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The cellular and molecular mechanisms responsible for the development of inner retinal circuitry are poorly understood. Reelin and
apolipoprotein E (apoE), ligands of apoE receptor 2 (ApoER2), are involved in retinal development and degeneration, respectively. Here
we describe the function of ApoER?2 in the developing and adult retina. ApoER2 expression was highest during postnatal inner retinal
synaptic development and was considerably lower in the mature retina. Both during development and in the adult, ApoER2 was expressed
by A-Il amacrine cells. ApoER2 knock-out (KO) mice had rod bipolar morphogenic defects, altered A-Il amacrine dendritic development,
and impaired rod-driven retinal responses. The presence of an intact ApoER2 NPxY motif, necessary for binding Disabled-1 and trans-
ducing the Reelin signal, was also necessary for development of the rod bipolar pathway, while the alternatively spliced exon 19 was not.
Mice deficient in another Reelin receptor, very low-density lipoprotein receptor (VLDLR), had normal rod bipolar morphology but
altered A-II amacrine dendritic development. VLDLR KO mice also had reductions in oscillatory potentials and delayed synaptic re-
sponse intervals. Interestingly, age-related reductions in rod and cone function were observed in both ApoER2 and VLDLR KOs. These

results support a pivotal role for ApoER2 in the establishment and maintenance of normal retinal synaptic connectivity.

Introduction

Reelin is a large secreted glycoprotein that binds to the lipo-
protein receptors apolipoprotein E receptor 2 (ApoER2) and
very low-density lipoprotein receptor (VLDLR) (Hiesberger et
al.,, 1999). Following ligand binding, the adaptor protein
Disabled-1 (Dab1) associates with receptor C-terminal NPxY
motifs, is tyrosine phosphorylated by members of the Src-
family kinases, and transduces the Reelin signal downstream
(Benhayon et al., 2003). Reelin signaling through these recep-
tors is required for a range of processes in the developing and
adult brain, including neuronal migration (Hiesberger et al.,
1999; Andrade et al., 2007), dendritic development (Niu et al.,
2004), and synaptic plasticity (Weeber et al., 2002; Beffert et
al., 2005; Beffert et al., 2006b).
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Mice carrying null mutations in Reln and Dab1 have impaired
neuronal migration during development resulting in severe brain
lamination defects (D’Arcangelo et al., 1995; Sheldon et al.,
1997). While Dabl and Reelin mutant mice do not have altera-
tions in neuronal positioning in the retina, they do have abnor-
mal rod bipolar cell morphology and survival, A-II amacrine
synapse structure, and synaptic connectivity (Rice etal., 2001). In
the developing and adult retinas, Dabl expression is mostly re-
stricted to A-II amacrine cells, while Reelin is expressed by some
amacrine cells, cone bipolar cells, and retinal ganglion cells (Rice
et al., 2001). In light of the cell-specific expression of Reelin and
Dabl in the retina and the mild retinal phenotype in mutant
mice, the retina may provide an ideal model for further genetic
dissection of the Reelin signaling pathway and exploration of
mechanisms important for the development and maintenance
of retinal circuitry.

Age-related macular degeneration (AMD) is a late-onset,
multifactorial neurodegenerative disease of the retina, which
shares numerous risk factors with Alzheimer’s disease, particu-
larly association with certain Apoe alleles (encoding apolipopro-
tein E, apoE) (Baird et al., 2004; Malek et al., 2005; Baird et al.,
2006). ApoE plays an essential role in serum cholesterol homeo-
stasis by mediating transport of lipids and cholesterol into cells
(Kesaniemi et al., 1987). Similar to Reelin, ApoE acts via lipopro-
tein receptors to modulate a variety of physiological processes.
Mice expressing human apoE alleles and fed high-fat, high-
cholesterol diets demonstrate differential susceptibility to AMD-
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like characteristics, such as neovascularization and retinal
degeneration (Malek et al., 2005). These events are also observed
in VLDLR KO mice without dietary modifications (Hu et al.,
2008), which suggests that diet and apoE genotype may directly
impact the signaling integrity of VLDLR and other lipoprotein
receptors. The relationship between apoE alleles and retinal pa-
thology underscores the importance of understanding the func-
tion of apoE receptors in the normal and diseased retina. The
basic function of VLDLR in the retina has been difficult to deter-
mine, as mice deficient in VLDLR develop pervasive choroidal
neovascularization and subsequent retinal degeneration at a
young age (Heckenlively et al., 2003; Li et al., 2007; Hu et al,,
2008). Unlike VLDLR, the role of ApoER2 in the retina has not
been investigated in detail.

In the present study, we report a role for ApoER2 in the de-
velopment of the rod bipolar pathway and establishment of syn-
aptic connectivity. In addition, we differentiate between the
contributions of ApoER2 and VLDLR to both the development
and maintenance of retinal synaptic connectivity with age. In
particular, understanding the mechanisms that guide retinal syn-
aptic development may provide new therapeutic targets for the
treatment of retinal diseases where significant synaptic degener-
ation and/or remodeling occur.

Materials and Methods

Mice. Apoer2 and VLDLR null mice were raised from stocks originally
created through targeted-deletion of each individual gene (Trommsdorff
etal.,, 1999). Apoer2-EIG (NPxY mutant) and Apoer2Aexon19 mice were
generated as described previously (Beffert et al., 2005; Beffert et al.,
2006b). Reeler mice (B6C3Fe a/a-Reln; Jackson Laboratories) were gen-
erated by heterozygous crosses and were maintained for extended peri-
ods of time by providing moist food on the floor of the cage. Wild-type
129X C57BL/6 hybrid and C57BL/6 male and female mice were bred in
house and maintained on 12 h light/dark cycles. The animals were fed a
standard rodent chow diet (Diet 7001; Harlan Teklad) and water ad
libitum. No sexual dimorphism of phenotype was observed. For most
experiments, mice were grouped as young (3-5 months old) or
middle-aged (10—14 months). For biochemical and histological anal-
ysis, mice were also used at postnatal day 7 (P7), P12, P20, and P28.
All procedures were performed in accordance with the protocols ap-
proved by the Institutional Animal Care and Use Committees of the
University of Texas Southwestern Medical Center at Dallas and the
University of South Florida.

