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Abstract
Biochemical processes underpin the structure and function of the visual cortex, yet our understanding of the fundamental 
neurochemistry of the visual brain is incomplete. Proton magnetic resonance spectroscopy (1H-MRS) is a non-invasive brain 
imaging tool that allows chemical quantification of living tissue by detecting minute differences in the resonant frequency 
of molecules. Application of MRS in the human brain in vivo has advanced our understanding of how the visual brain 
consumes energy to support neural function, how its neural substrates change as a result of disease or dysfunction, and how 
neural populations signal during perception and plasticity. The aim of this review is to provide an entry point to researchers 
interested in investigating the neurochemistry of the visual system using in vivo measurements. We provide a basic overview 
of MRS principles, and then discuss recent findings in four topics of vision science: (i) visual perception, plasticity in the 
(ii) healthy and (iii) dysfunctional visual system, and (iv) during visual stimulation. Taken together, evidence suggests that 
the neurochemistry of the visual system provides important novel insights into how we perceive the world.

Keywords  Magnetic resonance spectroscopy · Visual cortex · Cortical inhibition · Glutamate · GABA · Perception · 
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Introduction

Brain activity involves electrical and chemical signals. Elec-
trical signals, in the form of action potentials, are used to 
propagate information along neurons, while chemical sig-
nals involve communication between cells through neuro-
transmitters. Indeed, the computational power of the brain 
comes from chemical signals between cells that can silence 
or increase action potentials across the brain. Chemical sig-
nals from inside the cell can represent other roles that are 
fundamental to brain function, including energy metabolism 
and supporting neuronal integrity.

It is established that non-invasive imaging methods 
such as electro-encephalograms (EEG) measure the elec-
trical activity of neurons from the surface of the scalp, 
while functional magnetic resonance imaging (fMRI) uses 

the blood-oxygenation-level dependent (BOLD)-signal, a 
proxy of neural activity reflected in local blood flow. Yet, 
neither approach provides information about the chemical 
signals of the brain. Proton magnetic resonance spectroscopy 
(MRS) is currently the main tool to measure neurochemis-
try non-invasively in the living brain. It is readily acces-
sible through standard brain scanners and provides three 
key advantages: (1) it is non-invasive and safe for repeated 
scanning—increasing utility for longitudinal clinical studies; 
(2) it is quantitative—the amplitude of the signal is directly 
proportional to the number of protons in a particular chemi-
cal structure and (3) it can be used to reproducibly measure 
biologically relevant chemicals from most regions in the 
brain, from the neocortex to the brain stem. A challenge in 
the application of MRS to biologically relevant molecules 
other than water is the low concentration of these metabo-
lites in the brain. These are present at minute, millimolar 
concentrations. In comparison, at 65 M, water is at least 
1:10.000 more abundant than metabolites (Posse et al. 2013). 
Because of this low concentration, MRS needs large voxels 
and long acquisition times to obtain data with a sufficient 
signal-to-noise ratio (SNR). The quantification of very low 
concentration metabolites or spatially overlapping signals 
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is further improved by increasing MRI field strength (Tkac 
et al. 2009). In single-voxel MRS, typical volume sizes are 
around 8 cm3 (2 cm × 2 cm × 2 cm), 8000 times larger than 
the commonly used 1 mm isotropic resolution of a struc-
tural MRI scan (Blüml 2013). The temporal resolution of 
MRS is not currently known but it is generally agreed that 
to obtain sufficient SNR, spectra need to be acquired over 
several minutes.

How does MR spectroscopy work?

Nuclear Magnetic Resonance Spectroscopy (NMR) is a 
technique that resolves the chemical components of a sam-
ple, a method commonly associated with organic chemistry. 
Applied to neuroscience, as specified earlier, MRS typically 
refers to single voxel in vivo 1H-MRS, where data from a 
single large volume is collected. MRS takes advantage of 
the specific chemical structure of metabolites and its effect 
on resonant properties of hydrogen nuclei to quantify 
‘brain chemistry’ within a defined region of cortical tissue 
(Fig. 1a). While standard MRI uses the most abundant mol-
ecules in the brain, water and lipids, to create detailed spatial 
maps of brain anatomy, MRS focuses on low concentration 
chemicals. Unlike MRI, MRS in its basic form produces 
a spectrum rather than an image of the brain. The charac-
teristic peaks and troughs of an MRS spectrum show the 
strength of the signal as a function of its resonant frequency: 
the position along the x-axis identifies the frequency of the 
molecule in units of part per million (ppm), the y-axis rep-
resents the intensity  which is proportional to the number of 

protons resonating at that frequency of the chemical shift 
axis (Fig. 1b).

The single charged proton of a hydrogen nucleus gives it 
a magnetic momentum that renders it visible in the external 
magnetic field provided by an MRI scanner. When atomic 
nuclei with a magnetic moment are placed in a static mag-
netic field, they rotate at a frequency defined by the Larmor 
equation. However, the specific structure of the molecule, 
its immediate chemical environment and neighbouring 
chemical bonds, can further determine the exact magni-
tude of the static magnetic field  experienced by a hydrogen 
atom (Blüml 2013). A key consequence of this property is 
a slight shift of the resonances. Organic molecules consist 
of multiple hydrogen atoms, bound into specific chemical 
groups. Different chemical groups, such as carbonyl, ben-
zene, oxygen, have different magnetic properties due to 
their surrounding electron orbits. This means that protons 
in identical chemical environments appear at the same posi-
tion, whereas protons in different chemical environments 
appear at different positions. Because a molecule contains a 
number of protons in different chemical environments, their 
spectral peaks can be separated into distinct signals along 
the chemical shift axis. Specifically, the electrons surround-
ing hydrogen atoms create their own local magnetic fields 
that oppose, ‘shield’, the atom from the static magnetic 
field. Thus, atomic nuclei that are more shielded experience 
weaker influences from the static magnetic field than nuclei 
that are less shielded. The chemical shift axis in 1H-MRS 
is flanked by two extremes. At the extreme right side is the 
common reference signal of tetramethylsilane (TMS), this 
is the most shielded signal and set as a reference standard 

