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Abstract

Retinal ganglion cells transmit the visual signal from the retina to the brain. We have previously
shown that the AP-26 (TFAP2D) transcription factor is expressed in one-third of ganglion cells in
developing retina suggesting a specialized role for these AP-26-expressing cells. Here, we address
the role of AP-256 in retina by /n ovo electroporation of RCAS/AP-26 retroviral constructs into the
eyes of chick embryos at day 2 of gestation. Ectopic expression of AP-28 does not affect lineage
differentiation in the developing retina. However, immunostaining of retinal tissue with markers
associated with axonal growth such as GAP43 and PSA-NCAM demonstrates axonal misrouting
and abnormal axonal bundling. Treatment of AP-26-misexpressing retinal cell cultures with Endo-
N, an enzyme that removes PSA from NCAM, decreases AP-28-induced axonal bundling. Our
data suggest a role for AP-26 in polysialylation of NCAM, with ectopic expression of AP-28
resulting in premature bundling of emerging axons and misrouting of axons. We propose that
expression of AP-25 in a subset of ganglion cells contributes to the fine-tuning of axonal growth in
the developing retina.
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INTRODUCTION

Activator Protein 2 (AP-2) is a family of five transcription factors (AP-2a, B, -y, 6 and €)
which play critical roles during development. AP-2a knock-out mice die around birth with
severe defects in cranial and body wall closure and skeletal structures (Schorle et al. 1996,
Zhang et al. 1996). AP-Zg knock-out mice die perinatally due to patent ductus arteriosus,
noradrenaline deficiency and/or massive apoptosis of renal tubular epithelia (Moser et al.
1997, Zhao et al. 2011, Hong et al. 2008). AP-2y—/-mice die after gastrulation due to
defective placenta development (Auman et al. 2002, Werling & Schorle 2002), whereas
AP-2Ze—/-mice show disorganization of the olfactory bulb (Feng et a/. 2009).
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AP-25 (TFAP2D, AP2D) is the most divergent member of the AP-2 family. Of the eight
residues in the transactivation domain deemed critical for AP-2 function, only three are
conserved in AP-28 (Wankhade er al. 2000, Li et al. 2008). The binding affinity of AP-28
for consensus AP-2 regulatory elements is lower than that of other AP-2 proteins (Zhao et al.
2001). Furthermore, AP-25 is the only member of the AP-2 family that does not retain
neural crest inducing function in an AP-2-depleted background in zebrafish (Van Otterloo et
al. 2012). In adult mouse brain, AP-26 is expressed in the posterior midbrain, as well as in
the cortex, dorsal thalamus and superior colliculus. The latter structure receives input from
the eye and other sensory systems (Hesse ef al. 2011). AP-25—/—mice are viable but lack
part of the posterior midbrain due to increased apoptosis in this part of the brain starting at
the end of embryogenesis (Hesse et al. 2011). Despite this loss, AP-25-/—mice appear to
retain at least some higher auditory function, suggesting an alternate auditory route that
allows response to individual tones (Hesse et al. 2011).

The vertebrate retina is derived from neuroectodermal progenitor cells that differentiate into
six major classes of neurons (ganglion, amacrine, bipolar, horizontal, cone photoreceptors
and rod photoreceptors) and one class of glial cells (Muller glia). These cells are distributed
into three nuclear layers, with ganglion cells located in the innermost ganglion cell layer
(GCL), photoreceptors in the outer nuclear layer (ONL), and the remaining cell types
distributed in specific regions of the inner nuclear layer (INL). Visual information is
conveyed to the brain via the only output neuron of the retina, the ganglion cells. These cells
produce long axons that travel along the innermost retina (nerve fiber layer) towards the
optic disc. Ganglion cell fibers exit the eye through the optic disc and form the optic nerve
which projects to the brain via the optic chiasm. AP-2 transcription factors have specific
distribution profiles in the retina. For example, AP-2a. and AP-2p are expressed in the
amacrine and horizontal cells of the developing chick and mammalian retina (Bisgrove &
Godbout 1999, Bassett et al. 2007, Li et al. 2010), whereas AP-28 protein is restricted to a
subset of retinal ganglion cells (Li et al. 2008). At embryonic day 7 (E7) in chick retina,
approximately one-third of retinal ganglion cells express AP-26. AP-25-positive ganglion
cells are still present in the differentiated E15 retina, albeit in lower numbers (Li et al. 2008).

Here, we express AP-2§ in the chick retina by 7n7 ovo electroporation of a RCAS/GFP-AP-28
retroviral expression construct. We show that misexpression of AP-2§ in the developing
retina results in the production of ectopic bundles of fibers characterized by the expression
of GAP43 and PSA-NCAM. As both GAP43 and PSA-NCAM have previously been
associated with the growth and regrowth of axons, these results suggest a role for AP-25 in
the regulation of factors involved in axonal growth.

