the end-stage retinal degenera-
tion mice models,19,20 and also the human SC-RO in primate
models of localized retinal degeneration.21,22 Mandai et al.
provided evidence of host-graft synapse formation using
reporter graft cell lines expressing genetically labeled synap-
tic marker and rod bipolar reporter mouse line, combined
with synapse marker immunostaining.19 Further, Matsuyama
et al.23 reported an improved transplantation effect by using
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genetically engineered bipolar cell deficient grafts (Islet1−/−

and Bhlhb4−/−) where the quantitative analysis revealed that
greater number of graft photoreceptors form synapses per
host rod bipolar cells compared to those in the wildtype
graft, while approximately 15% of host rod bipolar cells can
form synapses with graft photoreceptors in all genotypes of
grafts. With these genetically engineered grafts, visual func-
tion was better improved in rd1 mice compared to those
transplanted with wildtype grafts. Additionally, Akiba et al.24

revealed that postoperative light environment affects the
formation of photoreceptor synapses following transplanta-
tion. These studies assessed the host-graft synapses quan-
titatively; however, it demands further comprehensive eval-
uation to understand the functional contribution of the de
novo synapses to the visual improvement.

Recently, the presence of a phenomenon called “mate-
rial transfer” was reported, wherein transplanted photore-
ceptors transfer proteins to host photoreceptors that poten-
tially contribute to the visual function.25–27 With a possi-
ble visual improvement by any remaining host photore-
ceptor cells rescued via such material transfer, evalua-
tion of the contribution by host-graft synaptic construc-
tion to the functional recovery after transplantation can be
obscured. On the other hand, material transfer cannot be
observed once the photoreceptors are degenerated. Using
the end-stage retinal degeneration model where few host
photoreceptor cells remain helps simplify this issue. Further-
more, correlating the distributions of host-graft synapses
and the response of host retinal ganglion cells (RGCs) to
light will allow the quantitative evaluation of the de novo
synapse mediated recovery of host visual function after
transplantation.

Another considerable issue is the quality of host-graft
synapses in terms of functionality. That is, whether de
novo synapses can reconstruct the microstructure simi-
lar to the typical photoreceptor synapse in healthy reti-
nas. Photoreceptor ribbon synapses form the triad struc-
ture where two horizontal cell processes and one bipolar
cell dendrite invaginate into a photoreceptor axonal termi-
nal.28 Assawachananont et al.20 and Ribeiro et al.17 reported
that the synaptic ribbons associated with bipolar dendrite
invagination were observed within the mouse or human iPS
cell-derived photoreceptor transplantation site by transmis-
sion electron microscopy (TEM). However, the reported TEM
images provided limited clues to identify the individual cells
recruited to the host-graft synapse formation.

In the present study, in order to characterize the host-
graft synapses, we first examined their microstructures
by applying the correlative array tomography technique29

on semi-thin sections, which allowed us to identify the
fluorescence-labeled host bipolar cell and graft synaptic
ribbon at the electron microscopy level. We then quantified
the de novo synapses using a semi-automatic algorithm to
draw the density maps of host-graft synapses in the grafted
areas and compared them with the host RGC light responses.
We also investigated such synapse-function correlation in
the retinas engrafted with wildtype and genetically engi-
neered bipolar cell deficient grafts.

MATERIALS AND METHODS

Detailed methods for retinal organoid differentiation, trans-
plantation, correlative array tomography, multielectrode
array (MEA) recordings, immunostaining, and synapse
counting are provided in the Supplementary Information.

All animal experiments were conducted with accordance to
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.

RESULTS

Identification of Photoreceptor-Bipolar Cell
Synapse by Correlative Array Tomography

First, we examined whether the correlative array tomogra-
phy is useful upon identifying the photoreceptor synapses
in the control retina of L7-GFP mouse in which the rod
bipolar cells are labeled with GFP (see the Supplemen-
tary Information for detailed histological procedures). Using
50-μm-thick sections, we immunostained the photorecep-
tor ribbon with an anti-CtBP2 antibody and then stained it
with DAPI for visualization of cell nuclei (Fig. 1A). Confocal
images showed multiple photoreceptor synapses where rod
bipolar cells extended their dendrites toward photorecep-
tor ribbons. Samples were then post-fixed, stained en bloc,
dehydrated, and then embedded in resin for cutting. We
stained 500-nm serial sections with toluidine blue (TB) to
identify the region of interest (ROI) by the rosette structure
composed of photoreceptor nuclei (Fig. 1B). A field emission
scanning electron microscopy (FE-SEM) image of the corre-
sponding area was also obtained using the YAG-BSE detector
and the correlative light and electron microscopy system29