Fig. 1   General scheme of MRS. (a) Metabolite signals are acquired 
using an MRS scan from a region of interest in the visual cortex 
(white box). (b) The MRS spectrum’s amplitude reflects the bulk 
signal across tissue types and cellular compartments. Metabolites are 
identified using prior knowledge of their chemical properties, which 
determine their resonant positions along the chemical shift axis. 
Shown from left to right are examples of metabolite peaks belonging 
to choline (orange), a cellular membrane marker; creatine (green), a 

marker of energy metabolism; excitatory neurotransmitter glutamate 
(red); N-acetyl aspartate (NAA, blue), a marker for neuronal integrity, 
and inhibitory neurotransmitter γ-aminobutyric acid (GABA, black). 
Multiple arrows of the same colour indicate that the same metabo-
lite is composed of multiple peaks along the spectrum. In a 7T scan, 
the spectrum can be separated into over a dozen metabolites along 
the chemical shift axis. MRS Magnetic resonance spectroscopy, MRI 
magnetic resonance imaging, ppm parts per million
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at 0 ppm. The chemical shift of a molecule is quantified as 
a difference in the resonant signal relative to the reference 
signal TMS at 0 ppm (Granger et al. 2007) and is reported in 
parts per million (ppm). Moving from 0 ppm to the left (or 
‘down field’ from 0 ppm), signals become increasingly more 
susceptible to the static magnetic field, and on the extreme 
left is the suppressed water signal at 4.7 ppm. Most metabo-
lites of interest appear in the narrow range of resonances 
between 4.7 and 0 ppm.

In summary, the known properties of chemical structures 
lead to their identification on the chemical shift axis. Using 
this knowledge, molecules of significant biological inter-
est can be measured using MRS (Fig. 1b). These include 
N-acetyl Aspartate (NAA), a marker for neuronal integrity, 
creatine (Cr), an energy marker and choline (Cho), an astro-
cytic membrane marker. Of particular interest to neurosci-
ence are glutamate (Glu) and γ-aminobutyric acid (GABA), 
excitatory and inhibitory neurotransmitters in the brain, 
respectively. Strong metabolite signals, such as NAA, Cr 
and Cho, can be imaged at 1.5 T. Quantification of GABA 
requires special MRS sequences at 3 T (Puts and Edden 
2012). At 7 T, increased SNR and spectral resolution benefit 
both GABA and glutamate detection (Tkac et al. 2009). A 
major advantage of ultra-high field MRS is a more reliable 
quantification of glutamate, enabled by the increased spec-
tral resolution that separates glutamate from overlapping 
resonances of glutamine (Tkac et al. 2001). The importance 
of each metabolite to brain metabolism is reviewed else-
where (Govindaraju et al. 2000; Rae 2014) and will not be 
discussed in this review.

Relating excitation and inhibition 
to neuronal tuning

The cortical network is comprised of excitatory and inhibi-
tory cells, and the spatial selectivity of visual neurons is 
thought to emerge from the interaction between glutamater-
gic excitation and GABAergic inhibition (Isaacson and 
Scanziani 2011). Excitatory neurons can form long-range 
connections to other areas with their axons, whereas inhibi-
tory interneurons typically signal within a cortical area. 
In feedforward inhibition, input from the lateral genicu-
late nuclei (LGN) excites principal excitatory cells in the 
primary visual cortex (V1). These drive inhibitory cells, 
which in turn cause recurrent inhibition onto those principal 
excitatory cells (Fig. 2a). Input from higher areas arriving 
in the visual cortex can excite inhibitory cells and generate 
inhibitory feedback (Fig. 2b). In addition, mutual inhibition 
describes a situation where the input to one population of 
neurons suppresses another population responding to com-
peting input (Fig. 2c). These dynamics are known to affect 
neuronal selectivity. In a neuronal tuning curve model of 

a highly selective neuron, the peak of the curve represents 
the preferred stimulus feature, the amplitude is the strength 
of the signal in firing rate, and the width is a measure of 
selectivity. Inhibition can improve the signal-to-noise ratio 
by narrowing the tuning curve (Fig. 2d), for example by 
permitting only the strongest inputs from preferred stimuli 
to lead to neuronal firing (Shapley et al. 2003; Isaacson and 
Scanziani 2011). In a perceptual task, an increase in selectiv-
ity would improve the ability to discriminate between inputs, 
such as between two similarly oriented gratings (Fig. 2e). 
In a binocular rivalry paradigm where the inputs to each 
eye compete for access to visual awareness (Fig. 2f), mutual 
inhibition between groups of neurons could facilitate input to 
one stimulus while suppressing input to another (Seely and 
Chow 2011). In summary, evidence suggests that GABAe-
rgic inhibition plays an essential role in modulating basic 
neuronal response properties that relate to perceptual per-
formance. Only recently have studies started to investigate 
the relationship between visual performance and GABAergic 
inhibition using MRS.

Linking individual metabolite concentration 
to visual perception

GABA can be reliably and stably measured in the brain using 
MRS (Puts and Edden 2012; Evans et al. 2010; Greenhouse 
et al. 2016), where it is present at very low concentrations 
(~ 1–2 micromol/g). The GABA signal is composed of three 
methylene groups that resonate at 1.89, 2.28 and 3.01 ppm 
(Govindaraju et al. 2000). These overlap with resonances 
of other metabolites with much stronger signals, especially 
with the Cr peak at 3.0 ppm, which makes their detection 
challenging (Mullins et al. 2014). Although GABA can be 
detected with several acquisition schemes (Puts and Edden 
2012), the most widely used method of GABA detection is 
performed at 3 T using a spectral edited technique called 
MEGA-PRESS (‘MEscher-GArwood Point RESolved Spec-
troscopy’) (Mescher et al. 1998; Mullins et al. 2014). Spec-
tral editing of GABA works on the principle that an editing 
pulse applied at 1.9 ppm can change the signal of the GABA 
peak at 3 ppm due to interactions between hydrogen nuclei 
in the same molecule. Subtracting a spectrum with edit 
‘ON’ from a spectrum with edit ‘OFF’ removes all spectral 
peaks apart from those affected by the editing pulse (Mul-
lins et al. 2014). MEGA-PRESS isolates the GABA signal at 
3.0 ppm and the combined signals of glutamate, glutamine 
and glutathione at 3.75 ppm. An important limitation of the 
MEGA-PRESS sequence is that the measured GABA signal 
at 3.0 ppm is contaminated by co-edited resonances from 
macromolecules (MM) (Harris et al. 2015) and homocar-
nosine, a dipeptide of GABA and histidine (Rothman et al. 
1997). GABA measured using MEGA-PRESS, as used by 
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the majority of studies in this review, is therefore referred 
to GABA+.