MATERIALS AND METHODS

Retrovirus constructs and chick embryo injection

The 5" end of chicken AP-25 cDNA (1 - 834 bp) was PCR-amplified and inserted into the
pSlax12Nco-GFP shuttle vector (Morgan & Fekete 1996) at the £coRI and Psi sites
(pSlax12Nco-GFP-AP-26N). The 3" end of AP-25 was PCR-amplified and inserted into
pSlax12Nco-GFP-AP-28N at the Psdl site. A Clal fragment containing either GFP or GFP-
AP-28 was then inserted into the C/al site of the avian replication-competent retrovirus
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vector (RCASBP(B)) (Morgan & Fekete 1996). /n ovo electroporation of RCASBP(B)-GFP
and RCASBP(B)-GFP-AP-256 DNA was carried out as previously described (Gao et al.
2010).

Fertilized eggs from White Leghorn chickens were obtained from the University of Alberta
Farm poultry unit and incubated for ~40 h prior to /in ovo electroporation. At Hamburger
Hamilton (HH) stages 10 to 12 (E1.5 to E2), eggs were windowed and 1.5 ml albumin was
removed. Approximately 1 ul of RCASBP(B) DNA (3 pg/ul) mixed with 0.1% of Fast Green
(1 pl dye/15 pl DNA) was injected into the right optic vesicle using a P\V820 pneumatic
picopump (World Precision Instruments, Inc). Straight-tipped electrodes were spaced 2 mm
apart at a 70°C angle to the longitudinal axis of the embryo such that the current path would
pass through the posterior half of the right eye. Five square pulses of 15 V at 25 ms were
applied at 950 ms intervals using a BTX Square Wave Pulse generator (ECM 830
electroporator). Embryos were harvested at E7, E8, E10 or E13, and screened for GFP
expression by epifluorescence. Chick embryo research was carried out with institutional
approval following the Canadian Council on Animal Care guidelines.

Western blot analysis

Retinal tissue from E9 embryos /n ovo electroporated with GFP or GFP-AP-28 was
homogenized in RIPA buffer. Proteins were separated in 10% SDS-PAGE gel, transferred to
a nitrocellulose membrane and AP-26 was detected using rabbit anti-AP-28 (1:1000
dilution) antibody. Immunoblotting with mouse anti-actin (1:100,000 dilution; Sigma)
antibody served as the loading control. For analysis of GAP43 expression, retinal tissue
from control and GFP-AP-26 /n ovo electroporated E9 embryos was homogenized in RIPA
buffer. Proteins were separated in 10% SDS-PAGE gel, transferred to a nitrocellulose
membrane and GAP43 was detected using mouse anti-GAP43 (1:1000 dilution; Sigma)
antibody.

Immunofluorescence analysis of retinal tissue sections and dissociated retinal cells

Retinal tissue was fixed in 4% paraformaldehyde, cryoprotected in sucrose and embedded in
OCT along the dorsal-ventral axis. Tissue sections (6 — 7 um) were prepared at E7, E8, E9,
E10 and E13. For dissociation experiments, retinal tissue was trypsinized and cultured for 24
h or 48 h on poly-D-lysine-coated coverslips. For cleavage of PSA from NCAM, dissociated
retinal cultures were prepared from E7 chick embryos and cultured in the presence of 27
units/ml Endo-N for 48 h (Canger & Rutishauser 2004). Retinal tissue and dissociated cells
were double-stained with goat anti-GFP antibody (1:1000 dilution; Abcam) and one of the
following: mouse anti-GAP43 (1:2000 dilution) (7B10; Sigma), mouse anti-Brn3a (1:200
dilution; Chemicon), rabbit anti-AP-2p (1:400 dilution) (H87; Santa Cruz), mouse anti-
glutamine synthetase (1:500 dilution; Transduction laboratories), sheep anti-CHX10 (1:3000
dilution) (obtained from Dr. Rod Bremner), mouse anti-CRX (1:2000; Abnova), mouse anti-
neurofilament (1:5000 dilution) (RT-97; DSHB), mouse anti-PSA-NCAM (1:20 dilution)
(5A5; DSHB), followed by secondary antibodies conjugated with Alexa 488 or Alexa 555.
F-actin was labeled with phalloidin and DNA was labeled with DAPI. Images were captured
using a Zeiss LSM710 confocal microscope. For three dimensional reconstructions, E7 and
E13 chick retinas overexpressing either GFP or GFP-AP-28 were dissected, flat-mounted
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and fixed in 4% paraformaldehyde followed by permeabilization in 0.2% Triton-X-100.
Tissues were immunostained with anti-GFP and anti-GAP43 antibody followed by
secondary antibody linked to Alexa 488 or Alexa 555. Coverslips were mounted with
FluorSave reagent (Calbiochem). Image acquisition was performed at room temperature
using Zeiss LSM710 confocal miscroscope with NA 1.3 Plan-Apochromat oil immersion
lens. The signal was detected by photomultiplier tube. Images were acquired with ZEN 2011
software.