(Fig. 1C). The fluorescence, TB staining, and FE-SEM images
were superimposed based on the spatial arrangement of
photoreceptor nuclei (Fig. 1D). We then took the high-
magnification FE-SEM images at two photoreceptor synapses
(Figs. 1A–D, white box), as shown in the yellow and blue
boxes in Figure 1E with ribbons indicated by white arrow-
heads. The ribbons overlapped with the confocal images of
CtBP2 signals (red) and opposed the invaginating bipolar
cell process (green).

Further magnification of the photoreceptor synapse at the
yellow and blue boxes of Figure 1E shows the typical triad
structure of the photoreceptor synapse constituted by two
horizontal cell processes (H) and one invaginating bipolar
cell process (B), opposing the synaptic ribbon (arrowhead in
(Figs. 1F, 1G). The ribbon is an electron-dense lamella typi-
cally located just above an evaginated ridge of the presy-
naptic membrane. Two electron-dense microstructures can
be recognized at high magnification to assess the matura-
tion of ribbons and H and B processes. One is a curved
dense band called “arciform density,” which exists between
the ribbon and the presynaptic membrane for anchoring the
ribbon to the ridge membrane.30 McLaughlin and Reese31

reported that this microstructure matures as the photorecep-
tor synapse develops. We observed the arciform density in
our FE-SEM (Figs. 1F, 1G, white circle). The other microstruc-
ture is a submembrane dense band called “fluffy density,”
which extends along the photoreceptor cell membrane that
faces the postsynaptic mGluR6 receptors and possibly other
related synaptic molecules on the invaginating ON bipo-
lar cell dendrites.32 Fluffy density is observed where the
dystrophin-glycoprotein complex links the cytoskeleton and
membrane-associated proteins to the extracellular matrix for
organizing the trans-synaptic signaling system,33 and Ueda
et al.34 demonstrated dystrophin immunoreactivity coincid-
ing with the fluffy density region, which borders the rod
bipolar invaginating dendrites but not the horizontal cell
processes. We also found the fluffy density in our FE-SEM
as indicated by yellow arrows in Figures 1F and 1G. In addi-
tion, by immunohistology we often observed the presence of
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FIGURE 1. Correlative array tomography images of control retina. (A) Confocal microscopy image of L7-GFP+ rod bipolar extending
their dendrites toward photoreceptor’s synaptic ribbon (CtBP2-tdTomato). Green = L7-GFP; red = CtBP2-tdTomato; and blue = DAPI. INL,
inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. (B) Toluidine blue staining image corresponding to the A panel. (C)
Field emission scanning electron microscopy (FE-SEM) image corresponding to the A panel. (D) Overlayed image of the A and B panels. (E)
Magnified image of photoreceptor synapses indicated by the red box in the D panel. Synaptic ribbons are indicated by white arrowheads.
(F, G) High magnification of FE-SEM image of photoreceptor synapse showing triad structure. Synaptic ribbons are indicated by white
arrowheads, arciform densities by white circles, and fluffy densities by yellow arrows. Horizontal cell processes (“H”) are colored purple,
and rod bipolar cell processes (“B”) are colored green. The arciform density is magnified without pseudocolor as inset in the F and G panels.
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mGluR6 signals at the contact site of host bipolar dendrites
and graft photoreceptors, as detailed in the latter half of this
paper (Supplementary Fig. S2). These observations confirm
that correlative array tomography is useful in identifying
the photoreceptor synapses with multimodal imaging tech-
niques.

Host-Graft Junctions Form Characteristic
Microstructures of Photoreceptor Synapse

Next, we transplanted mouse embryonic stem cell-derived
retinal organoids to the subretinal space of degenerated rd1
host mice as the host. Rd1 is a commonly used mouse model
of progressive retinal degeneration in which photorecep-
tor cells degenerate rapidly, with most cells lost in the first
4 weeks after birth. The graft rod photoreceptors’ synap-

tic ribbons were genetically labeled with CtBP2-tdTomato
expression under Nrl promoter, whereas the host rod bipo-
lar cells were GFP-positive driven by L7 promoter. Those
fluorescence images were superimposed on FE-SEM images
to analyze the target host-graft synapses at the ultrastructural
level. We examined the ultrastructure of host-graft inter-
faces by correlating the fluorescence image with the FE-SEM
image of our ROI where host-graft synapse formation was
observed.

