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Manipulation of the phosphatase and tensin homolog (PTEN) pathway has been
suggested as a therapeutic approach to treat or prevent vision loss due to retinal
disease. In this study, we investigated the effects of deleting one copy of Pten
in a well-characterized class of retinal ganglion cells called α-ganglion cells in the
mouse retina. In Pten+/− retinas, α-ganglion cells did not exhibit major changes in
their dendritic structure, although most cells developed a few, unusual loop-forming
dendrites. By contrast, α-ganglion cells exhibited a significant decrease in heterologous
and homologous gap junction mediated cell coupling with other retinal ganglion and
amacrine cells. Additionally, the majority of OFF α-ganglion cells (12/18 cells) formed
novel coupling to displaced amacrine cells. The number of connexin36 puncta, the
predominant connexin that mediates gap junction communication at electrical synapses,
was decreased by at least 50% on OFF α-ganglion cells. Reduced and incorrect gap
junction connectivity of α-ganglion cells will affect their functional properties and alter
visual image processing in the retina. The anomalous connectivity of retinal ganglion
cells would potentially limit future therapeutic approaches involving manipulation of the
Pten pathway for treating ganglion cell degeneration in diseases like glaucoma, traumatic
brain injury, Parkinson’s, and Alzheimer’s diseases.

Keywords: connexin (Cx36), PTEN (phosphatase and tensin homolog deleted on chromosome 10), retinal ganglion
cells, degeneration, retina, gap junction (connexin)

INTRODUCTION

The phosphatase and tensin homolog deleted on chromosome ten (Pten) protein is a potential
molecular target for novel therapeutic strategies to treat optic neuropathies (Guzman-Aranguez
et al., 2013; Ogino et al., 2016). Down-regulation of Pten activates the mTOR pathway (Jaworski
et al., 2005; Park et al., 2008; Kim et al., 2009; Zukor et al., 2013), resulting in optic nerve axonal
regeneration and a concomitant increase in the number of surviving retinal ganglion cells (RGCs)
after nerve injury (Park et al., 2008; Leibinger et al., 2012; de Lima et al., 2012; Duan et al.,
2015). Paradoxically, in uninjured retinas, Pten deletion at the onset of neurogenesis in retinal
progenitor cells or in a conditional Pten loss-of-function allele, results in reduced number of
RGCs and rod photoreceptors, and disrupts amacrine cell dendritic arborizations (Cantrup et al.,
2012; Jo et al., 2012; Sakagami et al., 2012; Tachibana et al., 2016). In cell cultures, silencing
Pten with non-targeting small-interfering RNA (NT-siRNA) decreases gap junctional intercellular
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communication between glia cells (González-Sánchez et al.,
2016), perhaps due to Pten’s effect on protein kinases (Preiss
et al., 2007), which mediate phosphorylation of connexins (Xia
andMills, 2004; Urschel et al., 2006; Pérez de Sevilla Müller et al.,
2010a).

Gap junctions are intercellular channels formed by connexins
between retinal neurons that influence the propagation and
integration of visual signals (Bloomfield and Völgyi, 2009). Gap
junctions are reported to participate in neuronal spike synchrony
to enhance the saliency of visual signals, and mediate changes
in light adaptation and circadian rhythms (Söhl et al., 2005;
Hartveit and Veruki, 2012; Völgyi et al., 2013a; O’Brien, 2014).
Gap junctions have also been linked to a number of neurological
pathologies (Nakase and Nasus, 2004) as they might allow the
passing of toxic molecules from dying cells to neighboring
healthy cells (Krysko et al., 2005; Rodríguez-Sinovas et al., 2007).
For example, blockade of Cx36 gap junctions provides RGC
protection in glaucoma models (Akopian et al., 2014, 2016; Chen
et al., 2015).

With downregulation of Pten as a potential target to increase
axonal growth and enhance RGC survival in retinal diseases
(Park et al., 2008; Leibinger et al., 2012; de Lima et al., 2012; Duan
et al., 2015), understanding the fundamental roles that Pten plays
in forming and maintaining RGC architecture and connectivity
is of high importance, which will impact future clinical therapies
that manipulate Pten signaling.

To selectively study Pten signaling on RGCs, we used
loxP-mediated recombination to generate mice in which
parvalbumin (PV) cells lacked one copy of Pten (Baohan et al.,
2016). In the present study, we evaluate the effect of Pten loss
on PV-RGCs, focusing on α-RGC architecture and gap junction
connectivity. Our data revealed that the lack of one copy of
Pten does not alter the morphology of α-RGCs. However, ON
and OFF α-RGCs exhibited a significant decrease of coupled
cells or were uncoupled. Additionally, we observed that the
majority of OFF α-RGCs lost their normal coupling patterns but
showed novel coupling to displaced amacrine cells. The number
of connexin36 puncta in OFF α-RGCs was decreased by at least
50% when compared to control OFF α-RGCs.

MATERIALS AND METHODS

These studies were conducted under protocols approved by the
University of California at Los Angeles (UCLA) Animal Research
Committee. All experiments were carried out in accordance
with guidelines for the welfare of experimental animals issued
by the U.S. Public Health Service Policy on Human Care and
Use of Laboratory Animals, and the UCLA Animal Research
Committee.

Animals and Animal Preparation
PV-Cre+/−/Ai9+/−/PtenloxP+/−mice: Animals were provided by
Dr. J. Trachtenberg at UCLA (Baohan et al., 2016). The
generation of mice carrying a conditional Pten loxP/loxP allele
flanking exon 5, which encodes PTEN’s phosphatase domain, has
been described previously (Lesche et al., 2002). To genetically
label PV-positive neurons, PV-IRES-cre knock-in female mice

(Jackson Laboratories, stock#008069, Hippenmeyer et al., 2005)
were crossed with male tdTomato reporter knockin mice
(Jackson Laboratories, stock #007905, ‘‘Ai9’’, Madisen et al.,
2010). Offspring were hemizygous for both transgenes. These
mice were then crossed with PV-Cre mice to generate offspring
that were homozygous for PV-Cre and hemizygous for Ai9.
Hemizygous mice for both Ai9 and a floxed Pten were generated
using separate breeders (Lesche et al., 2002). PV-Cre+/+/Ai9+/−

mice were then crossed with Ai9+/−/PtenloxP+/- mice to generate
offspring for Cre, Ai9 and Pten in PV cells (Baohan et al., 2016).
Littermate controls were hemizygous for Cre and Ai9 in PV
cells, but expressed both copies of Pten. Only the hemizygous
animals (PV-Pten+/−) were studied, as complete knockouts died
prematurely from seizures (Baohan et al., 2016) or developed
untreatable head tilt and impaired mobility/neuropathy.

Both male and female mice were used for these studies.
Animals were 3–5 months old at the time of experimentation.
Following deep anesthesia with 1%-3% isoflurane (Abbott
Laboratories, North Chicago, IL, USA), animals were euthanized
by cervical dislocation. The eyes were enucleated and dissected
in Hibernate A (Invitrogen, Carlsbad, CA) or Hank’s Balanced
Salt Solution (HBSS) (ThermoScientific, Waltham, MA) on
ice for fluorescence and immunohistochemical studies, and
in bicarbonate-buffered Ames medium (pH 7.4) at room
temperature (RT) for the intracellular dye injection studies.

Immunohistochemistry
Immunohistochemical labeling was performed using our
published protocols (Pérez de Sevilla Müller et al., 2007,
2010a,b, 2013, 2017, 2019). Whole-mounted retinas were
fixed for 15 min by immersion in 4% paraformaldehyde
(PFA) in 0.1 M PB (pH 7.4) at RT. They were subsequently
washed in phosphate buffer (PB) three times for a total of
90 min and incubated in 10% normal goat serum (NGS)
with 0.3%–0.5% Triton X-100 at 4◦C overnight. Retinas were
incubated in primary antibodies (Table 1) for 7 days at 4◦C.
They were then rinsed three times for 30 min each with
0.1 M PB and incubated with the corresponding secondary
antibodies overnight at 4◦C. The following day, the retinas were
washed three times in 0.1 M PB and mounted in Vectashield
mounting medium (Vector Laboratories, Burlingame, CA,
USA), Citifluor (Citifluor, London, UK) or Aqua Poly-Mount
(Polysciences, Warrington, PA, USA). Control experiments
for nonspecific binding of the secondary antibodies were
also performed.

To prepare retinal sections, eyecups were submerged in 4%
PFA in 0.1 M PB, pH 7.4, for 15, 30, 45, or 60 min at RT. They
were then placed in 30% sucrose in PB overnight at 4◦C. The
eyecups were embedded in optimal cutting temperature medium
(Sakura Finetek, Torrance, CA, USA) and sectioned at 12–14µm
with a Leica CM3050S (Leica Microsystems, Buffalo Grove, IL,
USA).

Sections were washed three times in 0.1 M PB and incubated
in a solution of 10% NGS or donkey serum (DS), 1% bovine
serum albumin (BSA), and 0.3–0.5% Triton X-100 in 0.1 M PB
for 1–2 h at RT. Following removal of the blocking solution,
the slides were immediately incubated in the primary antibodies
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(Table 1) diluted in PB with 0.3–0.5% Triton X-100 and 0.1%
NaN3, overnight at 4◦C. Retinal sections were washed three times
for a total of 30 min with 0.1 M PB, and the corresponding
secondary antibodies (1:1,000; Invitrogen, Carlsbad, CA) were
then applied for 1–2 h at RT in the dark. The tissues were washed
three times for 10 min each in 0.1 M PB, and the retinal sections
were then coverslipped with Aqua Poly/Mount (Polysciences,
Inc., Warrington, PA), Vectashield (Vecta Laboratories), or
Citifluor (Citifluor, London, UK).

The dilutions of the primary antibodies are given in Table 1.
Secondary antibodies used in this study were Alexa-488 goat anti-
guinea pig IgG, Alexa-488 goat anti-mouse IgG, Alexa-488 goat
anti-rat IgG, Alexa-488 or−568 goat anti-rabbit IgG, and Alexa-
488 donkey anti-goat IgG. As a negative control, the omission
of the primary antibodies in the single or double labeling studies
confirmed the elimination of nonspecific labeling.

All antibodies employed in this study have been used
previously with PFA-fixed tissue; our immunostaining patterns
were identical to those previously reported in studies using
mouse retina (Haverkamp and Wässle, 2000; Pérez de Sevilla
Müller et al., 2013; Rodriguez et al., 2014).

Intracellular Dye Injections Studies
Intracellular injections were carried out from 1 pm to 5 pm. The
retina was flattened with four radial cuts and mounted with the
photoreceptor side down on black filter article. The tissue was
then transferred to a bicarbonate-buffered Ames medium (pH
7.4) that was bubbled continuously with carbogen (95% O2/5%
CO2) and mounted on a Zeiss Axioskop 2.

