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Abstract
The lipid phosphatase PTEN is a critical negative regulator of extracellular signal-induced PI3K
activities, yet the roles of PTEN in the neural retina remain poorly understood. Here, we
investigate the function of PTEN during retinal development. Deletion of Pten at the onset of
neurogenesis in retinal progenitors results in the reduction of retinal ganglion cells and rod
photoreceptors, but increased Müller glial genesis. In addition, PTEN deficiency leads to elevated
phosphorylation of Akt, especially in the developing inner plexiform layer, where high levels of
PTEN are normally expressed. In Pten mutant retinas, various subtypes of amacrine cells show
severe dendritic overgrowth, causing specific expansion of the inner plexiform layer. However,
the outer plexiform layer remains relatively undisturbed in the Pten deficient retina. Physiological
analysis detects reduced rod function and augmented oscillatory potentials originating from
amacrine cells in Pten mutants. Furthermore, deleting Pten or elevating Akt activity in individual
amacrine cells is sufficient to disrupt dendritic arborization, indicating that Pten activity is
required cell autonomously to control neuronal morphology. Moreover, inhibiting endogenous Akt
activity attenuates inner plexiform layer formation in vitro. Together, these findings demonstrate
that suppression of PI3K/Akt signaling by PTEN is crucial for proper neuronal differentiation and
normal retinal network formation.
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INTRODUCTION
The vertebrate retina is a sophisticated neural network organized into three cellular layers
interconnected by two synaptic layers (Sanes and Zipursky, 2010). A common progenitor
pool gives rise to seven major retinal cell classes, which can be further classified into more
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than 60 subtypes of neurons based on gene expression profiles ad morphologies (Livesey
and Cepko, 2001; Masland, 2001). Determination of retinal cell fates is predominantly
dictated by cell-intrinsic determinants, especially the combinations of various transcription
factors (Hatakeyama and Kageyama, 2004; Ohsawa and Kageyama, 2008). In addition,
contact-mediated and secreted signals also influence retinal progenitor proliferation and fate
specification (Jadhav et al., 2006; Kim et al., 2005; Sakagami et al., 2009; Wang et al.,
2005; Yang, 2004; Yaron et al., 2006; Zhang and Yang, 2001). Upon establishing cellular
identities, the morphogenesis of various neurons appears to follow intrinsic differentiation
programs (Kay et al., 2004). Recent studies have revealed that retinal cell soma and
dendritic arbor distribution involves self-recognition through cell adhesion molecules
(Fuerst et al., 2009; Fuerst et al., 2008; Yamagata and Sanes, 2008), while synaptic
connection and pruning involve classic immune molecules (Stevens et al., 2007; Xu et al.,
2010). Nonetheless, a comprehensive understanding of retinal network formation, especially
its modulation by cell extrinsic signals, is still lacking.

The phosphatase and tensin homolog deleted on chromosome 10 (PTEN) has emerged as an
important regulator of growth factor signaling in the nervous system (Iwanami et al., 2009).
Pten encodes a lipid phosphatase that antagonizes the activity of phosphotidylinosital-3-
kinase (PI3K), which can be activated by receptor tyrosine kinase (RTK) or G-protein-
coupled receptor (GPCR) mediated extracellular signals (Engelman et al., 2006).
Inactivating Pten elevates the intracellular level of phosphatidylinositol 3,4,5-triphosphate
(PIP3) and consequently triggers activation of PDK1 and mammalian target of rapamycin
complex 2 (mTORC2) (Manning and Cantley, 2007). Both PDK1 and mTOR subsequently
activate Akt through phosphorylation at distinct sites.

Deletion of Pten in the developing mouse brain leads to over-proliferation of progenitors
and enhanced neuronal survival (Backman et al., 2001; Groszer et al., 2001; Kwon et al.,
2001). Pten null neural progenitor cells show reduced growth factor dependency, shortened
cell cycles and accelerated G0–G1 entry (Groszer et al., 2006). Pten mutation-induced Akt
activation also leads to hypertrophic neuronal somata and more elaborate dendritic arbors of
cortical neurons (Jaworski et al., 2005; Kwon et al., 2006). In the adult nervous system,
deletion of Pten enhances neurogenesis through perpetual self-renewal of endogenous stem
cells (Gregorian et al., 2009). Inactivation of Pten also activates mTOR and promotes axonal
regeneration of CNS neurons (Liu et al., 2010; Park et al., 2008).

In the developing eye, ablation of Pten in the retinal pigment epithelium (RPE) causes the
loss of adhesion junctions, an epithelial to mesenchymal transition, abnormal RPE cell
migration, and ultimately the death of adjacent photoreceptor cells (Kim et al., 2008). In the
mature retina, activation of the insulin/mTOR pathway has been shown to delay cone
photoreceptor death in mouse models of retinitis pigmentosa (Punzo et al., 2009). However,
the function of PTEN during development of the neural retina has not been elucidated. In
this study, we have abolished PTEN function from the onset of retinal neurogenesis. We
provide evidence that PTEN activity differentially influences retinal neuron production and
critically regulates retinal synaptic layer formation. We further demonstrate that PTEN acts
cell-autonomously to suppress PI3K/Akt activation and control amacrine interneuron
morphogenesis.

MATERIALS AND METHODS
Mice

The Pten floxed mouse line was previously described (Groszer et al., 2001). The Chx10-cre
transgenic mouse line was generated by Rowan and Cepko (Rowan and Cepko, 2004). Both
mouse lines were backcrossed for more than six generations to the C57Bl6 background.
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Pten conditional mutant (Pten fl/fl; Chx10-cre, Pten cKO) and littermate control (Pten fl/fl)
were used for analyses. All animal procedures were approved by the Animal Research
Committee at University of California, Los Angeles.

Histology and Golgi Staining
Eye cups without lenses or whole heads (P0) were fixed in 4% paraformaldehyde (PFA)/
phosphate buffered saline (PBS) for one hour to overnight at 4°C. For paraffin sections,
fixed samples were dehydrated through graded ethanol and 100% xylene series, and
embedded in paraffin wax. Paraffin sections of 8 μm thickness were collected. Standard
Hematoxylin and Eosin staining was performed using dewaxed paraffin sections.

