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ON-CENTEROFF-SURROUND?

ON-CENTEROFF-SURROUND Receptive Field

Primary Disciplinary Field(s): Neuroscience, Vision Science, Sensory Physiology

1. Core Definition

An ON-CENTEROFF-SURROUND receptive field represents a fundamental spatial organization
found in the sensory nervous system, primarily defining the response characteristics of neurons in
the visual pathway, such as retinal ganglion cells and neurons of the lateral geniculate nucleus
(LGN). This structure is defined by its concentric, antagonistic arrangement where the neuron's
activity is determined by the specific region of the visual field being stimulated by light. Specifically,
stimulation of the central region (the "ON-CENTER" core) leads to excitation, or increased firing
rate (arousal), of the associated neuron, while stimulation of the surrounding, concentric annulus
(the "OFF-SURROUND") results in inhibition, or decreased firing rate (hindrance) of the same
neuron.

This antagonistic relationship means that the neuron is optimally tuned not simply to the presence
of light, but to the contrast or difference in light intensity across its receptive field. If a small spot of
light perfectly matches the dimensions of the center, the response is maximal excitation.
Conversely, if a diffuse, uniform light source illuminates the entire field--both the excitatory center
and the inhibitory surround--the opposing signals largely cancel each other out, leading to a weak
or non-existent net response. This cancellation is crucial because it filters out constant, ambient
illumination, ensuring that the neuron only signhals salient changes in light distribution, such as
edges or spots.

The operational principle of the ON-CENTEROFF-SURROUND field is to act as a spatial
differentiator. It functions as a highly specialized filter that enhances the detection of light
increments against a darker background. This selective sensitivity to spatial gradients, rather than
absolute luminance values, is essential for the efficient encoding of visual information, allowing the
nervous system to quickly process and prioritize the visual elements that define form, texture, and
movement.

2. Physiological Mechanism

The specific physiological circuitry required to establish the ON-CENTEROFF-SURROUND
organization begins in the outer layers of the retina. The "ON" response observed in the center is
mediated by a specific class of retinal cells known as depolarizing bipolar cells (ON bipolar cells).
These cells respond to an increase in light intensity by depolarizing, subsequently releasing
excitatory neurotransmitters onto the retinal ganglion cell, thereby increasing the ganglion cell's
likelihood of firing. This direct path ensures that the center signal rapidly communicates the
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presence of light.

The mechanism for the inhibitory "OFF-SURROUND" is more intricate and involves lateral
interactions across the retinal network. When light strikes the photoreceptors in the surrounding
region, it triggers activity in horizontal cells. Horizontal cells are interneurons that spread laterally,
providing feedback to the photoreceptors and influencing the activity of the bipolar cells supplying
the center. Critically, these horizontal cells typically exert an inhibitory influence, often mediated by
neurotransmitters like GABA. This negative feedback loop actively suppresses the central
excitation when the surround is simultaneously stimulated, effectively sharpening the boundaries of
the receptive field.

This complex interplay of direct excitation and lateral inhibition ensures precise tuning. The
resultant signal transmitted by the retinal ganglion cell is the algebraic sum of the excitatory input
from the center and the inhibitory input from the surround. This physiological architecture means
that the cell acts as a powerful edge detector, achieving its highest firing rate only when a stimulus
exactly covers the excitatory center without spilling over significantly into the inhibitory surround.
The robust and specialized nature of this mechanism underpins the high resolving power of the
mammalian visual system.

3. Functional Significance (Lateral Inhibition)

The primary functional significance of the ON-CENTEROFF-SURROUND organization lies in its
powerful execution of lateral inhibition. Lateral inhibition is a general principle across sensory

systems where the activation of one neuron or receptive field leads to the suppression of
neighboring neurons or fields. In the visual system, this process dramatically increases the
perceived contrast at light-dark borders, a critical capability for defining the structure and contours
of objects in the environment.

When an image edge falls across a receptive field boundary--such that the excitatory center is fully
on the bright side and the inhibitory surround extends onto the dark side--the resulting neuronal
response is relatively moderate. However, a neuron whose excitatory center falls precisely on the
bright side, with its inhibitory surround extending into the dark region, experiences less
suppression and thus fires strongly. Conversely, a neuron positioned just beyond the edge, whose
inhibitory surround overlaps the bright region, is strongly suppressed. This differential signaling
exaggerates the brightness differences right at the boundary, a perceptual phenomenon known as
Mach bands.

Beyond contrast enhancement, the center-surround fields are crucial for temporal processing and
motion detection. Since they are highly sensitive to small spatial differences, they are also highly
sensitive to changes occurring over time. When a light spot moves across the visual field, the
neuron fires a burst of activity as the spot enters the excitatory center, is momentarily silenced as
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the spot covers both center and surround, and often fires a final weak burst as the spot exits the
inhibitory surround. This responsiveness to spatial displacement is the foundation for later
processing stages that integrate these signals to determine the direction and speed of moving
objects.