Intracellular injections of Lucifer Yellow and Neurobiotin
were performed as described earlier (Pérez de SevillaMüller et al.,
2007, 2010a,b; Vuong et al., 2015). Borosilicate glass electrodes
(#60200; A-M Systems; Sequim,WA, USA) were pulled and filled
at their tips with 0.5% Lucifer Yellow (Sigma–Aldrich) and 4%N-
(2-aminoethyl)-biotinamide hydrochloride (Neurobiotin; Vector
Laboratories, Burlingame, CA, USA), and back-filled with 0.1 M
Tris buffer, pH 7.4. TdTomato fluorescent cell bodies in the
GCL were visualized with a Zeiss long-working distance 40×
water immersion objective and conventional epifluorescence for
Cy3. Lucifer Yellow was iontophoresed with negative current
of −1 nA. When the morphology of the ganglion cell was
revealed, the polarity of the current was reversed (+1 nA) and
Neurobiotin was injected for 3 min. Multiple cells were injected
in each retina, with 1–3 injected α-RGCs in each quadrant. After
the final injection, the retina was left in the chamber for at
least 30 min to allow for the tracer to diffuse into the cells.
Retinas were then fixed in 4% PFA for 15 min and washed
for 30 min in 0.1 M PB. To visualize Neurobiotin, retinas
were incubated overnight with streptavidin–fluorescein (FITC;
dilution 1:500; Jackson Immunoresearch, West Grove, PA), in
0.1 M PB containing 0.3% Triton X-100 at 4◦C. On some
occasions, streptavidin–fluorescein immunolabeled mis-injected
retinalMüller cells close to theNeurobiotin-injected ganglion cell
body. Müller cells were not included in the coupling analysis.
Retinas were mounted with the GCL facing upward and cover
slipped with Aqua Poly/Mount.
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Fluorescent Image Acquisition
Labeling was assessed with a Zeiss laser scanning microscope
710 or 880 (Zeiss LSM 710/Zeiss LSM 880; Carl Zeiss,
Thornwood, NY, USA; RRID: SciEx_11637) with a Zeiss
C-Apochromat 40× 1.2NA C-Apochromat corrected water
objective or Zeiss C-Aprochromat 63× /1.4 corrected oil
objective. The images were captured at a resolution of 512× 512,
1,024 × 1,024 or 2,048 × 2,048 pixels. Images are presented as
projection images of 3–130 image scans (z-axis step ranged from
0.3 to 1 µm).

Analysis of Whole-Mounted Retinas
Retinal whole-mounts were imaged in their entirety as tiled
mosaics and stitched together with a 5–10% overlap at the
edge of each optical section, using the Zeiss Zen 2011 Black
software (version 3.2) package. Individual tiles were collected
as 12-bit 3D z-stacks from the nerve fiber layer to the INL
using a 40× /1.20NA C-Apochromat objective and a zoom factor
of 1. The confocal pinhole diameter was set to 1 Airy unit
and pixel acquisition set to 1024 × 1024. Cells in retinal fields
(500 × 500 µm or 1000 × 1000 µm) at 100 µm intervals from
the optic nerve head to peripheral retina were manually counted.
Three retinal fields per quadrant of each retina were analyzed for
PV-cells and Cx36 counts.

Analysis of Retinal Sections
Retinal sections were imaged in their entirety as tiled mosaics
and stitched together with a 5–10% overlap at the edge of each
optical section, using the Zeiss Zen 2011 Black software (version
3.2) package using a Zeiss C-Apochromat 40× /1.2 NA corrected
water objective and a zoom factor of 0.6. The confocal pinhole
diameter was set to 1 Airy unit and pixel acquisition set to
512 × 512. Cells in areas of 500 µm were manually counted. At
least four retinal fields of each section were analyzed.

Analysis of Injected Ganglion Cells
Confocal images were analyzed using the Zeiss proprietary
software (version 3.2), Image Browser v4 or Imaris 9.5.0 (Bitplane
AG, Concord, MA, USA) software.

RGCs were reconstructed using the Imaris Filament Tracer
option. The Filament Tracer operates on 3D images, which
provides sufficient resolution to resolve the Filaments to be
studied in all three spatial directions. The Filament Tracer option
automatically computes all the paths from a user-defined starting
point (RGC body) to the end of the structure. After all possible
paths are calculated by the algorithm, the filaments are traced
by the user by moving the mouse over the structure of interest.
Imaris provided the following morphological analysis:

Dendrite Length: the sum of all edges between two branch
points or between a branch point and a terminal point,
respectively.

Filament Volume (sum): the sum of all segment’s volumes
within the entire filament graph.

Filament-Dendrite Area: defined as the sum of the areas of all
the segment edges. The area of an edge is defined as a surface area
of a frustum (truncated cone).

Sholl Analysis: the number of dendrite intersections on
concentric spheres, defining dendrite spatial distribution as a
function of distance from the beginning point.

Number of Dendrite Branch Points: the number of dendrite
branching points in the entire filament graph.

Filament-Dendrite Straightness: the ratio between dendrite
length and radial distance between two branch points. If the
Dendrite Straightness is 1 that means that the dendrite is
completely straight.

Filaments-Dendrite Branching Angle B: the angle between
the extending lines connecting the branch point with the
neighboring branch points and the terminal points, respectively.

Analysis of Cx36 in Injected Ganglion Cells
For quantitative analysis of RGC morphology and Cx36 synaptic
puncta associated with their dendrites, individual optical slices
from Z-stacks were analyzed using the Imaris software. Injected
RGCs were reconstructed using the Imaris Filament Tracer
option to create a 3D cell-surface rendering using a combination
of surface and filament objects as described above. RGCs
were masked using an automated threshold determined by the
software.

Cx36 puncta were first reconstructed as 3D structures using
‘‘surface objects’’ (to outline puncta borders) created using an
estimated 0.5 µm diameter. Spots were created (using software-
determined automatic threshold) for all synaptic puncta. Puncta
‘‘objects’’ were then converted into puncta ‘‘spots’’ (with
automatic intensity max spot detection thresholds and a 0.5 µm
estimated diameter) using surface object centroids in Imaris. All
spots located less than 0.3 µm from the surface of the RGC
mask were quantified. The intensity levels and contrast of the
final images presented in the figures were adjusted in Adobe
Photoshop CS2 v.9.02 (Adobe Systems, San Jose, CA).

Statistical Analysis
All values are given as mean and standard error of the mean
(SEM). Single statistical comparisons of a group vs. its control
group were performed using a two-tailed Student’s t-test in
GraphPad Prism 4.0 (GraphPad Software, Inc, La Jolla, CA,
USA). If data were not normally distributed, non-parametric
tests (Mann-Whitney U test) were used. A p value ≤ 0.05 was
considered statistically significant.

RESULTS

Characterization of the Ganglion Cell Layer
in the PV-Pten+/- Mouse Retina
In PV-Pten+/+ and PV-Pten+/− retinas, tdTomato fluorescence
was found in retinal neurons. tdTomato fluorescence
(Figures 1A,B) was observed in the somata, dendrites, and
axons, with the strongest expression in the soma. TdTomato
fluorescence was localized to small-to large-diameter somata
in the ganglion cell layer (GCL), ranging from 6–24 µm
(n = 950 cells from 3 retinas). The density of tdTomato expressing
somata in the PV-Pten+/+ (n = 3 retinas, 12 retinal regions),
and PV-Pten+/− (n = 4 retinas, 12 retinal regions) retinas was
818 ± 162 cells/mm2 and 849 ± 173 cells/mm2, respectively
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FIGURE 1 | TdTomato fluorescence in the retina ganglion cell layer (GCL) of PV-Pten mice at 1.0 mm from the optic nerve head. TdTomato fluorescence was
observed in cell bodies, dendrites, and axons with the strongest expression in the cell bodies. (A) TdTomato fluorescence in the GCL of a PV-Pten +/+ mouse. (B)
TdTomato fluorescence in the GCL of a PV-Pten +/- mouse. (C) Histogram indicating the mean (± SEM) density of tdTomato fluorescent cell bodies per mm2 in the
GCL. z-step = 1 µm. Five optical sections were compressed for viewing. n.s., not significant. Scale bar: 50 µm.

FIGURE 2 | Expression of tdTomato fluorescence in the inner nuclear layer (INL) of PV-Pten mice. (A) TdTomato fluorescence in the INL of a PV-Pten +/- mouse. (B)
High magnification (box area from A) of a small field amacrine cell. (C) High magnification (box area from A) of a medium or wide-field amacrine cell. z-step = 0.5 µm.
Twenty optical sections were compressed for viewing. Scale bar: 50 µm.

(Figure 1C, P > 0.05, Mann-Whitney test). These cell densities
are consistent with the density of PV-immunoreactive ganglion
cells in wild type mice (Kim and Jeon, 2006).

TdTomato fluorescence was also observed in somata in
the inner nuclear layer (INL) adjacent to the inner plexiform
layer (IPL) in PV-Pten+/+ and PV-Pten+/− retinas. Somal sizes
ranged from 4.4–11.2 µm (n = 340 cells from three retinas).
These neurons are likely amacrine cells due to their small
somal diameter and location close to the INL/IPL border
(Figure 2). TdTomato fluorescence was strong enough to
visualize primary dendrites located in the IPL. The PV-
Pten amacrine cell population is comprised of at least two
different types (Figures 2A–C); a small-field amacrine cell with
numerous varicosities (Figure 2B), and a second medium- or
wide-field amacrine cell with longer and thin primary dendrites
(Figure 2C). The morphological features of the small-field

amacrine cell type are similar to previous descriptions of AII
amacrine cells (Casini et al., 1995; Wässle et al., 1995, 2009;
Massey and Mills, 1999; Pang et al., 2012).

To characterize the tdTomato fluorescent cells in the GCL
in the PV-Pten mouse line, whole mounts (Figures 3A–C)
were immunostained with antibodies to retinal binding protein
with multiple splicing (RBPMS), a pan-ganglion cell marker
(Rodriguez et al., 2014). In these experiments, most tdTomato
fluorescent cells expressed RBPMS, indicating that the majority
(98% of cells, n = 3 retinas) are RGCs. In addition to the RGCs,
2% of the tdTomato fluorescent cells were not stained. They had
smaller cell bodies, ranging from 6 to 10 µm with an average cell
diameter of 8± 1 µm (n = 19 cells from three retinas). The small
soma size and the lack of RBPMS immunostaining indicates the
presence of a small number of PV-displaced amacrine cells that
express tdTomato. This is consistent with a previous report that
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FIGURE 3 | TdTomato fluorescent cells in GCL of a PV-Pten +/- mouse retina express the ganglion cell marker, RNA binding protein with multiple splicing (RBPMS).
(A) TdTomato fluorescent ganglion cell bodies. (B) RBPMS-immunoreactive ganglion cell bodies in the GCL. (C) Merged images show that tdTomato fluorescent cell
bodies contain RBPMS immunoreactivity. z-step = 1 µm. Three optical sections were compressed for viewing. Scale bar: 50 µm.

has also shown the presence of PV-positive displaced amacrine
cells in the mouse retina (Kim and Jeon, 2006).

Morphology and Tracer Coupling of
α-RGCs
To analyze if a single-copy loss affects RGC morphology and
tracer-coupling circuitry, we injected PV-tdTomato somata in
the GCL with Neurobiotin and Lucifer Yellow. Neurobiotin was
confirmed to have filled the cells when tapering dendritic endings
were observed.

From the 40 or more morphological, transcriptional, and
function subtypes of RGCs (Sanes and Masland, 2015; Baden
et al., 2016; Tran et al., 2019), we focused on α-RGCs, a
well-characterized ganglion cell type with large somata, dendritic
stratifications in the ON and OFF layers of the IPL, and dendritic
trees that form a circular to elliptical field (Sun et al., 2002;
Völgyi et al., 2009; Sanes and Masland, 2015). In addition, the
gap junction patterns of these cells are established in the mouse
retina (Schubert et al., 2005; Völgyi et al., 2005). OFF α-RGCs
are coupled to OFF α-RGCs in the GCL and to amacrine cells in
the INL (Schubert et al., 2005; Völgyi et al., 2005). ON α-RGCs
are only coupled to displaced amacrine cells and never exhibit
coupling to other α-RGCs nor are they coupled to any cells in the
INL (Schubert et al., 2005; Völgyi et al., 2005).