A modified Golgi staining method based on Pilati et al. (Pilati et al., 2008) was used. P45
mouse retinas were dissected in 4% PFA/10mM HEPES/distilled H2O (dH2O) at pH 5.8 or
7.4 and immersed in fixative chromation buffer (3% potassium dichromate/2%
glutaraldehyde/0.25% osmium tetroxide/dH2O at pH 5.8 or 7.4) for 48 hours at room
temperature in the dark. After chromation, tissues were rinsed with 0.75% silver nitrate/
dH2O several times and immersed in 2% silver nitrate/dH2O for 48 hours at room
temperature in the dark. After cryoprotection in 30% sucrose/dH2O, retinas were embedded
in OCT compound and immediately frozen. Sections 50 μm in thickness were
counterstained with 0.1% cresyl violet (Sigma)/dH2O for 5 min and rinsed with dH2O.
Retinal sections were dehydrated in graded ethanol, cleared in xylene, and mounted in
paramount (Fisher Scientific).

Immunohistochemistry and Imaging
Immunohistochemistry was performed as previously described (Sakagami et al., 2009). For
whole mount labeling, the orientation of the eyes was demarcated before dissection and
fixed in 4% PFA/PBS overnight at 4°C. Retinal sections were incubated with the following
primary antibodies against: PTEN (138G6, Cell Signaling, #9559, 1:100), GFP (Molecular
Probes, A11122, 1:500), phospho-Akt (Ser473) (D9E, Cell signaling, #460S, 1:100), Brn3a
(Chemicon, MAB1585, 1:100), type III β-Tubulin (TUJ1, Covance, RBP-435P, 1:1000),
Pax6 (Chemicon, AB5409, 1:1000), AP-2α (3B5, Developmental Studies Hybridoma Bank,
1:2), Chx10 (Chemicon, AB9014, 1:100), Protein Kinase C alpha (PKCα)(Santa Cruz, MC5,
sc-80, 1:100), Prox1 (Chemicon, AB5475, 1:1000), Glutamine Synthetase (GS)(Chemicon,
MAB302, 1:500), Recoverin (Chemicon, AB5585, 1:5000), Rhodopsin (Rho4D2, kindly
provided by Dr. R. Molday,1:320), M-opsin (Chemicon, AB5405, 1:200), S-opsin
(Chemicon, AB5407, 1:200), Syntaxin (HPC-1, Sigma, S-0664, 1:200), Glutamate
Decarboxylase 65 (GAD65)(Chemicon, AB5082 1:200), Glycine Transporter (GlyT)1
(Chemicon, AB1770, 1:5000), Calbindin D-28K (Chemicon, AB1778, 1:500), Choline
Acetyltransferase (ChAT)(Chemicon, AB144P, 1:100), Synaptophysin (SIGMA, S5768,
1:200), Bassoon (SAP7F407, Stressgen, VAM-PS003, 1:100), Pax6 (Millipore, AB5409,
1:1000), PCNA (Sigma, P3825, 1:2000), Caspase3 (R&D, AF835, 1:2000), BrdU
(Amersham, PRN202). Secondary antibodies conjugated with Alexa 488 or Alexa 568
(Molecular Probes, 1:500) were used with 10mg/ml 4′, 6-diamidino-2-phenylindole (DAPI;
Roche). Immunofluorescent images were captured using a Nikon E800 microscope equipped
with a SPOT digital camera or laser scanning confocal microscopes (Leica TCS-SP, or
Olympus BX61 and Fluoview1000). For confocal imaging of flat mount retinas, the tissues
were scanned in 100 μm depth from the RGC side with 1μm step size. The numbers of
ChAT-positive cells in 160 μm x160 μm x100 μm scanned tissue volume were quantified.

Flow Cytometry
Flow cytometry was performed as previously described (Sakagami et al., 2009). Dissociated
cells fixed in 0.25% PFA/PBS were incubated with the following primary antibodies
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against: Brn3a, AP2a, Chx10, Cyclin (Cyc) D3 (DCS22, Cell Signaling, 1:100) and pan-
Brn3 (C-13, Santa Cruz, sc-6026, 1:20). Cells were incubated with 10 mg/ml DAPI and
Alexa-488 or Alexa-647 conjugated secondary antibodies (Molecular Probes, 1:500). Flow
cytometry was performed using an LSR flowcytometer (BD Biosciences) and analyzed with
Cell Quest (BD) and Modfit (BD) software. A minimum of 30,000 cells was analyzed for
each sample.

Western Blotting
Western Blotting was performed as previously described (Rhee et al., 2004). Pairs of retina
at P0 or P13 were dissected in HBSS and lysed in RIPA-solution containing proteinase
inhibitors, 100mg/ml Aprotinin, 100mg/ml Leupeptin and 1mg/ml Pepstatin A. Retinal
extracts (20mg) were subjected to Western blot analyses using primary antibodies against:
PTEN (138G6, Cell Signaling, #9559, 1:1000), Akt1 (C73H10, Cell Signaling, #2938S,
1:1000), phospho-Akt (Ser473; D9E)(Cell signaling, #4060S, 1:2000), and acetylated
Tubulin (α-Tubulin, 6-11B-1) (SIGMA, T7451, 1:4000). Secondary antibodies conjugated
with HRP (Amersham Biosciences, NA931V or NA934V, 1:1500) were detected with
Enhanced Chemiluminescence System (Amersham Biosciences, RPN2132).

DNA Constructs and in vivo Electroporation
Electroporation was performed according to an established procedure (Matsuda and Cepko,
2004). For Pten deletion in individual cells, a mixture of the DNA vector LIA (Fields-Berry
et al., 1992) and plasmids encoding the CAG promoter (Niwa et al., 1991) upstream of
either GFP (CAG-GFP) or cre-GFP (CAG-cre-GFP) at 5 mg/ml was co-injected into the
subretinal space of P0 homozygous Pten floxed mice. Animals were harvested at P21 and
analyzed by alkaline phosphatase histochemistry (Fields-Berry et al., 1992). To test effects
of Akt activation, we subcloned a myristorylated form of mouse Akt1 (Zhou et al., 2000) or
GFP downstream of the CAG promoter (Niwa eta al., 1991). Mixtures of the CAG-GFP
plasmid with either pCAG mock or pCAG-ca.Akt were electroporated into P0 wild type
mouse retinas. Eyes were harvested and analyzed by anti-GFP Immunolabeling at P21.

Explant culture
P0 retinas were dissected and placed with the ganglion cell side up on top of transwell filter
inserts (Millipore, Millicell PICMORG50) in the culture medium (44% HAM’S F-12
(SAFC Bioscience, 51651C)/44% DMEM (SAFC Bioscience, 51441C)/10% FCS
(Hyclone)/1% N2 supplement (GIBCO, 17502048)/1% Penicillin and Streptomycin
(GIBCO, 15140)). The Akt inhibitor (EMD Chemicals, 124005)(Hu et al., 2000) was
dissolved in DMSO (Sigma, D2650) and added to a final concentration of 10 μM in 0.1% of
DMSO from the beginning of the culture. The controls were exposed to 0.1% DMSO alone.
The medium was changed every other day, and retinas were cultured for 8 days at 37°C with
5% CO2.

