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UNDERSTANDING AND RESTORING VISION

Botond Roska1,2

Vision is of key importance for humans and diseases leading to loss 
of vision have a major effect on day-to-day life. The process of vision 
starts in the retina, where images captured by photoreceptors are 
processed by retinal circuits built from more than hundred cell types. 
Information from the retina flows via the thalamus to a number of 
cortical areas. Here I summarize the results of work in my labora-
tory that is focused on a basic understanding of visual processing in 
the retina, thalamus and visual cortex at the level of cell types and 
circuits, and the use of this information to understand disease mech-
anisms and to develop correcting therapies.

The effects of loss of vision on day-to-day life are ranked higher than 
loss of memory or loss of a limb1. Blindness is ranked as the worst human 
condition, ahead of Alzheimer disease or cancer. This emphasis on vision 
diseases is a reflection of modern living, where most forms of informa-
tion exchange involve the use of visual devices. Given that the propor-
tion of people with visual impairment or blindness is growing exponen-
tially with the increased mean age of the population2, diseases of vision 
will continue to be a major problem for society.

Vision starts in the retina, where the visual scene is captured by an array 
of photoreceptors. Information from the retina flows to a number of sub-
cortical areas, of which the lateral geniculate nucleus is the most impor-
tant in the formation of a conscious percept. Visual information from the 
lateral geniculate nucleus reaches the primary visual cortex and then 
spreads through many higher cortical areas. Although about 30% of the 
human cortex is devoted to vision3, and a very large number of cortical 
neurons are involved, most blinding diseases originate in the retina. 

1 Institute of Molecular and Clinical Ophthalmology Basel
2 Department of Ophthalmology, University of Basel
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The retina of vertebrates has a conserved architecture4 of five major neu-
ronal cell classes organized in three nuclear and two synaptic layers (Fig-
ure 1). The neuronal cell classes include excitatory cells, namely photo-
receptors, bipolar cells, and ganglion cells. These cell classes are 
interconnected in an excitatory chain that ends with ganglion cells, which 
are the output neurons of the retina. There are also two classes of inhib-
itory cells. Horizontal cells receive and feedback input from photore-
ceptors and also feed forward to bipolar cells. Amacrine cells receive and 
feedback input from bipolar cells and also feed forward to ganglion cells. 
Each of these cell classes is further divided into cell types formed from 
morphologically and physiologically similar neurons. It is believed that 
vertebrate retinas contain more than 100 cell types5 organized in ~30 cir-
cuit modules6. Each circuit module is made up of one of ~30 ganglion 
cell types connected to a few types of bipolar and amacrine cells, together 
with the cell types that connect the bipolar and amacrine types, includ-
ing rods, cones and horizontal cells. Repetitions of each circuit module 
cover the retinal surface, thus forming a circuit mosaic that is the elemen-
tary unit of retina function. Images arriving via the photoreceptors are 

Figure 1. Neuronal cell classes of the vertebrate retina. Shades of blue: rod and cone 
photoreceptor (top), bipolar cell (middle), ganglion cell (bottom). Orange: horizontal cell. 
Red: Amacrine cell.
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processed by each circuit mosaic according to the connectivity and dy-
namics of its cell types. This results in a distinct neuronal representation 
of the image (retinal movie) at its ganglion cell mosaic, which is broad-
cast to higher brain centers by the ganglion cell axons that form the optic 
nerve4. Since there are ~30 different circuit mosaics, the vertebrate retina 
forms ~30 different retinal movies that present different features of the 
visual scene to higher brain centers (Figure 2).

Cell types, circuits and computations 

The cell type concept has become a cornerstone of our understanding of 
visual function. We were intrigued to learn how cell types and circuits of 
the visual system extract features from the visual scene and started our 
investigations by creating an atlas of cell-type transcriptomes in the mouse 
retina7. We found that each adult retinal cell type expresses a specific set 
of genes, including a unique set of transcription factors. We have used 
this atlas to manipulate retinal cell types using mouse genetics or viruses 
and to explore the logic by which visual circuits extract information from 
the visual scene. 