α-RGC Morphology
ON α-RGC dendrites in the PV-Pten+/+ mice (n = 14 cells,
Figures 4A,B) stratified in sublamina b of the IPL, close to
the GCL border and formed a circular field. We observed
dendrites turning back towards the cell body to form loops in
the majority of PV-Pten+/− mice (n = 7/11 cells, Figures 4C,D).
In contrast, in PV-Pten+/+ retinas, loop-forming dendrites were
observed in two out of 14 ON α-RGCs. Morphological analysis
of the Neurobiotin labeled ON α-RGCs was performed using
the Imaris 9.5.0 software (Bitplane AG, Concord, MA, USA),
which provided information on filaments-dendrite branching
angle B (Figure 4E), filament-dendrite straightness (Figure 4F),
Sholl analysis (Figure 4G), filament area (Figure 4H), dendrite

length (Figure 4I), ratio area/dendrite length (Figure 4J),
filament volume (Figure 4K), number of dendrite branch
points (Figure 4L), ratio number of branch points/dendrite
length (Figure 4M), and ratio number of branch points/area
(Figure 4N, see ‘‘Materials and Methods’’ section). ON α-RGCs
in the PV-Pten+/− mice did not show significant differences
compared to ON α-RGCs in the PV-Pten+/+ mice in any
of these morphological parameters (Figures 4E–N, P > 0.05,
Mann-Whitney test).

OFF α-RGC dendrites in the PV-Pten+/+ mice (n = 10 cells,
Figures 5A–C) usually had an elliptical dendritic field,
although some RGCs with a circular field were also observed.
The dendrites rarely overlapped in PV-Pten+/+ retinas
(Figures 5B,C). Loop-forming dendrites were observed in
about a third of the PV-Pten+/+ OFF α-RGCs (n = 3/10 cells).
In contrast, more than half of the injected cells in the PV-
Pten+/− mice exhibited loop-forming dendrites (n = 14/23 cells,
Figures 5D–F arrows), similar to the ON α-RGCs. Consistent
with the lack of morphological differences in the ON α-RGCs,
OFF α-RGCs in the PV-Pten+/− mice also did not show
significant differences in their morphology compared to OFF
α-RGCs in the PV-Pten+/+ mice (Figures 5G–P, P > 0.05,
Mann-Whitney test).

α-RGCs Coupling Patterns
ON α-RGCs in the PV-Pten+/+ retinas were coupled to
displaced amacrine cells (n = 18 cells, Figure 6A). We observed
4.9± 0.8 coupled displaced amacrine cells, with an average somal
diameter of 9.4± 0.6 µm (n = 41 cells). In contrast, ON α-RGCs
in the PV-Pten+/− retinas were either coupled to a displaced
amacrine cell in the GCL (n = 4 cells) or uncoupled (n = 5 cells,
Figure 6B). The average number of coupled amacrine cells in
the GCL was 2 ± 0.6 cells (n = 4 cells), with an average somal
diameter of 10± 1µm (n = 8 cells). The decrease in cell coupling
in the GCL was significant (P < 0.005; Mann-Whitney test,
Figure 6C).

OFF α-RGCs in the PV-Pten+/+ retinas were coupled to
other OFF α-RGCs in the GCL (n = 17 cells, Figures 7A,B)
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FIGURE 4 | Morphology of ON α-RGCs in PV-Pten+/+ and PV-Pten+/− retinas. (A) Neurobiotin-filled ON α-RGC in a PV-Pten+/+ retina showing the dendritic
architecture. (B) High magnification (box area from A) of dendrites showing little overlap. (C) Neurobiotin-filled ON α-RGC in the PV-Pten+/− retina showing the
dendritic architecture. (D) High magnification (box area from C) of dendrites showing a loop-forming dendrite. Comparison of dendritic morphology of ON α-RGCs in
PV-Pten+/+ (n = 14 cells) and PV-Pten+/− (n = 11 cells) retinas. (E) Dendrite branching angle (P > 0.05, Mann-Whitney test). (F) Dendrite straightness (P > 0.05,
Mann-Whitney test). (G) Sholl analysis (P > 0.05 at all radii, Mann-Whitney test). (H) Filament area (P > 0.05, Mann-Whitney test). (I) Dendrite length (P > 0.05,
Mann-Whitney test). (J) Ratio area to dendrite length (P > 0.05, Mann-Whitney test). (K) Volume (P > 0.05, Mann-Whitney test). (L) Branch points (P > 0.05,
Mann-Whitney test). (M) Ratio of branch points to dendrite length (P > 0.05, Mann-Whitney test). (N) Ratio to branch points to area (P > 0.05, Mann-Whitney test).
z-step = 0.3 µm. 40–60 optical sections were compressed for viewing. Scale bars: 50 µm (A,C), 10 µm (B,D). n.s., not significant.

FIGURE 5 | Morphology of OFF α-RGCs in PV-Pten+/+ and PV-Pten+/− retinas. (A) Neurobiotin-filled OFF α-RGC in a PV-Pten+/+ retina showing the dendritic
architecture. (B) High magnification (box area from A) of dendrites showing little overlap. (C) Another high magnification example (box area from A) of dendrites
showing little overlap. (D) Neurobiotin-filled OFF α-RGC in the PV-Pten+/− retina showing dendritic architecture. (E) High magnification (box area from C) of dendrites
showing a loop-forming dendrite. (F) Another high magnification example (box area from A) of dendrites showing a loop-forming dendrite (arrows). Comparison of
dendritic morphology of OFF α-RGCs in PV-Pten+/+ (n = 9 cells) and PV-Pten+/− (n = 12 cells) retinas. (G) Dendrite branching angle (P > 0.05, Mann-Whitney test).
(H) Dendrite straightness (P > 0.05, Mann-Whitney test). (I) Sholl analysis (P > 0.05 at all radii, Mann-Whitney test). (J) Filament area (P > 0.05, Mann-Whitney test).
(K) Dendrite length (P > 0.05, Mann-Whitney test). (L) Ratio area to dendrite length (P > 0.05, Mann-Whitney test). (M) Volume (P > 0.05, Mann-Whitney test). (N)
Branch points (P > 0.05, Mann-Whitney test). (O) Ratio of branch points to dendrite length (P > 0.05, Mann-Whitney test). (P) Ratio to branch points to area
(P > 0.05, Mann-Whitney test). z-step = 0.3 µm. 80–95 optical sections were compressed for viewing. Scale bars: 50 µm (A,D), 10 µm (B,C,E,F). n.s., not
significant.

and to amacrine cells in the INL (Figures 7A,C), as reported
previously (Schubert et al., 2005; Völgyi et al., 2005). The
number of coupled RGCs to OFF α-RGCs in the GCL

was 1.9 ± 0.2 cells, with an average of somal diameter of
16.3 ± 0.4 µm (n = 19 cells) in PV-Pten +/+ retinas. The number
of coupled amacrine cells in the INL was 2.8 ± 0.6 cells, with
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FIGURE 6 | Tracer coupling of ON α-RGCs in PV-Pten+/+ and PV-Pten+/− retinas. (A) Neurobiotin-filled ON α-RGC in PV-Pten+/+ retina and its stratification pattern.
The ON α-RGC shows tracer-coupling to small cells in the GCL (arrows). (B) Neurobiotin-filled ON α-RGC in a PV-Pten+/− retina and its stratification pattern. The ON
α-RGC shows no tracer-coupling. (C) Histogram indicating the mean (± SEM) number of cells coupled to ON α-RGCs (n = 18 cells from PV-Pten+/+ mice, n = 9 cells
from PV-Pten+/− mice, P < 0.005, Mann-Whitney test). z-step = 0.3 µm. 40–60 optical sections were compressed for viewing. Scale bar = 50 µm. **P < 0.005.

FIGURE 7 | Tracer coupling of OFF α-RGCs in PV-Pten+/+ and PV-Pten+/− retinas. (A) Neurobiotin-filled OFF α-RGC in PV-Pten+/+ retina and its stratification
pattern. (B) OFF α-RGC shows tracer-coupling to neighboring RGCs in the GCL (asterisk) in PV-Pten+/+ retina. (C) OFF α-RGC shows tracer-coupling to amacrine
cells in the INL (arrows) in PV-Pten+/+ retina. (D) Neurobiotin-filled OFF α-RGC in a PV-Pten+/− retina and its stratification pattern. Asterisks show mis-injected Müller
cells. (E) OFF α-RGCs show tracer-coupling to ganglion cells (asterisks) and displaced amacrine cells (arrows) in the GCL in PV-Pten+/− retina. (F) OFF α-RGC
shows tracer-coupling to amacrine cells in the INL (arrows) in PV-Pten+/− retina. (G) Histogram indicating the mean (± SEM) number of cells coupled to OFF
α-RGCs (n = 17 cells from PV-Pten+/+ mice, n = 18 cells from PV-Pten+/− mice, *P < 0.05, ***P < 0.001, Mann-Whitney test). z-step = 0.3 µm. 75–90 optical
sections were compressed for viewing. Scale bar = 50 µm.

an average somal diameter of 7.7 ± 0.3 µm (n = 28 cells). In
contrast, OFF α-RGCs in the PV-Pten+/− retinas (n = 18 cells)
were coupled to either two different cell types, or a single cell
type based on their somal size in the GCL (Figures 7D,F).

One cell type was the OFF α-RGC. The other cells were
displaced amacrine cells. There was a significant reduction in
cell coupling to other OFF α-RGCs (P < 0.0001; Mann-Whitney
test, Figures 7E,G) compared to OFF α-RGCs in PV-Pten+/+
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FIGURE 8 | Cx36 expression in OFF α-RGCs in PV-Pten+/+ and PV- Pten+/-

retinas. (A) A maximum projection of a Neurobiotin-filled OFF α-RGC (green)
stained with Cx36 antibodies (red) in a PV-Pten+/+ retina at 1.0 mm from the
optic nerve head. (B) A single optical section of the Neurobiotin-filled OFF
α-RGC (green) stained with Cx36 antibodies (red) in PV-Pten+/+ retina. (C)
Imaris reconstruction of panel (B). Cx36 puncta closer than 0.3 µm to the
dendrites are represented in red. (D) A maximum projection of a
Neurobiotin-filled OFF α-RGC (green) stained with Cx36 antibodies (red) in
PV-Pten+/- retina at 1.0 mm from the optic nerve head. (E) A single optical
section of the Neurobiotin-filled OFF α-RGC (green) stained with Cx36
antibodies (red) in PV-Pten+/- retina. (F) Imaris reconstruction of panel (E).
Cx36 puncta closer than 0.3 µm to the dendrites are represented in red. (G)
Histogram indicating the mean (± SEM) of Cx36 puncta in OFF α-RGCs
(n = 3 cells from PV-Pten +/+ retinas, n = 5 cells from PV-Pten+/- retinas,
*P < 0.05, Mann-Whitney test). Scale bar in (A,D) = 50 µm. Scale bar in
(B,C,E,F) = 2 µm.

