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ABSTRACT 

 

Calcium imaging and optogenetics are two powerful tools in neuroscience research. Their 

combination can give great insights on the working of neural networks and circuits and 

can complement electrophysiological data. 

The present investigation shows that it is possible to analyse neuronal networks with 

optogenetic tools in vitro, where light is used to open and close ionic channels that have 

conduction properties identical to native channels. In this project we have opted for the 

optogenetic approach of Photoisomerizable Tethered Ligands (PTL). By tethering 

synthetic photoisomerizable compounds (PTLs, also called photoswitches) to engineered 

native proteins (channels or receptors), we gain the possibility of controlling them with 

light. In our case, these engineered proteins were ionotropic kainate-type glutamate 

receptors, called LiGluK2.  

In rat primary hippocampal cultures, we combined the optical stimulation of LiGluK2 

with optical sensing by means of calcium imaging. Localized activation of LiGluK2 with 

confined illumination allowed us to control single neurons and analyse the effect of their 

activation on small neural networks. Different stimulation protocols were applied, and we 

found transfected neurons to have mainly three different kinds of responses in terms of 

calcium transients: single peaks, single prolonged calcium transients, multiple peaks. This 

activity affected surrounding neurons with variability, which can be ascribed to the 

physiological properties of the neurons involved and to the random connectivity of the 

analysed neural networks. 
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AIM OF THE STUDY 

 

The aim of the study was to combine calcium imaging with optogenetics in vitro in 

hippocampal primary cultures.   

The optical tool we considered was the Photoisomerizable Tethered Ligand (PTL) 

approach, where photoisomerizable synthetic compounds (PTLs, also called 

photoswitches) are tethered to engineered native proteins, allowing to control their 

activity with light. Among the existing PTL-based strategies, we decided to work with 

LiGluK2, which is based on the native kainate receptor GluK2, and, apart from its optical 

controllability, maintains all its key aspects. GluK2 plays distinct roles at excitatory and 

inhibitory synapses throughout the brain and has been implicated in a variety of 

neurological diseases, including mood disorders and epilepsy [1,2]. Compared to classical 

optogenetic approaches that use opsins, the PTL strategy allows us not only to control 

cellular excitability, but to eventually probe the function of specific receptor subtypes, 

both in vitro and in vivo, with unprecedented resolution. 

The objective was to transfect LiGluK2 and measure the electrical activity of primary cell 

culture networks with calcium imaging, combining optical stimulation with optical 

sensing. The optical activation of single transfected neurons would allow us to have 

control on the activity of small networks of neurons. To do this, we chose a red-shifted 

calcium dye, Rhod-3 AM, characterized by very close excitation and emission peaks 

(ex/em 560/600 nm), to perform calcium imaging during LiGluK2 activation. To simplify 

activation and inactivation of the photoswitch, we decided to try to use the calcium 

imaging light to deactivate the receptor, limiting the time of activation of the receptor to 

the time of illumination with the UV stimulus. The confinement of the stimulus by means 

of an optical fibre would allow to briefly activate the receptors and visualize the effect of 

this controlled activation on surrounding neurons.  

One of the most interesting features of the PTL-based approach, is that engineering of the 

native proteins does not alter their capability of binding PTLs. This means that, knowing 

the structure of the protein, it is possible to mutate single residues in functional and 

regulatory sites and directly test their effects on cellular function. The first step after 

mutation would be to screen points of attachment for the PTL, and the fastest way to assay 

them is through calcium imaging [3]. Our method could then be combined with 

electrophysiological recordings and give a major insight on the effects of single mutations 
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introduced in ionotropic/metabotropic glutamate or GABA receptors developed as light-

gated receptors [4,5]. 

 

INTRODUCTION 

OPTOGENETICS AND OPTICAL METHODS 

Optogenetics has had a strong impact on neuroscience. It is an innovative technique for 

optically controlling cellular activity. This field has exploded over the past decade or so 

and has given rise to great advances in the field [6].  

Optogenetics is a photostimulation technique in which the light-sensitive target is 

introduced genetically [7]. It refers to the combined use of optics and genetics with the 

aim of controlling the functions of genetically modified target cells. These functions can 

be gene activation, intracellular signalling and stimulation/inhibition of cells. This makes 

optogenetics an advantageous tool in studying and manipulating cellular systems.  

The outstanding features of this technique are cellular specificity and high temporal 

resolution: neurons may be controlled with optogenetics for fast, specific excitation or 

inhibition within systems as complex as freely moving mammals [8]. Using 

hetereologously expressed light-sensitive opsins, be it G protein-coupled receptors, ion 

channels or pumps, optogenetics has made it possible to stimulate or inhibit activity in 

selected neurons, allowing us to probe the role of these cells in circuit function or 

behaviour [7].  

In addition to naturally light-sensitive opsins used in “classic” optogenetics, chemical 

synthesis combined with protein engineering has produced a complementary “chemical” 

optogenetics, also known as photopharmacology [9] or optogenetic pharmacology [10]. 

Chemical synthesis is combined with protein engineering with the aim of modifying 

native mammalian channels, as well as ionotropic and metabotropic receptors. This 

means that we can modify native receptors endowing them with sensitivity to light. In 

this way they can be blocked, agonized or antagonized by light, and pre-synaptic or post-

synaptic neuronal responses to neurotransmitter release can be selectively controlled.  
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We can classify optogenetic methods in two main categories (Figure 1):  

 

A. Classic Optogenetics: heterologous expression of naturally light-sensitive 

proteins (opsins). 

 

B. Chemical Optogenetics (also called optopharmacology): native mammalian 

channels and receptors are engineered to be controlled by light. 

 

Figure 1: Classic and Chemical Optogenetics. A. Classic Optogenetics: Opsins (light-gated ion 

channels) are naturally sensitive to light and can be expressed in neurons; these proteins interact with 

the chromophore retinal, native to the nervous system of many animals, to photoregulate the membrane 

potential. B. Chemical Optogenetics: Neurotransmitter receptors can be engineered to become light 

sensitive when coupled to a synthetic photoswitchable molecule containing an analogue of the native 

neurotransmitter (figure from Szobota & Isacoff, 2010 [7]). 

 

Classic Optogenetics 

Traditional optogenetics involves the introduction of genes encoding light-sensitive 

transmembrane ion conductance regulators (most commonly microbial opsins) to 

enable excitation or inhibition of targeted cells, with the biological effect depending 

on the opsin employed (Figure 1A). Many opsins with distinct properties are used in 

optogenetics, with the most widely utilized being a mammalian codon-optimized 
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channelrhodopsin (ChR2) and a third-generation halorhodopsin optimized for 

membrane trafficking in mammalian cells (eNpHR3.0)[11].  

 

 

Figure 2: Intuitive description of the optogenetic stimulation method. Synthesis of the genetic 

construct encoding for the opsin, delivery and expression of opsins in targeted cells, optical activation 

of opsin-expressing cells followed by readout, modification of construct to obtain better optical control 

[12]. 

 

Opsins 

Opsin genes are divided in two distinct superfamilies: microbial opsins (type I) 

and animal opsins (type II). Type I opsin genes are found in prokaryotes, algae, 

and fungi [13], while type II are present only in higher eukaryotes and are 

responsible for vision, primarily, but are also involved in circadian rhythm and 

pigment regulation [14,15]. Moreover, while type II opsin genes encode for G 

protein-coupled receptors, type I genes code for ionotropic receptors. Even though 

both types of genes codify for 7-transmembrame-helix proteins, there is a very 

low sequence homology between the two superfamilies.  
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Opsin proteins from both families require retinal, a vitamin A-related organic 

cofactor that serves as an antenna for photons; when retinal is bound, the 

functional opsin proteins are termed rhodopsins. Retinal covalently binds to a 

conserved lysine residue of the seventh helix by forming a protonated retinal 

Schiff base (RSBH+). The ionic environment of the RSB, defined by the residues 

of the binding pocket, dictates the spectral and kinetic characteristics of each 

individual protein. Retinal isomerizes upon the absorption of a photon, 

consequently triggering a sequence of conformational changes within the opsin 

partner and initiating its activity [8]. 

Channelrhodopsins are a subfamily of retinylidene proteins that function as light-

gated ion channels [16]. Channelrhodopsin-2 (ChR2) is an important 

photochemical switch responsible for the phototaxic nature of algae 

Chlamydomonas reinharditii. In a pigmented organelle called eyespot, which 

helps the Chlamydomonas swim towards the light, we can find the 

Channelrhodopsin-2 protein, which is a cation channel. In the presence of the 

chromophore all-trans-retinal (ATR), ChR2 is activated with ms-kinetics by a 

band of blue light (λ=440-500 nm) with intensity threshold less than 1mW/mm2 

[12].  

In 2003, Nagel et al. showed for the first time that ChR2 can be used to depolarize 

cells (mammalian HEK cells and Xenopus laevis oocytes) upon blue light 

illumination with high temporal precision [16]. Subsequently, in vitro optogenetic 

activation of neurons using ChR2 was demonstrated, thus becoming the first 

single-component optogenetic tool [17]. In addition to stimulation, silencing of 

neurons has been reported using a chloride channel based halorhodospin(NpHR) 

[18,19]. Since the activation peak of halorhodopsin is in the yellow spectral range, 

combination of the two channels can be used for optical stimulation and silencing 

of neural activity with high temporal resolution.  

 

Gene Delivery and Expression 

The first step in using ChR2 (or other opsins) in neurons is to create a genetic 

construct encoding the opsin and targeting it to neurons by mean of a cell-specific 

promoter. In addition to this, since opsins are not fluorescent, the plasmid 
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encoding ChR2 must be fused with a sequence codifying for a fluorescent reporter 

protein for visualizing its expression in cells. 

Construct delivery can be done both with viral and non-viral methods: 

➢ Viral methods  

Adeno-associated virus (AAV) or lentivirus are generally used to package the 

genetic construct and deliver it near the neurons, in a petri dish or 

stereotactically into the brain region of interest [20]. Lentiviral vectors confer 

permanent expression of the genetic construct since they are integrated into 

the genome of the target cell [21]. AAV-mediated expression, on the other 

hand, may be less stable due to the fact that a much smaller percentage of the 

virus is integrated. 