Figure 2. Retinal cell types are organized into ~30 circuit mosaics, each of which receives 
input from the mosaic of photoreceptors and ends with a mosaic of ganglion cells of a given 
type that forms the retinal output.
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Multifunctional cell types in the retina

Our first insight was that retinal cell types and circuits are multifunctional 
and can therefore perform radically different functions according to the 
visual input, or even when the visual input remains the same. We have 
reported several examples of such circuits.

The first was a retinal circuit that specializes in detecting approaching 
objects, such as looming predators8. Together with Rava Azaredo da Sil-
veira, we identified an approach-sensitive ganglion cell type in the mouse 
retina (Figure 3), resolved elements of its afferent neural circuit, and 
described how these confer approach sensitivity to the ganglion cell. The 
essential building block of the circuit is a rapid inhibitory pathway that 
selectively suppresses responses to non-approaching objects. This path-
way was described previously in the context of night-time vision, but in 
day-time conditions it conveys signals in the reverse direction. This 
demonstration of the dual activity of a neural pathway according to 
varying physiological conditions showed that several functions can be 
accommodated efficiently in a single circuit.

Figure 3. Responses of an approach sensitive neuron. Response is observed at stimulus fea-
tures which are shown gray. Response amplitude is coded by the diameter of the gray spots.
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The second example was a retinal circuit whose function changes with 
the ambient illumination9. By examining a continuous scale of light lev-
els from starlight to daylight, we recorded retinal ganglion cell types that 
abruptly and reversibly switch the weighting of center and surround in-
teractions in their receptive field around cone threshold (Figure 4). 
Two-photon-targeted recordings combined with genetic and viral-tracing 
experiments showed that the circuit element responsible for the switch is 
a large inhibitory neuron that acts directly on ganglion cells. We found 
that weak excitatory input via electrical synapses, together with the spik-
ing threshold in inhibitory cells, act as a switch. Thus, circuits in the ret-
ina can quickly and reversibly switch between two distinct states, imple-
menting distinct perceptual regimes at different light levels. The work 
also revealed a switch-like component in the spatial integration proper-
ties of human vision at cone threshold.

We discovered in a third example that rods that act as photoreceptors in 
nightlight, switch their function in daylight10. Vision of vertebrates relies 
on both types of photoreceptors, the rods and the cones, that signal 
increments in light intensity with graded hyperpolarizations. Rods are 

Figure 4. A switch cell. Responses of the cell to a small (left) and a large (right) spot at dif-
ferent intensities (rows). Note the sudden change in the response to a large spot at 13 R/s 
light intensity.
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operational at lower light intensities and cones at brighter intensities. The 
receptive fields of both photoreceptors exhibit antagonistic center-sur-
round organization. We showed in mice that rods at bright-light levels act 
as relay cells for cone-driven surround inhibition. Thus, when rods are 
not directly sensing light, they join the cone circuit.

Circuits can have different functions even when the visual input is the 
same11. In this fourth example, we chemogenetically perturbed horizon-
tal cells, which are an interneuron type providing feedback at the first 
visual synapse while monitoring light-driven spiking activity in thousands 
of ganglion cells, namely the retinal output neurons. We discovered six 
reversible perturbation-induced effects in the response dynamics and 
ranges of ganglion cells (Figure 5). We assigned specific functions to 
horizontal cells with respect to different ganglion cell types using a com-
putational model of the retinal circuitry that reproduced all perturba-
tion-induced effects. This combination of experimental and theoretical 
work showed how a single interneuron type differentially determines the 
dynamical properties of distinct output channels of the retina.

Computations from retina to cortex

Our second insight was the combination of visual information from sev-
eral visual channels by cells of the lateral geniculate nucleus and primary 
visual cortex and the resulting computation of new visual features. 

First, we determined the different modes of visual integration in the lat-
eral geniculate nucleus12. The thalamus receives sensory input from dif-
ferent circuits in the periphery, but it was not known how these sensory 
channels are integrated at the level of single thalamic cells. We performed 
targeted single-cell-initiated transsynaptic tracing to label the retinal 
ganglion cells (Figure 6) that provide input to individual principal cells 
in the mouse lateral geniculate nucleus (LGN). We identified three modes 
of sensory integration by single LGN cells. In the first, a few cells of 
mostly the same type converged from one eye, indicating a relay mode. 
In the second, many ganglion cells of different types converged from 
one eye, revealing a combination mode. In the third, many ganglion cells 
converged from both eyes, revealing a binocular combination mode in 
which functionally specialized ipsilateral inputs joined broadly distrib-
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Figure 5. Six reversible horizontal perturbation-induced (PSEM) effects at different ganglion 
cells.
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uted contralateral inputs. Thus, the LGN is involved in at least three 
modes of visual input integration, each exhibiting a different degree of 
specialization.

