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Synaptic disorganization is a prominent feature of many neurological diseases of the CNS, including Parkinson’s disease,
intellectual development disorders, and autism. Although synaptic plasticity is critical for learning and memory, it is
unclear whether this innate property helps restore synaptic function in disease once the primary cause of disease is
abrogated. An answer to this question may come from a recent investigation in X-linked retinoschisis, a currently
untreatable retinopathy. In this issue of the JCI, Ou, Vijayasarathy, and colleagues showed progressive disorganization of
key functional elements of the synapse between photoreceptors and ON-bipolar cells in a retinoschisin-deficient mouse
model. Moreover, they demonstrated that adeno-associated virus–mediated (AAV-mediated) delivery of the retinoschisin
gene restores structure and function to the photoreceptor to ON–bipolar cell synapse in mouse models, even in adults at
advanced stages of the disease. The results of this study hold promise that AAV-based supplemental gene therapy will
benefit patients with X-linked retinoschisis in a forthcoming clinical trial.
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X-linked retinoschisis: a 
disease of synapse dysfunction
X-linked retinoschisis (XLRS) is a reti-
nal degenerative disease leading to early 
visual loss. Morphologically, the disease 
is characterized by splitting through reti-
nal layers and formation of intraretinal 
fluid–filled cystic cavities that are most 
prominent in the foveomacular region. 
XLRS is caused by mutations in the ret-
inoschisin-encoding gene (RS1), which 
is mainly expressed in photoreceptors 
in the mature retina. Retinoschisin is a 
secreted protein that adopts an octameric 
structure and is a prominent component 
of the extracellular matrix (ECM) of both 
the photoreceptor inner segment and the 
retinal outer plexiform layer, where it may 
act as a cell-adhesion molecule. Although 
some interaction partners have been iden-
tified, the precise function of retinoschisin 

is largely unknown. A hallmark of XLRS 
is a reduction of the b-wave amplitude in 
light-evoked electroretinography (ERG) 
responses, which points to a principal 
defect in light-dependent signal transmis-
sion from photoreceptors to depolarizing 
ON–bipolar cells (1). In this issue, Ou, 
Vijayasarathy, and colleagues used Rs1–/– 
knockout mouse model to study XLRS-
associated alterations of the rod photore-
ceptor–bipolar cell synapse in detail (2).

In the retina, substantial synaptic 
remodeling has been described at the 
very first synapse of the visual system in 
several mouse degeneration models. In 
particular, the postsynaptic side of bipo-
lar cells has been studied in great detail. 
Various degeneration-induced synaptic 
alterations have been observed, includ-
ing sprouting of bipolar cell dendrites (3), 
downregulation of the metabotropic glu-

tamate receptor (mGluR6)(4), alteration 
of downstream signaling cascade proteins 
(G proteins, nyctalopin, and transient 
receptor potential melastatin subfamily 
M member 1 [TRPM1]) (5), and compen-
satory expression of ionotropic glutamate 
receptors (6) and glutamate transport-
ers (7). Interestingly, photoreceptor loss 
can affect glutamate receptor expression 
within a time span of a few hours, indicat-
ing a high degree of plasticity in the outer 
degenerative retina (8).

