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Fig. 1. YFP expression marks Rb-deficient cellular mosaic in Chx10-Cre;Rb'*""°*;Rosa-YFP mouse retinas. (A) Confocal image of YFP expression in a column of
cells in Chx10-Cre;Rb'*"°*:Rosa-YFP P18 mouse retinas. (B) Overlay of YFP expression (green) with nuclear staining with DAPI (blue) to highlight the retinal
laminar structure. Individual cell types are indicated, including a cell in the ganglion cell layer (arrowhead). (C) 3D z-series through another column of cells
that underwent Cre-mediated recombination of Rb*°* and the Rosa-EYFP reporter gene. (D and E) Confocal image of a horizontal section through the retina
shown in A and B at the apical portion level of the INL, highlighting the mosaic pattern of the Chx70-Cre transgene activity. Arrowhead indicates mosaic patch
of Rb-deficient cells, and the open arrowhead indicates a patch of normal retina. Am, amacrine cell; GCL, ganglion cell layer; HC, horizontal cell; INL, inner
nuclear layer; IPL, inner plexiform layer; is, inner segments of photoreceptors; Mu, Muller glia; ONL, outer nuclear layer; OPL, outer plexiform layer. (Scale
bars: 10 pm.)

processes of HC, bipolar, and photoreceptor cells. Immunostain-  (P18-P21) were associated with the Rb-deficient mosaic (Fig. 2.4
ing was visualized in the context of the genetic mosaic by coim-  and B). Control retinas had no ectopic HC processes. To distin-
munolocalization with YEP in Chx10-Cre;Rb**"2%%;Rosa-YFP and  guish between axons and dendrites, we performed coimmunoloc-
Chx10-Cre;Rb"*"*:Rosa-YFP retinas at P11-P14 and P18-P21. Of  alization with antibodies that recognize axonal neurofilaments and
the 100 apical calbindin-immunopositive processes scored that  calbindin (SI Appendix, Fig. S1). Of the 177 calbindin-immuno-
extended at least 10 pm into the ONL (six independent retinas at  positive ectopic HC processes from seven independent retinas
both developmental stages), 97 + 1.4% (P11-P14) and 95 + 2.1%  analyzed at P14 and P21, the majority (92%; 164/177) were axons.
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Fig. 2. HC processes do not reorganize into their laminar position in Chx10-Cre;Rb“**":°%;Rosa-YFP mouse retinas. (A) Coimmunolocalization of YFP (green)
and calbindin (red) in P21 Chx10-Cre;Rb"*"-°*;Rosa-YFP mouse retinas. Apical processes (arrows) of calbindin-immunopositive HCs are associated with regions
of Rb inactivation (green). (B) Association of apical processes was scored with respect to distance from a column of Rb-deficient cells, as indicated by YFP
expression. Once the apical horizontal cell process was identified, the distance from the nearest YFP* column of cells was measured, and processes were
divided into a 0—Tum group (within the column of cells or touching the column on the edge); a 1-5 um group (within approximately one cell body of the
column); and a >5 pm group (beyond approximately one cell body of column). The histogram gives mean (+ SD) of scoring from the six independent retinas at
each stage. (C) PKCa-immunopositive rod bipolar cells did not extend dendrites into the ONL in Rb-inactivated (green) or wild-type regions at P21. (D) A rare
ectopic PKCa dendrite in Chx10-Cre;Rb**":°*;Rosa-YFP retinas (arrow) adjacent to a patch of YFP-expressing cells (green). (E) Histogram showing mean (+ SD)
scoring from the six independent retinas at each stage. Bip, bipolar cell; GCL, ganglion cell layer; HC, horizontal cell; INL, inner nuclear layer; IPL, inner
plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer. (Scale bars: 10 pm.)
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To determine if PKCo-immunopositive bipolar cells extended
dendrites into the ONL, we examined 250 YFP™ columns of cells
(six independent retinas at P11-P14 and P18-P21) and scored the
number of ectopic PKCa-immunopositive processes. Ectopic bi-
polar cell processes were very rare and did not extend beyond 10
pm into the ONL (Fig. 2 C-E); if present, ectopic PKCo-immu-
nopositive processes were not associated with ectopic HC pro-
cesses. To extend our analysis to cone bipolar cells, we performed
coimmunolocalization with anti—calcium-binding protein 5 (Cabp5)
and anti-GFP antibodies (19, 20). We could find no evidence of
ectopic cone bipolar dendrites in Chx10-Cre;Rb**"“*;:Rosa-YFP
mice (SI Appendix, Fig. S2). To validate these data independently,
we generated Chx10-Cre;Rb**/“%:mGIuR6-GFP mice that ex-
press GFP in both rod and cone bipolar cells (21). There was no
evidence for the type of ectopic bipolar processes reported pre-
viously in retinas, in which terminals are believed to retract into
the ONL (SI Appendix, Fig. S2).