Western blot analysis. Mice were killed by isoflurane exposure, and eyes
were quickly dissected. Anterior segments were removed, and the poste-
rior eyecup was placed in ice-cold PBS followed by isolation of the retina
under a dissecting microscope. Specifically, retinas from P7, P12, P20,
and P28 mice were isolated. Retinas were frozen on dry ice and stored at
—80°C until processing. Radioimmunoprecipitation assay buffer (con-
taining 20 mM Tris-HCI, pH 7.5, 150 mMm NaCl, 1 mm Na,EDTA, 1 mm
EGTA, 1% NP-40, and 1% sodium deoxycholate) supplemented with
protease inhibitor cocktail (P8430; Sigma) was added to the retinas, fol-
lowed by sonication and centrifugation at 20,000 X g for 20 min. Super-
natants were saved, and protein concentrations were determined using
the BCA assay (23225; Pierce). After normalizing protein concentration,
Laemmli sample buffer (with 5% 2-mercaptoethanol) was added, and
samples were heated at 95°C for 5 min. Proteins (10 ug) were separated
with 4—15% w/v precast gels (456-1093; Bio-Rad) and then transferred to
PVDF membrane. Following blocking with 5% bovine serum albumin
(BSA) or milk in TBST, membranes were incubated with the appropriate
primary antibody, including anti-ApoER2 (2561; J. Herz lab; 1:1000),
Dab1 (Andre Goffinet, Dab1l E1 mAb; 1:1000), Reelin (MAB5364; Milli-
pore Bioscience Research Reagents; 1:1000), or GADPH (Cell Signaling
Technology; 1:1000) overnight at 4°C. Membranes were washed and then
incubated with corresponding HRP-conjugated secondary antibodies
(anti-Mouse IgG, NA931V; anti-Rabbit IgG, NA934V; GE Healthcare).
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Blots were developed with an enhanced chemiluminescence detection kit
(34077; Pierce) and detected using x-ray film. Film was scanned and
processed using Adobe Photoshop to adjust brightness and contrast.
Four different retinas were used per age group, and all blots were per-
formed twice. Quantification was performed as described previously
(Jinwal et al., 2011).

Immunohistochemistry. Fixed eyecups were obtained for mice at early
postnatal stages (P7, P12, P20, and P28), as well as from 3- to 5-month-
old and 10- to 14-month-old mice. All immunohistochemistry experi-
ments were performed on a minimum of four eyes from four different
mice (per genotype), and at least three retinal sections were used per
eyecup. Following anesthesia, mice were transcardially perfused with
saline solution, followed by 4% paraformaldehyde (PFA). Eyes were enu-
cleated, anterior segments were removed, and eyecups were postfixed in
4% PFA overnight at 4°C. For mice younger than 1 month, eyes were
immediately removed following decapitation, and posterior eyecups
were immersion-fixed overnight 4°C. Following fixation, eyecups were
incubated in a graded sucrose series (10, 20, and 30%) in 0.1 M PBS. Eyes
were then embedded in OCT, vertically sectioned using a cryostat at 12
um thickness, mounted on positively charged slides, and stored at
—80°C until use. For immunohistochemistry, blocking buffer contained
5% normal donkey serum (NDS), 2% BSA, 0.1% sodium azide, and 0.2%
or 0.5% Triton X-100 in 0.1 M PBS. For primary and secondary antibody
solutions, NDS was omitted. The following primary antibodies were used
in different combinations: anti-GlyT-1 (Millipore; 1:1000), anti-Dab1
(B3; Brian Howell; 1:1000), anti-ApoER2 (2561; J. Herz lab; 1:100), and
anti-PKCa (sc-208; Santa Cruz Biotechnology; 1:100). For triple labeling
or labeling two proteins with antibodies produced in the same species,
the first antibody was used (antigen with lowest abundance and/or weak-
est antibody) followed by incubation with the first corresponding dye-
conjugated, secondary antibody. Then the sections were washed and
incubated with the second same-species primary antibody at room tem-
perature for 1 h, followed by detection with a secondary antibody conju-
gated with a different dye than the previously used secondary antibodies
for 1 h. Labeling was performed individually for all antibodies to ensure
signal specificity, and controls were performed by omitting primary an-
tibodies or using appropriate knock-out retinas when possible. For all
other experiments, secondary antibodies (donkey anti-rabbit/mouse
Alexa-fluor conjugates; Invitrogen) were applied at 1:200 for 1 h at room
temperature. Prolong with or without DAPI (for visualization of nuclei;
Invitrogen) was applied to sections and slides were coverslipped. Images
were taken using a Zeiss upright fluorescence microscope (Axiolmager
Z1) and were processed using AxioVisionLE software (Zeiss) and Adobe
Photoshop. At least two images were taken from the central to midpe-
ripheral retina. Representative images were included for publication. For
images taken using 63X and 100X oil-immersion objectives, an ApoTome
was always used with medium filtering and noise reduction (level 2-3). Z
stacks were generated by optical sectioning every 0.25 um, and merged
images (maximal image projections) were produced, containing 2.50 um
in the z dimension. Images were minimally processed using Adobe Pho-
toshop, with only brightness and contrast being adjusted equally within
experimental groups.

Colocalization analysis was performed using the Axiovision Colocal-
ization Module (Zeiss). Dabl and ApoER2 immunostaining was visual-
ized using a 20X Apochrome objective. Regions of interest contained
only the inner plexiform layer (IPL) and inner nuclear layer (INL), where
specific Dab1 labeling occurred. Image brightness was adjusted to elim-
inate background fluorescence. Thresholds were first established by de-
termining the highest gating threshold at which colocalization did not
occur in ApoER2 KO sections (i.e., containing pixels of tissue autofluo-
rescence colocalized with Dab1). Threshold settings were further manu-
ally defined to restrict colocalization to Dabl-positive, A-II amacrine
cells. Scatter plots were generated and both Pearson (>0) and Mander
coefficients (>0.9) were noted.

Electroretinography. Eyes were dilated by topical application of hyo-
scine 0.25% and dark adapted overnight. Dilation was reinforced before
testing. Mice were anesthetized by intraperitoneal injection of ketamine/
xylazine and placed between heating pads to ensure stable internal tem-
perature. Application of Refresh Celluvisc (Allergan) prevented drying
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were identical to those found in the developing retina and were not found in Apo£R2 KOs.

and cloudiness of the cornea. Corneas were desensitized with topical
application of propocaine hydrochloride 0.5%. A monopolar gold con-
tact lens was used as an active electrode with needle electrodes in the scalp
and the tail as reference and ground, respectively. Full-field electroreti-
nograms (ERGs) were recorded from one eye following International
Society for Clinical Electrophysiology of Vision standard protocol ad-
justed for mice. ERG recordings were performed with an Espion V2
(Diagnosys). Responses were elicited with the LED-based Espion Color-
dome (Diagnosys). Stimulus colors used were predefined by Diagnosys.
Rod responses were elicited with a 0.19 scotopic cd - s/m? (Blue) stimu-
lus. For standard combined responses, an 8.42 scotopic cd * s/m? (white;
6500 K) stimulus was used. Oscillatory potentials (OPs) were elicited
with the same stimulus and isolated by filtering the signal with a high-
pass filter set to 100 Hz and a low-pass filter set to 300 Hz. Mice were light
adapted for 10 min with a 31.6 cd/m? background light. Light-adapted
cone responses were elicited with a 3.89 photopic cd + s/m* (white; 6500
K) stimulus on the same background.