Murine XLRS model provides 
insight into pathosynaptic 
phenotypes
The extent and type of pathosynaptic alter-
ations in retinal disease strongly depend 
on how degeneration affects the photore-
ceptor. For example, when rod photorecep-
tors vanish — as is the case in rd1 and rd10 
mouse models — rod bipolar cells retract 
their dendrites, but express alternative 
somatic glutamate receptors to integrate 
glutamatergic input from remnant cones 
(4, 6, 7). Conversely, if only glutamate 
release from the presynapse is reduced, 
but the rod itself is maintained, ectopic 
synapses between rods and rod bipolar 
cells are formed and mGluR6 distribution 
is strongly altered (reviewed in ref. 9). In 
this issue of the JCI, Ou, Vijayasarathy, 
and colleagues report a subtle pathosynap-
tic phenotype in a mouse model for XLRS. 
Using Rs1–/– mice, these authors present 
evidence that proteins downstream of the 
intracellular signaling cascade are dis-
lodged from postsynaptic bipolar cell den-
drites; however, the glutamate-binding 
receptor mGluR6 itself remains at this site 
(Figure 1). Notably, compared with other 
murine retinal degeneration models, pre-
synaptic structures were maintained, but 
the calcium levels in the presynaptic ter-
minals were seemingly reduced in Rs1–/–  
mice. Moreover, expression of the glu-
tamate transporter vGluT1 was reduced 
in the outer retina of Rs1–/–, pointing to a 
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Synaptic disorganization is a prominent feature of many neurological 
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memory, it is unclear whether this innate property helps restore synaptic 
function in disease once the primary cause of disease is abrogated. An 
answer to this question may come from a recent investigation in X-linked 
retinoschisis, a currently untreatable retinopathy. In this issue of the JCI, Ou, 
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stages of the disease. The results of this study hold promise that AAV-based 
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ers) remain unclear, which in theory would 
allow the glutamate concentration in the 
synaptic cleft to be decreased or increased. 
A recently developed, genetically encoded 
glutamate-sensing indicator (14) has been 
successfully expressed in retinal cells to 
measure glutamate in the synaptic cleft; 
however, this sensor has not been used to 
evaluate glutamate in murine models of 
degeneration. Adeno-associated virus–
mediated (AAV-mediated) expression of 
such a bioindicator in bipolar cells to moni-
tor glutamate release from photoreceptors 
has the potential to substantially advance 
our understanding of how altered gluta-
matergic drive from degenerating photo-
receptors affects postsynaptic structures. 
As there is a high degree of plasticity at the 
first synapse of the mouse visual system 
in degeneration mouse models, a finding 
that presumably translates to patients, 
therapeutic intervention to rescue func-
tion of this important synapse may be fea-
sible in the future.

Gene therapy restores visual 
acuity in adult retinoschisin-
deficient mice
Currently, there is no effective treatment 
for patients with XLRS. Topical admin-
istration of carbonic anhydrase inhibi-
tors ameliorates prominent morphologi-
cal distortions, such as central macular 
thickness and the size of macular cysts; 
however, improvement of visual acuity 
upon treatment is controversial (15, 16). 
In contrast, in the Rs1–/– mouse model for 
XLRS, supplemental AAV vector–mediat-

mGluR6 and TRPM1 are differently regu-
lated. In this view, the distinct pathosynap-
tic patterns of the mGluR6-signaling cas-
cade proteins observed in different mouse 
retinal degeneration models suggest that 
the postsynaptic macromolecular organi-
zation in bipolar cells depends on highly 
complex protein expression, trafficking, 
and sorting processes. However, a much 
more complete picture of the composition 
and regulation of the photoreceptor–bipo-
lar cell synapse needs to be established to 
fully understand the pathosynaptic phe-
notype in Rs1–/– animals. For example, fur-
ther ultrastructural studies are required to 
evaluate fine-scale morphological altera-
tions, similar to what has been performed 
at the photoreceptor synapse to study the 
ECM protein pikachurin (13). Additionally, 
it is not clear how glutamate release from 
photoreceptors is changed in regard to 
degenerative downstream processes. For 
example, in the Rs1–/– retina, the calcium 
concentration in photoreceptor axon ter-
minals is lower, but the expression levels of 
proteins that remove glutamate from the 
synaptic cleft (e.g., glutamate transport-

strong alteration of the glutamate release 
at the photoreceptor–bipolar cell synapse. 
When synaptic transmission is reduced, 
postsynaptic neurons normally respond 
in one of two possible ways. They either 
increase postsynaptic receptor density in 
response to the reduced level of transmit-
ter to adjust the synaptic efficiency or they 
reduce the number of postsynaptic recep-
tors to strengthen other connections. The 
compensatory pathway chosen very much 
depends on the specificity of the synapse 
and the overall activity level (reviewed 
in ref. 10). Surprisingly, the decreased 
calcium level in the Rs1–/– photoreceptor 
terminals and the expected downregula-
tion of glutamate release did not directly 
alter expression or localization of the 
glutamate-binding mGluR6 receptor on 
the dendrite tips; however, the calcium 
decrease reduced expression of down-
stream signaling molecules, including the 
cation channel TRPM1, subsequently lead-
ing to homeostatic hyperpolarization of the 
bipolar cells. Unlike earlier studies (11, 12), 
the study by Ou, Vijayasarathy, and col-
leagues suggests that expression levels of 