➢ Non-viral methods  

Include lipofection, electroporation, and optoporation. Lipofection, also 

known as “lipid transfection” or “liposome-based transfection”, uses a lipid 

complex to deliver DNA to cells. This technology uses tiny vesicular 

structures called liposomes that have the same composition as the cell 

membrane. Depending on the liposome and cell type, the liposome can be 

endocytosed or directly fuse with the cell membrane to release the DNA 

construct into cells. The advantage to lipofection is that it works in many cell 

types, but is almost exclusively used in cell culture experiments [22]. 

Electroporation is the process of using an electric pulse to transfect cells with 

DNA. Applying an electric field to cells is thought to induce temporary pores 

in the cell membrane, allowing the cell to take up DNA sequences. After the 

electric field is switched off, the cell membrane reseals, trapping some of the 

electroporated DNA within the cell. Electroporation can be used to efficiently 

deliver DNA to cells for in vitro conditions. In neuroscience research, 

electroporation has been particularly useful for in utero preparations [22]. 

In the last two decades, laser-assisted cellular poration (also called 

photoporation, optoporation or laserfection) has been utilized to efficiently 

introduce macromolecules into intact cells. By using a tightly focused laser 

beam, the cell membrane can be perforated in a highly controlled manner, 

allowing exogenous molecules to enter the cell. Femtosecond (fs) near–

infrared laser based transfection has been shown to be safe, providing high 
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efficiency and survival (93%) of optoporated embryo during development 

[23], as well as for in-vivo gene delivery [24] as opposed to electroporation 

[12]. 

 

Animal models 

In addition to these delivery methods, transgenic animals expressing tissue-

specific opsins have been developed: Caenorhabditis elegans, Drosophila, 

zebrafish, mice, rats and primates. Using these transgenic or knock-in animals 

allows greater control of transgene expression by using larger promoter fragments 

and obviates viral payload limitations, but their use requires time, effort, and cost 

associated with their production, validation, and maintenance [8]. 

 

Caenorhabditis elegans 

Mechanosensory neuron activity and muscle wall motor neuron can be 

controlled in transgenic nematodes harbouring the channelrhodopsin gene 

[16]. Combinatorial optogenetics has also been used to bidirectionally 

control body wall muscle contraction by expressing ChR2 and NpHR [19]. 

C. elegans was also used for combined light-based stimulation and readout 

of neural activity [25,26], fulfilling the promise of all-optical 

physiological experiments using optogenetic tools and genetically 

encoded activity sensors [27].  

 

Drosophila 

Drosophila flies have been used to investigate appetitive/aversive odorant 

learning both at the receptor and neurotransmitter levels [28,29], the 

neuronal basis of the nociceptive response [30] and to rescue photosensory 

mutants [31]. These fly lines express an upstream activation sequence for 

channelrhodopsin2 (UAS-ChR2) [32]. Moreover, special considerations 

are required for this model organism [33]. One thing that must be 

considered in the use of flies and worms is that, unlike mammals, they do 

not possess levels of endogenous retinal that are sufficient for the 

functioning of optogenetic tools. Food supplement, however, can provide 
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enough retinal to drive ChR2 function [31]. In addition to this, flies 

possess an innate behavioral response to blue light that is developmentally 

dependent [28,31]. This complicates behavioral studies that use opsins 

activated in the blue spectra. This problem, in theory, could be bypassed 

using red-shifted optogenetic tools for excitation and inhibition. Spiking 

may be driven with up to 630 nm light, improving the potential for deep-

penetrating excitation [33]. 

 

Zebrafish 

The main advantages in using zebrafish for optogenetics are the short 

generational time and easy integration of foreign DNA, plus the facilitated 

genetic manipulation due to the transparency of the organism [34,35]. The 

first time optogenetic tools were used in zebrafish was in a study which 

examined the role of somatosensory control of escape behavior, where 

ChR2 was used to drive single spikes in a genetically defined population 

during the course of movement [36]. In the case of zebrafish, in addition 

to stable transgenic lines it is also possible to express the ChR2 gene by 

means of viral infection. This has been done by Zhu et al. in 2009 by using 

the Sindbis and rabies viruses [37]. 

 

Mouse 

To date, the mouse is the most extensively published optogenetic model 

organism and represents the majority of transgenic animals.  

The first transgenic opsin-expressing mouse line was generated using the 

Thy1 promoter [38,39] with widespread expression throughout the cortical 

layer 5 projection neurons as well as in some subcortical structures [38]. 

This mouse line has been widely used, for example, to examine the roles 

of inhibitory neurons on cortical information processing [40]. 

Subsequently, several other groups have also generated transgenic mouse 

lines directly expressing opsin genes [41–43]. Optogenetics in this model 

has also been used to study possible therapeutic mechanisms of cortical 

intervention in mouse models of depression [44] and to shed light on fear 

and anxiety behaviors by studying amygdala circuits [45–47]. These last 
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studies in particular have shown how complex behaviors can be dissected 

with optogenetic tools.  

 

Rat 

Their ability to perform complex behavioral tasks, the relative simplicity 

of their brains compared with human and nonhuman primates, and the 

ability to perform high density neural recordings in the free behaving 

animal, makes the rat an important model for neuroscience research. But 

optogenetic research in rats is limited by the availability of viral promoters 

capable of driving specific expression in the absence of transgenic 

targeting. However, transgenic rat lines expressing Cre recombinase in 

specific neuronal subtypes will greatly expand the potential for using rat 

models of neural circuit function in health and disease [8]. 

 

Primates 

ChR2 delivery to cortical neurons via lentiviral transduction has been 

achieved in macaques, but behavioral responses have not yet been 

observed [48,49]. In humans, eNpHR2.0, in the form of ex vivo human 

retinas, was delivered to human neural tissue and optogenetic efficacy on 

physiological measures was shown [50]. This has possible relevance to 

retinitis pigmentosa (RP), a disease where light-sensing cells in the retina 

degenerate, since the expression of eNpHR2.0 in light-insensitive cone 

cells restored normal phototransduction. 

 

Methods for confirming the expression of the opsin in the targeted cells vary on 

the basis of in vitro or in vivo experiments. In in vitro experiments, expression is 

verified by visualizing the fluorescence reporter protein by means conventional 

epifluorescence microscopy. In in vivo experiments, on the other hand, methods 

will vary according to the animal model employed. In the case of mammals, for 

example, confocal or multiphoton microscopy can be used in superficial brain 

regions with a special arrangement (for example an optical window on the dura 

mater, with skull removed) with single cell resolution. Conversely, the sacrifice 

of the animal after the experiments is necessary for deeper brain regions. In this 
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case, slices of the brain are performed after the sacrifice and opsin expression can 

be assessed with confocal microscopy with no additional staining. For correlating 

opsin expression with specific cell types immunohistochemistry is required: 

antibodies for opsins and target cells are used and co-localization is verified with 

confocal fluorescence microscopy [12]. 

 

Illumination and readout of optogenetic experiments 

Controlled optical activation of opsin-expressing cells is achieved with different 

illumination parameters. First of all, the wavelength of the light sources must be 

considered, and must generally match the maximum activation peak of the opsin. 

Secondly, temporal control of the light pulses is necessary for controlling and 

probing neurons. 

Patch clamp recordings are generally carried out in vitro to measure intra-cellular 

currents or generation/inhibition of action potentials by light activation. Other 

methods to detect stimulation/inhibition of neurons by optogenetic activation 

include single metallic electrodes or arrays of multiple electrodes and 

fluorescence biosensors such as calcium dyes. All these methods have been used 

both in vivo and in vitro, but as far as in vivo goes, another crucial factor to 

consider is the animal’s behaviour following optogenetic stimulation/inhibition, 

which allows us to evaluate the overall outcome of the optogenetic manipulation. 

All experimental read out values will then help modify the optogenetic construct 

and the experimental parameters in order to obtain better optical control of the 

targeted neurons and of the overall function of the neural circuitry [12].  

 

 

Chemical Optogenetics: Optopharmacology 

With chemical optogenetics, native mammalian channels, ionotropic, and 

metabotropic receptors can be blocked, agonized, or antagonized by light, enabling 

presynaptic or postsynaptic neuronal responses to neurotransmitter release to be 

selectively controlled [5,51]. 

An example of this strategy is Photoisomerizable Tethered Ligands (Figure 1B), 

which bind to genetically engineered channels or receptors and allow to control them 
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with light. Proteins are engineered by introducing a cysteine point mutation near their 

ligand-binding domain (LBD) that creates a point of attachment for a cysteine-

reactive PTL. These proteins can then be targeted to particular neurons or cellular 

regions by using specific promoters or signalling motifs [7]. We decided to use this 

strategy in our experiments.  

PTLs are photoisomerizable synthetic compounds with a modular structure. This 

makes it possible to sculpt the optical control element by designing each of its 

modules. The general structure of PTLs is: 

• Reactant: reactive group that mediates the covalent attachment to the target 

protein near the its binding site. 

• Linker: photoisomerizable linker that changes conformation with light 

• Ligand: agonist, antagonist, blocker 

The photoisomerizable linker is the crucial part of PTLs. By means of a mechanism 

called photoswitching [8], the linker switches between two isomers when illuminated 

by two different wavelengths of light, and either presents or removes the ligand from 

its binding site. This is why these linkers are also called photoswitches. Several 

chemical groups can be utilized in this way [9], such as spiropyrans [10], thioamids 

[11], and azobenzenes.  

Azobenzene derivatives are the most popular photoswitches, since they have excellent 

photophysical properties and allow robust and efficient switching [12,13]. 

Azobenzene’s shape and end-to-end length change significantly when the molecule 

shifts between its elongated trans form to its compact cis form. The peak absorption 

wavelengths that drive the molecule between the two configurations are spectrally 

well separated, typically 380 (trans to cis) and 500 nm (cis to trans), depending on 

the nature of the substituents attached to the azobenzene [3]. In the dark azobenzene 

is in a stable trans configuration, while light between 370-390 nm causes it to “bend” 

into the higher energy cis isomer. To efficiently turn azobenzene back to its trans 

isomer, 480–530 nm light can be used (>85 % trans). Wavelengths >530 nm favor 

the trans configuration as well, but the absorption becomes weak and photoswitching 

requires increasingly more light [10]. Even compared to other optical techniques, 

PTLs allow particularly precise spatiotemporal control since the photoisomerization 

of azobenzene is a picosecond process and binding is not limited by diffusion [52]. 
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SPARK and D-SPARK: light-gated K+ channels 

SPARK (Synthetic Photoisomerizable Azobenzene-Regulated K+ channel) was 

the first genetically-targeted PTL-based system invented and the first optogenetic 

system for silencing neuronal activity [53]. In this system the PTL consists of a 

Maleimide (the cysteine-reactive group), an Azobenzene, and Quaternary 

ammonium (a K+ channel pore blocker) (MAQ). Once attached to the Drosophila 

Shaker K+ channel at an introduced cysteine residue, conduction through the 

channel is blocked by 500 nm light and unblocked at 380 nm. The relatively large 

(about 20 pS) conductance of the Shaker K+ channel [54], combined with robust 

expression in mammalian neurons, makes this an effective tool for optically 

inhibiting action potential firing [7,53]. 