Cone flicker responses (CFRs) were recorded with a 31 Hz flicker of a
3.89 photopic cd * s/m? (white; 6500 K) stimulus on the background. At
least 10 responses (50 for flicker responses) per step were recorded and
averaged by computer.

Funduscopy and fluorescein angiography. The in vivo fundus photogra-
phy and fluorescein angiography (FA) were performed using a modified
hand-held Kowa RC-2 camera (Hoffman et al., 2004). Images were per-
formed without anesthesia and always on a different day than the elec-
troretinography to minimize corneal artifacts and to avoid flash exposure
before the electroretinography. Fundus photographs were taken with
Ektachrome 100 ISI 35 mm color slide film and developed with an E6
processor. Fluorescein angiographs were recorded with Tri-X 400 ISI
black and white 35 mm film and pushed one f-stop during development
to compensate for the slightly dimmer flash setting available on this
camera. Both eyes were dilated twice using scopolamine hydrobromide
and phenylephrine hydrochloride ophthalmic solutions, with the first set
starting 12 h prior and another set 30 min before the procedure. After the
color fundus photographs were taken, 0.1 ml of fluorescein sodium 25%
was injected into the peritoneum for the FA procedure.

After film development, images were digitized using a Nikon CoolScan
V film scanner. Each image was cropped down to contain only the retinal
information and cleaned for dust spots and artifacts from the film surface
before publication.

Data analysis. SEM was calculated where n was =3. Statistical signifi-
cance was determined using the two-tailed Student’s ¢ test and was con-
sidered as a = 0.05.
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Expression of ApoER2 in the developing retina. 4, Retinas isolated at P7—P28 were subjected to Western blot analysis,
revealing dramatic reductions in ApoER2 expression from P7 through P20. ApoER2 was found to exist in at least five forms (a—e),
which all changed similarly across development. Molecular weight (MW, in kilodaltons) is indicated alongside the blots. GADPH
levels revealed little difference in loading. B, Antibody specificity was determined by probing cortical lysates derived from adult
ApoER2 KO and wild-type mice and comparing them to wild-type retinal lysate from P28. ApoER2 isoforms found in the adult cortex
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Results

ApoER?2 expression during

retinal development

To address the role of ApoER?2 in retinal de-
velopment, we first determined whether
ApoER2 was expressed in the retina, and
whether expression differed across de-
velopment from P7 to P28. Retinas were
isolated from P7, P12, P20, and P28 wild-
type mice (n = 4) and subjected to West-
ern blot analysis. We detected five major
ApoER2 bands (Fig. 1 A, a—e), which were
seen at varying levels across development.
The total level of ApoER2 was highest at
P7, decreasing by ~30% on P12, and 70%
on P20 and P28. ApoER2 levels at P60 and
P300 were comparable to P28 (data not
shown). Quantification of individual bands
revealed that ApoER?2 isoforms a—e were
not significantly reduced from P7 to P12,
but a significant reduction was observed
at P20 and P28 (p < 0.01). We also
observed accumulation of the Dabl iso-
forms b and ¢ between P7 and P20 (p < 0.05) and a significant
downregulation of Dabl1 isoform a by P28 (p < 0.05). ApoER2
levels were also measured in cortical lysates from adult wild-type
and ApoER2 KO mice. All ApoER2 bands (a—e) were detected in
the wild-type cortex (Fig. 1B) at levels comparable to P7-P12
retina, suggesting that the same ApoER?2 isoforms present in the
adult brain are also expressed by the developing and mature
retina.

A previous study failed to detect ApoER2 expression in the
early postnatal retina at P3—P5 (Kurumada et al., 2007). We de-
termined the localization of ApoER?2 in the P7 retina due to its
high protein expression levels and the importance of Reelin sig-
naling in bipolar morphogenesis, which still occurs at this time
point. We found that ApoER2 was enriched in subsets of ama-
crine and/or bipolar cells present in the INL (Fig. 2 B). Moreover,
ApoER?2 was highly enriched in the IPL, where it colocalized with
Reelin (Fig. 2C, magnified in E-G). Lower levels of ApoER2 were
detected throughout the IPL, INL, and outer plexiform layer
(OPL) (Fig. 2B). ApoER2 was not detected in ApoER2 KOs (Fig.
2D). Glycine transporter 1 (GlyT-1) is expressed by all glycinergic
amacrine cells, including A-IT amacrine cells (Rice and Curran,
2000). To establish the identity of the major ApoER2-expressing
cell types, we colabeled P7 wild-type and ApoER2 KO retinas for
ApoER2 and GlyT-1 (Fig. 2H-]). Expression of ApoER2 was
detected in A-II amacrine cells expressing GlyT-1 (Fig. 2], ar-
row). Both GlyT-1-positive cells in full view had an intense band
of ApoER2 expression. While not all A-II amacrine cells were
found to have this intense perisomatic localization of ApoER?2,
we did observe less intense ApoER2-positive puncta in all A-II
amacrine cells visualized (data not shown). The enriched expres-
sion of ApoER?2 in substratum 1 (s1)-s2 appeared to originate
from another amacrine or bipolar cell type that expressed
ApoER?2 but not GlyT-1 (Fig. 2 H-], yellow arrow). ApoER2 KOs
failed to show specific staining for ApoER2 (Fig. 2K-M). We
determined that all cells expressing GlyT-1 were A-II amacrine
cells, based on Dab1/GlyT-1 colabeling (Fig. 2 N-P). Together,
these data suggest ApoER2 is predominantly expressed by both
A-II amacrine cells and a nonglycinergic amacrine or bipolar cell
type in the developing retina.
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Localization of ApoER2 in the retina at P7. A-D, P7 retinas from wild-type (A-C) and ApoER2 KO mice (D) were immunostained for ApoER2 (red) and Reelin (green). They were also
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ApoER2 KO

C Merged (+

colabeled with DAPI (blue) to indicate nuclear layers. Reelin was highly expressed by bipolar, amacrine, and ganglion cells and enriched in the IPL. ApoER2 was prominently expressed by a subset
of cells residing within the INL and in their projections in the IPL. ApoER2 was also expressed in the OPL and faintly throughout the INL. ApoER2 and Reelin colocalized in the IPL (A—C, arrows). D,
Similar expression of Reelin was detected in ApoER2 KOs, but ApoER2 could not be detected. E-G, A 10 um segment of the ApoER2/Reelin-positive stratum identified in A-Cby arrows is magnified.
Two colocalizing clusters of synapses are indicated with arrows. H—J, ApoER2 and GlyT-1 colocalized in cells alongside the IPL (white arrows), while ApoER2 was also detected in GlyT-1-negative cells
(yellow arrows). In the IPL, ApoER2 was most abundant in s1-s2 (OFF strata), where it also partially colocalized with GlyT-1. ApoER2 was also sparsely detected and colocalized with GlyT-1in s3—s5
(ON strata). K—M, ApoER2 KOs had altered distribution of GlyT-1 and no specific ApoER2 signal. The identity of A-Il amacrine cells was confirmed by colocalization of GlyT-1 (blue) and Dab1 (red).