Figure 1. Functional remodeling of the rod 
photoreceptor–to–rod bipolar cell synapse 
in the retinoschisin-deficient retina. (A) This 
schematic shows the synaptic connection 
between rod photoreceptors (blue, rods) and rod 
bipolar cells (red, RBC) in the outer retina. For 
simplicity, all other cell types are shown in gray. 
(B) Magnified synapse illustrates the differ-
ences in organization of the rod-to-rod bipolar 
cell synapse between WT and synaptically 
remodeled Rs1–/– mutant retinae (right). In the 
Rs1–/– animals, the presynaptic structure of the 
rod is intact, although the intracellular calcium 
channel concentration and the vGluT1 expres-
sion are decreased, suggesting lower abundance 
of synaptic vesicles and reduced glutamate 
release. Note that the density of mGluR6 in the 
postsynaptic Rs1–/– RBC resembles that in the 
WT RBC, whereas G protein and TRPM1 channel 
expression at the dendritic tip are reduced.
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cient for therapeutic success. In XLRS, the 
swelled and loosened retinal structure of 
this pathology may facilitate penetration 
of the therapeutic vector and transduc-
tion of photoreceptors and bipolar cells 
upon intravitreal injection. Prior studies 
with intravitreal injection of an AAV8 vec-
tor that is similar to that performed by Ou, 
Vijayasarathy, and colleagues have shown 
that penetration into the outer retina of 
WT mice is much less effective than it is in 
the Rs1–/– mutant retina, where the AAV8 
vector readily transduces photoreceptors 
and rescues function (20). As retinoschisin 
is a secreted protein, could AAV-mediated 
expression of retinoschisin in other, more 
easily accessible retina cell types do the 
job? Likely not, as targeted expression 
of retinoschisin in Muller glial cells has 
been shown to be much less effective than 
expression in photoreceptors for rescuing 
defects in the Rs1–/– mouse (21).

In conclusion, Ou, Vijayasarathy, and 
colleagues provide a body of work that 
supports other preclinical evidence that 
XLRS may be an excellent target for reti-
nal gene therapy. Not only does innate 
synaptic plasticity restore structure and 
function in Rs1–/– mice, but the pathol-
ogy of this disease provides advantageous 
access to outer retina layers for the intra-
vitreal route delivery of therapeutic AAV 
vectors. The feasibility of this approach in 
patients is being evaluated in a phase I/IIa, 
prospective, three-dose escalation study 
that is currently underway (ClinicalTrials.
gov NCT02317887) to probe safety and 
efficacy of gene therapy in XLRS patients.
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ed gene therapy has not only been shown 
to reduce retinal swelling and cyst forma-
tion, but also to reduce photoreceptor 
loss and improve light-induced b-wave 
amplitude in ERG recordings (17–21). 
Ou, Vijayasarathy, and colleagues have 
now substantiated previous reports that 
AAV-based gene delivery functionally 
rescues the visual defect by showing that 
reconstitution of retinoschisin expression 
ameliorates synaptic pathology by restor-
ing presynaptic Ca2+ levels and vGlutT1 
expression, postsynaptic organization of  
signal transduction components, and 
bipolar cell membrane potential (2). 
Importantly, these results were achieved 
in adult animals in which the pathology 
had already substantially progressed, indi-
cating that function is regained through 
innate plasticity of the photoreceptor–to– 
ON-bipolar cell synapse.

Current state-of-the-art gene ther-
apy for retinal dystrophies is surgically 
demanding and requires local detach-
ment of the photoreceptor layer from the 
underlying retinal pigment epithelium 
for injection of viral vectors into the sub-
retinal space (22–24). This transient abla-
tion of the neuroretina poses additional 
procedural risks, such as retinal rupture, 
particularly in patients with a thinned, 
degenerating retina as the result of reti-
nal dystrophies, and damage to the fovea, 
which increases the risk of compromising 
any residual central vision (25). Further-
more, subretinal injection only allows 
gene transduction at the site of injection 
and in parts of the retina that immediately 
surround the injection site. An alternative 
approach that overcomes these limitations 
is delivery of viral vectors through injec-
tion into the vitreous. This route of injec-
tion is a routine and safe procedure in oph-
thalmic surgery that is performed under 
local anesthesia. While penetration of AAV 
vectors from the vitreous into the outer 
retinal layers has been a major obstacle in 
early studies, recent capsid modifications 
have yielded vectors with improved ability 
to efficiently transduce outer retinal cell 
types, including photoreceptors and bipo-
lar cells in the mouse retina (26, 27). It has 
yet to be shown whether penetration and 
efficacy of outer retinal cell transduction 
after intravitreal injection will show com-
parable results in the human retina and 
whether this route of injection will be suffi-
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