Although the host rd1 mouse was 20 weeks old at the
time of transplantation, the host rod bipolar cells were
observed extending their dendrites to reach graft photore-
ceptors as shown in Figures 2A, 2D, and 2G. Within
each white box there were CtBP2-tdTomato signals. The
CtBP2-tdTomato signals in the confocal images (red signal
in Figs. 2B, 2E, 2H) overlapped with synaptic ribbons
in the corresponding FE-SEM images (white arrowheads

FIGURE 2. Correlative array tomography images of host-graft synapse after retinal organoid transplantation. (A) Confocal microscopy
image of the host-graft synapse after wildtype mouse stem cell-derived retinal organoid. Green = L7-GFP, red = CtBP2-tdTomato, and blue =
DAPI. (B) High magnification image of the confocal image corresponding to thewhite box in panel Awith the field emission scanning electron
microscopy (FE-SEM) images superimposed. (C) FE-SEM image of panel B. Processes of horizontal cells are colored in purple and labeled
with “H.” (D–F, G–I) Examples from other host-graft synapses identified by the correlative array tomography. Horizontal cell processes (“H”)
are colored purple, and rod bipolar cell processes (“B”) are colored green. Synaptic ribbons are indicated by white arrowheads, arciform
densities by white circles, and fluffy densities by yellow arrows. The arciform density is magnified without pseudocolor as inset in the F and
I panels.
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in Figs. 2C, 2F, 2I). The presence of arciform densities (white
circles in Figs. 2F, 2I) associated with the ribbon was also
confirmed.

In contrast, the GFP signals of the host rod bipolar cells
were considerably variable depending on individual host-
graft synapses even at the adjacent location. The rod termi-
nal synaptic cavity was occasionally packed by multiple
meandering processes, as shown in Figures 2B and 2C.
However, we had limited observational data to identify the
cell types from which these processes were derived. The
absence of a GFP signal or bipolar synaptic microstruc-
tures suggested the lack of invagination by the host rod
bipolar cells. Nevertheless, we found a possible horizontal
cell process as the lateral element of the ribbon synapse
according to the well-known structural evidence (see Fig. 2C,
purple process with “H” label). Another host-graft synapse
showed a stronger GFP signal expressed by the host rod
bipolar cell (see Fig. 2D), and the high magnification image
showed the GFP signal (see Fig. 2E) overlapping with the
invaginating rod bipolar cell process in the corresponding
FE-SEM image (see Fig. 2F, green process with “B” label).
The arciform density (white circle) at the base of the synaptic
ribbon and the fluffy density (yellow arrows) at the photore-
ceptor membrane opposing the bipolar cell process were
found in this particular synapse, suggesting relative matura-
tion compared to that in Figures 2A to 2C.

Another host-graft synapse (Figs. 2G, 2H) exhibited multi-
ple ribbons with arciform density at each ribbon base.
This synapse also had shallow invagination of bipolar cell
process, accompanied by presynaptic fluffy density at the
opposing membrane of the rod spherule (see Fig. 2I). We
also found host-graft synapses (Supplementary Fig. S1A–
S1C) that resemble typical triad synapses observed in the
control retina (see Fig. 1F) with two lateral horizontal cell
processes alongside the synaptic ribbon and the invaginat-
ing host rod bipolar cell process (see Supplementary Fig.
S1C).

These results indicate that host-graft photoreceptor
synapses identified by the genetic labeling of L7-GFP
and CtBP2-tdTomato are capable of developing synaptic
microstructures similar to normal photoreceptor synapses,
with preceding horizontal cell invagination followed by
invagination of the host bipolar cell processes toward the
host synaptic ribbon.35

Spatial Distributional Mapping of Host-Graft
Synapses Using Semi-Automated Synapse
Quantification

We previously reported an automated 2D approach for
photoreceptor synapse quantification24 and a manual 3D
host-graft synapse quantification on reconstructed confo-
cal images.23 In the present study, we further refined
these approaches to establish an efficient and robust semi-
automated 3D synapse quantification protocol by incor-
porating multiple tools from Imaris software. The host-
graft synapses labeled by fluorescent reporter markers
and immunostaining were semi-automatically distinguished
from the confocal images of flat-mount retinas after MEA
recordings, and their spatial distribution was mapped along
with the recorded RGC activities. The correlation between
synapse distribution and host RGC responses was then
examined. In addition to the wildtype graft, we transplanted
the genetically engineered grafts with a reduced number of

graft bipolar cells,23 to examine whether the reduction of the
bipolar cells may affect the relationship between host-graft
synapse formation and the light responses from host RGCs.