Scale bars: D (for A-D) 30 wm; J (for H—J), M (for K-M), P (for N—P) 5 jLm.

ApoER?2 expression in the adult retina

We next determined the localization of ApoER?2 in the adult ret-
ina, where ApoER2 protein expression levels are considerably
lower. GlyT-1, ApoER2, and Dab1 were colabeled to determine
the cellular origin of adult ApoER2 expression. This staining em-
ployed sequential same-species antibody labeling optimized to
prevent cross-labeling (described in detail in Materials and Meth-
ods). ApoER2 knock-outs were used to verify antibody specificity.
GlyT-1 and Dabl colabeled A-II amacrine cells that extended
bistratified dendrites into the IPL, particularly in s1-s2 and s5
(Fig. A,C). GlyT-1 also recognized additional Dabl-negative
(non-A-1II) glycinergic amacrine cells and their dendrites in the
IPL (Fig. 3D). ApoER?2 expression overlapped with Dab1/GlyT-1
and was detected predominantly in sl-s2 and more sparsely
throughout s3—s5. Also, ApoER2 was found in the OPL and
throughout the INL, but the cellular origin was difficult to deter-

mine (Fig. 3B). Low nonspecific staining was observed in
ApoER2 KOs (Fig. 3E-H ), confirming the specificity of the anti-
body. Colocalization between ApoER2 and Dabl was determined
using the Axiovision colocalization module, and scatter plots were
generated (Fig. 31,]). Specific colocalization was gated by using the
highest threshold in which colocalization was not seen in the INL
and IPL of ApoER?2 knock-outs. ApoER2 and Dab1 colocalized sig-
nificantly throughout the INL and IPL of wild-type retinas (Fig. 31,
red box; Mander’s coefficient, >0.96) but not in ApoER2 KOs. These
results indicate that ApoER2 and its adaptor protein Dab]1 are coex-
pressed by A-II amacrine cells of the adult retina.

ApoER?2 is required for rod bipolar and A-IT amacrine
morphogenesis

Colocalization of Dabl and ApoER2 in A-II amacrine cells in
both the developing and adult retina suggests that ApoER2 might
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Expression of ApoER2 in the mature retina. A-H, The expression of GlyT-1 (blue), ApoER2 (green), and Dab1 (red) was determined in the mature wild-type (A-D) and ApoER2 KO (E-H )

retina. In both, glycinergic amacrine cells formed two strata of synapses in the IPL, which comprise s1-s2 (OFF sublamina) and s3—s5 (ON sublamina) (4, E). ApoER2 was expressed predominantly
ins1-s2, but could also be detected in s3—s5, the INL, and OPL (B). ApoER2 could not be detected in KOs (F). Some tissue autofluorescence is evident, particularly in photoreceptor segments. C, G,
Dab1was expressed by A-Il amacrine cells in both wild-type and ApoER2 KO retinas, though A-Il amacrine morphology was perturbed in KO retinas. Colocalization between Dab1, ApoER2, and GlyT-1
was evident in wild-type retinas (D) and analyzed using the Axiovision colocalization software module. /, J, Colocalization scatter plots were generated with the threshold established by eliminating
background colocalization in ApoER2 KOs. Only the INL and IPL were included for analysis. Colocalized pixels gated in the red box reveal significant colocalization between ApoER2 and Dab1 in

wild-type retinas (/) but not in ApofR2 KOs (J). Scale bar: H (for A-H ), 30 um.

transduce the Reelin signal during rod bipolar morphogenesis.
To determine whether ApoER2 deficiency affects A-II amacrine
or rod bipolar development, we performed double labeling of
Dabl and PKCeq, which is highly expressed by rod bipolar cells
(Haverkamp and Wassle, 2000). We found that rod bipolar mor-
phogenesis requires signaling of Reelin through ApoER2, as mice
deficient in ApoER2 (Fig. 4D-F) develop similar rod bipolar
morphogenic defects as those seen in Reln mutant mice (Fig.
4P-R). In adult wild-type retinas, A-II amacrine cells formed

bistratified dendrites comprising a dense network of appendages
in s1-s2. Distal dendrites were localized to s5 where they form
synapses with PKCa-expressing rod bipolar axon termini (Fig.
4A-C). Loss of ApoER2 resulted in the failure of a subpopulation
of rod bipolar cells to properly extend axons into the IPL. Instead,
ectopic axons typically formed multiple swollen, termini-
containing varicosities along the IPL, often associated with A-II
amacrine dendrites (Fig. 4 D—F, arrow). A pronounced reduction
in A-II amacrine dendrites in s5 was also evident in ApoER2 KOs.
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Figure4.  ApoER2isimportant forrod bipolar and A-ll amacrine morphogenesis. A-ll amacrine and rod bipolar morphology was
determined using Dah1 (red) and PKCcx (blue) colabeling, respectively. A-C, Wild-type retinas had a typical distribution of ON rod
bipolar axons in s5 and cell bodies present in the outermost portion of the INL. A-Il amacrine dendrites were predominantly
localized to s1-s2 and s5. D-F, A subpopulation of rod bipolar axons failed to penetrate the IPL in ApoER2 KO mice and formed
multiple terminals along the border of the IPLand INL. Ectopic terminals were often associated with A-Il amacrine dendrites (white
arrows), which were also notably less abundant in s5. G-I, Similarly, ApoER2-EIG mice had rod bipolar axons that failed to
penetrate the IPLand had reduced A-ll amacrine dendritesin s5.J-L, ApoER2 Aex19 mice had normal rod bipolar and A-ll amacrine
morphology. M—0, Although rod bipolar axons terminated properly in VLDLR KOs, structural remodeling of their dendrites
occurred around sites of neovascularization (yellow arrows). A-ll amacrine dendrites were also less distinct in the IPL, and
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We then evaluated the ApoER2-EIG mice,
which are knock-in mice that express
ApoER2 with a mutated NPxY motif
(amino acid NFDNPVY changed to
EIGNPVY). The NPxY mutation prevents
binding of Dabl to ApoER2 and blocks
transmission of the Reelin signal (Beffert
et al.,, 2006b). These mice had rod bipolar
axon termination defects and reduced
A-II amacrine dendritic arborization
(Fig. 4G-I) similar to ApoER2 KOs. In
contrast, knock-in mice exclusively ex-
pressing ApoER2 without the alterna-
tively spliced exon 19 (ApoER2AexI9)
showed no morphogenic defects in either
cell type (Fig, 4J-L).