TUNEL assay

Apoptotic cells were stained using the In Situ Cell Death Detection kit, TMR red, following
the manufacturer’s directions (Roche). Images were captured using a Zeiss LSM710
confocal microscope.

Statistical analysis

RESULTS

Statistical analysis was performed using the Student’s #test with cell counts from three GFP
and three GFP-AP-28 /n ovo electroporated eyes obtained from different embryos. A p-
value of < 0.05 is considered significant.

Ectopic expression of AP-26 disrupts the nuclear structure of the retina

To investigate the role of AP-28 in retinal ganglion cells, we inserted either GFP or GFP-
AP-28 cDNA into the RCAS retrovirus vector and /n7 ovo electroporated RCAS/GFP or
RCAS/GFP-AP-25 into the eyes of E2 chick embryos. Western blot analysis shows that the
GFP-AP-25 fusion protein is expressed in /n ovo electroporated retinal tissue (Fig. 1A). We
then examined the effect of AP-26 overexpression on the retinal structure by harvesting /n
ovo electroporated retinas at E7, E10 or E13 and staining the tissue with DAPI to label the
nuclei. Because the retina differentiates along the central to peripheral, and dorsal to ventral
gradients, we examined comparable GFP-positive regions in each retina (Fig. 1B). By E10,
holes or gaps were observed in the GFP-AP-28-positive regions of the retina (see arrows).
At E13, there was massive disruption of the nuclear structure of the retina in GFP-AP-26-
positive regions.

Ectopic expression of AP-25 in retinal cells disrupts the structure of the retina. To determine
whether AP-28-overexpressing cells are undergoing programmed cell death, we carried out
the TUNEL assay on E7 and E10 retinas positive for either GFP or GFP-AP-28. Although
increased programmed cell death was observed in GFP-AP-28-positive cells compared to
GFP control, the majority of GFP-AP-258-positive cells were non-apoptotic (Fig. S1).

Ectopic expression of AP-26 does not affect retinal cell differentiation

AP-28 is normally restricted to a subset of ganglion cells found in the innermost layer of the
retina. Retinal cells expressing GFP-AP-26 are observed throughout the retinal layers. To
determine the lineage of GFP-AP-26 expressing cells, we immunostained E10 retinal
sections with Brn3a, a well-characterized early marker of ganglion cells. Brn3a was
primarily found in the retinal ganglion cell (RGC) layer of both RCAS/GFP and RCAS/
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GFP-AP-25-infected retinas (Fig. 2 — top panels). Thus, GFP-AP-28-positive cells outside
the RGC layer do not appear to be misplaced ganglion cells.

To further address the differentiation state of GFP-AP-256-positive cells residing outside the
ganglion cell layer, we immunostained GFP- and GFP-AP-28-positive retinal tissue sections
with markers specific to the different cell lineages of the retina: amacrine and horizontal

cells (AP-2p), Miller glial cells (glutamine synthetase, GS), bipolar cells (CHX10) and
photoreceptor cells [CRX; this marker is also weakly expressed in bipolar cells (Glubrecht ef
al. 2009)]. While expression of CHX10 and CRX was compatible with AP-26 expression as
indicated by co-labeling of GFP/CHX10 and GFP/CRX (Figs. 2 and S2), AP-28 was
excluded from GS-positive cells and rarely observed in AP-23-positive cells (Fig. 2). Based
on these results, AP-26 expression does not interfere with neurogenesis and cell
differentiation, at least in the case of bipolar and photoreceptor cells.

The percentage of GFP-AP-256-positive cells expressing specific retinal cell lineage markers
was quantitated by dissociating retinal tissue from RCAS-GFP or RCAS-GFP-AP-26 in ovo
electroporated E8 embryos, as well as from non-electroporated E8 embryos, and culturing
the cells for 24 h prior to immunostaining with Brn3a, AP-2p and CRX antibodies. Nuclei
were stained with DAPI and GFP was detected by immunostaining with anti-GFP antibody.
The percentages of Brn3a-positive (ganglion) and CRX-positive (photoreceptor and bipolar)
cells were similar in non-electroporated control, GFP control and GFP-AP-28-positive
cultures (Fig. 3). In contrast, fewer AP-2p-positive (amacrine and horizontal) cells were
observed in GFP-AP-256-positive cultures compared to GFP and non-electroporated control
cultures. These data are consistent with our /7 ovo observations and indicate that: (i) ectopic
expression of GFP-AP-26 does not promote differentiation along the ganglion cell lineage,
and (ii) the majority of GFP-AP-26-positive cells are not ganglion cells.

GFP-AP-28-positive cells form extended neurites in culture

As AP-25 is normally expressed in ganglion cells, the output neurons of the retina, we
examined whether AP-28-misexpressing cells can form the extended axonal fibers that are
characteristic of ganglion cells. Dissociated retinal cells from GFP-AP-268-in ovo
electroporated embryos were cultured for 24 h and immunostained with neuron-specific p-
tubulin TUJ1 antibody. GFP-AP-26-positive cells formed extended TUJ1-positive fibers in
culture, indicating that GFP-AP-26 expression is compatible with formation of long axon-
like fibers (Fig. S3A).