Photoreceptor synapses were identified as the colocal-
ized pre-synaptic marker CtBP2-tdTomato expressed by graft
photoreceptors and post-synaptic marker mGluR6 on L7-
GFP host rod bipolar cell dendritic tips. To quantify these
synapses, we utilized the “Spots” function in Imaris to deter-
mine the center coordinates of the pre-synaptic CtBP2-
tdTomato signals (see Supplementary Figs. S2A, S2B). After
creating a 3D mask for the GFP-positive bipolar cells using
the “Surface” function (see Supplementary Fig. S2C), we
used the “Spots” function again to determine the coordi-
nates of the post-synaptic marker mGluR6 within the L7-
GFP signals (see Supplementary Figs. S2D, S2E). Finally,
the “coloc” analysis was executed to identify pre- and post-
synaptic signals that colocalized within 1-μm range to distin-
guish the host-graft synapses (see Supplementary Fig. S2F).
An example of host-graft synapse quantification after trans-
plantation of Bhlhb4−/− graft is shown in Figures 3A to 3C.
The mGluR6 signals were detected at the tips of the host
rod bipolar cell dendrites (see Fig. 3A); when the CtBP2-
tdTomato signals were detected opposed to these dendrites
(see Fig. 3B), it was defined as a host-graft synapse by our
method (see Fig. 3C). High magnification of a detected host-
graft synapse (indicated by the white box in Figs. 3A–3C)
showed colocalization of graft CtBP2-tdTomato and mGluR6
signals at the tip of host rod bipolar cell (see Figs. 3D, 3F).
In the CtBP2-tdTomato channel of the flat-mount view, we
observed the characteristic rosette structure of graft photore-
ceptor cells (see Fig. 3K) that largely overlapped with the
detected host-graft synapses (see Fig. 3L). Photoreceptor
rosette structures were similarly observed in transplantation
with wildtype (see Fig. 3G) and Islet1−/− (see Fig. 3I) grafts,
and the host-graft synapses were similarly formed in those
samples (se Figs. 3H, 3J).

Synapse Coordinates and Electrophysiological
Responses

Next, we investigated whether the distribution of host-graft
synapses related with the light-driven activities of host RGCs
recorded by MEA. Representative examples were shown to
demonstrate the synapse-function correlation for wildtype
(Figs. 4A–C), Islet1−/− (Figs. 4D–F), and Bhlhb4−/− (Figs.
4G–I) grafts. To align the coordinates of MEA electrodes
and host-graft synapses, we utilized the infrared DIC image
with tdTomato fluorescence captured after MEA recordings
and the immunofluorescence image. Precise alignment was
achieved by matching the rosette structure of the graft in
both images (see Figs. 4A, 4D, 4G), and the X-Y coordinates
of the host-graft synapses were plotted along with the corre-
sponding MEA electrodes, together with the number of light
responsive RGCs detected at each electrode (see Figs. 4B, 4E,
4H). The size of the magenta circles reflects the number of
light-responsive RGCs and tends to be larger where the host-
graft synapses were densely detected.