FIGURE 9 | Cx36 immunoreactivity in PV-Pten+/+ and PV-Pten+/− retinas.
(A) Cx36 immunoreactivity in retinal sections in PV-Pten+/+. (B)
Cx36 immunoreactivity in retinal sections in PV-Pten +/-. (C) A maximum
projection of Cx36 immunoreactivity in PV-Pten +/+ wholemount retinas at
1.0 mm from the optic nerve head. (D) A maximum projection of
Cx36 immunoreactivity in PV-Pten+/− wholemount retinas at 1.0 mm from the
optic nerve head. (E) Histogram indicating the mean (± SEM) of Cx36 puncta
in PV-Pten+/+ and PV-Pten +/- whole mounted retinas (n = 9 PV-Pten+/+

retinas; n = 3 PV-Pten+/− retinas, P > 0.05, Mann-Whitney test).
z-step = 0.3 µm. Four (A,B) and 16 (C,D) optical sections were compressed
for viewing. n.s., not significant. Scale bar = 50 µm.

retinas. The average number of coupled RGCs to OFF α-
RGCs was 0.5 ± 0.2 cells in the GCL and their average
somal diameter was 16.8 ± 0.9 µm (n = 4 cells). The average
number of coupled cells to displaced amacrine cells (P < 0.0001;
Mann-Whitney test, Figures 7E,G) was 2.1 ± 0.5 cells in
the GCL with an average somal diameter of 8.5 ± 0.3 µm
(n = 12 cells). There was also a significant reduction in
cell coupling to amacrine cells in the INL compared to PV-
Pten+/+ retinas (P < 0.05; Mann-Whitney test, Figures 7F,G).
The average number coupled amacrine cells in the INL was
1 ± 0.4 cells with an average somal diameter of 7.3 ± 0.4 µm
(n = 12 cells).

Cx36 Expression in OFF α-RGCs
Next, we examined gap junction connexin (Cx) expression in
OFF α-RGCs. Cx36 is the most abundant Cx in the retina and
mediates coupling among the majority of RGC types, including
OFF α-RGCs (Schubert et al., 2005; Völgyi et al., 2005; Pan et al.,
2010).

To determine the density of gap junctions on ganglion cell
dendrites, the distribution of Cx36 puncta was analyzed in
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injected OFF α-RGCs located in middle regions of the retina
(n = 3 cells from three PV-Pten+/+ mice; n = 5 cells from
three PV-Pten+/− mice) stained with a specific antibody against
Cx36 (Figure 8). Overall, the OFF α-RGCs had an average
of 737.3 ± 24 Cx36 puncta (Figures 8A,C,E) compared to
374.2 ± 37 Cx36 puncta in OFF α-RGCs in the PV-Pten+/−

mice (Figures 8B,D,E). This corresponded to a 50% reduction of
Cx36 puncta in OFF α-RGC in the PV-Pten+/− mice (P < 0.05,
Mann-Whitney test).

We also used a Cx36 antibody to investigate the overall
pattern of Cx36 puncta in the IPL of the PV-Pten mouse
retinas. In vertical sections (Figures 9A,B), there was weak
Cx36 immunoreactivity in the outer plexiform layer (OPL),
and small immunoreactive puncta were observed in the IPL.
The brightest immunostained puncta were found in the ON
sublamina of the IPL of the PV-Pten+/+ (Figure 9A; n = 3 retinas)
and PV-Pten+/− retinas (Figure 9B; n = 3 retinas), consistent
with previous studies (Güldenagel et al., 2000, 2001; Feigenspan
et al., 2001; Mills et al., 2001; Deans et al., 2002).

Semi-quantification of the Cx36 expression in the IPL
were done in both PV-Pten+/+ (Figure 9C; n = 9 retinas)
and PV-Pten+/− (Figure 9D; n = 3 retinas) whole-
mounted retinas. The IPL of PV-Pten+/+ retinas contained
16402± 917/mm2 Cx36 puncta while the PV-Pten+/− contained
17370 ± 1590/mm2 (Figure 9E). Although the overall number
of Cx36 puncta was lower in the PV-Pten+/− mice compared
to PV-Pten+/+ mice, these differences were not significant
(P > 0.05).

Amacrine and Bipolar Cell Populations in
the PV-Pten Mouse Line
Pten is a positive regulator of amacrine cell genesis (Tachibana
et al., 2016), and suppression of PI3K/Akt signaling by Pten is
crucial for proper neuronal differentiation and forming normal
neuronal networks (Sakagami et al., 2012; Tachibana et al.,
2016). Since PV-amacrine cells are expressed in the PV-Pten+/−

retinas, we studied well-characterized amacrine and bipolar cell
populations in the INL to determine if amacrine cell production
is affected when a copy of Pten is deleted.

Amacrine cell populations: Vertical sections were
immunostained with specific antibodies directed against
choline acetyltransferase (ChAT) to identify cholinergic
amacrine cells (Kang et al., 2004), Prox1 to identify AII
amacrine cells (Pérez de Sevilla Müller et al., 2010a; Keeley
and Reese, 2018), glutamic acid decarboxylase (GAD67)
to identify GABAergic amacrine cells (Schnitzer and
Rusoff, 1984), glycine to identify glycinergic amacrine cells
(Pourcho and Goebel, 1985), and calretinin to label amacrine,
displaced amacrine and ganglion cells, including PV-cells
(Haverkamp and Wässle, 2000; Haverkamp et al., 2009).
No significant differences were observed in the number
of GAD67, Prox1, ChAT, and calretinin positive cells in
PV-Pten+/− mice compared to PV-Pten+/+ mice (Table 2,
Supplementary Figures 1A–L, P > 0.05, Mann-Whitney
test). Glycine antibodies in whole-mounted retinas strongly
labeled glycinergic amacrine cells in the INL and weakly
labeled bipolar cells (Supplementary Figure 2), consistent

with earlier findings (Menger et al., 1998; Vaney et al., 1998).
The average density of glycinergic-expressing amacrine cells
was 4125.6 ± 473.2/mm2 in PV-Pten+/+ (n = 4 retinas)
compared to 4695 ± 1220 cells/mm2 in the PV-Pten+/− mice
(n = 3 retinas). No significant difference was found in the
density of glycinergic amacrine cells (Supplementary Figure 2E;
P > 0.05, Mann-Whitney test).

Bipolar cell populations: To study the bipolar cell population,
we performed labeling experiments for Goα, a marker for
ON-cone bipolar cells, PKCα, a marker for rod bipolar
cells and the vesicular glutamate transporter 1 (VGluT-
1), a marker for synaptic terminals of all bipolar cells
as well as rod spherules and cone pedicles (Haverkamp
and Wässle, 2000; Haverkamp et al., 2003; Johnson et al.,
2003). We found no significant differences in the number
of Goα-expressing bipolar cells and PKCα-expressing
bipolar cells in PV-Pten+/− mice compared to PV-Pten+/+
mice (Table 3; Supplementary Figures 3A–F; P > 0.05,
Mann-Whitney test).

Immunostaining studies with the antibodies to VGluT-1
showed no differences in the immunostaining levels and intensity
in the IPL and OPL of the PV-Pten+/− retina (Supplementary
Figures 3G,H; n = 2 retinas) compared to the PV-Pten+/+ retina.

In summary, these findings indicate that the lack of one Pten
copy in PV-RGCs and PV-amacrine cells does not appear to
alter the number of cells in several representative bipolar and
amacrine cell types, or the pattern of photoreceptor and bipolar
cell terminals in the plexiform layers.

DISCUSSION

Manipulation of the Pten pathway provides insight into its
potential therapeutic use in eye diseases. Pten signaling promotes
RGC axon regeneration and enhances RGC survival following
ocular injury (Leibinger et al., 2012; de Lima et al., 2012;
Duan et al., 2015); however, to date, there is no systematic
study evaluating RGC morphology, connectivity, gap junction
expression, and the impact on RGC connectivity in Pten deletion
lines.

The present study examines the effects of a single-copy loss
of Pten in specific PV retinal types, with a focus on α-RGCs.
Suppression of PI3K/Akt signaling by Pten is crucial for proper
retinal neuronal differentiation and normal circuitry formation
(Sakagami et al., 2012; Tachibana et al., 2016), consistent with
other studies that report cortical dendritic and synaptic changes
with Pten deletion (Kwon et al., 2006; Chow et al., 2009; Xiong
et al., 2012). Although α-RGCs did not exhibit changes in
somal size and showed modest changes in dendritic morphology,
the α-RGCs did show a significant decrease in the number of
Cx36 immunoreactive puncta and a reduction in cell coupling
compared to α-RGCs in littermate, PV-Pten+/+ retinas. The
numerical reduction of RGC tracer coupling is likely due to the
reduced expression of Cx36 in OFF α-RGCs. In addition, most
OFF α-RGCs showed altered changes in their connectivity, with
aberrant gap junction connectivity to displaced amacrine cells.
This altered connectivity (Figures 7E,G) is likely to result in
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TABLE 2 | Amacrine cell populations in the PV-Pten mouse line.

Amacrine cell marker Density in
PV-Pten+/+/500 µm

Density in
PV-Pten+/−/500 µm

Mann-Whitney Test

GAD67 INL: 55.1 ± 12 cells
GCL: 14.7 ± 3.4 cells
n = 2 retinas

INL: 76 ± 5.8 cells
GCL: 31.4 ± 5.2 cells
n = 4 retinas

P > 0.05

Prox1 INL: 43.3 ± 8 cells
n = 2 retinas

INL: 37.2 ± 5 cells
n = 4 retinas

P > 0.05

ChAT INL: 12.8 ± 1.9 cells
GCL: 13.7 ± 1.3 cells
n = 4 retinas

INL: 12 ± 2.3 cells
GCL: 11.8 ± 1.6 cells
n = 4 retinas

P > 0.05

Calretinin INL: 45.2 ± 4.8 cells
GCL: 26.7 ± 3.6 cells
n = 3 retinas

INL: 43.2 ± 5.5 cells
GCL: 30.2 ± 2.2 cells
n = 2 retinas

P > 0.05

TABLE 3 | Bipolar cell populations in the PV-Pten mouse line.

Bipolar cell marker Density in
PV-Pten+/+/500 µm

Density in
PV- Pten+/−/500 µm

Mann-Whitney Test

Goα INL: 86.7 ± 5.6 cells
n = 2 retinas

INL: 90.5 ± 2.3 cells
n = 2 retinas

p > 0.05

PKCα INL: 84.7 ± 5.5 cells
n = 2 retinas

INL: 79.6 ± 1.5 cells
n = 2 retinas

p > 0.05

changes in α-RGC functional properties that would impact on
visual image processing.

Reduced Coupling in PV-RGCs
Preiss et al. (2007) suggested that classical PKC isoforms may
be involved in signaling to Akt phosphorylation. In addition,
protein kinases are responsible for the phosphorylation of the
connexins (Xia and Mills, 2004; Urschel et al., 2006; Pérez
de Sevilla Müller et al., 2010a). Therefore, we hypothesize
that Pten signaling modulates gap junction coupling by
affecting protein kinase phosphorylation. Moreover, confocal
microscopy and immunoprecipitation assays have shown that
Cx43 binds to PTEN (González-Sánchez et al., 2016) and that the
antiproliferative effect of Cx43, the major protein forming gap
junctions in astrocytes, is reduced in glioma cells and astrocytes
when Pten levels are reduced using NT-siRNA approaches
(González-Sánchez et al., 2016). These experimental findings are
consistent with our observations that Cx36 neuronal expression
and gap junctional connectivity measured by tracer coupling is
also affected by reduction of Pten signaling in retinal cells with a
single copy of Pten.

In the mouse retina, Cx36 mediates coupling of the majority
of RGCs (Pan et al., 2010), which underlies the synchronization
of activity of neighboring RGCs. Homologous coupling between
RGC neighbors is believed to underlie short-latency synchrony
of impulse activity, whereas the heterologous coupling between
RGCs and amacrine cells results in broader and correlated
activity (Mastronarde, 1983a,b,c; Meister et al., 1995; Brivanlou
et al., 1998; DeVries, 1999; Meister and Berry, 1999; Hu
and Bloomfield, 2003; Völgyi et al., 2013b). A reduction in
coupling due to the lack of one Pten gene could impact
intracellular communication and have a deleterious influence
on visual information processing. For instance, the loss of

spike correlations and synchrony from gap junctions will likely
decrease the propagation of visual signals (Alonso et al., 1996;
Stevens and Zador, 1998; Singer, 1999; Usrey and Reid, 1999)
as well as the short-latency spike synchrony in RGCs (Arnett
and Spraker, 1981; Brivanlou et al., 1998; DeVries, 1999; Hu and
Bloomfield, 2003).

