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ON-OFF CELLS

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

1. Core Definition and Function

ON-OFF cells constitute a crucial subset of neurons within the visual system, defined by their

unique and simultaneous responsiveness to both the onset and the offset of light stimulation.

Unlike their counterparts, the dedicated ON cells (which respond solely to light turning on) and the

OFF cells (which respond solely to light turning off), ON-OFF cells exhibit a transient burst of

electrical activity--specifically, depolarization--at both temporal boundaries of the stimulus. This

dual sensitivity allows them to function as highly specialized detectors of temporal change, making

them essential elements in processing dynamic visual information rather than static scenes. Their

primary operational domain is strictly confined to the retina, serving as key intermediaries between

photoreceptors and higher visual processing centers in the brain.

The physiological significance of this dual response mechanism lies in its ability to maximize the

detection of sharp, rapid changes in illumination, irrespective of whether the luminance level is

increasing or decreasing. When a light stimulus is introduced, the cell depolarizes immediately,

generating an action potential spike train. Crucially, when that same light stimulus is abruptly

withdrawn, the cell depolarizes again, providing a second, similarly transient burst of activity. This

pattern ensures that the system is acutely sensitive to edges moving across the visual field or to

environmental flickering, serving as an efficient neural mechanism for motion detection and alerting

the organism to environmental shifts. The transient nature of the response contrasts sharply with

the sustained responses often observed in other retinal cells, emphasizing their role in coding

temporal contrast rather than absolute illumination levels.

Functionally, ON-OFF cells represent an optimal solution for signaling visual transients. They are

generally considered a specific category of retinal ganglion cells (RGCs), although the fundamental

ON-OFF response characteristic can sometimes be observed in certain amacrine cells as well. The

information these cells transmit is highly compressed, signaling only when something significant

happens--that is, a rapid change in luminous flux within their receptive field. This efficiency helps

manage the massive data flow inherent in vision, filtering out steady-state information and

prioritizing the dynamic aspects necessary for survival tasks like tracking predators or prey. Their

role is so fundamental that these response types are conserved across many vertebrate species,

underscoring their evolutionary importance in visual computation.

2. Anatomy and Location

The anatomical location of ON-OFF cells is strictly limited to the neural circuitry of the retina, the
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light-sensitive tissue lining the back of the eye. Within the retina, visual processing is stratified into

distinct layers, and the unique response properties of these cells are determined by the precise

synaptic connections they form within the Inner Plexiform Layer (IPL). The IPL is where axons of

bipolar cells synapse onto dendrites of ganglion cells and amacrine cells, orchestrating the

complex receptive fields that define visual processing. ON-OFF cells, being primarily ganglion cells

or wide-field amacrine cells, typically extend their dendrites to sample inputs from both the inner

and outer sublaminae of the IPL.

The IPL is functionally segregated into two principal sublaminae: the 'ON' sublamina (the inner half,

closer to the vitreous humor) and the 'OFF' sublamina (the outer half, closer to the inner nuclear

layer). Bipolar cells that depolarize to light (ON-bipolar cells) terminate exclusively in the ON

sublamina, while bipolar cells that hyperpolarize to light (OFF-bipolar cells) terminate exclusively in

the OFF sublamina. The defining structural characteristic of an ON-OFF cell is its arborization

pattern; its dendrites span both sublaminae simultaneously. This critical anatomical arrangement

ensures that the cell receives input from both populations of bipolar cells--those signaling light

increments (ON) and those signaling light decrements (OFF)--allowing the integration of both

signals into a unified output.

In mammals, ON-OFF cells are typically medium-sized ganglion cells, often associated with the

Midget and Parasol classifications, although their specific morphology varies significantly across

species, particularly between mammals and non-mammalian vertebrates like amphibians and fish,

where they are sometimes referred to as transient cells. Regardless of the species, their strategic

position at the output layer of the retina means they are directly responsible for sending temporal

visual data, encapsulated in action potentials, through the optic nerve to central visual processing

areas, such as the Lateral Geniculate Nucleus (LGN) of the thalamus. The fact that their function is

exclusively retinal, as noted in initial research, highlights that the fundamental processing of

temporal contrast is resolved at the earliest stage of the visual pathway.

3. Electrophysiological Mechanism

The electrophysiological signature of ON-OFF cells is defined by the rapid, transient surge of

depolarization observed upon both light stimulus introduction and withdrawal. This mechanism

relies entirely on the interplay of specialized neurotransmitter receptors and the precise timing of

synaptic input convergence. When light strikes the retina, it initiates a cascade that culminates in

the release of glutamate from bipolar cells onto the ganglion cell dendrites. The dual response

arises because the ON inputs and OFF inputs are governed by distinct receptor types and

signaling pathways, which, despite responding to opposing light conditions, both lead to excitatory

postsynaptic potentials (EPSPs) in the ganglion cell.