For statistical analysis, Spearman’s rank correlation test
was used to evaluate the association between the number
of host-graft synapses at a specific distance from an indi-
vidual electrode and the number of light responsive RGCs
detected by that electrode. The correlative coefficients
between synapse and cell numbers were calculated for every
50-μm radial bin from the electrode at a 25-μm step size
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FIGURE 3. Examples of Semi-automated 3D quantification of host-graft synapse. (A) Confocal image of host-graft synapse used for semi-
automated host-graft synapse quantification (Bhlhb4−/− graft). The mGluR6 signals colocalize with the tips of host rod bipolar cell dendrites
extending toward the transplanted photoreceptor cells. (B) Host rod bipolar cells extending dendrites toward graft photoreceptor’s synaptic
ribbon (CtBP2). (C) Host-graft synapses identified by co-localization of pre-synaptic marker (CtBP2), post-synaptic marker (mGluR6), and
host-rod bipolar cell (L7-GFP; white arrowheads). (D–F) Magnified orthogonal view of the detected host-graft synapse in the white box in
panels A to C. Post-synaptic marker mGLuR6 (magenta) was expressed at the host rod bipolar cell dendritic tip, which colocalized with
pre-synaptic marker CtBP2 (yellow). (G–L) Example of flat-mount confocal image in CtBP2 channel of rd1 retina after transplantation of
wildtype (G, H), Islet1−/− (I, J), and Bhlhb4−/− (K, L) grafts and MEA recording. Coordinates of detected host-graft synapse are indicated
by yellow dots as shown in panels H, J, and L and overlayed to each flat-mount image of the red CtBP2 channel.
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FIGURE 4. Host-graft synapse coordinates and multielectrode array (MEA) recording results. (A) Flat-mount confocal image of retina
transplanted with wildtype graft, aligned and overlayed with the infrared image with tdTomato fluorescence taken after MEA recording.
(B) Coordinates of host-graft synapse (yellow dots) and MEA electrodes (gray dots). The numbers of light-responsive host retinal ganglion
cells (RGCs) were represented with the radius of the magenta circle with the number alongside. (C) Result of Spearman’s rank correla-
tion test between host-graft synapse numbers within 75 to 125 μm radial bin of MEA electrode and the number of light responsive RGC
numbers detected by that electrode after wildtype graft transplantation. (D–F) Equivalent result to panels A to C obtained after Islet1−/−
transplantation. (G–I) Equivalent result to panels A to C obtained after Bhlhb4−/− transplantation.
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(Supplementary Fig. S4A), and averages at each distance
were regressed by the “locally estimated scattered smooth-
ing” method to identify the peak of mean correlative coef-
ficients (see Supplementary Fig. S4B). For all three types of
grafts, we found peaks of correlation at around 100 μm ±
25 μm distance, suggesting host-graft synapses distributed
at this distance from the detected RGCs contributed the
most to their light responses. Examples of correlation plot of
samples from wildtype, Islet1−/−, and Bhlhb4−/− grafts are
shown in Figures 4C, 4F, and 4I, respectively. All 3 samples
showed positive and statistically significant correlations
between the host-graft synapse numbers within 100 ± 25
μm radial bin and the number of light-responsive RGCs on
the corresponding electrodes (see Figs. 4C, 4F, 4I). Results of
the other samples were shown in Supplementary Figure S5
with a similar trend, except for one sample transplanted with
wildtype graft that had no light-responsive RGCs detected
despite the presence of host-graft synapses (see Supple-
mentary Figs. S5G–S5I). In contrast, Islet1−/− and Bhlhb4−/−

grafts showed more robust relationship between the synapse
density and the light-responsive RGC numbers (see Supple-
mentary Fig. S4C). Although the number of samples is
limited, our findings denote the host-graft synapse contri-
bution to the recovery of local retinal light responsiveness.
In addition, the genetically engineered grafts might lead to
more robust structure-function relationship of the host-graft
synapse, which will be better clarified in future studies with
larger sample numbers.

DISCUSSION

In the current study, we aimed to shed light on the quali-
tative features of de novo host-graft synapses and the rele-
vance of their quantitative features to the functional circuitry
reconstruction following mouse SC-RO transplantation. For
this purpose, we examined the microstructures of host-graft
synapses using the correlative array tomography technique
and developed an efficient protocol to correlate the spatial
distribution of overall host-graft synapses and of host RGC
light responses.

With the reporter system in which host rod bipolar
cells and graft photoreceptor synaptic protein CtBP2 were
robustly labeled with fluorescence, we could readily iden-
tify the host-graft synaptic contacts. By adopting the correl-
ative array tomography technique, we were able to exam-
ine the ultrastructure of host-graft synapses in detail, and to
confirm the presence of functional synaptic component and
the involvement of horizontal cells at the synapses which
were clearly identified by reporter marker colocalization.