Although OFF α-RGCs showed a decrease in the number of
Cx36 immunoreactive puncta, the overall pattern of Cx36 puncta
in the IPL remained the same. A possible explanation could be
the formation of the aberrant Cx36 gap junctions with displaced
amacrine cells, since their formation between OFF α-RGCs
with a single-copy loss of Pten and displaced amacrine cells
requires these amacrine cells to express Cx36. An increase in
Cx gene expression has also been demonstrated in a model of
neuroinflammation in the rat hippocampus (Abbasian et al.,
2012). Additionally, Cx43 is upregulated following central
nervous system injury (Danesh-Meyer et al., 2012). Based on
these other pathological observations, changes in PTEN signaling
in OFF α-RGCs lacking a single copy of Pten could also impact
on the regulation of Cx36 gene expression in these ganglion cells
as well as altering connectivity and influencing Cx36 expression
in other retinal cell types. In addition to the altered cellular
connectivity of the α-RGCs, the connectivity of other RGCs
is also likely to be changed with reduction of PTEN gene
expression. The altered connectivity and presumably altered
functional properties as shown in cortical pyramidal neurons
(Garcia-Junco-Clemente et al., 2013) would potentially impact
the efficacy of future therapeutic approaches that manipulate the
Pten signaling pathway for treating ophthalmic diseases.

It is important to note that four αRGC types have been
described in the mouse retina based on responses to light steps:
ON-sustained, ON-transient, OFF-sustained, and OFF-transient
(Pang et al., 2003; Van Wyk et al., 2009; Krieger et al., 2017;
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Sawant et al., 2021). Morphologically, they differ in the level
of dendritic stratification within the IPL with the ON types
that ramify closer to the GCL and the OFF types closer to
the INL (Pang et al., 2003; Van Wyk et al., 2009; Krieger
et al., 2017; Sawant et al., 2021). The variety of α-RGC types
could explain some of the differences we observed in the PV-
Pten+/− retinas. Twelve OFF α-RGCs formed novel coupling
to displaced amacrine cells while six other OFF α-RGCs were
either uncoupled or with a significant reduction of their normal
coupling patterns. The fact that some OFF α-RGCs had an
elliptical dendritic field, or a circular field could be also due to
different types of OFF α-RGCs.

While our data for the ON α-RGCs is quite consistent,
another aspect to consider is that ON-sustained α-RGCs display
a nasal-to-temporal gradient in cell density, size, and receptive
fields (Bleckert et al., 2014). These changes in the retina might
also impact in their gap junction patterns and the overall number
of Cx36 expression in ON α-RGCs depending on the nasal-to-
temporal gradient.

In addition to alterations of gap junction connectivity of
the PV-positive neurons in the PV-Pten+/− retinas, other
signaling and cellular changes might occur in PV-positive
neurons. Pten haploinsufficiency in cortical pyramidal neurons
increases the expression of small conductance calcium-activated
potassium (SK) channels, resulting in an increase in the
amplitude of the after-spike hyperpolarization and a decrease
in intrinsic excitability (Garcia-Junco-Clemente et al., 2013).
The change in intrinsic excitability reduces the evoked firing
rates of cortical pyramidal neurons (Garcia-Junco-Clemente
et al., 2013). With many known calcium-activated potassium
channels expressed in RGCs (Wang et al., 1998) and amacrine
cells (Grimes et al., 2009; Tanimoto et al., 2012), we speculate
that PV-positive retinal neurons in the PV-Pten+/− mice could
also have this channelopathy and a decrease in RGC intrinsic
excitability. Furthermore, calcium-activated potassium channels
often co-localize with Ca2+ channels to regulate Ca2+ levels (Lee
and Cui, 2010; Van Hook et al., 2019), suggesting the possibility
that this channelopathy might also affect Ca2+ channel function,
and alter both intrinsic and extrinsic cellular signaling.

CONCLUSIONS

Precise electrical and chemical synaptic organization between
retinal neurons is important for proper neural network
function and visual transmission to the brain (Varadarajan and
Huberman, 2018). Changes in neural wiring from disease or
trauma are thus likely to alter visual information processing
(Strettoi and Pignatelli, 2000; Cuenca et al., 2005; Gargini et al.,
2007; Puthussery et al., 2009; Phillips et al., 2010). Altered
gap junctional connectivity in the inner retina, together with
functional changes in cortical cell responsivity reported for
pyramidal neurons with one copy of Pten deleted (Garcia-
Junco-Clemente et al., 2013; Baohan et al., 2016) presents
a potential barrier for implementing Pten-related therapeutic
interventions in eye diseases. These findings suggest caution in
evaluating the therapeutic potential of findings thatmanipulation
of the PTEN pathway to enhance RGC survival and promote

axon regeneration (Park et al., 2008; Sun et al., 2011; de
Lima et al., 2012; Duan et al., 2015; Norsworthy et al., 2017;
Li et al., 2018; Wang et al., 2018). A possible approach for
manipulation of the PTEN pathway would be to identify
possible windows of intervention during early stages of retinal
remodeling (Jones and Marc, 2005; Cuenca et al., 2014) and
careful implementation of therapeutic protocols to modulate the
PTEN pathway to prevent or treat visual-related abnormalities in
neurodegenerative diseases.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved and these studies
were conducted under protocols approved by the University of
California at Los Angeles (UCLA) Animal Research Committee.
All experiments were carried out in accordance with guidelines
for the welfare of experimental animals issued by the U.S. Public
Health Service Policy on Human Care and Use of Laboratory
Animals, and the UCLA Animal Research Committee.

AUTHOR CONTRIBUTIONS

LPS conceived the project, designed the experiments, and
supervised the project. LPS, AC, and SA performed the
experiments. LPS, AC, SA, and AH analyzed the data. LPS, SA,
and NB wrote the article. All authors contributed to the article
and approved the submitted version.

FUNDING

Support for these studies is from VA Merit Review
(5I01BX000764; NB), NIH R01 EY04067 (NB), and NIDDDK
P30 DK41301 (UCLA Cure Center Core). This work was
supported in part by Career Scientist Award (14F-RCS-004)
from the United States Department of Veterans Affairs. The
contents do not represent the views of the U.S. Department of
Veterans Affairs or the United States Government. NB is a VA
Senior Career Research Scientist.

ACKNOWLEDGMENTS

We thank Drs. Arlene Hirano, Steven Barnes and Anna Matynia
for their insightful comments on the manuscript and their
fruitful discussions of this project. We also thank Janira de los
Santos for technical support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnana.2021.6292
44/full#supplementary-material.

Frontiers in Neuroanatomy | www.frontiersin.org 12 May 2021 | Volume 15 | Article 629244

https://www.frontiersin.org/articles/10.3389/fnana.2021.629244/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnana.2021.629244/full#supplementary-material
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles


Chen et al. PTEN Expression Regulates Gap Junctions

REFERENCES

Abbasian, M., Sayyah, M., Babapour, V., Mahdian, R., Choopani, S., and
Kaviani, B. (2012). Upregulation of connexins 30 and 32 gap junctions
in rat hippocampus at transcription level by chronic central injection of
lipopolysaccharide. Iran Biomed. J. 16, 127–132. doi: 10.6091/ibj.1099.2012

Akopian, A., Atlasz, T., Pan, F., Wong, S., Zhang, Y., Völgyi, B., et al. (2014).
Gap junction-mediated death of retinal neurons is connexin and insult
specific: a potential target for neuroprotection. J. Neurosci. 34, 10582–10591.
doi: 10.1523/JNEUROSCI.1912-14.2014

Akopian, A., Kumar, S., Ramakrishnan, H., Viswanathan, S., and Bloomfield, S. A.
(2016). Amacrine cells coupled to ganglion cells via gap junctions are highly
vulnerable in glaucomatous mouse retinas. J. Comp. Neurol. 527, 159–173.
doi: 10.1002/cne.24074

Alonso, J. M., Usrey, W. M., and Reid, R. C. (1996). Precisely correlated
firing in cells of the lateral geniculate nucleus. Nature 383, 815–819.
doi: 10.1038/383815a0

Arnett, D., and Spraker, T. E. (1981). Cross-correlation analysis of the
maintained discharge of rabbit retinal ganglion cells. J. Physiol. 317, 29–47.
doi: 10.1113/jphysiol.1981.sp013812

Baden, T., Berensm, P., Franke, K., Román Rosón, M., Bethge, M., Euler, T., et al.
(2016). The functional diversity of retinal ganglion cells in the mouse. Nature
529, 345–350. doi: 10.1038/nature16468

Baohan, A., Ikrar, T., Tring, E., Xu, X., and Trachtenberg, J. T. (2016). Pten and
EphB4 regulate the establishment of perisomatic inhibition in mouse visual
cortex. Nat. Commun. 7:12829. doi: 10.1038/ncomms12829

Bleckert, A., Schwartz, G. W., Turner, M. H., Rieke, F., and Wong, R. O. (2014).
Visual space is represented by nonmatching topographies of distinct mouse
retinal ganglion cell types. Curr. Biol. 24, 310–315. doi: 10.1016/j.cub.2013.
12.020

Bloomfield, S. A., and Völgyi, B. (2009). The diverse functional roles and
regulation of neuronal gap junctions in the retina. Nat. Rev. Neurosci. 10,
495–506. doi: 10.1038/nrn2636

Brivanlou, I. H.,Warland, D. K., andMeister, M. (1998). Mechanisms of concerted
firing among retinal ganglion cells. Neuron 20, 527–539. doi: 10.1016/s0896-
6273(00)80992-7

Cantrup, R., Dixit, R., Palmesino, E., Bonfield, S., Shaker, T., Tachibana, N.,
et al. (2012). Cell-type specific roles for PTEN in establishing a functional
retinal architecture. PLoS One 7:e32795. doi: 10.1371/journal.pone.
0032795

Casini, G., Rickman, D.W., and Brecha, N. C. (1995). AII amacrine cell population
in the rabbit retina: identification by parvalbumin immunoreactivity. J. Comp.
Neurol. 356, 132–142. doi: 10.1002/cne.903560109

Chen, Y. S., Green, C. R., Danesh-Meyer, H. V., and Rupenthal, I. D.
(2015). Neuroprotection in the treatment of glaucoma--A focus on
connexin43 gap junction channel blockers. Eur. J. Pharm. Biopharm. 95,
182–193. doi: 10.1016/j.ejpb.2015.01.031

Chow, D. K., Groszer, M., Pribadi, M., Machniki, M., Carmichael, S. T., Liu, X.,
et al. (2009). Laminar and compartmental regulation of dendritic growth in
mature cortex. Nat. Neurosci. 12, 116–118. doi: 10.1038/nn.2255

Cuenca, N., Fernández-Sánchez, L., Campello, L., Maneu, V., De La Villa, P.,
Lax, P., et al. (2014). Cellular responses following retinal injuries and
therapeutic approaches for neurodegenerative diseases. Prog. Retin. Eye Res. 43,
17–75. doi: 10.1016/j.preteyeres.2014.07.001

Cuenca, N., Pinilla, I., Sauvé, Y., and Lund, R. (2005). Early changes in
synaptic connectivity following progressive photoreceptor degeneration in
RCS rats. Eur. J. Neurosci. 22, 1057–1072. doi: 10.1111/j.1460-9568.2005.
04300.x

