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The retina is the thin layer in the back of the eyeball where vision

begins, and it is actually considered part of the brain. Despite its

small size, nerve cells in the retina carry complex information about

the colors, edges, and motion that we see. The retina is easier to

study than other brain areas, so not only can retinal research help us

understand vision, it can even teach us how other brain areas work.

The brain is adaptable—it can change its activity as changes happen

in the environment, but the activity of retinal cells was thought to

be fixed and stable even in the presence of changes in the visual

environment of the animal. In our research, we discovered that

the retina, too, can change its activity. Therefore, retinal research

can teach us about other brain areas, including how they adapt to

changes in the environment.

THE BRAIN—A COMPLEX ORGAN

The brain is where information about everything we feel, think, and
do is processed. For thousands of years, scientists and philosophers
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have been trying to understand how the brain works and how our
senses allow us to understand the world around us. Today, we know
that the brain works by means of nerve cells, called neurons, that
send messages in the form of electrical signals. The place where two
neurons connect to each other to send and receive messages is called
a synapse.

SYNAPSE

The connecting site
between two neurons,
where the transfer of
electrical signals
takes place.

In the laboratory, we can see various areas of the brain and even
measure their electrical activity, but we still do not fully understand
how the activity of neurons represents the world around us. For
example, how can the brain tell the direction and speed of a moving
car? How does it distinguish between the letters A and B?

One reason that it is di�cult for researchers to understand brain
activity is that the brain has an enormous number of neurons.
Each neuron can send and receive electrical signals to and from
thousands of other neurons, which makes understanding neuron
activity extremely complex. For this reason, scientists sometimes focus
on small groups of neurons, called neural networks. By learning how
neural networks work, researchers can understand more about the
whole brain.

CELLS IN THE RETINA HAVE SPECIFIC ROLES

In our laboratory we study vision—we ask how the brain responds to
the things we see around us. We research the retina, which is the “first

RETINA

The thin, transparent
layer of light-sensitive
nerve cells on the back,
inner part of the
eyeball. The retina
converts light into
electrical signals that
are sent to the
visual cortex.

stop” in vision. The retina, a thin layer of neurons located at the back
of the eyeball, is actually a part of the brain (Figure 1A).

What kinds of cells make up the retina, and how do they work
together to enable vision? The first retina layer contains light-sensitive
cells called photoreceptors (Figure 1B). When a beam of light hits

PHOTORECEPTORS

A special type of
neuronal cells that can
convert light into
electrical signals.

the photoreceptors, a sequence of biochemical reactions causes
an electrical reaction. Thus, photoreceptors turn light into electrical
signals. The electrical signals are then passed on to the second retina
layer, made of interneurons, and from there to the last layer, where the

INTERNEURONS

Neurons that transfer
information between
cells within the same
neural network, such as
the retina.

ganglion cells are located. Ganglion cells send long projections called
GANGLION CELLS

The cells of the retina
that send electrical
signals about what is
being seen from the
retina to the brain.

axons deep into the brain. These axons carry electricalmessages to the
parts of the brain that process visual signals—telling them about what
the eye is seeing.

There are several types of ganglion cells, each with their own function
[1]. For example, there are ganglion cells that respond to light onset
(called On ganglion cells), some that respond to light o�set (called O�
ganglion cells), and even some that respond to movement in a certain
direction (called the preferred direction, Figure 1C). Cells of this last
type are called direction-selective ganglion cells. For example, there

DIRECTION-SELEC-

TIVE GANGLION

CELLS

A type of ganglion cells
in the retina that only
respond when there is
movement in a certain
direction in the
visual field.

are direction-selective ganglion cells that respond only when we see
something moving to the right. These cells will send electrical signals
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Figure 1

Figure 1

(A) Side view of the
eye and the brain. (B)
Layers of cells in the
retina. The first layer
contains the
photoreceptors, the
next layer contains the
interneurons, and the
final layer contains the
ganglion cells. (C) Each
ganglion cell type
responds di�erently to
visual stimuli (The
check mark indicates
that the cell responds,
and the x indicates no
response.). On ganglion
cells respond to light
onset; O� ganglion
cells respond to light
o�set; direction-selective
ganglion cells respond
to movement in a
certain, preferred,
direction.

to the brain in response to a car passing in front of us from left to right
(Figure 1C), or if we are watching a tennis match and the ball comes
from our left to our right. But if the car turns around and heads to the
left, or if the tennis player hits the ball back to the player on our left,
these same cells will not respond. Instead, there are other ganglion
cells that respond to movement toward the left, and still others that
respond to up and down movements.

CONNECTIONS BETWEEN RETINAL CELLS DETERMINE

THEIR RESPONSES

How can ganglion cells act in such di�erent and specific ways? The
answer lies in the interneurons that pass on electrical signals from
the photoreceptors to the ganglion cells. There are more than 60
di�erent types of interneurons, and a ganglion cell’s response depends
onwhich type of interneuron connects to it. The connectivity between
the interneuron and the ganglion cell—such as its location, strength,
and so on—determines the response of the ganglion cell.