Electroretinogram (ERG)
ERGs were recorded as previously described (Heckenlively and Arden, 1991; Nusinowitz
and Heckenlively, 2006). Briefly, after overnight dark-adaptation, ERGs were recorded from
the corneal surface of the eye. All stimuli were presented in a large integrating sphere coated
with highly reflective white matte paint (#6080, Eastman Kodak Corporation, Rochester,
NY). A photic stimulator (Model PS33 Plus; Grass-Telefactor, West Warwick, RI) affixed
to the outside of the sphere illuminated its interior with brief flashes of light. Responses
were amplified 10,000 × (Grass P511 High Performance AC Amplifier), band-pass filtered
(0.1–300 Hz), digitized using an I/O board (PCI-6221, National Instruments, Austin, TX) in
a personal computer, and averaged. Rod-mediated responses were recorded to blue flashes
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(Wratten 47A; λmax = 470 nm) varied over an intensity range of 4.0 log-units up to the
maximum allowed by the photic stimulator. Cone-mediated responses were obtained with
white flashes on a rod-saturating background (32 cd/m2). All stimuli were presented at 1 Hz
except for the brightest flashes where the presentation rate was slowed to 0.2 Hz. To extract
oscillatory potentials (Heynen et al., 1985; Wachtmeister, 1998), signals recorded to the
brightest flashes were band-pass filtered between 50 Hz to 170 Hz.

Statistical Analyses
Data were expressed as mean ± SD. Pairwise comparisons were performed using Student’s
t-test.

RESULTS
PTEN Negatively Regulates Akt Signaling in the Developing Retina

To investigate the potential role of PTEN in retinal development, we performed retina-
specific Pten gene ablation using cre-loxP homologous recombination. Mice carrying the
Pten floxed allele (Ptenfl) (Groszer et al., 2001) were crossed with Chx10-cre driver mice,
which express a cre-GFP fusion protein in retinal progenitor cells starting at embryonic day
11 (E11) (Rowan and Cepko, 2004). As observed previously (Sakagami et al., 2009), cre-
GFP was detected in the majority of retinal progenitor cells residing in the ventricular zone
(VZ) at postnatal day 0 (data not shown), indicating that most retinal cells had been exposed
to the cre activity.

We first examined the expression patterns of PTEN protein in the developing and mature
retina using immunocytochemistry. In the P0 control retina (Pten fl/fl, no cre), strong PTEN
immunolabeling signals were present in the inner retina coinciding with postmitotic RGCs
and amacrine cells; while weaker PTEN signals were detected in the VZ occupied by
postnatal progenitors and prenatally produced photoreceptor and horizontal cell precursors
(Fig. 1A). By P18, when the control retina approached maturity, PTEN protein became
broadly distributed in the inner plexiform layer and the ganglion cell layer, and was
expressed at a low level in the inner nuclear layer (Fig. 1C). In the P0 Pten cKO retinas,
PTEN protein signals were abolished in the ventricular zone and diminished in the inner
retina (Fig. 1B). The P18 Pten cKO retina also lost most PTEN expression, with the
exception of a few scattered cells (Fig. 1D), which likely reflected the varying degree of
Chx10-cre mosaicism (Rowan and Cepko, 2004; Sakagami et al., 2009). Western blot
analysis further confirmed the reduction of PTEN protein in Pten cKO retinas (Fig. 1K).

We next tested whether Pten deletion altered Akt expression or activation in the retina.
Immunofluorescent labeling did not detect changes of total Akt protein expression between
controls and Pten cKO at P18 (Fig. 1I, J). We also analyzed the distribution of the
phosphorylated Akt at Serine residue 473. In the control retinas, very low levels of pAkt
were detected at P0 (Fig. 1E). In contrast, Pten cKO retinas showed elevated Akt
phosphorylation, especially in the developing inner plexiform layer (Fig. 1F). In the control
P18 retinas, weak pAkt signals were detected in the ganglion cell layer and in the inner
nuclear layer (Fig. 1G). In comparison, the P18 Pten cKO retina showed significantly
elevated pAkt in the inner nuclear layer, ganglion cell layer, and both plexiform layers with
the exclusion of the outer nuclear layer (Fig. 1H). Consistently, Western blots showed
elevated pAkt in homozygous Pten cKO mutant, but not in Pten heterozygous retinas (Fig.
1K). These results demonstrate that PTEN plays a key role in regulating Akt
phosphorylation during retinogenesis, especially in the developing inner plexiform layer.

Histological analysis further revealed morphological defects caused by the Pten deletion
(Fig. 1L). The P18 mutant retina had a disorganized and thinner outer nuclear layer
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compared to the control. Furthermore, both the inner nuclear layer and the ganglion cell
layer were thicker and contained hypertrophic cell somata. In addition, the inner plexiform
layer, but not the outer plexiform layer, was dramatically expanded and contained
ectopically localized cell somata. Therefore, ablation of Pten at the onset of retinogenesis
causes severe disruption of normal retinal development.

PTEN Function Differentially Affects Retinal Cell Production and Differentiation
To investigate whether Pten deficiency affected production of retinal cell types, we
performed retinal cell marker analyses. The early born RGCs were assayed using the POU-
homeo domain protein Brn3a, a specific marker for differentiated RGCs. At P0,
immunolabeling for Brn3a showed that most RGCs are properly localized to the ganglion
cell layer in Pten cKO retinas, with the exception of a few ectopic cells (Fig. 2C, D).
Immunolabeling of Pax6, normally expressed at high levels in postmitotic amacrine cells
and RGCs, also detected ectopic Pax6-positive cells in the VZ at P0 (Fig. 2G, H). In
addition, more extensive distribution of the neuronal marker β-Tubulin was detected in the
VZ at P0 (Fig. 2E, F). Quantitative FACS analysis for Brn3a-labeling showed a 32.2%
reduction of RGCs at P0 (Fig. 2J) and a 45.4% reduction of RGCs at P10 (Fig. 3O). At P18,
mislocalization of RGCs was apparent with Brn3a-positive cells scattered throughout the
inner half of the Pten cKO retina (Fig. 3C, D). In addition, Pten mutants contained an
increase of Caspase3-positive apoptotic cells in the ganglion cell layer at P18 (Suppl Fig.
2E, F).

