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ABSTRACT 

 

Visual processing relies on highly coordinated neurotransmission and synaptic interactions that transform light 

stimuli into meaningful neural representations. From the retina to the visual cortex, excitatory and inhibitory 

neurotransmitters regulate the transmission, integration, and refinement of visual information. Glutamate serves 

as the principal excitatory neurotransmitter, while γ-aminobutyric acid (GABA) and glycine provide inhibitory 

control essential for contrast enhancement, spatial resolution, and signal precision. Neuromodulators, including 

dopamine, acetylcholine, serotonin, and norepinephrine, further regulate synaptic activity by influencing visual 

adaptation, attention, retinal sensitivity, and cortical plasticity. Synaptic communication throughout the visual 

pathway is not merely a mechanism for signal transmission but also performs complex computations that amplify 

relevant stimuli, suppress background noise, and adapt visual processing to changing environmental conditions. 

This chapter provides a comprehensive overview of the neurotransmitters, receptor systems, and synaptic 

mechanisms underlying visual function, while highlighting their physiological roles, clinical significance, and 

involvement in neurological and ophthalmic disorders. 
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10.1 INTRODUCTION 
 

The visual system is a highly sophisticated neural 

network that actively processes, interprets, and 

refines sensory information rather than functioning 

as a passive receiver of light stimuli. Visual 

perception begins when photons entering the eye are 

converted into electrical signals by retinal 

photoreceptors, after which these signals undergo 

extensive processing through successive layers of 

retinal, thalamic, and cortical circuitry before 

reaching conscious perception (Wässle, 2004). At 

the core of this complex process lies 

neurotransmission, the chemical communication 

between neurons across specialized synaptic 

junctions. Neurotransmitters acting through fast 

ionotropic receptors and slower metabotropic 

receptors regulate the transmission, amplification, 

and integration of visual signals throughout the 

visual pathway. Rather than simply relaying 

information, synaptic communication performs 

sophisticated neural computations that enhance 

relevant stimuli, suppress background noise, and  

 

 

 

 

 

optimize visual fidelity. Moreover, 

neurotransmission within the visual system is 

remarkably dynamic and continuously modified by 

mechanisms of synaptic plasticity, enabling 

adaptation to changing environmental conditions, 

experience-dependent learning, and functional 

recovery following injury (Dan & Poo, 2006). 

Consequently, understanding the neurochemical 

basis of visual processing provides essential insights 

into both normal visual perception and the 

pathophysiological mechanisms underlying 

numerous ophthalmic and neurological disorders 

associated with impaired synaptic function (Daw & 

Fox, 2007). 

 

10.2 RETINAL NEUROTRANSMISSION: THE 

INITIAL PROCESSING STAGE 
 

The retina represents the first and one of the most 

sophisticated stages of neural visual processing. 

Rather than serving merely as a photosensitive 
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membrane, it functions as an intricate neural circuit 

composed of excitatory and inhibitory neurons that 

begin processing visual information before signals 

are transmitted to the brain. Within this network, 

retinal synapses perform substantial computations 

involving contrast enhancement, edge detection, 

temporal filtering, motion analysis, and luminance 

encoding, thereby reducing redundancy and 

improving the efficiency of visual transmission 

(Masland, 2012). Visual processing begins in rod 

and cone photoreceptors, which continuously release 

the excitatory neurotransmitter glutamate under dark 

conditions. Exposure to light hyperpolarizes these 

photoreceptors, reducing glutamate release and 

producing differential responses in downstream 

bipolar cells. This reduction in glutamatergic 

transmission activates two distinct retinal pathways 

known as the ON and OFF pathways. ON bipolar 

cells depolarize when glutamate release decreases, 

whereas OFF bipolar cells hyperpolarize due to 

differences in glutamate receptor expression (Freed 

& Sterling, 1988). This parallel organization enables 

simultaneous encoding of luminance increments and 

decrements, allowing rapid detection of changes in 

brightness across the visual field. 

