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Abstract 
 

To investigate how the coordinated activity of groups of neurons (‘neuronal ensembles’) drives 

behavior, two-photon all-optical interrogation is increasingly recognized as a potent approach 

which provides simultaneous imaging and manipulation of brain circuits with high spatial 

resolution. Most two-photon all-optical methods couple two-photon microscopy and digital 

holography to stimulate opsin-expressing neurons with limited photodamage and heating, while 

recording the activity of the same cells using a fluorescent functional indicator. However, the 

spectral properties of the most popular opsins and indicators used in two-photon all-optical 

methods are prone to crosstalk between imaging and stimulation. In this thesis work, we aim to 

develop a method for high-efficiency stimulation of neurons which decreases crosstalk between 

imaging and stimulation. To this aim, we generated stCoChR, a soma-tagged variant of the blue 

light-sensitive opsin CoChR. In anesthetized mice, we show efficient stimulation of cortical 

neurons expressing stCoChR. For these experiments, we performed holographic two-photon 

stimulation with both a high repetition rate laser and with a low repetition rate amplified laser 

tuned at the excitation peak of the opsin (920 nm). We found that stCoChR allowed neuronal 

stimulation with a 10-fold reduction in average power per cell compared to previously 

characterized blue light sensitive opsins. Moreover, we combined holographic stimulation of 

stCoChR with two-photon imaging of the red-shifted indicator jRCaMP1a at 1100 nm. 

Importantly, we found that this choice of opsins, indicator, and excitation wavelengths 

significantly limited crosstalk between imaging and photostimulation. Altogether the results 

presented in this thesis demonstrate that co-expression of stCoChR with red-shifted functional 

indicators and combined to tuned amplified lasers is a promising tool to perform efficient 

interrogation of large-scale neuronal networks in the intact brain with limited crosstalk between 

imaging and photostimulation.   
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1. Introduction and state of the art 

 

1.1 Neuronal activity patterns underlying behavior 

 

Humans and animals constantly interact with the surrounding environment, which contains 

numerous different stimuli. Efficiently perceiving and reacting to external stimuli is fundamental 

to survival. Hunting, searching for food, navigating through space, and mating are clear examples. 

How do highly interconnected neuronal circuits in the brain operate to generate perceptions, 

memory, motor action, and complex behavior? This question is still largely unanswered in current 

neuroscience.  

Since the discovery by Golgi and Ramon y Cajal that the nervous system is composed of discrete 

cells (Golgi, 1885), researchers have long presumed that single neurons are the fundamental 

structural and functional unit of the brain, giving birth to the “neuron doctrine” (y Cajal, 1899; 

Sherrington, 1906). Supporting this doctrine, an early effort focused on characterizing the 

responses of single neurons to sensory stimuli (Barlow, 1953; Hubel and Wiesel, 1962; Houweling 

and Brecht, 2008; Eichenbaum, 2018). However, accumulating evidence supports the hypothesis 

that groups of coactive neurons, referred to as “cell assemblies”, “attractors”, “ensembles”, or 

activity patterns, might be the processing unit of the brain (Buzsáki, 2010; Yuste, 2015; 

Eichenbaum, 2018). This latter hypothesis is based on the work of Hebb (Hebb, 1949), who first 

hypothesized the existence of groups of simultaneously active neurons and proposed a mechanism 

by which this activation would occur. In recent decades, many studies have demonstrated that 

sensory stimulation, motor actions, memory and spatial navigation are associated with complex 

spatiotemporal patterns of neuronal activation (Buonomano and Maass, 2009; Carrillo-Reid et al., 
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2017). For example, (Harvey et al., 2012) trained mice in a navigation-based decision task and 

observed a sparse neuronal pattern of activity in the posterior parietal cortex (PPC) associated with 

the behavioral choice. (Peters et al., 2014) observed a consistent coordinated pattern of neuronal 

activity in mice performing a motor (lever-press) task. (Carrillo-Reid et al., 2015) observed 

sequential cortical activity induced by visual stimulation in the primary visual cortex (V1) of mice. 

Fear responses to conditioned stimuli have been shown to be associated with coordinated activity 

of neuronal ensembles in the amygdala (Gründemann and Lüthi, 2015), and ensembles coding for 

behavioral states have been identified in the amygdala (Grundemann et al., 2019). 

Importantly, alongside experimental work, theoretical studies have also been performed with the 

goal of building a solid theory of how the brain computes all the inputs it receives to drive complex 

outputs, including studies by (Quian Quiroga and Panzeri, 2009; Panzeri et al., 2017). For example, 

the framework described in the study by (Panzeri et al., 2017) provides a methodological approach 

to dissect neuronal circuits underlying sensory perception. Perception is divided into at least two 

main processes. The first process is termed “coding” and describes the process where a stimulus 

to which an animal is presented or exposed is represented in a specific area of the brain in the form 

of a particular spatiotemporal pattern of neuronal activity (Panzeri et al., 2017). After the stimulus 

is encoded, the brain must make sense of the information that was written in the coding process to 

then instruct a motor output (for example, escaping when a predator is spotted). This second 

process is designated “decoding” (Panzeri et al., 2017). While much is known about the first 

process, much less is known about decoding. One can adopt two approaches, a statistical approach 
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and an interventional approach, to understand how the encoding and decoding processes work 

(Panzeri et al., 2017).  

 

To explain how the two approaches work, let us assume that activity from different neuronal 

(sub)populations or brain areas (“neural features”, “rn”) is recorded in response to the presentation 

of an external sensory stimulus (s), after which a behavioral choice (c) is implemented by the 

subject. In the statistical approaches, the activity of each recorded region correlates with the 

presentation of the sensory stimulus and the behavioral choice (Figure 1). This method is powerful, 

and it has allowed researchers to propose many theories about how activity within brain circuits 

drives behavior. However, the statistical method may lead to the misinterpretation about which 

Figure 1. Intersection information helps combining statistics, neural recordings, behavior, and intervention to 

crack the neural code for sensory perception. 

A) Schematic showing two crucial stages in the information processing chain for sensory perception: sensory coding 

and information readout. In this example, an animal must discriminate between two stimuli of different color (s = 1, 

green; and s = 2, blue) and make an appropriate choice (c = 1, pink; and c = 2, red). Sensory coding expresses how 

different stimuli are encoded by different neural activity patterns. Information readout is the process by which 

information is extracted from single-trial neural population activity to inform behavioral choice. The intersection 

between sensory coding and information readout is defined as the features of neuronal activity that carry sensory 

information that is read out to inform a behavioral choice. A neural feature may show both sensory information and 

choice information but have no intersection information; this is visualized here by plotting the intersection information 

domain in the space of neural features as smaller than the overlap between the sensory coding and information readout 

domains. Modified from (Panzeri et al., 2017). 
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circuit is actually processing the input because a subpopulation of all neurons responsive to the 

external stimulus is recorded (as is the case in almost all experimental conditions tested thus far) 

and because neuronal circuits are substantially interconnected (Figure 2A–D; (Panzeri et al., 

2017)). In fact, if we consider the situation reported in Figure 2A–D, we cannot determine whether 

r1 or r2 (or both) encodes stimulus information and which then instructs the behavioral output if 

only a correlation analysis is performed. In this case, the possibility that we are recording from a 

set of neurons that encode sensory and choice information always exists, but these neurons are not 

those that drive the behavior because these neurons are only correlated (through high excitatory 

connectivity) with the neurons that drive the behavior (Figure 2). Hence, the flow of sensory 

information is difficult to dissect using the statistical approach alone. An interventional approach 

is required to causally test the link between the neural features and the choice. If a neural feature 

is artificially imposed or halted, it is possible to disambiguate its relationship with the stimulus 

and the choice, and the intervention reduce the effect of confounders due to correlated activity in 

highly interconnected networks (Panzeri et al., 2017). 

Figure 2. Causal manipulations to study the permissive and instructive roles in coding and information flow. 

A) The neural features r1 and r2 carry significant information about the stimulus, s, and provide essential stimulus 

information to the decision readout, c. B) r1 does not send information to c, but only receives a copy of the information 

via r2, which does send stimulus information to c. C) r1 provides instructive information about s to r2 and r2 informs 

c instructively. D) r1 influences c but does not directly carry information about s. E-F) Interventional approaches can 

be used to reveal cases in which r1 informs c but does not send stimulus information that contributes to task 

performance (black arrow in E) from cases in which r1 sends stimulus information used for decisions (colored arrow 

in F). Modified from (Panzeri et al., 2017). 
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Thus, to study how information is encoded and decoded in the brain, we clearly must monitor (or 

“read”) and manipulate (or “write”) neuronal population activity in brain networks with cellular 

resolution and the temporal precision necessary to resolve neuronal activity (Adesnik and 

Abdeladim, 2021). In subsequent paragraphs, detailed descriptions of the approaches that have 

been developed to achieve this goal are provided. 

 

 

1.2 “Reading” neuronal activity 

 

As described in the previous paragraph, studying how specific groups of neurons process external 

inputs to generate complex behaviors requires monitoring the activity of large populations of 

neurons across the brain in vivo with high spatial and temporal precision (Panzeri et al., 2017). 

This procedure has been a major challenge in neuroscience, given the complexity of brain circuits 

and their connections (Harris et al., 2016). For example, the adult mouse cortex has a volume of 

approximately 112 mm3, comprising millions of neurons organized in multiple layers (Schüz and 

Palm, 1989; Schüz et al., 2006). In the primary somatosensory area, neurons in a functional region 

known as the barrel cortex that is implicated in the processing of somatosensory stimuli (Brecht, 

2007; Petersen, 2007) are organized somatotopically in barrel-like, cylindrical modules composed 

of approximately 10000 neurons organized in six layers; these neurons include excitatory and 

inhibitory neurons that are non-homogeneously organized throughout the layers (Helmstaedter et 

al., 2007). Each of these neurons is connected to tens/hundreds of other neurons through thin µm-

size processes and exchanges brief (ms-range) electrical/chemical signals with other neurons. This 
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structural and functional complexity (visible in Figure 3) requires precise methods to record 

population activity with high spatiotemporal resolution. 

 

Moreover, invasiveness is clearly a crucial aspect to evaluate when selecting a method to record 

neuronal activity in vivo: the circuit of interest must not be disrupted while recording its activity 

(Packer et al., 2013; Carrillo-Reid and Yuste, 2020). Several methods have been developed to 

Figure 3. The whisker-to-barrel pathways carrying tactile information from the muzzle to the cortex.  
A) To the left, a schematic of the information pathways carried from mouse whiskers to the barrel cortex. There are 

two parallel pathways: the lemniscal pathway (yellow) and the paralemniscal pathway (green), with their distinctly 

different patterns of organization (PrV: principal trigeminal nucleus; SpV: spinal trigeminal nucleus; VPM: ventral 

posteromedial thalamic nucleus; POm: posterior thalamic nucleus; S1: primary sensory area). To the right, a pseudo-

3D view of the barrel cortex (wS1) can be seen with a front view on arc 2 and barrel-related column C2 highlighted 

in yellow. Dendritic arbors from some of the most frequent types of neurons are superimposed on columns D2-B2 

columns: in orange, somatostatin-expressing (SST+) GABAergic neurons, in red parvalbumin-expressing (PV+) 

GABAergic neurons, in black principal neurons and in blue vasoactive intestinal polypeptide-expressing (VIP+) 

GABAergic neurons. Neurons were collected from a repository (www.neuromorpho.org), including axonal arbors. 

The walnut floating on top of the barrel cortex illustrates the notion that integration of information originating in 

distinct whisker follicles, and being routed through parallel pathways to the cortex, is mediated by cortical circuitry, 

to bind this into a coherent perception of an object in the outside world. Modified from (Staiger and Petersen, 2021). 

A 
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facilitate recording neuronal activity in vivo (Harris, 2005; Vaziri and Emiliani, 2012; Emiliani et 

al., 2015; Steinmetz et al., 2019), but few satisfy most of the aforementioned prerequisites. 

1.2.1 Electrical recordings 

 

A preferred technique employed to study brain circuits in vivo relies on recording the electrical 

activity of neurons. Since their introduction, intracellular recordings and, in particular, the voltage 

clamp technique (Hodgkin and Huxley, 1939), have been considered the gold standard to record 

neuronal activity. In fact, both sub- and supra-threshold activity has been recorded in one target 

neuron using this technique, providing researchers access to most electrical events occurring in the 

target cell. Moreover, the introduction of the patch-clamp technique by (Sakmann and Neher, 

1984) enabled the current flowing through a single channel protein to be measured for the first 

time. Generally, electrical recordings have the advantage of granting direct access to neuronal 

activity; consequently, the temporal precision may be very close to fractions of a millisecond, 

depending on the sampling parameters. Despite its undeniable power, a few drawbacks in using 

the patch clamp technique have been noted: the first is that it allows recording of a very limited 

number of neurons (typically less than a handful) in vivo, especially in an awake and behaving 

mouse. Furthermore, it is an intrinsically invasive technique, since a glass pipette is inserted in the 

brain parenchyma, which consequently makes repeated measurements (which are crucial in the 

context of task learning, for example) from the same cell challenging. In addition, the patch clamp 

technique is detrimental in the case of prolonged measurements: due to cytoplasmic dilution, a 

rundown effect and alterations of biophysical properties occur. A similar yet slightly less invasive 

technique consists of juxtasomal (or cell-attached) recording (Margrie et al., 2002; Kitamura et al., 

2008): in these cases, the membrane of the neurons remains intact, allowing the measurement of 
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suprathreshold events. For the whole-cell patch clamp recording, the yield is limited to a few 

neurons, and repeated measurements are challenging to perform. Juxtasomal electrophysiological 

recordings will be used in the results presented in this thesis. 

Other electrophysiological techniques include extracellular measurements, which permit recording 

from a much larger number of neurons. Notably, a trade-off exists between spatial resolution and 

the area of integration (or the yield) of the extracellular recording: single-cell resolution is achieved 

with targeted and invasive measurement. Recordings from a much larger number of neurons may 

be less invasive but generally lack single-cell resolution. Examples of extracellular recordings have 

been published (Buzsaki et al., 2012): local field potential (LFP), single unit recording (SUA), 

multiunit array (MUA), electrocorticogram (ECoG) and electroencephalogram (EEG). In the case 

of LFP, SUA and MUA, electrodes still must be inserted in the parenchyma and integrate signals 

in the range of hundreds of microns (or even up to millimeters; (Katzner et al., 2009)). Regarding 

multielectrode recordings (MUAs and linear probes), many options are commercially available 

(Jun et al., 2017). For further details on the number of units and/or arrays, dimensions, and other 

technical details (which differ within models), see https://www.neuropixels.org, 

https://www.neuronexus.com, and the study by (Angotzi et al., 2019). These multichannel 

approaches promise to enable the isolation of hundreds of units in freely moving animals (Angotzi 

et al., 2019; Steinmetz et al., 2019; Kimura and Yoshimura, 2021). Moreover, they enable 

researchers to monitor the activity of different brain areas (even if very deep in the parenchyma) 

in vivo, throughout a long period, which is compatible with an animal learning a behavioral task. 

Recording from broader areas is possible with techniques such as ECoG and EEG (Nunez and 

Srinivasan, 2006; Buzsaki et al., 2012): they do not require parenchymal penetration and collect 

mass signals from brain areas as wide as a few millimeters. The spatial resolution is low and does 

https://www.neuropixels.org/
https://www.neuronexus.com/
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not enable information about single-neuron activity to be extracted; hence, these techniques are 

not discussed in detail in this thesis. 

 

1.2.2 Optical recording 

 

Electrophysiological measurements have excellent temporal resolution but do not always have the 

spatial resolution required to investigate neuronal circuits; moreover, they are generally invasive 

to a certain extent. Another method to monitor neuronal activity is provided by functional 

fluorescence microscopy, which combines developments in microscopy techniques and molecular 

indicators (Yuste and Katz, 1991; Yuste and Denk, 1995; Peterka et al., 2011; Grienberger and 

Konnerth, 2012; Kerr and Nimmerjahn, 2012; Yang and Yuste, 2017). 

Fluorescence is a physical phenomenon achieved when an excitable molecule is illuminated. When 

photons hit the molecule, the light energy promotes the transition of electrons in the molecule from 

the “ground state” to an “excited state”; when the electrons relax back, they decay to the ground 

state (Pawley, 2006). In this latter process, energy is emitted in the form of a photon with an energy 

lower than that of the absorbed photon. The characteristics of the excitation and emission spectra 

of molecules are molecule-specific and largely depend on their structure and may change upon 

structural rearrangement of the molecule. Action potentials (APs), the prototypical output signals 

of neurons, are typically associated with an increase in the concentration of cytosolic calcium 

(Ca2+; (Augustine et al., 1987; Jaffe et al., 1992). This is due to the fact that neurons express 

voltage-gated calcium channels, which open upon membrane depolarization and allow calcium 

ions to flow along their electrochemical gradient (Kandel et al., 2012). Therefore, an indirect 

measurement of AP activity has been obtained from the measurement of fluctuations in cytosolic 
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calcium concentrations (Denk et al., 1996; Yasuda et al., 2004). A pressing need in the field of 

molecular biology is to develop efficient fluorescent calcium probes that allow functional imaging. 

The origin of functional calcium sensors is traced to the discovery of the bioluminescent protein 

aequorin that is responsible for light emission in the jellyfish Aequorea victoria, which was 

extracted and purified by (Shimomura et al., 1962). Later, green fluorescent protein (GFP) was 

identified and then used to monitor gene expression in prokaryotic and eukaryotic cells (Chalfie et 

al., 1994; Tsien, 1998), for which a joint Nobel prize was awarded to Tsien, Shimomura and 

Chalfie in 2008 (Tsien, 1998). However, after these initial discoveries, due to technical issues in 

delivering the protein in living cells, the interest of researchers in the field shifted toward the 

development of synthetic dyes, which better permeate the cell membrane. For example, dyes such 

as fura-2, indo-1, and fluor-3 were modeled from the chelating agent EGTA (Tsien, 1980; 

Grynkiewicz et al., 1985) and showed practical use to investigate neuronal circuits ex vivo and 

even in vivo calcium dynamics in rodent brains (Yuste and Katz, 1991; Gobel and Helmchen, 

2007). Nevertheless, several limitations are associated with the use of synthetic dyes. First, they 

lack specificity: a specific cell type or neuronal subpopulation is impossible to target, generally 

resulting in massive labeling. Moreover, they are not always easy to deliver, depending on the 

tissue of interest. Additionally, they tend to accumulate in organelles, eventually leading to 

cytotoxicity or even leakage outside of the cells during long recordings requiring multiple 

injections to perform chronic imaging (Hendel et al., 2008; Mank et al., 2008). 

Genetically encoded calcium indicators (GECIs) were developed as an alternative to address the 

limitations of synthetic dyes. GECIs are fluorescent proteins sensitive to calcium that are produced 

“in situ” by targeted cells (more details regarding the expression of genetically encoded indicators 

are provided at the end of this chapter). 
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The first generation of GECIs to be developed was based on the chimeric protein obtained by 

fusing the protein calmodulin and the peptide “M13” from the myosin light chain kinase, which 

tends to fold upon binding of calcium (Klevit et al., 1985; Yamada et al., 1995). Initially, two 

fluorescent proteins were fused to the extremities of the protein such that upon calcium binding, 

the fluorophores were moved in close proximity to induce fluorescence emission by Forster 

resonance energy transfer (FRET) (Miyawaki et al., 1997). Few generations of GECIs with this 

design were developed, up to the discovery by Baird and colleagues that a single GFP (or YFP) 

molecule could be circularly permuted while maintaining its functionality (Baird et al., 1999). 

Thus, the sequences of these proteins (among many others) could be interrupted in specific sites, 

where sequences of other domains or peptides could be inserted and fused at their terminals while 

still folding correctly in its tridimensional structure. Starting from this result, novel GECIs were 

developed, leading to the current most commonly used functional indicators, GCaMPs (Nakai et 

al., 2001). Through the years, several generations of GCaMPs have been developed, improving 

the dynamic range, sensitivity and kinetics (Akerboom et al., 2009; Tian et al., 2009; Akerboom 

et al., 2012; Chen et al., 2013; Dana et al., 2019). Interestingly, other GECIs were designed with 

different spectral properties and kinetics, namely, RCaMPs and GECOs, their subsequent 

generation jRCaMPs and jRGECO (Zhao et al., 2011; Akerboom et al., 2013; Inoue et al., 2015; 

Dana et al., 2016; Inoue et al., 2019), and, more recently, jYCaMPs (Mohr et al., 2020). 
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Importantly, the readout of neuronal activity using calcium sensors does not have the temporal 

precision characterizing electrophysiological recordings (Harris et al., 2016). Rather, calcium 

indicators provide a filtered version of supra-threshold electrical activity, enabling the detection 

of changes in the neuronal firing rate (either an increase or a decrease). The slow kinetics of the 

fluorescence signals of functional indicators are largely due to the intrinsic design of these 

indicators. In fact, they report increases in calcium concentration, which are slower than APs 

(Nakai et al., 2001). Under specific experimental conditions, calcium indicators may also report a 

decrease in calcium concentration (Forli et al., 2018; Mardinly et al., 2018). However, the newest 

generation of GECIs has sufficiently fast kinetics to be applied to many cell types characterized 

by moderate firing rates (Dana et al., 2019). Functional calcium imaging in fast-spiking cells 

remains a challenge. 