We next examined effects of Pten deletion on retinal interneuron production.
Immunolabeling for the amacrine cell-expressed transcription factor AP2α showed a more
dispersed distribution and ectopic localization of AP2α positive cells in the inner plexiform
layer at P18 (Fig. 3G, H). The perturbed amacrine cell distribution was further confirmed by
immunolabeling of Prox1, a transcription factor expressed by horizontal cells, bipolar cells,
and the AII subtype of amacrine cells (Dyer et al., 2003). In the Pten cKO mutant, the
locations of horizontal cells and bipolar cells were only mildly affected, whereas the Prox1-
positive AII amacrine cells, which normally lined the boundary of the inner nuclear layer
and the inner plexiform layer, showed severe disruption (Fig. 3E, F). Despite the abnormal
amacrine cell localization, quantification of AP2α-positive cells did not detect significant
changes at P0 (Fig. 2J) and only a minor increase at P10 from 3.6 % to 4.2 % (Fig. 3O).
Characterization of the pan-bipolar marker Chx10 showed that somata of most bipolar
interneurons were positioned correctly (Fig. 3I, J) and the total number of bipolar cells was
not affected by the Pten mutation (Fig. 3O). However, the synaptic terminal zone of PKCα-
positive rod bipolar cells was significantly expanded within the inner plexiform layer (Fig.
3M, N).

We also characterized effects of Pten deletion on the development of postnatally born
Müller glia. Compared to the glutamine synthetase (GS) labeled Müller glia in the control
retina, the Pten mutant showed more intensely labeled Müller glial termini at the outer
limiting membrane near the base of the photoreceptor inner segments (Fig. 3K, L).
Quantification of the mature Müller cell marker cyclin D3 showed that in Pten cKO mutant
retinas Müller glia increased from1.4 % to 3.8 % at P10 (Fig. 3O). Because Müller cells are
produced at the end of retinogenesis, we examined if enhanced cell proliferation contributed
to the increased gliogenesis. Labeling by the proliferating cell marker PCNA did not detect
increased PCNA-positive cells in Pten cKO retinas at P8 compared with control retinas
(Suppl Fig. 1A, B). Consecutive daily BrdU administration from P25 to P45 also failed to
detect persistent cell division in the Pten mutant retinas (Suppl Fig. 1C, D). These results
suggested that PTEN deficiency could potentially impact postnatal progenitor fate
specification.
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The retinal specific Pten deletion clearly affected photoreceptor cell development and/or
survival as revealed by the thinner outer nuclear layer (Fig. 1L). Quantification of cells in
the outer nuclear layer indicated that Pten cKO retinas had 36.4% reduction of
photoreceptor cells at P18 (Fig. 4K). However, photoreceptor-specific Recoverin expression
persisted in the entire mutant outer nuclear layer (Fig. 4A, B). Although Rhodopsin
immunolabeling revealed that rod photoreceptors were present, they had significantly
shortened inner/outer segments in Pten cKO retinas (Fig. 4C, D). In addition, Pten mutants
showed abnormal accumulation of Rhodopsin in the cell body and mislocalization of rod
cells to the inner nuclear layer (Fig. 4D, F). In contrast, immunolabeling and quantification
of M- and S-opsins indicated that cone photoreceptors were not significantly reduced in
number (Fig. 4G–J, K). Nonetheless, abnormal distribution of M-opsin in the outer nuclear
layer and outer plexiform layer was detected in the Pten mutant (Fig. 4G, H), suggesting
possible defects in M-cone differentiation. To examine when the photoreceptor reduction
occurred in the Pten mutant, we assayed for photoreceptor markers in the early postnatal
stages. The Pten mutant showed similar Recoverin expression as the controls at P0 (Suppl
Fig. 2A, B). In addition, the thicknesses of the outer nuclear layer were similar in the control
and Pten mutant retinas at P8 when photoreceptor production was mostly complete (Suppl
Fig. 2C, D). At P18, Pten cKO retinas showed increased Caspase3-positive cells in the outer
nuclear layer (Suppl Fig. 2E, F), indicating enhanced apoptosis, which was absence at P8
(data not shown). Thus, Pten deletion did not overtly affect the specification and initial
differentiation of photoreceptors, but impacted rod morphogenesis and survival.

Together, these results indicate that Pten deficiency in the develop retina differentially
influences retinal neuronal cell type production, differentiation, and survival.

PTEN Activity Regulates Amacrine Dendritic Development and Proper Laminar Formation
A high level of PTEN protein was expressed in the inner plexiform layer (Fig. 1A) during
the period of dendritic development and synaptogenesis (Morgan et al., 2008; Stacy and
Wong, 2003). We therefore characterized whether defective morphogenesis of amacrine
cells contributed to the expansion of this synaptic layer in the Pten cKO mutant.
Immunolabeling of the pan amacrine cell marker Syntaxin showed a broader inner plexiform
layer in the Pten mutant compared to the control retina (Fig. 5A, B), thus confirming the
abnormal amacrine morphological development due to the loss of PTEN activity.

To determine the subtypes of amacrine cells affected by the Pten mutation, we performed
immunolabeling for several amacrine cell markers. The GABAergic and glycinergic
amacrine cells represent two major subclasses of amacrine cells. Characterization of
GAD65-positive (Fig. 5G, H) and GlyT1-positive (Fig. 5I, J) amacrine cells showed
expanded synaptic zones and scrambled sublamina in the Pten mutant retina. In addition,
somata of Calbindin-positive amacrine cells, which normally occupied both the inner
nuclear layer and the ganglion cell layer, were scattered and no longer displayed the two
distinct sublaminae in the Pten mutant (Fig. 5C, D). In contrast, Calbindin labeling of
horizontal cells did not appear affected. Furthermore, the rare TH-positive dopaminergic
amacrine cells displayed enlarged cell somata and more elaborate processes across the inner
nuclear layer, instead of the restricted extension of neurites along the interface of the inner
nuclear layer and the inner plexiform layer (Fig. 5K, L).

We next analyzed the impact of Pten deficiency on the distribution and density of the large
field cholinergic amacrine cells using confocal imaging on flat mount retinas. In the control
retina, somata of ChAT-positive cells were aligned in the ganglion cell layer and inner
nuclear layer and their dendrites extended into two synaptic sublaminae in the inner
plexiform layer (Fig. 5E, M). In Pten cKO mutants, ChAT-positive cells were dispersed in
the expanded inner plexiform layer (Fig. 5F, N). Quantification shows that the distance
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between any given two ChAT-positive cells in Pten cKO is 82.1% farther than in controls
(Fig. 5P). Furthermore, the density of ChAT-positive cells in Pten cKO retina was 28.3%
lower than the control density. Therefore, although the pan amacrine marker AP2α only
detected a minor increase of amacrine cells (Fig. 3O), the distribution and number of
discrete subtypes of amacrine cells might be influenced by Pten cKO.