 

Retinal processing is further refined by horizontal 

and amacrine cells, which establish complex 

inhibitory circuits essential for visual precision. 

Horizontal cells primarily utilize gamma-

aminobutyric acid (GABA) to mediate lateral 

inhibition between adjacent photoreceptors and 

bipolar cells. This mechanism enhances spatial 

contrast, sharpens object boundaries, and improves 

edge detection by suppressing surrounding neural 

activity. Amacrine cells comprise one of the most 

diverse neuronal populations in the retina and release 

multiple neurotransmitters, including GABA, 

glycine, acetylcholine, dopamine, and 

neuropeptides. These cells regulate temporal 

integration, directional selectivity, rod-cone 

interactions, and adaptation to varying illumination 

levels while contributing significantly to motion 

perception and visual sensitivity (Weiler et al., 

2000). Consequently, by the time retinal ganglion 

cells transmit visual information through the optic 

nerve, the incoming signal has already undergone 

extensive synaptic processing, emphasizing that the 

retina functions as an advanced computational center 

rather than a simple receptor of light 

(Kerschensteiner, 2014). 

 

10.3 THALAMIC RELAY AND CORTICAL 

INPUT 
 

Following retinal processing, visual information is 

transmitted through retinal ganglion cell axons to the 

lateral geniculate nucleus (LGN) of the thalamus, 

where another critical stage of synaptic processing 

occurs. Although traditionally regarded as a relay 

station, the LGN actively filters, integrates, and 

modulates incoming retinal information before 

forwarding it to the cerebral cortex. Retinal ganglion 

cells establish excitatory glutamatergic synapses 

with thalamic relay neurons; however, these neurons 

are simultaneously influenced by extensive 

corticothalamic feedback, local GABAergic 

interneurons, and modulatory inputs originating 

from the brainstem reticular activating system 

(Steriade et al., 1997). This convergence allows the 

LGN to regulate the flow of sensory information 

according to attention, arousal, behavioral state, and 

environmental context. 

 

Local inhibitory interneurons within the LGN refine 

receptive field organization, improve temporal 

synchrony, and enhance contrast sensitivity by 

suppressing redundant or irrelevant visual 

information. In parallel, corticogeniculate feedback 

originating from the primary visual cortex 

dynamically adjusts thalamic responsiveness, 

allowing higher cortical centers to influence early 

stages of sensory processing through predictive 

coding and attentional modulation (Murphy & 

Sillito, 1996; Sillito & Jones, 2002). This 

bidirectional communication demonstrates that 

visual perception is not solely driven by external 

stimuli but also by top-down neural mechanisms that 

anticipate and refine incoming sensory information. 

Excitatory projections from the LGN subsequently 

travel through the optic radiations to the primary 

visual cortex (V1), where thalamocortical 

glutamatergic synapses provide rapid and highly 

synchronized transmission of visual signals. 

Continuous reciprocal communication between the 

cortex and thalamus forms an integrated network that 

enhances visual precision, attention, and perceptual 

accuracy while maintaining efficient processing 

under varying environmental conditions. 

 

10.4 CORTICAL SYNAPTIC DYNAMICS 
 

Within the primary visual cortex (V1), synaptic 

transmission becomes considerably more 

sophisticated, giving rise to complex visual functions 

such as orientation selectivity, binocular integration, 

depth perception, and motion analysis (Huberman & 

Niell, 2011). Cortical neurons receive powerful 

excitatory inputs mediated by glutamate, primarily 

through AMPA and NMDA receptors, while 

inhibitory interneurons utilizing GABA regulate 

neuronal excitability through GABA_A and 

GABA_B receptors. The precise balance between 

excitatory and inhibitory neurotransmission, 
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commonly referred to as the excitation-inhibition 