For example, how do direction-selective ganglion cells know what
direction to respond to? Studies have found that a type of interneuron
called a starburst amacrine cell helps the ganglion cell to do this.

STARBURST

AMACRINE CELLS

Retinal interneurons
that are considered the
key players in encoding
direction selectivity by
asymmetrically
connecting to
direction-selective
ganglion cells on
one side. Starburst amacrine cells are connected to direction-selective ganglion

cells on one side only. For example, a ganglion cell that receives
connections from a starburst amacrine cell on its right will respond
to motion to the right (Figure 2).
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Figure 2

Figure 2

The response of
direction-selective
ganglion cells (green) is
determined by the
connections it makes
with interneurons
called starburst
amacrine cells (blue),
which form synapses
(red circles) on only
one side of the
ganglion cell. In the
example, the ganglion
cell’s preferred
direction of movement
is to the right.
Movement to the left
does not cause a
reaction in that cell.

This one-sided connectivity allows direction-selective ganglion cells
to respond when the movement is in one direction but not when
the movement is in the other direction. This is how retinal ganglion
cells send complex information to the brain about what the eye
is seeing.

THE RETINA AS AMODEL FOR THE REST OF THE BRAIN

The retina is made of neurons connected by synapses—just like the
cells that make up the rest of the brain. As we mentioned earlier,
most brain areas have complex connections between neurons that
are di�cult to study. The retina, too, displays a wealth of precise
connections between various cell types, but its organized, layered
structure helps researchers understand these connections and how
they shape the responses of retinal neurons to visual stimuli. Therefore,
the retina is easier to research and understand compared to the rest
of the brain. Can we use the retina to help us understand other parts
of the brain, despite the retina’s relative simplicity?

Let us take the visual cortex as an example. The visual cortex is
VISUAL CORTEX

A part of the cerebral
cortex (the outer layer
of the mammalian
brain) that processes
visual information.

part of the cerebral cortex (Figure 1A), which is the outer layer of
the cerebrum—the largest part of the brain where the most complex
processing takes place. Complex processing can occur due to the
cortex’s enormous number of neurons, which connect to each other
in convoluted and complicated ways, and which can exhibit various
types of responses. Some of these neurons are similar to cells in
the retina. For example, in both the retina and the visual cortex,
there are cells that respond to light onset or o�set, as well as
direction-selective cells.

For many years, scientists believed that the visual cortex was very
di�erent from the retina, because cells in the visual cortex can adapt
and change their responses according to what the animal has seen
before. For example, a direction-selective cell in the visual cortex has
a certain preferred direction, but if presented with repeated moving
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stimulation (such as moving white and black stripes—see example
in Figure 3A) its preferred direction can be slightly changed and
reoriented. It was believed that unlike in the cortex, direction-selective
retinal cells could not change their preferred direction. This is because
responses in the retina are thought to depend on the connections
between direction-selective retinal cells and starburst amacrine cells.
So, it was very surprising to discover that cells in the retina can change
their responses [2].

Figure 3

Figure 3

(A) The electrical
response of a starburst
amacrine cell to light
and dark. Left: the cell
reacts to the
appearance of light.
Right: after exposing
the cell to repeating
black and white stripes
for several minutes, the
cell stops responding
to light and starts to
react to dark. (B) The
response of a
direction-selective
ganglion cell also
changes in response to
repetitive stimulation.
Left: The cell’s
preferred direction is to
the right. Right: after
repeated stimulation,
the cell reverses its
preferred direction and
responds when
movement is to the left.

In our research, we exposed the retina to a repetitive visual stimulation
(Figure 3A) for several minutes. After a while, On interneurons stopped
responding to light onset and started to respond to light o�set, like O�
interneurons (Figure 3A) [3].

To our surprise, we also found that when direction-selective ganglion
cells were exposed to a repetitive stimulus for several minutes, these
cells could change their preferred direction (Figure 3B) [4].

SUMMARY

We found that the cells in the retina, like the cells in the cerebral
cortex, can change the way they respond to things that are
seen. After we found these changes, we asked: what enables
cells in the retina to change their responses so dramatically? We
used sophisticated techniques that allow us to reveal the inputs
to starburst amacrine cells and direction-selective ganglion cells.
We found that small di�erences in the timing of the inputs to
the direction-selective ganglion cells can cause dramatic changes
in their overall responses and reverse their directional preference
[5]. The cerebral cortex is complicated and di�cult to study, so
learning about the cells of the retina can help us understand
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how the cells of the cerebral cortex function. What we discovered
may help us understand neural mechanisms in other areas of
the brain, and could lead to the answer to a central question
in brain research: “What happens in our brains when we learn
and change?”
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