Across healthy individuals, it is well-established that 
there is significant variability in both brain anatomy and 
function and performance in visual tasks. Relating interin-
dividual variability in visual cortex GABA to perception has 
improved our understanding of how visual information is 
judged, integrated and balanced in the human brain. Most 
studies have measured metabolite levels in the visual cortex 
using ‘resting MRS’, an approach where no specific task 
is given to participants during data acquisition (Stanley 
and Raz 2018). Typically, behavioural psychophysics are 
acquired outside of the scanner, for example, performance 
on a binocular rivalry task (Fig. 3a). In addition, resting 
metabolite concentrations are collected in another region 
to provide a control for regional specificity (Fig. 3b). The 
measure for behavioural performance is then correlated 
to metabolite levels, such as in the example by Robertson 

et al. (2016), to evaluate the link between perception and 
neurochemistry.

Visual discrimination

GABAergic inhibition in the visual cortex has been inves-
tigated in relation to visual discrimination of orienta-
tion (Edden et al. 2009; Mikkelsen et al. 2018a), motion 
(Schallmo et al. 2018, 2019) and visual contrast (Hammett 
et al. 2020). The potential link between GABAergic inhibi-
tion and visual discrimination was first pursued by Edden 
et al. (2009), who measured resting GABA + in the early vis-
ual cortex of volunteers who performed an orientation dis-
crimination task outside of the scanner. Thirteen participants 
judged whether an oriented grating was rotated clockwise 
or counter-clockwise from a reference grating presented 
either at 0° (‘vertical’) or at 45° (‘oblique’). Both resting 
MRS and MEG data were collected, providing measures 

Fig. 2   A schematic  diagram of three inhibitory circuits  in the pri-
mary visual cortex (V1). (a) A feedforward circuit involving a prin-
cipal excitatory cell and an  inhibitory cell. Inputs from the lateral 
geniculate nuclei (LGN) arrive in V1. Excitation causes recurrent 
inhibition  onto the excitatory cell. (b) A feedback circuit showing 
an  inhibitory cell receiving input from higher areas, causing inhibi-
tion onto an  excitatory cell. (c) In mutual inhibition, cells encoding 
different stimuli inhibit each other during competing  neural input. 
The more active population inhibits the rival population until a switch 
occurs due to habitation or noise. The interplay of excitation and 

inhibition can affect neuronal tuning in different ways. For example, 
(d) GABAergic inhibition can cause narrowing of the neuronal tun-
ing curve, improving neuronal selectivity. (e) This could reduce the 
amount of overlap between similarly tuned neuronal populations and 
improve visual discrimination. (f) Mutual inhibition between popu-
lations of cells could mediate perceptual dynamics during binocular 
rivalry, with the visible percept suppressing the invisible percept. 
Stronger inhibition could translate into longer perceptual dominance 
durations
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of neurochemistry and visually evoked gamma frequency, 
respectively. They found that individuals with better ori-
entation discrimination of oblique stimuli also had higher 
GABA+ levels in the early visual cortex, which is consistent 
with the view that GABA plays a role in improving stimulus 
selectivity in the visual cortex (Shapley et al. 2003). Con-
sistent with a prior study (Muthukumaraswamy et al. 2009), 
GABA+ also positively correlated with oscillatory signals 
in the gamma frequency range (30–80 Hz), a metric for the 
synchronised activity of cortical neurons.

Because MEGA-PRESS quantifies macromolecule 
(MM) contaminated GABA+, and not ‘pure’ GABA, a 
subsequent study (Mikkelsen et al. 2018a) set out to eval-
uate the contribution of pure GABA in the association 
between orientation discrimination and GABA+ (Edden 
et al. 2009). The study acquired MM-suppressed GABA 
in the occipital cortex and found a trend level association 
between MM-suppressed GABA and orientation discrimi-
nation, yet no link between GABA+ and orientation dis-
crimination (Mikkelsen et al. 2018a). This result suggests 
that MM-suppressed GABA may offer greater power in 

detecting a relationship between cortical inhibition and 
perceptual performance than GABA+, and that MM can 
add variability to the data. The link between gamma oscil-
lations and GABA+ has been investigated in an independ-
ent replication study (Cousijn et al. 2014). Cousijn et al., 
used a short-echo time MRS sequence (SPECIAL) and 
failed to replicate a correlation between resting GABA 
levels and stimulus-evoked gamma frequency in the visual 
cortex in a group of 50 participants. The choice of sam-
ple size and sex balance could potentially explain why 
the results could not be replicated, with both prior studies 
showing a positive association composed of moderately 
sized cohorts (N = 12 (Muthukumaraswamy et al. 2009) 
and N = 13 (Edden et al. 2009)). Participation in these two 
studies was limited to males to avoid possible GABA fluc-
tuations during the menstrual cycle (Epperson et al. 2005). 
In contrast, Cousijn et al., (2014) involved 50 participants 
of both sexes. Another reason could be the difference in 
the MRS sequence: the SPECIAL sequence identifies 
all three methylene groups of GABA, while the MEGA-
PRESS sequence applied by Muthukumaraswamy et al. 
(2009) and Edden et al. (2009) estimates GABA using the 
resonance at the 3 ppm position. Although the specific rea-
son for the difference in findings remains to be determined, 
these studies highlight the importance of considering the 
limitations of the MRS sequence, alongside the size and 
composition of the participant cohort, to present a valid 
interpretation of the results.

More recently, studies have investigated the relationship 
between motion discrimination and neurochemistry in the 
human motion-sensitive complex hMT+ (Schallmo et al. 
2018, 2019). Participants judged the direction of a grating 
drifting to the left or right at various contrast levels and 
sizes. The time needed to perform a threshold response 
was taken as the measure of motion discrimination. Across 
22 observers, GABA+ concentration correlated with 
motion discrimination, where higher GABA+ was asso-
ciated with less time needed to perform the task across 
all stimulus conditions. In a subsequent report, Schallmo 
et al. (2019), showed that higher Glx, the combined signals 
of glutamate and glutamine, from the same data set also 
correlated with better motion discrimination in hMT+. 
As interindividual GABA+ and Glx did not correlate with 
each other, the balance between excitation and inhibition 
within individuals is unlikely to have accounted for the 
observation. Taken together, these results suggest that both 
inhibition and excitation contribute to better motion dis-
crimination, potentially by improving the signal-to-noise 
ratio and increasing neural responsiveness during percep-
tual tasks.