Second, we provided causal evidence for retina-dependent and -independ-
ent visual motion computations in primary visual cortex13. How neuronal 
computations in the sensory periphery contribute to computations in the 
cortex was not well understood. We examined this question in the con-

Figure 6. Retinal ganglion cells giving input to a single LGN cell.

Figure 7. Imaging responses in the primary visual cortex of mice with and without 
starburst cells (top). The distribution of preferred directions changes after starburst cell 
ablation.
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text of visual motion processing in the retina and primary visual cortex. 
We genetically disrupted retinal direction selectivity, either along only 
the horizontal axis using FRMD7 mutant mice or along both cardinal 
axes using starburst cell-ablated mice, and monitored neuronal activity 
in layer 2/3 of primary visual cortex during visual motion. In control mice, 
we found a strong direction bias for posterior visual motion, which oc-
curs naturally when the animal moves forward. In mice with disrupted 
retinal direction selectivity, the proportion of posterior motion-preferring 
cells decreased significantly (Figure 7) and their speed tuning changed. 
Thus, functionally distinct, retinal direction selectivity-dependent and 
-independent computation of visual motion occurs in the cortex. 

Third, we discovered in mice that the visual cortex is organized in layer-
specific cortical network modules14. Used single-cell-initiated, monos-
ynaptically restricted retrograde transsynaptic tracing with rabies viruses 
expressing GCaMP6s (Figure 8), we imaged the visual motion-evoked 
activity of individual layer 2/3 pyramidal neurons and their presynaptic 
networks across layers in mouse primary visual cortex. The neurons 
within each layer showed similar motion direction preferences and formed 
layer-specific functional modules. The layer modules in one-third of the 
networks were locked to the direction preference of the postsynaptic 

Figure 8. Single-cell-initiated functionalized transsynaptic tracing from a layer 2/3 cell 
(red) in the primary visual cortex. The presynaptic cells express GCaMP6s (green).
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neuron. For other networks the direction preference varied by layer. Thus, 
this work identified both feature-locked and feature-variant cortical 
networks.

A cell-type-specific disease mechanism

To identify the relevant cell types and circuits of genetic diseases of vi-
sion with unknown pathology, we designed an experimental logic by first 
focusing on the function of a specific retinal circuit and then proceeding 
to study how cell types participate in a given computation. In this way 
we revealed the gene expression patterns of the relevant cell types and 
could link cell type-specific genes to human monogenic diseases. Finally, 
we associated the symptoms of human diseases with the identified cell 
types and circuits. 

Such an approach led to the identification of the circuit mechanism in the 
common human neurodevelopmental disease, FRMD7 gene-associated 
congenital nystagmus. We linked the key symptom of loss of the optoki-
netic response to a single retinal cell type (starburst cells) and a retinal 
computation, i.e., the computation of motion direction15.

Following the experimental logic outlined above, we developed further 
insight into the circuit mechanism of this disease, investigating first the 
development of the circuit involved in the computation of direction se-
lectivity16. We followed the spatial distribution of synaptic strengths be-
tween starburst and direction selective ganglion cells (Figure 9) during 
early postnatal development, before these neurons can respond to a light 
stimulus. We showed that an asymmetry develops rapidly over a 2-day 
period through an intermediate state in which random or symmetric syn-
aptic connections are established. This involved the spatially selective re-
organization of inhibitory synaptic inputs. These results pointed to a rapid 
developmental switch from a symmetric to an asymmetric input distri-
bution for inhibition in the neural circuit of a principal cell.

It was not known at which circuit location along the flow of visual infor-
mation direction selectivity first appears. To obtain insights into the mech-
anism of direction selectivity, we recorded the concerted activity of the 
neuronal circuit elements of single direction selective retinal ganglion 
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Figure 9. Mapping of connectivity strength between starburst cells expressing an 
optogenetic sensor (magenta) and a single direction selective ganglion cell expressing 
GFP (green). Top (top) and side (bottom) view of the retina.  