Subsequently, SPARK was modified to function as a trigger for optically 

depolarizing neurons and inducing action potential firing [55], since it was seen 

that a single point mutation in the ion selectivity filter could significantly increase 

its permeability to Na+ [56]. This modified version is called D-SPARK (D stands 

for “depolarizing”), and triggers action potentials when the pore is unblocked by 

380 nm illumination by allowing Na+ conduction into neurons. These action 

potentials cease upon 500 nm illumination. 

Since both SPARK and D-SPARK bind the same PTL, the two channels could be 

genetically targeted to different populations of neurons, which would then be 

endowed with light sensitivity upon binding of MAQ. 

 

LiGluR: Light-Gated Kainate-Type Glutamate Receptor 

The success of azobenzene-tethered ligands and their utility in complex cellular 

systems encouraged Trauner, Kramer, and Isacoff to extend this concept to other 

important ion channels [3]. Specifically, ionotropic glutamate receptors (iGluRs), 

which are the major mediators of excitatory synaptic transmission in the central 

nervous system [57], proved ideal candidates because of their well characterized 

pharmacology and the availability of 3D structural data [58]. 

iGluRs are a family of ligand-gated cation channels, which according to their 

pharmacological profile are categorized as receptors for: 

• AMPA (GluA1-4) 
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• Kainate (GluK1-5) 

• NMDA (GluN1, GluN2A-D, GluN3A-B) 

In vivo, these receptors can either be homo- o hetero- tetramers. Each of the four 

subunits is characterized by three domains: a transmembrane pore-forming 

domain (TMD), an extracellular ligand-binding domain (LBD), and an N-terminal 

domain (NTD) responsible for controlling the subunit oligomerization. The 

reversible binding of the ligand and, consequent closure of the clamshell-like LBD, 

is directly coupled with the opening of the pore [59] (Figure 3).  

 

 

Figure 3: Schematic representation of the native function of iGluRs. (from Banghart et al. 

2006 [58]) 

The availability of the structural 3D data of iGluRs lays the groundwork both for 

understanding their pharmacology and for their re-engineering. 

It was revealed by the crystal structure of iGluK2 bound with the agonist (2S,4R)-

4-methyl glutamate that the ligand-bound form of the clamshell, although closed, 

features a narrow “exit tunnel” connecting the binding pocket to the extracellular 

surface [60]. The idea was that this tunnel could enable a tether appended to an 

agonist to protrude and reach an attachment site at the surface of the protein, while 

permitting the clamshell to close over the agonist and activate the channel [3]. A 

glutamate analogue could be threaded through the tunnel and attached to an 

appropriately positioned mutant cysteine residue, on the exterior of the LBD, via 

a photoswitchable tether, providing the basis for a light activated iGluR. Once 

attached, the glutamate would activate the channel every time the photoswitch 

would change its conformation to its cis form, inserting the agonist in the LBD 

(Figure 4).  
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Figure 4: Design of a light-gated iGluR (LiGluR). On the left we can see the PTL in its trans 

configuration bound on the LBD. After exposure to an adequate wavelength, the 

photoisomerizable linker bends: the molecule of glutamate is led into the LBD and the channel is 

opened (image from Reiner & Isacoff, 2014 [10]). 

The PTL designed for these receptors is called MAG, and is formed by a 

Maleimide, an Azobenzene, and a molecule of Glutamate (Figure 5). The 

maleimide is the reactive group which binds to the receptor in proximity of the 

LBD. Bound to the maleimide is the photoisomerizable linker azobenzene. The 

activation of the channel occurs due to a molecule of glutamate bound to one end 

of the azobenzene linker, so when the linker “bends” the glutamate fits into the 

LBD. 

cis-MAG was shown to covalently bind to an iGluK2 mutant that possessed a 

cysteine substitution at amino acid position 439 (L439C), with persistent channel 

activation. Subsequent isomerization to the trans form of the azobenzene led to a 

significant reduction in current [3]. This mutant was the one that showed the 

greatest response across a series of iGluK2 cysteine mutants. Site directed 

mutagenesis was performed on amino acid that formed a perimeter around the exit 

tunnel, close to where the maleimide end of the tether was predicted to stick out. 

Ca2+ imaging was used to test cysteine mutants, to see which one would provide 

optical activation after covalent attachment of MAG. This assay allowed to 

rapidly test 11 positions and find 3 with clear responses to light, in which calcium 

concentration increased at 380 nm and declined back to basal levels at 500 nm. 

Of the 3, iGluK2-L439C had the largest response.  

To better characterize the kinetics of channel gating and to obtain quantitative 

measures of activation efficiency, whole-cell patch clamping was performed. 
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These experiments showed that iGluK2-L439C conjugated with MAG (LiGluK2) 

was activated both by free glutamate and by illumination. By means of different 

steps of illumination it was possible to determine the two peaks for 

photoisomerization: 380nm for the cis form, 500 nm for the trans form. In addition 

to this, it was shown that repeated switching between 380 and 500 nm evoked 

responses of similar amplitude over a period of more than 30 minutes, which is 

consistent with the resistance of azobenzenes to bleaching, demonstrating that the 

system is robust. It was also observed that even with weak illumination from a 

standard fluorescent lamp, attenuated by passage through a monochromator and 

fiber guide, the receptor turned on and off rapidly (τon-380 nm = 115 ± 3 ms and 

τoff-500 nm = 92.3 ± 0.3 ms; mean ± s.e.m., n = 3) at a power of 12.4 W m−2 

(irradiance at 500 nm) [3]. 

The responses obtained via illumination were smaller than those generated by 

saturating concentrations of glutamate (300 µM). Initially it was thought that this 

could be due to incomplete labelling, but increased exposure to MAG (in either 

concentration or time) during the conjugation period did not change the size of 

the optical response. The alternative explanation is that MAG allows an 

incomplete closure of the LBD, which has been previously linked to partial 

agonism in the related iGluA2 channel [61].  

 

Figure 5. MAG and its two isomers. In this case, 380 nm light causes the azobenzene linker to 

bend into its cis isomer, while 500 nm light leads the molecule back to its trans configuration 

(image from Volgraf et al, 2006 [3]) 
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Figure 6: Mutations in the GluK2 LBD. Residues that were individually mutated to cysteine are 

shown in yellow; cysteine 439 is shown in red; in blue, the methyl group of (2S,4R)-4-methyl 

glutamate (1), at the bottom of the exit tunnel (image from Volgraf et al. 2006 [3]) . 

MAG ligands with different linker lengths and stereochemistry have been 

developed [51], and those that work well in combination with LiGluK2 are L-

MAG0 and L-MAG1[10]. Under physiological ionic conditions, activation of the 

receptor leads to a net influx of positive ions, mostly Na+[62]. The Ca2+ and Cl- 

permeability of GluK2 is largely controlled by the Q/R editing site located in the 

pore loop [63]. The fast kinetics of iGluK2 (τon = 0.12-0.22 ms [64]) and its single 

channel conductance is (25 pS for homomeric iGluR6Q [65]) make it a 

particularly suitable candidate for rapid, robust optical control of neural activity.  

Apart from its optical controllability, LiGluR resembles native GluK2 receptors 

in all key aspects, displaying normal glutamate affinity [66] as well as normal 

desensitization and recovery properties [67]. In addition to this, LiGluR 

expression and labelling was shown to not alter cell health [68] or the number of 

presynaptic inputs [69].  

GluK2 (formerly GluR6) plays distinct roles at excitatory and inhibitory synapses 

throughout the brain and has been implicated in a variety of neurological diseases, 

including mood disorders and epilepsy [1,2]. The conservation of native GluK2 

properties provides an opportunity to further engineer LiGluR based on known 

principles of receptor function in order to make designer variants for specific 

applications [52]. 
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Numano et al. [70] subsequently created converse light sensitivity in the LiGluR 

system, termed trans-LiGluR, so that  the receptor is activated by 500 nm light 

and deactivated by 380 nm light. This was achieved by shortening the length of 

MAG and relocating the anchoring cysteine residue (G486C). This means that the 

GluK2 mutants can be genetically targeted to different populations of neurons and 

then treated with the same PTL, allowing activity to be triggered in one group of 

cells by 380 nm light and in another group of cells by 500 nm light [7].   

In 2010, Janovjak et al. [71] furtherly modified the LiGluR system. Chimeras 

were constructed in which the transmembrane helices and re-entrant pore-loop of 

the K+-selective sGluR0 were transplanted into iGluK2, and the best of these was 

modified for light-gating and termed HyLighter, which can be used to 

hyperpolarize neurons.  

LiGluRs have been used for studies in a variety of neurobiological model systems, 

such as primary neurons [90,91], astrocytes [92], neuroendocrine cells [93], in the 

mouse retina [94], the fly neuromuscular junction [95], and zebrafish [90,96,97]. 