(E/I) balance, is fundamental for maintaining stable 

cortical activity, preventing excessive neuronal 

firing, and preserving the accuracy of visual 

processing (Buzsáki & Draguhn, 2004). AMPA 

receptors mediate rapid synaptic transmission 

necessary for high temporal resolution and 

immediate visual responses, whereas NMDA 

receptors function as coincidence detectors that 

require simultaneous glutamate binding and 

membrane depolarization for activation. Through 

calcium-dependent intracellular signaling pathways, 

NMDA receptors play a pivotal role in synaptic 

plasticity, learning, and memory formation (Daw & 

Fox, 2007). Inhibitory GABA_A receptors provide 

rapid suppression of excessive excitation and 

minimize background neural noise, while GABA_B 

receptors generate slower inhibitory responses that 

regulate gain control, temporal integration, and 

network synchronization. Together, these 

complementary excitatory and inhibitory 

mechanisms allow cortical neurons to selectively 

respond to object orientation, movement, spatial 

frequency, and visual contrast while maintaining 

exceptional precision and stability. 

 

10.5 SYNAPTIC PLASTICITY IN VISUAL 

PROCESSING 
 

The remarkable adaptability of the visual system is 

largely attributed to synaptic plasticity, the capacity 

of synapses to modify their strength and efficiency 

in response to neuronal activity and environmental 

experience. Rather than remaining static throughout 

life, synaptic connections continuously undergo 

structural and functional remodeling that enables 

learning, visual development, sensory adaptation, 

and recovery following neurological injury. These 

plastic changes ensure that visual processing remains 

dynamic, allowing the nervous system to optimize 

perception under changing environmental 

conditions. Synaptic plasticity is particularly 

important during early postnatal development, when 

visual experiences shape the organization of cortical 

circuits, but it also persists throughout adulthood, 

supporting perceptual learning and functional 

rehabilitation (Maffei & Turrigiano, 2008). One of 

the most extensively studied mechanisms of visual 

plasticity is long-term potentiation (LTP), a process 

that strengthens synaptic transmission following 

repeated neuronal activation. LTP is primarily 

mediated through NMDA receptor-dependent 

calcium influx, which activates intracellular 

signaling pathways that promote the insertion of 

additional AMPA receptors into the postsynaptic 

membrane. This enhances synaptic responsiveness, 

facilitating more efficient communication between 

neurons and strengthening neural circuits involved in 

visual perception. Conversely, long-term depression 

(LTD) weakens synaptic efficacy through reduced 

receptor expression and alterations in intracellular 

signaling pathways, allowing unnecessary or less 

active synaptic connections to be eliminated. 

Together, LTP and LTD maintain an optimal balance 

between synaptic strengthening and weakening, 

thereby refining visual processing and preventing 

excessive neural excitation.  

 

During the critical periods of visual development, 

synaptic plasticity is essential for the formation of 

ocular dominance columns, binocular vision, 

orientation selectivity, and receptive field refinement 

within the primary visual cortex. Appropriate visual 

experience during these developmental windows 

promotes balanced synaptic strengthening between 

the two eyes, whereas abnormal visual input, such as 

congenital cataracts or strabismus, may disrupt 

cortical organization and result in amblyopia or 

impaired binocular vision. Activity-dependent 

plasticity therefore serves as the neurobiological 

basis for normal visual maturation and emphasizes 

the importance of early intervention in pediatric 

visual disorders. 

 

In adulthood, visual plasticity continues through 

mechanisms of short-term synaptic facilitation and 

depression, which enable neurons to rapidly adjust 

their responses according to stimulus intensity, 

contrast, luminance, and temporal frequency (Dan & 

Poo, 2006). These transient modifications improve 

visual adaptation during changing lighting 

conditions and dynamic environments, ensuring 

efficient sensory processing despite continuous 

fluctuations in visual input. Furthermore, repeated 

visual training and perceptual learning can induce 

long-lasting synaptic modifications that enhance 

contrast sensitivity, visual acuity, motion perception, 

and object recognition, demonstrating that cortical 

visual circuits retain considerable adaptive capacity 

throughout life.  