Another crucial aspect of GECIs, which contributes to making them a preferred method to 

investigate neuronal circuits, is the possibility of targeting their expression to molecularly 

B 

C 

Figure 4. Crystal structures of the genetically encoded calcium indicators GCaMP2, RCaMP and R-GECO1. 

A) Schematic of the primary amino acid sequence of GCaMP2 illustrating the domain organization. Domains are 

colored as depicted in B, C. B) Structure of Ca2+-saturated GCaMP2 monomer, colored by domain as in A. Modified 

from (Akerboom et al., 2009). C) Crystal structures of Ca2+-saturated RCaMP and R-GECO1 monomers in two 

orthogonal views. Modified from (Akerboom et al., 2013). 
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identifiable neuronal populations over long periods. Indeed, cell type-specific targeting is a 

primary experimental goal in modern neuroscience, as the contributions of individual neuronal 

subtypes within a given circuit must be dissected and understood (see Chapter 1.2). A consistent 

effort was made in the fields of molecular biology and neurobiology to optimize indicator 

expression in vivo (the same is true for actuators, as will be discussed in Chapter 1.3). The coding 

sequences of these proteins (referred to as “transgenes” later in the text) have been incorporated in 

a plasmid backbone, and appropriate targeting sequences are expressed in specific cell types. Once 

inside cells, the protein is then produced by the transcription and translation machinery in the 

transfected or transduced cellular population. Transgenes have been delivered in living organisms 

using engineered viral vectors (e.g., adeno-associated viruses or AAVs) in which the plasmid is 

inserted (Watson et al., 2014). The efficiency of transduction largely depends on the serotype of 

the virus, which might also provide a certain degree of cellular specificity (Zincarelli et al., 2008; 

Lee et al., 2017; Powell et al., 2020). Strong cellular specificity is achieved using specific promoter 

sequences. Moreover, plasmids have been constructed such that the transgene sequence is accessed 

by the transcription machinery only in the presence of a specific protein. For example, in Cre 

recombinase-dependent systems, the transgene sequence is flanked by lox sequences (Sternberg 

and Hamilton, 1981; Xu and Zhu, 2018). When these sequences are inversely transcribed, the 

transgene is not expressed. When the flanked sequences are flipped by the action of the enzyme 

Cre, correct transcription occurs (Figure 5). 
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Figure 5. Double-floxed Inverted Open reading frame (DIO) system. Cre-mediated recombination. Starting from 

input plasmid, the Cre enzyme can induce the inversion of the open reading frame (ORF) via two LoxP sites (R1) or 

two Lox2722 sites (R2). Excising linker sequence between two Lox sites of the same orientation in either R1 or R2 

yields R3. Purple triangles, LoxP sites; Blue triangles, Lox2272 sites. Modified from (Xu and Zhu, 2018). 

 

An alternative method to express transgenes involves genetic modification of some animal lines 

using advanced molecular techniques that result in the constitutive expression of the gene of 

interest, such as a functional fluorescent indicator (for example, GCaMP) allowing the labeling of 

a specific population of neurons (Madisen et al., 2010; Chen et al., 2012; Zariwala et al., 2012; 

Harris et al., 2014). In the last few years, new transgenic mouse lines constitutively expressing 

GECIs have been created. (Daigle et al., 2018) reported a list of transgenic mouse lines generated 

taking advantage of the permissive genomic locus “TIGRE”. This locus allowed researchers to 



20 
 

precisely target cortical and subcortical molecularly identified populations of neurons, enabling 

efficient circuit dissection. 

 

 

1.2.3 Imaging technique – Fluorescence microscopy (1P vs. 2P) 

 

One of the most popular methods to image neurons expressing fluorescent indicators is to perform 

1P wide-field fluorescence microscopy (Ferezou et al., 2007; Mohajerani et al., 2013; Carandini 

et al., 2015; Yang and Yuste, 2017). This technique has high temporal resolution and negligible 

invasiveness compared to many electrophysiological measurements, as well as a large field of 

view. Unfortunately, when performing imaging in dense and scattered brain tissue, the image 

quality of 1P wide-field imaging rapidly decreases with imaging depth, limiting the investigation 

to <150 µm (Aravanis et al., 2007). Hence, this technique is still mainly used for in vitro 

experiments and for superficial imaging in vivo. Nonlinear microscopy, particularly 2P 

microscopy, addresses some of the limitations of 1P wide-field imaging. 2P excitation is based on 

the excitation of a fluorophore through the simultaneous absorption of multiple photons in a 

phenomenon that Marie Goeppert-Mayer proposed almost a century ago (Göppert‐Mayer, 1931). 

A major advantage of this approach is the use of longer wavelengths, which are less affected by 

scattering in the brain tissue. In 2P absorption, the energy of two photons that reaches the 

fluorophore “quasi-simultaneously” (< 10-15 s in time) is absorbed to promote the transition of one 

electron from the ground to the excited state. As in 1P excitation, the electron decays in a single 

step, emitting light at a wavelength shorter than that of the absorbed photons (Figure 6). 
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The number of molecules excited through a two-photon excitation process per unit of time is 

calculated using the following formula: 

𝑑𝑛

𝑑𝑡
=

6.9

(𝜋ℎ𝑐)2

𝐶𝜎2𝑃𝜆

𝜏𝑓
𝑃𝑎𝑣𝑒

2  

where σ2P is the multiphoton absorption cross-section (the probability of the absorption process – 

in case of 2P absorption), λ is the light wavelength, Pave is the average power at the objective focus, 

τ is length of the pulses, f the repetition rate of the laser source, h is Plank’s constant, c is the speed 

of light, and C is the concentration of the molecule. In particular, it is important to note that the 

number of molecule excited per unit of time is inversely dependent on the laser repetition rate, so 

decreasing f results in increased  
𝑑𝑛

𝑑𝑡
.  

 

Experimental application of two-photon excitation in fluorescence microscopy was proven in 

1990, several decades after Goeppert-Mayer’s postulation, using the two-photon laser scanning 

Figure 6. Comparison between single- and two-photon excitation  

A) Jablonsky diagram showing the transitions of an electron through two energy levels (s0 and s1) following the 

absorption of one photon of energy hνI (blue arrow, left) or following the simultaneous absorption of two photons of 

half energy hνII (red arrow, right). Once in the excited state, the electron undergoes transitions through vibrational 

levels (black arrows) and then to the ground state, which is accompanied by the emission of a photon (green arrows) 

of energy hνem with νII < hνem < νI. B) x-z profiles of the volume excited with single-photon (left) or two-photon (right) 

excitation. C) Schematic of the optical layout of a typical two-photon scanning microscope. P: Pockels cell, M: turning 

mirror, G: galvanometric mirrors, L1–4: telescope lenses, D: dichroic mirror, OBJ: objective, PMT: photomultiplier 

tube. Modified from (Dal Maschio et al., 2012a). 
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method (“2PLSM”; (Denk et al., 1990)); shortly thereafter, this technique was applied to functional 

imaging of neurons (Denk et al., 1994; Helmchen and Denk, 2005; Yang and Yuste, 2017). In 

2PLSM, a diffraction-limited spot is (typically) raster scanned, generating a localized ‘nonlinear’ 

excitation of fluorophores within a thin plane (Zipfel et al., 2003). In 2PLSM, raster scanning is 

typically performed using galvanometric (or resonant) mirrors, and the fluorescence emitted by 

the sample is collected by the objective and conveyed to detectors (typically photomultiplier tubes, 

PMTs, or GaAsP) by a dichroic mirror placed before the objective in the non-descanned 

configuration. 2P functional fluorescence microscopy is performed using near-infrared 

wavelengths, which has the advantage of allowing deeper penetration than 1P excitation (Denk et 

al., 1990; Zipfel et al., 2003; Helmchen and Denk, 2005). Moreover, near-infrared light is generally 

less phototoxic than visible light (Yang and Yuste, 2017). 

The combination of 2P microscopy and the use of genetically encoded calcium indicators 

facilitates functional monitoring of neuronal circuits in vivo with unprecedented high spatial 

resolution in the intact brain, enabling a new series of neuroscience studies to be performed (Dal 

Maschio et al., 2012a) and new questions to be addressed. For example, this technique has enabled 

researchers to investigate how sensory information is stored in individual components of brain 

circuits, how this process varies over time, and how the function of circuits relates to their structure 

and connectivity (Helmchen and Denk, 2005; Svoboda and Yasuda, 2006; Grewe et al., 2010). 
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1.3 Optogenetics 
 

As discussed in Chapters 1.1 and 1.2, monitoring neuronal activity in the brain of a behaving 

animal can provide highly informative insights into the role of specific brain areas or populations 

of neurons in the generation of a behavior or a higher brain function. However, a manipulation is 

required to causally test the involvement of specific neurons of brain areas in information 

processing (Panzeri et al., 2017). Electrical stimulation and pharmacological manipulation have 

been the approaches of choice to perturb neuronal circuits in past few decades. However, major 

limitations characterize both electrical stimulation and pharmacological intervention when the 

experimental goal is to dissect the circuit responsible for a particular behavior. For example, 

electrical stimulation lacks cellular specificity, and pharmacological intervention has poor 

temporal resolution. In the early 2000s, a revolutionary, novel technology based on the 

combination of optical and genetic methods was developed: optogenetics. This technique allows 

manipulation of the electrical activity of specific classes of genetically identified neurons with 

millisecond temporal precision in vivo and minimal invasiveness (Boyden et al., 2005; Deisseroth, 

2011). 

Optogenetics is based on the discovery of light-sensitive transmembrane proteins called opsins, 

which are expressed in “all kingdoms of life” (Zhang et al., 2011), from microbial organisms to 

higher eukaryotes (Shichida and Matsuyama, 2009; Yizhar et al., 2011a; Zhang et al., 2011). 

Optogenetics combines the power of molecular techniques to induce opsin expression in specific 

neuronal populations (as described in Chapter 1.2.2) and/or in specific cellular compartments 

(soma, dendrites, synapses, etc.), with advanced optical methods needed for precise illumination 

of neurons (which will be described in subsequent chapters). In more recent years the term 
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optogenetics also included the use of the genetically encoded indicators to monitor neuronal 

activity. However, in this thesis work, we focused on genetically encoded molecular tools for 

modulating neuronal activity. 

 

1.3.1 Optogenetics: opsins 

 

Opsins are membrane proteins composed of seven transmembrane domains. Opsins translocate 

ions from one side of the plasma membrane to the other upon the absorption of light of appropriate 

wavelength. This property is derived from the ability of these proteins to bind retinal, a 

chromophore (and a vitamin A cofactor) that confers light sensitivity (Figure 7).  

 

Opsins are classified into two “superfamilies”, type I and type II, which are commonly referred to 

as “microbial” and “animal” opsins, respectively (Zhang et al., 2011). Despite being in the same 

family, type I and II opsins are profoundly different: members of the two groups do not share 

Figure 7. Retinal isoforms used by type I and type II opsins. 

A) Light-mediated isomerization of the retinal Schiff base (RSB). Top: retinal in the all-trans state, as found in the 

dark-adapted state of microbial rhodopsins and in the light-activated forms of type II rhodopsins of higher eukaryotes. 

The absorption of a photon converts the retinal from the all-trans to the 11-cis configuration. Bottom: 11-cis retinal is 

found only in type II rhodopsins, where it binds to the opsin in the dark state before isomerizing to the all-trans position 

after photon absorption. Modified from (Zhang et al., 2011). 
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significant sequence homology and are responsible for very different physiological functions. 

Type I opsins, which will be the main focus of this chapter, have found wide application in many 

fields of neuroscience. Type II opsins are typically G-protein coupled receptors (GPCRs) 

expressed in higher eukaryotes. Type II opsins bind 11-cis retinal, and upon light absorption, the 

retinal isomerizes (i.e., changes structure) and induces opsin conformational changes that initiate 

a cascade of second messenger signaling.   

Figure 8. Basic properties of known single component optogenetic tools with published spectral and kinetic 

information. 

A) Single component optogenetic tool families; transported ions and signaling pathways are indicated by arrows. B) 

Kinetic and spectral attributes of optogenetic tool variants for which both of these properties have been reported and 

for which minimal activity in the dark is observed. Visible spectrum shown. Decay kinetics are plotted against peak 

activation wavelength only to demonstrate groupings and classes over the range of spectral and temporal 

characteristics and the feasibility of dual channel control using tools that are well separated in the spectral and temporal 

domains. Decay kinetics are temperature dependent; all other reported values except ChRGR are recorded at RT, with 

∼50% decrease in τoff expected at 37C. * Since ChRGR has only been studied at elevated (34°C) T, we denote likely 

RT range for ChRGR shifted to the right. Modified from (Yizhar et al., 2011a). 
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Type II opsins are fundamental for vision and are involved in circadian rhythm and pigment 

regulation (Sakmar, 2002; Shichida and Yamashita, 2003; Terakita, 2005; Shichida and 

Matsuyama, 2009; Mäthger et al., 2010; Ernst et al., 2014). 

In contrast to type II opsins, type I opsins are ion channels or ion pumps that covalently bind all-

trans retinal (another isomer of retinal), which isomerizes upon illumination and transduces a 

conformational change in the protein that favors ion flux. After isomerization, the covalent bond 

does not break, and retinal is retained in the binding pocket; through a probabilistic process, retinal 

then converts back to the all-trans form, closing the photocycle (Ernst et al., 2014; Deisseroth and 

Hegemann, 2017). Type I opsins are usually detected in prokaryotes, algae, and fungi, where they 

are mainly necessary for phototaxis, development, environmental responses, and reproduction 

(Foster et al., 1984; Brown, 2004; Spudich, 2006; Bieszke et al., 2007; Zhang et al., 2011). 

Despite the high homology within the same family, opsins evolved different spectral properties, 

opening and closing kinetics, light sensitivity, and photocurrent amplitudes (Figure 8B). These 

different biophysical properties are linked to mutations in their amino acid sequence and three-

dimensional structure (Ernst et al., 2014). Given the wide spectrum of opsins found in nature, a 

large experimental effort is currently dedicated to genomic mining of microbial organisms to 

search for opsins with optimized biophysical properties, as will be described in the paragraphs 

below (Zhang et al., 2008; Klapoetke et al., 2014; Govorunova et al., 2015; Marshel et al., 2019). 

Microbial opsins are subdivided into four classes: bacteriorhodopsins, halorhodopsins, 

channelrhodopsins, and sensory opsins (Zhang et al., 2011; Grote et al., 2014). In this introduction, 

I will focus on the first three classes because they are the most relevant to my work. Additional 

descriptions of sensory opsins have been published (Pebay-Peyroula et al., 2002; Spudich and 

Luecke, 2002; Zhang et al., 2011; Grote et al., 2014). 
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Bacteriorhodopsins (BRs) were the first opsins to be discovered. In 1971, Oesterhelt and 

Stoekenius identified a rhodopsin-like protein in the halophilic bacterium Halobacterium 

halobium (Oesterhelt and Stoeckenius, 1971). These proteins are proton pumps that transport 

protons (H+) from the cytoplasm to the extracellular space when exposed to yellow light. The 

proton translocation mechanism is initiated by light absorption, which induces all-trans retinal to 

isomerize to 13-cis retinal, triggering a cascade of small conformational rearrangements in the 

protein that results in the extrusion of a proton (Zhang et al., 2011). Consequently, BRs 

hyperpolarize the potential of the neuronal membrane, and they are used as silencing tools that 

decrease the probability of neurons discharging action potentials. One example of opsin from this 

subfamily is archearhodopsin (Arch) isolated from the archaea Halorubrum sodomense (Chow et 

al., 2010). Through genomic mining and molecular engineering, novel bacteriorhodopsins were 

discovered and characterized (Chow et al., 2010; Han et al., 2011; Mattis et al., 2011). 

Another subfamily of microbial opsins is composed of halorhodopsins (HRs). Similar to BRs, HRs 

are also electrogenic pumps. They transport chloride ions (Cl-) inside the cytoplasm, leading to 

hyperpolarization upon absorption of yellow light; the translocation mechanism is similar, despite 

involving different amino acids. As described for BRs, when expressed in neurons, halorhodopsin 

activity decreases the probability of neurons firing action potentials. Light-sensitive chloride 

pumps in Halobacterium halobium were discovered in 1982 (Schobert and Lanyi, 1982), but the 

protein was not identified until 1990 (Lanyi et al., 1990). The first application of the halorhodopsin 

NpHR as an inhibitory tool to silence neurons was reported in 2007 (Zhang et al., 2007). Early 

versions of NpHR suffered from membrane trafficking problems, which resulted in small 

photocurrents. Enhanced variants have been developed to solve this limitation and increase 
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photocurrents (e.g., eNpHR3.0, (Gradinaru et al., 2010). To date, eNpHR3.0 is still one of the most 

commonly used inhibitory optogenetic tools. 

The last subfamily is composed of channelrhodopsins (ChRs). These opsins differ from the other 

subfamilies since they are not ion pumps but rather light-gated channels. Thus, upon illumination, 

they passively conduct ions through their pores according to the ion electrochemical gradient. 

Surprisingly, ChRs share high sequence homology with BRs and HRs, with few critical mutations 

in the pore and the retinal binding pocket. The first channelrhodopsins to be identified and 

described were CrChR1 (Nagel et al., 2002) and CrChR2 (Nagel et al., 2003), which were renamed 

ChR1 and ChR2, respectively. Both opsins were isolated from Chlamydomonas reinhardtii, a 

unicellular alga. Their discovery was a breakthrough that ignited the development of optogenetics 

(for review see (Deisseroth, 2011; Zhang et al., 2011; Deisseroth, 2015)). Their first applications 

in neurons and in the intact brain were performed by the Deisseroth lab (Boyden et al., 2005; 

Deisseroth et al., 2006; Adamantidis et al., 2007). In more recent years, many more 

channelrhodopsins have been identified through genomic mining (Zhang et al., 2008; Klapoetke 

et al., 2014; Marshel et al., 2019), and more variants have been developed using molecular 

engineering (Lin et al., 2009; Lin et al., 2013; Klapoetke et al., 2014; Mardinly et al., 2018; Vierock 

et al., 2021). Importantly, anion-conducting channelrhodopsins were also identified and 

characterized. These chloride-permeable channelrhodopsins enable efficient neuronal silencing 

and shunting inhibition, expanding the available toolkit of inhibitory opsins (Gradinaru et al., 

2010; Wietek et al., 2014; Govorunova et al., 2015; Wietek et al., 2015; Mahn et al., 2018). For 

more details about the properties of ChRs, please see reviews by (Lin, 2011; Yizhar et al., 2011a; 

Zhang et al., 2011; Deisseroth, 2015; Berndt et al., 2016; Deisseroth and Hegemann, 2017; Kato 

et al., 2018). 
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1.3.2 Optogenetics: illumination approaches 

 

In the vast majority of optogenetic studies, opsin-expressing neurons are manipulated using wide-

field illumination with visible light (< 700 nm) and a 1P excitation process (Boyden et al., 2005; 

Zhang et al., 2007; Han et al., 2011; Yizhar et al., 2011b). Optical fibers or LEDs are generally 

used for this purpose (Boyden et al., 2005; Deisseroth et al., 2006; Adamantidis et al., 2007; 

Deisseroth, 2011; Fenno et al., 2011; Deisseroth, 2015). Despite its large diffusion, wide-field 

illumination suffers from limitations related to the difficulty of confining the volume of excitation 

to small target regions, leading to poor spatial resolution in the intact brain. As a result, using wide-

field illumination, large numbers of neurons are simultaneously excited (or inhibited) at different 

depths within the brain. This excitation generally results in an over-synchronous response of 

illuminated neurons that does not capture the temporal complexity of natural network activities. 

Wide-field stimulation of brain circuits may thus lead to biased or incorrect conclusions about the 

functional roles of stimulated cells. 

As described in Chapter 1.1, information processing, behavior, and higher brain functions are 

associated with complex spatiotemporal patterns of neuronal activity. Therefore, a more spatially 

precise manipulation approach is required to dissect the networks underlying these fundamental 

processes in the brain. Therefore, researchers have attempted to improve the precision of single 

photon optogenetic manipulations in recent years. One example was the use of digital micromirror 

devices (DMDs), a matrix of movable micromirrors, which reflected light onto one or multiple 

restricted area(s) of the field of view (as described in C. elegans by (Guo et al., 2009; Leifer et al., 

2011; Zhu et al., 2012). Another example was the application of computer-generated holography 
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(CGH) to one-photon stimulation (Szabo et al., 2014; Emiliani et al., 2015). Nevertheless, these 

implementations did not provide the necessary spatial precision in the axial direction (Emiliani et 

al., 2015). Ideally, the spatial resolution should be as close as possible to a single neuron to avoid 

off-target activation/inhibition. 