Next, we characterized the colocalization of the synaptic ribbon
protein bassoon with YFP in Chx! 0-Cre;Rb""°%: Rosa-YFP and
Chx10-Cre;Rb"*'* :Rosa-YFP retinas at P11-P14 and P18-P21. We
visualized 100 YFP* columns (six independent retinas at P11-P14
and P18-P21) and scored the number of ectopic bassoon punctae
within the YFP* region (SI Appendix, Fig. S3 A and B). We also
scored 100 adjacent YFP™ regions. Ectopic synapses were abun-
dant, with ~33% of YFP" columns containing ectopic bassoon
punctae (ST Appendix, Fig. S3C) at each stage. Columns containing
ectopic bassoon immunofluorescence in the ONL had 3-21 in-
dividual punctae (SI Appendix, Fig. S3D). Analysis of postsynaptic
density protein 95 (PSD95), another synaptic protein localized to
photoreceptor terminals (22), gave similar results (SI Appendix,
Fig. S3 E-H). Coimmunolocalization of calbindin and bassoon
showed association of ectopic bassoon punctae with terminals of
ectopic HC processes in the ONL (SI Appendix, Fig. S3 I-K).

Genetic Mosaic Analysis of Normal and Ectopic Synaptic Triads in
Mouse Retinas. To characterize the structure of ectopic synapses
and to determine if Rb has a cell-intrinsic role in this process, we
generated Chx10-Cre;Rb-*-°%:Z/AP mice, in which all retinal cells
that undergo Cre-mediated recombination are marked indelibly
with human placental alkaline phosphatase (ALPP). A modified
lead citrate-staining procedure was used to visualize ALPP ex-
pression on membranes of individual neurons and processes in
electron micrographs (16, 18). Therefore, this mouse strain is ideal
for genetic mosaic analysis at the individual-synapse level (S7
Appendix, Figs. S4 and S5). Electron micrographs showed that the
mosaic pattern of Cre-mediated recombination was similar to that
of YFP expression from Chx10-Cre;Rb**"**:Rosa-YFP mice (SI
Appendix, Fig. S4). The number of labeled bipolar cell bodies (21/
56; 37%) and synaptic triads with labeled dendrites (81/224; 36%)
was consistent with mosaic expression of the Chx10-Cre transgene
(81 Appendix, Fig. S4).

To determine if Rb-deficient HCs and bipolar cells form normal
synaptic connections, 41 OPL spherules at or near areas of ALPP-
labeled cells were analyzed for the presence of labeled HC or bi-
polar processes in the synaptic triad. In 68% of triads (28/41), la-
beled bipolar dendrites and/or HC processes were identified,
indicating their origin from ALPP-expressing Rb-deficient bipolar
cells or HCs.

Ectopic synapses were identified in Cre;Rb“*"-%;Z/AP retinas,
and ALPP-labeled elements were present in ectopic synapses (S/
Appendix, Fig. S5). Scoring of 28 individual ectopic synapses for the
presence of labeled HC processes showed that all ectopic synapses
contained ALPP-labeled (Rb-deficient) horizontal processes. In
one ectopic synapse <10 pm apical from the OPL, labeled ele-
ments in the synapse had no synaptic vesicles, suggesting it was a
bipolar dendrite. This observation is consistent with the rare ec-
topic short bipolar dendrites identified in ChxI0-Cre;Rb=*"-"%;
Rosa-YFP retinas.

Martins et al.

Serial sectioning and 3D reconstruction of individual synaptic
triads at the OPL and the ectopic location in the ONL were used to
determine if Rb-deficient HCs form invaginating synapses with
photoreceptor terminals in their ectopic location (Fig. 3). These
studies confirmed that ectopic synapses are invaginating synapses
(Fig. 3 B and D) and, as shown in coimmunolocalization analyses,
do not contain bipolar dendrites.