To further characterize neuronal morphology, we used Golgi staining to visualize
arborization of individual cells. P45 control retinas showed a series of amacrine cells with
proper somata localization within the inner nuclear layer and relatively narrow dendritic
fields (Fig. 6A). In contrast, Pten mutant retinas contained numerous ectopic cell somata in
the inner plexiform layer (Fig. 6A). Strikingly, Pten mutant amacrine cells also displayed
more elaborate dendrites and mis-orientated processes (Fig. 6A).

To determine whether PTEN function is required cell autonomously, we generated
individual Pten mutant cells by expressing cre in Pten fl/fl retinas using in vivo
electroporation. Control amacrine cells transfected by GFP-expressing plasmid alone
exhibited compact dendritic fields (Fig. 6B). In contrast, amacrine cells transfected with the
cre-GFP-expressing construct showed broad dendritic arborization (Fig. 6B). Together,
these data indicate that PTEN plays a crucial role in regulating dendritic morphologies of
most amacrine cells in a cell autonomous manner.

Pten Mutation Disrupts Proper Retinal Function
To determine whether Pten deletion disrupted synaptogenesis in addition to dendritic
development, we labeled retinal sections for Synaptophysin. In the control, Synaptophysin
showed defined expression in both synaptic layers at P18 (Fig. 7A). The Pten mutation did
not affect the restricted Synaptophysin expression in the outer plexiform layer, but resulted
in diffused expression over the expanded inner plexiform layer (Fig. 7B). Similarly,
confocal imaging of the presynaptic protein Bassoon showed less intense labeling in the
inner plexiform layer (Fig. 7C, C′, D, D′). However, consistent with the inner plexiform
layer expansion in Pten mutants, Western blots did not detect reduced total Bassoon protein
levels (Fig. 7E).

We performed electroretinography (ERG) to evaluate the influence of the Pten mutation on
retinal function. Under dark-adapted conditions, 12 weeks old Pten mutant mice showed
mildly to moderately reduced a- and b- wave amplitudes across all stimulus intensities (Fig.
8). Consistent with the observed reduction of rod photoreceptors (Fig. 4), the a-wave of the
dark-adapted ERGs showed an approximately 20–25% reduction in amplitude in Pten
mutants compared to controls (Fig. 8C). The dark-adapted b-wave, originating from the
retinal interneurons, was similarly reduced (Fig. 8D), likely reflecting the reduced
photoreceptor response. The a- to b- wave amplitude ratio was not significantly different
between control and Pten mutant mice (data not show), suggesting that signal transmission
from photoreceptors to downstream cells occurred normally. In contrast, the amplitude of
the photopic b-wave was not significantly different between the Pten mutant and control
mice, although there was a trend in the direction of larger cone b-wave amplitudes in Pten
mice (Fig. 8C, D). This finding is consistent with the mild defects in cone photoreceptors
(Fig. 4).

The Pten mutant showed larger harmonic components on the edge of the b-wave, which
were known as oscillatory potentials (OPs) likely generated by amacrine cells
(Wachtmeister, 1998). Under the dark-adapted conditions, the OPs in Pten mice were of
similar morphology with amplitude and timing parameters not significantly different from
control mice (Fig. 8E, F). In contrast, the OPs under photopic conditions appeared more
prominent in Pten mutant mice (Fig. 8G). While all of the OPs (OP1–OP4) demonstrated
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enhanced amplitudes in the Pten mutant, only OP2 and OP3 were significantly different
from the controls (Fig. 8H). The enhanced inner retina oscillatory potentials correlated with
the altered dendritic arbors and changes in synaptic efficacy of amacrine cells involved in
the cone-pathway.

Akt Activity Affects Amacrine Cell Morphogenesis
In the Pten mutant retina, Akt phosphorylation at Ser473 was significantly elevated in the
developing inner plexiform layer (Fig. 1). To determine whether Akt activation is
responsible for the observed mutant phenotypes, we electroporated into the wild type P0
retinas a plasmid expressing a constitutively active Akt (ca.Akt), which was myristoylated
and thus targeted to the membrane independently of PIP3 triggered activation (Zhou et al,
2000). The control retinas electroporated with CAG-GFP plasmid showed GFP-positive
amacrine cells with normal soma positions within the inner nuclear layer and well-defined
dendritic arbors (Fig. 9A–C). In comparison, the ca.Akt-expressing plasmid transfected
retinas showed GFP-positive cells with more extensive dendritic arbors spreading
throughout the inner plexiform layer (Fig. 9D–F). Furthermore, ca.Akt transfected retinas
frequently contained GFP-positive amacrine somata ectopically localized within the inner
plexiform layer (Fig. 9D–F).

To examine whether endogenous Akt activity regulates normal amacrine cell
morphogenesis, we treated wild type P0 retinal explants with an Akt inhibitor (Hu et al.,
2000). After 8 days of culture, control retinas without the Akt inhibitor developed two
distinct Pax6-positive cell layers segregated by a plexiform layer, similar to normal retinas
developed in vivo (Fig. 9G). In contrast, retinal explants exposed to the Akt inhibitor
showed collapsed inner plexiform layer and a single layer of Pax6-positive cells (Fig. 9H).
Inhibiting endogenous Akt activity also resulted in reduced Syntaxin labeling, reflecting an
underdeveloped inner plexiform layer compared to controls (Fig. 9I–J). Furthermore,
treatment with the Akt inhibitor resulted in a single row of ChAT-positive somata instead of
two rows found in controls (Fig. 9K, L). Moreover, pAkt labeling in the inner plexiform
layer was decreased in the retinas cultured in the presence of Akt inhibitor (Fig. 9M, N).
Together, these results supported that endogenous Akt activity levels affected the proper
morphogenesis of amacrine cells and inner plexiform layer formation.

DISCUSSION
The retina-specific deletion of Pten has enabled us to examine the function of PTEN/PI3K
signaling during formation of the entire retinal network. Our analyses have revealed
essential functions of PTEN in retinal neuron production and differentiation. Furthermore,
we demonstrate the critical role of PTEN in controlling dendritic arborization of retinal
interneurons within a specific synaptic layer.