The lineage of the fiber-producing GFP-AP28-positive cells was identified by co-staining
dissociated retinal cells with phalloidin (which detects filamentous actin found in axons) or
TUJ1, and either ganglion cell markers (Brn3a and Isletl) or non-ganglion cell markers
(CRX and AP-2p). As expected, GFP-AP-25-expressing cells that were positive for ganglion
cell-specific markers formed long axonal-like fibers in culture (Fig. S3B). In contrast, GFP-
AP-28-expressing cells that were positive for CRX and AP-2 did not form extended
neurites in culture (data not shown).
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Expression of GAP43 in GFP-AP-28-positive cells

Next, we examined whether growth-associated protein 43 (GAP43), a marker of retinal
ganglion cell axons, was induced upon AP-28 misexpression. Western blot analysis showed
similar levels of GAP43 in comparable regions of control and GFP-AP-28-positive E9
retinas (data not shown). To investigate GAP43 distribution in GFP-AP-286 electroporated
retinas, we carried out immunofluorescence analysis. A strong GAP43 signal was observed
in the nerve fiber layer of GFP (control) retinas at E7, E10 and E13 (Fig. 4). Intriguingly,
GAP43 immunoreactivity was also observed outside of the nerve fiber layer in retinas
electroporated with GFP-AP-28 RCAS retroviral expression constructs. At E7 and E10,
these GAP43-positive fibers vertically spanned the GFP-positive regions of GFP-AP-26-
electroporated retinas (Fig. 4). By E13, when there is significant structural disruption of the
retinal layers, two parallel GAP43-positive layers were observed, one corresponding to the
normal nerve fiber layer (indicated by arrow), the other located at the outer edge of the retina
(indicated by asterisk) (Fig. 4). This second parallel fiber layer was not only found at sites
that were proximal to GFP-AP-26 positive cells, but at sites distal to GFP-AP-28-positive
regions, indicating that ectopic axonal growth can span long distances.

When dissecting RCAS-GFP-AP-26-injected eyes, we observed what appeared to be holes
or blistering at the sites of GFP-AP-28 positivity, indicating that the integrity of the retinal
pigmented epithelium was compromised (Fig. 5A). Blistering was never observed in RCAS-
GFP-control eyes. As others have reported ocular phenotypes caused by gene misexpression
outside the eye (Bassett et al. 2010), we examined four GFP-AP-25-injected embryos for the
presence of a GFP signal outside of the retina. The absence of a GFP signal in the non-
retinal tissue of GFP-AP-26 injected eyes (two eyes are shown in Fig. S4) suggests that the
ocular phenotype observed in GFP-AP-28-injected embryos is caused by AP-26
misexpression within the retina.

As AP-25 overexpression leads to abnormal vertical fiber formation in the retina, it is
possible that these clear patches represent sites of axonal outgrowth through the retina and
retinal pigmented epithelium. In order to three-dimensionally visualize the location of
GAP43-positive fibers in GFP-AP-28-positive retinas, we flat-mounted E13 retinal tissue
from both RCAS-GFP (control) and RCAS-GFP-AP-26-infected eyes onto glass slides. A
series of Z-stack sections at 0.98 pm intervals spanning all the layers of the retina were
generated. One angle of the three-dimensionally reconstructed retina is shown in Fig. 5B.
The well-ordered ganglion nerve fiber layer (red, indicated by arrow) which is characteristic
of the normal differentiated retina can easily be visualized in control (GFP) eyes. In contrast,
GFP-AP-25-positive eyes have both a nerve fiber layer (indicated by arrow), and a poorly-
organized parallel layer characterized by the presence of thick coils of GAP43-positive
fibers (indicated by asterisk). Of note, the density of fibers in the nerve fiber layer of GFP-
AP-28-positive regions of the retina was often reduced compared to control retina, in
keeping with results shown in Fig. 4.

To identify the origin of the ectopic fibers produced as the result of GFP-AP-25-expression,
we carried out three dimensional reconstruction of the GAP43 signal using E7 retina, an
early stage of development at which fibers can be easily detected. Significant disruption of
the emerging fiber layer is already apparent at E7 in GFP-AP-256-positive regions of the

J Neurochem. Author manuscript; available in PMC 2015 June 08.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnuen Joyiny YHID

Lietal.

Page 7

retina (Fig. 5C). Furthermore, the majority, if not all, the fibers extending into the inner
nuclear layer appear to originate in the ganglion cell layer (Fig. 5C).