Danesh-Meyer, H. V., Kerr, N. M., Zhang, J., Eady, E. K., O’Carroll, S. J.,
Nicholson, L. F., et al. (2012). Connexin43 mimetic peptide reduces vascular
leak and retinal ganglion cell death following retinal ischaemia. Brain 135,
506–520. doi: 10.1093/brain/awr338

de Lima, S., Koriyama, Y., Kurimoto, T., Oliveira, J. T., Yin, Y., Li, Y., et al.
(2012). Full-length axon regeneration in the adult mouse optic nerve and partial
recovery of simple visual behaviors. Proc. Natl. Acad. Sci. U S A 109, 9149–9154.
doi: 10.1073/pnas.1119449109

Deans, M. R., Völgyi, B., Goodenough, D. A., Bloomfield, S. A., and Paul, D. L.
(2002). Connexin36 is essential for transmission of rod-mediated visual

signals in the mammalian retina. Neuron 36, 703–712. doi: 10.1016/s0896-
6273(02)01046-2

DeVries, S. H. (1999). Correlated firing in rabbit retinal ganglion cells.
J. Neurophysiol. 81, 908–920. doi: 10.1152/jn.1999.81.2.908

Duan, X., Qiao, M., Bei, F., Kim, I. J., He, Z., and Sanes, J. R. (2015). Subtype-
specific regeneration of retinal ganglion cells following axotomy: effects of
osteopontin and mTOR signaling. Neuron 85, 1244–1256. doi: 10.1016/j.
neuron.2015.02.017

Feigenspan, A., Teubner, B., Willecke, K., and Weiler, R. (2001). Expression
of neuronal connexin36 in AII amacrine cells of the mammalian retina.
J. Neurosci. 21, 230–239. doi: 10.1523/JNEUROSCI.21-01-00230.2001

Garcia-Junco-Clemente, P., Chow, D. K., Tring, E., Lazaro, M. T.,
Trachtenberg, J. T., and Golshani, P. (2013). Overexpression of calcium-
activated potassium channels underlies cortical dysfunction in a model of
PTEN-associated autism. Proc. Natl. Acad. Sci. U S A 110, 18297–18302.
doi: 10.1073/pnas.1309207110

Gargini, C., Terzibasi, E., Mazzoni, F., and Strettoi, E. (2007). Retinal organization
in the retinal degeneration 10 (rd10) mutant mouse: a morphological and ERG
study. J. Comp. Neurol. 500, 222–238. doi: 10.1002/cne.21144

González-Sánchez, A., Jaraíz-Rodríguez, M., Domínguez-Prieto, M., Herreroá
Gonzlez, S., Medina, J. M., and Tabernero, A. (2016). Connexin43 recruits
PTEN and Csk to inhibit c-Src activity in glioma cells and astrocytes.
Oncotarget 7, 49819–49833. doi: 10.18632/oncotarget.10454

Grimes, W. N., Li, W., Chavez, A. E., and Diamond, J. S. (2009). BK channels
modulate pre- and postsynaptic signaling at reciprocal synapses in retina. Nat.
Neurosci. 12, 585–592. doi: 10.1038/nn.2302

Güldenagel, M., Ammermüller, J., Feigenspan, A., Teubner, B., Degen, J.,
Söhl, G., et al. (2001). Visual transmission deficits in mice with targeted
disruption of the gap junction gene connexin36. J. Neurosci. 21, 6036–6044.
doi: 10.1523/JNEUROSCI.21-16-06036.2001

Güldenagel, M., Söhl, G., Plum, A., Traub, O., Teubner, B., Weiler, R., et al. (2000).
Expression patterns of connexin genes in mouse retina. J. Comp. Neurol. 425,
193–201. doi: 10.1002/1096-9861(20000918)425:2<193::aid-cne3>3.0.co;2-n

Guzman-Aranguez, A., Loma, P., and Pintor, J. (2013). Small-interfering RNAs
(siRNAs) as a promising tool for ocular therapy. Br. J. Pharmacol. 170, 730–747.
doi: 10.1111/bph.12330

Hartveit, E., and Veruki, M. L. (2012). Electrical synapses between AII amacrine
cells in the retina: function and modulation. Brain Res. 1487, 160–172.
doi: 10.1016/j.brainres.2012.05.060

Haverkamp, S., Ghosh, K. K., Hirano, A. A., and Wässle, H. (2003).
Immunocytochemical description of five bipolar cell types of the mouse retina.
J. Comp. Neurol. 455, 463–476. doi: 10.1002/cne.10491

Haverkamp, S., Inta, D., Monyer, H., and Wässle, H. (2009). Expression analysis
of green fluorescent protein in retinal neurons of four transgenic mouse lines.
Neuroscience 160, 126–139. doi: 10.1016/j.neuroscience.2009.01.081

Haverkamp, S., and Wässle, H. (2000). Immunocytochemical analysis
of the mouse retina. J. Comp. Neurol. 424, 1–23. doi: 10.1002/1096-
9861(20000814)424:13.0.CO;2-V

Hippenmeyer, S., Vrieseling, E., Sigrist, M., Portmann, T., Laengle, C., Ladle, D. R.,
et al. (2005). A developmental switch in the response of DRG neurons to
ETS transcription factor signaling. PLoS Biol. 3:e159. doi: 10.1371/journal.pbio.
0030159

Hu, E. H., and Bloomfield, S. A. (2003). Gap junctional coupling underlies the
short-latency spike synchrony of retinal alpha ganglion cells. J. Neurosci. 23,
6768–6777. doi: 10.1523/JNEUROSCI.23-17-06768.2003

Jaworski, J., Spangler, S., Seeburg, D. P., Hoogenraad, C. C., and Sheng, M.
(2005). Control of dendritic arborization by the phosphoinositide-3’-kinase-
Akt-mammalian target of rapamycin pathway. J. Neurosci. 25, 11300–11312.
doi: 10.1523/JNEUROSCI.2270-05.2005

Jo, H. S., Kang, K. H., Joe, C. O., and Kim, J. W. (2012). Pten coordinates
retinal neurogenesis by regulating notch signalling. EMBO J. 31, 817–828.
doi: 10.1038/emboj.2011.443

Johnson, J., Tian, N., Caywood, M. S., Reimer, R. J., Edwards, R. H., and
Copenhagen, D. R. (2003). Vesicular neurotransmitter transporter expression
in developing postnatal rodent retina: GABA and glycine precede glutamate.
J. Neurosci. 23, 518–529. doi: 10.1523/JNEUROSCI.23-02-00518.2003

Jones, B. W., and Marc, R. E. (2005). Retinal remodeling during retinal
degeneration. Exp. Eye Res. 81, 123–137. doi: 10.1016/j.exer.2005.03.006

Frontiers in Neuroanatomy | www.frontiersin.org 13 May 2021 | Volume 15 | Article 629244

https://doi.org/10.6091/ibj.1099.2012
https://doi.org/10.1523/JNEUROSCI.1912-14.2014
https://doi.org/10.1002/cne.24074
https://doi.org/10.1038/383815a0
https://doi.org/10.1113/jphysiol.1981.sp013812
https://doi.org/10.1038/nature16468
https://doi.org/10.1038/ncomms12829
https://doi.org/10.1016/j.cub.2013.12.020
https://doi.org/10.1016/j.cub.2013.12.020
https://doi.org/10.1038/nrn2636
https://doi.org/10.1016/s0896-6273(00)80992-7
https://doi.org/10.1016/s0896-6273(00)80992-7
https://doi.org/10.1371/journal.pone.0032795
https://doi.org/10.1371/journal.pone.0032795
https://doi.org/10.1002/cne.903560109
https://doi.org/10.1016/j.ejpb.2015.01.031
https://doi.org/10.1038/nn.2255
https://doi.org/10.1016/j.preteyeres.2014.07.001
https://doi.org/10.1111/j.1460-9568.2005.04300.x
https://doi.org/10.1111/j.1460-9568.2005.04300.x
https://doi.org/10.1093/brain/awr338
https://doi.org/10.1073/pnas.1119449109
https://doi.org/10.1016/s0896-6273(02)01046-2
https://doi.org/10.1016/s0896-6273(02)01046-2
https://doi.org/10.1152/jn.1999.81.2.908
https://doi.org/10.1016/j.neuron.2015.02.017
https://doi.org/10.1016/j.neuron.2015.02.017
https://doi.org/10.1523/JNEUROSCI.21-01-00230.2001
https://doi.org/10.1073/pnas.1309207110
https://doi.org/10.1002/cne.21144
https://doi.org/10.18632/oncotarget.10454
https://doi.org/10.1038/nn.2302
https://doi.org/10.1523/JNEUROSCI.21-16-06036.2001
https://doi.org/10.1002/1096-9861(20000918)425:2<193::aid-cne3>3.0.co;2-n
https://doi.org/10.1111/bph.12330
https://doi.org/10.1016/j.brainres.2012.05.060
https://doi.org/10.1002/cne.10491
https://doi.org/10.1016/j.neuroscience.2009.01.081
https://doi.org/10.1002/1096-9861(20000814)424:13.0.CO;2-V
https://doi.org/10.1002/1096-9861(20000814)424:13.0.CO;2-V
https://doi.org/10.1371/journal.pbio.0030159
https://doi.org/10.1371/journal.pbio.0030159
https://doi.org/10.1523/JNEUROSCI.23-17-06768.2003
https://doi.org/10.1523/JNEUROSCI.2270-05.2005
https://doi.org/10.1038/emboj.2011.443
https://doi.org/10.1523/JNEUROSCI.23-02-00518.2003
https://doi.org/10.1016/j.exer.2005.03.006
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles


Chen et al. PTEN Expression Regulates Gap Junctions

Kang, T. H., Ryu, Y. H., Kim, I. B., Oh, G. T., and Chun,M. H. (2004). Comparative
study of cholinergic cells in retinas of various mouse strains. Cell Tissue Res.
317, 109–115. doi: 10.1007/s00441-004-0907-5

Keeley, P. W., and Reese, B. E. (2018). The somal patterning of the AII amacrine
cell mosaic in the mouse retina is indistinguishable from random simulations
matched for density and constrained by soma size. Vis. Neurosci. 35:E003.
doi: 10.1017/S0952523817000347

Kim, J. Y., Duan, X., Liu, C. Y., Jang, M. H., Guo, J. U., Pow-Anpongkul, N.,
et al. (2009). DISC1 regulates new neuron development in the adult brain via
modulation of AKT-mTOR signaling through KIAA1212.Neuron 63, 761–773.
doi: 10.1016/j.neuron.2009.08.008

Kim, T. J., and Jeon, C. J. (2006). Morphological classification of parvalbumin-
containing retinal ganglion cells in mouse: single-cell injection after
immunocytochemistry. Invest. Ophthalmol. Vis. Sci. 47, 2757–2764.
doi: 10.1167/iovs.05-1442

Krieger, B., Qiao, M., Rousso, D. L., Sanes, J. R., and Meister, M. (2017). Four
alpha ganglion cell types in mouse retina: function, structure and molecular
signatures. PLoS One 12:e0180091. doi: 10.1371/journal.pone.0180091

Krysko, D. V., Leybaert, L., Vandenabeele, P., and D’Herde, K. (2005). Gap
junctions and the propagation of cell survival and cell death signals. Apoptosis
10, 459–469. doi: 10.1007/s10495-005-1875-2

Kwon, C. H., Luikart, B. W., Powell, C. M., Zhou, J., Matheny, S. A., Zhang, W.,
et al. (2006). Pten regulates neuronal arborization and social interaction in
mice. Neuron 50, 377–388. doi: 10.1016/j.neuron.2006.03.023

Lee, U. S., and Cui, J. (2010). BK channel activation: structural and
functional insights. Trends Neurosci. 33, 415–423. doi: 10.1016/j.tins.2010.
06.004

Leibinger, M., Andreadaki, A., and Fischer, D. (2012). Role of mTOR in
neuroprotection and axon regeneration after inflammatory stimulation.
Neurobiol. Dis. 46, 314–324. doi: 10.1016/j.nbd.2012.01.004

Lesche, R., Groszer, M., Gao, J., Wang, Y., Messing, A., Sun, H., et al. (2002).
Cre/loxP-mediated inactivation of the murine Pten tumor suppressor gene.
Genesis 32, 148–149. doi: 10.1002/gene.10036

Li, Y., Struebing, F. L., Wang, J., King, R., and Geisert, E. E. (2018). Different effect
of Sox11 in retinal ganglion cells survival and axon regeneration. Front. Genet.
9:633. doi: 10.3389/fgene.2018.00633

Madisen, L., Zwingman, T. A., Sunkin, S. M., Oh, S. W., Zariwala, H. A., Gu, H.,
et al. (2010). A robust and high-throughput Cre reporting and characterization
system for the whole mouse brain.Nat. Neurosci. 13, 133–140. doi: 10.1038/nn.
2467

Massey, S. C., and Mills, S. L. (1999). Antibody to calretinin stains AII amacrine
cells in the rabbit retina: double-label and confocal analyses. J. Comp. Neurol.
411, 3–18.