 

Recent research has also highlighted the contribution 

of homeostatic plasticity, a regulatory mechanism 

that maintains stable neuronal activity despite 

prolonged changes in sensory input. Homeostatic 

adjustments alter neurotransmitter receptor 

expression, intrinsic neuronal excitability, and 

synaptic connectivity to preserve balanced network 

function. This process is particularly important 

following retinal injury, optic nerve damage, or 

cortical lesions, where surviving neural circuits 

undergo compensatory reorganization to restore 

visual function. Collectively, these diverse forms of 

synaptic plasticity illustrate the remarkable capacity 
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of the visual system to continuously modify its 

neural architecture, providing the biological 

foundation for visual development, learning, 

adaptation, and rehabilitation. 

 

10.6 NEUROMODULATION IN VISUAL 

CIRCUITS 
 

Beyond the classical excitatory and inhibitory 

neurotransmitters that mediate rapid synaptic 

communication, the visual system is extensively 

regulated by neuromodulatory neurotransmitters, 

which influence neuronal excitability, synaptic 

efficacy, network synchronization, and adaptive 

behavior. Unlike glutamate and GABA, which 

primarily mediate fast synaptic transmission, 

neuromodulators act through slower metabotropic 

receptors to regulate the responsiveness of entire 

neural circuits according to environmental 

conditions, behavioral state, circadian rhythms, and 

cognitive demands. These modulatory systems 

enable the visual system to remain flexible, 

optimizing perception under continuously changing 

physiological and environmental circumstances. 

Among these neuromodulators, dopamine plays one 

of the most important roles within the retina. 

Released predominantly by dopaminergic amacrine 

cells, dopamine regulates light adaptation by 

modifying gap junction coupling between horizontal 

cells and photoreceptors, thereby influencing lateral 

inhibition and spatial integration (Weiler et al., 

2000). During daylight conditions, increased 

dopamine release enhances cone-mediated visual 

processing, improves contrast sensitivity, and 

reduces electrical coupling between retinal neurons, 

allowing higher spatial resolution. Conversely, 

reduced dopaminergic activity during darkness 

facilitates rod-mediated vision and enhances retinal 

sensitivity under low-light conditions. Dopamine 

therefore serves as a critical regulator of retinal 

adaptation across varying illumination levels. 

  

Acetylcholine represents another essential 

neuromodulator within retinal and cortical visual 

circuits. In the retina, cholinergic starburst amacrine 

cells release acetylcholine to establish direction-

selective circuits responsible for detecting object 

motion and movement direction (Thiele, 2009). 

These neurons interact with GABAergic 

mechanisms to refine motion detection and 

contribute significantly to smooth pursuit eye 

movements and visual tracking. Within the cerebral 

cortex, acetylcholine enhances neuronal 

responsiveness, improves signal-to-noise ratio, 

facilitates selective attention, and promotes 

perceptual learning by increasing cortical plasticity 

during behaviorally relevant visual tasks. Additional 

neuromodulators such as serotonin and 

norepinephrine exert widespread influences on 

cortical visual processing. Serotonin regulates 

cortical excitability, sensory integration, emotional 

processing, and visual perception, whereas 

norepinephrine, released from the locus coeruleus, 

enhances vigilance, attention, arousal, and adaptive 

behavioral responses. These neurotransmitter 

systems dynamically adjust cortical responsiveness 

according to cognitive demands, ensuring efficient 

processing of relevant visual stimuli while 

suppressing distracting information. Such 

modulation becomes particularly important during 

complex visual tasks requiring sustained attention or 

rapid decision-making. Emerging evidence also 

highlights the role of endocannabinoids, nitric oxide, 

ATP, D-serine, and other retrograde signaling 

molecules in regulating neurotransmitter release and 

synaptic plasticity. These signaling systems provide 

activity-dependent feedback to presynaptic 

terminals, allowing neurons to fine-tune 

neurotransmitter release according to ongoing 

network activity. Collectively, neuromodulatory 

systems add an additional layer of regulation that 

complements classical synaptic transmission, 

enabling the visual system to maintain flexibility, 

optimize sensory processing, and continuously adapt 

to internal physiological states and external 

environmental changes. 
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