In the last couple of years, LiGluK2 has been further engineered, as reported in 

the work of Levitz et al. in 2016 [52], where LiGluR responses were tuned with 

MAG variants, and for the first time the use of this optical tool was established in 

vivo in mice. The main difference is the use of a single-wavelength MAG, MAG460 

[72]. This PTL shifts to its cis form with an illumination of 440-480 nm (blue 

light) but has a fast thermal relaxation which allows it to quickly go back to the 

trans form in the dark (τmean = 0.71 s).  L-MAG0460 photoswitches offer the 

simplicity of one color photocontrol, and intensity-dependence of L-MAG0460 

allows for photoswitching effects to be titrated by adjusting the laser intensity. In 

addition to this, MAG460 photoswitches, unlike regular MAGs, may also be 

activated via two-photon infrared light illumination, which provides high spatial 

precision and enhanced tissue penetration [73,74]. What the authors sustain is that 

both dual-color “regular” MAG photoswitches and single-color MAG460 

photoswitches may be employed in cultured neurons and in vivo with comparable 

efficacy. These two families of photoswitches provide distinct advantages that 

allow for appropriate adaptation to the given application. In the study of Levitz et 

al., LiGluR was used in vivo in the neocortex of adult mice in conjunction with 

fiber-based optogenetic technologies, allowing rapid optical control of GluK2 

activity. AAV-mediated expression of LiGluR in visual cortex was found to 
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produce enough levels of surface GluK2 in cortical neurons after ∼3 weeks. MAG 

labeling was shown to occur rapidly following injection and showed no obvious 

adverse effects neither on animal nor on tissue health. Moreover, they 

demonstrated that it permits selective photoactivation of engineered receptors 

within a pool of native receptors and that it remains bound to LiGluRs for at least 

24 hours post-labeling, greatly expanding the applicability of MAG 

photoswitches to control LiGluRs.  In the neocortex, LiGluR photoactivation was 

found to induce more than a 10-fold increase in firing rate with rapid onset and 

offset (as fast as ∼30ms; average ∼100ms). Photoswitching was highly reversible 

and repeatable over many trials, and was seen throughout all layers of the cortex, 

indicating that this approach can likely work throughout all regions of the 

mammalian brain where optical fibers can be implanted. Photoactivation 

modulated the activity of both low-firing and fast-firing neurons, so, considering 

the ability to manipulate a high percentage (60%) of cells within a given cortical 

region, LiGluR- mediated photoactivation is likely robust enough for behavioral 

manipulations as well as cell-type-specific interrogation of neuronal circuits. The 

success of LiGluR in vivo will pave the way for further application of PTL-based 

tools to probe specific proteins in circuit function and higher-level brain activity.  

One of the key features of the PTL-based approach is that the protein of interest 

may be genetically modified but maintaining the possibility of specific 

manipulation through photoswitch conjugation.  This means that we can introduce 

mutations in regulatory of functional sites within LiGluR without altering its 

ability to become photo-activated by MAG, in order to directly test the role of the 

mutated residues in receptor function. This is a great improvement over classical 

knock-in approaches in terms of both spatial and temporal control.  

In addition to this variant of the LiGluK2-MAG460 system, the study of Levitz et 

al. shows three variations of LiGluK2. One of the variants, termed LiGluR(R), 

shows a decreased Ca2+ permeability due to the mutation of a single key residue 

in the pore region. Using this modified receptor in neurons will allow to test the 

importance of calcium influx, as opposed to membrane depolarization alone, in 

mediating the physiological downstream effects of GluK2. This approach may be 

also applied to other residues, in order to create variants that have altered 

activation and desensitization kinetics, phosphorylation sites, or other key 

properties of kainate receptors. 
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Similarly, they also engineered LiGluR to have a lower affinity for glutamate. 

This was done with the idea of a receptor that is activated only by light, to better 

understand the role of LiGluR against the background of normal glutamatergic 

transmission. Additional mutations were done in order to lower the receptor’s 

affinity to glutamate, maintaining, however, a robust expression and high enough 

affinity to respond to MAG. Two variants were created: LA-LiGluR and ULA-

LiGluR. LA-LiGluR (Low Affinity LiGluR) presents a K487A substitution in 

addition to L439C, and a reduced sensitivity to glutamate (EC50∼ 0.70mM) while 

MAG photoswitching is retained. ULA-LiGluR, on the other hand, is the “Ultra 

Low Affinity” variant which has a strongly reduced affinity for glutamate (EC50∼ 

10mM) while L-MAG1 photoswitching is retained.  

Together, these variants constitute a LiGluR toolset that may be further enhanced 

by combination of GluK2 mutants with different versions of L-MAG. A summary 

of MAG photoswitches and LiGluR variants are shown in Table 1. 

Even though the labeling of the receptors with a PTL has to be optimized for each 

preparation and controls on specificity have to be included, this approach offers 

many advantages compared to the opsin-based approach. It allows to toggle 

signaling proteins which are native to the synapse and control more specific 

functions compared to simply varying the membrane potential. 

Compared to classical optogenetic approaches this PTL-based strategy does not 

only allow to control cellular excitability, but to probe the function of specific 

receptor subtypes and their contribution to behavior with unprecedented 

resolution [52]. In addition to this, the reasons we decided to use this approach 

over classic optogenetics, is that it can overcome one of the obstacles in the use 

of ChRs: channel conductance. Conductance directly determines the effectiveness 

of light-induced depolarization [75]. The estimation of single channel 

conductance of ChR2 is below 1 pS [76], which is less than the conductance of 

the common membrane channels and much lower than the 25 pS conductance of 

the homomeric GluK2 receptor. In addition to this, as mentioned above, LiGluK2 

maintains all the key features of native GluK2 receptors. 
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Table 1 Available MAG photoswitches and LiGluR variants (Table from Levitz et al. 2016 [52]). 

 

THE ROLE OF CALCIUM IN NEURONS AND CALCIUM IMAGING 

A great variety of calcium signals is used by virtually every cell type in biological 

organisms, including the control of heart muscle contraction [77] and the regulation of 

vital aspects of the entire cell cycle, from cell proliferation to cell death [78,79]. The  

characteristics of these signals depend on the expression of tissue-specific calcium 

transport systems [80]. The diversity of cellular calcium signalling means that there is no 

single technique that can be used to monitor calcium changes in all situations. However, 

fluorescent calcium indicators and imaging provide the most versatile and widely used 

method for analysing cellular calcium responses. Using appropriate technology and 

suitable indicators, it is possible to monitor Ca2+ signals spanning from subcellular to 

multicellular, at high speed or time lapse, within living cells [81]. 
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Calcium in Neurons 

In the nervous system, calcium has a plethora of functions, also due to the complex 

morphology of neurons [82].  At the presynaptic terminal, calcium influx triggers the 

exocytosis of the synaptic vesicles which contain neurotransmitters[83]. Postsynaptically, 

a transient rise of the calcium level in dendritic spines is essential for the induction of 

activity-dependent synaptic plasticity [84]. In the nucleus, calcium signals can regulate 

gene transcription [85]. All these processes regulated by intracellular calcium present a 

wide variability in terms of time range, since neurotransmitter release occurs at the 

microsecond scale, while gene transcription lasts from minutes to hours [86]. This means 

that the time course, the amplitude, the localized action in well-defined cellular 

subcompartments are essential determinants for the function of intracellular calcium 

signals [82]. 

Only free calcium ions are biologically active, so the maintenance of a low intracellular 

calcium concentration when the neuron is at rest is fundamental. At rest, most neurons 

have an intracellular calcium concentration that ranges between 50 and 100 µM, which 

can transiently rise during electrical activity to levels that can be from 10 to 100 times 

higher [80]. Speed and effectiveness of calcium are due to the gradient maintained by 

cells between their intracellular and extracellular concentrations. Cells invest much of 

their energy to effect changes in calcium concentration, and since calcium cannot be 

chemically altered, cells must chelate, compartmentalize, or extrude calcium in order to 

control its concentration  [87]. Cytosolic calcium concentration is determined both by the 

balance between influx and efflux of calcium ions, and the exchange of calcium from 

internal stores [82]. Multiple different mechanisms are responsible for the calcium influx 

from the extracellular space, including voltage-gated calcium channels, ionotropic 

glutamate receptors, nicotinic acetylcholine receptors (nAChR), and transient receptor 

potential type C (TRPC) channels [88–90]. On the other hand, calcium efflux, namely the 

removal of calcium from the cytosol, is performed by the plasma membrane calcium 

ATPase (PMCA), the sodium-calcium exchanger (NCX), and the sarco-/endoplasmic 

reticulum ATPase (SERCA) [86]. As for the internal calcium stores, these are mainly the 

endoplasmic reticulum (ER) and the mitochondria, which are both important for neuronal 

calcium homeostasis. The high level of calcium inside the ER is maintained by the 

SERCA that transport calcium ions from the cytosol to the lumen of the ER. Mitochondria, 
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on the other hand, can act as calcium buffers by taking it up through the calcium uniporter 

during cytosolic calcium elevations and then releasing it slowly through sodium-calcium 

exchange [91]. Calcium release from the internal stores, mostly the ER, is mediated by 

inositol triphosphate receptors (InsP3R), which can be produced by metabotropic 

glutamate receptors, and ryanodine receptors (RyRs) [92].  

 

 

Figure 7: Calcium in neurons (Image from Grienberger &Konnerth, 2012 [82]) 

 

Imaging Calcium in Neurons 

A wide variety of calcium indicators is available, with excitation and emission spectra 

ranging from ultraviolet (UV) to the far red, and with different cell permeability, basal 

fluorescence and Ca2+ affinity. The choice of the calcium indicator must be evaluated 

considering two main factors: the calcium signal to be measured and the importance of 

quantitative or qualitative data. 

Calcium indicators can be distinguished in two main categories: 

➢ Chemical calcium indicators 

➢ Genetically Encoded Calcium Indicators (GECI) 
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Chemical Calcium Indicators 

Chemical calcium indicators are widely used for the investigation of intracellular 

Ca2+ signalling. Chemical calcium indicators derive from the combination of a 

chelator and a fluorophore (Figure 8). The binding of calcium ions causes 

intramolecular conformational changes that lead to a change in the emitted 

fluorescence. 

 

 

Figure 8: Example of chemical calcium indicator Fura-2. Upon Ca2+ binding intramolecular 

conformational changes cause a change in emitted fluorescence. (Image from Grienberger &Konnerth, 

2012 [82]) 

Calcium indicator dyes are commercially available in three chemical forms, indicators 

of their membrane permeability: 

1. Salts 

2. Dextran conjugates  

3. Acetoxymethyl (AM) esters. 

 

1. Salts 

Salts are the simplest form of calcium indicators but are membrane 

impermeable. This means that they require invasive loading procedures such 

as: diffusion via patch-clamp pipette, microinjection, electroporation and 

lipotransfer using liposomes. Once loaded, the cells are ready for imaging 

within minutes. The drawback of this kind of indicator is that it tends to be 

compartmentalized into membrane bound vacuoles. This degrades calcium 
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measurements within the cytosol, but is not a major problem in short 

recordings (30-60 min) [93]. 