Requirements for PTEN/PI3K Signaling in Different Retinal Cell types
During retinogenesis, different levels of growth factor-induced PI3K signaling may
influence retinal cell type specification and their subsequent differentiation. Currently, the
precise signals activating PI3K in retinal progenitor cells and postmitotic neurons are not
fully characterized. However, early born retinal neurons such as RGCs are known to
produce multiple growth factors, including RTK-mediated VEGF and neurotrophins, which
may influence PI3K activities locally (Hashimoto et al., 2006; Meyer-Franke et al., 1995;
Yang and Cepko, 1996). Consistent with the low level of PTEN expressed in progenitor
cells, deletion of Pten only results in a mild elevation of pAkt among progenitors. In
contrast, significant elevation of pAkt occurs in postmitotic neurons in the absence of PTEN,
suggesting that PTEN plays important roles in postmitotic retinal neurons. Nonetheless, we
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cannot rule out a requirement of PTEN in retinal progenitors. In the Pten retinal knockout
mutant, although all major retinal cell classes are generated, the proportions of several cell
types, including ganglion cells, rod photoreceptors, and Muller glia are altered.

The Pten mutation affects both rod and cone photoreceptor development. However, the
defect of rod differentiation is more profound. Our analyses indicate that the decreased
number of rod photoreceptors in the mature retina is unlikely due to deficits in rod
production, since both control and Pten mutant retinas show similar numbers of
photoreceptor cells at P8. Instead, the main reason for outer nuclear layer thinning in the
Pten mutant is likely due to increased cell death after P8 as a consequence of defective rod
differentiation. Previous reports have shown that mislocalization of rhodopsin in
differentiating photoreceptors alone is sufficient to cause rapid cell death (Marszalek et al.,
2000). The initial steps regulating photoreceptor fate determination are shared between rod
and cone cells (Chen et al., 1997; Furukawa et al., 1997; Nishida et al., 2003), while the
subsequent specification of rod versus cone involves different intracellular determinants
(Haider et al., 2000; Mears et al., 2001). Further studies are necessary to determine the steps
of rod photoreceptor development that are affected by the Pten mutation.

The increase in Müller glial cells in Pten mutant retinas may be caused by prolonged
proliferation of late retinal progenitors. However, our data does not support this notion.
Alternatively, a shift of a small number of late progenitors from the rod photoreceptor fate to
the glial fate could account for this significant increase in Müller cells. The Pten deletion
results in elevated pAkt in postnatal progenitor cells, which may bias progenitor cells
towards a glial fate. In addition, abnormal photoreceptor cell death or retinal injury results in
reactive gliosis (Fisher and Lewis, 2003; Frasson et al., 1999), which is detected in Pten
mutant retinas. Reactive Müller glial cells are known to secret growth factors such as LIF
(Joly S, 2008), a member of the CNTF family of cytokines that promotes Müller glial fate
(Goureau et al., 2004) and inhibits rod differentiation (Ezzeddine et al., 1997; Rhee et al.,
2004; Rhee and Yang, 2010). Indeed, CNTF has been shown to induce the PI3K/Akt
signaling cascade in zebrafish retina (Kassen et al., 2009). It is thus conceivable that Pten
deficiency induced Akt activation and gliosis may account for the enhanced Müller
gliogenesis.

Function of PTEN in Dendritic Development of Amacrine Cells
Previous studies have shown that differentiation of neuronal cells with their characteristic
dendritic morphology involves PI3K and Akt signaling (Kumar et al., 2005; Kwon et al.,
2006). Moreover, Akt activity regulates growth cone expansion via Rac1 signaling and
axonal branching via mTOR in vitro (Grider et al., 2009). In the wild type retina, higher
levels of PTEN are expressed in the developing inner plexiform layer where active synaptic
connections form among RGCs, bipolar cells, and amacrine interneurons during the first two
postnatal weeks (Morgan et al., 2008; Stacy and Wong, 2003).

In the Pten cKO retina, all subtypes of amacrine cells examined exhibit overly exuberant
and disorganized dendrites. The abnormal formation of amacrine dendrites may be
responsible for the mislocalization of cell somata and expansion of the bipolar cell synaptic
zone. In the absence of PTEN, we observed a drastic increase of pAkt (Ser473) in the inner
plexiform layer. We further demonstrate that elevating Akt activity in individual amacrine
cells is sufficient to produce dendritic overgrowth. In addition, depleting endogenous Akt
activity in wild type retina results in an underdeveloped inner plexiform layer, presumably
due to less elaborate dendrites as revealed by syntaxin labeling. Taken together, these results
suggest that phosphorylation of Akt at Ser473 by mTORC2 plays a critical role in proper
dendritic development of amacrine cells. In the mouse brain, MyosinV is enriched in growth
cones and dendritic spines and is involved in transporting PTEN to different membrane
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locations (van Diepen et al., 2009). In addition, the level of PTEN in RGC growth cones is
important for axon branching and is tightly regulated by the ubiquitin-proteasome system
(Drinjakovic et al., 2010). Similar mechanisms regulating the subcellular localization and
the half-life of PTEN may also occur in amacrine cells during active dendritic field
formation.

By electroporating a cre-expressing plasmid into Pten floxed retinas, we observed that
individual Pten null amacrine cells develop more elaborate dendritic fields, indicating that
PTEN acts cell-autonomously to regulate amacrine cell morphology. We also observed that
the distribution of amacrine cell sub-populations differ in Pten cKO mutants compared to
the control retinas. For example, our data show that the cholinergic amacrine cells are more
sparsely distributed in Pten mutants. Interestingly, Pten-deficient ChAT-positive amacrine
cells also display collapsed dendrites in addition to increased cell soma spacing. This is
reminiscent of mutant phenotypes observed in the cell adhesion molecules Dscam and
Dscam-like (Fuerst et al., 2009; Fuerst et al., 2008; Yamagata and Sanes, 2008). Previous
studies have shown that multiple cell intrinsic transcription factors critically regulate fate
specification of amacrine subtypes (Cherry et al., 2009; Dullin JP, 2007; Jusuf et al., 2011;
Kay et al., 2011; Ohsawa and Kageyama, 2008). For examples, specification of the
GABAergic amacrine cells requires the forkhead/winged helix protein Foxn4 to activate
basic helix-loop-helix factors Neurod1 and Math3 (Li et al., 2004), whereas the
homeodomain proteins Pax6 and Barhl2 are implicated in glycinergic amacrine cell
differentiation (Marquardt et al., 2001; Mo et al., 2004). However, it remains unclear how
cell extrinsic cues might influence the numbers and distribution of subtypes of amacrine
cells to result in a functional network. Our findings suggest that precise levels of PI3K
signaling modulated by PTEN in the inner plexiform layer may be involved. Further
investigations are necessary to delineate how PTEN/PI3K signaling interfaces with cell
intrinsic determinants and cell adhesion molecules to regulate dendritic morphology and
spatial distribution of amacrine cells during synaptic layer formation.