Fig. 3   Relating interindividual variability in behavioural performance 
to GABAergic inhibition. The link between GABAergic inhibition 
and  visual perception can be evaluated using MRS in combination 
with behavioural psychophysics. In the example by Robertson et  al. 
(2016), (a) a binocular rivalry task is performed outside of the scan-
ner. (b) MRS is applied in the visual cortex to quantify levels of neu-
rochemicals, including GABA. A control voxel is placed in another 
location (i.e. motor cortex)  to test the regional specificity of metabo-
lite estimates. (c) By correlating the behavioural with the MRS meas-
ure, the  study showed that higher GABA levels related to stronger 
perceptual suppression. Figures reproduced with permission
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Bistable perception

Bistable perception describes the spontaneous alterna-
tion between two possible perceptual interpretations of 
the same stimulus. Perceptual dynamics to bistable stimuli 
have been shown to relate to GABAergic inhibition. Bista-
ble stimuli offer well-controlled paradigms to study the 
relationship between retinal input and the brain’s percep-
tual interpretation. Models of bistable perception suggest 
that populations of stimulus selective neurons in the visual 
cortex compete with each other for perceptual dominance, 
and that perceptual alternations are generated by mutual 
inhibition (Blake 1989; Seely and Chow 2011). Support 
for this view from studies in humans has emerged over the 
past 10 years from a number of different groups that have 
demonstrated higher occipital GABA in healthy individu-
als with (i) slower perceptual dynamics (van Loon et al. 
2013), (ii) greater dominance duration (Lunghi et al. 2015; 
Pitchaimuthu et al. 2017) and (iii) stronger perceptual sup-
pression (Robertson et al. 2016), although a lack of cor-
relation between GABA+ and bistable motion stimuli has 
also been reported (Sandberg et al. 2016).

To understand cortical mechanisms during bistable 
dynamics, van Loon et al. (2013) combined three well-
established bistable psychophysical paradigms: binocular 
rivalry (BR), motion-induced-blindness (MIB), and struc-
ture-from-motion (SFM), with measures of cortical inhibi-
tion from the occipital lobe using MRS. Across all para-
digms, GABA+ correlated with percept duration, such that 
participants with higher GABA+ had longer percepts of a 
single interpretation and, therefore, fewer bistable switches 
of perception overall. No such effect was seen in a control 
area in the frontal cortex. To further investigate the causal 
influence of GABAergic inhibition on bistable perception, 
GABAA receptor agonist lorazepam was administered to 
enhance GABAergic signalling. Lorazepam increased the 
mean percept duration for motion-induced-blindness and 
structure-from-motion compared to placebo, specifically 
through decreasing the frequency of short duration in 
favour of long duration percepts. The first result suggests 
that bistable dynamics may be regulated by a common 
mechanism, as dominance duration of all three paradigms 
correlated with GABA+. However, the pharmacological 
experiment suggests that there is more complexity: in 
motion-induced-blindness, only invisible durations cor-
related with GABA+ and in contrast, only visible dura-
tions increased with lorazepam. It thus appears that dif-
ferent perceptual metrics in the same bistable paradigm 
may be associated with GABA+ levels in different ways. 
No data were collected for binocular rivalry due to diffi-
culty in achieving a single fused image of two stimuli that 
are presented separately to each eye while on lorazepam. 
Hence, the only bistable stimulus consistently supported 

by correlative and causal manipulations with GABA was 
structure-from-motion.

A subsequent replication analysis failed to demonstrate 
the association between occipital GABA+ levels and SFM 
percept durations using a larger cohort (N = 37) (Sandberg 
et al. 2016). Sandberg et al., argue that this may be due 
to a discrepancy in stimulus instructions: van Loon et al. 
(2013) asked participants to consciously increase alternation 
rates in every even trial run, yet the data from odd and even 
runs were not analysed separately. Unmodelled influences 
from higher areas involved in attentional control in visual 
areas could have facilitated cortical inhibition on neuronal 
populations involved in SFM perception. The null finding 
in Sandberg et al. may thus be related to weaker top down 
modulation during the behavioural performance.

GABA and competitive balance in the binocular 
visual system

Normal binocular vision depends on a sensory balance in 
which neither eye dominates too much over the other. The 
balance between eyes is thought to be regulated by roughly 
equal reciprocal GABAergic inhibition between the anatomi-
cally segregated inputs from the left and right eye into V1. 
Consequently, abnormal eye dominance may be supported 
by unbalanced inhibition, with the stronger eye inhibiting 
the weaker eye’s input and causing a reduction in function. 
In support, direct (Sengpiel et al. 2006; Harauzov et al. 
2010) and indirect (Maya Vetencourt et al. 2008) pharma-
cological reduction of GABAergic signalling in V1 of ani-
mals with pathological eye dominance has been shown to 
rescue neural function of the weaker eye. This effect was 
reversed by increasing GABAergic signalling (Maya Vet-
encourt et al. 2008). Binocular rivalry is a well-established 
psychophysical paradigm that gives a behavioural index of 
this cortical competition between eyes (Ooi and He 2020; 
Levelt 1965; Alais 2005). Here, rivalling stimuli presented 
to each eye compete for perceptual dominance, and the pat-
tern of perceptual dynamics is thought to reflect excitation 
and inhibition in the brain. Recent studies have exploited the 
binocular rivalry paradigm to investigate the role of GABA 
in cortical excitation and inhibition per se (Robertson et al. 
2016; van Loon et al. 2013; Mentch et al. 2019), in neural 
plasticity (Lunghi et al. 2015), and in ageing (Pitchaimuthu 
et al. 2017).

Robertson et al. (2016) used a binocular rivalry task 
(Fig. 3a) and MRS to investigate how visual performance 
and GABA + levels in control participants compared to par-
ticipants with autism. Resting MRS data were acquired in 
the early visual cortex and in a control voxel in the motor 
cortex (Fig. 3b). Across neurotypical participants, higher 
GABA+ levels correlated with greater perceptual suppres-
sion, a measure that quantifies the proportion of time that 
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a single eye’s percept dominates (Fig. 3c). In contrast, no 
such relationship was present in participants on the autistic 
spectrum. When the correlation analysis was applied to Glx, 
the combined signal of glutamate and glutamine, the authors 
found a positive correlation with perceptual suppression in 
both control and autistic participants. This study suggests a 
specific abnormality in inhibitory signalling in autism.