As Reelin requires both ApoER2 and
VLDLR to signal during embryonic corti-
cogenesis (Trommsdorff et al., 1999), we
determined whether VLDLR is involved
in the development of normal rod bipolar
axons or A-II amacrine dendrites. Mice
deficientin VLDLR did not display defects
in rod bipolar morphogenesis. However,
extensive rod bipolar remodeling was ob-
served around sites of neovascularization
(Fig. 4M-O, yellow arrow). Similar to
ApoER2 KO and ApoER2-EIG mutants,
A-IT amacrine dendrites in s5 were nota-
bly less distinct. A-II amacrine dendrites
were also found to remodel around sites
of neovascularization (Fig. 4M). In the
present study, the VLDLR KO was the
only strain of mice we analyzed that de-
veloped neovascularization. Since reeler
mice do not develop a vascular pheno-
type, these findings together suggest that
occurrence of neovascularization is inde-
pendent of Reelin signaling.

Deficiency of Reelin resulted in rod
bipolar and A-IT amacrine morphogenic
defects (Fig. 4P-R), which resembled
published findings (Rice et al., 2001). Un-
like ApoER2 KO and ApoER2-EIG retinas,
ectopic rod bipolar axons contained only
a single swollen axonal varicosity (Fig. 4Q,
blue arrow). Colabeling of PKCa and
ApoER2 in Reln mutant mice revealed
that ectopic rod bipolar axons always ter-
minated precisely at the border of
ApoER2-positive and ApoER2-negative
vicinities of the INL/IPL (data not
shown). Moreover, A-II amacrine den-
drites in s5 were less distinct (Fig. 4P)
than in wild-type controls, and A-II ama-

<«

remodeling occurred around sites of neovascularization. P-R,
Failure of rod bipolar axons to penetrate the IPL is evident in
Reln mutant mice (blue arrows), but axons did not form
multiple terminals. Similar to VLDLR KOs, A-ll amacrine
dendrites throughout the IPL were less distinct. Scale bar:
R (for A-R), 10 um.
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A-llamacrine morphology is perturbed in ApoER2 KOs at P7. Dab1 (red) and PKCcx (blue) colabeling was performed on wild-type and Apo£R2 KO retinas from P7. A—C, Rod bipolar axons extended

into the IPL of wild-type retinas where they branched and started to form swollen varicosities in close association with A-Ilamacrine dendrites. D, £, The density of branched rod bipolar axons is reduced in Apo£R2
KOs, paralleled by severely reduced dendritic arborization of A-Il amacrine cells. PKCcx was highly expressed by A-Il amacrine cells in Apo£R2 KO but not wild-type retinas. Upon closer magnification of F, a late
developing rod bipolar axon can be seenin tight association with A-Il amacrine soma. G—L, GlyT-1was also used as a colabel (green) to visualize changes in A-ll amacrine morphology. G—H, An A-ll amacrine cell
from Cwas magnified, revealing a dominant layer of dendritic appendages in s5 of a wild-type retina. GlyT-1 not colocalized with Dab1 likely represents synapses belonging to other glycinergic amacrine cells.
J—L, In contrast, the A-ll amacrine cell asterisked in F had a significant reduction in Dab1/GlyT-1-positive dendrites in s5. Scale bars: F (for A~F), 10 um; J (for G-L), 5 um.

crine cells were often found to extend processes into the OPL.
Collectively, these data support a role for the signaling of Reelin
through ApoER?2 in the development of rod bipolar axons and
establishment of proper A-II amacrine morphology.

Alterations in A-II amacrine morphology in ApoER2 KO

at P7

The inability of only a subpopulation of an otherwise functionally
homogenous population of rod bipolar cells to terminate appropri-
ately in the IPL of ApoER2 KO mice suggests that this developmental
effect may be secondary to developmental perturbation of their
postsynaptic partners (i.e., A-II amacrine cells). We evaluated
A-II amacrine morphology in wild-type and ApoER2 KO mice at P7.
PKCa-labeled rod bipolar axons extended into the IPL of wild-type
retinas, where they branched and started to generate swollen varicos-
ities in close association with A-II amacrine dendrites in s5 (Fig.
5A—C). In ApoER2 KOs the density of branched rod bipolar axons
was reduced and mirrored by profound reductions in the dendritic
arborization of A-II amacrine cells in s5 (Fig. 5D—F). Interestingly,
PKCa was highly expressed by A-II amacrine cells in ApoER2 KO
but not wild-type retinas. Upon closer magnification, several poten-
tially ectopic rod bipolar axons were found terminated in tight asso-
ciation with A-IT amacrine somas in ApoER2 KOs (Fig. 5F, inset).
The same colabeling included GlyT-1 as another A-II amacrine
marker to ensure that observed changes were not simply due to
altered Dab1 expression and/or trafficking in the absence of one of its
major receptors. Both GlyT-1 and Dab1 were dramatically reduced
in s5 of ApoER2 KOs (Fig. 5J-L) relative to wild-type controls (Fig.
5G-I), suggesting impaired A-II amacrine morphology at a stage of
retinal development when rod bipolar cells are completing extension
of their axons and developing appropriate synapses.

Impairment of A-II amacrine morphology in adult

ApoER2 KO

We next determined whether A-II amacrine cells at P7 had de-
layed dendritic maturation that recovered with age or whether

their morphology was also impaired in the adult retina at both
3-5 and 10-14 months of age. Typical bistratified A-II amacrine
cells were found in both 3- to 5-month-old and 10- to 14-month-
old wild-type retinas (Fig. 6 A, C). However, A-II amacrine den-
drites were reduced in s5 of 3- to 5-month-old (Fig. 6 B) and in
both s1-s2 and s5 of 10- to 14-month-old ApoER2 KO retinas
(Fig. 6 D). These data indicate that A-II amacrine morphology is
perturbed in ApoER2 KOs both in development and in the aging
adult retina, raising the possibility that physiological differences
in retinal function may also be present.