Intriguingly, the severe disruption detected in the inner plexiform layer in the Pten mutant is
less obvious in the outer plexiform layer, where horizontal, bipolar, and photoreceptor cells
form synapses. We also observe a much lower level of PTEN expression in the outer
plexiform layer compared to the inner plexiform layer. These data imply that distinct
extrinsic factors may regulate the morphogenesis of specific neuronal cell types despite
common requirements for membrane biogenesis and cytoskeleton reorganization during
dendritic development.

Influence of Retinal Function by PTEN mutation
The morphological defects of Pten cKO mutants also correlate with visual function deficits.
Our scotopic ERG measurement revealed reduced a- and b-wave amplitudes under dark-
adapted conditions. This rod-mediated functional deficiency reflects the reduction in rod
photoreceptors and their differentiation defects. However, the a- to b- wave amplitude ratio
was not significantly different between control and Pten cKO mice, suggesting that signal
transmission from photoreceptors to downstream cells occurs normally despite significant
developmental alterations in the middle retina. Consistent with the mild impact of the Pten
mutation on cone cells, the photopic ERG assay shows normal a-wave and b-wave
parameters.

Among the different subtypes of amacrine interneurons, many make inhibitory synapses
with cone bipolar cells (Masland, 2001) and are integral to normal functioning of the
primary rod signaling pathway. In Pten cKO mutant retinas, AII amacrine cells, which
normally couple the cone and rod pathways through gap junction electrical synapses (Dyer
et al., 2003; Veruki and Hartveit, 2002), are severely altered. However, we did not observe
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selective loss of b-wave amplitude, which would be expected to occur in the absence of AII
electrical coupling (Kothmann et al., 2009). Instead, Pten cKO mutant mice show
augmented OPs that are generated at least in part by amacrine cells, demonstrating enhanced
responsiveness under photopic conditions. This result may reflect the enlarged dendritic
fields of amacrine cells as revealed by morphological and marker analyses. Our results thus
suggest that in addition to the neuronal specific morphogenetic program dictated by cell
intrinsic codes (Godinho et al., 2005; Kay et al., 2004), extracellular signal-stimulated PI3K
activity may help shape neuronal morphology and the neural network properties of the
retina.