The ON component of the response is mediated by the input received from ON-bipolar cells. These
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bipolar cells use the metabotropic glutamate receptor subtype 6 (mGluR6). When light

hyperpolarizes the photoreceptors, it causes a reduction in glutamate release, which,

paradoxically, excites the ON-bipolar cell. This depolarization then causes the ON-bipolar cell to

release its own neurotransmitter (usually glutamate) onto the ON-OFF cell's dendrites in the ON

sublamina, triggering the initial "ON" spike train via ionotropic receptors (like AMPA or NMDA

receptors). Conversely, the OFF component is mediated by input from OFF-bipolar cells. These

cells use ionotropic glutamate receptors (iGluRs). When light is withdrawn, photoreceptors

depolarize and release more glutamate, which excites the OFF-bipolar cell. This, in turn, causes

the OFF-bipolar cell to release glutamate onto the ON-OFF cell's dendrites in the OFF sublamina,

triggering the second, equally transient "OFF" spike train.

Crucially, ON-OFF cells are intrinsically tuned for transient responses. Even though the light

stimulus might be sustained for several seconds, the depolarization generated is typically brief and

adapts quickly. This transient nature is often regulated by complex feedback loops involving

inhibitory interneurons, primarily amacrine cells. Certain amacrine cells release GABA or glycine,

which provide powerful inhibitory inputs that quickly shut down the initial excitatory burst from the

bipolar cells. This rapid inhibition ensures that the cell remains sensitive primarily to the initiation

and termination of the stimulus, effectively filtering out any steady-state visual input and

highlighting the temporal edges necessary for motion perception.

4. Signal Processing Role in Vision

The specialized function of ON-OFF cells establishes them as cornerstone components in the

retinal mechanism for detecting and encoding motion. Since a moving object causes sequential

changes in illumination--first onset, then offset--across adjacent receptive fields in rapid

succession, the dual response of these cells is highly efficient for generating robust signals

corresponding to object movement. When an object crosses the field, the leading edge triggers an

ON response, and the trailing edge triggers an OFF response. These combined signals provide the

raw, time-stamped input necessary for the visual cortex to compute directionality and velocity.

Furthermore, ON-OFF cells are instrumental in processing visual flicker and temporal frequency.

Humans and animals constantly experience subtle changes in illumination (e.g., changes caused

by saccadic eye movements or environmental light fluctuations). The high sensitivity and rapid

adaptation characteristics of these cells allow them to track high-frequency changes that other,

more sustained cells might filter out. Their receptive fields are typically concentric, but the temporal

filtering applied by the inhibitory circuits ensures that the signal output is dominated by the

temporal modulation rather than spatial detail, contrasting with the detailed spatial analysis

performed by sustained ON or OFF cells.

In non-mammalian vertebrates, particularly in species like amphibians (frogs) or fish, the ON-OFF
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response is highly correlated with feature detection, such as the classic "bug detector" cells. These

systems rely heavily on transient responses to detect small, dark moving objects against a static

background. While the organization is more complex in primates, the underlying principle holds:

the ON-OFF cell provides an early, robust warning system for any temporal instability in the visual

scene, contributing significantly to alertness and rapid behavioral responses necessary for survival.

Their output is critical for the dorsal stream of visual processing, which is primarily concerned with

"where" an object is and "how" it is moving.

5. Classification and Receptive Field Properties

While the general term ON-OFF cell refers to any neuron exhibiting depolarization at both light

onset and offset, these cells do not form a single, monolithic class. They are often classified based

on the size of their receptive fields, the speed of their axonal conduction, and their morphology

(dendritic field size). In primate vision, transiently responding ganglion cells (which include the ON-

OFF type) are predominantly identified as M-type or Parasol cells. These M-cells possess large

receptive fields, rapid conduction velocities, and are highly sensitive to contrast changes, fitting the

definition of an efficient temporal detector.

The receptive field structure of a typical ON-OFF cell is center-surround, similar to other retinal

ganglion cells. This means the cell's response is modulated by light falling in the central area of the

field versus light falling in the surrounding area. However, the transient nature of the ON-OFF cell

means that this spatial antagonism is highly time-dependent. Stimulating the center with light yields

the transient ON and OFF bursts, but stimulating the surround often provides inhibitory input that

sharpens the spatial boundaries of the response. This spatio-temporal filtering is crucial: the cell is

maximally sensitive to small spots of light that are rapidly changing intensity within its center,

optimizing detection of movement or flicker specific to a localized area.

