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Abstract: Neurotransmitter-gated receptors contribute to 
synaptic transmission and modulation in many ways. Con-
sidering glutamate receptors as an example, it becomes 
clear that these receptor families are highly diverse and 
that it is experimentally challenging to disentangle the 
different functional contributions of closely related recep-
tor subtypes. Pharmacological and genetic methods are 
now complemented by optogenetic approaches, which 
allow for controlling receptor signaling with light. Using 
glutamate receptors as an example, I summarize how 
tethered photoswitchable ligands can be used to control 
individual receptor subtypes with high spatial and tem-
poral precision, and in specific cells. These, and similarly 
exciting approaches, offer new possibilities for probing 
the function of individual receptors in the nervous sys- 
tem.
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Introduction
Our nervous system is a powerful organ of remarkable 
complexity. Its capabilities arise from an enormous diver-
sity of molecular mechanisms, cell types and connections 
between specialized brain regions. Cataloging and appre-
hending this diversity seems key for understanding brain 
function in health and disease.

Many current experimental efforts are aimed at ad-
dressing this diversity on all organizational levels, for 
instance by defining cell types or mapping connections 
more precisely, often using sophisticated genetic tech-
niques. Another focus remains on probing the many forms 
of signal processing that occur within single neurons and 

at individual synapses. For this, it would be desirable to 
measure or image transmission and signal integration at 
single synapses, that is in small spine regions (<1 μm) and 
on fast, often millisecond timescales, but also to manip-
ulate these processes with high precision. In this review 
I summarize the challenges that are associated with 
studying the role of different receptor subtypes involved  
in synaptic transmission and modulation, and I describe 
how the functions of these diverse receptor families might 
be disentangled by using novel, light-controlled tools. 
Particular emphasis will be given on light-controlled glu-
tamate receptors (GluRs), but the questions and method-
ology are applicable to neurotransmitter-gated receptors 
in general.

Challenges and approaches for 
studying the physiological function 
of neurotransmitter-gated receptors
Studying the molecular events that underlie synaptic 
transmission, integration, and plasticity has a long history. 
The actions of chemical neurotransmitters were revealed 
early, and extensive cloning studies established the mo-
lecular identity of the receptors decoding these signals. 
Indeed, most common neurotransmitters are detected by 
two receptor classes, i) ionotropic receptors, which are li-
gand-gated ion channels that primarily facilitate the flow 
of ions, and ii) metabotropic receptors, which are G pro-
tein-coupled receptors (GPCRs) that control second mes-
senger signaling cascades through G  protein activation. 
A typical example is glutamate, which is the main excit-
atory neurotransmitter in the central nervous system of 
vertebrates and an important neuromodulator, and which 
is sensed by ionotropic GluRs (iGluRs) and metabotropic 
GluRs (mGluRs) (Figure  1A). Both receptor families en-
compass a wide repertoire of subtypes and isoforms with 
different properties (Monyer et al., 1991; Hollmann and 
Heinemann, 1994; Traynelis et al., 2010; Reiner and Levitz, 
2018). Their functional diversity is further increased by the 
formation of heteromeric receptors, association with ac-
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cessory subunits and scaffolding proteins (Schwenk et al., 
2012; Jacobi and von Engelhardt, 2017).

Dissecting the functional roles of the various iGluR 
and mGluR subtypes is, however, difficult. Many subtypes 
are widespread in the nervous system and most neurons 
express several subtypes, which also differs between 
cellular locations and individual synapses. For instance, 
iGluRs, which generate postsynaptic excitatory depolari-
zations, are also found in presynaptic terminals and glia 
cells, suggesting additional roles in neuromodulation and 
gliotransmission (Reiner and Levitz, 2018). To make things 
even more complex, the receptor composition at any given 
synapse is not static, but subject to change. These adap-
tations allow for the integration of diverse signals, which 
forms the basis for synaptic homeostasis as well as plas-
ticity. This complexity is not unique to GluRs, but it is also 
encountered for many other neurotransmitter-gated re-
ceptors. Overall, in most cases we do not know precisely, 
how individual receptor subtypes contribute to the various 
physiological processes.