Figure 10. Transsynaptic tracing of the neuronal circuit of a single direction selective 
ganglion cell in the retina. Processes of bipolar cells (white outline), starburst cells  
(red outline) and the ganglion cell (blue outline). 
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cells at subcellular resolution by combining GCaMP3-functionalized 
transsynaptic viral tracing (Figure 10) and two-photon imaging. While 
the visually evoked activity of the dendritic segments of the direction se-
lective ganglion cells were direction selective, direction selective activ-
ity was absent in the axon terminals of bipolar cells. Furthermore, the 
glutamate input to direction selective ganglion cells, recorded using a ge-
netically encoded glutamate sensor, also lacked direction selectivity. 
Thus, we learned that the first stage at which extraction of motion direc-
tion occurs is the dendrites of direction selective ganglion cells.

Using the gene expression atlas developed in our lab, we then found that 
FRMD7 is specifically expressed in starburst cells15. We showed that mu-
tation of FRMD7, a gene that is defective in human congenital nystag-
mus, leads to selective loss of the horizontal optokinetic reflex in mice 
as well as in humans. Together with our collaborator Andreas Hierlemann, 
we found that this is accompanied by selective loss of horizontal direc-
tion selectivity in retinal ganglion cells (Figure 11) and the transition from 
asymmetric to symmetric inhibitory input to horizontal direction selec-
tive ganglion cells. This work identified FRMD7 as a key regulator in the 
development of neuronal circuit asymmetry and suggested the involve-
ment of a specific inhibitory neuron type in the pathophysiology of a neu-
rological disease.

Figure 11. Preferred directions of direction selective cells in wild type (left) and FRMD7 
mutant (right) mice. 
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Finally, we developed functional ultrasound imaging to record whole-
brain activity in behaving mice at a resolution of ~100 um (Figure 12) 
and compared activity in healthy and FRMD7 mutant mice17. In healthy 
mice, we detected 87 active brain regions during visual stimulation that 
evoked the optokinetic reflex. Using FRMD7 mutant mice, we identified 
a subset of regions whose activity was reflex-dependent. Our work iden-
tified the brain regions affected in a mouse model of congenital nystag-
mus and provided an experimental approach to monitor whole-brain 
activity of mice in normal and disease states.

Cell type-targeted repair

We used our understanding of the activity, connectivity and gene ex-
pression pattern of retinal cell types to design cell type-targeted opto
genetic therapies for blinding diseases. We concentrated on a group of 
genetic diseases, namely retinitis pigmentosa, that affect two million peo-
ple worldwide and lead to incurable blindness through loss of the light 
sensitivity of photoreceptors. We showed proof of principle for making 
key retina cell types light sensitive using cell type-targeted optogenetic 
approaches18,19. We restored visual function first in animal models of ret-
initis pigmentosa. With our collaborators Jose-Alain Sahel and Serge Pi-
caud, we then provided proof of concept for visual restoration in human 

Figure 12. Whole brain functional ultrasound imaging during visual stimulation in mice. 
Activated regions are red, inhibited regions are blue.
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retinas ex vivo and identified blind patients who could benefit from the 
potential therapy. We are currently working on translation of the therapy 
to patients: a first phase clinical trial run by Gensight Biologics Inc. is 
ongoing. 

First, we genetically targeted a light-activated cation channel, channel-
rhodopsin-2, to second-order neurons, i.e., ON bipolar cells, of degener-
ated retinas in vivo in the rd1 mouse model (Figure 13). In the absence 
of ‘classical’ photoreceptors, we found that ON bipolar cells that were 
engineered to be photosensitive induced light-evoked spiking activity in 
ganglion cells. The rescue of light sensitivity was selective to the ON 
circuits that would naturally respond to increases in brightness. Despite 
degeneration of the outer retina, our intervention restored transient re-
sponses and center-surround organization of ganglion cells. The result-
ing signals were relayed to the visual cortex and were sufficient for the 
animals to successfully perform optomotor behavioral tasks.