Ectopic expression of AP-26 induces polysialylation of NCAM

NCAM is a member of the immunoglobulin superfamily of adhesion molecules. Like
GAP43, NCAM expression is closely associated with axonal outgrowth and regrowth
(Anderson et al. 2005, Bates et al, 1999). Polysialic acid (PSA) is a large carbohydrate
homopolymer that is almost exclusively found on NCAM. Polysialylation of NCAM
increases cell motility and promotes axon growth, guidance and fasciculation by interfering
with NCAM-protein interactions and reducing contact-dependent interactions between cells
(Rutishauser & Landmesser 1996, Durbec & Cremer 2001, Rutishauser 2008). To
investigate whether PSA-NCAM levels are induced as a consequence of GFP-AP-26
expression, we immunostained E10 retina sections with an antibody that specifically
recognizes the polysialylated form of NCAM. PSA-NCAM was primarily found in the
ganglion cell layer of GFP (control) retina (Fig. 6A — top panels) as well as non-
electroporated retina (data not shown). Induction of PSA-NCAM was observed in GFP-
AP-28-positive regions of the retina (Fig. 6A — bottom panels). Dissociated cultures of GFP-
and GFP-AP-28-positive retina clearly demonstrate induction of PSA-NCAM in GFP-
AP-28-positive cells (Fig. 6B — bottom panels) with PSA reactivity primarily found at sites
of cell-cell contacts as previously reported for dissociated subventricular zone neuroblasts in
culture (Rockle et al. 2008).

We then carried out co-immunostaining of PSA-NCAM and GAP43 to investigate the extent
to which these two axonal markers co-localize in GFP-AP-25-positive regions of the retina.
Although PSA-NCAM and GAP43 were both ectopically expressed in GFP-AP-28-positive
regions of the retina, PSA-NCAM distribution was more widespread than that of GAP43
(Fig. S5). These results suggest that GFP-AP-28-positive cells other than ganglion cells may
be producing PSA-NCAM.

Cleavage of PSA by Endo-N reverses axonal bundling

To further characterize the fibers in GFP-AP-256-positive regions of the retina, dissociated E7
GFP control and GFP-AP-26 retinas were cultured for 48 h, and immunostained with RT-97,
an antibody that recognizes a phosphoepitope in the C-terminal tail of neurofilament heavy
chain. This phosphoepitope is associated with mature axons (Meeranna et a/. 2008, Sanchez
et al. 2000). A striking difference was observed between GFP (control) and GFP-AP-28
dissociated retinal cultures upon immunostaining with RT-97, with the latter revealing either
coils of fibers circling individual clumps of GFP-AP-28-positive cells (Fig. 7A — bottom
left) or offshoots of bundled fibers emerging from clumps of GFP-AP-25-positive cells (Fig.
7A — bottom right). In contrast, few RT-97-positive fibers were observed in GFP control
cultures (Fig. 7A —top).

The importance of PSA-NCAM in the production of the RT-97-positive fibers observed in
GFP-AP-25 cultures was investigated by treating retinal cultures with endoneuraminidase
(Endo-N), an enzyme that cleaves PSA from PSA-NCAM (Canger & Rutishauser 2004). As
shown in Fig. 7B, PSA was no longer detectable in GFP-AP-26-positive cultures treated
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with Endo-N. When Endo-N-treated cells were immunostained with RT-97, a general
loosening-up of the bundles of axon-like fibers was noted (Fig. 7C arrows). These results
suggest a role for PSA-NCAM in the formation of the ectopic axonal bundles observed in
GFP-AP-25-positive retina.

DISCUSSION

AP-25 is primarily expressed in midbrain, although it has also been detected at lower levels
in other parts of the central nervous system (Zhao ef a/. 2003, Li et al. 2008). As predicted
based on AP-2§ distribution patterns, the main structural defect found in AP-26-/-mice is
absence of the colliculus inferior auditory center (Hesse et al. 2011). We have previously
shown that AP-26 is expressed in a small subset of retinal cells in the chick eye, with
approximately one-third of retinal ganglion cells expressing AP-26 from E7 to E10, peak
stages of axonal growth (Li et al. 2008, Mey & Thanos 1991). Expression of AP-25 in a
subset of ganglion cells suggests specialized tasks for these cells that may not easily be
identified using a gene knock-out or knock-down approach. For this reason, we carried out
ectopic expression analyses in the easily accessible chick eye to gain insight into the role of
AP-28 in the developing retina. GFP (control) and GFP-AP-26 retroviral expression
constructs were /n ovo electroporated into the optic vesicle (precursor to the eye) of chick
embryos at embryonic day 2 and the retina examined at different stages of differentiation.
Ectopic expression of AP-25 in the retina revealed an important link between AP-26 and
molecules involved in axonal routing and bundling. Specifically, our data indicate that fibers
characterized by the expression of GAP43 and PSA-NCAM are misrouted in the developing
GFP-AP-25-positive retina. This misrouting is accompanied by the formation of thick
bundles of axons that initially run perpendicular then parallel to the normal fiber layer.