Interocular competition measured by binocular rivalry 
was also used by Lunghi et al. (2015) to investigate a poten-
tial link between GABAergic inhibition and brain plasticity. 
The dominance duration of each eye’s percept in binocu-
lar rivalry can be temporarily manipulated by patching one 
eye for 150 min. After removing the eye patch, the percep-
tual dominance of the occluded eye increases transiently 
(Lunghi et al. 2013). To understand whether these changes 
in dominance durations were related to GABA, Lunghi et al. 
scanned 19 participants at 7 T field strength before and 
after monocular deprivation. The ultra-high field strength 
provided a more reliable estimation of GABA through an 
increase in SNR and spectral resolution compared to lower 
field strengths (Tkac et al. 2009). Unlike prior studies, which 
related resting GABA directly to rivalry dominance dura-
tions (van Loon et al. 2013; Pitchaimuthu et al. 2017), the 
emphasis in Lunghi et al., was to quantify the impact of 
sensory deprivation on perception and cortical inhibition. 
Hence, the change in GABA before and after the interven-
tion was the key measure of interest. Covering one eye with 
a patch for 150 min reliably increased the dominance dura-
tion of the deprived eye. Individuals with a stronger increase 
in dominance duration also exhibited a greater decrease in 
GABA levels after deprivation. No correlation was observed 
in a control voxel placed in the posterior cingulate cortex. 
This study demonstrated that GABAergic inhibition is 
important for short-term plasticity in the brain.

Visual perception, including binocular rivalry dynam-
ics, has been shown to change with age. Pitchaimuthu et al. 
(2017) set out to test whether occipital GABA+ levels could 
be linked to differences in visual processing between younger 
(N = 20, aged 20–34) and older (N = 20, aged 63–78) popu-
lations. Relative to younger participants, older participants 
showed higher GABA+ on average. There was a significant 
positive correlation between occipital GABA + levels and 
binocular rivalry mean percept duration, however, this was 
only observed when both groups were combined, suggesting 
that the correlation may have been driven by the mean dif-
ference between groups. No correlations were observed in 
a control voxel placed in the pre-frontal cortex. This study 
demonstrates how binocular rivalry and in vivo neurochem-
istry can provide insights into healthy ageing.

Taken together, in vivo neurochemical studies using MRS 
and pharmacological interventions provide converging evi-
dence supporting a role of cortical inhibition in regulating 
interocular competition in the human visual system.

Cortical inhibition and spatial context modulation

How we see a particular object or image is determined by 
the spatial and temporal context in which we perceive it. 
The interaction with context is implemented by the recep-
tive field structure of a neuron, which describes the spatial 
extent in the visual field over which a neuron is respon-
sive. The receptive field can be divided into its classical 
centre and its modulatory surround. Stimuli presented to 
the classical receptive field are modulated by the surround, 
such that suppressive surrounds decrease stimulus response 
inside the receptive field and excitatory surrounds increase 
the response (Fitzpatrick 2000). Surround suppression is 
thought to be GABAergic and has been found at multiple 
stages in the visual hierarchy (Angelucci et al. 2017). To 
indirectly investigate surround interactions in humans, stud-
ies have taken advantage of a perceptual paradigm where 
the specific spatial context can cause paradoxical changes 
in threshold performance (Tadin et al. 2003). For example, 
observers need longer durations to discriminate motion in 
large high contrast stimuli compared to small stimuli (Tadin 
et al. 2003); a dynamic potentially related to surround sup-
pression (Tadin et al. 2011). Larger stimuli could activate 
the inhibitory surround, thereby decreasing the response to 
information in the centre. Hence, a key prediction is that 
observers with higher GABA levels should require more 
information, i.e. more time, to judge a large stimulus com-
pared to a small stimulus. A number of recent studies aimed 
to test this hypothesis in the human visual cortex by meas-
uring GABA from the early visual cortex or extra-striate 
regions using MRS. Together, these have presented mixed 
evidence supporting a role of neurochemistry in surround 
suppression. While some studies reported a link between 
GABA+  and orientation (Yoon et al. 2010), contrast (Cook 
et al. 2016) and motion-specific (Pitchaimuthu et al. 2017) 
surround suppression, two recent studies have not supported 
a relationship (Schallmo et al. 2018, 2020).

Schallmo et al. (2018) applied multiple complementary 
methods, including multimodal neuroimaging, computa-
tional modelling, and pharmacology to evaluate whether 
higher GABA+ led to stronger surround suppression. This 
combination of approaches provided both a rigorous correla-
tive and causative test of the involvement of GABA in spa-
tial context-dependent motion perception. In addition to the 
early visual cortex, data were also acquired from motion sen-
sitive area hMT+. They found no evidence for a direct rela-
tionship between surround suppression with GABA+ lev-
els in either early visual cortex or hMT+. Furthermore, if 
GABA played a direct role in surround suppression, pharma-
cologically enhancing GABA action through GABA agonist 
lorazepam would increase the effect of surround suppres-
sion. Instead, lorazepam led to weaker perceptual suppres-
sion than placebo. A median split into ‘high GABA’ and 
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‘low GABA’ participants revealed a decrease rather than 
an increase in motion discrimination thresholds in people 
with higher GABA+, again contrary to the hypothesis. 
The discrepancy with previous reports (Yoon et al. 2010; 
Cook et al. 2016; Pitchaimuthu et al. 2017) could be due to 
differences in the quantification of the surround suppres-
sion effect or could reflect differences in the role of corti-
cal inhibition in processing the specific visual stimuli used 
in the study. In addition, the macromolecular contamina-
tion of GABA acquired using the MEGA-PRESS sequence 
could have a major impact on the correlation with behaviour 
(Mikkelsen et al. 2018a). A recent study using a large sample 
size (N = 62) also showed no correlation between surround 
suppression and GABA+ (Schallmo et al. 2020). This lends 
further support to the view that the involvement of cortical 
inhibition in spatial context effects is likely to be more com-
plex than previously thought.

The role of GABA in visual perceptual 
learning

Visual plasticity is greatest in early childhood when the 
acquisition and optimisation of visual functions is effort-
less. In contrast, adults can learn new visual tasks but require 
a significant amount of repetition and effort (Bavelier et al. 
2010). Learning new skills requires plastic changes in the 
brain, which are thought to be facilitated by cortical disinhi-
bition (Letzkus et al. 2015; Barron 2020). In humans, these 
modulations were first demonstrated in the motor cortex 
(Floyer-Lea et al. 2006), and subsequently in the occipital 
lobe (Lunghi et al. 2015; Frangou et al. 2018, 2019). Spe-
cifically, early visual cortex disinhibition has been observed 
during a form of visual plasticity following patching of one 
eye for a short period (Lunghi et al. 2015), as well as dur-
ing visual perceptual learning (Frangou et al. 2018, 2019). 
However, not all learning is equal, and studies of the visual 
cortex have demonstrated that it matters both what you learn 
and how long  you learn for.