One solution for more precise optogenetic manipulation is provided by 2P excitation. As described 

for 2P functional imaging (see Chapter 1.2.3), 2P excitation of opsins (2P optogenetics; (Vaziri 

and Emiliani, 2012)) is intrinsically confined in a smaller axial dimension than 1P excitation 

(Figure 6B). Moreover, the use of longer wavelengths in 2P excitation facilitates tissue penetration 

and reduces scattering in brain tissue. 

However, 2P optogenetics requires opsins to be excitable by the two-photon absorption process, 

and not all opsins have this property. ChR2 was first shown to be excitable by two-photon 

excitation at 920 nm (Mohanty et al., 2008) and then characterized under 2P excitation to estimate 

its cross-section (Rickgauer and Tank, 2009). Rickgauer and Tank (2009) provided an extensive 

characterization of the photocurrent kinetics stimulated using both 1P and 2P excitation, and 

importantly, they also demonstrate the induction of AP discharges in cultured neurons by rapid 

two-photon spiral scanning of the cell body with a diffraction-limited spot. The spiral scan 

approach was improved in subsequent studies and combined with digital holography (Packer et 

al., 2015; Carrillo-Reid et al., 2016; Carrillo-Reid et al., 2019; Marshel et al., 2019; Dalgleish et 

al., 2020). Not all opsins are efficiently activated with this method. In fact, the desirable opsin for 

the spiral scan approach should have slow off kinetics and a large photocurrent (Yizhar et al., 

2011a). Using this method, the photocurrents evoked by each point of the spiral scan, which are 

too small to drive AP firing by themselves, are summed as the diffraction-limited spot is scanned 

over the cell body of the target neuron, leading to sufficient depolarization to elicit spiking. The 
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single point of the spiral scan can’t drive action potential firing because of the limited photocurrent 

generated by the focal illumination of a restricted number of channels (Nagel et al., 2003; 

Rickgauer and Tank, 2009; Lin, 2011). In the spiral scan approach, the temporal resolution of the 

photostimulation is affected by the (slow) kinetics of the opsin and the time required to scan the 

cell body of the neuron.  

 

2P scanned excitation of neurons has been performed using an enlarged spot obtained, for example, 

by underfilling the pupil objective to compensate for this limitation (Helmchen and Denk, 2005; 

Rickgauer and Tank, 2009). By enlarging the excitation spot, more opsins are simultaneously 

stimulated, and a larger photocurrent is generated with a single scan position. However, enlarging 

the excitation spot by underfilling the pupil objective decreases the NA and thus leads to a 

substantial loss of resolution in the z direction (Figure 10). 

Figure 9. 2P stimulation – scan-based approach. 

A) Schematic representation of a 2PE illumination spot (red spot, diameter in the micron range) scanned across an 

opsin-expressing cell in a time Ts. B) Scanning-based photocurrents summation effect. Photocurrents stimulated by 

scanning a 2PE Gaussian spot (NA = 0.2) across a cell using different scan speed. Raster scan times were varied by 

changing the number of lines in a fixed-area raster. Currents stimulated using spiral-scan trajectories are shown in red. 

Traces represent average response from three or more trials. Modified from (Rickgauer and Tank, 2009). C) Multi-

cell targeting in scan-based approaches enabled by serially redirecting an illumination beam of power P0 on three 

different neurons with an inter-location time from the nth to the mth neuron Ti,m-n and a soma-targeted spiral scan time 

per cell Ts. Modified from (Ronzitti et al., 2017a). 

A B C 
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In this context, digital holography was introduced to increase the lateral size of the excitation 

volume while reducing the loss of z resolution compared to the objective under filling initially 

using 1P excitation and then in 2P optogenetics (Vaziri and Emiliani, 2012; Ronzitti et al., 2017a; 

Chen et al., 2018). Digital holography, moreover, allows the projection of arbitrary 2D shapes that 

are adjusted according to the morphology of the target neurons (Dal Maschio et al., 2010; Bovetti 

and Fellin, 2015; Ronzitti et al., 2017a), thus enabling simultaneous activation of most opsins 

expressed in the cell body of target neurons.  

This process enables a fast ms-range neuronal spiking response. Although digital holography better 

constrains the z-dimension of the excitation volume compared to the objective under filling, it still 

shows a linear increase in the axial dimension of the excitation volume on the lateral dimension of 

the excitation shape. This phenomenon is due to the quasi-linear dependency of the axial 

Figure 10. Beam size adjustment relative to the objective’s back aperture.  

A) ‘Matched’ filling of the back aperture with an expanded beam (fill factor of one; power transmission 86%; left). In 

this case most of the NA is used and almost diffraction-limited resolution is reached. Underfilling of the back aperture 

(right). The beam is expanded less to optimize power transmission. Because a lower effective NA is used, spatial 

resolution is reduced. B) Focal spot size and power transmission as a function of the fill factor, the ratio between DBeam 

(1/e2-width) and DBA. Radial width (ωxy) and axial width (ωz) of the focal volume are normalized to the values for a 

uniformly filled back aperture. For fill factors around 0.7, nearly all power is transmitted with only minor losses in 

lateral and axial resolution. Modified from (Helmchen and Denk, 2005). 
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dimension on the radial dimension of the focal spot or 2D excitation profile (Lutz et al., 2008; Dal 

Maschio et al., 2012b; Oron et al., 2012; Bovetti and Fellin, 2015; Ronzitti et al., 2017a). Digital 

holography has been paired with temporal focusing (TF) to address this limitation (Oron et al., 

2005; Zhu et al., 2005). In temporal focusing, a diffraction grating is placed in the optical pathway 

to separate the spectral components of the laser pulse. Spectral components travel along the optical 

path through different trajectories, and they are recombined only at the objective focal plane. 

Consequently, the pulse has broadened the temporal duration in out-of-focus planes and is 

compressed back to its original duration, providing a more restricted and efficient 2P excitation 

volume in the focal plane (Oron et al., 2005; Dal Maschio et al., 2012b; Vaziri and Emiliani, 2012; 

Begue et al., 2013; Papagiakoumou, 2013; Bovetti and Fellin, 2015; Ronzitti et al., 2017a).  

When digital holography is paired with temporal focusing, the axial resolution of photostimulation 

is constrained to approximately 10 µm and is independent of the lateral dimension of the excitation 

shape (Begue et al., 2013). In 2P optogenetics, the drawback of applying temporal focusing is that 

it introduces power loss in the system and thus limits the available photon budget. 

 

1.3.3 2P patterned illumination enables true simultaneous illumination of multiple neurons 

 

The methods mentioned in the previous section allow parallel 2P illumination of multiple neurons. 

These methods facilitate the generation of complex light patterns (multiple focal points and 

multiple arbitrary extended shapes), simultaneously assessing multiple portions of the field of 

view, and are generically termed “patterned illumination” methods (Papagiakoumou et al., 2008; 

Dal Maschio et al., 2012b; Vaziri and Emiliani, 2012; Bovetti and Fellin, 2015; Ronzitti et al., 

2017a) Modulation of either the light intensity (using DMDs, described in the previous chapter) 
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or light phase (mostly by means of liquid crystal spatial light modulators, SLMs; (Dal Maschio et 

al., 2010; Bovetti and Fellin, 2015; Ronzitti et al., 2017a) have been performed for 2P pattern 

simulation. DMDs have a fast (kHz-range) switching time but introduce a considerable amount of 

power loss in the optical system, which is particularly relevant in the case of 2P excitation. Liquid 

crystal SLMs in combination with 2P excitation have a series of properties that facilitated their use 

in the field for patterned illumination, which will be described in the next paragraph. 

Liquid crystal spatial light modulators are essentially programmable matrices of active pixels. 

Each pixel contains liquid crystals (LCs), whose orientations are controlled by the application of 

an electric field (Figure 11B). Reorientation of liquid crystals inside a matrix pixel causes a change 

in the effective refractive index that light experiences traveling through that pixel (Efron, 1994; 

Dal Maschio et al., 2010; Dal Maschio et al., 2012b; Bovetti and Fellin, 2015). By appropriately 

controlling the orientation of liquid crystals in individual pixels within the 2D matrix, a planar 

laser wave front impinging on a liquid crystal SLM is transformed into a complex wave front as it 

is reflected and refracted back from the SLM, a process commonly referred to as wave front 

shaping or wave front engineering (Efron, 1994; Dal Maschio et al., 2010; Dal Maschio et al., 

2012b; Bovetti and Fellin, 2015).  

Figure 11. Liquid crystal spatial light modulators.  

A) Schematic representation of the Huygens–Fresnel principle. B) Each pixel cell of the LC-SLM contains liquid 

crystals immersed in a dielectric medium (cyan). A voltage difference applied to individual pixel electrodes (green 

rectangles) changes the orientation of the liquid crystals, modifying the pixel’s refractive index and generating 

different phase delays (bottom panel). C) The planar wavefront of a laser beam is transformed into a complex 

wavefront by phase modulation with the LC-SLM. Modified from (Bovetti and Fellin, 2015). 
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The SLM modulates the phase of the laser beam at the level of the back focal plane (BFP, the 

Fourier plane) of the objective to modulate light intensity at the sample plane, i.e., at the frontal 

focal plane (FFP) of the objective. The SLM is frequently positioned in a plane conjugated to the 

back focal aperture in a 4f configuration to achieve this aim (Dal Maschio et al., 2010; Dal Maschio 

et al., 2012b). Using iterative algorithms (from which this technique is termed computer-generated 

holography, CGH), the phase maps (also diffractive optical elements, DOEs) to be applied to the 

SLM in the Fourier plane are calculated, which will generate the desired intensity profile at the 

FFP. The phase values of the phase map are then translated into appropriate electric voltages to be 

applied to the pixels of the SLM (Efron, 1994; Dal Maschio et al., 2010; Dal Maschio et al., 2012b). 

 

Figure 12. Patterned illumination with liquid crystal spatial light modulators.  

A–C) SLM phase holograms. A1–C1) A cuvette of fluorescein is excited by two photon illumination (λ = 800 nm) 

spot(s) corresponding to the phases shown in A-C. In B1, the two spots are generated on the same plane. In C1, the 

two spots are generated on two distinct planes. Scale bar, 5 mm. Modified from (Bovetti and Fellin, 2015). D–D2) 

Fluorescence image showing a cultured neuron filled with Fluo-4. The regions of interest (red line) corresponding to 

the cell body (D1), or portion of the dendritic tree (D and D2) are shown. Scale bar: 10 µm. E–E2) Based on the image 

showed in (D–D2), a binary mask is generated corresponding to the selected regions of interest (a portion of the 

dendritic tree in (E and E2), or the cell somata in (E1). F–F2) Phase maps corresponding to the binary masks shown in 

(E–E2). G–G2) Fluorescence images showing patterned two-photon illumination in the regions of interest displayed 

in (D–D2). Modified from (Bovetti and Fellin, 2015). 
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One limitation of CGH is the inhomogeneity in the intensity profile generated at the sample plane 

(FFP), which generates "speckles” inside the projected shape (Papagiakoumou et al., 2010; Bovetti 

and Fellin, 2015). This phenomenon is caused by pseudorandom constructive or destructive 

interference by light rays in neighboring locations and is due to limitations of iterative algorithms 

(Kim et al., 2004; Sinclair et al., 2004; Dal Maschio et al., 2012b). Various strategies have been 

developed to correct for speckles in CGH, employing either hardware or software solutions (Dal 

Maschio et al., 2012b; Vaziri and Emiliani, 2012; Bovetti and Fellin, 2015; Ronzitti et al., 2017a). 

One example is generalized phase contrast (GPC) (Zernike, 1955; Glückstad, 1996; Glückstad and 

Mogensen, 2001; Papagiakoumou et al., 2010; Begue et al., 2013; Bovetti and Fellin, 2015; 

Ronzitti et al., 2017a). 

Although initial studies used CGH to stimulate neurons in 2D (Nikolenko, 2008; Packer et al., 

2015; Forli et al., 2018), recent developments allow 3D illumination (Hernandez et al., 2016; Dal 

Maschio et al., 2017; Pegard et al., 2017; Mardinly et al., 2018; Yang et al., 2018; Marshel et al., 

2019). 

 

 

1.4 Simultaneous “reading” and “writing” of neuronal activity 
 

As described in Chapter 1.1, an understanding of how complex spatiotemporal patterns of neuronal 

activity drive behavior remain a major challenge in current neuroscience. Although the process of 

encoding has been extensively investigated and we know many details of the mechanism by which 

sensory information is written into specific brain circuits, the rules the brain uses to decode sensory 

information and drive behavior are still largely unexplored. Importantly, theoretical studies 
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designed to address this challenge have been formulated. The key to achieving this goal is the 

combination of statistical and perturbation approaches (Panzeri et al., 2017). In this context, 

simultaneous monitoring and manipulation of neurons with high spatial and temporal resolution is 

of particular importance. As described in Chapters 1.2.2 and 1.2.3, due to the advances in 

genetically encoded calcium indicator engineering and the development of new optical techniques, 

the activity of a large population of neurons has been imaged with high spatial resolution using 2P 

microscopy (Ohki et al., 2005; Ohki et al., 2006; Sofroniew et al., 2016; Yang and Yuste, 2017). 

Analogously, as described in Chapters 1.3.1 and 1.3.2, the discovery and development of efficient 

optogenetic tools combined with advanced optical techniques for patterned 2P illumination and 

suitable laser sources has enabled excitatory and inhibitory manipulation of neurons in vivo with 

adequate temporal and spatial precision (Emiliani et al., 2015; Packer et al., 2015; Forli et al., 

2018; Mardinly et al., 2018; Yang et al., 2018). Moreover, as described in Chapter 1.2.2, targeted 

delivery of transgenic indicators and/or actuators has improved with the viral vector approach and 

the development of an increasing number of transgenic mouse lines (Yizhar et al., 2011a; Packer 

et al., 2013; Daigle et al., 2018; Bounds et al., 2021), increasing the ease of expressing these 

transgenes. Despite the aforementioned advances, many challenges remain in tasks to efficiently 

and simultaneously combine imaging and manipulation of neurons in a single experiment. 

The first documentations of the all-optical technique relied (at least partially) on 1P excitation 

(Zhang and Oertner, 2007; Wilson et al., 2012; Akerboom et al., 2013). As discussed in the 

previous chapter(s) (see Chapter 1.2.3), this approach has an intrinsic lack of spatial precision. For 

this reason (and the reasons described in Chapter 1.2.3), two-photon microscopy is the preferred 

method for both imaging and photostimulation. However, initial experiments revealed the presence 

of two types of “crosstalk” between imaging and photostimulation in 2P all-optical experiments 
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(Akerboom et al., 2013). The first type of crosstalk consists of illumination artifacts in the frames 

acquired during the photostimulation period due, for example, to the photostimulation wavelength 

partially exciting the fluorescent indicator (Packer et al., 2015; Forli et al., 2018). The second type 

of crosstalk, then, consists of the undesired excitation of the opsins by the imaging wavelength 

during scanning (Packer et al., 2015; Forli et al., 2018). Both phenomena are largely due to the 

partial overlap of the 2P absorption spectra of the actuator and the indicator. 

Given the broad shape of the 2P spectra of opsins and actuators (few examples reported are in 

Figure 13), the combination of light-sensitive proteins to use must be carefully chosen. Ideally, 

both the indicator and the opsin should be excited at the wavelength corresponding to the peak of 

their (1P- or 2P-) absorption spectra while minimizing the activation of the other protein. In other 

words, the desired combination is opsins and indicators that allow the maximization of the 

difference in excitation between the imaging and photostimulation wavelengths. This task is 

currently nontrivial, and it is facilitated by the continuous development of indicators and opsins 

with suitable spectral characteristics (Prakash et al., 2012; Akerboom et al., 2013; Klapoetke et al., 

2014; Govorunova et al., 2015; Mardinly et al., 2018; Dana et al., 2019; Mohr et al., 2020), as well 

as novel commercially available laser sources with a low repetition rate and high energy per pulse 

(Yang et al., 2018; Chen et al., 2019). 
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The first description of 2P all-optical experiments (Nikolenko et al., 2007; Lutz et al., 2008; Dal 

Maschio et al., 2010; Anselmi et al., 2011) combined glutamate uncaging with calcium imaging 

in vitro. Moreover, two-photon activation of ChR2 (Mohanty et al., 2008; Rickgauer and Tank, 

Figure 13. Two-photon excitation spectra of various commonly used opsins. 

For each opsin the plot shows the peak-normalized photocurrent recorded in CHO cells transfected with the indicated 

opsin using an Insight X3 tunable laser (80 MHz). The green vertical line marks 920 nm, while the red line indicates 

1040 nm. Data represent the mean ± SEM. ‘n’ indicates the number of recoded cells. Modified from (Sridharan et al., 

2022). 
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2009; Papagiakoumou et al., 2010) and other opsins (Prakash et al., 2012) was reported. These 

initial proof of principle experiments led to the all-optical dissection of neuronal circuits in vivo. 

The most common strategy used to perform these experiments is based on the combination of 

“blue-shifted” calcium indicators (GCaMP) with “red-shifted” opsins (C1V1, Chrimson, and 

ChRmine). Using a similar combination of opsins and indicators, Rickgauer and colleagues 

(Rickgauer et al., 2014) first performed simultaneous 2P imaging and manipulation in vivo: the 

authors monitored calcium dynamics in hippocampal neurons of awake mice navigating in a virtual 

environment and modulated the activity of several neurons during animal behavior. GCaMP3-

expressing mice (Thy1-GCaMP3-WPRE) were injected with AAVs carrying the sequence 

encoding the opsin C1V1 and were trained to navigate a custom-made virtual environment to 

achieve this result. GCaMP signals were imaged at 920 nm, while C1V1 was stimulated at 1064 

nm. Sequential photostimulation of individual co-expressing neurons was obtained by scanning 

the soma of the target neuron with a temporally focused disk-like extended shape or with a low-

numerical aperture (NA) focal spot (Figure 9). 

The following year, Packer and colleagues (Packer et al., 2015) performed a 2P all-optical 

experiment in vivo using a combination of indicator and opsin similar to that used in the study by 

(Rickgauer et al., 2014). They injected two adeno-associated viruses carrying the constructs for 

GCaMP6s and C1V1 in the mouse barrel cortex. Imaging was performed at 920 nm, and the 

stimulation wavelength was again set to 1064 nm. The authors showed parallel neuronal 

photostimulation by light sculpting using an SLM to generate multiple almost diffraction limited 

spots; then, these spots were used to scan the somata of the target neurons, inducing the firing of 

action potentials. Notably, both (Rickgauer et al., 2014; Packer et al., 2015) described the presence 

of crosstalk between imaging and stimulation, which manifested (under specific experimental 
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conditions) as a significant increase in the firing rate upon imaging (see, for example, Fig. S1 of 

the study by (Packer et al., 2015)). Moreover, the authors suggested methods for calibrating the 

system to minimize this type of crosstalk. One potential consequence of such crosstalk is to bias 

the formation of neuronal ensembles with the imaging beam and artificially increase neuronal 

correlations within the imaging field of view. 

 

Consistent with this hypothesis, Carrillo-Reid and colleagues reported that repeated, simultaneous 

optogenetic activation of multiple neurons (“photoensemble”) using raster scanning leads to the 

formation of spontaneously occurring neuronal ensembles according to the principles of Hebbian 

plasticity (Carrillo-Reid et al., 2016). In this study, the authors performed 2P all-optical 

Figure 14. Single-cell two-photon optogenetic photostimulation and single-action-potential readout in vivo.  

A) Schematic illustration of the experimental goal. Top, a calcium sensor generates an optical readout of activity, and 

an opsin enables photostimulation. Bottom, robust and reliable photostimulation in user-selected neurons (i–iii) 

without stimulation of immediately adjacent neurons (iv–vi) during simultaneous recording. B) Optical layout of the 

SLM-based two-photon patterned photostimulation, two-photon resonant scanning, moving in vivo microscope. PC: 

Pockels cell, S: shutter, HWP: half-wave plate, L1–4: lenses, SLM: spatial light modulator, ZB: zero-order block, 

GM1, 2: galvanometers, RSM: resonant scanning module, F1–3: filters; PMT1, 2: photomultiplier tubes. C) A large 

field of view of neurons co-expressing GCaMP6s (green) and C1V1-2A-mCherry (pink). Scale bar: 100 μm. D) Inset 

from a large field of view (200 × 200 μm). A two-photon targeted cell-attached patch-clamp recording was obtained 

from neuron i. This neuron was targeted for optogenetic stimulation in a spiral pattern, while the adjacent neurons (ii, 

iii) were monitored as control. Modified from (Packer et al., 2015). 
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experiments in vivo in the mouse primary visual cortex (Carrillo-Reid et al., 2016), where they co-

expressed the indicator GCaMP6s and the opsin C1V1. 