4. Contrast with OFF-CENTER-ON-SURROUND

The ON-CENTEROFF-SURROUND field never operates in isolation within the visual pathway; it is
always paired with its functional inverse: the OFF-CENTER-ON-SURROUND receptive field.
These two complementary populations of neurons ensure that all aspects of visual contrast--both
increments and decrements of light--are fully and redundantly encoded. The relationship is strictly
reciprocal, mirroring the source definition that the ON-center-off-surround is the opposite of the off-
center-on-surround.

In the OFF-CENTER-ON-SURROUND cell, the central core causes inhibition (hyperpolarization
and a decrease in firing) when light hits it, and excitation (depolarization and an increase in firing)
when the light is removed (i.e., when darkness occurs). Conversely, the surrounding annulus of the
OFF-center cell causes excitation when light is present and inhibition when light is removed.
Therefore, the OFF-center cell is optimized to respond maximally to a dark spot against a light
background or to the sudden termination of illumination in its center.

The coexistence and balanced activity of these two cell types provide the visual system with a
robust, push-pull mechanism. When a bright edge appears, ON-center cells along the boundary
fire strongly, while OFF-center cells along the same boundary are inhibited. When a dark edge
appears, the roles are reversed. This dual encoding guarantees that the brain receives high-fidelity
spatial information about both the bright and dark components of an image, ensuring
comprehensive coverage of the visual scene regardless of lighting conditions or contrast polarity.

5. Occurrence in the Visual System

The concentric, antagonistic receptive field structure is observed at the earliest stages of central
visual processing. They are first established by the retinal ganglion cells (RGCs). These cells

receive convergent input from hundreds of photoreceptors, rods, and cones, along with modulatory
input from interneurons (bipolar, horizontal, and amacrine cells), which ultimately consolidate the
center-surround structure before the signal leaves the eye via the optic nerve.

The signals generated by the RGCs are then transmitted to the Lateral Geniculate Nucleus

(LGN) of the thalamus. The receptive fields of LGN neurons maintain the same basic ON-
CENTEROFF-SURROUND and OFF-CENTER-ON-SURROUND characteristics, acting largely as
faithful relay stations. The LGN ensures that the fundamental spatial filtering performed in the
retina is preserved and precisely organized before being projected posteriorly to the visual cortex.
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While the primary visual cortex (V1) integrates these inputs to create more complex receptive
fields--such as simple cells tuned to oriented lines--the center-surround mechanism remains the
indispensable input. The complexity of cortical feature extraction, including the detection of specific
orientations, velocities, and disparities, is entirely dependent upon the foundational spatial filtering
and contrast enhancement provided by the concentric receptive fields originating in the retina and
relayed through the LGN. This hierarchical structure demonstrates that the ON-CENTEROFF-
SURROUND organization is the elemental building block of sophisticated visual perception.

6. Historical Context

The existence and organization of these specialized receptive fields were not immediately obvious
to early neuroscientists, who often viewed the retina as a passive transducer of light intensity. The
groundbreaking work that revealed the ON-CENTEROFF-SURROUND structure was performed in
the 1950s by the neurophysiologist Stephen Kuffler. Kuffler's meticulous recordings from

individual retinal ganglion cells in the cat demonstrated that the cells responded not to uniform
illumination, but to specific spatial patterns of light, confirming the existence of distinct excitatory
and inhibitory zones.

Kuffler's discovery marked a paradigm shift, establishing that sensory processing begins actively in
the peripheral organs, rather than passively transmitting raw data to the brain. This concept laid the
intellectual groundwork for subsequent Nobel Prize-winning research by David Hubel and Torsten

Wiesel. Hubel and Wiesel expanded on Kuffler's findings, demonstrating how the outputs of
multiple concentric fields in the LGN converge onto single cortical neurons, thereby generating the
orientation-selective simple and complex cells that form the basis of shape recognition in the
primary visual cortex.

The identification of the ON-CENTEROFF-SURROUND receptive field thus stands as one of the
most significant early discoveries in systems neuroscience. It provided the first clear evidence of
how the nervous system utilizes antagonistic circuitry to perform essential computations--in this
case, contrast enhancement and edge detection--thereby streamlining information before it
reaches higher cortical centers for interpretation. This understanding remains central to modern
vision science and computational neuroscience.

7. Further Reading

Lateral Inhibition (Wikipedia)

Retinal Ganglion Cell (Wikipedia)
Lateral Geniculate Nucleus (Wikipedia)
Stephen Kuffler (Wikipedia)

David H. Hubel (Wikipedia)
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Torsten Wiesel (Wikipedia)
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