ApoER?2 deficiency results in altered synaptic connectivity

We determined to what extent loss of ApoER2 would resemble
previous electroretinography findings with Reelin and Dabl mu-
tant mice and how these changes differed with age. In addition,
we tested VLDLR KO mice to determine the contribution of this
receptor to Reelin signaling during the establishment of normal
synaptic connectivity. ApoER2-EIG knock-in mice were also used
to determine Dab1-dependent and Dab1-independent contribu-
tions of ApoER2 to retinal function. Mice were tested at either
young age (YA; 3-5 months old) or middle age (MA; 10-14
months old). Wild-type mice (YA, n = 7; MA, n = 8) were
compared to ApoER2 KO (YA, n = 8; MA, n = 7), ApoER2-EIG
(YA, n=4;MA,n=9),and VLDLRKO (YA, n = 7; MA, n = 15)
mice using a range of rod- and cone-isolated full-field electroreti-
nogram parameters.

The rod-isolated b-wave was reduced in ApoER2 KOs (YA,
MA; both p <0.01), ApoER2-EIG mice (YA, MA; both p < 0.01),
and VLDLR KOs (MA only, p < 0.01) (Fig. 7B). An age-
dependent reduction in b-wave was seen in both ApoER2 KOs
and VLDLR KOs (p < 0.01 and p < 0.001, respectively), but not
ApoER2-EIG KO mice (p > 0.05). The age-dependent impair-
ment of the rod b-wave in VLDLR KOs is consistent with the
progressive retinal degeneration observed in these mice. In addi-
tion, we found significant delays in the timing of the rod-isolated
b-wave in ApoER2-EIG (MA, p < 0.01) and VLDLR KO mice
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Figure 6.  Loss of ApoER2 is associated with altered A-Il amacrine morphology in the aging
retina. Dab1 (red) was labeled to visualize changes in A-Il amacrine morphology in 3- to
5-month-old (m.o.) and 10- to 14-month-old wild-type and ApoER2 KO mice. A, €, Typical
bistratified A-Il amacrine morphology was observed in both 3—5 and 1014 m.o. wild-type
mice. B, D, Aprominent reduction in A-ll amacrine dendrites was observed in s5 of both 3—5and
10-14 m.o. ApoER2 KO retinas. The asterisked ectopic A-1l amacrine dendrite in the OPL was
observed frequently in ApoER2 KOs of all ages. A-Il amacrine appendages in s1-s2 and distal
dendritesin s5were further reducedin 10- to 14-month-old than 3- to 5-month-old ApoER2 KO.
Scale bar: D (for A-D), 10 um.

(YA, p < 0.0001; MA, p < 0.005) (Fig. 7A). The scotopically
elicited combined ERG revealed similar differences (Fig. 7A), re-
inforcing the finding of impaired rod transmission in these mice.

We did not detect significant changes in summed OPs in
ApoER2 KOs (p > 0.05), but found reduced summed OP ampli-
tude in ApoER2-EIG (YA, p < 0.05; MA, p < 0.01) and VLDLR
KOs (YA, MA; both p < 0.01) (Fig. 7C). There was also an age-
dependent decrease in OP amplitude in VLDLR KOs (p < 0.01).

A photopic stimulus used to elicit transmission through the
cone pathway revealed only a slight increase in amplitude in
VLDLR KOs (YA, p < 0.05) (Fig. 8A). However, the cone-isolate
response implicit time was modestly decreased in ApoER2-EIG
mice (YA, p < 0.05) and increased in VLDLR KO mice (MA, p <
0.05) (Fig. 8A). Another measure of cone function, the 30 Hz
CFR, revealed several important differences. First, the CFR am-
plitude was impaired in ApoER2 KO mice (MA, p < 0.001) and
VLDLR KO mice (MA, p < 0.01) (Fig. 8 B). Second, these effects
were due to an age-dependent reduction in CFR amplitude (both
p < 0.01); however, there were no changes in CFR implicit time
(Fig. 8 B). These findings indicate that loss of signaling through
either ApoER2 or VLDLR results in significant age-dependent
changes in retinal synaptic connectivity.

Fundoscopic analysis of ApoER2 KO mice
VLDLR KOs display vascular leakage by 3 weeks of age and typical
colloidal neovascularization fluorescein angiographs by 6 weeks
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Figure7.  ApoER2and VLDLR differentially affect the establishment and maintenance of the
rod pathway synaptic connectivity. YA [3—5 months old (m.o.)] and MA (1014 m.o.) mice
were tested. A, Standard combined responses (maximal response) revealed impaired ampli-
tude (in microvolts) in ApoER2-EIG (YA, p << 0.001; MA, p << 0.05), ApoER2 KO (YA, MA, p <
0.001), and VLDLRKO (MA, p < 0.001) mice. There were significant age-dependent reductions
of combined ERG amplitude in both VLDLR and ApoER2 KO mice (both p << 0.0001). A delay in
standard combined response intervals (implicit time, in milliseconds) was found in ApoER2-EIG
(MA, p <0.01) and VLDLR KO mice (YA, p < 0.01; MA, p < 0.005). B, Rod-isolated responses
werereducedin ApoER2KO (YA, MA, p <<0.01), VLDLRKO (MA, p << 0.01), and ApoER2-EIG mice
(YA, MA, p <0.01). An age-dependent reduction in amplitude was seen in both ApofR2 KO and
VLDLR KO mice (p << 0.01and p << 0.001, respectively). The rod-isolated response interval was
delayed in ApoER2-EIG (MA, p << 0.01) and VLDLR KO mice (YA, p << 0.0001; MA, p < 0.005). €,
The amplitude of summed OPs were markedly reduced in VLDLR KO (YA, MA, p << 0.01) and
ApoER2-EIG (YA, p < 0.05; MA, p < 0.01). An age-dependent decrease in OPs was seen only
with VLDLRKO (p << 0.01). The response intervals for oscillatory potentials elicited were delayed
in both VLDLR KO (MA, p << 0.0001) and ApoER2-EIG mice (MA, p << 0.001). Error bars indicate
SEM. *p << 0.05 (significance when compared to within age-group wild-type controlsindicated
by two-tailed Student’s t test); *p < 0.05 (significance when MA compared to same YA group
indicated by two-tailed Student’s ¢ test).