These initial studies were followed by the efforts of other groups to develop different strategies 

using a different combination of indicators and/or actuators, laser sources, imaging and 

photostimulation approaches. 

For example, different opsins were tested in combination with the blue-shifted calcium indicator 

GCaMP: ChR2 (Baker et al., 2016; Dal Maschio et al., 2017), ChrimsonR (Forster et al., 2017), 

ChroME (Mardinly et al., 2018), and ChRmine (Marshel et al., 2019). In 2018, Forli and colleagues 

described the possibility of performing 2P all-optical experiments adopting a complementary 

strategy that minimizes the crosstalk between imaging and photostimulation (Forli et al., 2018). 

This strategy relies on the combination of red-shifted calcium indicators (jRCaMP and jRGECO; 

(Dana et al., 2016), which are imaged at 1100 nm, and the blue-shifted opsin ChR2, which is 

stimulated at 920 nm. The rationale for this combination is based on the maximization of the 

difference in the excitation spectrum between the imaging and stimulation wavelengths (Yizhar et 

al., 2011a; Venkatachalam and Cohen, 2014). In this study, the SLM was used to generate circular 

or oval extended shapes covering one (or more) cell body. Moreover, this study represents the first 

demonstration of the excitability of an anion-permeable channelrhodopsin and the first application 

of 2P imaging and bidirectional perturbation of neurons in vivo. Mice were injected with the blue-

shifted inhibitory opsin GtACR2 and 2P holographic stimulation of GtACR2-expressing neurons 

generated light intensity-dependent photocurrents in vitro and neuronal suppression of AP in vivo. 

This study was followed by a study by (Mardinly et al., 2018), who reported 2P all-optical imaging 

and bidirectional perturbation with a combination of GtACR1, a red-shifted anion permeable 

channelrhodopsin, and GCaMP6 imaging. 
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The temporal precision of holographic photostimulation was investigated in a series of recent 

studies (for example, stimulation: (Ronzitti et al., 2017b; Mardinly et al., 2018; Chen et al., 2019). 

These studies demonstrated a short spiking latency (sub-millisecond) from the onset of 

illumination under optimized experimental conditions. In studies by (Ronzitti et al., 2017b; Chen 

et al., 2019), the authors tested both CGH and scanning stimulation approaches combined with 

multiple opsins with various spectral properties and kinetics (Chrimson, CoChR, ReaChR, C1V1, 

Chronos, and ChroME), in brain slices and in the intact rodent brain. Additionally, (Mardinly et 

al., 2018) applied a method in vivo to scale up the volume accessible by CGH parallel 

photostimulation (3D-SHOT; first introduced in the study by (Pegard et al., 2017). Notably, 

enriching opsin expression in somatic and perisomatic regions improves the spatial resolution of 

photostimulation (Baker et al., 2016; Shemesh et al., 2017; Forli et al., 2018; Mardinly et al., 2018; 

Chettih and Harvey, 2019; Marshel et al., 2019), as limiting the excitable cell volume to the soma 

and proximal dendrites reduces the probability of off-target stimulation that may occur due to fiber 

of passage stimulation when non soma-restricted opsins are used. 

 A recent study from the Yuste group showed simultaneous photostimulation and imaging of a 

tridimensional volume using a low-repetition laser for stimulation (Yang et al., 2018). As 

displayed in the two-photon absorption Equation (Chapter 1.2.3), decreasing the repetition rate 

(e.g., from 80 MHz to 1 MHz) also reduces the average stimulation power. In the study by Yang 

et al., the authors co-expressed GCaMP6s and C1V1 in pyramidal neurons and somatostatin-

positive interneurons in mouse V1 via AAVs. Photostimulation (λ = 940 nm) was performed by 

either scanning multiple focal spots (generated by an SLM) over the target neurons or projecting 

an extended holographic shape on them. Moreover, the authors employed an electro-tunable lens 

(ETL) to perform fast axial repositioning. Using this approach, all-optical interrogation of a large 
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volume was possible with a minimal average power of the photostimulation laser and, 

consequently, low thermal effects on the brain tissue. 

All the all-optical experiments described above were performed using an open loop configuration. 

However, closed-loop all-optical experiments have also been reported (Zhang et al., 2018). The 

closed-loop approach allowed the experimenters to tailor the photostimulation of GCaMP6s-C1V1 

co-expressing neurons based on their responses to whisker deflections. For example, an arbitrary 

threshold can be set arbitrarily to “clamp” the activity of target neurons, to enhance their response 

to physical stimuli and to use the activity of one (or more) neuron to trigger the photostimulation 

of other cells. 

 

 

1.5 Probing the contribution of neural activity patterns to behavior 

 

As described in the previous chapters, several all-optical approaches were developed to causally 

investigate the neuronal circuits underlying behavior. In recent years, few groups have successfully 

performed all-optical experiments on neurons involved in behavioral tasks. The first demonstration 

of all-optical experiments in which manipulation of selected groups of neurons (ensembles) 

perturbed animal behavior was performed by (Dal Maschio et al., 2017) in zebrafish larvae and 

subsequently extended to mice (Carrillo-Reid et al., 2019; Marshel et al., 2019; Dalgleish et al., 

2020; Gill et al., 2020; Daie et al., 2021). In the next paragraphs, we will describe the main results 

of these seminal studies. 
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In the study by (Dal Maschio et al., 2017), the authors performed an all-optical dissection of the 

nucleus of the medial longitudinal fascicle (nMLF), an area of the zebrafish midbrain that has been 

shown to be involved in tail positioning and swimming (Thiele et al., 2014). The opsin ChR2 was 

constitutively co-expressed with GCaMP6s (or GCaMP5G) in fishes expressing a photoactivatable 

GFP (paGFP) in all neurons. Acknowledging the crosstalk activity induced by imaging GCaMP 

in ChR2-expressing neurons, the authors chose alternative imaging and stimulation wavelengths. 

GCaMP was imaged at 1020 nm, while photostimulation was performed at 920 nm to minimize 

ChR2 activation during imaging. The optical setup allowed 3D imaging, due to the addition of an 

ETL in the pathway, as well as 3D patterned holographic photostimulation. Moreover, a camera 

was used to record the movements of the behaving fishes. An initial calibration confirmed that the 

photostimulation protocol elicited detectable fluorescent transients. Then, the authors proceeded 

to photostimulate groups of nMLF neurons, resulting in ample deflection of the animal’s tail. 

Subsequent stimulations of fewer and fewer neurons enabled the identification of small neuronal 

ensembles, whose activity was locked to tail movements and swimming events. The authors first 

employed independent component analysis to identify the activity components that better 

recapitulate tail bending and swimming and then performed a regularized linear regression analysis 

to model the tail angle based on neuronal activity. Moreover, the activity of the surrounding 

neurons was recorded, leading to the identification of a few areas of interest that showed activation 

patterns in phase with photostimulation. In conclusion, due to the photostimulation of paGFP-

expressing neurons, the authors demonstrated the possibility of performing morphological 

characterization of functionally identified neurons. 

Carrillo-Reid and colleagues (Carrillo-Reid et al., 2019) trained mice on a Go/No-Go visual task. 

Each animal learned to act or to refrain from performing an action (typically licking water from a 
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lick port) in response to a specific visual stimulus. The calcium indicator GCaMP6s was co-

expressed with the opsin C1V1 in L2/3 pyramidal neurons of the mouse primary visual cortex 

(V1). GCaMP imaging was performed at 940 nm, while 2P photostimulation of C1V1 was 

performed by parallel scanning of the soma of target neurons at 1064 nm. During animal training, 

the authors imaged neuronal activity patterns associated with behavior in V1. From the imaging 

sessions, the authors identified ensembles of neurons statistically associated with the presentation 

of the Go stimulus and others statistically associated with the presentation of the No-Go stimulus. 

“Go ensembles” (i.e., ensembles associated with the go stimulus) were more stable within sessions 

than “No-Go ensembles”. In addition, a few “pattern completion” neurons were identified within 

Go ensembles based on the reliability of their activation upon stimulus presentation. The authors 

then investigated the causal roles of these classes of ensembles in the behavioral task: if the “Go 

ensembles” were optogenetically activated during “Go” trials, performance was improved. A 

similar result was obtained when activating only the pattern completion neurons. Interestingly, 

when random neurons were activated simultaneously with the presentation of the Go stimulus, the 

performance decreased, suggesting that non-coordinated activity may decrease rather than increase 

the representation of the stimulus. Moreover, optogenetic stimulation of Go ensembles in the 

absence of a physical stimulus resulted in mice responding as if the Go stimulus was presented 

(virtual sensation). Recall of the pattern completion neurons in the absence of the sensory stimulus 

led to the same result in many cases. 

Marshel and colleagues conducted all-optical experiments with a similar experimental paradigm 

(Marshel et al., 2019). They investigated the representation of different visual stimuli in mice 

engaged in a visual discrimination task. The authors co-expressed a novel, red-shifted opsin 

(ChRmine; (Marshel et al., 2019)) and GCaMP6m in L2/3 and L5 pyramidal neurons of mouse 
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V1. Notably, they used a bicistronic construct that carried both the indicator and the actuator 

sequence and enabled efficient co-expression of both proteins in the same neurons. 

Photostimulation was performed by generating multiple focal spots scanned over the soma of the 

target neurons. For this experiment, the authors developed a custom dual-SLM system to perform 

photostimulation of different ensembles of neurons at a very high rate (up to 1 kHz). Initially, 

naïve mice were imaged while two visual stimuli were presented to identify tuned neuronal 

ensembles. The authors observed ensembles of similar size evoked by the vertical (0°) stimulus 

and non-overlapping ensembles evoked by the horizontal (90°) stimulus. Two control ensembles 

(random ensembles) were randomly assembled from the neurons that were non-responsive to both 

visual stimuli. During learning, trials with visual stimuli were interleaved with trials with 

optogenetic activation of the ensembles (which were the 0°/Go ensemble, the 90°/No Go 

ensembles, or the random ensembles). Then, mice were trained to discriminate the two visual cues, 

licking or refraining from licking in response to the Go and the No Go stimulus, respectively, 

which were presented at decreasing contrast, as the training proceeded. At the lowest contrast (2%) 

and without photostimulation, no mice were able to perform the task. Low-contrast visual stimuli 

were then coupled with optogenetic stimulation of Go (0°) ensembles or No-Go (90°) ensembles, 

a procedure defined as a “contrast ramp”, and mice correctly discriminated between activation of 

the Go ensemble versus the No-Go ensemble. Based on these results, the authors decided to repeat 

the same paradigm on a different population of never-before stimulated neurons to test whether 

the discrimination was generalizable. After training, the results were comparable to those obtained 

in the previous experiment. By extending the analysis to the activity of surrounding neurons, the 

authors observed that throughout training, the ensembles tuned to the two stimuli were able to 

recruit significantly more unstimulated, similarly tuned neurons than oppositely tuned neurons, 



48 
 

suggesting that selective recruitment may be operating during learning. By performing a 

subsequent analysis of the tuning of the neurons recruited by the optogenetic and the original 

ensembles, they also elaborated on the connectivity between and within L2/3 and L5 and ultimately 

generated a model that could describe the architecture of the circuit supporting the observed 

behavior. 

 

Dalgleish and colleagues performed all-optical experiments to probe the role of L2/3 neurons in 

the somatosensory cortex in driving behavior and investigate the number of neurons necessary to 

drive a behavior. In this experiment, they trained mice to report optogenetic stimulation in the 

Figure 15. Eliciting a specific visual percept through targeting of individually identified neurons. 

A) Schematic of experimental apparatus. B) Top row: visual stimuli. Bottom two rows: neural responses to visual 

stimuli were used to define tuned ensembles for optogenetic stimulation. C) Spatial location of neuronal ensembles 

identified for stimulation. There are two tuned ensembles (green, 0° cells; red, 90° cells) and size-matched random 

ensembles (magenta, “0°” cells; cyan, “90°” cells). D) After ensemble identification, each group was stimulated 

without a visual stimulus present (0% contrast). Ensemble stimulation trials were randomly interleaved alongside 

visual stimulus trials without optogenetic stimulation. E) Mean normalized Ca2+ responses for all neurons within 

each selective or random ensemble during optogenetic stimulation trials (colored horizontal bars indicate stimulation 

time). F) Locations of tuned neurons stimulated and recruited for one experimental session overlaid on average images 

from each imaging plane in the volume. Modified from (Marshel et al., 2019). 
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barrel cortex by licking (Dalgleish et al., 2020). Animals were injected with adeno-associated 

viruses transducing the opsin C1V1 and the indicator GCaMP6s in L2/3 pyramidal neurons. Mice 

were required to detect optogenetic stimulation, which was alternated to “catch” trials (i.e., trials 

with no stimulation). In the initial phase of training, the authors performed wide field 1P 

optogenetic stimulation at decreasing average light powers (from 10 mW to 50 µW). Next, neurons 

were activated using patterned 2P stimulation. In this phase of the protocol, fewer and fewer 

neurons were stimulated (from 200 to 10 neurons). Mice correctly detected 1P and 2P stimulation 

of large ensembles. As the number of stimulated neurons decreased, performance decreased, and 

a psychometric curve was built as a function of the stimulated neurons. The authors found that the 

lower bound for perception was approximately 14 pyramidal neurons. When considering the 

activity of the surrounding neurons, the number of downregulated (“suppressed”) neurons 

increased as the number of stimulated neurons increased upon photostimulation; interestingly, the 

profile of suppression occurred prevalently in distant neurons from the target, while the opposite 

result was observed for background activation. Importantly, the authors tried to identify the feature 

that better predicted the animals’ behavior: the only reliable feature was the activation of the target 

neurons themselves. 

Gill and colleagues performed a similar all-optical investigation in the olfactory bulb (Gill et al., 

2020). They injected wild type (WT) and transgenic (Tbet-Cre) mice with two viruses carrying the 

constructs for the opsin ChrimsonR (constitutively driven or flexed) and the calcium sensor 

GCaMP6s. Initially, the authors calibrated 2P holographic stimulation to induce, on average, a 

single action potential in mitral (excitatory) cells and in granule (inhibitory) cells. Then, similar to 

the procedure reported by (Dalgleish et al., 2020), they started by training mice to detect 1P 

optogenetic activation for a few sessions before subsequently increasing the difficulty of the task 
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by performing holographic stimulation of multiple neurons. Holographic stimulation was 

performed in the WT mice, targeting a mixed population of excitatory and inhibitory neurons (0-

30 neurons). Holographic stimulation was also repeated in Tbet-Cre mice to target only mitral 

cells, and similar results were obtained, suggesting that the detection was primarily dictated by the 

firing activity of excitatory neurons. Animals detected action potential firing synchronously across 

< 20 olfactory bulb neurons. Furthermore, the authors analyzed the activity of the surrounding 

population of neurons when stimulating a single neuron or a group of neurons. They found that 

the complex response following photostimulation was most likely due to network effects rather 

than off-target stimulation. Additionally, the authors tested the extent to which synchronous 

activation of neurons was necessary for the detection task by dividing the ensemble of targeted 

neurons into subgroups and stimulating each subgroup with a time span of 10-50 ms. Notably, a 

30 ms interval between stimulation of the groups was sufficient to impair the detection task. On 

the other hand, when modulating the latency of the stimulation with respect to inhalation onset 

(25-65 ms from the onset), a non-significant change in behavioral performance was observed. This 

study highlights how specific sensory circuits might reliably drive a behavior with an increase of 

approximately 1% of its physiological activity, possibly facilitating further studies on the spatial 

and temporal dynamics of stimulus-evoked neuronal activity. 

Finally, Daie and colleagues dissected an anterolateral motor cortex (ALM) circuit supporting a 

memory-guided task (Daie et al., 2021). The anterolateral motor cortex (ALM) of transgenic mice 

constitutively expressing GCaMP6s in excitatory neurons was injected with a virus transducing 

the opsin ST-ChrimsonR in pyramidal neurons to simultaneously image and manipulate this 

circuit. The behavioral task was based on the discrimination of two acoustic tones, followed by a 

delay period, after which the animal had to lick left or right. During the delay period and the first 
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part of the response window, ensembles of neurons involved in the movement were identified. 

Groups of eight neurons, which were determined by their selectivity for one movement direction, 

were stimulated sequentially using a 2P scanning approach. Following photostimulation, the 

targeted neurons fired at a high probability, while the surrounding activity was divided into 

“directly photostimulated” and “coupled” neurons based on the distance from the stimulated 

neurons. Consistent with other reports, the number of activated “coupled” neurons tended to 

decrease with the distance from photostimulation sites. Interestingly, the authors observed a 

prolonged excitation that was longer than the expected GCaMP6s decay time in both “directly 

photostimulated” and “coupled” neurons following photostimulation. When investigating the 

activity of coupled neurons, the authors found that coupled neurons selective for contralateral 

movement exhibited greater responses than ipsilateral-selective neurons when contralateral 

neurons were photostimulated, indicating a like-to-like connectivity pattern. Noise correlation 

analysis suggested that contralateral-selective neurons are locally connected (within the same 

hemisphere), while ipsilateral-selective neurons receive common inputs from the opposite 

hemisphere. The photostimulation of the target neurons induced a bias in the behavior. However, 

the observed bias occurred mainly when stimulating contralateral-selective neurons. This 

counterintuitive result was explained by considering how the whole field of view reacted to 

photostimulation. In fact, when calculating the “activated population selectivity” (the product of 

the average stimulation change and the average selectivity), it strongly correlated with the 

behavioral bias. In conclusion, the authors provided a model that fitted the results obtained and 

identified a strong, locally connected network (that supports prolonged excitation) and long-range 

connection from the other hemisphere (accounting for the unexpected bias of a subgroup of 

contralateral-selective neurons). 
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Taken together, these studies represent the state-of-the-art for all-optical investigations of neuronal 

circuits involved in behavior, providing approaches for experimental assessments of new types of 

questions. Along with the existing application of all-optical approaches to the functional dissection 

of brain circuits underlying behavior, extensive parallel work is needed to continuously improve 

all-optical techniques and overcome current limitations. This thesis focuses on one of these 

limitations, i.e., the crosstalk between imaging and photostimulation. 
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2. Rationale and aim 
 

The processing of external sensory stimuli to guide appropriate behavioral responses is a 

fundamental function of the brain. Sensory information is collected from the environment by 

sensory receptors and encoded in the brain in the form of a complex spatiotemporal pattern of 

neuronal activation. Information encoded in these patterns is then decoded by the brain to instruct 

appropriate behavioral outputs. For example, specific features of sensory stimuli, memory 

retrieval, and motor action are associated with the coordinated activation of multiple neurons 

called neuronal ensembles (Peters et al., 2014; Carrillo-Reid et al., 2015; Gründemann and Lüthi, 

2015; Carrillo-Reid et al., 2019; Grundemann et al., 2019; Marshel et al., 2019; Dalgleish et al., 

2020). The use of correlative approaches (see the Introduction, Chapter 1.1) is of fundamental 

importance to generate hypotheses about the nature of the code the brain uses to drive behavior. 

However, correlative approaches are limited in their ability to causally test specific hypotheses 

about the nature of this code (Panzeri et al., 2017). A technique designed to simultaneously monitor 

(“read”) and bidirectionally perturbate (“write”) neuronal activity with high spatial and temporal 

resolution would ideally be needed to crack this code. In fact, the use of such a method would 

allow the identification of neurons that are necessary and/or sufficient to drive a behavior by testing 

the effects of their specific perturbation (activation or inhibition) on circuit dynamics and behavior. 

2P all-optical imaging and stimulation is a promising tool to achieve this goal. Several 

implementations of this technique have been developed in recent years (Packer et al., 2015; 

Carrillo-Reid et al., 2017; Forli et al., 2018; Mardinly et al., 2018; Yang et al., 2018; Chen et al., 

2019), and recently, the application of this technique has provided new insights into how circuits 

are involved in sensory perception (Carrillo-Reid et al., 2019; Marshel et al., 2019; Dalgleish et 

al., 2020; Gill et al., 2020; Daie et al., 2021). However, this approach still suffers from many 
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limitations. One limitation is the crosstalk between imaging and photostimulation, i.e., the 

unwanted activation of the opsin by the imaging beam during scanning. In fact, the most common 

strategy used to perform 2P all-optical experiments relies on blue-shifted indicators (GCaMPs) 

and red-shifted opsins (C1V1, Chrimson(R), and ChRmine) (Rickgauer et al., 2014; Packer et al., 

2015; Carrillo-Reid et al., 2016; Mardinly et al., 2018; Yang et al., 2018; Carrillo-Reid et al., 2019; 

Chettih and Harvey, 2019; Marshel et al., 2019; Dalgleish et al., 2020; Gill et al., 2020; Daie et 

al., 2021). These opsins display a pronounced shoulder toward shorter wavelengths, and they are 

activated, under specific experimental conditions, by the shorter wavelength used for imaging 

(Packer et al., 2015; Forli et al., 2018). Moreover, one of the concerns with all-optical imaging and 

stimulation is the high average power employed for photostimulation, which may induce thermal 

damage in the tissue, especially when multiple targets are projected to the sample (Picot et al., 

2018). A reduction in the average stimulation power while maintaining high efficiency in opsin 

stimulation is thus a major challenge in the field. 