Two main methods have been used for studying the 
function of neurotransmitter-gated receptors  – pharma-
cological methods and genetic methods (Figure  1B,C). 
Pharmacological agents, such as agonists, antagonists, 
allosteric modulators and blockers, allow to interfere with, 

and to thereby deduce receptor function. For instance, the 
iGluR agonists AMPA (α-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid), kainate and NMDA (N-methyl-D-as-
partate) were used to define the corresponding iGluR sub-
families. However, despite considerable efforts to develop 
substances with high subtype selectivity, it remains mostly 
impossible to activate or inhibit the different iGluR sub-
types independently of each other (Traynelis et al., 2010). 
Moreover, the application of pharmacological agents 
cannot be used to distinguish between receptors that are 
present on different cell types or in different synaptic com-
partments (Figure 1B), e.  g. to distinguish between effects 
that are mediated by activation of pre- or postsynaptic 
GluRs.

Genetic manipulations provide a complementary ap-
proach for studying the role of neurotransmitter-gated 
receptors, as they allow to abolish, reduce or increase 
the expression of specific receptor subunits, or to intro-
duce modified receptor subunits (Luo et al., 2018). The 
genetic manipulation itself is confined to a specific recep-
tor subtype, and it can be performed on selected cells, for 
instance by relying on specific driver lines, promoters or 
stereotactic injections (Figure  1C). The large number of 
transgenic animals and virus tools that has become availa-
ble makes this a powerful approach. One drawback is that 

Fig. 1: Neurotransmitter-gated receptors at a glutamatergic synapse and experimental approaches to study them. A: Different ionotro-
pic and metabotropic glutamate receptors, iGluRs (blue/green) and mGluRs (purple), are present in the postsynaptic neuron, but also 
presynaptically and on glia cells, in this case an astrocyte. It remains challenging to dissect the function of individual GluR subtypes, which 
contribute to synaptic transmission, homeostasis and plasticity. B: Pharmacological methods may be used to distinguish between different 
receptor subtypes, but they do not allow to discriminate between different cells and synaptic compartments. C: Genetic methods, e.  g. 
receptor knockouts, provide ultimate specificity, but lack time-resolution.



Andreas Reiner, New light on neurotransmitter-gated receptors   A161

genetic manipulations are slow and cannot be turned on 
or off within the timeframe of most physiological experi-
ments.

Light-based methods and the rise of 
optogenetics
Light-based methods offer unique advantages for study-
ing biological systems. Light in the visible range does not 
interfere with most biological processes and is therefore 
fairly non-invasive, with red- and near-IR-light penetrat-
ing deep into tissue. Maybe more important, light-based 
methods provide high spatial and temporal resolution 
compared to pharmacological and genetic manipulations. 
These advantages are evident from the extensive use of 
fluorescence-based imaging techniques, which now often 
include in vivo imaging, two-photon excitation for achiev-
ing high optical resolution in tissue, or super-resolution 
methods to work out details on the tens of nanometer 
scale.

Light seems not only an ideal tool for observing, but 
also for manipulating biological processes. A popular ap-
proach is photo-uncaging (Ellis-Davies, 2007), which was 
first applied to second messengers in the mid 1980s and 
soon after, by George Hess, to acetylcholine and gluta-
mate. In this approach the biologically active compound 
is “caged” (masked) with a photo-labile protecting group, 
added in its inactive form to the biological preparation, 
and released on demand using light. Photo-uncaging 
allows to release compounds within milliseconds and on 
the scale of microns, and it became easy to implement 
with laser light sources being commonly available. Caged 
agonists for all major neurotransmitter-gated receptors 
have been developed, as well as some caged-blockers and 
neuropeptides, often with different optical properties, in-
cluding efficient two-photon release (Ellis-Davies, 2007; 
Reiner et al., 2015). One limitation is that photo-uncaging 
is irreversible, that is the diffusion (or uptake) of the re-
leased compound determines, how fast the signal turns 
off.