Frangou et al. (2019) set out to measure GABA at ultra-
high field (7 T) during learning of two visual tasks, each 
associated with different inhibitory processes: extracting sig-
nal-from-noise and perceptual discrimination. The authors 
alternately acquired neurochemicals from the occipito-tem-
poral cortex (OTC) and the posterior parietal cortex (PPC). 
These regions were chosen based on their role in visual 
processing: OTC subserves sensory processing while PPC 
has been linked to decision making. Half of the observers 
undertook the signal-from-noise task, and half undertook 
the perceptual discrimination task. GABA was acquired at 
four time points while participants gradually improved at 
the task inside the scanner. This provided a temporal profile 
of GABA during learning, and at two different levels of the 

perceptual decision-making pathway. The key finding was 
that the direction of GABA change in OTC depended on the 
task, whereas PPC GABA increased in both. Specifically, 
GABA decreased in OTC for the signal-from-noise task, 
indicating that disinhibition could facilitate the extraction 
of feature from noise, potentially through an amplification 
of neuronal gain. In contrast, GABA increased during learn-
ing of perceptual discrimination, potentially representing 
greater suppression of task-irrelevant information through 
top-down attention. However, no changes were observed in 
glutamate signals. Together, these results show that inhibi-
tory signals in the visual cortex vary depending on what 
the human visual system is learning while parietal cortex 
GABA modulates information irrespective of the task. In 
terms of experimental design, the study is a demonstration of 
how different, well-matched, psychophysical paradigms can 
be used to dissociate how GABAergic inhibition contributes 
to different perceptual mechanisms.

Shibata et al. (2017) sought to understand how learning a 
task beyond asymptotic performance (‘overlearning’) affects 
visual plasticity in the early visual cortex, and whether corti-
cal inhibition plays a role in the perceptual effects following 
overlearning. The authors investigated the possibility that 
the amount of learning in a visual perceptual task deter-
mines whether it can be disrupted by subsequent learning 
of another new task (Robertson et al. 2004). Participants 
learned to detect the orientation of a stimulus while the noise 
level was increased to keep the task difficult. One group 
performed the task until they reached asymptotic perfor-
mance, while the other continued learning for an additional 
20 mins after reaching asymptotic performance. This latter 
‘overlearning group’ maintained performance in the initial 
orientation task when asked to learn a second task. In con-
trast, learning a second task led to a loss of performance in 
the initial orientation task for the former group, who stopped 
training as soon as they reached asymptotic performance. 
Shibata et al., measured how these changes related to visual 
cortex neurochemicals before and after learning. When com-
paring MRS measures before and after learning,  both gluta-
mate and GABA+ increased in the ‘no overlearning’ group, 
but glutamate increased more than GABA+. However, in 
the ‘overlearning’ group, there was a strong increase in 
GABA+ above pre-training levels (~15%), while glutamate 
remained at baseline. The results suggest that cortical excita-
tion dominates during a typical memory stabilisation period, 
as represented in the ‘no overlearning group’, and that this 
stage can be further stabilised by overlearning which is asso-
ciated with an increase in cortical inhibition.

Together, these two studies of the healthy visual system 
indicate a clear involvement of neurochemicals in the acqui-
sition of novel visual skills, such as orientation detection 
and feature detection. While Frangou et al. (2019) stressed 
the importance of what is learnt, Shibata et  al. (2017) 
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demonstrated that how much it is learnt is also vital. Both 
studies take advantage of rigorous paradigms from visual 
psychophysics and innovative MRS paradigms to show how 
the topic of ‘plasticity’ can be further unpacked to provide 
information about the mechanisms of learning. Insights into 
the normal adult brain thus set the stage to widen the investi-
gation into dysfunction. The next section will discuss recent 
insights  into the neurochemistry of neuro-ophthalmological 
disorders.

Glutamate and GABA associated with visual 
dysfunction

Since the neurochemistry of the occipital lobe, and particu-
larly V1, can be linked to visual plasticity in the healthy 
brain, this raises the question of changes that might occur 
as a result of visual dysfunction. The most extreme version 
of visual dysfunction is the total absence of light perception 
which can be present from birth (congenital blindness) or 
acquired (late blindness). In the case of congenital blind-
ness, since the visual system has received no (or very little) 
light stimulation, there is significant cross-modal plasticity 
such that ‘visual’ areas instead respond to auditory (Coullon 
et al. 2015b; Watkins et al. 2013; Huber et al. 2019), lan-
guage (Bedny et al. 2011, 2012; Lane et al. 2015; Watkins 
et al. 2012; Amedi et al. 2003), tactile (Chebat et al. 2007) 
and cognitive stimulation (Bedny 2017). The effect that such 
reorganisation might have on the underlying neurochemis-
try is unclear, but increases in cortical thickness (Park et al. 
2009; Bridge et al. 2009) most notably in V1 are also likely 
to impact upon the neurochemical signature. Indeed, two 
studies with a small sample size that used MRS to inves-
tigate V1 in congenitally blind populations (Weaver et al. 
2013; Coullon et al. 2015a) both found significant increases 
in creatine, choline and myo-Inositol. Coullon et al., whose 
study was performed in participants who had anophthalmia 
(absence of functional eyes), suggest that the combination 
of the thicker cortex and increased choline and myo-Inositol 
resembles immature cortex, likely reflecting the lack of vis-
ual input. In contrast, the two studies did not find consistent 
changes in GABA+ or glutamate, with Weaver et al. finding 
a decrease in GABA+, but no change in glutamate, while 
Coullon et al. found an increase in glutamate. A study using 
a macaque model of congenital blindness additionally indi-
cated an increase in choline, but the use of only 2 animals 
with blindness and 2 sighted controls makes any firm con-
clusions difficult to interpret (Wu et al. 2013).

While congenitally blind individuals show considerable 
changes in neurochemistry in the early visual cortex, very 
few differences are evident in blindness acquired in adult-
hood (Bernabeu et al. 2009). The only clear change was an 
increase in myo-Inositol, which the authors suggest relates 

to an increase in glial cells, and may reflect changes result-
ing from a loss of input. While this study is relatively old, 
and MRS methodology has advanced considerably, it is also 
the case that the functional changes in late blindness are 
significantly less than in congenital blindness (Burton and 
McLaren 2006; Burton et al. 2002), and structural changes 
predominantly reflect degeneration of the occipital lobes 
(Reislev et al. 2016).