A fundamental aspect of the retinal maturation process is the routing of ganglion cell axons
along the innermost layer of the retina to the optic nerve. The first ganglion cells to
differentiate in the retina establish the correct path to the optic nerve by interacting with
molecules that inhibit and/or promote axon growth such as chondroitin sulfate proteoglycans
and members of the Slit family (Snow & Letourneau 1992, Yu & Bargmann 2001, Oster et
al. 2004). The importance of these molecules is demonstrated by the fact that their
disruption leads to disorganization of axons in the retina (Jin ef a/. 2003, Brittis ef al. 1992).
Once the axon path has been established in the retina, newly emerging axons can fasciculate
with previously established axons, thus facilitating basic pathfinding processes within the
retina. Our results indicate that axon growth abnormalities and vertical growth of axons are
readily apparent by E7, an early stage of retinal differentiation (Dutting et a/. 1983), in GFP-
AP-28-positive regions of the retina, suggesting that misexpression of AP-28 affects the
growth of pioneer axons which initially establish the correct path to the optic nerve.

NCAM and its polysialylated derivatives are steadily gaining stature as key molecules in
central nervous system circuitry, including axon growth/guidance/fasciculation, synapse
formation and synaptic plasticity (Hildebrandt et a/. 2007, Rutishauser 2008, Durbec &
Cremer 2001). PSA, a large negatively-charged carbohydrate homopolymer of a-2,8-sialic
acid residues is almost exclusively found on NCAM. Because of its negative charge, PSA is
believed to have repulsive properties. However, both PSA and PSA-NCAM have been
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shown to form filamentous bundles /n vitro suggesting that PSA may have associative as
well as repulsive properties (Toikka et al. 1998). /n vivo studies indicate that PSA may
increase or decrease fasciculation depending on the system being studied. For example,
experiments using the chick hindlimb indicate that the increased number of sensory
projections from dorsal root ganglia observed upon PSA removal may be caused by
increased fasciculation resulting in sensory axons tracking closer to neighboring axons
(Honig & Rutishauser 1996). Subsequent experiments using dorsal root explants have
demonstrated that removal of PSA results in increased fasciculation of growth cones (Honig
et al. 1998). In contrast, PSA removal has been associated with defasciculation in chick optic
tract and tectum (Yin et al. 1995). Furthermore, removal of PSA caused defasciculation of
neuronal processes in chick cochleo-vestibular ganglion-otocyst cultures as well as in rat
primary cortical cultures (Hrynkow et al. 1998, Wakade et al. 2013). In retina, PSA-NCAM
has been associated with promoting and directing retinal ganglion cell axonal growth
(Monnier et al. 2001, Murphy et al. 2009).

Knockout of NCAM in mice results in an increased number of retinal ganglion cells;
however, NCAM-/-retinal ganglion cells can still project to their correct targets in brain
(Murphy et al. 2007). The importance of NCAM polysialylation on axon growth in the
mouse was revealed by germ-line disruption of two polysialyltransferases, S78Sia2 and
S78Sia4, involved in polysialylation of NCAM (Weinhold et al. 2005). S78Sia2-/
-S5T78Sia4-/- (polySia-ve) double knock-out mice die shortly after birth. These mice have
undetectable PSA in brain, and show massive brain axon tract defects, including complete
absence of the anterior commissure connecting the olfactory nuclei and temporal parts of the
cortex (Weinhold et al. 2005, Galuska et a/. 2006). Analysis of polySia-ve/NCAM+ve versus
polySia-ve/NCAM-ve mouse brain axons reveals both hyperfasciculation and
defasciculation defects (Schiff ef a/. 2011). As PSA is found on axons as well as surrounding
structures, it has been postulated that absence of PSA may lead to competing axon-axon and
axon-environment interactions (Schiff et al. 2011, Hrynkow et al. 1998). On the basis of
these observations, we propose that excessive production of PSA by GFP-AP-28-positive
non-ganglion cells alters axon-environment interactions, resulting in the increased axonal
fasciculation and routing defects observed in our chick retina model (Fig. 8).

A consequence of misexpressing AP-26 outside the ganglion cell layer during retinal
development may be ectopic regulation of genes involved in the polysialylation of NCAM
and/or axonal growth. A number of putative target genes have been identified for AP-25,
including FGFR3which is associated with neurite outgrowth and retinal ganglion cell
survival in vitro (Kinkl et al. 2003, Tan et al. 2009) and Pou4f3 (Brn3c) which plays an
essential role in the inner ear (Hesse et al. 2011). Known Pou4f3 target genes such as Bdnf
and Calbindin2 are down-regulated in the midbrain of AP-25-deficient mice (Hesse et al.
2011). As Pou4f3 promotes ganglion cell differentiation in chick (Liu ef a/. 2000), and
AP-28 overexpression does not appear to affect cell lineage differentiation in the retina, it
seems unlikely that Pou4f3is an AP-25 target gene in chick retina. In agreement with this,
semi-quantitative RT-PCR analysis indicates that there is no difference in the levels of
Pou4f3RNA in GFP control versus GFP-AP-28-positive chick retina (Persad, A., Li, X and
Godbout, R, unpublished data). Similarly, no significant differences were noted in FGFR3
RNA levels at E9 between GFP-electroporated and GFP-AP-26-electroporated chick retinas.
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These data suggest that neither FGFR3nor Pou4i3 are targets of AP-26 in developing chick
retina. The identification of AP-2§ target genes in developing retina will be the subject of
future studies.