An alternative approach, though less commonly used, 
are photoswitchable neurotransmitter analogues. In this 
case, the ligand of interest is modified with a photoswitch-
able group, typically an azobenzene. Azobenzenes 
undergo a reversible, light-induced trans-to-cis isomeriza-
tion, which results in a significant conformational change 
of the ligand thereby modulating its binding affinity to the 
receptor. Light of certain wavelengths can then be used to 
switch the ligand back and forth between a high and low 

affinity configuration. Photo-switchable agonists, antago-
nists and modulators have now been developed for a wide 
range of receptors, including iGluRs and mGluRs (Pittolo 
et al., 2014; Laprell et al., 2015; Barber et al., 2017).

In most cases, photoswitching and photo-uncaging on 
the timescale of a few milliseconds is sufficiently fast, and 
the spatial resolution is only limited by ligand diffusion. 
However, the ligands cannot be targeted to specific cells, 
which means, for example, that it remains difficult to dis-
tinguish between pre- and postsynaptic effects. Neverthe-
less, caged and switchable ligands have become valuable 
tools for activating endogenous receptor populations or 
functional circuit mapping using light.

An important conceptual extension came with the 
idea to use genetic means to target optical control tools 
to specific cells (Zemelman and Miesenböck, 2001), a 
concept which became known as optogenetics (Deisseroth 
and Hegemann, 2017; Kim et al., 2017; Reiner and Isacoff, 
2013). Indeed, an early implementation of this concept 
was achieved by combining ATP or capsaicin photo-un-
caging with the heterologous expression of ATP-gated 
P2X receptors or capsaicin-sensitive TRP channels in se-
lected cells (Zemelman et al., 2003). Soon after, opsins 
were recognized as ideal optogenetic tools, in particular 
for controlling neuronal activity (Boyden et al., 2005; Li 
et al., 2005; Nagel et al., 2005). The opsin protein family 
encompasses light-gated GPCRs, e.  g. vertebrate rhodop-
sins, light-driven ion pumps, such as halorhodopsin and 
bacteriorhodopsin of microbial origin, and, channelrho-
dopsins, which are light-gated ion channels that were first 
identified in green algae in 2002 (Nagel et al., 2002). In 
all opsins the activation is controlled by a light-induced 
cis-to-trans or trans-to-cis photo-isomerization of a retinal 
cofactor.

Many opsins are expressed reasonably well in neurons 
and can therefore be easily combined with state-of-the-art 
genetic techniques. A particularly popular tool is channel-
rhodopsin, which can be used to depolarize (activate) se-
lected neurons with short pulses of blue light, and which 
is now used in a wide range of experimental paradigms, 
including behavioral studies (Kim et al., 2017). Chan-
nelrhodopsin and many other opsins were further engi-
neered to optimize their kinetic and spectral properties, 
or to alter their ion selectivity (Deisseroth and Hegemann, 
2017; Wietek et al., 2017). These tools made light-induced 
stimulation, and to a lesser extent light-induced silenc-
ing (Wiegert et al., 2017) of neurons to standard methods 
across many fields in neuroscience.
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Optogenetic control of neurotrans-
mitter-gated receptors with pho-
toswitchable ligands
Opsins are ideal tools for controlling neuronal excitability. 
In parallel, chemo-optogenetic approaches have been de-
veloped that allow to light-control proteins that are native 
to the nervous system (Banghart et al., 2004; Volgraf et al., 
2006). One example is the use of tethered photoswitcha-
ble ligands, which are covalently coupled to a genetically 
engineered receptor subunit (Figure 2). This approach has 
been applied to photo-activate or photo-inhibit iGluRs and 
mGluRs (Reiner et al., 2015), but has also been transferred 
to various other receptors (Fehrentz et al., 2011; Kramer et 
al., 2013).

Tethered photoswitchable ligands are synthetic com-
pounds, which incorporate a functional group that allows 
to label a receptor of interest at a defined position, a pho-
toswitchable group that elicits a large conformational 
change upon illumination, and a headgroup that serves 

as ligand. In the case of GluRs optical activation can be 
achieved using maleimide-azobenzene-glutamate ligands, 
also called MAGs (Figure 2A,B) (Volgraf et al., 2006; Goros-
tiza et al., 2007; Levitz et al., 2013). The maleimide group 
is used to attach the MAG photoswitch to a genetically 
encoded cysteine side chain that is introduced in the 
desired receptor subunit close to the glutamate binding 
pocket. The azobenzene serves as photoswitch that can be 
isomerized between its trans and cis configuration using 
light of different wavelengths, and the glutamate head-
group, a 4-alkylglutamate derivative in L-configuration 
for iGluRs (D for mGluRs) works as high efficacy agonist.