Neurochemical changes in blindness are likely to reflect, 
at least in part, the widespread structural and functional dif-
ferences in the occipital lobe but there are other conditions 
that could be directly linked to abnormal neurochemistry. In 
particular, it has been proposed that migraine, particularly 
with visual aura or visual triggering may result from abnor-
mal excitability in the visual brain. Early MRS investiga-
tions of the visual cortex in migraine quantified abundant 
metabolites such as lactate and NAA. More recent studies, 
however, have aimed to determine whether imbalances of 
GABA and glutamate may underlie abnormal visual percep-
tion. Indeed, in a study of migraine with and without aura, 
Bigal et al. (2008) found that GABA levels were lower in 
patients who had experienced severe headaches in the previ-
ous month. The sample size employed in the study was not 
sufficient to distinguish between migraine with and without 
aura. A more targeted study used adult females who had 
migraine with aura that was visually triggered (Bridge et al. 
2015). While also using a small number of participants, this 
study found a significant decrease in GABA in patients com-
pared to age- and sex-matched control participants. Moreo-
ver, there was a significant positive correlation in patients 
between resting glutamate concentration and visual stimu-
lation evoked fMRI activity levels in V1. This combination 
of results suggests abnormal neurochemistry in the visual 
cortex of patients with visually-triggered migraine. In con-
trast, a recent study did not find any change in GABA in 
patients with migraine, but in this case patients were only 
mildly affected by migraine (Staermose et al. 2019). Thus, 
the extent to which neurochemical imbalance may contribute 
to migraine, and particularly the visual involvement, remains 
to be determined.

Given the role of neurochemicals in plasticity and learn-
ing discussed in the previous section, changes that occur in 
degenerative retinal diseases have the potential to restrict 
or increase the effectiveness of gene therapy or stem cell 
therapy performed in the retina. Any intervention that may 
lead to increased efficacy of treatment would be beneficial. 
Investigations into the effects of retinal degeneration on 
visual cortex neurochemistry are ongoing.
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The neurochemical basis of visual activity

Stimulus-dependent changes are widely used in neurophysi-
ology and neuroimaging to investigate perceptual process-
ing, yet the majority of MRS studies on the visual system 
used resting MRS. A key limitation of resting MRS is that 
little control is exerted over sensory input or behaviour (for 
recent reviews, see Stanley and Raz 2018; Mullins 2018). 
Metabolites are hence not associated with a task-relevant 
perceptual state and are left to vary with little experimental 
constraint (Fig. 4a, right). Participants could be viewing a 
movie while MRS spectra are collected in the visual cor-
tex to maintain attention and compliance. For the analy-
sis, spectra are then averaged across the entire acquisition 
period to represent a ‘baseline’ measure of neurochemistry. 
In contrast, ‘functional’ MRS studies the biochemical path-
ways underlying functional changes during brain activa-
tion (Fig. 4a, left). This approach aims to reveal changes in 
metabolite levels, such as by comparing a functional con-
dition with a controlled baseline state. fMRS studies have 
largely taken advantage of high and ultra-high field strength 
MRI scanners to measure low concentration metabolites dur-
ing sensory processing.

Early fMRS studies used the visual system as a testing 
bed for studying brain metabolism. These have revealed 
increases in multiple metabolites during visual stimulation, 
including lactate and glucose (Prichard et al. 1991; Mangia 

et al. 2007). In addition, fMRS studies have consistently 
shown an increase in glutamate of about 2–4% in response 
to periods of long (Mangia et al. 2006; Bednarik et al. 2015; 
Kurcyus et al. 2018; Schaller et al. 2013; Lin et al. 2012) 
or short visual stimulation (Ip et al. 2017; Apsvalka et al. 
2015). More recently, the fMRS methodology has been used 
to investigate visual processing per se, such as in response 
to chromatic or achromatic stimuli (Bednarik et al. 2018), 
the polarity of binocular images (Rideaux et al. 2019) and 
visual contrast (Ip et al. 2019).

In an attempt to reconcile the widely used blood-oxy-
genation-level-dependent (BOLD)-signal in functional MRI 
with neurochemical signals, a recent study (Fig. 4b) acquired 
fMRI and MRS in response to changing levels of visual 
contrast (Ip et al. 2019). Using a combined-fMRI-MRS 
sequence at 7 T that measures BOLD-fMRI and metabo-
lites in the same time point, the study demonstrated that 
the BOLD-fMRI signal and glutamate monotonically rose 
with contrast levels (Fig. 4b, lower left panel). The lack of 
significant changes at lower contrast levels suggests a sen-
sitivity threshold for glutamate detection measured with a 
functional paradigm.

GABA, on the other hand, did not change (Fig. 4b, lower 
right panel). While GABA has been shown to decrease dur-
ing sustained activation in the motor cortex (Chen et al. 
2017), evidence that GABA in the visual cortex is modu-
lated by functional stimulation alone so far has been mixed 
(Ip et al. 2019; Rideaux et al. 2019; Mekle et al. 2017). 

Fig. 4   (a, left panel) Resting MRS is a common approach used to 
measure neurochemistry in the visual cortex. During resting MRS, 
participants watch a movie or have their eyes closed. Resting MRS 
taps into baseline levels of metabolites. Another approach is to use 
functional MRS (a,  right panel). In fMRS, participants view task-

relevant stimuli during data acquisition. (b) Using fMRS, Ip et  al. 
(2019) have shown that occipital cortex glutamate increased with vis-
ual contrast whereas GABA did not (Ip et al. 2019, reproduced under 
author rights)
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The ability to detect changes in GABA during stimulation is 
most likely dependent on the experimental parameters, such 
as stimulation duration, stimulus intensity and task require-
ments. Task-driven GABA changes in the visual cortex have 
been more robustly linked to protocols involving a change 
in performance, whether this be through passive sensory 
deprivation (Lunghi et al. 2015) or active learning (Frangou 
et al. 2018, 2019; Shibata et al. 2017).