PTEN/PI3K in retinal degenerative diseases
Increasing evidence support the crucial roles of PTEN/PI3K signaling in tissue homeostasis
and repair. Interestingly, RPE-specific deletion of Pten causes photoreceptor degeneration,
due to the loss of RPE cells as a consequence of disrupted cell adhesion junctions and an
epithelial-to-mesenchymal transition (Kim et al., 2008). The demise of RPE cells due to
oxidative stress is a primary cause of age-related macular degeneration (AMD). Thus, RPE-
specific Pten mutant mice may represent an interesting RPE damage model (Kang et al.,
2009). The Pten cKO mutant retina consists of defective rods and relatively unaffected cone
photoreceptors, and therefore resembles the situation of retinitis pigmentosa, in which rods
are defective and die first, followed by cone cell death. A recent study has shown that cone
cell survival in several retinitis pigmentosa models is enhanced by insulin-mediated PI3K/
mTOR activation (Punzo et al., 2009). Therefore, the Pten cKO mice may serve as a useful
model to study the relationship between rod and cone degeneration and the signaling events
affecting photoreceptor cell survival.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Conditional deletion of Pten enhances Akt phosphorylation and disrupts retinal
differentiation
(A–J) Immunolabeling of control (A, C, E, G, I) and Pten cKO mutant (B, D, F, H, J) retinas
at P0 (A, B, E, F) and P18 (C, D, G–J) for PTEN (A–D), pAkt (E–H), and Akt (I, J). Pten
cKO retinas show reduced PTEN and increased p-Akt expression.
(K) Western blot analysis of PTEN, p-Akt (Ser473), total Akt, and α-Tubulin in P0 and P13
retinal extracts. MW markers (for 50 kD) are indicated on the right of the panels. (L) H&E
staining of control and Pten cKO retinas at P18. Note that the Pten mutant retina shows a
thinner outer nuclear layer and significantly expanded inner retina. gcl, ganglion cell layer;
inl, inner nuclear layer; ipl, inner plexiform layer; onl, outer nuclear layer; vz, ventricular
zone. Scale bars, A for (A, B, E, F), C for (C, D, G–J), L, 100 μm.
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Figure 2. Pten conditional deletion affects retinal cell migration
(A–H) Immunolabeling of control (A, C, E, G) and Pten cKO (B, D, F, H) retinas at P0 for
neuronal markers Brn3a (C, D), β-Tubulin (E, F), and Pax6 (G, H). Arrows point to
mislocalized cells.
(J) Quantification of RGCs and amacrine cells by FACS at P0. Percentages of marker-
positive cells among total cells are shown (Individual eyes (n) are indicated below the bar
graph. Mean ± S.E.M. **, p<0.01).
gcl, ganglion cell layer; vz, ventricular zone. Scale bar, A for (A–H), 100 μm.
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Figure 3. Pten deficiency affects production of neuronal cell types
(A–N) Immunolabeling of control (A, C, E, G, I, K, M) and Pten cKO mutant (B, D, F, H, J,
L, N) retinas at P18 for neuronal markers Brn3a (C, D, RGCs), Prox1 (E, F, horizontal,
bipolar, and AII amacrine cells), AP2α (G, H, amacrine cells), Chx10 (I, J, bipolar cells), GS
(K, L, Müller glia), and PKCα (M, N, rod bipolar cells, confocal images). Arrows indicate
mislocalized cells. Arrowheads point to intensified outer limiting membrane (L). gcl,
ganglion cell layer; inl, inner nuclear layer; ipl, inner plexiform layer; onl, outer nuclear
layer. Scale bars, A for (A–L), M for (M–N), 100 μm.
(O) Quantification of marker-positive cells among total cells by FACS at P10. A significant
reduction in RGCs and increases in amacrine cells and Müller glia are detected (Individual
retinas (n) analyzed are indicated. Mean ± S.E.M. ***, p<0.001; **, p<0.01; *, p<0.05).
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Figure 4. Pten deletion affects rod photoreceptor production and differentiation
(A–J) Confocal fluorescent images of immunolabeled control (A, C, E, G, I) and Pten cKO
(B, D, F, H, J) retinas at P18 with photoreceptor-specific antibodies. (E, F) are merged
images of DAPI with Recoverin (A, B) and Rhodopsin (C, D), respectively. (G–J) are
merged images of DAPI and M-opsin (G, H) or S-opsin (I, J). Arrows indicate mislocalized
rhodopsin (D) or M-opsin (H). Arrowheads point to ectopic rod photoreceptor cells (D, F).
inl, inner nuclear layer; is, inner segment; onl, outer nuclear layer; opl, outer plexiform
layer; os, outer segment. Scale bar, A for (A–J), 100 μm.
(K) Quantification of photoreceptor cells at P18 using confocal microscopy. Percentages of
DAPI-labeled outer nuclear layer (ONL) cells or opsin-positive cells among total cells per
unit length retina are shown (Individual retinas analyzed (n) are indicated below the bar
graph. Mean ± S.E.M. ***, p<0.001).
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Figure 5. Pten deletion disrupts amacrine morphogenesis and inner plexiform layer formation
(A–L) Confocal fluorescent images of immunolabeled control (A, C, E, G, I, K) and Pten
cKO (B, D, F, H, J, L) retinas at P18 with amacrine cell markers. Note the expansion of
inner plexiform layer indicated by Syntaxin (A, B, pan amacrine cell marker) and the loss of
sublaminar stratification revealed by Calbindin (C, D, subset of amacrine cells), ChAT (E,
F, cholinergic amacrine cells), GAD65 (G, H, GABAergic amacrine cells), GlyT1 (I, J,
glycinergic amacrine cells), and TH (K, L, dopaminergic amacrine cells). Arrows in (K, L)
indicate the spread of TH neuritis.
(M, N) Confocal fluorescent images of flat mount control (M) and Pten cKO (N) retinas
immunolabeled for ChAT at P25. The square panels represent merged confocal optical
sections (100 μm). The side and bottom panels show DAPI and ChAT colabeled vertical and
horizontal optical sections (1 μm) as indicated by the yellow lines.
gcl, ganglion cell layer; inl, inner nuclear layer; ipl, inner plexiform layer; onl, outer nuclear
layer. Scale bars, A for (A, B, C, D, G, H, I, J), E for (E, F), K for (K, L), M for (M, N) 100
μm.
(O, P) Quantification of density and spacing of cholinergic amacrine cells at P25. The
numbers of ChAT-positive cells per unit volume and individual retinas (n) analyzed are
shown in (O). The distances between any given two ChAT-positive cells and individual cells
analyzed (n) are indicated in (P). Mean ± S.E.M. ***, p<0.001.
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Figure 6. Pten deficiency causes abnormal arborization of amacrine interneurons
(A) Golgi staining of P45 control (top row) and Pten cKO (bottom row) retinas. Positive
stained mutant cells show either Arrowheads point to abnormally positioned cell soma.
Arrows indicate overly elaborate dendrites.
(B) Alkaline phosphatase histochemical labeling of individual transfected Ptenfl/fl retinal
cells at P21. Ptenfl/fl retinas were electroporated with the control (LIA and GFP, top row) or
cre-expressing (LIA, GFP and cre, bottom row) at P0 in vivo. Cre-expressing DNA
transfected amacrine cells show more elaborate dendritic morphology.
gcl, ganglion cell layer; inl, inner nuclear layer; ipl, inner plexiform layer; onl, outer nuclear
layer. Scale bar, A for (A, B), 40 μm.
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Figure 7. Pten mutant retina permits synaptogenesis in the inner plexiform layer
(A–D) Confocal images of immunolabeled control (A, C) and Pten cKO (B, D) retinas at
P18 with synaptic markers Synaptophysin (A, B) and presynatic protein Bassoon (C, D). (C′,
D′) show higher magnification images of the inner plexiform layer. Pten mutant retinas
show the presence of Basson-labeled synaptic densities.
(E) Quantification of bassoon protein by Western blots at P18 did not detect significant
change of total Bassoon protein levels (Individual retinas analyze (n) are indicated below the
bar graphs. Mean ± S.E.M.
gcl, ganglion cell layer; inl, inner nuclear layer; ipl, inner plexiform layer; onl, outer nuclear
layer. Scale bars, A for (A, B), 100 μm; C for (C, D), 75 μm; C′ for (C′, D′), 5 μm.
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Figure 8. Pten deletion disrupts proper retinal function
(A, B) Representative scotopic (A) and photopic (B) ERGs at different light intensities from
control (black trace) and Pten mutant (blue trace) mice.
(C, D) Amplitudes of a-wave (C) and b-wave (D) for scotopic and photopic ERGs. Pten
mutants show significantly decreased scotopic a-wave and b-wave amplitudes (Individual
animals tested (n) are indicated. Mean ± S.E.M. *, p<0.05).
(E–H) Comparison of oscillatory potential waveforms and amplitudes. Pten mutants show
similar OPs as controls under dark-adapted conditions (E, F), but enhanced OP amplitudes
after light adaptation (G, H) (Individual animals tested (n) are indicated. Mean ± S.E.M. **,
p<0.01; *, p<0.05).

Sakagami et al. Page 24

Mol Cell Neurosci. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9. Akt activity affects amacrine cell morphogenesis and synaptic layer formation
(A–F) Effects of constitutively active Akt by immunolabeling for GFP (merged confocal
images 10 μm). P21 wild type retinas electroporated in vivo at P0 with control CAG-mock
and CAG-GFP DNAs (A–C) or CAG-ca,Akt and CAG-GFP DNAs (D–E). Panels (A–C)
and (D–F) contain similar numbers of GFP+ cells, but (D–F) show >3 fold more GFP+
dendritic labeling in the ipl. The red arrowheads in (D–F) point to ectopically localized cell
somata.
(G–N) Impacts of Akt inhibitor on inner plexiform layer formation. Confocal images of P0
retinal explants cultured without (G, I, K, M) or with Akt inhibitor (H, J, L, N) for 8 days are
immunolabeled for Pax6 (G, H), Syntaxin (I, J), ChAT (K, L), and pAkt (M, N). gcl,

Sakagami et al. Page 25

Mol Cell Neurosci. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ganglion cell layer; inl, inner nuclear layer; ipl, inner plexiform layer; onl, outer nuclear
layer. Scale bars, A for (A–F), G for (G–N), 50 μm.
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