A major advantage of this approach is that the at-
tachment site on the receptor is genetically encoded. In 
this way, full subtype specificity is attained, since only 
receptors containing MAG-labeled subunits will respond 
to the light stimulus, and targeting to specific cell types 
and synaptic compartments becomes possible (Figure 2C). 
The spatial resolution is only limited by the ability to focus 
light to the region of interest. The temporal resolution is 
mostly determined by the light intensity, and short, high 

Fig. 2: Tethered photoswitchable ligands allow to control glutamate receptors with light. A: Scheme showing photoswitchable ligands (red) 
that are covalently attached to genetically modified receptor subunits carrying a cysteine residue (blue) close to the ligand binding pocket. 
Illumination with light allows to reversible isomerize the ligand and to thereby activate the receptor (photo-agonism). B: Chemical structure 
of a typical MAG ligand (L-MAG1) that can be isomerized with ~ 375 nm / 488 nm light. Other MAG photoswitches respond to other wave-
lengths or show a fast spontaneous cis-to-trans relaxation. C: The genetically encoded attachment site makes this approach selective for 
the chosen receptor subtype and allows targeting to specific cells. D: Example of iGluR photoswitching demonstrated with voltage-clamp 
recordings. Left, reversible photoswitching of heterologously expressed GluK2(L439C) kainate receptors labeled with a MAG0 photoswitch. 
Illumination with 380 nm light (purple bars) yields photo-agonism (inward currents), which can be turned off with 500 nm light (green bars). 
Recorded in the presence of a desensitization blocker. Right, fast photoswitching with high intensity light pulses (arrows) yields submillise-
cond activation and millisecond desensitization kinetics. Panel D was adapted from Reiner and Isacoff, 2014a.
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intensity laser pulses can be used to control ligand binding 
and unbinding on the microsecond and millisecond times-
cale, respectively (Figure 2D) (Reiner and Isacoff, 2014a). 
This high temporal resolution allows to mimic various syn-
aptic activation patterns, but also to infer new information 
on the gating mechanism of iGluRs and mGluRs (Reiner 
and Isacoff, 2014a; Levitz et al., 2016a).

Light-gated GluRs, such as the photo-activatable 
kainate receptor variant GluK2, have now been used in a 
large number of experimental preparations. This includes 
cultured cells (Reiner and Isacoff, 2014b), primary neuron 
(Szobota et al., 2007) and astrocyte cultures (Li et al., 
2012), brain slices (Berlin et al., 2016), the retina ex vivo 
and in vivo (Gaub et al., 2014), as well as flies (Kauwe et 
al., 2013), living zebrafish (Wyart et al., 2009) and mice 
(Levitz et al., 2016b). In all cases, no side effects were 
observed and photoswitching was robust and repeatable 
over extended periods of time. The first generation MAG 
photoswitches are most efficiently switched with 375 nm 
and 488 nm light. Modifications to the azobenzene switch 
yielded MAG versions that can be controlled with single 
pulses of blue light (MAG460) (Kienzler et al., 2013), or even 
with red light (Rullo et al., 2014). Some MAG versions are 
also suitable for two-photon excitation (Carroll et al., 
2015). For an overview of the currently available iGluR 
MAG ligands see Levitz et al., 2016b.

MAG photoswitches have been used to control 
various iGluR and mGluR subtypes. One recent example 
is the optical control of different NMDA receptor subu-
nits, which, among other functions, play an important 
role for postsynaptic Ca2+-signaling and plasticity. Differ-
ent MAG attachment positions were established to 
achieve photo-agonism (activation) at GluN2A and 
GluN2B subunits, but also to achieve photo-antagonism 
(inhibition) at the GluN2A subunit, or the GluN1 subunit, 
which is common to all NMDA receptors. In a recent 
example Berlin, Szobota et al. expressed photo-activata-
ble GluN2A subunits in cultured hippocampal slices 
(Berlin et al., 2016), where these subunits co-assemble 
with endogenous GluN1 subunits to form functional 
NMDA receptor complexes (Figure 3A,B). MAG labeling, 
followed by light activation of the GluN2A subunits in 
single dendritic spines allowed to produce local Ca2+-sig-
nals, and it was shown that this local activation of post-
synaptic GluN2A subunits was sufficient to induce spine 
swelling, which is indicative of long-term potentiation 
(Figure 3C,D). The activation of presynaptic NMDA recep-
tors, or any other iGluRs, was apparently not necessary 
for eliciting this response. Similarly, the use of photo-an-
tagonistic versions revealed that partially inhibiting 
postsynaptic GluN1/GluN2A receptors is sufficient to 