 

In this thesis, I developed an experimental approach to address the two aforementioned limitations, 

taking advantage of a potent optogenetic tool developed and characterized ex vivo by our 

collaborator Yoav Printz and Ofer Yizhar. I characterized and validated in vivo the new method to 

perform high efficiency 2P all-optical imaging and photostimulation with reduced crosstalk in the 

intact mouse brain.  
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3. Materials and Methods 

 

 

3.1 Animal strain  
 

All experiments involving animals were approved by the IIT Animal Welfare Body, by the 

National Council on Animal Care of the Italian Ministry of Health (authorizations #34/2015-PR, 

#1084/2020-PR), and carried out following the guidelines established by the European 

Communities Council Directive. C57BL/6J (IMSR Cat# JAX: 000664, RRID: IMSR_JAX: 

000664; Charles River, Calco, Italy) and STOCK Ssttm2.1(cre)Zjh/J (IMSR Cat# JAX: 013044, 

RRID:  IMSR_JAX: 013044 - called SST-cre line - Jackson Laboratory, Bar Harbor, USA) mouse 

lines were used in the experiments described in this thesis. No more than 5 mice were housed in a 

single ventilated cage under a 12-hr light:dark cycle, having access to food and water ad libitum. 

As described previously (Forli et al., 2018), young adult (4-16 weeks old) mice were anesthetized 

by means of urethane prior to each in vivo experiment. Throughout the text and/or in the figure 

legends, the number of animals used for each experimental dataset is reported.  

 

3.2 Cloning of stCoChR and preparation of recombinant AAV vectors 
 

stCoChR constructs and recombinant AAV virus coding for stCoChR were developed by Yoav 

Printz and Ofer Yizhar at the Weizmann Institute of Science. Specifically, the CoChR expression 

plasmid (pAAV-Syn-CoChR-GFP; plasmid #59070; http://n2t.net/addgene:59070; RRID: 

Addgene_59070) deposited from Klapoetke and colleagues (Klapoetke et al., 2014) was purchased 

from Addgene. The CoChR sequence, along with a fluorescent reporter protein (FusionRed) was 

subcloned into an AAV vector backbone, under the control of EF1α promoter, in a double-floxed 

http://n2t.net/addgene
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system (pAAV-EF1α-DIO-WPRE, (Sohal et al., 2009)), resulting in a Cre-dependent non-targeted 

CoChR (pAAV-EF1α-DIO-CoChR-T2A-FusionRed-WPRE). The generation of stCoChR was 

achieved by means of restriction cloning: different fluorescent reporters were incorporated in the 

construct and a targeting sequence (Jensen et al., 2014) was fused to the opsin sequence (pAAV-

EF1α-DIO-CoChR-Kv2.1-P2A-mScarlet / pAAV-EF1α-DIO-CoChR-Kv2.1-P2A-NLS-eGFP-

WPRE). 

 

The Cre-dependent soCoChR expression plasmid (pAAV-hSynapsin-FLEX-soCoChR-GFP; 

plasmid #107712, http://n2t.net/addgene:107712; RRID: Addgene_107712), deposited in 

Addgene by Shemesh and colleagues (Shemesh et al., 2017) was purchased from Addgene. As 

previously described (Mahn et al., 2018), recombinant AAV vectors were generated for the CoChR 

variant. Moreover, we engineered an expression plasmid encoding the calcium indicator 

jRCaMP1a (pGP-CMV-NES-jRCaMP1a; Addgene plasmid # 61562;  http://n2t.net/addgene     

:61562; RRID: Addgene_61562) by means of restriction coding, in order to obtain an AAV 

plasmid expressing the indicator under the CaMKII promoter. The plasmid was packaged as 

AAV serotype 1-2 viral particles, as described by Thalhammer and colleagues (Thalhammer et al., 

2017). The AAV1-CAG-flex-NES-jRCaMP1a (Addgene viral prep # 100846; 

http://n2t.net/addgene:100846; RRID: Addgene_100846), AAV1-hsyn-flex-NES-jRCaMP1a 

(Addgene viral prep # 100853-AAV1; http://n2t.net/addgene:100853; RRID: Addgene_100853), 

and AAV1-CamKII0.4-Cre-SV40 (Addgene viral prep # 105558-AAV1; 

http://n2t.net/addgene:105558; RRID: Addgene_105558) viruses were purchased from Addgene.  

 

 

http://n2t.net/addgene
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3.3 Viral injections and animal surgeries for in vivo experiments 

 

Viral vectors (AAV) were injected either in newborn mice (P0 - P2, P indicating the postnatal day) 

or in young mice (> P28), as previously described in (Brondi et al., 2020; Vecchia et al., 2020). 

Briefly, injections in newborns were performed on hypothermia-anesthetized pups, fixed on a 

refrigerated stereotaxic apparatus. The skin above the right hemisphere was incised in order to 

expose the skull; then, the viral solution was slowly injected (~ 250 nl volume; 1 mm lateral from 

bregma, 0.25 mm deep) through a glass pipette. After the injection, the incision was sutured and 

the animal recovered under a heating lamp for few minutes. After 4 – 12 weeks from the injection, 

experiments were performed (Figures 21, 22, 25A-B, 26, 27, 29, 34AA). In a subset of experiments 

(Figure 17-19, 23, 24, 25C-D, 28, 31-33, 34B, 35, 39), injections were performed on young adult 

mice (4 – 10 weeks old) with a different procedure. Specifically, animals were anesthetized with 

2% isoflurane/0.8% oxygen, then placed on a stereotaxic apparatus (Stoelting Co, Wood Dale, IL) 

and kept at the constant temperature of 37°C with a heating pad. The head was shaved and 

disinfected before exposing the skull over right hemisphere through a small skin incision; one to 

three injection sites were drilled on the skull, over primary somatosensory cortex. The viral 

solution (300 nl/site, 0.2 – 0.3 mm deep, 30 – 50 nL/min) was injected by means of a hydraulic 

injection apparatus driven by a syringe pump (UltraMicroPump, WPI, Sarasota, FL). After the 

injection was completed, the incision was sutured, and an antibiotic ointment was applied over the 

suture. The animal recovered under a heating lamp.  After 3 – 16 weeks from injection, 

experiments were performed. For another subset of experiments (Figure 30) and for simultaneous 

imaging and photo-stimulation experiments (Figure 36-38, 40), procedures for transduction of the 

opsin and the indicator were performed in two subsequent injections, following the same protocol 
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described above. Before each surgical procedure and prior to any in vivo experiment, mice of either 

sex, from 4 to 16 weeks old, were anesthetized via intraperitoneal urethane injection (16.5%, 

1.65g/kg), as described in previous studies (Beltramo et al., 2013; Zucca et al., 2017; Vecchia et 

al., 2020). Throughout the procedure, mice were placed on a heating pad, in order to maintain body 

temperature constant at 37°C; parameters of anesthesia depth such as respiration rate, whisker 

movement, and reactions to tail or ear pinching were constantly monitored. The skin over the right 

hemisphere was first infiltrated with lidocaine, then incised, and a portion of the scalp removed. 

On the animal skull, a custom printed chamber with a 4 mm central hole was glued (using a 

cyanoacrylate glue and dental cement) to enable head-fixation. To access the parenchyma, a 

craniotomy, usually sized ~ 700 x 700 mm2, was performed. Within the somatosensory cortex, the 

site of the craniotomy was identified based on the maximal fluorescence signal (generated by the 

fluorophore present in each construct), which was observed with an epifluorescence microscope. 

The dura was removed prior to the experiment and the surface of the brain was always immersed 

into standard HEPES-buffered artificial cerebrospinal fluid (aCSF) composed of 127 mM NaCl, 

3.2 mM KCl, 2 mM CaCl2, and 10 mM HEPES (pH 7.4).  

 

3.4 Optical setup for in vivo recordings 

 

In the  two-photon holographic stimulation experiments at high repetition rate (Figures 17-19, 32, 

34B), the optical setup was composed of an ultrafast pulsed laser source (S1 in Figure 17, 36; 

Chameleon Discovery, 80 MHz repetition rate, Coherent, Milan, IT), an upright epifluorescence 

microscope (BX61, Olympus, Milan, IT), a custom scan-head (Bruker Corporation,  Milan, IT), 

and a liquid crystal spatial light modulator (LCSLM, X10468-07 SLM, Hamamatsu, Milan, IT) 

conjugated to the back aperture of the objective (Dal Maschio et al., 2010; Dal Maschio et al., 
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2011). The laser wavelength was set to either 920 nm or 1100 nm, to stimulate opsin-expressing 

neurons or to image jRCaMP-expressing neurons, respectively. It was tuned to 1050 nm to perform 

the experiments reported in Figure 35. A Pockels cell (P1 in Figures 17, 20, Conoptics Inc, 

Danbury, CT) was used to modulate the intensity of the laser beam and multiple mirrors 

(UM10AG, Thorlabs, Newton, NJ) were deployed to direct the beam onto the SLM display. The 

required polarization allowing phase-only modulation at the SLM was obtained with a half-wave 

plate (RAC 5.2.10 achromatic λ/2 retarder - B. Halle Nachfl GMBH, Berlin, DE). The laser beam 

diameter was expanded with a telescope (not reported in figures, IR doublets 30 mm and 75 mm, 

Thorlabs, Newton, NJ) to match the SLM display. A subsequent telescope (not reported in figures, 

IR doublets 300 mm and 150 mm, Thorlabs, Newton, NJ) was placed after the SLM to decrease 

the laser beam diameter, in order to fit the size of the galvanometric mirrors inside the scan-head 

(G in Figure 17, G2 in Figure 36). Downstream of the scan lens and tube lens (respectively SL and 

TL, in Figure 17, and 36), a 660 nm long-pass dichroic mirror (D1 in Figure 17 and 36) was placed 

to transmit infrared light and to reflect the emitted fluorescence. Fluorescence was detected by two 

multi-alkali photomultipliers tubes (PMTs, Hamamatsu, Milan, IT); dual emission filters in front 

of the two PMTs were 525/70 nm and 607/45 nm for the green and the red channel, respectively. 

To direct the emitted fluorescence in the two different channels and PMTs, a 575 nm long-pass 

dichroic mirror was placed after the D1 dichroic mirror. The Nikon CFI75 LWD 16X W (0.8 NA, 

Nikon, Tokyo, Japan) objective was used for the experiments reported in Figures 21, 22, 25A-B, 

26, 27, 29-31, 33, 34A, 35-40; the Olympus LUMPlanFl40X/IR objective (0.8 NA, Olympus, 

Tokyo, Japan) was used for the experiment in Figures 17-19, 23, 24, 25C-D, 28, 32, 34B. An 

analog pulse (0 – 1.6 V in amplitude) was generated by a Digidata 1440 (Axon instruments, Union 
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City, CA) and transmitted to the Pockels cell amplifier to control the intensity of holographic 

illumination. 

 

In experiments reported in Figures 20-28, 36-38, 40, holographic stimulation was performed with 

a second laser source, which was added to the optical path. The additional laser source was 

composed of two distinct elements: a high energy femtosecond laser (Monaco 40 W; Coherent, 

Milano, IT or Carbide 45 W: Light conversion, Vilnius, Lithuania), working as a pump laser, and 

a non-collinear optical parametric amplifier (NOPA in Figure 20, 36; Opera-F by Coherent, 

Milano, IT or Orpheus-F by Light conversion, Vilnius, Lithuania, respectively). The signal output 

wavelength of the NOPA was set at 920 nm, which corresponds to the peak of the two-photon 

absorption spectrum of stCoChR. Repetition rate was 1 MHz, but it lowered via AOM pulse-

picking. In the experiments in Figure 20-24, stimulation with either the 80 MHz repetition rate 

laser (“high-repetition”) or the 1 MHz repetition rate laser (“low repetition”) could be switched by 

means of a motorized mirror placed in the optical path (“switching mirror” in Figure 20). The 

following table reports the pulse duration for the combination of lasers used, according to the 

specifics on the respective spreadsheets. 

 

 Carbide Carbide+OrpheusF Monaco Monaco+OperaF 
Chameleon 

Discovery 

Laser 

output 

250 fs – 10 

ps 
< 290 fs 

350 fs – 10 

ps 
< 250 fs 100 fs (900 nm) 

Compressed / 

650-800 nm: < 70 fs 

800-900 nm: < 55 fs 

1200-2000 nm: < 100 

fs 

/ 

650-900 nm: 50 ± 25 

1200-2000 nm: 70 ± 

30 

/ 
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The energy per pulse of the ultrafast lasers (Monaco 40 W; Coherent, Milano, IT or Carbide 45 

W: Light conversion, Vilnius, Lithuania) output and displayed by the software controlling it. The 

energy under the objective was calculated according to the following formula: 𝑃 = 𝐸 ∗ 𝑓, where 

𝑃 is the average power, 𝐸 is the energy per pulse and 𝑓 is the repetition rate. The average power 

was measured below the objective, by means of a commercially available power meter (Thorlabs, 

Newton, NJ). In the experiments reported in Figure 36-38, 40, two-photon imaging and 

photostimulation were simultaneously performed. The emission wavelength of the low-repetition 

rate laser system (Carbide + Orpheus F, see description above) was tuned at 920 nm to perform 

holographic illumination. The stimulation beam was redirected onto a different set of 

galvanometric mirrors (G2 in Figure 36) in the scan head. This required the telescope located 

downstream of the SLM to be replaced (not reported in figures, IR doublets 400 mm and 125 mm, 

Thorlabs, Newton, NJ) to appropriately resize the beam diameter (mirror diameter: 6 mm). The 

imaging beam was redirected in the scan-head through a different optical path and impinged on a 

distinct set of galvanometric mirrors (G1 in Figure 36). Under this experimental configuration, the 

switching mirror described in the previous paragraph was removed. A 980 nm long-pass dichroic 

mirror (D3 in Figure 36, zt980rdc, Chroma Technology Corporation, Bellows Falls, VT) placed 

between the two sets of galvanometric mirrors and the scan lens combined the imaging and 

stimulation beams. The generation of phase masks for holographic stimulation and the procedure 

for calibration of the optical setup were performed as described in (Forli et al., 2018).  

 

3.5 In vivo electrophysiological recordings 
 

Two-photon-guided juxtasomal electrophysiological recordings were performed as described in 

(De Stasi et al., 2016; Bovetti et al., 2017). Borosilicate glass pipettes (Hilgenberg, Malsfeld, 
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Germany) were pulled using the Sutter P-97 micropipette puller (Sutter Instrument, Novato, CA) 

to generate electrodes with a resistance of 4 – 9 MΩ. Pipettes were filled with aCSF solution (see 

above for details) mixed with the fluorophore Alexa Fluor 488 or Alexa Fluor 594 (10 mM, 

Thermo Fisher Scientific, Waltham, MA). stCoChR-expressing neurons in L2/3 were identified 

by imaging the fluorescent reporter attached to the opsin (either eGFP or mScarlet, imaged at 920 

nm and 1050 nm, respectively). To target the opsin-expressing neurons, the pipette fluorescence 

was monitored, and its electrical resistance (assessed through brief voltage steps) tracked. Once 

the pipette tip and the target cell came in close contact one to the other, an increase in resistance 

was observed. A mild negative pressure was then applied. The juxtasomal configuration was 

achieved only if the pipette resistance was higher than 20 MΩ and quality of the recording was 

confirmed by clear spikes with large signal-to-noise ration. Extracellular action potentials (APs) 

waveforms were recorded in current-clamp mode, with no current injection (I = 0). Amplification 

of electrical signals was performed with a Multiclamp 700B (2.2 kHz low-pass filter), then 

digitized with a Digidata 1440 (sampling frequency: 50 kHz), and acquired through pClamp 10 

(Molecular Device, Sunnyvale, CA). Experiments reported in Figures 29, 30, 32, 34 were 

performed with a different configuration. Specifically, once the juxtasomal electrophysiological 

configuration was achieved on a stCoChR-expressing neuron, a small field of view (FOV; 60x60 

μm2 or 161x161 μm2) was raster scanned at 11 Hz (pixel size = 0.6-1.6 μm), at 1100 nm and 920 

nm (repetition rate: 80 MHz; average power: ≤ 35 mW). For the experiments reported in Figure 

35, the size of field of view was enlarged iteratively, up to the whole field of view the objective 

allowed (826.5 x 826.5 μm2, with a frame rate of 1.7 Hz). The electrophysiological recordings 

were analyzed using Clampfit 10.4 software (Molecular Device, San Jose, CA), IgorPro 

(WaveMetrics, Portland, OR), and OriginPro 2018/21a (OriginLab, Northampton, MA). 
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3.6 All-optical two-photon imaging and holographic stimulation in vivo 
 

All-optical experiments, in which two-photon imaging and photostimulation simultaneously 

occurred, were performed in anesthetized mice co-expressing the indicator jRCaMP1a and the 

opsin stCoChR in principal neurons. More precisely, the experiments were carried out in L2/3 of 

the primary somatosensory cortex (average depth of recordings: 145 μm). For an initial 

assessment, two-photon imaging at 1050 nm (repetition rate: 80 MHz) was performed to identify 

the neurons co-expressing the opsin and the calcium indicator. A high-resolution reference image 

of the selected plane was then acquired, and a phase mask was calculated to project holographic 

shapes covering the soma of target neurons. Holographic stimulation was performed at the 

wavelength corresponding to the peak of the two-photon absorption spectrum of the opsin (λexc = 

920 nm). Holographic photostimulation was 200 ms long and it was repeated 6 times at 0.066 Hz. 

The average power was measured below the objective, by means of a commercially available 

power meter (Thorlabs, Newton, NJ). Temporal series (T-Series) were acquired by raster scanning 

the field of view with the imaging beam (field dimension: 100 x 100 pixels; frame rate: 11 Hz; 

pixel dwell time: 4 μs; λimaging = 1100 nm).  

 

3.7 Data analysis  

 

After acquisition, electrophysiological recordings were high-pass filtered with a 10 Hz cutoff 

frequency.  Action potentials were identified using a threshold criterion. Specifically, an expert 

user visually adjusted a graphical threshold for each sweep of the recordings. The threshold was 

never set below 3 times the standard deviation of the noise. In photostimulation only experiments 
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(reported in Figures 17, 18, 21, 23, 39), traces were divided in 3 epochs: before, during, and after 

holographic stimulation, respectively named “Pre” (1 s), “Stim” (0.1 s), and “Post” (1.5 s). The 

neuronal response to stimulation (ΔAPFreq) was defined as the difference between the average 

firing frequencies in the Stim and Pre epochs. To calculate the spatial resolution of holographic 

photostimulation (experiments reported in Figure 19), the holographic shape was moved laterally 

(from 0 to 60 μm, in 20 μm step) or axially (from -75 to +75 μm, in 25 μm step) with respect to 

the soma (considered as position 0). The responses recorded (ΔAPFreq) were plotted as a function 

of the shift in three different directions (radial, axialup, and axialdown) and fitted with the following 

mono-exponential function: 

ΔAPFreq(𝑥)  =  𝐴 ∗  𝑒(−𝑏 ∗ 𝑥) 

as previously described in (Packer et al., 2015). We removed curves with b < 0 or with values of 

A showing a difference > 25% with respect to the ΔAPFreq value computed when the shape was 

centered with the target neuron (corresponding to the position 0 μm). We defined the spatial 

resolution (named l1/2) as the distance from the soma at which half of the evoked response 

calculated from fit (A/2) was recorded. For the resolution in the axial direction, we reported two 

values, “axialup” (ventro-dorsal direction) and “axialdown” (dorso-ventral direction). AP probability 

(AP Prob; reported as a function of illumination duration in Figures 18, 22, 24, 26-28) was 

computed as the number of stimulation trials in which one or more APs were recorded during the 

illumination period (or shorter epochs) divided by the total number of stimulation trials. 