Automated Scoring of Rb-Deficient HC Morphology During De-
velopment. The Gad-67-GFP transgenic mouse line expresses
GFP in developing HCs (17). Our electron microscopic genetic
mosaic analysis demonstrated that virtually all apical HC processes
that form stable ectopic synapses are derived from Rb-deficient
cells. Therefore, we can monitor the development of Rb-deficient
HCs that contribute to ectopic synapses by characterizing the
morphology of cells with persistent apical processes. To do so, we
generated ChxI0-Cre;Rb“*"“*; GAD67-GFP mice. Multiple fields
were analyzed by multiphoton confocal microscopy spanning
central-to-peripheral positions at P4, PS5, P6, P7, P8, and P12. The
stage between P4 and P7 is critical, because HC processes undergo
columnar-to-lateral laminar orientation during this period (17).
This dramatic transition can be visualized in 3D reconstruction of
confocal images of GFP expression in control and Rb conditional
knockout retinas (Fig. 4 A-H). Apical processes emanating from
the Rb-deficient HC can be identified in this developmental time
course (Fig. 4 A-H).

To quantify the morphologic features of Rb-deficient HCs ac-
curately and to compare them with wild-type cells, we developed
an automated segmentation, skeletonization, and tracing algo-
rithm (Fig. 4 I and J) (23) and tested it by comparison with semi-
manual tracing using Imaris software for 275 cells at multiple
developmental stages with tracings from the algorithm. These data
agreed well for both datasets and allowed the scoring of hundreds
of cells across each stage. In the 1,181 HCs analyzed (data are
available upon request), there was no significant difference in the

>

Chx10-Cre;RbLoxLox;Z/AP

Chx10-Cre;RbLoxLox,z/Ap

Fig. 3. Serial sectioning and 3D reconstruction of ectopic and normal syn-
aptic triads. (A) Electron micrographs of serial sections from the outer
plexiform layer showing labeled bipolar and horizontal elements in a syn-
aptic triad. (B) 3D reconstruction of micrographs in A with individual hori-
zontal neurites shown in green and blue and the bipolar dendrite shown in
orange. (C) Electron micrographs of serial sections from the ONL showing
labeled horizontal elements in an ectopic synaptic triad. (D) 3D re-
construction of the micrographs in C with individual horizontal neurites
shown in green and blue. No bipolar dendrites were observed.
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Fig. 4. Reorganization of horizontal cell processes during development. (A-D) 3D multiphoton confocal images of representative fields of control (A and B)
and Rb-deficient (C and D) retinas showing GFP-labeled HCs at P4. Top view is shown in A and C, and the corresponding side view is shown in B and D. Arrows
indicate apical and basal processes. Individual grid marks correspond to 1-um increments. (E-H) 3D multiphoton confocal images of representative fields of
control (E and F) and Rb-deficient (G and H) retinas showing GFP-labeled HCs at P5. The top view is shown in E and G, and the corresponding side view is
shown in F and H. Arrows indicate apical processes still present in the absence of Rb. Individual grid marks correspond to 1-um increments. (/ and J) 3D
reconstructions and automated tracings of a representative field of GAD67-GFP expression in HCs in control (/) and Rb-deficient (J) retinas. Arrows indicate
apical processes still present in the absence of Rb. (K and L) Histograms showing proportion of cells with vertical processes at each developmental stage. Each
bar represents the mean (+ SD) of multiple independent retinas and multiple fields of view within each retina. Data plotted in K correspond to the semi-

manual tracing results, and those in L correspond to automated tracing.

overall developmental timing of the morphologic transition from
vertical to lateral cell processes in Chx10-Cre;Rb"**;GAD67-GFP
and Chx10-Cre;Rb**";GADG67-GFP retinas (Fig. 4 K and L).
To determine if Rb-deficient HCs with apical processes re-
semble immature cells from an earlier development stage or are a
hybrid of mature and less-differentiated cells, the algorithm was
used for a detailed morphometric analysis of HCs with apical
processes in Chx10-Cre;Rb**"; GAD67-GFP retinas (SI Appen-
dix, Figs. S6 and S7), and these data were compared with data from
the developmental time course. At P7 or later (P10-P12), the
branching and angles of ectopic processes in Cre;Rb-*/Eo%;
GADG67-GFP HCs were similar to those of immature wild-type
HCs at earlier stages (P3, P6), but processes were approximately
half the length of those in wild-type HCs (SI Appendix, Fig. S6).