 

2. Dextran Conjugates 

To address the problem of compartmentalization, dextran conjugates were 

developed. These conjugates present high water solubility, low toxicity, and 

exhibit essentially no compartmentalization over very long recording periods 

up to days in length, but, like salts, they are membrane impermeable and 

require invasive loading.  

 

3. Acetoxymethyl (AM) esters  

Calcium indicator dyes engineered with AM esters offer a more convenient 

method for loading hydrophilic dyes into cells. Acetoxymethil (AM) 

esterification makes the dyes membrane permeable: they enter and remain 

inside of the cell after intracellular esterases cleave the AM group. This allows 

us to passively load the dye inside the cells by adding it to the extracellular 

medium.  

 

Chemical calcium indicators also present different calcium affinity. The most 

used are high affinity calcium dyes, which are well characterized and come in an 

array of spectral properties and binding affinities that can be utilized to suit the 

needs of most experiments. Low affinity calcium dyes, instead, are used when 

very little buffering is tolerated or in subcellular compartments, where calcium 

concentration is much higher. 

In addition to these factors, the Ca2+ dependent spectral changes that occur must 

also be carefully considered. Indicators can be classified as single- or dual-

wavelength, which are used for qualitative and quantitative measures respectively. 

Both classes require specific lasers, filters, and/or detection methods that are 

dependent upon their spectral properties and both classes have advantages and 

limitations. Single-wavelength calcium indicators are generally very bright and 

optimal for imaging together with other fluorophores. They exhibit significant 

Ca2+ dependent changes in fluorescence intensity without shifting their excitation 

or emission wavelengths. It is easier to avoid or minimize spectral overlap with 

other fluorophores when working with single-wavelength indicators [94–96]. 
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Dual-wavelength, or ratiometric, indicators shift the peak wavelength of either 

their excitation or emission curve upon binding Ca2+ an thus can be precisely 

calibrated. In addition to this they minimize the most common problems 

associated with chemical indicators, including uneven dye loading, leakage, 

photobleaching and changes in cell volume, but at the cost of increased spectral 

bandwidth. In Table 2 general characteristics of some available dyes are presented. 

 

 

 

Table 2 Characteristics of high and low affinity calcium indicators (Table from Paredes et a., 2008 

[97]) 

Genetically Encoded Calcium Indicators (GECI) 

GECIs, unlike chemical calcium indicators, allow recordings from molecularly 

defined cell types or even subcellular compartments. They do not need to be 

loaded into cells, and the genes encoding for these proteins can be easily 

transfected in cell lines. It is also possible to create transgenic animals expressing 

the dye in all cells or selectively in certain cellular subtypes. This is made possible 

by their conjunction with cell specific promoters [98], targeting sequences 

[99,100], and the use of the Cre-loxP system [101].  
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GECIs can be categorized in two classes, defined by the number of fluorophores 

present in the indicator: 

➢ Single-fluorophore GECIs (one fluorescent protein) 

➢ FRET-based GECIs (two fluorescent proteins) 

These indicators are fluorescent proteins derived from green fluorescent protein 

(GFP) or its variants (e.g. circularly permuted GFP, YFP, CFP), fused with 

calmodulin (CaM) and the M13 domain of the myosin light chain kinase, which 

is able to bind CaM. Alternatively, two fluorophores, variants of GFP, are used 

and the mechanism of FRET (Förster Resonance Energy Transfer) for signal 

modulation is applied (Figure 9). 

 

 

Figure 9: Genetically Encoded Calcium indicators. A. Single-fluorophore GECI of the GCaMP family; 

calcium binding causes interaction between CaM and M13, leading to a change in the conformation of the 

fluorophore EGFP and a consequent increase of fluorescence emission. B. FRET-based GECI contain two 

fluorophores. Here depicted is YC 3.60 of the cameleon family, which contains the fluorescent proteins 

ECFP (blue) and Venus (yellow). In absence of calcium, the predominant fluorescence is blue, but calcium 

binding CaM leads to a shortening of the distance between ECFP and Venus allowing FRET to occur: 

Venus is excited and emits photons, leading to an increase in yellow fluorescence. 
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Single-Fluorophore GECIs 

Single-fluorophore GECIs (Figure 9A) share a common principle of action 

that involves a change in for their fluorescence intensity upon Ca2+ binding. 

In most available indicators, Ca2+-chelating properties are provided by the 

calmodulin moiety, fused to the fluorescent protein and to the calmodulin-

binding peptide M13. The binding of Ca2+ causes an intramolecular 

rearrangement that alters the fluorophores protonation state and its 

associated fluorescent properties [102,103]. Since the chromophore 

chemical structure is not modified during conformational rearrangement, 

the change in fluorescence is associated with an increase or decrease in the 

absorption spectra, which leads to a change in the intensity of the emitted 

fluorescence. Because only a single-wavelength is measured, these types 

of indicators are known as intensiometric or non-ratiometric [104]. An 

example of these GECIs is GCaMP, depicted in Figure 9A. GCaMPs 

consist in a circularly permuted EGFP, flanked on one side by the calcium-

binding protein calmodulin (CaM) and the CaM-binding peptide M13 on 

the other [105]. In. The presence of calcium causes the interaction between 

CaM and M13, leading to conformational changes in the fluorophore’s 

environment that cause an increase in the emitted fluorescence [26,105].  

 

FRET-based GECIs 

Calcium imaging using GECIs containing two fluorophores is based on 

the concept of Förster Resonance Energy Transfer (FRET). During FRET, 

one of the fluorescent proteins acts as a donor that, when excited, transfers 

absorbed energy to the second fluorescent protein, the acceptor. The 

efficiency of this energy transfer is highly dependent on the distance 

between the donor and the acceptor moieties [106], which must be less 

than 10 nm. GECIs are designed in such a way that after Ca2+ binding the 

FRET efficiency increases, either due to closening of the two fluorescent 

protein moieties or due to changes in their relative orientations. The 

efficiency of FRET also depends on several other factors, such as the 

overlapping of donor emission and acceptor absorption spectra, donor 

lifetime, and relative orientation of the donor and acceptor transition 
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dipole moments [106]. The example in Figure 9B shows the FRET-based 

GECI yellow cameleon 3.60 (YC 3.60). It is composed of the Enhanced 

Cyan Fluorescent Protein (ECFP) and the circularly permuted Venus, the 

donor and the acceptor respectively. The linker sequence that connects 

these two proteins is formed by the CaM and the peptide M13 [107]. In 

the absence of calcium ions, the emission is dominated by the blue ECFP 

fluorescence (480 nm). When calcium binds to CaM, intramolecular 

changes lead to a shortening of the distance between ECFP and Venus. 

Because of this, Venus is excited due to the FRET and emits photons of 

about 530 nm, leading to a reduction of the blue fluorescence and an 

increase of the yellow fluorescence. The calcium signal is expressed as a 

ratio between the two.  

 

A major advantage chemical calcium indicators over GECI is the broad range of 

indicators with different calcium affinity commercially available in addition to the ease 

of introducing and rapidly using these dyes for experiments [93]. A major disadvantage, 

on the other hand, is that, unlike GECI, they cannot be specifically targeted to a certain 

cell-type or organelle. Chemical indicators also tend to compartmentalize and are 

eventually extruded over long recording experiments [108,109], while GECI allow for 

chronic recordings over several days, since they are functional in neurons over long 

periods of time [26,110,111].  

 

Imaging equipment and readout 

Regardless of the type of indicator used, the imaging procedure is generally quite similar. 

Cultured cells loaded with an indicator, or expressing it in the case of GECI, can be 

viewed using a fluorescence microscope and captured by a CMOS or CCD camera. 

Imaging calcium in neurons at deeper locations in the brain or spinal cord is usually 

performed by using confocal or two-photon microscopy [82]. Confocal and two-photon 

microscopes provide improved sectioning ability so that calcium signals can be resolved 

in micro domains.  

For single wavelength excitation/emission dyes, the simplest procedure is to divide 

changes in the fluorescent signal by the average resting fluorescence according to the 

formula [97]: 
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𝛥Ca2+  =
𝛥𝐹

𝐹
=

𝐹 − Frest

Frest
 

 

For dual-wavelength dyes, on the other hand, images are analysed by measuring 

fluorescence intensity changes of two wavelengths expressed as a ratio (ratiometric 

indicators). The derived fluorescence intensities and ratios are plotted against calibrated 

values for known Ca2+ levels to learn Ca2+ concentration.  

 

MATERIALS & METHODS 

CELL CULTURE 

Hippocampal neurons from Wistar rats (P2-P3) were prepared in accordance with the 

guidelines of the Italian Animal Welfare Act, and their use was approved by the Local 

Veterinary Service, the SISSA Ethics Committee board and the National Ministry of 

Health (Permit Number: 630-III/14) in accordance with the European Union guidelines 

for animal care (d.1.116/92; 86/609/C.E.). The animals were anaesthetized with CO2 and 

sacrificed by decapitation, and all efforts were made to minimize suffering. Glass 

coverslips (18 mm diameter) were coated with 50 μg/ml poly-l-ornithine (Sigma-Aldrich, 

St. Louis, MO, USA) overnight, and a thin layer of Matrigel® (diluted 1:50 with culture 

medium; Corning, Tewksbury MA, USA) was applied just before cell seeding. 

Dissociated cells were resuspended in Neuronal medium with the following composition: 

minimum essential medium (MEM) with GlutaMAX™ supplemented with 10% dialyzed 

fetal bovine serum (FBS), (all from Thermo Fisher Scientific, Waltham, MA, USA), 0.6% 

D-glucose, 15 mM HEPES, 0.1 mg/ml apo-transferrin, 30 μg/ml insulin, 0.1 μg/ml D-

biotin, 1 μM vitamin B12 and 2.5 μg/ml gentamicin (all from Sigma-Aldrich). Cells were 

plated at a density of 90’000 cells per coverslip and incubated for 30 min at 37 °C. For 

each coverslip, placed in a 12-well tissue culture plate, 2 ml of culture medium were then 

added. Half of the medium was changed after 24 h and 2 μM cytosine-β-D-

arabinofuranoside (Ara-C; Sigma-Aldrich) was added to all culture media in a 1:1000 

proportion. The concentration of FBS (in medium containing 10% FBS) was decreased 

to 5%. The neuronal cultures were maintained in an incubator at 37 °C, 5% CO2 and 95% 



32 

 

relative humidity. Medium was not changed again, fresh medium was added at the 

moment of transfection only, according to protocol. 