The temporal series acquired during the experiments (Figure 31, 33, 37, 39, 40) were processed 

and analyzed using a MATLAB custom script (Mathworks, Natick, MA). For each stimulated 

neuron, a region of interest (ROIs) was drawn and for each ROI, the fluorescence trace was 

extracted. Then, we calculated the change in fluorescence with respect to the baseline (defined as 
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ΔF/F0), as a function of time. As described in (Forli et al., 2018), the baseline of jRCaMP1a 

fluorescence (defined as F0) was computed as the average of the first ten frames of each temporal 

series. When above noise level, fluorescence artifacts induced by holographic stimulation (see 

Introduction, Chapter 1.4), were removed by blanking the jRCaMP1a signal in the frames 

corresponding to stimulation periods. Fitting of the fluorescent jRCaMP1a transients was 

performed using exponential fitting from which we extracted the corresponding amplitude of the 

transient at the offset of the stimulation, as well as the decay time, as in (Dana et al., 2016; Forli 

et al., 2018). Holographic stimulation was performed at 1 MHz, 500 kHz, and 100 kHz repetition 

rates. Cells were defined ‘responsive’ if the holographic stimulation induced an average 

fluorescence transient (across stimulation trials) with an amplitude > 3 times the standard deviation 

of the trace (calculated on the pre-stimulation period). This probably means that most of the single 

AP discharges are missed.  All-optical stimulation at 1 MHz repetition rate resulted in 85 % success 

rate (28/33 of the stimulated neurons were responsive). All-optical stimulation at 0.5 MHz resulted 

in 73 % success rate (24/33 of the stimulated neurons were responsive). All-optical stimulation at 

0.1 MHz resulted in 39 % success rate (13/33 of the stimulated neurons were responsive). When 

stimulating at 1 MHz repetition rate, the average ΔF/F0 ratio of the evoked calcium transients was 

23 % ± 2 (N = 28 responsive neurons from 2 animals). For all-optical experiments combined with 

simultaneous juxtasomal recordings (reported in Figure 38-40), the amplitude of jRCaMP1a 

transients associated to suprathreshold electrical activity was calculated similarly to what 

described previously in this paragraph. In the case of spontaneous jRCaMP1a transients, in order 

to quantify the amplitude of transient associate to single APs or bursts, we considered a window 

of 350 ms, starting from the first detected spike. In this window, the amplitude of the fluorescent 

signal was calculated as the difference between the peak and the value at timepoint corresponding 
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to the first AP. The decay time for both spontaneous and evoked jRCaMP1a activity (reported in 

Figure 40) was computed by fitting ΔF/F0 traces with an autoregressive process of order 2 

(Pnevmatikakis et al., 2016).  

 

3.8 Statistics 
 

Values were reported as mean ± SEM, unless specified otherwise. (Packer et al., 2015; Forli et al., 

2018; Yang et al., 2018) were used as reference to estimate the sample size for the experiments 

reported in this work. Blinding was not utilized for this study. No recording with technical issues 

was considered in the analysis. To test for normality, a Kolmogorov-Smirnov test was (for n < 10) 

or a Saphiro-Wilk test (for n < 5) were performed. Two normally distributed populations were 

tested for statistical significance using a Student’s t-test. In case of two non-normally distributed 

populations, the non-parametric Mann-Whitney U test or Wilcoxon signed-rank test (depending 

on whether the populations were paired or unpaired replicates, respectively) were used, unless 

specified otherwise. When more than two normally distributed populations were compared, one-

way ANOVA with Bonferroni or Tukey’s post-hoc test was used. When more than two non-

normally distributed populations were compared, the non-parametric Friedman test with Dunn’s 

post-hoc correction and the Kruskal-Wallis test with Tukey’s post-hoc HSD were used. All tests 

were two-sided. Prism 6 (GraphPad, La Jolla, CA), OriginPro 2018 (OriginLab, Northampton, 

MA), and MATLAB (Mathworks, Natick, MA) were used to perform the aforementioned 

statistical analysis. 
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4. Results 
 

 

4.1 High-efficiency two-photon holographic stimulation of stCoChR-

expressing neurons in vivo 
 

 

Blue light-sensitive opsins in combination with red-shifted calcium indicator (for example, 

jRCaMP1a) provide optogenetic excitation with minimized crosstalk between stimulation and 

imaging (Forli et al., 2018). We aim to developing of an efficient optogenetic excitation, with the 

employment of minimal light power, and thus an opsin with large conductance would be required. 

A good candidate is the blue-shifted opsin CoChR was identified and characterized by (Klapoetke 

et al., 2014). Klapoetke and colleagues observed a robust current (approx. 3 nA) evoked by wide 

field illumination at 470 nm of CoChR-expressing cultured neurons, with relatively slow off-

kinetics (approx. 100 ms). Yoav Printz and Ofer Yizhar generated a CoChR variant, that restricts 

CoChR molecules to the somatic compartment, reducing the probability of evoking photocurrents 

in neighboring cells and/or neuronal projections. To achieve this, we appended the soma-targeting 

sequence isolated from the potassium voltage-gated channel Kv2.1 to the C-terminus of CoChR 

coding sequence. Previous studies demonstrated this targeting motif reduced the presence of 

channels in distal dendrites and axons (Baker et al., 2016;Lim et al., 2000). A fluorescent reporter 

protein (mScarlet or eGFP) was inserted in the construct, separated from CoChR-Kv2.1 sequence 

by the self-cleaving peptide P2A (Kim et al., 2011), resulting in labeling of the entire cell or only 

the nucleus (in case the nuclear localization signal (NLS) derived from SV 40 large T antigen 

(Kalderon et al., 1984) was fused – see Materials and Methods). The Yizhar laboratory expressed 
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stCoChR, and stCoChR in cortical neurons of mice using AAV vectors. Next, they performed 

whole-cell recordings from neurons expressing CoChR or stCoChR in acute brain slices in order 

to measure the photocurrents elicited by 2P illumination (λ = 940 nm). As shown in Figure 16A, 

B, upon spiral scanning over the soma of the target neuron photocurrents elicited by stCoChR were 

larger, despite no-significantly different from those elicited by CoChR. They observed that the 

photocurrent in cells expressing stCoChR decayed at shorter distances from the soma, as the 

stimulation spiral moved away from it, along the path of the neurites compared with cells 

expressing CoChR (Figure 16C, D). These results demonstrate that the variant stCoChR conducts 

photocurrents comparable, if not superior to CoChR, while its confinement to the somatic 

membrane increases the spatial resolution of the photostimulation. 

 

Figure 16. Characterization of CoChR and stCoChR in acute brain slices. A) Example photocurrents recorded in 

acute slice preparation from cortical neurons expressing either CoChR or stCoChR elicited by 2P spiral scanning over 

the soma, as depicted in the cartoon on the side (λ = 940 nm, 15 mW stimulation power per cell; spiral diameter = 10 

µm; illumination period = 10.05 ms. B) Photocurrents for each CoChR variant under two-photon spiral scan over the 

soma (as in A), plotted in logarithmic scale. Shaded points are individual cells, vertical lines represent mean ± SEM. 

CoChR: 712.3 ± 188.9 pA, n = 11 cells; stCoChR: 1927.4 ± 283.3 pA, n = 10 cells. Kruskal-Wallis test with post hoc 

comparisons: p = 0.11. C) Photocurrents obtained during two-photon spiral stimulation of selected points along the 

neurites of cells in the acute slice preparation expressing either variant, normalized to the current obtained at the soma. 

Shaded background represents SEM. In the inset there is a morphological reconstruction of an example cell (black) 

expressing stCoChR with the stimulation points (shaded red circles) and the absolute photocurrent obtained at each 

point. D) Decay length constants of the photocurrent with distance from soma, based on individual cell data from C. 

CoChR: τdecay = 35.4 ± 6.6 µm, n = 11 cells; stCoChR: τdecay = 16.1 ± 1.9 µm, n = 10 cells. Modified from (Forli et al., 

2021). 
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After the characterization in acute brain slices, we tested whether stCoChR could be valuable new 

opsin variant for efficient two-photon stimulation of neurons in the intact mouse brain in vivo. 

First, stCoChR was expressed via AAV injection in layer 2/3 (L2/3) pyramidal neurons of the 

mouse somatosensory cortex (Figure 17A). Neuronal stimulation was achieved using digital 

holography through a liquid crystal spatial light modulator (LC-SLM) incorporated in the optical 

pathway of a two-photon microscope initially equipped with an ultrafast 80 MHz repetition rate 

laser (Figure 17B; see the dedicated section in the Materials and Methods for an in-depth 

description of the optical setup). Using the LC-SLM, holograms (usually oval or circular shapes, 

10-15 μm in diameter) covering the soma of the opsin-expressing target neurons were projected 

(Figure 17C). We performed in vivo characterization in urethane-anesthetized mice. The typical 

experiment consisted of performing two-photon-guided juxtasomal recordings from stCoChR-

positive neurons, which allowed us to record their supra-threshold electrical activity (Figures 17C, 

D). We recorded the neuronal firing frequency before, during, and after a 100 ms-long holographic 

stimulation at 920 nm, corresponding to the peak in the two-photon absorption spectrum of 

stCoChR (average power per neuron: ≤ 30 mW). Upon photostimulation, a significant and 

consistent increase in the firing rate was recorded in the target neuron, as shown in Figure 18A.  
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Holographic two-photon stimulation at increasing average powers per cell (10 mW, 20 mW, and 

30 mW) resulted in increasing neuronal responses (Figure 18B). Remarkably, in stCoChR-

expressing neurons, we observed a significantly higher firing frequency upon holographic 

stimulation than in stChR2-expressing cells (previously recorded in (Forli et al., 2018)) at the same 

stimulation wavelength and average power (unpaired Student’s t test, p = 3.5E-3, for a 10 mW 

average power; Mann–Whitney test, p = 4.6E-5, for 30 mW average power, shown in Figure 18B). 

We evaluated the temporal precision of stimulation by computing the probability of the stimulated 

neurons discharging at least one action potential (AP) as a function of the illumination duration: 

when stimulating neurons with an average power of 10-30 mW, one or more spikes was recorded 

Figure 17. Two-photon holographic stimulation of stCoChR in L2/3 pyramidal neurons in vivo. 

A) Confocal image showing cortical principal cells expressing stCoChR (CoChR-Kv2.1-P2A-mScarlet). B) 

Schematic of the optical set up. S1: laser source; P1: Pockels cell 1; G: galvanometric mirrors; SL: scan lens; TL: tube 

lens; D1,2: dichroic mirrors; PMT: photomultiplier tubes.  C) A holographic oval shape projected on the target neuron 

(top left), which is recorded in the juxtasomal electrophysiological configuration (top right). Representative trace from 

one stimulated neuron (bottom panel). The pink bar indicates the stimulation period (stimulation power: 20 mW; 

illumination duration: 100 ms). D) Raster plot of holographic stimulation-induced firing activity across consecutive 

sweeps (top graph) in the cell shown in (C). The corresponding AP time histogram is shown in the bottom panel. 

Modified from (Forli et al., 2021). 
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in a ≤ 100 ms long time window with a high probability (Figure 18C). In the same experiment, we 

calculated the latency and the jitter to the first spike; both quantities decreased with the average 

power delivered to the cell (Figure 18D). 

 

We next assessed the spatial resolution of holographic stimulation. We recorded the supra-

threshold activity of the target neuron while the holographic shape was progressively moved away 

from the soma in the radial and axial directions to evaluate this parameter. For the axial direction, 

we computed the axialup and axialdown spatial resolutions corresponding to the spatial resolution 

for the movement of the shape in the dorsal or ventral direction, respectively (see the Materials 

and Methods for details). As shown in Figure 19, the data were fitted with mono-exponential 

Figure 18. High-efficency holographic stimulation of stCoChR in L2/3 pyramidal neurons. 

A) Frequency of APs before (Pre), during (Stim), and after (Post) the holographic stimulation. Individual experiments 

are shown in grey, the average across experiments in black (stimulation power: 20 mW). One-way repeated measure 

ANOVA with post hoc Bonferroni correction, p = 1.3E-5, n = 10 cells from 4 mice. B) Change in AP frequency as a 

function of the average stimulation power. Black indicates results for cells expressing stCoChR (n = 10 neurons from 

4 animals). Green indicates results for cells expressing stChR2 (n = 8 neurons from 4 animals), taken from (Forli et 

al., 2018).  C) Probability of discharging one or more AP as a function of time during holographic stimulation, n = 10 

cells from 4 animals. Red, yellow, and black indicate different average stimulation powers. Grey indicates the 

spontaneous AP probability in the absence of holographic stimulation. D) Latency to first AP and jitter of first AP in 

holographic stimulation experiments on cells expressing stCoChR, n = 10 cells from 4 mice. Average stimulation 

power is color coded. Modified from (Forli et al., 2021). 
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function, from which we extracted the half-response distance. The spatial resolution was 4.4 ± 3.8 

μm in the radial direction, 17.8 ± 4.4 μm in the axialup (dorsal) direction, and 23.8 ± 4.3 μm in the 

axialdown (ventral) direction. 

  

The results described above reveal that the new soma-tagged variant of the blue light-sensitive 

opsin CoChR that we used is suitable for higher efficiency two-photon holographic stimulation in 

vivo. Compared to previously characterized opsins (Forli et al., 2018; Chen et al., 2019), stCoChR 

promotes one order of magnitude larger neuronal responses while maintaining high spatial 

resolution. 

  

Figure 19. Spatial resolution of two-photon holographic stimulation of stCoChR in L2/3 pyramidal neurons 

in vivo. 

A) Firing frequency increase as function of the displacement of the excitation volume in the radial direction during 

holographic illumination of L2/3 cells expressing stCoChR. B) Firing frequency increase as function of the 

displacement of the excitation volume in the axial direction during holographic illumination of L2/3 cell expressing 

stCoChR. For both A) and B), n = 6 cells from 5 mice. Stimulation power: 15 mW. Modified from (Forli et al., 2021). 



73 
 

4.2 Two-photon holographic stimulation of stCoChR-expressing neurons with 

low average power in vivo 

 

The stimulation approach that we used relied on the generation of an extended circular shape 

projected over the soma of a neuron. This approach permitted the energy of the laser pulse to 

spread across the whole volume occupied by the cell soma, decreasing the energy density and the 

risk of instantaneous non-linear photodamage during illumination. This approach enables the use 

of higher energies per pulse. Therefore, we added a second laser source with a lower repetition 

rate and higher energy per pulse to the stimulation path (see the dedicated section in Materials and 

Methods). The low-repetition rate laser was coupled with an optical parametric amplifier (OPA), 

which allowed us to tune the stimulation wavelength at the peak of the two-photon absorption 

spectrum of stCoChR (λstim = 920 nm; (Shemesh et al., 2017)). As described in the Materials and 

Methods (see the dedicated section therein), we arranged the setup such that either the OPA output 

or the 80 MHz laser was directed to the LC-SLM by a switching mirror (Figure 20). 

  

We performed two-photon-targeted juxtasomal recordings in vivo and compared the response of 

each recorded neuron to stimulation with a high (80 MHz) or low (1 MHz) repetition rate using 

Figure 20. Optical setup for holographic stimulation with either low repetition or high-repetition rate laser. 

A) Schematic of the experimental configuration: one high (80 MHz) and one low (1 MHz) repetition rate laser sources 

are alternated to stimulate the same target neuron. Both laser sources are tuned at 920 nm. P1: Pockels cell 1; P2: 

Pockels cell 2; NOPA: Non- collinear Optical Parametric Amplifier. Modified from (Forli et al., 2021). 
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the same stimulation length and shape diameter used previously. Likewise, the average stimulation 

power used at 80 MHz corresponded to the previously utilized values (10-30 mW). As shown in 

Figure 21A, B, at 1 MHz repetition rate, average stimulation power ranging from 1-5 mW resulted 

in a significant increase in the neuronal response (Wilcoxon signed rank test, p = 0.031, n = 6 cells 

from 2 mice) compared to using the 80 MHz repetition rate laser (Figure 21B, C). 

  

Similar to the results obtained when stimulating neurons with the high-repetition rate laser, the AP 

probability as a function of illumination duration increased with the average power delivered per 

cell (Figure 22A). In contrast, the latency to first spike and jitter of the first spike decreased with 

stimulation power (Figures 22B). 

Figure 21. Holographic stimulation of stCoChR with low repetition rate laser sources decreases the average 

power delivered to the sample while maintaining high efficiency: pyramidal neurons. 

A) Representative traces from the same recorded L2/3 pyramidal neuron in vivo showing the effect of holographic 

stimulation using the high (left, average power: 20 mW) and the low (right, average power: 1 mW) repetition rate 

laser. B) Change in AP frequency as a function of average stimulation power. Black indicates results using the high 

repetition rate laser and red indicates results using the low repetition rate laser. The red and black lines are fitting the 

values obtained with non-saturating stimulation power (1 and 3 mW for low repetition, 10 and 20 mW for high 

repetition, respectively). In this as well in the other panels of this figure, n = 6 cells from 2 mice. C) Neural response 

in terms of AP frequency increase per mW of delivered average laser power in the case of stimulation with the high 

repetition rate laser (High rep) and low repetition rate laser (Low rep). Wilcoxon signed rank test, p = 0.031. Modified 

from (Forli et al., 2021). 
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Because different neuronal types have distinct biophysical properties, we decided to include 

another neuronal population in the comparison between stimulation at high and low repetition 

rates. Using a specific Cre-expressing mouse line (see the dedicated section in the Materials and 

Methods), we expressed stCoChR in a subpopulation of cortical interneurons: somatostatin-

positive (SST+) interneurons (Figure 23A). We performed 2P holographic stimulation experiments 

using both high (80 MHz) and low (1 MHz) repetition rate lasers while recording supra-threshold 

electrical activity using juxtasomal electrophysiological recordings (as reported in Figure 23B). 

Similar to the results obtained from principal neurons, we found that stimulation with low 

Figure 22. Temporal resolution of two-photon holographic stimulation of stCoChR in L2/3 pyramidal 

neurons using low-repetition rate laser sources. 

A) AP probability as a function of duration in holographic stimulation experiments using low repetition rate on L2/3 

pyramidal neurons expressing stCoChR. Red, yellow, and black indicate different average stimulation powers. Grey 

indicates the spontaneous AP probability in the absence of holographic stimulation. B) Latency to first AP and jitter 

of first AP in holographic stimulation experiments using low repetition rate on L2/3 pyramidal neurons expressing 

stCoChR. Average stimulation power used in the experiments is indicated with the color code. Modified from (Forli 

et al., 2021). 
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repetition rate lasers elicited much larger neuronal responses than stimulation with high repetition 

rate laser sources (Figure 23C, D).  

 

 

The probability of generating at least one action potential increased over time during the 

stimulation period and depended on the average power delivered to the target cell (Figure 24A). 

Finally, the latency and jitter of the first spike decreased with average power (Figure 24B). 

  

Figure 23. Stimulation with low repetition rate laser sources decreases the average power delivered to the 

sample while maintaining high stimulation efficiency: somatostatin-positive interneurons. 

A) Confocal image showing expression of stCoChR (CoChR-Kv2.1-P2A-mScarlet) in somatostatin-positive (SST+) 

interneurons. B) Representative traces from the same electrophysiologically recorded interneuron in vivo showing the 

effect of holographic stimulation using the high (left, 80 MHz) and the low (right, 1 MHz) repetition rate laser. C) 

Change in AP frequency as a function of average stimulation power. Black indicates results using the high repetition 

rate laser (High rep) and red indicates results using the low repetition rate laser (Low rep); n =8 cells from 4 animals. 

D) Neural response in terms of AP frequency increase per mW of delivered average laser power in the case of 

stimulation with the high repetition rate laser (High rep) and low repetition rate laser (Low rep). n = 8 cells from 4 

mice. Modified from (Forli et al., 2021). 
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Latency to the first spike and jitter were plotted as functions of average stimulation power and then 

fitted with a mono-exponential function (Figure 25A, B). This was repeated also on data obtained 

from somatostatin interneurons (Figure 25C, D). 

Figure 24. Temporal resolution of two-photon holographic stimulation of stCoChR in L2/3 SST+-interneurons 

using low-repetition rate laser sources. 

A) AP probability as a function of time in holographic stimulation in SST-positive interneurons. Red, yellow, and 

black indicate different average stimulation powers. Grey indicates the spontaneous AP probability in the absence of 

holographic stimulation. n = 6 cells from 2 mice. B) Latency (left) to first AP and jitter (right) of first AP in holographic 

stimulation experiments on SST-positive interneurons expressing stCoChR. Average stimulation power: 5 mW. n = 

10 cells from 4 mice. Modified from (Forli et al., 2021). 

Figure 25. Latency and jitter decrease with the average stimulation power. A) Latency to first AP as a function 

of the average power of the holographic stimulation with low repetition rate lasers in L2/3 pyramidal neurons. B) Jitter 

of first AP as a function of the average power of the holographic stimulation with low repetition rate lasers in L2/3 

pyramidal neurons. C) Same as in A, but for L2/3 somatostatin-positive interneurons. D) Same as in B, but for L2/3 

somatostatin-positive interneurons. In A-B, n = 6 cells from two mice; in C-D, n = 10 cells from 4 mice. In red are 

reported the exponential function obtained from fitting. Modified from (Forli et al., 2021) 
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We next investigated the response of stCoChR-expressing cells to high-frequency trains of short 

pulses. In this experiment, we used the low repetition rate laser to stimulate neurons with pulse 

trains of different frequencies (trains of five 10 ms-long pulses at 20 Hz - 50 Hz, as shown in 

Figure 26). We observed a high probability of eliciting at least one action potential per pulse when 

stimulating neurons at 20 Hz to 40 Hz. However, we also found that the probability of eliciting 

one or more spikes tended to decrease at higher frequency trains (50 Hz), as reported in Figure 26. 