of age (Heckenlively et al., 2003; Hu et al., 2008). To determine
whether loss of ApoER2 resulted in gross, age-related changes in
eye morphology, we performed fundus examination using fun-
dus photography and fluorescein angiography. We found that at
10-14 months of age, ApoER2 KO mice (n = 3) had areas of focal
vascular leakage that were sometimes accompanied by depig-
mented pink spots in the fundus, though the morphological
changes were not nearly as severe as those found in VLDLR KOs
(Fig. 9). By this age, leakage in the VLDLR KO is still obvious,
though not as severe as in the young mouse (data not shown).
Furthermore, the pink fundus spots progressed into large, irreg-
ular pink areas and dark spots with age similar to published find-
ings (Hu et al., 2008). Unlike VLDLR KOs, which develop robust
neovascularization emanating from the OPL within 6 weeks of
age, we were unable to detect similar gross histological changes in
ApoER2 KO retinas even at old age (data not shown).
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Figure8. The cone pathway is also affected by ApoER2 and VLDLR deficiency. A, The ampli-
tude of synaptic transmission through the cone pathway was enhanced in VLDLR KO (MA, p <
0.05). In addition, there were delayed response intervals in VLDLR KO mice (MA, p < 0.05) and
afasterintervalin ApoER2-EIG mice (YA, p << 0.05). B, The 30 Hz CFR amplitude was impaired in
ApoER2 KOs (MA, p < 0.01) and VLDLR KOs (MA, p < 0.01), with an age-dependent reduction
seen in both ApoER2 and VLDLR KOs (p << 0.01). No significant strain- or age-dependent differ-
ences were detected in the response interval of 30 Hz cone flicker responses (p > 0.05). Error
bars indicate SEM. *p < 0.05 (significance when compared to within age-group wild-type
controls indicated by two-tailed Student’s t test); *p << 0.05 (significance when MA compared
to same YA group indicated by two-tailed Student’s t test).

Wild Type ApoER2 -/-

Figure9.

also evident in VLDLR KOs.

Discussion

The events that culminate in the proper synaptic organization of
the retina are still poorly understood. Our findings reveal an
indispensable role for ApoER2 in the development of the rod
bipolar pathway and maintenance of retinal synaptic connectiv-
ity. Several ApoER2 isoforms are highly expressed during post-
natal retinal development, particularly at a stage when A-II

VLDLR -/-

Loss of ApoER2 and VLDLR alters fundus morphology at middle age. A, VLDLR KO mice displayed reported widespread,
patchy, dark deposits across the fundus, while ApoER2 KO mice were similar to wild-type mice. B, VLDLR and ApoER2 KO mice both
had capillary leakage indicated by FA; however, the leakage was much more severe in VLDLRKO. Thinning of the capillary layer was
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amacrine cells and rod bipolar cells are establishing appropriate
synaptic connections. Specifically, ApoER2 expression is highest
in A-IT amacrine cells as well as an unidentified nonglycinergic
amacrine or bipolar cell type. In the adult retina, ApoER2 is con-
siderably lower but present in both ON and OFF lamina, and is
predominantly expressed by A-II amacrine cells. Loss of ApoER2
or impairment of signaling through Dab1 results in ectopic rod
bipolar morphogenesis, similar to mouse models deficient in
Reelin or Dabl (Rice etal., 2001). However, splicing of ApoER2 at
exonl9 and expression of VLDLR are not necessary for this de-
velopmental event. Nonetheless, ApoER2, Reelin, and VLDLR
are all required for normal development of A-II amacrine den-
drites and synaptic connectivity. ApoER2 KO mice have impaired
retinal synaptic connectivity, reflected by attenuated rod b-wave
amplitude, which partially recapitulates the reeler and scrambler
phenotypes (Rice et al., 2001). However, only loss of VLDLR was
found to significantly impair oscillatory potential amplitude and
delay ERG response intervals, as is found in reeler and scrambler
mice, suggesting that ApoER2 and VLDLR are both differentially
required for Reelin signaling during retinal development.

The rod bipolar pathway, which conveys signals arising at
visual threshold during rod-mediated scotopic vision in mam-
mals (Bloomfield and Dacheux, 2001), transmits information to
A-II amacrine cells (Kolb and Famiglietti, 1974). Receiving input
from about 20 rod bipolar cells via glutamatergic synapses, A-II
amacrine cells then transmit rod information to OFF-cone bipo-
lar cells (via electrical gap junctions) that provide excitatory input
to retinal ganglion cells (McGuire et al.,
1984). Although a role for A-II amacrine
cells in retinal development has not
been described previously, restriction of
Dab1 and localization of ApoER?2 to this
cell type during development suggests
that altered rod bipolar cell morphology
may be secondary to changes in A-II ama-
crine cell development, a hypothesis that
has been suggested previously (Rice and
Curran, 2000; Rice et al., 2001). Indeed we
present evidence that A-II amacrine den-
drite structure is perturbed in ApoER2
KOs as early as P7, which may be respon-
sible for the inability of some rod bipolar
axons to terminate appropriately in stra-
tum 5 of the IPL. The failure of rod bipolar
axons to find postsynaptic partners may
result in retraction of their axons and ab-
errant termination alongside the IPL/INL
border. Our findings that ectopic rod bi-
polar axons remain in close association
with A-II amacrine somas and/or den-
drites suggest that Reelin signaling on the
surface of A-II amacrine cells may modu-
late adhesion between elongating rod
bipolar axons and A-II amacrine cells,
possibly through established effects on the
actin cytoskeleton (Chai et al., 2009) or
through affecting integrin signaling (Dulabon et al., 2000;
Schmid et al., 2005). A role for Reelin signaling in axon path
finding has also been demonstrated in the hippocampus, as reeler
entorhinal axons have altered morphology and exhibit targeting
errors (Del Rio et al., 1997; Borrell et al., 1999). Dscam (encoding
down syndrome cell adhesion molecule) KO mice also have im-
pairments in rod bipolar dendrite development and A-II ama-
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crine positioning (Fuerst et al., 2009), further suggesting that
development of the two cell types may be interrelated. Ectopic
processes are evident as early as 7 d after birth, after which they
become lobulated and associate with A-IT amacrine processes. In
Reln mutant mice, the ectopic axons fail to form multiple swollen
mutant varicosities and are unable to penetrate ApoER2-
containing strata, indicating that Reelin may act on A-II ama-
crine through ApoER2 by regulating penetration of rod bipolar
axons into the IPL. However, rod bipolar axon lobulation does
not appear to require ApoER2. These data provide a potential
cellular and molecular mechanism that can be further studied to
understand the development of inner retinal circuitry. Until now,
this has been hampered by the absence of genetic mouse models
with selective defects in retinal synaptic structure.