TRANSFECTION 

The plasmid used was genetically-targeted to neurons by means of the Human Synapsin 

1 (hsyn1) promoter. The LiGluK2-GFP DNA was kindly provided by Professor E.Y. 

Isacoff. At DIV7 cells were transfected with 1µg/µl LiGluK2 (Effectene Transfection Kit, 

Qiagen). After 48 h, cells reached maximum expression and were ready for calcium 

imaging. GFP reporter expression allowed us to identify transfected neurons.  

CALCIUM IMAGING AND RHOD-3 AM 

Rhod-3 AM (Rhod-3 AM Calcium Imaging Kit, Life Technologies) is a calcium dye 

designed for live-cell imaging of cytosolic calcium signaling in combination with green-

fluorescent dyes or proteins. Compared to existing red calcium dyes, Rhod-3 AM exhibits 

a large increase (>2.5 fold) in fluorescence upon binding Ca2+ and very low fluorescence 

at rest (without Ca2+ binding). Moreover, it displays a more uniform cytosolic distribution 

and improved signal compared to existing red calcium dyes such as Rhod-2.  

Rhod-3 AM has particular spectral properties: its peak excitation is around 560 nm, while 

its emission is around 600 nm. Consequently, the excitation and emission peaks are very 

close to one another (Figure 10). Narrow emission enables simultaneous detection with 

GFP or other dyes. In our experiments, the closeness of the two peaks allows to intertwine 

various wavelengths reducing overlapping to a minimum (Figure 11). In addition to GFP 

excitation, we had to consider the activation and inactivation wavelengths of LiGluK2, 

370-390 nm and 480-530 respectively. 

At 48h from transfection, cells were prepared for Ca2+ imaging. Ringer solution was used 

for the recordings (145 mM NaCl, 3 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 10 mM 

glucose and 10 mM HEPES, pH 7.4). At room temperature, cells were first incubated 30 

minutes in a Loading Buffer (2ml Ringer, 20µl PowerLoad, 20µl Probenecid, 2µl Rhod-

3 AM), then 30 minutes in an Incubation Buffer (2ml Ringer, 20 µl Probenecid). After 

this, cells were incubated at 37 °C with L-MAG0 (kindly provided by Professor Isacoff, 

and A. Barberis’ laboratory [IIT]) for 30 minutes. L-MAG0 was diluted in Ringer solution 

immediately prior to incubation in order to reach a 10 µM final concentration. The 

coverslip with the hippocampal culture was fixed in a low profile open bath chamber (RC-
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41LP, Warner Instruments) and Ringer solution was added. The chamber was then placed 

over the 20x microscope objective. Once the transfected neurons were localized by GFP 

expression, we proceeded with Ca2+ imaging. Recordings were performed with a digital 

CMOS Hamamatsu Orca Flash 4.0 camera, connected to a 4x magnification tube, 

reaching an 80x total magnification. The software used during recordings was HCImage 

Live, and the duration varied from 5 to 10 minutes according to the aim of the experiment. 

Images were taken with a frequency of 3 Hz with a spatial resolution of 512x512 pixels. 
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Figure 10: Excitation and emission peaks of Rhod-3 AM. The excitation peak of Rhod-3 AM is around 

560 nm (red), while its emission is around 600 nm (dashed blue) [Image from Rhod-3 AM data sheet] 

 

 

Figure 11: Scheme of the wavelengths involved in our experiments. In green, the excitation and 

emission spectra of GFP; in violet, the interval of activation of LiGluK2 (370-390 nm); in light blue, the 

interval of optimal inactivation of LiGluK2 (480-530 nm).  

 



35 

 

SETUP 

The experimental setup consisted in an inverted microscope (Olympus IX71) geared for 

epifluorescence. 

Sample visualization was done by means of a halogen lamp set in the transmitted light 

lamp housing and filtered by a 610 nm long-pass filter (Midopt, LP610-D43x2), placed 

in the filter pocket. The lamp was connected to an Olympus Power Supply Unit TH4-100.  

The rear port, on the other hand, was geared with different light sources according to the 

two different experimental settings we used: a filtered halogen lamp for calcium imaging 

and GFP excitation in the first setting, two different LEDs in the second setting. The 

halogen lamp was connected to an Olympus TH3 Light Power Control, while the LEDs 

were connected to a driver. Both were controlled manually.  

The fluorescence emitted light was collected by a Digital CMOS Camera (Hamamatsu 

ORCA-Flash4.0 LT), positioned at the extremity of a magnification tube (4x) connected 

to the side port of the microscope. The camera was connected to a computer where 

HCImage Live software was used for recordings. LiGluK2 activation was achieved with 

a single mode optical fibre connected to a 375 nm laser in the first setting and with a 

multimode fibre connected to a 375 nm LED in the second. Since UV light is generally 

poorly transmitted by most objectives and other optical components, such as light guides, 

conveying the UV light through a fibre, rather than through the microscope’s optical 

pathway, guarantees minimum loss of light from the source to the sample, allowing also 

a finer control on its intensity. By optimizing the number of wavelengths used, we have 

managed continuous Ca2+ imaging recordings and simultaneous localized channel 

activation: green 560 nm light (be it from a halogen lamp or LED) was used both for 

calcium imaging and LiGluK2 deactivation, limiting the period of activation of the 

channel to the period of UV illumination. Wavelengths >530 nm also favor the trans 

configuration of the azobenzene, even though the absorption of the MAG compounds 

becomes weaker and photoswitching requires increasingly more light. For this reason, 

since the excitation wavelength of Rhod-3 AM is around 560 nm, activation of LiGluk2 

will occur only during 375 nm illumination.  
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Calcium imaging with a halogen lamp  

In our very first experimental setting, activation of the channel was achieved by means of 

stimulation with a single mode optical fibre connected to an Oxxius LaserBoxx 375 nm 

laser (Figure 12). Irradiance at the sample was 5.3 mW/mm2. 

Calcium imaging was performed with a halogen lamp (Olympus U-ULS100H 100W) 

attached to the rear port of the microscope. The light from the halogen lamp was conveyed 

to the sample by means of two different filter cubes placed in the turret: one geared with 

an excitation filter (FF01-560/14), a dichroic filter (FF593-Di03-25x36) and a 593 nm 

long-pass emission filter (FF01-593/LP) for calcium imaging; the other with a 420-430 

bandpass excitation filter (BP 420-480), a dichroic filter (500nm) and a 530-550 bandpass 

emission filter (BP530-550) for GFP visualization. All filters were from Semrock. The 

power registered at the sample was 2 mW for 560 nm (with an irradiance of 0,1 mW/mm2), 

and 1 mW for 490 nm. 

 

 

 

Figure 12: Calcium imaging with halogen lamp, side view. a) Halogen lamp housing; b) Headstage 

connected to micromanipulator for fibre positioning; c) Hamamatsu ORCA-Flash 4.0 camera; d) 

magnification tube (4x); e) low profile open bath chamber; f) single mode optical fibre; g) filter pocket 

containing 610 nm long-pass filter for brightfield sample visualization.  
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Calcium Imaging with a 560 nm LED 

The main limitations of the first setting were the relatively low excitation of the calcium 

dye and the extremely low excitation of GFP with the halogen lamp illumination. In a 

second setting, we tried switching from a halogen light source to two LEDs (Figure 13) : 

a 565 nm LED (Thorlabs, M565L3, 1000 mA, 880 mW) for calcium dye excitation and 

a 490 nm LED (Thorlabs, M490L4, 350 mA, 255 mW) for GFP excitation. The registered 

power at the sample was 6 mW for the 565 nm LED (0.5 mW/mm2 irradiance) and 5 mW 

for the 490 nm LED. We also switched from a 375 nm laser to a 375 nm fibre-coupled 

LED (Thorlabs, M375F2, 500 mA) to minimize phototoxicity and extend stimulation 

periods. Irradiance at the sample was 3.2 mW/mm2. All LEDs were connected to a driver 

and controlled manually. Coupled to the UV LED we used a multimode (MM) optical 

fibre.  

 

 

 

Figure 13: Side view. a) Halogen lamp housing; b) Headstage connected to micromanipulator for fibre 

positioning; c) 490 nm LED; d) 565nm LED; e) Hamamatsu ORCA-Flash 4.0 camera; f) magnification 

tube (4x); g) fluorescence cube; h) low profile open bath chamber; i) mutimode optical fibre; j) filter pocket 

containing 610 nm long-pass filter for brightfield sample visualization. 
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EXPERIMENTAL PROCEDURE 

In both setups, sample and fibre positioning occurred in the same way (Figure 14). the 

sample was placed in a low profile open bath chamber where Ringer solution was added 

for recording. Due to the brevity of the recordings, no perfusion system was needed. Once 

the sample was positioned over the 20x objective, transfected neurons were localized 

thanks to the GFP reporter protein with 490 nm illumination. At this point, in brightfield, 

the tip of the fibre was positioned close to the transfected neuron with the help of a 

micromanipulator. Once positioned, illumination was switched to epifluorescence for 

calcium imaging. The duration of the recordings was either of 5 or 10 minutes, with 

different stimulation protocols. In Figure 15 we can see an example of the activity of a 

transfected neuron during a calcium imaging recording. LiGluK2 will be activated only 

during the period of 375 nm illumination, while the constant 560 nm illumination will 

cause it to go back to its deactivated state once UV stimulation is terminated.  

 

 

Figure 14: Sample and fibre positioning. a) sample placed inside low profile open bath chamber; b) 

optical fibre fixed inside glass capillary is positioned over the neuron of interest by means of the 

micromanipulator; c) single-mode or multimode optical fibre spliced to patch cable; d) 375 nm laser 

(Oxxius Laserboxx) or a 375 nm fiber-coupled LED. 
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Figure 15: Example of calcium transients in transfected neurons during UV illumination. In the top 

trace we can see how pulses of 1 s led to single calcium transients. In the bottom trace, on the other hand, 

we can see what can happen with longer periods of stimulation, where the neuron responds with multiple 

transients. In both cases, the green line under the trace represents the constant 560 nm illumination used in 

calcium imaging recordings, while the violet arrows and lines represent the 375 nm stimuli. Fluorescence 

variation is expressed as ΔF/F.  