A potential explanation for this result is the partial summation of the depolarization induced by 

one pulse with the depolarization induced by the following pulse. At the lower end of the 

stimulation frequency range that we explored (e.g., 20 and 30 Hz), summation may lead to an 

increased probability of spiking in response to the n stimulus. At higher stimulation frequencies 

(e.g., 50 Hz), this summation may result in larger depolarization, which may inactivate voltage-

gated conductances, decreasing the spiking probability. 
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In a two-photon absorption process, the probability of absorption is inversely proportional to the 

repetition rate. Thus, we wondered whether decreasing the repetition rate below 1 MHz might be 

advantageous under our experimental conditions. Moreover, opsins have a decay time of the 

photocurrent, spanning from a few to hundreds of ms. This feature also applies to CoChR, which, 

as reported in (Klapoetke et al., 2014), has a decay time of ~100 ms. Therefore, when stimulated 

at 1 MHz repetition rate, the vast majority of the delivered pulses may not excite the opsin but are 

rather dissipated into heat. Exploiting a built-in function (pulse picking) of the low repetition laser, 

we decreased the repetition rate while maintaining the energy per pulse constant. Under these 

experimental conditions, the average power delivered to the target cells linearly decreased with 

the repetition rate (Figure 27A). As shown in the representative traces in Figure 27B, we 

Figure 26. Spike control in stCoChR-expressing neurons at different stimulation frequencies. 

A) Representative traces recorded from the same L2/3 pyramidal neuron during two-photon holographic stimulation 

with a 5-pulses train at different frequency (pulse duration, 10 ms; average power, 5 mW; stimulation frequency, 20-

50 Hz). B) Probability of discharging at least one AP per pulse as a function of the frequency of the stimulation train. 

n = 6 neurons from 3 mice. C) Probability of eliciting APs for each pulse of the stimulation train. Please note that 

pulse #2 is more probable to happen than pulse #3, 4 likely because of the slow off-kinetics of the opsin. n = 6 neurons 

from 3 mice. Modified from (Forli et al., 2021).  
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photostimulated stCoChR-expressing pyramidal neurons in L2/3 at decreasing repetition rates 

(from 1 MHz to 50 kHz, 5 nJ per pulse). Notably, the energy density used in our protocol was 

below the nonlinear photodamage threshold (Charan et al., 2018; Chen et al., 2019). The 

probability of inducing action potential firing nonlinearly diminished with the repetition rate. 

Moreover, we observed no significant difference in AP probability when illuminating neurons with 

1 mW at 1 MHz repetition rate (1 nJ/pulse) and when illuminating neurons with 0.25 mW at 50kHz 

repetition rate (5 nJ/pulse, Figure 27D). The energy per pulse under the objective was calculated 

according to the following formula: 𝑃 = 𝐸 ∗ 𝑓, where 𝑃 is the average power, 𝐸 is the energy per 

pulse and 𝑓 is the repetition rate (see Material and Methods). 

  

The same experiment was repeated on SST interneurons expressing stCoChR, and the results 

largely confirmed the findings observed in pyramidal neurons (Figure 28). 

Figure 27. Holographic stimulation of stCoChR-expressing cells with < 1 MHz repetition rate: principal 

neurons. 

A) The laser repetition rate is decreased using pulse picking (top panel). With this approach, the average power 

delivered to the sample linearly increases with the repetition rate (bottom panel). B) Representative traces from the 

same electrophysiologically recorded L2/3 pyramidal neuron stimulated at different repetition rates (from top to 

bottom panel: 1 MHz, 500 kHz, 100 kHz). C) Probability of discharging one or more AP as a function of the laser 

repetition rate for principal neurons expressing stCoChR in vivo (illumination duration: 100 ms). n = 6 cells from 2 

mice. D) AP probability obtained at 50 kHz and 1 MHz repetition rates but delivering lower average power (0.25 mW 

vs 1 mW) and higher energy per pulse (5 nJ vs 1 nJ) at 50 kHz compared to 1 MHz. n = 6 cells from 2 mice; Wilcoxon 

signed rank test p = 0.875. Modified from (Forli et al., 2021).  
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Taken together, these results demonstrate that 2P holographic stimulation of stCoChR-expressing 

neurons with average power delivery per cell as low as a fraction of a mW is possible using 

repetition rates less than 1 MHz. 

  

Figure 28. Holographic stimulation of stCoChR-expressing cells with < 1 MHz repetition rate: SST+-

interneurons. 

A) Representative traces from the same electrophysiologically recorded SST-positive interneuron stimulated at 

different repetition rates (from top to bottom panel: 1 MHz, 500 kHz, 100 kHz). B) Probability of discharging one or 

more AP as a function of the laser repetition rate for SST-positive cells expressing stCoChR in vivo (energy per pulse: 

5nJ); n = 6 cells from 3 mice. C) AP probability obtained at 50 kHz and 1 MHz repetition rate but delivering lower 

average power (0.25 mW vs 1 mW) and higher energy per pulse (5 nJ vs 1 nJ) at 50 kHz compared to 1 MHz. n = 6 

cells from 3 mice; paired Student’s t-test, p = 0.84. Modified from (Forli et al., 2021).  
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4.3 Crosstalk between imaging and stimulation with stCoChR in vivo 

 

All the results reported above indicate that stCoChR is a desirable and potent new tool for high-

efficiency neuronal stimulation in vivo. Most likely, these properties are due to its large 

conductance. However, stCoChR large photocurrents may generate crosstalk between imaging and 

photostimulation when a red-shifted calcium indicator is used. We directly tested this hypothesis 

by imaging opsin-expressing L2/3 pyramidal neurons at the optimal wavelength to monitor red-

shifted functional indicators (~1100 nm) while recording the electrical activity of the imaged 

neuron with juxtasomal electrophysiological recordings (Figure 29). A region of interest (ROI, 

161.4 x 161.4 μm2) was raster scanned at 11 Hz, similar to the conditions in the study by (Packer 

et al., 2015) that induced significant crosstalk between imaging and photostimulation. We initially 

used 30-35 mW average power (Figure 29A). We found that raster scanning did not significantly 

alter the firing frequency of L2/3 neurons expressing stCoChR (Figure 29B top trace, 29C left 

panel). As a positive control, we performed the same experiment but switched the imaging laser 

to 920 nm (corresponding to the peak in the two-photon absorption spectrum of the opsin, Figure 

17C; (Shemesh et al., 2017)). As expected, scanning at 920 nm resulted in a significant increase 

in the firing rate of the scanned cell, even at moderate power (30 mW; Figure 29B bottom panel, 

29C right panel). 
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When two proteins are co-expressed in the same neuron, the expression of one protein may affect 

the expression level of the second protein. Since the crosstalk experiment described above was 

performed on cells expressing only stCoChR, we repeated the experiment in L2/3 pyramidal 

neurons co-expressing stCoChR and jRCaMP1a (Figure 30). 

  

Figure 29. Limited crosstalk between imaging and photostimulation in stCoChR-expressing neurons. 

A) Two-photon image of L2/3 principal cells expressing stCoChR in vivo (CoChR-Kv2.1-P2A-NLS-eGFP). One 

opsin-positive neuron was recorded with a glass pipette (dashed lines) in the juxtasomal configuration while two-

photon raster scanning inside the indicated area (dashed white box, 161.4 x 161.4 μm2) was performed (imaging frame 

rate: 11 Hz). B) Traces recorded in the juxtasomal electrophysiological configuration from one stCoChR-expressing 

neuron during epochs (grey boxes) of two-photon raster scanning at wavelength 1100 nm (top) and 920 nm (bottom). 

Laser power: 30 mW. C) Average AP frequency during epochs of spontaneous activity (Spont) and during raster 

scanning (Scan). The left panel shows results when scanning was performed at λ = 1100 nm. The right panel displays 

the results when scanning was done at λ = 920 nm. n = 11 cells from 6 mice; Wilcoxon signed rank test, p = 0.31 for 

λ =1100 nm; Wilcoxon signed rank test, p = 9.8E-4 for λ = 920 nm. Modified from (Forli et al., 2021).  

Figure 30. Limited crosstalk between imaging and photostimulation in neurons co-expressing stCoChR and 

jRCaMP1a. 

A) Two-photon image of L2/3 principal cells expressing stCoChR and jRCaMP1a in vivo. One co-expressing neuron 

was recorded with a glass pipette (dashed lines) in the juxtasomal configuration while two-photon raster scanning 

inside the indicated area (dashed white box, 161.4 x 161.4 μm2) was performed (imaging frame rate: 11 Hz). B) Traces 

recorded in the juxtasomal electrophysiological configuration from one stCoChR-expressing neuron during epochs 

(grey boxes) of two-photon raster scanning at wavelength 1100 nm (top) and 920 nm (bottom). Laser power: 30 mW. 

C) Average AP frequency during epochs of spontaneous activity (Spont) and during raster scanning (Scan). The left 

panel shows results when scanning was performed at λ = 1100 nm. The right panel displays the results when scanning 

was done at λ = 920 nm. n = 7 cells from 3 mice; Wilcoxon signed rank test, p = 0.21 for λ = 1100 nm; Wilcoxon 

signed rank test, p = 0.02 for λ = 920 nm. Modified from (Forli et al., 2021).  
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Importantly, this new set of experiments fully confirmed what we found in cells expressing only 

stCoChR. Namely, no significant increase in the firing rate of neurons co-expressing stCoChR and 

jRCaMP1a was observed upon scanning at 1100 nm (Figure 30B top trace, 30C left panel). In 

contrast, when we tuned the scanning laser to 920 nm, we observed a significant increase in the 

neuronal firing rate compared to raster scanning at 1100 nm (Figure 30B bottom trace, 30C right 

panel). We confirmed that the average powers used in the crosstalk experiments to scan neurons 

(30-35 mW) allowed us to detect spontaneous jRCaMP1a fluorescence transients (Figure 31). 

Importantly, using combined two-photon imaging and juxtasomal electrophysiological recordings, 

we confirmed that the accuracy in detecting action potentials under our experimental conditions 

was similar to those previously described (Dana et al., 2016; Forli et al., 2018). 

 

We performed a similar experiment on somatostatin-positive interneurons expressing stCoChR to 

further validate the results described above (Figure 32). As observed in pyramidal neurons, raster 

scanning of stCoChR-expressing SST interneurons at 1100 nm did not lead to a significant increase 

Figure 31. Imaging condition tested in crosstalk experiments allow detection of spontaneously occurrent 

calcium transient. 

A) Representative trace from a L2/3 pyramidal neuron co-expressing stCoChR and jRCaMP1a. AP firing was 

recorded in the juxtasomal configuration (bottom) while two-photon raster scanning was performed (top). Imaging 

frame rate and FOV dimensions as in Figure 29A; average imaging power, 35 mW). The number of recorded APs is 

reported below the electrophysiological trace (single APs are indicated with an asterisk). Modified from (Forli et al., 

2021).  
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in suprathreshold activity. In contrast, scanning the same FOV at the excitation peak of the opsin 

resulted in a statistically significant increase in the firing rate (Figure 32B, C). 

 

We also performed additional experiments to test whether imaging using higher average power 

would be advantageous in increasing the signal-to-noise ratio of fluorescence events. As shown in 

Figure 33, we detected a non-significant difference in the amplitude of the calcium transients 

recorded at 50 mW average imaging power compared with the amplitude of calcium transients 

recorded at 30-35 mW average imaging power.  

 

 

 

 

 

 

 

Figure 31. Limited crosstalk between imaging and photostimulation: SST-positive interneurons. 

A) Two-photon image of one recorded L2/3 SST-positive cell expressing stCoChR in vivo. B) Traces recorded in the 

juxtasomal configuration from one stCoChR-expressing interneuron during spontaneous activity (white background) 

and during epochs of two-photon raster scanning (grey background) at wavelength 1100 nm (top) and wavelength 920 

nm (bottom). Laser power: 20 mW. C) Average AP frequency during epochs of spontaneous activity (Spont) and 

during raster scanning (Scan). The left panel shows results when scanning was performed at λ = 1100 nm. Wilcoxon 

paired rank test, p = 0.06, n = 8 cells from 4 mice. The right panel displays the results when scanning was done at λ = 

920 nm. Wilcoxon paired rank test, p = 7.8E-3, n = 8 cells from 4 mice. Modified from (Forli et al., 2021).  



86 
 

 

We also repeated the crosstalk experiments at higher imaging power (50 mW) in both neurons 

expressing stCoChR alone and in neurons co-expressing stCoChR and jRCaMP1a. We observed 

a small but significant increase in spiking frequency upon raster scanning at the higher average 

power of illumination (Figure 34). 

  

Figure 34. Crosstalk between imaging and photostimulation at 50 mW imaging average power. 

A) Average firing frequency of L2/3 pyramidal neurons expressing stCoChR (left panel) or co-expressing stCoChR 

and jRCaMP1a (right panel) during epochs of spontaneous activity (Spont) and during two-photon raster scanning 

(Scan – imaging frame rate: 11 Hz) at 1100 nm and 50 mW average imaging power. Left panel: n = 8 from 4 mice; 

Wilcoxon signed ranks test, p = 7.8E-3. Right panel: n = 7 from 3 mice; Wilcoxon signed ranks test, p = 0.03.  Modified 

from (Forli et al., 2021).  

Figure 30. ΔF/F0 of spontaneous jRCaMP1a events did not significantly increase with imaging average power. 

A) ΔF/F0 of spontaneous jRCaMP1a transients associated with the discharge of 1-4 APs. AP count was obtained from 

juxtasomal electrophysiological recordings simultaneously performed with two-photon imaging in jRCaMP1a-

expressing neurons (imaging frame rate, 11 Hz; n = 4-8 from 2 mice). 1 AP, Mann-Whitney test, p = 0.38; 2 APs, 

unpaired Student’s t-test, p = 0.19; 3 APs, unpaired Student’s t-test, p = 0.91; 4 APs, unpaired Student’s t-test, p = 

0.46. Measurements from individual cells are represented as dots; bars indicate the average across cells. Modified 

from (Forli et al., 2021).  B) Z-score of spontaneous jRCaMP1a transients associated with the discharge of 1-4APs 

(same data as in A). unpaired Student’s t-test: 1AP, p = 0.71; 2APs: p = 0.055; 3APs: p = 0.78; 4APs: p = 0.29. 

Measurements from individual cells are represented as dots; bars indicate the average across cells. 
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Overall, these results prove that imaging at longer wavelengths (~1100 nm) with average power 

enabling the detection of calcium transients (30-35 mW) does not significantly modify the action 

potential firing rate of stCoChR-positive principal cells and SST-positive interneurons. 

 

Recently, a novel calcium indicator, jYCaMP1, has been published (Mohr et al., 2020). jYCaMP1 

has spectral properties of interest for our approach because the peak in the absorption spectrum is 

shifted towards longer wavelengths (around 1015 nm) with respect to GCaMPs. When the authors 

quantified the dynamic range and accuracy, jYCaMP1 resulted comparable, if not superior, to 

jGCaMP7 (Mohr et al., 2020). For these reasons, we decided to test whether stCoChR could be 

coupled with jYCaMP1 imaging with limited crosstalk between imaging and photostimulation. To 

this aim, we repeated the crosstalk experiments with the imaging laser (see Material and Methods) 

tuned at 1050 nm (a wavelength that allows excitation of jYCaMP1 (Mohr et al., 2020) and at the 

same time limited absorption by stCoChR – approx. 40% of the peak excitation (Shemesh et al., 

2017; Sridharan et al., 2021; Sridharan et al., 2022). Initially, the imaged FOV had the same size 

as shown in Figure 29A and 30A (161.4 x 161.4 μm2, 11 Hz frame rate). However, these 

experimental conditions resulted in the significant increase in the firing activity upon scanning 

(Figure 35A1). The field of view was progressively increased, until a non-significant difference in 

the firing frequency was observed between the non-scanning and scanning epochs (Figure 35). 

When imaging the whole field of view (see Material and Methods), which corresponded to 826.5x 

826.5 μm2, with a frame rate of 1.7 Hz (Figure 35A5), no significant crosstalk between imaging 

and photostimulation was observed. 
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These results prove that jYCaMP1 imaging could be combined with stCoChR stimulation. 

However, more experiments are required to characterize jYCaMP1 expression under our 

experimental conditions and to investigate if the experimental conditions that we identify do not 

induce crosstalk are compatible with efficient imaging of this indicator. Moreover, it would be 

beneficial to measure the signal-to-noise ratio (SNR) in fluorescence recording compared to the 

number of spikes reported by this GECI and compare it with the results obtained with jRCaMP1a.  

 

 

Figure 35. Characterization of conditions for limited crosstalk between imaging and photostimulation using 

jYCaMP1 indicator. 

A) Average AP frequency during epochs of spontaneous activity (Spont) and during raster scanning (Scan), repeated 

on field of view of different dimensions. Performed at λ = 1050 nm, with average imaging power of 30-35 mW. 

Wilcoxon signed rank test, p = 1.4E-3 for A1; Wilcoxon signed rank test, p = 1.2E-3 for A2; Wilcoxon signed rank 

test, p = 2.4E-3 for A3; Wilcoxon signed rank test, p = 2.9E-3 for A4; Wilcoxon signed rank test, p > 0.99 for A5. B) 

Change in AP frequency between Spont e Scan epochs, as a function of FOV dimension and frame rate. n = 4-14 cells 

from 6 mice.  
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4.4 Simultaneous two-photon imaging of jRCaMP1a and two-photon 

holographic stimulation of stCoChR 

 

We finally performed a two-photon all-optical experiment. We designed our setup such that the 

80 MHz laser source was used for imaging (λimaging = 1100 nm) and the low repetition rate laser (≤ 

1 MHz) for holographic stimulation λstim = 920 nm), as depicted in Figure 36A (see also the 

Materials and Methods for a detailed description of the optical configuration). We then co-

expressed jRCaMP1a and stCoChR in a subset of L2/3 pyramidal neurons of the mouse 

somatosensory cortex, as shown in Figure 36B. 

  

The stCoChR construct used in this set of experiments was designed to have nuclear-localized 

NLS-eGFP (see Materials and Methods, or Chapter 4.1 in Results) to facilitate the identification 

of neurons co-expressing the opsin and the red-shifted indicator. Using the spatial light modulator, 

we generated multiple holographic shapes to simultaneously stimulate ensembles of neurons (from 

5 to 30) while monitoring their activity. Holographic stimulation was 200 ms and was performed 

at different repetition rates (0.1-1 MHz, 7 nJ/pulse, 0.25-7 mW average power per cell). Repeated 

Figure 36. Experimental setup for all-optical experiment combining jRCaMP1a and stCoChR. 

A) Schematic of the optical system. Two laser sources tuned at different wavelengths are combined in the same set 

up for simultaneous imaging and optogenetic manipulation. B) Confocal image showing cortical L2/3 neurons 

expressing jRCaMP1a (red) and stCoChR (green). Modified from (Forli et al., 2021).  
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holographic stimulation of stCoChR+jRCaMP1a-expressing neurons consistently evoked 

detectable fluorescence transients in the targeted cells, as visible in the representative traces 

reported in Figure 37A. This result was observed even at a low average power, as low as 0.7 mW 

per cell (at 0.1 MHz repetition rate; Figure 37B). When observing the amplitude (ΔF/F0) of the 

evoked fluorescence transients as a function of the repetition rate at which the stimulation was 

performed, we found that the amplitude of the response significantly increased in a non-linear 

fashion with the repetition rate and the equivalent stimulation power (Figure 37C).   

 

 

 

Figure 37. All-optical imaging and high-efficiency manipulation combining jRCaMP1a and stCoChR. 

A) Representative traces showing the response of an ensemble of jRCaMP1a- and stCoChR-expressing neurons to 

successive holographic stimulations (pink bars) in vivo. Periods of stimulation are blanked. Traces from six stimulated 

neurons are shown in the panel. Average imaging power range, 30-35 mW; frame rate, 11 Hz. B) Representative 

traces showing average jRCaMP1a signals in response to holographic stimulation at different laser repetition rates 

(from 100 kHz to 1 MHz; average stimulation energy per cell: 7 nJ per pulse, 200 ms illumination; n = 28 cells from 

2 mice, 6 consecutive stimulations per cell). C) ΔF/F0 of jRCaMP1a signals as a function of the repetition rate (or the 

equivalent average power per cell) of the stimulating laser, n = 28 cells from 2 mice. Mean values (of 6 consecutive 

stimulations) from individual cells are shown in grey, the average across experiments in black. One-way repeated 

measures ANOVA with post hoc Bonferroni correction, p = 3.5E-20; n = 28 from 2 mice. Modified from (Forli et al., 

2021).  
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We performed a subset of all-optical experiments in which we monitored neuronal electrical 

activity of individual neurons with juxtasomal electrophysiological recordings to confirm that the 

evoked fluorescent transients were not an artifact of the stimulation (Figure 38). On average, 

evoked jRCaMP1a transients were associated with 6.7 ± 1.9 APs (range 3-14, n = 5 cells from 3 

mice). 