Hence, the most relevant evidence to visual neuroscience 
so far from fMRS supports a link between basic visual pro-
cessing and glutamate, jointly involved in neurotransmis-
sion and energy production (Shen et al. 1999). The ability 
to measure neurochemistry during brain function brings us 
a step closer to understanding the excitatory and inhibitory 
nature of neural responses, yet many important questions 
remain, including how dynamic signals can be related to a 
specific function and cellular compartments. Glutamate, for 
example, is a major excitatory neurotransmitter and metabo-
lite. Because MRS measures bulk glutamate concentrations 
irrespective of tissue type, it could reflect glutamate in extra-
cellular or cellular locations. Glutamate could be in the cyto-
sol, bound within vesicles or inside of astrocytes, where 
extra-cellular glutamate is transported to be broken down 
into glutamine as part of the glutamate-glutamine cycle. The 
origin and metabolic pathways of MRS visible glutamate 
or GABA is not discernible using MRS and is an ongoing 
topic of investigation. Some gaps between the cellular and 
population activity level can be addressed by investigation 
in the rodent model, where combined recordings of fMRI, 
MRS and optogenetics may provide a more detailed picture 
of brain activation (for recent review see Just 2020). While 
the study of the resting brain’s chemistry will surely remain 
a common approach, the development of functional MRS 
marks an exciting step towards the neurochemistry of per-
ceptual awareness.

Challenges and future developments

MRS is a rapidly changing field, and technical advances 
in recent years have led to the development of several 
approaches for pre-processing, analysis and quantification 
of spectral data. A drawback of rapid development is that 
the field requires standardisation before the broader com-
munity can apply MRS (Near et al. 2020). To fill this need, 
expert-led consensus reports provide recommendations on 
best practices, and the availability of open-source software 
such as FSL-MRS (Clarke et al. 2020) make the method 
more widely useable by providing a modular, end-to-end 
pipeline for MRS analysis. Adapting minimum standards 
in data acquisition (Wilson et al. 2019) can improve data 
quality, and using standardised protocols for processing 
and reporting of MRS methodology (Lin et al. 2021) can 

improve the transparency and reproducibility of MRS. An 
important area of improvement will be the enhanced sepa-
ration of macromolecular contributions from metabolite 
signals. This is critical for MEGA-PRESS studies, as the 
GABA+ peak at 3 ppm has significant contributions from 
co-edited macromolecules (MM). MM contributions to 
GABA+ in the occipital lobe can reach up to 50%, and 
GABA+ does not necessarily correlate with MM suppressed 
‘pure’ GABA (Harris et al. 2015; Mikkelsen et al. 2018a). 
Researchers interested in GABA estimates also need to be 
aware of potential changes in MM levels as a function of 
disease and age. Differences in MM levels have also been 
demonstrated between brain regions, and between gray and 
white matter (Cudalbu et al. 2020). Hence, it needs to be 
acknowledged that MM can impact on GABA+ measure-
ments and the results interpreted appropriately (Bhattacha-
ryya 2014). Recent recommendations on how to improve 
knowledge and estimation for MM have been published 
elsewhere (Cudalbu et al. 2020).

Spatial precision is one of the hallmarks of visual neu-
roscience, yet the spatial resolution of standard MRS (8–27 
cm3) is very coarse to allow sufficient SNR. This means 
that visual areas, which can be functionally localised using 
fMRI, can be overlapping but not isolated by the MRS voxel. 
The neurochemical concentration of the target area is hence 
summed with concentrations of nearby regions, an issue that 
is common to single-voxel MRS studies. However, reduc-
ing the voxel size requires an increase in acquisition time 
to maintain equivalent signal. This can be problematic, not 
least because of an increased risk of scanner frequency drift 
and participant head motion that can impact on spectral qual-
ity. In general, shorter scan durations are preferred to enable 
multiple regions to be measured within the scanning ses-
sion and to enhance participant compliance (Mikkelsen et al. 
2018b). Another approach is to exploit the increased spatial 
resolution of MRS-imaging (MRSI). Although employ-
ing MRSI is technically challenging, it allows metabolites 
to be measured at increasingly higher spatial resolution (i.e. 
in-plane resolution 5 × 5 mm and thickness 10 mm; Steel 
et al. 2018), and greater coverage using simultaneous acqui-
sition of multiple voxels. Thus, with a more suitable spatial 
resolution, studies may reflect measurements more specifi-
cally from V1 rather than larger regions of cortex, such as 
‘early visual cortex’. Relatively little is known about the 
temporal properties of dynamic metabolite responses, as 
typically spectra need to be collected over several minutes 
to achieve sufficient SNR. This sets a limit on the ability to 
study the temporal dynamics of metabolite responses. While 
fMRS studies have revealed dynamic changes in metabolite 
levels in response to functional stimulation (Stanley and 
Raz 2018), clear quantitative relationships between stimulus 
and response are still to be described. This is an important 
area to clarify, as recent evidence suggests that metabolite 
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dynamics, even in the resting visual cortex, can reflect 
reliable, regionally specific interactions between cortical 
excitation and inhibition (Rideaux 2020).  Taken together, 
these results point towards a complex relationship between 
metabolite levels during stimulation and rest that have yet 
to be investigated in detail.

Finally, a factor that is often overlooked is the state of rest 
during MRS data acquisition. Resting MRS is widely used 
in the literature, yet it would be difficult to assume that all 
resting conditions are the same. Recent studies have demon-
strated that the state of the participant during resting MRS 
influences metabolite levels, with the type of rest impact-
ing on mean concentration and variability from prefrontal 
(Lynn et al. 2018) to occipital (Kurcyus et al. 2018) cortices. 
This evidence suggests that controlling the state of the visual 
cortex during rest may be as important as controlling for 
the content of visual psychophysics. Yet, few studies report 
what exactly the participant was doing while MRS data were 
collected. The variability in visual state during resting MRS 
could be a potential contributing factor to the difficulty in 
replicating prior findings.

Conclusions

In summary, rapid technical advances in recent years have 
allowed the quantification of multiple metabolites from the 
visual system with greater sensitivity and reliability than 
ever before, including neurotransmitters GABA and gluta-
mate. MR spectroscopy is establishing itself as an impor-
tant non-invasive brain imaging technique for basic vision 
science, enabling novel insights into the chemical signals 
underlying normal and abnormal visual function. Vision sci-
entists are now exploiting this capacity, with findings sup-
porting a varied and complex role for neurochemistry in the 
visual system from perception to plasticity. While numerous 
substantial challenges remain, in vivo neurochemistry has 
already built a crucial bridge, connecting invasive work in 
animals, perception and the biochemistry of human visual 
function.
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