 

OPTICAL FIBRES 

Two different kinds of optical fibres were used in our experiments: 

a) Single Mode (SM) fibres 

b) Multimode (MM) fibres 

The SM fibres we used (SM300, 0.13 NA, Thorlabs) had an operating wavelength from 

320 to 430 nm and consist of an undoped, pure silica core surrounded by a depressed, 

fluorine-doped Ø125 µm cladding and a dual acrylate coating (245±15 µm). 

MM fibres (FT400UMT, 0.39 NA, Thorlabs), on the other hand, had an operating 

wavelength of 300-1200 nm. They are characterized by a silica core with a diameter of 

400 ± 8 μm and present a TECS hard cladding (425 ± 10 µm) and Tefzel coating (730 ± 

30 µm). Coating was stripped before splicing. 
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All fibres were spliced to a suitable fibre patch cable by means of a single fibre fusion 

splicer (FSU 995 FA, Ericsson). The patch cables used were a Single Mode Fibre Patch 

Cable 320-430 nm (P1-305A-FC-2, Thorlabs) and a custom Multimode Fibre Patch Cable 

(FT400UMT, Thorlabs). 

Passing from a SM to a MM fibre was necessary when using a UV LED, since a larger 

core is needed to carry a weaker light to the sample.  In this passage to a larger core, 

tapering of the fibre was deemed necessary in order to reach a more localized stimulation. 

The final size of the MM fibre tip was around 9µm. 

Tapering of the fibre indeed led to a great difference in the dimension of the area of 

illumination, passing from a spot with a diameter of roughly 300 µm to one of about 40 

µm (Figure 16-Figure 17), allowing us to eventually confine the spot of light to the soma 

of a single transfected neuron in cultures that were not too densely populated. In 

experiments with the SM fibre, on the other hand, stimulation was done on a small area 

comprising more neurons, and, therefore, cannot be defined as localized stimulation. 

All optical fibres were then fixed inside a bent glass capillary for support.  

 

 

 

 

 

 

 

 

 

 



41 

 

 

Figure 16: Tip of the untapered single mode fibre, 80x magnification 

 

Figure 17: Multimode tapered fibre next to a neuron. 80x magnification 

 

 

Figure 18: Dimension of the spot of light exiting the single mode fibre, 80x magnification. 
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Figure 19: Dimension of the spot of light exiting the tapered multimode fibre, 80x magnification. 

 

RESULTS 

 

We managed to probe small networks of neurons by combining stimulation of LiGluk2 

and calcium imaging.  

Dissociated neuronal networks from rat hippocampus were cultured for 1 week before 

proceeding to transfection (Figure 20A). As described in the Methods section, 

successfully transfected neurons could be detected by GFP expression (Figure 20B). Cells 

were loaded with the calcium dye Rhod-3 AM (Figure 20C). Activation of LiGluK2 leads 

to different kinds of neural activity according to the physiology and the connections of 

the neurons involved.  

FIRST SETTING 

In our first experiments, we used a filtered halogen lamp for calcium imaging and a single 

mode optical fibre connected to a 375 nm laser for LiGluK2 activation. the paradigm for 

stimulation consisted in a single period of stimulation of 30s, in order to analyse more 

accurately the before and after effects of activation of LiGluK2 receptors. As already 

mentioned, the untapered fibre illuminated an area of around 300 µm in diameter, and 

therefore cannot be defined as localized stimulation. However, this allowed us to 
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stimulate more transfected neurons contemporarily. In Figure 20, for example, we can see 

the effect of a 30s second stimulation on 3 transfected neurons.  

 

Figure 20: Inducing activity in a network of three transfected neurons. A. Brightfield image of three 

neurons; B. LiGluK2 transfection reporter GFP; C. Rhod-3 AM signal 

 

Figure 21: Inducing activity in a network of three transfected neurons. Induced calcium transients 

recorded in the neurons in Figure 20 in three different neurons (circled in red, black and blue). Activation 
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of the 375 nm laser leads to a synchronous event (indicated by the black arrow) followed by an increase in 

the number and frequency of the peaks. Synchronous events are indicated by the dots. 

Before UV illumination, no spontaneous activity was present in the three neurons. In 

Figure 21, we can see the optical traces of the three transfected neurons (circled in Figure 

20 A-C in black, red, and blue). Activation of the 375 nm laser leads to a synchronous 

event (indicated by the black arrow) followed by an increase in the number and frequency 

of the peaks. The occurrence of calcium transients in different neurons was poorly 

synchronous before activation of LiGluK2 receptors and significantly increased 

following their activation.  

A second kind of activity we observed was global bursting in groups of anatomically and 

functionally tightly connected neurons (Figure 22C). Indeed, in some experiments we did 

not observe the single layer of cells usually present in dissociated neuronal cultures, but 

a dense assembly of neurons, possibly forming a multi-layered structure (Figure 22A, 

Figure 24A). In these experiments the fluorescence emitted by the GFP was bright and 

extending all over the neuronal assembly (Figure 22B, Figure 24B), suggesting that most 

neurons were successfully transfected with LiGluK2 receptors. UV illumination led to a 

delayed global burst likely to involve a large fraction of the neurons (Figure 23). At the 

top of the large and global optical transients, we observed smaller synchronous events 

with the usual time course of calcium transients from single neurons.     

 

 

Figure 22: Delayed burst in group of neurons after stimulation. A. Brightfield image of a small cluster 

of neurons; the soma of four transfected neurons is circled in different colours; B. Transfection: GFP 

reporter shows that the LiGluK2 DNA has been successfully expressed;  
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Figure 23: Delayed burst in group of neurons after stimulation. A 30 s stimulation with the UV light 

initiates the activation of the receptors. The signaling cascade leads to a synchronous burst. Fluorescence 

variation expressed as ΔF/F. 

In some cases (Figure 25), the activation of LiGluK2 led to a significant steady increase 

of intracellular calcium. Rhod-3 AM emitted fluorescence was much greater 3 minutes 

after the activation of the receptor (Figure 24C). This increase of intracellular calcium led 

to cell death within 3-5 minutes. In a parallel series of experiments (carried out by 

Xiaoyun Li and Renza Spelat), using ratiometric calcium imaging with the calcium 

indicators Fluo-4 and Fura-Red, and in the absence of transfection with LiGluK2 

receptors, we quantified the level of intracellular calcium leading to cell death, which 

ranged from 400 to 600 nM. Therefore, we estimate that the value of intracellular calcium 

causing cell death in the experiment of Figure 24-25 is about and above 500 nM. 
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Figure 24: Stimulation leads to sustained calcium influx. A. Brightfield; B. Transfection, GFP 

expression; C. Rhod-3 AM fluorescence at beginning (t0) and end of recording (tend) (10 minutes). 
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Figure 25: Stimulation leads to sustained calcium influx. Fluorescence variation expressed as ΔF/F: 

after UV stimulation cells initially show synchronous calcium transients (arrows), but continuous activation 

leads to a steady calcium influx and, finally, cell death. 

 

These experiments allowed us to have a good time window to compare the activity before 

and after UV stimulation. Across all experiments (n=20), what we found was a significant 

increase in the number of calcium peaks after stimulation. Collected data from 40 neurons 

shows that the mean number of calcium transients (larger than 0.1) in a time window of 

5 minutes before and after activation of LiGluK2 increased from 5.3±1.2 to 16.5±2.6 

(Figure 26), passing from a mean 1.07 peaks/min to 3.3 peaks/min.  
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Figure 26: Statistics of effects of LiGluK2 across experiments. Histogram of the average number of 

peaks in neurons (n=40) across 20 experiments, before (light grey) and after (dark grey) stimulation with 

375 nm laser (Mann-Whitney U Test, *P <0.001). 

SECOND SETTING 

In our second setting, LEDs were implemented both for calcium imaging and for neuron 

stimulation. Due to the lower maximum intensity of the UV LED (4.2 mW), a multimode 

optical fibre was required. Because of the larger core of this kind of fibre, tapering was 

deemed necessary.  

The advantage of a tapered fibre is a more confined and localized stimulation, allowing 

us to activate single transfected neurons among small neural networks. While in our first 

setting stimulation only occurred mid-recording, in these experiments we followed 

different stimulation protocols: 

1. One second single pulses 

2. Pulses of increasing duration 

3. A single pulse at the beginning of recording 

 

1. One second single pulses 

During these recordings, single pulses of 1 s were delivered. The transfected neurons were 

isolated or among small neuronal groups.  

For each pulse delivered, the neuron responded with a calcium transient, that could lead 

to activation of the surrounding cells even in the absence of prior spontaneous activity. 
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An example is shown in Figure 15. Constant illumination with 560 nm LED is depicted 

by the green line beneath the trace, while the single UV pulses are represented by the 

violet arrows. Across experiments (n=43), 86,1 % of transfected neurons responded. The 

mean ΔF/F across experiments (in a total of 170 measurements stimulus-response) was 

1.5±0.05. The mean variation of fluorescence after stimulation was 1.9 ±0.2 ΔF/F at the 

beginning of the recording and 1.4±0.2 at the end, with a 26% mean decrease. 

 

Figure 27: Single pulse stimulation elicits single calcium transients. Transfected neuron is circled in red. 

Each arrow in the optical trace represents a UV pulse of one second. The green line under the trace 

represents the constant 560 nm illumination used in calcium imaging recordings. Fluorescence variation is 

expressed as ΔF/F.  

 

2. Pulses of increasing duration 

The use of a stimulation protocol with pulses of increasing duration has allowed us to see 

what occurs to the transfected neuron during longer periods of stimulation. In these 
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experiments we observed two kinds of behavior during 375 nm illumination: single 

prolonged calcium transients (Figure 28) and multiple transients (Figure 29). Single 

prolonged calcium transients were the most frequent across experiments, while multiple 

calcium transients during prolonged UV illumination were found less frequently, in 

around 20% of experiments (n=20).  

It was not completely unexpected that towards the end of the recordings, when the pulses 

were the longest, the neuronal responses were smaller in amplitude compared to the first 

responses solicited. Across 20 experiments (a total of 20 stimulated neurons), the mean 

ΔF/F at the beginning of the recording was 2.5±0.1 decreasing to 1.2±0.4 ΔF/F at the end, 

with a 56% mean decrease. There was great variability in the trend of ΔF/F during these 

recordings, but we can affirm that there was a decrease in the majority of cases (87.5%) 

and that this decrease wasn’t always linear. 