suppress spine swelling and induction of long-term po-
tentiation at hippocampal CA3-CA1 synapses.

The success of this concept has triggered interest in alter-
native labeling schemes and for mGluRs a SNAP-based 
approach was implemented recently (Broichhagen et al., 
2015). In this approach an extracellular SNAP domain is 
fused to the receptor of interest, which then can be labeled 
with a benzylguanine-azobenzene-glutamate (BGAG) 
photoswitch. SNAP-labeling provides higher specificity 
compared to cysteine labeling, requires lower ligand con-
centrations, and is potentially easier to transfer between 
different receptor subunits. A combination of SNAP- and 
CLIP-labeling can be even used to control two different 
receptor populations within the same preparation (Levitz 
et al., 2017). Alternatively, affinity labeling schemes have 
been developed, which lack genetic encoding but allow 
for targeting endogenous receptor populations (Izquier-
do-Serra et al., 2016).

Fig. 3: Photo-activation of postsynaptic, GluN2A-containing NMDA 
receptors elicits Ca2+-influx and spine swelling. A: Organotypic 
hippocampal slice with CA1 neurons expressing the red fluorescent 
Ca2+-sensor R-GECO1 (red), GFP (green), and the photo-activatable 
NMDA receptor subunit GluN2A(V713C). B: Upon MAG labeling 
and transient photo-activation of the GluN2A(V713C) subunit with 
405 nm light, a pronounced Ca2+-influx (increase in R-GECO1 fluore-
scence) is observed in the targeted spine (region 1), but not in the 
neighboring spines (region 2–4), and only weakly in the dendrite. 
C: Expansion of a single spine observed after MAG-GluN2A(V713C) 
photo-activation for 1–2 min (t = 0), visualized by co-expression of 
red-fluorescent tdTomato. D: Spine expansion is triggered by photo-
activation, but not in neighboring spines nor in control conditions. 
After an initial swelling, spines stayed enlarged for at least 45 min. 
The figure was adapted from Berlin et al., 2016.
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Chemo-optogenetic approaches are not limited to 
GluRs, but similar tethered photoswitchable ligands have 
been developed for numerous other receptor families, in-
cluding nicotinic acetylcholine receptors (Tochitsky et al., 
2012), GABAA receptors (Lin et al., 2015; Lin et al., 2018) and 
dopamine receptors (Donthamsetti et al., 2017). Similarly, 
photoswitchable tethered pore blockers have been used to 
manipulate various potassium channel families (Banghart 
et al., 2004; Sandoz and Levitz, 2013). Furthermore, azoben-
zene photoswitches have been used to control receptor 
function allosterically, e.  g. in the case of the purine-sen-
sitive P2X receptors, where they were placed to bridge the 
pore region (Browne et al., 2014; Habermacher et al., 2016), 
or in the case of NMDA receptors, where photoswitchable 
azobenzene amino acids were incorporated by stop codon 
suppression (Klippenstein et al., 2017). Other non-natural, 
photo-sensitive amino acids have been used for selective 
receptor inactivation (Klippenstein et al., 2014).