Mastronarde, D. N. (1983a). Correlated firing of cat retinal ganglion cells. I.
Spontaneously active inputs to X- and Y-cells. J. Neurophysiol. 49, 303–324.
doi: 10.1152/jn.1983.49.2.303

Mastronarde, D. N. (1983b). Correlated firing of cat retinal ganglion cells. II.
Responses of X- and Y-cells to single quantal events. J. Neurophysiol. 49,
325–349. doi: 10.1152/jn.1983.49.2.325

Mastronarde, D. N. (1983c). Interactions between ganglion cells in the cat retina.
J. Neurophysiol. 49, 350–365. doi: 10.1152/jn.1983.49.2.350

Meister, M., and Berry, M. J. (1999). The neural code of the retina. Neuron 22,
435–450. doi: 10.1016/s0896-6273(00)80700-x

Meister, M., Lagnado, L., and Baylor, D. A. (1995). Concerted signaling by retinal
ganglion cells. Science 270, 1207–1210. doi: 10.1126/science.270.5239.1207

Menger, N., Pow, D. V., and Wässle, H. (1998). Glycinergic amacrine cells
of the rat retina. J. Comp. Neurol. 401, 34–46. doi: 10.1002/(sici)1096-
9861(19981109)401:1<34::aid-cne3>3.0.co;2-p

Mills, S. L., O’Brien, J. J., Li,W., O’Brien, J., andMassey, S. C. (2001). Rod pathways
in the mammalian retina use connexin 36. J. Comp. Neurol. 436, 336–350.
doi: 10.1002/cne.1071

Nakase, T., and Nasus, C. (2004). Gap junctions and neurological disorders of the
central nervous system. Biochim. Biophys. Acta. 1662, 149–158. doi: 10.1016/j.
bbamem.2004.01.009

Norsworthy, M. W., Bei, F., Kawaguchi, R., Wang, Q., Tran, N. M., Brommer, B.,
et al. (2017). Sox11 expression promotes regeneration of some retinal ganglion
cell types but kills others. Neuron 94, 1112–1120. doi: 10.1016/j.neuron.2017.
05.035

O’Brien, J. (2014). The ever-changing electrical synapse. Curr. Opin. Neurobiol. 29,
64–72. doi: 10.1016/j.conb.2014.05.011

Ogino, M., Ichimura, M., Nakano, N., Minami, A., Kitagishi, Y., and Matsuda, S.
(2016). Roles of PTEN with DNA repair in Parkinson’s disease. Int. J. Mol. Sci.
17:954. doi: 10.3390/ijms17060954

Pan, F., Paul, D. L., Bloomfield, S. A., and Völgyi, B. (2010). Connexin36 is
required for gap junctional coupling of most ganglion cell subtypes
in the mouse retina. J. Comp. Neurol. 518, 911–927. doi: 10.1002/cne.
22254

Pang, J. J., Gao, F., and Wu, S. M. (2003). Light-evoked excitatory and inhibitory
synaptic inputs to ON and OFF alpha ganglion cells in the mouse retina.
J. Neurosci. 23, 6063–6073. doi: 10.1523/JNEUROSCI.23-14-06063.2003

Pang, J. J., Gao, F., and Wu, S. M. (2012). Physiological characterization and
functional heterogeneity of narrow-field mammalian amacrine cells. J. Physiol.
590, 223–234doi: 10.1113/jphysiol.2011.222141

Park, K. K., Liu, K., Hu, Y., Smith, P. D., Wang, C., Cai, B., et al. (2008). Promoting
axon regeneration in the adult CNS by modulation of the PTEN/mTOR
pathway. Science 322, 963–966. doi: 10.1126/science.1161566

Pérez de Sevilla Müller, L., Azar, S. S., De Los Santos, J., and Brecha, N. C. (2017).
Prox1 is a marker for AII amacrine cells in the mouse retina. Front. Neuroanat.
11:39. doi: 10.3389/fnana.2017.00039

Pérez de Sevilla Müller, L., Dedek, K., Janssen-Bienhold, U., Meyer, A.,
Kreuzberg, M. M., Lorenz, S., et al. (2010a). Expression and modulation of
connexin 30.2, a novel gap junction protein in the mouse retina. Vis. Neurosci.
27, 91–101. doi: 10.1017/S0952523810000131

Pérez de Sevilla Müller, L., Do, M. T., Yau, K. W., He, S., and Baldridge, W. H.
(2010b). Tracer coupling of intrinsically photosensitive retinal ganglion cells
to amacrine cells in the mouse retina. J. Comp. Neurol. 518, 4813–4824.
doi: 10.1002/cne.22490

Pérez de Sevilla Müller, L., Liu, J., Solomon, A., Rodriguez, A., and Brecha, N. C.
(2013). Expression of voltage-gated calcium channel α(2)δ(4) subunits in the
mouse and rat retina. J. Comp. Neurol. 521, 2486–2501. doi: 10.1002/cne.
23294

Pérez de Sevilla Müller, L., Shelley, J., and Weiler, R. (2007). Displaced amacrine
cells of themouse retina. J. Comp. Neurol. 505, 177–189. doi: 10.1002/cne.21487

Pérez de SevillaMüller, L., Solomon, A., Sheets, K., Hapukino, H., Rodriguez, A. R.,
and Brecha, N. C. (2019). Multiple cell types form the VIP amacrine cell
population. J. Comp. Neurol. 527, 133–158. doi: 10.1002/cne.24234

Phillips, M. J., Otteson, D. C., and Sherry, D. M. (2010). Progression of neuronal
and synaptic remodeling in the rd10 mouse model of retinitis pigmentosa.
J. Comp. Neurol. 518, 2071–2089. doi: 10.1002/cne.22322

Pourcho, R. G., and Goebel, D. J. (1985). Immunocytochemical demonstration
of glycine in retina. Brain Res. 348, 339–342. doi: 10.1016/0006-8993(85)
90453-6

Preiss, S., Namgaladze, D., and Brune, B. (2007). Critical role for classical PKC
in activating Akt by phospholipase A2-modified LDL in monocytic cells.
Cardiovasc. Res. 73, 833–840. doi: 10.1016/j.cardiores.2006.12.019

Puthussery, T., Gayet-Primo, J., Pandey, S., Duvoisin, R. M., and Taylor, W. R.
(2009). Differential loss and preservation of glutamate receptor function in
bipolar cells in the rd10 mouse model of retinitis pigmentosa. Eur. J. Neurosci.
29, 1533–1542. doi: 10.1111/j.1460-9568.2009.06728.x

Rodriguez, A. R., De Sevilla Müller, L. P., and Brecha, N. C. (2014). The
RNA binding protein RBPMS is a selective marker of ganglion cells in the
mammalian retina. J. Comp. Neurol. 522, 1411–1443. doi: 10.1002/cne.23521

Rodríguez-Sinovas, A., Cabestrero, A., López, D., Torre, I., Morente, M.,
Abellán, A., et al. (2007). The modulatory effects of connexin 43 on cell
death/survival beyond cell coupling. Prog. Biophys. Mol. Biol. 94, 219–232.
doi: 10.1016/j.pbiomolbio.2007.03.003

Sakagami, K., Chen, B., Nusinowitz, S., Wu, H., and Yang, X. J. (2012). PTEN
regulates retinal interneuron morphogenesis and synaptic layer formation.
Mol. Cell Neurosci. 49, 171–183. doi: 10.1016/j.mcn.2011.11.007

Sanes, J. R., and Masland, R. H. (2015). The types of retinal ganglion cells: current
status and implications for neuronal classification. Annu. Rev. Neurosci. 38,
221–246. doi: 10.1146/annurev-neuro-071714-034120

Sawant, A., Ebbinghaus, B. N., Bleckert, A., Gamlin, C., Yu,W. Q., Berson, D., et al.
(2021). Organization and emergence of a mixed GABA-glycine retinal circuit
that provides inhibition to mouse ON-sustained alpha retinal ganglion cells.
Cell Rep. 34:108858. doi: 10.1016/j.celrep.2021.108858

Frontiers in Neuroanatomy | www.frontiersin.org 14 May 2021 | Volume 15 | Article 629244

https://doi.org/10.1007/s00441-004-0907-5
https://doi.org/10.1017/S0952523817000347
https://doi.org/10.1016/j.neuron.2009.08.008
https://doi.org/10.1167/iovs.05-1442
https://doi.org/10.1371/journal.pone.0180091
https://doi.org/10.1007/s10495-005-1875-2
https://doi.org/10.1016/j.neuron.2006.03.023
https://doi.org/10.1016/j.tins.2010.06.004
https://doi.org/10.1016/j.tins.2010.06.004
https://doi.org/10.1016/j.nbd.2012.01.004
https://doi.org/10.1002/gene.10036
https://doi.org/10.3389/fgene.2018.00633
https://doi.org/10.1038/nn.2467
https://doi.org/10.1038/nn.2467
https://doi.org/10.1152/jn.1983.49.2.303
https://doi.org/10.1152/jn.1983.49.2.325
https://doi.org/10.1152/jn.1983.49.2.350
https://doi.org/10.1016/s0896-6273(00)80700-x
https://doi.org/10.1126/science.270.5239.1207
https://doi.org/10.1002/(sici)1096-9861(19981109)401:1<34::aid-cne3>3.0.co;2-p
https://doi.org/10.1002/(sici)1096-9861(19981109)401:1<34::aid-cne3>3.0.co;2-p
https://doi.org/10.1002/cne.1071
https://doi.org/10.1016/j.bbamem.2004.01.009
https://doi.org/10.1016/j.bbamem.2004.01.009
https://doi.org/10.1016/j.neuron.2017.05.035
https://doi.org/10.1016/j.neuron.2017.05.035
https://doi.org/10.1016/j.conb.2014.05.011
https://doi.org/10.3390/ijms17060954
https://doi.org/10.1002/cne.22254
https://doi.org/10.1002/cne.22254
https://doi.org/10.1523/JNEUROSCI.23-14-06063.2003
https://doi.org/10.1113/jphysiol.2011.222141
https://doi.org/10.1126/science.1161566
https://doi.org/10.3389/fnana.2017.00039
https://doi.org/10.1017/S0952523810000131
https://doi.org/10.1002/cne.22490
https://doi.org/10.1002/cne.23294
https://doi.org/10.1002/cne.23294
https://doi.org/10.1002/cne.21487
https://doi.org/10.1002/cne.24234
https://doi.org/10.1002/cne.22322
https://doi.org/10.1016/0006-8993(85)90453-6
https://doi.org/10.1016/0006-8993(85)90453-6
https://doi.org/10.1016/j.cardiores.2006.12.019
https://doi.org/10.1111/j.1460-9568.2009.06728.x
https://doi.org/10.1002/cne.23521
https://doi.org/10.1016/j.pbiomolbio.2007.03.003
https://doi.org/10.1016/j.mcn.2011.11.007
https://doi.org/10.1146/annurev-neuro-071714-034120
https://doi.org/10.1016/j.celrep.2021.108858
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles


Chen et al. PTEN Expression Regulates Gap Junctions

Schnitzer, J., and Rusoff, A. C. (1984). Horizontal cells of the mouse retina contain
glutamic acid decarboxylase-like immunoreactivity during early developmental
stages. J. Neurosci. 4, 2948–2955. doi: 10.1523/JNEUROSCI.04-12-
02948.1984

Schubert, T., Degen, J., Willecke, K., Hormuzdi, S. G., Monyer, H., and
Weiler, R. (2005). Connexin36 mediates gap junctional coupling of alpha-
ganglion cells in mouse retina. J. Comp. Neurol. 485, 191–201. doi: 10.1002/cne.
20510

Singer, W. (1999). Neuronal synchrony: a versatile code for the definition of
relations. Neuron 24, 49–125. doi: 10.1016/s0896-6273(00)80821-1

Söhl, G., Maxeiner, S., and Willecke, K. (2005). Expression and functions of
neuronal gap junctions. Nat. Rev. Neurosci. 6, 191–200. doi: 10.1038/nrn1627

Stevens, C. F., and Zador, A. M. (1998). Input synchrony and the irregular firing
of cortical neurons. Nat. Neurosci. 1, 210–217. doi: 10.1038/659

Strettoi, E., and Pignatelli, V. (2000). Modifications of retinal neurons in a mouse
model of retinitis pigmentosa. Proc. Natl. Acad Sci. U S A 97, 11020–11025.
doi: 10.1073/pnas.190291097

Sun, F., Park, K. K., Belin, S., Wang, D., Lu, T., Chen, G., et al. (2011). Sustained
axon regeneration induced by co-deletion of PTEN and SOCS3. Nature 480,
372–375. doi: 10.1038/nature10594

Sun, W., Li, N., and He, S. (2002). Large-scale morphological survey of mouse
retinal ganglion cells. J. Comp. Neurol. 451, 115–126. doi: 10.1002/cne.
10323

Tachibana, N., Cantrup, R., Dixit, R., Touahri, Y., Kaushik, G., Zinyk, D., et al.
(2016). Pten regulates retinal amacrine cell number by modulating Akt, Tgfβ
and Erk signaling. J. Neurosci. 36, 9454–9471. doi: 10.1523/JNEUROSCI.0936-
16.2016

Tanimoto, N., Sothilingam, V., Euler, T., Ruth, P., Seeliger,M.W., and Schubert, T.
(2012). BK channels mediate pathway-specific modulation of visual signals in
the in vivomouse retina. J. Neurosci. 32, 4861–4866. doi: 10.1523/JNEUROSCI.
4654-11.2012

Tran, N. M., Shekhar, K., Whitney, I. E., Jacobi, A., Benhar, I., Hong, G.,
et al. (2019). Single-cell profiles of retinal ganglion cells differing in resilience
to injury reveal neuroprotective genes. Neuron 104, e12.1039–e12.1055.
doi: 10.1016/j.neuron.2019.11.006

Urschel, S., Höher, T., Schubert, T., Alev, C., Söhl, G., Wörsdörfer, P., et al. (2006).
Protein kinase A-mediated phosphorylation of connexin36 in mouse retina
results in decreased gap junctional communication between AII amacrine cells.
J. Biol. Chem. 281, 33163–33171. doi: 10.1074/jbc.M606396200

Usrey, W. M., and Reid, R. C. (1999). Synchronous activity in the visual system.
Annu. Rev. Physiol. 61, 435–456. doi: 10.1146/annurev.physiol.61.1.435

Van Hook, M. J., Nawy, S., and Thoreson, W. B. (2019). Voltage- and calcium-
gated ion channels of neurons in the vertebrate retina. Prog. Retin. Eye Res.
72:100760. doi: 10.1016/j.preteyeres.2019.05.001

Van Wyk, M., Wässle, H., and Taylor, W. R. (2009). Receptive field properties of
ON- and OFF-ganglion cells in the mouse retina. Vis. Neurosci. 26, 297–308.
doi: 10.1017/S0952523809990137

Vaney, D. I., Nelson, J. C., and Pow, D. V. (1998). Neurotransmitter
coupling through gap junctions in the retina. J. Neurosci. 18, 10594–10602.
doi: 10.1523/JNEUROSCI.18-24-10594.1998

Varadarajan, S. G., and Huberman, A. D. (2018). Assembly and repair
of eye-to-brain connections. Curr. Opin. Neurobiol. 53, 198–209.
doi: 10.1016/j.conb.2018.10.001

Völgyi, B., Abrams, J., Paul, D. L., and Bloomfield, S. A. (2005). Morphology and
tracer coupling pattern of alpha ganglion cells in the mouse retina. J. Comp.
Neurol. 492, 66–77. doi: 10.1002/cne.20700

Völgyi, B., Chheda, S., and Bloomfield, S. A. (2009). Tracer coupling patterns of
the ganglion cell subtypes in the mouse retina. J. Comp. Neurol. 51, 664–687.
doi: 10.1002/cne.21912

Völgyi, B., Kovács-Oller, T., Atlasz, T., Wilhelm, M., and Gábriel, R. (2013a). Gap
junctional coupling in the vertebrate retina: variations on one theme. Prog.
Retin. Eye Res. 34, 1–18. doi: 10.1016/j.preteyeres.2012.12.002

Völgyi, B., Pan, F., Paul, D. L., Wang, J. T., Huberman, A. D., and Bloomfield, S. A.
(2013b). Gap junctions are essential for generating the correlated spike activity
of neighboring retinal ganglion cells. PLoS One 8:e69426. doi: 10.1371/journal.
pone.0069426

Vuong, H. E., Pérez de Sevilla Müller, L., Hardi, C. N., McMahon, D. G.,
and Brecha, N. C. (2015). Heterogeneous transgene expression in the
retinas of the TH-RFP, TH-Cre, TH-BAC-Cre and DAT-Cre mouse
lines. Neuroscience 307, 319–337. doi: 10.1016/j.neuroscience.2015.
08.060

Wang, G. Y., Robinson, D. W., and Chalupa, L. M. (1998). Calcium-activated
potassium conductances in retinal ganglion cells of the ferret. J. Neurophysiol.
79, 151–158. doi: 10.1152/jn.1998.79.1.151

Wang, X. W., Li, Q., Liu, C. M., Hall, A., Jiang, J. J., Katchis, C. D., et al. (2018).
Lin28 signaling supports mammalian PNS and CNS Axon Regeneration. Cell
Rep. 24, 2540–2552. doi: 10.1016/j.celrep.2018.07.105

Wässle, H., Grunert, U., Chun, M. H., and Boycott, B. B. (1995). The rod pathway
of the macaque monkey retina: identification of AII-amacrine cells with
antibodies against calretinin. J. Comp. Neurol. 361, 537–551. doi: 10.1002/cne.
903610315

Wässle, H., Heinze, L., Ivanova, E., Majumdar, S., Weiss, J., Harvey, R. J.,
et al. (2009). Glycinergic transmission in the Mammalian retina. Front. Mol.
Neurosci. 2:6. doi: 10.3389/neuro.02.006.2009

Xia, X. B., and Mills, S. L. (2004). Gap junctional regulatory mechanisms
in the AII amacrine cell of the rabbit retina. Vis. Neurosci. 21, 791–805.
doi: 10.1017/S0952523804215127

Xiong, Q., Oviedo, H. V., Trotman, L. C., and Zador, A. M. (2012). PTEN
regulation of local and long-range connections in mouse auditory cortex.
J. Neurosci. 32, 1643–1652. doi: 10.1523/JNEUROSCI.4480-11.2012

Zukor, K., Belin, S., Wang, C., Keelan, N., Wang, X., and He, Z. (2013).
Short hairpin RNA against PTEN enhances regenerative growth of
corticospinal tract axons after spinal cord injury. J. Neurosci. 33, 15350–15361.
doi: 10.1523/JNEUROSCI.2510-13.2013

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Chen, Azar, Harris, Brecha and Pérez de Sevilla Müller. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroanatomy | www.frontiersin.org 15 May 2021 | Volume 15 | Article 629244

https://doi.org/10.1523/JNEUROSCI.04-12-02948.1984
https://doi.org/10.1523/JNEUROSCI.04-12-02948.1984
https://doi.org/10.1002/cne.20510
https://doi.org/10.1002/cne.20510
https://doi.org/10.1016/s0896-6273(00)80821-1
https://doi.org/10.1038/nrn1627
https://doi.org/10.1038/659
https://doi.org/10.1073/pnas.190291097
https://doi.org/10.1038/nature10594
https://doi.org/10.1002/cne.10323
https://doi.org/10.1002/cne.10323
https://doi.org/10.1523/JNEUROSCI.0936-16.2016
https://doi.org/10.1523/JNEUROSCI.0936-16.2016
https://doi.org/10.1523/JNEUROSCI.4654-11.2012
https://doi.org/10.1523/JNEUROSCI.4654-11.2012
https://doi.org/10.1016/j.neuron.2019.11.006
https://doi.org/10.1074/jbc.M606396200
https://doi.org/10.1146/annurev.physiol.61.1.435
https://doi.org/10.1016/j.preteyeres.2019.05.001
https://doi.org/10.1017/S0952523809990137
https://doi.org/10.1523/JNEUROSCI.18-24-10594.1998
https://doi.org/10.1016/j.conb.2018.10.001
https://doi.org/10.1002/cne.20700
https://doi.org/10.1002/cne.21912
https://doi.org/10.1016/j.preteyeres.2012.12.002
https://doi.org/10.1371/journal.pone.0069426
https://doi.org/10.1371/journal.pone.0069426
https://doi.org/10.1016/j.neuroscience.2015.08.060
https://doi.org/10.1016/j.neuroscience.2015.08.060
https://doi.org/10.1152/jn.1998.79.1.151
https://doi.org/10.1016/j.celrep.2018.07.105
https://doi.org/10.1002/cne.903610315
https://doi.org/10.1002/cne.903610315
https://doi.org/10.3389/neuro.02.006.2009
https://doi.org/10.1017/S0952523804215127
https://doi.org/10.1523/JNEUROSCI.4480-11.2012
https://doi.org/10.1523/JNEUROSCI.2510-13.2013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles

	PTEN Expression Regulates Gap Junction Connectivity in the Retina
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and Animal Preparation
	Immunohistochemistry
	Intracellular Dye Injections Studies
	Fluorescent Image Acquisition
	Analysis of Whole-Mounted Retinas
	Analysis of Retinal Sections
	Analysis of Injected Ganglion Cells
	Analysis of Cx36 in Injected Ganglion Cells
	Statistical Analysis

	RESULTS
	Characterization of the Ganglion Cell Layer in the PV-Pten+/- Mouse Retina
	Morphology and Tracer Coupling of -RGCs
	-RGC Morphology
	-RGCs Coupling Patterns

	Cx36 Expression in OFF -RGCs
	Amacrine and Bipolar Cell Populations in the PV-Pten Mouse Line

	DISCUSSION
	Reduced Coupling in PV-RGCs

	CONCLUSIONS
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