Past electron microscopy studies reported the presence
of “fluffy density” on the photoreceptor cell membrane
that is opposed to the mGluR6 receptor of the ON bipo-
lar cells,32 and this observation was useful to distinguish the
rod bipolar cell processes that could be confirmed by the
GFP expression of the host rod bipolar cells in the present
study. Interestingly, in addition to the typical triad synapses
resembling those in the control retina (see Supplementary
Figs. S1A–S1C), we also observed unconventional motifs of
the photoreceptor synapses including the ones with only
the horizontal cell invagination (see Figs. 2A–2C), atypical
(non-triad) synapse yet consisting horizontal cell and bipo-
lar cell invagination with fluffy densities (see Figs. 2D–2F),
and immature synapses with shallow invagination of bipo-
lar cells (see Figs. 2G–2I). These synapses seem to recapitu-
late the developmental process of the photoreceptor synapse

where the horizontal cells innervate first, followed by the
invagination of the bipolar cells.33,35 In line with the obser-
vation, we did not identify any host-graft synapses with only
the host bipolar cell innervation.

Because our retinal organoid grafts contain horizontal
cells,23 at this moment, it is not clear whether horizontal
cells in these synaptic triads originate from host or graft.
Horizontal cells are known to contribute to various early
visual processing, for example, forming center-surround
receptive field that enhances the spatial discrimination, the
post-receptoral light adaptation, and the generation of color
opponency.36 Because invagination of horizontal cells is
reported to precede that of bipolar cells,33,35 neighboring
graft horizontal cells in the same developmental stage with
graft photoreceptor cells may also take the first action in
the formation of host-graft synapses. Knowing which and
how horizontal cells may initiate the de novo synapse forma-
tion would be important to facilitate the functional integra-
tion of graft photoreceptors. Future experiments incorporat-
ing the serial section imaging techniques to trace individ-
ual cells involved in the host-graft synapses will lead to a
more comprehensive analysis of the connectomes underly-
ing host-graft synaptogenesis. Factors that further facilitate
synapse maturation and/or synaptic integration would also
be the key to enhance the functional recovery after graft
transplantation.

Previous studies have suggested that transplanted
photoreceptors could transfer proteins to host photorecep-
tors, leading to “material transfer” as a potential expla-
nation for functional improvements.25–27 To reduce such
confounding factors, we used 8 to 13 week old rd1 mice
for transplantation, whose rod photoreceptors degenerate
prior to the cone photoreceptor loss and therefore leav-
ing few if any photoreceptor cells remain.37 We conducted
MEA recordings 8 to 12 weeks after transplantation (mice
up to 21 weeks of age) and found RGCs on and near the
grafted areas responded robustly to light stimulation within
the mesopic range, indicating that the functional synaptic
connections formed between graft and host retinal cells. Our
electron microscopic observation in the current study further
supported the presence of functional host-graft synapses
that may well contribute to the restoration of local retinal
light responsiveness.

Moreover, we developed a semi-automated, fluorescent
image-based algorithm to efficiently quantify the host-graft
synapses. This protocol enabled us to demonstrate the over-
all distribution of possible host-graft transmission sites over
the grafted area.We previously adapted the similar approach
with manual counting to show that photoreceptor cells
in grafts with reduced bipolar cell numbers form more
synapses with host bipolar cells.23 In the current study,
by generating the density map of host-graft synapses over
the grafted area, we were able to evaluate the synapse
density and local host RGC responses altogether. Although
this protocol does not fully characterize synaptic quality in
detail to discriminate the atypical and/or immature synapses
seen in our electron microscopic (EM) observation, it does
reveal the potential synaptic transmission sites. The posi-
tive correlation between the number of host-graft synapses
and light responsive host retinal ganglion cells implies the
significance of these host-graft synapses in retinal cell ther-
apy. Although the sample number was limited, genetically
modified grafts with reduced bipolar cells showed more
robust correlation between the host-graft synapse number
and host RGC responses. This suggests that the graft-origin
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bipolar cells compete with the host bipolar cells for photore-
ceptor synaptic contacts, and by depleting the graft-origin
bipolar cell partners, functional synapse formation of graft
photoreceptors with host bipolar cells may be enhanced.
In addition, further analysis of how host or graft horizon-
tal cells contribute to host-graft synapse formation, and the
process of how each cell type is recruited, will provide clues
for future regenerative therapeutic approaches to improve
host-graft synaptic formation and the subsequent functional
recovery as an immediate priority.
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