In the retina, we observed at least five major ApoER2 bands,
which could correspond to alternatively spliced (Brandes et al.,
2001; Beffert et al., 2005; Hibi et al., 2009), differentially glycosy-
lated (May et al., 2003), and proteolytically processed forms of
ApoER2 (May et al., 2003; Hoe and Rebeck, 2005). Although we
did not selectively identify the specific ApoER2 isoforms ex-
pressed in the retina, we found that they were identical to those
expressed in the adult cortex (based on molecular weight) and
that all isoforms were significantly reduced in the adult retina
compared to the early postnatal retina. In the brain, splicing of
ApoER?2 at exon 19 is not required for development, but is essen-
tial for hippocampal synaptic plasticity (Beffert et al., 2005) and
neuronal survival (Beffert et al., 2006a). We found that loss of
ApoER?2 exon 19 did not result in abnormal rod bipolar morpho-
genesis or significant alterations in overall synaptic connectivity
(data not shown). ApoER2 splicing may be a factor that specifies
Reelin function in plastic versus nonplastic circuits; namely, in
plastic circuits, Reelin can coordinately regulate aspects of the cell
cytoskeleton and adhesion through the conventional, Dab1-de-
pendent/exon 19-independent pathway (Suetsugu et al., 2004;
Chai et al., 2009), as well as neurotransmission through exon
19-mediated coupling of the Reelin signaling complex to the
NMDA receptor complex (Beffert et al., 2005). NMDARs are
indeed expressed by the retina (Zhang and Diamond, 2006) and
are important in the rod pathway (Boos et al., 1993; Hartveit and
Veruki, 1997), but whether or not the ApoER2 exon 19 splice
variant is expressed by and contributes to the functioning of the
retina remains a topic of ongoing investigation.

The rod b-wave of the full-field ERG originates from the com-
bined activity of depolarizing rod bipolar cells and bipolar cell-
dependent potassium channel currents affecting Miiller glia
(Heynen and van Norren, 1985a,b). Observed reductions in the
rod b-wave in ApoER2 KO and ApoER2-EIG mice are consistent
with impaired inner retinal synaptic connectivity and reported
b-wave reductions in both reeler and scrambler mice (Rice et al.,
2001), albeit less severe. The reduced severity may indicate that
combined loss of ApoER2 and VLDLR could be required to fully
recapitulate the retinal phenotype of the reeler and scrambler
strains. Further impairment of the rod b-wave was observed with
age in ApoER2 KOs, suggesting that ApoER2 may play a role in
maintenance of retinal synaptic connectivity. Although the
changes in the rod pathway were the most profound, there were
also age-related impairments of the 30 Hz cone flicker response in
both ApoER2 and VLDLR KO mice. The cone-isolate response
was also reduced in ApoER2 KOs at young age, but was normal by
middle age. Although we have focused on the morphological
development of rod bipolar and A-II amacrine cells, observed
changes in cone function could be due to an active role of A-II
amacrine cells in photopic vision or due to abnormal synaptic

Trotter et al. ® ApoER2 Function in Retinal Development

development of cell types that synapse with A-II amacrine cells and
also participate in the cone pathway. We postulate that such cell
types would be limited to A-IT amacrine synaptic partners because of
the restricted expression of ApoER2 and Dab1 during development
and in the adult. The modest reductions of OP amplitude and delays
in timing in ApoER2-EIG mice may stem from secondary effects of
adaptor protein availability that could affect the function of VLDLR.
Along the same line, normal OP potentials in Apoer2 may reflect
functional compensation by other receptors (e.g., VLDLR) that are
impaired in the Apoer2-EIG mice.

VLDLR has been the only well-studied lipoprotein receptor in
the retina, but the development of neovascularization and retinal
degeneration in the VLDLR KO mice has made it difficult to under-
stand the basic functions of this receptor (Heckenlively et al., 2003).
Our data suggest that while VLDLR may not play a role in the overall
integrity of the rod pathway in young mice that do not yet display
any degeneration, its presence is required for normal oscillatory po-
tentials, which are widely believed to represent the activity of second-
order neurons, including amacrine cells (Wachtmeister, 1998).
Reduced OPs are also seen in scrambler and reeler mice (Rice et al.,
2001), but not in ApoER2 KO mice, further suggesting that VLDLR
has a separate Reelin-dependent role in the development of retinal
circuitry. Considering the expression of Dab1 by A-II amacrine cells
and our findings that VLDLR KOs also had impaired A-II amacrine
development, observed impairments in oscillatory potentials may
originate from specific impairments in the function of A-Il amacrine
cells. Moreover, VLDLR KOs had delayed rod b-wave and cone-
isolated response intervals, which is consistent with findings in
scrambler and reeler mice (Rice etal., 2001). We also found that Vidir
KO mice had normal b-wave amplitude at young age, but impair-
ments in the b-wave at old age, suggesting that despite pervasive
neovascularization and retinal remodeling, synaptic connectivity in
young VIdlr KOs remains largely intact. These data suggest that Ree-
lin acts via both ApoER2 and VLDLR to regulate distinct aspects of
retinal synaptic development. Combined, the ApoER2 and VLDLR
KOs individually recapitulated all major differences in synaptic con-
nectivity observed previously in reeler and scrambler mice.

The ability to dissociate the roles of both ApoER2 and VLDLR
provides an important basis with which we can now study the
contribution of human apoE variants to retinal pathology. In-
deed, apoE isoforms have been demonstrated previously to dif-
ferentially affect the surface availability of ApoER2 in neurons
and thereby alter Reelin-dependent synaptic plasticity (Chen et
al., 2010). Whether or not apoE isoforms exert similar effects on
lipoprotein receptors expressed by the retina remains to be ad-
dressed. Although more subtle than the neovascular phenotype
of VLDLR KOs, ApoER2 KOs have age-related changes in synap-
tic morphology as well as some vascular leakage. Further disrup-
tion of A-II amacrine morphology in 10- to 14-month-old
ApoER2 KOs and disruption of both rod and cone synaptic trans-
mission indicate that ApoER2 may also have a role in mainte-
nance of synaptic connectivity in the rod bipolar pathway. A
similar proposal has been made recently for Reelin signaling in
maintaining cortical architecture in the adult (Frotscher, 2010).

In summary, the findings presented here provide strong genetic
evidence that ApoER2 is required for Reelin-dependent develop-
ment of both rod bipolar and A-II amacrine cells. We have also
identified unique roles for both ApoER2 and VLDLR in regulating the
development and maintenance of normal retinal synaptic connectivity,
which will serve as a basis for the understanding the association of
apoE with retinal pathology and even Alzheimer’s disease, as well
as the further dissection of the cellular and molecular mecha-
nisms responsible for retinal synaptic development.
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