Further complexity arises from the diversity of ON-OFF amacrine cells, especially in lower

vertebrates. These interneurons, rather than projecting out of the retina, modulate the signal

between bipolar and ganglion cells. Some amacrine cells are responsible for generating the lateral

inhibition necessary to define the receptive field surround, while others are crucial for directional

selectivity. In these specialized direction-selective circuits, the ON-OFF cell response is used as

the foundational input, which is then fine-tuned by asymmetric inhibition to respond strongly only

when an object moves in a specific vector (e.g., left-to-right but not right-to-left), demonstrating how

the primary ON-OFF characteristic is utilized to build more sophisticated visual features.

6. Comparison to Dedicated ON and OFF Cells

The visual system employs three primary temporal response profiles: pure ON cells, pure OFF

cells, and ON-OFF cells. Understanding the differences among these three types is fundamental
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to grasping the strategy of visual coding in the retina. Dedicated ON cells, which only depolarize

when light turns on, and dedicated OFF cells, which only depolarize when light turns off, are often

associated with sustained responses. That is, they continue firing, albeit at a reduced rate, as long

as the stimulus (light increment or decrement, respectively) is maintained. These sustained cells

are generally crucial for coding static luminance information and high spatial resolution.

In contrast, ON-OFF cells are almost universally transient. Their primary function is not to report

the constant state of illumination but rather the temporal event of change itself. This distinction is

reflected anatomically: pure ON cells receive inputs only from the ON sublamina of the IPL, and

pure OFF cells receive inputs only from the OFF sublamina. The convergence required by the ON-

OFF cell necessitates dual stratification, leading to a different functional specialization focusing on

temporal contrast rather than the absolute level of light or dark sustained in the field.

The parallel processing streams defined by these three cell types ensure that the visual scene is

analyzed simultaneously for different properties. The dedicated ON and OFF pathways provide the

system with robust, detailed information about stable edges and contrast boundaries, which is

essential for form perception. The ON-OFF pathway, however, provides the high-velocity,

transient data stream necessary for detecting motion and rapid changes. This redundancy and

specialization ensures that critical information is never lost, allowing the brain to reconstruct a

comprehensive and dynamic representation of the external world from three distinct yet integrated

signals.

7. Clinical and Experimental Significance

The study of ON-OFF cells holds profound significance in both basic visual neuroscience research

and in clinical applications related to sight restoration. Experimentally, these cells serve as a model

for studying how complex temporal coding is achieved through specific synaptic architecture.

Researchers utilize electrophysiology, calcium imaging, and genetic tools to map the circuits that

generate the dual, transient response, providing insights into general principles of neural

computation, inhibition control, and dendritic integration. Understanding the precise inhibitory

mechanisms supplied by amacrine cells that regulate the transient nature of the response is a

major focus in synaptic physiology.

In the clinical realm, particularly regarding prosthetics and the treatment of blinding diseases like

retinitis pigmentosa, the activity of ON-OFF cells is highly relevant. When photoreceptors

degenerate, the inner retinal neurons, including ganglion cells, often remain intact but are deprived

of input. Efforts to restore sight often involve stimulating these remaining ganglion cells electrically

(via retinal implants) or optogenetically. Knowing that the ON-OFF cells are responsible for

conveying dynamic information helps guide prosthetic design; successful retinal prostheses must

be capable of generating signals that mimic the natural temporal structure of the ON-OFF
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responses to allow the patient to perceive movement and change accurately. If the prosthetic only

generates sustained responses, the perceived world would appear static or smeared.

Furthermore, dysfunction in the temporal processing streams mediated by ON-OFF cells may

contribute to certain visual processing disorders. While research is ongoing, impairments in the

rapid detection of temporal contrast, possibly linked to the integrity or functioning of the transient

M-cell pathway, have been implicated in conditions ranging from developmental dyslexia to certain

types of glaucoma, where specific loss of M-type ganglion cells is often observed early in the

disease progression. Thus, the integrity of these fundamental temporal detectors provides a critical

biomarker for both healthy vision and neurological assessment.

8. Further Reading

Retinal Ganglion Cell (Wikipedia)

Inner Plexiform Layer (Wikipedia)

Lateral Geniculate Nucleus (Wikipedia)

Retinitis Pigmentosa (Wikipedia)

Amacrine Cell (Wikipedia)
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