Live Imaging of HCs. Analysis of the developmental time course of
Chx10-Cre; Rb**""**;Gad67-GFP retinas suggests that apical HCs
from Rb-deficient cells fail to reorganize laterally during devel-
opment, because these processes remain vertically arranged at all
developmental stages. In contrast, in other mutant mouse models
in which photoreceptor terminals retract or new processes extend
into the ONL forming ectopic synapses, there is a period when
normal columnar-lateral reorganization has occurred and there
are no ectopic processes. However, if the period of photoreceptor
terminal retraction/new process formation overlaps with normal
columnar-lateral reorganization, the persistence of apical

40of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1108141108

processes of HCs that do not reorganize cannot be distinguished
from photoreceptor terminal retraction/HC sprouting.

These two possibilities were distinguished by multiphoton live
imaging of Chx10-Cre;Rb"*""**; Gad67-GFP retinas for 18-24 h at
P6-P7 to visualize individual HCs during this critical transition.
Data from three representative experiments (60 individual HCs)
generated by the algorithm are presented. One series (Fig. 5.4 and
B) shows several apical processes that persisted throughout the
time course, even as other processes associated with that cell and
the processes of neighboring cells underwent columnar-lateral
reorganization. This HC is a typical cell, having the apical type of
HC process characterized throughout the study. In the same field,
more dynamic changes occurred near the cell body, consistent with
retraction/sprouting of new processes (S Appendix, Fig. S8); these
processes did not extend beyond 10 pm apical to the OPL. Many
HCs also matured normally, showing stable processes in the im-
aging time series (SI Appendix, Fig. S8). The length and dynamics
of processes over the time course allowed us to classify and quantify
each process for all cells in the three experiments (Fig. 5 C and D).
Taken together these data suggest that most, if not all, of the long
HC apical processes that form ectopic synapses in the mature
retina persist from earlier in development and reflect a defect in
laminar reorganization of HC processes in the absence of Rb.

Discussion

Here, we show that Rb contributes cell autonomously to HCs in
the critical process of reorganizing their neurites to the laminar

Martins et al.
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Fig. 5. Multiphoton live imaging of HCs in Chx10-Cre;Rb"*"-°X:Gad67-GFP retinas. (A) Top view of a representative field with 20 HCs. Arrow indicates cells
shown in B. (B) Side view (Upper) of a single cell with a persistent apical process (arrow) and the corresponding 3D tracing of that cell (Lower) at seven
representative sequential 1-h time points. Apical processes are shown in red. Arrows indicate an ectopic HC process. (C) The length of the processes was
plotted to represent a persistent apical process (Top), a process that showed dynamic changes during the time course (sprouting/retraction) (Center), and
a process that underwent normal maturation (Bottom). (D) Histogram of the proportion of cells in three experiments with persistent apical processes, dynamic

changes in their processes (retraction/sprouting), and normal processes.

position. In the absence of Rb, persistent apical processes form
ectopic invaginating synapses with photoreceptors within the
ONL. Coimmunolocalization studies demonstrated that the great
majority of ectopic processes are axons, and this observation is
consistent with the presence of ectopic rod terminals (24, 25). The
ectopic synapses are stable in adult retinas and do not receive
synaptic input from bipolar dendrites. These results and con-
clusions are based on the unique application of transmission
electron microscopy (TEM)-based genetic mosaic analysis in the
developing mammalian CNA at the level of individual synaptic
elements. Approximately 33% of mosaic columns of YFP™ cells
had ectopic HC synapses, a percentage that is slightly higher than
the percentage of columns with YFP* HC bodies. Therefore, we
propose that most Rb-deficient HCs have defects in reorganizing
some processes during development.