 

 

Figure 28: UV illumination leads to prolonged calcium transients. In this experiment, we can see two 

transfected neurons (circled in blue and red). UV stimulation was increased from 2 to 30 s. Constant 560 

nm illumination is represented by the green line under the optical traces. 
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Figure 29: Multiple calcium transients during UV stimulation. In some cases, multiple peaks were 

visible during UV stimulation over long periods (60 s). Constant 560 nm illumination is represented by the 

green line under the optical traces. 

3. Single pulse stimulation at the beginning of recording 

Once the effect of the UV stimulation was assessed, we decided to perform a single 

stimulation at the beginning of the calcium imaging recordings. In cases like the ones 

depicted in Figure 30 and Figure 32, we worked on small networks where only one neuron 

was clearly and well transfected (Figure 30B): UV illumination activated the single 

transfected neuron and therefore it was possible to analyze its effect on the network 

activity. Following activation of LiGluK2 receptors, two large calcium transients were 

detected in the transfected neuron (indicated by the black arrow in Figure 31) which in 

turn evoked similar calcium events in a nearby neuron (blue arrow). Once initiated, this 

network activity could be clearly seen for some minutes involving several neurons in the 

network. In the first five traces, we can see how the activation of the transfected neuron 

leads to a cascade of activation in the surrounding network. In the last two traces, on the 

other hand, we can see how two neurons already presenting spontaneous activity 

experience a variation in frequency and amplitude of the calcium events, consistent with 

the results obtained in our other experiments. 
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Figure 30: Single neuron stimulation. A. Brightfield, transfected neuron is circled in red; B. Transfected 

neuron. 

 

Figure 31: Single neuron stimulation. 10 s UV stimulation led to activation of the transfected neuron, 

which in turn causes an activation cascade of the surrounding neurons. In neurons where activity was 
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already present, stimulation and network connectivity led to an increase in the frequency and amplitude of 

the calcium events. Fluorescence variation expressed as ΔF/F. 

In a similar experiment (Figure 32-Figure 33), a single transfected neuron was stimulated 

for 10s. In this case also, a calcium transient is evoked in the targeted neuron and 

propagates to the surrounding cells in the network, causing synchronized activation in 

cells that showed no previous spontaneous activity. 

 

 

 

 

 

Figure 32: Single neuron stimulation. A. A small group of neurons in brightfield, transfected neuron is 

circled in red. B. Transfected neuron. 
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Figure 33: Single neuron stimulation. UV stimulation (10 s) leads to the initiation of activity in a small 

network of neurons. Activation of the transfected neuron starts synchronized calcium transients. The colour 

of each trace refers to neurons circled in Figure 32. 

 

CONTROL EXPERIMENTS 

Calcium imaging was performed on wild-type hippocampal neurons and the various 

stimulation paradigms were applied. What we confirmed was that UV illumination on its 

own is not responsible for the induced neuronal activity. Across experiments, no neuron 

(n=20) showed induced activation nor variation in its spontaneous activity. 
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DISCUSSION 

 

We devised a method to couple in vitro optogenetics with calcium imaging in order to 

combine optical stimulation with optical sensing. Delivery of the UV light through an 

optical fibre, rather than through the microscope’s optical pathway, guaranteed minimum 

loss of light from the source to the sample, since UV light is generally poorly transmitted 

by most objectives and other optical components. Furthermore, we have managed 

continuous Ca2+ imaging recordings and simultaneous localized channel activation by 

optimizing the number of wavelengths used: green 560 nm light (be it from a halogen 

lamp or LED) was used both for calcium imaging and LiGluK2 deactivation, limiting the 

period of activation of the channel to the period of UV illumination. 

Here we discuss the results obtained with the two setups and the possible applications of 

the technique. 

 

Calcium Imaging with a Halogen Lamp 

Halogen lamps are a cheaper and more stable alternative to xenon an mercury lamps and 

present a reduced phototoxicity [112]. However, we found that the excitation of the 

fluorophores Rhod-3 AM and GFP in our experiments would require longer exposure 

times to obtain an optimal signal.  

These experiments consisted in 10-minute recordings, where UV stimulation was 

performed for 30 s mid-recording. This allowed us to have two good temporal windows 

of five minutes to evaluate activity before and after LiGluK2 activation. Activation of 

LiGluK2 was done with a single mode optical fibre connected to a 375 nm laser. The 

fibre was not tapered, so stimulation was not confined to a single neuron and could cover 

an area comprising more cells, allowing the stimulation of more transfected neurons 

contemporarily. Calcium transients were induced even in neurons that showed no prior 

spontaneous activity. 

We identified three main regimes present in the analysed small neuronal networks after 

LiGluK2 activation: firstly, sustained neuronal firing with different levels of synchrony 

across neurons; secondly, early excitation with delayed synchronous bursting; thirdly, 

global firing triggering a massive increase of intracellular calcium leading to cell death. 

Two main mechanisms are at the origin of the observed dynamic regimes: firstly, the 

random connectivity of the analysed neuronal network together with cell culture intrinsic 
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variability, and secondly the stochasticity in the number and degree of transfection with 

the LiGluK2 channels.  

As for the massive intracellular calcium increase, this is probably due to the influx of 

calcium through voltage-dependent calcium channels and release from the internal 

calcium stores rather than the activation of LiGluK2 only. This is confirmed by the fact 

that all cells, not only those transfected, are affected. This sign of suffering could be 

caused by phototoxicity but is more likely ascribed to the state of health of the cultured 

cells, since in experiments with a stronger light source (i.e. LEDs) there were no gross 

signs of phototoxic effects. In other experiments with this setup, however, blebbing was 

found to occur. Considering that we did not see this phenomenon neither in control 

recordings of the same length (10 minutes), nor in experiments with the second setup, we 

arrived at the conclusion that this sign of phototoxicity was due to the use of the UV laser. 

 

Calcium Imaging with a 560 nm LED 

The relatively low excitation of the calcium dye and the extremely low excitation of GFP 

with the halogen lamp illumination, made us consider another light source, LEDs. This 

resulted in much greater fluorescence both of Rhod-3 AM and GFP at low times of 

exposure (≤ 300 ms). Because of the phototoxicity caused by the UV laser, we decided 

to switch to a 375 nm fibre-coupled LED. In this case, the fibre used was a multimode 

optical fibre, tapered with the objective of reaching a localized stimulation of single 

transfected neurons.  

These experiments consisted in shorter 5-minute recordings, where 3 different stimulation 

protocols were applied. Approach to analysing the results was different according to the 

stimulation paradigm.  

With one second pulses we were interested in seeing how a localized response could be 

evoked and how this response would vary after each stimulus along the recording, so we 

considered the amplitude, in terms of ΔF/F variation, of each response. We found that the 

elicited calcium transients presented similar ΔF/F, and that there was no significant 

variation between the beginning and the end of the recording. We also found that across 

experiments (n=43) 86,1% of transfected neurons responded.  

With pulses of increasing duration, similarly, we wanted to verify what occurred during 

longer periods of illumination and how the cells would respond. In this case we found 

two different kinds of response: single prolonged calcium transients and multiple 
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transients, though the first were the most common result of stimulation. In this case ΔF/F 

tended to decrease in time, with a 56% mean decrease. 

The final stimulation protocol was similar to the one used in the first setup, where a single 

period of stimulation was performed at the beginning of the recording. In this case the 

period was of 10 seconds. UV stimulation activated the transfected neuron which in turn 

caused a cascade of activation in the surrounding network. The synchronicity of events 

generally increased, and activity was elicited also in neurons that did not present 

spontaneous transients. 

 

There is apparently a difference in the activity of the transfected neurons in the 2 sets of 

experiments, probably due to the continuous stimulation with UV pulses: in the first 

setting, after a single stimulation activity continued in the transfected neuron; in the 

second setting, on the other hand, activity was present only during LiGluK2 activation. 

The fact that this could be due to the stimulation paradigm is confirmed by the 

experiments in the second setting, when only a brief period of 375 nm illumination was 

given, where the transfected neuron continued to present calcium transients after 

activation. Nevertheless, in both sets of experiments activation of transfected neurons led 

to an increase in the number of calcium transients in the neurons under exam. 

We also found variability of the latency with which surrounding neurons respond to the 

activation of the transfected neurons: in some cases, the event was synchronous, while in 

other experiments this delay was significantly larger even up to 20-30 seconds. This 

variability can be rationalized by the specific connectivity of the neuronal network under 

observation and the general state of health of the cultured cells. Moreover, the variability 

in the activity elicited by the activation of the transfected neurons can be ascribed not 

only to the random connectivity of the neural network, but also to the physiological 

properties of the neurons involved. 

This method can also be used with other biologically relevant light-gated ion channels. 

In our case, we have analysed the effect of activation of LiGluK2 in isolated neurons and 

in small networks, where the receptor maintains the same properties as its native 

counterpart. But information on the effect of the introduction of point mutations in the 

network connectivity can be collected and can complement, for example, 

electrophysiological data from patch clamp experiments. A key feature of the PTL-based 

approach is that genetic changes may be made to the protein of interest while maintaining 

the ability to specifically manipulate it through photoswitch conjugation. For example, 
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one may make mutations to various functional or regulatory sites within LiGluR without 

disrupting its ability to become photo-activated by MAG, thus enabling direct testing of 

the role of the mutated residues in receptor function. This represents a major improvement 

in terms of temporal and spatial control over classical knock-in approaches [52]. 

In addition to this, it would be interesting to transfect the receptor in hippocampal slices 

and eventually combine this method with patch clamping. Primary cell cultures are a good 

place to start, but the variability of the cell cultures and the networks that they form make 

organotypic slices, which maintain the tissue’s architecture, a candidate for future 

experiments 

 

CONCLUSIONS 

 

The combination of optical activation of neurons and optical sensing has proved to be an 

efficient method for controlling and studying small networks of neurons in vitro.  

The present investigation shows that it is possible to analyse cultured neuronal networks 

with optogenetic tools, where light is used to open and close ionic channels that have 

conduction properties identical to those of native channels. LiGluK2, as a matter of fact, 

maintains all the key features of its native counterpart GluK2, preserving a channel 

conductance of 25 pS, much higher than the 1 pS of ChRs. Compared to classic 

optogenetics, the PTL-based approach allows to eventually probe the function of specific 

receptor subtypes, rather than controlling cellular excitability alone. This method could 

also be used on organotypic cultures, where the architecture of the tissue is maintained, 

but also to rapidly assay the functionality of newly designed PTLs. 
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