  

 

As an important control, we performed all-optical experiments in the absence of the opsin using 

cells expressing only jRCaMP1a. Importantly, the same photostimulation protocol did not increase 

the AP frequency (Figure 39), confirming that the light illumination conditions we used did not 

induce changes in the firing activity of neurons independent of the activation of the opsin. 

 

Figure 38. All-optical imaging and high-efficiency manipulation with simultaneous electrophysiological 

recording of stCoChR+jRCaMP1a co-expressing neurons. 

A) Representative trace showing jRCaMP1a fluorescence (top) and the corresponding juxtasomal electrophysiological 

recording from one cell co-expressing jRCaMP1a and stCoChR. The pink bar indicates the stimulation period (average 

stimulation power, 5 mW; repetition rate, 1 MHz; stimulus duration, 200 ms). The number of recorded APs is reported 

below the electrophysiological trace (single APs are indicated with an asterisk; the number of AP during holographic 

stimulation is shown in red). B) The juxtasomal electrophysiological trace during holographic stimulation is shown at 

an expanded time scale and shows stimulation-induced AP trains. Modified from (Forli et al., 2021).  
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Finally, we examined any potential difference in spontaneous and photostimulation-evoked 

jRCaMP1a transients (Figure 40). We found that the ΔF/F0 of spontaneous transients was smaller 

than the ΔF/F0 of the photostimulation-evoked jRCaMP1a transients (Figure 40A-C). This result 

is consistent with the observation that the number of photostimulation-evoked APs ranged from 3 

to 14 (in a 200 ms window), while trains of smaller numbers of APs were observed during 

spontaneous activity (Figure 40A). Moreover, when comparing evoked and spontaneous 

transients, we observed no significant difference in the decay kinetics of spontaneous and 

photostimulation-evoked jRCaMP1a transients (Figure 40D). 

  

  

Figure 39. Photostimulation of neurons expressing only jRCaMP1a did not increase the neuron’s firing rate. 

A) Two-photon image of L2/3 pyramidal neurons expressing jRCaMP1a in vivo. The neuron was recorded with a 

glass pipette (dashed lines), while simultaneously performing two-photon imaging (λ = 1100 nm) and holographic 

stimulation (λ = 920 nm). B) Representative fluorescence trace (top panel) and spiking activity (bottom panel) from a 

target neuron. Pink bars represent holographic stimulation periods (average stimulation power, 7 mW; stimulation 

duration, 200 ms; laser repetition rate, 1 MHz). Imaging frame rate, 11 Hz. The number of recorded APs is reported 

below the electrophysiological trace; single APs are indicated with an asterisk. C) Average firing frequency before 

(Pre), during (Stim), and after (Post) stimulation. One-way repeated measure ANOVA with post hoc Bonferroni 

correction, p = 0.70, n = 21 cells from 4 mice. Modified from (Forli et al., 2021).  
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Altogether, these results prove that the large-conductance blue-shifted opsin stCoChR can be co-

expressed with red-shifted calcium indicators to perform highly efficient all-optical interrogations 

of neuronal circuits in vivo with reduced average power per cell and minimal crosstalk between 

imaging and photostimulation. 

  

Figure 40. Spontaneous and stimulation-evoked jRCaMP1a transients. 

A) ΔF/F0 of jRCaMP1a transients associated with spontaneous firing of 1-7 APs. Data obtained from simultaneous 

two-photon imaging and juxtasomal recordings from L2/3 neurons expressing jRCaMP1a or jRCaMP1a and stCoChR. 

t = 0 represents the time of the first AP in the burst. Single cells are represented as grey lines, the average across cells 

as black line. The shaded area represents standard error of the mean (SEM) interval. n = 11 from 4 mice (imaging 

power, 30-35 mW; imaging frame rate, 11 Hz). B) ΔF/F0 of jRCaMP1a transients evoked by holographic stimulation 

of L2/3 neurons. Pink bar represents holographic illumination (average stimulation power, 7 mW; imaging power, 30-

35 mW; imaging frame rate, 11 Hz,). Single cells are shown in grey, the average across cells in black. The shaded 

area represents SEM interval. n = 5 from 3 mice. C) ΔF/F0 of spontaneous and evoked jRCaMP1a transients. Single 

cells are represented as grey dots, average across cells in black. n = 4-11 from 4 mice for spontaneous events; n = 5 

from 3 mice for evoked events. Kruskal-Wallis p < 1E-4, Dunn's multiple comparisons test. Evoked vs 1 APs, p < 1E-

4. Evoked vs 2 APs, p = 5E-3. D) Decay time for spontaneous and evoked jRCaMP1a events. n = 11 from 4 mice for 

spontaneous events; n =5 from 3 mice for evoked events, unpaired Student’s t-test, p = 0.82. Modified from (Forli et 

al., 2021).  
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5. Discussion 

 

(The following text is largely based on the discussion published in the paper (Forli et al., 2021)) 

 

All-optical interrogation of neural circuits is increasingly recognized as a fundamental tool to 

causally investigate the codes that neuronal circuits use to drive behavior. By combining two-

photon excitation of functional indicators and optogenetic actuators, it has now been possible to 

simultaneously image and manipulate neural networks with near single-cell resolution in the intact 

brain of behaving animals (Dal Maschio et al., 2017; Carrillo-Reid et al., 2019; Jennings et al., 

2019; Marshel et al., 2019; Dalgleish et al., 2020; Gill et al., 2020; Daie et al., 2021). Ideally, 

optogenetic actuators should require minimal light power for neuronal excitation, allowing 

efficient stimulation of large numbers of neurons while minimizing heating (Picot et al., 2018). 

Moreover, they should display no activation by the light wavelength used for imaging, i.e.: no 

crosstalk between imaging and photostimulation. Here, we demonstrate that the large-conductance 

blue light-sensitive soma-targeted opsin, stCoChR, in combination with high-energy ultrafast laser 

sources tuned at the opsin’s peak absorption wavelength, requires more than one order of 

magnitude lower average power per cell compared to previously characterized blue light-sensitive 

soma-targeted opsins in vivo. Moreover, imaging conditions commonly used to monitor red-shifted 

functional indicators do not result in significant suprathreshold activation of stCoChR-expressing 

neurons.  

In a previous study, Shemesh et al. demonstrated temporally precise stimulation of neurons in vitro 

using a different somatic variant of CoChR (soCoChR, (Shemesh et al., 2017)). In that study, 

somatic targeting of CoChR was achieved through a sequence from the kainate receptor (KA2). 

The resulting soChCoR yielded decreased somatic photocurrents with respect to the unmodified 
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CoChR. In this manuscript, we used a different targeting motif, taken from the Kv2.1 channel 

(Baker et al., 2016; Forli et al., 2018; Mahn et al., 2018; Mardinly et al., 2018; Chettih and Harvey, 

2019; Marshel et al., 2019), to enrich CoChR expression in the somatic compartment. While 

Shemesh et al. did screen for soma-targeting with the Kv2.1 motif in their study, they conducted 

this initial screen using dissociated cultured neurons. A previous work has demonstrated that the 

efficiency of soma-targeting with the Kv2.1 motif is greatly improved in vivo compared with the 

dissociated culture (Mahn et al., 2018), which might explain its apparent inferior performance in 

the Shemesh et al. study. Furthermore, Shemesh et al. added the Kv2.1 targeting sequence 

following the CoChR-GFP sequence, whereas the construct we employed contains the Kv2.1 

targeting sequence immediately following the CoChR coding sequence, positioning it closer to the 

membrane as it is naturally located in the Kv2.1 channel sequence. In (Forli et al., 2021), Yoav 

Printz and Ofer Yizhar found that while the photocurrent elicited by stCoChR under full-field 

illumination was similar to the photocurrent elicited by unmodified CoChR, a higher fraction of 

that current originated from the soma in stCoChR-expressing cells (Forli et al., 2021). The 

reduction in extra-somatic photocurrents was consistent in stCoChR-expressing cells, while it was 

only observed in soCoChR-expressing cells under very high light power. Thus, stCoChR achieves 

soma restriction without compromising photocurrent. Although the molecular mechanisms leading 

to these results remain to be investigated, we found that stCoChR led to very efficient two-photon 

neuronal excitation which required an average power of 0.25-5 mW per cell. 

Limiting the crosstalk between imaging and photostimulation is a critical aspect of all-optical 

methods. Red-shifted opsins are generally prone to unwanted activation during imaging of blue 

light-sensitive indicators (Venkatachalam and Cohen, 2014; Forli et al., 2018), because of the 

intrinsic absorption properties of the retinal group at shorter wavelengths. Previous work 
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demonstrated that combining blue light-sensitive opsins (e.g., ChR2, GtACR2) with red-shifted 

indicators (jRCaMP1a) is a valid choice to effectively reduce this form of crosstalk (Forli et al., 

2018). Importantly, despite the fact that stCoChR has a much larger photocurrent compared to 

ChR2 (Klapoetke et al., 2014), we show here that suprathreshold activation of stCoChR-expressing 

neurons during imaging at red-shifted wavelengths is not significant at imaging power < 35 mW 

(Figures 29, 30, 32). This allowed us to combine high-energy two-photon holographic illumination 

of stCoChR at around the peak of its absorption spectrum (~ 920 nm, (Shemesh et al., 2017)) with 

concurrent two-photon imaging of jRCaMP1a at 1100 nm (around the peak of absorption of this 

red-shifted indicator; (Dana et al., 2019)), achieving minimal cross activation. So far, efficient 

two-photon excitation of blue-shifted opsins has largely been constrained by the limited 

availability of high-energy pulsed systems tuned at ~ 920 nm. The recent accessibility of ready-

to-use optical-parametric amplifiers makes it now possible to generate ultrafast high-energy pulses 

at a tunable wavelength in that spectral range and at a variable repetition rate (0.1-1 MHz). We 

used one such system to stimulate, for the first time, stCoChR at high energy around its two-photon 

absorption peak (920 nm, (Shemesh et al., 2017)), thus minimizing energy waste and activation of 

red-shifted fluorescent indicator. Furthermore, stimulation at 920 nm reduces tissue heating 

(Podgorski and Ranganathan, 2016) that is, in contrast, higher at the longer wavelengths (> 1000 

nm) commonly used to excite red-shifted opsins. Previous work showed that under the illumination 

conditions that we are using in our study (energy per pulse, ≤ 7 nJ), thermal effects dominate over 

non-linear photodamage effects (Charan et al., 2018; Picot et al., 2018) and that lowering the laser 

repetition rate is advantageous for two-photon excitation of the retinal group (Palczewska et al., 

2020). Moreover, previous studies showed that energies up to 60-200 nJ per pulse can be used to 

activate opsins without causing retinal bleaching and cell damage (Mardinly et al., 2018; Chen et 
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al., 2019; Gill et al., 2020). Thus, it is conceivable that the peak energy could be further increased 

compared to the one used in our study, while still preserving opsin functionality.  

The soma-restriction method employed to generate stCoChR effectively increased the spatial 

resolution of photo-stimulation. However, the axial spread of the illumination profile combined 

with the high sensitivity of stCoChR may cause significant activation of non-target cells located 

above and below the focal plane (Figure 19). This is not a major issue for single layered neural 

targets (e.g. mitral cell layer in the olfactory bulb, (Gill et al., 2020)) or in the case of sparse 

labelling, but it may compromise the interpretation of photostimulation experiments in denser cell 

layers, (e.g. neocortical layers). The axial extension of the illumination profile can be reduced 

using temporal focusing (Chen et al., 2019). Spatial resolution could also be further increased by 

developing more effective soma-restriction motifs. 

To reduce crosstalk between imaging and photostimulation, we imaged red-shifted indicators 

while stimulating blue light-sensitive opsins. However, red-shifted indicators such as jRCaMP1a 

(Dana et al., 2016; Forli et al., 2018) have lower accuracy in detecting single or few APs compared 

to green indicators (Chen et al., 2013).  

Recently, a novel and promising calcium indicator was generated, jYCaMP1 (Mohr et al., 2020). 

jYCaMP1 was tested in vivo showing dynamic range and accuracy comparable to jGCaMP7 (Mohr 

et al., 2020). Based on these evidences, we reasoned that jYCaMP1 could overcome some of the 

limitations imposed by jRCaMP1a. To control for potential crosstalk effect while imaging 

jYCaMP1, we quantified stCoChR-expressing neurons responses to raster scanning at 1050 nm 

(the most red-shifted wavelength compatible with good excitation of jYCaMP1; Figure 35). We 

observed limited or no supra-threshold activation of stCoChR-expressing cells upon scanning. 
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Further experiments are, however, necessary to clearly demonstrate the experimental advantages 

of combining stCoChR with jYCaMP1.  

Besides decreasing crosstalk, the choice of red-shifted indicators may facilitate imaging in deeper 

regions by using longer wavelengths, which are less sensitive to scattering (Helmchen and Denk, 

2005). Moreover, the expression of red-shifted indicators is stable over long time windows (Dana 

et al., 2016) and this may facilitate chronic imaging experiments. Finally, holographic stimulation 

at 920 nm may decrease tissue heating which is higher at the longer wavelengths ( = 1040 nm; 

(Podgorski and Ranganathan, 2016)) used to stimulate red-shifted opsins (e.g., C1V1; (Packer et 

al., 2012; Prakash et al., 2012; Rickgauer et al., 2014; Packer et al., 2015; Carrillo-Reid et al., 

2017). Compared to scanning methods with diffraction-limited-spots (Packer et al., 2015; Carrillo-

Reid et al., 2016; Yang et al., 2018; Carrillo-Reid et al., 2019; Chettih and Harvey, 2019; Marshel 

et al., 2019), our extended illumination approach distributes the laser pulse energy across a much 

larger volume, i.e. the cell body volume of the stimulated neuron. Thus, the instantaneous energy 

density and the consequent risk of non-linear photodamage are decreased, allowing higher energy 

per pulse to be used. We exploited this advantage and compared light-evoked responses of the 

same stCoChR-expressing neurons to stimulation with low energy per pulse and high repetition 

rate (80 MHz) or high energy per pulse and low repetition rate (1 MHz). Previous studies 

(Chaigneau et al., 2016; Ronzitti et al., 2017b; Shemesh et al., 2017; Mardinly et al., 2018; Yang 

et al., 2018; Carrillo-Reid et al., 2019; Marshel et al., 2019; Gill et al., 2020) used the direct output 

of a low repetition rate laser (λ ~ 1040 nm) for opsin excitation. This effectively stimulates red-

shifted opsins, but not blue light-sensitive opsins. Here, we combined a low repetition rate laser 

with a non-collinear optical parametric amplifier, to efficiently stimulate blue light-sensitive 

opsins with high energy pulses at the wavelength corresponding to the peak of the two-photon 
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action spectrum of CoChR (λ = 920 nm). Excitation at a low repetition rate allowed us to 

significantly increase the response of illuminated neurons per mW of delivered average power 

(Figures 21-25). Moreover, we reasoned that the intrinsic properties of the two-photon absorption 

process, the slow kinetics of the opsins and the threshold for non-linear photodamage would allow 

us to further reduce the repetition rate of the excitation light source and the average power 

delivered to the sample. We found that the probability of eliciting suprathreshold responses during 

two-photon holographic excitation sub-linearly decreased with the repetition rate (energy per pulse 

was 5 nJ under the objective and constant for the different repetition rates, Figures 27, 28). 

Importantly, we found that, at 50 kHz repetition rate, stimulation of target cells could be achieved 

with < 1 mW, two orders of magnitude lower average power per cell compared to previously 

published blue light-sensitive soma-targeted (st) opsins in vivo (Forli et al., 2018). Importantly, we 

validated these findings across both principal cells and interneurons (SST+), showing that two-

photon holographic stimulation can be applied to cell types with different biophysical properties 

with similar efficacy. Altogether, the use of stCoChR in vivo, compared with other opsins 

including ST-ChroME, Chronos and the non-soma-targeted version of CoChR (Mardinly et al., 

2018; Chen et al., 2019), allows photoexcitation with lower average power of excitation (3-5 mW 

at 1 MHz repetition rate, and potentially less at repetition rates < 1 MHz, Figure 21-25, 27,28). 

These results pave the way for the simultaneous modulation of the electrical activity of large 

number of neurons for prolonged periods with minimal risk of tissue heating (Podgorski and 

Ranganathan, 2016; Picot et al., 2018). 

The method described in this thesis does present limitations that should be addressed in future 

work. For example, of the low number of neuronal cells displaying clear opsin and indicator co-

expression is still a major bottleneck in our experimental workflow.  A strategy to overcome the 
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problem could be that proposed by Marshel and colleagues, who generated a bicistronic construct 

carrying both GCaMP6 and ChRmine, which could be packed inside an AAV (Marshel et al., 

2019). Future effort will be directed towards the generation of bicistronic constructs containing 

the opsins and the indicators described in this thesis.  

Moreover, the effect of long-term co-expression of indicator and opsin, and the effect of the 

repeated all-optical interrogation of neuronal circuits function and plasticity is currently missing, 

and a characterization of these phenomena is necessary for correct interpretation of the results of 

all-optical experiments. 

Another limitation of the approach described in this thesis is the lower performance of red-shifted 

indicators (e.g., jRCaMP1a) compared to blue-shifted indicators (e.g., GCaMPs). The 

development of novel, more efficient red-shifted indicators is slowly proceeding. For example, 

XCaMP-R and RCaMP2 (Inoue et al., 2015; Inoue et al., 2019) have higher ΔF/F0 and SNR 

compared to jRGECO and jRCaMP (Inoue et al., 2019). Also, the accuracy in single AP detection 

is higher than the one presented in (Dana et al., 2016) and (Forli et al., 2018). From the 2P spectra, 

XCaMP-R should have low absorption at 920 nm. Despite these and other developments (Mohr et 

al., 2020), the field will highly benefit from a wider range of red-shifted indicators with improved 

dynamics and sensitivity.  

 

It is worth noting that multiple sensors for chemical other than calcium have been developed in 

recent years. Examples are voltage indicators and neurotransmitter sensors. Regarding the latter, 

two distinct laboratories engineered GPCRs in order to obtain genetically encoded fluorescent 

sensors for dopamine, with different dynamic range and sensitivity (dLight1, RdLight1 – 
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(Patriarchi et al., 2018; Patriarchi et al., 2020); GRAB-DA, GRAB-DA2 – (Sun et al., 2018; Sun et 

al., 2020)). In addition to these, genetically encoded sensors for other neuromodulators has been 

developed recently (Wan et al., 2021; Duffet et al., 2022). These tools will allow more detailed 

and multiplexed investigation of the molecular and cellular mechanisms underlying brain network 

dynamics. 

On the other hand, more and more opsins are being discovered or engineered. All-optical 

experiments will profit from the development of opsins with optimized spectral properties, 

photocurrent amplitude, and kinetics. For example, opsins with improved photocurrent kinetics 

will be important for the all-optical strategies based on blue-shifted indicators and red-shifted 

opsins. Another desirable feature for future opsins would be a red-shifted absorption spectrum, 

devoid of the blue-shifted shoulder. Indeed, as pointed out previously, the relatively high 

absorption at blue-shifted wavelength is the cause of crosstalk between imaging and stimulation 

when using most red-shifted opsins. In a recent paper from Deisseroth’s lab, structure-guided 

mutagenesis was performed to minimize this shoulder in the absorption spectrum of the opsin 

ChRmine, leading to the generation of the variant rsChRmine (Kishi et al., 2022). Furthermore, 

future opsins should have large photocurrents, requiring less stimulation power and, thus, 

providing higher stimulation efficiency with lower energy delivery to the sample. Within this 

framework, the use of machine learning approaches to guide mutagenesis if of particular interest 

(Bedbrook et al., 2019). This innovative approach when combined with the data accumulated from 

the research on structure and function of channelrhodopsins (Kato et al., 2012; Ernst et al., 2014; 

Wietek et al., 2015; Deisseroth and Hegemann, 2017) will likely produce important steps forwards 

in the years to come. In the near future, this multi-disciplinary approach to mutagenesis may also 

be used in the development of novel calcium indicators. 



102 
 

In conclusion, we characterized a new soma-targeted variant of the large-conductance opsin 

CoChR in vivo. Compared to previously characterized blue light-sensitive soma-targeted opsins in 

vivo, stCoChR allowed comparable neuronal stimulation with more than one order of magnitude 

decreased average power delivered to the brain tissue and with minimal crosstalk between imaging 

and photostimulation. The combination of stCoChR with tuned amplified laser stimulation and 

red-shifted functional indicators represents a powerful alternative approach to performing high-

efficiency all-optical causal investigation of neural circuits in the intact brain with minimal 

crosstalk between the imaging and photostimulation channels.  
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