Developmental and multiphoton live imaging studies suggest
that ectopic processes and synapses do not result from photore-
ceptor terminal retraction or neurite sprouting from HCs, and this
notion is supported by the absence of bipolar dendrites in ectopic
synapses. In studies of genetically engineered mouse models or
retinal degeneration models, apical processes often result from the
retraction of the photoreceptor terminal caused by a defect in
photoreceptors themselves. In contrast, our results show that
persistent columnar processes and ectopic synapses result from
a cell-autonomous defect in a cell that forms postsynaptic contacts
in the photoreceptor triad. Notably, the absence of Rb in de-
veloping HCs does not affect other steps in HC differentiation such
as migration and synaptogenesis at the OPL. Future studies on
molecular targets of Rb in developing HCs may help elucidate the
pathways that regulate this key process during retinal neurogenesis.

Rb, first associated with retinoblastoma, has been implicated in
many cellular processes related to tumorigenesis and normal de-
velopment. Because Rb is proposed to be a key regulator of
transcriptional programs that facilitate the transition from

Martins et al.

immature proliferating cells to their terminally differentiated
progeny, it has been implicated in cellular differentiation in var-
ious tissues and organs.

HCs rely on homotypic interactions among apical processes
during early development and migration to establish a regular
mosaic; on reaching their laminar position, processes reorganize
into overlapping laminar arbors (17). We found that these apical
processes are close to photoreceptor terminals as they extend
through the ONL toward the OPL. However, synaptogenesis
usually is not initiated in the ONL; there is a delay until HCs are
reorganized and photoreceptor terminals reach the presumptive
OPL. One explanation for this coordination is that HC processes
are not competent to form synapses when they extend apically in
the ONL early in development but do so only after reorganizing to
the lateral configuration; that is, both the timing and location of
terminals/processes is key for synaptogenesis.

We propose a model to explain the role of Rb in HC matura-
tion. In the absence of Rb, apical horizontal processes can acquire
the competence to form synapses with photoreceptor terminals in
their apical orientation extending into the ONL. If so, then when
an Rb-deficient HC process encounters a developing photore-
ceptor terminal, it initiates synaptogenesis ectopically in the ONL
and is retained in the adult retina. According to this model, some
processes from Rb-deficient HCs may form normal synaptic triads
at the OPL because they reorganize into the lateral position be-
fore they encounter a photoreceptor terminal in the ONL. Single-
cell gene-expression studies of Rb-deficient and wild-type HCs
may shed light on the transcriptional network that controls HC
synaptic competence.

Materials and Methods

Mice. Chx10-Cre;Rb"*:°* mice have been described previously (26). Z/AP and
RosaYFP mice were obtained from Jackson Labs, and GAD-67-GFP mice (27)
have been described previously (17). The mGIuR6-GFP also mice have been
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described previously (21). The St. Jude Animal Care and Use Committee ap-
proved all animal studies.

Coimmunolocalization and Confocal Microscopy. Retinas were isolated in PBS
and fixed for 1 h in 4% (wt/vol) paraformaldehyde. Whole retinas were em-
bedded in 4% (wt/vol) agarose in PBS and cut into 50-um sections on a vibra-
tome. Sections were blocked in 5% (vol/vol) normal goat serum, 0.5% (vol/vol)
Triton X-100 in PBS for 1 h at room temperature, and incubated in primary
antibody in the same block solution for 1 h (S/ Appendix, SI Materials and
Methods). Images were acquired with a Zeiss LSM700 confocal microscope.

TEM and Lead Citrate Staining. TEM and lead citrate staining were performed
as described previously (16). Details are given in S/ Appendix, SI Materials
and Methods.

Multiphoton Live Imaging Studies. Whole-retina flat mounts were cultured for
18-24 h at 35 °C in oxygenated Ames medium (pH 7.4) containing 20 mM
Hepes, 40 mM glucose, 100 U/mL penicillin G, and 100 pg/mL streptomycin; the
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perfusion rate was 1 mL/min. Two-photon laser-scanning microscopy was
performed using an Ultima imaging system (Prairie Technologies) with a Ti:
sapphire Chameleon Ultra femtosecond-pulsed laser (920 nm) (Coherent).
Images were acquired with a 40x 0.8 NA water-immersion IR objective
(Olympus). Eight-bit images of 512 x 512 pixels (0.223 um per pixel in the x-y
axis) with 0.5-um z-steps were acquired with a 20x 0.8 NA water-immersion IR
objective (Olympus). Images were analyzed by Imaris software (Bitplane) or
our automated algorithm.
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