Second, rod photoreceptors die early in retinitis pigmentosa, whereas 
light-insensitive, morphologically altered cone photoreceptors persist 
longer. It was not known whether these ‘dormant’ cones are accessible 
for therapeutic intervention. We showed that expression of archaebacte-
rial halorhodopsin in light-insensitive cones (Figure 14) could substitute 
for the native phototransduction cascade and restore their light sensitiv-

Figure 13. Degenerated retina of rd1 mice expressing ChR2 in ON bipolar cells (green). 
Starburst cells are labeled red and cell bodies are labeled blue.
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ity in mouse models of retinitis pigmentosa. Resensitized photoreceptors 
activated all retinal cone pathways, drove sophisticated retinal circuit 
functions including directional selectivity, activated cortical circuits, and 
mediated visually guided behaviors. Using human ex vivo retinas, we 
showed that halorhodopsin can reactivate light-insensitive human photo-
receptors. Finally, we identified blind patients with persisting, light-in-
sensitive cones for potential halorhodopsin-based therapy.

A different therapeutic approach to photoreceptor-based blindness is to 
prevent loss of photosensitivity. Together with Witold Filipowicz, we 
identified a key microRNA-based pathway involved in the maintenance 
of the outer segment of photoreceptors20. The outer segments of cones 
serve as light detectors for daylight color vision, and their dysfunction 
leads to human blindness conditions. We showed that the cone-specific 
disruption of DGCR8 in adult mice led to the loss of miRNAs and the 
loss of outer segments, resulting in photoreceptors with significantly re-
duced light responses. However, the number of cones remained un-
changed. Outer segments were lost gradually over one month, during 
which time the genetic signature of cones decreased. Re-expression of 
the sensory-cell-specific miR-182 and miR-183 prevented outer segment 
loss. These miRNAs were also necessary and sufficient for the formation 
of inner segments, connecting cilia and short outer segments, as well as 

Figure 14. Dormant, light insensitive cones in rd1 mice are reactivated using halorho-
dopsin (green). A recorded ganglion cell is labeled in magenta.



33

Figure 15. AAVs expressing ChR2-GFP in different cell types of the human retina by different 
promoters.
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light responses in stem-cell-derived retinal cultures. Thus miR-182- and 
miR-183-regulated pathways are necessary for cone outer segment main-
tenance in vivo and functional outer segment formation in vitro. It may 
be possible to manipulate these molecules and prevent loss of photosen-
sitivity in retinitis pigmentosa.

Gene therapy has been held back by the lack of cell type-specific gene 
delivery vectors. Although Adeno-associated viral vectors (AAVs) are 
frequently used for gene delivery, targeting expression to specific cell 
types has been a challenge. We created a library of 230 AAVs, each with 
a different synthetic promoter designed using four independent strate-
gies21. We found that ~11% of these AAVs specifically target expression 
to neuronal and glial cell types in the mouse retina, the mouse brain, the 
non-human primate retina in vivo, and in the human retina in vitro (Fig-
ure 15). We demonstrated applications for recording, stimulation, and 
molecular characterization, as well as the intersectional and combinato-
rial labeling of cell types. These resources and approaches will allow eco-
nomic, fast, and efficient cell-type targeting in a variety of species, for 
basic science and for gene therapy.

 An additional limitation of current gene therapy approaches is that viral 
vectors can no longer be controlled after injection into the body. We have 
begun to address this problem together with our collaborator Daniel Mu-
eller. We have shown that viruses bound to magnetic nanoparticles can 
be remote controlled in the brain using a magnetic field in a way that 
leads to infection (Figure 16); we named the process ‘virus stamping’22.

Summary

Traditionally, studies of neuronal circuits and of visual diseases have been 
pursued separately. Recently, the concept of cell types has brought the 
two fields together. Cell types are the basic building blocks of neuronal 
circuits and technologies to deliver genes to cell types are now core com-
ponents of neuronal circuit studies. Since most retinal diseases are cell-
type specific, the notion of cell types and cell type-targeted gene deliv-
ery are also at the center of research on disease mechanisms and therapy. 
As both fields mature, the concepts and tools developed in basic circuit 
science will help in the development of therapy and, conversely, the con-
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cepts and tools developed for therapy will open the door to a more 
sophisticated understanding of the structure and function of neuronal 
circuits.
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