Other strategies for controlling 
synaptic signaling proteins with 
light
Numerous other optogenetic approaches have been devel-
oped, which can be of use to manipulate synaptic signaling 
processes. An early and important example is the control of 
neuronal second messenger signaling by using vertebrate 
rhodopsin, a light-activated GPCR that, through Gi/o activa-
tion, inhibits voltage-gated calcium channels and activates 
GIRK (potassium) channels (Li et al., 2005). Furthermore, 
rhodopsins have been used to emulate ligand-gated GPCRs 
by constructing chimeras, which carry the intracellular 
regions that determine their signaling and trafficking prop-
erties. This was first demonstrated by creating a chimera 
of rhodopsin and a beta-2 adrenergic receptor (Kim et al., 
2005), and similar chimeras were later developed to work 
in the nervous system, named opto-XRs (Airan et al., 2009). 
A similar strategy was used to construct a light-gated GPCR 
mimicking a serotonin receptor (5-HT1A) (Oh et al., 2010), 
and has now been extended to other serotonin receptor 
subtypes and using cone opsins and melanopsins as alter-
native scaffolds (Masseck et al., 2014; Spoida et al., 2014). 
Recently, this approach has also been utilized to investi-
gate the signaling properties of orphan GPCRs for which no 
ligand has yet been described (Morri et al., 2018).

Other optogenetic approaches rely on light-sensitive 
protein domains to control cellular processes, many of 
them using LOV domains or phytochromes to induce large 

conformational changes, or to control protein associa-
tion or localization (Möglich and Moffat, 2010). Examples 
include optogenetic tools to control transcription, vesicle 
trafficking (van Bergeijk et al., 2015), scaffolding (Sinnen 
et al., 2017), protein aggregation (Lee et al., 2014), inacti-
vation and degradation, all of which could be applied to 
study receptor-mediated signaling.

Outlook
Combining genetics with optical techniques may help 
us to overcome some of the long-standing experimental 
challenges associated with studying the molecular mech-
anisms of synaptic signaling. For instance: The ability to 
target receptors in specific synaptic compartments should 
be well suited to study neuron-glia interactions. The high 
temporal precision should make it possible to probe the 
consequences of different activation patterns, e.  g. on 
short timescales relevant to spike-timing-dependent plas-
ticity, or, on long developmental timescales. The ability 
to address individual receptor subtypes should be of use 
to decipher their specific functions, but also to study the 
crosstalk between closely related receptors (Reiner and 
Levitz, 2018). Moreover, the possibility of performing these 
manipulations in distinct neuronal populations in vivo may 
help defining more precisely, which receptor subtypes and 
brain regions should be targeted for therapeutic interven-
tions. Developing and using these techniques should thus 
yield exciting and new insights – starting at individual syn-
apses, over circuit function to cognition and behavior.

Article note: German version available at https://doi.org/10.1515/nf-
2017-0049
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Glossary

5-HT1A receptor serotonin (5-hydroxytryptamine) receptor 1A 
(Gi-coupled GPCR)

AMPA receptors iGluR subfamily, named after their 
agonist α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid

azobenzene a chemical group, which is often used as a 
photoswitch since it undergoes a light-indu-
ced trans-cis / cis-trans isomerization 

BGAG photoswitch benzylguanine-azobenzene-glutamate pho-
toswitch for the optical control of iGluRs (for 
attachment to SNAP tags)
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GABAA receptor γ-aminobutyric acid receptor A (ligand-gated 
chloride channel)

GIRK channels G protein-coupled inwardly-rectifying potas-
sium channels

GluK2 kainate receptor subunit 2 (formerly iGluR6)
GluNx NMDA receptor subunits
GPCR  G protein-coupled receptor
iGluR ionotropic glutamate receptor (ligand-gated 

ion channel)
LOV domains light-oxygen-voltage-sensing domains, a 

family of flavin-containing protein domains, 
which change their conformation upon 
illumination

MAG photoswitch maleimide-azobenzene-glutamate pho-
toswitch for the optical control of iGluRs (for 
attachment to cysteine residues)

mGluR metabotropic glutamate receptor (GPCR)
NMDA receptors iGluR subfamily, named after their agonist 

N-methyl-D-aspartate
P2X receptors ionotropic purinergic receptors (ATP-gated 

cation channels)
SNAP/CLIP tags protein tags, which react with O6-benzylgu-

anine derivatives (SNAP) and O2-benzylcy-
tosine derivatives (CLIP), respectively, and 
which can be used for covalent attachment 
of dyes or photoswitches 

TRP channels transient receptor potential channels, a class 
of cation channels, some of which can be 
activated by ligands
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