Unlike fish, adult ganglion cells from mammalian and chicken retina do not regrow their
axons after injury to the optic nerve. However, in the absence of their normal environment
and/or under the correct permissive cues, axonal regeneration is possible (Weise et al. 2000,
Koeberle & Bahr 2004). While the mechanisms underlying axonal regrowth remain poorly
understood, regrowth is believed to be prevented by inhibitory molecules at the site of injury
and/or lack of positive cues at the cut site (Charalambous et a/. 2008). Of note, it has been
postulated that the presence of GAP43 is required to overcome inhibitory signals during
axonal outgrowth (Kusik et a/. 2010, Erskine & Herrera 2007, Biffo et a/. 1990). In support
of this hypothesis, GAP43 is induced in the regenerating axons of fish and ectopic
expression of GAP43 in mice can stimulate axonal regrowth (Korshunova & Mosevitsky
2010, Kaneda et al. 2008, Kaneda et a/. 2010). Similarly, PSA-NCAM is induced in
regenerating adult mouse ganglion cell axons /n vitro (Bates et al. 1999), PSA-NCAM
increases ganglion cell survival in mouse (Murphy et al 2009) and removal of PSA results in
loss of ganglion cells and reduced axonal elongation in an in vitro chicken model system
(Zhang et al. 1992). Induction of PSA-NCAM as a consequence of GFP-AP-256 expression
in chick retina, combined with the observed misrouting and bundling of axons, suggest a key
role for AP-26 in axonal growth and bundling.

In conclusion, our data indicate that ectopic expression of AP-2§ is sufficient to cause axon
misrouting/bundling in the developing retina. We favor a model whereby ectopic fibers
originating from either normal ganglion cells or GFP-AP-28-positive ganglion cells undergo
premature fasciculation and misrouting as a consequence of increased PSA-NCAM levels in
non-ganglionic layers of the developing retina. This model is based on the following
observations: (i) the overall number of ganglion cells does not increase with ectopic
expression of AP-28, with most ganglion cells remaining in the ganglion cell layer, (ii) the
ectopic axons originate from the ganglion cell layer, and (iii) PSA-NCAM induction in GFP-
AP-28-positive regions of the retina is more widespread than GAP43 expression, suggesting
a possible role for PSA-NCAM is non-ganglion cells. Regardless of exact mechanism of
action, AP-28 may serve as a useful tool to re-direct axonal growth and/or promote
fasciculation in diseased or injured retina.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AP-2 Activator Protein 2
E7 embryonic day 7
Endo-N endoneuraminidase

GAP43 growth-associated protein 43

GCL ganglion cell layer

GFP green fluorescent protein

GS glutamine synthetase

INBL inner neuroblastic layer

INL inner nuclear layer

NCAM neural cell adhesion molecule
ONL outer nuclear layer

PSA polysialic acid

RGC retinal ganglion cells
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Figure 1. Disruption of the layers of the retina upon overexpression of AP-28
(A) Protein lysates from E9 embryos /n ovo electroporated with either GFP or GFP-AP-28

RCAS expression constructs (two different eyes for GFP-AP-28) were separated in a 10%
SDS-PAGE gel and transferred to a nitrocellulose membrane. AP-26 was detected with
rabbit anti-AP-26 antibody. (B) Retinal tissue sections from E7, E10 and E13 embryos /in
ovo electroporated with GFP or GFP-AP-28 RCAS expression constructs were stained with
DAPI to label the nuclei. INBL, inner neuroblastic layer; ONL, outer nuclear layer; INL,
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inner nuclear layer; GCL, ganglion cell layer. Photographs were taken with a 40X lens using
a Zeiss LSM710 confocal microscope. Arrows indicate holes. Scale bar = 50 pm.
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Figure 2. Co-expression of lineage-specific markersand AP-26 in E10 embryos
Retinal tissue expressing either GFP or GFP-AP-28 was double-stained with anti-GFP and

anti-Brn3a, anti-AP-2, anti-GS, anti-CHX10 or anti-CRX antibodies, followed by
secondary antibodies linked to Alexa 488 or 555. Sections were counterstained with DAPI to
label the nuclei. The location of specific retinal cell types is indicated in GFP control retinal
tissue. Photographs were taken with a Zeiss LSM710 confocal microscope equipped with a
40X lens. Scale bar =50 um.
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(# of cells counted)
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expressing cell lineage
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% of GFP-AP-25 positive
cells® expressing cell
lineage markers (# of

cells counted)

Brn3a 2.1% (2388) 2.2% (1660) 2.1% (1749) p=0.548
AP-2p 6.9% (2042) 9.0% (1257) 5.1% (2112) p=0.004
CRX 18.4% (1200) 17.8% (1005) 17.7% (2510) p=0.921
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" Dissociated cells from control E8 retinas (cell count based on DAPI staining)
2 Dissociated cells from GFP-expressing E8 retinas (cell count based on GFP staining)
® Dissociated cells from GFP-AP-25-expressing E8 retinas (cell count based on GFP staining)

P value was obtained by comparing % of cells expressing cell lineage markers in GFP positive cells

and GFP-AP-25 positive cells

Brn3a is a ganglion cell marker; AP-2p is an amacrine and horizontal cell marker; CRX is a photorecepter
and bipolar cell marker

Figure 3. Co-expression of lineage-specific markersand GFP-AP-26 in dissociated cellsfrom E8
retina
E2 embryos were in ovo electroporated with a GFP-AP-28 RCAS expression construct.

