
 

From eye to brain: Researchers map
functional connections between retinal
neurons at single-cell resolution
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Being able to record from hundreds of retinal ganglion cells, E.J. Chichilnisky
and his team could trace the connections of individual photoreceptors (red, green
and blue dots) to individual retinal ganglion cells. Credit: Image: Courtesy of Dr.
E.J. Chichilnisky and the journal Nature

By comparing a clearly defined visual input with the electrical output of
the retina, researchers at the Salk Institute for Biological Studies were
able to trace for the first time the neuronal circuitry that connects
individual photoreceptors with retinal ganglion cells, the neurons that
carry visuals signals from the eye to the brain.

Their measurements, published in the Oct. 7, 2010, issue of the journal 
Nature, not only reveal computations in a neural circuit at the elementary
resolution of individual neurons but also shed light on the neural code
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used by the retina to relay color information to the brain.

"Nobody has ever seen the entire input-output transformation performed
by complete circuits in the retina at single-cell resolution," says senior
author E.J. Chichilnisky, Ph.D., an associate professor in the Systems
Neurobiology Laboratories. "We think these data will allow us to more
deeply understand neuronal computations in the visual system and
ultimately may help us construct better retinal implants."

One of the essential elements that made the experiments possible was the
unique neural recording system developed by an international team of
high-energy physicists from the University of California, Santa Cruz; the
AGH University of Science and Technology, Krakow, Poland; and the
University of Glasgow, UK. This system is able to record simultaneously
the tiny electrical signals generated by hundreds of the retinal output
neurons that transmit information about the outside visual world to the
brain. These recordings are made at high-speed (over ten million samples
each second) and with fine spatial detail, sufficient to detect even a
locally complete population of the tiny and densely spaced output cells
known as "midget" retinal ganglion cells.

Retinal ganglion cells are classified based on their size, the connections
they form, and their responses to visual stimulation, which can vary
widely. Despite their differences, they all have one thing in common-a
long axon that extends into the brain and forms part of the optic nerve.
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Photoreceptors in the retina convert visual information into electrical signals and
send them to an intermediate layer, which in turn relays signals to the 20 or so
distinct types of retinal ganglion cells. Credit: Image: Courtesy of Jamie Simon,
Salk Institute for Biological Studies.

Visual processing begins when photons entering the eye strike one or
more of the 125 million light-sensitive nerve cells in the retina. This first
layer of cells, which are known as rods and cones, converts the
information into electrical signals and sends them to an intermediate
layer, which in turn relays signals to the 20 or so distinct types of retinal
ganglion cells.

In an earlier study, Chichilnisky and his team found that each type of
retinal ganglion cells forms a seamless lattice covering visual space that
transmits a complete visual image to the brain. In the current study,
postdoctoral researcher and co-first author Greg D. Field, Ph.D., and his
collaborators zoomed in on the pattern of connectivity between these
layers of retinal ganglion cells and the full lattice of cone receptors.

The Salk researchers simultaneously recorded hundreds of retinal
ganglion cells, and based on density and light response properties,
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identified five cell types: ON and OFF midget cells, ON and OFF
parasol cells, and small bistratified cells, which collectively account for
approximately 75 percent of all retinal ganglion cells.

  
 

  

To understand how individual retinal ganglion cells in the eye work together to
send signals that the brain interprets as color vision, scientists studied the pattern
of connections and signals that occur when a movie is projected on live retinal
tissue. The tissue sits on top of a multi-electrode array that detects the signals the
cells send to the brain. In contrast to earlier technology, which utilized a small
number of electrodes that could only monitor signals from tens of cells, the
retinal readout system allows simultaneous recording of signals from hundreds of
cells. These signals are filtered, digitized and recorded, then related to the visual
images in the movie. This advanced technology is helping the researchers
decipher the code that eyes use to send visual information to the brain. Credit:
Zina Deretsky, National Science Foundation

To resolve the fine structure of receptive fields-the small, irregularly
shaped windows through which neurons in retina view the world-the
authors used stimuli with tenfold smaller pixels. "Instead of a diffuse
region of light sensitivity, we detected punctate islands of light
sensitivity separated by regions of no light sensitivity," he says.

When combined with information on spectral sensitivities of individual
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cones, maps of these punctate islands not only allowed the researchers to
recreate the full cone mosaic found in the retina, but also to conclude
which cone fed information to which retinal ganglion cell.

  
 

  

A unique neural recording system developed by an international team of high
energy physicists, which is able to record simultaneously the tiny electrical
signals generated by hundreds of the retinal output neurons, is one of the
essential elements of the study. Recording electrodes are shown in the
foreground and retinal ganglion cells in the background. Credit: Image: Courtesy
of Dr. E.J. Chichilnisky, Salk Institute for Biological Studies

"Just by stimulating input cells and taking a high density recording from
output cells, we can identify all individual input and output cells and find
out who is connected to whom," says Chichilnisky.

Chichilnisky and his team discovered that populations of ON and OFF
midget and parasol cells each sampled the complete population of cones
sensitive to red or green light, with midget cells sampling these cones in
a surprisingly non-random fashion. Only OFF midget cells frequently
received strong input from cones sensitive to blue light.
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