Retinal cells were dissociated and immunostained with anti-GFP and anti-Brn3a, anti-
AP-2p, or anti-CRX antibodies, followed by secondary antibodies linked to Alexa 488 or
Alexa 555. Nuclei were labeled with DAPI. Scale bar = 25 um. The table shows the
percentage of DAPI-stained control cells, GFP-positive cells and GFP-AP-28-positive cells
expressing the indicated cell lineage markers.
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Figure 4. Overexpression of AP-28 induces axonal growth in developing chick retina
Retinal tissue sections from E7, E10 and E13 embryos /n ovo electroporated with GFP and

GFP-AP-258 RCAS expression constructs were immunostained with anti-GFP and anti-
GAP43 antibodies followed by secondary antibody conjugated to Alexa 488 or Alexa 555.
Nuclei were labeled with DAPI. Photographs were taken with a Zeiss LSM710 confocal
microscope equipped with a 40X lens. The arrows point to the nerve fiber layer and the
asterisk indicates the parallel fiber layer. Scale bar = 50 pm. Abbreviations: INBL, inner
neuroblastic layer; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell

layer.
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Figure 5. AP-258-overexpressing retinal cells form axonal bundles
(A) An eye taken from an E13 GFP-AP-25-electroporated embryo was photographed under

visible light using a 2.5X lens. The pock-marked GFP-positive region of the eye is indicated
by the arrowheads. This pock-marked appearance was never observed in eyes electroporated
with the GFP RCAS expression construct. (B) Retinal tissue from E13 embryos expressing
GFP or GFP-AP-256 were immunostained with anti-GAP43 antibody followed by secondary
antibody linked to Alexa 555. Retina tissue was flat-mounted onto glass slides. Z-stack
sections were generated at 0.98 um intervals using a Zeiss LSM710 confocal microscope
with 40X lens. Three dimensional structures were reconstructed using Imaris x64 software.
One angle of the fibers (vertical view through the width of the flat-mount retina) is shown.
Arrows point to the optic fibers generated from the ganglion cells. The asterisk indicates
fibers generated from AP-28-overexpressing retinal cells. Scale bar = 40 um. (C) Retinal
tissue from E7 embryos expressing GFP or GFP-AP-26 were immunostained as described in
(B). Three dimensional structures were reconstructed as described in (B). Two angles are
shown: horizontal view from the top of the flat-mount retina (top), and vertical view through
the width of the flat-mount retina (bottom). Scale bar = 40 um.
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Figure 6. Induction of PSA-NCAM as a consequence of ectopic expression of AP-28
(A) Retinal tissue sections from E10 embryos /n ovo electroporated with GFP and GFP-

AP-28 RCAS expression constructs were immunostained with anti-GFP and anti-PSA-
NCAM antibodies. Scale bar = 50 pm. (B) Dissociated retinal cells from E8 embryos in ovo
electroporated with GFP and GFP-AP-286 were immunostained with anti-GFP and anti-PSA-
NCAM antibodies. Scale bar = 25 pm.
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Figure 7. Endo-N treatment relaxes the coils of fibers produced by GFP-AP-28-positive cellsin
vitro
(A) E2 embryos were /n ovo electroporated with GFP or GFP-AP-26 expression constructs.

E7 retinas were dissociated with trypsin and cultured for 48 h. Cells were immunostained
with anti-GFP (green) and RT-97 (red) antibodies. Cultures from two separate experiments
are shown. Scale bar = 50 um. (B, C) E2 embryos were /n ovo electroporated with GFP-
AP-28 expression construct. E7 retinas were dissociated with trypsin and cultured for 48 h in
the presence of Endo-N. Cells were immunostained with anti-GFP (green) and anti-PSA-
NCAM (red) (B) or RT-97 (red) (C) antibodies. Cultures from two separate experiments are
shown in (C). Scale bar = 50 um. The arrows point to the coils of RT-97-positive fibers.
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Figure 8. Model depicting axonal misrouting and bundling upon overexpression of GFP-AP-26 in
developing retina

GFP-AP-25-positive (green) non-ganglion cells may produce substrate or signaling
molecules (e.g. PSA-NCAM; indicated by asterisks) that cause misrouting and increased

bundling of ganglion cell axons.
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